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Introduction
The ability to control electronic and magnetic interactions
between metal centers across a bridging ligand is of
fundamental importance in inorganic and materials chem-
istry. An electronic interaction between two (usually
chemically equivalent) metal centers is manifested by a
separation between their redox potentials, such that in
the intermediate potential domain the complex exists in
a mixed-valence state and can undergo optically induced
intervalence electron transfer.1 The significance of this
is 2-fold. First, the most fundamental process in chem-
istry, electron transfer, may be studied under controlled
intramolecular conditions: across a fixed distance, be-
tween fragments of known properties, and through a
conduit whose conformation and electronic characteristics
are well-defined. This contrasts with the situation for
intermolecular electron transfer, where the separation,
conformation, and relative orientation of the interacting
complexes at the moment of collision are difficult to know
accurately. Second, the ability of long, conjugated bridg-
ing ligands to act as “molecular wires” for possible use in
molecular electronic devices may be evaluated, because
the ability of a bridging ligand to mediate transfer of one
electron across it within a molecule may be a reasonable
guide to its ability to permit transport of electrons across
it in a nanoscopic circuit.2 Consequently the study of
electronic interactions between metal ions as a function
of the bridging ligand properties is a well-researched field.1

Magnetic exchange interactions between metals in
dinuclear (or larger) complexes are likewise dependent on
the nature of the pathway linking the metal ions.3 If the
metal-based magnetic orbitals are sufficiently close to
overlap directly, then the sign of the magnetic interaction
depends on their relative symmetry, as formalized in the
Goodenough-Kanamori rules.4 This has been exploited
in the preparation of complexes with predictable magnetic
properties (Figure 1).3,5 If however the magnetic orbitals

are too far apart to overlap directly, but require the
participation of bridging ligand orbitals to mediate the
interaction (a superexchange process), then the properties
of the bridging ligand will become as important as they
are in mediating electronic interactions. This principle
has received relatively little systematic attention for metal
complexes, in contrast to the extensive work on the
magnetic properties of organic polyradicals as a function
of structure and topology.6 This is surprising considering
the obvious advantages of metal-based radicals over
organic radicals for use in magnetic materials: higher spin
density in many cases, chemical stability, and the pos-
sibility of redox activity for switching purposes. The ability
to design desirable properties into magnetic materials by
control of the bridging pathways at the construction stage
has obvious appeal.

Accordingly, we have been interested in evaluating both
electronic and magnetic interactions between metal cen-
ters across a range of bridging ligands designed to allow
study of the effects of ligand length, conformation, and
topology.

The Building Blocks
For this work we used two metal complex fragments:
{Mo(NO)Tp*X} (X ) halide) in which the Mo is usually in
oxidation state +1 (d5 configuration), (for oxidation state
assignment, the nitrosyl ligand is formally represented as
NO+ so that the {Mo(NO)}2+ core, as in [Mo(NO)Tp*Cl-
(py)], contains d5 Mo(I)), and {Mo(O)Tp*Cl}, in which the
Mo is usually in oxidation state +5 (d1 configuration) [Tp*
is hydrotris(3,5-dimethylpyrazolyl)borate]. The basic chem-
istry of these fragments is outlined in Scheme 1. The {Mo-
(NO)Tp*Cl} unit forms neutral paramagnetic 17-electron
[Mo(I)] complexes with pyridine as the sixth ligand, and
neutral diamagnetic 16-electron [Mo(II)] complexes with
phenolates or aromatic amides as the sixth ligand.7 The
{Mo(O)Tp*Cl} unit forms neutral paramagnetic Mo(V)
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FIGURE 1. Effect of mutual orientation of overlapping magnetic
orbitals on the sign of the exchange interaction [from ref 5a].
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complexes with phenolate as the sixth ligand.8 By use of
appropriate bridging ligands containing two or more
pyridyl or phenolate termini, polynuclear complexes
incorporating these metal fragments can be prepared.

Despite the difference in the formal oxidation states
of the {MoI(NO)Tp*Cl} and {MoV(O)Tp*Cl} fragments,
their electrochemical and magnetic properties are com-
parable for two reasons. First, the unpaired electron is
in the dxy orbital in each case (Figure 2). In the former
case the NO ligand is a strong π-acceptor: taking the Mo-
NO axis as the z-axis, the two empty NO π* orbitals
overlap with the dxz and dyz metal orbitals, thereby
lowering them, but leaving dxy unchanged. The Mo(I)
electron configuration is therefore dxz

2dyz
2dxy

1. In the latter
case the oxo ligand is a strong π-donor: the filled oxygen
px and py orbitals overlap with the metal dxz and dyz

orbitals, thereby raising them, but leaving dxy unchanged.
The Mo(V) electron configuration is therefore dxy

1dxz
0dyz

0.
In each case the magnetic orbital is of the correct
symmetry for d(π)-p(π) overlap with the bridging ligand.
Second, the strongly electron-withdrawing nature of the
NO ligand attached to Mo(I), and the strongly electron-
donating nature of the oxo ligand attached to Mo(V),
means that the actual electron densities at the metal
centers are likely to be comparable.9

A combination of several factors makes these two metal
fragments ideal for our purposes. Both are paramagnetic
(enabling study of magnetic exchange interactions by
magnetic susceptibility and EPR spectroscopic measure-
ments) and redox active (enabling study of electronic
interactions by voltammetry). The favorable interaction
between the dxy orbitalswhich is both the magnetic
orbital, and the frontier orbital where redox interconver-
sions are basedswith the bridging ligand π-system means
that ligand-mediated interactions between the metal
centers are exceptionally strong (see later). The MosNO
group and the ModO groups provide strong IR peaks
which are convenient spectroscopic handles for monitor-

ing changes in electron density at the metal center.
Finally the synthetic chemistry of the {MoI(NO)Tp*} and
{MoV(O)Tp*} fragments is well established.

Electronic Interactions
Nitrosyl-Mo(I) Complexes with Bispyridyl Bridging
Ligands. The first complex of this series was [{MoI(NO)-
Tp*Cl}2(µ-4,4′-bipy)] (2; bipy ) bipyridyl).10 Its cyclic
voltammogram (Figure 3) showed that the two chemically
reversible reductions, formally Mo(I)/Mo(0) couples, were
separated by 765 mV; in contrast the two oxidations,
formally Mo(I)/Mo(II) couples, were essentially coincident.
The ∆E1/2 value of 765 mV represents an unprecedentedly
large interaction across a bridging ligand of this length:
for example, in [{Ru(NH3)5}2(µ-4,4′-bipy)]4+/5+/6+ the Ru-
(II)/Ru(III) couples are separated by 76 mV, 1/10 as
much.11 Examination of many such complexes with
bispyridyl bridging ligands was therefore carried out, and
the results are summarized in Table 1.10,12-17 In all cases
a separation is observed between the reductions, but the
oxidations are coincident except in one case. The single
exception is with the monocyclic bridging ligand pyrazine
(1), which gives a huge separation of 1440 mV between
the Mo(I)/Mo(0) reductions [cf. ∆E1/2 ) 370 mV for the
Creutz-Taube ion,18 which has the same bridging ligand]
and, remarkably, a separation of 100 mV between the Mo-
(I)/Mo(II) oxidations.

The effects of increasing ligand length are clear, and
in the series of bis(4-pyridyl)polyene-bridged complexes
(2-7) the decrease in ∆E1/2 as the number of CdC spacers

Scheme 1

FIGURE 2. Ground-state electron configurations for complexes
based on (a) {MoI(NO)Tp*Cl} and (b) {MoV(O)Tp*Cl} fragments.

FIGURE 3. Cyclic voltammogram of [{MoI(NO)Tp*Cl}2(µ-4,4′-bpy)]
showing well-separated one-electron Mo(I)/Mo(0) reductions and
coincident Mo(I)/Mo(II) oxidations.
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increases is nearly linear up to four double bonds [Figure
4a]. Imposing a twist between the two pyridyl rings by
using 3,3′-dimethyl-4,4′-bipy as the bridge (compare 2 and
10) decreases ∆E1/2 by 50%, and ∆E1/2 also decreases when
4-pyridyl groups are replaced by 3-pyridyl groups (com-
pare 2 with 14 and 15, and 3 with 16 and 17), consistent
with the findings of others that meta-substituted aromatic
rings are less effective at transmitting electron interac-
tions.19 Addition of saturated spacers such as -CH2CH2-
results in a dramatic decrease in ∆E1/2 (13). All of these
trends are what would be expected if the electronic
interaction were transmitted principally by delocalization
across the π-system of the bridging ligand, but nonetheless
the exceptional strength of the interaction between the

Mo(I)/Mo(0) couples makes it particularly easy to measure
interactions even across relatively long bridges.

Given this large interaction between the Mo(I)/Mo(0)
couples, why are the Mo(I)/Mo(II) couples coincident? A
plausible answer is in Figure 5a. The relatively high-
energy dxy orbitals are not far below the low-lying π*
orbitals of the bipyridyl bridging ligand, over which
delocalization can occur. Addition of a second electron
to each dxy orbital will raise them in energy nearer to the
π* level, such that on reduction the dxy electrons are
delocalized even more effectively across the bridge. One
can therefore write {Mo(0)-L-Mo(0)} and {Mo(I)-[L2-]-
Mo(I)} as the two extreme forms of the doubly reduced
species, consistent with the known ability of polypyridine
ligands to be reduced easily. Since the two additional
electrons are brought together by this process, the elec-
trostatic repulsion between them will be strong, making
addition of the second electron much more difficult than
addition of the firstshence the large ∆E1/2 values. In
contrast, oxidation of the metals and the resultant positive
charge will lower the dxy orbitals away from the π* levels
such that the dxy electrons are more metal-localized. Also,
the HOMO of the bridging ligand is much lower than the
dxy orbitals and therefore cannot participate in stabilizing
the oxidized species: i.e., the doubly-oxidized form {Mo-
(II)-L-Mo(II)} will not have any significant contribution

Table 1. Electrochemical and Magnetic Interactions
between {Mo(NO)(Tp*)Cl} Fragments Across

Bis-pyridyl Bridging Ligands

a Separation between the two Mo(I)/Mo(0) couples. b J is defined
from H ) -JS1‚S2, such that negative J denotes antiferromag-
netism and positive J denotes ferromagnetism.

FIGURE 4. Electrochemical interactions as a function of ligand
length: separation between (a) Mo(I)/Mo(0) couples in [{MoI(NO)-
Tp*Cl}2(µ-NN)] where NN is pys(CHdCH)nspy (n ) 0-4) and (b)
Mo(V)/Mo(VI) couples in [{MoV(O)Tp*Cl}2(µ-OO)], where OO is
[O(C6H4)nO]2- (n ) 1-4).

FIGURE 5. Qualitative MO scheme for (a) dinuclear complexes
[{MoI(NO)Tp*Cl}2(µ-NN)] (NN ) bispyridyl bridge) and (b) dinuclear
complexes [{MoV(O)Tp*Cl}2(µ-OO)] (OO ) bisphenol bridge).
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from the {Mo(I)-[L2+]-Mo(I)} form in which the oxida-
tions are partly ligand-centered.

Oxo-Mo(V) Complexes with Bisphenolate Bridging
Ligands. The series of complexes of the form [{Mo(O)-
Tp*Cl}2(µ-OO)], where the dianionic bridging ligands “OO”
are listed in Table 2, were studied in the same way (see
also Figure 6).20 The mononuclear complex [Mo(O)Tp*Cl-
(OPh)] undergoes reversible Mo(V)/Mo(VI) and Mo(V)/
Mo(IV) couples, so for the dinuclear complexes we
expected to see two oxidations and two reductions in their
voltammograms, and this was confirmed (Table 2).20 The
unusual feature of the electrochemical behavior was that
whereas the two Mo(V)/Mo(VI) oxidations were very
widely separated, the Mo(V)/Mo(IV) reductions were
coincident for all but the shortest bridging ligand, exactly
the opposite of the pattern observed for the Mo(I)-NO
complexes described above. Again the ∆E1/2 values be-
tween the Mo(V)/Mo(VI) couples vary in a manner
consistent with the electronic interaction being transmit-
ted through the π-system of the bridging ligand: ∆E1/2

decreases with (i) increasing length of the bridging ligand
[24-27; Figure 4b], (ii) changing the substitution pattern
from para to meta (compare 24 and 28), and (iii) enforcing
a 90° twist between two aromatic rings in the bridge
(compare 25 and 29).

The presence of a strong interaction between the
oxidations, but not between the reductions, is explained
in Figure 5b. The dxy orbital, being the lowest in energy
of the metal d orbitals, is not far above the HOMO of the
diphenol bridging ligand, which is relatively high in energy
because of its double negative charge. Oxidation will
lower the dxy orbitals further, and the positive charges will
therefore be partly delocalized onto the bridging ligand.
In contrast reduction to Mo(IV) will raise the dxy orbitals
away from the bridging ligand HOMO such that delocal-
ization is decreased, and the bridging ligand LUMO is too
high in energy to participate, so the reductions are metal-
localized. Thus, for the doubly-oxidized species one can
write {Mo(VI)-[OO]2--Mo(VI)} and {Mo(V)-[OO]-Mo-
(V)} as extreme canonical forms, and of course the fact
that oxidation of the bridging ligand is a significant
contributor is consistent with the known tendency of

para-substituted diphenols to be oxidized to quinones. It
is significant that, with the meta-substituted bridge (28),
in which no quinonoidal form is possible, only a single
totally irreversible oxidation occurs. This situation is
neatly the exact inverse of that which occurs for the NO-
Mo(I)/pyridyl complexes.

EPR Spectra of the Isovalent Polyradicals
Basic Principles of the EPR Spectra. Of the isotopes of
molybdenum, about 75% have a nuclear spin I of zero;
the remaining 25% have I ) 5/2. Thus, the EPR spectrum
of a paramagnetic molybdenum complex will comprise
overlapping singlet (75% of the total intensity, component
A in Figure 7) and sextet (25% of the total intensity, B)
components at the same g value [Figure 7a]. For both
nitrosyl-Mo(I) and oxo-Mo(V) complexes the hyperfine
coupling constant AMo is about 50 G.10,14,21

If, however, the unpaired spin(s) is (are) coupled to two
Mo nuclei, then the spectrum consists of a singlet [I ) 0,

Table 2. Electrochemical (ref 20) and Magnetic (ref
17) Interactions between {MoO(Tp*)Cl} Fragments

across Bisphenolate Bridging Ligands

a ∆E1/2 is the separation between the two Mo(V)/Mo(VI) couples.
b J is defined from H ) -JS1‚S2, such that negative J denotes
antiferromagnetism and positive J denotes ferromagnetism.

FIGURE 6. Crystal structures of 28 (top) and 24 (bottom).

FIGURE 7. Idealized and real EPR spectra for (top) mononuclear
molybdenum complexes and (bottom) dinuclear molybdenum com-
plexes in which |J| . AMo.
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I ) 0 nuclear spin combination; 56% probability, com-
ponent A], a sextet [I ) 0, I ) 5/2; 38%, B], and a 1:2:3:
4:5:6:5:4:3:2:1 undecet [I ) 5/2, I ) 5/2; 6%, C], with the
hyperfine separation in the multiplets being 25 G, half that
observed in mononuclear complexes.10,14,21 Such a spec-
trum can arise in two ways. In a mixed-valence complex
[e.g., Mo(I)/Mo(II) or Mo(V)/Mo(VI)] with a single un-
paired electron, such a spectrum will arise if the electron
is delocalized over both metal centers across the bridging
ligand. Second, such a spectrum can arise in a dinuclear
complex containing two unpaired electrons [e.g., Mo(I)/
Mo(I) or Mo(V)/Mo(V)], even when the electrons are
localized on their respective metal centers, provided there
is a magnetic exchange interaction between them such
that |J| . AMo (where J is the energy of the exchange
interaction and AMo is the energy of the electron-nucleus
hyperfine interaction).22 Such “exchange-coupled” spec-
tra are well-known in nitroxide diradicals, where coupling
of both electrons to both nitrogen nuclear spins occurs
even across long saturated spacers where there is no
question of delocalization of the electrons.22b There are
two significant points about this behavior. First, the
energy of the hyperfine interaction is very small: the 50
G coupling to Mo nuclei translates to less than 0.01 cm-1,
which corresponds to an exchange interaction far too
small to be measured by magnetic susceptibility methods,
so even a very feeble magnetic exchange interaction will
give an exchange-coupled spectrum. Second, the sign of
J is irrelevant: ferromagnetic and antiferromagnetic in-
teractions will give the same result as long as |J| is above
the very small lower limit.

Nitrosyl-Mo(I) Complexes. All of the dinuclear ni-
trosyl-Mo(I) complexes mentioned above show an ex-
change-coupled spectrum [cf. Figure 7b], indicating that
|J| . AMo.22 If |J| were much less than AMo, then the
spectrum of Figure 7a would occur from magnetically
isolated metal centers. Significantly, this behavior even
occurs across the saturated -CH2CH2- bridge in 13,
indicating that magnetic exchange can occur to some
extent through σ-bonds.

EPR spectroscopy can also detect magnetic exchange
between larger numbers of unpaired spins in higher-
nuclearity molybdenum complexes. Attachment of {MoI-
(NO)Tp*Cl} fragments to each pyridyl terminus of the
tridentate and tetradentate bridging ligands shown in
Figure 8 afforded complexes with three (30, 31) or four
(32, 33) paramagnetic metal fragments linked by a single
bridging ligand.23 The EPR spectra (Figure 9) display the
components expected for coupling to three and four Mo
nuclei (component D in Figure 9 is the 16-fold multiplet
arising from coupling to three Mo nuclei, all having I )
5/2). The weakest outlying components of the 21-fold
multiplet arising from coupling to four Mo nuclei with I
) 5/2 are not visible in the spectra of 32 and 33, but the
other components are clear, and the reduction of the
hyperfine separation to about 17 and 13 G in the trinuclear
and tetranuclear complexes (1/3 and 1/4 of the value
arising from coupling to one nuclear spin) provides
additional confirmation. It is unusual to be able to detect
multicenter magnetic exchange in this way; the only other
related example is a 22-line spectrum arising from a
trinuclear vanadyl complex (I ) 7/2 for 51V).24

Oxo-Mo(V) Complexes. The EPR spectrum of mono-
nuclear [MoV(O)Tp*Cl(OPh)] likewise consists of a super-
imposed singlet and sextet with a hyperfine coupling AMo

of 50 G.8 The dinuclear complexes [{MoV(O)Tp*Cl}2(µ-
OO)] give, with the longer bridging ligands, typical ex-
change-coupled spectra with overlapping 1 + 6 + 11
multiplets and a halved hyperfine separation of 25 G.20

These dinuclear complexes therefore have EPR spectra like
those of the dinuclear nitrosyl-Mo(I) complexes, showing
the presence of a magnetic exchange interaction between
the unpaired electrons with |J| . AMo. As the ligands
shorten, the room-temperature spectra become broad-
ened and uninformative, but simultaneously, a half-field
∆ms ) 2 transition becomes apparent at 77 K which
provides additional evidence for magnetic exchange (Fig-
ure 10). For the trinuclear complex with 1,3,5-[O3C6H3]3-

FIGURE 8. Trinuclear and tetranuclear complexes 30-33 [Mo
denotes the {MoI(NO)Tp*Cl} fragment].

FIGURE 9. EPR spectra for (top) trinuclear and (bottom) tetranuclear
complexes of Figure 8.
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as bridging ligand (34; Figure 11), the room-temperature
spectrum is broad and uninformative but the 77 K
spectrum is indicative of a quartet state (S ) 3/2), with a
five-line ∆ms ) 1 transition, and ∆ms ) 2 and (crucially)
∆ms ) 3 transitions at one-half and one-third of the
magnetic field of the ∆ms ) 1 transition (Figure 12).17 ∆ms

) 3 transitions are rarely observed in metal complexes
due to their very low intensity,25 and the observation of
one here provides confirmation of three-center magnetic
exchange in 34 in the absence of hyperfine coupling in
the isotropic spectrum.

EPR and IR Spectroscopic Studies of
Mixed-Valence States
The combination of electrochemistry, EPR, and infrared
spectroscopy proved ideal for examining the mixed-
valence states in the dinuclear complexes 35-37 (Figure
13); these are diamagnetic Mo(II) (16 valence electron)
complexes bridged by dianionic 1,2-, 1,3-, or 1,4-[NHC6H4-
NH]2- bridges.26 They all undergo two well-separated
one-electron reductions to the Mo(II)/Mo(I) and then Mo-
(I)/Mo(I) speciesswith the ∆E1/2 value for 36, with the
meta-substituted bridge, being less than in 35 and 37s

which allows chemical or electrochemical generation of

the monoreduced mixed-valence species. Complexes
[35]- and [37]- gave EPR spectra like that in Figure 7b,
consistent with the single electron coupling equally to
both molybdenum nuclear spins. The electron is there-
fore delocalized over both metal centers on the EPR time
scale (10-8 s). In contrast [36]- gave a spectrum like that
in Figure 7a, consistent with the unpaired electron being
localized on one metal center on the EPR time scale. The
EPR spectra very clearly show how the localized or
delocalized nature of the mixed-valence state depends on
the topology of the bridging ligand. For [35]- and [37]-,
however, the IR spectra showed two distinct NO stretching
frequencies, assignable to localized Mo(II) and Mo(I)
termini. These mixed-valence states, which are delocal-
ized on the EPR time scale (10-8 s), are therefore localized
on the IR time scale (10-13 s), which puts upper and lower
limits on the exchange rate of the unpaired electron
between the two metal centers.26

The pyrazine-bridged complex 1 is unique among the
nitrosyl-Mo(I) complexes in that the two Mo(I)/Mo(II)
oxidations are separated by 100 mV. Thus, the two mixed-
valence states Mo(I)/Mo(0) [1-, 17e/18e] and Mo(I)/Mo-

FIGURE 10. EPR spectrum of 28 at 77 K.

FIGURE 11. Crystal structure of [{MoV(O)Tp*Cl}3(µ-1,3,5-O3C6H3)]
(34).

FIGURE 12. EPR spectrum of 34 as a frozen glass at 77 K.

FIGURE 13. Structures and electrochemical properties of 35-37.
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(II) [1+, 17e/16e] could be generated electrochemically.13

The EPR spectrum of [1]-, like those of [35]- and [37]-,
indicated delocalization of the unpaired electron over the
pyrazine bridge on the EPR time scale. However, in this
case the IR spectrum of [1]- showed a single NO stretching
vibration at 1585 cm-1 [cf. 1626 cm-1 for neutral 1]: thus,
the electron exchange is fast even on the IR time scale
(exchange rate >1013 s-1). In contrast the EPR spectrum
of the oxidized mixed-valence state [1]+ showed a “local-
ized” EPR spectrum (cf. [36]-), implying that the exchange
rate is less than 108 s-1. In agreement with this the IR
spectrum of the Mo(I)/Mo(II) species showed two NO
stretching bands at 1717 and 1608 cm-1, assignable to
localized Mo(II) and Mo(I) fragments. The behavior of
this complex is exactly consistent with the MO picture in
Figure 5a, which predicts that substantial delocalization
will occur across the bridging ligand in the reduced species
but not in the oxidized species.

Both EPR spectroscopy and IR spectroscopy have been
used by others to examine mixed-valence states in di-
nuclear complexes recently.27,28 The combination of both
techniques in our complexes has proven to be particularly
powerful because the ideal spectroscopic characteristics
of the component fragments have made the results very
easy to interpret, and in some cases has allowed upper
and lower limits to be placed on the electron exchange
rates.28

Magnetic Susceptibility Studies
Nitrosyl-Mo(I) Complexes. We know from the exchange-
coupled EPR spectra of the bis-Mo(I) and bis-Mo(V)
complexes that a magnetic exchange interaction is oc-
curring, but this gives no information about the sign or
magnitude of J (other than the fact that |J| must exceed a
very small lower limit).22 Given the large effect of the
bridging ligand structure on electronic interactions be-
tween the metals, we investigated how the magnetic
exchange interactions (determined from variable-temper-
ature susceptibility measurements) in the same complexes
were affected by the bridging ligands. The results for the
nitrosyl-Mo(I) complexes with bispyridyl bridging ligands
are in Table 1 and have many interesting features.15,17

The most significant result is the alternation in the sign
of J as the substitution pattern of the bridging ligand
changes from 4,4′ to 3,4′ to 3,3′ for the bipyridine and bis-
(pyridyl)ethene ligand series. This suggests a spin-
polarization mechanism for propagation of the exchange
interaction (Figure 14). The unpaired electron on one Mo
center polarizes the spin of the electron cloud of the
adjacent nitrogen atom in the opposite sense; the next
atoms in the sequence will be spin-polarized in the
direction opposite that of the N atom, and so on around
the bridging ligand. With 4,4′-bipyridine as the bridging
ligand (complex 2) the second Mo spin will be antiferro-
magnetically coupled to the first one. As the bridging
pathway changes in length by one atom to 3,4′-bipyridine
(complex 14), this model predicts that the exchange
interaction must become ferromagnetic, which is ob-

served. Changing the path length by an additional atom
(to 15) restores antiferromagnetic exchange.15

The spin-polarization 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-phe-
nylene bridge.29 The predicted alternation of R and â spin
density induced on the intervening atoms30 has been
detected and measured in some cases.31 A recent result
which nicely illustrates the spin-polarization effect in
organic diradicals is that a 3,4′-biphenyl bridge promotes
ferromagnetic exchange between two unpaired spins,
whereas a 3,3′-biphenyl bridge promotes antiferromag-
netic exchange (cf. the effects of 3,4′-bipyridine and 3,3′-
bipyridine in our complexes, Figure 14).32

The second notable feature of these results is the
dependence of J on the conformation of the bridging
ligand.15,17 Comparison of 2 (26° twist between the
pyridyl rings according to a molecular mechanics calcula-
tion) and 10 (90° twist between the rings) shows that the
magnitude of J decreases by about 90% as the two halves
of the ligand approach orthogonality. It follows that the
spin-polarization process is largely transmitted through
the delocalized π-system of the bridging ligand. The same
effect is present less obviously when comparing the
(twisted) dipyridyl bridging ligands (2, 14, and 15) with
their planar bis(pyridyl)ethene analogues (3, 16, and 17,
respectively). Thus, on moving from 3,4′-bipyridine (14;
twist angle 35°) to the planar bis(pyridyl)ethene analogue
(16), the expected decrease in J because of the increased
ligand length is more than offset by the change to
planarity, such that the longer planar ligand allows a
stronger ferromagnetic coupling than the shorter twisted
one. When 4,4′-bipyridine (2; twist angle 26°) is compared
with bis(4-pyridyl)ethene (3), the change in conformation
is less significant and J therefore decreases as the ligand
lengthens.15

Oxo-Mo(V) Complexes. The same patterns of mag-
netic behavior appear in the dinuclear oxo-Mo(V) com-
plexes with bisphenolate (“OO”) bridging ligands (Table
2).17 First, between 24 (para-substituted bridge) and 28
(meta-substituted bridge), the exchange interaction changes
sign from antiferromagnetic to ferromagnetic. Second,
increasing the length of the bridge (24, 25) results in a
decrease in the magnitude of J. Third, imposing a twist
between the two halves of the bridge (25, 29) results in a
substantial decrease in the magnitude of J.

FIGURE 14. The spin-polarization mechanism: (a) antiferromagnetic
coupling across 4,4′-bipyridine and (b) ferromagnetic coupling across
3,4′-bipyridine.

Electronic and Magnetic Properties in Polynuclear Complexes McCleverty and Ward

848 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 31, NO. 12, 1998



The spin-polarization principle also works for the
trinuclear complexes 34 (Figure 11), 38, and 39 (Figure
15). In 34 the bridging ligand 1,3,5-benzenetriolate results
in a meta geometric relationship between each pair of
oxo-Mo(V) centers. Complexes 38 and 39 are linear
chains, with 1,4- and 1,3-benzenediolate bridges beween
adjacent pairs of metals. On the basis of spin polarization,
we would expect 34 to have a quartet (S ) 3/2) ground
state with all metal centers ferromagnetically coupled. This
was suggested by the EPR spectrum (Figure 12) and
confirmed by magnetic susceptibility measurements (J )
+14.4 cm-1).17 For 38 and 39, application of the spin-
polarization principle predicts ground states of S ) 1/2
(spin arrangement vVv) and S ) 3/2 (spin arrangement vvv)
arising from antiferromagnetic and ferromagnetic cou-
pling, respectively, between adjacent spins, and this was
also confirmed with J ) -44 and +4.5 cm-1, respectively.33

The spin-polarization mechanism for magnetic ex-
change has therefore been confirmed for two independent
[nitrosyl-Mo(I) and oxo-Mo(V)] sets of complexes, and
holds for trinuclear as well as dinuclear complexes. The
potential for extending it to larger systems is obvious.

Conclusions
The {MoI(NO)Tp*} and {MoV(O)Tp*} fragments have
proved to be ideal for the study of long-distance electronic
and magnetic interactions across conjugated bridging
ligands. Not only are the interactions exceptionally strong
because of the nearly ideal matching in both symmetry
and energy terms of the relevant metal orbitals with those
of the bridging ligands, but the complexes are amenable
to study by a wide range of techniques (voltammetry, EPR

and IR spectroscopy, and magnetic susceptibility) which
have complemented each other and allowed electrochemi-
cal and magnetochemical properties to be studied in
tandem. We have shown how electronic and magnetic
interactions between two or more metal centers are
determined by the nature of the bridging ligand, and the
results should be of fundamental interest for the design
of future multinuclear compounds in the areas of molec-
ular electronics and magnetic materials.

We express our thanks to all of the co-workers who have
collaborated in this area over the past few years; their names
appear in the reference list below. Particular thanks go to Dr. Chris
Jones (University of Birmingham ) who played a major role in
much of the early work described here; to Dr. John Maher
(University of Bristol) for the EPR measurements, and to Professor
Dante Gatteschi (University of Firenze) and his colleagues for the
magnetic susceptibility measurements.
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