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Assessing Metal-Metal Multiple Bonds in Cr—Cr, Mo—Mo, and W—W
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Abstract: To gain insights into the
trends in metal-metal multiple bonding
among the Group 6 elements, density
functional theory has been employed
in combination with multiconfigura-
tional methods (CASSCF and
CASPT2) to investigate a selection of
bimetallic, multiply bonded com-
pounds. For the compound [Ar-MM-
Ar] (Ar=2,6-(C¢H;s),-CH;, M=Cr,
Mo, W) the effect of the Ar ligand on
the M, core has been compared with
the analogous [Ph-MM-Ph] (Ph=
phenyl, M=Cr, Mo, W) compounds. A
set of [M,(dpa),] (dpa=2,2'-dipyridyla-

has also been investigated. All of the
compounds studied here show impor-
tant multiconfigurational behavior. For
the Mo, and W, compounds, the 0°7*?
configuration dominates the ground-
state wavefunction, contributing at
least 75%. The Cr, compounds show a
more nuanced electronic structure,
with many configurations contributing
to the ground state. For the Cr, Mo,
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and W compounds the electronic ab-
sorption spectra have been studied,
combining density functional theory
and multireference methods to make
absorption feature assignments. In all
cases, the main features observed in
the visible spectra may be assigned as
charge-transfer bands. For all com-
pounds investigated the Mayer bond
order (MBO) and the effective bond
order (EBO) were calculated by densi-
ty functional theory and CASSCF
methods, respectively. The MBO and
EBO values share a similar trend
toward higher values at shorter nor-

mide, M=Cr, Mo, W, U) compounds

Introduction

Ever since the discovery of the multiple metal-metal bond
in [Re,Cl]*~,l'? there has been a considerable amount of re-
search dedicated to metal-metal multiple bonding. Elec-
tron-rich metal-metal units are of general interest because
of their unique electronic and optical properties.”! Several
new examples of metal-metal multiply bonded compounds
incorporating the Group 6 metals have recently been of in-
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malized metal-metal bond lengths.

terest. For example, various groups have shown interest in
oligothiophene compounds incorporating metal-metal mul-
tiple bonds because of their potential applications in optoe-
lectronic and magnetic devices. Burdzinski et al.”l recently
prepared oligomers of empirical formula [Mo,(TiPB),-
(0O,C(Th)-C,(n-hexyl),S-(Th)CO,)] (TiPB=2,4,6-triisoprop-
yl benzoate; Th=thiophene) and compounds of formulae
trans-[Mo,(TiPB),L,] in which L=Th, BTh (Bth=2,2"-bi-
thiophene-5-carboxylate) and TTh (the corresponding thie-
nylcarboxylate), which are considered as models for the
oligomers. The X-ray analysis of trans-[Mo,(TiPB),BTh,] (1;
Figure 1) revealed the presence of La*-M,0-Lzn* conjuga-
tion, and density functional theory (DFT) calculations indi-
cated that the HOMO is mainly a M, & orbital and the
LUMO is mainly based on the thienylcarboxylate mt* orbi-
tals.

Burdzinski et al. studied also the photophysical proper-
ties of these oligomers, which showed relatively slow metal-
to-ligand charge-transfer (MLCT) triplet intersystem cross-
ing compared to the majority of second- and third-row tran-
sition metal complexes. They noticed that the
'MLCT-"MLCT gap is relatively small in the Mo complexes,
suggesting a large mixing of the metal 6 and organic m sys-
tems. These Mo,-based oligothiophenes have thus a unique
metal-based triplet emission.
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Figure 1. Experimentally determined structure of compound 1. Color
code: C=gray-capped stick, H=white-capped stick, S=black-capped
stick, Mo =black ball, O =gray ball.

Alberding et al.”! prepared the [MM'(TiPB),] compounds,
in which M=Mo or W and M'=W and characterized them
with various techniques. Electronic absorption, steady-state
emission and transient absorption spectroscopy indicate that
these compounds have strong absorptions in the visible
region that are assigned to MM’ 0 to arylcarboxylate m*
transitions, 'MLCT. Luminescence from two excited states
also occurs, which are assigned as the 'MLCT and MM’ &—
O* states.

Nippe et al.”! reported the synthesis of [W,(dpa),] (dpa=
2,2'-dipyridylamide) (2¢) (Figure 2) and its characterization
by X-ray crystallography and cyclic-voltammetry. They com-
pared it with its earlier reported molybdenum analogue,
[Mo,(dpa),] (2b).! They also synthesized one-electron oxi-
dation products of [W,(dpa),] and [Mo,(dpa),], namely [W,-
(dpa),][BPh,] and [Mo,(dpa),][BPh,] (BPh,=tetraphenylbo-
rate). The crystallographically determined metal-metal dis-

Figure 2. The experimental structure of compound 2¢. Color code: C=
gray-capped stick, H=white-capped stick, W=black ball, N=gray ball.
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tances of 2.23 and 2.14 A in [W,(dpa),][BPh,] and [Mo,-
(dpa),][BPh,], respectively, are in agreement with metal-
metal bond orders of 3.5. The molecules [W,(dpa),] and
[Mo,(dpa),] have been utilized along with the [Cr,(dpa),]
analogue (2a) to prepare linear, trinuclear heterometallic
molecules with an M=M---M’ chain, with M =Cr, Mo, or W,
and M’ =Cr, Mn, Fe, Co, Ni, and Zn.""'Y! The heterometallic
molecules show rich optical and redox properties, and a
better understanding of these properties can be greatly fa-
cilitated by a quantum chemical analysis of the Cr,, Mo,,
and W, precursor molecules.

We have studied metal-metal multiple bonds in the Cr,,
Mo,, and W, dimers by making use of the concept of effec-
tive bond order (EBO)!'“"! that arises from a multiconfi-
gurational complete active space-SCF (CASSCF) wavefunc-
tion."! We have demonstrated that a sextuple bond exists in
Mo, and W,, but hardly in Cr,."*'1 The weakness of the
Cr—Cr bond is related to the difference in size between the
3d and 4s orbitals. The 4s—4s interaction occurs at a consid-
erably longer distance than the 3d-3d interaction. This un-
balance weakens the 3d bonds and makes the 4s—4s interac-
tion repulsive at equilibrium geometry. Another important
factor is the repulsive interaction between the closed 3p
shells, which have about the same radial extension as the 3d
orbitals. The unbalance between the s and d orbitals de-
creases for second-row transition metals and even more for
the third row. Moreover, relativistic effects play an impor-
tant role in making the two sets of orbitals more equal in
size, which overall enhance the bond strength of the diatom-
ics. Various low-valent Cr—Cr complexes recently synthe-
sized present a multiple bond that, despite changes in the
nature of the ligand or with the oxidation state of the Cr
atom, yield EBO values in the relatively narrow range be-
tween 3.4 and 3.9 that correlate roughly with the Cr—Cr
bond length.'s! In order to protect the dimetallic unit from
possible oxidation or oligomerization, terphenyl ligands, the
skeleton structure of which is 2,6-(C¢Hs),-C¢H; (Ar), have
been employed to embed the metal dimer. Experimental
and theoretical works have also shown that [Ar'-CrCr-Ar’]
(3a, Scheme 1) (Ar =2,6-(2,6-iPr,-C¢H;),-CH;) features a
trans-bent geometry.'>1?! Since the Ar ligand successfully
stabilizes dimers of main group elements and the Cr dimer,
its capabilities in protecting dimers of Fe and Co were also
investigated.?®! The flanking aryl/metal n° interaction
makes the Fe—Fe and Co—Co bonds longer than in other
compounds. In order to quantify the influence of the flank-

Scheme 1. Compounds studied in this work.

Chem. Eur. J. 2012, 18, 1737-1749


www.chemeurj.org

Metal-Metal Multiple Bonds

ing aryl ring on the M—M bond, several simplified model
systems containing a Co—Co and Fe—Fe core unit, but with-
out ligands capable of giving n° interactions, were studied by
DFT and CASSCF followed by perturbation theory to
second order (CASPT2) and compared to the complexes
featuring the n° interaction computed at the same level of
theory.?!

In this paper we report the results of the study of several
compounds containing Cr—Cr, Mo—Mo and W—W multiple
bonds to reveal and interpret any generalized trends that
may be present. First we will describe the trans-bent mole-
cules [Ar-MM-Ar] (3a, M=Cr; 3b, M=Mo; 3¢, M=W),
for which the Mo and W analogs have not yet been synthe-
sized up to date and have, to our knowledge, never been the
subject of computational investigation. The effect of the Ar
ligand on the different bimetallic units will be discussed and
compared with the effect of phenyl (Ph) in the analogous
[Ph-MM-Ph] compounds.

In the second part of the paper we will focus on the com-
pounds synthesized by Burdzinski et al.) and Nippe et al.,”!
compounds 1 and 2, respectively. We will report the results
of our theoretical calculations on the Mo—Mo type 1 com-
pound. For compounds 2 we will discuss the Cr—Cr, Mo—Mo
and W—W species, 2a, 2b, and 2c¢, respectively. In all cases
our results will be compared with experimental data. Finally,
we will discuss the hypothetical U-U equivalent of 2, which,
if synthesized, would represent a breakthrough in diuranium
chemistry.?*?! The aim of this study is to understand the
nature of the metal-metal bonds in these compounds by a
multiconfigurational quantum chemical characterization, in-
spect the most significant spectroscopic transitions and pre-
dict whether compound of type 2 containing a U—U unit
could also exist. Where possible, we include results from
DFT calculations in addition to the CASPT2 results, so that
comparisons between the two methods may be made. We
also include a discussion of calculated metal-metal bond
orders, which are particularly problematic since computa-
tions typically yield non-integer bond orders that differ sig-
nificantly from what one expects from simple molecular or-
bital theory.

Computational Methods

The [Ph-MM-Ph] and [Ar-MM-Ar] species (M =Cr, Mo, W): Initial ge-
ometry optimizations were performed at the DFT level of theory using
the TURBOMOLE quantum chemistry software.””’ The PBE function-
al®! was employed along with the triple-zeta valence plus polarization
(def-TZVP) basis set on all the atoms. Vibrational frequency calculations
were also performed in order to verify the nature of the stationary
points. All structures reported in this study are local minima with all real
frequencies, with the exception of the Ph-MM-Ph compounds, which ex-
hibit two imaginary frequencies. Even if the planar [Ph-MM-Ph] struc-
tures are not local minima, we decided to characterize their electronic
structure in order to compare them with the [Ar-MM-Ar]| analogues. The
DFT-optimized coordinates are reported in the Supporting Information
for all the systems described in this study.

The multiconfigurational complete active space-SCF method®! followed
by second-order perturbation theory (CASSCF/CASPT2)P" was em-
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ployed to re-optimize selected bond lengths, namely the M—M (M =Cr,
Mo and W) and M—C bonds. A numerical optimization procedure was
employed, which consisted of varying the M—M and M—C distances, opti-
mizing the structures at the DFT level while keeping the M—M and M—C
distances fixed, and performing CASPT2 calculations at these geometries.
Numerical gradients and hessians on the CASPT2 potential-energy surfa-
ces were then computed to check the nature of the stationary points.

The CASSCF/CASPT2 calculations were performed using the
MOLCAS-7.3 package.”!! Basis sets of the atomic natural orbital
typel>¥ with triple-zeta plus polarization quality (ANO-RCC-VTZP)
were used for the transition metal atoms, whereas basis sets of double-
zeta basis set quality (ANO-RCC-VDZP) were used for the other atoms.
Scalar relativistic effects were included using the Douglas—Kroll-Hess
Hamiltonian.* The two-electron integral evaluation was simplified by
employing the Cholesky decomposition technique.®>" The decomposi-
tion threshold was chosen to be 107%, as this should correspond to an ac-
curacy in total energies of the order of mHartree or higher. At the
CASPT2 level of theory the frozen natural orbital approach with 70 % of
the virtual orbitals taken into account was applied (FNO-CASPT2) to
reduce the computational costs.* In order to prevent weak intruder
states an imaginary shift of 0.2 units was added to the external part of
the zero-order Hamiltonian. For all the investigated species, at the
CASPT?2 level, the 1s orbitals for all C atoms were kept frozen; more-
over, for the [Ph-MoMo-Ph] compound orbitals up to and including the
3d for Mo atoms were kept frozen; for [Ph-WW-Ph] compound orbitals
up to and including 4d for W atoms were kept frozen; for the [Ar-CrCr-
Ar]| only orbitals up to 2p for Cr were kept frozen, whereas for [Ar-
MoMo-Ar]| and [Ar-WW-Ar] orbitals up to 3d and 4d, respectively, were
kept frozen. At the CASSCEF level, for all the species the active space
contains 14 electrons distributed in 14 orbitals, CAS(14,14). This active
space comprises all the nd (n=3, 4, or 5) orbitals forming the M—M mul-
tiple bond as well as two bonding and two antibonding orbitals describing
the M—C interaction. Six active electrons come from each M atom, corre-
sponding to the valence configuration nd® (n+1)s' (n=3, 4, and 5), and
one electron comes from each C atom bonded to the transition metal,
adding up to 14 electrons in total.

Calculations were performed on the 'A, ground state. In the [Ph-MM-
Ph] calculations the geometries of the systems were constrained to C,,
symmetry, while in the [Ar-MM-Ar] calculations they were constrained
to C, symmetry. For all species under investigation we have computed
the effective bond order (EBO)!"*! which quantifies the formation of a
chemical bond from CASSCF wavefunctions. For a single bond the EBO
is given by Equation (1), in which #, and #,, are the sums of the occupa-
tion numbers of the bonding and anti-bonding molecular orbital pair de-
rived from the CASSCF wavefunction.

EBO = (17,—1.)/2 S

In multiply bonded systems one has to add up the individual values gen-
erated from the various pairs of bonding and antibonding orbitals (e.g.,
o, , and d) to obtain the total EBO. Note that #, and #,, can assume any
value between zero and two and are not necessarily integer numbers.
Equation (1) thus implies that the EBO value will always be lower or at
most equal to the bond order that one obtains from conventional molecu-
lar orbital theory, for which the orbitals have an occupation number
always equal to either 2, 1, or 0.

There are various ways of quantifying bond orders.***? The EBO con-
cept relies on a multiconfigurational wavefunction and takes into account
the effect of electron correlation involving the antibonding orbitals.
Moreover, if used in combination with ANO basis sets optimized for
multiconfigurational calculations (as done in this study), it provides
stable values.

We have previously employed the CASSCF/CASPT2 approach to study
several metal-metal multiply bonded species like the [Re,Clg*
system,”) the octamethyldimetalate compounds of Cr", Mo", W', and
Re" ! the octabromoditechnetate(III) compound®! and the triply
bonded [Tc,X,(PMe;),] (X=CIl, Br) complexes.*” In all cases the ap-
proach has proven to be successful in describing the electronic structure
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of such compounds and the metal-metal multiple bond, because of its
ability to describe the electronic structure of multiconfigurational species.

The Burdzinski Mo—Mo species: The original coordinates of 1 were ob-
tained from the X-ray data.”” In our calculations, the TiPB ligands were
replaced with formate groups and the BTh groups with the simpler Th
ones; this approximation was found to be adequate, because the external
groups play mainly a steric role. As already discussed in reference [4] the
extension of the length of the thienyl groups may, on the other hand,
affect the electronic structure of the Mo—Mo unit. In this context, howev-
er, we decided to focus on the simplest case. The reduced structure
(Figure 3) was used for all subsequent calculations. The molecule has Cy,
symmetry, which was maintained throughout all calculations.

Figure 3. Simplified structure of 1 used for all calculations. Color code:
C=gray capped stick, H=white capped stick, S=black capped stick,
Mo =black ball, O =gray ball.

A DFT geometry optimization was performed for the singlet ground
state using the PBE functional and the Stuttgart RSC 1997 ECP basis
set, within Gaussian 09.) Subsequent CASSCF/CASPT2 single-point
calculations (with ANO-RCC-VTZP type basis sets) were performed at
the PBE-optimized geometry. The Mo—Mo bond was successively re-op-
timized at the CASPT2 level by using a numerical optimization proce-
dure, analogous to the one described in the previous section. Several
CASSCEF calculations were initially performed in order to select the ap-
propriate active space for this system and it was found that a reasonable
active space for the ground state consists of eight active electrons in
eight active orbitals. These orbitals are bonding and antibonding linear
combinations of Mo 4d orbitals with o, = and 6 symmetry (the Results
section for a detailed description) and they are localized on the Mo, unit.
The two remaining MOs arising from the linear combination of the fifth
4d orbital on each Mo atom were not included in the active space be-
cause they are not in the HOMO-LUMO region and they are mainly
metal-ligand orbitals. No metal-ligand (M-L) orbitals were included in
the active space. In the [Ar-MM-Ar] case, it was not an issue of computa-
tional cost to include the M-L bonding and antibonding orbitals. In this
case, on the other hand, including the M-L bonding and antibonding or-
bitals would add at least 16 orbitals to the active space, which would not
be computationally tractable. The smaller active space of eight in eight is
still satisfactory, as the multiconfigurational character is mainly localized
in the Mo, unit and the M-L interaction can be adequately treated at the
subsequent PT2 level. The lowest excited singlet and triplet states were
also computed.

[M,(dpa),] (M =Cr, Mo, W) species: Initial coordinates for the geometry
optimization of [Cr,(dpa),] (2a) were obtained from the crystallographic
data for the compound in its crystal form that contains no solvent mole-
cules.*! Initial coordinates of [Mo,(dpa),] (2b) were obtained from refer-
ence [6] and initial coordinates for [W,(dpa),] (2¢) were obtained from
the Supporting Information of reference [5]. Geometry optimization and
frequency calculations for 2a—c¢ were performed using the TURBO-
MOLE software package and the PBE functional. The def2-TZVP basis
set was employed for N, Cr, Mo, and W atoms and the SV(P) basis set
was used for all other atoms. In the CASSCF/CASPT2 calculations an
ANO-RCC-TZVP basis set was used for N, Cr, Mo, and W, and the
ANO-RCC-DZVP basis set was used for all other atoms. The molecules
have C, symmetry, which was maintained throughout all calculations,
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except the [Cr,(dpa),] geometry optimization, for which D, symmetry
was imposed. Molecular orbitals included in the active space are reported
in the Supporting Information. TD-DFT calculations were performed
using Gaussian 09, Revision B.01'“/! using the PBE functional. The Stutt-
gart-Dresden electron core potential (SDD) was used for Cr, Mo, and W
atoms. The TZVP basis set was employed for C and N atoms, and the
SVP basis set for H atoms. Compositions of molecular orbitals and
Mayer bond orders were calculated using the AOmix program.*+!

In the CASSCEF calculations an active space of eight electrons in eight or-
bitals was chosen in analogy with the Burdzinski Mo—Mo calculation.
These orbitals are linear combinations of 3d, 4d, and 5d orbitals with o, 7
and 0 symmetry for [Cr,(dpa),], [Mo,(dpa),] and [W,(dpa),], respectively
(see the Results section for a detailed description). Also in this case two
MOs arising from the 4d orbitals were not included in the active space,
because they are not in the HOMO-LUMO region and they are delocal-
ized between the metal and the ligand. Due to the larger than normal
discrepancy of the DFT bond length with experiment, we optimized the
W—W bond length at the CASPT?2 level by following the same numerical
procedure as for the other compounds. We computed several singlet and
triplet excitations and their intensity, including spin-orbit coupling among
the various states. The intensities and spin-orbit coupling were deter-
mined by employing the complete active space state interaction method,
CASSIPY which employs an effective one-electron spin-orbit (SO) Ham-
iltonian, based on the mean field approximation of the two electronic
parts.F!l

Results

[Ph-MM-Ph] (M =Cr, Mo, W): The most relevant structural
parameters of the DFT- and CASPT2-optimized [Ph-MM-
Ph] systems in their 1Ag ground state are reported in
Table 1. Figure 4 depicts the DFT-optimized structure of
[Ph-MoMo-Ph], the CrCr and WW analogues look similar.
DFT predicts the Mo—Mo and W—W bond lengths to be
0.05 and 0.07 A, respectively, longer compared to the corre-
sponding CASPT?2 values. The DFT and CASPT2 M—C pre-
dicted bond lengths differ by at most 0.01 A.

Table 1. Most significant structural parameters , and bond order for the
[Ph-MM-Ph] systems.

System/Theory M—-M M-C M-M-C EBO/
[A] [A] [°] Mayer BO™

[Ph-CrCr-Ph)/DFT! 1.707 2.033 94.3
[Ph-CrCr-Ph])/CASPT2l 1752 2,018 88.4 3.52
[Ph-MoMo-Ph]/DFT 2059  2.098 97.9 4.55
[Ph-MoMo-Ph]/CASPT2  2.010  2.107 97.3 4.26
[Ph-WW-Ph]/DFT 2154 2087 1004 4.57
[Ph-WW-Ph]/CASPT2 2.080  2.097 99.4 4.32

[a] From references [15,21]. [b] Mayer bond order from DFT and EBO
from CASPT2.

Figure 4. DFT structure of [Ph-MoMo-Ph]; Color code: C=gray capped
stick, H=white capped stick, Mo =black ball.
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For [Ph-MoMo-Ph] the CASSCF -calculation predicted
natural orbital occupation numbers reported in the Support-
ing Information, which provide an EBO of 4.26. Inspection
of the multideterminantal CASSCF wavefunction shows
that the closed shell configuration, o,’w,'d,", dominates with
a weight of 68 %, which corresponds to a formal quintuple
bond. A few other configurations contribute with weights
lower than 5%; which correspond to double excitations
from the bonding orbitals to their antibonding counterparts.
For [Ph-WW-Ph], natural orbitals are reported in the Sup-
porting Information with an EBO equal to 4.32. The closed
shell 0,’m,*8,* configuration, corresponding to a formal quin-
tuple bond, is also dominant in this case with a weight of
about 70%. The EBO for [Ph-CrCr-Ph] reported in our
prior studies!™?!! is equal to 3.52 and in this case the closed
shell configuration has a weight of only 45%. In the Mo—
Mo and W—W compounds the calculated metal-metal bond
order is about one unit larger than in the corresponding Cr—
Cr compound. The same trend occurs in the diatomic mole-
cules.'

[Ar-MM-Ar] (M=Cr, Mo, W) systems: While [Ar'-CrCr-
Ar'] (3a) (Ar'=2,6-(2,6-iPr,-C¢H;),-C¢H;) has been synthe-
sized,"™ the MoMo and WW analogues, 3b and 3¢, have not
been synthesized to date. In our study we employed Ar (2,6-
(C¢Hs),-C¢Hs) as a simplified model for Ar'. Vibrational fre-
quency analysis indicates that all three [Ar-MM-Ar]| com-
pounds are local minima on their potential-energy surface.

The most relevant structural parameters of the DFT- and
CASPT2-optimized [Ar-MM-Ar] compounds in their 'A,
ground state are reported in Table 2. Figure 5 depicts the
DFT-optimized structure of 3a; 3b and 3¢ analogues look
similar.

The DFT value for the Cr—Cr distance in 3a is about
0.1 A shorter than the experimental value, while the
CASPT2 Cr—Cr distance is in better agreement with experi-
ment. The structure of 3a was fully optimized at the DFT
level by imposing only the constraints of C, symmetry in-
stead of C,,, and this is the reason why the DFT-optimized
structure has a nonplanar C-Cr-Cr-C dihedral angle. On the
other hand, CASPT2 predicts the structure with the planar
C-Cr-Cr-C dihedral angle to lie 11.5kJmol™ lower in
energy than the structure with the dihedral angle of 166.7
(the DFT-relaxed structure with the M—M and M—C fixed).

FULL PAPER

Figure 5. DFT structure of [Ar-CrCr-Ar]; Color code: C=gray capped
stick, H=white capped stick, Cr=black ball.

Overall the potential-energy surface for [Ar-CrCr-Ar] is
quite flat both along the Cr—Cr coordinate and also the Cr—
C coordinate.

The occupation numbers for the natural orbitals (reported
in Supporting Information) that make up the Cr—Cr bond
provide an EBO of 3.07, similar to what is found for [Ph-
CrCr-Ph]. The closed shell configuration, o,’w,*d,", corre-
sponding to a formal quintuple bond, appears in the multi-
configurational wavefunction with a weight of only 33%.
The second most important configuration, o,’7,*d,’0,’, has a
weight of 8 %.

For 3b, DFT predicts a Mo—Mo bond length almost 0.5 A
longer than CASPT2. This difference is mostly due to the
fact that DFT predicts a strong Mo-aryl n° interaction,
while CASSCF and CASPT2 predict a weaker one. The
CASSCF molecular orbitals are not delocalized between the
Mo and aryl fragments. The occupation numbers for the nat-
ural orbitals (reported in Supporting Information) that
make up the Mo—Mo bond provide an EBO of 4.3, similar
to that found for [Ph-MoMo-Ph]. The closed shell configu-
ration, 0,’7,'d,’, corresponding to a formal quintuple bond,
dominates the multiconfigurational wavefunction with a
weight of 70%. Overall the potential-energy surface for
[Ar-MoMo-Ar] is less flat both along the Mo—Mo reaction
coordinate and the Mo—C reaction coordinate than the cor-
responding [Ar-CrCr-Ar] potential-energy surface.

Table 2. Most significant structural parameters and bond order for the [Ar-MM-Ar] systems.

a] From reference [19]. [b] Mayer bond order from DFT and EBO from CASPT2. [c] This angle is required to be 180° due to crystallographic symme-

System/Theory M—-M M-C M—C,y M-M-C C-M-M-C EBO/
[A] [A] [A] [°] [°] Mayer BO™

[Ar-CrCr-Ar)/DFT 1.729 2.086 2.260 101.6 164.9 3.82

[Ar-CrCr-Ar])/CASPT2 1.836 2.132 2258 99.2 180.0 3.07

[Ar-CrCr-Ar]/exptl®! 1.8351(4) 2.131(1) 2.294(1) 102.78(1) 1801

[Ar-MoMo-Ar])/DFT 2.464 2.142 2.304 112.9 124.0 3.85

[Ar-MoMo-Ar]/CASPT2 1.980 2217 2.409 96.2 162.2 4.30

[Ar-WW-Ar]/DFT 2.419 2.160 2374 104.6 134.9 3.25

[Ar-WW-Ar]/CASPT2 2.250 2.161 2.376 96.6 176.4 4.33

[

t

Ty.
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For 3¢, the DFT W—W bond length is 0.17 A longer than
the CASPT2 bond length. The occupation numbers for the
natural orbitals (reported in Supporting Information) that
make up the W—W bond provide an EBO of 4.3. Analo-
gously to the prior cases, the closed shell configuration,
0,’m,*d,", which corresponds to a formal quintuple bond,
dominates the multideterminantal wavefunction with a
weight of 69%.

A closer inspection of EBO values and weights of the
dominating electronic configurations indicates that the mag-
nitude of the M—M bond order goes as: Cr<Mo~W, in
agreement with the trend found for the simpler [Ph-MM-
Ph] models and for the diatomic molecules.'*! The relative
bond order is maintained along the series as Ph is replaced
by Ar: the Mo—Mo and W—W bond orders are about one
unit larger than the Cr—Cr bond order.

At the CASPT2 level the Cr—Cr bond is 0.08 A longer in
3a than in [Ph-CrCr-Ph], while the EBO remains the same.
Steric encumbrance might be the reason for this bond
lengthening. DFT predicts a larger effect on the Mo—Mo
and W—W bonds due to the flanking aryl groups than does
CASPT2.

The Burdzinski Mo—Mo system: The most significant struc-
tural parameters of our theoretical study on compound 1
(Figure 3), experimentally synthesized by Burdzinski et al.,!
are reported in Table 3.

The DFT/PBE Mo—Mo distance is on the larger side of
the experimental value, while the CASPT2 value is slightly
smaller. The ground state is a singlet 'A, state. The wave-
function is dominated, about 75%, by the Hartree—Fock

Table 3. Structural parameters and bond order for compound 1.

o,m,'d," configuration; the second most important configu-
ration, about 7%, corresponds to a double excitation. natu-
ral orbitals and their occupation number are reported in
Figure 6.

The EBO at the equilibrium bond length is equal to 3.4,
which is very similar to the Mayer BO (3.44) calculated
from DFT. In previous DFT calculations on this system,l
the HOMO was found to be primarily of Mo, d character,
and the LUMO of Mo, &* character. This description is sup-
ported by inspection of the natural orbital occupation num-
bers for the ground state.

The excitation energies for the lowest singlet and triplet
states and their electronic configurations are reported in
Table 4. Burdzinski et al.! performed time-dependent DFT

Table 4. Excitation energies for the lowest singlet and triplet states of
compound 1 and their electronic configurations.

States E [eV] Configuration
st A, 0 75% o°n'e’
Tl °B, 1.61 83% o’m*d'd*!
S2 'B, 3.08 74% o*m*d'§*!
T2 ’A, 3.17 79% o*m*d'm!
T3 B, 3.18 78% o’n'd'o*!
S4 'B, 3.62 83% o’m'd'o*!
S3 'A, 3.65 81% o’m'd'm*!
T4 3A, 378 82% oln'62o!
S5 'A, 4.17 83% o'm*d%d*!

calculations which predicted the lowest-energy electronic
transitions of high intensity to correspond to Mo, 0 —li-
gand t* and to move to lower energy with increasing
number of rings. In the present study we deter-
mined only metal-based excitations because the or-

bitals included in the active space are exclusively

Theory Mo—Mo M-0O," M-O[A] M-O [A] Mo-Mo-O EBO/ -

[A] [A] [S-side]  [non S-side] [°] Mayer BOl ~ metal based. The lowest Mo, 8—Mo, 6* singlet—
DET 2168 2105 2087 2082 91.6.91.8 singlet excitation is predicted to occur at 3.08 eV.
CASPT2 2068 2107 2.089 2.084 93.0-93.2 The lowest singlet-triplet Mo, 8—Mo, d* excita-
exptl®  2.1032(6) 2.1093 2.1053 2.1033 90.9-92.8 tion occurs at 1.61 eV. These values are consistent

[a] From reference [4]. [b] Og,m: OXygen atoms of the formate group. [c] Mayer bond

order from DFT and EBO from CASPT2.

with experimental data for Mo, carboxylates,
which show 8-8* transitions at about 2.85 e V.l

5 ) N :
5 - o .
} ) ) )

*

o I

o 1n

Figure 6. Natural orbitals for the 'A, ground state of compound 1.

1742 —— www.chemeurj.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

2r o

2 2
o o
> .-
- -
)

21 d

Chem. Eur. J. 2012, 18, 1737-1749


www.chemeurj.org

Metal-Metal Multiple Bonds

[M,(dpa),] (M =Cr, Mo, W) species: Initially, a DFT geome-
try optimization of [Cr,(dpa),] (2a) was performed starting
from the experimental geometry. The calculated geometric
parameters are shown in Table 5, where they are compared
to experimental values. The optimized Cr—Cr distance,
1.91 A is very close to the experimental value of 1.94 A and
the calculated Mayer bond order is 3.26. The DFT geometry
optimization reproduces well the Cr—N, (2.05 A), Cr—N,,
(2.07 A), and the nonbonding Cr-N distances to the dan-
gling pyridine groups (2.96 A vs. experimental distances of
2.92 A). Cotton and co-workers have defined a “direction
angle” (&) as the angle between the pyridine plane and the
Cr—N, bond vector, as a means of evaluating the degree of
electron donation from the dangling pyridine lone pair into
the Cr, m* orbital.®® As & deviates from 0°, lone-pair/m*
overlap diminishes due to misdirection of the pyridine
group. The sum of the direction angles, 2§, for 2a is experi-
mentally found in the range of about 100-120°, signifying
little N lone-pair overlap with the Cr, m* orbitals.”*” The ge-
ometry optimization slightly underestimates the observed
3& values at 81.2°. It is possible therefore that DFT may
slightly overestimate electron delocalization between the
free pyridine lone pairs and the Cr, unit. The long Cr-N,,,
distance of 2.96 A suggests, however, that such electron de-
localization will be minimal. CASPT2 single-point calcula-
tions were performed at the DFT-optimized geometry. The
ground-state wavefunction is highly multiconfigurational
leading to an EBO of 3.25. The o*n** configuration is
found to account for 36 % of the ground state wavefunction.
The second major contributing configuration 7*8’8** has a
weight of 17%.

The electronic absorption spectrum of 2a (Figure 7) is
characterized by a single peak at 522 nm. TD-DFT calcula-
tions were performed at the optimized geometry predicting
a singlet 0-0* transition at 692 nm and two degenerate
ligand-to-metal charge-transfer transitions at 554 nm
(Figure 8). CASPT2 vertical excitation energies for the
lowest singlet and triplet excited states with their intensities
are reported in Table 6. In accordance with the multirefer-
ence nature of 2a, the lowest energy excitation to the triplet
8-8* state is calculated to be only 0.61 eV (ca. 4900 cm™;
2000 nm) above the ground-state energy level. This transi-
tion is forbidden and has zero calculated intensity. The sin-
glet 0>-0% state (S2) at 348 nm is also calculated to have es-
sentially zero intensity, since it is essentially a two-electron
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Figure 7. Electronic absorption spectrum of [Cr,(dpa),] (2a).

excitation. The higher energy excited states involve promo-
tion of one of the o electrons, though these bands are pre-
dicted in the UV and would not be observable due to con-
cealment by charge transfer bands.

A DFT geometry optimization was performed on [Mo,-
(dpa),] 2b, starting from the experimental geometry and
then single-point energy calculations were performed at this
optimized geometry at the CASPT2 level of theory. The op-
timized Mo—Mo bond length of 2.11 A is in very good
agreement with the experimentally determined distance of
2.10 A. The calculated Mo—N bond lengths all agree with
those determined crystallographically to within 0.01 A. The
calculated sum of the direction angles X£=101.8° also
agrees very well with the experimental value of 104°.
CASPT2 calculations reveal the ground-state wavefunction
to be dominated by the closed-shell 0°n*®* electronic config-
uration, about 75 %, leading to an EBO equal to 3.4. DFT
predicts a slightly lower Mayer bond order of 3.0.

The electronic absorption spectrum of 2b (see Supporting
Information) is characterized by intense transitions at 585
and 500 nm, and higher energy, <400 nm, absorptions. TD-
DFT calculations predict the singlet 8—6* transition to be at
710 nm, which is unreasonably low in energy, and a doubly
degenerate metal-to-ligand charge-transfer transition is pre-
dicted at 622 and 623 nm (Figure 8). The CASPT?2 calculat-
ed absorption energies, with their intensities are reported in
Table 7. The singlet 8-8* transition is predicted to be at
431 nm.

Table 5. Calculated and experimental structural data for [Cr,(dpa),].” [Mo,(dpa),].l! and [W,(dpa),].”! Average values are reported for all structural
data except for the M—M distance for which there is a unique value. Bond lengths in A, dihedral angles in °.

M-M M-N, M-N,, M--N,, N,-M-M-N,, M-N,-C-N,, pord Mayer BO EBO
2a DFT 1.914 2.052 2.069 2.96 18.8 20.3 81.2 3.26 3.25
2a exptl 1.943(2) 2.054(5) 2.068(5) 2.92(6) 5.1(2) 25.9(6) 104(3) - -
2a 2CH,Cl, 1.940(1) 2.045(3) 2.074(3) 2.92(3) 7.4 30.9 124(2) - -
2b DFT 2.109 2.163 2.174 2.96 1.9 25.5 101.8 3.00 34
2b exptl 2.097(1) 2.166[3] 2.178[3] 2.97 3.4 26.05 104 - -
2¢ DFT 2241 2.173 2.175 2.92 1.0 24.7 98.8 2.98 -
2¢ CASPT2 2.251 2.159 - - - - - - 3.52
2c¢ exptl 2.1934(4) 2.132(5) 2.132(5) 2.932(5) 3.6(2) 26.7(5) 106.8 - -
Chem. Eur. J. 2012, 18, 17371749 © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 1743
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Figure 8. a) Ligand-to-metal charge-transfer orbitals for [Cr,(dpa),]. b)
Metal-to-ligand charge-transfer orbitals for [Mo,(dpa),]. c¢) Metal-to-
ligand charge-transfer orbitals for [W,(dpa),]. Black represents donating
orbitals. Gray represents accepting orbitals.

The electronic structure of [W,(dpa),] (2¢) was investigat-
ed in a similar fashion. A DFT geometry optimization of 2¢
was performed followed by a re-optimization of the W—W
distance at the CASPT2 level of theory. The most significant
structural parameters are reported in Table 5, where they
are compared to experimental results. CASPT2 calculations
reveal that the ground-state wavefunction is dominated by
the o*n*d? electronic configuration, about 76 %, resulting in
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Table 6. Excitation energies from S1 (intensity in parentheses) in eV and
nm for the lowest singlet and triplet states (in D, point group) and their
electronic configurations for [Cr,(dpa),] (2a).

States E [eV] (intensity) E [nm] Configuration
S1 A 0 0 36 % om*d?
17% n*8%87

T1 B, 0.61 (0) 2000 90 % o’m*d'd*!
S2 A 3.56 (0.2x107°%) 348 28 % m'8?8™
13% o*n*d?

12% o'n*d?6%!

T2 A 3.69 (0.7x107%) 336 92% o’m*d'd*!

S3 'B, 3.71 (0.2x107%) 335 55% o'm*d’m!

S4 'B,; 3.75 (0.2x107%) 331 45% o'm*d%o!

S5 'B, 3.83 (0.2x107%) 324 55% o'm*d°9*!

Table 7. Excitation energies from S1 (intensity in parentheses) in eV and
nm for the lowest singlet and triplet states and their electronic configura-
tion for [Mo,(dpa),] (2b).

State E [eV] (intensity) E [nm] Configuration
S1 'A 0 0 75% o*m'd?
T1 A 1.3 (0) 955 80% o°m*d'5*!
S2 'A 2.88 (0.7x107%) 431 73% o’m*d'o%!
T2 A 323 (0) 384 82% o’m*d'5*!
S3 'A 3.45 (0) 360 82% o’m*d'6*!

a EBO equal to 3.52. The Mayer BO calculated by DFT is
lower at 2.98.

The vertical excitation energies for the lowest singlet and
triplet excited states, with their intensities are reported in
Table 8. Compound 2c¢ is characterized as having one broad

Table 8. Excitation energies from the S1 (intensity in parentheses) in eV
and nm for the lowest singlet and triplet states and their electronic con-
figuration for [W,(dpa),] (2¢).

State E [eV] (intensity) E [nm] Configuration
S1 ‘A 0 0 76% o’n*d’
T1 N 2.02 (0.1x107°) 615 81% o*m*d'6+!
S2 ‘A 2.66 (0.1x107") 467 74% o*n*d'd*!
S3 ‘A 3.63 (0.7x107%) 342 59% o’m'd*?
S4 'B 3.65 (0.5x107°) 340 46% o*m'd'm*!
34% o*m'd'm*!
S5 'B 3.67 (0.4x107°) 338 39% o*n'd'm!

47 % o*m*d'm+!

absorption in the visible region at 610 nm and higher energy
features, <400 nm (see Supporting Information for the spec-
trum). CASPT?2 predicts the lowest 8—0* transition, a singlet
to triplet excitation, at 615 nm to be weakly intense due to
spin-orbit coupling. The lowest singlet 0—d* transition is pre-
dicted to be at 467 nm. Time-dependent DFT calculations
performed on 2c¢ predict a singlet 8-0* transition at 804 nm,
and two degenerate metal to ligand charge transfer transi-
tions at 726 nm (Figure 8).

The U—U hypothetical compound: The [Cr,(dpa),], [Mo,-
(dpa),], and [W,(dpa),] compounds (2a—c) were each made
experimentally. We consider now, however, the U-U com-
pound 2d analogous to 2a—c, which has not been synthe-
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sized. If good computational results on this hypothetical U,
molecule can be obtained, then it may be reasonable to sug-
gest this molecule as an interesting new target for synthetic
chemists. Thus, we decided to perform a full electronic char-
acterization of this species in order to see how different this
species is from the analogous Cr—Cr, Mo—Mo, and W—W
compounds and what are the chances that it may exist from
an electronic structure point of view. We started from the
X-ray coordinates of 2¢ and replaced the two W atoms with
two U atoms. Initially, DFT single-point energy calculations
were performed for singlet, triplet, and quintet spin states to
establish the nature of the ground state. The triplet was
found to be the lowest energy spin state, with the quintet
lying 0.2 eV higher and the singlet 0.6 eV higher in energy.
A full geometry optimization of the triplet electronic state
was performed at the DFT/PBE/SDD level of theory. At the
triplet-optimized geometry single-point energy calculations
for various spin states were performed at the CASSCF/
CASPT2 level of theory using an active space of twelve
electrons in twelve orbitals. These orbitals are linear combi-
nations of U 6d and 5f orbitals and ligand-based orbitals of
the appropriate symmetry to bind with these U orbitals. The
3A state is the ground state as determined by DFT and also
at the CASPT2 level of theory. Calculations with 14 elec-
trons in 14 active space orbitals confirmed these results. We
then optimized the U-U distance at the CASPT2 level of
theory for both the singlet and triplet state. The general fea-
tures of the DFT- and CASPT2-optimized structures of 2d
are similar to each other, and differ slightly from those of
2a-c. Whereas the Cr,, Mo,, and W, compounds each con-
tain a dangling pyridine ring from each dpa ligand that does
not coordinate to the metal centers, all of the dpa N atoms

bind to one U atom or the

other in 2d. Thus, the dpa

| | ligand assumes an unusual

N\ /N T bridging/chelating  coordinate

U=—u mode in 2d (Scheme 2). Other

Scheme 2. reported examples of this coor-

dination mode are found in the
[Wa(dpa):Xo] " [W,(dpa),|*
21 and the Ru,” and V,*" analogues of these compounds.
Some of the bond lengths in 2d vary as a function of the
spin state (Table 9). The U-N, bond and U-N,, bond to the

Table 9. Calculated structural data for [U,(dpa),] (2d). Average values
are reported for all structural data except for the U—U distance for

o

which there is a unique value. Bond lengths in A, dihedral angles in °.
U-U U-N, U-N, U-N, N-U-U-N, &[] Z&[]

triplet, DFT 238 242 252 2.58 5.4 16.7 66.8
singlet, DFT 2.44 240 253 2.48 16.2 74 29.6

non-chelating pyridine moiety are, however, almost invari-
ant at about 2.40 and 2.52 A, respectively. The two U atoms
are clearly close enough to each other in this molecule to be
considered bonded to one another. In the triplet ground
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state, an U—U distance of 2.38 A is calculated, which in-
creases to 2.44 A in the singlet state. In the triplet state, the
U-N distance to the chelating pyridine ligands is 2.58 A, in-
dicating a significant interaction. In support of this conclu-
sion, the sum of the direction angles, &, of 66.8° is far
smaller than in 2a—c. This U-N bond becomes even shorter
in the singlet state, in which it is found to be 2.48 A, which
is approximately 0.05 A shorter than the U-N bond to the
bridging pyridyl moiety. There is a concomitant decrease in
2& to 30° in the singlet state.

Unlike 3a-c, which feature M,** units having a formal
quadruple bond between the metal atoms, the electronic
structure of the U, compound is different in that there are
only six U,-based electrons. This situation indicates that this
compound contains a U™—U" dimer and therefore that two
electrons are added to the ligand orbitals formally reducing
the two dpa™ ligands to radical dianions. From a chemical
viewpoint, this electron disposition is sensible, as U** would
be expected to be highly reducing and, to our knowledge,
no U’ complexes have been reported. This result suggests
that the corresponding dication [U,(dpa),]** may be a more
realistic synthetic target. The EBO calculated for the singlet
state of 2d is equal to 2.1 at a U-U bond length of 2.47 A.
This value corresponds to a formal U,°* triple bond arising
from the dominating electronic configuration o’n* (see Sup-
porting Information for the details of the occupation num-
bers) This result should be compared with the one for the
analogous [Cr,(dpa),], [Mo,(dpa),], and [W,(dpa),] com-
pounds. In compound 2¢ the W—W bond length for the sin-
glet ground state is equal to 2.225 A and in compound 2b
the Mo—Mo distance is 2.109 A, corresponding to an EBO
of 3.5 and 3.4, respectively. The U—U compound has a U-U
bond one unit lower than the corresponding [Mo,(dpa),]
and [W,(dpa),] compounds, consistent with the U,** oxida-
tion state.

Discussion

Compounds with metal-metal multiple bonds have consis-
tently posed a considerable challenge to electronic structure
calculations. The earliest reported methods that provided
useful results utilized the SCF-Xa-SW method, though this
method has been superseded in recent years by DFT meth-
ods.”! The main failing of Hartree-Fock based computations
on metal-metal multiply bonded compounds, especially on
dichromium compounds, is the problem of electron correla-
tion in systems in which many orbitals are energetically very
closely spaced.’®> To some extent, this problem is amelio-
rated by DFT methods though it remains when hybrid func-
tionals such as B3LYP or PBEO are utilized,®°! but another
problem inherent in DFT arises. Most density functionals
within the Kohn-Sham approach have difficulties describing
situations which are of multi-reference character in wave-
function based methods. For metal-metal multiply bonded
compounds, the orbital energy separations are often small
and several limiting electron configurations may contribute
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to the true ground-state wavefunction that must be de-
scribed as a combination of multiple determinants.

The multireference method employed here, CASPT2, can
describe, for the selected active space of electrons and orbi-
tals, multiconfigurational electronic states. In this study on
several different types of recently reported metal-metal
multiply bonded molecules, we have employed both DFT
and CASPT2 to compare calculated geometries and elec-
tronic excited states. Thus, it is now possible to provide a de-
tailed assessment of the use of DFT versus multireference
methods in treating metal-metal multiply bonded com-
pounds. We will first discuss the computational results on
molecular geometries obtained from DFT and CASSCF/
CASPT2 and different assessments of metal-metal bond
orders such as the Mayer bond order implemented in DFT
and the EBO used with multireference wavefunctions. The
electronic excited states will then be discussed.

DFT and CASPT2 geometry optimizations have been per-
formed on the systems under examination. Since at the
CASPT?2 level, only selected bond lengths (metal-metal and
metal-nearest-neighbor) were re-optimized, it makes sense
only to discuss the metal-metal bond lengths in detail. For
most molecules there was less than 0.1 A difference between
the DFT and CASPT2-optimized metal-metal bond lengths.
The [Ar-MM-Ar] systems, however, showed the biggest dis-
parity. The greatest difference is 0.48 A for the metal-metal
distance in the [Ar-MoMo-Ar] molecule, due to the forma-
tion of an n° interaction between the Mo and Aryl frag-
ments in the DFT optimization. Despite the reasonable geo-
metries provided by DFT for Cr,, Mo,, and W, compounds,
prediction of spectral properties are not nearly as accurate.

To better understand the electronic absorption spectra of
the Group 6 compounds [Cr,(dpa),], [Mo,(dpa),], and [W,-
(dpa),], TD-DFT was used in conjugation with CASPT2.
The reason for employing both methods is that, while
CASPT?2 is more accurate than TD-DFT, because of its mul-
ticonfigurational nature, it can describe only those transi-
tions generated by the orbitals present in the active space.
In our calculations we could only include metal-based orbi-
tals in the active space, because otherwise the active space
would have become prohibitively large and it was thus not
possible to predict the metal-to-ligand (ML) or ligand-to-
metal (LM) charge-transfer (CT) transitions at the CASPT2
level.

The absorption spectrum for [Cr,(dpa),] is characterized
by an absorption at 520nm with molar absorptivity
4500M'cm™' and higher energy transitions (<400 nm) that
have yet to be unambiguously assigned. TD-DFT results
predict the lowest singlet 6—0* transition to be at 692 nm
and two degenerate LMCT bands at 554 nm, involving pro-
motion of an electron from a doubly occupied, delocalized
dpa m orbital to the Cr—Cr &* level. The lowest singlet tran-
sition predicted by CASPT2 calculations at 350 nm is nota-
bly not a 6-9* transition, but is instead a two-electron exci-
tation. Notably, TD-DFT significantly underestimates all of
the excited state energies, as evidenced by the fact that
there are no experimental absorptions where TD-DFT pre-
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dicts them to be. However, the fact that TD-DFT predicts
charge transfer bands in the visible region of the spectrum is
significant. Considering all these results we assign the major
absorption at 520 nm to be a LMCT band. The 6—8* transi-
tion is likely present but cannot be directly observed as it is
covered by the CT bands. TD-DFT is useful to assign the
major feature of this spectrum as LMCT excitations, since
these cannot be predicted by CASPT2.

The absorption spectrum of [Mo,(dpa),] is quite different
from that of its Cr and W analogues. Two absorption bands
are detected in the visible region at 500 and 585 nm. As per
the discussion above, TD-DFT predicts both these peaks to
be MLCT transitions, while CASPT2 predicts the singlet d—
O* transition to occur at 431 nm, which would be covered by
the CT bands in the absorption spectrum. The CASPT2 pre-
diction of the 6-8* transition at 431 nm is reasonable con-
sidering the energies of definitively assigned d8—0* transitions
in the dimolybdenum tetracarboxylates, which appear at
about 430 nm.”! As in the Cr, case, TD-DFT poorly predicts
the energy of this band at 702 nm, a region in which the ex-
perimental spectrum is empty.

The absorption spectrum of [W,(dpa),] is characterized by
a broad peak at 610 nm, which is assigned to be due to a
combination of MLCT bands, based on TD-DFT results.
CASPT?2 calculations predict the singlet 8—0* transition to
be at 467 nm, considerably higher in energy than TD-DFT
(804 nm). The 6-8* transition is once again not observed
due to the CT bands, and the CASPT2 8-6* transition is
more physically reasonable than the TD-DFT result.

For [Cr,(dpa),] the charge transfer bands are predicted to
be LMCT as opposed to the MLCT bands predicted for
[Mo,(dpa),] and [W,(dpa),]. At this point we do not fully
understand why the direction of the charge transfer changes
in these molecules, but we note that chemical oxidation of
[Mo,(dpa),] and [W,(dpa),] to their respective monocations
has been established experimentally,®>) whereas oxidation
of [Cr,(dpa),] leads to decomposition.

The results reported here emphasize the importance of
analyzing electronic absorption spectra using both TD-DFT
and CASPT2 methods. It should be noted that CASPT2 cal-
culations including the ligand orbitals in the active space
would provide the best assessment of the absorption spec-
trum, but this task is currently prohibitively expensive.

The final point of discussion involves bond orders for
metal-metal bonds. Basic molecular orbital theory, in which
metal-metal bonding and antibonding orbitals may be occu-
pied by either 0, 1, or 2 electrons, yields simple, integer
bond orders for compounds 3 (bond order of 5), and 1 and 2
(bond orders of 4). These are the bond orders that stem
from a zero-th order assessment of metal oxidation states
and orbital overlap. Calculated bond orders are different
from these simple MO bond orders for three main reasons:
1) metal-ligand delocalization, 2) non-ideal metal-metal or-
bital overlap, and 3) multiconfigurational states. The MO
bond orders are therefore an upper limit for the number of
electron pairs that hold two metals together, and calculated
bond orders are always lower than these idealized values.
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In this work, we have presented two types of calculated
bond orders. First, DFT results have been analyzed using
the Mayer BO,™ which is an extension of the Wiberg bond
index used by semiempirical methods,®! and results directly
from Mulliken analysis of the wavefunction. For the multire-
ference calculations presented here, the EBO method is
used, which involves a summation of the bonding and anti-
bonding orbital population for those orbitals in the active
space. There are advantages and disadvantages to both
methods. The Mayer BO may accurately reflect metal-
ligand delocalization and imperfect metal-metal orbital
overlap, but, since DFT is an inherently mono-determinantal
method, multiconfigurational character of the wavefunction
is ignored. The EBO method, on the other hand, deals ex-
clusively with the multiconfigurational nature of the wave-
function, and thereby deals correctly with the issue of poor
orbital overlap. However, since ligand orbitals are not in-
cluded in the active space, metal-ligand delocalization is not
reflected in this value.

It may be naively expected that the metal-metal bond
order of a molecule correlates with the bond length. In gen-
eral this is the case, though there are a number of notable
counter examples. For instance, the first quintuply-bonded
molecule, synthesized by Power and co-workers™ has a
longer Cr—Cr bond length (1.84 A) than that of the shortest
quadruple bond (1.83 A).* Also, in electron-rich metal—
metal multiply bonded systems, metal-metal bond lengths
can be affected more by electron-electron repulsion and
other charge considerations than by changes in metal-metal
bond order.”**! Nevertheless, comparisons between bond
lengths and bond orders for the compounds presented here
are enlightening. The formal shortness ratio (FSR)™! will be
used here in comparing bond lengths between metals of dif-
ferent sizes. FSR values for all of the compounds studied
here are given in Table 10, along with FSR values for opti-
mized geometries and the Mayer bond order and EBO
values.

Table 10. Comparison of FSRs and calculated bond orders.

Exptl FSR  DFTFSR  CASPT2FSR  Mayer BO EBO

1 0.811 0.836 0.798 3.44 3.40
2a  0.819 0.752 - 3.26 3.25
2b  0.809 0.814 - 3.10 3.40
2c¢ 0.841 0.848 0.863 2.98 3.50
2d - 0.856 0.866 - 21

3a 0774 0.729 0.774 3.82 3.07
3b - 0.951 0.734 3.85 4.30
3¢ - 0.928 0.863 3.25 433

All of the compounds presented here that have been char-
acterized expermentally have FSR values significantly less
than one, consistent with metal-metal multiple bonding. The
lowest FSR of 0.774 belongs to the quintuply bonded mole-
cule 3a. All of the quadruply bonded molecules have FSR
values in the range of 0.809-0.841. The agreement between
FSR values calculated from DFT or CASPT2 methods and
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the experimental FSRs mirrors the agreement between opti-
mized and measured metal-metal bond lengths.

Our simplistic general expectation is that compounds
having a smaller FSR should have larger bond orders, since
these are the species whose metal-metal separations deviate
most from the sum of the metallic radii. A correlation of
bond order with FSR is shown in Figure 9, using only the

5
A
o 4
g du_,
o [
o A Ap A mm © L
8 " .
3 m °
o MBO
mEBO
A Ref.[18]
2
0.66 0.71 0.76 0.81 0.86 0.91

Calculated FSR

Figure 9. Correlation plot of bond order with formal shortness ratio.

data from Table 10 for real compounds that have been ana-
lyzed by both DFT and multireference methods (that is, 3a,
1, 2a, 2b, and 2¢). EBO data for “supershort” Cr, com-
pounds reported in reference [18] are also included. Com-
pounds 3b and 3¢ are not included in this analysis. Their
calculated EBO values are anomalously high because the
active space orbitals are not purely metal orbitals but con-
tain significant ligand character due to arene-metal & inter-
actions. Taking into account all of the available data, we see
that, indeed the calculated bond orders (both Mayer BO
and EBO) generally increase as the normalized metal-metal
bonds become shorter. Some subtleties are worth pointing
out, however. A somewhat counter intuitive result is the
fact that the EBO values increase for the compounds stud-
ied here as the metal is changed from Cr to Mo or W, de-
spite the fact that the Mo, and W, molecules have higher
FSR values. This result can be rationalized by considering
that the 4d (Mo) or 5d (W) orbitals are significantly larger
than the Cr 3d orbitals. One may therefore expect Mo, and
W, molecules to have greater orbital overlap, and hence
larger computed bond orders, at longer normalized bond
lengths than for the Cr, molecules.

It is unclear from the current set of data whether DFT
bond orders also show this effect. This analysis of calculated
bond orders as a function of metal-metal bond lengths
should be considered with the following caveats in mind.
Metal-metal bond lengths can be affected by steric factors
such as the bite angle of the bridging ligands. Electronic fac-
tors can also be important. For example, increased covalen-
cy of metal-carbon bonds can affect the calculated bond
orders. Local symmetry may also be important, as it can
lead to more polarized metal-metal interactions. Despite
these complicating factors, both MBO and EBO bond order
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metrics show the anticipated trend with bond length. The
agreement between the MBO and EBO metrics in this
trend is remarkable, given the shortcomings of each method
enumerated above.

Conclusion

We have reported the results of a study of several Cr—Cer,
Mo—Mo, and W—W compounds with different ligands and
formal metal oxidation states. We have investigated the Mo
and W analogue of the recently synthesized [Ar-CrCr-Ar]
compound 3a. The effect of Ar on the different bimetallic
units has been compared with the effect of Ph in the analo-
gous [Ph-MM-Ph] compounds. The metal-metal effective
bond order obtained from the occupation numbers of the
natural orbitals resulting from the CASSCF wavefunction is
close to five in [Ph-MoMo-Ph] and [Ph-WW-Ph], while it is
only close to four in [Ph-CrCr-Ph]. The EBO remains sub-
stantially invariant in the [Ar-MM-Ar] compounds, com-
pared to the Ph analogues, indicating that the flanking aryl
groups have mainly a steric effect, rather than an electronic
one.

Compounds 1 and 2a-¢, which contain formal quadruple
bonds between Cr,, Mo,, and W, units, have also been inves-
tigated. Finally, the hypothetical U—U molecule [U,(dpa),]
is described as an U,"™™ compound, with a formal U, triple
bond, and two dpa ligands reduced to radical anions. We
have also computed the lowest energy excited states of 1
and 2a-c using both CASPT2 (for metal-metal excitations)
and TD-DFT (for metal-ligand charge-transfer excitations).
These combined methods allow us to assign the major fea-
tures of the absorption spectra of 1 and 2a—c¢ as charge
transfer bands, which cover up the 6-8* transitions that
would otherwise be observed.

These results indicate that in general the Cr—Cr bond is
more multiconfigurational than the Mo—Mo and W—W in
analogous compounds leading to lower calculated EBO
values. As already described in the case of the diatomics,
the reason should be attributed to the more favorable inter-
action between the d orbitals for second- and third-row tran-
sition metals compared with first-row transition metals. It is
interesting to note that, for the same metal, the bond order
is similar in the [Ar-MM-Ar] M=Cr, Mo, W), [MM'-
(TiPB),] M =Mo, W; M'=W) and [M,(dpa),] (M =Mo,W)
compounds.

Comparing calculated bond orders to normalized bond
lengths using the formal shortness ratio (FSR), we see that
both Mayer bond orders, calculated from DFT methods, and
effective bond orders, from CASSCF calculations, provide
comparable reliability with respect to their correlation with
FSR. Taking this result together with the results of excited
state calculations reported here, there are clear advantages
to the combined use of both DFT and multireference meth-
ods in describing compounds with the metal-metal multiple
bonds.
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We plan to study oligomeric species containing several of
these units in order to explore the trend of the metal-metal
multiple bonds for growing oligomers. We will also investi-
gate the effect of the length of the thienyl groups on the
CASSCF wavefunction and subsequent electronic properties
of compounds of type 1.
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