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The electronic properties of cubane-type mixed-metal sulfido clusters with an Mo(V),Ru(Il),S, core and possible
dinitrogen activation on it are described from DFT computations. The cluster [(CpRu),{MoCly,(MeCN)},(it3-S)4]
(Cp = 1°-CsHs), whose Cp™ analogue (Cp* = 1°-CsMes) was isolated and fully characterized by X-ray crystallo-
graphic analysis, has a closed-shell singlet ground state. Upon release of the acetonitrile ligands, the ground state
remains in a closed-shell singlet state, the corresponding open-shell singlet and triplet states lying 2 kcal mol~! above
the closed-shell singlet state. Dinitrogen can hardly coordinate to this neutral [(CpRu),(MoCl,)(ft3-S)4] cluster. How-
ever, upon reduction by two electrons the binding energy for two N, molecules to the resultant anionic cluster [(CpRu),-
{MoClz(Nz)}z(/L3—S)4]2* increases to 4 kcal mol~!. This interaction, which still seems too weak to become isolable, is
analyzed in terms of molecular orbitals to increase our understanding of dinitrogen activation by synthetic systems. The
HOMO of [(CpRu)(MoCl,),(t45-S)4]>~ is pointing toward missing ligands and can interact effectively with the JTg*
orbitals of dinitrogen. This orbital might play a role in the binding of dinitrogen.

Nitrogenase is an attractive enzyme that can transform the
quite inert N, molecule into ammonia under ambient condi-
tions.! Among the three types of the enzymes, i.e., Mo—Fe, V-
Fe, and Fe—Fe nitrogenases, the first type containing the iron—
molybdenum cofactor (FeMo-co) as the site for N, binding and
reduction was structurally characterized by X-ray diffraction in
1992,2 which revealed the remarkable MoFe;Sy mixed-metal
sulfido core of the FeMo-co. More recently, X-ray analysis
at a higher resolution level has disclosed the presence of a sin-
gle atom at the center of this MoFe;Sg core, which is presumed
to be [Le-N or less probably C or O, connecting the cuboidal
Fe4S; and MoFe;S; moieties.?

In contrast to this significant progress in the clarification of
the FeMo-co structure, the actual binding site and coordination
mode of N, as well as the mechanism of its transformation into
ammonia are essentially unknown, although some results from
theoretical studies to address these questions have been docu-
mented.* The N-coordinated metal-sulfido clusters, especially
those consisting of the cubane-type or cuboidal metal sulfido
cores, may serve as excellent model compounds to elucidate
the possible coordination modes and reaction pathways of N,
at such multimetallic sites with sulfido-rich environments as
the FeMo-co. However, despite the isolation of a vast number
of homo- and hetero-metallic sulfido clusters relating to the
nitrogenase active site to a greater or less extent,” well-defined
sulfido clusters with N, ligands are incomparable. This pres-
ents a striking contrast to the fact that a number of stable N
complexes with coligands other than sulfides (e.g., phosphines,
cyclopentadienyls, amides, and thiolates) have been isolated
and structurally characterized, where especially for some Mo
and W complexes with tertiary phosphine ancillary ligands
transformations of the coordinated N, into ammonia, hydra-

zine, and certain organo-nitrogenous compounds have been
demonstrated in detail.® Molecular orbital calculations have
also been carried out with respect to dinitrogen activation by
well-defined metal complexes.’

Mizobe and co-workers previously reported the isolation of
cubane-type mixed-metal sulfido clusters [(Cp*Ru),{MoCl,-
(DMPF)}5(45-S)4] (1; Cp* = n°-CsMes, DMF = N, N-dimethyl-
formamide) from the reaction of [(Cp*RuCl),(u-SH),] with
[{Mo(DMF);3 },(14-S),11; in the presence of [MesN]CL8 Now it
has been found that the recrystallization of 1 from MeCN—ether
affords [(Cp*Ru)z{MoClg(MeCN)}z(u3-S)4] (2) (Scheme 1).
The structure has been determined in detail by single-crystal
X-ray diffraction. Since MeCN is isoelectronic with N, and
one of the nitrogenase substrates, it is of much interest to com-
pare the stability of this MeCN cluster 2 with that of the imag-
inary N, analogue. The results of such a study might provide
some clues to the yet unattainable coordination and activation
of N, at the metal sites of well-defined sulfido clusters. It is
noteworthy that with respect to the Mo(0) complexes, trans-
[Mo(N2)>(dppe)> ] and trans-[Mo(MeCN)(N2)(dppe), ] (dppe =
Ph,PCH,CH,PPh,) are both stable and interconversion be-
tween these two occurs reversibly; the former is converted into
the latter in the presence of excess MeCN in benzene under Ny,
while in the absence of MeCN under N, the latter returns back
to the former.’

In this paper, we wish to report density functional theory
(DFT) calculations on [(CpRu)2{MoCl,(MeCN) }2(13-S)4] (3;
Cp = 1°-CsHs), which is a simplified model cluster of 2, and
its N, analogue [(CpRu), {MoCly(N2)}2(1e3-S)s] (4), together
with the results of the X-ray crystallographic analysis and elec-
trochemical measurements of 2. These may provide a new
insight into possible nitrogen activation by synthetic systems.
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Chart 1.
Experimental

Method of Calculation. We performed DFT calculations at
the B3LYP/LACVP+* level of theory!®!! on the Jaguar program
package!? to look at the geometries, energies, and electronic prop-
erties of 3, 4, and their parent cluster [(CpRu),(MoCl,)2(f3-S)4]
(5) indicated in Chart 1. Complex 5 has open coordination sites at
the Mo ions as a result of the release of the MeCN and N, ligands.
The formal charges of the Cp rings and the chlorine atoms are —1,
and that of the sulfur atoms are —2. The formal charge of the Ru
ions in these complexes is counted to be +2 and therefore they
have a closed-shell d® configuration, while that of the Mo ions
is counted to be +35, thus having a d' electronic configuration.
Our special interest is whether there is a chemical bond between
the two Mo ions or not. There are three possibilities for this cou-
pling; the first one is a diamagnetic interaction in which the two
units of electron spin in the Mo ions are paired, the second one
is an antiferromagnetic interaction, and the third one is a ferro-
magnetic interaction giving a triplet state. In the diamagnetic spe-
cies one expects the Mo—Mo distance to be relatively short and
can therefore draw a chemical bond between the Mo ions, whereas
in both the antiferromagnetic and ferromagnetic species one ex-
pects the Mo—Mo distance to be relatively large and cannot draw
a chemical bond between the Mo ions. We used the spin-restricted
and -unrestricted versions of the B3LYP method to carry out
closed-shell singlet, open-shell singlet, and triplet states calcula-
tions, which are useful for a better characterization of the coupling
between the Mo ions.

Crystallography. Single crystals of 2.3.25MeCN suitable for
X-ray analysis were prepared by dissolving 1.DMF’ in MeCN,
followed by the addition of ether. A crystal of the dimensions
0.7 x 0.4 x 0.2mm> was sealed in a glass capillary under argon
and data collection was done by a Rigaku AFC7R diffractometer
equipped with a graphite monochromatized Mo Ko source (1 =
0.7107 A) at 23°C. Intensity data were corrected for Lorentz
and polarization effects and for absorption (1/-scans; transmission
factors: 0.61-1.00). Structure solution and refinements were car-
ried out by using the teXsan program package.'> The positions

Fig. 1. An ORTEP drawing for 2. One of the two independ-
ent molecules is shown. Hydrogen atoms are omitted for
clarity.

of the non-hydrogen atoms were determined by Patterson meth-
ods (PATTY'#) and subsequent Fourier synthesis (DIRDIF94'3),
which were refined by full-matrix least-squares techniques with
anisotropic thermal parameters. Hydrogen atoms were placed at
the calculated positions and included in the final stages of the
refinements with fixed parameters. The crystal contains two crys-
tallographically independent molecules, whose structures are es-
sentially identical. Crystallographic data are as follows: triclinic,
P1 (No. 2), a = 11.685(3), b = 19.230(4), ¢ = 20.337(H A, a =
104.38(2)°, B = 102.55(2)°, y = 93.41(2)°, V = 4289(1) A3, Z =
4, Deea = 1.781 gem ™3, u(MoKa) = 1.733mm~!, F(000) =
2278, R = 0.065, Ry, = 0.087 for 880 variables and 9781 reflec-
tions (I > 3.00(1)) out of 15985 unique reflections (Ry, = 0.044).
An ORTEP drawing of one of the two independent molecules of 2
is shown in Fig. 1, while selected bond distances in the two mole-
cules are listed in Table 1.

Crystallographic data for 2 have been deposited with Cam-
bridge Crystallographic Data Centre: Deposition number CCDC-
275110. Copies of the data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12, Union Road, Cam-
bridge, CB2 1EZ, UK; Fax: +44 1223 336033; e-mail: deposit@
ccde.cam.ac.uk).

Electrochemistry. Electrochemical experiments were carried
out on a BAS CV-50W electrochemical analyzer using a glassy
carbon working electrode and a Pt counter electrode; potentials
were referred to a saturated calomel electrode. Cyclic voltammo-
grams of 2 were measured in MeCN containing 0.1 M [Bu”4N]-
[BE4] as the supporting electrolyte at the scan rate of 200mV s~!
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Table 1. Selected Interatomic Distances for 2

Molecule 1
Ru(1)-Mo(1) 2.855(2) Ru(1)-Mo(2) 2.856(2)
Ru(2)-Mo(1) 2.848(2) Ru(2)-Mo(2) 2.861(1)
Mo(1)-Mo(2) 2.821(1) Mo(1)-N(1) 2.25(1)
Mo(2)-N(2) 2.22(1) Ru(1)-Ru(2) 3.491(2)
Molecule 2
Ru(3)-Mo(3) 2.851(2) Ru(3)-Mo(4) 2.859(2)
Ru(4)-Mo(3) 2.852(1) Ru(4)-Mo(4) 2.854(2)
Mo(3)-Mo(4) 2.816(2) Mo(3)-N(3) 2.21(1)
Mo(4)-N(4) 2.24(1) Ru(3)--Ru(4) 3.488(2)

Table 2. Computed Total Energies (in hartree) and Relative
Energies (in kcal mol™!) of 3, 4, and 5 at the B3LYP/
lacvp+* Level of Theory

Closed-shell Open-shell

Complex singlet singlet Triplet
3 —4409.505929  Not found —4409.496325
(0.0) (+0.4)
—4408.216065Y —4408.202262Y
0.0) (+8.7)
4 —4363.010175 —4363.006861 —4363.005668
(0.0) (+2.1) (+2.8)
—4361.772548Y —4361.7654519 —4361.761517%
(0.0) (+4.5) (+6.9)
5 —4143.959525 —4143.960643 —4143.960181
(0.0) (=0.7) (—0.4)
—4142.8438710 —4142.840579Y —4142.840136%
(0.0) (+2.1) (+2.3)

a) Values of single-point calculations at the B3LYP*/
lacvp+* level.

Results and Discussion

Magnetic Coupling of the Mo Ions. Table 2 lists comput-
ed total and relative energies of 3 and 5. B3LYP calculations
tell us that there is no open-shell singlet state for complex 3;
the closed-shell singlet state lies 0.4 kcal mol~! below the trip-
let state. Thus, the ground state of complex 3 is the closed-
shell singlet state, and therefore we can reasonably draw a
bond between the two Mo ions in this state. On the other hand,
the open-shell singlet state of 5 lies 0.7 and 0.3 kcal mol™!
below the closed-shell singlet and triplet states, respectively.
Although the energy difference is small, we can identify from
the DFT calculations at the B3LYP level the ground state of
complex 5 to be the open-shell singlet state, in which the Mo
ions are antiferromagnetically coupled. Naturally, we cannot
draw a bond between the Mo ions in this state. In fact, the
Mo-Mo distance was optimized to be 2.898 A in the closed-
shell singlet state of 3, whereas it was optimized to be 3.406
A in the open-shell singlet state of 5. Other geometrical param-
eters such as the Ru—Ru distance and metal-ligand distances,
remain unchanged upon the release of the MeCN ligands. For
example, the Ru—Ru distances are about 3.5-3.6 A, the Mo-S
and Ru-S distances are about 2.3-2.4 A, and the Mo—Cl dis-
tances are about 2.4-2.5 A. We carried out additional single-
point calculations at the B3LYP* level of theory,16 which is
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Fig. 2. Optimized structures of the singlet and triplet states
of 3, 4, and 5 at the B3LYP/lacvp+* level of theory.

reported to better estimate relative energies of high-spin and
low-spin states in general, using the B3LYP-optimized geome-
tries to look at this conclusion. The closed-shell singlet state is
the ground state of complex 5 at this level of theory, as shown
in Table 2. Since the B3LYP* method is more reliable in the
energy order of different spin states, we tentatively determined
the closed-shell singlet to be the ground state of complex 5.
Figure 2 shows optimized structures of complexes 3, 4, and
5 in their closed-shell singlet and triplet states.

Figure 3 shows the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO)
of the closed-shell singlet state of 3. The HOMO of 3 is a bond-
ing orbital with respect to the two Mo ions, while the LUMO
is an antibonding orbital. The amplitude of the HOMO that is
localized well on the Mo ions is fully consistent with the exis-
tence of the Mo—Mo bond in this state. Figure 3 also shows the
broken-symmetry HOMOs of the open-shell singlet state of 5.
The HOMO(1) and HOMO(2) of 5, which are derived from a
linear combination of the HOMO and LUMO in the closed-
shell singlet state, are localized well on the left-side and right-
side Mo ions, respectively. Each localized orbital is filled by a
single electron in the open-shell singlet state. Computed spin
densities at the Mo sites are 1.1 and —1.1, while those at the
Ru sites are 0.0.
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Fig. 3. The HOMO and LUMO of 3 and the broken-sym-
metry HOMOs of 5.
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Fig. 4. Interaction energy curve of 5 and two acetonitrile

molecules at the B3LYP/lacvp+* level of theory.

Binding of Acetonitrile at the Mo Sites. The ground state
of complex 5 is the closed-shell singlet, as shown in Table 2.
Since a computed (s?) value for complex 5 in the spin-unre-
stricted calculation is 0.983, the broken-symmetry singlet state
is spin-contaminated by other spin states such as triplet. There-
fore, we used spin-restricted calculations to look at the binding
energies of acetonitrile and dinitrogen to this complex. Figure 4
shows a curve of the interaction energy between acetonitrile
and complex 5 as a function of the Mo—N distance. A computed
binding energy for the two acetonitrile molecules is about
30kcal mol~! with an Mo—N distance of ca. 2.3 A. Since this
binding energy is not significant, the acetonitrile ligands may
be easily released in solution. This result is consistent with
the finding that the "HNMR spectrum of 2 in CD3CN exhibits
the signal of CH3CN initially bonded to the Mo site at the
position of free CH3CN, indicating that the coordinated aceto-
nitrile in 2 is smoothly replaced by CD3;CN. Unfortunately,
since 2 is soluble only in polar solvents and is unstable in com-
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Fig. 5. Interaction energy curve of 5 (5>7) and two dinitro-
gen molecules at the B3LYP/lacvp+* level of theory.

mon non-coordinating solvents such as CD,Cl,, we could not
detect the species generated by dissociation of the bonded
acetonitrile.

Possible Dinitrogen Coordination to the Mo Sites. The
most important matter in efficient nitrogen fixation is the
cleavage of the strong nitrogen—nitrogen triple bond of 225
kcal mol~!' under mild conditions. The key to the reductive
activation of the triple bond is how to fill the degenerate
7, * orbitals or the high-lying 0™ orbital of dinitrogen. Let
us now look at the interaction between dinitrogen and complex
5 at the coordinatively unsaturated Mo sites. We approached
the two dinitrogen molecules to the active sites and calculated
the energy with the spin-restricted version of B3LYP. We
demonstrate in Fig. 5 a computed interaction energy curve
between dinitrogen and complex 5 as a function of the Mo—N
distance. This interaction curve is a minimum at 2.7 A, demon-
strating that the interaction is so weak that complex 5 cannot
activate dinitrogen effectively. This computational result is rea-
sonable in view of the frontier orbitals of § shown in Fig. 6,
because there are no filled orbitals that point toward missing
ligands at the Mo sites. Such a filled orbital is essential to
reductively activate dinitrogen through molecular orbital inter-
actions. Since in the HOMO the two d orbitals at the Mo sites
overlap in phase leading to a bonding orbital with respect to
the two Mo ions, it is unlikely to play a role in dinitrogen
activation.

Although the LUMO of complex 5 is pointing toward miss-
ing ligands and can nicely interact with the 77,* orbitals of
dinitrogen, it has no electron-donating power because it is
vacant. However, if complex 5 accepts a couple of electrons
to form the dianion 52—, the former LUMO, which is now fully
occupied, can play a role in the reductive activation of dinitro-
gen through the back donation from the complex. The triplet
state of this dianion lies 2kcal mol~! above the singlet state.
Figure 5 shows that the interaction curve between dinitrogen
and complex 5%~ has a minimum at 2.4 A, which indicates that
the binding of dinitrogen with 52~ is stronger than that with the
neutral complex 5. However, since the binding energy of 4
kcal mol~! for the two nitrogen molecules is still quite small,
isolation of the clusters with N ligands is presumably unat-
tainable even from 5%~ or its Cp* analogue. It should be noted
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that the change in the geometry and the metal oxidation states
of the putative cubane-type (N,)MoFe;S, cluster has also been
concluded by extended Hiickel MO calculations to facilitate
the binding and activation of the N, ligand at the Mo site upon
reduction by three electrons from {(N;)MoFe3S4}3* to {(N,)-
MOFC3S4 }0'7e

Since [(Cp*Ru)z(M0C12)2(;L3-S)4] is not yet available in a
stable form, a cyclic voltammetric study was carried out for
the acetonitrile cluster 2 dissolved in CH3CN, which exhibited
the presence of two successive reduction waves together with
the two successive oxidation processes. However, the former
processed at E, = —1.17 and —1.37V vs SCE are both irre-
versible, whereas the latters at E, = +0.88 and +1.04 V are
quasi-reversible. This indicates that the binding of MeCN
molecules to the Mo sites in the Cp* analogue of 5°~ does
not give a stable cluster and might also implicate that the trap-
ping of the N, molecule is not attainable for 52~ or [(Cp*Ru),-
(MoClz)z(M3-S)4]2‘ under these conditions.

Conclusion

We have described using DFT computations the electronic
properties of a cubane-type mixed-metal sulfido cluster with
an Mo(V);Ru(II),S4 core and possible dinitrogen activation
on it. The [(CpRu),{MoCl,(MeCN)},(1t3-S)4] cluster, whose
Cp* analogue was isolated and characterized from X-ray crys-
tallographic analysis, has a closed-shell singlet ground state.
Upon release of its acetonitrile ligands, the ground state re-
mains to be a closed-shell singlet, the corresponding open-shell
singlet and triplet states lying 2 kcal mol~! above the closed-
shell singlet state at the B3LYP* level. Although dinitrogen
can hardly coordinate to the neutral [(CpRu),(MoCly)s(fts-
S)4], upon reduction by two electrons the binding energy for
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two N, molecules to the resultant anionic cluster [(CpRu);-
{MOCIQ(NZ)}Q(M3—S)4]2’ increases to 4 kcalmol~'. We have
considered this weak interaction in terms of molecular orbitals
to increase our understanding of possible dinitrogen activation
by synthetic systems. The HOMO of [(CpRu)>(MoCl,), (13-
S)4]?~ is pointing toward missing ligands and can interact
effectively with the ng* orbitals of dinitrogen. This orbital
might play a role in the binding of dinitrogen.
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