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Introduction

Chemists increasingly apply electrochemical methods to the investigation of
their systems, in particular towards a better understanding of molecular proper-
ties, the exploration of chemical reactions involving electron-transfer (ET), the
initiation of further reactions by ET, the kinetic measurements and the establis-
hment of the reaction mechanisms, as well as the synthesis (clectrosynthesis) of
desired products.

This book highlights the state-of-the-art in the application of electrochemistry,
by taking an interdisciplinary approach to the study of both static and dynamic
molecular properties, mainly of coordination compounds, but including
inorganic, bioinorganic and organometallic complexes. Supramolecular systems
and metalloenzymes are also covered. The principles and approaches are often
also valid for organic systems which are illustrated in various contexts.

This book is addressed to those chemists interested on the application of
clectrochemical techniques to their systems, as well as to electrochemists who
have had their attention drawn to chemical problems. This work is therefore
of certain value for experienced scientists as well as for relative newcomers.
Addressed to senior researchers, it is also of interest to postgraduates and, in
some aspects, to advanced undergraduates.

To some extent, it updates the previous book entitled “Molecular Electro-
chemistry of Inorganic, Bioinorganic and Organometallic Compounds™ (NATO
ASI Series C385, Kluwer, Dordrecht, 1993), edited by one of us (AJLP), that
appeared approximately 12 years ago following a NATO Advanced Research
Workshop (ARW) on that field in Sintra, Portugal, in 1992. This pioneering
conference, also organized by onc of us, was followed, since 1998, by other
regular meetings (1998, 2000, 20002), held in Siena, Italy (organized by Prof. P.
Zanello), on the same overall ficld, which also comprised educational purposes.

There is undoubtedly a rapidly increasing interest on the field and on its
expansion through the use of modem concepts and unconventional approaches,
which in our view justified the preparation of this new volume which provides
an updated overview of the ficld about onc decade afier the publication of the
above NATO ARW book.



xi Trends in Molecular Electrochemistry

The contents of this new book were recently presented at a symposium
on “New Trends in Molecular Electrochemistry”, organized by the Academy
of Sciences of Lisbon within its “Frontiers of Knowledge™ series, held at its
premises.

The book deals, in an interdisciplinary approach, with the developments
achieved in areas such as:

(1) Redox and other molecular properties (electronic, optical and magnetic
properties; electrochemical properties — structure relationships; metal-
metal interactions; mixed valence compounds, etc.).

(i1) Molecular electroactivation and electrocatalysis (reactions induced by
ET).

(i11) Bioelectrochemistry (metalloenzymes).

(iv) Supramolecular electrochemistry (supramolecular architectures,
metallodendrimers and molecular devices)

(v) Spectroelectrochemistry.

(vi) Unconventional electrochemistry (ultrafast electrochemical techniques,
new types of supporting eclectrolytes, electrochemistry without added
clectrolyte, ET through the liquid-liquid interface).

Therefore it covers both static and dynamic aspects, the former dealing mainly
with structures and their relationships with particular properties and the latter
concerning reactivity, kinetics and mechanisms of a wide varniety of systems
mainly within the broad filed of “inorganic”coordination chemistry (including also
organometallic, supramolecular, bioinorganic and metalloenzyme chemistries)
and, in a number of cases, also with illustrations in organic chemistry.

We acknowledge the authors of the various chapters for having accepted our
invitation and for their so valuable and high quality contributions, as well as Dr.
Fred Fenter (FontisMedia) for his continuous encouragement and highly profes-
sional assistance in the publication of the book. Thanks are also due to the Aca-
demy of Sciences of Lisbon, in particular to its Presidents, Prof. J.M. Toscano
Rico and Prof. J.V. de Pina Martins (of the Classes of Sciences and Letters, res-
pectively, who have been swapping the Presidency and Vice-Presidency along
the last years) and Treasurers, Prof. F.R. Dias Agudo (also coordinator and repre-
sentative of the international affairs board) and, recently, Prof. A. Torres Pereira,
and to the President of the High Studies Institute (Prof. M. Jacinto Nunes), for
approving and kindly supporting the initiative.

Armando J.L. Pombeiro Christian Amatore
The Editor The Co-Editor
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Preface

This volume is the first of the resumed “Frontiers of Knowledge™ series,
initiated to mark the bicentennial anniversary of the foundation (on December
24t 1779, by Queen Maria I) of the Academy of Sciences of Lisbon. For the
presentation and discussion of the contents of the book, still in preparation, a
symposium on “New Trends in Molecular Electrochemistry” was held, within
that series, at the Academy (September 16-20%, 2003), together with the XII
Meeting of the Portuguese Electrochemical Society covering all fields of
Electrochemistry.

The “Frontiers of Knowledge” series first appeared in the late 70s within
the activity of the High Studies Institute (Instituto de Altos Estudos) of the
Academy, at the suggestion of General Luis Maria da Camara Pina, its Treasurer
at that time, and was expanded also under the initiative of other members of
the Academy, namely Professors José Pinto Peixoto (President), Fernando
Dias Agudo (Teasurer), Manuel Jacinto Nunes (President), José Tiago de
Oliveira (Secretary), Joao Frausto da Silva, R.J.P. Williams, Antonio Xavier
and Armando J.L. Pombeiro. The decision to resume this series was recently
taken by the Administrative Council of the Academy: Professors José Manuel
Toscano Rico (President), José Vitorino de Pina Martins (Vice-President),
Femmando R. Dias Agudo (Treasurer), Armando J.L. Pombeiro (Secretary-
General) and Joao Bigotte Chorao (Vice-Secretary-General). The series includes
such representative titles as: “New Trends in Bioionorganic Chemistry” (1979);
“New Trends in the Chemistry of Nitrogen Fixation” (1982); “Some Recent
Advances in Statistics” (1983); “Advances in Geophysics”, Vol. 11, “Theory of
Climate” (1983); “Estudos de Algebra, Geometria ¢ Anilise™ (1978). Usually
both national and international editions were published, the latter by Academic
Press, and the publications were based on the corresponding symposia held at the
Academy to discuss the state-of-the-art in those fields.

Other representative symposia and publications, within the bicentenary
celebration programme, include the following subjects: (i) History and
Development of Science in Portugal: “A Actividade Pedagogica da Academia
das Ciéncias de Lisboa nos séculos XVIII ¢ XIX™ (1981); “The History and
Development of Science in Portugal” (up to the 19 century, 2 vols., 1986;
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20 century, 3 vols., 1992); “Coléquio sobre Termodinimica e Reactividade
de Sistemas Moleculares” (1994). (ii) Humanism in Portugal: “Erasmo na
Academia das Ciéncias” (1987); “Humanism in Portugal 1500-1600" (1988).
(111) Problems of Modem Society (drug abuse, tobacco addiction, alcoholism,
traffic accidents, euthanasia, peace, etc.): “Coloquio sobre a Problematica da
Droga em Portugal” (1988); “Coloquio sobre a Problematica do Tabagismo em
Portugal (1988); “Coloquio sobre a Problematica do Alcolismo em Portugal”
(1989); “Coléquio sobre a Eutanasia™ (1993); “A Bioética e o Futuro” (1995);
and “Coloquio sobre Portugal e a Paz” (1989).

Other major publications of the Academy include:

(1) Facsimiles of manuscripts and of old books (limited editions) such as the
“Livro das Armadas” (The book of the Armadas, from 1497 to 1563) (1979),
“Atlas” (the collection of the Viscount of Santarém), the “Atlas de Lazaro Luis”
(1563) (1990), the “Cronica dos Reis de Espanha™ (Chronicles of the Kings of
Spain, 13t and 14" centuries) (in preparation), the “Livro de Horas™ (Prayer
Book) of the Countess of Bretiandos (XVI ? century) (in preparation), “Colo-
quios dos Simples ¢ Drogas ¢ Cousas Medicinais da India” by Garcia d’Orta
(1563) (1963), “Obras de Pedro Nunes” (16th century, the complete re-edition
and translation, with recently found new data, is now under way), “Os Lusiadas™
by Luis de Camdes (fac-simile of the 1% editions, 1572) (1980), “Dicionario da
Lingua Portuguesa” of the Academy (vol. 1, 1793) (1993) and “A Santa Casa da
Misericordia de Lisboa™ by Victor Ribeiro (1902) (1998). Critical editions of old
books: “Cronicas dos Reis de Portugal ¢ Sumarios de Suas Vidas™ by Gaspar
Correia (1996), “Gramatica da Linguagem Portuguesa” by Femao de Oliveira
(1536) (2000), and “ A Arte da Grammatica da Lingua Portugueza™ by Antonio
José dos Reis Lobato (1770-1869, various editions) (2000).

(11) The “Meméornas”, regular proceedings currently in two series (Sciences
and Letters, until now with 39 and 32 volumes); some of the volumes concern
symposia held at the Academy: “Paleoambientes do Jurassico Superior em
Portugal” (vol. 37, 1998), “Ultimos Neandertais em Portugal” (vol. 38, 2000)
and “Geoquimica ¢ Petrogénese de Rochas Granitoides” (vol. 39, 2001).
The “Memorias Econémicas” (5 volumes, 1789-1815) and the “Memonas
Economicas Inéditas” (1987) concerning the period 1780-1808.

(ii1) The “Dicionario da Lingua Portuguesa Contemporanea™ (Dictionary of
the Contemporary Portuguese Language), recently published (2001) within the
activities of the Instituto de Lexicologia ¢ Lexicografia da Lingua Portuguesa
(Institute of Lexicology and Lexicography of the Portuguese Language) of the
Academy; other dictionaries are currently in preparation.
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(iv) Catalogues: “Catilogo dos Manuscritos™ (Série Vermelha, 2 volumes)
(1976, 1978); “Livros Quinhentistas Espanhdis da Biblioteca da Academia das
Ciéncias de Lisboa™ (1989); “Livros Quinhentistas Portugueses da Biblioteca da
Academia das Ciéncias de Lisboa™ (1990); “Livros Quatrocentistas da Biblioteca
da Academia das Ciéncias de Lisboa™ (1992); “O Material Didactico dos séculos
XVIII e XIX do Museu Maynense da Academia das Ciéncias de Lisboa”, Roémulo
de Carvalho (1993); and “O Material Etnogrifico do Museu Maynense da Acade-
mia das Ciéncias de Lisboa”, Romulo de Carvalho (2000). The preparation of a
data base with the old books of the Library of the Academy is underway.

(v) Other books with scientific, historical, literary or political interest:
“Reconhecimento cientifico de Angola” (1979); “Portugaliac Monumenta
Historica” (Nova Série, vol. II/1 e vol. 1I/2 & Livro de Linhagens do Conde
D. Pedro) (1980); “Bibliografia mais relevante sobre Botinica pura e aplicada
referente aos paises de expressido portuguesa” (1982); “D. Joao Carlos de
Braganca, 2° Duque de Laf6es, fundador da Academia das Ciéncias de Lisboa™
(1987); “Estudos sobre a projeccdo de Camodes em Culturas e Literaturas
estrangeiras”, vol. 11 (1984); “Coloquio de Estudos Camilianos™ (1993);
“Descriptive List of the State Papers of Portugal 1661-1780 in the Public Record
Office London™ (1983).

Apart from the editorial activity and the organization of symposia, the
Academia, guided by its original motto “Nisi utile est quod facimus stulta
est Gloria” (unless what we do is useful, our fame is foolish), also promotes
analyses and discussions of problems of national relevance (Portuguese
language, ethics in science, etc.). In the past, it was (i) from the “Instituto
Vacinico” (Vaccinic Institute), an initiative of the Academy, that the Council for
Public Health emerged, (ii) from the Geological Commission of the Academy
that the Geological Services of Portugal were created (only recently they left the
Academy premises which however still house the Geological Museum) and (iii)
from the Higher Course of Arts (organized by the Academy) that the Faculty of
Letters of Lisbon emerged. After this Faculty has left the Academy premises,
the freed space was temporarily occupied by the Biblioteca Popular (Popular
Library) but is now being renovated for conference, library and museum rooms
of the Academy.

The Academy also houses, apart from a museum, one of the four most valua-
ble libraries in the country, with over one million items and which includes the
former library of the Convent of Jesus, a magnificent 16%-17% century building
which was donated by Queen Maria I1, in 1838, to the Academy for its premises.
The peripheral legacy libraries (Julio M. Fogaca and Vasco Magalhies Vilhena)
have recently been installed herein.



The museum has several sections, namely Natural History, Physics and
Etnography (Indian culture from the Amazonas). It is under reorganization, but
the Maynense Gallery, with a valuable collection of scientific instruments, has
already been opened.

The Academy awards prizes for outstanding contributions to both sciences
and humanities.

Moreover, the Academy also promotes international scientific and cultural
relationships and exchanges with other countries. It is the Portuguese represen-
tative organization to the International Council of Science (ICSU), former Inter-
national Council of Scientific Unions, since the foundation of this Council in
1931, and it is one of the Portuguese members of the European Science Founda-
tion, and a member of the Union Académique Internationale (UAI) , of ALLEA
(All European Academies) and of the recently created European Academies’
Science Advisory Council (EASAC).

The preparation of this book and the organization of a symposium on
Molecular Electrochemistry are an expression of this internationally oriented
policy of the Academy, applied in this case towards the development of this
promising scientific field.

For further information, see: (a) Peixoto, J.P.; Pombeiro, A.J.L. “The Academy
of Sciences of Lisbon”, in “International Encyclopedia of Learned Societies and
Academies”, Kiger, J.C. (ed.), Greenwood Press, Westport, 1993, pp. 237-241.
(b) “The Academy of Sciences of Lisbon”, Academia das Ciéncias de Lisboa,
1994 (booklet). (c) “Comemoragdes do II Centenirio da Academia das Ci€ncias
de Lisboa”, Academia das Ciéncias de Lisboa, 1995. (d) Iria, A. “A Fundacio da
Academia das Ciéncias de Lisboa™ in “Historia e Desenvolvimento da Ciéncia
em Portugal”, vol. 11, Academia das Ciéncias de Lisboa (1986). (¢) Dias Agudo,
F.R. “Contribui¢io da Academia das Ciéncias de Lisboa para o Desenvolvimento
da Ciéncia”, ibid. (f) Peixoto, J.P. “A Revolugio Cultural e Cientifica dos Séculos
XVII e XVIII e a Génese das Academias™, ibid. (g) Baido, A. “A Infincia da
Academia (1788-1794)” (1934). (h) Ayres, C. “Para a Histéria da Academia das
Sciéncias de Lisboa”, Academia das Ciéncias de Lisboa, Separata do Boletim da
Segunda Classe, vol. XII (1927). (i) “IlI Jubileu da Academia das Ciéncias de
Lisboa™ (1931).

M. Toscano Rico, President of the Academy
F. Dias Agudo, Coordinator of International Affairs of the Academy
Armando J.L. Pombeiro, The Editor, Secretary General of the Academy
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Chapter 1

Homoleptic, Mononuclear Transition Metal
Complexes of 1,2-Dithiolenes: Updating their
Electrochemical-to-Structural Properties

Piero Zanello and Emanuela Grigiotti
Dipartimento di Chimica dell 'Universita di Siena, Via Aldo Moro, 53100 Siena, Italy

1 INTRODUCTION

Metal complexes of 1,2-dithiolenes appeared in literature about seventy years
ago as analytical reagents [1]. The subsequent elucidation of their molecular and
electronic structure at first and then either their relationships with some enzyme-
mimicking activity, or the continuous discovery of their novel applications in
material science (related to their uncommon conducting, magnetic, non-linear
optic, sensing and dyeing propertics) made them one of the most promising and
persisting topic in inorganic chemistry. This is reflected on the numerous review
papers from time to time devoted to the different aspects of their chemistry [2].
The 1968 McCleverty’s pioneering work [2b] focussed on the structural and
redox properties of such compounds, both the aspects being crucial to most
innovative applications. The present review wishes to update just such a matter.

The different subclasses of ligands used in metal complexes discussed here
are illustrated in Schemes 1-4. They have been subdivided depending upon if
the 1,2-dithiolate substituents give rise to lateral ring(s), as well as on the type
of lateral ring(s).

Since, from the structural viewpoint, we wish to give evidence only to the
most significant reorganizations following electron transfer processes, for
sake of simplicity bond lengths will be approximated to the hundredth of A
(neglecting any esd value).

It must be preliminarily taken into account that transition metal complexes
with dithiolene ligands constitute an intriguing class of complexes as far as their
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electrochemical behaviour is concerned. In fact, considering that such ligands are
able to shuttle reversibly the sequence 1,2-dithionel 1,2-dithione monoanion/ene-
1,2-dithiolate illustrated in Scheme 5, th eir metal complexes should display a
notably extended redox activity.

For instance, the most common homoleptic bis-dithiolene metal complexes
[MI(S,C,R,), " (M = Ni, Pd, Pt) should potentially display the redox sequence
illustrated in Scheme 6.

Obviously, the different steps can proceed at different or at coincident
potential values depending upon the extent of intramolecular communication
existing inside the molecule.

In reality, this has to be considered as a simplified sequence, in that it assumes
that the central metal ion maintains its oxidation state unchanged, but the
concomitant occurrence of metal centred redox processes cannot be disregarded,
and out the subsequent occurrence of internal metal-to-ligand electron transfer
reorganization can not be ruled out.

In fact, in those cases in which metal-based and ligand-based frontier orbitals
are comparable in energy, the ligands under subject are defined as redox “non-
innocent” [3].
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2 1,2-DITHIOLATES NOT FORMING LATERAL RINGS

2.1 dt Complexes

In literature, metal complexes of the 1,2-cthanedithiolate dianion
[SCH,CH,S]?>~ (here abbreviated as df) and those of (unsubstituted) 1,2-
ethenedithiolate dianion [SCH=CHS}]>~ (hereinafter abbreviated as Hedf) are
commonly undifferentiated, at least as far as their nomenclature is concerned,
both being often designated as “edt” complexes.

2.1.1 Bis(dt) complexes

The crystal structures of a number of homoleptic bis-dithiolenes of general
formula [M'(dt),}>~ (M = Cr, Mn, Co, Ni, Zn, Pd, Cd) are available [4]. Exclud-
ing [Ni(dt),]?~ [4d], the electrochemical behaviour of these complexes has not
been reported, even if the molecular structure of the redox couple [Co(dt),]> 7/~ is
known, Table 1 [4c].
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Table 1. Selected structural parameters (average bond distances, A; dihedral angles, ®)

in the redox couple [Co(dt),> -
Complex Co-S SC CC g Cation
[Coldi),P>- 228 1.80 1.40 885  [NMeg*
[Coldt),l 217 1.79 133 68  [NMe,g]*

@ Dihedral angle between the two CoS, planes

It is not only interesting to note that the dianion has a tetrahedral geometry,
whereas the monoanion assumes a (nearly) square-planar geometry, but also the
significant variation of the Co-S distance, which allows one to assume a mainly
metal-centred electron transfer.

[Ni(dt),]>~ in MeCN solution gives rise to a quasireversible one-electron
oxidation (E°” = —0.68 V, vs. SCE), which is accompanied by relatively fast
decomposition of the electrogenerated monoanion [4d].

The vanadyl and thiovanadyl complexes [VIVE(dt),]>~ (E = O, S) have been
structurally characterised [5]. They possess a square-pyramidal geometry, with
the chalcogenyl atom apically coordinated and the metal ion placed out (towards
the apex) of the thiolene-sulfur basal plane. From the electrochemical viewpoint,
these V(IV) complexes in MeCN solution only put in evidence imreversible
electron-transfer processes [5b]-

Brief electrochemical data have been also reported for the square pyramidal
Re(V) and Tc(V) complexes [ME(dt),]~ (E = O, S) [6a,b]. In MeCN solution,
metal-centered reductions occur at very negative potential values (E%),_: ReO,
<—2.1 V: ReS =—-1.83 V; TcO = —1.86 V, vs. SCE), whereas no ligand-centred
reversible electron transfer process seem to be present [6a.c].

In conclusion, the absence of reversible electron transfer processes in the
actual complexes is likely due to the absence of the carbon/carbon unsaturation
in the dithiolene backbone. In fact, just the n-delocalization along the whole
molecular frame arising from unsaturation commonly triggers electron mobil-
ity. In this light, the partial chemical reversibility of the one-electron oxidation
of [Ni(dt),]>~ can be attributed to the instability of the electrogenerated Ni(III)
monoanion [Ni(dt),] .

2.1.2 Tris(dt) complexes

The solid-state structures of the tris-chelates [M(dt);]> M =Ti(IV),n=2; M
= N(V), Ta(V), n = 1) are known [4b,c,7]. As exemplified in Figure 1, which
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(b)

Figure 1. (a) X-Ray structure of [Nb(dt);}~ (INEt,;]* cation). Average Nb-S distance =
2.43 A. Twist angle (¢) between the equilateral triangles formed by the three upper and
the three lower sulfur atoms = about 30°. (b) Meaning of “twist” angle.

refers to [Nb(dt);]~ [7], they possess a geometry, which, based on the value of the
twist angle ¢, is intermediate beween trigonal-prismatic and octahedral (trigonal
prism: ¢ = 0; octahedron: ¢ = 60°).

Further supporting the redox inactivity of the saturated dt ligand, dmso solutions
of [M(dt);]- (M = Nb, Ta) only display a metal-centred, quasireversible, one-
electron reduction (Nb: E%),_=-1.20V; Ta: E*,_=-1.56 V, vs. SCE) [7].

2.2 edt Complexes
2.2.1 Hedt Complexes (Better known as “edt”)

2.2 1.1 Bis(Hedt) complexes

The square planar geometry of the monoanion [Ni(Hedt), |~ is shown in Figure
28]

In dmso solution it undergoes reversibly either a one-electron oxidation or a
one-clectron reduction, Table 2 [2b, 9].

S
g FRE,
S

Figure 2. X-Ray structure of [Ni(Hedt), ]~ ([Fe(CsMe;),I" cation). Bond lengths: Ni-S =
214A;SC=1714A;C=C=132A.
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The neutral complex [Ni(Hedt),] maintains the square-planar geometry of the
monoanion, with a slight decrease of the Ni-S and S-C distances (by about 0.04
A and 0.02 A, respectively) and a slight increase of the C=C distance (by about
0.04 A) [10].

Such structural change does not allow the precise determination of the oxidation
state of the central Ni atom inside the redox couple [Ni(Hedt), 0. In spite of the
Ni(IIYNi(IV) assignment [8], we note that [Pd(Hedt),}-, which is difficulty
assignable as Pd(IIl) compound, displays a similar electrochemical behaviour,
Table 2 [2b]. Hence, it cannot be ruled out that the [Ni(Hedt),]"® complexes
might be seen as oxidation products of the Ni(Il) precursor [Nill(Hedt), >, with
the extra electrons stepwise removed from the dithiolene ligands. The same likely
holds for the other [M(Hedt), |- complexes listed in Table 2. In this connection, in
agreement with the easy oxidation exhibited by [Pd(Hedt), -, the crystal structure
of the neutral [Pd(Hedt),] has been reported [11]. As expected, the PdS,C,H,
frame is planar, but in the solid state the neutral complex looks like a dimer
because of the presence of a direct intermolecular metal-metal bond (2.79 A).

Table 2. Formal electrode potentials (V, vs. SCE) for the redox changes exhibited

by a few [M(Hedt), ] complexes
M E%,_ E% Solvent Reference
Ni —0.84 +0.16 dmso 2b9
097 +0.07 dmf 2b
Pd 064 - dmso 2b,9
-0.77 +0.11 dmf 2b
Co 093 - dmso 2b9
Cu —0.74 - dmso 2b9

Figure 3 illustrates the square-pyramidal structure of the oxo-Mo(IV) dianion
[MoO(Hedt), - [12].

In MeCN solution it undergoes a reversible one-clectron oxidation (E®” =
—0.61 V, vs. SCE), followed by a further irreversible oxidation [12]. The crystal
structure of the corresponding monoanion has been solved [12]. It maintains the
square pyramidal geometry of the parent dianion with the following structural
variations: (a) the average Mo-S distance shortens by about 0.02 A; (b) the
Mo=0 distance shortens by about 0.06 A; (c) both the S-C and C=C distances
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Figure 3. X-Ray structure of [MoO(Hedt),]>~ (INEt,]* cation). Average bond lengths:
Mo-S =240 A; Mo-O=174A;SC=175A;C=C=133A.

shorten by about 0.02 A. Because of the significant variation of the Mo=0O
distance, it has been assumed that the one-electron removal is due to the Mo'™VO/
MoVO oxidation.

2.2.1.2 Tris(Hedt) complexes

To the best of our knowledge, the only crystallographically characterized
tris(Hedt) metal complex still remains [Mo(Hedt);], whose structural and
voltammetric data have been already reported [2b].

222 phedt, pyedt, qedt Complexes
2.2.2.1 Bis(phedt), bis(X-pyedt) (X = 2, 3, 4), and bis(qedt) complexes
Like [MoO(Hedt),]?-, the square pyramidal [MoO(phedt),]>~ undergoes
a reversible one-electron oxidation, which has been assigned to the Mo'™VO/
MoVO process [13]. Analogous assignment has been made to the one-electron
oxidation exhibited by the pyridin-2-yl, -3-yl, 4-yl [MoO(X-pyedt),]>~ and
quinoxalin-2-yl [MoO(qedt),]?>~ dianions [13]. The pertinent redox potentials
are compiled in Table 3.

Table 3. Formal electrode potentials (V, vs. SCE) for the one-electron oxidation of
[MoO(phedt), |-, [MoO(X-pyedt),}> and [MoO(gedt),}*~ complexes in dmf solution

Complex Ey,
[MoO(phedt), P~ 048
[MoO(2-pyedt),P- 042
[MoOG-pyedt),- 038
[MoO(4-pyedt), >~ —0.35

[MoO(gedt), - 028
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As seen, the different pendant groups of the dithiolene units exert appreciable
inductive effects, the phedt ligand favouring the one-electron removal with
respect to pyedt and gedt, respectively.

2.2.3 cnedt Complexes
2.2.3.1 Bis(cnedt) complexes

The square planar dianion [Ni(cnedt),]?>~ exhibits in MeCN solution a first,
reversible one-electron oxidation (E°”=—0.31 V, vs. SCE), followed by a further
mreversible process (Ep, = +0.65 V) [14]. As a consequence of the one-electron
removal, the corresponding monoanion maintains the square planar geometry,
the Ni-S and S-C distances shorten by 0.04 A and 0.02 A, respectively, whereas
the other bond lengths remain unaltered [14]. Thus, in spite of theoretical
calculation on the HOMO composition of [Ni(cnedt),]?-, which suggests thai
it is essentially contributed by the ligand [14], it seems almost certain that
the appreciable variation of the Ni-S distance implies that the HOMO level is
contributed also by the metal.

2.2.4 doedt Complexes
2.2.4.1 Bis(doedt) complexes

Nothing is known about the redox properties of the (almost) square planar
complex [Ni(doedt), |~ [15].

2.2.5 fcedt Complexes
2.2.5.1 Bis(fcedt) complexes

It has been briefly reported that [Ni(fcedt),] undergoes two separate, ligand-
centred, reversible processes ([Ni(fcedt),]%—: E™ = +0.51 V; [Ni(fcedt),} 2 E
=—0.20 V, vs. SCE) and a single two-electron oxidation ([Ni(fcedt),]02: E>* =
+0.76 V) which has been attributed to the two non-communicating ferrocenyl
subunits [16]. In reality, such an interpretation would deserve revision in favour
of two separate ferrocene-centred oxidations, also in the light of the behaviour of
the related tetraferrocenyl complex which will be discussed below (see Section
22.13).

2.2.6 dmedt Complexes
2.2.6.1 Bis(dmedt) complexes

The electrochemical behaviour of the dianions [M(dmedt), ]2~ (M =Ni, Pd, Pt)
has been reviewed [2b]. As a typical example, Figure 4 shows the voltammetric
response of the square planar [Ni(dmedt), >~ [17].
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E (V, vs. SCE)
T T [} T T
45 05 +05

Figure 4. Cyclic voltammogram recorded at a platinum electrode in MeCN solution of
[Ni(dmedt),}?. Scan rate 0.1 VsL.

It undergoes two separate one-clectron oxidations with features of chemical
reversibility (E3! ,_=—1.05V; E%j=-0.15V, vs. SCE). As a matter of fact, all the

members of the reversible sequence 2—/—/0 have been structurally characterized,
Table 4 [17].

Table 4. Selected bond distances (average values, A) in the redox sequence

[Ni(dmedt), >0
Complex Ni-S sC c=C CCpye  Cation
[Ni(dmedt), - 2.18 1.76 1.34 1.51 [NE,J*
[Ni(dmedt), | 2.14 1.74 134 1.51 [NEtJ*
[Ni(dmedt),]° 2.13 1.7 1.36 1.51 -

On passing gradually from the neutral 1,2-dithionate to the dianionic 1,2-
dithiolate, the Ni-S and C-S distances progressively increase, whereas the C=C
distance slightly decreases. The minor but significant variation of the Ni-S
distance with the electron addition/removal processes suggests that the redox
processes are centered on molecular orbitals significantly contributed not only
by the dithiolene ligand but also by the metal.

As far as the oxo-dianions [MO(dmedt),]>~ (M = Mo, W) are concered, they
also undergo two reversible one-clectron oxidations according to the sequence
[MoO(dmedt),]2/0 [18]. The crystal structures of two of the three-membered
series are available, namely [MoO(dmedt),]>/~ [18a] (also available is the
crystal structure of [WO(dmedt),]>~ [18b]). Apart from their usual square-
pyramidal geometry, the structural consequences of the one-electron removal are
reported in Table 5, together with the formal electrode potentials of the electron
transfer sequences [18].
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Table 5. Formal electrode potentials (V, vs. SCE) for the redox sequence
[MO(dmedt), >0 (MeCN solution) and selected interatomic distances (A) in the

couple [MO(dmedt), >
Complex E3, E% M-S C-S Cc= M-O Cation
[MoO(dmedt), |- - - 237 1.75 1.33 1.68 [NEy}"

[MoO(dmedt),>- -062 +0.14 239 1.78 133 1.71 [NEgJ*
[WO(dmedt),- 091 005 238 1.79 1.33 1.74 [NEg,I*

Based on the variation of the Mo—0 length, the overall reversible sequence has
been assigned as: MIVO/MVYO/MVIO (M = Mo, W) [18], even if the participation
of the ligand to the electron transfer series cannot be ruled out.

2.2.6.2 Tris(dmedt) complexes

The trigonal prismatic derivatives [M(dmedt);] (Mo, W) undergo reversibly
the sequence [M(dmedt);]% /2~ (M = Mo: Ej,_=-0.34 V; E*),_=-0.86 V. M
=W: Eg_=-036 V; E%,_ =-0.92 V; MeCN solution, V vs. SCE) [19, 18a].
Stated that all the members of the two families [M(dmedt);]%/2- (M = Mo, W)
are isostructural, the most significant structural changes accompanying the redox
sequences are compiled in Table 6 [18a, 19].

Table 6. Sclected bond distances (A) and twist angles (°) in the three-membered series
[M(dmedt);]%~2- (M = Mo, W)

Complex M-S sC Cc=C o Cation
[Mo(dmedt),]° 2.36 1.71 1.36 35 -

[Mo(dmedt); ]~ 2.37 1.72 1.35 1.6  [NEgl*
[Mo(dmedt); - 240 L.75 1.33 2.6 [NEt, "
[W(dmedt);}- 2.38 1.73 1.36 28 [NEy}*
[W(dmedt); - 239 1.76 1.33 24 [NEy]*

The slight variations of both the metal-to-ligand and the intraligand distances
support that the electrons are transferred from orbitals contributed from either
the metal or the ligand.
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2.2.7 dphedt Complexes

2.2.7.1 Bis(dphedt) complexes

Metal complexes of 1,2-diphenylethene-1,2-dithiolate are long known and
widely investigated either from the structural or redox viewpoints [2b]. Our

As illustrated in Figure 5, the square planar complex [Ni(dphedt),] undergoes
two chemically reversible one-electron reductions and a partially chemically
reversible one-electron oxidation [20a].

The same behaviour is exhibited by both [Pd(dphedt),] and [Pt(dphedt),],
Table 7.

E (V. vs FofFc*)
u

U T
20 10 oo 10

Figure 5. Cyclic voltammogram recorded in CH,Cl, solution of [Ni(dphedt),]. Scan rate
02Vsl

Table 7. Formal electrode potentials (V, vs. Fc/Fc*) for the redox processes exhibited
by [M(dphedt),] (M = Ni, Pd, Pt) and [Ni(dph-p-X-cdt);] in CH,Cl, solution

Complex Egn” Eg E%,  Reference
[Ni(dphedt),] +1.15 +0.02 —0.80 20a

- +0.01 —0.81 20b

- -0.04 -0.87 20c
[Ni(dph-p-Br-edt),] - +0.07 —0.74 20c¢
[Ni(dph-p-F-edt),] - +0.03 -0.79 20c
[Ni(dph-p-Me-edt),] - —0.10 -092 20c
[Ni(dph-p-OMe-edt),] - -0.11 -093 20c
[Pd(dphedt),] +1.17 +0.02 —0.61 20a
[Pt(dphedt),] +1.20 —0.06 —0.80 20a

@ Partial chemical reversibility
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The monoanions [M(dphedt),|- (M = Ni [21], Pt [22]) have been structurally
characterised. Concerned with the Ni monoanion, the most significant variations
in bond lengths with respect to the neutral species are summarized in Table 8
(together with those of a few asymetrically substituted complexes which will be
discussed in the next Section 2.2.8.1).

Once again, both the metal and the dithiolene ligands look like involved in the
electron transfer process.

A series of para-phenyl substituted Ni complexes have been also prepared and
their electrochemical behaviour studied, Table 7. The inductive effects exerted
by the para-substituents strictly obey the Hammett equation [20c].

Like the related [MoO(Hedt), ]~ (and at variance with the dmedt analogues),
the square pyramidal dianions [WE(dphedt),]>- (E = O, S) only exhibit a
chemically reversible one-electron oxidation to the corresponding monoanions
[WE(dphedt),]- (E = O, S: E°>=-0.62 V, vs. SCE; MeCN solution [18b]). No
crystallographic data are available for the likely isostructural monoanions. A
second irreversible oxidation is present for E = O (MeCN: E, =-0.21 V).

Table 8. Selected bond distances (average values, A) in the redox couple
[Ni(dphedt),]0-, together with those of the asymmetrically substituted [Ni(R-phedt),]°

Complex M-S sSC c=C Cation Reference
[Ni(dphedt),]° 2.10 1.71 1.37 - 2b
212 1.70 1.41 - 23
[Ni(dphedt), 214 1.75 1.34 [NBu,J* 21a
2.14 1.77 1.34 [NEtJ* 21b
[P(dphedt),] 226 1.73 1.38 [NBu,J* 22
[Ni(Bu-phedt),]° 2.12 1.71 1.36 - 20b
[Ni(CsHyCH,-phedt),]° 2.12 1.71 1.37 - 20b

2.2.7.2 Tris(dphedt) complexes

Structural data for the neutral complexes [M(dphedt);] (M =V, Re) have been
reviewed, together with the electron transfer ability of the series M =V, Mo, W,
Re [2b]. They usually display the sequence [M(dphedt);]>2~—0. In particular,
[W(dphedt);] exhibits in dmnf solution two reversible one-electron reductions
(Eg_ = 054 V; E%,_ = -1.13 V, vs. SCE) [2b]. Both the neutral derivative
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and its monoanion possess a trigonal prismatic geometry, and the passage from
[W(dphedt);]- to [W(dphedt);]° involves an increase of the W-S, S-C, and C=C
distances (by 0.03 A, 0.05 A, and 0.02 A, respectively) [18b]. It seems evident
that also in this case either the metal or the ligand is involved in the electron
transfer process.

2.2.8 R-phedt Complexes

2.2.8.1 Bis(R-phedt) complexes

A series of asymmetrically substituted Ni(II)-dithiolenes bearing a phenyl
group and either a butyl, or a cyclopentylmethyl, or a 4-pentylcyclohexyl group
have been characterised [20b]. The crystal structures of the complexes [Ni(Bu-
phedt),] and [Ni(CsHqCH,-phedt),] have been solved and the pertinent data are
collected in Table 8.

As a consequence of the electron-donating effect of the alkyl substituent, the
present complexes in CH,Cl, solution undergo reversibly the 2—/—/0 sequence
at slightly more negative potential values than [Ni(dphedt),] (R = Bu: Eg,_ =
-0.13 V, E®,_ = -0.96 V; R = CH,CsHq: Ej_ = -0.13 V, E%), = -097 V;

R = CsH,,C¢H,o: B3 =—0.14 V, E%),_=—0.98 V; V, vs. Fc/FcH).

2.2.9 tfmedt Complexes (better known as “tdf”)

2.2.9.1 Bis(tfmedt) complexes

Among complexes [M(tfmedt), ], the Ni, Pd, Pt derivatives usually exhibit
the reversible sequence 2—/—/0, the Cu, Co, Fe complexes only undergo the 2—/—
process, and the Au complex is stable only as monoanion [2b].

Wishing to point out the structural variations following the electron transfer
processes, we dwell upon the square planar couple [Ni(tfmedt),]0-, a few
selected structural parameters of which are collected in Table 9.

Table 9. Selected bond distances (average values, A) in the couple [Ni(tfmedt),]-

Complex Ni-S  S-C C=C C-Cqpy Cation Reference

[Ni(tfmedt),]° 212 171 1.38 1.48 - 25

[Ni(tfmedt),]~ 2.14 170 1.40 1.47 [C,H,I* 24a
213 1.72 1.36 1.50 [PTZ]ta 24b
214 173 1.35 1.51 [Fe(CsMes), ]t 24c

a PTZ = phenothiazine



18 Piero Zanello and Emanuela Grigiotti Chapter 1

The slight structural variations occurring at the ligand frame suggest that
the electron transfer involves orbitals which are substantially contributed by
the ligand. Further support to such a proposal comes from the electrochemi-
cal finding, that in MeCN solution the ligand-centred reversible reductions
[Ni(tfmedt),]%~/2- are followed by a further reversible one-electron step at very
negative potential values (E°’=-2.34 V, vs. SCE), which proved to generate the
Ni(I) trianion [Ni(tfmedt),]3- [26].

It has been briefly reported that the square-pyramidal [27] dianion
[MoO(tfmedt),]?~ undergoes in MeCN solution the (common) sequence
[MoO(tfmedt),]2/-/0 [12], but no structural data are available for any of the
oxidised members of the family. The crystal structure of [WO(tfmedt),]?- is also
known [27].

2.2.9.2 Tris(tfmedt)complexes

The trigonal prismatic dianions [M(tfmedt);]>~ (M = Mo, W) undergo, in
MeCN solution, two reversible one-electron oxidations [2b].

The crystal structures of all the members of the redox family [Mo(tfmedt);]2~-/0
are available and selected structural parameters are reported in Table 10 [27, 28].

Table 10. Selected bond distances (average values, A) in the redox family
[Mo(tfmedt);]2~/-/0

Complex M-S S-C C=C Cation Reference
[Mo(tfmedt);]° 2.35 1.70 1.36 - 27
[Mo(tfmedt);]- 2.37 1.72 1.37 [Fe(CsMes),]* 28
[Mo(tfmedt);]2~ 2.37 1.74 1.33 [NEt,]* 27
2.38 1.74 1.36 Fe(CsMes),]* 28
[W(tfmedt);]2- 2.37 1.74 1.34 [NEt,]* 27

Once again, the (slight) variation of the interatomic distances with the
overall charge appears like extended along the whole metallacycle fragments.
Infact, the most significant structural differences inside the three members
reside in the extent of trigonal prismatic geometry. The neutral complex
adopts a perfect trigonal prismatic structure; the monoanion also possesses a
nearly perfect trigonal prismatic structure; the dianion is significantly distorted
(6= 16°) [27, 28].
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2.2.10 dcmedt Complexes
2.2.10.1 Bis(dcmedt)complexes

The crystal structures of the square planar anions [Ni(dcmedt),]- and
[Ni(dcmedt),]?~ are known [29], even if the pertinent electrochemical data are
not available. Passing from the dianion to the monoanion, The Ni-S and S-C dis-
tances undergo a slight decrease (by 0.04 A and 0.02 A, respectively), whereas
the C=C and the peripheral C=0 distances remain substantially unaltered [29b].
These data suggest that the extra electron is removed from a molecular orbital
contributed by both the metal and the ligand.

The square-pyramidal dianion [MoO(dcmedt), ]2~ undergoes in MeCN solution
a reversible one-electron oxidation (E°* = —0.03 V, vs. Ag/AgCl), followed by a
further irreversible oxidation (E, = +0.82 V) [30a]. Nothing is known about the
redox activity of the square-pyramidal monoanion [TcO(dcmedt),]~ [30b].

2.2.10.2 Tris(dcmedt)complexes

The (slightly) distorted trigonal prismatic geometry of the dianion
[Mo(dcmedt);]?- is shown in Figure 6, together with its cyclic voltammetric
profile in CH,Cl, solution [30a,c].

It undergoes two reversible one-electron oxidations (ES',_ = +0.02 V; E?); =
+0.42 V, vs. SCE), which support the stability of the corresponding monoanion
and neutral derivatives [30a,c].

Even if not strictly pertinent to the present review, we would mention that
crystal the structure and electrochemistry of the spectacular hexanuclear

complex [Pd(dcmedt),]4 are available [31].

(@) (b)

E (V, vs. SCE)

-0!25 +OI.25 +0?75

Figure 6. (a) X-Ray structure of [Mo(dcmedt);]2~. Average interatomic distances: Mo-
S=239A4;CS=174A; C=C =135 A; C-Cicoome) = 1.49 A. Twist angle ¢ = 15°.
(b) Cyclic voltammetric behaviour of the dianion in CH,Cl, solution.
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2.2.11 thedt Complexes
2.2.11.1 Bis(thedt) complexes

[Ni(thedt),] gives rises in CH,Cl, solution to two one-electron reductions
(Eg- = +0.13 V; E2),_ = —0.66 V, vs. SSCE) and a one-electron oxidation
(Eg)+ = +1.08 V), all having features of chemical reversibility [32].

2.2.12 atedt Complexes
2.2.12.1 Bis(atedt) complexes

A few [Ni(atedt),]>~ complexes can display up to three reversible one-
electron processes, which have been assigned to the sequence [Ni(atedt),]*/0~/2-,
Nevertheless, since the cyclic voltammogram of [Ni(C,;H,;-tedt),] [34a] could
be better interpreted as due to the sequence [Ni(C,,H,3-tedt),]2**/0~ and in view
of important discrepancies with the electrochemistry of [Ni(CH;-tedt),]~ [33b],
we prefer to set the redox sequences exhibited by [M(atedt),]* (M = Ni, Pd, Pt)
within the series [Ni(atedt),]2*/+/0/~/2- Table 11.

Table 11. Formal electrode potentials (V, vs. SCE) for the redox processes exhibited by
[M(atedt), ]~ complexes

M alkyl group E®,,,, E%y E>,_. E°_,_ Solvent Reference
Ni CH; - +0.78 —-0.09 - CH,Cl, 33a
CH; - - +0.05 -0.72 dmf 33b
C4Hy +1.12 +0.77 —-0.08 - CH,Cl, 34a
CeH i3 +1.11 +0.76 —-0.08 - CH,Cl, 34a
CyHys +1.12 +0.76 —-0.11 - CH,Cl, 34a
Pd CH;4 - - +0.13 —-0.50 dmf 33b
Pt CH;,4 - - +0.14 —0.64 dmf 33b

2.2.13 dfcedt Complexes

2.2.13.1 Bis(dfcedt) complexes

As illustrated in Figure 7, the tetraferrocenyl-substituted dithiolate
[Ni(dfcedt),] [35] undergoes in CH,Cl, solution, four separate one-electron
oxidations (Eg); =—0.02 V; E3)p, =+0.15 V; ES}, 5, =+0.28 V; ES} 4, = +0.49V,
vs. Fc/Fct), which are attributed to the gradual oxidation of the four ferrocenyl
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subunits, and two one-electron reductions (Eg_ = —0.67 V; E2),_ = -1.43 V)
centred on the Ni-dithiolene core [36].

The result is significant in that proves that the central NiS,C, group does not
create a barrier to the mutual electronic interaction among the four ferrocene
subunits.

bt %
N
Ni
s/ N\,
Fe Fe

E (V, vs. Fc/Fct)
|

| 1 1 I
-1.0 0.0
Figure 7. Differential pulse voltammogram recorded in CH,Cl, solution of [Ni(dfcedt),].

Anodic scan: [NBu,][B(C¢F5),] supporting electrolyte; cathodic scan: [NBuy][PF]
supporting electrolyte.

2.2.14 dcnedt Complexes (better known as “mnt”)

2.2.14.1 Bis(dcnedt) complexes

The square planar complexes [M(dcnedt), ]~ (M =Ni, Cu, Pd, Pt, Au) undergo
partially or completely the electron transfer sequence [M(dcnedt),]>~-/0,
Table 12.

As a consequence of the reversibility of these processes, the crystal structures
of different [M(dcnedt), ]2/~ couples are available. In particular, a lot of structural
data exist for [Ni(dcnedt),]2~~ as a function of the nature of the counter-cations.
Figure 8 just exemplifies that in both oxidation states the square planar geometry

Figure 8. X-Ray structures of: (a) [Ni(dcnedt),]*—; (b) [Ni(dcnedt),]~.
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Table 12. Formal electrode potentials (V, vs. SCE) for the redox processes exhibited

by [M(dcnedt),]*.
M & o o Solvent Reference
Ni +1.02 +0.23 -1.68 MeCN 2b, 26
- +0.49 - MeCN 37a
+1.044 +0.09 - MeCN 37b
- +0.23 ~1.74 dme? 26
- +0.21 - dmf 2b
- +0.12 - CH,Cl, 2b
Pd - +0.46 - MeCN 2b
+0.70 +0.26 - MeCN 37b
- +0.44 -1.90 MeCN 37c
+1.16 - - CH,Cl, 37¢
Pt - +0.21 - MeCN 2b
+0.94 +0.06 - MeCN 37b
+1.07 +0.22 241 MeCN 37c¢
Cu - +0.34 - MeCN 2b
+1.184 +0.19 —0.85 MeCN 37b
Au - —0.42 - MeCN 2b
+1.10 -0.93 - CH,Cl, 37d

a Peak-potential value for irreversible processes; ¢ 1,2-dimethoxyethane

is maintained [38f] and Table 13 summarizes how some interatomic distances
vary with the electron addition/removal.

As in most previous cases, the variations of the bond lengths are minimal
and extended along the whole molecular frame, thus once again supporting the
substantially ligand centred nature of the electron transfer. Also in this case, such an
assumption is supported by the electrochemical detection of the [Ni(dcnedt), 23~
reduction step and the concomitant EPR characterization of the trianion as a
Ni(I) species [40].

Crystallographic data for the square planar couples [Pd(dcnedt),]?>~~ and
[Pt(dcnedt), ]2/~ are reported in Table 14.

Also in this case, the M(II)/M(I) process [M(dcnedt),]?/3~ occurs at very
negative potential values [40b].

In agreement with the preferred square planar coordination of Cu(III) ion, the
geometry of the monoanion [Cu(dcnedt), ]~ is square planar [2b]. The easy access
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Table 13. Selected bond distances (average values; A)
in the redox couple [Ni(dcnedt),]>-.

Complex Ni-S S-C C=C C-Ccny C=N Cation Ref.

[Ni(dcnedt),]>- 2.16 175 130 1.43 1.13 [NMe,]* 38a
217 175 133 141 1.13 [NMe,]* 38b
218 1.73 138 142 1.14 [TMPD]* @ 38¢c
217 174 135 144 1.14 [KOS]+? 38d
218 1.73 139 144 1.13 [Ag(PPh;),]*  38e
217 173 136 143 1.14 [NBu,J* 38f
217 173 136 143 1.14 [NMP]+¢ 38g
217 174 137 143 1.13 [MV]2+d 38h
218 173 138 143 1.14 [A]2te 38i
219 171 136 1.50 1.12 [DPD-Me]2t/ 381
217 174 136 143 1.15 [N-MeA]* 8 38m

[Ni(dcnedt),]|- 2.15 171 136 143 1.14 [PMePh;]* 39a
215 172 137 143 1.13 [NEt,]* 38f
215 172 137 143 1.14 [C/H,T* 39b
215 171 131 143 1.15 [TMPD]* @ 39¢c
214 172 134 144 1.12 [NMe;Ph]* 39d
215 1.72 137 144 1.13 [TTM-TTF]*" 39
215 170 140 143 1.12 [Fc#]ti 39f
214 171 137 142 1.15 [Fet1H! 39¢g
214 171 137 144 1.14 [Fciptm 39g
215 171 140 1.40 1.17 [Etpy]* 3%h

215 171 139 144 1.13 [(DT-TTF),]*7 39
215 171 134 145 1.14  [Na(15-crown-5)]* 391

215 171 137 143 114 [NOl*®  39m
215 171 136 143 114  [C3H;3-N,0,]*7 39n
214 170 138 146  LI1 [BrFBzPy]* ¢ 3%
215 171 136 144 114 [FbzPyl*r  39p
214 172 136 143 114 [AMPY]*s  39q

213 1.71 135 1.43 1.15 [FbzPyNH,]*?  39r

a TMPD = N,N,N’,N’-tetramethyl-p-phenylendiamine; ® KOS = 1-ethyl-4-carbomethoxypyridine;
¢ NMP = N-methylphenazine; ¢ MV = methyl viologen = 1,1’-dimethyl-4,4’-bipyridine;
¢ A = trans-4,4’-(1,2-ethendiyl)bis[1-(3-cyano-propyl)pyridine]-dibromide; / DPD-Me = trans-
4,4-azobis(1-methyl-pyridine); & N-MeA = N-methylacridine; # TTM-TTF = tetra(methylthio)
tetrathiafulvalene; ! Fc# = 1,1’-bis[2-(4-methylthio)phenylethenyl]ferrocene; / Fct = 2,2°, 3,3°,
4,4, 5,5’ -octamethyl-1,1’-bis(methylthio) ferrocene; ™ [Fci] = 2,2°, 3,3°, 4,4°, 5,5’-octamethyl-
1,1°-bis(fert-butylthio)ferrocene; ” DT-TTF = dithiopheno-tetrathiafulvalene; © NO,ql = 1-(4-
nitrobenzyl)quinoline; » C3H,3-N,0, = 2-methyl-1-(4-nitrobenzyl)pyridine; ¢ BrFBzPy = 1-(4’-
bromo-2’-fluorobenzyl)pyridine;”’FBzPy=1-(4’-fluorobenzyl)pyridine; S AMPY=4-aminopyridine;
! FbzPyNH, = [1-(4’-fluorobenzyl)-4-aminopyridine]
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Table 14. Selected bond distances (average values; A) in the redox couples
[M(dcnedt), ]~ (M = Pd, Pt)

Complex M-S S-C C=C C-Cny C=N Cation Ref.
[Pd(dcnedt),]>- 2.30 1.73 138 143 1.14 [MV]2t+a 41a
229 1.72 139 145 1.14 [ITTF]}*? 41b
230 1.74 134 144 1.14 [Pt(CNMe),]** 41c
[Pd(dcnedt),]- 226 1.71 134 146 1.10 [(Perylene),]* 42a
229 173 139 145 1.14 [K]* 42b
228 1.71 140 143 1.13 [NH,]* 42b
[Pt(dcnedt),]>~ 228 1.72 136 140 1.16 [NBu,J* 43a
228 1.71 142 143 1.15 [PhCNSSN]*¢ 43b
230 1.73 136 144 1.15 [Pt(Me,pipdt),]>* 4 43¢
231 175 135 141 1.14 [Pt(CNMe), )%+ 41c
229 e e e e [Pt(NH,Oc),]?*/ 43d
[Pt(dcnedt),]- 226 1.70 139 143 1.14 [Rb]* 44a
227 170 1.39 142 1.14 [H;01* 44b
227 1.71 138 143 1.15 [NEt,]* 44b
226 1.71 139 142 1.16 [(p-CICcH,CNSSN),ClI]*e 43a
227 1.71 137 143 1.13 [TTM-TTF]**# 39
226 1.70 138 142 1.15 [Feilti 39h
227 172 137 143 1.14 [(DT-TTF),]*/ 391
226 e 136 e 1.13 [Pt(NH,Oc),)?*/ 44c

aMV=methylviologen=1,1’-dimethyl-4,4’-bipyridine; ITTF=4-iodo-tetrathioful-valene;
PhCNSSN = 4-Phenyl-1,2-dithia-3,5-diazole; 4[Pt(Me,pipdt),]** = N,N’-dimethyl-
piperazine-2,3-dithione-Pt(I); ¢not reported; /[Pt(NH,Oc),]?>* = octylamine-Pt(IV);
&(p-CIC¢H4CNSSN),Cl = bis(4-(4-chlorophenyl)- 1,2-dithia-3,5-diazole; "TTM-TTF
= tetra(methylthio)tetrathiafulvalene; [Fci] = 2,2°, 3,3°, 4,4°, 5,5’-octamethyl-1,1’-
bis(tert-butylthio)ferrocene; /DT-TTF = dithiopheno-tetrathiafulvalene;

to [Cu(dcnedt),]?~ allowed its isolation and crystallographic characterisation,
Table 15.

The significant elongation of the Cu-S bond upon one-electron reduction
seems to support its Cu(IlI)/Cu(Il) nature. Further support arises from the fact
that, in some cases, the dianion [Cu(dcnedt),]?~ displays a tetrahedrally distorted
geometry. In this connection, Table 15 also reports the interatomic distances of
the tetrahedral dianion [Zn(dcnedt),]?.
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Table 15. Selected bond distances (average values; A) and dihedral angles (°) in the
redox couple [Cu(dcnedt),]2~~ and [Zn(dcnedt),]?-

Complex M-S S-C C=C C-Ccn C=N o Cation Ref.
[Cu(dcnedt),]- 2.17 1.72 1.31 1.43 1.14 - [NBu,J* 45
[Cu(denedt),]>- 227 1.73 136 143 1.14 - [NEt,J* 46a
228 173 136 143 1.14 - [NBuy]* 46b
225 173 136 143 1.13 474 [MB]*4 46¢
228 174 134 144 1.13 - [NMP]*4  46d
226 174 134 145 1.13 41.1 [NMe,]* 46¢
227 173 136 142 1.15 - [Fe(CsMes),]*t  46f
[Zn(dcnedt),]>- 233 1.74 136 143 1.14 83.9 [AsPh,]* 47a
233 173 138 143 1.14 81.8 [MV]2+e 47b
232 173 136 142 1.15 90 [N-MeAJ*d  38m

a MB = methylene blue = 3,9-bis(dimethylamino)phenazothione; ® NMP = N-methyl-phenazine;
¢ MV = methyl viologen = 1,1’-dimethyl-4,4’-bipyridine; ¢ N-MeA = N-methylacridine

As far as the gold complex is concerned, the only structural data are concerned
with the square planar Au(III) monoanion [Au(dcnedt),]~ [37d, 39i, 42a, 48].

The square planar Co(II) dianion [Co(dcnedt),]>~ undergoes in thf solution
either a reversible one-electron reduction (ES'_;_=-1.83 V, vs. SCE), or a one-
electron oxidation (E5'_,_ = —0.02 V), which is followed by slow dimerisation
to [Co(dcnedt),],2~ [49]. In agreement with the slowness of the dimerization
reaction and the electrochemical reversibility of the [Co(dcnedt),]?~~ process,
the isolated monoanion maintains a square planar geometry [39h]. The
interatomic distances for the couple [Co(dcnedt),]2~ are compiled in Table 16,
and, also in this case, they support the substantial ligand-centered nature of the
unpaired electron.

Concerned with the electrochemical behaviour of [Zn(dcnedt),]?—, it has
been briefly reported that in MeCN solution it undergoes an (obviously ligand-
centred) irreversible oxidation (Ep,_._) = +1.00 V, vs. SCE) [47a, 38i].

The dianions [MoO(dcnedt),]2~ [12, 51] and [WO(dcnedt), ]2~ [52] exhibit the
square pyramidal geometry typical of [MO(dithiolene),]*. [MoO(dcnedt),]>~
undergoes a one-electron oxidation, which displays features of chemical
reversibility in the cyclic voltammetric time scale (E;',_ = +0.35 V, vs. SCE,
in CH,Cl, solution [53a]; E3',_ = +0.40 V, vs. SCE, in MeCN solution [53b]).
Macroelectrolysis tests prove however that the electrogenerated monoanion
slowly disproportionates to [Mo(dcnedt);]?- (see below) [53b].
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Table 16. Selected bond distances (average values; A) in the redox couple
[Co(dcnedt), ]2~

Complex Co-S S-C C=C C-Ccny C=N Cation Reference
[Co(dcnedt),]- 2.16 1.72 134 1.40 1.15 [NBu,]* 50a
2.16 172 137 1.44 1.13 [BQ)**a 50b

225 173 1.36 1.43 1.13  [Cu(tim)]?+?® 50¢
219 173 137 1.42 1.14  [Ni(tim)]2+b 50c
[Co(dcnedt), ]~ 219 1.71 1.36 1.43 1.14 [Fct]te 39h
218 1.72 134 1.43 1.14 [Fci]+d 39h

a[BQ] = 6,7,8,9-tetrahydrodipyrido[ 1,4]diazocene; ® tim = 2,3,9,10-tetramethyl-1,4,8,1-
tetraaza-cyclo-tetradeca-1,3,8,10-tetraene; ¢ Fct = 2,2°, 3,3°, 44°, 5,5’ -octamethyl-
1,1’-bis(methylthio)-ferrocene; ¢ [Fci] = 2,2°, 3,3, 4,4°, 5,5’-octamethyl-1,1’-bis(tert-
butylthio)ferrocene

Finally, the (likely square pyramidal) anions [MO(dcnedt),]~ (M = Tc, Re),
in MeCN solution display a reversible one-electron reduction (M = Tc: E®),_
=-0.64 V; M = Re: E2),_ = -1.05 V, vs. SCE), and a reversible one-electron

oxidation (M = Tc: E2)y = +1.73 V; M = Re: E?%); = +1.76 V) [6a], whereas

[VO(dcnedt), ]2~ only exhibits, in CH,Cl, solution, a reversible one-electron
oxidation (ES',_=+0.40 V, vs. SCE) [53a] .

2.2.14.2 Tris(dcnedt) complexes

The redox ability of the tris-chelates [M(dcnedt);]*~ (M =V, Cr, Fe, Co, Mo,
W, Re) is long known [2b, 54]. From the structural viewpoint, they usually
display geometrical arrangements ranging from octahedral (M = Fe [55a])
to distorted trigonal prismatic (M = V, Mo, W [55 b,c]). For example,
[Cr(dcnedt);]3~ undergoes two reversible one-electron oxidations (MeCN:

Table 17. Selected bond distances (average values; A) in the redox couples
[Cr(dcnedt);]3~/2- and [Ru(dcnedt);]3-/2-

Complex M-S S-C C=C C-Cqcny C=N ) Cation

[Cr(dcnedt), - 2.39 1.73 1.35 1.43 1.14 a [PPh,]*
[Cr(dcnedt);]2 2.34 1.73 1.33 1.45 1.13 a [PPh,]*
[Ru(dcnedt); >~ 2.35 1.71 1.39 1.43 1.13 50.2  [NEt,]*
[Ru(dcnedt);]2- 2.34 1.72 1.36 1.43 1.13 47.1 [AsPh,]*

a Not reported
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Figure 9. (a) X-Ray structure and (b) cyclic voltammogram (glassy carbon electrode;
CH,Cl, solution; scan rate 0.1 Vs~!) of [Ru(dcnedt);]>~ ([AsPhy]" cation).

$ - =40.16 V; ES',_=+0.76 V, vs. SCE) [2b], and the crystal structures of the
redox couple [Cr(dcnedt);]3—/2- are available, Table 17 [56].

Both the complexes are described as octahedral. The significant variations
of the Cr-S distance in this case seem to support a chromium centered [Cr(IV)/
Cr(V)] process.

In this connection, however, complex [Ru(dcnedt);]>~ probably better
accounts for either the redox and structural properties of this class of compounds.
In fact, as shown in Figure 9, it undergoes in CH,Cl, solution two one-electron
reductions (E5' 5_ = —0.70 V; E§' 4,_ =-1.71 V, vs. Fc/Fc*) and a one-electron
oxidation (ES,_ = +0.03 V), all displaying features of chemical reversibility in
the cyclic voltammetric time scale [57].

In the longer times of exhaustive electrolysis, only the trianion proved to
be quite stable. The crystallographic data of the couple [Ru(dcnedt);]3—/2- are
compiled in Table 17 [57]. The variations in the interatomic distances are
minimal. The most significant structural change probably resides in the twist
angle between the two S3 triangles. In fact it passes from 50.2° in the trianion to
47.1° in the dianion. Taking into account that for a perfect octahedron ¢ = 60°,
whereas for a perfect trigonal prism ¢ = 0°, it ensues that the electron removal
causes the molecular frame to pass from an (almost perfect) octahedron to a
trigonally distorted octahedron.

2.2.15 dichedt, dibzedt Complexes

2.2.15.1 Bis(dichedt) and bis(dibzedt) complexes

The square planar complexes [Pd(dichedt),] and [Cu(dibzedt),]?" have been
crystallographically characterised [58], but no electrochemical data are available.
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2.3 mtadt Complexes
2.3.1 Bis(mtadt) complexes

In MeCN solution, the square pyramidal monoanion [TcO(mtadt),]~ [59]
exhibits a reversible one-electron reduction (E°),_=—-1.35V, vs. SCE) [6a]. The

isoelectronic [ReO(mtadt),] is harder to reduce (E°),_ = —1.84 V), but, as a

consequence, easier to oxidise (E%), = +1.23 V) [6a].

2.4 dodt Complexes
2.4.1 Bis(dodt) complexes

The dithioxalato ligand dodt constitutes a special case of dithiolene ligand,
in that in its bis- or tris-chelates the a-diketone group can simultaneously
coordinate more than one metal ion [60a]. Even in [K,Ni(dodt),], the dianion
[Ni(dodt),]?- strongly interacts with the K* ion via the dioxo group such to form
a true adduct (K-O = 2.77 A) [60a].

Structural data exist for complexes [M(dodt),]?~ (M = Ni, Pd: n = 2, square
planar [60a,b]; M = Pt: n = 3, square planar [60b]; M = Zn, n = 2, tetrahedral
[60c)).

It has been recently mentioned that the Ni and Pd dianions (unexpectedly)
do not show reversible redox processes [60a]. In contrast, the dianion
[Cu(dodt),]*~ undergoes in CH,Cl, solution a one-electron oxidation
(ESL,_ = +0.13 V, vs. SCE) [60d]. Even if such a process is accompanied
by slow chemical complications (at slow scan rate the ip/i,, ratio is
significantly lower than 1), fast precipitation of [Cu(dodt),]~ blocks such
decomposition. In fact, the crystal structure of the redox couple [Cu(dodt),]?/~
is known [60d,e]. Both the complexes have a square planar geometry; the
passage from the dianion to the monoanion causes a significant shortening of the
Cu-S bond length (by 0.09 A), whereas the intraligand distances undergo minor
variations (of the order of 0.02 A). These results support the formal assignment
as [Cull(dodt),]?~ and [Culll(dodt),]~, respectively.

As far as the square pyramidal oxoanions are concerned, the crystal structures
of [MoO(dodt), ]2~ [60f] and [ReO(dodt),]~ [60g] are available. The monoanions
[MO(dodt),]- (M =Tc, Re) exhibit in MeCN solution two reversible one-electron
reductions (Tc: E®),_=-0.75V, E§! 5_=-1.56 V; Re: E%),_=-0.94 V,E5' 5_=
—-1.35V, vs. SCE) and two reversible one-electron oxidations (Tc: E2)y = +1.91
V, E§), =+2.28 V; Re: E)y = +1.64 V, Ej), = +2.17) [6a].

2.4.2 Tris(dodt) complexes

As far as we know, the distorted octahedral geometry of the trianion
[Co(dodt);]3~ is available [60h], but nothing is known about its redox activity.
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3.0 1,2-DITHIOLATES FORMING LATERAL SINGLE RINGS
3.1 1,2-Dithiolates forming lateral four-membered rings
3.1.1 dtsq Complexes

3.1.1.1 Bis(dtsq) complexes

The square planar geometry of the dianion [Ni(dtsq),]?~ in [K,Ni(dtsq),] is
crystallographically ascertained [61a,b]. As it happens in [K,Ni(dodt),], the two
oxo groups of each ligand coordinate one K* counterion (K-O = 2.91 A). As
exemplified in Figure 10, complexes [M(dtsq),]>~ (M =Pt [61c], Pd [61d,e], Cu
[61f]) possess a square planar geometry.

The Pt dianion exhibits a partially chemically reversible one-electron
oxidation (E3',_=+0.58 V, vs. Ag/AgCl) [61b,c], whereas [Au(dtsq),]~ exhibits
a partially chemically reversible one-electron reduction [61b].

Figure 10. X-Ray structure of [Pt(dtsq),]*~ ((BEDT-TTF]" cation).

3.2 1,2-Dithiolates forming lateral five-membered rings
3.2.1 dtcr Complexes
3.2.1.1 Bis(dtcr) complexes

We are not aware of crystal structures of bis(dtcr) metal complexes.
[Pt(dtcr),]?~ undergoes two one-electron reductions and a one-electron oxida-

Table 18. Formal electrode potentials (V, vs. SCE) for the redox processes
exhibited by complexes [M(dtcr),]2~ in MeCN solution

M 3 ES' ;- 34
Ni +0.47 -1.26 —1.44
Pd +0.66 ~1.26 —1.54
Pt +0.40 ~1.30 -1.50

@ Peak-potential for irreversible processes
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tion, all exhibiting features of chemical reversibility in the cyclic voltammetric
time scale [62a]. Similar behaviour is exhibited by the analogues [Ni(dtcr),]2
and [Pd(dtcr),]?. The relative formal electrode potentials are summarized in
Table 18 [62a].

EPR spectroscopy supports the substantial ligand centred nature of the
[M(dtcr),]2~~ process [62a].

3.2.1.2 Tris(dtcr) complexes

A few [M(dtcr);]3- trianions (M = Cr, Fe, Co) have been characterised.
[Co(dtcr);]3~ displays a (almost perfect) octahedral geometry [62b].

All these complexes display in MeCN solution a reversible one-electron
oxidation (M = Cr: E§',_=+0.47 V; M =Fe: E§' ,_=+40.15V; M= Co: E§',_
= +0.48 V, vs. SCE) and a one-electron reduction, which possesses features of
chemical reversibility only in the case of the Fe(II) complex (E§',_ = —0.59 V)
[62b].

3.2.2  dcmdtcr Complexes

3.2.2.1 Bis(demdtcr) complexes

Figure 11 shows the crystal structure of the dianion [Pd(dcmdtcr),]*~ present
in the adduct [NBuy],[Pd(dcmdtcr),]-I, [62a].

The PdS, core is planar, but the ligands are slightly inclined (about 4°) with
respect to the central plane.

[Cu(demdter),]?- exhibits a tetrahedrally distorted geometry (dihedral angle
36.8°) [63].

Like the dianions [M(dtcr),]?-, complexes [M(dcmdtcr),]2~ (M = Ni, Pd, Pt)
exhibit two reversible one-electron reductions and a one-electron oxidation,
Table 19 [62a].

It is interesting to note that, with respect to the related [M(dtcr),]?~ derivatives,
the cyano-substituted complexes are more difficult to oxidize by about 0.2 V, but

Table 19. Formal electrode potentials (V, vs. SCE) for the redox processes
exhibited by complexes [M(dcmdtcr),]?~ in MeCN solution

M o/ ES ;5- 34—
Ni +0.664 -0.70 -0.94
Pd +0.744 -0.66 —0.85
Pt +0.584 -0.69 —-0.94

a Peak-potential for oxidation processes affected by electrode
adsorption
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Figure 11. X-Ray structure of [Pd(dcmdtcr),]>~ ([NBuy]* cation). Average bond dis-
tances: Pd-S =2.30 A; S-C=1.70 A; C1-C2 = 1.38 A; C-Cy;p) = 1.47 A;C=0=122A4;
C4-C6=1.35 A, C_C(CN) =143 A

notably easier to reduce by about 0.5 V. Also in this case, EPR spectroscopy
confirms the substantial ligand centered nature of the [M(dcmdtcr),]2~/~ process
[62a].

3.2.2.2 Tris(dcmdtcr) complexes

Like the trianions [M(dtcr);]3~ (M = Cr, Fe, Co), the corresponding complexes
[M(dcmdter);]3- (M =Cr, Fe, Co) have been characterised [62b]. [Fe(dcmdtcr);]3-
displays either a reversible one-electron oxidation or a reversible one-electron
reduction, both the processes being anodically shifted by about 0.3 V with
respect to [Fe(dtcr);]3— (ES - = +0.30 V; E' 4 = —0.31 V, vs. SCE) [62b].
A similar shift in redox potentials occurs for the oxidation [M(demdtcr);]3—/2-
(M =Cr, Co) [62b].

3.2.3 dhtpdt, tpdt Complexes
3.2.3.1 Bis(dhtpdt) and bis(tpdt) complexes

The unsaturated square planar monoanion [Au(tpdt),]~ and its isomer [Au(o-
tpdt),]~ undergo in CH,Cl, solution a reversible one-electron reduction (E°’=
—0.90 V and —1.16 V, vs. Ag/AgCl, respectively) and a one-electron oxidation
affected by electrode adsorption (E®' = +0.75 V and +0.46 V, respectively) [64].

In contrast, the (almost) planar saturated monoanion [Au(dhtpdt),]- only
displays in CH,Cl, solution the one-electron oxidation process affected by
electrode adsorption (E®), = +0.20 V, vs. Ag/AgCl) [64].

3.2.4 ttpdt Complexes
3.2.4.1 Bis(ttpdt) complexes

The square planar dianion [Ni(ttpdt),]?~ [65] undergoes at first, chemically
reversible, dithiolene-based, one electron oxidation (ES',_ = —-0.13 V, vs. Ag/
AgCl), followed by a second irreversible process (Ep _jo = 10.46 V). A reduc-
tion process is also present at negative potential values which is centred on the
terthiophene ligand [65].
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A roughly similar behaviour is displayed by [Pd(ttpdt),]2~ and [Au(ttpdt),]-
[65].

3.2.5 mdtdt Complexes (better known as “mdt”)

3.2.5.1 Bis(mdtdt) complexes

The monoanion [Ni(mdtdt),]~ possesses a tetrahedrally distorted planar geom-
etry (dihedral angle, 14.77°) [66]. In nitrobenzene solution it exhibits a chemically
reversible one-electron reduction (E®),_ = —0.55 V, vs. SCE) and a chemically

reversible one-electron oxidation (E%), = +0.08 V). A further oxidation process

(E, =+0.74 V) is affected by electrode adsorption phenomena [66].

3.2.6 dtodt Complexes (better known as “dmid”)

3.2.6.1 Bis(dtodt) complexes

The tetrahedrally distorted [Ni(dtodt),]2- [67a] undergoes a chemically revers-
ible oxidation to [Ni(dtodt),]~ (E3',_ =—0.33 V, in MeCN; [67b]; E;',_ = —0.25
V, in dmf [67¢,d]; V, vs. SCE). The monoanion is less distorted from the planar
geometry than the dianion [67b,e], but, as usual, the variations of the interatomic
distances along the whole molecular frame are minimal, Table 20.

Supported also by EPR spectroscopic data, it follows that the electron removal
is substantially centred on the dithiolene ligand [67¢].

[Pd(dtodt),]?~ undergoes a reversible one-electron oxidation (ES',_=-0.03 'V,
vs. SCE) [67D].

Table 20. Selected bond distances (average values; A) and dihedral
angles (°) in the couple [Ni(dtodt),]>-.

Complex Ni-S S-C  C=C  C-Siyeerring €0 « Cation Ref.
[Ni(dtodt),])>- 2.19 173 134 176 1.21 174 [NEt,]* 67a
[Ni(dtodt),]- 2.16 1.72 1.34 1.75 123 =2 [NBu,]* 67b
2.15 .72 135 1.74 1.20 10.7 [AsPh,]* 67e
214 171 1.31 1.73 121 - [Fe(CsMes),1t 67
216 172 136 1.74 .21 - [Mn(CsMes),]" 67g

3.2.6.2 Tris(dtodt) complexes

[W(dtodt);]>~ possesses a trigonally distorted octahedral geometry [68].
Like the Mo analogue, it undergoes two reversible one-electron oxidations,
Table 21 [68].
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Table 21. Formal electrode potentials (V, vs. Ag/AgCl) for the redox processes
exhibited by complexes [M(dtodt);]2~ in CH,Cl, solution

M . o A
Mo -0.02 +0.33 —1.44
w ~0.07 +0.27 ]

3.2.7 dttdt Complexes (better known as “dmit”)

3.2.7.1 Bis(dttdt) complexes

Dttdt metal complexes appeared in literature in the mid 1970’s and they still
constitute the most studied class of metallo-dithiolenes [2i,n].

The crystal structure of the Fe(III) anion [Fe(dttdt),]~ shows that it is dimer-
ised, thus giving rise to monoanion units that are not perfectly planar [69]. It is,
however, thought that in strong coordinating solvents (such as dmf, dmso, py)
dimerisation might be prevented. As a matter of fact, in dmf solution, the mono-
anion exhibits a reversible one-electron reduction (E°’ =-0.43 V, vs. SCE), and
an oxidation process affected by adsorption phenomena at the platinum electrode
(E, =+0.14 V). The cathodic process is attributed to the Fe(III)/Fe(II) reduction,
whereas the anodic process is attributed to a ligand-centred electron transfer
[68].

The dianion [Co(dttdt),]?~ possesses a tetrahedral geometry; in fact, the two
dithiolene ligands around the Co(II) centre form a dihedral angle of 98.1° [70].
The cyclic voltammetric behaviour of the dianion in CH,Cl, solution has been
reported, but the interpretation is doubted [70].

Let us now deal with the abundant series of Ni complexes. The monoanion
[Ni(dttdt),]~ undergoes a chemically reversible one-electron reduction and a one-
electron oxidation which is complicated by electrode adsorption phenomena.
Table 22 summarizes the formal electrode potentials of such electron transfer
processes in different solvents.

The dianion [Ni(dttdt),]>~ shows the typical planar geometry of this class
of complexes [72a], and in agreement with the electrochemical reversibility
of the 2—/—/0 changes, the same geometry is maintained by [Ni(dttdt),]~ and
[Ni(dttdt),]9, Table 23.

In confirmation of the extended delocalization of the electron transfers,
most distances inside the ligand remain essentially unaltered. Nevertheless, the
progressive shortening of the Ni—S bond suggests a significant contribution of
the metal d orbitals to the frontier orbitals.

At variance with [Ni(dttdt),]2- and [Pt(dttdt),]2-, [Pd(dttdt),]?~ only exhibits
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Table 22. Formal electrode potentials (V, vs. SCE) for the redox processes
exhibited by [Ni(dttdt), ]~

A o Solvent Reference
—023 +0.42 Me,CO 71°
-0.20 +0.194 MeCN 71°
—0.13 +0.224 MeCN 71b
-0.17 =+().24 MeCN Tlc
—0.14 +0.18 MeCN 71d
-0.25 - dmf Tle
-0.18 =~+(.34 dmf/MeCN (3:2) 7le

a Affected by electrode adsorption

a single oxidation. Literature reports are not unequivocal, describing such a
process either as a two-electron process complicated by electrode adsorption
[72c] or as a reversible one-electron process [75, 71e, 73m], Table 24.

The square planar geometry of the monoanion [Pt(dttdt),]~ is known [73e].

Like [Co(dttdt),]?-, the dianion [Cu(dttdt),]>~ possesses a tetrahedrally
distorted geometry (the dihedral angle between the two ligand planes is 57.3°)
[76]. In MeCN solution, it displays two close one-electron oxidations affected by
electrode adsorption (E,,_,_=+0.02 V; E,_,=10.08 V, vs. SCE) [76]. In view
of the preference of Cu(IIl) ion for planar geometry, it cannot be ruled out that
one of the two processes might be metal based.

The square planar monoanion [Au(dttdt),]- [67g, 77a-d] undergoes a one-
electron reduction having features of chemical reversibility in the cyclic
voltammetric time scale (E%),_ = —0.62 V, dmf solution [77a]; —0.60 V, MeCN
solution [77¢]; V, vs. SCE) and a one-electron oxidation {E, _, = +0.72 V
(coupled to electrode adsorption, in dmf solution) [77a]; E2), = +0.35 V, MeCN
solution [77¢]}.

Like the dianions [M(dttdt),]>~ (M = Co, Cu), [Zn(dttdt),]?~ also has a
tetrahedrally distorted geometry (the dihedral angle between the two ligand
planes is around 95°) [78].

The square pyramidal dianion [MoO(dttdt),]%~ [79] exhibits a first, chemically
reversible, one-electron oxidation (ES',_ = +0.12 V, vs. SCE) followed by a
second one-electron oxidation affected by electrode adsorption (E%), =+0.52 V)

[79].
The isostructural monoanion [ReO(dttdt),]- [80], undergoes in CH,Cl,
solution a partially chemically reversible one-electron reduction (E, _,_=-1.7

V, vs. SCE) and an irreversible one-electron oxidation (E;, _,=+0.9 V) [80].
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Table 23. Selected bond distances (average values; A)
in the redox family [Ni(dttdt),]2~/—/0

Complex Ni-S S-C« C=C C-S¢ S-Cb C=S Cation Ref.

Nidtde,- 222 175 139 171 173 168 [NBu,J* 72a
220 173 135 174 172 1.65 [NBu,J* 72b
219 174 133 174 172 1.65 [NHBu;]* 72c
219 174 134 175 172 1.66 [Oct-py]* ¢ 72d
219 173 135 174 172 165 [Rb(dchyl-18¢6)]* 4 72e
219 173 134 174 173 165 [Cs(dchyl-18¢6)]* 4 7T2e

Nidtdt)y,]- 216 172 135 173 173 163 [NBu,]* 73a
216 170 142 170 173 1.63 [DB-TTF]*e 73b
216 170 132 176 1.71 1.66 [BEDT-TTF]*/ 73c
216 172 135 174 174 1.62 [NEt,]* 73d
216 172 134 175 172 1.65 [NBu,J* 73e
2.16 171 136 174 172 1.65 [NMe,]* 73f
2.16 1.71 1.35 1.75 1.73 1.63 [NPr,]* 73f
2.16 1.71 136 174 173 1.66 [Fe(CsMes), ]t 73g
217 170 138 173 173 1.63 [tmiz]* & 73h
215 171 136 174 172 1.64 [DIPSPh,]* 4 73i
216 172 133 174 172 1.64 [Co(CsHs),]* 731
216 171 136 174 173 164 [PPN]*+/ 71a
2,16 1.71 136 174 173 1.64 [SmeEt,]* 71a
2.16 1.71 135 174 174 1.62 [PPN]*+¢ 73m
2.16 1.71 136 173 1.72 1.65 [EDAT*! 73n
217 172 136 174 173 1.64 [DMMP]*m 730
2.16 1.71 137 174 172 1.65 [DMPPEMP]*” 730
216 173 133 174 173 1.65 [DPD-Me]*© 381
216 172 135 174 173 164  [K(DA-18-crown-6)]*? 73p
2.16 171 135 174 173 1.64 [Rb(DA-18-crown-6)]"» 73p
215 173 135 174 172 1.65 [Rb(dchyl-18¢6)]* 4 T2e
216 171 135 175 173 1.63 [V]te 73q
216 1.71 134 175 172 1.64 [NBu,]* 73r
216 171 140 173 173 165 [Mn(C;sMes),]* 67g

[Ni(dttdt),]° 215 170 139 173 175 1.62 - 74
2.14 1.70 139 1.73 1.74 1.63 - T2¢

aInner ring; Pouter ring; cOct-py = N-octadecylpyridine; ddchyl-18c6 = dicyclohexyl-18-crown-
6; ¢DB-TTF = dibenzotetrathiafulvalene; /BEDT-TTF =
& tmiz = 1,2,3-trimethylimidazole; #!DIPSPh, = tetraphenyldithiapyranylidene; ‘PPN = bis(triphenyl-
phosphoranylidene); / EDA = 2-diethylamino-1,3-dithiolane; "DMMP = 4-(dimethylamino)-1-
methylpyridine; "DMPPEMP = 4-[2-(4-(dimethylamino)phenyl)ethenyl]-1-methylpyridine; °DPD-Me
= trans-4,4’-azobis(1-methylpyridine); PDA-18-crown-6 = 4,13-diaza-18-crown-6; 9V = 3-[4-(diethyl
methylamino)phenyl-1,5-diphenyl-6-oxoverdazole

bis(ethylenedithio)tetrathiafulvalene;
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Table 24. Formal electrode potentials (V, vs. SCE) for the redox processes
exhibited by [M(dttdt),]»~ (M = Pd, Pt) in MeCN solution

M A % Reference

Pd +0.074.5 - 74b
+0.05 - 75
+0.11 - 73m
-0.09 - Tle

Pt -0.08 +0.11 75
—0.27 - T1e

@ Peak potential value for a two-electron
process; b affected by electrode adsorption

An even more limited redox aptitude is exhibited by [VO(dttdt),]*~ (an
irreversible oxidation at E,=+0.19V, vs. SCE, in MeCN solution) [81].

3.2.7.2 Tris(dttdt) complexes

A few tris-chelate complexes [M(dttdt);]>~ (M = V, Mo, W, Re) have been
electrochemically characterised. The V and Re complexes exhibit the whole
sequence 3—/2—/—/0, whereas the Mo and W complexes only exhibit the sequence
2—/-/0, Table 25.

As a consequence of the chemical reversibility of the 2—/— electron transfer, the
structural data for the (almost) trigonal prismatic redox couples [W(dttdt);]2~~ and
[V(dttdt);]>~- are available (in the last couple the integral oxidation states could
be uncertain), Table 26.

As seen, the structural variations are minimal, thus once again supporting the
ligand centred nature of the respective anodic processes.

Table 25. Formal electrode potentials (V, vs. SCE) for the redox processes
exhibited by [M(dttdt);]»~ (M =V, Mo, W, Re)

M ES' o S % Solvent Reference

\4 —-0.78 +0.15 +0.654 MeCN 8la

Re -1.28 -0.63 +0.764 CH,Cl, 80

Mo +0.18 +0.384 dmf 82b
~0.01 +0.26 CH,Cl, 68

w +0.14 +0.324 dmf 82b

a Affected by electrode adsorption
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Table 26. Selected bond distances (average values, A) in the couples [M(dttdt);]n-.

Complex M-S S-C¢ C=C C-Sb S-Cb C=S Cation Reference
[V(dttdt);]- 236 170 138 174 173 163 [BEDT-TTF]*c¢ 8lb
[V(dttdt);]>- 238 1.73 134 175 172 1.66 [NMP]+4 81a
[W(dttdt);]~ 238 1.71 134 174 172 1.65 [Fe(CsMes),]* 82b
[W(dtd, - 239 173 134 173 172 165  [NBu* b

[Mo(dttdt);]>- 240 1.73 135 172 171 1.66 [NBu,]* 82a,b

a Inner ring; ¢ outer ring; ¢ BEDT-TTF = bis(ethylenedithio)tetrathiafulvalene; ¢ NMP
= N-methylphenazine

3.2.8 idudt Complexes (better known as “dmt”)
3.2.8.1 Bis(idttdt) complexes

In sharp contrast with the huge number of metal complexes of the dttdt
ligand, a limited number of complexes of the isomeric ligand idttdt have been
characterised.

A series of dianions [M(idttdt),]2~ (M = Ni, Pd, Pt, Cu) have been prepared,
but the only crystal structure we are aware of is that of the square planar
[Ni(idttdt),]*~ [83a,b].

All these complexes only display the reversible oxidation to the corresponding
monoanions, Table 27.

Comparison with the corresponding process for the [M(dttdt),]?~ analogues
shows that the actual complexes are slightly more difficult to oxidize by about
0.2V.

Table 27. Formal electrode potentials (V, vs. SCE) for the one-electron
oxidation of [M(idttdt),]*~ (M = Ni, Pd, Pt, Cu) in MeCN solution

M o Reference

Ni —0.07 83a
+0.20 83c¢
+0.06 71d

Pd +0.18 83a

Pt —0.08 83a

Cu +0.09 83a
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3.2.8.2 Tris(idttdt) complexes

To the best of our knowledge, the only crystal structure of tris-idttdt com-
plexes is concerned with [V(idttdt);]2- [84], which is substantially similar to that
of [V(dttdt);]~ [81]. No electrochemical data are in this case available.

3.2.9 R,-timdt complexes

3.2.9.1 Bis(R,-timdt) complexes

Figure 12 shows the square planar geometry of the neutral [Ni(Pr,-timdt),],
together with its cyclic voltammetric behaviour [85a,b].

In addition to the reversible sequence 0/—/2— exhibited by most
[Ni(dithiolene),]»~ complexes, it also undergoes a single two-electron oxidation
with features of partial chemical reversibility.

It is interesting to note that, as illustrated in Figure 13, the square planar
[Pd(Et,-timdt),] [85¢c] displays that five-membered sequence [Pd(Et,-timdt), ]2/

E (V, vs. SCE)

T T
12 -0.4 +0.4 +12
© (b)

Figure 12. (a) X-Ray structure (a) and cyclic voltammogram (Pt working electrode;
CH,Cl, solution; scan rate 0.1 V s71) (b) of [Nill(Pri,-timdt),].

E (V, vs. SCE)
T | L T
-0.8 00 +0.8

Figure 13. Cyclic voltammogram recorded at a platinum electrode in CH,Cl, solution of
[Pd(Et,-timdt),]. Scan rate 0.2 V s~1.
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Table 28. Formal electrode potentials (V, vs. SCE) for the redox processes
exhibited by [M(R,-timdt),] (M = Ni, Pd) in CH,Cl, solution

M R St E%% o o Reference
Ni Me +0.63¢  +0.63¢  _0.13 -0.59 85d
Et +0.78¢  +0.784 -0.11 -0.56 85a
+0.65 +0.65 -0.14 -0.59 85d
Pri +0.75¢  +0.754 -0.17 -0.65 85a
Bu +0.77¢  +0.774 -0.12 —0.59 85a
Ph +0.73 +0.73 —0.04 -0.53 85d
Pd Et +0.724  +0.724 0.00 —0.36 85c¢
+0.97 +0.71 -0.12 —0.49 85d
Ph +1.00 +0.74 +0.01 ~0.38 85d
Pt Me +0.914 +0.69 -0.06 -0.43 85d
Et +1.03 +0.74 -0.13 -0.59 85d
Ph +1.2b +0.74 -0.01 -0.51 85d

a Peak potential value for partially chemically reversible processes; ¢ overlapped by a
further oxidation

[Pd(Et,-timdt),]*/[Pd(Et,-timdt),]%/[Pd(Et,-timdt),]~/[Pd(Et,-timdt),]2-
theoretically expected for bis-dithiolenes (see Scheme 6) [85d].

As a matter of fact, concerned with the anodic path, inside the class [M(R,-
timdt),] (M = Ni, Pd, Pt), Ni complexes afford a single two electron removal,
whereas Pd and Pt complexes give rise two separate one-electron removals.
Table 28 compiles the formal electrode potentials for the whole redox changes
exhibited by the present derivatives.

In agreement with the electrochemical reversibility of the 0/— reduction,
the monoanion [Ni(Pri,-timdt),]~ maintains the square planar geometry of the
neutral precursor [85e]. The pertinent structural parameters show quite minimal
changes in bond lengths (the largest variation, 0.03 A, is concerned with the C=C
bond), which also in this case support the ligand centred nature of the electron
transfer process.

3.2.10 tdadt Complexes (better known as “tdas”’)

3.2.10.1 Bis(tdadt) complexes

The square planar dianion [Ni(dtadt),]>~ [86a] undergoes in MeCN solution

a quasireversible oxidation to the corresponding monoanion [Ni(dtadt),]~ (ES',_
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= +0.95 V, vs. SCE) [86b]. Crystallographic data on the monoanion seem to
support a slight departure from planarity because of its tendence to dimerise,
but structural data are not accessible [86¢]. Crystal data are available for the
monoanion [Fe(dtadt),]- [86c], but no electrochemical data are known.

3.3 1,2-Dithiolates forming six-membered lateral rings
3.3.1 bdt Complexes
3.3.1.1 Bis(bdt) complexes

As seen in most of the preceding cases, transition metal bis(bdt) complexes
commonly exhibit the 0/—/2— redox processes [2b]. For example, in dmf solution,
the formal electrode potential for the couple [Ni(bdt),]2~~ is —1.05 V, vs. Ag/
AgClO, [2b]. Both the members of the couple adopt a square planar geometry,
and also in this case the pertinent bond lengths show quite minimal variations. In
fact, on passing from the dianion to the monoanion, the Ni-S distance shortens
by 0.02 A, the S-C length elongates by 0.02 A, and the inner ring C=C distance
remains unvaried [87]. These data once again suggest that the electron transfer is
delocalised along the whole molecular frame.

A square planar geometry is also displayed by [Au(bdt),] obtained by
electrochemical oxidation of the monoanion [Au(bdt),]~ [88].

The redox couples of the square pyramidal oxo-complexes [MO(bdt),]2~~ (M
= Mo, W) have been crystallographically characterised (Mo: ES',_ = -0.35 V,
vs. SCE, in dmf solution [89a]; W: ES',_ =—-0.63 V, vs. SCE, in MeCN solution
[18b]). The related structural data are compiled in Table 29.

Once again, the relative increase of the M=0O distance upon one-electron
reduction with respect to the metal-ligand and intraligand distances is diagnostic
of metal-centred processes.

Table 29. Selected bond distances (average values; A) in the redox couples
[MO(bdt),]2~~ (M = Mo, W)

Complex M-S S-C C=Ca M=0 Cation  Reference
[MoO(bdt),]>- 2.39 1.77 1.39 170 [NEt]* 89a
[MoO(bdt),]- 2.38 1.76 1.40 1.67  [PPh,J* 892
[WO(bdt),]* 2.37 1.76 1.38 173 [NBt]* 89¢
[WO(bdt),]- 2.37 1.76 1.39 1.69 [PPh,]* 89¢

4 Inner ring
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3.3.1.2 Tris(bdt) complexes

Structural data are available for the (distorted) octahedral anions [Zr(bdt);]*~
[90a], [Nb(bdt);]- [90b], and [Ta(bdt);]- [90c], and [Tc(bdt);]- [90d]. The
electrochemical The electrochemical irreversibility of the 2—/— redox change in
these complexes testifies that they are the only stable members of their potential
redox families [91].

As far as we know, the only stable redox couples of the [M(bdt);]*~ complexes
are concerned with the M = Mo, W families. The neutral [Mo(bdt);] undergoes in
CH,Cl, solution two sequential reversible reductions to the corresponding mono-
and di-anions, respectively (Eg_ = +0.20 V; E%,_ = -0.39 V, vs. SCE) [92a].
Table 30 compares the bond distances in the neutral and monoanion complexes.

With respect to the trigonal prismatic geometry of the neutral complex, the
one-electron addition causes a geometrical reorganization intermediate between
trigonal prismatic and octahedral.

In turn, the dianion [W(bdt);]?~ undergoes in MeCN solution two reversible
oxidations to the corresponding monoanion and neutral complexes [93c]. The
crystallographic data of the couple [W(bdt);]2~/~ are reported in Table 30.

In both the Mo and W redox couples, the frontier orbitals look like metal and
ligand based.

Table 30. Selected bond distances (average values; A) and twist angles (°)
in the redox couples [M(bdt);]"~ (M = Mo, W)

Complex M-S S-C C=Ca ) Cation Reference
[Mo(bdt);]1° 2.37 1.73 1.41 0 - 92b
[Mo(bdt);]~ 2.38 1.72 1.38 33.5 [PPh,]* 92a
[W(bdt);]- 2.37 1.71 1.39 33 [PPh,]* 93a
2.39 1.78 1.42 b [NMe,]* 93b
[W(bdt);]2- 2.39 1.75 1.40 3.5 [NEt,]* 93¢
2.39 1.72 1.39 b [AsPh,]* 93d

a Inner ring; ¢ not reported

3.3.2 X-bdt Complexes

3.3.2.1.1 Bis(4-Me-bdt) Complexes (better known as “tdt”)

The electrochemical behaviour of a number of [M!(4-Me-bdt),]>~ (M = Mn,
Fe, Co, Ni, Cu, Zn) complexes has been investigated [94]. But for the Zn(II)
complex, all the dianions undergo the chemically reversible oxidation to the
corresponding monoanions, Table 31.
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Table 31. Formal electrode potentials (V, vs. SCE) for the redox processes
exhibited by [M!(4-Me-bdt),]*~

M E”, E®_, Solvent Reference

Mn —0.63 +0.224 MeCN 94a
—0.81 - dmf 94b,c
—0.68 - CH,Cl, 94b,c
-0.67 - C,H,Cl, 94b,¢c

Fe -0.83b - MeCN 94a

Co -0.73 +0.20 MeCN 94a

Ni —0.47 +0.44 MeCN 94a

Cu —0.53 +0.62 MeCN 94a

a Peak potential value for irreversible processes; ? the anion is dimeric
p 5

It is interesting to note that, as illustrated in Figure 14, as a consequence of
the chemically reversible (i,,/i,. = 1), but electrochemically quasireversible (AE,
=290 mV, at 0.1 Vs-1), one electron reduction, the square planar monoanion
[Mn(4-Me-bdt),]~ reorganizes to the tetrahedral dianion [Mn(4-Me-bdt),]*~
[94b,c].

The pertinent structural data indicate that the dianion/monoanion redox
change is characterised by a shortening of the Mn-S distance by 0.14 A, whereas
the S-C and C=C distances do not undergo variations. It seems hence evident that
the extra electron is essentially delocalised on the manganese atom.

Structural data are also available for the square planar monoanions [M(4-Me-
bdt),]~ (M = Co [94d]; M = Cu [94a]; M = Au [94e¢]) and the tetrahedral dianion
[Cd(4-Me-bdt),]?~ [941].

The square pyramidal oxo-complex [MoO(4-Me-bdt), ]2~ [89b] undergoes in
dmf solution two reversible one-electron oxidations (ES',_ = —0.46 V; E%), =
+0.52 V, vs. SCE) [89b]. For the isostructural monoanions [MO(4-Me-bdt), ]~

S
S
g{ :;‘ :Mn ﬁ
S S
(c)
Figure 14. (a) X-Ray structure of [Mn(4-Me-bdt),]~ ([PPh4]* cation); (b) cyclic voltam-

mogram recorded at a glassy carbon electrode in dmf solution of [Mn(4-Me-bdt),]~ (scan
rate 0.1 V s1); (c) X-ray structure of [Mn(4-Me-bdt),]2- ([PPh,]* cation).

S S (b)
Seo oo
S S
(a) E (V. vs. SCE)

I I U .
-1.0 0.0
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(M = Re, Tc), the 2—/—/0 redox processes occur at notably different potential
values (Re: E3',_ = -2.00 V, E%)y = +1.00 V; Tc: E',_ = -1.52 V, E2)y = +0.95
V, vs. SCE) [6a].

3.3.2.1.2 Tris(4-Me-bdt) complexes

The electrochemical behaviour of the tris-chelates [M(4-Me-bdt);]"~ (M =V,
Mo, W, Re) has been reviewed [2b]. [Zr(4-Me-bdt);]%~ only exhibits an irrevers-
ible reduction (E, =-1.71V, vs. Ag/AgClO,) [91].

3.3.2.2.1 Bis(3-SiPh;-bdt) and bis (3-SiPhs-5-Me-bdt) complexes

As expected on the basis of the inductive effects, the square pyramidal
dianions [MoO(3-SiPh;-bdt),]2~ [89b] and [MoO(3-SiPh;-5-Me-bdt),]>~ are
slightly more difficult to oxidise than [MoO(4-Me-bdt),]2- (ES_,_=—0.41 V and
—0.45 V, respectively; V, vs. SCE) [89b].

3.3.2.3.1 Bis(3,5-Bu!-bdt) complexes

The square planar [Ni(3,5-Bu’-bdt),]~ undergoes in thf solution either a one
electron oxidation (E°’_j; = +0.35 V, vs. NHE) or a one electron reduction (E2),_
=-0.61 V), both processes being chemically reversible [95]. As a matter of fact,
the square planar three-membered series has been structurally characterised and
the pertinent data are compiled in Table 32 [95].

Slight variations along the whole molecular frame occur, suggesting that the

frontier orbitals have both metallic and ligand character.

Table 32. Selected bond distances (average values; A)
in the redox family [Ni(3,5-But-bdt),]"

Complex Ni-S S-C C=Ca Cation
Ni(3,5-But-bdt),]- 2.17 1.76 1.40 [AsPh,]*
Ni(3,5-But-bdt),]-  2.14 1.75 1.41 [AsPh,]*
Ni(3,5-Bu’-bdt),]0 2.13 1.73 1.42 -

4 Inner ring

3.3.3 dhdtdt Complexes (better known as “dddt”)

3.3.3.1 Bis(dhdtdt) complexes

The square planar monoanion [Ni(dhdtdt),]~ in MeCN solution undergoes
a chemically reversible one-electron reduction and a one-electron oxidation
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Table 33. Formal electrode potentials (V, vs. SCE) for the redox processes
exhibited by [M(dhdtdt),]"~ complexes

M St o o+ Solvent Reference
Ni -0.85 —0.034 - dmf 33b, 96b
—~0.78 0.00 +0.80°0 dmf 96¢
—0.69 +0.064 - MeCN 71b
—0.68 +0.064 - MeCN 96d
-0.59 +0.17 - MeCN 96e
—-0.73 +0.05 - thf 96f
Cu —0.54 +0.334 - dmf 96g
Pd -0.47 +0.16 - dmf 33b
—-0.43 +0.14 - Me,CO 71la
Pt -0.64 -0.02 - dmf 33b
—0.74 —0.11 +0.80¢ PhCN 96¢
Au —-1.32 +0.41 +0.82¢ CH,Cl, 96h

a Coupled to chemical reactions; ? peak-potential value for irreversible processes;
¢ coupled to electrode adsorption

Table 34. Selected bond distances (average values; A) in the square planar redox
couple [Ni(dhdtdt),]°

Complex Ni-S S-C C=Ca C(C-S¢ S-Cb® C-Cb Cation Reference

[Ni(dhdtdt,]- 215 173 134 177 180 151 [NEy]* 96b
214 172 134 1.75 1.82 128 [NBu,]* 96h
215 172 135 1.75 1.78 139 [NMe,* 97a

[Ni(dhdtdt),]° 2.12 1.69 1.37 1.75 1.82  1.47 - 97b

a Inner ring; b outer ring

Table 35. Selected bond distances (average values; A) in the square planar redox
couples [M(dhdtdt),]0 (M = Pt, Au)

Complex M-S S-Ca C=Ca C(C-Sb S-Cb C-Cb Cation Reference
[Pdhdidty,- 227 174 134 177 180 150 [NEt]*  9%a
[Pt(dhdtdt),]° 2.24 1.70 1.40 1.75 1.83 1.52 - 98b
[Au(dhdtdt),]- 2.31 1.76 1.33 1.77 1.78 146 [TTF]* 98¢
[Au(dhdtdt),]° 230 170 138 177 183 139 - 96h

a Inner ring; ® outer ring; ¢ TTF = tetrathiofulvalene
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coupled to slow degradation of the electrogenerated neutral complex [71b].
Table 33 compiles the relative formal electrode potentials, together with those of
the related copper, palladium and platinum complexes.

In spite of the relative instability, the neutral complex [Ni(dhdtdt),] has been
isolated and crystallographically characterised. Selected interatomic distances
relative to the redox couple [Ni(dhdtdt),] /0 are reported in Table 34. Once again,
they suggest that the extra electron is delocalised along the whole molecular
frame.

Surprisingly, to the best of our knowledge, no structural data are available for
the stable dianion [Ni(dhdtdt),]?~.

As far as the monoanion [Cu(dhdtdt),]~ is concerned, the central CuS, core is
planar in [NMe;H][Ni(dhdtdt),] and tetrahedrally distorted (dihedral angle = 29°)
in [NBu,][Ni(dhdtdt),] [96g]. This points out the role played by countercations
in modifying those crystal packing forces which are crucial to tune conducting
properties triggered by stacking effects in metallodithiolenes.

Crystal data for the square planar couples [Pt(dhdtdt),]~/[Pt(dhdtdt),]0 and
[Au(dhdtdt),]~/[Au(dhdtdt),]° are reported in Table 35.

As usual, significant variations of the bond distances occur both at the metal-
sulfur cores and at the ligand itself. Fractionally positive [Pt(dhdtdt),]* cations
have been also crystallographically characterised. No significant structural
variation seems be present with respect to [Pt(dhdtdt),]° [71a,b].

3.3.3.2 Tris(dhdtdt) complexes

The electrochemical behaviour of a number of [M(dhdtdt);]*~ complexes (M =
Ti, V, Mn, Nb, Ta) has been investigated. As shown in Table 36, they can accede
the 3—/2—/—/0 redox changes, only part of which are chemically reversible.

The crystal structures of the redox couple [V(dhdtdt);]~/, Table 37, indicate
minimal variations in bonding distances, but, as previously noted for other

Table 36. Formal electrode potentials (V, vs. SCE) for the redox processes
exhibited by [M(dhdtdt);]*~ complexes in dmf solution

Complex S S, 0 Reference
[Ti(dhdtdt),]2- -1.47 +0.034 +0.504 99a
[V(dhdtdt);]~ -1.44 -0.51 +0.39 9%
[Mn(dhdtdt);]%- —-0.620 +0.084 - 99a
[Nb(dhdtdt),]> -1.71 —0.68 +0.484 99b

a Peak-potential value for irreversible processes; ® coupled to slow chemical
complications
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thris-dithiolenes, the main structural change following the electron transfer is

the geometrical reorganization from the (almost) perfect trigonal prism of the

monoanion to the octahedrally distorted trigonal prism of the neutral complex.
The crystal structure of the dianion [Ti(dhdtdt);]2- is also known [99c].

Table 37. Selected bond distances (average values, A) and twist angles (°) in the
couple [V(dhdhdt);]/0

Complex V-8 8-Ca C=Ce C-Sb S-Cb C-Ct Cation Reference

[V(dhdtdt,- 234 172 135 176 174 134 3.7 [NBug]* 99a
234 1.72 136 175 178 147 50 [TTF]*< 99
[V(dhdtdt);]0 235 1.70 138 1.74 176 128 157 - 99b

a Inner ring; ® outer ring; < TTF = tetrathiofulvalene

3.3.4 R’- hdtdt Complexes

3.3.4.1 Bis(mehdtdt) and bis(phhdtdt) complexes (better known as
“medt” and as “phdt”, respectively)

As far as we know, the only mehdtdt and phhdtdt metallo-complexes up-
to-now structurally and electrochemically studied are the square-planar nickel
complexes. The monoanions [Ni(mehdtdt),]- and [Ni(phhdtdt),]- in MeCN
solution reversibly undergo either a one-electron reduction or a one-electron
oxidation, Table 38.

The crystal structures of the redox couple [Ni(mehdtdt),]0 are available,
Table 39.

The most significant structural change looks like centred on the peripheral
regions of the ligand.

By way of comparison, Table 39 also reports the structural data of
[Ni(phhdtdt),]%, and those of the related diphenyl substituted [Ni(dphdtdt),]-,
which will be discussed in the next Section.

Table 38. Formal electrode potentials (V, vs. SCE) for the redox processes exhibited
by [Ni(R’-hdtdt),]*~ complexes

Complex S o Solvent Reference

[Ni(mehdtdt),]~ -0.70 +0.05 MeCN 96d

[Ni(phhdtdt),]~ -0.65 +0.06 MeCN 100a
-0.36 +0.37 MeCN 100b

~0.71 +0.08 thf 96f
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Table 39. Selected bond distances (average values; A) in the square planar complexes
[Ni(R’-hdtdt),]~/0 and related complexes

Complex Ni-S S-C2 C=Ce C-§b S-Cb C-C® C-Cy: Cation Reference
[Ni(mehdtdt),]- 213 170 132 176 174 124 116 [NBu,]* 98a
[Ni(mehdtdt),]° 2.13 170 140 174 178 132 152 - 98b
[Ni(phhdtdt),]- 2.13 1.70 138 1.74 1.76 1.28 1.51 - 98c

[Ni(dphdtdty,]- 215 175 134 175 186 170 157  [PPh,J* 96h

a Inner ring; b outer ring

3.3.5 dphdtdt Complexes

3.3.5.1 Bis(dphdtdt) complexes

Like the monosubstituted R’-hdtdt complexes, the diphenyl substituted
[Ni(dphdtdt),]- exhibits in thf solution either a reversible one-electron reduction
(E®),_=—-0.71V, vs. SCE) or a reversible one-electron oxidation (E2), = +0.09 V)
[96f]. Structural data for the monoanion are reported in Table 39.

3.3.6 dtdt Complexes (better known as “ddt”)

3.3.6.1 Bis(dtdt) complexes

Electrochemical data for a few [M(dtdt),]- monoanions (M = Ni, Pd) are
available, Table 40.

Like the saturated dhdtdt derivatives, they undergo reversibly the 2—/—/0 redox
changes. It is evident that the unsaturation of the peripheral ring makes the —/2—
reduction of the nickel complex easier with respect to the saturated analogue.

Based on the crystallographic data for [Ni(dtdt),]~ [101b] it seems likely that
in the formally represented S—C=C—S fragment of the outer ring, the unsatura-
tion is in reality delocalised over the whole SCCS frame.

Table 40. Formal electrode potentials (V, vs. SCE) for the redox processes exhibited by
[M(dtdt),]*~ complexes in MeCN solution and related complexes

Complex ES',_ %% Reference
[Pd(dtdt),]~ —0.37 +0.11 101a
[Ni(dtdt),]* -0.51 +0.06 101a
[Ni(dhdtdt), ] -0.69 +0.064 71b

@ Coupled to chemical reactions
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3.3.7 fedtdt Complexes (better known as “dphdt”)
3.3.7.1 Bis(fcdtdt) complexes

Figure 15 shows the structural and electrochemical properties of the NiS,
square planar monoanion [Ni(fcdtdt),]- [102a].

It undergoes a quasireversible one-electron reduction and a quasireversible
one-electron oxidation, both centred on the Ni-dithiolene moiety (E%),_ =
—0.95V, AE, = 190 mV; E2)y = —0.18 V, AE, = 180 mV; V, vs. Fc/Fc*), as well

as a single two-electron oxidation (affected by electrode adsorption; E, /4y =
+0.48 V), which is centred on the two not-communicating ferrocenyl subunits.

{b)

E (V, vs. SCE)
T T 1
(@ 0.8 0.0 +0.8

Figure 15. (a) X-Ray structure (average bonding distances: Ni-S =2.15 A; S1-C1 =1.72
A;C1-C2=1.37A;C1-S3=1.76 A; S3-C3=1.75 A; S4-C4 =1.77 A; C3-C4 =134 A)
and (b) cyclic voltammogram (glassy carbon electrode; thf solution; scan rate 0.05 V s~1)
of [Ni(fcdtdt),]~ ((NBuy]* cation).

3.3.8 dfcdtdt Complexes
3.3.8.1 Bis(dfcdtdt) complexes

The monoanion [Ni(dfcdtdt),]~ possesses structural (average bond distances:
Ni-S = 2.14 A; S1-C1 = 1.68 A; C1-C2 = 1.39 A; C1-S3 = 1.78 &; S3-C3 =
1.73 A; A; C3-C4 = 1.33 A) and redox properties (thf solution: E%),_ = —0.98

V, AE, = 170 mV; E2)y = -0.20 V, AE; = 170 mV; Ej o4+ = 10.54V, vs. Fc/Fc®)
rather similar to those of [Ni(fcdtdt),]~ [102a,b]. Comparison with the related
[Ni(dfcedt),] (see Section 2.2.13.1) suggests that the interposition of the dithiin
ring between the ferroceny! subunits and the dithiolate function rises a barrier to

the intramolecular communication of the ferrocene groups.

3.3.9 dcnpzdt Complexes

3.3.9.1 Bis(dcnpzdt) complexes

The dianions [M(dcnpzdt),]?~ (M = Ni, Pd) have been characterised [103].
In MeCN solution, [Ni(dcnpzdt),]?- displays two reversible one-electron
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oxidations (E$',_ =+0.52 V; E%)y=+1.23 V, vs. SCE), whereas [Pd(dcnpzdt), %~
only exhibits an irreversible oxidation (E, = +0.77 V). The crystal structure of
[Pd(dcnpzdt),]n- present in (TTF)s[Pd(dcnpzdt),], has been reported [103].

3.3.10 R,-pipdt Complexes
3.3.10.1 Bis(R,-pipdt) complexes

A number of square planar [M(R,-pipdt),]?* dications have been characterised
(M =Ni, Pd, Pt) [43c, 104a,b]. Figure 16,which refers to [Pt(Me,-pipdt),]?*, shows
that, as happens for the related R,-timdt complexes (see Section 3.2.9), the present
complexes are able to shuttle reversibly the sequence 2+/+/0/—/2—, Table 41.

(b)

E (V, vs. Ag/AgCl)
T T

1.0 0.0

Figure 16. (a) X-Ray structure (average bonding distances: Pt-S =2.28 A; S1-C1 = 1.68
A;C1-C2=1.53A; CI-N1=1.32A;N1-C4=145A; C4-C3=1.46 A; N1-Cppey = 1.45
A) and (b) cyclic voltammogram (platinum electrode; MeCN solution; scan rate 0.1 V
s71) of [Pt(Me,-pipdt),]* ([Pt(dcnedt),]?~ anion).

The fact that the different processes occur at essentially the same potential
values, independently from the metal, suggests that the electron transfers are
mainly ligand centered. The structural parameters for [Ni(Me,-pipdt),]** are
available [104a].

Table 41. Formal electrode potentials (V, vs. Ag/AgCl) for the redox processes
exhibited by complexes [M(Me,-pipdt),]2* in MeCN solution [43c]

M St 20 0/~ -
Ni -0.16 —-0.41 -0.96 -1.26
Pd -0.18 -0.42 -0.87 -1.13

Pt —0.15 -0.41 -0.92 -1.21
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3.4 1,2-Dithiolates forming seven-membered lateral rings

3.4.1 pndtdt (better known as “pddt” or “ddtdt”) and
dfpndtdt (first named “F,pdt”) Complexes

3.4.1.1 Bis(pndtdt) and bis(dfpndtdt) complexes

Like the related dhdtdt complexes (Section 3.3.3), the monoanions
[M(pndtdt),]~ (M = Ni, Pt, Cu) and [Ni(dfpndtdt),]- undergo reversibly either
the oxidation to the neutral species or the reduction to the corresponding
dianions, Table 42.

The electron-withdrawing effect of the fluoride atoms obviously makes the
reduction easier and the oxidation more difficult in [Ni(dfpndtdt),]~ with respect
to [Ni(pndtdt),]-.

Crystallographic data for the square planar couple [Ni(pndtdt),]=0 are
summarized in Table 43.

Once again, the electron transfer looks like delocalised along the whole
molecular frame.

The crystal structures of [Cu(pndtdt),]- [105a] and [Ni(dfpndtdt),]- [105b]
are also available.

Table 42. Formal electrode potentials (V, vs. SCE) for the redox processes
exhibited by [M(pndtdt),]~ and [M(dfpndtdt),]- complexes

Complex A % Solvent Reference
[Ni(pndtdt),]- -0.71 +0.16 MeCN 71b
—0.69 +0.17 MeCN 96d
—-0.65 +0.25 dmf 105a
[Ni(dfpndtdt),]-  —0.55 +0.30 MeCN 105b
[Pt(pndtdt),]~ —0.64 +0.15 MeCN 71b
[Cu(pndtdt),]- -0.61 - dmf 105a

Table 43. Selected bond distances (average values; A) in the square planar
couple [Ni(pndtdt),]-0

Complex Ni-S S-C¢ C=Ce¢ C-S¢ S-Cb C-Cb  Cation Reference

[Ni(pndidt),] 215 173 136 176 181 151 [NEg]*  105a
218 175 133 1.76 1.81 1.52 [NBu,]* 105¢

[Ni(pndtdt),]°  2.13 171 139 176 181 1.53 - 105d

a Inner ring; ® outer ring
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3.4.2 mpndtdt Complexes (better known as “dpdt”)
3.4.2.1 Bis(mpndtdt) complexes

A series of square planar monoanions [M(mpndtdt),]- (M = Ni, Au, Cu)
have been structurally characterised [106a]. The Ni complex exhibits the usual
reversible sequence 2—/—/0, the Cu complex reversibly undergoes the —/2—
reduction, and the gold complexes is stable only as monoanion, Table 44.

Table 44. Formal electrode potentials (V, vs. SCE) for the redox processes
exhibited by [M(mpndtdt),]- complexes in MeCN solution [106a]

Complex S %%

[Ni(mpndtdt),]~ -0.62 +0.24
[Cu(mpndtdt),]- -0.67 +0.474
[Au(mpndtdt), ]~ +0.634 +1.284

a Peak-potential value for irreversible processes

The neutral complex [Ni(mpndtdt),] has been crystallographically solved
[106b]. The major variations resulting from the monoanion-to-neutral change
lie in the shortening of the Ni-S distance by 0.02 A and the elongation of the
inner ring S-C and C=C distances by 0.03 A and 0.04 A, respectively, which
support also in this case that the extra electron is removed from a metal-ligand
contributed frontier orbital.

3.4.3 odtdt Complexes (better known as “diod”)
3.4.3.1 Bis(odtdt) complexes

The square planar monoanions [M(odtdt),]- (M = Ni, Cu) have been
structurally characterised [107a,b]. As illustrated in Table 45, the Ni, Cu, Pd,

Table 45. Formal electrode potentials (V, vs. SCE) for the redox processes
exhibited by [M(odtdt),]~ complexes in MeCN solution

Complex o, o

[Ni(odtdt),]~ -0.65 +0.27
[Pd(odtdt),]~ —1.244 +0.26
[Cu(odtdt),]- —1.400 +0.564
[Au(odtdt), ]~ - +0.64

@ Peak-potential value for irreversible processes; b coupled to slow chemical reactions
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Au monoanions display electrochemical features qualitatively similar to those
illustrated in previous complexes forming outer seven-membered rings [107].

3.4.4 thdtdt Complexes (better known as “dtdt” or “ttdt”)

3.4.4.1 Bis(thdtdt) complexes

A series of monoanions [M(thdtdt),]- (M = Ni, Pd, Pt, Au, Cu) have been
characterised [71a,b, 77¢]. As a typical example, Figure 17 shows the structural
and electrochemical features of [Ni(thdtdt),]~ [71b].

Within the overall molecular chair conformation, the central NiS, core
is square planar. The monoanion undergoes the reversible reduction to the
corresponding dianion, whereas the one-electron oxidation is complicated by
electrode adsorption phenomena.

Table 46. Formal electrode potentials (V, vs. SCE) for the redox processes
exhibited by [M(thdtdt),]~ complexes

Complex S, o Solvent Reference
[Ni(thdtdt),]- —0.61 +0.274 MeCN 71a
—-0.59 +0.284 MeCN 71b
—0.59 +0.21 MeCN 77e
~0.64 +0.23 PhCN 71a
[Pt(thdtdt),]~ -0.53 +0.314 MeCN 71a
—059 +0.20 PhCN 71a
[Cu(thdtdt), ]~ -0.63 +0.45b MeCN 77e
[Au(pndtdt),]- -0.91 +0.46 MeCN 77e

a Peak-potential value for processes affected by adsorption; ? peak-potential value for
irreversible processes

SEZ c1 St 8>O
C3
C2 NI E(V.vs SCE)
83 1o 0 y
(a)

.5 oo rDI.5
(b}
Figure 17. (a) X-Ray structure (average bonding distances: Ni-S = 2.14 A; S1-C1 =
1.72 A; C1-C2 = 1.38 A; C1-S2 = 1.76 A; S2-C3 = 1.81 A; C3-S3 = 1.81) and cyclic
voltammogram (glassy carbon electrode; MeCN solution; scan rate 0.1 V s7!) (b) of

[Ni(thdtdt),]~ ((NBuy]* cation).
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A similar behaviour is displayed by the other metal complexes, Table 46.
The crystal structures of [Pt(thdtdt),]- [71a], [Cu(thdtdt),]- [77¢] and
[Au(thdtdt),]~ [77e] are known.

4 1,2-DITHIOLATES FORMING LATERAL MULTIPLE RINGS
4.1 1,2-Dithiolates forming bicyclic lateral rings
4.1.1 nordt Complexes

4.1.1.1 Bis(nordt) complexes

Figure 18 illustrates the square planar geometry of the NiS, core of the dian-
ion [Ni(nordt),]?~ and its electrochemical behaviour [108].

It reversibly undergoes oxidation to the corresponding monoanion (ES',_ =
—0.76 V, vs. SCE). Given the low redox activity of the saturated dithiolene
carbon-carbon bond (see Section 2.1.1), it seems plausible to assume that the
electron removal involves the Ni(II)/Ni(III) process.

E {V. vs. SCE)
I T T
-2 08 04

(a) ®)
Figure 18. X-Ray structure (a) and cyclic voltammogram (dmf solution) (b) of
[Ni(nordt),]?~ ([Li]* cation). Selected bond lengths: Ni-S = 2.18 A; S-C = 1.83 A;
C-C(inner ring) =1.55 A

4.2 1,2-Dithiolates forming lateral fused rings
4.2.1 bdtodt, bdttdt Complexes

4.2.1.1 Bis(bdtodt) and bis(bdttdt) complexes

Brief electrochemical data are available for [Ni(bdtodt),]~ and [Ni(bdttdt),],
Table 47, but the pertinent crystallographic data are lacking.

As rather common, the monoanions reversibly reduce to the corresponding
dianions, whereas the stability of the neutral congeners is doubted.
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Table 47. Formal electrode potentials (V, vs. SCE) for the redox processes
exhibited by [Ni(bdtodt),]~ and [Ni(bdttdt),]~

Complex A % Solvent ~ Reference

[Ni(bdtodt), ] -0.37 +0.324 CH,Cl, 109a
—-0.36 0.0 MeCN 109b

[Ni(bdttdt),]~ -0.30 +0.264 CH,Cl, 109a

a Peak-potential value for processes affected by adsorption; ¢ peak-potential value for
irreversible processes

4.2.2 nqdt Complexes
4.2.2.1 Bis(nqdt) complexes

A structural and electrochemical study on a wide series of [M(nqdt),]~
complexes (M = Mn, Fe, Ni, Cu, Zn, Pd, Pt) has been reported [110]. The
concomitant presence of the two redox-active quinone and dithiolate centers in
the present ligand increases the difficulty to assign the nature of the pertinent
redox changes. In fact, most complexes exhibit four redox processes, which,
even if not clearly attributed, are thought to be ligand centered, Table 48.

Table 48. Formal electrode potentials (V, vs. Ag/AgCl) for the redox processes
exhibited by [M(nqdt),]*~ in MeCN solution

Complex Tst 2nd 3rd dth
[Mn(ngdt),]>- ~0.28 ~0.68 ~0.95 _1.47
[Fe(nqdt),]2- ~030 ~0.69 - ~1.49
[Ni(nqdt),]- ~0.28 ~0.65 ~0.95 _1.44
[Cu(ngdt),I 029 ~0.68 - _1.47
[Zn(ngdt), - ~027 ~0.67 ~0.94 ~1.44
[Pd(nqdt), ]~ ~0.28 —0.54 _1.22 -

[Pt(nqdt),]>- ~029 —0.67 - _1.41

The structural parameters of the couple [Ni(nqdt),]2~"~ point out that also in
this case the extra electron looks like delocalised on the metal-ligand frame,
in that passing from the dianion to the monoanion the Ni-S and C=C distances
shorten (by 0.03 A and 0.02 A, respectively), whereas the S-C distance remains
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unvaried. It is however noted that, unexpectedly, the C-O length of the quinoidal
function does not change appreciably (from 1.21 A to 1.22 A) [110].

X-Ray crystal data are also available for [Cu(nqdt),]- and [Pd(nqdt),]?-
[110].

4.2.3 qdt Complexes

4.2.3.1 Bis(qdt) complexes

The electrochemical behaviour of the dianions [M(qdt),]>~ (M = Co, Ni, Cu)
shows that they are able to undergo reversibly the oxidation to the corresponding
monoanions, Table 49.

The crystallographic data for the square planar redox couple [Cu(qdt),]2-/~
show that, passing from the dianion to the monoanion, the Cu-S and C=C bond
lengths shorten by 0.07 A and 0.02 A, respectively, whereas the S-C and C-N
distances are substantially unaltered [111c]. The significant shortening of the Cu-
S distance upon electron removal suggests that the electron transfer is essentially
metal centred (i.e. it corresponds to the Cu(II)/Cu(III) process).

The X-ray structure of [Ni(qdt),]?~ is available [111d].

Table 49. Formal electrode potentials (V, vs. SCE) for the redox processes
exhibited by [M(qdt),]2-

Complex S ES' 5_ Solvent Reference
[Co(qdt),]?- +0.12 - MeCN 111a
[Ni(qdt), ]~ +0.12 - dmf 111b
[Cu(qdt),]* -0.18 -1.28 dmf 1llc

4.2.3.2 Tris(qdt) complexes

Apart from minor information on the redox aptitude of [M(qdt);]*~ (M = Co,
n=3; M =Fe, n=2)[111a], the study most pertinent to the present review is that

Table 50. Selected bond distances (average values; A) and twista angle (°) in the
couple [Mo(qdt);]2~

Complex Mo-S S-C C=C C-N ) Cation Reference

[Mo(qdt);]~ 239 174 143 132 146 [PPh,]* 112¢
[Mo(qdt);]?- 239 174 144 132 45 [PPh,]* 112b
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devoted to [Mo(qdt);]>~ [112]. The dianion [Mo(qdt);]?~ undergoes, in MeCN
solution, either a reversible one-electron oxidation (ES',_=—-0.19 V, vs. Fc/Fc™*),
or a reversible one-elecron reduction (ES' 5_=-1.70 V) [112a,b].

The crystal structures of the couple [Mo(qdt);]>~~ substantially show that,
upon electron removal, the MoS core passes from a almost perfect to a octahe-
drally distorted trigonal prism, Table 50.

4.2.4 diotte Complexes

4.2.4.1 Bis(diotte) complexes

Complex [Ni(diotte),]~ has been recently prepared [113]. In MeCN solution, it
displays a one-electron oxidation, which is affected by electrode adsorption (E,p
=+0.42V, vs. AgAgCl), and a reversible one-electron reduction (E°* =—-0.56 V).
Chemical oxidation (by I,) affords the neutral [Ni(diotte),] [113]. No crystal
structures are available.

4.3 1,2-Dithiolates forming lateral tetrathiafulvalene rings

4.3.1 R,-dmtfdt Complexes
4.3.1.1 Bis(R,-dtttfdt) complexes

The redox activity of a few complexes of general formula [M(R,-dtttfdt), ]~
(M = CO, R= Bu, C6H13, C8H17, C10H21’ n= 1, M= Nl, R= Et, n= 2, M= Cu,

Table 51. Formal electrode potentials (V, vs. SCE) for the redox processes exhibited by
[M(R,-dtttfdt), ]

Complex E>, . E>_y Solvent  Ref.
[Co(Buy-dtttfdt), ]~ -0.61 —0.32 thf 114a
[Co{(C¢H,3),-dtttfdt},]- -0.62 -0.26 thf 114a
[Co{(CgH,),-dtttfdt}, ]~ -0.56 -0.27 thf 114a
[Co{(C,oHy)),-dtttfdt},]~ -0.60 -0.27 thf 114a
[Ni(Et,-dtttfdt),]2- -0.45 -0.07a CH,Cl, 114b
[Cu(Me,-dtttfdt),]- +0.25 +0.64 dmf  1l4c
[Zn(Me,-dtttfdt),]2- +0.15 +0.18 dmf 114c
[Hg(Et,-dtttfdt), ]2~ —-0.04 +0.07° CH,Cl, 114d
[Pt{(C,oHy)),-dtttfdt},]>~ —-0.03 +0.382 CH,Cl, 114e
[Pt{(C, 4H,o),-dtttfdt} ,]2- ~0.25 +0.25 thf 114e
[Pt{(C,,Hao),-dtttfdt} ]2 ~0.25 +0.05 thf 114e

a Peak-potential value for processes affected by adsorption; ® followed by further oxidation
processes
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R=Me,n=1;M=Zn, R=Me,n=2; M=Hg, R=Et,n=2; M=Pt,R =
CioHy;, Ci4H,g, CigH37, n = 2) has been examined. As usual, they undergo the
2—-/-/0 sequence, Table 51.

[Ni(Et,-dtttfdt),] (obtained by chemical oxidation of the corresponding
dianion) [114a] and [Pt{(C,oH,;),.dtttfdt},]?~ [114d] have a planar geometry,
whereas [Hg(Et,-dtttfdt),]>~ has a tetrahedral geometry [114c].

4.3.2 endtttfdt Complexes
4.3.2.1 Bis(endtttfdt) complexes

[Au(endtttfdt),]- shows in dmf solution a quasireversible one-electron
oxidation (E%), = +0.12 V, vs. SCE) [115], whereas [Co(endtttfdt),] in thf

solution exhibits either a quasireversible reduction (E2),_=—0.58 V, vs. SCE) or
a quasireversible oxidation (E®), =—-0.24 V) [114a].

4.3.3 pndtttfdt Complexes

4.3.3.1 Bis(pnditttfdt) complexes

Figure 19 shows the crystal structure of [Ni(pndtttfdt),]- [116a].

In MeCN solution, it exhibits the (usual) reversible one-electron reduction
(ES),_ = —-0.45V, vs. Ag/Ag") and the reversible one-electron oxidation (E%),
= —0.15 V). As a matter of fact, the one-electron oxidised complex maintains
the original planar geometry [116b]. Table 52 compares the bond lengths of the
neutral complex with those of the corresponding monoanion.

It is evident that the electron transfer is essentially centred on the ligand.

The dianion [Cu(pndtttfdt),]?~ exhibits a redox behaviour qualitatively
similar to that of [Ni(pndtttfdt),]- (E®),_=-0.73 V, E%); = —0.08 V) [116a], but,
at variance with the square planar geometry of this latter, has a tetrahedrally
distorted geometry [116a,c].

Figure 19. (2) ORTEP drawing and (b) side view of [Ni(pndtttfdt),]~ ([PPh,]* cation).
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Table 52. Selected bond distances (average values; A) in the square planar couple
[Ni(pndtttfdt),]~0 (atomic labellings are referred to Figure 19)

Complex Ni-SI S1-C1 C1=C1’C2=C3 C4=C4’ Cation  Reference

[Ni(pndtttfdt),]- 2.16 1.72 1.34 1.32 1.36 [PPhy]* 116a
2.17 1.71 1.36 1.35 1.34  [NMe,Jt 1l6a,c
[Ni(pndtttfdt),]° 2.18 1.73 1.38 1.38 1.34 - 116b

4.3.4 dmttfdt Complexes (originally named “dmdt”)
4.3.4.1 Bis(dmttfdt) Complexes

[Ni(dmttfdt),]>~ undergoes, in MeCN solution, two reversible one-electron
oxidations (ES',_ = —-0.79 V; E%), = —0.48 V, vs. Ag/Ag") followed by a further
irreversible anodic process (E, = +0.40 V) [117]. Both the neutral and the
dianionic derivatives have been chemically, but not yet crystallographically,
characterised [117].

4.3.5 tmettfdt Complexes (originally named “tmdt”)

4.3.5.1 Bis(tmettfdt) Complexes
Like the related [Ni(dmttfdt),]?-, the dianion [Ni(tmettfdt),]>~ undergoes, in

MeCN solution, two reversible one-electron oxidations (ES',_ = —0.80 V; E%),
=-0.46 V, vs. Ag/Ag*) followed by a further irreversible anodic process (E, =
+0.55 V) [117].

The neutral congener [Ni(tmettfdt),] possesses a square planar geometry

[118].

5 FINAL REMARKS

A systematic examination of the structural consequences of the redox changes
exhibited by the homoleptic, mononuclear metal complexes of a wide variety
of dithiolene ligands points out that they do not constitute a homogeneous class
of redox active derivatives. In fact, depending upon the overall frame of each
dithiolene ligand (in terms of geometrical and inductive effects), the relative
electrochemical responses cover the whole range of classical electron transfer
processes, i.e. essentially metal centered, essentially ligand centered, or metal-
ligand centered. This means that too often the multiple redox processes exhibited
by metallodithiolenes are quickly solved as ligand (or metal) centred. In reality,
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the precise and accurate attribution of their nature (if wished) would always need
structural and theoretical supports.
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ABBREVIATIONS

atedt = 1,2-di(alkylthio)-1,2-ethenedithiolate

bdt = benzene-1,2-dithiolate

bdtodt = 2-oxobenzo[d]-1,3-dithiole-5,6-dithiolate

bdttdt = 2-thionebenzo[d]-1,3-dithiole-5,6-dithiolate

cnedt = 2-cyano-1,2-ethenedithiolate

demdter = 2-dicyanomethylene-4,5-disulfanylcyclopent-4-ene-1,3-dionate
dcmedt = 1,2-dicarbomethoxy-1,2-ethenedithiolate

dcnedt = 1,2-dicyano-1,2-ethenedithiolate

denpzdt = 2,3-dicyano-pyrazine-5,6-dithiolate

dfcdtdt = 2,3-diferrocenyl-1,4-dithiin-5,6-dithiolate

dfcedt = 1,2-diferrocenyl-1,2-ethenedithiolate

dfpndtdt = 2,2-difluoro-1,3-propanediyldithioethylene-1,2-dithiolate
dhdtdt = 5,6-dihydro-1,4-dithiin-2,3-dithiolate

dhtpdt = 2,3-dihydro-4,5-thiophenedithiolate

dibzedt = 1,2-diiminobenzyl-1,2-ethenedithiolate

dichedt = 1,2-diiminocyclohexyl-1,2-ethenedithiolate

diotte = 1,3-dioxolane-tetrathiacthylene

dmedt = 1,2-dimethyl-1,2-ethenedithiolate

dmttfdt = dimethyltetrathiafulvalenedithiolate

dodt = 1,2-dioxo-1,2-dithiolate

doedt = 2-(1°,3’-dithiole-2’-one)-1,2-ethenedithiolate

dphdtdt = 5,6-diphenyl-1,4-dithiin-2,3-dithiolate

dphedt = 1,2-diphenyl-1,2-ethenedithiolate

dt = ethane-1,2-dithiolate

dtcr = dithiocroconate = 4,5-disulfanylcyclopent-4-ene-1,2,3-trionate
dtdt = 1,4-dithiin-2,3-dithiolate

dtodt = 1,3-dithiole-2-one-4,5-dithiolate

dtsq = dithiosquarate
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dttdt = 1,3-dithiole-2-thione-4,5-dithiolate

edt = ethene-1,2-dithiolate

endtttfdt = ethylenedithiotetrathiafulvalenedithiolate
fcdtdt = 2-ferrocenyl-1,4-dithiin-5,6-dithiolate

fcedt = ferrocenyl-1,2-ethenedithiolate

Hedt = unsubstituted ethene-1,2-dithiolate

idttdt = 1,2-dithiole-3-thione-4,5-dithiolate

mdtdt = 1,3-dithiole-4,5-dithiolate

mehdtdt = 5-methyl-6-hydro-1,4-dithiin-2,3-dithiolate
mpndtdt = 6,7-dihydro-6-methylene-5H-1,4-dithiepine-2,3-dithiolate
mtadt = mercaptothioacetate-1,2-dithiolate

nordt = norbornane-1,2-dithiolate

nqdt = naphthoquinonedithiolate

odtdt = 1,4-dithia-6-oxa-2,3-dithiolate = 1,2,6-oxadithiepin-4,5-dithiolate
phedt = 2-phenyl-1,2-ethenedithiolate

phhdtdt = 5-phenyl-6-hydro-1,4-dithiin-2,3-dithiolate
pndtdt = 1,3-propanediyldithioethylene-1,2-dithiolate = 6,7-dihydro-5H-1,4-
dithiepine-2,3-dithiolate

pndtttfdt = propylenedithiotetrathiafulvalene-dithiolate
pyedt = pyridin-X-yl-1,2-ethenedithiolate (X = 2, 3, 4)

qdt = quinoxaline-2,3-dithiolate

qedt = quinoxalin-2-yl-1,2-ethenedithiolate

R,-dtttfdt = 2,3-dialkylthiotetrathiafulvalene-6,7-dithiolate
R’-hdtdt = 5-substituted-6-hydro-1,4-dithiin-2,3-dithiolate
R-phedt = 1-substituted-2-phenyl-1,2-ethenedithiolate
R,-pipdt = N,N’-dialkyl-piperazine-2,3-dithione

R,-timdt = 1,3-dialkylimidazoline-2,4,5-trithionate

tfmedt = 1,2-di(trifluoromethyl)-1,2-ethenedithiolate
thdtdt = 5,7-dihydro-1,4,6-trithiin-2,3-dithiolate

thedt = 1,2-di(2-thienyl)-1,2-ethenedithiolate

tmettfdt = trimethylenetetrathiafulvalenedithiolate

tpdt = 3,4-thiophenedithiolate

ttpdt = 3,4-terthiophenedithiolate

X-bdt = benzene-substituted-1,2-dithiolate
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