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ABSTRACT: The one-electron oxidation of the diiron
complex [Fe2(CO)4(κ

2-dppe)(μ-pdt)] (1) (dppe =
Ph2PCH2CH2PPh2; pdt = S(CH2)3S) has been investigated in
the absence and in the presence of P(OMe)3, by both
electrochemical and theoretical methods, to shed light on the
mechanism and the location of the oxidatively induced structure
change. While cyclic voltammetric experiments did not allow to
discriminate between a two-step (EC) and a concerted, quasi-
reversible (QR) process, density functional theory (DFT)
calculations favor the first option. When P(OMe)3 is present,
the one-electron oxidation produces singly and doubly
substituted cations, [Fe2(CO)4−n{P(OMe)3}n(κ

2-dppe)(μ-
pdt)]+ (n = 1: 2+; n = 2: 3+) following mechanisms that were
investigated in detail by DFT. Although the most stable isomer of 1+ and 2+ (and 3+) show a rotated Fe(dppe) center, binding of
P(OMe)3 occurs at the neighboring iron center of both 1+ and 2+. The neutral compound 3 was obtained by controlled-potential
reduction of the corresponding cation, while 2 was quantitatively produced by reaction of 3 with CO. The CO dependent
conversion of 3 into 2 as well as the 2+ ↔ 3+ interconversion were examined by DFT.

■ INTRODUCTION
One obvious difference between the active site of [FeFe]-
hydrogenases, the H-cluster, and the synthetic compounds of
general formula [Fe2(CO)6−x(L)x(μ-dithiolate)] is the geometry
of the diiron core, where the pyramids about the metal centers
are eclipsed (Fe(I)Fe(I) models) rather than inverted with a
bridging or semibridging carbonyl (enzymes) (Scheme 1).1−3 A

consequence of this structural difference is to promote the
formation of a bridging hydride upon protonation of most of

the models,4 which is less effective toward formation of H2 than
the terminal hydride5 probably formed at the enzyme active
site.3,6−8

Recent research has been undertaken to identify the factors
that would favor the inverted geometry found at the enzymes’
diiron subsite, the so-called rotated state. Theoretical
calculations showed that one of these factors is a dissymmetric
substitution at the iron centers,9 which stimulated the synthesis
of model compounds bearing chelating ligands. Although
crystallographic data proved that the [Fe2(CO)4(κ

2-LL)(μ-
dithiolate)] models still adopted an eclipsed geometry in the
solid,10−15 some aspects of their chemistry,13 and particularly
the transient formation of terminal hydrides upon proto-
nation10d,14 suggested an easier access to the rotated state than
in the symmetrically disubstituted analogues.
A few years ago, a Fe(I)Fe(II) complex with both a coordina-

tion sphere and spectroscopic properties similar to those of the
CO-inhibited [FeFe]-hydrogenases16 was obtained by oxida-
tion of a Fe(I)Fe(I) precursor.17 More recently, Fe(I)Fe(II)
compounds with a rotated geometry were crystallographically
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Scheme 1. Schematic Representation of the Active Site of the
[FeFe]H2ases (H-cluster) and of Model Compounds in the
Eclipsed and Rotated Geometry
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characterized.18−21 Detailed studies of the role of the bridging
dithiolate and of the terminal ligands on the geometry about the
iron centers in the Fe(I)Fe(II) oxidation state, and of the reactivity
of the oxidized complexes with CO, were also reported.19−25

The oxidatively induced structure change, which may lend
itself to electrochemical investigations,26−32 generates an open
coordination site in the apical position on the rotated iron
center, whose reactivity with substrates may also be investigated
by electrochemical means. The characterization of a complex
resulting from the reaction of a substrate at this vacant site
would also provide indirect evidence as to which of the iron
centers underwent isomerization. In relation with these issues,
we now report a combined electrochemical and density
functional theory (DFT) investigation of the oxidation of a
dissymmetrically disubstituted diiron complex, [Fe2(CO)4(κ

2-
dppe)(μ-pdt)] (1),14a in the absence and in the presence of
P(OMe)3 (dppe = Ph2PCH2CH2PPh2; pdt = S(CH2)3S).

■ RESULTS

1. Oxidation of [Fe2(CO)4(κ
2-dppe)(μ-pdt)] (1). The

cyclic voltammetry (CV) of [Fe2(CO)4(κ
2-dppe)(μ-pdt)] (1)

shows that the complex undergoes two oxidations, the first of
which is quasi-reversible with E1/2

ox1 = −0.24 ± 0.01 V in
CH2Cl2-[NBu4][PF6].

33 The second, irreversible, oxidation
(Ep

ox2 ∼ 0.7 V, Table 1) which gives rise to products detected

by their reduction on the return scan (Ep ∼ 0 and −0.5 V)
(Figure 1) was not investigated.

The comparison of the current function [ip/v
1/2] for the first

oxidation of 1 and for the one-electron oxidation of
[Fe2(CO)4(κ

2-dppe)(μ-pdt)(μ-H)]+ (Supporting Information,
Figure S1) shows that the former is also a one-electron
process.34 Controlled-potential electrolysis of a solution of 1 in

CH2Cl2-[NBu4][PF6] at room temperature yielded very low
amounts of the expected cation (E1/2

red = −0.25 V, Ep
ox = 0.74 V)

along with unidentified products. Electrolysis of 1 carried out
at −10 °C produced 1+ almost quantitatively40 after the transfer
of 1 F mol−1 1. 1+ was also obtained by chemical oxidation of
1 (1 equiv ferrocenium, −10 °C) in CH2Cl2. Both the redox
potential of 1 and the infrared spectrum of 1+ in CH2Cl2
(ν(CO) = 2079 (s), 2021 (s), 1920(w) cm−1) are similar
to those of the (κ2-dppv) analogue (dppv = Ph2PCH
CHPPh2).

21

Previous experimental and theoretical studies have demon-
strated that one-electron oxidation of [Fe2(CO)4(L)(L′)(μ-
dithiolate)] or [Fe2(CO)4(κ

2-LL)(μ-dithiolate)] complexes in
which the geometry of the pyramids about the metal centers is
eclipsed (E) resulted in a cation with a rotated structure
(R+)18−25,35 (Scheme 2). Structural changes induced by

electrode reactions may occur according to different mecha-
nisms, depending on whether the isomerization is concerted
with the electron transfer (quasi-reversible process, along the
diagonal in Scheme 2) or occurs as a following reaction (two-
steps EC process, Scheme 2), which leads to a square scheme
mechanism in case of chemical reversibility.
It is frequent that the only species detected by CV are the

starting material E and the rearranged oxidized derivative R+ (in
case of an oxidatively induced structure change, Scheme 2)
which makes the distinction between the two mechanisms
difficult.27−29 Experimentally, the two possibilities may be
distinguished if a supplementary redox event (reduction of E+

or oxidation of R, Scheme 2), proving the existence of a square
scheme, is observable under specific conditions. However, that
a supplementary redox step cannot be detected does not
disprove the existence of a square scheme.26−30,36

Our experimental attempts to discriminate between the two
possibilities failed. In the present case, CV at low temperature
(−40 °C) only resulted in an increase of the anodic to cathodic
peak separation (ΔEp) compared to the CVs run at room
temperature. CV at different scan rates (up to 40 V s−1), that
also lead to an increase of ΔEp with increasing v, showed that
the oxidation of 1 becomes broader when v ≥ 2 V s−1. A
distinct shoulder was present around −0.07 V, while it was not
observed at lower v. However, this is assigned to the separate
oxidation of the two eclipsed isomers of 1 with basal-apical and
dibasal binding of the dppe chelate that were identified by
NMR spectroscopy,14a rather than to the oxidation of 1 in the
eclipsed and rotated geometries.
Although an EC mechanism cannot be ruled out on the basis

of the experimental results, we assumed the occurrence of a
quasi-reversible process to work out the apparent heteroge-
neous electron transfer rate constant from the scan rate

Table 1. Redox Potentials of the Complexes in CH2Cl2-
[NBu4][PF6]

complex E1/2
ox1 V/Fc Ep

ox2 V/Fc

[Fe2(CO)4(κ
2-dppe)(μ-pdt)] (1) −0.24 0.68

[Fe2(CO)3{P(OMe)3}(κ
2-dppe)(μ-pdt)] (2) −0.54 0.5

[Fe2(CO)2{P(OMe)3}2(κ
2-dppe)(μ-pdt)] (3) −0.88 0.14

Figure 1. CV of [Fe2(CO)4(κ
2-dppe)(μ-pdt)] (1) (1.13 mM) in

CH2Cl2-[NBu4][PF6] (vitreous carbon electrode; v = 0.2 V s−1;
potentials are in V vs Fc+/Fc).

Scheme 2
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dependence of ΔEp.
37 Digital simulations38 of the electro-

chemical oxidation of 1 were also carried out according to the
quasi-reversible scheme. A comparison of the experimental and
simulated CVs is presented as Supporting Information
(Supporting Information, Figure S2). The agreement is
reasonable at slow scan rates, the difference noted at faster
scan rates is assigned to the fact that a single isomer of 1 was
considered in the simulations.
To complement the experimental investigation on the

mechanism of the oxidation of [Fe2(CO)4(κ
2-dppe)(μ-pdt)]

(1), DFT calculations were carried out to characterize the
stereoelectronic properties of 1 and 1+. It turned out that the
minimum energy conformation of 1 corresponds to an eclipsed
form featuring basal-apical dppe, in agreement with exper-
imental results. As for 1+, the lowest energy isomer corresponds
to a structure characterized by rotation of the Fe(dppe) moiety
(Figure 2). Also an eclipsed 1+ isomer closely resembling the

structure of the parent compound 1 (i.e., basal-apical dppe)
corresponds to an energy minimum. However, the energy
of the eclipsed 1+ form is 4.5 kcal/mol higher than for the
rotated isomer. Another rotated 1+ isomer, featuring rotation
of the Fe(CO)3 moiety, is 6.0 kcal/mol higher in energy
(Figure 2). Other 1+ isomers are even higher in energy (data
not shown).

2. Oxidation of [Fe2(CO)4(κ
2-dppe)(μ-pdt)] (1) in

the Presence of P(OMe)3 and Characterization of
[Fe2(CO)4−n{P(OMe)3}n(κ

2-dppe)(μ-pdt)] (n = 1, (2); n =
2, (3)). The CV of 1 in CH2Cl2-[NBu4][PF6] at room

temperature shows that the oxidation peak current is little
affected by the presence of P(OMe)3 while the chemical
reversibility of the 10/+ couple is scan rate dependent, which
demonstrates the occurrence of an EC process.33,39 The pro-
duct of the follow-up reaction(s) is detected by a reversible
reduction at −0.54 V (Figure 3) and an irreversible oxidation
at 0.5 V (not shown in Figure 3).
Electrosyntheses were carried out to isolate (see below) the

product of the reaction of 1+ with P(OMe)3. Controlled-
potential oxidation of a CH2Cl2-[NBu4][PF6] solution of 1 in
the presence of 1 equiv of P(OMe)3 at room temperature (Eel =
−0.2 V, graphite anode) was completed after the passage of
about 0.9 F mol−1 1. CV of the electrolyzed solution showed
that the expected product, with E1/2

red = −0.54 V and Ep
ox = 0.5

V, was accompanied by a second one, with E1/2
red = −0.88 V

and Ep
ox = 0.14 V. Thus, reactions that are too slow for

detection by CV generated the latter on the longer time scale of
electrolysis. Electrolyses performed in the presence of larger
amounts of P(OMe)3 (2−4 equiv) resulted in the almost
quantitative formation40 of the second product (3+), that was
barely detected by CV before electrolysis (Figure 4). A reverse

Figure 2. DFT optimized structures of relevant 1+ isomers. The
energy (in kcal/mol) of each isomer, relative to the lowest-energy one,
is shown below each structure. For the sake of clarity atoms are shown
as follow. Carbon, gray; hydrogen, white; sulfur, yellow; oxygen, red;
phosphorus, light purple; iron, dark purple.

Figure 3. CV of [Fe2(CO)4(κ
2-dppe)(μ-pdt)] (1) (1.1 mM) in CH2Cl2-[NBu4][PF6] in the absence (black lines) and in the presence (red lines) of

1 equiv of P(OMe)3 (vitreous carbon electrode; potentials are in V vs Fc+/Fc).

Figure 4. CV of [Fe2(CO)4(κ
2-dppe)(μ-pdt)] (1) (1.2 mM) in the

presence of 3 equiv of P(OMe)3 before (black lines) and after (red
lines) controlled-potential electrolysis at room temperature (Eel = −0.2
V; 0.9 F mol−1 1) (CH2Cl2-[NBu4][PF6]; v = 0.2 V s−1; vitreous
carbon electrode; potentials are in V vs Fc+/Fc).
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electrolysis at −0.96 V generated a brown solution of the
corresponding neutral complex after the transfer of about 0.9 F
mol−1 of the initial 1 (Supporting Information, Figure S8). The
neutral species, obtained in >80% yield,40 was identified as
[Fe2(CO)2{P(OMe)3}2(κ

2-dppe)(μ-pdt)] (3) on the basis of
IR and NMR spectroscopies and indirectly by its reactivity
toward CO which gives [Fe2(CO)3{P(OMe)3}(κ

2-dppe)(μ-
pdt)] (2). The redox potential of the 30/+ couple (Table 1) and
the infrared spectra of 3 (ν(CO) in CH2Cl2 = 1899 (s), 1880
(s) cm−1) and 3+ (ν(CO) in CH2Cl2 = 1962 (s), 1887 (w)
cm−1) are similar to those of [Fe2(CO)2(κ

2-dppv)2(μ-xdt)]
0/+

(xdt = pdt or edt; edt = SCH2CH2S).
22,41 Satisfactory 1H NMR

data of 3 could not be obtained, but the 31P-{1H} NMR
spectrum of 3 in CDCl3, displays two singlets at 177.5 ppm and
85.4 ppm, which are assigned unambiguously to the
trimethylphosphite42 and to the chelated diphosphine43 ligands,
respectively. Variable-temperature 31P-{1H} NMR experiments
revealed that 3 is fluxional. Several dynamic processes related to
the dppe, P(OMe)3 or μ-pdt groups may be operative in
solution and this makes the determination of the nature and
the number of isomers difficult to state unambiguously. (see
Supporting Information, Figure S3).
The singly P(OMe)3-substituted analogue, [Fe2(CO)3{P-

(OMe)3}(κ
2-dppe)(μ-pdt)] (2), was obtained by bubbling CO

through the solution of 3. 3 was not recovered upon flushing
the CO-saturated solution with N2. X-ray analysis of a single
crystal of 2, obtained from dichloromethane-hexane (1:1)
mixture at −18 °C, established without any ambiguity the
structure, in solid state, of 2 with a basal-apical binding mode of
the diphosphine group and an apical position of the P(OMe)3
ligand (Figure 5). 2 is structurally analogous to other

trisubstituted diiron complexes of general formula [Fe2(CO)3L-
(κ2-chelate)(μ-dithiolate)].44,45

2 was also characterized by elemental analyses and IR and
NMR spectroscopies. The IR spectrum of 2 in dichloro-
methane displays three ν(CO) bands at 1968(s), 1913(s), and
1892(sh) cm−1. Two singlets are observed at 179.7 (1 P) and

89.4 ppm (2 P) in the 31P-{1H} NMR spectrum in CD2Cl2 and
assigned to P(OMe)3 and dppe ligands, respectively. The 1H
NMR spectrum displays the set of resonances expected for
trimethylphosphite, dppe and pdt groups (see Experimental
Section). A VT 31P-{1H} NMR experiment, in CD2Cl2,
revealed that 2 is fluxional. At −90 °C in CD2Cl2, two signals
are observed in the phosphite region as well as three resonances
for the phosphorus atoms of the diphosphine (see Supporting
Information, Figure S4). These observations suggest that two
isomers differing at least by the binding mode of the
diphosphine are present in solution in a ratio close to 1:1.
One of them is characterized by a singlet, at 94.1 ppm, that
could be assigned to two equivalent phosphorus atoms of a
symmetrically bonded dibasal dppe ligand with the phosphite
lying in an apical orientation. The other two signals at 90.1 and
94.5 ppm could be attributed to two inequivalent phosphorus
atoms of a basal-apical dppe group of the second isomer. This
would be consistent with the results of the X-ray diffraction
study.
Attempts to synthesize 2 by replacing one carbonyl group by

P(OMe)3 in 1 in refluxing toluene gave a mixture of 2 (minor
product) and of a disubstituted compound 4, having a pendant
dppe ligand, [Fe2(CO)4{P(OMe)3}(κ

1-dppe)(μ-pdt)] (4), in a
ratio about 1:10 (see Supporting Information, Figure S5). Such
a CO-migration in the ligand substitution process has already
been reported for an analogous [Fe2(CO)4(κ

2-PNP)(μ-pdt)]
compound (PNP = (EtO)2PN(Me)P(EtO)2).

46 The reaction
producing 4 was not studied further. The reaction of 2 with
HBF4·OEt2 was also monitored by VT 1H NMR spectroscopy.
The protonation process is similar to that reported for
[Fe2(CO)3{PMe)3}(κ

2-dppv)(μ-pdt)].47 The initial formation
of a transient terminal hydride species at low temperature
and its isomerization upon warming into, successively, three
bridging hydride forms with different phosphite and
diphosphine positions, are observed (see Supporting Information,
Figure S6).
Complex 2 undergoes a quasi-reversible oxidation at E1/2 =

−0.54 V (Figure 6a, red trace, Table 1) indicating that 2+,
formed along the reactions in Scheme 3, is the product detected
by CV before electrolysis (Figure 2). Digital simulations38 of
the EC process in Scheme 3 are in fair agreement with the
experimental CVs (Supporting Information, Figure S7).
The presence of 3+ after controlled-potential electrolysis is in

accord with its formation from 2+ and P(OMe)3 (Supporting
Information, Figure S9). In a way similar to the CO-induced
conversion of 3 to 2 (Figure 6a), complex 3+ reacts with CO to
generate 2+ (Figure 6b). However, the reaction is at equilibrium
(2+/3+: 1.2/1) and appears more complicated than a mere
substitution of P(OMe)3 by CO. The occurrence of a minor
homogeneous redox process is indicated by the presence of a
small irreversible oxidation peak at the same potential as the
oxidation of 1 [that is irreversible in the presence of P(OMe)3]
(Figure 6b, red trace). This peak, as well as a small reduction at
the same potential as the 2+/0 couple, are still observed after
flushing the solution with N2 for a prolonged period (Figure 6b,
blue trace). The presence of 1 is proposed to arise from the
disproportionation of a species formed in low concentration
under the present experimental conditions, by reaction of 3+

with CO (see Discussion).
3. DFT Investigations of the Reactivity of 1+ and 2+

with P(OMe)3. To shed further light on the reactivity of 1+,
we have used DFT to dissect the reaction mechanism for the

Figure 5. Structure of 2·CH2Cl2,C6H14 showing 30% thermal
ellipsoids (CH2Cl2 and C6H14 are omitted for clarity). Selected
distances (Å) and angles (deg): Fe1−Fe2, 2.5474(13), P1−Fe1,
2.217(2), P2−Fe1, 2.199(2), P3−Fe2, 2.155(2), S1−Fe2, 2.2699(19),
S1−Fe1, 2.2728(19), S2−Fe1, 2.2626(19), S2−Fe2, 2.269(2), P2−
Fe1−P1, 88.05(7), Fe2−S1−Fe1, 68.22(6), Fe1−S2−Fe2, 68.40(6).
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reactions 1+ + P(OMe)3→ 2+ + CO, and 2+ + P(OMe)3→ 3+

+ CO (Scheme 4).
As discussed in the previous section, the lowest energy

isomer of 1+ corresponds to a rotated structure featuring a
vacant coordination site on the Fe(dppe) moiety. The
structural features of such an isomer might suggest that
P(OMe)3 will bind to the five-coordinated Fe atom where dppe
is bound. However, comparative analysis of the transition states
for P(OMe)3 binding to 1+ along different reaction channels

(see Scheme 5) reveals that the free energy barrier (computed
using as reference the lowest energy 1+ isomer) for P(OMe)3
binding to the Fe(CO)3 moiety is 9.9 kcal/mol and, more
importantly, 8.7 kcal/mol lower than the corresponding energy
barrier for P(OMe)3 binding to the iron atom coordinated by
dppe. Therefore, in the initial step the incoming P(OMe)3
ligand reacts with the Fe(CO)3 moiety of 1+. In the
intermediate species which is formed (hereafter referred to as
2-CO+; Scheme 4) one of the terminal CO ligand of the
Fe(CO)3 moiety has moved to a bridging position, while the
CO group that occupied a bridging position in 1+ has moved to
a terminal position.
In the lowest energy 2-CO+ isomer both iron atoms are six-

coordinated, with dibasal dppe and apical P(OMe)3 coordina-
tion. Other 2-CO+ isomers, differing by the relative orientation
of dppe and P(OMe)3, are computed to be at least 1.9 kcal/mol
higher in energy (see Supporting Information).

Figure 6. (a) CV of [Fe2(CO)2{P(OMe)3}2(κ
2-dppe)(μ-pdt)] (3) in CH2Cl2-[NBu4][PF6] before (black lines) and after (red lines) bubbling CO

through the solution (which generates 2); (b) CV of [Fe2(CO)2{P(OMe)3}2(κ
2-dppe)(μ-pdt)]+ (3+) in CH2Cl2-[NBu4][PF6] before (dashed lines)

and after (red lines) bubbling CO through the solution, and after flushing the solution with N2 (blue lines); the start potential and scan directions are
the same for the red and blue traces (v = 0.2 V s−1; vitreous carbon electrode; potentials are in V vs Fc+/Fc).

Scheme 3

Scheme 4. Computed Free Energy Profilea for the Reactions 1+ + P(OMe)3 → 2+ + CO, and 2+ + P(OMe)3 → 3+ + COb

aSee Reference 48.
bEnergies in kcal/mol. For the sake of clarity, bonds which are formed or cleaved in transition states are shown in red.
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The intermediate species 2-CO+ can lose a CO ligand
forming the rotated species 2+, which features dibasal
coordination of the dppe ligand (Figure 7). In fact, sampling

of different reaction paths revealed that the lowest free energy
barrier route implies CO loss from the iron atom coordinated
by dppe (ΔG⧧ = 14.1 kcal/mol). Other 2+ isomers lie at least
3.9 kcal/mol higher in energy (see Supporting Information,
Scheme S1).
2+ can then react with a second P(OMe)3 molecule forming

3-CO+. As observed for the analogous reaction between 1+ and

P(OMe)3, the reaction path characterized by the lowest energy
barrier does not imply binding of P(OMe)3 to the vacant
coordination site of the Fe(dppe) moiety, but reaction of the
phosphine ligand at the iron center where the first P(OMe)3
ligand was bound (Scheme 6).

The energy barrier from the lowest energy 2+ isomer to the
transition state leading to 3-CO+ is 14.8 kcal/mol. In 3-CO+

the dppe ligand has dibasal coordination, whereas the two
P(OMe)3 ligands occupy apical and basal positions. However, it
should be noted that several isomers of 3-CO+, differing for the
orientation of the phosphine ligands, are within 1 kcal/mol
(data not shown) and therefore might coexist in solution.
CO loss from 3-CO+, leading to 3+, takes place going

through a transition state (ΔG⧧ = 13.3 kcal/mol; Scheme 4) in
which the CO group is lost from the iron atom coordinated by
dppe (Supporting Information, Scheme S2). The lowest energy
3+ isomer is characterized by rotated geometry and a vacant
coordination site on the Fe(dppe) moiety. However, an
eclipsed 3+ isomer is only 0.4 kcal/mol higher in energy (See
Supporting Information, Scheme S3). Considering that such an
energy difference is well below the expected accuracy of present
DFT methods, both isomers can be simultaneously present in
solution.

4. DFT Investigations of the Reactivity of 3 with CO.
To fully complement the experimental results, DFT was also used
to analyze the mechanism of the reaction between the Fe(I)Fe(I)
neutral species 3 and CO. In the reaction 3 + CO→ 2 (Scheme 7)
the rate determining step corresponds to CO binding to the
Fe(dppe) moiety, and the reaction is predicted to be globally
exergonic by −15.9 kcal/mol.

Scheme 5. Relative Energiesa and Structures of the
Transition States for the Reaction between 1+ and P(OMe)3

aIn kcal/mol.

Figure 7. DFT optimized structure of the lowest energy 2+ isomer. For
the sake of clarity atoms are shown as follows. Carbon, gray; hydrogen,
white; sulfur, yellow; oxygen, red; phosphorus, light purple; iron, dark
purple.

Scheme 6. Relative Energiesa of the Transition States for the
Reaction between 2+ and P(OMe)3

b

aIn kcal/mol.
bTransition states for the attack of P(OMe)3 to the Fe(dppe) moiety
are at least 9 kcal/mol higher in energy, and therefore have not been
shown in the scheme.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic201601q | Inorg. Chem. 2011, 50, 12575−1258512580



■ DISCUSSION AND CONCLUDING REMARKS

The results reported above underline the enhanced reactivity of
complex 1 upon one-electron oxidation, which is entirely
consistent with the exposure of a vacant site in the cation.
Whether the oxidatively induced structure change occurs in a
two-step EC process or in a concerted way could not be firmly
established experimentally. However, DFT results favor the
former possibility. Electron extraction from 1 initially leads to
an eclipsed 1+ isomer, which then spontaneously rearranges to
the lowest energy rotated form (Scheme 8). However, it should
be noted that the computed energy barriers for the
interconversion among 1+ isomers are very low (Berry
pseudorotations; energy barriers lower than 6 kcal/mol),
indicating that isomerization of 1+ is a very fast process, thus
supporting the observation that it can be very difficult to
experimentally distinguish between an EC and a QR process in
the oxidation of this class of compounds.
Although we could not crystallographically characterize 1+

nor the cationic derivatives resulting from its reactions with
P(OMe)3, the presence of a Fe(CO)2{P(OMe)3} entity in the
neutral complex 2 is an indirect evidence for the accessibility of
an isomer of 1+ with a rotated Fe(CO)3. This is fully supported
by the DFT results. In fact, it turned out that the lowest energy
1+ isomer, which is characterized by a vacant coordination site
on the Fe(dppe) moiety, is much less reactive than the
corresponding isomer featuring a vacant coordination site on
Fe(CO)3. The origin of the different reactivity of the two
rotated 1+ isomers is revealed by a comparative analysis of the
electronic and steric properties of the five coordinated iron

atoms in the two isomers. In fact, while partial atomic charges
of both iron atoms are very similar in the two rotated isomers
(data not shown), the bulky phenyl groups of dppe strongly
hinder the accessibility of the five coordinated iron atom in the
lowest energy isomer (see Figure 2).
The interconversion of the P(OMe)3-substituted cations 2+

and 3+ deserves several comments. In the mechanism proposed
in the light of the experimental and DFT results, the incoming
ligand (P(OMe)3 or CO) pushes the semibridging CO toward
the neighboring metal center, which eventually results in the
loss of the ligand trans to the swinging carbonyl group (Scheme
9). Such a mechanism, that has been reported for neutral or
anionic diiron dithiolate complexes,12,13,49−52 was also recently
invoked to account for the incorporation of 13CO at both metal
centers of Fe(I)Fe(II) complexes, [Fe2(CO)4(PMe3)(NHC)-
(μ-pdt)]+ (NHC = imidazol-2-ylidene ligands), submitted to a
13CO atmosphere.23

The reversibility of the processes in Scheme 9 requires that
the rotated center in 2+ is not the same as in 3+. Actually, the
most stable form of 2+ was shown by DFT to have a rotated
Fe(dppe)(CO) center (that is the same as in 3+, Scheme 4).
Nevertheless, the reaction of P(OMe)3 with 2+ takes place at
the iron center already carrying the first P(OMe)3 ligand
(Scheme 6), so that Scheme 9 shows the most reactive, not the
most stable, isomer of 2+. This is reminiscent of the results of
recent theoretical studies of [Fe2(CO)3(PR3)(κ

2-dppv)(μ-
pdt)]+ analogues of 2+ (R = Me or i-Pr) that demonstrated
that the identity of the most stable rotated cation was
dependent on the R group, and that when R = i-Pr, the

Scheme 7. DFT Dissection of the Reaction 3 + CO → 2a

aEnergy values are in kcal/mol. For the sake of clarity, only the lowest energy isomers of reactants, products, and intermediate species are shown. In
addition, the transition state connecting 3-CO′ and 3-CO is not shown.
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rotation of the Fe(CO)2(Pi-Pr3) and of the Fe(CO)(dppv)
centers were nearly isoenergetic.21

It is also worth noting that the only species detected in the
2+ ↔ 3+ interconversion are 2+ and 3+. The fact that the
intermediate in braces (Scheme 9) corresponding to the species
3-CO+ characterized by DFT calculations, was not detected
during the conversion of 2+ to 3+ would suggest that the
slowest step of the sequence is the binding of P(OMe)3. On the
other hand, our results indicate that the reaction of 3+ with CO
involves two types of processes, that is, the replacement of a
P(OMe)3 ligand by CO (which produces 2+) and a minor
homogeneous redox reaction. The latter may be a sign of the
transient existence of the CO-bridged intermediate. Assuming
that the slow step of the 3+ → 2+ conversion is the loss of the
P(OMe)3 ligand, the intermediate may be sufficiently long-
lived, as suggested by our DFT results, to undergo competing
reactions, that is, homogeneous electron transfer and ligand
loss, when it is formed by reaction of 3+ with CO (Scheme 9).
As for the corresponding 3 → 2 conversion, DFT results

highlight that the process is thermodynamically favored, in good
agreement with the experimentally observed quantitative
production of 2 starting from 3. In addition, it is worth noting
that both Fe(I)Fe(I) and Fe(I)Fe(II) species, even if differing

for the ground state geometry of reactants (eclipsed and rotated
for Fe(I)Fe(I) and Fe(I)Fe(II) species, respectively), as well as
for the formal oxidation state of the iron atom which interacts
with the incoming ligand, proceeds via a very similar mechanism.

■ EXPERIMENTAL SECTION
Methods and Materials. All the experiments were carried out

under an inert atmosphere, using Schlenk techniques for the syntheses.
Dichloromethane was predried using conventional methods and
distilled prior to use. The diiron complex [Fe2(CO)4(κ

2-dppe)(μ-
pdt)] 1 was prepared according to reported methods.14a

The preparation and the purification of the supporting electrolyte
[NBu4][PF6] were as described previously.53 The electrochemical
equipment consisted of a PGSTAT 12 or a μ-AUTOLAB (Type III)
driven by the GPES software. A GCU potentiostat and a IG5-N
integrator (Tacussel/Radiometer) were used for controlled-potential
electrolyses and coulometry. All the potentials (text, figures) are
referred to the ferrocene-ferrocenium couple; ferrocene was added as
an internal standard at the end of the experiments.

1H, 31P-{1H} NMR spectra were recorded on a Bruker AMX 400
and AC300 spectrometer and were referenced to SiMe4 (1H) and
H3PO4 (31P). VT NMR experiments were carried out on a Bruker
DRX 500 spectrometer. The infrared spectra were recorded on a
Nicolet Nexus Fourier transform spectrometer. Chemical analyses

Scheme 8. Schematic Representation of the 1+ Isomers That Can Be Formed upon One-Electron Oxidation of 1a

aComputed energies (in kcal/mol) of the different 1+ isomers are relative to the lowest energy form. The reaction pathway between 1+ and the
ligand L = P(OMe)3 characterized by the lowest energy barrier is also shown (in blue).

Scheme 9. Proposed Reaction Sequence for the Interconversion 2+ ↔ 3+a

aPP = dppe.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic201601q | Inorg. Chem. 2011, 50, 12575−1258512582



were made by the Service de Microanalyses I.C.N.S., Gif sur Yvette,
France. Crystal data (Table 2) for compound 2 were collected on a

Oxford Diffraction X-calibur-2 CCD diffractometer, equipped with a
jet cooler device and graphite-monochromated Mo Kα radiation (λ =
0.71073 Å). The structures were solved and refined by standard
procedures.54−56

Digital Simulations. All the simulations were performed with
DigiElch Special Build Version 3 (Build SB3.600).38 Details of the
procedure are given as Supporting Information.

Electrosynthesis of [Fe2(CO)2{P(OMe)3}2(κ
2-dppe)(μ-pdt)]+/0

(3+/0). In a typical experiment, 23.4 mg (3.21 mmol) of 1 and 11.4
μL of P(OMe)3 (9.67 mmol, 3 equiv) were dissolved in 20 mL of
CH2Cl2-[NBu4][PF6] at room temperature in the electrochemical cell.
The controlled-potential oxidation, carried out at −0.18 V (graphite
anode), was terminated after the passage of 0.93 F mol−1 1. The CV of
the electrolyzed solution showed that 3+, characterized by a reversible
reduction at −0.88 V and an irreversible oxidation at 0.14 V, was
formed in 92% yield.40

The solution of 3+ was submitted to a controlled-potential
reduction at −0.96 V (graphite cathode). The current decayed to
the background level after the passage of 0.94 F mol−1 of the initial 1.
CV of the catholyte showed that 3+ had been converted essentially
quantitatively to the neutral complex 3 (typical yield: 90%).40 The
solution of 3 was canulated in a Schlenk flask under N2, and the
solvent evaporated under vacuum. The residue was extracted by
diethyl ether (3 × 20 mL). After evaporation of the solvent, the solid
residue was dried under vacuum.

3. IR (CH2Cl2, cm
−1): ν(CO) 1899 (s), 1880 (s). 31P-{1H} NMR

(CDCl3, 25 °C), δ: 177.5 P(OMe)3), 85.4 (dppe). No satisfactory
elemental analysis could be obtained for 3, because of the limited
stability of the complex.

Synthesis of [Fe2(CO)3{P(OMe)3}(κ
2-dppe)(μ-pdt)] (2). 2 was

obtained by bubbling CO for a few minutes in a CH2Cl2-[NBu4][PF6]
solution of 3 obtained as described above. The solution of 2 was
canulated from the electrochemical cell in a Schlenk flask under N2,
and the solvent was then removed under vacuum. 2 was extracted with

diethyl ether (3 × 20 mL). Evaporation of the solvent gave 2 as a
brown solid. Single crystals of 2 were obtained from a hexane-
dichloromethane (1:1) solution at −18 °C.

2. IR (CH2Cl2, cm
−1): ν(CO) 1968(s), 1913(s) and 1892(sh). 1H

NMR (CDCl3, 25 °C), δ: 7.94−7.40 (m, 20H, C6H5), 3.74 (d, 9H, J =
11.2 Hz, P(OCH3)3), 2.64 (m, 4H, P-CH2−CH2−P), 1.59 (m, 4H,
S(CH2)3S), 1.38 (m, 1H, S(CH2)3S), 0.92 (m, 1H, S(CH2)3S).

31P-
{1H} NMR (CDCl3, 25 °C), δ: 179.7 (P(OMe)3), 89.4 (dppe). Anal.
Calcd (%) for C35H39Fe2O6P3S2: C, 50.99; H, 4.77. Found: C, 50.23;
H, 4.73.

DFT Calculations. DFT calculations have been performed by
using the TURBOMOLE suite of programs,57 at the B-P86/TZVP58,59

level of theory, which is well suited for studying [FeFe]-hydrogenase
models.60−62

First-order saddle and minimum points on the potential energy
surface (PES) have been determined by means of energy gradient
techniques, and a full vibrational analysis has been carried out to
further characterize each stationary point. The optimization of
transition state structures has been performed according to a
procedure based on a pseudo-Newton−Raphson method. First,
geometry optimization of a guess transition state structure is carried
out by constraining the distance corresponding to the reaction
coordinate (RC). After performing the vibrational analysis of the
constrained minimum energy structures, the negative eigenmode
associated to the RC is followed to locate the true transition state
structure, that is, the maximum energy point along the trajectory which
joins two adjacent minima.

Free energy (G) values have been obtained from the electronic SCF
energy considering three contributions to the total partition function
(Q), namely, qtranslational, qrotational, qvibrational, under the approximation
that Q may be written as the product of such terms. Evaluation of H
and S contributions has been made by setting T and P values tot
298.15 K and 1 bar, respectively.

An implicit treatment of solvent effect (COSMO,63 ε = 9.1,
dichloromethane) has been employed.

In light of available experimental data and considering the chemical
nature of the ligands, only low-spin species have been investigated.
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