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A. INTRODUCTION

The chemical redox behaviour of 1,1-dithio ligands such as dithiocarba-
mates {1) and xanthates (2) has been studied in aqueous media since the last

L3 5
- '}c—unz - YCc—oOR
s7 $

1 2

century. However, water is generally a poor solvent for these complexes and
organic solvents, such as acetone, acetonitrile, dichloromethane, benzene,
etc. are usually required to achieve adequate solubility. Hence the detailed
electrochemical characterization of the chelates discussed in this review had
to await the introduction of instrumentation capable of performing well in
high-resistance non-aqueous solvents. Such instrumentation, based on the
use of a three-electrode potentiostatic or galvanostatic system, is now widely
available [1) and electrochemical investigations of organometallic complexes
can now be undertaken routinely.

The first sulphur chelates to be studied from a combined chemical and
elecirochemical point of view were the 1,2-dithiochelates {3). Dithiolene

complexes have been studied extensively over the past 20 years, a period
which not surprisingly coincided with the advent of the potentiostat into
elecirochemical instrumentation [1). The interest in their electrochemistry
has been heightened by the ease with which many dithiolene complexes
undergo sequential one-electron transfer reactions and the many interesting
structural and spectral changes which accompany the electron transfer have
also attracted the attention of inorganic chemists [2-5]).

Two other classes of dithio complexes whose redox properties have been
studied in detail more recently [6-9] are the 1,1- and 1,3-dithiochelates. The
former include the dithiocarbamates (1) and xanthates (2} and the latter the
dithio-B8-diketonates (d4).

The review component of the present work is confined to the redox
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chemistry of dithiocarbamate complexes. The recent and extensive studies
available enable a detailed picture of the systematic nature of dithiochelate
chemistry to be achieved, and extrapolations can be made to related dithio
complexes using data reviewed elsewhere.

(i) Nomenclature

The three types of dithiochelates considered in this review are readily
divided into three classes by both their structural and chemical redox
properties. From the structural aspect the complexes form either 4-, 5- or
6-membered chelate rings (5, 6 and 7). As classes, the complexes are referred
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fo as 1,1-, 1,2- and 1,3-dithiochelates. Substituents on xanthates, dithio-
carbamates and dithioacetylacetonates are readily discerned from the sys-
tematic abbreviations used. However, it has long been the practice to give
1,2-dithiochelates trivial abbreviations. These abbreviations will be used in
this review and, where necessary, the nomenclature will be explained in the
text. As a class, the 1,2-dithiochelates are referred to as dithiolenes, a term
which in no way reflects the oxidation state of the ligand.

{(ii) Preliminary considerations

Historically there are good reasons to compare and contrast the redox
behaviour of 1,i-, 1,2- and 1,3-dithiochelates. Schrauzer in his early review
{4] and again more recently [10] has summarized theoretical findings and
made predictions as to the types of ligand which would be expected to give
dithiolene-type redox behaviour. In particular, he conciuded that the peculiar
properties of the metal dithiolenes are essentially a consequence of their high
covalency and the special type of electronic ground state delocalization that
1s present. He stated that, “ this delocalization results from the interaction of
the lowest occupied »-MOs of the ligands, with the metal p-orbitals of
appropriate symmetry, producing a low-lying molecular orbital delocalized
over the whole molecule or complex”. Based on this rationalization, Schrauzer
predicted that dithiolene-type behaviour could result from ligands with
“even” m-electron systems in their neutral state. On the other hand, ligands
with “odd” =-electron systems should not have any low-lying #-molecular
orbitals to accept additional electrons and thus such systems should behave
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normally. Schrauzer concluded that the complexes of 1,2-bidentate un-
saturated sulphur ligands form a very distinct group of compounds whose
properties and unusual structures are not likely to be duplicated by other
ligand systems such as the 1,1- and 1,3-dithiolates.

From Schrauzer’s argument it follows, for example, that dithiochelating
ligands which form 5-, 7-, or 9-membered ring systems are classifiable as
“even” w-systems and should exhibit “normal” behaviour. McCleverty [3],
however, has expressed a diametrically opposed point of view by suggesting
that 1,3-dithio complexes “may be oxidized or reduced in much the same
way as 1,2-dithiolenes” whilst acknowledging that other members of the
“odd” class such as the 1,1-dithiochelates may be unable to engage in
electron transfer reactions.

One experimental pathway for evaluating Schrauzer’s predictions would
be to study the electrochemical behaviour of assumed “odd” m-electron
sysiems and then to compare this with the well-documented behaviour of the
dithiolene complexes. Unfortunately, early electrochemical measurements on
various “odd” systems provided conflicting experimental evidence on the
“odd” versus “even” question. For example, using polarographic techniques,
Van der Linden and Van der Roer noted the redox reversibility of some
1,1-dithiolate complexes [13,12] and regarded this evidence of one-electron
transfer steps as showing that Schrauzer’s classification *is not as clear as
proposed”. On the other hand, the irreversible reduction of the 1,3-metal
dithioacetylacetonates in acetonitrile and DMF, reported by Furuhashi et al.
[13] could have been interpreted as evidence in support of the “odd”
classification assigned by Schrauzer. However, it has subsequently been
reported that the same 1,3-dithio species actually undergo siepwise reversible
reduction in acetone when kinetic perturbations are taken into account
[14,15].

Another important and similarly confused aspect of the electrochemistry
of these and related chelate compounds has been the effect of ligand
substituents on the redox couples. The large substituent effect on the redox
potentials of a series of substituted 1,2-dithiochelates was suggested *to
clearly reflect the ligand w-orbital onigin of the orbitals which become
occupied during the reduction™ [3,4,16]. This type of argument has caused
confusion in discussion of the large substituent dependence of the redox
couple of a series of Ru(acac),/[Ru(acac);]” complexes. Patterson and
Holm [17], aithough recognizing that this couple should involve Ru(Iil)/
Ru(Il) species, were misled to the conclusion that the redox orbital *“must
possess appreciable ligand character”, due to rationalizations of the kind
presented by Schrauzer.

The broad aim of this review is to present a unifying survey of the redox
properties of dithiocarbamate complexes rather than provide a comprehen-
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sive compilation of all the redox data available on these and related systems.
Rationalizations emerging from this review of the 1,1-dithio complexes when
applied ¢o the 1,2- and 1,3- analogues, help to explain the conflicting
interpretations presented above, both in regard to the nature and ability of
“odd” and “even” dithiochelate complexes to participate in redox reactions
and the relevance of reversibility and substituent effects in deducing the true
nature of the redox process under study.

(iii) Definitions of chemical and electrochemical redox reversibility

A detailed knowledge of the ““reversibility” or otherwise of redox processes
is essential to understanding the significance of electrochemical data. In
order to standardise the usage of the term, the foliowing brief description of
the two types of reversibility, i.e. chemical and electrochemical, will be
presented,

{a) Chemical redox reversibility

Chemical redox reversibility pertains when two chemical species can be
quantitatively changed into one another by chemical oxidants {ox) and
reductants (red)

ox
A—-B {1
B A 2)

An illustration of this type of process is the oxidation of ferrocene, Cp,Fe,
with, for example, silver, mercury or ferric salts to give the ferrocinium
cation, [Cp,Fe]*. The latter species can be reduced by mild reductants to
regenerate ferrocene

Cp,Fe 3 [Cp,Fe]* (3)
red
[Cp,Fe] " - Cp,Fe (4)

Standard redox potentials for the ferrocene/ferrocinium couple can there-
fore be measured potentiometrically {18] using reactions of the kind given in
eqn. 5 or from the reversible electrode process [19,20]

Cp,Fe + Fe(Ill) = [Cp, Fe| * + Fe(il} (5)

(b} Electrochemical redox reversibility
With the exception of potentiometry, most commonly used electrochemi-
cal (i.e. voltammetric) methods for measuring redox potentials involve non-
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equilibrium situations because, as part of the measurement procedure, they
inherently perturb the system being examined. Rationalizations in this work
are mainly based on thermodynamic (i.e. the equilibrium situation} princi-
ples and so, if the elecirochemical measurements are to be useful, they must
be capable of furnishing thermodynamically significant data.

Most redox couples have a finite and measurable standard heterogeneous
charge transfer rate constant, &k, which describes the rate of the electron
transfer step (1) for a simple electrode process that can be defined as,

L
A+ne=B (6)

For any given value of k,, the degree of departure from the equilibrium
situation observed in any measurement depends on the time-scale of the
measuring technique. If the time-scale of the electron transfer step is very
much shorter than the time-scale of the technique of measurement, the
measured datum is not significantly different from the thermodynamic or
equilibrium situation. An electrode process complying with this condition is
regarded as having an electrochemically reversible charge transfer step. if the
time-scale of the measurement is shorter than the electron transfer time-scale,
the directly measured parameters will have kinetic rather than thermody-
namic significance, despite the fact that the system may be chemically
reversible and obey the Nernst equation under potentiometric (zero current
flow) conditions. An electrode process observed to have these characteristics
and where the rate of the back reaction can be assumed to be negligible
would then be termed electrochemically irreversible. The term quasi-reversi-
ble is sometimes used for intermediate situations where both the forward and
reverse reaction rates need to be included in the theoretical description of the
heterogeneous charge ¢ransfer step.

An alternative type of kinetic complication may anise if the product of a
fast electron transfer process is unstable. In this case the electrode process
and following chemical reaction may be represented as,

ks 'k'i
A+ne=B->C (7)

where C represents the final product and &, the usual homogeneous chemical
rate constant. In a long time-scale expériment {e.g. controlled potential
electrolysis), the chemical reaction, B - C, foilowing the electron transfer
would go to completion. The inference that the electrode process is,

At+tne—-C (8)

would be incorrect. In contrast, if a relatively short time-scale technique
compared with the chemical rate consiant &, was used, the electrode process
would simplify to eqn. 6 since the influence of the chemical step is effectively
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eliminated. Hence the short time-scale experiment reflecis the simple reversi-
ble charge transfer step (&, fast) and the data have direct thermodynamic
significance.

The oxidation of ferrocene was given previously as an example of a
chemically reversible electrode process. However, the reduction is an excel-
lent example of a reaction with an unstable product [20].

ka — kl
Cp,Fe + e = [Cp,Fe] ~ — products 9)

With short time-scale electrochemical iechniques and low temperatures the
chemical step can be quenched and the reversible one-eleciron step be
observed. At higher temperatures the reduction becomes irreversible and
actually involves two electrons [20].

Many classes of electrode processes are observed with dithiochelate sys-
tems. Clearly many combinations of electron transfer (reversible and irre-
versible) and coupled chemical reactions (reversible and irreversible) are
possible and these will be considered where relevant.

B. ELECTROCHEMISTRY OF NON-COMPLEXED DITHIO LIGANDS

A knowledge of the electrochemisiry of the free ligand is a necessary
prerequisite for understanding the redox behaviour of coordinated
dithiochelates, For example, understanding the relatively complex reduction
mechanism for a series of cyclopentadienyl vanadium(IV) dithiolate com-
plexes (21-23] at mercury electrodes was facilitated by the observation of a
wave due to the presence of the free ligand {24,25]. Similarly, interpretation
of the electrochemistry of manganese and iron dithiocarbamate complexes
was aided by the occurrence of an oxidation wave of the ligand at a platinum
electrode [26,27].

(i) Mercury electrodes

Generally, redox behaviour associated with a ligand is extremely depen-
dent on the nature of the electrode, the solvent and the experimental
conditions used. At a meroury electrode, the formation of mercury com-
plexes is usually involved. That is, oxidation of the mercury electrode occurs
in preference to oxidation of the ligand. The uitimate products from the
oxidation step depend on the relative stability of the complexes in the
different oxidation states of mercury. Dithiocarbamates [21,28-31] are pre-
dominantly involved in the electrode processes described by the equations

2Hg+ 2 [dtc] =2 Hgdtc+2e _ (10)
2 Hgdtc = Hg + Hg(dtc), (11)
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where the initial oxidation product Hg(I) undergoes spontaneous and rapid
disproportionation to Hg(II) and Hg. Problems arising from adsorption
and/or insolubility of Hg(dic), add to the complexity of the electrode
process. In the presence of hydrogen ion the acid /base properties [30,32,33]
of the system

Ka
Hdtc = H* + [dtc] ~ (12)

also influence the electrochemisiry. The equilibria (10-12) are generally
applicable to the electrochemistry of other ligands a¢ mercury electrodes.

In non-aqueous media, xanthates [25] and some other 1,1-dithiolates [24],
including dialkyldithiophosphates and dimethylidithicarsinate, exhibit the
following electrode processes as deduced from the observation and char-
acterization of two polarographic waves

2 Hg + 6 xan~= 2[Hg(xan);| "+ d4e Wavel (13)
2[Hg(xan},] "+ Hg = 3 Hg(xan), + 2¢ Wave 2 (14}
The polarography of xanthate in aqueous and other media is extremely
complex {34-36). However, HgL, (L = 1,1-dithiolate) seems to be the com-
monly observed final product of oxidation of Hg in the presence of sulphur
chelates.

The polarography of the 1,3-dithioligand, O-ethylthioacetothioacetate
(OEt-SacSacH}) has also been studied [37]. The overall electrode process can
be described by the equation

Hg + 2 OEt-SacSacH — Hg{OFt-SacSac), + 2H*+ 2 e (15}
The mechanism is complicated and includes steps such as

Hg + OFEt-SacSacH = [Hg{OFt—SacSac)} "+ H* + 2 ¢ (16)
OEt-SacSacH + [HgOFEt-SacSac] * —» Hg{OFEt-SacSac), + H* (17}

Reaction 17 does not iniluence the polarography but on longer time-scales
Hg(OEt-SacSac), is formed. The polarography oi dithiomalonamide (4,
R =NH,} has also been studied briefly and appears to paraliel that for
OEt-SacSacH in that it is compiex and ultimately leads to formation of the
analogous mercury complex [38].

(ii} Platinum and other inert electrodes

At platinam and other inert electrodes, the 1,1-, 1,2- and 1,3-dithio
ligands are themselves oxidized and either the formation of dimeric species
or other reactions involving the formation of suiphur—sulphur bonds pre-
dominate,
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On oxidation, dithiocarbamates have been reported [39) to undergo a
quasi-reversible oxidation to the neutral radical (k, =3 X 1072 ¢m s~! at
room temperature for [Et,dic]™ at Pt in acetonitrile). The coupled dimeriza-
tion to give the tetraethylthiuramdisulphide [39] is irreversible and the rate
constant k; was estimated to be 2 X 10° mol~1 1571,

k\'
[Et,NCS,] ™ = Et,NCS, - +e (18}

'kl'
2 Et,NCS, - — Et,NC(S)S-S(S)CNEt, (19)

Whilst there is no doubt that thiuramdisulphide is the final product of the
oxidation, pathways other than dimerization of the radical could lead to its
formation. Whether electrochemical data can distinguish between aliernative
mechanisms when the reactions are so fast is open to question.

Oxidation of the tetraethylthinuramdisulphide generated at the electrode
surface can then occur at more positive potentials to produce the relatively
stable 3,5-bis( N, N-diethyliminium 1,2,4-trithiolane) dication [bitt]** [40]

S-S 2+
Et,NC(S)S-S(S)CNEt, —» |E¢t,NC{  >CNEt,| +S+2e {20)
S

In aqueous media, the oxidation process is complicated by adsorption of
dithiocarbamate over a wide potential range at carbon paste electrodes [41],
but thiuramdisulfide remains as the product of the first oxidation step.
Electrochemical oxidation of sodium dimethyldithiocarbamate to produce
tetramethylthiuramdisuiphide produces a 95% yield of high-purity material
and has been the subject of a patent [42).

Xanthates, because of thetr importance as flotation reagents in mineral
technology have been subjected to detailed investigations [43,44]. On electro-
chemical oxidation, dixanthogen (R = alkyl) is the final product

2 [ROCS,] - ROC(S)S-S(S)COR + 2 ¢ (21)

Chemical oxidation of xanthates and dithiocarbamates also affords di-
xanthogens and thiuramdisulphides, respectively [6], paralleling the electro-
chemical data at inert electrodes.

Although alkyl or aryl substituted 1,3-dithio ligands [R-Sac R—Sac]™ have
not been isolated, Bechgaard et al. [45] have carefully characterized the
voltammetric behaviour of these ligands at platinum by electrochemically
generating the 1,3-dithio anions in situ {rom the 1,3-dithiolium cations '

ETT . e e YT (22)

P
5“_' [ E: s
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Cyclic voltammetry indicates that the oxidation of [Ph—Sac Ph—Sac] ™ to the
neutral radical is chemically irreversible probably because of the ring open-
ing and closing which accompanies the reaction

R i R R R R = o R
O o O . IR, (23)
5 5

5—5 s s

The radical very rapidly dimerizes to an extent depending on the tempera-
ture and bulkiness of the substituents at the dimerization point, with
dimerization being favoured by low temperatures and the less bulky sub-
stituents [46].

R -
iy e e @)
S—5 5—5
This dimerization differs from that observed with 1,1-dithio species where
dimerization of the radicals formed by oxidation occurs by S-S bonding.

A further one-electron oxidation of the neutral radical affords the 1,2-di-
thiolium cation, a product which also results from the chemical and electro-
chemical oxidation of 1,3-dithio metal chelates. Oxidation in acetone of
Zn{OEt-SacSac), and Cd{OEt-SacSac), at mercury electrodes also gives a
substituted 1,2-dithiolium cation [47].

M(OEt-SacSac), — M2*+ 2 [OEt-SacSac] "+ 4 e (25)

Simitarly, oxidation of first-row transition metal complexes of dithicacetyl-
acetone by Br, and I, yields the 3,5-dimethyl-1,2-dithiolium halometallates
[48,49]. Thus, even though no direct information is available on the oxida-
tion of the parent [SacSac]™ ligand, it seems likely it would be oxidized to
the dithiolium caiton at an inert electrode such as platinum.

The deep red [Ph-Sac Ph—Sac]™ species can be reversibly reduced at Pt in
acetonitrile to the dianion radical at ~1.75 V vs. SCE [45]. The dianion is
not stable on the coulomeiric time-scale. This reduction step was not
reported for compounds possessing only alkyl substituents. Nevertheless, the
possibility of obtaining 1,3-dithio radical dianions in chelating arrangements
cannot be overlooked, particularly in those complexes where metal-based
reductions are expected to be difficult.

Unifortunately, no completely definitive voltammetry appears to be availa-
ble for the non-complexed 1,2-dithio ligands. In view of the extensive
elecirochemical redox series for complexes containing the mnt (maleonitrile
dithiolate} ligand [16,50], and the fact that many of these redox processes are
ligand based, one might anticipate a series of one-electron steps

mnt = {mnt] ~ N [mnt)?~ (26}
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However, other pathways analogous to the 1,1- and 1,3-dithio systems
involving S-S bond formation and dimerization are also possible and
irreversible electrode processes have generally been reported [16,51].
The electrochemical data have been interpreted in terms of reactions such
as
) <N s CM

X

CN 5 N

°s N

NG, 5% CN
O — X
.5 CN NC s s CN
MC. .5—S. .CN NC. S5—5. .CN
T — XX e
NC S TN HC S 5 CN
NC. .5—S CN N L NC. .5
O — 0 @)
NC™ 5 5 CN M 5" NC 5

Chemical oxidations with halogens, thionyl chioride, etc., also give rise to
a range of dimeric species [51] such as (8) and (9).

The cyclic oxidation product (10} is unstable with R = CN, but reasonably
stable with R = CF,. The CE, analogue does dimerize to (11} although at
high temperatures this reverts [52] to the monomer (10). It is interesting to
note that the monomeric species is related to {12) by a two-electron reduc-
tion as is the stable 1,3-dithiolium cation to the 1,3-dithio anion. The
analogous 1,1-dithio cyclic species (13} is not known.

NC 5—5 CHN NC S ChH R 5
S GRS 5 SIS |
NC 5 B TCH NC s CN R s
8 S 10

F3C 5—5 CFy "R 5"

Y :[ R—C/s
I sﬁ\ce - \\L

F,€” s —
1" 12 13

The redox behaviour of the free ligand is thus frequently different to that
observed when it is coordinated to a metal. Single one-electron steps can
then occur due to stabilization of the ligand through chelation to the metal
ion. More work on the delicate balance between ligand-based and metal-based
processes and on the stability of the oxidized or reduced compiexes to
further degradation needs to be undertaken to obtain a complete under-
standing of the electrochemistry of dithio complexes.
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C. REDOX BEHAVIOUR OF MANGANESE, IRON, RUTHENIUM AND OSMIUM
DITHIOCARBAMATES

As noted in the introduction, the redox behaviour of 1,1-, 1,2- and
1,3-dithic compiexes has been the subject of much speculation, especially in
the context of “odd” and “even” =-ligand systems. Much of this speculation
has been based on an inadequate knowledge of the electrochemistry and its
interpretation. For example, in respect of the elecirochemistry of copper and
iron dithiocarbamate complexes, the following kind of discussion appears in
the earlier literature.

The observation of a reversible one-electron oxidation of Cu(Buidtc),
suggested, “Schrauzer’s classification for sulphur-containing ligands was not
as clear as was proposed” [11], i.e. a reversible oxidation step was not
anticipated by the authors. On the other hand, the observation by Mc-
Cleverty et al. [53] that Fe(Et,dtc); exhibited poorly defined voltammetric
behaviour added to the confusion since reversible electrochemistry was
expected, at least with respect to a metal-based Fe{III)/Fe(II) couple. Other
examples of this kind were also alluded to in the introduction and it is only
now that a reasonably comprehensive piciure of the redox chemistry has
emerged. In particular, a comprehensive study of the electrochemisiry of the
first-row transition metal dithiocarbamates in non-aqueous media [54] has
confirmed that reversible redox processes are common and that the mea-
sured potentials are dependent on both the metal and the substituents R in
(1).

In an endeavour to provide a unifying picture we have highlighted data on
selected transition metal dithiocarbamates. Each datum chosen is to empha-
sise an important feature which is characteristic of either a group of
dithiocarbamates or an electrochemical response. Thus, some transition
metals are discussed at length while others are mentioned only briefly or not
at all. In the last section, relevant data from 1, 2- and 1,3-dithio systems are
compared with the behaviour of the 1,1- systems. In this context, the present
review is not comprehensive but compiements other publications {2-10].

(i} Manganese dithiocarbamates

{a) Chemistry

The chemistry of manganese dithiocarbamates has been extensively
studied, and thereby provides a variety of data to demonstrate the con-
sistency between chemical and electrochemical observations. Cambi and
Cagnasso [55] isolated the yellow divalent Mn(R ,dtc), and commented on
the ready oxidation to the dark-violet trivalent complexes Mn(R ,dic}),.
Subsequent investigations [56-58] have confirmed these early observations
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and established thai the complexes are monomeric in solution and are
relatively unstable to moisture and light. There is sirong evidence that
[Mn(dtc);]~ exists in solution [27]). However, attempts to isolate [Mn(dtc),]™
have proved unsuccessful although the corresponding ethyl xanthate
[Mn(EtXant),]” is readily obtained [59}.

The X-ray crystal structure of Mn(Et,dtc); establishes the six-coordinate
MnS;-core and the gross asymmetry attributed to Jahn-Teller distortions of
the high-spin 44 ion [60].

Isolation and characterization of the oxidized moiety [Mn{R ,dic),]" as
[CIO,}™ and [BF, ] salts [61-64] show the salts to be 1: 1 electrolytes with a
room temperature magnetic moment of 3.8 BM which is consistent with a
high spin 3d®> Mn(IV) compound. The X-ray structural data [64] on
[Mn(pipdic),]C1O, - CHCl; are also consistent with a formaily Mn({IV)
species. On comparison with Mn(Et,dtc), the Mn-S bond lengths are
shorier and a higher symmetry of chelation is associated with the oxidized
species. Little is known of the redox chemistry of the Mn(IV) complexes,
although they oxidize free dithiocarbamate ligands, presumably [27] to
produce thiuram disulphide, R ,dts, and Mn(dtc),.

[Mn(R ,dtc),] © + [R,dtc] " — Mn(R dtc}, + 1R dts (28)

{b) Electrochemical oxidation of Mn(R ,dtc),

Sixteen Mn(I1l) dithiocarbamates undergo a relatively facile oxidation in
acetone {27] with half-wave potentials (approx. £°) in the range +0.25 to
+0.53 V vs. Ag/AgCl (0.1 M LiCl in acetone) reference electrode. Studies
employing AC, normal pulse and cyclic voltammetry, and the long time-scale
technique of controlled potential electrolysis {coulometry) confirm a reversi-
ble one-electron oxidation step

Mn(R dtc), = [Mn(R ,dtc),] "+ ¢ (29)
The spectrum of a solution of Mn{pyrrdic), (14) in CH,Cl, (01 M
s CH,— CH,
Mh{ >c—~< ’ | )
5 CHy—CHy
14
[Bu}N]BF,) monitored throughout the electrochemical oxidation illustrates,
by the presence of isosbestic points, the simple nature of the oxidation of the
complex (Fig. 1). The final spectrum is characteristic of a [Mn{R ,dtc),}*

species and identical to the spectrum of chemically prepared
[Mn(pyrrdtic},]BE,.
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Fig. 1. Oxidative electrolysis of Mn{pymrdic}, in CH,Cl, (0.1 M n-Bu,NBF,} as monitcred
spectrophotometrically. Arrows indicate the progress of electrolysis with the initial and final
spectra corresponding to Mn{pyrrdtc), and [Mn(pymdtc),]*, respectively. Reproduced by
courtesy: Inorg. Chem., 13 (1974) 1933,

(¢} Electrochemical reduction of Mn(R ,dtc);

The reduction of Mn(R.dtc), at a platinum electrode in acetone or
dichioromethane is a facile, reversible, one-electron process [27] occurring at
E, ,, values in the range +0.06 to —0.23 V vs. Ag/AgCl,

Mn(R ,dtc), + e = [Mn(R dtc),] (30)

Titration of Mn?* with [pyrrdtc]™ exhibits observable (electrochemical)
end-points at ratios of Mn?* :jpyrrdtc]” of 1:2 and 1:3. The solution
behaviour of Mn(pyrrdtc), was compared with that of an analytically pure
sample and found to be simply related to [Mn(pyrrdic),]” by the following
equilibria:

Mn(pyrrdtc), + [pyredtc] = [Mn(pyrrdtc);] - (31)
2 [Mn{pyrrdtc),] ~+ Mn?* = 3 Mn(pyrrdic), (32)

The very pale colour of a [Mn(pyrrdtc),]” solution, its direct forrmation from
Mn?", as well as by reduction of Mn{pyrrdic},, are all consistent with its
formulation as a Mn(II) complex. Hence Mn(R ,dtc), is the central member
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Fig. 3. A.c. voltammetric scans of the titration of Mn?* into [pyrrdic]~ sobution up to the 1:3

endpoint illustrating the disappearance of [pyrrdic]™ and the complete generation of the a.c.
voltammogram of [Mn{pyrrdtc);] . Reproduced by courtesy: Inorg. Chem., 13 (1974) 1933,
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of a three-membered one-clecéron transfer series
[Mn(Rdtc)]* = Mn(R dtc), = [Mn(R,dtc),] (33)

Figures 2 and 3 show cyclic voltammograms and titration data based on a.c.
voltammetry which clearly illustrate and confirm the above conclusions.

Polagraphic data on Mn(R,dtc), at a dropping mercury electrode in
dimethylformamide {65,66] indicate that reduction of electrochemically pro-
duced [Mn(R ,dic),])” occurs. Presumably, E, ,, values are 00 negative to be
observed in similar studies at a platinum electrode in the more readily
reduced solvents such as acetone and dichloromethane. The products are
manganese metal and the free dithiocarbamate ligand. Thus, two d.c. polaro-
graphic waves are observed for reduction of Mn(R ,dtc),, the more negative
having a limiting current per unit concentration value of twice that of the
reversible one-electron reduction step described above for platinum elec-
trodes in acetone and dichloromethane. Reaction scheme (34) summarizes
the polarographic data

Mn(R ,dtc), + e = [Mn(R ,dic);] - Wavel
[Mn(R dic),] "+ 2e— Mn+3[R.dic]” Wave?2 (34)

Measurements of k, values for wave 1 at a mercury electrode {65] (> 1072
cm s~ 1) are consistent with the charactenization of this electrode process as
reversible under polarographic conditions.

In summary, the electrochemical data provided no evidence of Mn{l} or
Mn(0) complexes so that stabilization of “unusual” oxidation states by
dithiocarbarnate appears to be confined to higher rather than lower ones for
manganese.

(ii) Iron, ruthenium and osmium dithiocarbamates

Both the electrochemistry and the chemistry of manganese dithiocarba-
mates illustrate the behaviour to be expected for a relatively simple redox
system, The iron, ruthenium and osmium triad involves the introduction of
progressively more complicated chemistry to explain the redox data observed
when moving from the first row (ransition metal iron (which has many
similarities with manganese) through to the third row transition metai
osmium. Systematic electrochemical studies have proved to be extremely
valuable in unravelling the more complicated processes which determing the
redox chemistry of ruthenium and osmium dithiocarbamates.
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{a} Iron dithiocarbamates

Chemistry of iron dithiocarbamates. The general chemistry of iron dithio-
carbamate complexes has been very widely studied and the oxidation states
(ID), (1) and {1V} are observed. Fe(R dtc), is extremely air-sensitive and
oxidizes rapidly to Fe(R ,dtc}, [6,8]. The air sensitivity and oxidation path-
way are similar to those of Mn(R,dtc),. The molecular structure of
Fe(Et dtc), in the solid state is based on a five-coordinate dimer [67].
Tron(1T) dithtocarbamate in the presence of excess ligand forms the anion
[Fe(R ,dtc},]” [68] which is also air-sensitive, the stability depending on the
associated cation. With [E{,N]* the complex readily transforms to
Fe(R,dic),, whercas with [PPh,]* greater stability is observed. These data
are consistent with the equilibrium

[Fe(R ,dtc),] ~= Fe(R ,dtc), + [R,dic] - (35)

The inability of other workers [59] to isolate the [Fe(R,dic),]” salts is
therefore not surprising.

The general chemistry of the monomeric tris-chelated Fe(R,dtc), com-
plexes has been very widely studied [6-8,69], although it is only relatively
recently that the extended redox properties of the tris chelates have been
recognized and investigated. X-ray crystal structure data [70-73] show the
expected D; molecular symmetry with a twist angle depending on the R
group.

- Aerial oxidation of Fe(R ,dtc), in benzene in the presence of BE, enabled
Pasck and Straub to isolate and characterize salts of composition
[Fe(R ,dtc);]BF, [61]. Much evidence has been obtained culminating in the
crystal structure of {Fe(pyrrdic),JClO,, confirming the existence of an Fe(1V)
complex [74]. The marked shortening of the Fe—S bond distances (0.11 A} of
[Fe(pyrrdtc),]* compared with those of Fe(pyrrdic), is consistent with
depopulation of the antibonding e, orbitals on oxidation from the configura-
tion Fe(II1) (#3e?) to Fe(IV) (¢3) with a further small contribution from the
increased oxidation state of the metal ion. Geometry and bond lengths in the
Fe(IV) complex are unexceptional for the dithiocarbamate ligand. Alterna-
tive synthetic methods are now available to form these iron(IV) dithio-
carbamates employing FeCl, [63], Fe(ClQ,),- 6H,O {63}, perchloric acid
{27], and electrochemical metheds [75] to oxidize Fe(R ,dtc),. Oxidation with
halogens (Cl, and Br,) of either Fe(Et,dtc), or Fe(Et,dtc),X results in
ligand oxidation [76] forming the 3,5-bis( ¥, N-diethyliminmum)-},2 4-trithio-
lone ion (eqn. 20) and the [FeX,]™ amon [77]). Reaction of Fe(R ,dtc), with
the milder oxidant iodine produces Fe(R ,dtc),1 and thiuram disulphide [78].
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In the presence of excess [R,dtc]™ the redox reaction
[Fe(R,dtc),] "+ [Rdic] ~ - Fe(R,dtc), + 1R ,tds (36)

occurs [27] so that the Fe(IV) cation can act as an oxidant in the same
manner as [Mn{R,dtc),]*. Halide ions have been found to react with
[Fe(R ,dtc);])* 127] which precludes its formation by halogen oxidation of
Fe(R ,dtc),. The products of this reaction are Fe(R ,dtc), X and R gtds [79].
Thus, substitution as well as redox reactions occur with the reactive Fe(IV)
complexes as is also demonstrated in other work [80].

Electrochemical oxidation of Fe(R,dtc),, Despite lhe comment by Mc-
Cleverty ct al. [533] that Fe(Et,dic); “exhibited poorly defined voltammetric
behaviour”, many workers have since confirmed that ferric dithiocarbamates
are readily oxidized and reduced by electrochemical methods in a range of
solvents [17,27,54,75,81 -85].

At a platinum working elecirode, voltammetric, coulometric and con-
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trolled potential electrolysis studies coupled with specirophotometric mea-
surements define the oxidation of Fe(R,dtc), as a one-electron reversible
process [27,75]

Fe(R ,dtc); — [Fe(R dtc);] "+ e {37)

In acetonitrile the product shows some instability which has been attri-
buted to residual water in the solvent [75].

Voltammetric measurements on the reduction of chemically prepared
[Fe(R ,dtc),]* salts including half-wave potentials and coulometric values for
the number of elecirons involved in the relationship further attest to the
reversibility of the Fe(Ill)/Fe(lV) couple [27]. The E, , values for the
oxidation of 20 ferric dithiocarbamates (approximately equal to £°) span the
range from +0.42 to +0.67 vs. Ag/AgCl (0.1 M LiCl in acetone) [27].
These results have been confirmed with the report of the E, ,, values for a
similar series of ferric complexes [81].

A substantial substituent effect on the redox potentials is observed. An
excellent correlation with the substituent effect found for Mn(R ,dtc), is
obtained as shown in Fig. 4.

Electrochemical measurements on the oxidation of mixed ligand species

FeB, [— —

FECBE — -

Compound

Fec{f _..L

!

Current [ac¢)

Fec, FeC,B, FeCB, FeB,

1 4 3 1 ) 1 1 H 3
o3 0.a Q.5 .6 Q.7 0.8

Oxigdation potential (Voits vs Ag/AgCH)
Fig. 5. Bottom curve: a.c. voltammogram (oxidation) of a solution containing a mixture of
mixed-ligand species FeC,, FeC, B, FeCB,, and FeR, where C = dicyclohexyldithiocarbamate
and B = dibenzyldithiccarbamate. Top curve: relationship between complex composition and
a.c. peak potential. Reproduced by courtesy: inorg. Chem,, 14 (1975} 1894,
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indicate that a kinetically labile system is associated with the charge transfer
[27]. Mixed dithiocarbamate species with the ligands N, N-dibenzyldithio-
carbamate and N, N-dicyclohexyldithiocarbamate are prepared in situ by
simply mixing solutions of pure Fe{c-Hx,dic), and Fe{Bz,dtc); in the
voltammetric vessel at room temperature. Ligand-exchange equilibrium is
established rapidly and a.c. voltammetry shows both the reduction and
oxidation steps expected for the four compounds {see Fig. 5), viz., Fe{c-
Hx ,dtc),, Fe(c-Hx ,dtc),{Bz,dtc), Fe(c-Hx ,dtc)(Bz,dtc), and Fe(Bz dic),.

Electrochemical reduction of Fe(R,dtc);. The electrochemical reduction of
Fe(R ,dtc), at platinum electrodes has been studied in two solvents, acetone
{27) and acetonitrile [75), with the following resuits being common to both
studies. By cyclic voltammetry the process is almost reversible. However,
controlled potential electrolysis affords n values ranging up to 1.3. The
pale-yellow solution generated from the reduction suggests Fe{Il) species are
formed. Cauquis and Lachenal [75] have presented evidence to suggest that
there is a slow release of free hgand, [Et,dic]” from the electro-generated
iron{II) complex. The electrode process is therefore defined as

Fe(R ,dtc), + e = [Fe{R dic),] (38)

with some evidence of instability associated with the reduced anion. Titri-
metric studies of Fe(II) and [R ,dtc])” provides as the 1: 3 end-point, a species
in solution with the electrochemical properties predicted from the electro-
chemistry of Fe(R dic), and [Fe(R . dtc};]* viz., two reversible oxidations
corresponding to

[Fe(R dtc),] "= Fe(Rdtc); + ¢ (39)
Fe(R dtc), = [Fe(R dtc),] "+ e (40)

The recent isolation of the bright yellow, air-sensitive complexes of the
stoichiometry {Fe(R,dtc);]” and their characterization by Maossbauer and
electronic spectra led de Vries ei al. [68] to suggest that the complexes are
high-spin complexes of iron{II). Hence, it appears that tris-dithiocarbamates
of Fe(IV), Fe(Ill) and Fe(Il) may be classed as low-spin {d*}, intermediate-
spin (d°) and high-spin (d°), respectively, although some Fe(IIl) dithio-
carbamates exhibit high- or low-spin behaviour (80-300 K) depending on
the substituents on the dithiocarbamate ligand [86]. The influence of mag-
netism on the thermodynamically significant parameter E, ,, would appear
to be very small [27]. It is also pertinent to note that in the presence of
water, [Fe(R ,dtc);] ™ is in dissociative equilibrium with Fe(R ,dtc), by ligand
loss [68). This equilibrium is consistent with the electrochemical results of
Cauquis and Lachenal [75].
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The E, , values associated with eqns. 39 and 40, and the substituent
effects correlate with each other, as well as with the Mn(R ,dtc), redox data
(Figs. 4 and 6). Thus the substituent effect is of [ar greater importance than
any contribution to E,, from magnetism or minor instability of
[M(R,dtc),] ™% (M =Mn or Fe). Indeed similar substituent effects are
observed with all transition metal dithiocarbamates.

The above electrochemical data were all obtained at platinum electrodes.
At mercury electrodes, the large negative potential range available enables
additional reduction processes to be observed [66,85]. Three one-electron
reduction steps are observed for Fe(R.dtc),. The -first is the reversible
one-clectron step observed at platinum electrodes to produce [Fe(R ,dtc);]™.
Subsequent steps are chemically irreversible and are accompanied by loss of
[R.dtc]” as demonstrated by cyclic voltammetry and the monitoring of
peaks for the [R,dtc]™/Hg(R,dtc), couple (see Section B). The reduction
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steps at mercury have been explained in terms of the reactions

Fe(R ,dic), + e = [Fe{R,dtc);] ~= Fe(Rdtc), + [R dic] ~ (41)
Fe(R ,dic), + e = [Fe(R dtc),] (42)
[Fe(Rdtc),] "+ e= [Fe{R dic),]’ — Fe + 2 [R.dtc] {43)

An oxidation wave for Fe(R ,dtc); at mercury clectrodes has also been
reported [85]. The potential of this step does not correspond to that for the
[Fe(R ,dtc),]* / Fe(R ,dtc), process observed at platinum and presumably
involves ligand exchange and mercury compound formation. Hg(R ,dtc),
complexes are extremely stable [87] and [R,dic]” at mercury electrodes
results in oxidation of mercury of produce Hg(R ,dtc}, (see Section B).

The instability of [Fe(R,dtc);]” towards dissociation has been elegantly
demonstrated by examining the electrode processes in the presence of
m-acceptor ligands such as 2,2-bipyridine [85). Fe(R dtc),(bipy) is a well-
characterized compound and the electrochemistry in the presence of bipy
clearly occurs according to the following reaction scheme {egn. 44}).

Fe(Rdic), + e = [Fe(R dtc),| -

| Fe(R ,dtc),] ~ + bipy 5 Fe(R ,dic),(bipy) + [Rdtc]
Fe(R ,dtc),{bipy) + ¢ = [Fe(R ,dtc),(bipy)]

[Fe(R ,dtc),(bipy)] " = Fe(R,dtc), + [bipy] -

ks )
Fe(R ,dtc), + bipy — Fe(Rdtc),{bipy) (44)

The formation of the radical anion [bipy]~, in this reaction scheme was
conifirmred by electron spin resonance spectroscopy.

(b} Ruthenium dithiocarbamates

Chemistry of ruhenium dithiocarbamates. As indicated in the sections on
manganese and iron dithiocarbamates, the electrochemical behaviour is
entirely consistent with the known chemistry of these elements. Ruthenium
dithiocarbamate chemistry is extremely rich in the number and nature of
compounds that can be formed and the various interconversions that are
possible. it is therefore not surprising that the electrochemistry is equally as
rich and fascinating.

A number of Ru(il), Ru{IIf) and Ru(IV) dithiocarbamate complexes have
been well-characterized by X-ray analysis [88—93). Interesting chemical and
photoredox reactions have been used in the synthesis of many of these
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complexes. Tris-dithiocarbamate Ru(R.dtc), complexes, first reported by
Cambi and Malatesta [94,95), are low-spin monomeric complexes with a
molecular geometry intermediate between trigonal prismatic and trigonal
antiprismatic [88,89].

Oxidation of Ru(R ,dtc}, in the presencc of BF, was originally suggested
to lead to formation of the ruthenium(IV) complex [Ru{R ,dtc),]BF, [96].
However, subsequent detailed studies show that a ruthenium{III) dimer
[Ru, (R ,dic);]BF, and the 3,5-bis(N, N-diethyliminium)-1,2,4-trithiolane di-
cation is produced [91]. [Ru,{(Rdtc);]* can exist in two isomeric forms, a
and B (15 and 16). The B-form is prepared from the BF, reaction in the

SV PN AN
S / S
a /R /R 2 /Tu\s/\Tu )
\_ \l s__/ s
15 16

presence of air and the a-form from reaction of RuCl; with [R,dic]™ in
aqueous solution [89]. Other synthetic methods, including electrochemical
oxidation, are also available for the preparation of [Ru,{dtc);]* [97,98].
Reduction of [Ru,(dtc),]* with NaBH, produces the uncharged mixed
oxidation state complex Ru,{dic) [97,98].

Reaction of Ru(Et.dtc), with anhydrous HCl in benzene yields the
ruthenium(iV) complex, CIRu(Et,dtc), as well as (16) [92,99]. Compounds
(16) and (17) can also be synthesized by photolysis of Ru(R,dtc}, in
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chlorine-containing solvents [99].

Relatively little is known about unsubstituted Ru(Il} dithiocarbamate
complexes, although many ‘mixed ligand species of the kind Ru(R . dtc),X
(X = CO, PPh,, etc.) have been well characterized [6,100). Electrochemical
reduction [97] of Ru{Me,dtc), produces an orange-red solution which is
likely to be [Ru{Me,dic),]”. This species, like [Fe(R,dic);]” and
{Mn{R ,dtc),]", is air-sensitive and reacts rapidly with atmospheric oxygen
to re-form Ru(Me.dtc),.

Electrochemical oxidation of Ru(R,dtc);. A substantial number of electro-
chemical studies on the oxidation of Ru(dtc), have been reporied since
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Patterson and Holm [17] suggested that the Ru{IV} cation [Ru(R ,dtc),]|*
should be accessible synthetically. These authors noted that a “reversible”
one-electron oxidation occurred in N, N-dimethyiformamide at +0.38 V
versus the saturated calomel electrode (SCE) for Ru{Eti . dic), compared with
+0.42 V vs. SCE for Fe{Etdic), where [Fe(dtc);]" is well-known {see
Section (ii) a).

However, [Ru(R ,dtc};1* has yet to be isolated and more detailed electro-
chemical data demonstrate the instability of this species. At platinum
electrodes in acetone [97], the ¢lectrochemical oxidation of Ru(R.dtc), is
generally not reversible by cyclic voltammetry at a scan rate of 200 mV s~ 1.
Oxidation for a range of Ru(R ,dtc}; complexes occurs at 0.47 to 0.67 V vs,
Ag/AgCl (0.1 M LiCl in acetone). Thus the E, , value for oxidation is
simifar to that for the reversible oxidation of Fe(R.dtc);. However, for
Ru(R ,dic); there is a marked substituent-dependence on the degree of
reversibility; e.g. the pyrrolidy! denvative showed no current on the return
sweep after oxidation employing cyclic voltammetry with a scan rate of 200
mV s~ whilst oxidation of Ru(MePhdtc), is close to reversible in acetone
when using a scan rate of only 100 mV s, Other substituents examined
showed intermediate behaviour.

The data for Ru{MePhdtc); suggest that the electrode process is

Ru(R ,dic), = [Ru(R dtc),] "+ e (45)

with the formally ruthenium({IV) species exhibiting various degrees of insta-
bility to further reaction or decomposition depending on the substituents.
On exhaustive oxidative electrolysis of Ru{Me,dtc), the resulting solution
did not contain [Ru(Me,dtc),;}* (cyclic and a.c. voltammetry). When this
solution was worked-up by chromatography, Ru(Me,dic); and a di-
ruthenium complex [Ru,(Me,dtc),]" were isolated although neither species
was originally present in the oxidized solution.

In a later electrochemical investigation, when the chemistry of
ruthenium(IV) complexes was better understood, rationalization of the
chemical irreversibility associated with eqn. 45 became possible. In the work
of Pignolet and co-workers 98] the electrochemical behaviour of Ru(Et,dtc),
was examined by conventional d.c., a.c. and cyclic voltammetry using the
solvents acetonitrile, propylene carbonate and dichloromethane. A reversible
one-electron reduction wave (Fig. 6) with an £, , value of —0.74 V vs. SCE
was observed in all three solvents and corresponds to the reduction

Ru(Rdtc), + e = [Ru(Rdic);| - {46)

A one-electron oxidation wave was also observed at approximately +0.40 V
vs. SCE as shown in Fig. 7. This wave has been assigned to eqn. 45 in other
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Fig. 7. (a} Cyclic voltammogram of Ru(Et,duc}, in CH,CN {ca. 0.1 M Et,NCI0, ) {scan rate
200 mV s™?). (b} Cyclic voltammogram of the above solution in (a} after controlled-potential
electrolysis at 0.50 ¥V vs. SCE. Approximately 85% of the Ru{Et,dtc), has been oxidized.
Reproduced by courtesy: Inorg. Chem,, 17 (1978) 340,

studies [17,97]. However, the wave is not reversible by cyclic voltammetry
(Fig. 7) and the cationic complex [Ru{Et,dtc);]* is not observed or isolated
after controlled potential oxidation in acetonitrile. With Ru(Et,dic), in
acetonitriie, the immediate oxidation product after electrolysis is the diamag-
netic seven-coordinate Ru(IV) complex [(CH;CN)Ru{Et.dic);]*. Evidence
for this complex is mainly based on the use of cyclic voltammetry. Examina-
tion of the second scan of the cyclic voltammogram of Ru(Et,dtc}, in
CH,CN solvent (see Fig. 7a) reveals a new wave at about —0.60 V vs. SCE
which appears only after oxidation of Ru{Bt,dtc),. Alter controlled-poten-
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tial electrolysis of Ru(Et,dtc); at +0.50 V, so that about 85% of the
Ru(Etdtc); was oxidized, the cyclic voltammogram shown in Fig. 7b was
recorded. The new wave at —0.60 V is now present in the initial scan. Since
the complex [(CH,CN)Ru({Et d¢c},]" is isolated from this solution in good
yield, the new reduciion wave must result from process (47)

[(CH,CN)Ru(Et dic),] * + e > Ru(Et,dtc), + CH;CN (47)

The entire voltammetric cycle in CH,CN solvent is shown in Fig. 7 and is
described by eqn. 48.

[Ru(Et,dic),] "= [Ru(Et,dtc),]+>=[Ru(Et,dtc),] ~

CH,CN | fast ol cr,oN

[(CH,CN)Ru(Et dtc),] * (48)

The chemical step which converts [Ru(Et,dtc},]* into the diamagnetic
CH,CN adduct must be fast since the reverse reduction wave expected for a
reversible process is completely absent in CH,CN even for a scan rate of 200
V s~ 1. The isolated cationic complex of Ru(IV), [(CH,CN)Ru(Et.dic),]", is
moderately stable in the solid state as a {BF,]™ salt, but is not stable in
solvents other than CH,CN and its decomposition products have not been
identified.

Cyclic voltammograms of Ru(Et,dtc), using the weakly co-ordinating
solvent propylene carbonate, C,H,O, at 25°C are qualitatively similar to
those in CH,CN. However, the new wave which appears after oxidation of
Ru(Et,dtc), is shifted to ca. —0.19 V vs. SCE from its value of —0.60 V vs.
SCE in CH,CN,

Controlled-potential oxidation at +0.50 V leads to growth of the —0.19 V
oxidation wave of Ru(Et,dtc),. This wave could be due to the process (49)

[(C,H,0,)Ru(Et,dtc),] "+ e > Ru(Et,dtc), + C,H 0, {(49)

where coordinated C,H O, stabilizes the Ru{IV) cation in a similar fashion
to CH,CN. However, it is also possible that the seventh coordination site is
occupied by either {ClO,]” or H,O especially since the corresponding
cathodic wave in noncoordinating CH,Cl, and acetone solvents occurs at
—0.20 and —0.17 V, respectively. Alternatively, the formation of dimeric
[Ru,(R,dic),}** as an intermediate would also seem plausibie in the light of
the behaviour of osmium dithiocarbamates described in the following sec-
tion.

The mechanism for the formation of electrochemically generated
[Ru,(R,dtc)s]™ is not known. The data of Hendrickson et al. [97] in acetone
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show that {Ru,{R ,dtic),]* is formed via a secondary rather than the primary
electrochemical process.

Intermediates such as monomeric [Ru(R,dic};(solvent)]* or dimeric
[Ru,(R,dtc)¢]** are likely electrochemical precursoss. It should be noted
that [Ru,(R,dtc);]"* can also be formed by direct chemical means from
Ru(R ,dtc),; via a mechanism not involving oxidation [97,98].

Electrochemical reduction of Ru{R,dtc};. Voltammetric reduction data for
the series of Ru(R,dtc}, complexes have been reported in acetone at a
platinum electrode [97]). The process has been characterized as a reversible
one-electron reduction

Ru(R ,dtc), + e = [Ru{R dic),} (50)

for R = Me and appears to be the same for all the other 11 substituents
examined. For Ru{Me,dic), exhaustive electrolysis produced an orange-red
solution of [Ru{(Me,dic},]” and afforded an n value of 1.0. This anion
undergoes reversible oxidation (by cyclic voltammetry) at an a.c. peak
potential coincident with the reduction potential of Ru{Mexdtc),. The
[Ru(Me,dtc),]~ anion has a similar E, ,, value to [Fe(R dic);]” and reacts
rapidly with atmospheric oxygen reverting to Ru{Me,dtc),. Spectral moni-
toring of the electrolytic reduction of Ru(Me,dtc); in CH,Cl, saturated with
[NEt,][C1O,] displays growth of the spectrum of [Ru(Me.dic),]™ with weil-
defined isosbestic points at 557 and 413 nm. This is analogous to the
reduction behaviour of Fe(R ,dic), and Mn{R dtc),.

For both oxidation and reduction, the effect of substituents on the redox
potential is virtually identical to that found for other transition metal
complexes, with the dibenzyl-substituted complexes being the most difficult
to oxidize and the a-branched substituents di-isopropyl and dicyclohexy!
being the easiest to oxidize. The reverse order holds for reduction, with the
difference between the oxidation and reduction potentials for any sub-
stituent being approximately constant at 1.2 V.

Polarographic reduction of a senes of Ru{R,dtc); complexes has also
been examined in dimethylsulphoxide [101]. The reduction step represented
by eqn. 50 is observed at a mercury electrode, although some evidence for
dissociation of [Ru{R,dic),]” i1s found. Generation of Hg(R.dtc), is as-
sumed to occur at the electirode surface via release of [R,dtc]™ in a manner
analogous to that described in detail by Bond et al. [21-23] for some
vanadium complexes. Clearly the mercury electrode is not “inert” in this
instance and this feature appears to be a characteristic of many electrochem-
ical studies of dithiocarbamate complexes at mercury electrodes. The ex-
traordinary stability of mercury dithiocarbamate complexes noted earlier
would appear to enable exchange reactions to occur at the electrode surface.
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Electrochemistry of [Ru,(R,dtc)s]* dimers. Pignolet and co-workers have
examined the electrochemistry of [Ru,(R dic);]* and Ru(R ,dtc), ( B-form)
in acetonitrile at platinum electrodes [91]. Their results indicate the existence
of a four-membered electron transfer series

[Ruz(Rz‘jm)s]2+ = [Ru, (R dtc),] 'i"—fRuz(detc)s = [Ru, (R di)s]}
(51)

The one-electron nature of these processes was established for R = Et by
comparing current per uni¢ concentration for known one-electron processes
associated with Fe(R,dtc); and Mn(R ,dtc}, (see Section C) and by isolation
of Ru,{Et,dtc),, and demonstrating that it has the same E, , values as
iRu,(Et,dtc);)*. No attempts were made to isolate the [Ru,(R ,dtc)s}** or
[Ru,{R ,dic)s]~ species. Hendrickson et al. [97), in their work using acetone,
were aware of the existence of a- and S-forms of [Ru,{R,dtc);]". They have
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provided a more extensive account of the electrochemistry, although only a
three-membered electron transfer series was reported with no mention of the
[Ru,(R,dtc)5)12* /[Ru,(R dic);]* couple being made.

According to Hendrickson et al. [97}, both the a- and B-diruthenium(1ii}
species are electroactive and behave similarly. Interestingly, a-[Ru,
(Me,dtc)]* is slightly easier (by 35 mV) to reduce than 8-[Ru (Me,dtc),]",
a trend which becomes more pronounced for the second reduction step
where the reduction potentials for the two isomers differ by 105 mV.
Furthermore, the reduction of 8-Ru,(Me,dtc); resuits in a rapid conversion
of B-{Ru,{Meydtc);]” into the a-anion. The reduction product of a-
[Ru,{Me,dtc);]~ does not isomerize. These factors are illustrated by the
cyclic voltammograms in Fig. 8. When this information is coupled with the
fact that, from NMR data, the more stable cationic isomer is the 8-form, the
relative orders of stability can be determined. The equilibrium position for
a-Ru,Me,dtc; and B-Ru,Me,dtc; has been determined in CH,Cl, solution
saturated with [Et,N][C1O,] at 20°C. Solutions obtained from the electro-
lytic reduction of separate solutions of a- and S-jRu,{Me,dtc};]" were
allowed to equilibrate and the concentration of each isomeric form was
monitored by a.c. voltammetry of the Ru,{Me,d¢tc);/[Ru,{Me,dtc);]™ cou-
ples. The ratios of a.c. peak currents at equilibrium yield

k(B°/a®) = [ B-Ru,(Me,dic),] /| a-Ru, (Me,dic)s| = 5.6 (52)
From the additional redox data it can be shown that

k(B*/at)=22 (53)
k(B /a~)=0.09 (54)

The stability order of the two isomers, as a function of ruthenium
oxidation state, is dependent on the electronic and steric requirements of d”
ruthenium(III) and d° ruthenium(il). The proximity of the ruthenium(Ill)
atoms in the low-spin cation (2.787 A) favours the unique bridging ligand
B-structure. The absence of Ru—Ru bonding in the anion is associated with a
Ru-Ru distance which is toc long to favour this type of unique bridging
ligand (e.g. the Rh-~Rh distance [102] in the isoelectronic complex
[Rh,(Me,dic),]* is 3.556 A).

It is also worth noting the difference in the rates of the reactions (55) and
(56

B-[Ru,(Me,dtc),] - % a-[Ruy(Meydte)]” (55)
B-[Ru,{Me,dic) ] 5 a-[Ru, (Medtc),] * (56)

where the Ru—-Ru bonded cation isomerizes rather slowly at 60°C (first
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order rate constant approximately 10~ s~!), whereas the anionic species
isomerizes rapidly, even at room temperature. The rate of conversion of
B-{Ru,(Me,dtc);]™ into «-{Ru,(Me,dic);]” was estimated from the cyclic
voltammograms of the [Ru,{Me,dtc);])/[Ru,(Me,dic)s]™ couple (Fig. 8)
using the working curve. of Nicholson and Shain [103] for a first order
chemical reaction with a rate constant of k; occurring after the electron

&,
transfer step. For this purpose the B~ = a™ conversion was considered to be
irreversible. Approximate &, values of 0.04, 0.06, 0.16, 0.38, 0.50 and 1.48

trigonal twist

"~ avout [Mea]*

{A)

—— e
(8} [ {E) {

trigonal twist

) {F}

Fig. 9. A proposed mechanism for the interrelation of geometrical isomers for known
binuciear cations of the type [M,(R,dtc);]*. Structure (A), in which the two metal centres
have opposite chiralities, may be converted into {D), where the metal chiralities are the same,
by trigonal twist mechanism operating on the (ML,}* segment of the cation. Rupture of a
M-S bond (dotted), followed by a #/2 rotation along the indicated axis (structure {(E)), and
the reforming of a M-S{bridging) bond orthogonal to the ligand plane, affords isomeric
structure (F). The presence of the metal-metal bond in the binuclear d* ruthenium cation
may facilitate the spanning of the metal atoms by the unique [R ,dtc]” ligand in structure (F).
Reproduced by courtesy: Aust. J. Chem., 29 {1976} 269.
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s~ ! obtained at 5, 15, 25, 35, 45 and 55°C were used in a plot of log &,
against 1/T to obtain a projected value for the isomerization at 60°C of

=241 s™%. An intramolecular mechanism has been proposed for the
a — B isomerization [102] as shown in Fig. 9.

This marked difference in isomerization rates of a factor of 10* probably
reflects the influence of the Ru—Ru bond on the energetics of rotation at the
ruthenium centres although the requirement of rupturing a Ru-S bond for
isomerization may also be more difficult for the cationic species. The
difficulty of breaking the Ru-Ru bond in [Ru,(Me,dic),]* is shown when a
mixture of the two isomers was heated with [Me,dtc] ™ under reflux in MeOH
for 5 h in an attempt to cleave the dimer into two molecules of Ru(Me,dtc),.
Thin-layer chromatography showed that very little Ru(Me,dtc}, was formed.

The electrochemical studies on the ruthenium dimers indicate the large
amount of kinetic and thermodynamic data that can be obtained from
careful use of the different electrochemical techniques.

{c} Osmium dithiocarbamaties

Chemistry of osmium dithiocarbamates. The chemistry of the osmivm di-
thiocarbamates has recently been studied in detail and has proved to be
extremely rich. Osmium forms all the classes of compound noted for both
iron and ruthenium but in addition, an even wider range of dimers and
oxidation states is found.

In 1972, Bozis [104] reported an Os(R.,dic), compiex (R =
pentamethylene). Subsequently, additional monomeric low-spin osmium(I11)
complexes were prepared by Dix et al. [105] and Pignolet and co-workers
[106]. The [Os, (R ,dtc)s]" complexes analogous to the ruthenium dimers are
also known [106]. An osmium(III) complex containing the sulphur-rich
trithiocarbamate (Sdic) ligand {18) was also isolated as a byproduct in the
synthesis of Os(R,dic), and [Os,(R ,dic);]* [106,107]. The structure (19} of
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[Os,(Et dtc),(Et,Sdtc),]* closely resembles that of an a-fRu,{R,dtc);]*
(15), except that each of the two bridging ligands of the osmium complex has
been expanded by the addition of an extra sulphur atom and the details of
the stereochemistry are somewhat different. The Os—Os distance of 2.79 Ais
similar to the Ru-Ru distance in a-[Ru,{(R,dic);]* and indicates that
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metal-metal bonding occurs. The stereochemistry of [Os,(R ,dtc) )" itself is
unknown but its chemical properties are similar to the ruthenium analogues.

In the (I) oxidation state, mixed ligand dithiocarbamate complexes with
carbonyl and phosphine ligands have been prepared [108,109] and these have
analogues in iron and ruthemium dithiocarbamate chemistry. No chemical
evidence has been presented for the existence of [Os(R,dic),]” although
electrochemical data (see later) suggest at least a transient existence.

The chemical oxidation of Os{R ,dtc), with aerobic BF, resembles that of
fron in that the osmium{IV) cation, [Os(R,dtc);]*, is formed [110]. By
contrast, reaction with I, [110] follows the ruthenium pathway to produce
Os(R ,dtc),1. This compound appears to be structurally identical with the
analogous seven-coordinate ruthenium species and undergoes chemical reac-
tions not unlike those of the analogous ruthenium compound. The same
reaction with Fe(dtc); produces Fe(R,dtc),]1 and thiuram disulphide as
noted previously.

Reaction of [Os{R.dtc),]* with chloride ion yields the seven-coordinate
cation Os(R,dtc),Cl, whereas reaction of chloride ion with [Fe(R ,dic),]*
leads to the complex, Fe(R ,dic),Cl with a diminished coordination number.
Furthermore, [Os(R ,dtc),]" is readily converted into a wide range of other
seven-coordinate complexes Os(R ,dtc); X by the addition of I~, CH;CN or
PPh, etc. [110]. This class of compound is known in ruthenium but not in
iron dithiocarbamate chemistry.

A careful examination by low temperature NMR spectrometry and
electrochemistry (see later) demonstrated that [Os(R ,dtc);]* exhibits a
monomer—dimer equilibrium in dichloromethane solution [110]. The
monomer is paramagnetic in solution. In the solid state, an X-ray crystal
structure determination demonstrated that the compound exists exclusively
as a diamagnetic dimer [Os,(R ,dic)s]**. The geometry about each osmium
atom is that of a distorted pentagonal bipyramid and is quite similar to the
coordination geometry found in Ru{R ,dtc);Cl. Presumably, the tendency of
osmium to form stronger bonds with sulphur and higher coordination
numbers is important in the formation of the dimer.

A tetrakis osmium(IV) dithiocarbamate complex Os(R ,dtc), is known and
evidence for even higher oxidation state osmium dithiocarbamates is also
available [105,111]. In summary, it can be seen that the chemistry of osmium
dithiocarbamate is very rich, combining features of both iron and ruthenium
plus characteristics that are unique to osmium.

Electrochemistry of Os(R,dsc),, [Os(R,dtc);]* and [Os,(R,dtc),]°*. As is
the case with other dithiocarbamate complexes, elecirochemical pathways
are consistent with the chemical behaviour summarized in the previous
section. In acetone [105]) and propylene carbonate [106], electrochemical data
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at platinum electrodes demonstrate the existence of a four-membered elec-
tron transfer series (three chemically reversible cyclic voltammograms) be-
tween tris-chelate complexes in four oxidation states, II, II, IV and V,

[Os(R dtc),] ~ = Os(R dtc), = [Os(R,dtc),| * = [Os(R,dtc),]*"  (57)

Controlied-potential electrolysis of Os(Et,dtc}; gives the purple cation
[Os(Et ,dtc),]* which has spectral and electrochemical properties identical to
samples prepared by the reaction of aerobic BF, with Os(Et,dtc),. The
one-electron nature of this oxidation has been verified by coulometry [106].
These electrochemical resulis strongly suggest that the one-electron oxidation
product of Os(Et,dtc), is the six-coordinate tris-chelate [Os(Et dic),]". This
contrasts with the analogous ruthenium chemistry where the one-electron
oxidation product of Ru{Et,dic); in propylene carbonate is believed to
produce a solvent or ligand-stabilized seven-coordinate complex. Further-
more, the + 5 oxidation state with ruthenium is not observed.

The electrochemical results for Os(Et.dtc), in CH,CN at 0°C are consid-
erably different to the above results with propylene carbonate but they are
very similar to the CH,;CN data observed with Ru(Et,dtc);. The electro-
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chemical data are presented in Fig., 10. The overall cyclic voltammetric
process in CH,CN illusirated in Fig. 10 is best represented by eqn. 58

€

[Os(Et,dtc),] " == Os(Et dic}, = [Os(Et dtc),|

CH,CN l fast +e J - CH,CN

[(CH,CN)Os(Et ,dic),]
tef
[(CH,CN)Os{Et ,dtc},]**

The one-electron reduction at E, , = —1.10 V vs. SCE is reversible while the
oxidation at E, ,, =0.01 V vs. SCE is irreversible with a new peak appearing
at —093 V vs. SCE on the reverse scan. This peak appears only after
oxidation of Os(Et,dic); and is initially present after controlled-potential
oxidative elecirolysis of Os(Et,dtc);. The cyclic voltammogram shown in
Fig. 10 was recorded after exhaustive electrolysis at 0.3 V vs. SCE indicating
that the parent species is [Os{Et,dtc);(CH,CN)}*. The complex
[Os{Es ,dtc),(CH,CN)]* has identical spectral and electrochemical properties
to Os(Et,dtc);Cl dissolved in CH,CN, suggesting that Cl~ is displaced by
CH,CN. This chemistry is identical with that observed for the analogous
ruthenium complex except for the additional reversible one-electron oxida-
tion of [Os(Etdtc);(CH,CN)]* to [Os(Et ,dtc),(CH,CN)|** at E, ,, = 1.08 V
vs. SCE.

It is interesting to compare the reduction and oxidation half-wave poten-
tials for M(Et ,dtc); (M = Fe, Ru and Os}. The trend is in the expected order
for the reversible process M(Et. dic), + e = [M(Et,dic},]” with iron being
the easiest and osmium the hardest complex to reduce. The half-wave
potentials for the process M(Et dtc), = [M(Et,dtc),}]" + e are nearly identi-
cal for Fe and Ru but much less positive for Os. It is expected that Os
should be the easiest to oxidize but the similarity in potentials for Fe and Ru

.in unexpected. It should be emphasized, however, that the Ru oxidation is
usually irreversible and therefore less certainty should be attached to the
E, ,, values in this case.

In dichloromethane, the presence of the monomer—dimer equilibrium

2 [Os(R,dtc),] * = [0s, (R ,dtc) > (59)
influences the observed electrochemistry [110). Thus at 0°C [Os(R ,dtc),]*
shows reversible electrochemical behaviour of CH,Cl, solution (Fig. 11a)
consistent with that observed for oxidation of Os(R.,dtc),. However, at

—78°C the cyclic voltammogram for [Os(R ,dtc),1* (Fig. 11b) is consistent
with the presence of the dimeric species. The new peak which corresponds to.

(58)
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Fig. 11. Cyclic voltammograms of [Os{dtc);]* in CH,Cl, at 0 and —78°C. The zero-current
potential position is marked by a cross (scan rate 100 and 200 mV s~! for (a) and (b),
respectively). The cation was generated in situ by controlled-potential electrolysis of Os(dtc),.
Reproduced by courtesy: Inorg. Chem., 19 (19803 972.

the reduction of [Os,{R ,dic);]** appears at —0.74 V vs, SCE. The new
peaks at potentials more positive than 0.6 V vs. SCE which appear at — 78°C
(Fig. 11b) reveal complex non-reversible processes which have not been
characterized. '

The striking difference between the cyclic voltammograms for
[Os{R ,dtc),]* recorded at 0 and —78°C (Fig. 11) clearly shows the value of
low-temperature electrochemistry in the interpretation of complicated elec-
trochemical behaviour.

Electrochemical data for some other osmium compounds are also availa-
bie [106,110] and oxidation states II to V are readily accessible.

D. ELECTROCHEMICAL STUDIES ON SOME OTHER TRANSITION METAL DI-
THIOCARBAMATES

The data available on manganese and the Group VIII triad dithiocarba-
mates demonstrate their close relationship in chemical and electrochemical
behaviour. Similar data are also available for dithiocarbamates of many
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Fig. 12. Cyclic voltammograms of (a) 107> M V(R,dtc),, (b} 2.5 X 10~ M V(R ;dic),, and {c)
10~* M V(R ,dic},, alter controlled-potential oxidation at +0.50 V vs. SCE in acetonitrile;
01 M Et,NCIO, at a scan rate 200 mV s~ !. Reproduced by courtesy: Inorg. Chem., 15
(1976) 1900.

other transition metals and these are presented in the following section if
they highlight some aspect of the electrochemical technique or are useful in
the general discussion which concludes the review.

(i) Electrochemistry of V(R ,dtc),
Figure 12 shows a cyclic voltammogram of V{R.dtc), (R = Et} at two

different concentrations and after controlled-potential oxidative electrolysis.
Careful examination of the cyclic voltammetric data and the electrochemical
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response of a range of related compounds enable the electrode processes to
be understood [112].

The cyclic voltammogram (Fig. 12a) for a 107° M solution of V(R dic),
exhibits a reduction couple with an E, ,, value of —1.075 V vs. SCE and an
oxidation couple at +0.35 V. In both cases the peak-potential separations
are near the theoretical value for an elecirochemically reversible one-electron
process {ie. 56 mV at 25°C) and the ratio of oxidation to reduction peak
heights is unity, as expected for a chemically reversible process.

The coulometnic data from controlled potential reduction at —1.30 V
confirm that the reduction is a one-electron process. A cyclic voltammogram
of the product solution yields the —1.075 V couple (now oxidation). A
subsequent controlled potential electrolysis at —0.90 V is a one-electron
oxidation process. The cyclic voltammogram of this oxidized solution is
essentially identical with the initial one (Fig, 12a). These results indicate that
the electrochemical step is

V(R dtc), + e = [ V(dtc),] (60)
The electrochemical step for the oxidation at +0.35 V can be formulated as
V(R dtc); = [V(R dtc)] "+ e (61)

but the appearance of a reduction peak at —0.10 V in the cyclic voltammo-
gram (Fig. 12a} indicates that a subsequent chemical reaction gives at least
one additional product. The cyclic voltammogram (Fig. 12b) of a 2.5 X 1074
M solution of V(dtc), indicates that the reduction peak of the +0.35 V
couple is almost negligible at this lower concentration but that significant
reduction peaks are observed at —0.10 and —1.35 V. These latter peaks are
visible in the cyclic voltammogram for a 10~ M solution but are negligibie
in the cyclic scan for a 5 X 107 M solution. Although the +0.35 V couple is
essentially irreversible for the 2.5 X 10 M solution, it is the dominant
reaction for a 107> M solution and the only reaction for a 5x 107 M
solution. Thus the system appears simple at the higher concentration but at a
concentration of 2.5 X 10~ M, oxidation leads to at least three producits.

Coulometric data for the controlled-potential oxidation of V(R,dtc}, at
+0.50 V indicate that the primary electrochemical step is as represented by
eqn. 61. This conclusion is further supported by the observation that the
ratio of the cathodic to amodic peak currents for the +0.35 V couple
approaches unity with increasingly rapid scan rates.

The cyclic voltammogram that is observed after controlled-potential
oxidation of V(R,dtc); at +0.05 V is essentially the same at all three
concentrations; that for the 10~* M solution is shown in Fig, 12¢. For the
initial scan a reduction peak is not observed at +0.35 V, which indicates
that the [V(R ,dtc),]" species is not stable. When a small amount of water is
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added to a solution of V(R ,dtc), the oxidation is not chemically reversible,
which indicates that [V(R ,dtc),]" reacts rapidly with water

[V(detc):,] T+ H,0 - [V(detc):,(H 20)] *

[V(R dtc),(H,0)] “ - V(OH)(R ,dtc), + H* (62)
The resultant species, V(OH)(R ,dtc), is reduced at —0.10 V.
V(OH)(R ,dtc), + e > [VIOH)(R ,dtc),] (63)

Proton reduction is responsible for the peak at —040 V. The reduction
product quickly dissociates to give the initial tris complex

[V(OH)R jiitc);] " “Z>V(R dtc), + OH" (64)

with a reversible couple at —1.075 V.

On the basis of other data [112], the reduction peaks at —0.90 and —1.33
V are believed to be due to VO{R,dtc),, and VO(R ,dtc),, respectively. To
account for these species in Fig. 12¢, V(OH)(R ,dtc), probably undergoes
two reactions in addition to that given by eqn. 63. A disproportionation
reaction would account for the VO(R ,dtc),; peak

2 V{OH)(R ,dtc), - V(R,dtc), + VO(R dtc), + H,0 (65)

and, when considered with egn. 64, would explain how the V(R.dtc),
reduction peak can be larger than that for VO(R dtc};. The VO(R ,dic),
species presumably is produced by a dissociation reaction

V(OH)(R.dtc), > VO(R dtc}, + H" +[R dtc] ~ (66)

and is then reduced at —1.35 V.

On a second cyclic scan a small reduction peak at +0.325 V is observed
because some V(R ,dic), has been regenerated and then oxidized at +0.375
V.

The relative peak heights for the reductions at —0.90, —1.075 and —1.35
V (after oxidative electrolysis) vary with the concentration of V(R ,dtc},
which indicates the relative dominance of the reactions that compete for the
product species V(OH)(R ,dtc),. However, 10 min afier controlled-potential
oxidation experiments, the reduction peak for V(OH)}R dtc); at —0.10 V
has disappeared.

In summary, vanadium(IIl) tris-dithiocarbamate exhibits many similan-
ties to other transition metals. Stabilization of high oxidation states is
observed but these complexes can be fairly reactive with formation of
seven-coordinate species being relatively common.
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(i} Electrochemistry of Cr(R ,dtc),

Cr(R ,dtc), complexes are difficult to reduce and difficult to oxidize.
However, data at a platinum elecirode in dichloromethane [113] are con-
sistent with the existence of a three-membered electron transfer series

[Cr(Rdtc),} = Cr(R dtc), = [Cr(R dtc);] {67)

The formally chromium(IV) cation [Cr(R ,dtc),]™ appears to be relatively
stable, although attempts to isolate the compound were unsuccessful [113].
Data for reduction at platinum electrodes indicate [113] that [Cr(R ,dic),] ™ is
unstable as ligand oxidation processes (eqns. 18 and 19) producing thiuram
disulfide are seen on reverse scans of the cyclic voltammograms.

The virtue of working at mercury in addition to platinum electrodes
emerges from polarographic studies which enablie a complete description of
the reduction steps to be provided [85]. Cn(R,dtc}, is characterized by
reduction waves in dimethylformamide at 25°C with limiting currents in the
ratio 1: 2. The first (more positive) one-electron reduction process is close to
being electrochemically reversible but there is evidence for loss of [R,dtc]".
The second reduction step is irreversible and is associated with a two-elec-
tron process. With lowering of temperature, the second reduction step {more
negative) splits into two one-electron reduction waves (R = Et). The details
of the reduction of Cr(R ,dtc}, can be summarized by the following reaction
scheme

Cr(R ,dic), + e = [Cr{R dic),] ~ = Cr(R dic), + [R dec]
Cr(R ,dtc), + e = [Cr(R dic),]
[Cr(R,dec);] "+ e > [Cr(R duc),} ™ - Cr + 2 {Rydic] (68)

Depending on the conditions, the second and third electron transfer step
may or may not be resolved.

The instability of [Cr(R,dtc);]” is confirmed by reactions with 1,10-
phenanthroline (phen} and 2,2-bipyndine (bipy). On addition of phen to
sotutions of Cr(R ,dtc),, the d.c. limiting current for the first reduction step
increases and cyclic voltammetry indicates a marked increase in the degree
of chemical irreversibility

Cr(R ,dtc), x [Cr(R dic),| ~
K, _
[Cr(R ,dtc),] ~ + phen — Cr(R,dtc),(phen) + [R,dtc]

Cr(R ,dtc),(phen) = [Cr(R ,dtc),(phen)] ~ (69)
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1re. a so-called ECE mechanism [1). Values of k; have been computed using a
range of electrochemical techniques [114-120].

When bipy is used instead of phen, values of k, are smaller but the overall
mechamism is the same. Previously, examples have been provided to show
that the combination of UV /visible spectroscopy and elecirochemistry is
most useful. The addition of ESR spectroscopy is also valuable in under-
standing the detailed nature of electrode processes, e.g. ESR work with the
addition of bipy [121] venfies that the reaction scheme is probably correct.

The polarograms for chromium(Ill) dithiocarbamate in acetonitnle give
three one-electron waves. When bipy is added to the solution, the first
reduction wave shows an increase in heitght and becomes kinetically con-
irolled as is the case with phen. The concentration and the scan rate
dependence of cyclic voltammograms indicate that following the charge-
transfer stage, a chemical reaction is taking place between the reduction
product and one bipy molecule

Cr{R ,dtc), = [Cr(R ,dtc),] ~ = Cr{R.,dtc), + [Rdtc] ~
Cr(R ,dtc), + bipy — Cr(R ,dic),(bipy) {70)

The resulting complex is reduced at a more positive potential than the
original chromium{III} complex and this explains the increase in the limiting
current of the first wave when bipy is added to the solution

Cr{R ,dtc),{bipy) N [Cr(R Ldtc),(bipy)] (71)

[Cr(R ,dtc),(bipy}] ~ — Cr(R ,dtc)(bipy) + [Rdic] - (72)

The reversibility of eqn. 71 and the formation of the diethyldithiocarbamate
anions in egns. 70 and 72 was verified by cyclic voltammetry.

When a solution of chromium(III) diethyldithiocarbamate in acetonitrile
is electrolyzed in the presence of bipy at the potential of the limiting current
of the first wave, ESR spectra of paramagnetic species are observed, confirm-
ing that the oxidation state of the central atom is + 1. The spectra show lines
due to additional hyperfine splitting from the four nitrogen atoms of the two
heterocyclic rings (Fig. 13). Further, two additional spectra containing a
large number of hyperfine lines appear indicating the formation of two other
paramagnetic species during electrolysis. It may be assumed that the main
signal is due to the complex Cr(R ,dtc){(bipy}, whereas the other two spectra
which have lower line intensities can be assigned to the bipyridyl complexes
[Cr{bipy),1* and [Cr(bipy);]*. The low intensity of the ESR signals of the
last two complexes and their superimposition on the spectrum of the main
complex makes the analysis of the hyperfine splitting difficult. Since chro-
mium(l} has a tendency to form octahedral complexes, it is assumed that
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under the conditions of the electrolysis, another bipy ligand is attached to
the product of the two-electron reduction (72) leading to the formation of
Cr(R dtc)(bipy),

Cr(R.,dtc)(bipy) + bipy — Cr(R.dtc)(bipy), (73)

CPPH

| |

8 0e

Fig. 13. ESR spectrum of an acetonitrile solution of Cr(Et;dtc); (5 X 1073 M) in the presence
of bipy (210 * M) after electrolysis at a potential corresponding to the first reduction step
and at —35°C. Reproduced by courtesy: Russ. J. Inorg. Chem., 21 (1976) 255.

In the absence of 7-acceptors such as phen or bipy, the low oxidation state
chromium dithiocarbamate complexes are unstable,

(iii} Electrochemistry of Mo(R ,dic), and W(R ,dic},

Tetrakis dithiocarbamate compounds of Mo and W can be synthesized
both as M(R ,dtc), and the cation [M(R ,dtc),]" [122-132}. Not surprisingly,
therefore, a reversible

[M(R ,dtc),] " + e = M(R ,dtc),



64

couple exists [124,128,129} establishing that reversible electrochemistry can
be associated with eight-coordinate complexes. There is some evidence for
the existence of an extended electron transfer series [123] although
[Mo(R.dtc}, ], {W(R,dtc),]?* and [Mo(Rdtc),]** appear to be unstable
and their existence as intermediates in redox processes is not well char-
acterized. Accordingly, arguments for substituent and related effects based
on these electrode processes [129] should be treated with caution.

The M(V)/M(V) coupie for Mo and W has been examined electrochemi-
cally for a number of sulphur-based ligands, and these processes are electro-
chemically and chemically reversible yielding thermodynamically significant
data. Generally, the E, ,, value for the Mo(V) and Mo{(1V) dithiocarbamate
couple occurs at very negative potentials relative to the corresponding
complexes of thioxanthate (20) {RSxant) [133] and dithiocarboxylate (21)
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(Rdta) [131]. This reflects the considerable ability of dithiocarbamates to
stabilize high oxidation states. Conversely, lower oxidation states are far
more accessible with ligands used such as (20) and (21) and electrochemical
evidence for the molybdenum(Il} complexes [Mo{RSxant), ]~ and
[Mo(Rdta},]*~ has been obtained. In contrast, no electrochemical evidence
for molybdenum(II) or tungsten(il) dithiocarbamate compiexes has been
reported following the reduction of eight-coordinate M{(IV) or M(V) species.

A number of dimers of molybdenum dithiocarbamate and related com-
plexes, as well as oxo- and sulphide-bridged species and other monomeric
oxo species, are also known [6,8,133,134]. Electrochemical studies have
revealed the importance of monomer—dimer equilibria as well as the ready
formation of oxygen-containing complexes (see refs. 133-139). These studies
highlight the problem alluded to above of using E, ,, values obtained from
irreversible processes [129] in M(R ,dtc), and assuming them to have thermo-
dynamic significance. The E,,, values for the irreversible processes in
molybdenum and tungsten chemistry could simply reflect either a dimeriza-
tion rate constant or the formation of an oxo-bridged or oxygen-containing
species from adventitious water etc.

(iv) Electrochemistry of Co(R ,dtc},
Tris-cobalt(III} dithiocarbamate complexes are kinetically inert. On reduc-

tion the lower oxidation state dithiocarbamates are prone to loss of [R ,dic] ™.
In dimethyliormamide three one-electron reduction steps are observed
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polarographically and evidence for the presence of {Co(R.dtc);]” and
[Co(R ,dtc);)? " is provided [140]). Electrochemical data [66,140] in this solvent
can be summarized by the reaction scheme (74)

Co(R jdtc), = [Co(R dte),]
[Co(Rdtc),] ™ = [Co(R dtc),]*” — [Co(R,dtc),] "+ [R,dtc] -

[CofR ,dtc),] ™ = [Co(R ,dtc),]* ™ — Co + 2 [R,dtc] - (74)

In acetone, the chemical reversibility of the Co(R.,dtc),/[Co(R ,dtc);]™
couple depends on the nature of R [141], whereas in dichloromethane this
step is always chemically irreversible at both platinum and mercury elec-
trodes. In dichloromethane and other solvents [141], a one-electron reduction
followed by an irreversible two-glectron reduction is observed in contrast to
the three one-electron steps noted in dimethylformamide. In dichloro-
methane the electrode processes are consistent with reaction scheme (75).

Co(R dic), = [Co(R ,dtc),] ~— Co(R ,dtc), + [Rdtc) ~

Co(R ,dtc), + 2 e = Co + 2 [R.dtc] ~ (75)

Presumably, a delicate balance between the kinetic and thermodynamic
relationships involved in the reaction [Co(R.,dtc),]” = [Co(R.dtc),] +
[R.dic]™ leads to the solvent-dependence of the electrochemical behaviour.

Onginally it was claimed {96] that aerobic oxidation of CofR ,dtc}, in the
presence of BF, led to the formation of [Co(R ,dtc);]7*. Subsequent studies
[142,143] indicated that a [Co,{(R ,dic);]* dimer of the kind sketched in (15)
had been formed. Controlled-potential electrolysis of Co(R ,dtc), in acetone
(R = cyclohexyl) {141] leads to the formation of [Co,(R,dic)]*. However,
when the same experiment is undertaken in dichloromethane a species is
generated which, (i) has a UV /visible spectrum different to [Co,(R ,dtc) ],
(i) can be reduced back to Co(R ,dtc};, and (iii) produces a cyclic voltammo-
gram which is essentially identical to that for oxidation of Co(R.dtc),
(except for the sign of the current). All these properties suggest that the
elusive cobaly(1V) species claimed originally [96] can be prepared for the
bulky cyclohexyl derivative but its stability depends upon the solvent and
the functional group R.

(v) Electrochemistry of Ni(R,dic), and [Ni(R ,dtc);] *

The electrochemical behaviour of nickel dithiocarbamates has been studied
in numerous publications [11,12,54,66,121,138,144-151). The different
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stereochemistries associated with nickel(Il), Ni(R,dtc),, and nickeiIV),
[Ni{Rdtc},]*, enable two distinct electron transfer series to be char-
acterized.

The polarographic reduction of Ni(R . dtc), in dimethylformamide [140}
produces two one-electron reduction steps. The first step is essentially
reversible from both a chemical and electrochemical viewpoint. The second
reduction step is an irreversible process which occurs with loss of two
dithiocarbamate ligands. At mercury and in dimethylformamide the elec-
trode processes can be described by eqn. 76

Ni(R dtc}, + e = [Ni(R ,dic),] " + e = Ni + 2[R ,dtc] (76)

The [NiR ,dtc),]” species has been investigated in considerable detail. In
particular, the ready displacement of one [R,dtc}™ ligand is noted in the
studies of Budnikov and Ulakhovich [148). Thus in the presence of bipy, the
electrode process is described by reaction scheme (77)

Ni{R jdtc), = [Ni(R ydtc),| ~

kl —
INi(R ,dic),| ™+ bipy — Ni{R ,dtc)bipy + [R ,dtc] (77)

This kind of reaction with m-acceptor ligands appears to be typical of first
row transition metal dithiocarbamates in formally low oxidation states,
Considerable interest has also been devoted to the question of whether

H——
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Fig. 14. (a) ESR spectrum (9.197 GHz) of reduced Ni{Bu,NCS,), {species 1) in frozen
acetone solulion {77 K). The spectrum was obtained by rapid sampling of the product from
controlled-potential electrolysis. {(b) Simulated ESR spectrum for g values g, = 2.272 and
g, = 2.062 and line widths o, =10.0 G and ¢, =7.0 G. Reproduced by courtesy; Inorg.
Chem., 21 (1982) 1152,
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INi{R ,dtc},] ™ is really a nickel{l) compound or a nickel(Il} complex with a
reduced ligand. A combination of electrochemicai and ESR techniques [151]
produced the spectrum shown in Fig. 14. NiI) complexes generally have an
anisotropic g-value greater than 2.0 whereas Ni(1l)-stabilized radical anions
have g-values close to 2.0. The ESR behaviour demonstrated in Fig. 14
therefore is indicative of a planar Ni(I) complex. Furthermore, ® Ni-enriched
experiments and examination of relatively stable nickel(I} species such as
{Ni(dpe),]*, where dpe = 1,2-bis(diphenylphosphine)ethane, provide con-
vincing evidence that [Ni{R ,dtc),] is also a nickeKI) complex. Interestingly,
the Ni(R,dtc)(dpe) complex disproportionates to Ni{dpe}, + Ni(R dtc),
confirming the instability of the 4° configuration in {Ni(R,dtc),]” with
[R,dtc]” as a bidentate ligand. In the absence of an alternative ligand such
as bipy, dpe etc.,, [Ni(R,dtc),]” has been postulated to “rearrange” to
Ni(R ,dtc) or Ni,(R,dtc), [147] or alternatively to a three-coordinate com-
plex with one monodentate rather than bidentate [R ,dtc]™ ligand [151}. All
studies assume that the “rearranged” species is also a d® nickel(I} complex.
It is also possible that the reaction pathway at mercury electrodes may differ
from platinum as generation of Hg(R ,dic}, would appear to accompany the
electron transfer in some of the studies [147).

The oxidation of Ni(R ,dtc}, has also produced some unexpected results.
In all studies at platinum electrodes in a range of solvents, chemically
irreversible oxidation of Ni(R ,dtc), occurs [144,145]. Coulometnic data and
isolation of oxidation products are consistent with an overall process leading
to formation of the well-characterized nickel(IV) complex, [Ni(R ,dtc),]*.

3 Ni(R ,dtc), = 2 [Ni{R,dtc),] "+ Ni2* + 4 e (78)

The mechanism of the oxidation has been the subject of considerable
speculation [144,145,149). The data seem io be in agreement with the initial
formation of a transient [Ni{R,dtc),]" species. This may be followed by a
rapid transformation to Ni(R ,dtc), and 2 disproportionation step, aithough
the exact nature of the subsequent steps has not been established. A possible
alternative reaction scheme not involving disproportionation would be

Ni(R ,dtc), = [Ni{R dtc),] "+ e
2 [Ni(R ,dtc),] © + Ni(R ,dtc), — Ni%*+ 2 Ni{R ,dtc),
Ni(R . dtc); + [Ni(R ,dtc),] * — Ni(R ,dtc), + [Ni(R ,dtc),] * (19)

Evidence from reduction of [Ni(R,dtc),;]* demonstrates [144,145] the
considerable stability of Ni(R,dtc); relative to {N¥R,dtc),]" so that this
postulated inlermediate seems plausible. An alternative step would involve
the direct electrochemical oxidation of Ni(R.dtc}; to [Ni(R ,dic},]* instead
of disproportionation [145]. ESR data {149] provide evidence for an unstable
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intermediate which presumably is a nickelIIl} species. The claim that this
species is [Ni(R ,dtc),]* seems unsubstantiated. Low temperature electro-
chemical studies indicate [144] that intermediates other than or in addition
to Ni(R ,dtc), and [Ni(R,dtc),]* are associated with the formation of Ni?*
and [NiR,dtc),]" as -the final products so that the exact mechanism is
certainly far more complex than as presented in eqn. 79.

Electrochemical reduction of [Ni(R,dic);}* at a platinum electrode pro-
duces two reversible eleciron reduction steps {144,145] when short time-scale
or low temperature siudies are undertaken

[Ni(Rdtc),] © = Ni(R ,dtc), = [Ni(R ,dtc)]~ (80)

However, neither Ni(R ,dtc}, nor [Ni(R ,dtc);] ™ are stable on the controlled-
potential electrolysis time-scale and a range of interesting reactions occur
[145] after their electrochemical generation. Thus on addition of an electron,
thiuram disulphide is generated

[Ni(R,dtc),] * = Ni(R ,dtc), — Ni(R ,dtc), + (R ,tds) (81)

If a sufficiently negative potential is applied to generate [Ni(R,dtc),]",
the reaction occurs according to scheme (82)

[Ni(R ,dtc},] " + 2 e = [Ni(R ,dtc),] -
[Ni(R ,dtc),] ~ == Ni(R ,dtc}, + [R ,dtc]

[Ni(R,dtc);] © + [R,dtc] ~ = Ni(R ,dtc), + R tds (82)
so that the overall reaction is

2 [Ni(R,dte),] " + 2 & — 2 Ni(R ,dtc), + R ;ids (83)
A reaction of the kind

[Ni{R ,dtc);] “+ [Ni(R,dic);] ~— 2 Ni{Rdtc), + R ;ids (84)
is also possible as thermodynamically the reaction

[Ni(R,dtc),] " + [Ni(R ,dtc},] ~— 2 Ni(R,dic), (85)

lies substantially to the right and this coupled with reaction (81) would lead
to the same products.

An oxidation wave at very positive potentials has been reported in one
study using a graphite electrode [149]. Few details are available but presuma-
bly this is a ligand-based step producing thiuram sulphide or its oxidation
products (see Section B(ii}),

In summary, the nickel dithiocarbamate electrochemistry encompasses a
wide range of oxidation and reduction pathways. Figure 15 demonstrates
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Fig. 15. Substituent effect on the designated couples compared with that of the corresponding
substituent for the reversible {Mn{R ,dic};]*/Mn(R ;dtc}, couple. R, =1, Bz,; 2, Ph,; 3,
pyrr; 4, Ph, Me; 5, Ph, Et; 6, {n-Bu),; 7, Me,; &, Et;; 9, 4-Mepip; 10, pip; 11, (i-Bu),; 12,
2-Mepip; 13, 2,6-Me, pip; 14, (i-Pr);; 15, {c-Hx},. Reproduced by courtesy: Inorg. Chem., 14
(1975) 2980.

diagramaticaily the potentials of different electrode processes as a function
of substituent. Clearly, the oxidation of [R,dtc]™ is a ligand-based step. The
Ni(R ,dtc), /[Ni{R ,dic),]” couple is metal-based as venified from ESR data
presented earlier. [Ni(R dtc);]* has also been shown to be a nickeKIV)
complex so that the redox couples relaiing the [Ni(R.,dtc);}*% couples are
also presumably metal-based. An important feature to emerge from Fig. 15
therefore is that differentiation between metal- and ligand-based electrode
processes is not readily made from E) , data obtained by varying sub-
stituents. The shifts in redox couple as shown in Fig. 15 are essentially
parallel for all processes except for the oxidation of NKR ,dtc), in eqn. 78
where the mechanism is uncertain and the significance of the substituent
effects therefore not understood.

(vi} Electrochemistry of Pd(R,dtc),, [Pd(R,dic),]”*, PtR,dic), and
[Pt(R,dtc),] *

The electrochemistry of palladium and platinum dithiocarbamates and
their seleniumn analogues has been reported [150}. The oxidation of Pd(R ,dtc),
and Pt(R ,dic), occurs at considerably more positive potentials than that for
Ni(R ,dtc),. With Pt the formation of [P{R,dtc),]" is established by spec-
trophotometric monitoring of the electrolysis but a stoichiometric reaction
{3:2) is not found as for the nickel(II) complex. It is likely that for Pt and
Pd some of the intermediates presumably decompose before reaching the
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stage where [Pt(R ,dtc),]" or [Pd(R ,dtc);]™ are formed.

Electrochemical reduction of [P{Rdtc),]* and {Pd(R ,dtc};]* produces
Pt{R.dic), and Pd(R ,dtc),, respectively. With reduction of [NiR dic),]?,
Ni(R . dtc), and [Ni(R.dtc},] are relatively stable intermediates on the
electrochemical time-scale. With the corresponding Pt and Pd complexes a
single two-electron reduction step is observed corresponding to the overall
reaction

[PH{R ,dtc),] "+ 2 e > Pt(R ,dtc), + [Rdtc] (86)

The mechanism for this reaction is unknown but the electrochemical be-
haviour is quite different from the nickel analogue, reflecting the different
stability of the M(R ,dic), and [M(R ,dtc};]” intermediates for the triad.

The reduction of Pd(R ,dtc}, occurs in an analogous fashion to the nickel
case [150]

Pd(R,dtc), = [Pd(R ,dtc),] ~ (87)

although [PA(R ,dtc),]|” is not nearly as stable as [Ni(R ,dtc),]”. With Pt no
direct evidence exists, even on the electrochemical time-scale, for formation
of [PY{R,dtc),]” although presumably it is formed as a transient inter-
mediate. Reduction of the platinum complex occurs at very negative poten-
tials and is accompanied by ligand loss. Other electrode processes associated
with Pt(R ,dtc), and Pd{(R ,dtc), redox chemistry have been reported but no
details of products, el¢. are available [150].

(vii) Electrochemistry of Cu(R ,dtc),

The reduction of Cu(R ,dic), at mercury electrodes has been reported in
propylene carbonate [152]. At the dropping mercury clectrode two well-de-
fined one-electron reduction steps have been reported

Cu(R ,dtc), = [Cu(R,dtc),] ~ = [Cu(R ,dtc),]> (88)

[Cu(R,dtc)]?~ is unstable and the elecirode processes are complicated by
adsorption. In particular, interaction with mercury and mercury salts can
occur

[Cu(R dtc),]*” + Hg = Cu(Hg) + 2 [R,dic]~ (89)
Cu(R ,dtc), + Hg(II) = Cu(IT} + Hg(R ,dtc), (90)

and this needs to be included in the interpretation of electrochemical
behaviour at mercury electrodes.
At platinum electrodes [11,12,54,153] well-defined reversible reduction



k!

and oxidation steps are observed.
[Cu(R dtc),]* = Cu(R dtc), = [Cu(R ,dtc),] (91)

The data on Cu(R.dtc), again emphasize the remarkable ability of the
[R.dtc]” ligand to stabilize unusually high oxidaton states, in this case
Cu(III). Likewise the instability of {Cu(R ,dtc},]*” and many other lower
oxidation state species of other metals, demonstrates that the high oxidation
state stability is conferred at the expense of stability in the lower oxidation
states.

fviii) Electrochemistry of some other dithiocarbamate complexes

The redox behaviour of a number of other dithiocarbamate complexes has
been examined electrochemically. Of particular interest in this review is the
oxidation of M(Rdtc), and [M(R,dtc),]” (M =Ba, Zn, Cd and Hg) at
plaiinum electrodes [154).

These complexes give rise to chemically irreversible oxidation processes.
Since stable oxidation states such as Zn(IH) or Cd(IiI) are extremely
unlikely, it may be assumed that these are ligand-based processes leading to
formation of thiuram disulphide, etc. (see eqn. 20). Unfortunately, these and
many other irreversible oxidation electrode processes have not been suifi-
ciently well characterized to confirm, unambiguously, this assumption. How-
ever, it does appear that, if no readily accessible higher oxidation state is
available, the ligand, even when coordinated, will be oxidized to thiuram
disulphide providing a sufficiently positive potential is applied. Conse-
quently, virtually all dithiocarbamates are eleciroactive at a platinum elec-
trode. Studies with chemical oxidants are consistent with this view [6].

At a mercury electrode, two reversible one-electron oxidation processes
are observed in CH,Cl, or acetone for a number of Hg(R ,dic), complexes
[155]. Presumably elemental mercury from the electrode is involved in the
redox process as is found for reduction (see Section B{i}). Oxidation of other
dithiocarbamate complexes at a mercury electrode may involve exchange
reactions [141] to form mercury complexes which leads to the observation
that most metal dithiocarbamates can be oxidized at mercury, The mecha-
nism of the electrode process in such cases will differ considerably from that
at platinum and the high stability of Hg(R,dtc), generailly makes the
interpretation of polarographic data more complex.
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E. GENERAL CONCLUSIONS
(i) Stabilization of unusual oxidation states by dithiocarbamate ligands

The concept of an unusual oxidation state is rather ill-defined. However,
by common practice it is usually regarded as an oxidation state which differs
from that found when a metal is coordinated to simple o-donor ligands such
as water and other oxygen donors, etc. [156]. For example, with iron the
usual oxidation states are (II) and (III) since [Ee(H20)6]3+ and [Fe(H,0)4)**
are stable in aqueous solutions. On this basis, the existence of an Fe(1V),
Fe(I) or Fe(0) dithiocarbamate complex would be taken to imply that
dithiocarbamate has an ability to stabilize iron in an unusual oxidation state,

With fluoride as a ligand, complexes such as [FeF;]?~, [CuF]?~, [NiF}*~
and [NiF]?~ are well known [156]. These are iron{IV), copper(III), nickel(II})
and nickel(IV) complexes, the high oxidation states being stabilized by the
high electronegativity of fluorine. In this review it has been demonstrated
that both chemical and electrochemical studies confirm that analogous
complexes exist with dithiocarbamate as the ligand and X-ray crystal struc-
tures have established the existence of [Fe(R,dic),]*, [Cu{R . dic),}" and
[Ni(R ,dtc),]*. Accordingly a distinct parallel exists with fluoride in regard
to the complexes formed. However, dithiocarbamate does not possess the
high electronegativity of fluorine and the question arises as to why it is
effective in stabilizing high oxidation states.

According to Jergensen [157] the position of diethyldithiocarbamate in the
spectrochemical series lies between fluoride and water. Other spectral and
lipand field parameters [158] are consistent with dithiocarbamate lying
towards the fluoride end of the spectrochemical series so that the ability to
stabilize high oxidation states should not be unexpected. The relevant feature
of dithiocarbamate is the resonance form (22) which has a positive charge on

S\ .
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the nitrogen. The net effect of this #-electron flow from nitrogen to the
suiphur atoms is a ligand with very strong electron o-donor properties. This
can transfer electron density to the metal and therefore stabilize a high
oxidation state.

Russian workers [65,66,85,111,121,140,148,149], in their electrochemical
reduction studies of transition metal dithiocarbamates, frequently refer to
the instability of low oxidation state dithiocarbamate complexes. They also
rationalize this in terms of dithiocarbamate being a ligand with sirong
o-donor properties which does not favour formation of low oxidation states.
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Addition of m-acceptor ligands such as bipyridine to elecirochemically
reduced solutions of M(R ,dtc}, complexes leads fo isolation of stable mixed
dithiocarbamate complexes, m-acceptor ligands being well-known for their
ability to stabilize low oxidation states. In the Russian work the electrochem-
ical and other data establish that low oxidation state dithiocarbamate
complexes do exist as precursors to the final product containing the m-accep-
tor higand. Thus it is clear that dithiocarbamate complexes in unusually low
oxidation states do exist, but they are unstable relative to their higher
oxidation state analogues.

With dithiophosphinate complexes [8], 7-electron flow can occur from
sulphur to the empty d orbitals of the phosphorus atom thereby stabilizing a
low oxidation state of a transition metal (see 23a and 23b). Thus polaro-
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graphic reduction of mercury dithiocarbamate and mercury dithiophos-
phinate complexes to elemental mercury, and the free ligand [24] demon-
strates how much more difficult it is to break the mercury—sulphur bond in
the case of the dithiocarbamate complex.

Electrochemical data for dithiocarbamate complexes are therefore con-
sistent with the concept of strong o-donor properties dominant over weak
m-back donation thereby producing complexes that are relatively easy to
oxidize and conversely hard to reduce. Other 1,1-dithiolates are not expected
to have such strong electron donor properties unless they can readily form
the resonance stabilized dianionic form.

Having reached the above conclusion, it should be emphasized that
dithiocarbamate complexes are not confined to high oxidation states. They
exist in a wide range of oxidation states including those which can be
described as unusually low oxidation state complexes. Thus the nickeKI)
species [Ni(R ,dtc),]™ has been well-characterized by ESR experiment [151]
and a copper(I) species [Cu(R ,dtc),]” certainly appears to exist. What the
electrochemical data demonstrate unambiguously is that the low oxidation
state complexes are reactive species and therefore not readily isolable as
stable solids.

(ii}) Origins of irreversible electrode processes in electrochemical studies of
dithiocarbamate complexes

In ali instances where data have been carefully examined, the standard
rate of electron transfer, &, at E® has been found to be rapid for oxidation
or reduction of tramsition metal dithiocarbamates [159-161]. From the
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electron transfer point of view, electrode processes are therefore reversible or
close to reversible, and this applies whether the complexes are kinetically
labile or not. For example, both Fe{R ,dtc}, in which rapid ligand exchange
is present (see Fig. 5) and Co(R.,dtc}; complexes in which no ligand
exchange occurs [162] give reversible electron transfer processes. With many
sulphur chelates heterogeneous electron transfer raies tend to be consider-
ably faster at mercury than at platinum electrodes [163,164). This also
appears to be true for dithiocarbamate complexes, although strong adsorp-
tion frequently complicates studies at mercury electrodes.

Departure from reversibility frequenily has its origin in a structural
rearrangement in dithiochelate electrochemistry. Irreversibility associated
with oxidation has been found in some cases to involve an increased
coordination number. For example, with six-coordinate Os(R ,dtc); and
Ru{R ,dtc); complexes in acetonitrile, electrochemical oxidation leads to the
seven-coordinate complexes [Os(R.dtc},(CH,CN)}* and [Ru(R . dtc),-
(CH,CN)}", respectively. Similarly, in the presence of adventitious water,
the electrochemical oxidation of V(R.dtc),; is also chemically irreversible
because of the reaction in eqn. 62

[V(R dtc),} "+ H,0 > [V(R dtc),(H,0)]

which follows the charge transfer step. Dimer—-monomer equilibria involving
formation of a seven-coordinate species may also accompany the oxidation

step (eqn. 59)
2 [Os(R ,dtc),] ¥ = {O0s, (R,dtc) >

Oxidation of four-coordinate Ni(R,dtc), leads to formation of the six-coor-
dinate complex [Ni(R,dtc),]*, although in this instance the mechanism for
the reaction is unclear.

Most high oxidation state dithiocarbamates are electrochemicaily gener-
ated at a potential more positive than that for oxidation of the free ligand to
thiuram disulphide. Thermodynamically, this is consistent with the observa-
tion that reactions of the kind (egn. 36)

2 [Fe(R,dtc),] " + 2 [R,dtc] " — 2 Fe(R ,dtc), + R ,tds

occur spontaneously. Irreversible oxidation processes therefore frequently
have their origin in the formation of thiuram disulphide. Oxidation of
Hg(R .dtc),, Cd(R ,dtc), and Zn(R ,dtc), at a platinum electrode probably
occurs with formation of R ,dts and Hg(Il), Cd(II) or Zn(Il), respectively
and clearly 1s ligand based.

Many other irreversible oxidation processes also show evidence of forma-
tion of oxidized ligand species (egns. 18-20). For example, oxidation of
Co(R ,dtc); or Ru(R,dtc), in acetone or dichloromethane at a platinum
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electrode leads o isolation of the dimers [M,(R ,dt¢);]* (M = Co, Ru) and
oxidized ligand. Dimers of this stoichiometry are also encountered in chemi-
cal oxidation based on aerobic BF;. However, the same chemical reaction
with the more easily oxidized Fe(R,dtc); or Mn(R.dtc); leads to
[Fe(R.,dtc),]* or Mn(R ,dtc),]*, respectively. Generation of [M{R dic);}*
in an initial step can readily lead to formation of [M,(R,dic)s]* via
subsequent reaction of [M,(R ,dtc);]* and M(R .dtc), and an internal redox
reaction as in reaction scheme (92)

M(Rdtc), = [M{R,dtc),] *

[M(R ,dic),] " + M(R dtc), = [M, (R dtc} ]
[M, (R dtc)y] "= [M,{R dtc)} "+ R,dtc-
2R dic- — R ids

R tds — [bitt]** + S+ 2e (92)

Alternatively, the initially generated cation may undergo an intramolecu-
lar electron transfer reaction to produce a coordinatively unsaturated species
which can react with the starting material (reaction scheme 93),

IM(R,dic),] " = [M(R dtc),} " + 1R ,dis
[M(R Jdtc),] “+ M(R ,dtc), - [Mz(detc)s] * (93)

Alihough the. mechamism for this binuclear complex formation is un-
known, it is clear that when the E® value for the {M(R.dtc),]*/ M(R ,dtc),
couple is significantly more positive than that for oxidation of the hgand at a
platinum elecirode, the formation of the binuclear complex, R tds and /or
[biit])®* is to be expected. Thermodynamically, this is the favoured reaction
pathway.

On the other hand, the most common reason for an irreversible reduction
process appears to be loss of [R,dic]™ and the concomitant formation of a
metal complex of a lower coordination number. Thus in dichloromethane,
the irreversible processes given in eqns. 68 and 75 result in loss of ligand

M(R ,dtc); = [M(R ,dtc);] ~— M(R ,dtc), + [R,dtc] -

M(R dic), + 2e > M + 2 [Rdtc] -

where M = Cr or Co.

The lower oxidation state anionic dithiocarbamate complexes are kineti-
cally labile and loss of ligand frequently occurs on the electrochemical
time-scale. Dithiocarbamate complexes, whilst generally easy to oxidize are
frequently very difficult to reduce, and therefore very air-sensitive. Conse-
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quently, whilst electrochemical data indicate that anionic complexes such as
[Fe(R ,dtc),;] 7, [Ni{R,dtc),]7, [Cu{R dtc},]™, [Mn{R,dtc);]", etc. should be
stable, they have rarely been well-characterized because of air sensitivity and
kinetic lability. In the solid state, the neutral species such as Fe(R,dtc),,
Co(R dtc), and CuR ,dtc have been characterized by X-ray structural analy-
sis and are frequently dimeric, tetrameric, hexamerc, or even higher
oligomers.

Metal-based reduction of a complex leads to additional electron density in
the metal. The electron donor properties of [R,dic]™ are substantial so that
ligand loss provides an obvious route to lowering the c¢leciron density
associated with the metal. Oligomer formation is also an energetically
favourable process assisting ligand loss and minimizing the degree of coordi-
nation unsaturation. Electrochemical data provide no evidence that [R ,dtc]™
itself can be reduced within accessible potential ranges so that ligand- rather
than metal-based reduction does not appear to be energetically favoured.

(iii} Comparison of electrochemical behaviour of dithiocarbamate(1,1), dithio-
lene(1,2) and dithioacetylacetonate(1,3) complexes

From an electrochemical point of view, it can be demonstrated that the
redox processes of both “odd” =-ligand systems such as 1,1-dithiocarba-
mates and 1,3-dithioacetylacetonates (SacSac) and “even” systems such as
the 1,2-dithiolenes are governed by the kinetics, thermodynamics and struct-
ural factors related to the hgands. These can be far more important than the
electron configuration of the ligand. Figure 16 shows a cyclic voltammogram
for reduction and oxidation of Ni(SacSac),. A chemically reversible reduc-
tion step (eqn. 94) occurs and clearly this reaction is similar to the reversible

Ni{SacSac), EN [Ni{SacSac),| - (94)

reduction of the Ni(R,dtc), complex {eqn. 76}. However, Ni(SacSac), is
generated at much more negative potentials and the electrochemistry of the
free [SacSac]™ ligand, as noted in the Introduction, provides evidence for the
existence of a [Ph—Sac Ph—Sac]’~ dianion at accessible potentials. Conse-
quently, with [SacSac]” as a ligand, lowering of charge via transfer of
electron density onto the ligand can provide stabilization. With [R ,dtc] ™ this
pathway is apparently less accessible and ligand loss occurs to achieve the
same goal. Reduction of dithicacetylacetonate complexes on some occasions
may therefore be ligand-based [15). However, some examples where the
reduction is clearly metal based are also available [165].

M(SacSac), EN [M(SacSac),]~ (M = Fe, Ru, Os) (95)
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Fig. 16. Cyclic voltammogram of Ni{SzcSac), in acelone (0.1 M Et,NCI0,). Reference
electrode is Ag/AgCl (acetone, 0.1 M LiCl). Reproduced by courtesy: Inorg. Chem., 14
(1976) 1118.

Additionally, with Co{SacSac}, the cobalt(1I} species is produced with loss
of ligand [166].

Cof{SacSac), N [Co(SacSac),] ~ — Co{SacSac}, + [SacSac] ~ (96)

This is a characteristic expected in the dithiocarbamate electrochemistry
where the reduction is metal-based. Hence, whether the reduction step

Co(SacSac), = [Co(SacSac),] ~ (97)

is metal or ligand based has yet to be ascertained.

In Fig. 16 the oxidation of Ni(SacSac), is clearly irreversible and very
different from the oxidation of Ni{R ,dtc),. This is a four-eleciron oxidation
resulting in formation of the dithiclium and nickeX1I) cations [167].

Ni(SacSac), = Ni**+ 2 [C;H,S,] T+ 4e (98)

Many oxidation steps for SacSac complexes result in the formation of the
dithiolium cation [168] and indeed this species invariably produces the major
peak in mass spectrometry [9,168-170], reflecting the high stability of the
resonance-stabilized cation.

The frequent gencration of the dithiolium cation on electrochemical
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Fig. 17. Cyclic voltammogram for reduction and oxidation of Os(SacSac); in acetone (0.1 M
Et,NCIO,) at a scan rate of 50 mV s~ . Reference electrode as for Fig. 16. Reproduced by
courtesy from ref. 171,

oxidation of 1,3-dithio complexes does not necessarily mean that 1,3-ligands
are unable to stabilize unusually high oxidation states nor does it mean that
oxidation steps are necessarily ligand based. Data now available indicate
that formation of the dithiolium cation is kineticaily very fast and probably
occurs via oxidation at relatively negative potentials. Resonance stabilization
associated with the cyclized cation occurs as the preferred pathway to
dimenization of the kind associated with the generation of thiuram di-
sulphide. It is the very high stability of the dithiolium cation which mitigates
against isolation of unusually high oxidation state thioacetylacetonate com-
plexes and not any other unusual characteristic associated with its electronic
coniiguration. Thus Fig. 17 demonstrates that provided the thiophilic osmium
is used, eiectrochemical and chemical reversibie oxidation and reduction can
be observed [171]

[Os(SacSac),]* = Os{SacSac), = [Os(SacSac),] (99)
Furthermore, with Pt(SacSac), the electrochemicaliy reversibie oxidation is

Pi(SacSac), = |Pe(SacSac),] * (100)
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also observed under conditions of cyclic voltammetry [15]. This high formal
oxidation state complexes of dithioacetylacetone can be produced provided
that either the internal redox process generating a dithiolium cation can be
suppressed with a thiophilic metal or by employing a short time-scale
electrochemical measurement method.

From the above it can be seen that the question of whether electron
transfer steps are metal or ligand based is not governed solely by whether
ligand steps such as

AN A TN N EL (101)

exist, where L2+, L™, L% L~ and L?~ are isostructural. In the same way as
oligomerization of a metal complex such as [Cu(R,dic)], enhances the
stability of the copper(I} oxidation state, so dimerization

2[R2dtc] "o R,ds+2e
or cyclization
[SacSac] " — [C,H,S,] "+ 2e
can lead to ligand oxidation as an alternative to the stabilization of unusu-
ally high oxidation states.

With 1,2-dithiolene complexes, extended electron transfer reactions can be
observed. For example, when mnt (mnt = maleonitriledithiolate i.e. 6 with

R = CN) is-used as the ligand it is possible {(Fig. 18} to produce a reversible
reduction step [172]

[M(mnt),]>~ £ [M(mnt),]’~ (M = Ni, Pd, Pt) (102)

in addition to ligand-based oxidation steps

5. CN s.__CN s. _CN
L, = 4, = X (103

s CHN 5” [of ¥] 5/ ]
The reduction step occurs at a very negative potential and has been shown

by ESR to be metal based {172-174] as is the case for reduced Ni(R ,dic}),.
On oxidation, a series of reversible steps is observed

[M(mnt),)>~ £ [M(mne),] - = M(mnt), (104)

which have been shown to be ligand-based (see eqn. 103). With the dithio-
lene complexes dimerization (e.g. dithiocarbamates) or cyclization {(e.g. di-
thioacetylacetonates) is not observed. However, when the ligand is coordi-
nated valence isomerization can iransfer ¢lectron density from the metal to
the ligand as is the case with some macrocycles [175] so that any one of the
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Fig. 18. Polarographic reduction and oxidation of [Ni{fmnt),]*~ at the dropping mercury
electrode (drop time = 0.32 s) in acetone (0.1 M Et ,NCIO,). Reference ¢lectrode as for Fig.
16. Reproduced by courtesy from ref, 172,

forms mnt*, mnt and mnt~ may be regarded as being coordinated to the
metal. This intraligand redox capacity has been recognized for many years
and is best exemplified by the classical quinone—semiquinone-hydroguinone
series. If such organic compounds are effective ligands, then extended
electron transfer reactions are expected in their metal complexes.

Complexes of 1,1+, 1,2- or 1,3-dithioligands therefore, exhibit redox be-
haviour which is readily rationalized from a structural point of view.
However, the “odd” versus “even” classification of ligands, whilst being
useful, can lead to difficulties if it is pursued too far.
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The extent of electron delocalization in transition metal complexes has
been widely discussed in many other areas of chemistry. Redox properties
provide only an indirect guide and this has caused many difficulties in
deciding whether an electron transfer reaction is ligand or metal based or
whether there are fundamental differences between “odd” and “even” =-
ligand systems. Musso and co-workers [176] have developed a semi-quantita-
tive probe to examine cyclic electron delocalization. The basis for this
technique is the NMR chemical shift difference A8 with the o- and p-methyl
groups of a methyl substituent attached to a ring system. Delocalized
7-systems have values of A§ > 0.30 p.p.m. and localized #-systems have A8
values < 0.30 p.p.m. Nazzal and Mueller-Westerhoff [177] have applied this
technique to the 1,3-dithioacetylacetonate and 1,2-dithiolene complexes
shown in structures 24 and 25. As stated in the Introduction the dithicace-

m@{o }@
Me
M = Ni, Bd, Pt
Me
@__g M - Ni,Pa, Pt

tylacetonates, 24, are examples of “odd” and the dithiolenes, 25, of “even”
complexes. It has been postulated by Schrauzer [4,10] that all the “even”
ligand complexes should be fully delocalized. On the other hand, Musso and
co-workers have shown [178,179] that in the “odd” Ligand acetylacetonates
of different transition and non-transition metals, only delocalization within
the ligand anion exists and no cyclic electron delocalization extends to the
metal. In this respect the parent M(SacSac), species of the dithioacetylace-
tonato complexes [180] differ greatly from the acetylacetonates. Using the
same NMR technique to examine the aromaticity of a range of components
led the authors [179] to conclude that all complexes, “even” or “odd”, with
sulphur-containing conjugated ligands will show a considerable degree of
cyclic electron delocatization. NMR data on 24 and 25 support this conclu-
sion. All of the SacSac derivatives show the same AS of ca. (.32 p.p.m,,
which, according to the criteria developed by Musso and co-workers [178,179],
places them in the category of “aromatic” species. In the dithiolene series the
nickel complex stands out as being strongly delocalized (A8 = 0.40 p.p.m.)
while the Pd and Pt congeners with A8 of 0.31 and 0.34 p.p.m,, are similar in
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the amount of delocalization to their SacSac analogues. In view of Schrauzer’s
arguments {4,10] referred to in the Introduction, this result is surprising
because, seeing that the nickel complex approaches benzene (A8 =0.46
p.p.m.} in its aromaticity, all dithiolene complexes [2] would be expected to
be much more delocalized than their “odd” ligand SacSac analogues. Clearly,
this 1s not the case.

A comparison of proton NMR spectra {177] of M(SacSac), (M = Ni, Pd,
Pt} with those of the t-butyl substituted dithiolenes (26) also reveals that the

Bu! 5\ /S
@/M\@\
s’ s aut
26

NMR shifts are dominated by charge distribution rather than by cyclic
electron delocalization.

The conclusion to be drawn from these NMR results is that the merit of
the “even”/“odd” distinction, as originally proposed by Schrauzer [4,10],
lies in the clear and correct topological differentiation between these two
types of complexes, but that these differences manifest themselves only in
properties which directly depend on the symmetry characteristics of the
entire molecule. Stability and cyclic electron delocalization evidently do not
fall into this category [177].

The NMR data have profound implications for electrochemistry. Numer-
ous papers have described the electrochemistry of mixed 1,1- and 1,2-; 1,1-
and 1,3-; and 1,2- and 1,3-complexes. In each case the measured parameters
are very close to the average value for the two different ligands, i.e. the
“even” versus “odd” characteristics are averaged over the metal complex.
Data on the [Ni(SacSac)(mnt)] ™ species [167] strongly support this sugges-
tion, Mixed 1,1- and 1,2-complexes [11,12] also exhibit averaged behaviour
for a large range of properties including electrochemical data.

(iv} Substituent effects

The data availabie strongly support the hypothesis that redox properties
of dithiochelates are closely allied to charge distribution associated with the
metal-ligand system. However, extrapolation from the NMR data referred
to above suggests that electrochemical properties are unlikely to enable
distinctions to be made as to the extent of the cyclic electron delocalization
over the metal-ligand system. Nevertheless, the charge distribution is of
great importance and a large E° dependence can be expected on the R group
of the ligand, irrespective of whether the redox process is metal- or ligand-
based or on the extent of electron delocalization. It is well established that
substituent effects observed in electrochemisiry depend directly on the
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electron withdrawing or electron donating effect of the substituent [181). The
same dependence is found in the electrochemistry of 1,1-, 1,2- or 1,3-dithio
transition metal complexes because the charge distributions between metal
and ligand are altered in a similar manner. Thus, the dependence of redox
potential on substituent provides no evidence on whether the oxidation or
reduction is ligand- or metal-based (cf. Fig. 15).

Figures 6, 15 and 19-22 provide examples of the substituent effect for
several “even” and “odd” systems. For a given class of compound, large
electrode potential ranges are available by varying the R group. Note that
the magnitude of the substituent effects for dithiocarbamate complexes are
similar, being essentially independent of the metal.

References 9 and 54 summarize the dithiocarbamate and dithioacetyla-
cetonate £, ,, data, respectively, for a range of metals bound to the same
ligand. For both the 1,1- and 1,3-dithiochelates the considerable influence of
the metal is noted and this is also true for the 1,2-chelates. Clearly both the
R group (organic) and metal group influence the E, , value. Figure 23
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Fig. 19. Substituent dependence of the reduction potentials of aryl-substituted dithic-8-dike-
tonate anions. AE, = E, , referred to that of phenyl-substituted derivative (X =X’'=H as
zero, o, = substituent coefficient from ref. 181). AE, values calculated from data in ref. 45,
Reproduced by courtesy from ref. 171,
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and the reduction potentials of Ni{R-Sac R’-Sac),. Reproduced by courtesy: Inorg. Chem.,
15 (1976) 1118.

demonstrates that in many respecis the E, , values for the dithiocarbamate
complexes follow the expected pattern for a metal-based sysiem. However,
analogous plots can be generated for dithioacetylacetonate complexes where
some of these redox processes are partially ligand-based. The question
therefore arises as to whether electrochemical data may be used to dis-
tinguish between metal- and ligand-based redox behiaviour or between “odd”
and “even” ligand systems. This question has led to subsiantial ambiguities
and diificulties, the extent of which was alluded t0 in the Introduction. Two
specific examples discussed in further detail below highlight the extent of the
problems that have arisen.

In the first example Saji and Aoyagui [182] have suggested that a linear
relationship between half-wave potential for the reduction of a transition
metal compiex and its free ligand is indicative that the electrochemical
reduction occurs via a molecular orbital mainly composed of the ligand #*
orbital. They then argue that this holds for three particular ligands when
coordinated to Fe, Ru and Os. Unioriunately, the alternative interpretation
{(i.e., a metal-based redox step) has not been shown by them to disobey the
same relationship. Indeed, if the oxidation potentials of the dithiocarbamate
ligand are plotted against the metal-based redox processes of the same
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Fig. 21. Plot of AE, ,, {0.059) vs, Taft’s substituent constant weighted for number of R groups
present for NiS,C,R,) complexes. R=1, CN; 2, CF; 3, p-GH,CL, 4, CH,; 5,
NiS,C,Ph, H,; 6, H; 7, p-C¢H,CH;; 8, NiS,C,(CH,),Ph,; 9, p-C;H,OCH,; 10, CH,; 11,
C,Hg; 12, n-C,H; 13, i-C;H,. Reproduced by courtesy: Transition Met. Chem., 4 (1968)
299,

ligands, the linear correlation shown in Fig. 15 is obtained, confirming that
plots of this type do not illuminate the mechanism of reduction or oxidation
processes. '

In the second example, Patterson and Holm [17] expressed surprise both
at the ease and the reversibility of reduction of the Ru(III) /Ru(Il) couple
for some substituted M(III) acetylacetonates and related complexes. They
also determined the influence of substituents by comparing the polaro-
graphic behaviour of a range of Ru(IlI} compounds. Linear correlations of
E, ,, and substituent parameters (Hammett or Taft functions) were reported
(Fig. 22) and E, ,, values encompassing a range of almost 2.0 V were found.
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Fig. 22. Substituent dependence of E,,, for ruthenium tris (B-diketonalo) compiexes. o,,
values from ref. 181, E, , values from ref, 17. Reproduced by courtesy from ref. 171.

The most electron-withdrawing substituents gave the most readily reduced
species, i.e. the most positive E, ,, values. Presumably their surprise arose
because the electrochemical behaviour observed with oxygen donor ligands
and an “odd” m-electron system was remarkably similar to that found in
dithiolene chemistry and this was not anticipated, i.c. reversible electrochem-
istry with large substituent effects. It has been erroneously assumed in the
past that a close relationship between substituent effects and freec energy
( E, ,, values) when found for organometallic complexes implies that the
reducing electrons are added to an orbital possessing substantial ligand
character. For purely organic systems the effect of a substituent on £, , can
be derived on sound theoretical grounds, but the extension to inorganic
complexes requires careful consideration as linear relationships are observed
independently of whether the redox process is metal- or ligand-based.

In summary it should be noted that: (1) regardless of the “even” or “odd”
nature of the system, most dithio chelates exhibit to some extent a series of
one-clectron redox steps. Hence the absence or presence of a series of redox
steps is not a reliable criterion for distinguishing “odd” and “even” systems;
{2) chemical and electrochemical reversibility or irreversibility is observed
with all classes of dithio chelates. The reversibility of an electrode process is
determined primarily by k, and the presence or absence of coupled chernical
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Fig. 23. Correlation diagram of redox potential with 34 orbital population.

reactions and their rates as noted earlier. These considerations are unique for
each redox system and arise irrespective of whether the redox process is
metal- or ligand-based; (3) substituent effects on the redox potential of
related couples are observed for each class of ligand, e.g. the 1,2-dithio

couple, [Ni{S,C.R,},]” f——:[Ni(Szcsz)z]z' and the 1,1-dithio couple,

Mn{R dtc), g[Mn{detc)ﬂ' are representative despite the fact that the

redox couples are effectively ligand- and metal-based, respectively. Thus the
observation of a large substituent effect does not enable an assignment of the
metal- or ligand-based nature of the electrode process to be made; (4) charge
effects are very important and contribute significantly to the E,,, value
independently of whether the electrode process is metal- or ligand-based.
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The observation of reversible electrochemical behaviour only requires that
two species A and B exist (assuming the stoichiometry of eqn. 6) related by
transfer of an electron and that the reaction is in equilibrium at all poten-
tials. The presence of low-lying metal or ligand orbitals is not relevant to the
argument of whether or not reversible electrochemical behaviour should be
observed. The polarographic E, ,, value is closely related to E°. Using the
well-known retationship

—AG®=nFE°=RTIn K (105)

where K describes the equilibrium under consideration leads to the conclu-
sion that E, ,, is a measure of a free energy or an equilibrium term, i.e. E, ,
under reversible conditions has thermodynamic significance. Thus

E, , = constant + — %;]] (106)
where the constant includes terms derived from the reference electrode. The
value of E, ,, is simply determined by the equilibrium position or the relative
stability of the two species A and B involved in the half cell. Any variable
influencing the thermodynamics of A differently to B will alter the equi-
librium constant and therefore E, ,,. Hence for a difference in E, ,, to be
observed as a result of changing an R group for example, the R group must
influence to a differing degree the stabililies of the two species, A and B. It is
not sufficient to consider only the influence of the substituent group on
species A, but also its influence on B. This factor is readily overlooked.

{a) Metal based redox reaction
Using the above approach the substituent effect can be examined from a
thermodynamic viewpoint. For the redox couple M(1ii)/M(1i)

E = B s nFl [[:{1((11!11))]] (107)

where solvation terms have been deleted from all equations for clanty. The
formation of complexes of these cations occurs via reactions of the type

M*+3L- 2 ML,

Bll —_
M2*+ 3L~ = [ML,]

where f8;; and B8, are the stability constants, That is
[ML;]



89

and
[ML;]
(M2 f{L-]?
Substitution for [M(II}] and [M(1II}], vields the result

RT. By RT [ML;]
E= E]?{(lﬂ)/M(ll) - ;'F'ln'é';— ~nE In [MLS]

By=

(108)

If equal diffusion coefficients for all species and a diffusion-controlied
electrode process are assumed, then for the ML, /[ML,]™ couple

RT B
E, = EE!(!H)/M(II) - :Fln?':li (109}

Thus, when a change in metal ion oxidation state occurs, the E, , value is
determined by both the E® value of the (solvated) metal ion couple and the
relative stabilities of the complexed ion in the two oxidation states.

For many of the sulphur ligands under consideration the observed trends
in redox potential with substituent are adequately rationalized by assuming a
simple electrostatic approach. The ligands are negatively charged and hence
(neglecting entropy considerations} to a first approximation a change in
oxidation state of the chelated metal ion will result in a greater stability of
the complex in the higher oxidation state. For M(I1I)} and M(II) this implies
that By, will be greater than 8 which means that the E, , value for the
couple ML, /[ML,]™ should be more negative than the solvated metal ion
couple, This argument assumes, of course, that the covalent contribution of
« back-bonding or steric interactions do not dominate the thermodynamics.

In the case where the charge distribution over the ligand is influenced by
the substituents, either by resonance or inductive effects, Lhis will be im-
portant in determining the effective negative charge at the donor atoms. For
example, if a full negative charge resides on each of the sulphur atoms then
B = B,; and the redox potential for the ML;/[ML,]” couple will be
substantially more negative than that for the (solvated} metal ions. However,
if R is a strong electron-withdrawing group the effective charge on the
ligating atoms will be reduced, the ratio 8y,/B,;, decreased and the redox
couple shifted to a more positive potential.

(b} Ligand based redox reaction

Examination of the theory for the case where a ligand orbital is used in
the charge transfer siep actually permits, in the ideal case, a possible
electrochemical distinction o the previous case where a change in formal
oxidation state of the metal occurs. The dithiolene (L} electrochemistry is
determined by the possibility of intraligand redox behaviour between L, L™



S0

and L2~ (cf. eqn. 101). Thus reduction of the complex can involve the ligand
L accepting an electron to become L*, i.e. eitherL+e—>L orL +e— L2~
(where L* is the reduced form of L with the charges omitted for clarity). The
metal M( X} shall be regarded as remaining in the same overall oxidation
state { X') during the charge transfer process so that

+
M(X)L, = M(X)L* {110)
For the free ligand process
LEL. (1)

RT. [L]
E=Elp.+ =
A * o ML

Now the formation constants are
_ Moo
“ o MONLL”
[M(X)L2]
[M( X)) [L*]*
with substitution giving

Bu [M()L,]
8, ) * P“Fl [M(x)L2]

Again assuming equal diffusion coefficients and diffusion-controlled condi-

tions for the M( X)L,/ M( X)L} couple
RT . B.

Eip=Eln:+ o, pln BLL

In contrast to the previously described case where a change in metal ion
oxidation state occurs, the present E, ,, value is governed not by the E® of
the metal ion couple but by the E? of the ligand system, i.e. the redox couple
in eqn. 111,

Clearly, E{ , . will be dependent on the substituent R and hence E, , will
be also dependent upon this subsutuent. The redox behaviour of such
systems should be largely influenced by the charge of a particular metal ion
involved. Herein lies the real difference in the electrochemical behaviour of
ligand and metal based systems and differences should not be couched in
terms of reversibility or substituent effects, etc.

Geiger and co-workers [15] have effectively employed arguments con-
sistent with this idea in their definitive work. Thus they have noted that E, ,,

{112)

By.=

E= EE,L.+ 1( (113)

{114)
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values for reduction of Ni(SacSac),, Pd(SacSac), and Pt(SacSac), are almost
independent of the metal. In contrast the dithiocarbamate analogues have
very metal-dependent E, ,, values. The implication of this resuit is that the

M(SacSac}, & [M(SacSac),]” (M = Ni, Pd, Pt} processes are predominanily

ligand-based, whereas the M(R ,dic), = [M(R,dtc),]” couples are predomi-

nantly metal-based. Spectroscopic evidence is consistent with this assign-
ment. Electrochemical data which compare the well established ligand- and
metal-based electrochemical steps for the reduction of M{mnt), {M = Ni,
Pd, Pt) also clearly show this kind of distinction between metal- and
ligand-based steps. It is clear that X-ray structures or ESR data are more
definitive than electrochemical measurements in assigning the nature of the
redox process and such data should be collected wherever possible.

(v) Redox Properties of Dithio Chelate Systems in Spin Equilibrium

As noted above, electrochemical measurements have established that the
oxidation and reduction potentials for dithiocarbamates of Cr(III}, Mn(Iil),
Fe(I1) and Co{IIl) display an almost identical dependence upon the R, and
R, substituents. This is consistent with the hypothesis that the redox
potentials of the complexes are dominated by electron density at the metal
centre rather than by differences in electronic configuration of the metal ion.
This view is reinforced by the absence of detectable trends in the redox
potentials of iron(III} dithiocarbamates which contain different proportions
of low-spin and high-spin isomers [27}. For exampie the oxidation potentials
of the low-spin complexes Fe(i-Pr,dic); and Fe(Ph,dtc), difier by ca. 300
mV but with the latter compound being oxidized at about the same potentiat
as the high-spin complex Fe(pyrrdic),. This insensitivity of redox potential
to spin state is at first sight surprising, but can be rationalized providing the
time scale of the spin interconversion is extremely fast. Indeed, Mossbauer
and NMR spectra of iron{Ill) dithiocarbamates demonstrate [69] that the
relaxation times are certainly very much shorter than 1077 s,

Consider the reversible reduction of a compound A to give two eleciroac-
tive products, B and C, which differ in spin but exhibit a very rapid
interconversion with an equilibrium constant X.

. :*'z//’[

1. 4
=]

o Y (115)

From the Nernst equation, the redox potential for the reduction can be
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expressed in terms of the concentration of either C or B

0 i€l
EAC EAC [A] (116)

[B]
s TAl

where E, - and E,, are the measured potentials, If the degree of reduction of
A is represented by a, the equilibrium concentrations of the reduced species
are [B]=a/{1+K) and [C]=([K/(1 + K)la. Accordingly, the measured
potential can be expressed as

Eup= E.EB (117)

RT
E, ,(measd) = E2. — ln( K )

1+K

RT 1

= F® _ - -
= Eas nFIn(1+K) (118)

where the logarithmic term in « vanishes when a=1/2 to give E, ,(mea-
sured) and the standard reduction potentials are correlated by the equation

RT
E.»EB = EAOC - ﬁln K (119)

In the specific case of °4,- 27, spin equilibrium of iron(III) dithiocarbamates
[158], in eqn. 115 A= Fe!¥, B=Fel!! and C = Fe}". Since the kinetics of
establishing the spin equilibrium are very fast, they do not perturb the
measured potential and

E, ,,(measured) = E°(Fe'-Fe}l') — R—:ln 7 fK

The variation of E, ,,{measd) with X is illustrated in Fig. 24 and can be
considered in the two regions K > 1 and K < 1 which correspond to high-spin
and low-spin ground states, respectively. The measured potential £, ,{mea-
sured) asymptotes to EX- as K — oo or to Egp as K — 0, but at intermediate
values of K the reduction potential is displaced to more positive values by
the spin equilibrum. The maximum deviation of the measured potential
from the standard [E, ,(measured)— EJ:] or [E},(measured)— EJy] is-
{RT/F)In 2 or 17.8 mV (ci. Fig. 24).

Since the Fe(IV)/Fe(Ill) redox potentials {see Fig. 6) fall in the range
+0.67 > E, ,(measured) > +0.41 V, it is not surpnsing that the small
perturbations (i.e. <18 mV) arising from different proportions of low-spin
and high-spin isomers do not emerge. Hence it can be concluded that the
measured potential should not vary significantly from the redox potential of
the ground-state spin form of the ferric complexes.

As noted earlier, the definitive relationship between substituent and redox
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E!(meas)-
\._/ E.AB -59 log { 1+K}

Ejlmeas) =
2 L+ K
Epr--59109 (m)

Potential Ey (meas}

1

F 1
0.001 0.0 02 10 100 1000

Fig. 24. Graphical piots of the relationships (in mV)} E, ,,{measured) = ESc—59log K /(1+
K)l and E, ,,{measured) = E%—59 log]l/(l + K}] it should be noted that each curve refers
to a different reference potential, viz. £J and EJp, respectively. Reproduced by courtesy:
Inorg. Chem., 14 (1975) 1894,

potential observed for other metal dithiocarbamates holds equally well for
iron. With the exception of pyrrolidyl, all of the derivatives studied so far
possess the low-spin ground state, ie. E; ,{measured) refers to the region
0 < K <1, so that it is not surprising that this relationship is preserved.
However, it is significant that E, ,{measured) for high-spin Fe{pyrrdic),,
where K = 1, also conforms to the simple expectations establishing unam-
biguously that the reduction and oxidation potentials of wron{IIl) dithio-
carbamates do not reflect the intrinsic low-spin = high-spin equilibrium but
display the same substituent dependence as is found for other tervalent
transition metals from the first row.

These conclusions based on thermodynamic considerations should be
general and suggest that proposals for biological pathways involving spin-
state-dependent redox potentials are unlikely to effect a thermodynamically
related potential shift of any appreciable magnitude. On the other hand,
kinetic terms such as the apparent rate of electron transfer could be
influenced substantially by spin changes accompanying the redox process.
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