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Abstract: Two complexes, related to the active site of [FeFe]-hydrogenases, [Fe;(CO)4 (KZ—pma)(y—bdt)]
(1) and [Fez(CO)4(K2—pma)(]4—pdt)] (2) (bdt = benzene-1,2-dithiolate, pdt = propane-1,2-dithiolate)
featuring the diaza chelate ligand trans-N-(2-pyridylmethylene)aniline (pma) were prepared, in order
to study the influence of such a redox ligand, potentially non-innocent, on their redox behaviours.
Both complexes were synthesized by photolysis in moderate yields, and they were characterized by IR,
1H and '3C{'H} NMR spectroscopies, elemental analyses and X-ray diffraction. Their electrochemical
study by cyclic voltammetry, in the presence and in the absence of protons, revealed different
behaviours depending on the aliphatic or aromatic nature of the dithiolate bridge. Density functional
theory (DFT) calculations showed the role of the pma ligand as an electron reservoir, allowing the
rationalization of the proton reduction process of complex 1.

Keywords: iron; dinuclear; diaza chelate; imino-pyridine; cyclic voltammetry; potential inversion;
non-innocent ligand; redox ligand; DFT calculations; hydrogenases

1. Introduction

In the active site of hydrogenases, called the H-cluster (Scheme 1a), the role of electron
shuttle towards the di-iron [Fe252] centre with an azapropanedithiolate bridge would
be played by a cubane-like cluster [Fe454], covalently linked by a cysteine to the di-iron
sub-site [Fe2S2] [1-9]. The high activity of the H-cluster for the electrocatalytic H* /H,
conversion indeed relies on a fine electronic balance of charges. To our knowledge, only
one di-iron complex with a cubane [Fe454] has been reported [10], which shows the dif-
ficulty of synthesizing a model of the H-cluster in its integrity. Achieving a simple and
efficient model featuring a surrogate of the [Fe454] sub-site remains a challenge. In this
context, various redox ligands were combined with bio-inspired di-iron systems, in the
hope that they could act as redox electron-reservoirs with non-innocent properties [11-14]
as [Fe454], allowing a catalytic activity. Among these ligands, are included in particular
chelating nitrogen donor ligands, such as 2,2’-bipyridine (bipy), 1,10-phenanthroline (phen),
2,2'-bipyrimidine (bpym), 2-(phenylazo)pyridine (pap) (Scheme 1b) [15-22]. In parallel,
diphosphines such as bma (bma = 2,3-bis(diphenylphosphino)maleic anhydride), dppen
(1,2-bis(diphenylphosphino)ethene), bpcd (4,5-bis(diphenylphosphino)-4-cyclopenten-1,3-
dione), were combined with di-iron systems, but it was shown that they act as innocent
bystanders when they are associated with di-iron {Fe;(CO)4(y-dithiolate)} core [23-25]. Dif-
ferently from other complexes with the general formula [Fep(CO)4(x2-chelate)( p-dithiolate)],
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which either undergo ETC process (diphosphine) or a two-electron reduction centred on
the di-iron core (bis-carbene) [26,27], the complexes [Fez(CO)4(K2—bipy)(;4—xdt)] (xdt = pdt
(propane-1,2-dithiolate) or bdt (benzene-1,2-dithiolate)) [15,16] would reduce according to
a two-electron process, with a potential inversion [28], involving the 2,2"-bipyridine ligand.
The second electron would be centred on the bipy framework, unlike the first one, which
would be located on the di-iron core. An electrocatalytic mechanism similar to that of the
complex [Fep(CO)g(u-xdt)] was proposed.
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Scheme 1. H-cluster (a) and various di-iron complexes with chelating N-donor ligands (b).

Unlike its bipy analogue and the complex [Fez(CO)4(K2—bpym)(y—bdt)], the compound
[Feo(CO)4(k%-bpym)(u-pdt)] affords two separate reductions with a AEp of 520 mV [15].
The first single-electron reduction is centred on the bpym ligand while the second reduction
involves two electron transfers. One of these transfers arises at the metal atom, and the
other one is centred on the ligand (bpym!~ /bpym?~). Bpym is a better m-acceptor than
bipy, which stabilizes the reduced metal centre due to the delocalization of the electronic
density into the lower vacant 7* orbital. Unfortunately, this modification does not benefit
the efficiency of the electrocatalytic activity towards proton reduction, due to an ill-suited
site of protonation. To date, the sole reported example of a di-iron species involving a
non-metallic non-innocent redox ligand with an electrocatalytic activity towards proton
reduction processes is the complex [Fey(CO)s(x!-phosphole)(u-bdt)] [13]. The control
exerted by the 1,10-phenanthroline ligand on the electronic properties of the di-iron core
has been highlighted through electrochemical studies and DFT calculations, in the case
of the complexes [Fez(CO)4(K2—phen)(y—xdt)] (xdt = pdt, adt’™") and [Fez(CO)4(K2—phen)(y—
edt)] (edt = ethane-1,2-dithiolate), for which a two-electron reduction with a potential
inversion is observed, as it is for their analogue [Fe, (CO)4(K2—bipy)(y—edt)] [17,18]. DFT
calculations show that the first electron is picked up by the N-chelate into a 7* orbital. The
second electron transfer into a 0*(Fe—Fe) orbital gives rise to an open-shell triplet dianion.
For complexes [Fe2(CO)4(K2—phen)(y—pdt)] and [Fe2(CO)4(Kz-phen)(y—adtipr)], the 1,10-
phenanthroline ligand is also implicated during the two-electron reduction and ensures
electronic communication with the di-iron site [18]. In this case, the formation of two
isomers with either a cleavage of a Fe-S bond or the retention of the [Fe2S2] core is proposed.
This suggests that different mechanisms for proton reduction may be induced in such di-
iron systems using redox ligands. The non-innocent properties of 2-(phenylazo)pyridine
(structurally similar to the 2,2"-bipyridine) have also been reported. They are due to highly
delocalized metal-ligand hybrid molecular orbitals [22]. DFT calculations have shown that
the HOMO (Highest Occupied Molecular Orbital) of [Fez(CO)4(K2—pap)(y—bdt)], and that of
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its pdt analogue, are developed on the iron atoms carrying the redox ligand. The LUMO
(Lowest Unoccupied Molecular Orbital) is a mixed metal-ligand orbital localized on the
chelating ligand. The existence of a facile communication between the di-iron core and the
diazo ligand was thus suggested. The protonation at the di-iron site should be favoured,
while an overly negative reduction potential is avoided, thus affording the possibility to
have a catalyst operating with low overpotential.

Herein is reported the study of di-iron complexes featuring a trans-N-(2-pyridylmethyl
ene)aniline (pma) chelate, whose behaviour as an electron host has been highlighted [29-32].
The electrons may be delocalized on the entire pma ligand, modifying its geometry (via
bond lengthening or shortening) (Scheme 2). The use of such pyridinyl-imine ligands
affords interesting perspectives for controlling redox processes through both steric and
electronic influences [29-32].

Scheme 2. Representation of the pma ligand and the possibility of m-electron delocalization.

DFT calculations have been carried out with the aim to clarify the non-innocent role of
the pma ligand and establish whether and how modifications of the dithiolate bridge may
impact the nature of the reduced species. Moreover, the proton reduction process, in the
case of the complex [Fep(CO)4(k?-pma)(y-bdt)] (Complex 1), was investigated.

2. Results and Discussion
2.1. Synthesis and Characterization

The complexes [Fez(CO)4(Kz—pma)(y—bdt)] (1)and [Fez(CO)4(Kz—pma)(y—pdt)] (2) (Scheme 3)
were prepared by the UV photolysis of their hexacarbonyl precursors, [Fe;(CO)g(p-bdt)]
and [Fey(CO)g(u-pdt)], in the presence of trans-N-(2-pyridylmethylene)aniline (pma)
(Appendix A). 1 and 2 were characterized by IR, NMR (*H, 13C) spectroscopies, ele-
mental analysis and X-ray diffraction. The IR spectra of 1 and 2 display, in the carbonyl
region, the typical pattern of unsymmetrically disubstituted species [Fe;(CO)4(x-chelate)(p-
pdt)], consisting of three strong bands (Figure S1). The expected shift of the v(CO) bands
towards lower wavenumbers, compared to their hexacarbonyl parent complexes, is ob-
served (Table S3). The average value of the v(CO) bands is 1955 cm ™! for 2, which cor-
responds to a red shift of 12 cm~! compared to 1, due to the replacement of the bdt
bridge by a pdt one. Their comparison with those of compounds with 2,2"-bipyridine or
1,10-phenanthroline shows that these diaza ligands are better o-donors than trans-N-(2-
pyridylmethylene)aniline. 1 and 2 were also characterized by 'H and *C{'H} NMR in
CD,Cl,. Their 'H NMR spectra (Figures S2a and S3a) display the expected resonances
for a (pyridylmethylene)aniline framework [29-31] linked to a metal centre, as well as
the signals of the alkyl or aromatic chain of the dithiolate bridge. The coordination of the
unsymmetrical chelating ligand pma causes the absence of chemical equivalency of the
protons in the dithiolate bridge, which is also evidenced in the 'H NMR spectrum of 2.
This dissymmetry is also revealed in the BC-{1H} NMR spectrum of 2 in the {S(CH>)3S}
region (Figure 53b). 1 and 2 display the same typical pattern in the carbonyl region with
a resonance at ca 216 ppm, which is assigned to the terminal carbonyl of the {Fe(CO)N,}
fragment, and another singlet at ca 212 ppm for the three CO groups of the {Fe(CO)3} moiety
(Figures S2b and S3b). The signals of pma [29-31] and bdt groups are detected between 160
and 120 ppm.
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Scheme 3. Complexes 1 and 2.

The UV-visible spectrum of 1 in CH,Cl, was also recorded (Figure S4a). It mainly
shows two bands of absorption at ca 300 nm and 648 nm. This latter band, which is respon-
sible for the dark green colour of 1, is observed neither in the spectrum of [Fe;(CO)g(p-bdt)]
nor in that of the free ligand. The time-dependent DFT (TD-DFT) spectrum of 1 was cal-
culated (M06-2X functional, see Section 3) (Figure S4b) [33]. It predicts the existence of an
absorption band at 620 nm, which agrees with the observed transition (648 nm) for 1. This
absorption is attributed to a metal-to-ligand charge transfer mainly from the HOMO to the
LUMO, which are metal- and ligand-based, respectively (Figure 1). Such an interaction
is likely due to the strong m-acceptor ability of the ligand, which can compensate for its
o-donor character and that could explain an efficient delocalization of electrons between
the di-iron core and pma. A key feature to establish this kind of communication is the direct
connection between the di-iron core and the ligand through the two nitrogen atoms, which
are included into a hetero-cycle where the electron density is highly delocalized. That is not
observed with redox diphosphines, in which the sp> hybridized phosphorus atoms do not
favour electron delocalization between the di-iron core and the rest of the diphosphine lig-
and. The observation of such a transition for 1 suggests an electron delocalization between
the di-iron core and the pma ligand, which is crucial for having non-innocent behaviours.

[

Figure 1. HOMO (left) and LUMO (right) of 1 (isosurface cutoff 0.05 a.u.).

Complexes 1 and 2 were crystallized from the slow evaporation of solutions of hex-
ane/dichloromethane (1:1) at —30 °C, and their structures in solid states were determined
by X-ray diffraction analyses (Figure 2, Tables 1, S1, S2 and S4). The two iron atoms in 1
and 2 have a distorted square pyramidal local geometry, with the pma ligand in a dibasal
position at the Fe(1). The two compounds display a common eclipsed geometry, when
considering the projection of the basal and apical bonds around each iron atom along the
iron—iron axis. The replacement of the dithiolate bridge leads to some slight differences in
the bond lengths observed in 1 and 2, with those of the propanedithiolate complex being
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slightly longer (Table 1). For example, the iron—iron distance in 2 is longer than that in
1 by 0.0305 A. They are in the range of distances expected for single Fe(I)-Fe(I) bonds in
such complexes. The Fe(1)-N distances are very close, despite their different chemical
natures (i.e., pyridine vs. imine). The distance between the nitrogen atom of the pyridine
and the Fe(1) is longer in 2 by 0.032 A. The lengthening of some bonds reflects different
electron donation behaviours of the aliphatic and aromatic dithiolate bridges and their own
geometrical constraints. The N(1)-Fe(1)-N(2) bite angles are very close in the two complexes
(80.47° in 2 and 81.4° in 1). They are in the same range than those observed for other diaza
ligands [15-22,34]. The C-N distance of the imine function is typical of that expected for a
double C=N bond without important r-electron delocalization over the pma ligand, which
is nevertheless revealed by the distance C(11)-C(12) [Cpyr-Cimine] of ca 1.42-1.44 A. Other
bond angles for the pma ligand in 1 and 2 can be found in Table S4. The Fe(1)-C(1)-(O1)
angle deviates more from the linearity in 2 (172.9 °) than in 1 (176.8°), which is related to
the nature of the organic linker of the dithiolate bridge. Finally, the overall geometries of 1
and 2 are very similar to those reported for the analogous bdt- and pdt-compounds with a
(phenylazo)pyridine ligand [22].

2 °1G[ : 12 I 121, o
S X,é:1)c1§18 C1\5\ 'l-‘-cn &
c141\- "'4013 s
(a) (b)

Figure 2. ORTEP view (ellipsoids at 30% of probability level) of 1 (a) and 2 (b).

Table 1. Selected bond lengths (A) and angles (°) of 1and 2.

1 2
Fe(1)-Fe(2) 2.505 (2) 2.5355 (5)
Fe(1)-S(1) 2.241 (4) 2.2183 (8)
Fe(2)-S(1) 2.270 (4) 2.2669 (8)
Fe(1)-5(2) 2.254 (3) 2.2179 (7)
Fe(1)-S(2) 2.281 (4) 2.2700 (8)

Fe(1)-N (Ph)) 1.962 (11) 1.962 (2)
Fe(1)-N (pyr) 1.942 (11) 1.974 (2)
C(11)-C(12) 1.44 (2) 1.426 (4)
C(5)-C(6) 1.381 (4)
C-N (C=N imine) 1.277 (18) 1.304 (3)
N-C (ispo-Ph) 1.436 (16) 1.432 (3)
C-N (pyr) 1.365 (18) 1363 (3)
C16-N (pyr) 1.388 (18) 1.356 (3)
C(15)-C(16) 1.378 (4) 1.393 (19)
C(1)-0(1) 1.139 (16 1.159 (3)
C(1)-Fe(1) 1.785 (14 1.757 (3)
C-O (apical-Fe(2)) 1.145 (17 1.144 (3)

C(3)-O(3) (basal-Fe(2)) 1.223 (18 1.154 (3)

)
)
)
C-Fe(2) (apical) 1.813 (15) 1.809 (3)
)
Fe(2)-C(3) 1.717 (16) 1.779 (3)
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Table 1. Cont.

1 2

C-O (basal-Fe(2)) 1.167 (18) 1.149 (3)
Fe(2)C (basal) 1.748 (16) 1.778 3)
Fe(1)-S(1)-Fe(2) 67.46 (11) 64.84 (2)
Fe(1)-S(2)-Fe(2) 67.07 (11) 68.79 (2)
Fe(1)-C(1)-O(1) 176.8 (14) 172.9 3)
Fe(2)-C-O (apical) 177.0 (14) 1765 (2)
Fe(2)-C(3)-O(3) 177.4 (15) 176.9 (3)
Fe(2)-C-O (basal) 178.6 (15) 1783 (3)
N(1)-Fe(1)-N(2) 81.4 (5) 80.47 (9)

2.2. Electrochemical Behaviour of Complexes 1 and 2 in the Absence and in the Presence of Acid

The electrochemical behaviours of 1 and 2 were studied by cyclic voltammetry, using
a glassy carbon electrode in CHyCl,-[NBuy][PF¢] 0.2 M (Figure 3). The replacement of the
bdt bridge by pdt leads to a shift of the potential towards more negative values, consistent
with the red shift observed in the IR spectrum (Table S3), indicating the electronic effect of
the bridge (Table 2). Moreover, the oxidation of 1 is irreversible while that of 2 is partially
reversible. The comparison of the oxidation and reduction current intensities suggests that
the number of electrons involved are the same in reduction and oxidation (one electron
for 2 and two electrons for 1 at 0.2 Vs~1). The reduction of 2 is followed by an irreversible
reduction at —2.38 V, which implies the transfer of two supplementary electrons. This
further electron transfer is absent in the case of 1.

11 A
1

11 A
L
‘

—60 o

under Ar
v=02Vs"

under Ar ~s0
v=02Vs"

-100

EIV EIV

Figure 3. Cyclic voltammograms of (a) 1 (1.45 mM); (b) 2 (1.44 mM) in CH,Cly-[NBuy][PF¢] (0.2 M)
under Arat 0.2 Vs~ 1,

Table 2. Potentials of reduction and oxidation at 0.2 Vs—1.

Compound Epred/v ("E1pp"4"1V) Ep*°X/V
[Fe(CO)4(x?-pma)(u-bdt)] (1) -1.76 (—1.66) —0.04
[Fez(CO)4(Kz-pma)(y-pdt)] (2) —1.95 (—1.89) —0.11

The scan rate dependence of the current function of 1 (Figure 4, Figures S5 and 56 for
2), compared with that of the single-electron oxidation of [Fep(CO)4(x*-Tnge-CHp-Tnge) (-
pdt)] [26], shows that 1 transitions from a two-electron (slow scan rates) to a one-electron
process (fast scan rates), which is consistent with an ECE-type mechanism. Indeed, the
reduction of 1 occurs according to a process similar to that of [Fey(CO)g(p-bdt)]. It is
worth noting that, in the case of [Fez(CO)4(Kz—phen)(y—pdt)], the two-electron reduction
at 0.2 Vs~! splits into two one-electron reduction steps at 40 Vs~! [18]. No splitting was
observed for 1.
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160
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Figure 4. Scan rate dependence of the current function of various complexes [Fez(CO)4(K2-Chelate)(;4—
xdt)] and [Fep(CO)g(p-bdt)], in CHpCly-[NBuy][PF4] (0.2 M) under Ar.

Acetic acid is not strong enough to protonate 1 and 2 (Figure S7). There is no catalysis
at the reduction potential of the neutral complexes, although there is an increase, roughly
double, of the current at this potential in the case of 2 (Figure 5). Nevertheless, the new
peak near —2.1V for 1, whose intensity increases with additions of acid, suggests that the
reduced form is protonated, and that the catalysis arises at the potential of reduction of the
protonated species that is generated.

40

eq CH;CO,H

50

eq CH3CO,H

—50 -

11 A

—120 o

=160 -

—0
—
—_2
—
—6
—38

—0
—1
—2
—4

—10

—10 -150 -|

under Ar
v=02Vs™

T
-1.0

Figure 5. Reduction of 1 (1.26 mM) (a) and 2 (1.44 mM) (b) in the presence of CH3CO,H in CH,Cl,-
[NBuy][PF¢] (0.2 M) under Ar at 0.2 Vs~ 1.

Unlike CH3CO,H, CF3CO,H protonates both 1 and 2. This results in the decrease
of the oxidation peak of the neutral complexes (Figure S8b) and in the appearance of a
peak at —1.7 V for 2 after the addition of one equivalent of CF3CO,H (Figure S8a). A
catalytic current is observed at this potential upon further additions. New peaks appear at
—1.0 Vand —1.3 V when four equivalents of acid are added, suggesting the supplementary
protonation of the species in solution.

In order to rationalize the difference between the behaviour of 1 and 2 and to compare
them with that of the analogue [Fe, (CO)4(1c2—phen)(y-pdt)], their reductive processes were
theoretically investigated. The reduction mechanism of 1 in the presence of protons was
also studied using DFT calculations.
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2.3. Density Functional Theory Investigation of Geometries and Electronic Structures of the
Anionic Species Arising from the Reduction of Complexes 1 and 2

For each anionic species of 1 and 2, a systematic thermodynamic speciation study of
their various possible geometries was carried out. This allowed for the computation of the
redox potentials for the most stable structures.

The isomers speciation of the elusive 1~ (Figure 6a) was performed while considering
the two possible regiochemical alternatives for the Fe-S bond breaking (Figure 6b).

a - b

|
I
I
s S co /@ $3 0 /@ |
—Fe——Fe N 1

oc—Fe——Feuu °°°c/ N\ B I s 0%

od ¢ \N\\ 1 ) \N\ 1g i L\F'e/\)

\_/ 108 7 Q ~ E —N’éo\/N

104 \

Vi |

oc P><¥ /Q ! @_/
e 7 B !

OCOC/ :CO N 1le ‘[ ,,,,,,,,,,,,,,,,,,,,,,,,

N _ |

OC\F‘Sey—\ie N 70 Q | \
oc— 7 1

B oc/ }:o N\ ) | ¢

1c 56 |
|
oc 8, B N 1b- |
oc/Fe—/Fev N s ‘[
oc/ \c \74 oc : A~ 7N [
° N 1a- oc—Fe&—Fe N |
O SN
3> 2.8 oc__ lyS. /co/© !
E oc//Fe Fr ,,,,, N |
S of ] |
= i ; 1.4 !
9 (] i

e

Figure 6. (a) DFT thermodynamic speciation of 1~ isomers. (The anionic nature of all structures
reported is implicit, thus omitted for clarity). (b) The two different regiochemical alternatives for the
Fe-S bond breaking; (c) SOMO of 1a™ (isosurface cutoff 0.05 a.u.).

The geometry of the most stable isomer (1a™) corresponds to that of the neutral
precursor, the only difference being an overall elongation of all bond lengths. The isomers
1b~ and 1c¢™ (Figure 6a), arising from the rotation around the FeFe axis of the {Fe(pma)CO)}
moiety, in which the apical CO adopts a bridging position and the pma ligand lies in a
dibasal disposition, turned out to be only slightly disfavoured compared to the ground
state. The description of the higher-energy isomers, as well as details on the geometrical
and electronic properties of 1a—, are given in Figure S9. In the isomer 1a~, the Fe-Fe bond
is stretched (ca 0.387 A) upon reduction of 1, due to the antibonding ¢* character of the
singly occupied molecular orbital (SOMO) of the anionic product. This latter is described
as the combination of a o*(Fe-Fe) orbital mixed with 7* ligand-based orbitals, leading to an
overall delocalized metal-ligand molecular orbital (Figure 6c). The geometry of the pma
ligand is consequently modified and the double bonds are elongated while the o-bonds are
shortened. These changes suggest that the electron is delocalized on the entire pma ligand
(Figure S9). The Fe-S distances do not change significantly, and the Fe—CO lengths suggest
that the additional electron does not significantly involve this portion of the complex.

The theoretical redox potential for the first electron transfer is —1.68 V, close to the
experimental value of —1.66 V vs. (Fc* /Fc). The single electron density is delocalized over
the pma ligand and partially over the metal core. This is in agreement with the analysis of
1a~ spin density, showing that the unpaired electron is shared between the di-iron core
and pma (Figure S9). Interestingly, the highest value of spin density is found on nitrogen
and iron atoms. In detail, the chelated Fe atom bears more spin density than the other,
probably due to the coordination of the diaza chelate (Figure S9). It is also noticeable
that the iminic nitrogen is more populated than the pyridinic one. Finally, this electronic
delocalization suggests a non-innocent redox character of the pma ligand (as expected from
the interpretation of the UV-visible spectrum).



Inorganics 2023, 11, 463

90f18

AG (kcal/mol)

1f2-
S S co
et )
e——Fe- .,
OC// N

Unlike 1a~, the ground state for the dianion 1a2~ does correspond to the structure of
the neutral species (Figures 7 and S10). The most stable isomers (1a2~, 1b2~, 1c2 ™) features
a broken Fe-S bond that involves the {Fe(CO)3} unit. Isomers without a broken Fe-S bond
(1f27), or in which its breaking involves the {Fe(CO)pma} unit (1d>~, 1e?~, and 1g?~), are
higher in energy by 4-6 kcal/mol, with respect to 1a?~. The rearrangement observed in
1a?~ is consistent with the existence of a chemical event during the two-electron process, as
suggested by the electrochemical study at slow scan rates. The computed redox potential for
the second electron transfer is —1.20 V vs. (Fc* /Fc) which indicates that this reduction has
a potential lower than the first one, as reported for its precursor [Fe,(CO)q(u-bdt)] [35-37]
and other di-iron complexes [28,38—-40].
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Figure 7. (a) DFT thermodynamic speciation of 12~ isomers. (The anionic nature of all structure re-
ported is implicit, thus omitted for clarity). (b) Optimized structure of 1a*>~, with relevant geometrical
parameters (in A).

The total distribution of the charge in 1a%~ is —1.7 on the di-iron core and —0.3 on the
pma ligand. The difference between these values and those determined for the mono-anion
1a~ suggests that the charge at the di-iron core is enriched, and that of the pma depleted,
which supports the non-innocent behaviour of the pma ligand.

The more stable mono-reduced isomers 2a~ and 2b~ (Figures 8 and S11) have similar
structures, differing only through an Fe-Fe bond stretching in the isomeric ground state
(2a7), which suggests an (FeFe) antibonding character of the SOMO. This latter, like that
of 17, is a delocalized hybrid metal-ligand molecular orbital, mixing o*(Fe-Fe) and *
pma ligand orbital contributions. As expected, slight variations of pma distances are also
indicative of a delocalization of the electron over the ligand. The spin density analysis
(Figure S11c) is consistent with the SOMO orbital character, with a preferential distribution
on the pma ligand over the di-iron core. A slight increase in the percentage of electronic
density on the di-iron core, compared to 17, may be related to the different electronic
properties of the bdt and pdt bridges. The redox potential calculated for the first electron
transfer is —1.86 V vs. (Fc*/Fc), in agreement with the experimental one of —1.89 V vs.
(Fc* /Fc).



Inorganics 2023, 11, 463

10 0of 18

] 2a% ‘ 2a3-
%ﬂtz
\3\?:-'_ : ' Fe1 1

Fel-Fe2:3.023
Fe-S(avg): 2.318
C-Fe2:3.142 37

Fel-Fe2:2.939
Fe-S1(avg): 2.240
Fel-S2:3.876
C-Fe2: 3.000

Figure 8. Optimized structure of the most stable reduced isomers of 2. Selected distances (in A) and
frontier molecular orbitals (isosurface cutoff 0.05 a.u.) are also shown.

In the most stable bi-reduced form, 2a%~, one CO adopts a semi-bridging position, and
the FeFe interaction is weakened (Figures 8 and S12). The Fe-S bond cleavage predicted for
12~ is not favoured in the case of the pdt dianion. Upon the addition of a second electron,
a stretch of the Fe-S bond (ca 0.102 A) is observed at the less substituted metal centre.
The geometry of the species is only slightly modified, consistent with the electrochemical
observations that show the absence of a chemical process between the first and the second
reduction. There is a slight shortening of the Fe-N bonds (ca 0.05 A), which might be related
to a strengthened coordination of the pma ligand. The theoretical value of the second
electron transfer is —2.33 V, close to the experimental value (—2.36 V). The main difference
between 12~ and 22~ is the absence of any significant structural rearrangement in the case
of the latter. The HOMO of 22~ (Figure 8) has a slightly prevalent pma ligand character,
which shows, however, that the electronic density is roughly distributed over the entire
structure. Accordingly, the charge in 22~ is equally shared between the di-iron core (—1.02)
and the pma ligand (—0.98). This shows that the second electron is mainly transferred onto
the di-iron core, allowing a global re-balancing of the electronic charge.

The electrochemical study of 2 suggests that the second reduction occurs, according to
an ECE mechanism. For this reason, the relative stability of different isomers of 23~ was
investigated. The most stable isomer (2a3~) features a Fe-S cleavage, which could be the
chemical rearrangement associated with the reduction at —2.36 V. The computed redox
potential for the transfer of a third electron is —1.94 V vs (Fc* /Fc), which is in accordance
with the proposed electrochemical process. The SOMO of 23~ is a delocalized hybrid metal-
ligand molecular orbital with o*(Fe-Fe) and 7* pma ligand-based orbital contributions,
with this latter being predominant (Figure 8). The spin density analysis (Figure S13) shows,
as expected, that 73% of the electronic density dwells on the pma ligand and 27% on the
di-iron core.

2.4. Density Functional Theory Investigation of the Mechanism of Proton Reduction for Complex 1

The rare combination of a redox ligand (pma) and an electron-withdrawing dithio-
late bridge (bdt) in 1 prompted us to explore the process underlying the electrochemical
reduction of this complex in the presence of acetic acid. The behaviour of its hexacarbonyl
analogue [Fe;(CO)g(p-bdt)] towards HER process (HER = Hydrogen Evolution Reaction) is
well known [35-37,41], thus allowing straight comparisons and rationalization.
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It is worth noting that the monoanion was demonstrated not to be protonated with
acetic acid [42]. Three proton binding sites were highlighted; the proton can be attached to
the di-iron core in a bridging position, to one iron atom in a terminal position or to a sulfur
atom [43]. N-protonation occurs in the case of the complex [Fe;(CO)g(u-S2CaNp)] [44].
A thermodynamic speciation of the various protonated species was performed, in order
to determine the most stable intermediates involved in the electrocatalytic cycle. The
postulated mechanism (Figure 9) consists of an initial two-electron reduction of the complex,
generating the dianionic active species. The following step is the protonation of this latter
species, yielding a bridging hydride intermediate whose reduction allows the protonation
of the dianion formed and finally triggers the formation and release of H,.
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Figure 9. Calculated catalytic HER mechanism proposed for 1 in CH,Cl, (free energy values are in
kcal/mol).

The possible protonation sites of the isomer 1a?~ were considered (Figure S14). N-
protonation (pyridine and imine of the pma ligand), as well as S-protonation, are highly
unfavourable. On the opposite hand, the bridging hydride form [1nH] ™ is the most stable
protonated isomer (Figure 10). The hydride ligand is asymmetrically bridged due to the
difference of substitution of the two metal centres. The first protonation is exergonic
(AG = —12.3 kcal /mol), with an energy barrier of 8.9 kcal/mol. The related transition state
(TS1, Figure 10) corresponds to a proton transfer from the acetic acid generating a terminal
hydride at the chelated iron moiety, which then evolves into a bridging form. In the case
of the hexacarbonyl dianion [Fez(CO)6(y—bdt)]2_, the value of the free energy (AG) of
protonation and that of the activation barrier (AGHF) are —7.0 kcal/mol and 17.2 kcal/mol,
respectively. The comparison of these two parameters with those of 1* suggests that the
latter is more easily protonated, as expected.
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Figure 10. DFT-optimized structure of the protonated intermediates of 1 and transition states involved
in the calculated HER mechanism (see also Figure 9). Selected distances in A.

A further protonation of [IuH]™ is not observed with CH3CO,H, suggesting that
this species is not sufficiently basic to react with such a weak acid. The observation of a
catalytic reduction of protons at —2.10 V indicates that a further addition of an electron is
required to trigger the formation of H,. The DFT reduction potential for the third electron
transfer is —2.11 V, in agreement with the experimental one. The major structural change
upon this reduction ([1uH]?~, Figure 10) is the planarization of the pma ligand. This
rearrangement suggests that the third electron is mostly hosted on the diazo ligand. The
spin density analysis shows that the electron density is mainly on the pma ligand (84%),
with the remaining 16% being on the di-iron core (Figure S15).

As for 12—, the N-protonation and S-protonation of [1uH]?>~ do not lead to thermo-
dynamically stable isomers (Figure S16). The most stable protonated form is the 7%-H,
species [1H2]~. A CO group, initially in the bridging position in [1uH]>—, moves to a
basal position at the less substituted Fe atom upon this protonation step. As expected, the
H-H bond is longer than in free Hy. An asymmetric distribution of the electron density is
evidenced, with a prevailing contribution over the ligand atoms (Figure S15). The transition
state of the second protonation step (TS2, Figure 10) and [1H]™ display similar geometries.
The free energy of this step is —8.0 kcal/mol, evidencing an exergonic process, and its
activation barrier is + 9.7 kcal /mol (Figure 9). The geometry of the transition state, corre-
sponding to the release of Hy (TS3, Figure 10), presents elongated Fe-H distances (~0.2 A),
compared to those of the o-Hj species [1H,]~, while the H-H bond is shorter (0.109 A).
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The H; detachment is exergonic (AG = —18.8 kcal/mol) and fast (AG} = 5.5 kcal /mol), as
shown in Figure 9.

3. Materials and Methods

All the experiments were carried out under an inert atmosphere, using Schlenk tech-
niques for the syntheses. Solvents were deoxygenated and dried, according to standard
procedures. The iron precursor [Fe;(CO)q(u-pdt)] [45,46] and [Fep(CO)g(u-bdt)] [47] were
prepared according to procedures set out previously in the literature. All other reagents
were commercially available and used as purchased. NMR spectra (\H and 3C) were
recorded with a Bruker (Billerica, MA, USA) DRX500 spectrometer of the “Service général
des plateformes, Université de Bretagne Occidentale, Brest” and were referenced to SiMey
(*H). The infrared spectra were recorded on a Perkin Elmer (Waltham, MA, USA) Spectrum
2 spectrometer. Chemical analyses were made by the “Service de Microanalyse I.C.5.N.”,
Gif sur Yvette, France. Electrochemical measurements were conducted using a PG-STAT
128 N Autolab or a p-autolab (type III) electrochemical analyzer, driven by GPES 4.9 soft-
ware. All the electrochemical studies were carried out in a conventional three-electrode
cell under an inert atmosphere (argon). The preparation and the purification of the sup-
porting electrolyte [BusN][PF4] were conducted as described previously [48]. 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 the counter electrode. The reference electrode was
an Ag | Ag* electrode. 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 complexes 1 and 2 were collected with an Oxford Diffraction X-Calibur-2
CCD diffractometer, equipped with a jet cooler device and graphite-monochromated Mo-K
radiation (A = 0.71073 A). The structure was solved and refined by standard procedures [49].
The deposition numbers CCDC 22800462 and 22800460 contain the supplementary crys-
tallographic data for 1 and 2, respectively. These data can be obtained free of charge from
the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif
(accessed on 15 June 2023).

DFT Modelling

Calculations were performed using the TURBOMOLE 7.4.1 suite of programs [50].
A triple-C TZVP basis (for all atoms) and the pure functional BP86 were used [51-53].
This particular basis-set/functional combination has been widely validated in the context
of Fe/Ni thiolate bioinorganic and biomimetic systems, and also in relation to hydro-
genases [54-57]. The Resolution of Identity (RI) technique allowed us to speed up the
geometry optimizations [58].

Grimme’s corrections with Becke—Johnson damping (D3BJ) were added to account
for dispersive interactions [59,60]. COnductor-like Screening MOdel (COSMO) was used
to implicitly treat the solvent, by setting a e, = 8.93 of CH,Cl, [61,62]. The nature of each
stationary point was verified by means of full vibrational analysis. Atomic charges and
spin densities were calculated by performing a natural population analysis (NPA), as
implemented in the natural bond orbital (NBO) procedure. The total partition function (Q)
was evaluated as a product of g-rotational, g-translational and g-vibrational contributions
and was used to derive free energies from SCF energy values, by setting temperature and
pressure to 298.15 K and 1 bar, respectively (the scaling factor for the SCF wavenumbers was
set to 0.9914, as the default value in TURBOMOLE for the adopted theoretical scheme). The
UV spectrum of 1 was calculated with time-dependent DFT (TD-DFT), using the M06-2X
functional [33]. The performance of other functionals was also tested, showing negligible
variations with respect to M06-2X results. In-solvent free energies were used to calculate the
absolute redox potentials of the complexes under investigation, according to the relation
E° = —AG® /nF (n = number of electrons involved in the redox process; F = Faraday
constant), which were then scaled by a reference value (—5.08 V for the Fc*/Fc couple,
calculated at the same level of theory).
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4. Conclusions

The role of the imino-pyridine ligand (pma) as an electron reservoir in the dinuclear
complexes 1 and 2 has been highlighted. The redox character of the pma ligand allows
to understand why the electrochemical behaviour of the complex [Fe,(CO)4(x2-pma)(u-
pdt)] (2) is different than that of its hexacarbonyl analogue. While the latter undergoes a
chemically reversible two-electron reduction at moderately negative potentials (ca. —1.2 V),
for which the two electron transfers can be discriminated depending on the solvent and the
scan rate, the former has a single-electron reversible reduction at —1.95 V, followed by a
two-electron irreversible one at —2.38 V at slow scan rates.

The delocalization of the electronic charge on the pma ligand would prevent the
triggering of the process involving two electrons and leading to the breakdown of the Fe-S
bond. This process only occurs when a very negative potential is applied. It is worth noting
that the redox behaviour of the pma complexes also depends strongly on the nature of the
dithiolate bridge.

When the pdt bridge is replaced by an electron-withdrawing bridge like bdt, the
presence of the pma redox ligand does not modify the redox behaviour of 1, compared to
its hexacarbonyl precursor, despite the ability of pma to retrieve a part of the electronic
density upon reduction. The complex 1 is reduced at a more negative potential, due to the
replacement of two CO groups by the diazo chelate, according to a two-electron mechanism
(potential inversion). It is worth noting that, while the electronic density of the first transfer
is mostly localized on the diaza chelate, after the second electron transfer it is located on
the di-iron core.

It has been demonstrated that the phenanthroline ligand also has a non-innocent
character in the complex [Fez(CO)4(Kz—phen)(y—pdt)] that is different from that of the pma
in 2, allowing the concomitant presence of isomers with or without a broken Fe-S bond.

Finally, the pma ligand can interplay into the redox behaviour of complexes 1 and 2, but
the mechanism for the reductive proton process with 1 is very similar to that of its precursor
[Fex(CO)g(u-bdt)], with the need for a third electron transfer to allow the electrocatalytic
reduction to occur. Extension to other pyridinyl-imines, by varying substituents at the
aryl group or by replacing the phenyl, are now under examination, as well as useful and
accessible oxazolyl pyridine/quinolone ligands.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inorganics11120463/s1. Table S1: crystal data and structure
refinement for complex 1; Table S2: crystal data and structure refinement for complex 2; Table S3: CO
vibrational stretching frequencies for complexes 1, 2 and analogous di-iron complexes in CH,Cly;
Table S4: selected angles (°) of the ligand pma in 1,2; Figure S1: IR (CH,Cl,) spectra of 1 (a) and 2
(b) in carbonyl region; Figure S2: TH NMR (a) and 13C{'H} (b) NMR spectra of 1in CD,Cl, at 298 K;
Figure S3: 1TH NMR (a) and 13C{*H} (b) NMR spectra of 2 in CD,Cl; at 298 K; Figure S4: experimental
UV-visible spectrum of 1 in CH,Cl; (a); theoretical UV-visible spectrum of 1 (b); Figure S5: scan
rate dependence of the reduction peak of 1 in CH,Cl,-[NBuy][PF¢] (0.2 M) under Ar; Figure Sé:
scan rate dependence of the reduction peak of 2 in CH,Cl,-[NBuy][PF¢] (0.2 M) under Ar; Figure S7:
oxidation of 1 (1.26 mM) (a) and 2 (1.44 mM) (b) in the presence of CH3CO,H in CH,Cl,-[NBuy][PF¢]
(0.2 M) under Ar at 0.2 Vs—1; Figure S8: CV, reduction (a) and oxidation (b), of 1 (1.39 mM) and
2 (1.46 mM) in the presence of CF3CO,H in CH,Cly-[NBuy][PFg] (0.2 M) under Ar at 0.2 vs—L;
Figure S9: (a) optimized structure of 1a~, with details on selected geometrical parameters and their
comparison with 1. (b) Spin density plot of 1a~ with related single contribution values to the total
spin density for selected atoms. (c) Calculated IR vCO bands of 1a—; Figure S10: (a) HOMO of 1a?—
(isosurface cutoff 0.05 a.u.), showing a mixed metal-ligand character. (b) Calculated IR vCO bands of
1a?~; Figure S11: (a) thermodynamic speciation of 2~. (The anionic nature of all structure reported is
implicit, thus omitted for clarity). (b) Theoretical IR spectrum in the vCO region (in CH,Cl,) of 2a™.
(c) Spin density plot in 2a~; Figure S12: (a) thermodynamic speciation of 22~ (The anionic nature of
all structure reported is implicit, thus omitted for clarity). (b) Theoretical IR spectrum in the vCO
region (in CH,Cl,) of 2a®~; Figure S13: (a) thermodynamic speciation of 23 ~. (The anionic nature of
all structure reported is implicit, thus omitted for clarity). (b) Theoretical IR spectrum in the vCO
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region (in CH,Cl,) of 2a3~. (c) Spin density plot of 23~; Figure S14: thermodynamic speciation of
1H™. (The anionic nature of all structure reported is implicit, thus omitted for clarity); Figure S15:
spin density plot of 1H?~ (a) and 1H, ™ (b); Figure S16: thermodynamic speciation of 1H, ~. (The
anionic nature of all structure reported is implicit, thus omitted for clarity).
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Appendix A

Synthesis of [Fes(CO) 4(x*>-pma)(u-bdt)] (Complex 1)

A solution of [Fey(CO)g(p-bdt)] (500 mg, 1.19 mmol) and two equiv. of trans-N-(2-
pyridylmethylene) aniline (434 mg, 2.38 mmol) in toluene (20 mL) was prepared. The
resulting red solution was irradiated for 6 hrs at 365 nm (150 W) with a photochemical
reactor (mercury lamp). Then, the solvent was removed under reduced pressure. The
greenish black residue was purified by chromatography on alumina column. The complex
1 was eluted with a mixture of toluene/dichloromethane (8:2). After evaporation of
the solvents, 1 was isolated as a dark green powder (273 mg, 0.5 mmol, 42.0% yield).
Crystallization from slow evaporation at —30 °C (hexane/dichloromethane 1:1) afforded
dark green crystals.

IR (CH,Cly, cm™1): v(CO) 2022 (vs), 1956(s), 1924(s).

'H NMR (CD,Cly, §, ppm) (ill-resolved spectrum): & 8.48 (br, 1H), 8.43 (br, 1H), 7.90 (br,
1H), 7.68 (br, 1H), 7.50 (br, 2H), 7.41, 7.37 (br, 3H), 7.13 (br, 2H), 6.92 (br, 1H), 6.54 (br, 2H):
pma + bdt

13C-{H} NMR (CD,Cl,, 8, ppm): & 216.3 (CO), 211.6(3xCO), [157.2, 156.3, 152.5, 151.8, 151.2,
132.5,128.4,127.7,127.6,126.5, 125.1, 124.1, 121.6] (pma + bdt)

Elemental Analysis for CooHi4FepN»O4S,: 48.33% C, 2.56% H, 5.13% N

Found 47.44% C, 2.50% H, 5.05% N

Synthesis of [Fes(CO) (x?>-pma)(u-pdt)] (Complex 2)

To a Schlenk (Roth, Germany) flask, the complex [Fe;(CO)g(y-pdt)] (500 mg, 1.30 mmol)
and 2 equiv. of trans-N-(2-Pyridylmethylene) aniline (474 mg, 2.60 mmol) were added. The
Schlenk flask was then purged with argon and 20 mL of degassed anhydrous toluene was
added. This red solution was irradiated for 6 hrs at 365 nm (150 W) with a photochemical
reactor (mercury lamp). The solvent was then evaporated to dryness. The resulting green-
ish black residue was purified by column chromatography on alumina. Complex 2 was
eluted with a mixture of toluene/dichloromethane (8:2). Then, it was isolated as a dark
green powder (366 mg, 0.72 mmol, 55.0% yield) after evaporation of the solvents to dryness.
Crystallization from slow evaporation at —30 °C (hexane/dichloromethane 1:1) gave small
dark green crystals.

IR (CH,Clp, cm™1): v(CO) 2014 (vs), 1946(s), 1904(s).
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'H NMR (CD,Cly, §, ppm): & [8.77 (d, ] = 5 Hz, 1H), 8.56 (s, 1H), 7.84 (d, ] = 10 Hz, 1H),
7.65 (m, 1H), 7.41 (m, 4H), 7.35 (m, 1H), 7.17 (m, 1H)] (pma); [2.20 (m, 1H), 2.02 (m, 1H),
1.91 (m, 1H), 1.74 (m, 1H), 1.50 (m, obscured, 1H) 1.12 ((m, 1H)] (pdt).

1BC-{'H} NMR (CD,Cly, 5, ppm): & 215. 8 (CO), 212.7 (3xCO), [157.6, 156.6, 152.9, 150.8,
132.5,128.8, 128.6, 127.6, 124.7, 121.1] (pma); [30.4, 24.7, 24.3] (pdt)

Elemental Analysis calculated for C19H;4FepNyO4S;: 44.52% C, 3.12% H, 5.47% N

Found 45.46% C, 3.14% H, 5.26% N
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