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ABSTRACT: Two ser ies of s i l i con-supported [(μ -
SCH2)2NRFe2(CO)6] (R = p-OHC6H4, 3, and (CH2)2OH, 4a,
and (CH2)5OH, 4b) hydrogenase mimics, as well as octamethyl-
silsesquioxane (POSS)-based nanostructures containing eight [(μ-
SCH2)2NRFe2(CO)6] moieties, have been prepared either by
reaction of the corresponding silyl and silyloxy chlorides and
compounds 3 and 4 or by CuAAC between propargyl derivatives of
silyl and silyloxy chlorides and azide 14. Cycloaddition between
POSS-derived azide 23b and [(μ-SCH2)2NRFe2(CO)6] (R =
alkyne) complexes 24 and 26 is efficient, leading to POSS-based
nanostructures containing eight [(μ-SCH2)2NRFe2(CO)6] units.
All of the complexes prepared through this work were soluble in
organic solvents and hence fully characterizable by spectroscopic media. The electrochemistry of the linear siloxanes 6a and 10 is
similar, with a reduction wave around −1.7 V, which is characteristic of these [(μ-SCH2)2NRFe2(CO)6] entities. Complexes 6a and
6b lacking 1,2,3-triazole moieties were electrochemically stable in the presence of AcOH, showing a strong electrocatalytic wave at
−2.2 V, while complexes 16 and 18 having the 1,2,3-triazole ring decomposed but were electrocatalytically active in the wave at −2.2
V. POSS-[(μ-SCH2)2NRFe2(CO)6] derivatives 25 and 27 show a strong irreversible reduction event and are deposited in the
electrode either when adding AcOH or over time (successive voltammograms). 29Si NMR shows that the integrity of the silicon cage
is not affected by time or AcOH addition. These synthetic protocols and electrochemical studies will be applied in the design of
silicon-supported [(μ-SCH2)2NRFe2(CO)6] mimics.

■ INTRODUCTION
Hydrogenase enzymes1 are present in different organisms such
as anaerobic bacteria or green algae. These enzymes have been
targeted by researchers in search of new ways to produce
energy due to their ability to reduce protons liberating
molecular hydrogen (hydrogen evolution reaction, HER) as
well as the inverse reaction, the oxidation of hydrogen to form
protons. A plethora of studies2 on the catalytic cycles of these
enzymes has contributed to the design and obtention of non-
enzymatic entities that mimic these natural substrates but lack
oxygen sensitivity and thermal instability. A fair amount of the
work done in the synthesis of hydrogenase mimics has been
based on the preparation of complexes having [(μ-
SCH2)2NRFe2(CO)6] or [Fe2(μ-bdt)R(CO)6] (bdt = ben-
zene-1,2-dithiolate) cores (Figure 1).3 The incorporation of
these metal complexes in different materials has also been
profusely studied.
Thus, inclusion of mimics of [FeFe]-hydrogenases into TiO2

surfaces,4 nanotubes and nanocrystals,5 metal−organic frame-
works,6 dendrimers,7 polymers,8 sodium dodecyl sulfate
micellar systems,9 nanocrystals,10 and less frequent supra-
molecular assemblies11 have been reported. In this regard, the
anchoring of [FeFe]-hydrogenases into silica gel or doped
silica gel (for example, with conducting metals) has been

scarcely reported. A recent example shows that the silicon
photoelectrode interface having covalently bonded [FeFe]-
hydrogenase mimics photoelectrochemically generate hydro-
gen. However, after hydrolysis, loss of the [FeFe] moiety is
also observed.12 Several other silica-based heterogeneous
systems have been used to immobilize [2Fe2S],13 photo-
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Figure 1. Different cores for the synthesis of hydrogenase mimics.
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sensitizer-[2Fe2S],14 and other diiron complexes. In all cases,
an improvement in the stability of the complexes and in their
catalytic activity was observed.3c

However, homogeneous silicon-containing [FeFe]-H2-ase
mimics have been less studied. The only described family of
silicon-containing hydrogenase mimics are those where the
nitrogen of the adt bridge is exchanged with a silicon atom
(Figure 2), having a silicon bridging moiety between the two
sulfur atoms instead of the nitrogen present in the natural
hydrogenase.15,16

These analogues of the natural active center of [FeFe]-
hydrogenases were prepared based on the hypothesis that the
properties of the mimic would be different from their
nitrogenated or carbon-based analogues. Especially relevant
was the idea that silicon could be important in the protonation
of the sulfur bridges, as they have been proposed as possible
basic positions during the catalytic hydrogen-producing
reactions in a [FeFe]-hydrogenase mimic. In fact, the first μ-
protonation in a sulfur atom having a bridging silicon was
reported in 2010,17 and since then, several complexes of these
classes have been prepared.
Additionally, functionalized silicon bridges have been used

as a support for [FeFe] mimics as antennas in light-driven H2
production18 However, the synthesis of siloxanes and
polysi loxanes including several subunits of [(μ-
SCH2)2NRFe2(CO)6] and soluble organic solvents has not
been reported to date. We describe herein two complementary
methods to prepare silanes and siloxanes of increasing
complexity, including octamethylsilsesquioxanes (POSS) de-
rivatives, with the common feature is being soluble in organic
solvents and hence characterizable by spectroscopic techni-
ques. The electrochemistry and electrocatalytic properties of
these compounds containing up to eight [FeFe] units will also
be reported.

■ RESULTS AND DISCUSSION
The first approach to silicon derivatives containing up to four
silicon atoms was developed using the reaction of chlorosilanes
and [(μ-SCH2)2NRFe2(CO)6] (R = p-OHC6H4, 3, and
(CH2)2OH, 4a, and (CH2)5OH, 4b) mimics. Thus, diphenydi-
chlorosilane was reacted with cluster 3 in the presence of Et3N
in ether at 0 °C, yielding tetranuclear complex 5 having two
[FeFe] units in 52% yield after SiO2 chromatography.
Complexes 6 having aliphatic chains (two and five CH2
groups) were obtained in 53 and 56% yields. Complexes 5
and 6 were stable compounds and were characterized by
spectroscopic means (Scheme 1). Especially relevant was the
13C NMR signal at 207.1 ppm for 5 and 207.7 and 207.9 ppm
for 6a and 6b, respectively, showing the presence of six
equivalent CO ligands. The sole signal of 29Si at −37.4 ppm for
5 and −20.1 and −32.2 ppm for 6a and 6b, respectively,
together with the observed mass in the ESI-HRMS experi-

ments (see experimental data for compounds 5, 6a, and 6b)
confirms the incorporation of two equivalent [FeFe]-
containing units. This analysis (29Si NMR together with ESI-
HRMS) was extended to confirm the structures of all of the
products incorporating several units of the [FeFe] moiety
along this work. Moreover, integration of a well-resolved signal
of the NSCH2 protons versus the specific protons at the silicon
linkers can also be used to determine the number of [FeFe]-
incorporated units. Additionally, the structure of complex 5
was unambiguously determined by single-crystal X-ray
diffraction analysis (Figure 3). The structure shows a
diphenylsilanediyl ligand bridging two [(μ-SR)2Fe2(CO)5]
units with a [2Fe2S] cluster adopting a butterfly geometry. In
the iron clusters, the N-substituted azadisulfide bridging ligand
and both iron atoms form two fused six-membered metallo-
cycles. The metallocycles corresponding to Fe(2) and Fe(3)
adopt a boat conformation with Fe(2)···N(1) and Fe(3)···
N(2) distances of 3.415(2) and 3.497(4) Å, respectively. The
Fe−Fe bond lengths (2.4989(5) and 2.5113(5) Å) lie in the
range found for s imi lar μ -(phenylazanediy l)bis -
(methanethiolate) diiron structures (2.489−2.595 Å). (Figure
3).19

Following a similar approach, dichlorodisiloxane 7 and
dichlorotetrasiloxane 8 were reacted with aliphatic alcohol 4a,
yielding the corresponding tetranuclear compounds 9 and 10
in 48 and 55% yield, respectively, after purification by SiO2
chromatography (Scheme 2). 29Si was essential to prove the
homogeneity of the prepared products. Thus, complex 9 gave
one signals at −10.95 ppm corresponding to the two
equivalent silicon atoms attached to the chains bearing the
clusters. In turn, complex 10 having two non-equivalent silicon
atoms showed the two expected signals at −11.63 ppm for the
central Si atoms and −21.11 ppm for those attached to the

Figure 2. Soluble Si-containing [FeFe]-H2-ase mimics.

Scheme 1. Synthesis of Silanes 5 and 6
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cluster chains. Complexes 9 and 10 show a single signal
attributable to the CO ligands in their 13C NMR spectra at
207.9 and 208.0 ppm, respectively, showing the equivalence of

the 12 CO ligands attached to the four Fe centers. The IR
spectrum of complex 9 consists of three characteristic bands at
2071, 2027, and 1985 cm−1, similar to related reported
complexes (Table 1).20

The protocol developed above made it possible to join
alcohol chains containing a [(μ-SCH2)2NRFe2(CO)6] to
silicon frameworks containing from one to four Si atoms.
Depending on the number of halogen atoms in the starting
silyl-derived chlorides, a maximum of three [FeFe] moieties
(Scheme 3) have been attached to the silicon atom (so far, the
reaction of SiCl4 with alcohols or phenol complexes did not
yield the desired products, as only complex decomposition
reaction mixtures were observed). Finally, following this
approach, we incorporated an electroactive moiety to the
silicon atom using (dichloromethylsilyl)ferrocene 1221 and
phenol 3 (Scheme 4). Complex 13 was obtained in 48% yield

after SiO2 chromatography. Again, the spectroscopic and
HRMS data confirm the proposed structure, with a single
signal attributable to the CO groups in the 13C NMR spectra at
207.1 ppm and a single signal at −37.4 ppm in the 29Si NMR
spectra (Scheme 4). The IR spectrum of complex 13 shows
CO bands similar to those of the previous complexes (5, 6a,
6b, 9, 10, and 11; see Table 1) with shifts at 2071, 2028, and
1971 cm−1.
We then turned our attention to the combination of this

approach with the Cu-catalyzed azide alkyne cycloaddition. In
fact, by preparing alkyne-substituted silyl and siloxane
derivatives and subsequent reaction of these compounds with

Figure 3. X-ray thermal ellipsoid plot of 5 (50% probability level)
with the labeling scheme. Selected bond lengths (Å) and angles
(deg): Fe(1)−S(2) 2.2691(7), Fe(1)−S(1) 2.2733(7), Fe(1)−Fe(2)
2.4989(5), Fe(2)−S(2) 2.2585(7), Fe(2)−S(1) 2.2701(7), Fe(3)−
S(3) 2.2646(7), Fe(3)−S(4) 2.2684(7), Fe(3)−Fe(4) 2.5113(5),
Fe(4)−S(3) 2.2692(7), Fe(4)−S(4) 2.2695(7), Si(1)−O(2)
1.6387(18), Si(1)−O(1) 1.6477(18), S(2)−Fe(1)−S(1) 84.32(2),
S(2)−Fe(2)−S(1) 84.64(2), S(3)−Fe(3)−S(4) 85.62(2), S(3)−
Fe(4)−S(4) 85.49(3), Fe(2)−S(1)−Fe(1) 66.73(2), Fe(2)−S(2)−
Fe(1) 67.00(2), Fe(3)−S(3)−Fe(4) 67.27(2), Fe(3)−S(4)−Fe(4)
67.20(2), O(2)−Si(1)−O(1)111.54(10).

Scheme 2. Synthesis of 9 and 10

Table 1. Data of 13C, 29Si, and IR (νCO) for Siloxane
Derivatives and Triazole-Derived Complexes 5−22

13C NMR (ppm) 29Si NMR (ppm) νCO (cm−1)

5 207.1 −37.40 2073, 2031, 1993
6a 207.7 −30.10 2071, 2027, 1989
6b 207.9 −32.20 2071, 2028, 1990
9 207.9 −10.95 2071, 2027, 1985
10 208.0 −11.63, −21.11 2072, 2029, 1990
11 207.8 −57.50 2071, 2028, 1967
13 207.1 −37.40 2071, 2028, 1971
16 206.9 −31.49 2071, 2028, 1967
18 206.9 −31.80 2074, 2032, 1993
20 206.9 −9.72 2073, 2029, 1984
22 206.9 −8.05 2074, 2030, 1989

Scheme 3. Synthesis of Complex 11
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azide 14, more sophisticated structures could be accessed.
Thus, silyl derivatives 15 and 17 having alkyne substituents
were prepared by reaction of the corresponding alcohols and
diphenyldichlorosilane (see the Supporting Information (SI)).
Compound 15 was reacted with azide 14 following our
reported reaction conditions.22 Bistriazoles 16 were obtained
in good to excellent yields (Scheme 5). Together with the

resonances assignable to the CH2 groups, a signal at 7.86 ppm,
characteristic of the CH of the 1,2,3-triazole moiety, confirmed
the formation of the symmetric bistriazole derivative. The
remaining spectroscopic and HRMS spectra confirmed the
structure of compounds 16.
Analogously, the reaction of 1,3-dichloro-1,1,3,3-tetrame-

thyldisiloxane with propargylic alcohol produced disiloxane 19
that reacted nicely with azide 14 to form complex 20 in 87%
yield. 29Si NMR spectra of disiloxane 20 had a sole signal at
−9.72 ppm, which together with the experimental value of
HRMS (1250.7983) is consistent with the proposed symmetric
structure of the siloxane. Conversely, the 13C NMR spectra of
complex 20 presented a single signal at 206.9 ppm attributable
to the 12 equivalent CO ligands. Finally, we tested the
possibility of including an electroactive moiety attached to the
silicon. Thus, (dichloromethylsilyl)ferrocene was reacted with
propargyl alcohol under the usual conditions, and the obtained
ferrocenylmethyl-bispropargyl siloxane 21 was reacted with
azide 14. Complex 22 was obtained in 78% yield (Scheme 6).

The spectroscopic and HRMS data for compound 22 were
consistent with the expected symmetric structure (Scheme 6).

The 13C shift values are identical in all complexes having the
1,2,3-triazole (206.9 ppm), as are the CO stretching band
shifts in the IR spectra (differences of νCO = 3 cm−1) (Table
1), showing that the electronic influence does not depend on
the different silicon fragments, and the electron density around
the FeFe core is very similar for the complexes having the
1,2,3-triazole.
Once the efficiency of the CuACC to prepare diverse silicon-

supported [FeFe]-H2-ase mimics was demonstrated, we tested
our procedure with alkyne-POSS derivative 23a.23 Octame-
thylsilsesquioxanes are nanosized stable tridimensional struc-
tures having alternate Si−O bond forming cage structures with
Si atoms in the vertices.24 These compounds have unique
characteristics and are exceptional building blocks to prepare
hybrid materials.25 Moreover, these compounds are suitable for
functionalization using different catalytic reactions, including
Heck,26 metathesis,27 and others.28

The reaction of 23a and azide 14 (Scheme 7) led to a
product which showed the characteristic triazole proton signal
at 8.50 ppm, the AB aromatic system, and the methylene
groups bonded to the sulfur atoms in a DMSO-d6 1H NMR
experiment (see the SI Figures S79 and S80). However, due to
the extremely low solubility, we were not able to perform
further experiments to fully characterize this product, and
consequently, the electrochemistry of this product could not
be performed either. Therefore, we modified our approach by
inverting the position of the reactive functional groups, namely,

Scheme 4. Synthesis of 13

Scheme 5. Synthesis of Complexes 16 and 18 by CuAAC

Scheme 6. Synthesis of Complexes 20 and 22 by CuAAC of
Alkynes 19 and 21 with Azide 14
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using the POSS azide 23b29 and the alkynylphenyl-substituted
cluster 24.30 When these reagents were submitted to the
standard CuACC conditions (CuSO4·5H2O, sodium ascorbate
in a 1:1 mixture of DCM/water), the desired product, POSS
25 containing eight [FeFe] units, was obtained in 74% yield
after purification by column chromatography (Scheme 8). The
structure and homogeneity of the proposed POSS cluster was
demonstrated by 29Si NMR. In fact, a single signal was
observed at −67.2 ppm. Additionally, a single signal
corresponding to the CO ligands appeared at 207.1 ppm, as
expected for the highly symmetric POSS nanocage. These data,
together with the remaining NMR data and the combustion
analysis, ensured the structure of POSS 25.

Subsequent, POSS-azide 23b was reacted with [FeFe]
cluster 26 under analogous reaction conditions (Scheme 8).
The desired POSS derivative 27 was obtained in 88% yield
after SiO2 chromatography, showing again regular disposition
of the incorporated substituents (single signal in the 29Si NMR
at −67.3 ppm). The remaining spectroscopic and analytical
data confirmed the structure of this compound.31

■ ELECTROCHEMISTRY
The electrochemical behavior of silyl derivatives 5, 6, 11, and
13, siloxane derivatives 9 and 10, and complexes 16, 20, and
22 containing triazole derivatives was similar (Figures S1−S9).
Thus, these compounds display a quasi-reversible wave in the
range of −1.70 V (Table 2). This wave is attributed to the

Scheme 7. Reaction of 14 and POSS Derivative 23a

Scheme 8. Synthesis of POSS Derivatives 25 and 27

Table 2. In All Cases, Data (V) Were Obtained from 10−3 M
MeCN Solutions Containing 0.1 M [N(nBu)4]PF6 as
Supporting Electrolyte at 25 °Ca

Epc1 Epa1 E(1) Ipa
b Ipc

b TOF1
c TOF2

d

5 −1.73 −1.59 −1.66 4.6 −30.6 0.4 17.5
6a −1.72 1.7 −38.6 0.5 11.5
6b −1.70 −1.67 −1.68 3.1 −30.5 0.5 11.5
10 −1.71 −1.66 −1.68 1.3 −35.7 0.5 10.4

aPotentials are given relative to Fc0/+. Data are taken from Figure 4
and Figures S2, S3, and S5. bData in μA. cTOF1 first wave (s−1).
dTOF2 second wave (s−1).
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reduction of [FeIFeI] to [FeIFe0].
32 Analogously, a quasi-

reversible oxidation wave appears at 0.50 V. This wave has
been assigned to the [FeIFeI] to [FeIFeII] oxidation.
Figure 4 shows scan-rate-dependent cyclic voltammograms

(CVs) of complex 13. To calculate the experimental electron

transfer coefficient (α), the slope of the kinetic zone of the
reversible wave attributable to the ferrocene ligand was used
(E1/2 ≈ 0 V versus Fc0 (see SI Figure S19). Our experimental
value for the electron transfer coefficient (α = 0.58) allowed
calculation of the number of electrons involved in the quasi-
reversible wave at −1.70 V for complex 13 (eq 1).33 Therefore,
this wave implies a two-electron reduction process.

= = =Epc RT
nF

n
ln( )

2.3
39.8 mV when 2

(1)

The similarities in the electrochemical behavior of silicon-
containing complexes prepared above disappear in the
presence of AcOH. Thus, while complexes 6a and 10, lacking
a triazole moiety in their structures, were stable against
increased amounts of AcOH, the complexes having the 1,2,3-
triazole moiety show a structure-dependent stability. Figure 5
depicts the voltammograms of silane 6a in the presence of up
to 20 equiv of acetic acid. Like other [FeFe] mimics, a
negligible increase in current intensity in the wave centered at

−1.70 V was observed, while a second wave at −2.30 V
increases, showing a standard electrocatalytic response.34

The calculated turnover frequencies (TOFs) for these
complexes are shown in Table 2 and Figure 6. The values of

icat/ip versus acid concentration show a first-order dependence
in all cases. The observed rate constant does not become
independent of acid concentration in the recorded values (up
to 20 equiv of AcOH). Higher acid concentrations were not
studied due to catalyst decomposition.
Upon addition of AcOH, triazole-containing complexes 16

and 18 showed a clearly different behavior. Thus, these two
complexes having the 1,2,3-triazole moiety separated from the
Si−O bond by two or three CH2 groups experience a
continuous decrease in the current intensity of the wave
centered at −1.65 V when increasing the amount of AcOH,
and simultaneously the intensity of the wave at −2.20 V
(Figure S14) varies randomly. This could only be explained by
a structural change in the molecule since neither electrode
deposition nor apparition of insoluble material was observed
while increasing the amount of acid.
To understand this differential behavior, the 1H NMR in

CD3CN in the presence of variable amounts of AcOH was
registered for complex 16. This complex has the 1,2,3-triazole
moiety separated from the Si−O bond by two CH2 groups.
The instantaneous formation of a new complex was observed
in the presence of acetic acid. This new complex lacks the
aromatic hydrogen attributable to the 1,2,3-triazole moiety

Figure 4. (Top) Scan-rate-dependent CVs of complex 13. Data (V)
obtained from 10−3 M MeCN solutions, containing 0.1 M
[N(nBu)4]PF6 as supporting electrolyte at 25 °C. (Bottom) Epc
versus ln(ν) for complex 13. The purely kinetic region is shown
inside the black square.

Figure 5. Cyclic voltammograms of 6a with added AcOH (0−20
equiv of H+). Data (V) obtained from 10−3 M MeCN solutions,
containing 0.1 M [N(nBu)4]PF6 as supporting electrolyte at 25 °C.

Figure 6. Plot of icat/ip versus [(AcOH)H+] for the second wave for 3,
6a, 6b, and 10.
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while maintaining the [FeFe] moiety (see SI Figure S81). In
addition, we also observed a fast hydrolysis of complex 16 to
the corresponding alcohol 16b when 1H NMR spectra were
registered over time. The 13C NMR of this new complex 16b
confirms the structure of the proposed alcohol (see SI Figure
S47). Only the triazole complexes where the triazole is
separated from the Si−O bond by one methylene group (20
and 22) were stable under these conditions.35

This fact pointed to a dependence of the distance between
the triazole nucleus and the silicon center of the hydrolysis
process. To elaborate on this hypothesis, complex 28 was
prepared by reaction of azide 14 and TMS-acetylene (Scheme
9). Complex 28 was stable in the presence of increasing
amounts of AcOH, showing the expected electrochemical
behavior for these classes of compounds (Figure S13).

Finally, the electrochemical behavior against acid of POSS
derivatives 25 and 27 was determined. These compounds
showed an intense, irreversible, and sharp wave at −1.90 V,
together with a strong and sharp irreversible oxidation wave at
0.90 V. The strong reduction response may be attributed to the
simultaneous reduction of the eight [FeFe] units. Similarly, the
strong oxidation response may be attributed to their
simultaneous oxidation (Figures S15 and S16).
The cyclic voltammograms of POSS derivatives with a three-

methylene linker between the triazole ring and the POSS units
25 and 27 show a clear disappearance of the electrochemical
response in the presence of AcOH (Figure S17). However, in
this case, a deposit of red material in the electrode was
observed upon addition of 0.4 equiv of AcOH, pointing to a
possible protonation of the POSS that would decrease its
solubility, provoking the deposition in the electrode.
Nonetheless, 29Si spectra of complex 27 were registered in

CD2Cl2 in the presence of 3 and 10 equiv of acetic acid, and a
single silicon signal was maintained in all cases (see SI Figure
S83), demonstrating the stability of the octasubstituted
complex in acidic conditions. The 1H NMR in acidic media
confirms these data (see SI Figure S82).
Furthermore, a similar effect (disappearance of the electro-

chemical response) was also observed when registering
voltammograms in the absence of acid over time. Thus,
voltammograms of complex 27 were registered at 0, 5, and 10
min (Figure S18). The formed deposit in the electrode led to a
flat voltammogram after 10 min. This behavior is due to
electrochemical decomposition of the nanocluster.

■ CONCLUSIONS
Two series of silicon-supported [(μ-SCH2)2NRFe2(CO)6] (R
= p-OHC6H4, 3, and (CH2)2OH, 4a, and (CH2)5OH, 4b)
hydrogenase mimics, as well as POSS-based nanostructures
containing eight [(μ-SCH2)2NRFe2(CO)6] units have been

prepared. The first series were synthesized by reaction of the
corresponding silyl and silyloxy chlorides and compounds 3
and 4. The second series was prepared by CuAAC between
propargyl derivatives of silyl and silyloxy chlorides and azide
14. In all cases, the reactions were clean, and the silicon-based
[(μ-SCH2)2NRFe2(CO)6] complexes having up to three
[FeFe] units were obtained.
In parallel, the CuAAC of POSS derivative 23a and azide 14

led to a extremely insoluble triazole derivative that could not
be fully characterized. However, the inverse cycloaddition
b e tw e e n POSS - d e r i v e d a z i d e 2 3 b a n d [ (μ -
SCH2)2NRFe2(CO)6] (R = alkyne) complexes was efficient,
leading to POSS-based nanostructures containing eight [(μ-
SCH2)2NRFe2(CO)6] units.
All of the complexes prepared through this work were

soluble in organic solvents and hence fully characterizable by
spectroscopic media. The data obtained from these complexes
may help future research in the heterogenization of these
mimics based on [(μ-SCH2)2NRFe2(CO)6] moieties. Their
electrochemistry in the absence of soft acids (AcOH) is
similar, with a reduction wave around −1.7 V, which is
characteristic of these [(μ-SCH2)2NRFe2(CO)6] mimics.
However, the behavior of these complexes in the presence of

AcOH differs. Complexes 5−6b, 9−11, and 13 lacking 1,2,3-
triazole moieties were stable, and their behavior corresponds
with analogous [(μ-SCH2)2NRFe2(CO)6; namely, the wave at
−1.7 V was scarcely electrocatalytic, while a new electro-
catalytic wave around −2.20 V appears. On the contrary,
complexes 16 and 18 having two or three CH2 groups
separating the silicon and the 1,2,3-triazole ring evolve into a
new complex producing an inverse effect in the current of the
wave at −1.7 V. The hydrolyzed product coming from 16 was
assigned the structure 16b. Oppositely, complexes 20, 22, and
28 were stable in the presence of AcOH and show the usual
electrocatalytic behavior.
Finally, POSS-[(μ-SCH2)2NRFe2(CO)6] derivatives 25 and

27 show a strong irreversible reduction event and deposit in
the electrode either by adding AcOH or by time (successive
voltammograms). 29Si NMR shows that the integrity of the
silicon cage is not affected by time or AcOH addition.
To conclude, soluble models of silica-based [(μ-

SCH2)2NRFe2(CO)6] mimics have been prepared and their
electrochemical properties studied. These synthetic protocols
and electrochemical study will be applied in the design of
silicon-supported [(μ-SCH2)2NRFe2(CO)6] mimics.

■ EXPERIMENTAL SECTION
General Procedure for the Synthesis of Siloxane Deriva-

tives. In an argon-purged flask, Et3N (4 equiv) and the corresponding
alcohol or phenol (1 equiv) were dissolved in Et2O (4 mL per mmol
of phenol 3 or alcohols 4a and 4b) at 0 °C. The silyl derivative (1
equiv) was added to the mixture, and the solution was stirred at room
temperature until total disappearance of the starting materials by thin-
layer chromatography (TLC). The solvent was partially removed
under vacuum, and the concentrated solution was filtered to eliminate
triethylammonium chloride. The remaining solvent was then
evaporated, and the crude products were purified by SiO2
chromatography.

Synthesis of 5. Following the general procedure, a solution of Et3N
(0.17 mL, 1.25 mmol, 4 equiv) and 3 (300 mg, 0.60 mmol, 2 equiv)
in Et2O (2.4 mL) at 0 °C was treated with dichlorodiphenylsilane (80
mg, 0.30 mmol, 1 equiv). The reaction mixture was stirred for 1 h.
The crude obtained after workup was purified by SiO2 chromatog-
raphy (Hex/EtOAc = 9/1) to yield pure 5 as a red solid (186 mg,
52%): 1H NMR (300 MHz, CDCl3) δ 7.75 (d, J = 6.9 Hz, 4H,

Scheme 9. Synthesis of 28
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CHarom), 7.57−7.31 (m, 6H, CHarom), 6.93 (d, J = 8.5 Hz, 4H,
CHarom), 6.58 (d, J = 8.5 Hz, 4H, CHarom), 4.24 (s, 8H, NCH2S); 13C
NMR (75 MHz, CDCl3) δ 207.1 (CO), 148.1 (C), 139.9 (C), 135.1
(CH), 131.2 (C), 131.0 (CH), 128.1 (CH), 120.9 (CH), 117.4
(CH), 50.3 (CH2); 29Si NMR (99 MHz, CDCl3) δ −37.40; IR
(CHCl3) ν 2073 (CO), 2031 (CO), 1993 (CO) cm−1; ESI-HRMS
m/z calcd for C40H27Fe4N2O14S4Si [M + H]+ 1138.75241; found
1138.75115.
Synthesis of 6a. Following the general procedure, a solution of

Et3N (0.16 mL, 1.16 mmol, 4 equiv) and 4a (250 mg, 0.58 mmol, 2
equiv) in Et2O (2.4 mL) at 0 °C was treated with dichlorodiphe-
nylsilane (73 mg, 0.29 mmol, 1 equiv). The reaction mixture was
stirred for 1 h. The crude obtained after workup was purified by SiO2
chromatography. (Hex/EtOAc = 9/1) to yield pure 6a as a red solid
(160 mg, 53%): 1H NMR (500 MHz, CDCl3) δ 7.50 (m, 6H,
CHarom), 7.41 (t, J = 7.4 Hz, 4H, CHarom), 3.59 (t, J = 5.5 Hz, 4H,
OCH2), 3.56 (s, 8H, NCH2S), 2.89 (t, J = 5.5 Hz, 4H, CH2); 13C
NMR (75 MHz, CDCl3) δ 207.7 (CO), 134.6 (CH), 131.4 (C),
130.8 (CH), 128.1 (CH), 61.4 (OCH2), 58.6 (NCH2), 53.5
(NCH2S); 29Si NMR (99 MHz, CDCl3) δ −30.10; IR (CHCl3) ν
2071 (CO), 2027 (CO), 1989 (CO) cm−1; ESI-HRMS m/z calcd for
C32H27Fe4N2O14S4Si [M + H]+ 1042.75104; found 1042.74807.
Synthesis of 6b. Following the general procedure, a solution of

Et3N (0.15 mL, 1.05 mmol, 4 equiv) and 4b (250 mg, 0.53 mmol, 2
equiv) in Et2O (2.4 mL) at 0 °C was treated with dichlorodiphe-
nylsilane (63 mg, 0.26 mmol, 1 equiv). The reaction mixture was
stirred for 1 h. The crude obtained after workup was purified by SiO2
chromatography (Hex/EtOAc = 9/1) to yield pure 6b as a red solid
(164 mg, 56%): 1H NMR (300 MHz, CDCl3) δ 7.61 (d, J = 6.2 Hz,
4H, CHarom), 7.52−7.32 (m, 6H, CHarom), 3.72 (t, J = 6.4 Hz, 4H,
OCH2), 3.46 (s, 8H, NCH2S), 2.59 (d, J = 6.8 Hz, 4H, NCH2), 1.53
(p, J = 6.4 Hz, 4H, CH2), 1.40−1.10 (m, 8H, CH2); 13C NMR (75
MHz, CDCl3) δ 207.9 (CO), 134.9 (CH), 133.0 (C), 130.4 (CH),
128.0 (CH), 62.9 (OCH2), 57.3 (NCH2), 53.1 (NCH2S), 32.1
(CH2), 27.4 (CH2), 23.2 (CH2); 29Si NMR (99 MHz, CDCl3) δ
−32.20; IR (CHCl3) ν 2071 (CO), 2028 (CO), 1990 (CO) cm−1;
ESI-HRMS m/z calcd for C38H39Fe4N2O14S4Si [M + H]+
1126.84503; found 1126.84478.
Synthesis of 9. Following the general procedure, a solution of Et3N

(0.13 mL, 0.96 mmol, 4 equiv) and 4a (200 mg, 0.46 mmol, 2 equiv)
in Et2O (2 mL) at 0 °C was treated with 1,3-dichloro-1,1,3,3-
tetramethyldisiloxane (47 mg, 0.23 mmol, 1 equiv). The reaction
mixture was stirred for 1 h. The crude obtained after workup was
purified by SiO2 chromatography (Hex/EtOAc = 7/3) to yield pure 9
as a red solid (110 mg, 48%): 1H NMR (300 MHz, CDCl3) δ 3.65 (s,
8H, NCH2S), 3.51 (t, J = 5.4 Hz, 4H, OCH2), 2.86 (t, J = 5.4 Hz, 4H,
NCH2), 0.06 (s, 12H, CH3Si); 13C NMR (75 MHz, CDCl3) δ 207.9
(CO), 60.8 (OCH2), 59.1 (NCH2), 53.8 (NCH2S), −1.0 (CH3Si);
29Si NMR (99 MHz, CDCl3) δ −10.95; IR (CHCl3) ν 2071 (CO),
2027 (CO), 1985 (CO) cm−1; ESI-HRMS m/z calcd for C24 H29 Fe4
N2 O15 S4 Si2 [M + H]+ 992.74318; found 992.73848.
Synthesis of 10. Following the general procedure, a solution of

Et3N (0.18 mL, 1.40 mmol, 4 equiv) and 4a (300 mg, 0.70 mmol, 2
equiv) in Et2O (2 mL) at 0 °C was treated with 1,7-dichloro-
1,1,3,3,5,5,7,7-octamethyltetrasiloxane (122 mg, 0.35 mmol, 1 equiv).
The reaction mixture was stirred for 1 h. The crude obtained after
workup was purified by SiO2 chromatography (Hex/EtOAc = 95/5)
to yield pure 10 as a red solid (220 mg, 55%): 1H NMR (300 MHz,
CDCl3) δ 3.65 (s, 8H, NCH2S), 3.53 (t, J = 5.4 Hz, 4H, OCH2), 2.86
(t, J = 5.4 Hz, 4H, NCH2), 0.07 (s, 12H, CH3Si), 0.06 (s, 12H,
CH3Si); 13C NMR (75 MHz, CDCl3) δ 208.0 (CO), 60.7 (OCH2),
59.3 (NCH2), 53.8 (NCH2S), 1.2 (CH3Si), −1.0 (CH3Si); 29Si NMR
(99 MHz, CDCl3) δ −11.63, −21.11; IR (CHCl3) ν 2072 (CO),
2029 (CO), 1990 (CO) cm−1; ESI-HRMS m/z calcd for C28 H41 Fe4
N2 O17 S4 Si4 [M + H]+ 1140.77622; found 1140.7811.
Synthesis of 11. Following the general procedure, a solution of

Et3N (0.10 mL, 0.69 mmol, 4 equiv) and 4a (150 mg, 0.35 mmol, 3
equiv) in Et2O (1.4 mL) at 0 °C was treated with trichlorophenylsi-
lane (25 mg, 0.12 mmol, 1 equiv). The reaction mixture was stirred
for 1 h. The crude obtained after workup was purified by SiO2

chromatography (Hex/EtOAc = 8/2) to yield pure 11 as a red solid
(78 mg, 48%): 1H NMR (500 MHz, CDCl3) δ 7.51−7.40 (m, 5H,
CHarom), 3.60−3.56 (m, 18 H, OCH2, NCH2S), 2.88 (t, J = 5.5 Hz,
6H, CH2); 13C NMR (126 MHz, CDCl3) δ 207.8 (CO), 134.4
(CHarom), 131.4 (CHarom), 128.8 (C), 128.5 (CHarom), 61.72
(OCH2), 58.59 (NCH2), 53.61 (NCH2S); 29Si NMR (99 MHz,
CDCl3) δ −57.50; IR (CHCl3) ν 2071 (CO), 2028 (CO), 1967
(CO) cm−1; ESI-HRMS m/z calcd for C36H30Fe6N3O21S6Si [M +
H]+ 1395.5562; found 1395.5558.

Synthesis of 13. Following the general procedure, a solution of
Et3N (0.12 mL, 0.98 mmol, 4 equiv) and 3 (230 mg, 0.50 mmol, 2
equiv) in Et2O (2.0 mL) at 0 °C was treated with
(dichloromethylsilyl)ferrocene 12 (74 mg, 0.25 mmol, 1 equiv).
The reaction mixture was stirred for 1 h. The crude obtained after
workup was purified by SiO2 chromatography (Hex/EtOAc = 9/1) to
yield pure 13 as a red solid (141 mg, 48%): 1H NMR (300 MHz,
CDCl3) δ 7.75 (d, J = 6.9 Hz, 4H, CHarom), 7.57−7.31 (m, 6H,
CHarom), 6.93 (d, J = 8.5 Hz, 4H, CHarom), 6.58 (d, J = 8.5 Hz, 4H,
CHarom), 4.24 (s, 8H, NCH2S); 13C NMR (75 MHz, CDCl3) δ 207.1
(CO), 148.1 (C), 139.9 (C), 135.1 (CH), 131.2 (C), 131.0 (CH),
128.1 (CH), 120.9 (CH), 117.4 (CH), 50.3 (CH2), −3.2 (CH3Si);
29Si NMR (99 MHz, CDCl3) δ −37.40; IR (CHCl3) ν 2071 (CO),
2028 (CO), 1971 (CO) cm−1; ESI-HRMS m/z calcd for
C39H29Fe5N2O14S4Si [M + H]+ 1184.7018; found 1184.6998.
General Procedure for the Synthesis of Triazole Deriva-

tives. In an argon-purged flask, the corresponding alkyne (1 equiv)
and the azide (1 equiv per alkyne group) were mixed with CuSO4·
5H2O (1 equiv) and sodium ascorbate (2 equiv). The degassed
solvent (1:1 DCM/water mixture, 15 mL per mmol of 14) was added,
and the reaction was stirred at room temperature until disappearance
of the starting materials by TLC. The solvent was partially removed
under vacuum, and the concentrated solution was extracted with
DCM. The organic layer was washed with brine, dried over Na2SO4,
filtered, and evaporated under reduced pressure. The crude products
were purified by SiO2 chromatography.

Synthesis of 16. Following the general procedure, a mixture of 15
(96 mg, 0.30 mmol, 1 equiv), CuSO4·5H2O (74 mg, 0.30 mmol, 1
equiv), sodium ascorbate (120 mg, 0.60 mmol, 2 equiv), and 14 (300
mg, 0.60 mmol, 2 equiv) in 9 mL of DCM/water (1:1) (9 mL) was
stirred for 1 h. After partial evaporation and extraction with DCM, the
organic phase was washed with brine, dried over Na2SO4, filtered, and
concentrated to afford the crude product. Purification by SiO2
chromatography (Hex/EtOAc = 7/3) yielded pure 16 as a red solid
(208 mg, 52%): 1H NMR (500 MHz, CDCl3) δ 7.77 (s, 2H, N−CH),
7.67−7.53 (m, 8H, CHarom), 7.44−7.33 (m, 6H, CHarom), 6.82 (d, J =
8.8 Hz, 4H, CHarom), 4.34 (s, 8H, N−CH2), 4.09 (t, J = 6.3 Hz, 4H,
CH2), 3.09 (t, J = 6.3 Hz, 4H, CH2); 13C NMR (126 MHz, CDCl3) δ
206.9 (CO), 145.6 (C) 144.7 (C), 134.9 (CHarom), 132.4 (C), 130.6
(CHarom), 130.2 (C), 128.1 (CHarom), 122.2 (CHarom), 120.2 (N−
CH), 116.4 (CHarom), 62.4 (OCH2), 49.8 (N−CH2), 29.2 (CH2);
HMBC (29Si−1H) RMN (500 MHz, CDCl3) δ −31.49; IR (CHCl3)
ν 2071 (CO), 2028 (CO), 1967 (CO) cm−1; ESI-HRMS m/z calcd
for C48H36Fe4N8O14S4Si [M + H]+ 1328.8479; found 1328.8461.

Synthesis of 18. Following the general procedure, a mixture of 17
(104 mg, 0.30 mmol, 1 equiv), CuSO4·5H2O (74 mg, 0.30 mmol, 1
equiv), sodium ascorbate (120 mg, 0.60 mmol, 2 equiv), and 14 (300
mg, 0.60 mmol, 2 equiv) in 9 mL of DCM/water (1:1) was stirred for
1 h. After partial evaporation and extraction with DCM, the organic
phase was washed with brine, dried over Na2SO4, filtered, and
concentrated to afford the crude product. Purification by SiO2
chromatography (Hex/EtOAc = 8/2) yielded pure 18 as a red solid
(300 mg, 75%): 1H NMR (500 MHz, CDCl3) δ 7.68−7.58 (m, 10H,
CHarom, N−CH), 7.74−7.36 (m, 6H, CHarom), 6.83 (d, J = 8.8 Hz,
4H, CHarom), 4.35 (s, 8H, N−CH2), 3.90 (t, J = 6.2 Hz, 4H, O−
CH2), 2.92 (t, J = 7.6 Hz, 4H, N−CH2), 2.02−2.08 (m, 4H, CH2);
13C NMR (126 MHz, CDCl3) δ 206.9 (CO), 148.3 (C) 144.7 (C),
135.0 (CHarom), 132.8 (C), 130.5 (CHarom), 130.3 (C), 128.0
(CHarom), 122.3 (CHarom), 119.1 (N−CH), 116.3 (CHarom), 62.4
(OCH2), 49.8 (N−CH2), 32.0 (CH2), 22.2 (CH2); HMBC
(29Si−1H) RMN (500 MHz, CDCl3) δ −31.80; IR (CHCl3) ν
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2074 (CO), 2032 (CO), 1993 (CO) cm−1; ESI-HRMS m/z calcd for
C50H41Fe4N8O14S4Si [M + H]+ 1356.87933; found 1356.87789.
Synthesis of 20. Following the general procedure, a mixture of 19

(48 mg, 0.20 mmol, 1 equiv), CuSO4·5H2O (50 mg, 0.20 mmol, 1
equiv), sodium ascorbate (80 mg, 0.40 mmol, 2 equiv), and 14 (200
mg, 0.40 mmol, 2 equiv) in 6 mL of DCM/water (1:1) was stirred for
2 h. After partial evaporation and extraction with DCM, the organic
phase was washed with brine, dried over Na2SO4, filtered, and
concentrated to afford the crude product. Purification by SiO2
chromatography (Hex/EtOAc = 6/4) yielded pure 20 as a red solid
(217 mg, 87% yield): 1H NMR (500 MHz, CDCl3) δ 7.95 (s, 2H, N−
CH), 7.68 (s, 4H, J = 8.9, CHarom), 6.85 (s, 4H, J = 8.9, CHarom), 4.98
(s, 4H, O−CH2), 4.34 (s, 8H, N−CH2), 0.21 (s, 12H, Si−CH3); 13C
NMR (126 MHz, CDCl3) δ 206.9 (CO), 148.4 (C), 144.8 (C),
130.17 (C), 122.4 (CHarom), 120.3 (N−CH), 116.4 (CHarom), 56.9
(O−CH2), 49.8 (N−CH2), 0.9 (CH3); 29Si NMR (99 MHz, CDCl3)
δ −9.72; IR (CHCl3) ν 2073 (CO), 2029 (CO), 1984 (CO) cm−1;
ESI-HRMS m/z calcd for C38H34Fe4N4O15S4Si2 [M + H]+ 1250.8041;
found 1250.7983.
Synthesis of 22. Following the general procedure, a mixture of 21

(67 mg, 0.20 mmol, 1 equiv), CuSO4·5H2O (50 mg, 0.20 mmol, 1
equiv), sodium ascorbate (80 mg, 0.40 mmol, 2 equiv), and 14 (200
mg, 0.40 mmol, 2 equiv) in 6 mL of DCM/water (1:1) was stirred for
3 h. After partial evaporation and extraction with DCM, the organic
phase was washed with brine, dried over Na2SO4, filtered, and
concentrated to afford the crude product. Purification by SiO2
chromatography (Hex/EtOAc = 6/4) yielded pure 22 as a red solid
(210 mg, 78%): 1H NMR (500 MHz, CDCl3) δ 7.92 (s, 2H, N−CH),
7.67 (s, 4H, J = 8.6, CHarom), 6.84 (s, 4H, J = 8.6, CHarom), 5.07 (s,
4H, O−CH2), 4.42 (s, 2H, CH-Cp), 4.35 (brs, 8H, N−CH2), 4.27 (s,
2H, CH-Cp), 4.19 (brs, 5H, Cp), 0.52 (s, 3H, Si−CH3); 13C NMR
(126 MHz, CDCl3) δ 206.9 (CO), 148.3 (C), 144.9 (C), 130.1 (C),
122.4 (CHarom), 120.5 (N−CH), 116.4 (CHarom), 73.5 (CHcp), 71.7
(CHcp), 68.8 (Ccp), 57.4 (O−CH2), 49.8 (N−CH2), −3.3 (Si-CH3);
29Si NMR (99 MHz, CDCl3) δ −8.05; IR (CHCl3) ν 2074 (CO),
2030 (CO), 1989 (CO) cm−1; ESI-HRMS m/z calcd for
C45H34Fe5N8NaO14S4Si [M + Na]+ 1368.7491; found 1368.7405
Synthesis of 25. Following the general procedure, a mixture of 24

(232 mg, 0.47 mmol, 10 equiv), CuSO4·5H2O (119 mg, 0.47 mmol,
10 equiv), sodium ascorbate (190 mg, 0.95 mmol, 20 equiv), and 23b
(52 mg, 0.05 mmol, 1 equiv) in 7 mL of DCM/water (1:1) was
stirred at room temperature for 6 h. After partial evaporation and
extraction with DCM, the organic phase was washed with brine, dried
over Na2SO4, filtered, and concentrated to afford the crude product.
Purification by SiO2 chromatography (DCM/MeOH = 99/1) yielded
pure 25 as a red solid (177 mg, 74%): 1H NMR (500 MHz, CDCl3) δ
7.90 (s, 8H, NCH), 7.81 (d, J = 8.5 Hz, 16H, CHarom), 6.75 (d, J = 8.5
Hz, 16H, CHarom), 4.38−4.34 (m, 16H, CH2), 4.33 (s, 32H, NCH2),
2.10−2.02 (m, 16H, CH2), 0.79−0.56 (m, 16H, SiCH2); 13C NMR
(126 MHz, CDCl3) δ 207.0 (CO), 147.4 (CH), 144.4 (C), 127.4
(CHarom), 123.0 (C), 119.6 (C), 116.0 (CHarom), 52.3 (CH2), 49.7
(NCH2), 24.1 (CH2), 8.8 (SiCH2); 29Si NMR (99 MHz, CDCl3) δ
−67.2; IR (CHCl3) ν 2070 (CO), 2024 (CO), 1964 (CO) cm−1.
Anal. Calcd for C154H127Fe16N32O60S16Si8: C, 35.87; H, 2.55; N, 8.93;
S, 10.22. Found: C, 35.77; H, 2.55; N, 8.70; S, 9.70.
Synthesis of 27. Following the general procedure, a mixture of 26

(450 mg, 0.87 mmol, 10 equiv), CuSO4·5H2O (220 mg, 0.87 mmol,
10 equiv), sodium ascorbate (345 mg, 1.74 mmol, 20 equiv), and 23
(95 mg, 0.09 mmol, 1 equiv) in 13 mL of DCM/water (1:1) was
stirred at room temperature for 2 h. After partial evaporation and
extraction with DCM, the organic phase was washed with brine, dried
over Na2SO4, filtered, and concentrated to afford the crude product.
Purification by SiO2 chromatography (DCM/MeOH = 99/1) yielded
pure 27 as a red solid (400 mg, 88%): 1H NMR (500 MHz, CDCl3) δ
7.74 (s, 8H, N−CH), 6.96 (d, 16H, J = 9.1 Hz, CHarom), 6.68 (d, 16H
J = 9.1 Hz, CHarom), 5.13 (s, 16H, CH2O), 4.35 (t, J = 7.0 Hz, 16H,
CH2), 4.25 (s, 32H, NCH2), 2.04 (p, J = 7.3 Hz, 16H, CH2), 0.75−
0.59 (m, 16H, SiCH2); 13C NMR (126 MHz, CDCl3) δ 207.1 (CO),
152.7 (C), 144.1 (C), 139.6 (C), 123.4 (CH), 117.7 (CHarom), 116.4
(CHarom), 62.6 (O−CH2), 52.4 (CH2), 50.4 (NCH2), 24.1 (CH2),

8.8 (SiCH2); 29Si NMR (99 MHz, CDCl3) δ −67.3; IR (CHCl3) ν
2073 (CO), 2033 (CO), 1988 (CO) cm−1. Anal. Calcd for
C162H143Fe16N32O68S16Si8·2CH2Cl2: C, 36.30; H, 2.73; N, 8.26; S,
9.45. Found: C, 36.41; H, 2.69; N, 8.42; S, 9.69.

Synthesis of 28. Following the general procedure, a mixture of
ethynyltrimethylsilane (40 mg, 0.20 mmol, 1 equiv), CuSO4·5H2O
(119 mg, 0.40 mmol, 1 equiv), sodium ascorbate (236 mg, 0.20
mmol, 2 equiv), and 14 (200 mg, 0.40 mmol, 2 equiv) in 6 mL of
DCM/water (1:1) was stirred for 3 h. After partial evaporation and
extraction with DCM, the organic phase was washed with brine, dried
over Na2SO4, filtered, and concentrated to afford the crude product.
Purification by SiO2 chromatography (Hex/EtOAc = 9/1) yielded
pure 28 as a red solid (117 mg, 49%): 1H NMR (500 MHz, CDCl3) δ
7.86 (s, 1H, N−CH), 7.68 (d, J = 8.5 Hz, 2H, CHarom), 6.85 (d, J =
8.5 Hz, 2H, CHarom), 4.36 (s, 4H, N−CH2), 0.38 (s, 9H, Si−CH3);
13C NMR (126 MHz, CDCl3) δ 206.9 (CO), 147.3 (C), 144.7 (C),
130.1 (C), 127.1 (N−CH), 122.7 (CHarom), 116.4 (CHarom), 49.8
(N−CH2), −0.9 (Si−CH3); 29Si NMR (99 MHz, CDCl3) δ −9.43;
IR (CHCl3) ν 2073 (CO), 2030 (CO), 1988 (CO) cm−1; ESI-HRMS
m/z calcd for C19H18Fe2N4O6S2Si [M + H]+ 602.9214; found
602.9215.
Electrochemical Studies. Cyclic voltammograms were recorded

using a Metrohm model PGSTAT302N Autolab potentiostat with a 3
mm glassy carbon working electrode, 3 M Ag/AgCl as the reference
electrode, and a 2 mm Pt-wire counter electrode. All of the
measurements were performed at room temperature from CH3CN
or DCM solutions containing 10−1 M [N(nBu4)]PF6 as the supporting
electrolyte, with analyte concentrations of 10−3 M (scan rate = 0.1 V/
s). All voltammograms are referenced to the Fc0/+ system. Unless
otherwise stated, the experiments were carried out under an argon
atmosphere. When needed, an ultrasound bath was used to promote
solubilization in those samples where a suspension was initially
obtained.
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