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a b s t r a c t

The development of the coordination chemistry of dithiolene ligands is summarised, together with a
consideration of the electronic structure of complexes of these ‘non-innocent’ ligands. This information
provides a context for a consideration of the role of dithiolenes in natural systems, i.e. as the ligand that
binds molybdenum (or tungsten) at the catalytic centre of an extensive series of enzymes. These enzymes
catalyse the transfer of an oxygen atom to or from the substrate: e.g. the sulfite oxidases catalyse the
olybdenum
ungsten
ithiolenes
nzymes
olybdopterin

conversion of sulfite to sulfate and the nitrate reductases catalyse the conversion of nitrate to nitrite.
The nature of the catalytic centres of several of these enzymes has been determined and each involves
one or two ‘molybdopterin’ (MPT) cofactors bound to a mononuclear metal centre via their dithiolene
group. The biosynthesis of MPT is described and, given its nature, possible roles for this moiety in the
function of the oxotransferase enzymes are discussed. The review concludes with a consideration of the
coordination chemistry that has been stimulated by the present knowledge of the nature and function of
the catalytic centres of these enzymes.
. Dithiolene complexes

.1. Development of the coordination chemistry of dithiolenes

Dithiolenes (dt) are a group of ligands, the chemistry of

hich commenced in the 1930s. Toluene-3,4-dithiol and 1-

hlorobenzene-3,4-dithiol when reacted with halides of cadmium,
ercury, tin and zinc produce highly coloured products of the

ormula [M(dt)2]2− that were of analytical value [1,2]. This dis-

∗ Corresponding author. Tel.: +44 0115 951 4188; fax: +44 0115 951 3555.
E-mail address: dave.garner@nottingham.ac.uk (C.D. Garner).

010-8545/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2010.01.017
© 2010 Elsevier B.V. All rights reserved.

covery led to other investigations of the properties and analytical
uses of toluene-3,4-dithiol and related pro-ligands throughout
the 1940s and 1950s [3,4] and various analytical protocols were
developed for the detection and identification of metals [5]. How-
ever, it was not until the late 1950s that a systematic study of
metal complexes of ene-1,2-dithiols occurred. In 1957 the lig-
and [S2C2(CN)2]2− (maleonitriledithiolate, mnt) was synthesised
and several complexes were prepared, e.g. Bähr and Schleitzer [6]

synthesised [Pd(mnt)2]2−. Complexes containing quinoxaline-2,3-
dithiol (qdt) bound to palladium, nickel and cobalt were reported
in 1959 [7,8]. In 1960 the first example of a tris-dithiolene complex,
[Mo(S2C6H3Me)3], was reported; this compound was synthesised
by the reaction of toluene-3,4-dithiol with [MoO4]2− [9].

http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:dave.garner@nottingham.ac.uk
dx.doi.org/10.1016/j.ccr.2010.01.017
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In 1962 Davison et al. observed that there was a two-electron
ifference between two related nickel complexes that had been
eported by other groups. These complexes were [Ni(S2C2Ph2)2],
ynthesised by Schrauzer and Mayweg [10], and [Ni(mnt)2]2−, pre-
ared by Gray et al. [11]. Davison et al. [12,13] demonstrated that it
as possible to reduce [Ni(S2C2Ph2)2] to the corresponding dianion

nd to oxidise [Ni(mnt)2]2− to the corresponding neutral complex;
n each case the conversion passed through a monoanionic inter-

ediate. This was the first demonstration of the redox properties of
ithiolene complexes. Furthermore, Davison et al. [12,13] extended
he coordination chemistry of dithiolene ligands by the synthesis of
omplexes such as [M(S2C2R2)2]− (M = Ni, R = C6H5 or CF3; M = Cu,
o, Ni, Pd, Pt or Au, R = CN).

The chemistry of dithiolenes has continued to develop since the
960s and a wide range of complexes are now known [14–20].
hese complexes involve one, two, or three dithiolene ligands
ith a wide variety of substituents. Homoleptic bis-dithiolene

omplexes invariably possess a square planar geometry and tris-
ithiolene complexes are novel in manifesting a clear preference
or a trigonal prismatic, rather than an octahedral, geometry. There
re a very large number of heteroleptic, i.e. ‘mixed’ ligand, com-
lexes that involve one or two dithiolenes plus a wide variety of
ther ligands. A notable aspect of the majority of dithiolene com-
lexes, especially those of the d-transition metals, is their redox
ctivity with many complexes capable of a change in oxidation level
f one or two electrons. Many such redox changes are facile and
lectron addition (or loss) leads to little change in the geometry
nd dimensions of the complex.

.2. Electronic structure of dithiolene complexes

Difficulty arises when the traditional description of a complex,
s a central metal atom or ion bound to ligands with a defined
lectronic nature, is applied to a dithiolene complex [21]. Thus,
dithiolene ligand can be considered to be present in a complex

s an ene-1,2-dithiolate, a radical mono-ion, or a 1,2-dithioketone
Fig. 1). This versatility has led to dithiolenes being classed as ‘non-
nnocent’ ligands [22] and the use of ‘dithiolene’ is useful as it avoids
he need to specify the charge on the ligand [23]. Given that the
harge on a dithiolene ligand is uncertain, the oxidation state of
he metal in a dithiolene complex is ambiguous [24].

Schrauzer and Mayweg [25] performed molecular orbital calcu-
ations for [Ni(S2C2H2)2] and concluded that the ground state of this

olecule involved extensive �-electron delocalisation. Subsequent
heoretical investigations by Alvarez et al. [26] proposed a molecu-
ar orbital scheme for the �-electron system of a dithiolene group
ased on that of 1,3-butadiene (Fig. 2). In respect of the two extreme
edox states of a dithiolene (Fig. 1), an ene-1,2-dithiolate has six
-electrons and a (�1)2(�2)2(�3)2 electron configuration and a
,2-dithioketone has four �-electrons and a (�1)2(�2)2 electronic

onfiguration. The latter description is compatible with the valence
ond description of a 1,2-dithioketone, as it involves two electrons

n a �-orbital that is C–C bonding and C–S bonding and two elec-
rons in a �-orbital that is C–C anti-bonding and C–S bonding. The
ddition of two electrons to �3, to form an ene-1,2-dithiolate, leads

Fig. 1. Redox related forms of a dithiolene ligand.
Fig. 2. Molecular orbital scheme for the �-electron system of a dithiolene [26].

to a strengthening of the C–C bond and a weakening of the C–S
bond, i.e. �3 is C–C bonding and C–S anti-bonding. This agreement
between the valence bond and orbital description of the electronic
structure of the two extreme forms of a dithiolene is encouraging
and highlights the significance of the �-orbitals in determining the
nature and properties of dithiolene complexes.

X-ray crystallographic information is a vital pre-requisite when
attempting to determine the electronic structure of a complex
that involves one (or more) non-innocent ligand(s); thus, it is
important to know, not only the geometric arrangement, but also
the bond lengths of the complex. In respect of the latter and
with reference to Figs. 1 and 2, it would appear that the intra-
ligand bond lengths should vary in accordance with the ‘oxidation
level’ of the ligand. This has proved to be the case for the com-
plexes of some ‘non-innocent’ ligands that involve nitrogen and
oxygen donor atoms; e.g. O,O′-coordinated o-benzosemiquinonate
or N,N′-coordinated o-iminobenzosemiquinonate �-radicals have
been characterised [27–33]. In a similar manner, attempts have
been made to distinguish between the various forms of dithiolene
ligands by the analysis of X-ray crystallographic data [34,35]. For
dithiolene complexes, however, knowledge of the molecular struc-
ture and dimensions alone has proved to be of limited value in the
quest to determine the nature of the ligands and, therefore, the oxi-
dation state of the metal [36–40]. However, in an extensive series of
studies, Wieghardt et al. [41–44] have demonstrated that, by com-
bining the information obtained from X-ray crystallography with

that provided by physical techniques – notably X-ray absorption
spectroscopy – and theoretical calculations, the electronic structure
of a dithiolene complex can be determined.
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ig. 3. Distribution of Mo-utilising organisms among those with completely
equenced genomes. All organisms were classified into two groups: Mo (+), i.e.
tilising Mo-centred enzymes; Mo (−), i.e. not utilising Mo-centred enzymes [45].

. Dithiolenes in nature

Metalloenzymes involving a dithiolene group were discovered
n the late 1980s and it is now established that these enzymes
re prevalent throughout biology where the metal chelated by the
ithiolene ligand is either molybdenum or its Group VI counterpart
ungsten.

.1. Biological roles of molybdenum

Molybdenum is the only second-row transition metal that is
n essential trace element and it is present in virtually all living
ystems (Fig. 3) [45].

Molybdenum is available to biological systems as molybdate,
MoO4]2−. Once molybdate enters the cell it is incorporated into

etal cofactors by elegant and controlled biosynthetic pathways
46,47]. There are a few species that do not require molybdenum
nd most of these utilise its Group VI counterpart tungsten [48];
he majority of these organisms are hyperthermophilic archea that
ive at ∼100 ◦C. Thus, tungstate ([WO4]2−) which is 100-fold less
bundant than molybdate in most aqueous environments on Earth,
s enriched in deep-sea hydrothermal vents. This is of particular
nterest as it is believed that such an environment resembles the
onditions on the primitive Earth [49,50].

Molybdenum-containing enzymes play important roles in the
iochemical cycles of carbon, nitrogen and sulfur [51]. The nitro-

enase enzymes cleave the strongest homonuclear chemical bond,
he N N bond in dinitrogen, under ambient conditions and produce
mmonia. The molybdenum in these enzymes is present as part of
MoFe7S9 cluster (Fig. 4) [52,53].

ig. 4. The structure of the Fe–Mo–S cluster involved in the active site of the nitro-
enase enzymes; X is a light atom (e.g. C, N, or O) but its identity has not been
stablished unequivocally [52,53].
Fig. 5. The structure of D. gigas aldehyde oxidoreductase, as established by protein
crystallography, with the nature and the location of the redox active components
within the protein highlighted [56].

With the exception of the nitrogenases, all of the molybdenum-
containing enzymes that have been isolated to date involve the
metal bound to one (or two) dithiolene chelate(s). This represents
an extensive range of enzymes, each of which catalyses a two-
electron redox reaction that involves the transfer of an oxygen atom
to a substrate X, or from a substrate XO, as:

XO + 2H+ + 2e− ↔ X + H2O

The reactions catalysed involve a wide variety of substrates,
including: (i) the oxidation of sulfite to sulfate, xanthine to uric
acid, and an aldehyde to the corresponding carboxylic acid; (ii)
the reduction of nitrate to nitrite and DMSO to DMS. The enzyme
is named according to its function, e.g. sulfite oxidase or DMSO
reductase [54,55].

The structure of the aldehyde oxidoreductase from the
bacterium Desulfovibrio gigas is shown in Fig. 5; thus, the
molybdenum-containing catalytic centre of this enzyme functions
in conjunction with two 2Fe–2S clusters [56].

Given their biochemical function, these enzymes are often
referred to as ‘oxotransferases’. Each involves a mononuclear metal
centre bound to one or two molecules of a special moiety, ‘molyb-
dopterin’ (MPT)1 (Fig. 6) that is unique to these enzymes [57].
The nature of MPT has been determined, following a series of bio-
chemical [58–60] and several crystallographic [61] studies of these
enzymes. MPT itself cannot be studied directly as it is highly unsta-

ble once liberated from proteins; it loses the metal and undergoes
a rapid and irreversible loss of function due to oxidation [57].

Each protein crystallographic study [61] has identified MPT as a
tricyclic pyranopterin, the pyran ring of which carries the dithi-

1 Molybdopterin (or Metal binding PTerin) is the pyranopterindithiolene frame-
work without any metal bound, i.e. molybdopterin does not contain molybdenum
and, in the case of the tungsten oxotransferase enzymes molybdopterin is bound to
tungsten. Also (see Fig. 10), molybdopterin can exist in either the pyran ring open
or closed forms.
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ig. 6. Structure of ‘molybdopterin’ (MPT), the ligand that coordinates molybdenum
r tungsten at the catalytic centre of the oxotransferase enzymes; chiral centres are
ndicated by *; R = H or a dinucleotide [61].

lene group and a phosphate side chain. The MPT may exist in
ither the mononucleotide form (where R = H), as found in many
ukaryotic molybdenum enzymes, or as the dinucleotide of ade-
ine, cytosine, guanine, or hypoxanthine, as in prokaryotic Mo-MPT
nzymes. When the MPT is bound to the molybdenum centre, the
omplex is referred to as the “molybdenum cofactor” or Moco.

.2. The nature of molybdenum centres in oxotransferase
nzymes

A classification of the nature of the catalytic centres of the
olybdenum oxotransferases, based on the coordination sphere

f the metal in the oxidised form of the enzyme, was originally
roposed by Hille in 1996 [54]. Since then, despite a significant

ncrease in the number of crystallographic studies reported for
hese enzymes [61], this classification (see Fig. 7) has required rel-
tively little modification. The molybdenum is bound to one or two
PT groups with the remainder of the coordination sphere taken

p by a selection of non-protein ligands: oxo-, hydroxo-, water-, or
ulfido-groups and/or an amino acid side chain.

Members of the xanthine oxidase family have a single MPT coor-
dinated to a fac-MoVIOX(H2O) centre (X = O or S) with no amino
acid bound. CO dehydrogenase, an enzyme that catalyses the oxi-
dation of CO to CO2, is a special member of this family as the active
site involves a Mo–S–Cu moiety [62].
Members of the sulfite oxidase family involve one MPT bound to a
cis-MoVIO2 centre ligated by a cysteinyl residue and an additional
coordination site occupied by H2O.
The majority of the members of the DMSO reductase family have
the molybdenum ligated by two MPTs, a terminal oxo (Mo O)
group, plus the donor atom of the side chain of an amino acid
residue –S of cysteine, O of serine, or Se of selenocysteine. How-
ever, for some members of this family, notably the periplasmic
nitrate reductases and some formate dehydrogenases, the oxo-
group is replaced by a sulfur; in the former, this sulfur atom is
close (2.2–2.85 Å) to the S of the coordinated cysteine imply-
ing the formation of a (partial) disulfide bond that may well be
important in the catalytic process [61,63].

All of the known tungsten oxotransferases involve two MPTs
ound to the metal, i.e. they belong to the DMSO reductase family
61,62,64].

Spectroscopic studies indicate that the redox reaction concomi-

ant with oxygen atom transfer in the molybdenum and tungsten
xotransferase enzymes occurs at the metal centre and that the cat-
lytic cycle involves interconversion between the M(VI) and M(IV)
xidation states2; the former loses an oxo-group in the oxidases

2 Although there is general agreement regarding the oxidation states of the
olybdenum and tungsten centres of the oxotransferase enzymes at various stages

f the catalytic cycle, it should be remembered that these values have not been
nequivocally established (see Section 1.2) e.g. by comprehensive spectroscopic and
Reviews 254 (2010) 1570–1579 1573

and gains one in the reductases. The M(V) state is generated by a
one-electron reduction of the M(VI) state in the reductases, or by a
one-electron oxidation of the M(IV) state in the oxidases, and occurs
during the catalytic cycle en route to the regeneration of the catalyt-
ically active state by a further one-electron reduction, or oxidation,
respectively [65].

2.3. Molybdopterin

2.3.1. Nature and biosynthesis
The crystallographic information presently available [61] for

the molybdenum (and tungsten) oxotransferase enzymes indicates
that the nature of MPT is remarkably conserved, including the con-
formation of the pyran and pyrazine rings and the configuration
of the three chiral centres (marked * in Fig. 6). The only signifi-
cant variation presently observed is that, in the nitrate reductase
A from Escherichia coli, MPT was found to be present in both pyran
ring open and closed forms [66].

The molybdenum centre of the enzymes is synthesised
from guanosine-5′-triphosphate (GTP, a purine nucleotide) by a
conserved biosynthetic pathway involving several identified inter-
mediates including the cyclic pyranopterin monophosphate known
as Precursor Z (Fig. 8). After MPT has been synthesised molybdenum
is transferred to form ‘Moco’. As indicated in Fig. 8, it has been sug-
gested that copper is involved in this process, possibly to protect
the dithiolene group until molybdenum can be bound. Evidence
for the involvement of copper derives from the crystal structure
of a domain (G) of the enzyme Cnx1 which catalyses one step in
the insertion of molybdenum into MPT in plants [67]. However,
subsequent studies have questioned if copper is essential for the
formation of Moco or whether, given the affinity of this metal for
sulfur-donor ligands, copper is bound adventitiously to the dithi-
olene group of MPT [68,69]. Moco is unstable once liberated from
an enzyme and, therefore, it appears that this entity does not occur
in a ‘free state’ but is bound to a carrier protein that protects and
stores it until it is incorporated in a protein to form an enzyme (as
in Fig. 5) [70].

The biosynthesis of MPT is of particular interest due to the
relatively rare occurrence of ‘molybdenum cofactor deficiency’ in
organisms where genetic errors prevent the biosynthesis of func-
tional molybdoenzymes. Moco-deficiency in humans results in the
loss of sulfite oxidase, xanthine oxidase and aldehyde oxidase
activity and individuals with this deficiency are characterised by
progressive neurological damage, leading to early childhood death
in most cases [71]. Schwarz et al. [72] have reported successful
treatment of Moco-deficient mice with Precursor Z purified from
E. coli and this development shows promise for the treatment of
human Moco-deficiency [70].

Once located within the protein, Moco is held in place by mul-
tiple hydrogen bonds between amino acid residues and the polar
groups of MPT, i.e. the O and N atoms of the pterin and the phos-
phate group and – if present – the nucleotide [68,73]. In each
molybdenum and tungsten oxotransferase enzyme that has been
structurally defined, the active site is located close to the centre of
the protein and it is of interest to note that each enzyme possesses
a ‘funnel’ of length ca. 25 Å from the surface of the protein to the
metal centre through which the substrate must travel [74].
2.3.2. Possible roles in enzyme function
The ubiquitous presence of MPT in the molybdenum (and

tungsten) oxotransferase enzymes and the remarkable conser-
vation of its nature strongly suggest that this moiety is crucial

theoretical studies of the type accomplished by Wieghardt et al. [41–44] for selected
3d-transition metal dithiolene complexes.
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Fig. 7. A structural classification of the catalytic ce

o the catalytic process; however, the role(s) played by MPT is
are) not fully understood. Clearly, the dithiolene group is vital
o the function of these enzymes. Based on the facile redox
hemistry of the majority of d-transition metal dithiolene com-
lexes, it seems clear that the dithiolene group supports the
wo-electron redox change at the metal, from the M(VI) to the

(IV) state, or vice-versa, that is required for oxygen atom transfer.
he electronic structure of the oxo-molybdenum dithiolene com-
lexes [LMoO(dt)] (L = hydrotris(3,5-dimethyl-1-pyrazolyl)borate;
t = 1,2-benzenedithiolate or 3,4-toluenedithiolate) has been

nvestigated. The Mo O interaction dominates the ligand field of
hese complexes, isolating the Mo dxy orbital as the redox active
rbital and restricting its spatial orientation to the plane perpen-
icular to the Mo O vector. The Mo dxyo orbital interacts with the
ithiolene sulfur p-orbitals and this influences the redox poten-
ial of the molybdenum centre. These considerations of electronic
tructure have led to the proposal of an “oxo-gate” hypothesis; viz.
Mo O bond oriented cis to the plane of a dithiolene ligand is pro-
osed to be a necessary for efficient electron transfer to regenerate
he active site of a molybdenum enzyme following oxygen atom
ransfer [75].

The dithiolene group of MPT could:
Lower the activation energy for oxygen atom transfer by strong
S → M �- and �-donation [76].
Allow electronic communication between the metal centre and
the other components of MPT.

Fig. 8. Suggested route of biosynthesis and distribution of M
of the molybdenum oxotransferase enzymes [54].

• Provide a route for the two, one-electron transfer processes
required to re-oxidise, or re-reduce, the metal centre back to the
catalytic state.

With respect to this last point, it has been suggested that MPT
could provide a route for electron transfer to, or from, the molyb-
denum (or tungsten) during enzyme turnover [77,78]. This view is
reinforced by the crystallographic information available for these
enzymes; for virtually all of the enzymes this shows the close (typi-
cally ≤15 Å) approach of the redox active partner (an Fe–S cluster or
a cytochrome) to the catalytic centre with the (or one) MPT directed
towards this partner (see Fig. 5) [61].

Beyond the dithiolene group, it is important to consider the
other components of MPT in terms of their possible role(s) in
assisting the catalysis of oxygen atom transfer. One contribution
could be to provide basic sites to handle the protons that are
an integral component of the oxidation (or reduction) process
(XO + 2H+ + 2e− ↔ X + H2O). In respect of the possible participa-
tion of the pterin, as mentioned above, both the pyrimidine and
pyrazine rings serve to anchor MPT to the surrounding protein
via a series of hydrogen bonds. Furthermore, the pyrazine ring is

redox active and can occur in one of three oxidation levels: the
fully oxidised form; the dihydro-form (that can exist as one of
several tautomers); and the tetrahydro-form, as shown in Fig. 9.
These three forms are interrelated by two-proton, two-electron
processes.

oco in plant cells; MPT-synthase is an enzyme [70].
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Fig. 9. The oxidation levels of a pterin.

Fig. 10. The pyran ring-closed and ring-opened forms of molybdopterin (MPT) as found in the nitrate reductase A of E. coli [66].

Fig. 11. The scheme proposed by Garner and Enemark [79] illustrating the proton catalysed scission/condensation of the pyran ring of the pyranopterin of MPT to generate
a dihydropterin.

Fig. 12. The redox properties of a pyranopterin analogue of MPT showing that oxidation is possible but reduction is not [81].
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pyranopterin was chemically versatile. The analogue investigated

F
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ig. 13. A structural analogue of the catalytic centre of oxidised xanthine oxidase
84].

The reactivity of the pyran ring of MPT must be taken into
ccount. As noted above, evidence that the pyran ring may be either
pen or closed (Fig. 10) has been provided by a crystal structure
etermination for the nitrate reductase A of E. coli [66].

When the state pf the pyran ring is considered in conjunction
ith the oxidation level of the pterin, it becomes apparent that,

ogether, they determine the extent of the conjugation of MPT. Only
hen the pyrazine ring is in the dihydro-state can the opening of

he pyran ring lead to a conjugation that extends from the metal
entre across the pyrazine and pyrimidine rings. This is of par-
icular interest as, in the crystal structures of the oxotransferase
nzymes obtained so far, the pterin functionality in the MPT has
een found in the dihydro-oxidation state and the effect of open-

ng of the pyran ring would be that shown in Fig. 10. Enemark
nd Garner [79] have suggested a simple, proton catalysed, pro-
ess that could facilitate the opening of the pyran ring of MPT at
he dihydro-oxidation level (Fig. 11). Thus, the protons involved
n the oxygen atom transfer reaction could interact with MPT to
acilitate catalysis. Supporting evidence for this postulate has been
rovided by the theoretical calculations of Greatbanks et al. [80]

hat indicate the 7,8-dihydro-form of MPT is the most thermo-
ynamically stable tautomer; this form of MPT allows electronic
ommunication between the pyrazine ring of MPT and the metal
entre.

ig. 14. Summary of an oxygen atom transfer reaction sequence, commencing with [Mo(O
tate) [90].
Fig. 15. Methods utilised for the synthesis of mixed ligand complexes involving an
unsymmetrically substituted dithiolene.

Beyond the above considerations, if the pterin of MPT is redox
active in MPT and this redox activity is linked to the state of the
pyran ring, the state of the pyrazine and pyran rings could influence
the redox properties of the metal centre. Burgmayer et al. [81] have
provided a valuable insight into the redox capabilities of a pyra-
nopterin. They studied how the redox properties of a pterin were
affected when part of a pyranopterin (Fig. 12). They found that the
reacted as a dihydropterin in oxidations, where it was easily oxi-
dised to the fully oxidised form after ring opening. However, under
reducing conditions, which reduce dihydropterin itself it acted as
a fully reduced pterin, i.e. no further reduction was possible.

R′)(S2C2R2)2]− (R′ = Ph, Ad, or iPr; R = Me or Ph; QO = N- or S-oxide and ‡= transition
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substituted [Cp2Mo(dt)] compound shown in Fig. 17a together
ig. 16. (a) [CpCo{S2C2H(quinoxalin-2-yl)}] [103]; (b) A [CpCo(dt)] compound
ontaining a pyranoquinoxaline analogue of MPT [106]; and (c) one of the
Mo(O)(dt)2]2− complexes synthesised by Davies et al. [100,101].

. Chemical analogues

.1. Molybdenum centres

The synthesis of chemical analogues of the catalytic centres of
he molybdenum and tungsten enzymes has led to the develop-

ent of new chemistry and improved our understanding of the
ole of the metal in the function of the oxotransferase enzymes.
he chemical analogues developed so far can be considered in two
roups.

The first comprises structural models that aim to reproduce the
eneral features of the metal’s coordination sphere in at least one
tage of the catalytic cycle. These compounds have provided valu-
ble calibrations of the spectroscopic techniques used to probe
he metal centres of the oxotransferase enzymes. Thus, such com-
ounds have helped to establish the structural and spectroscopic
haracteristics of terminal oxo- and sulfido-molybdenum (or tung-
ten) complexes [82,83]. One important case study is that for
he oxidised xanthine oxidase analogue shown in Fig. 13 [84].
his tungsten(VI) complex was used in place of the isostructural
olybdenum analogue since molybdenum(VI) complexes are often

nstable to autoreduction in anionic sulfur ligand environments
85]. Superposition of the structures of the analogue and the oxi-
ised protein site revealed a near congruency. This is also the case
or several other similar analogues [86] and indicates that interac-
ions with the protein do not significantly perturb the coordination
phere of the metal.

A second group of studies involve reactivity analogues synthe-
ised in attempts to reproduce the oxygen atom and/or the H+/e−

eactions of the catalytic centres. Significant advances have been
ccomplished by Holm et al. [87–95] in respect of the synthesis

nd characterisation of simple molybdenum and tungsten dithio-
ene complexes that are capable of oxygen atom transfer reactions.
or example, [Mo(OR′)(S2C2R2)2]− (R′ = Ph, Ad, or iPr; R = Me or Ph)
omplexes react readily with N-, S-, and Se-oxides (see Fig. 14)
nd kinetic investigations of these oxygen atom transfer reactions

Fig. 17. (a) [Cp2Mo(dt)] and (b) [Tp*Mo(O)(dt)] complexes co
Reviews 254 (2010) 1570–1579 1577

have been achieved. These reactions have been shown, by 18O
labelling, to proceed by direct oxygen atom transfer with second-
order kinetics, an associative transition state, and an appreciable
enthalpy of activation (8–15 kcal mol−1). A study of the correspond-
ing reactions of the analogous tungsten complexes has also been
accomplished [91,94–96].

3.2. Towards the synthesis of molybdopterin complexes

As an initial step towards the synthesis of MPT, general
strategies for the synthesis of asymmetrically substituted dithi-
olenes have been developed particularly those incorporating
N-heterocycles. One such strategy involves the synthesis of
asymmetrically substituted dithiolene pro-ligands [97–99]. The
asymmetric pro-ligands have been used to generate a series of
[MO(S2C2(H)(R))2]2− (M = Mo or W) complexes [100,101]. The
chemical shifts in the 1H and 13C NMR spectra and the E1/2
values for the M(V)/M(IV) redox couple were shown to be
modulated by the nature of the substituent (R) on the dithio-
lene.

Other methods utilised for synthesising unsymmetrical dithi-
olenes include those shown in Fig. 15. These have been utilised in
the development of mixed ligand dithiolene complexes involving a
CpCo or a Cp2M (M = Mo or W) centre when bound to one dithiolene
ligand [102–105]. The chemical inertness of these cyclopentadi-
enyl centres has allowed the introduction of substituents on the
dithiolene that have some relevance to MPT. Armstrong et al. [103]
reported that protonation of the heterocyclic nitrogen atoms of the
[CpCo(dt)] complex (Fig. 16a) resulted in a shift in the redox poten-
tial of the CpCo centre to a more positive value, indicating that the
effect of protonation was communicated through the dithiolene
to the metal centre. This effect has been reported for other com-
plexes with dithiolene ligands that contain nitrogen heteroatoms
that are conjugated to the dithiolene metallocycle [102–105]. Thus,
such conjugation facilitates the transmission of the effects of pro-
tonation of the ligand to the metal centre, hence modulating the
redox properties, vide ultra and Fig. 10. Davies et al. [100] extended
the chemistry of [Mo(O)(dt)2]2− complexes (Fig. 16c) to include a
pterin moiety.

The chemistry of the [CpCo(dt)] analogues of MPT has been
extended by Bradshaw et al. [106] to include the pyran ring func-
tionality (Fig. 16b). The pyrazine ring in this system is in the
dihydro-oxidation state, as in the enzymes structures determined
to date.

Method (c) in Fig. 15 has been used to synthesise [Cp2Mo(dt)]
and [Tp*Mo(O)(dt)] {Tp* = tris(3,5-dimethylpyrazolyl)borate} com-
pounds containing an unsymmetrically substituted dithiolene
[102,105,107]. Thus, Pilato et al. [102] synthesised the pterin-
with several related [Cp2Mo(dt)] compounds [105]. Subse-
quently, this chemistry was extended by Burgmayer et al.
[107] to form [Tp*Mo(O)(dt)] complexes such as that shown in
Fig. 17b.

ntaining a dithiolene ligand related to MPT [102,107].
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. Conclusions

Following their introduction as analytical reagents for d-
ransition metals in the 1930s, the coordination chemistry of
ithiolenes has been developed in parallel with spectroscopic and
heoretical investigations of the electronic structure of the com-
lexes of these ‘non-innocent’ ligands. A wide range of complexes
ow exist and a striking aspect of their chemistry is the ability
f many of these systems to undergo facile and reversible redox
eactions.

Dithiolenes play an important role in natural systems. Thus, a
ithiolene group is an integral component of molybdopterin (MPT),
he moiety that binds the molybdenum (or tungsten) at the cat-
lytic centre of enzymes that transfer an oxygen atom to or from
he substrate. These enzymes catalyse a wide range of reactions
nd are present in virtually all living systems. Several of these
nzymes have been structurally characterised and each catalytic
entre shown to involve a single metal atom bound to one or two
PT groups, plus other donor atoms. Spectroscopic information

ndicates that the oxygen atom transfer reaction takes place at the
etal centre, the oxidation state of which changes from M(VI) to
(IV) (or vice-versa). This chemistry has been replicated by low
olecular weight analogues of these centres. However, challenges

emain in understanding the coordination chemistry of these cen-
res, not the least of these is the role of the pterin and pyran ring
hat, together with the dithiolene, form MPT. Whether other roles
or dithiolene complexes will be found in Nature remains to be seen.
owever, the present knowledge should encourage further inves-

igations of dithiolene complexes as catalysts, especially when the
rocess involves a redox change.
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