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Normal vs. Inverted Ordering of Reduction Potentials in
[FeFel-Hydrogenases Biomimetics: Effect of the Dithiolate

Bulk

Federica Arrigoni,*™ Luca De Gioia,” Catherine Elleouet,* Francois Y. Pétillon,”
Philippe Schollhammer,*™ Jean Talarmin,” and Giuseppe Zampella*™®'

Abstract: Three hexacarbonyl diiron dithiolate complexes
[Fe,(CO)4(p-(SCH,),X)] with different substituted bridgeheads
(X=CH,, CEt,, CBn, (Bn=CH,C¢H;)), have been studied under
the same experimental conditions by cyclic voltammetry in
dichloromethane [NBu,[PFs] 0.2 M. DFT calculations were
performed to rationalize the mechanism of reduction of these
compounds. The three complexes undergo a two-electron
transfer whose the mechanism depends on the bulkiness of
the dithiolate bridge, which involves a different timing of the

\

structural changes (Fe—S bond cleavage, inversion of con-
formation and CO bridging) vs redox steps. The introduction
of a bulky group in the dithiolate linker has obviously an
effect on normally ordered (as for propanedithiolate (pdt)) or
inverted (pdt™, pdt®") reduction potentials. Et—Bn replace-
ment is not theoretically predicted to alter the geometry and
energy of the most stable mono-reduced and bi-reduced
forms but such a replacement alters the kinetics of the
electron transfer vs the structural changes. )

Introduction

Multielectron transfers are ubiquitous in biologically important
activation processes such as hydrogen production/uptake,
nitrogen fixation, or CO, reduction, as well as in the catalysis of
these reactions."™” When compounds reduce in two steps, to
the anion and then to the dianion, the second reduction is
expected to take place at a more negative potential than the
first one due to the electrostatic repulsion. This means that the
formal potentials, E'°, and E’°, respectively, follow the “normal
ordering of potentials” viz £'°,—E'°, >0 and this implies that the
one-electron  intermediate is  stable  towards the
disproportionation.”’* In cyclic voltammetry, the second
electron transfer is occasionally masked because it is situated
fairly close to the solvent background limit but in many cases
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two sequential one-electron systems can be observed and are
separated according to the normal ordering of redox
potentials.”” When the difference between the two potentials is
very small, the situation is called “potential compression”.?>#!
The situation called “potential inversion” corresponds to the
case where the second electron transfer is easier than the first
one.""*? The conditions under which the two electron transfers
of such EE systems can be kinetically discriminated were
reported.®** The influence of molecular and medium effects
on the two-electron processes have been investigated in
detail.*>*? The potential inversion can be the consequence of a
structural change, an electronic relaxation (intrinsic factors) or
the result of the solvation or the formation of ion-pairing
(extrinsic factors). Since the potential inversion may be favoured
by a structural change, it is not surprising at first glance that
sluggish electron transfer kinetics is observed when important
structural changes occur. Conversely, high-rate constants are
expected to be found when structural changes are minimal.
Nevertheless, a large potential inversion will also bring a system
to behave less reversibly than it would with normal ordering of
potentials, which means that the electron transfer kinetics
appears more sluggish. This is known as the burden kinetic
effect” The magnitude of this effect depends upon the
standard rate constants. It is worth noting that besides the
heterogeneous electron transfers, disproportionation (or com-
proportionation) reaction in diffusion layer has sometimes to be
considered to analyse and understand the shape of the curves
obtained in cyclic voltammetry. But if disproportionation (Disp)
occurs, it has no effect on the shape of the cyclic voltammo-
gram when the first electron transfer is the determining rate
step.””” When the rate constants are high, a concerted EE
mechanism can be only considered. For potential inversion
greater than 300 mV, disproportionation is not relevant.*?

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Otherwise, when a first transfer of electron triggers a chemical
reaction (ligand binding or loss, ‘parent-child’ reaction, proto-
nation etc.), the resulting product might be easier to reduce
than the initial complex, and a second electron might be
transferred at the same potential as the first, through a classical
ECE process.*#4

As suggested above, one of the difficulties in the interpreta-
tion of the two-electron processes arises from the fact that
cyclic voltammograms may be very similar while they represent
different combinations of criterions depending on whether the
electron transfers are separated (ECE mechanism) or concerted
(EE mechanism) and whether the dominant structural change is
coupled to the first or the second electron transfer. In the case
of an ECE-Disp process, the second electron transfer may have
several possible sources since the rate determining step may be
the chemical reaction or the disproportionation reaction."
Moreover additional competitive reactions may arise.

Numerous works describing the electrochemical behaviour
of diiron dithiolate compounds as models of hydrogenase
enzymes, which produce or consume H,, are found in the
literature. Such diiron species are perfect candidates to perform
the transfer of two electrons. Some diiron dithiolate com-
pounds, with electron-withdrawing bridges, reduce in two
sequential one-electron steps.***' Combined sequential one-
electron transfers and ECE process have been also reported.”
Single step two-electron reduction processes due to potential
inversion have been observed in several instances for hexacar-
bonyl diiron dithiolate, as well as for diselenolate or diphos-
phide, complexes.”*7”

In this work, a series of hexacarbonyl diiron dithiolate
compounds, carrying differently crowded bridgeheads, is
studied under identical experimental conditions. Thus, the
electrochemical studies of the reduction of [Fe,(CO)q(u-
(SCH,),X)] complexes with X=CEt,”® and X=CBn, (Bn=CH,CH;)
were carried out in dichloromethane in the presence of the
supporting electrolyte [NBu,J[PFs] at 0.2 M. For the sake of
comparison, the electrochemical investigation in CH.Cl,-
[NBu,l[PFs] 0.2 M of the reduction of the propanedithiolate
(X=CH,) complex, which was previously studied in other electro-
lytic solutions,”7*#" was also performed. It is known that the
nature of the solvent as well as the supporting electrolyte may
strongly affect the potentials of redox couples and thus, the
electron stoichiometry of multielectron processes.?®¥ 88! DFT
calculations were performed with the aim of elucidating the
mechanistic details characterising the reduction of the diiron
complexes under investigation.

Results and Discussion

Synthesis and characterization of compounds [Fe,(CO)4(u-
(SCH,),X)] (X=CH, (1), CEt, (2), CBn, (3))

The synthesis and the characterization of compounds 1, 2 were
previously reported.”27°#% The procedure for the preparation
of 3 and its spectroscopic data (IR, '"H NMR) have not been yet
reported. They are described in the experimental part. Single
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crystals of 3, suitable for X-ray crystallography, were grown
upon slow diffusion of hexane into dichloromethane solution of
3 at —20°C. The ORTEP view of 3 and selected X-ray data are
shown in Figure 1. The solid state structure of 3 is very close to
that of other diiron hexacarbonyl dithiolato complexes with
steric bulky bridge-head substituents.” Typically, a torsion
angle, C4-Fe2-Fe1-C1 (0OC,,—Fe—Fe—CO,,) of ~11.5° reveals a
slight distortion between the two {Fe(CO);} moieties due to the
steric crowding of the benzyl substituents. The difference of the
two bonds angles Fe1C101 and Fe2C404, of 174.4(4)° and
177.8(4)°, respectively, is also noticeable and related to a
possible weak interaction C—H...C,,—Fe between the CH, group
of a benzyl substituent and one apical FeCO bond (C1...H10b
~241A).

Electrochemistry of compounds [Fe,(CO)¢(n-(SCH,),X)]1 (X=CH,
(1), CEt, (2), CBn, (3))

Under Ar

One of the goals of the electrochemical study was to determine
the number of electrons involved in the reduction processes of
the complexes 1-3. For this purpose, the scan rate (v) depend-
ences of the current function (i,/(v"°C); C is the concentration of
the complex)®" for the reduction of the complexes have been
compared with that of a reference compound, [Fe,(CO),(x>-
LL)(u-(SCH,),CH,)]  (LL=lye—CHolyes  Iye = 1-methylimidazol-2-
ylidene), previously shown to undergo a partially reversible
one-electron oxidation in CH,Cl,-[NBu,][PF].®?

The shape of the cyclic voltammograms of the complex
[Fe,(CO)g(u-(SCH,),CH,)1 (1) in CH,Cl-[NBu,J[PF¢] is strongly

2\
N //// \\

WS )

o6 6&

Figure 1. Ortep view (ellipsoids at 30% of probability level) of 3. Selected
distances (A) and angles (deg):Fel1-Fe2, 2.4966(8); S1-Fe1, 2.2667(12); S1-Fe2,
2.2616(12); S2-Fe2, 2.2492(13); S2-Fe1, 2.2587(12); C1-01, 1.140(5); C1-Fe1,
1.781(5); C2-02, 1.151(5); C2-Fe1, 1.799(5); C3-03, 1.133(5); C3-Fe1, 1.790(5);
C4-04, 1.143(5); C4-Fe2, 1.808(5); C5-05, 1.134(5); C5-Fe2, 1.802(5); C6-06,
1.147(5); C6-Fe2, 1.797(5); Fe1-S1-Fe2, 66.92(3); Fe2-S2-Fel, 67.26(4); C1-Fel-
Fe2, 157.49(13); C4-Fe2-Fel, 147.19(13); O1-C1-Fel, 174.4(4); 02-C2-Fe1,
177.7(4); 03-C3-Fe2, 176.6(4); 04-C4-Fe2, 177.8(4); 05-C5-Fe2, 178.2(4); O6-
C6-Fe2, 178.4(4).
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Scan rate dependent discrimination of the two electron transfer steps
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Figure 2. Cyclic voltammetry of 1 (1.53 mM), 2 (1.11 mM) and 3 (1.13 mM) at a slow scan rate (left) and a fast scan rate (right) under Ar in CH,Cl,-[NBu,J[PF4]

(vitreous carbon electrode, potentials are in V vs Fc*/Fc).

dependent on the scan rate (Figure 2 and Figure S1, Supporting
Information). At very slow scan rates, the reduction occurs
according to a partially reversible process whose current is
more than twice that of a diffusion-controlled, reversible one-
electron transfer. This is shown by the comparison of the
current function for the reduction of 1 to that of [Fe,(CO),(x*
LL)(u~(SCH,),CH,)] (Figure 3A)."¥ Upon increasing the scan rate
(v>5V s7"), the current function of the first reduction peak
decreases and tends towards that corresponding to a one-
electron process. Under these conditions, the two successive
one-electron reductions of 1 are distinctly observed (Figure 2
right and Figure S1). There is apparently a substantial potential
compression since E;,"* is only about 20 mV more negative
than E,,®" at low scan rates (see Table 1) but a discriminated
potential inversion may not be excluded. Whatever it is, the
disproportionation equilibrium constant (Kp;,) would be inex-
istent or low (for information, a value of 2.4 107 has been
determined in MeCN-[NBu,][PF,] 0.2 M®). The reduction of 1 is
more chemically reversible at very slow scan rates (v<0.2Vs™)
in  CH,CL—NBu,J[PF;] than in MeCN—NBu,[PFJ*® or
MeCN—[NBu,][BF,].7>*® Nevertheless, the fact that the peak
current ratio, (ipa/ip‘)'e", is less than unity (0.74 for v=0.05Vs™;

Chem. Eur. J. 2023, 29, e202300569 (3 of 12)

Table 1. Reduction potentials of 1-3 in CH,Cl,-[NBu,][PF].
Complex Scanrate  E,*"[Vvs  AE, ™"  E,*?[Vvs  AE,"™*
Vsl Fc*/F] [mV] Fc*/Fc] [mV]
1 0.1 —-1.73 162 —-1.75 470
1 -1.76 194 -1.79 515
10 -1.79 370 —1.84 950
2 0.1 —1.63 100 - -
1 —1.63 240 - -
10 —1.63 500 - -
3 0.1 —1.61 133 - -
1 —1.61 211 - -
10 —1.61 426 - -

0.88 for v=0.2Vs ™) and the presence of small oxidation
peaks detected at —0.78 V and —0.37 V on the reverse scan
(Figure 2 (left) and S1) suggest that the reduced species may
not be indefinitely stable in the dichloromethane electrolytic
solution.

The cyclic voltammetry of 2 in CH,Cl,-[NBu,]J[PF;] shows that
this complex undergoes one reduction (Figure2) and two
oxidation steps (see Figure S2). Remarkably, the first oxidation
at E,,=0.75V presents the characteristics of a partially
reversible one-electron process at moderate to fast scan rates

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 3. A) Scan rate dependence of the current functions for the first reduction of 1 (1.53 mM, black square) and for the reversible, one-electron oxidation of
[Fe,(CO),(ic*-LL)(1-(SCH,),CH,)1 (1.11 mM, red dot) in CH,Cl,-[NBu,][PF]. B) Scan rate dependence of the current functions for the reduction of 2 (2.08 mM,
black square), and for the reversible, one-electron oxidation of [Fe,(CO),(k*LL)(u~(SCH,),CH,)1 (1.11 mM, red dot) in CH,Cl,-[NBu,][PF4]. C) Scan rate
dependence of the current functions for the reduction of 3 (1.13 mM) under Ar (black square) or CO (red dot) and for the reversible, one-electron oxidation of

[Fe,(CO),(1*-LL)(u~(SCH,),CH,)1 (1.11 mM, green triangle) in CH,Cl,-[NBu,][PFl.

(v>2V s, Figure S2, red trace, and Figure S3). The ratio of the
reduction peak current to the oxidation one (ip*ed/ip"x) measured
at v>2Vs™' suggests that two electrons are involved in the
single reduction step at E;,=—1.63V (Figure 2 and Table 1).
The decrease of the ratio with lower scan rates arises from the
fact that the oxidation of 2 is a multi-electron process at slow
scan rates (Figure S3). The comparison of the current function
for the reduction of 2 and for the reversible one-electron
oxidation of [Fe,(CO),(k*LL)(u~(SCH,),CH,)] confirms that the
former involves two electrons for v>2Vs™'. Notably, at the
slowest scan rates, the current measured for the reduction of 2
is more than twice that corresponding to the one-electron
oxidation of [Fe,(CO),(k*-LL)(u-(SCH,),CH,)] (Figure 3B). Earlier
CV simulations, showing that the ratio (R) of the current of a
single reversible two-electron step to the current of a reversible
one-electron transfer could be much larger than two, depend-
ing on the extent of the potential inversion (R~ 2.7 for E°,—E°, =
0.15 V) have been reported.” However, the substantial increase
of the current function for the reduction of 2 at slow scan rates
may also suggest that an additional, unidentified electron
transfer occurs under these conditions.

The cyclic voltammetry of 3 in CH,Cl,—[NBu,][PF¢] (Figure 2)
shows that this complex undergoes a quasi-reversible reduction
and an irreversible oxidation (not shown). The comparison of
the peak currents as well as the current functions (Figure 3C) of

Chem. Eur. J. 2023, 29, e202300569 (4 of 12)

the reduction of 3 with those of the oxidation of the reference
compound [Fe,(CO),(1*-LL)(u-(SCH,),CH,)] at different scan rates
indicates that the former transitions from a two-electron (slow
scan rates) to a one-electron process (fast scan rates), which is
consistent with an ECE-type mechanism.

Under CO

The presence of CO does not appreciably affect the reduction
forward peak current (i, ) of 1 in CH,Cl,—[NBu,][PF4] (Figure 4)
but, on the other hand, the backward peak current is smaller
under CO than under Ar which indicates that the dianion reacts
with CO to generate a species reversibly oxidised at E,,=
—0.66 V (Figure 4). This result is different to that observed in
MeCNP*’? and in DMF®® where the presence of CO improves
the chemical reversibility of the reduction of 1, suggesting a
reversible loss of CO during this process. As for 1, the reduction
peak current of 2 and 3 under CO in CH,Cl,-[NBu,][PF¢] is only
marginally affected whereas the backward peak is slightly
diminished, showing that the dianion reacts with carbon
monoxide (Figure S4). On the reverse scan, a reversible
oxidation is present at a potential very similar to that observed
in the case of complex 1 (at £,,=-0.64V for 3, E,,=—0.66 V in
the case of 1 and 2). These observations suggest a similar

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 4. Cyclic voltammetry of 1 (1.53 mM) at 0.2 V s™' (left) and 2 V s™' (right) under Ar (black trace) and under CO (red trace) in CH,Cl,-[NBu,][PF¢] (vitreous

carbon electrode, potentials are in V vs Fc* /Fc).

behaviour of 2 and 3 towards CO in reduction®” and that the
nature of the substituents of the bridge-head C atom affects
the kinetics of this process.

Rationalization of the electrochemical processes by DFT
calculations

The examination by DFT of the thermodynamic speciation of
complexes 1-3 in their neutral, anionic and di-anionic forms
was performed in order to highlight the effect of the replace-
ment of the bridgehead CH,—CEt,—CBn, in the dithiolate
bridge on the stability of the reduced species and thus on the
reductive behaviours of compounds 1-3. For the complex 1
(Figure 5), the study supports previous theoretical investigations
suggesting that the first reduction takes place with a geometry
retention, followed by a significant structural rearrangement
involving a Fe—S breaking and the bridging of one carbonyl
group upon the second reduction.”**® The most stable mono-
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anion 1a~ exhibits a lengthening of the distance Fe—Fe, 2.859 A
compared to 2.531 A in 1, and the geometry remains identical
to that of the neutral complex. It is worth noting that the free
energy gap between rotated and unrotated isomers (1b~ vs
1a7) is halved (4.2 kcal/mol) compared to that calculated for
the neutral complex (9.6 kcal/mol). While isomers with a broken
Fe—S bond are strongly disfavoured at the mono-anionic level
(AG= 4 15.4 kcal/mol), the most stable doubly-reduced species
features a broken Fe—S bond and a p-CO ligand. Two di-anionic
isomers (1a®> and 1b*") are very close in energy (2.3 kcal/mol),
differing only by the conformation of the remaining FeS,C; ring.
The di-anionic isomer with broken Fe—Fe and preserved Fe—S
bonds, 1¢*7, is 8.5 kcal/mol less stable than the ground state.
Three conformers were characterised for the neutral form of
complexes 2 and 3 (Figures6 and S5 respectively). The
introduction of two R substituents (R=Et or Bn) on the bridge
head carbon atom generates the possibility to observe two,
nearly energetically equivalent, isomers (AG=1.3 kcal/mol and
0.7 kcal/mol for 2 and 3, respectively) differing by syn/anti
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Figure 5. Thermodynamic speciation of 1, 1~ and 1%, Highly unstable isomers (i.e., AG > 10 kcal/mol) are not displayed in this case (see text).
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Figure 6. Most relevant isomers resulting from the thermodynamic speciation of 2, 2~ and 2>~ (see figure S5 for 3, 37, 3%).

orientations of the R groups. The most stable isomers for 2~
and 3~ both feature Fe—Fe bond elongation (2a™ and 3a"), like
17. It is noteworthy that unrotated conformers with a broken
Fe—S bond are reciprocally found (2b~, 2.8 kcal/mol less stable
than 2a™ and 3b~, 1.9 kcal/mol less stable than 3a™) very close
in energy. They feature a stabilising remote interaction between
a H atom of a CH, group of ethyl/benzyl substituents and the
apical FeCO bond. As for 1, the free energy gaps between
rotated (2c” and 3c¢”) and unrotated (2a~ and 3a”) isomers in
mono-anionic species are significantly decreased compared to
those calculated in the neutral forms (10.8 kcal/mol in 2 vs
3.7 kcal/mol in 27 and 10.5 kcal/mol in 3 vs 3.0 kcal/mol in 37).
This follows the expected trend for the stabilisation of rotated
isomers when increasing the steric hindrance of the dithiolate
bridge.” As observed previously for 1, the second reduction
leads to isomers with one broken Fe—S bond and a CO group in
bridging position (2a-b*>", 3a-b®"). Various isomers of these
dianions with different FeS,CH,CR, conformations are within a
relatively small energy gap (~2 kcal/mol).

Optimised geometries of the relevant neutral, mono-anionic
and di-anionic species of 1, possibly involved in the 2e-
reduction pathways, are presented in Figure 7. The calculated
redox potentials associated with the first and the second
electron transfer involving the most stable 1, 1- and 1%~
isomers, are predicted to be normally ordered and relatively
close (0.07 V). The major structural change takes place during
the second electron transfer which results in a kinetic constant
kg smaller than that of the first electron transfer k). These
results are consistent with the experimentally observed poten-
tial compression leading to a two-electron wave at slow scan
rates separated into two single-electron waves at higher scan
rates. Finally, it should be noted that the redox potentials
become inverted when the formation of 1b™ as an intermediate
species is considered. The non-prohibitive instability of 1b~
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Figure 7. Optimised structures of the most relevant neutral, anionic, and di-
anionic species (selected bond distances, in A, are reported in green (1),
orange (17), and purple (1*7). Redox potentials vs Fc*/Fc are also reported
(black values), together with AG (in blue) among species with the same
charge.

(which can be formed via 1a —1b~ isomerisation with an
activation barrier of 5.2 kcal/mol), alongside the precision limit
of the employed (or any) DFT scheme in predicting AG values,
could therefore support the idea that some experimental
circumstances may trigger the inversion of potentials. Com-
plexes 2 and 3 behave differently than 1. The CV of 2 shows, for
all the scan rates, a two-electron process arising from a
potential inversion without any possibility of discrimination. In
the case of 3, a two-electron transfer is also observed but the
current function at high scan rates tends towards one electron.
Optimised geometries of the most relevant neutral (2-3), mono-
anionic (27, 37) and di-anionic (2*7, 3%") species involved in the
2e-reduction pathways are considered in Figure 8. For 27, the
stretching of the Fe—Fe bond appears sufficient to lead to a
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Figure 8. DFT optimised structures of the most relevant neutral (green), anionic (orange), and di-anionic (purple) species for complexes 2 (A) and 3 (B)
(selected bond distances in A; redox potentials vs Fc*/Fc (black values) and AG (in blue) among species with the same charge.
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potential inversion. The thermodynamically (AG=2.8 kcal/mol)
and kinetically (AG™=3.3 kcal/mol) accessible isomerisation of
2a into 2b7, involving a broken Fe—S bond, as well as that
leading to 2¢™ (inverted isomer) have also to be considered as
supporting the inversion process. The experimental value of 2.7
found for the ratio between the current of the single step,
reversible two-electron transfer, to the current of a reversible
one-electron transfer determined at the lowest scan rates,
strongly supports the assumption that there is a noticeable
potential inversion.” Such an observation has been already
made during the reduction of the azadithiolate complexes
[Fe,(CO)s(u-(SCH,),X)I(X=NR, R=CH,CH,0CH,, i-Pr).>¥ Finally,
whatever the reduced isomers considered, a potential inversion
is predicted. The structures of the most stable neutral, mono-
reduced and doubly-reduced forms of 3 are very similar to
those of 2. The calculated redox potentials associated to the
first (3—3a”) and the second (3a~—3a”>") electron transfers
involving the most stable 3, 37 and 3* isomers are normal
ordered and very close (Figure 8-B), which is inconsistent with
experimental observations. However, the isomer 3b~, very close
in energy (1.9 kcal/mol) to 3a, could be quickly formed with
an activation barrier of 3 kcal/mol. Its involvement in the
reductive process better rationalises the observed inversion of
the redox potentials. Furthermore, when considering the
transient formation of 3b™ after the first reduction at —1.62V
(3—3a"), the second reduction potential (3b™—3a?") is —1.59 V
and the half sum for the two electrons reduction, —1.605 V, fits
to the experimental potential of —1.61 V. A pathway involving
the energetically close isomer 3¢~ (with inverted geometry) is
also consistent with an inversion of potential.

3 behaves very similarly to the complexes [Fe,(CO)4(u-bdt)]
(bdt=S5,CH,) (4)°°" and [Fe,(CO)s(u-edt)] (edt=S(CH,),S)"
with a current function decreasing from a two-electron transfer
to a one-electron value without wave-splitting. This behaviour
suggests that either structural rearrangements or the dismuta-
tion are quenched at high scan rates.

In the case of other complexes, such as [Fe,(CO)4(u-
(SCH,),S)1 or [Fe,(CO)s(u-SCH,),(Et)P=0)], involved in a two-
electron-reduction process at the same potential, the wave-
splitting has not been observed and the rate constant of the
second electron transfer, ks, is larger than ki, **'°” while the
two rate constants are close in the case of [Fe,(CO)s(u-bdt)].5="
The structural modification of this latter complex upon electron
transfer has been the subject of questioning.”>'®" For the sake
of comparison, the reductive behaviours of [Fe,(CO)¢(u-bdt)]
were re-considered by DFT (see in Supporting Information and
Figure S6). The results agree with a recent study which shows
that an energetically favoured reduction pathway involves the
cleavage of the Fe—S bond after the transfer of the first electron,
in the mono-anionic intermediate without the bridging of a
carbonyl."" The shift of one terminal carbonyl to a bridging
position and an increase of about 0.35 A of the Fe—Fe bond is
observed after the second electron transfer.!'**'%%

More in detail, the formation of a mono-anionic intermedi-
ate featuring a u-CO, previously proposed by Felton et al.”", is
predicted to be kinetically impeded™" and thermodynamically
disfavored, according to both our calculations and results in the
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reference [101]. It is worth noting, however, that in both case
studies (4 1.8 kcal/mol and 0.6 kcal/mol, respectively) thermo-
dynamic gaps are so small that an unquestionable conclusion
on the intimate mechanism of 4 reduction cannot be drawn.

The charge polarisation of a molecule is known to impact its
interaction with the solvent and consequently the potential
inversion.?>2>1%% Attempts to describe the charges repartition in
the complexes 1-4 were performed in order to get additional
information for rationalising the inversion of potentials. The
localization of the charge(s) in the mono-anion and di-anion
species and their solvation may impact the inversion of
potential by decreasing the coulombic repulsion. The calcu-
lation of the atomic partial charges (calculated for molecular
fragments) of neutral, anionic and di-anionic forms of com-
plexes 2, 3 and 4 were performed in order to know their
distribution in such molecules. The atomic partial charge
distribution (according to the NPA partition scheme of the
electron density, see Computational Details) over the molecular
fragments of 2, 3 and 4 (Figure S7) reveals that most of the
negative charge is stored by CO ligands. That is an expected
trend showing the delocalization of the electron density on CO
ligands upon the transfer of one and two electrons through -
backbonding from the metallic centres. The concerted decrease
and increase of the atomic charges on the iron and sulfur
atoms, respectively, upon cleavage of one Fe—S bond (4a™ vs
4b7) is also consistent. The electron withdrawing properties of
the group in the dithiolate bridge emphasise this trend, which
also accords with the increase of the electron atomic charge in
di-anionic species on benzyl and benzenedithiolate group,
through their respective inductive or mesomeric effects. In fact,
in the case of this study, dichloromethane is the sole solvent
used and the separation of charges is expected to be limited
considering the structure of these diiron complexes on the
contrary of extended polymers."® Another observation emerg-
ing from the atomic partial charge analysis is a more extended
delocalization of the electron over 3a™ than 2a-, thanks to the
benzyl based dithiolate scaffold. Indeed, a non-negligible
fraction of electron density (ca 0.14 electrons, see Figure S7) is
redistributed (upon reduction of the neutral forms) over the Bn
based linker of 3a~ but not in the Et based one of 2a~
(Figure 8). This is as a factor that stabilises 3a~ over 2a~, which
is consistent with an easier-to-observe inversion of potentials in
2vs 3.

The nature of the species generated by the reaction of CO
with the di-anion has been also investigated by DFT as well as
the reaction pathways for CO binding at the di-anionic level
(Figure 9). Reasonable dinuclear structures, arising from the
formation of a di-anionic entity like the one mentioned in the
literature for 1> ***¥ were considered. The CO binding is
energetically favoured for all the three species considered
herein, with comparable values of the free energy of associa-
tion. Among the geometries found for the CO-adducts of each
system, two “types” of structures are energetically preferred:
[X—COaJ*", in which one sulfur atom is detached from both iron
centres (see AGXa values, Figure 9), and [X—COb]*", in which
both sulfur atoms are linked to the same Fe centre (see AGXb
values, Figure 9). The former is energetically preferred to the
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Figure 9. Structural hypotheses for the product arising from the reduction of
12~ under CO in CH,Cl,-[NBu,][PF¢] and pathways for CO binding to 1a*",
2a’" and 3a*" (free energies are in kcal/mol). AG1, AG2, and AG3 are
referred to reaction steps involving species 1, 2 and 3, respectively.

latter by ~4-5 kcal/mol (see AGXb—a values, Figure 9). Two
mechanisms for [X—COa]*~ formation can be envisioned: a
concerted process, in which the CO binding is concomitant
with the unbinding of a sulfur atom (thus following AGXa or
AGXb), and a two-steps process, in which the sulfur atom
dissociation from the metal precedes the CO binding (following
AGXint+ AGXint—a). A high activation barrier (26 kcal/mol) for
the concerted process involving 1a®~ suggests that a two-step
mechanism is more likely to occur. In such a process, an
intermediate structure should form ([X-int]*"), whose nature
alters the overall kinetics of the CO binding. Interestingly, in [2-
int]>~ and [3-int]*", an agostic interaction between one —CH,
group of the dithiolate and the iron atom stabilizes the
intermediate in the order [3-int]*” > [2-int]*” >[1-int]*", a trend
that correlates with the steric hindrance of the dithiolate. We
infer that the presence of such interaction may slow down CO
association.

Conclusion

As mentioned before, a two-electron transfer can be performed
through a step-by-step (normal-ordering of potential) or a
simultaneous transfer (potential inversion) depending on both
the nature of the complexes and the medium. The simultaneous
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transfer prevails when the stability of the di-anion is great and
that of the anion is conversely low. The electrochemical results
reported in this work may derive from the different pathways
presented in scheme 1. In this scheme, S and F>~ stand for
geometries of the complexes 1-3 in their stable neutral
(starting geometry) and di-anionic (final geometry) forms. The
mono-anionic species S™ and F~ have the same geometries as S
(with a slightly elongated Fe—Fe bond) and F*~ (a broken Fe-S
bond and an inverted conformation), respectively. I~ arises from
the isomerisation of S™. On the basis of DFT results, I” may have
different geometries among which the most stable feature
either a cleaved Fe—S bond or an inverted conformation. The
conditions of the S7/I" equilibrium (vertical step in Scheme 1)
may be more or less perturbed by a modification of the
experimental conditions (solvent, ionic strength) and particu-
larly the time scale of the experiment (scan rate). Whatever the
geometry of I, its reduction into F>~ again implicates an
isomerisation during the electron transfer. Therefore, a diagonal
in Scheme 1 corresponds to a step where the isomerisation
(structural change) and the electron transfer are concomitant.
Moreover, one has to keep in mind that only the two most
stable geometries of the mono-anion calculated by DFT have
been considered in the discussion.

In the case of 1, the pathway S—S —F* is followed. The
two-electron wave obtained at slow scan rates can be split in
two one-electron steps at higher scan rates suggesting that the
standard heterogeneous electron transfer rate k, is smaller
than k). This accords with a major structural change coupled
with the second electron transfer. For 2, DFT calculations
revealed that the pathway S—S™—F*~ supports an inversion of
potentials but the fact that the current function does not tend
towards that corresponding to one-electron at high scan rates
suggests that the two electron transfers have similar kinetics
rates constants, k,;~Ky;, and that they are strongly coupled to
the structural change that cannot be limited at fast scan rate,

Eq"™%, ks(1)

AN

s_

N W
&8

E112"™%, ks(2)

horizontal = electron transfer
<~ diagonal = structural change coupled electron transfer
vertical = structural change

Scheme 1. The different pathways for the mechanism of two electron
reduction of 1-3.
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which suggests that the pathway S—I1"—F*" is followed. The
pathway S—S™—F?~ cannot be retained for 3 even if DFT
predicts that it is favoured with the most stable species because
this pathway is not consistent with the inversion of potentials,
experimentally observed. Unlike 2, the pathway S—S™—I"—F*~
can be considered with an isomerisation process (S —I") that
would be limited at high scan rates. The difference in the scan-
rate dependence of the current functions observed for 2 and 3
suggests that, in the experimental conditions, in the case of 2,
the structural change is distributed over the two electron
transfers (EE process) whereas for 3 the overall process is better
described as a ECE mechanism with an isomerisation step S™—
I, more separated from the electron transfer. Finally, the
different situations reported in this study are due to the timing
of the structural changes vs redox steps. The introduction of a
bulky group in the bridgehead of the dithiolate linker has
obviously an effect on normally ordered (as in 1) or inverted (as
in 2 and 3) reduction potentials in the same experimental
conditions. Despite the fact that Et—Bn replacement is not
predicted to significantly alter the overall geometry and energy
of the most stable mono-reduced and bi-reduced forms, such a
replacement alters the kinetics of the electron transfer vs the
structural changes. Finally, the results herein illustrate that
despite the fact that curves corresponding to a transfer of two
electrons may appear very similar at first glance, intimate
processes that rationalise these behaviours may be different.
Moreover, it is worth noting that the di-iron systems, inspired
by the H-cluster, which undergo a potential inversion are able
to accumulate two electrons through an energetically more
favourable pathway than a normally-ordered electron transfer.
This process in itself is reminiscent of the biological principle of
electronic bifurcation."®'% Another benefit of these systems
undergoing inversion potential is that they may perform redox
transformations of substrates with a lower energetical cost
while keeping a favourable driving force. Understanding which
molecular determinants govern the flexibility of the redox
potentials of (multi)metallic coordination compounds is ex-
pected to reflect on how to target biomimicry with properly
tailored potential inversion. This may be strategic for the future
development of bioinspired transition metal-based electron
bifurcating devices,'®""? the question to know whether two-
electron reduced di-iron systems may behave as such cofactors
being open. Our contribution herein shows that the dithiolate
bulk of diiron complexes can exert a subtle kinetic role in the
modulation of the normal ordering vs inversion of redox
potentials.

Experimental Section

Materials and methods: All the syntheses of complexes 1-3 were
carried out under an inert atmosphere, using Schlenk techniques.
Solvents were deoxygenated and dried according to standard
procedures.

2,2-dialkylpropane-1,3-dithiol,""¥ complexes [Fe,(CO)¢(u-pdt™)],"®
were prepared according to reported procedure. 'H NMR data of 3
were recorded at room temperature in CDCl; on a Bruker AMX 400
spectrometer of the ‘Service général des plateformes, Université de
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Brest” and referenced to SiMe,. The infrared spectra were recorded
on a Perkin-Elmer spectrometer. Chemical analyses were made by
the “Service de Microanalyse I.CS.N.", Gif sur Yvette (France).
Electrochemical measurements were conducted using a PG-STAT
128 N Autolab or a p-Autolab (type Ill) electrochemical analyser
driven by the GPES software. All the electrochemical studies were
carried out in a conventional three-electrode cell under an inert
atmosphere (argon) or CO atmosphere. The preparation and the
purification of the supporting electrolyte [NBu,[PF,] were as
described previously."™ The working electrode was a vitreous
carbon disk of 0.3 cm in diameter, polished with alumina prior to
use. A platinum wire was used as counter electrode. The reference
electrode was an Ag|Ag* electrode, however, all the potentials
(text, tables, and figures) are quoted against the (Fc*/Fc) couple;
ferrocene was added as an internal standard at the end of the
experiments.

Crystal data for 3 were collected on an Oxford Diffraction X-Calibur-
2 CCD diffractometer, equipped with a jet cooler device and
graphite-monochromated Mo—Ka radiation (A=0.71073 R). The
structure was solved and refined by standard procedures."™

Deposition Number 2224778 contains the supplementary crystallo-
graphic data for this paper. These data are provided free of charge
by the joint Cambridge Crystallographic Data Centre and Fachinfor-
mationszentrum Karlsruhe Access Structures service.

Computational (DFT) details: Geometry optimizations have been
carried out with the TURBOMOLE 7.4.1 suite of programs.''® The
BP86 functional of the electron density has been used in
conjunction with a triple-C TZVP basis set"'” in light of the
suitability demonstrated by such a computational scheme in
previous investigations regarding analogous complexes based on
Fe/Ni-thiolate scaffolds."" Grimme’s D3 corrections have been
considered to account for dispersive interactions."" We took
advantage of the Resolution-of-Identity (RI) technique to speed up
calculations."™ The solvent effect has been modelled implicitly
according to the COSMO approach, by setting an £=8.93 of
CH,CL.™" Full vibrational analysis was performed on each
optimised geometry to verify its nature as genuine stationary
points, thus confirming that there were no imaginary frequencies
for pure potential energy minima. A Natural Population Analysis
(NPA) as implemented in the NBO program was performed to
quantify atomic charges and spin densities. Free energies were
derived from SCF energy values by estimating the various
contributions (g-rotational, g-translational, g-vibrational) to the
total partition function (Q), and assuming that Q can be evaluated
as a product of such terms. Temperature and pressure were set to
298.15 K and 1 bar, respectively, to evaluate enthalpy and entropy
contributions. The scaling factor for the SCF wavenumbers was set
to 0.9914 (default value in TURBOMOLE). Redox potentials were
obtained by evaluating the in-solvent free energy difference
between reduced and oxidised species. The relation E°=—AG°/nF
(n=number of electrons involved in the redox process; F=Faraday
constant) was used to calculate the absolute redox potential of the
redox couple under investigation and of the reference couple Fc*/
Fc (—4.98 V), calculated at the same level of theory.

Preparation of [Fe,(CO)s{u-(SCH,),CBn,}1 (3): 3 has been already
used as a precursor in a previous work,"* but its preparation and
spectroscopic and structural characterizations were not reported. A
green mixture of Fe;(CO);, (1.50 g, 2.98 mmol) and dithiol (300 mg,
1.04 mmol) was stirred at 80°C in 70 mL of toluene. The reaction
was monitored by IR spectroscopy. After 3 h, the reaction solution
was evaporated. The crude product was chromatographed on silica
gel, with hexane as eluent. The first green band was excess of
[Fe;(CO)y,). The second red band was eluted with a hexane/CH,Cl,
(60/40) mixture and was collected. Yield:0.4 g (66%). Diffraction-
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quality crystals were obtained by slow diffusion of hexane in a
dichloromethane solution of 3 at —20°C. IR (CH,Cl,):v(C0):2073(s),
2033(vs) et 2001(s) cm~". "H NMR (400 MHz, C,D,, 298 K) 8:7.07-6.74
(m, 10H, 2 CH,), 2.36 (s, 4H, 2 CH,Ph), 1.92 (s, 4H, 2 SCH,). Anal.
Calcd for Fe,S,Cy5H,506 (found): C, 48.79 (48.78) ; H, 3.20 (3.12).
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