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The preparation and characterisation of the tungsten—tungsten
quadruply bonded, 3,6-dioxypyridazine bridged complex [(tBu-
CO0,);W,]x(n-H,C4N,0,) and its single electron oxidised radi-
cal cation are reported and, when compared with related
bridged dimolybdenum complexes, reveal a different mecha-
nism of electronic coupling from that seen in related oxalate
bridged systems.

We describe here our preparation and characterization of a
3,6-dioxypyridazine compound wherein two tungsten—tungsten
quadruple bonds are electronically coupled. The electronic struc-
ture of this compound is particularly interesting with regard to
recent studies reported by Cotton! and earlier work in this
|aboratory.24
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Compound |, [(tBuCO2)3W5]2(n-H2C4N205), is isolated as a
purple microcrystalline air-sensitive material, as outlined in egn.
(2). It forms needles from hydrocarbon solutions of a size too small
for conventional single-crystal X-ray diffraction studies. Most
likely in the solid state, it exists as a coordination polymer by way
of weak intermolecular W---O interactions.5 This matter is
currently under further investigation. The solution characterization
data, however, leave little doubt as to the molecular nature of this
compound, which is discussed next.

In order to aid in the interpretation of some of the electro-
chemical properties and spectroscopic data, vide infra, we carried
out electronic structure calculations on the model formate bridged
compound [(HCO,)3W 3] 2(n-HoC4N20,) in C, symmetry employ-
ing density functional theory with the aid of the Gaussian 98 suite
of programs® A vibrationa frequency analysis verified the
structure to be alocal minimum on the potential energy surface (not
the case in C,, symmetry). The calculated molecular structure is
showninFig. 1 and selected bond distances and anglesare givenin
Table 1. Thefrontier molecular orbitalsand their energiesare given
in Fig. 2. The HOMO and HOMO-1 are in-phase and out-of-phase
combinations of M, d orbitals and the degree of M,---M coupling
can be gleaned from the energy separation of these two orbitals,
0.34 eV. A further indication of the strong electronic coupling is
seen in the energy separations between the in- and out-of-phase
combinations of the four 7t and two M, o-orbitals. Indeed, the in-
phase M, o combination shows significant M- --M; bonding even
at adistance of 3.6 A. The LUMOQ isaligand bridge * orbital and
very close in energy is the LUMO+1 which in terms of M4 o

T Electronic Supplementary Information (ESI) available: details of in-
strumentation; experimental procedures; frontier molecular orbital dia-
grams for [(HCO,)sM0,] 2(u-H2C4N20,); electrochemical data and Raman
spectrum of |. See http://www.rsc.org/suppdata/cc/b3/b310982h/

T Dedicated to Professor C. S. Parmenter on the occasion of his 70th
birthday.
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orbitalsis oz, being M, antibonding and M- --M» bonding (see Fig.
2).

Compound | shows intense absorptions in the visible region of
the electronic spectrum and its purple colour in tetrahydrofuran
derives from Anax = 704 nm (1.76 eV), € ~ 8900 M—1 cm—1.
Based on the el ectronic structure cal culation, this can reasonably be
assigned to the HOMO — LUMO transition which is a fully-
allowed MLCT transition. Time-dependent density functional
theory (TDDFT) calculations confirm this and predict this
transition to be at 561 nm (2.21 eV). Whilst there is not an
unreasonable difference in energy between the calculated and
observed spectrum (ca. 0.5 €V), we have noted before that TDDFT
calculations ignore spin-orbit coupling and consistently over-
estimate the energy of W, 0 to bridge s* transitions in
dicarboxylate linked W 4-containing compounds.>

With excitation at 633 nm, compound | shows certain pro-
nounced resonance-enhanced bands together with overtones and
combination bandsin the Raman spectrum. By comparison with the
Raman spectrum calculated for the model compound
[(HCO2)aW2]2(u-H2C4N205), we assign these as shown in Table 2.
Representations of these vibrational modes are given at http://
www.chemistry.ohio-state.edu/ ~ chisholm/movies.html. The reso-
nance-enhancement of these bands is consistent with excitation
from the W, 6 HOMO to bridge =* LUMO.

In tetrahydrofuran, compound | shows two oxidation waves by
cyclic voltammetry, CV. The first is reversible and the second

Fig. 1 View of the structure of [(HCO,)3W,]»(u-N>C40,H>) calculated in
C, symmetry. Atom labels in parentheses are related by the C, axis.

Table 1 Selected bond lengths (A), angles (°), and torsional angles (°)
calculated for [(HCOZ)3W2]2(M-H2C4N202)

Wi1-W2 2206 W2-N1 2131 NI-NY 1.391

W2-W2' 3596 O1-C1 1305 C1-C2 1421

W1-01 2050 C1-N1 1366 C2-C2 1.365
W1-01-C1 12059 W2-N1-NYT' 121.54
W2-N1-C1 119.05 0O1-C1-N1 118.03
W2-N2-N2'-W2' 217 WI1-W2-W2'-W1'" 7.97
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quasi-reversible. These two waves are well separated. By CV and
pulsed differentia voltammetry, PDV, the separation between
these waves, E;»2 — Ey21 = 630 mV. This gives a calculated” K¢
value of 4.5 x 100 which reliably establishes the single electron
oxidised form of the compound as Class Ill in the Robin Day
scheme;8 in other words the oxidised mixed-valence cation is fully
delocalised. Consistent with this, the EPR spectrum of |+PFg—
250 K (see Fig. 3), formed in the reaction between | and
CpoFetPFs— in 2-Me-THF, showsg = 1.801 and A,, = 27 Gauss,
characteristic of the unpaired electron being in a molecular orbital
that is fully delocalised over the four tungsten nuclei: 183W, | = 2
14.5% natural abundance.® Furthermore, the electronic absorption
spectrum of 1 +PFg— in THF, displayed in Fig. 4, showsalow energy
absorption band centred at 2650 nm, ¢ ~ 5000 M—1 cm—1, in
addition to asharper band at 811 nm, € ~ 14,000 M—1 cm—1. While
the latter can be assigned to the single electron transition from the
HOMO to the LUMO (or maybe aLMCT), the band in the infrared
region is a direct measure of the coupling, 2Hag.1°

The strongly coupled W, centersin | are in agreement with the
recent report by Cotton et al. for cyclic polyamidato-linked Moy**
centres supported by N,N’-di-p-anisylformamidinate ligands,
[(DAnNiF)sMo,],(bridge).* The strongest coupling was seen in the
order of the bridges A < B < C shown in Scheme 1, and the
authors noted that in all casesthe values of K¢ werelarger than that
seen for oxaate, D, despite the geometrical equivalence of the
ligands in separating the two M, centers.

It had been noted previously that when the 3,6-dioxypyridazine
bridge united two [Mo,(O,C!Bu)s]* units in the molybdenum
analogue of 1,3 the K¢ value determined by CV, 1.7 X 107, was
greater than K¢ = 5.4 X 10# obtained under otherwise identical
conditions for the oxal ate-bridged compound, [(tBuCO5)sM0,] »(1t-
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O,CCOy).2 It isthen at first seemingly surprising that the K¢ value
for [(tBUCO2)aWa]2(u-0O,CCOy) is larger, 1.3 x 1012, than that
reported herein for 1, 4.5 X 1010,

Table 2 Comparison of the experimental resonance Raman band wave-
numbers of [(tBuCO,)sWo]2(u-HoC4N205) with the calculated values for
[(HCO,)3Wo] o(u-H2C4N205), and the band assignments

Experimental Calculated
vicm—1 vicm-1 Assignment
308 337 W, symmetric stretch
616 633 W-O(bridge) symmetric stretch
871 882 W-W stretch and bridge “breathing”
1273 1313 Symmetric bridge ring stretch
1566 1624 Symmetric bridge ring stretch

Intensity
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Fig. 3 EPR spectrum of 1*PFg— at 250 K in 2-Me-THF.
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Fig. 2 Frontier molecular orbital plots calculated for [(HCO,)3W,]2(u-N2C40,H,). Orbitals are drawn at an isosurface value of 0.04.

| Chem. Commun., 2004, 80-82

81




16000
12000

8000

4000 //'\

250 750 1250 1750 2250 2750
Wavelength / nm

Fig. 4 UV/VigNIR spectra of | (blue trace) and |+PFs— (red trace) in

THF.
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Scheme 1 Examples of ligands used to bridge M, centres. The amidato
ligands are drawn in the hydroxyamine tautomeric form.

The degree of electronic coupling between M, centers united by
abridging ligand scales with distance between the M, centers and
correlates with the interactions between the M, frontier orbitals,
principally M, §, and the bridge &t and wt* orbitals. The oxalate
bridge, D, in contrast to the other cyclic polyamidato bridges A, B,
C and E, hasfilled rt-orbitals that lie considerably lower in energy
than those of the M, o, @ and & combinations. For the cyclic
polyamidates the highest occupied bridge it orbitals are within this

Mo, [H,C,N,0,]* Mo,
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Fig. 5 Frontier MO energy level diagram depicting the relative energies of
theM, 6 (HOMO) (M = Mo, W) and the bridging ligand filled and empty
nt orbitals for oxalate and 3,6-dioxypyridazine, based upon calculations on
the neutral formate model compounds. The dotted arrow represents the
energetically favoured mechanism of electron delocalization via ‘electron
hopping’ (in blue) or ‘hole hopping’ (in red).
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range. For the specific case at hand, the HOMO-6 at —6.80 eV isa
bridge-centered MO, while in the case of the molybdenum
analogue [(HCO,)3M0,] 2(u-H2C4N205), this orbital isthe HOMO-
2a —6.71¢V, roughly 1 eV below the § combinations, the HOMO
and HOMO-1 which are at —5.25 eV and —5.50 €V, respectively.
Thus, aside from the obvious differences between the electronic
structures of these M, complexes involving the bridges derived
from deprotonation of D and E that arise from the geometrical
arrangement of the M units, the electronic communication in their
radical cations differ substantialy. In the case of the oxaate
bridges, the electron delocalization principally arises from M2 o
coupling with the LUMO of the ligand bridge and this readily
accounts for the much larger K¢ value, 1.3 X 102, seen for
[(tBUCO,)3W5](u-O,CCO,) relative to its molybdenum counter-
part, 5.4 x 104 In the case of the 3,6-dioxypyridazine bridge, and
by inference the related cyclic diamidate ligands studied by Cotton
and coworkers,! the higher energy of the bridge = MOs assists in
electron delocalization in the radical cations by a ‘hole hopping’
mechanism. Given that the highest energy bridge x MO iscloser to
the HOMO in the case of the Mo, complex, the hole hopping
contribution to the stability of the radical cations will be more
important for molybdenum than for tungsten. These differencesare
depicted diagrammatically in Fig. 5 for the two bridging ligands.
For closely related compounds the energy of the W  orbital lies
ca. 0.5 eV higher than that of its Mo, & counterpart. This proposed
explanation for the relative ordering of the K¢ values lendsitself to
experimental testing and further studies are planned.

We thank the National Science Foundation for support of this
work. The Ohio Supercomputer Center is gratefully acknowledged
for computational resources with which the DFT calculations were
performed.
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