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The electronic structures of D4h-M2(O2CH)4 and the oxalate-bridged complexes D2h-[(HCO2)3M2]2(µ-O2CCO2) and
D4h-[(HCO2)2M2]4(µ-O2CCO2)4 have been investigated by a symmetry analysis of their MM and oxalate-based frontier
orbitals, as well as by electronic structure calculations on the model formate complexes (M ) Mo and W {d4-d4},
Tc, Ru {d6-d6}, and Rh {d7-d7}). Significant changes in the ordering, interactions, and electronic occupation of the
molecular orbitals (MOs) arise through both the progression from d4 to d7 metals and the change from second to
third row transition metals. For M ) Mo and W, the highest-occupied orbitals are δ based, while the lowest-
unoccupied orbitals are oxalate π* based; for M ) Tc, the highest-occupied orbitals are an energetically tight
δ*-based set of MOs, while the lowest-unoccupied orbitals are MM-based π*. For both Ru and Rh, the highest-
occupied MOs are the MM π* and δ*, respectively, while the lowest-unoccupied MOs, in both instances, are
MM-based σ*. With the exception of M ) Ru, all of the complexes are closed shell. From the progression M2 f

[M2]2 f [M2]4, we can envision the nature of bandlike structures for a 2-dimensional square grid of formula [M2(µ-
O2CCO2)]∞. Only for Mo and W oxalates should good electronic communication between MM centers generate a
band of significant width to lead to metallic conductivity upon oxidation.

Introduction

Dicarboxylate-based ligands have been employed to link
dinuclear transition metal centers yielding what may be
described as dimers of dimers, cyclotrimers or molecular
triangles, and cyclotetramers or molecular squares, as well
as extended lattice structures.1-13 When the dicarboxylate
linker contains an extendedπ system, these architectures can

lead to the electronic coupling of the MM centers, as can
be seen from the work of Cotton et al. (M) Mo, Ru,
Rh)14-17 and from the work in this laboratory (M) Mo,
W).5,14,18-25 From the work of Lehn, Yaghi, Mori, and their
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respective co-workers, it is clear that such extended network
inorganic/organic hybrid materials can be prepared to ac-
commodate guest molecules within their channels.26-39

The key to understanding the nature of electronic coupling
between M2 centers lies in an examination of their molecular
orbital (MO) diagrams. The clue as to whether the system
will be efficiently coupled lies in the interaction of the M2
δ-based orbitals and the bridgeπ orbitals. A direct measure
of this interaction is the degree of dispersion between the
M2 δ orbitals,after favorable energetic and correct symmetry
interactions (vide infra). In essence, the larger the dispersion
between the M2 δ orbitals, the greater the interaction with
the bridging ligand; electronic coupling will thus be more
likely. However, if there is less dispersion between the M2

δ orbitals, we would expect less interaction with the bridging
ligands and less electronic coupling between centers.

The simplest dicarboxylate bridge is oxalate, and, as we
have described elsewhere, it proves an efficient bridge for
electronic communication between MM quadruply bonded
units.5,20,23 With the intent of building a knowledge of the
electronic structures of these extended materials, we have
examined the bonding in a series of molecular model
compounds containing M24+ units, starting with the tetra-
formates M2(O2CH)4, followed by the oxalate-bridged dimer
of dimers [(HCO2)3M2]2(µ-O2CCO2) with D2h symmetry and
the molecular squares [(HCO2)3M2]4(µ-O2CCO2)4 with D4h

symmetry (Figure 1). In this paper, we have built these
systems up from a symmetry analysis of the frontier orbitals
of the MM fragments and the oxalateπ system for the metals
M ) Mo and W (d4), M ) Tc (d5), M ) Ru (d6), and M)
Rh (d7). For the moleculesD4h-M2(O2CH)4, D2h-[(HCO2)3-
M2]2(µ-O2CCO2), and D4h-[(HCO2)2M2]4(µ-O2CCO2)4 we
have also carried out electronic structure calculations em-
ploying density functional theory. This work provides the
first step in examining the electronic structures of related
oxalate-bridged dimers of dimers and molecular squares, and
from these calculations, we can anticipate the electronic

structure of the 2-D extended square grid structures for
materials of formula [M2(µ-O2CCO2)]∞.

Computational Details

Scalar relativistic density functional theory (DFT) calculations
have been performed using the Amsterdam Density Functional
(ADF 2002.03) code40 with the inclusion of the generalized gradient
approach of Perdew and Wang (PW91).41-45 The [1s2] cores for C
and O, the [1s2-4p6] cores for Mo, Tc, Ru, and Rh, and the [1s2-
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Figure 1. The formate model complexes considered in this study (Red)
oxygen, gray) carbon, blue) transition metal, and white) hydrogen).
The orientation of each complex in the calculations is indicated by the
Cartesian axes.
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5p6] cores for W were frozen. It should be noted that paddle wheel-
based systems of Re(II) were not considered because of convergence
problems in systems of the formD2h-[(HCO2)3M2]2(µ-O2CCO2) and
D4h-[(HCO2)M2]4(µ-O2CCO2)4. Slater-type-orbital (STO) basis sets
of triple-ú quality with f-type polarization functions were used for
the valence orbitals of all transition metal atoms. STO basis sets
of double-ú quality with d-type polarization functions were used
for C and O. A STO basis set of double-ú quality with p-type
polarization functions was used for H. The default convergence
criteria were used for each geometry optimization with the exception
of the convergence gradient, which was tightened from 0.01 to
0.001. The structures of the calculated species were fully optimized
in their respective point groups with the inclusion of scalar
relativistic effects using the ZORA formalism.46-50 Vibrational
frequency analyses were not performed on these systems to verify
if the structures were a local minimum on the potential energy
surface. This approach can be rationalized by the desire to maintain
the highest idealized symmetry possible for the structures in this
study, i.e.,D2h and D4h, for the purpose of orbital analysis. MO
isosurfaces were generated using the program Molekel.51

Computational Results

Setting the Stage: Frontier Molecular Orbital Interac-
tions in D4h-M2(O2CH)4 Dimers. It is instructive to start
this exercise by examining the key orbital interactions that
result from the linking of MM units having a paddle wheel
core via the oxalate bridge. The MM bonding manifold of
orbitals is well-known asσ, π, δ, δ*, π*, and σ*52 and, in
D4h symmetry, is spanned by the irreducible representations
listed in Table 1. Orbital plots illustrating a typical MM
manifold are shown for Mo2(O2CH4)4 in Figure 2.

While studies on M2(O2CH)4 (M ) Mo, W, Tc, Ru, and
Rh) are known,18,53-69 it was instructive to evaluate all model
complexes using the same level of theory. This consistency
is crucial for making meaningful comparisons upon
going from the model compoundsD4h-M2(O2CH)4 to D2h-
[(HCO2)3M2]2(µ-O2CCO2) andD4h-[(HCO2)M2]4(µ-O2CCO2)4.

We begin our discussion with the simplest system possible,
i.e., the dimer M2(O2CH)4 (M ) Mo, W, Tc, Ru, and Rh).
Figures 3 and 4 show qualitative frontier MO diagrams for
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Table 1. Irreducible Representations Spanned by the Metal-Based
Orbitals in M2(O2CH)4 (D4h), [(HCO2)3M2]2(µ-O2CCO2) (D2h), and
[(HCO2)3M2]4(µ-O2CCO2)4 (D4h)a

metal-based
orbitals M2 (D4h) [M2]2 (D2h) [M2]4 (D4h)

σ a1g ag + b1u a1g + b2g + eu

π eu ag + b3g + b1u + b2u a1g + a2g + b1g + b2g + 2eu

δ b2g b3g + b2u a1g + b2g + eu

δ* b1u b1g + au eg + a2u + b1u

π* eg b1g + b2g + a1u + b3u a1u + a2u + b1u + b2u + 2eg

σ* a2u b2g + b3u eg + a2u + b1u

a While there are no degenerate representations inD2h symmetry, the d
orbitals which make up theπ molecular orbitals (dxz, dyz) are grouped
together for the sake of consistency.

Figure 2. Molecular orbital isosurfaces for Mo2(O2CH)4. The frontier MOs
shown illustrate the typical M-M interactions in quadruply bonded systems.
Only one of the degenerateπ and π* orbitals is shown for simplicity
(isosurface cutoff value) 0.04).
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each of the calculated species, separated according to the
metal’s position as either a second or third row transition
metal. There are two salient features in these diagrams. The
first deals with the periodic change in the energy of the
frontier orbitals upon going from one metal to another across
a row and then from one metal to another down a period.
The second, more intriguing, observation comes from noting
the changes in the energy of the HOMO as one progresses
from a δ4-δ4 system to aδ7-δ7 system.

As one moves from Mo to Rh, it is readily apparent that
the energies of the MM-based MOs decrease, while those
of the CO2 π*-based orbitals remain fairly constant. This
trend can be rationalized by considering the incremental
increase in the effective nuclear charge going from left to
right across the third period of elements: as the effective
nuclear charge increases, the orbitals experience a net
contraction and stabilization in energy. Using the MM-based
δ orbitals as a reference, we see that their energy decreases
from -5.09 eV for Mo2 to -5.55 eV for Tc2 and-6.59 eV
for Rh2. The opposite trend, however, is observed upon
moving from Mo2 to W2. There is an increase in theδ orbital
energy (-4.66 eV) for W2(O2CH)4 relative to its Mo2
analogue, a phenomenon that is well-known.52

One of the most interesting aspects of this study are those
systems containing Ru2 metal centers. Experimental and
computational evidence have shown the Ru2(O2CR)4

(R ) various alkyl groups) paddle wheel complexes to be
paramagnetic with two unpaired electrons,68,70while a series
of [Ru2]4 formamidinate squares, recently characterized by
Cotton and co-workers, possess 12 unpaired electrons.11 With
these observations in mind, we performed spin-unrestricted
calculations on each system containing Ru2 centers. To make
a comparison with the other MM systems more meaningful,
the energy eigenvalues of theR- and â-spin orbitals from
the calculations on Ru2(O2CH)4, [(HCO2)3Ru2]2(µ-O2CCO2),
and [(HCO2)Ru2]4(µ-O2CCO2)4 were averaged. It should be
noted that the average energy of the frontier MOs for the
Ru2(O2CH)4 complex follows the periodic trend upon moving
from Mo to Rh across the second row transition metal series
(Figure 3).

The filling order of the MM-based MOs in the M2(O2-
CH)4 systems (M) Mo, W, Tc, Ru, and Rh) has long been
known, and our computational results are of no great surprise
with respect to that (Table 2). They do, however, show how
the irreducible representations spanned by the MM-based
orbitals fill with progression from M2 f [M2]2 f [M2]4

complexes. Our calculations predict aσ2π4δ2δ*0π*0σ*0

configuration for the d4-d4 cases where M) Mo and W.
For the d5-d5 case where M) Tc, the filling is calculated as
σ2π4δ2δ*2π*0σ*0; the addition of 2 more electrons to the MM
unit necessitates the filling of the MM-basedδ* orbital.

An interesting phenomenon is seen in the cases where
M ) Ru and Rh. In these instances, the MM-basedπ* orbital
drops in energy below theδ* orbital. This change in orbital
ordering has been attributed to interactions between the MM
δ* orbital of b1u symmetry with oxygen lone pair orbitals of
the same symmetry on the formate ligands.57 These inter-
actions form the foundation for bonding and antibonding
interactions between the MMδ* orbital and the oxygen lone
pairs; theδ* MO of the M2(O2CH)4 complex is, in fact, the
antibonding combination with the formate oxygen lone pairs.
There is a stronger oxygen lone pair interaction with the MM
δ* orbital in Ru and Rh than that in their second row
predecessors; this pushes theδ* MO of the complex above
that of the MMπ* orbital, with the effect that theπ* orbital
appears to “drop” in energy. This explanation is enforced
by examining the percent contributions of atomic orbitals to
theδ* MOs in the Tc2, Ru2, and Rh2 complexes. A Mulliken
population analysis71 reveals that theδ* MO in the Tc2

complex is 83% Tc dxy and 16% oxygen lone pair in
character. For the Ru2 and Rh2 complexes, however, theδ*
MO is predicted to be 78% Ru dxy and 18% O lone pair in
character and 74% Rh dxy and 25% oxygen lone pair in
character, respectively. The electron occupations for these
d6-d6 and d7-d7 systems are therefore calculated to be
σ2π4δ2π*2δ*2σ*0 andσ2π4δ2π*4δ*2σ*0, respectively.

With the results for these “simple” systems in hand, we
can now probe the effect that coupling two MM units through
an oxalate bridge has on the electronic structure of MM
multiply bonded complexes.
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Figure 3. Frontier MO diagrams for second row transition metal M2(O2-
CH)4 complexes (M) Mo, Tc, Ru, or Rh). The occupation of the HOMO
is indicated below the metal of interest. Note the crossing of theδ* and π*
MOs upon moving from Tc to Ru (see text).

Figure 4. Frontier MO diagram for third row transition metal complex
W2(O2CH)4 as compared to that of Mo2(O2CH)4. The occupation of the
HOMO is indicated below the metal.
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D2h-[(HCO2)3M2]2(µ-O2CCO2) Dimers of Dimers. The
frontier MOs of the planar oxalate anion are the sixπ orbitals
shown in Figure 5; they transform underD2h symmetry as
shown in Table 3. Theπ1 andπ2 orbitals are strongly C-O
π bonding, whileπ3 and π4 are nonbonding oxygen lone
pair orbitals. The LUMO of O2CCO2

2- is π5 which is C-O
π antibonding and C-C π bonding.

When two MM units are linked together by the oxalate
bridge in a planarD2h structure, as in the model compound
[(HCO2)3M2]2(µ-O2CCO2), the metal-based frontier MOs
combine as two sets ofσ andσ*, four π and fourπ*, and
two δ and twoδ* MOs. As shown in Tables 1 and 3, there

are many symmetry-allowed interactions between the MM-
based orbitals and the oxalateπ-based orbitals. However,
only MM δ orbitals of b3g and b2u symmetry have been
found, through calculations, to interact significantly with the
π2 andπ5 MOs of oxalate; the most significant interaction
involvesπ5, the oxalate LUMO. A qualitative MO fragment
diagram for [(HCO2)3Mo2]2(µ-O2CCO2) is shown in Figure
6 to illustrate these interactions.

Apart from prior work in this laboratory on the Mo and
W derivatives ofD2h-[(HCO2)3M2]2(µ-O2CCO2) complexes,
no theoretical investigations have been performed on related
[M2]2-oxalate-bridged systems (M) Tc, Ru, Rh).5,20 The
general trends that emerge from these calculations are
summarized in the molecular orbital energy level diagrams
depicted in Figures 7 and 8. In traversing the second row
from molybdenum to rhodium, we can readily see the
stabilization of the metal-based orbitals and, furthermore, the
tightening of the d-block orbital manifold with increasing
dn electron count. The calculations for the heavy element
tungsten parallels what is seen for molybdenum and tech-
netium; the major differences are the relative energies of the
metal-based orbitals (ca. 0.5 eV higher in energy with respect
to their second row congeners).

The cases of the d4 [M2]2 complexes (M) Mo and W)
have been discussed in detail before and, therefore, do not
warrant specific attention beyond noting the following. The
δ orbitals are split by symmetry-allowed interactions with
π2 andπ5 (vide supra) of the oxalate bridge (Figure 6). The
greater splitting of theδ orbitals for tungsten (ca. 0.6 eV

Table 2. Filling Order of Formate Model Complexes Considered in This Study

filling of frontier molecular orbitals

M2 center M2(O2CH)4 [(HCO2)3M2]2(µ-O2CCO2) [(HCO2)M2]4(µ-O2CCO2)4

Mo, W σ2π4δ2δ*0π*0σ*0 σ4π8δ4δ*0π*0σ*0 σ8π16δ8δ*0π*0σ*0

Tc σ2π4δ2δ*2π*0σ*0 σ4π8δ4δ*2π*0σ*0 σ8π16δ8δ*8π*0σ*0

Ru σ2π4δ2π*2δ*2σ*0 σ4π8δ4π*4δ*4σ*0 σ8π16δ8π*8δ*8σ*0

Rh σ2π4δ2π*4δ*2σ*0 σ4π8δ2π*8δ*4σ*0 σ8π16δ8π*16δ*8σ*0

Figure 5. Qualitative molecular orbital diagram and calculated molecular
orbital isosurfaces for the oxalate2- anion (isosurface cutoff value) 0.04).

Table 3. Irreducible Representations Spanned by the Oxalateπ
Orbitals in [(HCO2)3M2]2(µ-O2CCO2) (D2h) and
[(HCO2)M2]4(µ-O2CCO2)4 (D4h)a

oxalateπ orbitals [M2]2 (D2h) [M2]4 (D4h)

π1 b2u a1g + b1g + eu

π2 b3g a2g + b2g + eu

π3 b1g a2u + b2u + eg

π4 au a1u + b1u + eg

π5 b2u a1g + b1g + eu

π6 b3g a2g + b2g + eu

aA pictorial representation of the sixπ orbitals appears in Figure 5.

Figure 6. Qualitative MO diagram showing the formation of [(HCO2)3-
M2]2(µ-O2CCO2) from interactions of the frontier orbitals of a [Mo2]2

fragment with oxalateπ orbitals. Splitting of theδ orbitals via symmetry-
allowed combinations is attributed to a filled-filled interaction (δ orbital
of b2u symmetry with oxalateπ2) and a filled-empty interaction (δ orbital
of b3g symmetry with oxalateπ5).
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relative to 0.4 eV for molybdenum) reflects the fact that the
[W2]2 δ combinations are closer in energy to the oxalateπ5

and, therefore, experience a greater orbital overlap.
The d5 case for M) Tc reveals that the [M2]2 π* orbitals

drop below the oxalateπ5 and indeed are close in energy to
the [M2]2 δ* MO. The calculations predict a closed shell
configuration with the two highest-filled MOs being theδ*
MOs. While the two [M2]2 δ*-based MOs have the correct
symmetries to interact with filled oxygen lone pair orbitals
on oxalate, there is little mixing with theπ orbitals, leaving
the two δ* MOs virtually isoenergetic (vide infra). The
occupied [M2]2 δ MOs withb3g andb2u symmetries are again
split by symmetry-allowed and energetically favorable
interactions with oxalateπ2 andπ5. The difference in energy
between theb2g and b3u δ orbitals is ca. 0.3 eV for Tc. It
should be noted that the magnitude of the splitting for [Tc2]2

is less than that for [Mo2]2 because of stabilization and
contraction of theδ orbitals, from the increased electro-
negativity of Tc.

For M ) Ru, the d6 case, spin-unrestricted calculations
were performed. On the basis of the results for the Ru2(O2-
CH)4 system, the calculation was performed assuming four
unpaired electrons in the oxalate-bridged complex, which

corresponds to two unpaired electrons for each Ru2 unit. This
assumption manifests itself quite nicely in the results for both
the [Ru2]2 dimer and the [Ru2]4 square, where there is a
foundation in experimental work (vide infra).

As in the case of Ru2(O2CH)4, we have averaged the
energy eigenvalues of theR- andâ-spin orbitals in order to
present a meaningful comparison to the other complexes in
Figure 7. There are significant changes in the relative
ordering of the [M2]2-based MOs, a phenomenon that echoes
the simpler Ru2(O2CH)4 case. The [M2]2 π* orbitals are
stabilized relative to the [M2]2 δ* combinations. Even the
[M2]2 σ* orbitals are now lower in energy than the oxalate
π5-based MO. The HOMO and HOMO-1 are [M2]2 δ*
combinations and are filled, but the [M2]2 π* block of four
MOs is only half filled. The fact that the four unpaired
electrons occupy the [M2]2 π* block complements the half-
filled π* block of the MM dimer, and this allows us to predict
that extended structures containing [Ru2]2 units may mimic
the same filling order.

For d7 Rh(II), the stabilization of the [M2]2-based orbitals
is continued. The [M2]2 π* andδ* orbitals are close in energy
and completely filled; the HOMO and HOMO-1 are [M2]2

δ* combinations. The LUMO and LUMO+1 are [M2]2 σ*
combinations and have [M2]2-O σ* character (derived from
both the metal dx2-y2 and dz2 orbitals); they are calculated to
be lower in energy than the oxalateπ5-based MO. The
splitting of the two filled [M2]2 δ combinations is now quite
small (ca. 0.2 eV) as these orbitals are significantly stabilized
at ca.-6.7 eV; interestingly, they are comparable in energy
to the [Mo2]2 σ-bonding MOs (Figure 7).

In presenting the summary shown in Figures 7 and 8, we
have omitted the oxalateπ2-based MO that interacts with
theb3g [M2]2 δ combination. The oxalateπ2-based orbital is
very low in energy (ca.-12 eV) relative to the frontier MOs
shown. The oxalateπ3 andπ4 MOs, ofb1g andau symmetries,
respectively, are also very low in energy (ca.-10 eV) and
thus have a negligible effect on the [M2]2 δ* and π*
combinations (Table 1).

D4h-[(HCO2)2M2]4(µ-O2CCO2)4 Molecular Squares: An
Electronic Property Gedanken Experiment.For the mo-
lecular squares of formula [(HCO2)2M2]4(µ-O2CCO2)4, the
situation is not so simple. In this case, more of the [M2]4

and (O2CCO2)4 π orbitals transform as the same irreducible
representation within theD4h point group (Table 1). For the
d4 cases (M) Mo, W), it is easy to anticipate that the
highest-occupied MOs will be derived from the MMδ
combinations and that the lowest-lying MOs will be from
either the MMδ* orbitals or from theπ5 orbital of oxalate
(Figure 5) because these are the frontier orbitals in the
oxalate-bridged dimers. A qualitative MO fragment diagram
for [(HCO2)2M2]4(µ-O2CCO2)4 is shown in Figure 9. Model
complexes ofD2h-[(HCO2)3M2]2(µ-O2CCO2) andD4h-[(HCO2)-
M2]4(µ-O2CCO2)4 (M ) Mo, W) have also been the subject
of computational investigations in this laboratory.5,20

The synthesis of molecular squares of the type shown in
Figure 1 poses an interesting challenge in the chemistry of
carboxylate-ligated MM systems. Carboxylate-based paddle
wheel complexes are subject to ligand scrambling, and this

Figure 7. Frontier MO diagrams for second row transition metal
[(HCO2)3M2]2(µ-O2CCO2) complexes (M) Mo, Tc, Ru, or Rh). The
occupation of the HOMO MOs is indicated below the metal of interest.
Note the crossing of theδ* and π* MOs upon moving from Tc to Ru (see
text).

Figure 8. Frontier MO diagram for the third row transition metal complex
[(HCO2)3W2]2(µ-O2CCO2) as compared to that of [(HCO2)3Mo2]2(µ-O2-
CCO2). The occupation of the HOMO MOs is indicated below the metal.
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effect is exacerbated when one attempts to synthesize square
complexes.18,19,24,72The electronic properties of these squares
promise to be very interesting, which makes investigation
of their electronic structure fruitful for future synthetic
studies. The frontier MO diagrams for a series ofD4h-
[(HCO2)M2]4(µ-O2CCO2)4 complexes (M) Mo, W, Tc, Ru,
Rh) are shown in Figures 10 and 11. The general electron
filling order of each of these complexes follows the same
progression as that seen when going from the simple M2(O2-
CH)4 dimers to the [(HCO2)3M2]2(µ-O2CCO2) dimers of
dimers and will not be discussed in detail. The most striking
feature of these diagrams is that they are a realization of the
logical progression of M2 f [M2]2 f [M2]4. As the MM
centers are incorporated into oligomeric square motifs, the
MO structure of the complexes becomes less discrete and
more bandlike in character. The consequence of this progres-
sion from discrete unit to oligomeric motif is illustrated in
Figure 12. While the aforementioned statement by no means
implies we are dealing with band structures, it does empha-
size what electronic structures would be realized by incor-
porating MM multiple bonds into 1-D wires (MM centers
linked in infinite chains by oxalate) or, in this case, 2-D

extended structures (a sheet composed of oxalate-bridged
molecular squares). The metal incorporated into this struc-
tural motif will greatly impact the electronic properties of
the complexes.

In general, the mixing of the [M2]2 (M ) Mo, W) δ
orbitals with ligand bridge orbitals of the same symmetry is
the foundation for the electronic communication observed
between bridged dimetal units. The experimental manifesta-

(72) Chisholm, M. H. C.; MacIntosh, A. M.J. Chem. Soc., Dalton Trans.
1999, 1205.

Figure 9. Qualitative MO diagram showing the formation of [(HCO2)2M2]4(µ-O2CCO2)4 from interactions of the frontier orbitals of a [Mo2]4 fragment
with oxalateπ orbitals. As in the oxalate-bridged dimer of dimers, theδ orbitals split via symmetry-allowed combinations with the oxalateπ2 andπ5 group
orbitals. MO isosurface plots for the filled orbitals composing the HOMO are shown (isosurface cutoff value) 0.04). They are, from lowest to highest
energy,a1g, eu, andb2g. Only oneeu orbital is shown for clarity.

Figure 10. Frontier MO diagrams for second row transition metal
[(HCO2)2M2]4(µ-O2CCO2)4 complexes (M) Mo, Tc, Ru, or Rh). The
occupation of the HOMO is indicated below the metal of interest. Note the
crossing of theδ* and π* MOs upon moving from Tc to Ru (see text).
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tion of this phenomenon has been readily seen in electro-
chemical, UV-vis, and electron paramagnetic resonance
studies on numerous [M2]2-bridged systems (vide supra). By
extending what is known about bridged dimers of dimers to
the computational results for squares, we can make reason-
able arguments as to which of the [(HCO2)M2]4(µ-O2CCO2)4

model complexes will exhibit better electronic communica-
tion between dimetal centers.

In the case of d4 [M2]4 (M ) Mo, W), we see that, as
before, the greatest orbital interactions are those that occur
between the metalδ and the oxalateπ5 MOs. This interaction
proves to be particularly important in terms of electronic
communication, as the HOMO in these cases is a mix of
[M2]4 δ and oxalate bridge character. The delocalization
among the four M2 fragments could manifest as interesting
properties for partially oxidized tetrameric systems (e.g.,
[M2]4

q+). While the degree of delocalization cannot be well
quantified without experimental techniques, it is known that
one-electron oxidized species of [Mo2]2- and [W2]2-bridged
complexes exhibit delocalization across the bridge, with W
exhibiting better delocalization. It would thus appear that
Mo and W would be excellent choices for metals in extended
n-dimensional systems.

The fact that Mo and W make good choices as metals to
be incorporated into oxalate-bridged square arrays is not
accidental. Theδ orbitals that comprise the HOMO band in
these systems are split by favorable energetic and symmetric
interactions with the oxalate bridgeπ2 andπ5 MOs (Figure
9). The degree to which the fourδ-based orbitals are split
(ca. 0.75 eV dispersion between the lowest and highest in
the set) illustrates the strong interaction with the oxalate-
bridge MOs. The breadth of this energetic splitting has
significant implications when considering the electronic
structure of [Mo2]n or [W2]n extended systems. For the
n-dimensional cases, we would expect disperse valence bands
composed of Mo2 or W2 MO character mixed with oxalate-
bridge π2 and π5 character. Whether it be [M2]4 or [M2]n

(M ) Mo or W), one thing remains certain, the dispersity
of the orbitals composing theδ HOMO band is a clear
indication of the amount of the contribution of the oxalate-
bridge MO character, which in turn dictates the amount of
delocalization one would expect between M2 centers.

The case of d5 for M ) Tc is the first example where we
might expect poor electronic communication between M2

centers. The HOMO for the square complex with this metal
is primarily [M2]4 δ*-based. There is no oxalate-bridge
contribution to this orbital or to any of the orbitals which
compose theδ* set of MOs. Indeed, there are no oxalate
MOs with which find both a favorable symmetric and
energetic match with the occupiedδ* MOs. This feature,
coupled with the observation that the MOs in theδ* set are
nearly isoenergetic with virtually no energetic dispersion,
illustrates the lack of electronic communication among the
four M2 centers. In the case of both the [Tc2]4 square and
the [Tc2]n extended systems, we would therefore expect very
narrow valence bands through which electron delocalization
would be minimal.

For the d6 and d7 cases for M) Rh and M) Ru,
respectively, we again expect poor electronic coupling
between M2 centers, as in the case of M) Tc. For M) Ru,
the HOMO is [M2]4 π*, while for M ) Rh, the HOMO is
[M2]4 δ*. In both cases, there is no oxalate MO character
contributing to the orbitals in theπ* or δ* set. The
observation for these systems is again similar to that made
for technetium, and we would expect poor electronic coupling
between the M2 units.

It is interesting to note that the [Ru2]4 square frontier MOs
show a half-filled set of [M2]4 π*-based orbitals, suggesting
that the system has 8 unpaired electrons. This computational
result finds some validation with the previously mentioned
[Ru2]4

5+ system synthesized by Cotton and co-workers. In
that system, the ancillary carboxylate ligands have been
replaced byN,N′-di(p-anisyl)-formamidine (DAniF); the Ru2
units are ligated by a chloride anion, and the bridging ligands
are either oxalate or terephthalate. Magnetic data, coupled
with the knowledge that an Ru2

5+ unit has aσ2π4δ2π*2δ*1

electronic configuration, strongly suggest that the system has
12 unpaired electrons.11

Figure 11. Frontier MO diagrams for the third row transition metal
complex [(HCO2)2W2]4(µ-O2CCO2)4 as compared to that of [(HCO2)2-
Mo2]4(µ-O2CCO2)4. The occupation of the HOMO MOs is indicated below
the metal.

Figure 12. Comparison of schematic MO diagrams showing the “building
up” of the molecular orbitals into bandlike structures upon going from M2

f [M2]2 f [M2]4 (M ) Mo).
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Conclusions

With the aid of density functional theory calculations, we
have determined the electronic structures of M2(O2CH)4,
[(HCO2)3M2]2(µ-O2CCO2), and [(HCO2)2M2]4(µ-O2CCO2)4

(M ) Mo, W, Tc, Ru, Rh) oxalate-bridged complexes. Upon
building up the number of MM units following the progres-
sion M2 f [M2]2 f [M2]4, it is readily seen that the frontier
MOs begin to approximate a bandlike structure from which
we can start to anticipate the properties of an extended 2-D
grid. The implications are that materials with MM units
should exhibit interesting electronic properties as they are
incorporated into an extended structure. With this implication,
however, there is a caveat. Only those systems with M)
Mo or W should exhibit electron delocalization mediated
by the oxalate bridge. These systems should have a valence
band dispersion on the order of 1 eV. Oxidation should be
relatively easy and, from an energetic standpoint, could lead
to metallic-like conductivity. The same type of mixing is
not seen in bridged complexes for M) Tc, Ru, and Rh.
The HOMO orbitals of complexes with the aforementioned
metals are primarily metal-based and, in an extended lattice,
would lead to a very narrow metal-based band. Oxidation
would not be expected to result in good conductivity.

While oxalate is a good bridge for mediating electronic
communication between MM centers, it is not one that has
found synthetic utility for extended gridlike structures, nor
can it be modified. The incorporation of MM units into
extended materials has been achieved with other conjugated
organic bridges (i.e., phenyl and thienyl dicarboxylate
bridges), and these aromatic systems lend themselves to
further electronic modification. However, it follows from the
present study of oxalate that the greatest electronic coupling
between M2 units will be for molybdenum and tungsten
where the filled metalδ orbitals are of highest energy.
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