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ABSTRACT: The design of the new FeMo heterobime-
tallic species [FeMo(CO)5(κ

2-dppe)(μ-pdt)] is reported.
Mössbauer spectroscopy and density functional theory
calculations give deep insight into the electronic and
structural properties of this compound.

The design of bimetallic species has been developed for
several decades with the aim of achieving efficient catalysts

via a cooperative activation by adjacent metals.1 In this context,
heterobimetallic systems are of interest because of the possible
synergistic effects between the two different metal centers that
could enhance the activities of such systems.2 [FeFe]- and
[NiFe]hydrogenases afford striking natural examples of efficient
catalytic devices in which the production or uptake of dihydrogen
is catalyzed at bimetallic active sites.3 In particular, one of the
keys of the activity of the [FeFe]hydrogenases’ subsite is the
asymmetry of the dinuclear entity and the cooperativity of the
two metal centers that play different roles. One iron moiety
(distal) is involved in the H+/H2 conversion process, and the
other (proximal) acts as a metalloligand bearing a redox ligand.4

Numerous studies of bioinspired diiron carbonyl models have led
to the definition of a general scheme, at the molecular level, for
the functioning of this organometallic assembly.5 Hexacarbonyl
precursors [Fe2(CO)6{μ-dithiolate}], have afforded a readily
accessible platform for synthesizing a large series of models, but
the design of the first coordination sphere of the iron atoms in
this class of molecules is limited to the substitution of carbon
monoxide (CO) by better electron-donor groups, giving
compounds of the general formula [Fe2(CO)6−xLx(S2R)].

6

The formal replacement of one iron moiety in such a bimetallic
entity by a metalloligand has been developed to afford models of
the [NiFe]hydrogenases active site through a simple and
powerful synthetic strategy7 that has been recently extended to
the design of novel FeCo and FeMn heterobimetallic molecules.8

In order to assess how the reactivity of an iron center of a
bimetallic species might be modulated through the neighboring
metal atom, we decided to extend our work on dissymmetrically

substituted homodinuclear bioinspired iron molecules9 to
heterobimetallic complexes. Because of our continuing interest
in chemical nitrogen fixation processes,10 we opted for a new
FeMo heterobimetallic system that would model a truncated
{FeMoS2} part of the FeMo cofactor of nitrogenase.11

For this purpose, the complex [FeMo(CO)5(κ
2-dppe)(μ-

pdt)] (1; dppe = 1,2-bis(diphenylphosphino)ethane and pdt2− =
1,3-propanedithiolate) was synthesized in moderate yield
(∼50%), at room temperature, by reacting two mononuclear
precursors, [Fe(CO)2(κ

2-dppe)(κ2-pdt)] and [Mo-
(CO)3(CH3CN)3], using the synthetic strategy recently
reported by Rauchfuss and co-workers for NiFe heterobimetallic
systems7 (see the procedure in the Supporting Information, SI).
1 was characterized by elemental analyses, IR, NMR, and

Mössbauer spectroscopies, and X-ray analysis. The IR spectrum
of 1 in CH2Cl2 (Figure S1 in the SI) has four characteristic bands
in the ν(CO) region, 2016 (s), 1936 (s), 1882 (s), and 1850 (m)
cm−1, suggesting the presence of terminal and semibridging CO
ligands. The 31P{1H} NMR spectrum in CDCl3 (Figure S2 in the
SI) shows a singlet at 60.8 ppm assigned to the two phosphorus
atoms of the diphosphine, which suggests their equivalence. This
can be related to dibasal coordination of dppe at the iron atom.
No dynamic process, usually associated with the dppe and pdt
groups, was detected by variable-temperature 31P{1H} NMR
studies in the range 25−80 °C.9a The 1H NMR spectrum of 1 in
CDCl3 (Figure S3 in the SI) and 2D COSY 1H−1H NMR
experiments (Figure S4 in the SI) allowed the assignment of all of
the expected signals associated with the phenyl, dppe, and pdt
groups. The recording of the 13C{1H} NMR spectrum in CDCl3
(Figure S5 in the SI) revealed, in the carbonyl region, the
presence of four resonances appearing as a singlet at 229.1 ppm, a
triplet at 219.8 ppm with a coupling constant of 16.5 Hz (2JPC),
and two singlets in a 2:1 ratio at 213.9 and 203.1 ppm,
respectively. This pattern suggests a {Fe(CO)P2}(μ-CO){Mo-
(CO)3} core for 1, in agreement with the X-ray results (Figure
1a). Themolybdenum atom lies in a pseudooctahedral geometry,
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and the iron atom is in a typical square-pyramidal geometry,
supplemented by an interaction with a semibridging CO [C5−
Fe1, 2.514(8) Å; C5−Mo1, 1.987(6) Å; O5C5Mo1, 160.6(5)°;
C5−Mo1−Fe1, 60.99(17)°]. The Fe−Mo distance [2.7795(8)
Å] suggests a Fe−Mo bond.12 The Mo−C(O) distance of the
apical CO coordinated to molybdenum is significantly longer
than those of the equatorial CO ligands, suggesting a potential
reactivity based on the lability of this carbonyl group. 13CO-
labeling studies were also performed and suggested intra-
molecular transfer of a CO ligand from the iron framework to
the molybdenum atom, giving the observed {Mo(CO)4} moiety
(Figures S6−S8 in the SI).
Mössbauer spectroscopy and density functional theory (DFT)

calculations were performed in order to gain deeper insight into
the electronic and structural properties of 1 and to address the
question of the best electronic description of this {Fe−Mo}
entity.
Figure 2 reproduces the 4.2 K Mössbauer spectra recorded on

a powder sample of 1. They can be nicely simulated, assuming a

single iron site within a diamagnetic species with the following
parameters: δ = 0.20 mm/s,ΔEQ =−0.95 mm/s, η = 0, and Γfwhm
= 0.27 mm/s. Despite the lack of reliable correlation with the
oxidation state of the iron atom owing to the strong π-
backbonding of the ligands,13 the δ value may be compared to
that of similar complexes. Note that small variations are observed
due to substitution of CO by phosphine.14

The δ value in 1 is larger than that found for the FeII ion in the
[FeIFeII(μ-dithiolato)(μ-CO)]+ core-complexes15 or that for
low-spin FeI ions in homovalent diiron FeIFeI 15a,c,16 or iron−
nickel FeINiI 17 complexes. It is more similar to that of low-spin
FeI site in mixed-valent FeIFeII 15 or FeINiII 14 complexes. In an
attempt to conclude on the oxidation state of the metal ions in 1,
DFT calculations were thus performed.
The geometrical parameters of 1, calculated by DFT, are in

good agreement with those of the crystallographic structure

(Figure 1b). In addition, 1 is more stable than the isomer
featuring the basal−apical coordination of the diphosphine
ligand by about 8 kcal/mol. Calculated vibrational frequencies
corresponding to the CO stretching modes are also in close
agreement with the experimental values (Figure S9 in the SI).
The calculated Mössbauer parameters of 1 (δ = 0.22 mm/s,ΔEQ
= −0.86 mm/s and η = 0.87) (Table S1 in the SI) match nearly
perfectly the experimental values, suggesting that the computa-
tional scheme is able to describe correctly the electronic structure
of 1. The parameters of the Mössbauer spectra of complexes
[FeFe(CO)4(PMe3)2(μ-dmpdt)]0/+ (2/2+; dmpdt2− = 2,2-
dimethyl-1,3-propanedithiolate)15a,b were calculated as refer-
ences of FeIFeI and FeIFeII redox states, to check the validity of
calculations, and satisfying results were obtained (Table S2 in the
SI). Metal atomic charges are not always reliable to evaluate the
redox state of metals in clusters like 1 because only very small
changes are observed when ligands are replaced or when the net
charge of the cluster is changed because of the covalent bond
character and the π acidity of the CO ligands. Analysis of the
electronic structure can be more insightful when considering the
net charges of the three subunits {(dppe)(CO)Fe}, {pdt}, and
{Mo(CO)4} (see Figure S10). Remarkably, the charge of the
{(dppe)(CO)Fe} fragment (+0.68 au) is more than 1 au more
positive than that of the {Mo(CO)4} fragment (−0.51 au), while
the {pdt} fragment in the complex have a small negative charge
(−0.17 au). The same analysis has also been performed for 2, for
which, as expected, the charges of the two iron fragments are very
similar (Figure S10). The large charge separation of the two
metal fragments in 1 suggests that this cluster can be better
described as a FeIIMo0 complex, rather than FeIMoI, with a dative
bond between molybdenum and iron. Indeed, the calculated
Wiberg bond index, equal to 0.22, indicates a metal−metal bond.
The large charge separation in 1 can be rationalized with an

orbital diagram obtained by dividing the cluster into the two
neutral {(dppe)(CO)(pdt)Fe} and {Mo(CO)4} subunits, which
feature the formal FeII and Mo0 redox states, respectively (Figure
3). Formation of the metal−metal bond in 1 from the two
fragments might be described as a donor−acceptor interaction
between the highest occupied molecular orbital (HOMO) of
{Mo(CO)4} and lowest unoccupied molecular orbital (LUMO)
of {(dppe)(CO)(pdt)Fe} (for the detailed orbital analysis, see

Figure 1. (a) ORTEP view (ellipsoids at the 30% probability level) of 1.
(b) Schematic representation of the calculated structures of 1, with
selected geometrical parameters.

Figure 2. Experimental Mössbauer spectra recorded at 4.2 K with a 60
mT (top) or 7 T (bottom) external magnetic field parallel to the γ-rays
(hatched marks). Simulated spectra using the parameters listed in Table
S1 are shown as solid lines.

Figure 3. Orbital diagram and relevant frontier molecular orbitals of 1
calculated at the B3LYP/TZVP level of theory on the geometries
optimized using the BP86/TZVP scheme.
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Figure S11 in the SI). However, the HOMO of {Mo(CO)4} is
much lower in energy than the LUMO of {(dppe)(CO)(pdt)-
Fe}, unlike, for example, in 2 (Figure S12 in the SI). These two
orbitals interact in a bonding combination, giving the HOMO−2
in 1, which, due because of the large energy separation, is strongly
localized on the molybdenum site, as is also shown by the atomic
contributions to the orbital population reported in Table S3 in
the SI. The HOMO and HOMO−1 in 1 roughly correspond to
the HOMO−1 and HOMO−2 of the {Mo(CO)4} fragment and
remain localized on this part of the molecule. This orbital analysis
further supports a picture in which the FeIIMo0 resonant form
gives a significant contribution to the proper representation of
the electronic structure of 1. The FeII site in 1 can be compared to
that in 2+. The larger δ value obtained in 1 may be related to the
longer distance in 1 between the iron site and the semibridging
carbonyl group (Figure S13 in the SI). On the other hand, the
electron density located between the two metal sites in the
HOMO−2 may contribute to the high value of δ, which is more
consistent with that of an FeI site.
The cyclic voltammetry of 1 at moderate scan rate (v = 1 V/s;

Figure S14 in the SI) shows that it undergoes quasi-reversible
one-electron reduction and oxidation steps in CH2Cl2−[NBu4]-
[PF6] (E1/2

red = −1.84 V; E1/2
ox = 0.12 V; potentials are versus

Fc+/Fc). At lower scan rates (0.05 V/s ≤ v < 1 V/s), 1 decreases
according to an ECE-type mechanism, as shown by the fact that
the current function, ip

red/v1/2, increases significantly with
decreasing v (Figure S15 in the SI). Detailed studies of the
electrochemical behavior of 1 under different experimental
conditions (scan rates, solvent, and acidity) will be reported later
on.
In summary, we describe in this Communication a novel FeMo

heterobimetallic species that may be a promising platform to
investigate the activation of resource molecules.
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