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Abstract:

In this paper we study the influence of substituting one CO ligand in [Fe(CO)e{u-(SCH;),(Ph)P=0}]
(1) by better o-donor L ligands affording [Fe,(CO)s(L){u-(SCH,),(Ph)P=0}] {L = PPhs (2) and P(OEt);
(3)} in relation to the steric interactions and the voltammetric behavior. Cyclic voltammetric
investigations under N, and CO showed remarkable differences in the electrochemical behaviour of
complexes 2 and 3: (/) Complex 2 tends to expel PPh; upon reduction whereas complex 3 exhibits
chemical reversibility and (i7) Under CO, complex 3 reacts with CO affording a new compound P,
which shows a reversible wave at Ej, ~-0.9 V (vs ferrocenium/ferrocene couple). The presence of CO
assists the formation of 1 after electrochemically induced loss of PPh; during the voltammetric
experiment of 2. Using DFT calculations we provide an explanation for the difference in stabilities

between the Fe-PPh; and Fe-P(OEt); bonds.
Keywords: Phosphine oxide/ substitution/ steric effect/ hydrogenase

Introduction

[FeFe]-hydrogenases are enzymes that have high efficiency (ca. 10* turnovers™)'? to catalyze
reduction of protons to form dihydrogen.”® This process occurs in microorganisms at neutral pH and a
potential of -0.42 V (vs NHE).** The high resolution X-ray crystallographic and IR spectroscopic
studies revealed that the active site of [FeFe]-hydrogenases (so-called H cluster),” isolated from
Clostridium pasteurianum’ and Desulfovibrio desulfuricans®, consists of a [FesSs] cluster attached
through a cysteinyl residue to a butterfly [Fe,S;] subcluster (Figure 1). The coordination sphere of the
iron centres of the [Fe,S,] subcluster contains biologically unusual CO and CN ligands. These iron
centres are bridged most likely by the azadithiolate ligand -SCH,NHCHS,S-.” On the functional side of
the active site, the protonation of the [Fe,S,] subcluster is a central step during the turnover.'® In
addition, the NH group of the azadithiolate is alleged to relay protons to and from the diiron core via
agostic or hydrido-proton interaction.'' The steric bulk at the proximal Fe atom assists the N-H bond (in

green, Figure 1) to be in close proximity to the vacant site.'?
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Figure 1. The structure of the H cluster.®®

The high catalytic efficiency and low energy features were the impetus to chemists and engineers for
paving the way to macroscale hydrogen production, based on designing of inexpensive electrocatalysts
resembling the structure of the H cluster. Numerous model complexes have been synthesized based on
replacing the propane dithiolate bridge in [Fex(CO)s{u-(SCH,),CH,}]" by linkers containing
heteroatoms in the bridgehead such as NM, 015, 816, Se!” and Si'® to study their influence toward the
protonation properties as well as the electrochemical behaviour of the model complex in the absence
and presence of acids. In addition, the synthetic chemistry involved substitution of the CO ligands in
[Fex(CO)s{u-(SCH,),X}] (X = CH,, NR, O, SiRy) by cyanide'®™", phosphanes'***°, phosphites®,

20020621 hitrosyl® or sulfides®. Mono-, di-, tri- and tetrasubstituted model complexes have

carbenes
been described.'®*'™18193 A basic aim of these substitution reactions was to increase the electron
richness at the [Fe,S;] core of the model complex in order to mimic the electronic characteristics of the
[Fe,S,] core of the H-cluster, which contains strong electron donating CN’ ligands. The enhanced
basicity of the [Fe,S,] core of the substituted models resulted in formation of hydride species prior to
reduction, but only in the case of the di-, tri-, or tetra-substituted complexes with strongly electron
donating substituents such as PMe;.*** Substitution of CO ligands with stronger o-donors ligands
increases not only the electron density at the iron sites, but also at the other protonation sites of the

201,24,25

model complex. For example, 4 equiv of triflic acid were required to fully protonate the amine

group in the hexacarbonyl complex [Fe,(CO)s{u-(SCHMe),NH}], while only 1 equiv was enough in
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case of the substituted complex [Fey(CO)s(PMes), {,LL-(SCHMG)zNH}].zS Moreover, Rauchfuss,
Zampella and coworkers have recently described the synthesis and protonation kinetics of highly basic
PMe;-tetrasubstituted complexes [Fey(CO)(PMes)s{u-(SCH,),X}] (X = CH, and NH) and
[Fex(CO)(PMes)s{u-(SCH,),}], which showed S-protonation at low temperatures.201 Mimicking the
rotated structure of the H cluster has been always a fundamental aim in the synthetic chemistry of the
model complexes. Very recently, two research groups reported the first model complexes adopting fully
rotated Fe(CO); with respect to Fe(CO),(bis-phosphine) unit and featuring a semi-bridging CO

d‘26a,b

ligan The two groups described that the rotated structure of [Fe'Fe'] models can be stabilized by:

(7) the presence of steric bulkiness on the dithiolate linker, (i7) desymmetrization of the coordination
environment of the two Fe atoms and (iif) the presence of agostic Fe--HC bonding.***"

We have recently described the synthesis of the model complex [Fe,(CO)¢{u-(SCH;),(Ph)P=0}] (1),
which offers protonation site at the P=O functionality as it undergoes clean and reversible
protonation/deprotonation processes using HBF4-Et,O and Et;N in CH,Cl, solution.?” In addition to the
protonation properties, an important feature of this new type of model complexes is the rigidity of the
dithiolate bridge as well as the orientation of the P=O functionality toward one Fe(CO); unit, which is
expected to facilitate proton relay from the protonated P=O to the iron site during the catalytic cycle.
Furthermore, the electrochemical investigations showed that the reduction of complex 1 is an overall
two-electron process with potential inversion. This feature is contrary to the case of [Fe,(CO)sL{u-
(SCH;),NH}] (L = CO, PPhs, PMe;)'*, where these complexes undergo two one-electron reduction
steps with the normal ordering of potentials (i.e. £°; - E°, > 0). The potential inversion is a typical result
of structural change occurring in the dianionic product, which makes its formation thermodynamically
favorable over the monoanion. The structural change, as it has been found by DFT calculations and/or
experiments on some [FeFe] models, include: (i) elongation of the Fe—Fe bond, (ii) cleavage of one of
the Fe—S bonds and (ii7) rotation of one Fe(CO); unit to allow orientation of one of its CO ligands into

17b,28

bridging or semi-bridging position to delocalize the negative charge. Increasing the steric bulk at

the bridgehead of the model complex decreases the rotational barrier of the Fe(CO); units® and hence
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makes the structural change kinetically more facile. The bulkier bridgehead in complex 1 (i.e. the Ph-
P=0 group) compared to the N-H in the [Fe,(CO)s.,L{u-(SCH;),NH}] complexes may explain the
observed inverted reduction potentials of complex 1.

In the present work we have explored the influence of substituting one CO in complex 1 by stronger
electron donating and more sterically demanding ligands, PPh; and P(OEt);, toward the electrochemical
reduction mechanism of the resulting substituted models. We discuss a remarkable difference in the
voltammetric behaviour between the PR;3-substituted complexes, which has not been observed before, to
the best of our knowledge. Moreover, we have performed DFT calculations to gain insights into the
structural changes accompanying the reduction processes of the hexacarbonyl and the substituted
complexes.

Results and Discussion

Synthesis. Treatment of an acetonitrile solution of complex 1?7 with 1 equiv trimethylamine N-oxide
(MesNO-2H,0) at room temperature for 30 min resulted in oxidative abstraction of CO
(decarbonylation) to yield the in situ acetonitrile complex (Scheme 1).*° Subsequent addition of L (PPhs
or P(OEt);) afforded the monosubstituted complexes 2 (L = PPhs) and 3 (L = P(OEt);) in very high
yields (98 %) after stirring for 18 h at room temperature (Scheme 1). No purification was required after
removal of the reaction solvent, only filtration.

Scheme 1. Reaction pathway toward monosubstituted complexes 2 and 3.

o

P=0
Me;NO-2H,0
S r ; 2~ 3 [Fe,(CO)5(CH3CN){u-(SCH,),(Ph)P=0}]
0C, 8%, ,CO CHsCN.rt, 30 min
we Fe % Fe myy
"1 ) <© CH4CN
o° 1 €0 rt,18h

[Fex(CO)s(L){u-(SCH)x(Ph)P=0}]
L = PPh; (2), P(OEt)3 (3)
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Spectroscopic Characterization. Complexes 2 and 3 were characterized by 'H, "°C and *'P NMR as
well as IR techniques, mass spectrometry, elemental analysis and X-ray crystallography. The IR
spectrum of complex 2 in CH,Cl, solution exhibits four absorption bands at 1941, 1983, 2002 and 2056
in the carbonyl region. In CH,Cl,, the CO ligands of complex 3 stretch at 1946, 1983, 2003 and 2058
cm™. The carbonyl wavenumbers of complexes 2 and 3 are markedly shifted toward lower values
relative to those of the hexacarbonyl complex 1 by 36 and 34 cm™'; respectively, in average. The shift in
v(CO) vibration due to replacement of one CO by PPhs is slightly higher than that by P(OEt);
suggesting that the electron density available for donation to the iron core by PPhjs is slightly higher than
that by P(OEt)s. The 'H NMR spectrum of complex 2 shows a splitting pattern of the methylene protons
similar to the case of complex 1, where the axial and the equatorial protons are diastereotopic. While
both proton types are coupled by each other, the H-P geminal coupling is observed only for one proton
type. The methylene protons of complex 2 are observed as a doublet at 1.18 ppm (“Jun = 15.20 Hz) and
a triplet at 2.32 ppm (Jun = “Jup = 15.20 Hz). Further signals for the protons of the phenyl groups are
detected in the range of 6.8-7.8 ppm. The same splitting pattern is also observed for the dithiolato
methylene protons of complex 3. One proton type resonates at 2.20 ppm as a doublet (2Jyy = 14.70 Hz)
and the other one at 2.57 ppm as a triplet (ZJHH =14.70 Hz, 2JHp = 15.50 Hz). The CH3 and CH, protons
of the P(OEt); substituent resonate at 1.38 and 4.21 ppm as a triplet and a quintet, respectively. While
the splitting pattern of the CH; group is a result of coupling with vicinal methylene protons (*Juy = 7.03
Hz), the splitting of the CH,; arises from H-H and H-P vicinal couplings in equal magnitudes Chm =
3Jup = 7.03 Hz) leading to the observed quintet. Additional signals in the range of 7.40-7.60 ppm are due
to the Ph group of complex 3. The *'P{'"H} NMR spectrum of complex 2 in CD,Cl, solution exhibits
two sharp signals at 34.70 and 65.82 ppm for the P=O and PPh;, respectively. The *'P{'H} NMR
spectrum of complex 3 in CD,Cl, solution shows one sharp peak at 30.70 ppm for the P=O and a broad
one at 170.03 ppm due to the P(OEt); substituent. This broadness may arise from the fluxionality of the
dithiolate ligand or the Fe(CO),P(OEt); unit such that the P(OEt); ligand exchanges between the apical

20c,201,29

and the basal sites. Figure S1 displays the *'P{'"H} NMR spectra of complex 3 at variable
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temperatures from 20 °C to -70 °C) showing that the broad resonance observed at room temperature
becomes sharp and a new resonance appears at low temperatures.””” The *C{'H} NMR spectrum of
complex 2 shows a doublet centered at 18.45 ppm due to the methylene carbon atoms (‘Jep = 67.60 Hz),
signals in the region of 128-136 ppm for the phenyl carbon atoms and two signals at 208.68 and 213.58
ppm for the terminal carbonyl groups of the Fe(CO); and Fe(CO),PPh; moieties, respectively. The
BC{'H} NMR of 3 displays three doublets centered at 16.40 ppm (*Jep = 6.41 Hz), 19.60 ppm (' Jcp =
62.09 Hz) and 61.95 ppm (*Jcp = 4.58 Hz) assigned to the CH; groups of the P(OEt); substituent, the
methylene carbon atoms of the dithiolato bridge, and the methylene carbon atoms of P(OEt)s,
respectively. The signals observed in the region of 128-135 ppm are due to the aromatic carbon atoms.
The singlet at 208.84 ppm and the doublet centered at 212.33 ppm (“Jep = 16.30 Hz) are attributed to
CO groups in the Fe(CO); and Fe(CO),P(OEt); moieties, respectively.

Regioselectivity of Substitution. Indeed, the *'P{'H} and *C{'H} NMR spectroscopic data describe
the regioselectivity of the substitution reactions on complex 1 to afford complexes 2 and 3. The Be {IH}
NMR spectrum of complex 1 at room temperature, which exhibits two resonance signals at 205.99 and
207.04 ppm,”’ is consistent with nonequivalent Fe(CO); units as a consequence of a desymmetrizing
effect of the dithiolate linker, u4-(SCH;),PhP=0. In principle, there are two possible regioisomers
resulting from the substitution of one CO in 1 by a PR; ligand: a regioisomer with PR3 located under the
P=0O functionality and another one having PR; under the Ph group, respectively. The Fe(CO); and
Fe(CO),PPh; moieties of these two possible regioisomers should be nonequivalent. Nevertheless, the
*'p{"H} NMR spectrum of 2 or 3 is consistent with the presence of only a single regioisomer (65.82 or
170.0 ppm for the PPh; or P(OEt);, respectively). Moreover, 13C{IH} NMR spectra confirm the
presence of only one type of Fe(CO); and Fe(CO),PR; moieties in 2 and 3, consistent with only one
regioisomer for each monosubstituted complex. The regiochemistry of substitution of one CO ligand in
[Fea(CO)s{u-(SCHMe),NH} ] by PMe; or PPh; was described by Rauchfuss and co-workers.*

Molecular Structures. Single crystals suitable for X-ray diffraction studies were obtained by

diffusion of pentane into a CH,Cl, solution of complex 2 at 4 °C and by evaporation of CH,Cl, solution
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of complex 3 at 4 °C overnight. The molecular structures and the numbering schemes of the complexes
are shown in Figure 2. The crystal of complex 2 contains three independent molecules, only one of

which is shown in Figure 2.

Figure 2. ORTEP view (40 % probability level) of complexes 2 (to the left) and 3 (to the right).
Selected bond lengths [A] and angles [°] of 2 (average): Fel-Fe2 2.5006(14), Fe2-P2 2.233(2), C9-Fel-
Fe2 156.4(3), P2-Fe2-Fel 155.4(8). For complex 3: Fel-Fe2 2.5152(8), Fe2-P2 2.1687(12), C11-Fel-

Fe2 151.57(13), P2-Fe2-Fel 147.93(4).

As it can be seen from Figure 2, each iron core in complexes 2 and 3 adopts a distorted octahedral
structure. In both complexes the two iron atoms are bridged by the dithiolate linker (SCH;),(Ph)P=0,
the CO ligands at the Fel sites are facial and the PR; ligands coordinate to the Fe2 sites on apical
position. The bicyclic [Fe,S;] structure in these complexes reveals a butterfly conformation. The
phosphorus atom of the dithiolate bridge is surrounded in a distorted tetrahedral fashion. Indeed, the
molecular structures (Figure 2) identify the regioselectivity of the substitution reactions where the PR3
ligands are located away from the oxygen atom of the P=0O functionalities of complexes 2 and 3. While
the PR; ligands of complexes 2 and 3 are on the apical positions of the iron atoms, the situation can be

different in solution due to the apical/basal site exchange of the ligands at the Fe(CO),PR; units. 20205
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In both complexes, the P=O functionalities are oriented toward the Fel atom making them potential
proton relay models.

The Fe-Fe bond lengths in complexes 2 and 3 (2.5006(14) A (average) and 2.5152(8) A, respectively)
are comparable to each other and to that in complex 1 (2.5148(9) A)?, but slightly shorter than those of
the H cluster (2.55-2.62 A)"*!"* The average Fe2-P2 bond length in complex 2 is 2.233(2) A, which is
longer than the Fe2-P2 bond length in complex 3 (2.1687(12) A). These values are consistent with the
average Fe-PPh; and Fe-P(OEt); bond lengths (2.247 A and 2.1808 A, respectively) in various [FeFe]-
hydrogenase complexes.'****! The difference of 0.06 A between the Fe-PPh; and Fe-P(OEt); bond
lengths can be attributed mainly to the higher m-acidity of P(OEt); compared to that of PPh;.*

In Figure 3, we show the effect of the bulkiness of the Ph-P=0O moiety as well as the PR3 ligand in
complexes 2 and 3 on the angles OC™-Fel-Fe2 (the superscript ap for apical) and R;P-Fe2-Fel. We
compare the angles with those in complex 1 as well as the previously reported complex 4, [Fe,(CO)e{u-
(SCHz)zCHz}]33. We can notice that the angle OC*™-Fel-Fe2 is the smallest in complex 4 (148.32°)
compared to those of the other complexes that have bulkier u-(SCH;),PhP=0O moieties than u-
(SCH,),CH, in complex 4. The angle OC™-Fe2-Fel, 146.12(16)°, in complex 1 is smaller than that of
OC™-Fel-Fe2, 152.17(14)°, owing to the steric interaction between the P=0 functionality and the apical
CO coordinated to Fel. The angles OC*™-Fe2-Fel in complex 1, 146.12(16)°, and OC*™-Fel-Fe2,
148.32°, in complex 4 are comparable, which implies that the spatial region between the Ph ring at the
bridgehead of complex 1 and the apical CO at Fe2 has minimum steric interaction. Even when one CO
in complex 1 is substituted by P(OEt);, there is still no significant steric interaction between the apical
ligand at Fe2 and the Ph group as indicated by the comparable OC™-Fe2-Fel (146.12(16)°) and
(EtO);P-Fe2-Fel (147.93(4)°) angles in complexes 1 and 3, respectively. However, the distortion in
angles becomes clearer in the case of complex 2 compared to the others. The Ph;P-Fe2-Fel angle
(155.38(8)° in average) is larger than the (EtO);P-Fe2-Fel angle because the cone angle of PPhs

(145°)* is significantly larger than that of P(OEt); (109°)**. This steric interaction between the bulky
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PPh; and the Ph group results in an increased OC™-Fel-Fe2 angle (156.4(3)° in average) compared to

those in complexes 1 and 3 (152.17(14)° and 151.57(13)°, respectively).

o
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Figure 3. Comparison of selected bond angles [°] in complexes 1-4.

Electrochemistry. Complex 1 is already known to undergo a quasi-reversible two-electron reduction
in CH3CN/NBu4PFs solution at £y, = -1.34 V (E,. = -1.39 V and E,, = -1.30 V at 0.2 V‘s'l) using
mercury drop electrode.’” In CH,Cl,/NBu4PF¢ solution, complex 1 also exhibits a quasi-reversible two-
electron redox couple but at £y, =-1.48 V (E,c =-1.52 V and E,, =-1.43 V at 0.2 V-s™) using a glassy
carbon electrode. The electrochemical behavior of complex 1 in CH,Cl,/NBu4PFg solution at different
scan rates is shown in Figure S2. The plots of the cathodic current (Z,°) versus the square root of scan
rate (v*) are linear (Figures S3). Indeed, performing the cyclic voltammetry of O=P(Ph)(CH,Cl), in
CH,Cl,/NBu4PF; solution (Figure S4) showed that the phosphine oxide functionality is not reduced and
hence it does not lead to interferences in the measurements of the reduction of this class of [FeFe]-
hydrogenase models. To investigate the influence of substituting one CO ligand in complex 1 by PPhs
and P(OEt); toward the redox properties of the iron complexes, cyclic voltammetric studies on

complexes 2 and 3 have been performed in CH,Cl, using a glassy carbon working electrode.
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The cathodic process of complexes 2 and 3 is closer to an overall two-electron reduction, which
occurs at potentials of E,. =-1.78 V and -1.75 V, respectively. The two-electron assignment is based on
comparing the normalized cathodic peak current (Z,°/c; ¢ = concentration of complex) of complexes 2
and 3 with that of complex 1 as well as with the first reduction wave in the cyclic voltammogram of
[Fex(CO)s {u-Clybpdt}]* (bpdt = biphenyl-2,2'-dithiolate) under similar conditions. The complex
[Fex(CO)s{u-Clsbpdt}] is already known to exhibit two well-resolved reversible one-electron reduction
waves. We have performed DFT calculations to study the structural changes during the reduction of
complexes 1, 2 and 3 (see later). The reduction potential of complex 2 is slightly more negative than that
of complex 3 suggesting that PPh; is a slightly better donor than P(OEt);, which is in agreement with
the ligand electrochemical parameters (£1) determined by Lever*® for P(OMe); (E. = 0.42 V) and PPh;
(Er = 0.39). Unexpectedly, the reduction of complex 3 is much more reversible chemically than that of
complex 2. Thus, while complex 3 undergoes a quasi-reversible reduction at slow to moderate scan rates
(0.1-2 V-s™'; Figure 4a), the reversibility of the reduction of complex 2 appears to be much more scan
rate dependent (Figure 4b). The reduction of complex 2 is totally irreversible at 0.05 V-s' and only a
very small re-oxidation peak can be detected at ~ -1.65 V on the return scan upon increasing the scan
rate. An additional oxidation feature can be seen in Figure 4b at E,, = -1.42 V when the scan rate is 0.2
Vs, a potential that was reported for the oxidation of the hexacarbonyl complex 1 at the Fe’Fe” redox
state. This may suggest at this stage of the discussion that the reduction of complex 2 induces the
formation of 1% through the displacement of the PPh;s ligand in 2 and/or 2* by a CO ligand coming
from another carbonylated species, S(CO), during the reductive process. The enhancement of the
chemical reversibility of the two-electron reduction of complex 2 becomes clearer at higher scan rates
(Figure S5). We may explain the enhanced reversibility of the redox couple (Fe'Fe'/Fe’Fe”) of complex
2 at the higher scan rates in terms of the shorter reaction time scale for the conversion of 2" and 2% into

1" and 1%, respectively.
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Figure 4. Cyclic voltammetry (CH,Cl,/NBu4PF¢ solution) of (a) 0.51 mM [Fey(CO)s(P(OEt)s3){u-
(SCH,)»(Ph)P=0}] (3) at scan rates (V-s™) = 0.1 (black), 0.2 (red), 0.5 (blue), 1 (green) and 2 (purple)
and (b) 0.408 mM [Fes(CO)s(PPhs){u-(SCH,),(Ph)P=0}] (2) at scan rate (V-s') = 0.05 (black), 0.1
(red), 0.2 (blue), 0.4 (green) and 0.6 (purple). E is in V against the ferrocenium/ferrocene couple. The

arrows indicate the scan direction.

The oxidation wave at -1.42 V (Figure 4b) is found to be reversible on the second cycle as a new
reduction event at E,. = -1.52 V is observed and assigned to the process 1 + 2¢” — 1% (Figure 5, the
black curve). The current of the anodic and the cathodic peaks of the 1/1% couple are increased when the
electrochemical measurements are performed using CO-saturated CH,Cl,/NBusPFg solutions (Figure 5,
the red curve). These results show that the presence of CO assists the conversion of 2 or 2% into 1~ or 1>
at the electrode surface. Our DFT calculations (see later) provided us hints that the loss of PPhs is more
likely after the first electron reduction of complex 2. Nonetheless, the possible loss of PPh; from 2%
cannot be ruled out. The mechanism that describes the cathodic processes of complex 2 in the absence

and presence of CO is shown in Scheme 2.
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Figure 5. Cyclic voltammograms (CH,Cl,/NBu4PFs solution) of 0.558 mM [Fey(CO)s(PPhs){u-

(SCH,),(Ph)P=0}] (2) at 0.2 V-s" under N, (black) and under CO (red). E is in V against the

ferrocenium/ferrocene couple. The arrow indicates the initial scan direction.

Scheme 2. Proposed reaction scheme for the cathodic processes of complex 2 in the absence or presence
of CO (in red). S(CO) refers to any species that act as a source of CO when the experiment is done

under N, atmosphere.

In addition, we have investigated the electrochemical behaviour of complex 3 in CO-saturated

CH,Cl,/NBu4PFs solution (Figure 6). The current intensity due to the process 3% 53 +26eis visibly
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lowered after saturating the solution with CO and a new oxidation event due to a product P is detected
at E1p ~-09 V (Epa =-0.843 V, E,. = -0.952 V), which shows reversibility in the reverse scan. Scheme
3 summarizes the reductive processes in the absence and presence of CO. We suggest that P might be
obtained from the reaction of CO with 3*, an EEC path (E = electron transfer; C = chemical reaction).
The fact that P undergoes reversible oxidation indicates that the reaction of 3 with CO to afford an
intermediate {I} followed by reduction to give P is also a possibility; i.e. an ECE path to P.
Undoubtedly, a mechanism involving displacement of P(OEt); by CO at the redox levels FeFe' or
Fe'Fe’ of complex 3 is not operative because the reversible redox couple (Fe'Fe'/Fe’Fe’) of complex 1
was not detected in contrast to the case of complex 2. Attempts to gain insight into the structure of P
have been made by using DFT calculations, which suggest that P may retain a bimetallic structure
featuring two [Fe(CO)4] and {Fe(CO),(P(OEt);)[(SCH;)2(Ph)P=0]} moieties that could be linked

through one sulfur atom or a weak iron-iron interaction (Supplementary Material).

//pA
by

104 /

15 -

. . " —— . . .
22 -20 -18 -16 -14 -12 -10 -08
E/V

Figure 6. Cyclic voltammetry (CH,Cl,/NBu4PFs solution) of 0.51 mM [Fe,(CO)s(P(OEt)s){u-
(SCH,),(Ph)P=0}] (3) at 0.2 V-'s' under N, (black) and CO (red). E is in V against the

ferrocenium/ferrocene couple. The arrow indicates the initial scan direction.
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Scheme 3. Proposed reaction scheme for the cathodic processes of complex 3 under N, (black arrows)

and CO (red arrows).
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Figure 7 shows that increasing the scan rate results in an increase of the reversibility of the reduction
of complex 3 under a CO atmosphere, due to a lower conversion of the reduced species into P. The
reason for this is, again, that the reaction time becomes too short for the chemical process to take place

extensively at faster scan rates.
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Figure 7. Cyclic voltammetry of 0.51 mM [Fe,(CO)s(P(OEt)s){u-(SCH,),(Ph)P=0}] (3) in CO-
saturated CH,Cl,/NBu4PF; solution at scan rates (V-s™) = 0.05 (black), 0.1 (red), 0.2 (blue), 0.5 (green)
and 2 (grey). The inset shows only the range where the two oxidation peaks occur at the scan rates
indicated except the gray curve. E is in V against the ferrocenium/ferrocene couple. The arrow indicates

the scan direction.

The stability of Fe-PR; against dissociation should be related to the factors affecting the strength of
the Fe-P bond during the reduction steps. We have discussed before (X-ray structures) that the Fe-P
bond length in the neutral complex 3 is shorter than that in complex 2 because the m-back donation
n{Fe}—>c*{P-O} is in higher extent than n{Fe}—oc*{P-C}, where n refers to the non-bonding electrons
of the Fe atoms. This electronic effect may play a role toward the stability against dissociation of the Fe-
PR3 bond. Additionally, it is well known that the rate of dissociation of a metal-ligand bond is
accelerated for bulky ligands.***” We have shown before how PPh; has a more pronounced effect on
the bond angles of complex 2 than P(OEt); does in complex 3 because of the larger cone angle of PPhs
(145°)* compared to P(OEt); (109°)**. The stepwise electron transfer processes result in structural
changes (bond distances, bond angles and stereochemistry) within the [Fe,S;] core as it was described

18a,28,38

for various [FeFe] models. To gain insights on these structural changes, we have performed DFT
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calculations for the neutral, monoanion and dianion of complexes 1, 2 and 3, which might provide hints

on the factors governing the stability of the Fe-P bond after each electron transfer step.

DFT calculations.

The structures of the dinuclear iron compounds 1, 2 and 3 have been calculated using the program
package GAUSSIAN09.>*° For iron atoms a relativistic ECP of the Stuttgart-Dresden group (SDD) has
been applied.41 Moreover, analogous compounds with L = PMe; (5) and P(OMe); (6) have been
calculated. The corresponding results may be found as supplementary information (Table S1 and Figure
S6 as well as Figure S7). In recent years a number of results of theoretical calculations concerning
[FeFe]-hydrogenase models and various aspects of their reactivity and chemical properties as e.g.
oxygen affinity, isomerizsation triggered by protonation, electrochemistry or photochemistry have been
published.'®*1P-28033:3842 They clearly show that DFT calculations may be considered a tool to
understand the experimentally observed behaviour of such model compounds.

The iron carbonyl compounds 1-3, 5 and 6 have been considered in the neutral state as well as the
products of a formal one- and two-electron reduction. In the case of two electron reduction (i.e.
formation of a dianion), it turned out that a rearranged geometry in which only one sulfur atom is acting
as a bridging ligand is energetically preferred compared to geometries with two bridging sulfur atoms.
Scheme 4 summarizes the structural formulae of the species 1-3 in the neutral and reduced forms.
Figure 8, Figure S8 and Figure S9 show the calculated molecular structures of all compounds
mentioned in Scheme 4 together with the DFT total energies (£t ) relative to the neutral species with the
same set of ligands, the number of imaginary frequencies for all stationary points calculated and the

most important calculated bond lengths.
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Scheme 4. Calculated structures of 1-3 in the neutral, monoanionic and dianionic state.
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2% 2a*

Figure 8. Calculated molecular structures and selected bond lengths [pm] of 2: HF =-3374.353390 a.u.,
NImag = 0, Fel-Fe2 251.6, Fel-S1 234.7, Fel-S2 235.0, Fe2-S1 233.9, Fe2-S2 233.4, Fel-P2 231.4,
P1-O1 150.0; 27: HF = -3374.415431 a.u. (-162.9 kJ-mol ™ relative to 2), NImag = 0, Fel-Fe2 274.8,
Fel-S1 238.0, Fel-S2 238.0, Fe2-S1 240.2, Fe2-S2 238.6, Fel-P2 241.3, P1-O1 150.2; 2*: HF = -
3374.356295 a.u. (-7.6 kJ-mol ™! relative to 2), NImag = 0, Fel-Fe2 350.4, Fel-S1 237.1, Fel-S2 245.3,
Fe2-S1 242.2, Fe2-S2 240.0, Fel-P2 222.2, P1-O1 151.2; 2a*: HF = -3374.367309 a.u. (-36.5 kJmol™
relative to 2), NImag = 0, Fel-Fe2 261.0, Fel-S1 237.4, Fel-S2 250.4, Fe2-S1 236.3, Fel-P2 224.0, P1-

O1 151.6.
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The results depicted in Figure 8, Figure S8 and Figure S9 show some interesting trends concerning the
relative energies of the compounds although it has to be kept in mind that these calculations are gas
phase calculations. So differences in the energies of compounds in different oxidation states do not
allow an estimate of real redox potentials or whether a one-electron reduction is preferred over a two-
electron process. According to our calculations the product of the one-electron reduction (17, 27, 37) is
always the thermodynamically most stable compound as it is expected due to the typically observed
negative electron affinity for the first reduction step whereas the second reduction normally is hampered
for electrostatic reasons. In the dianionic state, there are two possible structural arrangements. Either the
[Fe,S,] core remains a symmetrical building block with two bridging thiolate functions (1%, 2%, 3* in
Scheme 4) or there is a rearrangement leading to an unsymmetrical coordination mode with one
bridging thiolate and one thiolate that binds only to one of the iron atoms. In the latter case there are of
course two isomers if L # CO with the ligand being bonded to the iron atom exhibiting two Fe-S bonds
(2a*, 3a¥) or the ligand is coordinated to the iron atom with only one additional iron sulfur bond (3b%).
For all ligands L = CO, PPh; and P(OEt); the rearranged cluster compounds are thermodynamically
favored with respect to the isomers showing a symmetrical [Fe,S,] cluster core. In addition, the
compounds with L # CO show an enhanced stability for the dianionic isomers with the ligand being
bonded to the iron showing two iron-sulfur contacts. The same trends are observed for derivatives with
L =PMes; and P(OMe); (c¢f. Supplementary Material).

The calculated bond lengths (Figure 8, Figure S8 and Figure S9) show that upon subsequent reduction
of 1, 2 or 3, the Fe-Fe distance significantly increases. Correspondingly, the butterfly structure of the
[Fe>S,] core in the neutral species gets flattened upon reduction ending up to be a bended four-
membered ring system in 1>, 2% and 3% In the dianionic compounds with a rearranged coordination
sphere around the iron atoms (1a*, 2a”, 3a®> and 3b%), one Fe-S bond is cleaved with respect to the
symmetric isomers 17, 2> and 3% The Fe-S bond cleavage leads to quite short iron-iron interaction to

compensate the electron deficient situation of the iron atom that shows only one Fe-S coordination. This
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is also the reason for the observation of one semi-bridging CO ligand in 1a%, 2a” and 3b*.
Interestingly, this interaction is not observed for 3a” (and 6a”, cf. Supplementary Material).

It has been shown by the CV measurements that upon reduction of 2, a significant amount of the
hexacarbonyl cluster 1 is formed owing to the loss of PPhs and subsequent CO addition. Nevertheless, it
is not clear whether the elimination of CO takes place after the first or after the second reduction step.
Bond length data demonstrate that the first reduction step induces an elongation of the iron phosphorous
bond in 2" compared to 2, whereas the corresponding bond is quite short in both isomeric compounds 2*
and 2a* after the second reduction step. We therefore estimated the structural implications of the loss of
PPh; from both 2" and 2a* and subsequent addition of CO to the calculated intermediates.

If PPh; is eliminated from 2 the resulting anion 7 (Figure 9) shows almost identical structural features
of the remaining molecule compared to 2°. The [Fe,S;] core is still highly symmetrical although Fe-S
and Fe-Fe bond lengths are shortened with respect to 2° in order to compensate the loss of two electrons.
A monoanionic isomer with a rearranged cluster core as in the doubly reduced species 2a” is no
minimum on the hyper surface of the monoanion even after PPh; is eliminated. If, on the other hand,
PPh; is split off from the dianion 2a* the unsymmetrical coordination mode is retained to produce the
dianionic intermediate 8. In contrast to the starting compound (2a®), all CO ligands in 8 are now
coordinated in a terminal fashion and the Fe-S and Fe-Fe bonds are also shortened as it has been
observed in 7. Interestingly, an isomeric starting compound with three CO ligands coordinated to the
iron atom with two iron sulfur contacts and only two CO ligands at the other metal upon geometry
optimization ends up in the geometry of 8 since during the calculations one CO is shifted from one iron
to the other. From this data it cannot be judged whether the substitution of PPhs against CO proceeds
from the monoanionic and the dianionic state although the highly elongated iron phosphorous bond
length in 2" may give a hint that elimination of PPh; from this substrate might be the more likely
reaction pathway. The higher Fe-P elongation in case of Fe-PPh; bond (9.9 pm) compared to that of Fe-
P(OEt); (1.1 pm) upon first electron reduction is attributed to the weaker n-acidity of PPh; compared to

P(OEt); as well as the higher steric clash between PPh; and the PhP=0 group. In the dianion 2a*, the
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Fe-PPh; bond length is even shorter than in the neutral 2 (Figure 9). This shortening could be due to
steric and electronic reasons such that the rearrangement minimizes the steric interaction between PPh;
and the PhP=0 group and lowers the electron density at the [FeFe] core via Fe-S bond cleavage and
forming u-CO. Thus, for these electronic and steric reasons we suggest that the dissociation of the Fe-

PPh; bond is likely to occur at the monoanionic state before the rearrangement process on the dianion.

3

J @ o

Figure 9. Calculated molecular structures and selected bond lengths [pm] of 7: HF =-2338.194025 a.u.,
NImag = 1 (the very weak imaginary frequency corresponds to the rotation of the iron carbonyl groups
relative to each other), Fel-Fe2 260.8, Fel-S1 233.6, Fel-S2 233.6, Fe2-S1 239.4, Fe2-S2 239.4, P1-O1
150.1; 8: HF = -2338.153575 a.u., NImag = 0, Fel-Fe2 243.7, Fel-S1 229.5, Fel-S2 232.7, Fe2-S1

232.3, P1-0O1 151.7.
Conclusions

The monosubstitution of CO ligand in complex 1 by PPh; or P(OEt); gave complexes 2 and 3,
respectively, in high yields (98 %). The *'P{'H} and *C{'H} spectra of complexes 2 and 3 suggest a
regioselective substitution of CO by PR3, which occurs at Fe2 rather than at Fel as evident by the
molecular structures (Figure 2). X-ray crystallography shows that in both 2 and 3 the PRj; ligand

coordinates at the apical position of the iron atom Fe2 (Figure 2). The Fe(CO); units in complexes 1, 2
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and 3 are more encumbered than the Fe(CO); in complex 4, as evident by comparing their CO™-Fel-
Fe2 angles, reflecting the steric bulk of the Ph-P=0 bridgehead (Figure 3). The angles L**-Fe2-Fel (L =
CO, PPhs, P(OEt);) are comparable for complexes 1 and 3, but the largest for complex 2 due to the
steric effect of the PPhs ligand. Our study finds that the higher steric effect of PPh; compared to P(OEt);
results in remarkable differences in the electrochemical behavior between complexes 2 and 3. The PPh;
ligand in complex 2 tends to be released after reduction whereas P(OEt); in complex 3 does not. Owing
to the lower m-acidity and the larger cone angle of PPh; compared to P(OEt); and based on the results of
the DFT calculations, we suggest that the PPhs loss occurs most probably upon the first electron
reduction step. The presence of CO in the solution assists the formation of 1 in the cyclic voltammetry
of 2 by compensating the loss of PPh; from the reduced species of 2. Cyclic voltammetry of complex 3
shows that the Fe-P(OEt); bond is stable against dissociation during the cathodic process at all scan
rates and even when the solution is saturated with CO. The presence of CO does not lead to substitute
the P(OEt); to give the hexacarbonyl, but instead it reacts with the reduced species forming a
spectroscopically uncharacterized product P (Supporting Information). This work shows how the steric

and electronic factors affect the kinetic stability of M-L bonds (M = metal; L = ligand).

Experimental Section

Materials and Techniques.

All reactions were performed using standard Schlenk and vacuum-line techniques under an inert gas
(argon or nitrogen). The 'H, IH{31P}, 13C{IH}, and 31P{IH} spectra were recorded with a Bruker
Avance 200 MHz spectrometer. Chemical shifts are given in parts per million with reference to internal
SiMe; or CHCls. External standard 85 % H3;PO, was used as a reference for 31P{IH} spectral
measurements. The mass spectrum was recorded with a Finnigan MAT SSQ 710 instrument. The IR
spectra were measured with a Perkin—Elmer System 2000 FT-IR spectrometer. Elemental analysis was
performed with a Leco CHNS-932 apparatus. TLC was performed by using Merck TLC aluminum

sheets (Silica gel 60 F254). Solvents from Fisher Scientific and other chemicals from Acros were used
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without further purification. All solvents were dried and distilled prior to use according to standard

methods. Complex 1 has been prepared according to our reported method.”’

Theoretical Calculations.

All calculations have been performed on the B3LYP/6-311++g(d,p) level of theory using the program
package GAUSSIAN09.*** In addition, frequency calculations have been performed to show that the
structures are minima on the hyper surface. For iron atoms we used a relativistic ECP of the Stuttgart-
Dresden group (SDD) replacing the 28 core electrons in transition-metal atoms by an effective core

potential (ECP) and contracting valence basis sets (8s7p6d) primitive sets to (6s5p3d).*!

Electrochemistry.

Instrumentation and Procedures.

These experiments do not involve corrections for the iR drop. Cyclic voltammetric experiments were
performed in a three electrodes cell using a Radiometer potentiostat (u-Autolab Type-III or an Autolab
PGSTAT 12) driven by the GPES software. The working electrode consisted of a vitreous carbon disk
(d = 3 mm) that was polished on a felt tissue with alumina before each CV scan. The Ag/Ag" reference
electrode was separated from the analyte by a CH,Cl,-[NBu4][PF¢] bridge. All the potentials are quoted
against the ferrocene-ferrocenium couple; ferrocene was added as an internal standard at the end of the

experiments.

Crystal Structure Determination.

The intensity data were collected on a Nonius KappaCCD diffractometer, using graphite-
monochromated Mo-K,, radiation. Data were corrected for Lorentz and polarization effects; absorption
was taken into account on a semi-empirical basis using multiple-scans.**’

The structure was solved by direct methods (SHELXS*) and refined by full-matrix least squares

techniques against Fo? (SHELXL-97"%). All hydrogen atom positions were included at calculated
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positions with fixed thermal parameters. XP (SIEMENS Analytical X-ray Instruments, Inc.) was used
for structure representations.

Crystal Data for complex 2. C31Hy4Fe,06P,S,-CH,Cl,, Mr = 815.19 g-mol'l, brown prism, size 0.052 x
0.048 x 0.034 mm’, monoclinic, space group C 2/c, a = 68.8713(17), b = 13.5987(4), c = 22.0300(6) A,
B =100.563(1)°, V =20282.8(10) A*, T =20 °C, Z = 24, peatea. = 1.602 grcm™, p (Mo-K,,) = 12.78 cm™,
multi-scan, transmin: 0.5438, transmax: 0.7890, F(000) = 9936, 49941 reflections in h(-80/80), k(-
14/15), 1(-25/25), measured in the range 1.76° < ® < 24.71°, completeness @max = 99 %, 17115
independent reflections, R, = 0.0540, 13772 reflections with F, > 46(F,), 1246 parameters, 0 restraints,
R14ps = 0.0990, szobs =0.2294, R1,;=0.1202, wR2a11 =0.2429, GOOF = 1.143, largest difference peak
and hole: 2.910/-1.703 ¢ A™.

Crystal Data for complex 3. Ci9Hy4Fe,09P,S,, Mr = 634.14 g‘mol'l, brown prism, size 0.046 x 0.045 x
0.034 mm’, triclinic, space group P 1, a = 7.6319(5), b = 11.2407(7), ¢ = 16.2017(11) A, a. = 86.524(4),
B = 83.504(3), y = 70.792(3)°, V = 1303.70(15) A®, T = -140 °C, Z = 2, peaiea. = 1.615 g-em™, p (Mo-
Ky) = 1441 cm'l, multi-scan, transmin: 0.4880, transmax: 0.7455, F(000) = 648, 12987 reflections in
h(-9/9), k(-14/11), 1(-20/19), measured in the range 2.84° < ® < 26.73°, completeness ®max = 98.7 %,
5890 independent reflections, Ri,; = 0.0612, 4927 reflections with F, > 4o(F,), 310 parameters, 0
restraints, Rlgs = 0.0696, WR?gps = 0.1731, Rl = 0.0809, wR?,y = 0.1857, GOOF = 1.076, largest

difference peak and hole: 1.414 /-1.665 ¢ A~

General procedure for synthesis of complexes 2 and 3.

To solution of complex 1 in CH3CN (20 ml), 1 equiv MesNO-2H,0 was added to give the respective
nitrile complex within 30 min, visible by darkening of the red solution. Subsequently, 1 equiv PR3 was
added, and the reaction mixture was stirred at room temperature for 18 h. The resulting red solution was
then filtered and the solvent was evaporated using vacuum transfer line to give the complexes in 98%

yield.
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Complex 2. Complex 1 (46 mg, 0.093 mmol) was treated with Me;NO-2H,0 (10 mg, 0.09 mmol)
and PPh; (24 mg, 0.092 mmol) according to the general method. C;;H,4Fe,06P,S,:0.5CH,Cl,: C, 48.96;
H, 3.26; S, 8.30. Found: C, 49.22; H, 3.27; S, 8.48. Micro-ESI-MS (m/z): 752.7 [M + Na]". DEI-MS
(m/z): 674 [M - 2COJ", 618 [M - 4CO]", 590 [M - 5CO]", 440 [M - CO - PPhi]", 412 [M - 2CO -
PPh;]", 384 [M - 3CO - PPhs]", 356 [M - 4CO - PPh3]" and 328 [M - 5CO - PPhs]". IR (CH,Cl,): 1941,
1983, 2002, 2056 cm™. *'P{'"H} NMR (200 MHz, CD,CL): § 30.70 (P=0), 65.82 (PPhs). >C{'H} NMR
(50.3 MHz, CD,Cl,): 6 18.50 (d, 'Jep = 67.60 Hz, CH,PCH,), 128-136 (Ph), 208.68 (CO) and 213.58
(CO). "H NMR (200.1 MHz, CD,CL): 6 1.18 (d, *Jun = 15.20 Hz, 2H, CHHPCHH), 2.32 (t, *Jun = “Jup
= 15.20 Hz, 2H, CHHPCHH), 6.80-7.80 (m, 20H, Ph).

Complex 3. Complex 1 (40 mg, 0.081 mmol) was treated with Me;NO-2H,0 (9 mg, 0.081 mmol) and
P(OEt); (14 pL, 0.082 mmol) according to the general method. Anal. Calcd for C;9Hy4Fe,0O9P5S;: C,
35.70; H, 4.57; S, 10.03. Found: C, 35.30; H, 4.49; S 9.88. Micro-ESI-MS (m/z): 656.8 [M + Na]". IR
(CH>CL): 1946, 1983, 2003, 2058 cm™. *'P{'"H} NMR (CD,Cl, 161.95 MHz): § 30.70 (P=0), 170
(P(OEt)3). *C{'H} NMR (50.3 MHz, CD,CL): 6 16.4 (d, *Jcp = 6.41 Hz, P(OCH,CH3)3), 19.6 (d, "Jcp
= 62.09 Hz, CH,PCH,), 61.95 (d, “Jcp = 4.58 Hz, P(OCH,CHs)3), 128-135 (Ph), 208.84 (CO) and
212.33 (d, “Jop = 16.30 Hz, CO). '"H NMR (200 MHz, CD,CL): § 1.38 (t, *Juu = 7.03 Hz, 9H,
P(OCH,CHs)3), 2.20 (d, *Jun = 14.70 Hz, 2H, CHHPCHH), 2.57 (t, *Jun = 14.70, “Jiyp = 15.50 Hz, 2H,

CHHPCHH), 4.21 (q, *Jun = *Jup= 7.03 Hz, 6H, P(OCH>CHs)3), 7.40-7.62 (m, 5H, Ph).
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Supporting Information Available. Crystallographic data deposited at the Cambridge
Crystallographic Data Centre under CCDC-1030468 for 2, and CCDC-1030469 for 3 contain the

supplementary crystallographic data excluding structure factors; this data can be obtained free of charge
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via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Centre,

12, Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or deposit@ccdc.cam.ac.uk).

Variable temperature >'P{'"H} NMR spectra at 400 MHz of complex 3 in MeOD (Figure S1). Cyclic
voltammetry of complex 1 (CH,Cl,/NBu4PF¢ solution) at different scan rates (Figure S2). Plots of the
cathodic current (Z,°) versus square root of scan rate for complex 1 (Figure S3). Figure S4 shows the
cyclic voltammetry of O=PPh(CH,Cl), CH,Cl,/NBu4PFs solution at 0.2 Vs Figure S5 shows the
Cyclic voltammetry of complex 2 (CH,Cl/NBu4PFs solution) at various scan rates. Calculated
structures for the neutral and the reduced species of 5 (Figure S6) and 6 (Figure S7). Calculated
structures as well as results of DFT calculations for the neutral and the reduced species of 1 (Figure S8)
and 3 (Figure S9). Results of DFT calculations of 1 and 3. Discussion of the DFT calculations of P
(Figure S10) and its oxidation products (Figure S11). Results of DFT calculations of 5 and 6 in the
neutral, monoanionic and dianionic state as well as P1, P2 and the reduced species derived from them
(Table 1). Tables giving optimized Cartesian coordinates of the calculated species are shown. Copies of
the data can be obtained free of charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ,

UK [E-mail: deposit@ccdc.cam.ac.uk].
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