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New Insights into the Chemistry of Di- and
Trimetallic Iron Dithiolene Derivatives. Structural,
Mossbauer, Magnetic, Electrochemical and
Theoretical Studies

Sonia Brufia,” Isabel Cuadrado,” Esther Delgado,*“ Carlos J. Goémez-Garcia,’
Diego Hernandez,” Elisa Hernandez,” Rosa Llusar,” Avelino Martin,? Nieves
Menéndez,® Victor Polo;/¢ and Félix Zamora“

Reaction of Fe3(CO);, with the 1,2-dithiolene HSC¢H,Cl,SH affords a mixture of complexes
[Fe,(CO)s(pn-SCeH,C1,8)] 1, [Fey(SCqH,Cl1,8)4] 2 and [Fe;(CO),(p;-SC¢H,CL,S),] 3. In the
course of the reaction the trimetallic cluster 3 is first formed and then, converted into the
known dinuclear compound 1 to afford finally, the neutral diiron tetrakis(dithiolato) derivative
2. Compounds 2 and 3 have been studied by Mdssbauer spectroscopy, X-ray crystallography
and theoretical calculations. In compound 2 the metal atoms are in an intermediate—spin Fe™
state (Sge = 3/2) and each metal is bonded to a bridging dithiolene ligand and a non-bridging
thienyl radical (S = 1/2). Magnetic measurements show a strong antiferromagnetic coupling in
complex 2. Cyclic voltammetry experiments show that the mixed valence trinuclear cluster 3
undergoes a fully reversible one electron reduction. Additionally, compound 3 behaves as
electrocatalyst in the reduction process of protons to hydrogen.

Introduction

Transition metal complexes with 1,2-dithiolenes is a subject of
high research interest as a consequence of their rich redox
chemistry, versatility in the coordination modes, biological
function, as well as their well-known magnetic and electrical
conducting properties.! Ott et al* have described the formation
of the di-iron derivatives [Fey(CO)s(n-SRS)] (R = C4Hy or
C¢H,Cl,) as the sole compound from the thermal reaction of
Fe3(CO),, with the corresponding dithiolene. On the other
hand, Huttner et al® have reported analogous reactions but using
aliphatic dithiols, such as HSCH,CH,SH or HSCH,CH,CH,SH,
in which a trinuclear cluster [Fe;(CO);(u-SRS),] is isolated
together with the dinuclear species [Fe,(CO)¢(pn-SRS)]. To our
knowledge these two triiron clusters and the analogous complex
[Ru3(CO),(u-SCH,CH,S),]* are the only examples reported on
mixed valence heptacarbonyl trinuclear derivatives of group 8
containing dithiolato ligands. Additionally, the close related
compound [Fes(CO)7(3-SCcH4N=N),] containing a
diazenylbenzenethiolato group is also known.’

Compounds [Fe,(CO)4L,(1-SRS)] (L= CO, phosphine or CN7;
R= aliphatic or aromatic groups) are being studied as valuable
models of the active site of the [FeFe] hydrogenase.®
Additionally, the role of the mixed valence clusters
[Fes(CO)(1-SCH,CH,S),]7 and [Fes {MeC(CH,S)s}5(CO)gl® as
electrocatalysts for the reduction of the protons to hydrogen
have also been explored.

We have recently obtained a one dimensional coordination
polymer of an iron dithiolene derivative, {[K,(p-
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H,0),(thf)4][Fe,(SCcH,Cl1,S)4]},  with  rather unexpected
physical properties: 7) it is the first coordination polymer
containing an “s” group metal as a bridging building block
showing electrical conductivity; ii) it represents the first
example of a coordination polymer showing two electrical
transition phases and, iii) it shows electrical bi-stability.” This
coordination polymer is isolated from the reaction of
[Fe)(CO)(n-SCeH,Cl1,S)] with HSC¢H,CL,SH, in the presence
of K,COj;. These interesting results have prompted us to extend
our work to evaluate this reaction under similar experimental
conditions but in the absence of K,CO;. This slight synthetic
change has led to the formation of the neutral diiron™™"
tetrakis(dithiolato) derivative [Fe,(SC¢H,Cl1,S)4] 2. In addition,
the synthesis of the mixed valence cluster [Fe;(CO);(ps-
SCsH,Cl1,S),] 3, is also described. The redox properties of
[Fe3(CO)7(us-SC¢H,Cl1,S),] 3 have been examined by
electrochemical techniques.

Results and discussion

Synthesis and Characterization of Complexes 2 and 3

A toluene solution of compound [Fe,(CO)q(n-SCsH,Cl1,S)] 1
and the 1,2-dithiolene HSC¢H,Cl1,SH in 1:3 ratio, was refluxed
under stirring for 24 h (Scheme 1). The solid formed was
filtered and crystallized in acetone/n-hexane (1:2) at —20 °C to
yield the purple compound 2.
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The microanalytical data and the presence of the parent ion in
the mass spectrum suggested the formulation of complex 2 as
[Fex(SC¢H,C1,S)4]. The molecular structure of this neutral
compound was confirmed by single crystal X-ray diffraction.
The metal oxidation states were assigned based on Mdssbauer
studies and DFT calculations (vide infra). The high insolubility
of compound 2 in the most common organic solvents, together
with the experimental observation that a dark residue was
always retained on the top of the column chromatographic used
to purify compound 1, obtained from Fe;(CO);, with
HSC¢H,CL,SH,? prompted us to reinvestigate if compound 2 is
also formed in this reaction. Thus, after keeping the mixture
stirred under refluxing toluene during 45 min, the solvent was
removed and the residue purified on silica gel. A carefully
performed chromatographic column allowed us to separate
three bands: [Fey(CO)4(n-SC¢H,CL,S)] 1, and two new bands
corresponding to [Fe,(SC¢H,Cl,S),] 2 and [Fe;(CO)(us-
SC¢H,C1,S),] 3 (Scheme 2).
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The structure of the mixed valence cluster 3 was confirmed by
single crystal X-ray diffraction. We have observed that longer
reaction times and larger amounts of dithiolene, in comparison
to the procedure described before, improve the yields of the
new derivatives 2 (17.3% yield) and 3 (6.4% yield) (see
experimental section). We have also studied the reaction
between Fe;(CO);, and HSC¢H,Cl,SH in the presence of
ONMe;s. In this case, a remarkable increase in the yield of
compound [Fe,(SC¢H,Cl1,S)4] 2 (40 % yield) is observed while
only trace amounts of [Fe3;(CO);(u;-SC¢H,Cl,S),] 3 obtained.

In order to know whether there is any relationship between
compounds 1-3, a mixture of 3 and HSCcH,CIl,SH, was left in
refluxing toluene for 3 h. Afterwards, compound 1 was isolated
as the major product together with traces of 2. This result in
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addition to the conversion of the dinuclear carbonyl derivative
1 in the neutral compound 2, as commented before, suggests
that the cluster [Fe;(CO);(u3-SC¢H,CLS),] 3 is the first
compound formed in the reaction of Fe;(CO);, with
HSCH,CI,SH. This process implies the substitution of CO
groups by dithiolato ligands and the cleavage of one Fe—Fe
bond in the precursor Fe;(CO);,. In a second step, probably the
rupture of Fe-Fe and Fe-S bonds as well as formation of a new
Fe-Fe bond in 3 would yield to compound [Fe,(CO)4(p-
SC¢H,C1,S)] 1 and, finally, total substitution of carbonyls by
dithiolato in compound 1, generates [Fe,(SC¢H,Cl,S)4] 2
(Scheme 3).
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The IR spectrum of compound 3 exhibits vCO bands at 2077
(m), 2054 (vs), 2022 (w), 2016 (s), 1999 (vw) and 1977 (s) cm™
corresponding to terminal carbonyl ligands. The pattern of the
IR spectrum of 3 is rather similar to that reported for
[Fes(CO)7(u-SRS),] (R= CH,CH, and CH,CH,CH,).’ In the
latter compounds an additional band corresponding to the
presence of a semi-bridging CO ligand was also observed but
this feature is not observed in the spectrum of 3. Moreover, a
resonance at J 7.10 ppm, for the protons assigned to the
C¢H,Cl, groups is shown in its '"H NMR spectrum. Finally, the
mass spectrum of 3 shows the parent ion and other ions
assigned to successive loss of CO’s groups.

X-ray Diffraction, Mdssbauer, Magnetic and Theoretical
studies of Compound 2

The molecular structure of complex 2 has been determined by
the neutral diferric complex. Selected bond distances and
angles are given as figure -caption (Figure 1). The
[Fe(SCsH,C1,S),] moiety in complex 2 presents an iron centre
which is S,S-bond to one dithiolato and one thienyl ligands.
Additionally, each FeL, entity acts as p-sulfur bridging two
metal centres leading to a distorted 4+1 square based pyramidal
geometry around the iron atoms.

Certainly, from ligand bond distances analysis there is some
indication that the terminal non-bridging dithiolato ligands are
in their oxidized form. An average of 1.758(2) A for the [S(4)-
C(12)] and [S(3)-C(7)] distances as well as a bond length of
1.43(1) A for C(7)-C(12) are observed for this terminal non-
bridging thienyl ligand, whereas a shortest C-C bond length of
1.40(1) A [C(1)-C(2)] and an average of 1.77(2) A for the S-C
bond distances are found for the terminal bridging dithiolato
group. These data agree with those previously reported species
[Femz 182C(CeHy-p-CH3)1} 4] 10 and [Femz 18,C(CeHy-p-
OCH3)2}4].11 To our knowledge, the two former compounds and
[Fe,(SC¢H,Cl1,S)4] 2 are the only examples on neutral F el
tetrakis(dithiolato) dimers which crystal structures have been
reported.

This journal is © The Royal Society of Chemistry 2012
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Figure 1. View of the molecular structure of 2. Selected bond lengths (A) and
angles (deg):C1-C2 1.40(1), C1-S1 1.787(8), C2-S2 1.745(8), C7-C12 1.43(1), C7-S3
1.757(8), C12-54 1.760(7), S1-Fel 2.225(2), S1-Fel' 2.494(2), S2-Fel 2.244(2), S3-
Fel 2.194(2), S4-Fel 2.244(2), S1-Fel-S2 89.19(8), S3-Fel-S4 88.88(8), S2-Fel1-S3
87.56(8), S1-Fe1-S4 87.93(8), S1-Fel-S1' 99.45(7), S2-Fe1-S1' 100.55(8), S3-Fel-
s1' 97.58(8), S4-Fe1-S1' 101.32(8). Symmetry transformation: i -x+1,-y+1,-z+1.

Previous studies carried out on various members of the electron
transfer series [Fe,(dithiolene),]" (n= from +1 to -2) combining
DFT calculations with Mssbauer data support a +III oxidation
state on both metal atoms independently of the dimer
charge.'™!® To confirm this assignment in the case of compound
2, its electronic structure was investigated by means of DFT
calculations using the ADF program.'”> Calculations were
performed on the experimental geometry (ESI). The spin
density plot for complex 2, represented in Figure 2, shows three
o and three f spins mainly located at the iron atoms. Two other
unpaired electrons with o and f spins are respectively located
on the two non-bridging terminal ligands and they are
distributed among the sulfur, S3 and S4, and carbon, C1 and
C2, atoms giving support to the radical character (S = 1/2) of
the non-bridging ligands as inferred from the experimental
bond lengths. The spin density for compound 2 constitutes the
signature of an antiferromagnetic state.

To confirm theoretical predictions the magnetic properties of
complex 2 were investigated.

Figure 2. Representation of the BS-UDFT spin density (blue = a-spin; brown =
spin) for compound 2.

This journal is © The Royal Society of Chemistry 2012
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Figure 3. Thermal variation of the y,T product for compound 2. Solid line is the
best fit to the model.

The product of the magnetic susceptibility times the
temperature, y,T for compound 2 shows a room temperature
value of ca. 1.6 emu.K.mol™' and a continuous decrease to reach
a value of ca. 0.15 emuK.mol' at 2 K (Figure 3). This
behaviour indicates that compound 2 presents a strong
antiferromagnetic coupling that is expected to arise from the
coupling of the two Fe'" ions and the two S = 1/2 radicals. If we
assume that the thienyl ligand is the terminal one, we obtain the
magnetic exchange scheme depicted in the insets in Figure 3.
Since the Fe™ atoms in dithiolene dimeric complexes can
present a S = 3/2 or a S = 1/2 spin ground state,” we have tested
both possibilities (ESI) in our fitting procedure by using the
package MAGPACK."*'* The model using a S = 3/2 ground
spin state for the Fe'" ions reproduces very satisfactorily the
magnetic properties of compound 2 with the following
parameters: g = 2.0 (fixed value), J; = -228 cm™', J, = —686 cm’
!, a temperature independent paramagnetism (N¢) of 3.0x10™*
emu-mol™' and a monomeric Fe"" paramagnetic impurity of 1.0
% (solid line in Figure 3). To reduce the number of adjustable
parameters we have fixed the g value to 2.0. This fit shows that
the strongest AF interaction occurs between the Fe™ ions and
the thienyl radicals through the direct double sulfur bridge (J,)
and that the Fe-Fe interaction through the double S bridge also
leads to a strong AF coupling (J, = —228 cm™"), in the range of
those observed in other similar Fe™-dithiolate dimers.’ This
result confirms the oxidation state +3 assumed for the Fe atoms
in 2. Note that the very strong J, coupling indicates the
presence of a strong orbital overlap between the Fe(III) ion and
the S atoms of the thienyl radical, in agreement with the
planarity of the thienyl radical and the relatively small
deviation of the Fe(Ill) atom from the basal plane. These two
strong couplings give rise to the spin orientation indicated in
inset in Figure 3, where the S = 3/2 spins are antiparallel as well
as the two S = 1/2 of the thienyl radicals. This spin distribution
leads to a total S = 0 ground spin state for the Fe'" dimer, in
agreement with the magnetic properties and with the theoretical
predictions.

Mossbauer studies also confirm the III+ oxidation state
assignment for the metal atoms. Thus, the zero-field *’Fe
Maossbauer spectrum of complex 2 recorded at 77 K (Figure 4)
shows a single doublet with isomer shift, 5 = 0.345(2) mm/s,
and quadrupole splitting, |AEQ |= 2.94(1) mm/s, in agreement
with theoretical calculation (6 = 0.378 mm/s, and quadrupole
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splitting, |AEQ |=2.853 mm/s) as well as the reported values
for other Fe(III) square-pyramidal complexes.'™'"
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Figure 4. Mossbauer spectrum of compound 2 at 77 K.

Finally, we have to indicate that we were unable to study the
electrochemical behaviour of compound 2 due to its insolubility
in CH,Cl, and instability in CH;CN and thf solutions.

X-ray Diffraction, Mdossbauer and Theoretical studies of
Compound 3

The molecular structure of compound 3 is displayed in Figure
5. Selected bonds distances and angles are listed as figure
caption (Figure 5). Taking into account the 18 electron rule
compound [Fe;(CO);(n;-SCsH,Cl1,S),] 3 is an electron precise
50 e cluster.

Figure 5. Molecular structure of 3. Selected bond lengths (A) and angles (deg):
C1-C6 1.403(7), C1-S1 1.778(5), C6-S2 1.778(5), Fel-Fe2 2.715(2), Fe2-Fe2'
3.22(1), S1-Fel 2.208(2), S2-Fel 2.196(1), S1-Fe2 2.305(2), S2-Fe2' 2.310(2), Fe2-
Fel-Fe2' 72.71(5), Fel-S1-Fe2 73.93(5), Fe1-S2-Fe2' 74.05(5), S1-Fe1-S2 91.23(5).
Symmetry transformation: i X,-y+1,-z+1.

The central heptacoordinated Fe(l) iron atom exhibits a
distorted capped trigonal prism geometry, while the two
external Fe(2) iron atoms are coordinated to the central Fe(1)
atom, three carbonyl ligands and two sulfur atoms to complete
a distorted octahedral geometry. A C, axis through the Fel-
C101-0101 unit makes equal both Fe(1)-Fe(2) bond distances,
with a value of 2.715(2) A. This interatomic distance is
consistent with the presence of a metal-metal bond. However a
non-bonding distance of 3.22(1) A is observed between
Fe(2) - -Fe(2i) centres. The three metal Fe atoms form a bent

4| J. Name., 2012, 00, 1-3

triangular cluster with a Fe(2)-Fe(1)-Fe(2i) bond angle of 72.71
(5)°. This feature contrasts with the Fe(2)-Fe(1)-Fe(2) angle of
178.7(1)° found in the linear compound [Fe;(CO);(us-
SCeH,N=N),]’ and the reported of 151.8(1)° and 156.22(4)° for
the  quasi-linear  clusters  [Fe;(CO)7(n-SCH,CH,S),]*’
(compound 4) and  [Fe;(CO),(u-SCH,CH,CH,S),],"
respectively. The internal iron atom is linked to a terminal CO
ligand [O(101)-C(101)-Fe(1) angle of 180.0(4)°]. This is in
contrast with the semi-bridging coordination mode observed for
the CO ligand in the related [Fe;(CO);(SRS), (R=CH,CH,*’
and CH,CH,CH,'’] compounds. Additionally, in compound 3
each dithiolato group acts as a triple bridging ligand. Although
two isomers (syn and anti) could be expected depending upon
the orientation of the dithiolato groups, only the syn isomer has
been observed for 3. In contrast, the anti-isomer is observed in
compounds  [Fe;(CO);(u-SCH,CH,S),],>’ [Fes(CO)4(p-
SCH,CH,CH,S),]" and [Fe;(CO)-(u3-SC¢HsN=N),],”> while in
the case of the analogous ruthenium cluster [Rus(CO),(u-
SCH,CH,S),] both isomers have been isolated, although the
anti-isomer is the most abundant.* Slight differences are
observed in the mean central Fe-S and outer Fe-S bond
distances in compounds [Fe;(CO),(u-SCH,CH,S),] 4> and
[Fes(CO)7(n-SCH,CH,CH,S),]."* However, the four bond
distances between the sulfur atoms and the internal iron atom
[S(1)-Fe(1) of 2.208(2) A and S(2)-Fe(1) of 2.196(1) A] are
shorter than the corresponding bond lengths between the sulfur
and the external iron atoms [S(1)-Fe(2) of 2.305(2) A and S(2)-
Fe(2i) of 2.310(2) A]. These differences can be attributed to the
triply bridging mode of the dithiolene ligand in 3 which forces
a bent Fe-Fe-Fe structure and a lengthening of the Fe-Fe bond.

As far as we known, the crystal structures of compounds
[Fe3(CO)7(n-SCH,CH,S),],> [Fes(CO)(p-
SCH,CH,CH2S),]," [Ru3(CO)-(u-SCH,CH,S),],*
[Mn3(co)6(M'SCH2CH2CH25)3]16 and [Os3(CO)1o(p-
SCH,CH,S)],!” are the only examples reported on transition
metal carbonyl trinuclear clusters, containing dithiolato ligands.
It is noteworthy that compound 3 exhibits some remarkable
differences with those clusters: i) it represents the first example
of this type of clusters containing aromatic instead aliphatic
dithiolato ligands and ii) a triple bridging coordination mode is
observed for the -SC4H,Cl,S- ligand, while the aliphatic
dithiolato groups bridge two metals in the precedent examples.

We have prepared the reported trinuclear cluster [Fe;(CO),(p-
SCH,CH,S),] 4*” in order to carried out comparative studies
with the new cluster [Fe3(CO);(ps-SCeH,Cl,S),] 3.
Additionally, they have been extended to the dinuclear
derivative [Fey(CO)¢(u-SCeH,C1,S)] 1.2 DFT studies of the
three compounds have carried out at the OPBE level.'® These
complexes possess a singlet ground state in agreement with its
diamagnetic nature. The experimental geometries are well
reproduced by gas-phase geometry optimizations (Tables S1,
S2 and Figure S1). In agreement with the before commented,
the metal-metal distance in 3 is ca. 0.2 and 0.15 A longer than
those in compounds 1 and 4, respectively. On the other hand,
the optimized Fe(1)-S bond distances in compound 3 are ca.
0.15 A shorter than the distances between the external Fe(2)
atoms and their bonded sulfur atoms and the same tendency is
also calculated for compound 4. Although a mixed valence
Fe'Fe''Fe! state have been reported for [Fey(CO),(SRS),
(R=CH,CH,*’” and CH,CH,CH,"")] compounds in which each
dithiolato is bridging two iron metals, the presence of two triple
bridging “SCqH,Cl,S”groups in cluster 3, may also yields to
another mixed valence possibilities such as Fe"Fe’Fe". In order
to gain insight a Mdssbauer experiment has been carried out on

This journal is © The Royal Society of Chemistry 2012
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compound 3. The complexity associated with the isomer shift-
oxidation state correlation in organometallic complexes, that
can be explained on back-donation introduced by certain
ligands which increase the electron density at the nuclei,'®*
prompted us to extend the spectroscopic study to compounds 1
and 4 so similar coordination environments could be compared.
(Figure 6, Table 1).
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Figure 6. Mossbauer spectra of compounds 1 (a), 3 (b) and 4 (c) recorded at 77 K.

The spectrum of compound 3 (Figure 6b) results from the
convolution of two quadrupole doublets, one with an area
almost twice the other confirming the presence of two of the
three iron atoms in a similar environment indicating a mixed
valence states. Although a similar spectrum has been recorded
for cluster [Fe;(CO),;(u-SCH,CH,S),] 4, different isomer shift
values have been found for both clusters (Figure 6¢c, Table 1).
On the other hand, as can see in Figure 6a, compound
[Fe)(CO)¢(n-SCeH,Cl1,S)] 1 shows a single quadrupole doublet
with an isomer shift value of 6 = 0.058 mm/s at 77 K that is
similar to the found at the same temperature for the outer iron
atoms in compound [Fe;(CO),(u-SCH,CH,S),] 4 (6 = 0.046
mm/s). These data are consistent with a +I oxidation state,’*!°
while values of 6 =0.116(1) and 0.156 (2) mm/s were found for
cluster [Fe3(CO)7(p3-SCsH,Cl1,S),] 3. This fact could indicate
that compound 3 shows different iron oxidation states to those
reported for 4. On the other hand, analogous behaviour has
been reported for the Fe'Fe' compound [Fe,{p-
SCH,C(CH;),CH,S}(PMe;),(CO)4] (0 = 0.06 mm/s) and its
oxidised specie Fe'Fe!! [Fey(n-CO){p-
SCH,C(CH;),CH,S}(PMe;),(CO);]PFs (6 = 0.105 and 0.190
mm/s).”’ Therefore, the above mentioned data do not allow us
to assign the formal oxidation state, Fe'Fe'Fe! or Fe''FeFel, for
compound 3.

Mossbauer experimental parameters have been calculated for
compounds 1, 3 and 4 starting from their computed electronic
structures and the results are listed in Table 1 together with the
experimental values. The OPBE/TZP energies, <S*> values and
electron density at the Fe nucleus (p(0)) employed for the
calculation of Mdossbauer isomer shift are given as ESI (Table

This journal is © The Royal Society of Chemistry 2012
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S3). A good agreement between the experimental and

calculated data is observed.

Table 1. Hyperfine parameters from the *’Fe Mossbauer spectra for
compounds 1, 3 and 4 taken® at different temperatures T and DFT calculated”
values at 0 K.

Compound T (K)  §(mm/s) ‘ AEq | (mm/s) I
T 295 -0.040 (2) 1.128(4) 100%
77 0.058(1) 1.170 (1) 100%
1° 0 0.130 1.042 100%
3 295 0.041(2) 0.261(7) 60%
0.072 3) 0.59(1) 40%
77 0.116(1) 0.265(4) 65%
0.156 (2) 0.593(8) 35%
3° 0 0.182 0.215 66%
0.240 0.614 33%
e 295 -0.010(6) 0.614(9) 66%
0.100(7) 1.12(1) 33%
77 0.046(1) 0.624(2) 63%
0.176(2) 1.112(2) 37%
4° 0 0.117 0.640 66%
0.274 1.047 33%

* IS isomer shift relative to metallic a-Fe at room temperature (mm/s); "Using
the OPBE/TZP method.

Electrochemistry of Compound 3

The electrochemical behaviour of the trimetallic cluster
[Fes(CO)7(13-SC4H,C1,S),] 3 was examined by cyclic
voltammetry (CV) in dichloromethane using [n-BuyN][PF¢]), as
supporting electrolyte.

When the potential is scanned in the cathodic direction, from 0
to —2.0 V region, cluster 3 shows a reduction process at £}, =
—0.69 V, vs SCE (Figure 7).

40 4

= N @
o o o
1 1 1

Current (pA)

=10 -

-20 -

v \J
0.0 -0.2 -04 -0.6
E (V vs SCE)

-0.8

Figure 7. Cyclic voltammetric response, on glassy-carbon working electrode at a
scan rate of 0.1 V s, of trinuclear cluster [Fes(CO)(u3-SCeH,Cl5S),] (3) recorded
in CH,Cl, containing 0.1 M [n-BusN][PF¢].

For this redox couple, the plot of peak current (i;) versus V12

was linear, indicating that redox process was diffusion
controlled. Likewise, the voltammetric features (i,c/ipa
essentially equal to unity, AE, values about 85-100 mV at slow
scan rates, and £, independent of v) show that the reduction of
compound 3 is chemically reversible on the voltammetric time
scale.! The number of electrons transferred in the redox
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process was estimated by cyclic voltammetry, by comparison of
the current intensity of the CV of 3 with that of an equimolar
amount of decamethylferrocene (Cp*,Fe)** (Figure S2). This
established that the cathodic couple of 3 involves the transfer of
one electron, and suggests the formation of the monoanionic
species [Fe;(CO)-(pn3-SC¢H,Cl1,S),]". A simplistic analysis of
the frontier orbitals in 3 (Figure 8) suggest that the electron
enters a LUMO orbital which is basically formed by the d,>
orbitals of the external iron atoms. This fact could indicated
that the higher oxidation state is located on them.

In contrast, the reduction process reported for complex 4 is
irreversible and shows a cathodic shift of ca. 300 mV with
regard to that of compound 3.7 A frontier orbital analysis on 4
(Figure S3) indicates that upon reduction the entering electron
occupies an Fe-Fe antibonding orbital. For comparison, the
redox behaviour of the related di-iron compound [Fe,(CO)4(u-
S,CsH,Cl,)] 1 has been investigated (Figure S4). This
bimetallic compound undergoes a single reversible diffusion-
controlled reduction at —0.90 V vs SCE, which also shows
cathodic shift with respect to the first reduction peak of 3
(—0.69 V). Consequently, the reduction of trimetallic compound
3 is thermodynamically easier than that of compounds 1 and 4.

Figure 8. VP-2 representation of HOMO (a) and LUMO (b) orbitals of compound 3
calculated using DFT.

In the anodic region, tri-iron cluster 3 exhibits a quasi-
reversible oxidation wave (Figure S5), whose current intensity
closely approximates to that of the reduction process described
above. Therefore, the oxidation peak at +1.11 V vs SCE could
be attributed to a one-electron oxidation process. Based on the
frontier orbital analysis the electron is removed from an orbital

6 | J. Name., 2012, 00, 1-3

which has a major contribution from the n° C-O orbital and a
minor contribution from the dy, orbital of inner Fe atom.
Additionally, the ability of [Fe;(CO);(13-SCsH,Cl,S),] 3 to act
as electrocatalyst for proton reduction to H, has been evaluated.
Figure 9 provides CV responses of 3 in 0.1 M CH,Cl,/[n-
BuyN][PF4], obtained in the absence and presence of
HBF,4-OEt,. As can be observed, when the first 3 equivalents of
HBF,4 OEt, acid were added, the reduction peak of 3
considerably increased and continued to grow in intensity with
sequential addition of the acid. When 15 equivalents of acid
were added, the reduction peak reaches a maximum height,
which is about seven times higher than the original reduction of
3, in the absence of acid. At this point, when the potential scan
direction is reversed, no complementary oxidation peak is
observed. This behaviour is typical for a fast irreversible
chemical reaction coupled to the charge-transfer step. The rapid
increment in current height of the reduction peak in the
presence of acid suggests an electrocatalytic process.”” The
obtained result qualitatively resembles to that of related thiolate
derivatives previously described by Hogarth and col.” and by
Pickett and col.® containing tri-iron and tetra-iron assemblies,
respectively.
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Figure 9. Cyclic voltammetric response of compound 3 (10 M) measured in
CH,Cl, containing 0.1 M [n-BusN][PF¢] in the absence (black line) and in the
presence (colour lines) of increasing amounts of HBF,-OEt;, acid.

Experimental

General. All reactions were carried out under argon
atmosphere. Solvents were dried using standard methods.
Fe;(CO)y, and 1,2-dithiol HSC¢H,CL,SH are commercially
available (Aldrich). [Fe,(CO)g(n-SCeH,C1,S) 71 and
[Fes(CO)7(n-SCH,CH,S),]*> were prepared according to the
published procedure. The infrared spectra were recorded on a
Perkin-Elmer Spectrum BX FT-IR spectrophotometer using
NaCl cells. '"H NMR spectra were registered on a Bruker AMX-
300 instrument. Elemental analyses were performed on an
LECO CHNS-932 Elemental Analyzer. FAB or MALDI-TOF
mass spectra were carried out on a WG Autospec Spectrometer
or ULTRAFLEX III using 3-nitrobenzyl alcohol or DCTB as
matrix, respectively.

Reaction of [Fe,(CO)¢(n-SC¢H,Cl,S)] 1 with HSC¢H,C1,SH.
A mixture of [Fe,(CO)s(n-SCeH,C1,S)] (200 mg, 0.41 mmol)
and HSCcH,CL,SH (260 mg, 1.23 mmol) in toluene (15 mL),
was refluxed during 24 h. Afterwards, the dark solid formed in

This journal is © The Royal Society of Chemistry 2012
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the reaction, was filtered and recrystallized in wet acetone/n-
hexane (1:2) at —20 °C, yielding compound [Fe,(SCsH,ClL,S)4]
2 (27 mg, 69 %). MS (MALDI-TOF): m/z 947.5
[Fex(SCsH,Cl1,S)4], 473.8 [Fe(SC¢H,Cl1,S),] . Anal. Calcd. for
C24H3C13F6283.4H20'C3H60; C, 3007, H, 204, S, 23.76.
Found: C, 29.08; H, 1.99; S, 24.12.

Reaction of Fe;(CO);, with HSC¢H,CL,SH. To a solution of
Fe;(CO); (300 mg, 0.60 mmol) in toluene (15 mL),
HSC¢H,CI1,SH (250 mg, 1.19 mmol) was added. The resulting
mixture was kept under stirring at 110 °C for 3 h. The colour of
the mixture changed from deep green to brown-red. The solvent
was removed under reduced pressure, and the residue purified
by chromatographic column on silica gel. Elution with n-
hexane gave a major first band of [Fe,(CO)4(n-SCsH,Cl1,S)] 1
(180 mg, 63 %). A second band, eluted with CH,Cl, gave the
brown compound [Fe;(CO),(p;-SC¢H,Cl1,S),] 3 (30 mg, 6.4 %).
Elution with wet acetone yields the purple compound
[Fez(SC6H2C125)4] 2 (95 mg, 17.3 %).

Single crystals of 3 were obtained from CH,Cl,/n-hexane (1:4)
at —20 °C. Spectroscopic data for compound 3: IR (hexane):
veo (em™) 2077 (m), 2054 (vs), 2022 (w), 2016 (s), 1999 (vw),
1977 (s). '"H NMR (CDCls, 300 MHz, 22 °C) 6 7.10 ppm (s,
4H, C¢H,). MS (FAB): m/z 781.5 [M"], 753.5-613.5 [M"-nCO,
n=1-6]. Anal. Calcd. for C;oH4C1;0,S4Fe;-2CH,Cl,; C, 26.48;
H, 0.84; S, 13.45. Found: C, 26.51; H, 0.79; S, 13.11.
Reactivity of Fe;(CO),, with HSC¢H,C1,SH in the presence
of ONMes. To a thf (15 mL) solution of Fe;(CO);, (150 mg,
0.3 mmol), ONMe; (166 mg, 1.5 mmol) and HSC¢H,Cl,SH
(126 mg, 0.6 mmol) were added. The resulting mixture was
stirred at room temperature for 20 min. Afterwards the green
colour of the solution changed to brown. Then, the solvent was
removed under reduced pressure and the residue purified by
chromatographic column on silica gel. Elution with n-hexane
gave a red band of [Fe,(CO)¢(u-SCsH,CL,S)] 1 (11 mg, 7.7%)
followed by a second brown band corresponding to compound
[Fes3(CO)7(u3-SCsH,Cl,S),] 3 (traces amount) using CH,Cl, as
eluent. Finally, a third purple band went down from the column
using wet acetone to yield compound [Fe,(SC¢H,C1,S)4] 2 (115
mg, 40 %).

Méssbauer Studies. Mossbauer spectra were carried out at 293
K and 77 K in triangle mode using a conventional spectrometer
with *’Co(Rh) source. The spectra were analysed by a nonlinear
fit using the NORMOS program”® and the energy calibration
was made using a a-Fe (6 pm) foil.

Magnetic Measurements. Variable temperature susceptibility
measurements were carried out in the temperature range 2-300
K with an applied magnetic field of 0.1 T on ground
polycrystalline samples of compound 2 (with masses of 13.79),
with a Quantum Design MPMS XL-5 SQUID magnetometer.
The susceptibility data were corrected for the sample holders
previously measured under the same conditions and for the
diamagnetic contributions of the sample using Pascal’s
constants tables.”’

Electrochemical Measurements. Cyclic voltammetric (CV)
experiments were recorded on a Bioanalytical Systems
BASCV-50W potentiostat. CH,Cl, (SDS, spectrograde) for
electrochemical measurements was freshly distilled from
calcium hydride under argon. The supporting electrolyte used
was a 0.1 M solution of tetra-n-butylammonium
hexafluorophosphate  (Fluka), which was purified by
recrystallization from ethanol and dried in vacuum at 60 °C. A
conventional three-electrode cell connected to an atmosphere of
prepurified nitrogen was used. All cyclic voltammetric
experiments were performed using either a platinum-disk

This journal is © The Royal Society of Chemistry 2012

Dalton Transactions

working electrode (4 = 0.020 cm?) or a glassy carbon-disk
working electrode (4 = 0.070 cm?) (both Bioanalytical
Systems), each of which was polished on a Buehler polishing
cloth with Metadi II diamond paste, rinsed thoroughly with
purified water and acetone, and dried. All potentials were
referenced to the saturated calomel electrode (SCE). Under our
conditions, the ferrocene redox couple [FeCp,]°" is +0.462, and
decamethylferrocene redox couple [FeCp*,]”" is —0.056 V vs
SCE in CH,Cl,/0.1 M n-BuyNPF,. A coiled platinum wire was
used as a counter electrode. Solutions were, typically, 10~ M in
the redox active species.

X-ray Structure Analysis of 2 and 3. Crystals were removed
from the Schlenk and covered with a layer of a viscous
perfluoropolyether (Fomblin®Y). A suitable crystal was
selected with the aid of a microscope, attached to a glass fiber,
and immediately placed in the low temperature nitrogen stream
of the diffractometer. The intensity data sets were collected at
200 K on a Bruker-Nonius KappaCCD diffractometer equipped
with an Oxford Cryostream 700 unit. The structures were
solved, using the WINGX package,®® by direct methods
(SHELXS-97) and refined by least-squares against F?
(SHELXL-97).>” Complex 2 crystallized with four water
molecules and one of acetone. Due to the poor quality of the
crystal, all of them presented severe disorder and it was not
possible to define a sensible chemical model, so Squeeze®®
procedure was performed to remove their contribution to the
structure factors. All the hydrogen atoms in both structures
were positioned geometrically and refined by using a riding
model while all non-hydrogen atoms were anisotropically
refined.

Computational Methods. All calculations were carried out
using DFT methodology in combination with all-electron
Slater-type triple-{ plus polarization (TZP) basis set as
implemented in the ADF program.'?> The OPBE functional is
recommended for the calculation of Mdssbauer spectroscopy
and, therefore, it is employed on all calculations.'® Compounds
1 and 3 were calculated using the restricted formalism and
geometrically optimized while for compound 2 the broken-
symmetry unrestricted technique was employed to find the
antiferromagnetic state using the X-ray structure geometry.
Relatistic effects were considered except for the calculation of
isommer shifts. In order to use the Noodleman fitting values the
same options must be used, then relativistic effects were
omitted and integration grid was lowered to 5.5.%

Conclusions

The reaction between Fe;(CO);, and HSC4H,Cl,SH has been
revisited. In addition to the already reported [Fe,(CO)¢(p-
SC¢H,C1,S)] 1 product, two new iron complexes,
[FCz(SC6H2C125)4] 2 and [Fe3(CO)7(u3-SC6H2CIZS)2] 3 have
been isolated. In the course of the reaction cluster 3 is
converted into 2 towards the known compound 1.

X-ray crystallography, Mossbauer spectroscopy and theoretical
calculations have allowed unequivocally to assign the oxidation
state +III for the iron metals in compound 2. Magnetic
measurements confirm a strong antiferromagnetic coupling and
its magnetic moment arises from the coupling of two Fe' ions
(S= 3/2) and two S= 1/2 radicals, in agreement with the DFT
calculated spin electronic density for this compound.

The crystal structure of 3 shows two dithiolato ligands in an
unusual triple bridging coordination mode and also represents
the first example among the few related carbonyl trinuclear
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clusters of the group 8 metals, which contains an aromatic
dithiolato ligand.

Mossbauer parameters for compounds 1, 3 and 4 have been
calculated from DFT computed electronic structures and there
is a very good agreement between experimental and calculated
values.

Cyclic voltammetric experiments on compound 3 show a
reversible reduction peak corresponding to one electron.
Additionally, electrochemical results suggest that compound
that 3 can function, in the presence of acid, as a catalyst for
proton reduction.

Mossbauer and theoretical data do not confirm the iron
oxidation states in the mixed valence cluster [Fe;(CO),(us-
SC¢H,C1,S),] 3.
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Contents Entry:

The reaction of Fe;(CO);, with HSC¢H,C1,SH gives the trinuclear cluster [Fe;(CO)q(u3-
SC¢H,Cl,S),] 3 that evolves to the neutral iron dithiolate derivative [Fe;(SC¢HoCl2S)4] 2
via the intermediate compound [Fe,(CO)s(u-SC¢H,Cl1,S)] 1. The cluster 3 consists of a
mixed valence compound in which the dithiolato ligands show a triple bridging

dimer where a thiolate and a thienyl

L . i
coordination mode. Compound 2 is a Fe

coordinate to each iron atoms.




