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A Sterically Stabilized Fe'-Fe' Semi-Rotated Conformation of
[FeFe] Hydrogenase Subsite Model

Roman Goy,” Luca Bertini,*“ Catherine Elleouet,” Helmar Gorls,” Giuseppe Zampella,” Jean

Talarmin,’ Luca De Gioia,** Philippe Schollhammer,** Ulf-Peter Apfel,*” Wolfgang Weigand***

Abstract

The [FeFe] hydrogenase is a highly sophisticated enzyme for the synthesis of hydrogen via a biological route. The rotated
state of the H-cluster in the [Fe'Fe'] form was found to be an indispensible criteria for an effective catalysis. Mimicking the
specific rotated geometry of the [FeFe] hydrogenase active site is highly challenging as no protein stabilization is present in
model compounds. In order to simulate the sterical demanding environment of the nature’s active site, the sterically crowded
meso-bis(benzylthio)diphenylsilane (2) was utilized as dithiolate linker in an [2Fe2S] model complex. The reaction of the
obtained hexacarbonyl complex 3 with 1,2-bis(dimethylphosphino)ethane (dmpe) results three different products depending
on the amount of dmpe used in this reaction: [{Fey(CO)s{u-(SCHPh),SiPh,}},(u-dmpe)] (4), [Fe2(CO)5(K2-dmpe){p-
(SCHPh),SiPh, }] (5) and [Fey(CO)s(u-dmpe) {p-(SCHPh),SiPh, }] (6). Interestingly, the molecular structure of compound 5§
shows a [FeFe] subsite comprising a semi-rotated conformation, which was fully characterized as well as the other isomers 4
and 6 by elemental analysis, IR and NMR spectroscopy, X-ray diffraction analysis (XRD) and DFT calculations. The herein
reported model complex is the first example so far reported for [Fe'Fe'] hydrogenase model complex showing a semi-rotated

geometry without the need of stabilization via agostic interactions (Fe"H-C).
Introduction

[FeFe] hydrogenases are the most efficient proton reducing catalysts and enable the generation of dihydrogen in nature.'”
Numerous structural as well as functional studies on [2Fe2S] as well as their homologous [2Fe2E] (E = Se, Te) complexes as
[FeFe]-H,ase mimics were performed for a better understanding of its active site.*'® As independently reported by Peters as
well as Fontecilla-Camps et al., the active site of this enzyme contains a [2Fe]y subsite covalently linked by a cysteine bridge
to a [4FedS] ferredoxin cluster (Figure 1).'°' The diiron center is best described as rotated state that possesses a square
pyramid geometry at one iron atom (Fey, Figure 1) and is inverted with respect to the geometry of the other moiety (Fe,,
Figure 1).* This causes a free coordination site at the apical site of the distal iron moiety (Fey), where protons and molecular
hydrogen are proposed to bind during the catalytic process of production and uptake of H,. Mimicking of this specific
geometry in synthetic [FeFe]-H,ase models is highly challenging and only specific states of the H,-formation mechanism are
accessible.”>? Mechanistic details of the natural process were intensively investigated by Lubitz er al. with EPR
spectroscopy and helped synthetic chemists in targeting specific intermediates.?>*"~° Especially, the rotated state was found
to be an indispensible criteria for active compounds and for the formation of stabilized terminal hydrides. Notably, although
Happe, Lubitz and Fontecave et al. showed the successful incorporation of artificial aminodithiolato derived model
complexes into the protein environment with full activity towards H, generation, these complexes do show a different
chemistry under electrocatalytic conditions.’**' Although spectroscopic data pointing towards formation of rotated states in
oxidized and reduced model compounds was reported,'*** Darensbourg ez al. were the first to provide structural evidence for
a mixed-valent [Fe'Fe'] complex with a rotated geometry."* Model complexes comprising a [Fe'Fe'] moiety with such a
rotated geometry are rare. Only very recently, the first examples of [Fe'Fe']-Hyase mimics featuring a fully rotated

conformation, [Fe2(CO)4(1<2—dmpe){p—(SCHQ)ZN—Bn}]23 (Bn = Benzyl) and [FeQ(CO)A‘(KZ—dppV){p—(SCHZ)QCEtQ}]24 were
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reported simultaneously. Remarkably, both complexes reveal similar structural features that were reported to be crucial for
the stabilization of this particular structure, i.e. an asymmetrical disubstituted diiron center, a bulky dithiolate bridge and an

intramolecular remote agostic interaction.

acant
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e

Fig. 1: Active site of [FeFe]-Hydrogenase with the vacant site located at the distal iron (Fey).

Inspired by these new findings and in continuation of our research on silicon containing [FeFe] hydrogenase model
complexes, we investigated the reactivity of 1,2-bis(dimethylphosphino)ethane (dmpe) with diiron derivatives featuring
sterically demanding silicon bridges.*> Silicon species thereby have numerous advantages as the starting materials, R,SiCl,
are commercially available in great variety and can be easily modified at the central silicon position. Herein, we report the
synthesis and the molecular structure of a [Fe'Fe'] model complex having a strongly distorted conformation. In contrast to
[Fe,(CO),(1>-dmpe) {u-(SCH,),N-Bn}1* and [Fey(CO),(*-dppv){u-(SCH,),CEt,}1**, no intramolecular remote agostic
interaction is observed and required. The identification of this species with its structural features along with DFT

computations corroborates the the:or)/23‘24‘36

that in contrast to earlier reports the simultaneous presence of the three proposed
structural factors (asymmetrical coordination at the two Fe atoms, bulky size of the dithiolate bridgehead, weak remote
agostic interaction FeH-C) to obtain partially or semi-rotated structures of diiron(I) dithiolates'* is not mandatory. However,
each of the three factors is crucial for observing a full-rotated geometry at a single Fe atom, as that present in the [FeFe]

hydrogenase cofactor.

Results and Discussion

In order to enforce an inverted geometry and to avoid “flipping” of the S-to-S linker in [2Fe2S]-clusters, the sterically
crowded dithiol meso-bis(benzylthio)diphenylsilane was synthesized according to scheme 1 in a modified procedure
described by Zubieta er al..’” Dichlorodiphenylsilane was reacted with benzylmercaptan in the presence of n-butyllithium,
whereas compound 1 was generated. In situ treatment of 1 with ferz.-butyllithium induces a double Wittig-rearrangement
affording 2 as a mixture of the d-, /- and meso-forms. Crystallization from hexane exclusively yields the meso-form as the
major product in 61 % yield. Since compound 2 is not described in literature, its absolute configuration was established by
single crystal X-ray analyses, as depicted in Figure S1. Reaction of [Fe3(CO),,] and meso-bis(benzylthio)diphenylsilane 2 in
refluxing toluene afforded the corresponding [Fe,(CO)¢{u-(SCHPh),SiPh,}] (3) within one hour in 64% yield (Scheme 1).
Complex 3 was characterized by 'H, *C{'H}, HSQC, 'H,'"H-COSY NMR spectroscopy, as well as by elemental analysis and
mass spectrometry. Crystals suitable for single crystal X-ray analysis were obtained by cooling an acetonitrile solution of 3 to
-20°C. Complex 3 exhibits a typical [2Fe2S] core with a “butterfly arrangement”, whereas the geometry around each iron
atoms can be best described as a distorted square pyramidal supplemented by a Fe-Fe single bond (Figure S2). As reported
for analogous complexes with a silane- as well as tin-functionalized dithiolate bridge the bond angles S-C-Si deviate strongly

from the ideal angle of 109.45° (see values in Figure $2).32735:38
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Scheme 1: Synthesis of meso-bis(benzylthio)diphenylsilane via double Wittig-rearrangement and complexation to afford 3.

Since it has recently been shown that the introduction of a bulky S-to-S linker together with a asymmetrical substitution with

» 224 complex 3 was reacted with 1,2-bis(dimethylphosphino)ethane

a bidentate phosphine could favor a “rotated state”,
(dmpe) (Scheme 2). This reaction was performed in refluxing THF for 20 minutes and afforded three different products,
[{Fex(CO)s {u-(SCHP),SiPh, } }»(u-dmpe)]  (4), [Fex(CO)s(k’-dmpe) {u-(SCHPh),SiPhy}]  (5),  [Fex(CO)s(u-dmpe){p-
(SCHPh),SiPh,}] (6). The yields of each compound strongly depend on the reaction conditions (see scheme 2 and
experimental part). If one equivalent dmpe based on complex 3 is used in this reaction, compound 4 is observed as the main
product in 17 % yield, whereas 6 can be obtained in 3 % yield and the chelated isomer 5 just in traces, viewed as light purple
band at the silica column chromatography of the crude product. Switching to two equivalents of dmpe based on complex 3
changes the yields dramatically. Isomer 6 is now observed as the main product with 35 % and complex 5 with 7 % yield.
Compound 4 can just be obtained in traces, to be observed as a light red band at the column. Elongation of the reaction time
decreases the yield of complex 5 to nearly 0 %. All compounds were characterized by elemental analysis, IR, NMR
spectroscopy and X-ray diffraction analysis (XRD). Red crystals of 4 and 6 suitable for XRD analysis were obtained by
evaporation of a hexane solution at 20 °C (Figures 2 and 3 right, respectively). Purple crystals of 5 were obtained by slow

diffusion of n-pentane into a solution of 5 in toluene at 8 °C (Figure 3 left).
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Scheme 2: Synthesis of dmpe-substituted complexes 4, 5 and 6 in refluxing THF.
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Fig. 2: Molecular structure of compound 4, which is reduced to one of two independent dimer molecules in the unit cell with
an inversion center localized at the C32A-C32B-bond. Hydrogens are omitted for clarity. Selected bond lengths [A] and
angles [°]: FelB-Fe2B 2.5526(12), Fe2B-P1B 2.2377(15), P1B-C32B 1.837(6), C32B-C32A 1.531(12), FelB-Fe2B-P1B
109.61(6), P1B-C32B-C32A 114.6(5).

Fig. 3: Molecular structures of chelated isomer 5 (left) and bridged isomer 6 (right). Selected bond lengths [A] and angles [°]:
5: Fel-Fe2 2.5450(15), Fel-C27 1.789(9), Fe2-C27 2.379(9), Fel-H20A 3.176. 6: Fel-Fe2 2.5238(7), Fel-P1 2.2101(11),
Fe2-P2 2.2174(11), Fel-P1-C20A 118.9(2), Fe2-P2-C21A 117.7(3).

Two crystallographically independent molecules of compound 4 are found in the triclinic unit cell. The molecular structure of
4 reveals that this species features two {Fe,(CO)s{u-(SCHPh),SiPh,}, moieties bridged by a dmpe ligand with an inversion
center localized at the C32A-C32B-bond. Molecular structures of analogous compounds have been already reported.’®** It

is, however, worth noting that in the case of 4 the phosphorus atoms of the diphosphine are bound in basal position while in

4
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other reported molecular structures an apical binding mode is observed.**“® Complexes 5 and 6 are two structural isomers
that differ by the coordination mode of the bidentate ligand dmpe. The structure of 6 is very similar to those reported for
analogous complexes.*****! As it is shown in Figure 3, the structure reveals an eclipsed structure in the solid state unlike
compound 5 and the dmpe is bridged in a dibasal position. The sterically bulky meso-bis(benzylthio)diphenylsilane induce a
slight distortion around the two iron atoms evidenced by a significant difference between the two angles C19-Fe2-Fel
(145.52°) and C16-Fel-Fe2 (157.15). The IR spectrum of 6 (Fig. 4) shows a typical set of four carbonyl bands at 1987 (s),
1950 (vs), 1917 (s) and 1899 cm™ (m), which are similar to those in other reported complexes with such symmetry.**™’ The
*'P{'H} NMR spectrum reveals two singlets at 38.70 ppm and 32.58 ppm for the bridging dmpe ligand caused by the
asymmetry of the complex. The '"H NMR spectrum displays the expected signal group for a symmetrically bridged dmpe
ligand.

Compound 5 features a semi-rotated coordination environment with a strongly distorted square pyramidal edge-shared
{FeS,(CO);} group with respect to the {FeS,(CO)P,} moiety. This coordination mode is locked and stabilized by a CO
ligand in semi-bridging position. A close inspection of the molecular structure of 5 reveals that its conformation cannot be
considered as fully rotated and should be better described as a trigonal bipyramid centered at Fe. An Addison t parameter
(the difference between S2-Fel-C29 and S1-Fel-C28 divided by 60) of 0.49 indicates that the structure of 5 is best described
as an intermediate of a square-pyramidal and a trigonal bipyramidal geometry around.*® In contrast to the diiron complexes
[Fez(CO)4(K2—dmpe){p—(SCHz)zNBn}] and [Fez(CO)4(K2—dppv){ pu-(SCH,),CEt, }], in which an Fe-H agostic interaction
(2.750 A)® was evidenced as a major structural feature for stabilizing a rotated structure,?* compound 5 lacks such an agostic
interaction. In complex 5 is observed a FeH interatomic distance of 3.184 A between the semi-rotated iron atom Fel and the
closest hydrogen atom H20A, that belongs to a phenyl ring bound to silicon (Figure 3). However, this interatomic distance is
too long to be considered as a Fe'H agostic interaction and even as an Fe~H electrostatic interaction.* The IR spectra of
compound 5 are shown in Figure 4. In the IR spectrum recorded in the solid state a band at 1801 cm™ indicates a bridging CO
ligand constrained by crystal packing, while an unrotated conformation of 5 prevails in CH,Cl, solution due to
conformational freedom (CH,Cl, was chosen due to the moderate solubility in more or less polar solvents), as only a weak
bridging CO ligand stretch can be recognized at 1801 cm™'. A typical set of carbonyl bands at 2007 (s), 1937 (s), 1903 (s) and
1801 cm™ (m) is observed in solution, which are similar to those already reported for [Fez(CO)4(K2-dmpe){pl-
(SCHZ)ZNBn}].23 The *'P{'H} NMR spectrum reveal just one singlet at 63.13 ppm for the dmpe ligand, which indicates a
dibasal coordination. The '"H NMR spectrum displays the expected signal group for such a dmpe ligand substitution; a °C
NMR spectrum could not be recorded due to poorly resolution.

In order to rationalize experimental results, DFT calculations were performed and focused on the relative stability of 5,01
Seemirot and 6 (hereafter the subscript rot, semirot and unrot indicate the rotated, semirotated and non rotated isomers,
respectively). The geometry optimizations at BP86/TZVP gas-phase level were carried out using molecular structures as
starting point and converged Sgemirot t0 the fully rotated form 5o Syo¢ is 1.1 kcal/mol higher in energy as compared to 6,
which is also reflected in the yields of the reaction with dmpe (7 % for 5 and 35 % for 6) affording the S0t iSomer as a
transition state 3.4 kcal/mol higher in energy. Upon optimization, the structure of 6 does not change significantly (Fe-Fe
distance from 2.523 A (XRD) to 2.563 A (DFT); C-Fe-Fe-C dihedral angle from 23.8° (XRD) to 10.4° degree (DFT)). The
optimized structure of 5., is much more interesting (Figure 5) as it features a fully rotated state (dihedral angle from 87.1° to
106.3° degree; shorter Fe-uC distance from 2.385 A to 2.201 A) with a more symmetrical shape. The Fe'H interatomic
distance of the hypothetical agostic interaction decreases to 2.903 A (-0.281 A compared to the molecular structure). These
two structural features might suggest either that the interaction among the molecules in the crystal prevents the complete
rotation of the Fe(CO); group in Sgpiro OF, in the light of experimental observations in solution (loss of rotated form) even
the opposite effect, namely that removal of packing forces causes the rearrangement from S¢emirot tO Sunror- Moreover, the
rotation allows a small rearrangement of the Si bidentate ligand and therefore the approaching of the iron and hydrogen

atoms.
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Fig. 4: FTIR spectra of the carbonyl stretching region for compounds 3, 4, 5 in CH,Cl, and solid state and 6.

Page 6 of 15



Page 7 of 15 Dalton Transactions

XRD DFT Optimized (gas-phase,D3)

Fig. 5: Comparison of XRD molecular structure and DFT geometry optimized structures at BP86/TZVP gas-phase and D3
dispersion corrected (in red) level for complex 5. Distances in A.

Starting from Syt in CH,Cl, solution the optimization converged to 5,4, as well as in the case of B3LYP and BP86/D3

dispersion corrected levels of theory. At BP86/D3 level, the 5,,r0¢ form is not a stationary point on the PES (potential energy

surface) and the geometry optimization converges to 5., In Table 1 are reported the 5,,.0¢/Sro¢ €nergy differences.

Table 1. Total energy differences (in kcal/mol) between 5,0t and 5, isomers as a function of the computational level.

BP86/gas-phase BP86/CH,Cl, BP86/D3 B3LYP/gas-phase
Sunrot +3.4 +5.2 —5.0 +3.9
5ot 0.0 0.0 0.0 0.0

A closer inspection of the geometry optimization energy profile starting from the Sy, structure puts in evidence of a
semirotated transition state structure similar to Sgpiror Whose energy lies in the middle between 5. and 5.4 (Figure 6). In
the calculated Sgemirot Structure the C-Fe-Fe-C dihedral angle is 72.2°. Depending on the nature of the ligands, in the all-
terminal CO form of hydrogenase model complexes this dihedral angle is small or even to zero while in the rotated form this
angle is at least higher than 90 °. For example the simple [Fe,(CO)g(u-pdt)] (pdt = S,C3Hg; propane-1,3-dithiolato) complex
exhibits a dihedral angle of 0 ° in the all-terminal CO form and this angle became 96 ° in the corresponding rotated form.”®>'
In 5 and 6 the dihedral angles are determined as 87.1° and 23.8 °, respectively.

A summary of the experimental IR spectra in CH,Cl,, solid state and the computed CO stretching mode frequencies for 5,01

Seemirot and 5.4 are shown in Table 2. On average, the computed IR spectra for Semiret and Synret are both in reasonable

agreement with the experimental spectrum from CH,Cl, solution, while the formation of 5,, can be ruled out.



Dalton Transactions

Table 2. Experimental and BP86/TZVP gas-phase computed CO stretching mode frequencies in cm™ (theoretical intensities

in km/mol)

IR exp. (CH,Cl, solution) IR exp. (solid) Sunmt 5Semirot 5mt

1801 1778 (630)
1903 1910 1885 (498) 1903 (752) 1903 (491)
1937 1943 1944 (518) 1904 (391) 1940 (541)
1989 1974 1953 (632) 1953 (612) 1989 (909)
2008 2002 2008 (925) 2000 (788)

- 5unrot
— 5 .
4 semirot
5rot
3
g
=, 2
]
5]
=
w 1
<

Fig. 6: Total energy differences (in kcal/mol) between Synrots Ssemirot A0d St

These results highlight a discrepancy between experimental observations and topology of the DFT potential energy surface.
To shed some light on such issue, we consider a number of simplified models of molecular systems under investigation. The
idea is to probe the effect of each factor (i.e. bridgehead type/size and donor vs acceptor coordination to a single Fe)
separately. Therefore, starting from [Fe,(CO)g(u-pdt)] complex, we first substituted the two terminal equatorial CO with the
dmpe ligand and then the propane dithiolato by the silicon based ligand. The [Fe,(CO)¢(u-pdt)] complex has an all terminal
energy minimum structure, while the rotated form pdt., is a transition state (free energy barrier 11.2 kcal/mol). As
aforementioned, the structure of [Fez(CO)4(Kz-dmpe)(p-pdt)] (7) has been considered (Figure 7),%% in which the silicon based
pendant ligand, present in the original species 5, is substituted with a propane dithiolato bridge. The rotation of the Fe(CO);
group is triggered by the dmpe ligand and the lowest energy isomer of 7 has one semi-bridging CO ligand (7semirot), While
fully rotated and fully unrotated isomers 7., and 7, are slightly higher in energy. The energy difference among the three
isomers suggests that PES of 7 is extremely flat and this makes the case very complicated. Indeed the X ray crystal structure
of this species shows a full unrotated (eclipsed) geometry of diiron cluster;’* our computations suggest that also other isomers
might be energy accessible. The coordination around the Fe atom of the lowest energy isomer is similar to that of the Semirot-

In this case the C-Fe-Fe-C dihedral angle is 50.2° (Figure 8).
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Fig. 7: DFT structures and energies of [Fez(CO)4)(K2-dmpe){pl-pdt)] isomers 7oty 7semirot AN 7unrot- Distances in A, energy
differences in kcal/mol with respect to 7gemirot-

g

Fig. 8. DFT structure of 7gemirot- On the right is evidenced the partial rotation of the Fe(CO); group with respect to the

e

Fe(dmpe)CO group.

Tsemirot Was figured out as the most stable isomer at different levels of theory (except for COSMO computation in implicit

CH,Cl, solvent). In Table 3 are summarized the various results obtained.

Table 3. Total energy differences (in kcal/mol) between 7,4 and 7gemiror @s @ function of the computational level.

BP86/gas-phase BP86/CH,Cl, BP86/D3 B3LYP/gas-phase
7ot +0.3 0.0 +1.4 +1.1
7 semirot 0.0 +0.8 0.0 0.0

The second simplified model, considered to investigate the effect of the bulk of the dithiolate bridgehead, is complex 3 and
its rotated structure 3., both sketched in Figure 9. At the BP86 gas-phase level, the all terminal CO isomer 3, is the most
stable form and the rotated isomer 3, is a transition state 5.2 kcal/mol higher in energy. Compared with [Fe,(CO)¢(n-pdt)]
species, for which the energy difference between rotated and unrotated form is 8.8 kcal/mol, the same difference for complex

3 decreases by 3.6 kcal/mol.
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Fig. 9: Complex 3 (right) with its simplified considered rotated structure 3, (left).

Based purely upon DFT computations for simplified pdt,, and 7., models, we conclude that the dmpe ligand provides a
large contribution toward stabilization of the rotated/semi-rotated form, while the bridgehead bulk/size plays an apparently
minor role (although a measurable one).

In the crystal structure of 5 the distance from the Fel atom, which is in a semi-rotated environment, to the closest aromatic
CH bond is too long to be considered even a remote agostic or anagostic interaction, i.e. endowed of purely electrostatic
character (unlike stronger agostic interactions, having “2-electron-3-centers” character).”>* This is in close agreement with
recent works suggesting that without a subtle stabilizing effect arising from a remote agostic interaction established
intramolecularly, the full-rotated geometry is not favoured and semirotated structures, like in 5, are observed.?>?*%
Nevertheless, since DFT optimization of 5 (see Figure 5 and preceding discussion) has shown a shortening of the interatomic
FeH-C distance down to about 2.9 A (i.e., the upper limit reported for distances associated with anagostic interactions,”® we
have investigated computationally the effect(s) of the solvent (acetonitrile, implicit model) and of the dispersion (within
DFT-D3 empirical dispersion correction for DFT calculations)™ on the Fe-"H-C distance. In Figure 10 are reported the values
of the Fe"H distance and of the Fe"H-C angle upon variation of the level of theory. If implicit solvatation is considered, the
FeH distance decreases by 0.061 A while the decrease is only 0.024 A when taking into account the dispersion. These
results confirm that dispersion and solvent inclusion in the computational model do not alter significantly the original result
obtained in gas phase conditions. They further suggest that, although an evident shortening of the Fe'H-C distance is
observed in silicon respect to the molecular structure (possibly due to neglecting packing forced by the computational model)
yet such value is still very close to the upper limit indicated in literature for the agostic interactions. This also indicates that

the boundaries between semi-rotated and full rotated structures may be governed by a weak but crucial effect. 2>+

Gas phase
CH5CN
DFT-D3

Fig 10: Values observed computationally of the Fe'H distance (A) and the Fe"H-C angle (°) upon variation of the level of
theory for complex 5 (in black gas-phase level, in blue implicit CH;CN COSMO solvatation, in red DFT using D3 dispersion
correction).

10
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Electrochemical studies of 3, 5 and 6

The cyclic voltammetry of 3 shows a quasi-reversible reduction at E; " =-1.57 V in CH,Cl, — [NBu,][PFq], (Figure 11), at
E;,;°% = -1.43 V in MeCN-[NBu,|[PF4]. The comparison of the reduction potential of 3 with that of a Si-containing
hexacarbonyl analogue (Eip™ = -1.55 V), measured under identical experimental conditions in CH,Cly-[NBuy][PF],
indicates that the electronic effects of the two Si-containing bridges are similar. Moreover, the scan rate dependence of the
current function (ip“’d/v“2 C) of 3 follows the same trend as for the [Fe,(CO)¢{u-(SCH,),R}] (R = 1-silafluorenyl, C;,HgSi)
complex (ESI, Figure S1), which suggests that both compounds reduce according to similar mechanisms.*® Thus, at slow

scan rates, the reduction involves the transfer of two electrons according to the ECE process shown in Scheme 3.

le k le”
35 3 L (3) L (3
El1=-157V kb E2 ; E2-El1>0

Scheme 3 : Proposed ECE mechanism for the reduction of 3.

Upon raising the scan rate, the intervening chemical step is suppressed and the current measured at fast scan rates

corresponds to the transfer of a single electron (ESI, Figure S1) at E;, = -1.57 V (Figure 11, v=5 Vs™). The reduction of

16,56-61

related diiron dithiolate complexes, either in a single two-electron EE process, or according to an ECE mechanism

generally results in the cleavage of a Fe-S bond and the shift of a CO group from a terminal to a bridging position.*>*36>68 1n
the present case, the large peak separation (AE,) of the reduction at fast scan rates suggests that it is not entirely reversible

electrochemically, so that some structure change might take place concomitantly with the electron transfer step.%

T T T T T T T T T T 150 T T T T T T T T T T

100 v=5Vs"

50

< 20 <
=9 3
= 50 = 50
E _=-157V
-40 " -100 E,=-157V
-50 Delta EP =165mv Delta E_ =382 mV
-150 i
60
T T T T T T T T T T -200 T T T T T T T T T T
26 -24 22 20 -18 -16 -1.4 -1.2 -1.0 -08 -06 26 -24 -22 20 -18 -16 -14 -1.2 -1.0 -08 -06
E/V E/V

Fig. 11: Cyclic voltammetry of 3, 0.9 mM in CH,CL-[NBu,][PF] (potentials are in V vs Fc*/Fc).

As expected, and in accordance with the IR data, the substitution of two COs by the dmpe ligand into the hexacarbonyl
complex 3 shifts the reduction potential to more negative values, respectively 0.63 and 0.74 V for the chelated complex 5
(E," = -2.21 V in CH,Cl,-[NBuy][PFg]) and the bridged complex 6 (E,**' = -2.32 V in CH,Cl,-[NBu,][PF]) (ESI, Figure
S2).
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Recently, it has been demonstrated that the electrochemical reduction of [Feg(CO)A‘(KZ-dmpe){pl-(SCHg)zNBn}],36 as that of
other chelated compounds [Fe,(CO),(i*dppe)(u-SCH,XCH,S)] (X = CH,, N-"Pr; N-Bn; N-CH,CH,OCH,),*' gives rise to an
electron-transfer catalyzed (ETC) isomerisation to the bridged analogue. In the case of 5, no ETC process could be detected.
Indeed, while 6 reduces at £,""' = -2.14 V in MeCN-[NBuy][PF] (ESI, Figure S3), the irreversible reduction of 5 at E,*"' = -
2.00 V is followed by a second reduction at Epredz = -2.30 V, which indicates that the reduction of 5 does not generate the
complex 6. In contrast to the occurrence of an ETC isomerisation when the dmpe ligand is associated to the propanedithiolate
bridge,*' no such process is observed for 5, which possesses a dithiolate Si-bridge. The way the S-to-S link may hinder the

migration of one end of the diphosphine ligand from a metal center to the other is not presently understood.

Conclusion

In summary, we report on the reaction of complex 3 with one and two equivalents of dmpe, respectively, leading to the three
different compounds 4, 5 and 6. The complexes were characterized by X-ray diffraction. The molecular structure of the
[Fe'Fe'] hydrogenase model complex 5 shows that the introduction of the bidendate phosphine dmpe enforces a semi-rotated
conformation in solid state. The identification of this species with its structural features, along with DFT computations,
supports the idea that in order to obtain a fully rotated geometry related to the active site of [Fe'Fe'] hydrogenase three factors
are important: (a) asymmetrical coordination at the two iron atoms using a bidentate donor ligand, here dmpe, (b) a bulky
dithiolato bridgehead, which promotes (c) a weak remote agostic Fe"H-C interaction. Indeed each of these three factors
seems to be crucial for observing, in dithiolate models, a full-rotated geometry, as that existing in the [FeFe] hydrogenase
cofactor. To date, when one of these factors is not conformed, only partially or semi-rotated structures of [FeFe] hydrogenase
models like complex 5 have been observed.'* On the other hand, a glance to the rotated state of the natural cofactor reveals
that no type of agostic interaction is necessary to obtain the full-rotated geometry. The amino acid residues, which face the
[2Fe2S] cluster and the [4Fe4S] cubane, are able to constrain the H-cluster itself in the full-rotated form.*® Thus in nature,
just (a) and (b) of the established factors are necessary, which suggests the importance of a sterical demanding environment
around the diiron center of [FeFe] hydrogenase model complexes by dithiolato ligands to force a full-rotated geometry. With
the herein reported complex 5, we could show an example with the highest degree of rotation so far reported for [Fe'Fe']
hydrogenase models without any agostic interactions (Fe*H-C)' and enabling new approaches for the design of dithiolato
bridgeheads to achieve a full-rotated geometry related to the active site of [Fe—Fe] hydrogenases without any type of H-bond

interaction.
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