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Abstract. The phenomenon of ‘non-innocence’, first articulated by Jargensen in
1966, is briefly reviewed. Spectroel ectrochemical studies of arange of dinuclear
complexes of the type [{Mo(NO)Tp*Cl},(bridge)] (bridge = dipyridyls) and

[{Mo(O)Tp*Cl} x(bridge)] (bridge = diphenolates) which are redox active, show that
oxidised or reduced forms of these species exhibit ‘ non-innocence’ . The spectral
behaviour is associated with metal-to-ligand or ligand-to-metal charge transfer
phenomena, probably the first time that monodentate bridging ligands have been
implicated in ‘non-innocent’ behaviour. These bridging ligands al so determine the
nature and extent of magnetic interaction between the unpaired spins in

[{Mo(NO)Tp*Cl}(bridge)] and [{ Mo(O)Tp* Cl} »(bridge)], the dominant mechanism
of spin-exchange relying on the extent of d-delocalisationwithinthebridgingligands.
The unusual optical behaviour of these dinuclear complexes when oxidised

(oxomolybdenum diphenolates) or reduced (nitrosyl molybdenum dipyridyls) hasled
to the exploration of electrochromism as a means to develop variable optical

attenuators operating in the near-infrared region.
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1. Introduction

1.1 Non-innocence

The concept of ligand ‘innocence’ in chemistry was introduced by C K Jargensen in the
mid 1960s at a time when dithiolene chemistry was being developed by the groups of
Davison, Holm, Gray and Schrauzer and their coworkers®. The issue was the definition
of oxidation states when there were situations of apparent ambiguity, some examples of
which are given below. Jgrgensen’s definition to circumvent ambiguous situations was to
state that ‘ligands are innocent when they allow oxidation states of the central metal atom
to be defined’ 2.

No oxidation state ambiguity arises in compounds such as [Nb(CO)s] 3, [Cr(CN)g]®
and [Ni(PPhg)3Cl], which contain Nb(-I11), Cr(O) and Ni(l) respectively although there
may be some discomfort about the notion of negative oxidation states!

However, the situation with metal nitrosyls is different and relates to the possibility
that the NO ligand is coordinated as NO*, NO' (neutral) or NO™. The formal oxidation
state of the metal in, for example, [Fe(NO)(H,O)s]** may be defined as Il (NO"),

* For correspondence
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I (NO) or | (NOY. In [IrCI(CO)(NO)(PPhs),]" the NO charge formalism leads to Ir'"
(NOY), Ir'" (NO) or If' (NOY). Actualy, the situation in this iridium complex seems
reasonably clear since the Ir-N-O bond angle is ~120°, indicating that the nitric oxide is
reduced and bound formally as NO™3. However, NO as a ligand always presents
difficulties for the determination of metal oxidation states, and so is regarded as a ‘non-
innocent’ ligand. This is particularly well illustrated by the 3-membered electron transfer
chain trans[Fe(NO)(cyclan)Cl]**, where z=0, +1 and +2 (cyclam=14811-tetra-
azocyclotetradecane) . Whatever rationalisations one might dream up for the formal
oxidation state of the iron and the NO group, a beautiful combination of vibrational,
electronic and EPR spectroscopic, spectroelectrochemical, Mdssbauer spectral and
magnetic susceptibility studies show that the situation is truly ‘non-innocent’. The
monocation trans-[Fe(NO)(cyclam)Cl]* is proposed to contain an intermediate spin
Fe(lll) centre (S=3/2) antiferromagneticaly coupled to NO™ (S=1), while the one-
electron oxidised species (z=+2) appears to contain Fe(lV) (S=1V), aso coupled
antiferromagnetically to NO™ (S=1). One-electron reduction of the monocationic
(z=+1) species leads to the neutral complex trans[Fe(NO)(cyclam)Cl] in an apparently
nitrosyl-ligand-centred process, affording a species containing low spin Fe(l11) (S=1/2)
antiferromagnetically coupled to what is formally described as NO?~ (S=1/2). These
proposals are remarkable and whether credible or not, underline the ‘non-innocence’ of
complexes containing NO.

As mentioned above, it was dithiolene chemistry that presented the earliest challenge
to oxidation state formalities. Perhaps the most dramatic situation was illustrated by the
series of complexes represented as [V{ dithiolato} 5]* (z=0 or —1)°. If it is assumed that
the chelating sulfur ligand is formally dianionic, then when z=0 the oxidation state of
the central metal must be defined formally as VI: plainly nonsense! When z=-1, an
assignment of metal oxidation state as +5 is apparently reasonable except for the
consideration that such a high oxidation state can be supported by highly polarisable
sulphur ligands! The complexes with z=0 or —1 have slightly distorted trigonal prismatic
structures and the inter- and intra-ligand S-S distances are close to 34 A, a situation
implying that the sulfur ligand itself may be partialy oxidised, leading to weak S-S
interactions. A detailed examination of the spectroscopic properties of these compounds
coupled to molecular orbital calculations has been, to say the least, somewhat confusing,
but when stripped to the basic arguments, appears to show that the formal oxidation state
of the metal might be closer to +4, and that the highest filled or partly filled MOs of this
species are predominantly of sulfur ligand & symmetry. It seems very probable that these
highly oxidised species owe their unusual structural properties to a combination of
moderately high metal oxidation states and partially oxidised sulphur ligands. It can also
be seen that the HOM Os in the species [V{ dithiolato} 5]* switch around depending on the
sulphur ligand substituents and on the overall charge on the complexes. Thisis a clear
case of true ‘non-innocence’. It was actually suggested as early as 1966 that the
behaviour of many of these species might be accounted for by antiferromagnetic coupling
between pairs of dithiosemiquinones (radical anion ligands) held together by metals®?,
but the idea was not pursued with much enthusiasm at that time. These dithiolene
complexes are al members of electron transfer chains, the more reduced members of
which do appear to contain 1,2-dithiolato ligands bound to metals in ‘norma’ and
credible oxidation states. As these complexes are progressively oxidised, electrons are
increasingly removed from ligand &-orbitals rather than the metal, this leading, inter alia,
to co-operative interactions between the S atoms and the generation of trigonal prismatic
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structures. But the situation can be complicated by the reorganisation of the ligand and
metal frontier redox orbitals in a way that is difficult to predict — this representing ‘ non-
innocent’ behaviour not just of the ligands but of the ligands and metal in combination.
The most recent manifestation of this behaviour in dithiolene systems occurs in
[M(CO)A S,C:M ez} 5] 172, (M =Mo or W), a three-membered electron transfer chain,
where Holm has demonstrated conclusively from extensive crystallographic, spectro-
scopi CGEnd DFT studies that the electron transfer reactions are extensively sulphur-ligand
based °".

That ligands can participate in redox reactions is not especially surprising. A classic
example of this behaviour, in which the ligand is, for the most part, ‘guiltless’, is in the
series of tris(bipyridyl) complexes, exemplified by [Cr(bipy)s]™, where n=3, 2, 1, 0, -1,
—2 and —3”. From extensive structural and spectroscopic work, it is clear that the metal in
the 3+ and 2+ salts contains Cr'"' and Cr", respectively. However, the 1+ and O species
have electronic spectra which reveal the presence of the well-characterised [bipy]™ anion,
and it seems likely that more highly reduced species result from an increasing population
of bipyridyl acceptor orbitals.

One of the most complicated but interesting situations occurs with complexes of 1,2-
dihydroxybenzene (catechol) and related arenediols. Pierpont showed many years ago
that metal complexes containing the catecholato ligand had characteristics not unlike
related dithiolene species. Indeed, the term dioxolene was coined to take account of this
similarity in behaviour®. The chromium complexes [Cr(O,CsH,Bu',)s]* and
[Cr(O,CsH,BUY)3]® appeared to be members of an electron transfer chain linking
containing two other species having 2— and 1— charges, respectively . These two extreme
species, however, could be rationalised by describing the more reduced species as a
complex of Cr''" containing a benzene-1,2-diolate(2-), whereas the more oxidised species
could be a complex of Cr° coordinated by an ortho-benzoquinone. While the first
description seems entirely reasonable and is actually consistent with the spectroscopic
properties of the complex, the second picture is manifestly unsatisfactory, not the least
because quinones are notoriously poor ligands. However, Pierpont, Hendrickson and
others pointed out that while benzene-1,2-diolates are easily oxidised to quinones, that
oxidation can pass through a semiquinone state which has significant stability, and some
complexes apparently containing catecholato ligands probably contain coordinated
semiquinones’.

More recent studies of catecholato complexes have shown the extent to which ‘non-
innocence’ is areal factor in the redox behaviour of apparently quite simple complexes.
One-electron reduction of [Ni(O,CsHa)2], which has been shown to contain Ni'"' bound by
two semiquinone {(O,CsH4) ~} ligand, leads to the formation of [Ni(O,CsH,),]™, in which
the two formerly semiquinonoidal ligands are reduced to (O,CgHa)?~ (catecholate), while
the meta is formaly oxidised to Ni"''°. Similarly, oneelectron reduction of
[V(O,CsHa)s], which contains V"' bound by three semiquinonoidal ligands, affords
[V(O,CsHa)s]~ which contains V¥ coordinated by three catecholato ligands'!. These
reductions can be regarded as addition of one electron to a semiquinone-like ligand
followed by substantial reorganisation of the metal d and ligand d-orbitals, leading to
electron redistribution: in the nickel case to formation, notionally, of [Ni'"(sq)(cat)]”
followed by reorganisation to [Ni'"'(cat),]; and in the vanadium case of conversion
initially (and notionally) to [V"'(sq), (cat)]” and then reorganisation to [V"(cat)s]” -
reduction of one ligand followed by transfer of two electrons from the metal to the two
remaining semiquinone ligands.



29 Jon A McCleverty and Michad D Ward
12 General behaviour of dinuclear molybdenum complexes

In initially unrelated work, we have been investigating dinuclear nitrosyl and oxo
complexes of molybdenum for several years'?. These complexes have been of interest
because of their remarkable magnetic and optical properties, which has led us recently to
report systems containing the { Mo(NO)}"™" and {Mo(O)}"* moieties which exhibit redox-
switchable magnetic'®, non-linear optic* or NIR electrochromic behaviour**. The
compounds of interest to this discussion contain 4,4¢dipyridyls and 4,4¢diphenolato
ligands. the former bridging molybdenum nitrosyl termini, e.g. [{Mo(NO)Tp*Cl},
(dipy)] (Tp* =trig3,5-dimethylpyrazolylborate, dipy =generic class of dipyridyl
ligands) and the latter connecting oxomolybdenum groups, e.g. [{Mo(O)Tp*Cl},

{OCsH4ECsH,40)] (figure 1). Both of these systems are redox-active, forming four-
membered electron transfer chains:

[{Mo(NO)Tp*Cl}o(dipy)]*”  [{Mo(NO)Tp" Cl}»(dipy)]”
[{Mo(NO)Tp*Cl}, dipy)]  [{Mo(NO)Tp*Cl} (dipy)]**;
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Figurel. Dinuclear nitrosyl and oxo molybdenum complexes.
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[{Mo(O) Tp* Cl} of OCsHaECsHA0)]*
[{Mo(O)Tp* Cl} »{ OCsHsECsH,0)]
[{Mo(O)Tp* Cl} 2{ OCsH4ECeH,0)]*
[{ Mo(O) Tp* Cl} of OCsH4ECsHAO)*".

To interpret this electrochemical behaviour, it is first necessary to understand the
simple electronic structures of the isolated {Mo(NO)}?* and {Mo(O)}** moieties. The
fragment {Mo(NO)Tp*Cl} formally contains the metal in oxidation state+1 (d°;
assuming that the nitrosyl group is formally bound as NO™: remamber, this is only a
formalism), although an alternative description developed by Enemark and Feltham'®
which avoids the need to define an oxidation state, would represent the metal nitrosyl
core {Mo(NO)}?" as {Mo(NO)}°. The oxo species { Mo(O)Tp*Cl}* contains Mo(V) (d).
Both {Mo(NO)}?* and {Mo(O)}*" fragments are paramagnetic with one unpaired
electron. Despite their differences in formal oxidation state, however, the nitrosyl and
0X0 species have comparable electrochemical and magnetic properties. This can be
explained by first taking the Mo—NOJ/O axis as the z-axis, as shown in figure 2. In the
nitrosyl situation, the NO ligand is a strong &-acceptor and so the two empty NO &*
orbitals overlap with the dy, and d,, orbitals, thereby lowering them, but leaving the dy,
orbital unchanged The configuration of the Mo(l) centres is dxzd2 dl In the
{Mo(O)Tp*Cl}* fragment, the oxo ligand is a strong &-donor, the filled oxygen pxand Py
orbitals overlapping with the metal d,, and dy, orbitals, raising them but agam leaving the
dyy orbital unchanged. The Mo(V) electronic configuration is therefore dl dxzdO In both
cases, the dy, orbital is of the correct symmetry for d,—3, overlap W|th the bridging
ligand.

As we have remarked before'?, a number of factors combine to make these two metal
fragments particularly useful for studying electronic and magnetic interactions between
metal centres across a range of bridging ligands designed to allow investigation of the
effects of ligand length, conformation and topology. Both systems are (i) redox active,

@ 4 —_—— (b)
N : .
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N ovpy : N"MO~0Ar
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Figure2. Ground-state electronic configurations for complexes containing (a)
{Mo(NO)Tp*Cl} bound to apyridine ligand, and (b) {Mo(O)Tp*Cl}*boundto an
aryloxide ligand.
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permitting the study of electronic interactions by voltammetry, and (ii) paramagnetic,
enabling the study of magnetic exchange interactions by EPR spectroscopy and magnetic
susceptibility measurements. Furthermore, the Mo—NO and Mo=0 groups provide easily
identifiable and strong or moderately strong IR absorptions which are very convenient
spectroscopic probes for monitoring changesin electronic density at the metal centres.

Within the electron transfer chain involving [{ Mo(NO)Tp* Cl}»(dipy)]* there are two
distinct one-electron reduction processes (z=-1 and —2) in which the interaction between
the metal centres, as measured by the difference between the first and second formation
potentials, can be very large: up to ~800 mV with comproportionation constants of
~10*2 in CH,Cl,). However, there are two apparently coincident oxidations, giving a
dication. A contrary situation appears to exist for [{ Mo(O)Tp* Cl}»{ OCsH4ECsH,O)]%,
where reduction seems to involve coincident one-electron process, leading to a dianion,
whereas the one-electron oxidations are clearly separate, the interactions again being
significant (up to ~1000 mV in CH,Cly).

In order to interpret these observations, it is necessary to construct a qualitative
molecular orbital scheme for the dinuclear species, figure 3*2. For the nitrosyl complexes,
the relatively high-energy oy, orbitals lie just below the low-lying & orbitals of the
dipyridyl bridging ligand, over which delocalisation can occur. Addition of a further
electron to each dyy, orbital will raise them in energy even closer to the &* level, so that on
reduction these d,, electrons are very effectively delocalised over the bridging group.
This doubly reduced species can be represented by two extreme forms: [{Mo(0)}-L—
{Mo(0)}] and[{Mo(l)-(L*){Mo()}] or [{Mo(NO)} *-L+{Mo(NO)}*] and [{Mo(NO)}*~
(L>){Mo(NO)}°], such an arrangement recognising the well-documented ability of
oligo-pyridine ligands to reduce relatively easily. In such a situation the two added
electrons will be relatively close to each other, and the electrostatic repulsion will be
strong, hence leading to relatively large values of DE. On the other hand, oxidation of the
metals, with the concomitant formation of positively charged species, will lower the oy
orbitals away from the &* levels so that the d,, electrons are much more metal-localised.
Furthermore, the HOMO of the bridging dipyridyl is much lower in energy than the d,,

@) () LUMO

+ +
L o
H-(;;-/I.O + 44- +

Mo(l) Dipyridyl ~ Mo(l) Mo(V) Diphenolate  Mo(V)
bridge bridge

Figure 3. Qualitative MO scheme for (a) [{Mo(NO)Tp*Cl},(dipy)] and (b)
[Mo(O)Tp*Cl} (diphenolate)] (dipy © generic class of 4,4¢dipyridyl ligands).
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orbitals and therefore cannot participate in stabilising the oxidised species. The doubly
oxidised species may be represented as [{Mo(I1)}-L<{Mo(I1)}] or [{Mo(NO)}*~L—
{Mo(NO)}*] and there will be little contribution from the [{Mo(1)}~(L*>"Y—<{Mo(1)}] or
[{Mo(NO)} °*~(L*")~{ Mo(NO)} °] form.

In the corresponding oxo diphenolato-bridged complexes we drew attention to the
significant separations between the two oxidation potentials, and the near or actual
coincidence of the reduction processes. In these, the d,, orbital is not far above the
HOMO of the bridging ligand, which is relatively high in energy because it carries a
double negative charge. Oxidation will lower the dy, orbital further, and the positive
charges will therefore be partly delocalised onto the bridging ligand. In contrast,
reduction to Mo(I1V) will raise the dyy, orbitals above the bridging ligand HOMO so that
delocalisation is decreased. The bridging ligand LUMO is too high in energy to
participate, so the reductions are metal-localised. Hence, for the species [{ Mo(O)Tp*Cl} ,
(diphenolate)]?*, two extreme canonical forms can be written:

[{Mo(V 1) diphenolate} > —{ Mo(V1)}] and
[{Mo(V)— diphenolate} °{ Mo(V)}].

Note that {diphenolate}? is the oxidised form of {diphenolate}®", i.e. a quinone. That
oxidation of the diphenolato ligand could play a significant role in the description of
these oxidised complexes is consistent with the known propensity of para-substituted
diphenols to be oxidised to quinones and, as we shall see later, has important
conseguences for the behaviour of this class of complex.

2. Dinuclear nitrosyl complexes

The dinuclear complexes [{Mo(NO)Tp*Cl}, (py-E-py)] shown in figure 1 are prepared
by reacting [Mo(NO)Tp* Cl,] with the appropriate dipyridyl in toluene in the presence of
NEt; *’. The molecular structure of the complex where E = —(CH=CH),— was determined
crystallographically, and this confirmed that the pyridine rings and the polyene chain are
essentially coplanar and that there is conjugation between the rings and the chain.
Furthermore, the structural co-ordinatesindicate that there islikely to be reasonably good
overlap between the metal dy, and pyridine d-orbitals. These dinuclear complexes are
strongly solvatochromic, consistent with the highly polarising nature of the molybdenum
nitrosyl group *®.

As described above, these complexes are oxidised in a two-electron step, but are
reduced sequentially in two one-electron processes, the separation between the formation
potentials for the mono- and dianion being dependent mainly on the length of the polyene
chain. Spectroelectrochemical studies of mononuclear and dinuclear nitrosyl complexes
of this type reveal the evolution of strong bands in the NIR region as the monoanion is
generated. This is illustrated in figure 4, which shows the behaviour of
[Mo(NO)Tp*Cl(py)] on reduction in dichloromethane. Of the original metal-to-ligand
charge-transfer (MLCT) bands, the one at highest energy almost doubles in intensity but,
more dramatically, a strong new band grows up at 804 nm. This is aso a MLCT
absorption, occurring at lower energy because the energy of the metal-centred do orbitals
increases on reduction bringing them closer to the ligand-centred acceptor LUMO
orbitals®. Even more remarkable events occur on reduction of the dinuclear species
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[{Mo(NO)Tp*Cl} »{ py(CH=CH)spy}] (figure 5)*". In all cases, very strong charge
transfer bands evolve, but further into the NIR region than in the mononuclear species
(table 1). The intensities and structure of these bands are characteristic of polyene
chromophores, but the transitions are at lower energies than would normally be expected.
This is probably because the LUMO of the neutral complex has significant ligand
character, and the shift to lower energy occurs probably because the separation of the
HOMO and LUMO in the neutral molecule is much larger than the separation of the
LUMO and the second lowest unoccupied orbital.

Spectroelectrochemical  studies of [{Mo(NO)Tp*Cl},(4,4¢bipy)] (4,4¢bipy =44
dipyridyl) show that the behaviour of this compound is different from the related

25 F

Figure4. Spectroelectrochemistry of [Mo(NO)Tp*Cl(py)] (ein dm® mol~temid).

600 Al 1000

Figure5. Spectroelectrochemistry of [{ Mo(NO)Tp* Cl} »{ py(CH=CH)3py}] (ein
dm® mol™ cm™).
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Tablel. Electronic spectraof neutral and reduced dinuclear nitrosyl complexes

Complex | ma/nm (62072 dm® mol = cm™)
[Mo(NO)Tp*Cl(py)] 409(16), 467(1>8), 620(02)
[Mo(NO)Tp* Cl(py)]- 399(27), 462(156), 804(4-4)

[{Mo(NO)Tp*Cl} { py(CH=CH),py} ]~ 506(16:8), 563(219), 699(35*9), 781(40x),
952(488), 1086(57:2)

[{Mo(NO)Tp*Cl} { py(CH=CH)4py} ]~ 534(27), 595(26%6), 724(28%0), 793(48),
917(67:8), 1020(70:0), 1212(97:8)

[{Mo(NO)Tp*Cl} { py(CH=CH),py} ]~ 588(39:8), 628(57°0), 666(49:0), 806(63:8),
892(64:8), 1025(70%6), 1282(65%)

[{Mo(NO)Tp* Cl} »(bipy)] 355(6:8), 558(45)

[{Mo(NO)Tp* Cl} o(bipy)]- 355(6:0), 432(8:8), 547(10:8), 870(21:3)

[{Mo(NO)Tp* CI} »(bipy)] = 353(108), 431(9:0), 493(82), 547(722),
1189(24:8)

dipyridyl polyenes. In DMF at —20°C, reduction of the neutral species to the monoanion
is accompanied by spectral changes very similar to those derived from mononuclear
species, e.g. [Mo(NO)Tp*Cl(py)]~, implying that there is limited delocalisation onto the
dipyridyl ligand, but little interaction between the two metal centres. However, as
[{Mo(NO)Tp* Cl} »(4,4¢bipy)]>~ evolves, NIR transitions appear, the final spectrum being
quite similar to those of related monoanions. We interpret this to mean that in the neutral
and monoanionic species the dihedral angle between the two pyridine ringsis significant,
hindering cross-molecule delocalisation, but in the dianion the two rings approach
coplanarity, thereby facilitating substantial delocalisation.

3. Dinuclear oxomolybdenum diphenolato complexes

The species [{Mo(O)Tp* Cl} ,(OCsH4ECsH,0)] (figure 1) were prepared by reaction of
[Mo(O)Tp*Cl,] with the appropriate diphenolate dianion. As described above, they may
be oxidised sequentially to a mono- and a dianion, and reduced, usually in atwo electron
step, to a dianion. The structures of several of these dinuclear species have been
determined crystallographically, viz. the 1,3- and 1,4-isomers of [{Mo(O)Tp*Cl},
(OCsH40)] %° and [{ Mo(O) Tp* Cl} ,(OCsH4ECsH40)], where E= N=N or CO%.,

Electrochemical examination of this group of complexes revealed that the connecting
group E has a significant influence on the separation between the first and second
oxidation potentials®»?2. The efficiency of E in facilitating delocalisation across the
complexes is thienyl > ethenyl > phenyl, the thienyl units being particularly effective in
maintaining large separations between the potentials over long distances. An ethenyl
spacer was almost as effective as an ethynyl spaces at mediating electronic interactions,
but the azo spacer, N=N, is significantly worse. As with the dipyridyl nitrosyl complexes,
interaction between the two redox centres diminishes significantly as the pathway
between them lengthens.

Spectroelectrochemical studies provided more revealing information about the nature
of the oxidised species, however 2. The lowest energy electronic transition in neutral
mononuclear species [Mo(O)Tp*CI(OAr)] is a phenolate® Mo LMCT process,
occurring in the region 500-700 nm (see figure 6 for a typica example). On oxidation,
this evolves into two stronger peaks, one at ~550 nm, and the other close to the near-IR
region, between 700 and 900 nm, both being enhanced LM CT processes.



300 Jon A McCleverty and Michad D Ward

10—

10 £

500 600 A/ mm 700 200

Figure 6. Electronic spectra of (a) [Mo(NO)Tp*CI(OCgH,OMe-p)] and (b)
[Mo(NO)Tp* Cl(OCsH,OMe-p)]* (ein dm® mol~ cm™).
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Figure 7. Electronic spectra of (a) [{Mo(NO)Tp*Cl}{O(CsH,):0}], (b)
[{MO(NO)Tp* Cl} o{ O(CeH.)s0}]* and (c) [{ MO(NO)Tp* Cl} o{ O(CeH,)s0}1** (ein
dm® mol™ cm™).

In the dinuclear species the situation seems to be broadly similar, as shown in figure 7.
However, the lowest energy transition in the monocationic species occurs much further
into the near-IR region, the exact position being determined by the nature of the bridging
group. So, in the group of complexes where E=(CgHa4)n, this NIR transition appears at
l max = 1096, 1131 and 1047 nm for n=0, 1 and 2, respectively. On further oxidation to
the dication, this transition is dlightly blue-shifted, to | o =1017, 1015 and 1033 nm,
respectively.
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It is tempting to make the assumption that these oxidative processes are metal-based,
the mono- and dicationic species being formally described as { Mo"'—(dianionic bridge)—
Mo"} and {Mo"'(dianionic bridge)-Mo""} respectively. This is indicated in figure 8,
pathway (i). However, there is an alternative way of looking at this situation, as shown by

pathway (ii) in the same figure.

Instead of metal-based oxidation, one can invoke ligand oxidation:

[Mo"—(diphenolate)-M 0"]**

[Mo"—(semiquinone)-Mo"]**

(i)

[Mo"—(quinone)-M0"].

VI
Mo \

Mo dyy

+"";;T+
-+

Mo dyy

O~

-

Figure8. Generation of the doubly oxidized forms of dinuclear oxomolybdenum
complexes arising from metal-centred oxidation, pathway (i), and ligand-centred
oxidations, pathway (ii); and accompanying electronic transitions.
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If such ligand oxidation was to occur, we would expect semiquinone and then quinone-
based 6® &* transitions to appear. From a wealth of magnetic and EPR spectroscopic
data, it is quite clear that the neutral precursors contain two oxomolybdenum(V) groups
connected by a diphenolato bridge?°?2. According to the MO scheme shown in figure
3(b), the highest energy occupied orbitals are the singly occupied dy, on each metal, the
bridging ligand HOMO lying just below this. We would therefore expect the first
oxidation to be metal-based, although it would only require a small change in the relative
energies of ligand frontier orbitals following the first oxidation to change this picture for
subsequent oxidations. Such behaviour would constitute ‘ non-innocence’. The spectral
behaviour of [{Mo(O)Tp*Cl} o O(CsH4)nO}] on oxidation is very similar to that of the
mononuclear species [Mo(O)Tp*CI(OAr)], i.e. the strong near-IR transitions are typical
of phenolate® Mo"' LMCT processes, and this is supported by ZINDO calculations on
the doubly oxidised dinuclear species. It is also clear that the spectra of [{ Mo(O)Tp*Cl}»
{O(CsHa)nO}™ are quite different to those of related free polyphenylene quinones,
whose 0® & are would be much higher in energy. Furthermore, the absorption maxima
for the free quinone series becomes progressively red-shifted as the quinone lengthens,
which does not happen in the spectra of [{ Mo(O)Tp* Cl} »{ O(CsH)nO}]?*, and while | e
for the latter is similar in energy for both the mono- and dications, free semiquinones and
related quinones behave quite differently. So it seems clear that oxidation of
[{Mo(O)Tp*Cl} { O(CsH4)nO} ] is predominantly a metal-based process, i.e. pathway (i)
infigure 8.

The spectroelectrochemical behaviour of [{Mo(O)Tp* Cl}(OCsH4sN=NCzH,0] (figure
9) contrasts with that of [{Mo(O)Tp*Cl}{O(CsHs)nO}]. The spectrum of
[{Mo(O)Tp*Cl} ,0CsH4N=NCsH,O]" exhibits a principal absorption maximum at

404
detectolr change

O

1 ] 1
700 1200
A/ nm

Figure 9. Electronic spectra of [{ Mo(O)Tp*Cl} ,OCsHsN=NCgH,O]" (i) n=0;
(@ii) n=+1; (iii) n=+2.
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| max = 1268 nm, characteristic of a phenolato® Mo"' LMCT process, whereas that of
[{Mo(O)Tp* Cl} ,0CsHsN=NCH4O]>" has | =409nm, suggesting that the second
oxidation leads to the formation of a bridging quinone. The occurrence of this intense
transition in the visible region in the dication is more like a 8® &* transition of a free
quinone than a phenolate® Mo"' transition which, as we have seen, occurs in the near-
IR region. ZINDO calculations on this and closely related species are broadly consistent
with this view. So the oxidative behaviour of [{Mo(O)Tp*Cl}{O(CsHs)nO}] is
significantly different to that of [{Mo(O)Tp*Cl},0OCsH4sN=NCsH,;O] as a result of an
internal charge redistribution associated with the second oxidation. In other words, one-
electron oxidation of {Mo"'—(diphenolate)-Mo"} affords {Mo"'—(diphenolate)-Mo""}
with the former but { Mo'—(quinone)—Mo"} with the latter. This form of internal charge
redistribution was mentioned in the Introduction, particularly in connection with the
catecholate complexes of nickel and vanadium, but its occurrence in systems containing
monodentate bridging arene-diolato ligands has not been reported before, and is clear
evidence of ‘ non-innocent’ behaviour.

4. Magnetic propertiesof dinuclear molybdenum complexes

The EPR spectra of dinuclear molybdenum nitrosyl complexes of the type shown in
figure 1 provided the first evidence that magnetic exchange was an important feature of
this class of compounds. About 75% of the isotopes of molybdenum have a nuclear spin
I =0, the remaining 25% having |1=5/2. This means that EPR spectrum of a
molybdenum complex having one unpaired electron will be comprised singlet (75% of
the total intensity) overlapped by a sextet (25% of the total intensity) at the same g-value,
and for species containing the { Mo(NO)}?" as well as the {Mo(O)}*" core, the hyperfine
coupling constant Ay, is ~5%mT *%. However, when the unpaired spins are coupled to
two molybdenum nuclei, the spectrum consists of a singlet (I =0, | =0 nuclear spin
combination, 56% probability), a sextet (1=52, 1=0, 38%) and a 1:2:3:456.5:
4:3:2:1 undecet (1 =5/2, 1 =5/2, 6%) superimposed on each other, with the hyperfine
coupling essential halved, to ~2%6mT. This effect arises in a dinuclear complex
containing two unpaired electrons, such as these being discussed here, via magnetic
exchange interaction between the electron spins localised on individual metal centres,
such that [J Awo, Where Jis the energy of the exchange interaction and Ay, is the
energy of the electron—nuclear hyperfineinteractions?®. Such ‘ exchange coupled’ spectra
are well-documented in nitroxide diradicals, where coupling of both electrons to both
nitrogen nuclear spins occurs, even across saturated spacers where there is no possibility
of delocalisation of the electrons?®. The energy of the hyperfine interaction is very small,
the coupling between a single electron localised on one molybdenum centre (5% mT)
being less than 01 cm™, which corresponds to an exchange interaction far too small to
be measured by magnetic susceptibility methods. So even a very weak magnetic
exchange interaction can give rise to an exchange-coupled spectrum. In addition, the sign
of J has no influence on the spectrum at ambient temperatures. ferromagnetic and
antiferromagnetic interactions will give the same spectrum as long as |J| is above the very
small lower limit.

All of the dinuclear nitrosyl complexes shown in figure 1 exhibited an exchanged-
coupled spectrum indicating that |J Awo and Auo O 26mT. If Ay, 0 50mT in
dinuclear species it would be clear that the unpaired spins are isolated on each metal
centre, and there is no magnetic exchange. However, intermediate situations could occur
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where |J O Avo, the EPR spectra then having a second order appearance typical of weak
exchange. Such situations arise when the bridging ligands are very long, or when thereis
atwist in the bridge, which occurs when C¢H,—CsH4 groups are incorporated 24

The EPR spectra of mononuclear [Mo(O)Tp*CI(OPh)] also consisted of a
superimposed singlet and sextet with Ay, O 50 mT, while the dinuclear species with
relatively long bridging ligands (e.g. (CsHs)s, (CH=CH)3) were like their nitrosyl
counterparts, consisting of a superimposed singlet, sextet and undecet, and Ay 00 26 mT.
With shorter ligands, the room-temperature spectra were broad and uninformative, except
that a half-fidd Dmy=2 transition was detectable at 77 K, which provided further
evidence of magnetic exchange.

As mentioned above, while it was clear that magnetic exchange could occur, the EPR
spectral evidence could not provide information concerning the sign or magnitude of J.
This could only be obtained by solid state magnetic susceptibility measurements, which
have been made of a wide range of dinuclear nitrosyl and oxo molybdenum complexes.
Some dataare givenintable 2.

An inspection of the data obtained from the dipyridyl systems shows that there is an
aternation in the sign of Jas the bridging ligand substitution pattern changes from 4,4¢
through 4,3¢to 3,3¢ A similar situation occurs with the 1,4 and 1,3-diphenolato species.
These results show that the magnetic interaction switches from antiferromagnetic to

Table2. Exchange coupling constants as a function of bridging ligand.

Bridging ligand J2 (em™) Bridging ligand J2 (cm™)
y —
\ \ /N -33 O—Q'O -80
7 N\ -
\ 7 +08 0 Q 0 ~132
— N
B0 JE, So
i/ \ ©
D an . 3% O\©/ +98
s Grrn O
C=C Nn=1-18 E O E=N=N —128
Q—(H i/ \_4
n=4 —-6%
E=CH=CH -3%
E=C°C 70
JaX
E= S -128
E=CO -14

aJ determined using the exchange spin Hamiltonian in the form H = —J(S;S,)
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Figure10. The spin-polarisation mechanism over dipyridyl and 4,4¢diphenolato
ligands.

ferromagnetic as the number of atoms in the pathway between the interacting spins
changes from even to odd. This strongly indicates a spin-polarisation mechanism for
propagation of the exchange interaction, as shown in figure 10, a situation which is
consistent with the spin exchange interaction detected by EPR spectroscopy. The spin-
polarisation mechanism arises from the Longuet—Higgins molecular orbital model for
conjugated alternant hydrocarbons®®, which results in ferromagnetic coupling between
two radicals separated by an m-phenylene bridge (odd atom pathway).

Theresultsin table 2 also show that Jis dependent on the conformation of the bridging
ligand. Comparing the data obtained from the 4,4¢dipyridyl-bridged complex, where
there is a twist of ~26° between the two pyridine rings) with that from the 2,2¢dimethyl-
4.4-dipyridyl analogue, where the twist is 90°, it is clear that the magnitude of J
decreases by about 90% as the two halves of the bridging ligand approach orthogonality.
This is further evidence, if any is needed, that the spin-polarisation is propagated viathe
delocalised 6-system of the bridging ligand.

The magnetic behaviour of the oxomolybdenum complexes follows the same general
pattern, as can be seen from table 2. Once again, if there is an even-atom pathway
between the two spins, the exchange interaction is antiferromagnetic and if it is odd, the
behaviour is ferromagnetic. Furthermore, when a twist isimposed between two halves of
the bridge, as can be seen in comparing the complexes containing OCgH4CsH4O and
OCsH3(Me)CgHs(Me)O, the exchange interaction is substantially diminished.

5. Exploiting the optical propertiesof dinuclear molybdenum species

We commented above on the unexpected evolution of strong near-IR absorption bands on
oxidation of the dinuclear oxomolybdenum diphenolato complexes. This behaviour
makes some of these complexes potentialy effective as electrochromic near-IR dues in
the region of the spectrum of interest for fibre-optic data transmission using silica fibres
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which have absorption minima at ~1300 and 1550 nm. A number of complexes with
absorptions near the target regions were identified and are shown in figure 112226,

In order to test the viability of such species as potential electrochromic near-IR
switches, it was necessary to ascertain whether the neutral species and the reduced
(dianionic) species are optically transparent in the region around 1300 or 1550 nm, and
also if there was a significant separation between the first and second oxidation potential.
Spectroelectrochemical examination of these species showed that A (figure 11) was
suitable for this testing. The electronic spectra of the mono-cationic, neutral and dianionic
species are shown in figure 12, and it is clear that both the neutral and dianionic species
are transparent in the range 900-2000 nm*°. The monocationic species has two strong
absorptions, at 752 and 1342 nm which are due to phenolate® Mo"' LMCT transitions.
On further oxidation to the di-cation, the lower energy transition moves to ca 1200 nm,
but this species gradually decomposes over ~30 min. Fortunately, the oxidation potentials
for generation of the mono- and di-cation are sufficiently separate (+0x44 and +0%9 V)
that it is possible to generate the former without significantly producing the latter. These
optical and electrochemical properties indicate that it was possible to construct a near-IR
optical switch, operating by rapid and reversible switching between Aand A",

A two-electrode optically transparent thin-layer electrode (OTTLE) cel was
constructed using two | TO-coated glass slides*®. The absorption of the cell containing A
dissolved in acetonitrile was monitored at 1160 nm while a stepped potential was applied
to the electrodes. A growth in absorption was observed as the potential was increased
from 0 to +10V, but significant decomposition of the complex occurred at potentias
greater than 156V due to the formation of the unstable di-cation A>*. Repeated stepping
of the applied potential between 0 and 1%V showed reversible optical switching; a
process which was repeatable over several thousand cycles before degradation set in.
Furthermore, by varying the higher potential step during these experiments within the
range of 1%-1%6V, the maximum absorbance of the material at a given wavelength could
be varied. In other words, the extent of attenuation of the incident light beam could be

{Mo}O Q {Mo}O l D
Q S S oMo}
s . {
1304 (13) 1342 (24): A"
ada
Y,
(Mo}O {Molo O

1554 (23)

1304 (4.7)

Figure11. Near-IR absorption maxima for [{ Mo(O)Tp* Cl} Abridge)] "; wavelength
innm (e” 10°3dm* M em™); {Mo} ° {Mo(O)Tp*Cl}.
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Figure 12. Electronic spectra of [{Mo(O)Tp*Cl},{ OCsH4(C4H,S),CsH40} 1%
A% z=0,+1,-2,in CH,CI, at —30°C.

controlled by adjusting the potential. This meant that the material had potential as a
variable optical attenuator (VOA) device (in plain English: a dimmer switch!), and
subsequent tests showed that the degree of optical power output attenuation was
comparable to the best that was currently available from alternative technologies?®’.

We had earlier noticed and have commented above that on reduction of the dinuclear
nitrosyl dipyridyl complexes, strong near-IR charge transfer absorptions were
generated’. Although this behaviour has not been investigated in detail yet,
spectroelectrochemical studies of mononuclear [Mo(NO)Tp*Cl(pyR)] (pyR=3 or 4-
substituted pyridine) showed that some reduced (monoanionic) species also exhibited
significant near-IR MLCT absorptions when R=3-CN, 3COMe and 3-COPh™°. It
therefore appears that some of these nitrosyl compounds also have potential as
electrochromic dyes for use in electro-optic switching in the near-IR.

6. Concluson

The work described in this report represents perhaps the single most coherent and
extensive study of the effect of bridging ligands in metal complexes on the transmission
of electronic and magnetic interactions. These interactions are exceptionally strong in the
dinuclear nitrosyl and oxo molybdenum complexes mentioned above because of the near
ideal matching in both symmetry and energy of the relevant metal orbitals with those of
the bridging ligands. Furthermore, spectro-electrochemical studies of the first and second
oxidation of [{Mo(O)Tp*Cl}, (u-diphenolate)] revealed that the first charge transfer
process is metal-based (giving { Mo"(u-diolato)Mo"'} species), the second process being
either metal-based ({Mo"'(u-diolato)Mo""}) or, because of internal charge redistribution,
ligand-based, giving quinonoidal species ({ Mo (u-quinone)Mo“}); the first example of
‘non-innocent’ behaviour in complexes containing bridging diphenolato ligands.
The oxomolybdenum(V) complexes [{Mo(O)Tp*Cl},(u-diphenolate)] exhibited strong
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switchable electrochromism in the near-IR region on oxidation, shown by the appearance
of large MLCT bands whose position (I na = 1200-1550 nm) depends on the phenolato
link. This led to the development of an electrochromic molybdenum complex whose
strong near-IR absorption could be reversibly switched between unoxidised and oxidised
forms of the complex, the attenuation of incident light being dependent on the applied
voltage. This voltage-dependent attenuation of an incident light beam forms a functional
basisfor avariable optical attenuator device.
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