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Concerning the molecular and electronic structure of a tungsten-
tungsten quadruply bonded complex supported by two 6-Carboethoxy-2-
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The preparation and molecular structure of a W,*-quadruply
bonded complex is reported wherein two mutually trans
azulene-2-carboxylato ligands are shown to be strongly coupled
by ligand n-M,d-ligand 7 conjugation.

Intervalence compounds have two redox active centers (X)
connected by a bridge (B) and carry an overall charge such that
one center (X) may differ by one unit of charge from the other.'™
The redox active units may be metals as in the now classic example
of the Creutz—Taube ion,* [(NH3)sRu(pz)Ru(NHs)s]** where
pz = 1,4-pyrazine, or involve organic groups such as arylamines®
or tetrathiafulvalenes® separated by rigid n-conjugated spacers (e.g.
phenyl, 4,4-biphenyl, etc.). The Robin and Day classification of
mixed valency’ applies equally well to inorganic and organic
systems, both of which exhibit similar spectral features in their
Class II (strongly coupled) and Class III (fully delocalized)
complexes. Furthermore, the mixed valence organic radicals and
the mixed valence inorganic complexes both show asymmetric low
energy electronic absorptions at the Class II/IIT border.® In most
instances, the bridging group serves to couple the redox active
centers by m-conjugation though there are examples of where the
bridge just serves to bring the redox active centers into direct
(through space) coupling as was reported recently by Nelsen for a
cyclophane radical cation’ and by Hupp for a Res-containing
molecular rectangle with a reduced 4,4-bipyridyl radical.'®
Recently, we have engaged in extensive studies of the [M,]}-B—
[M,] systems where the bridge B is a dicarboxylate ligand and [M,]
represents the MM quadruply bonded groups {M,(O,CBu');} of
molybdenum and tungsten.'! In these systems, as also seen by
Cotton ez al. in related formamidinate Mo,*"-containing dicarbox-
ylate bridged complexes,'>"? the electronic coupling rapidly falls
off with increasing M, to M, distance and correlates with the
extent of coupling between the M,d orbitals and the bridge
n-system. In a series of related bridged complexes, the electronic
coupling is always greater for M = W than for M = Mo because
the dominant mode of coupling involves electron transfer via the
n* orbitals of the bridge and the W5 orbitals are roughly 0.5 eV
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higher in energy than their Mo, analogues.'"'* With this
knowledge in hand, we wondered whether two redox active
mutually trans organic groups bonded to a M, quadruply bonded
center would show strong coupling as a result of ligand ©—M,56—
ligand m conjugation. Schematically, the two systems I and II
illustrated below are complementary in the following manner. In I,
the bridging dicarboxylate ligand couples two M3 orbitals. The
[M>],6- to-bridge * back-bonding provides stabilization of the in-
phase combination of the [M;],0 orbitals. The dicarboxylate ligand
filled i orbital is too low in energy to interact significantly with the
out-of-phase combination of the [M,],d orbitals. In II, the out-of-
phase ligand ©* combination interacts with the M0 orbital leading
to its destabilization (by back-bonding from the metal). The in-
phase ligand * combination does not have the correct symmetry
to interact strongly with any of the orbitals in the M, manifold.
The result of this M,d-ligand/bridge © bonding is to cause a splitt-
ing of the two M»d combinations, the HOMO and HOMO—1, in
complexes of type I and a splitting of the ligand ©* combinations,
typically the LUMO and LUMO+1, for type II complexes. The
magnitude of these splittings measures the strength of the
electronic coupling of the redox centers and Class III behavior
may arise upon oxidation of I or reduction of II by one electron.
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Based on our earlier work'> on azulene-2,6-dicarboxylate
bridged complexes, the azulene-2- or 6-carboxylate ligands
appeared suitable for study because of their expected small
HOMO-LUMO gaps. We also recognized that for tungsten
systems the coupling would be greater than for the corresponding
molybdenum congeners and further that electronic structure
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calculations would be valuable in guiding selection of the target
molecule having the desired electronic structure. In order to keep
close analogy with our earlier work,"> we considered the use of
azulene-2,6-substituted carboalkoxy-carboxylates. Electronic struc-
ture calculations employing the Gaussian suite of programs'®
on the model ditungsten complexes trans-W»(O,CH)>(Azu-2'),
(Azu-2" = azulene-6-carbomethoxy-2-carboxylate) and trans-
Wy(0,CH)x(Azu-6"), (Azu-6' = azulene-2-carbomethoxy-6-
carboxylate) indicated that the Azu-2’' complex should exhibit
greater coupling. As shown in the MO energy level diagram
depicted in Fig. S17, the W,0 orbital is stabilized by M»6 to ligand
7* back-bonding and the LUMO and LUMO+I, both of which
are ligand-based, show greater energy separation for Azu-2'.
Selected Gaussview plots of the frontier molecular orbitals are also
provided in Fig. S1 (See Supplemental Informationt). The HOMO
is clearly a metal-centered & orbital with a small degree of mixing
with the out-of-phase combination of the azulenic ©* orbitals. The
LUMO and LUMO+1 are the in-phase and out-of-phase
combinations of azulenic ©* orbitals, respectively, with the
LUMO+1 being raised in energy as a result of mixing with the
M,5 orbital. The HOMO—1 and HOMO-2 are essentially
isoenergetic and constitute the in-phase and out-of-phase combi-
nations of the ligands’ highest occupied m-orbitals located on the
azulenic rings.

For  synthetic  considerations, azulene-6-carboethoxy-2-
carboxylic acid was employed. Reaction of 2 equiv. of this acid
with W,(TiPB), in toluene afforded the pale green complex trans-
W,(TiPB)»(Azu-2),, where TiPB is the bulky 2.4,6-triisopropyl-
benzoate ligand and Azu-2 is the 6-carboethoxy-2-carboxylato
ligand. The molecular structure of this compound deduced from a
single crystal X-ray structure determination'” is shown in Fig. 1.
The central W,(0,C),; paddle-wheel unit has the expected
geometry'! and the frans-configuration of the molecule stems
from the sterically preferential disposition of the two bulky TiPB
groups. The aryl groups of the TiPB ligands are twisted ca. 90°
with respect to the corresponding CO, moieties, whereas the
azulenic rings and the attendant 6-carboethoxy groups are
coplanar with the 2-carboxylate fragments. This geometry
optimizes M, to azulene m-conjugation and sets up the azulene
n-to-m coupling via the M, center. The 'H NMR spectrum of the
product also supports existence of one dominant isomer in
solution. The lack of evidence of diastereotopic methyl groups
within the isopropyl substituents is consistent with the #rans- rather
than cis-geometry. Yet, the NMR data can not unambiguously

!h% Pl a1 (k] ‘}—'\%EYJL
NP | T P~ i s e
(,-} = 7)"‘”""'("'""-""1('_"-"‘"-‘“'%—-‘5- TN et "
3 J-N-—(:'-,:)—("i " N
Py

Fig. 1 An ORTEP drawing of the Wy(TiPB),(2-CO,-6-EtO,C-azulene),
molecule seen in the solid-state. Thermal ellipsoids are drawn at the 50%
probability level.

rule out the presence of a minor cis isomer in solution masked by a
rapid interconversion of cis and frans-configurations. However,
this type of rapid isomerization is not commonly observed for
complexes of the type Mo,(O,CR),(O,CR'),, though they are
known to be chemically labile on a slower time scale.'®

The electronic absorption spectrum of the title compound is
shown in Fig. 2 along with that of the previously described
azulene-2,6-dicarboxylate bridged compound [W,(O>CBu')s)-
(1-2,6-(CO,)»-CoHe), W4Azu."® These spectra are very similar
and the dominant feature is a strong absorption band (¢ >
50,000 M 'em™!) centered at 1,100 nm, which in both cases is
assigned to the M0 to azulene-carboxylate 7* LUMO transition.

The electronic spectrum of the Wi(TiPB),(Azu-2),” anion,
formed upon reduction of its neutral precursor with cobaltocene,
and that of the radical cation of the azulenedicarboxylate bridged
complex, W Azu", show remarkable similarity as well (Fig. 3).
Both exhibit intense absorptions at ~ 1,100 nm due to M,5 to
azulene m* transitions. In addition, in the infrared region,
~3000 cm ', there is a low energy asymmetric band. In the case
of the W4 Azu" complex, this feature is assigned as a charge
resonance band involving the singly occupied HOMO and
HOMO-1. For Wy(TiPB),(Azu-2), ", we suggest this transition
involves the coupled ligand-centered radical, ie., the band arises
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Fig. 2 UV/Vis spectrum of Wy(TiPB),(2-CO,-azulene-6-CO,Et), in
THF at room temperature (bold trace), compared to that of W4,AZU
(light trace).
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Fig. 3 UV/Vis spectrum of W,(TiPB)y(2-CO,-Azulene-6-COEt), in
THF at room temperature (bold trace), compared to that of W,AZU"
(light trace).

from excitation from the now singly occupied orbital analogous to
the LUMO shown in Fig. S11 to the LUMO+I1-like orbital.

Whereas the W Azu" cation gives an EPR signal with g ~1.8
and hyperfine coupling to two different sets of the W5 units (‘**W,
I = 5, 15% nat. abund.), the spectrum of [W,(TiPB)x(Azu),]  in
2-methyltetrahydrofuran at 223 K shows a relatively sharp signal
with ¢ = 2.0 and no evidence of hyperfine coupling. This
observation is consistent with a ligand-centered radical for the
latter species.

Cyclic voltammogram of the title complex features a reversible
oxidation wave at —0.45 V (vs. Cp,Fe"") corresponding removal
of an electron from the W, 6 orbital. The first two reduction waves
at —1.50 V and —1.86 V are assigned to the reduction of the
azulene-carboxylate ligands, although their irreversible nature
precludes determination of the comproportionation constant, K.

In conclusion, we propose that the above preliminary results
support the complementary nature of the complexes of types I and
II upon oxidation and reduction, respectively, that arises from M55
to ligand m conjugation. This behavior is particularly relevant to
developing an understanding of optoelectronic properties of
conjugated organic polymers incorporating MM quadruple
bonds,' which may undergo hole transport upon oxidation and
electron transport upon reduction along with other interesting
properties such as electroluminescence and photon harvesting.

We thank the National Science Foundation for support of this
work and the Ohio Super Computer Center for resource units.
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