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ABSTRACT: A new phosphite ligand having three [(μ-ADT)RFe2(CO)6] (R=
p-HOC6H4) moieties (2) has been prepared in good yield by the reaction of
complex [(μ-ADT)RFe2(CO)6] (R= p-HOC6H4) 1a with PCl3. Coordination of
this phosphite to [PdCl2(MeCN)2] or [PtCl2(DMSO)2] forms heterometallic
square planar complexes 5 (C84H48Cl2Fe12N6O42P2MS12) (M = Pt, Pd) in
e x c e l l e n t y i e l d s . Th r e e - l e g g e d p i a no s t o o l c omp l e x e s 6
(C52H39Cl2Fe6N3O21PMS6) (M = Rh, Ir) were obtained by the reaction of
phosphite 2 with [MCl2Cp*]2 (M = Rh, Ir) in good yields. The formation of
complexes 5 and 6 demonstrates the versatility of this new ligand for forming
different heteropolymetallic complexes under mild reaction conditions.
Moreover, the open-chain derivatives [(μ-ADT)RFe2(CO)6] (R= HOCH2CH2,
o-HOC6H4) (1b and 1c, respectively) form cyclic complexes 4 by spontaneous
intramolecular CO substitution by the P atom in one of the three [FeFe]
fragments. The electrocatalytic behavior of complexes 2 and 4 upon the addition of AcOH is similar to that of related [(μ-
ADT)Fe2(CO)6] derivatives. The successive additions of AcOH cause an increase in the current intensity in the wave at about
−1.80 V for heteropolymetallic complexes 5 and 6. However, the appearance of a new wave around −1.40 V in complexes 5 points
to an acid-promoted side reaction in the electrochemical process.

■ INTRODUCTION
Hydrogenases are metalloenzymes that catalyze the reversible
conversion of H+ to H2.

1−7 Depending on the metal center
present in their active sites, they are classified into three types:
[FeFe]-hydrogenases, [NiFe]-hydrogenases, and [Fe]-hydro-
genases (Figure 1). In particular, [FeFe]-hydrogenases are the
most efficient in H2 production.

1,7 For this reason, in the last
20 years, enormous efforts have been devoted to understanding
the hydrogen evolution reaction (HER) promoted by these
enzymes.8 To overcome the limitations encountered during
the use of hydrogenases in the bulk production of H2,
especially their thermal instability and their high sensibility to

oxygen, the attention of researchers has been directed to the
preparation of simple molecules able to mimic the action of the
enzymes. In this context, a myriad of complexes based on
diiron hexacarbonyl organometallic structures ([(μ-
SR)2Fe2(CO)6]) have been synthesized and studied.9−15

These complexes are generally known as [FeFe]-hydrogenase
mimics.
An interesting approach to fulfilling the requirements for

functional hydrogenase mimics consists of the incorporation of
anchoring points in their structures capable of binding to other
metal centers. Well-known are those mimics bearing pyridine,
bipyridine, or terpyridine moieties,16−19 which are able to
coordinate Ru complexes that can act as photosensitizers.
Several Ru complexes are used as efficient photocatalysts to
produce H2 from diverse [FeFe]-hydrogenase mimics,
although the process needs two equivalents of sacrificial
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Figure 1. Schematic representation of the three types of hydro-
genases.
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oxidants (usually ascorbic acid or ascorbates) for each
molecule of H2 produced.20,21 Additionally, ([(μ-
SR)2Fe2(CO)6]) fragments have been incorporated into
peptide platforms,22−27 CdSe quantum dots,28 polymer
supports,29,30 MOFs,31,32 Si surfaces,33−35 and others.13

In this context, we devised the incorporation of phosphite
groups in the [FeFe] structure as a strategy to add an
anchoring point to the [FeFe] mimic suitable to coordinate to
diverse metal centers and surfaces. Phosphite groups have been
widely employed as ligands of the Fe centers of [FeFe]-
hydrogenase mimics36−44 to modify the electronic properties
of the metal or to study the mechanism of the HER.45

Nevertheless, to the best of our knowledge, the use of a
phosphite group to coordinate [FeFe]-hydrogenase mimics to
metal centers has not been described. Herein, we report the
synthesis and electrochemical characterization of the first
[FeFe]-hydrogenase mimics bearing a phosphite moiety
capable of coordinating to metal centers, as well as the self-
displacement of one CO ligand in the tris-[FeFe] compound
and the preparation of square-planar Pd and Pt complexes and
half-sandwich Ir and Rh complexes. The electrocatalytic
properties of these compounds will be presented.

■ RESULTS AND DISCUSSION
Complex 1a was prepared following literature procedures46

and reacted with PCl3 in boiling CH2Cl2 in the presence of
Et3N (Scheme 1). The 31P{1H} NMR analysis of the reaction

mixture showed two different signals: one at 128.59 ppm,
which corresponds to the chemical shift of the desired
compound, phosphite 2; and another one at 54.81 ppm,
which agrees with the corresponding thiophosphate (3).47 The
products were separated by column chromatography in neutral
Al2O3. The major compound 2 was isolated in a 75% yield.
The minor product, thiophosphate 3, was probably generated
by the thio-oxidation of the free phosphite (2) in the presence
of elemental sulfur (produced by the thermal decomposition of
the starting material) or by nucleophilic substitution on a thiol
from the bridging ADT ligand.48

The structure of thiophosphate complex 3 was unambigu-
ously demonstrated by its independent synthesis. Thus, 3 equiv
of compound 1a was reacted with PSCl3 in the presence of
Et3N in CH2Cl2 at 65 °C using a microwave reactor. The
compound thus obtained (3, 43% yield) was identical to the
compound obtained in the reaction depicted in Scheme 1.
Aromatic ADT ligands bearing the OH group in the ortho-

position of a phenyl group (1c) or an aliphatic alcohol (1b) led
to a different react ion outcome. Complex [(μ -
ADT)RFe2(CO)6] (R = CH2CH2OH) (1b), derived from
ethanolamine, was prepared following literature procedures49

and reacted with PCl3 in boiling CH2Cl2 in the presence of
Et3N (Scheme 2). Phosphite 4a having a P atom coordinated

to one of the three [FeFe] centers was isolated in a 63% yield
(Scheme 2). The intramolecular coordination of ligands
containing phosphorus functionalities to ([(μ-SR)2Fe2(CO)6])
has been reported in the literature.43,50 A similar result was
obtained from complex 1c derived from o-aminophenol. This
complex also reacted cleanly with PCl3 to yield complex 4b
(83% isolated yield). Acyclic phosphites similar to 2 were not
detected in any of these reactions.
Complexes 4a and 4b were fully characterized by NMR and

FTIR spectroscopy and mass spectrometry. The 13C{1H}
NMR spectra of compounds 4 show three signals correspond-
ing to CO ligands. The coordination of the P atom to one of
the Fe centers was supported by the presence of a doublet at
211.5 ppm (JC−P = 13.0 Hz) for 4a and one at 209.7 ppm (JC−P
= 7.0 Hz) for 4b. These signals correspond to the C atoms of
CO ligands coupled with the P atom. Additionally, a
phosphorus signal corresponding to a phosphite moiety
coordinated to a Fe atom was found at 186.78 ppm for 4a
and at 175.91 ppm for 4b in their 31P{1H} NMR spectra.51,52

The structure of compound 4a was determined by single-
crystal X-ray diffraction analysis (Figure 2).
The structure shows a phosphite ligand bridging three [(μ-

SR)2Fe2] units with two [(μ-SR)2Fe2(CO)6] moieties bonded
through the phosphite P−O bond in a terminal mode and a
cyclometalated [(μ-SR)2Fe2(CO)5] unit chelated through the
phosphite P−O bond and the phosphorus atom. Thus, the

Scheme 1. Preparation of Complexes 2 and 3

Scheme 2. Preparation of Complexes 4a and 4b
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phosphite phosphorus atom is coordinated to Fe(1) in the [(μ-
SR)2Fe2(CO)5] unit. All [(μ-SR)2Fe2] centers adopt a
butterfly geometry with N-substituted azadithiolate bridging
ligands forming two fused six-membered metallocycles with
the iron atoms. The metallocycles corresponding to Fe(1),
Fe(3), and Fe(5) adopt boat conformations, with the chelated
[(μ-SR)2Fe2(CO)5] unit showing a Fe(1)···N(1) distance of
3.635 Å, considerably longer than the Fe(3)···N(2), and
Fe(5)···N(3) distances of ca. 2.25 Å found in the terminally
bonded [Fe−Fe] units. This longer Fe···N distance could be
due to chelation restraints. The Fe−Fe bond lengths lie in the
range found for s imi lar μ -(phenylazanediy l)bis -
(methanethiolato) diiron structures (2.489−2.595 Å) (Figure
2).53

The results above show that the ability of the P atom in
complexes to coordinate to metal centers (intramolecularly) is
excellent. For these complexes, the coordination of the P atom
to the Fe center is allowed by the flexible structure of the
ethanolamine tether (for 4a) or the o-substituted aromatic
tether in 4b. The structure of complex 2 prevents this
intramolecular coordination, leaving the P atom available for
coordination to other metal centers.
Coordination of Phosphite Complex 2 to Pd(II) and

Pt(II) Centers. First, the preparation of Pd and Pt complexes
derived from phosphite 2 was studied. Upon treatment of
complex 2 with cis-[PdCl2(MeCN)2] and cis-[PtCl2(DMSO)2]
in CH2Cl2 at room temperature, the corresponding [M-
bis(phosphite)Cl2] square-planar complexes 5a (M = Pd) and
5b (M = Pt) were obtained in high yields (99% and 83%,
respectively) (Scheme 3). Complexes 5a and 5b were isolated
as red solids and were fully characterized by NMR and IR

spectroscopy, as well as elemental analysis. Resonances due to
coordinated MeCN and DMSO were not observed in their 1H
NMR spectra, supporting the coordination of two phosphite
groups to the Pd or Pt centers. For each compound, only one
signal corresponding to the equivalent phosphite moieties was
obtained in the 31P{1H} NMR spectra: 85.15 ppm for 5a and
61.31 ppm (JP−Pt = 5736.8 Hz) for compound 5b.
Unfortunately, we were unable to obtain suitable single crystals
of 5a and 5b to unambiguously characterize their spatial
arrangement. The cis-geometry has been assigned by
comparison to previously described complexes.54−56 The
31P{1H} NMR shift and 31P−195Pt constant coupling of 5b
compare to the spectroscopical data reported for other cis-
[PtCl2(P(OAr))3)2] complexes. Additionally, only phosphites
with large Tolman cone angles, bearing ortho- and meta-
substituted aryl groups, have been described to afford the
corresponding trans-isomers.56−58 It is noteworthy that 5a and
5b contain six [FeFe] units in their structures.
Coordination of Phosphite Complex 2 to Rh(III) and

Ir(III) Centers. Once the coordination ability of complex 2 to
the Pd and Pt centers was studied, the reactivity with Rh and Ir
complexes was evaluated. Thus, complex 2 was reacted with
the dinuclear [MCl2Cp*]2 species (M = Rh, Ir) in CH2Cl2 at
room temperature (Scheme 4). Compounds 6a and 6b, where
one phosphite unit is coordinated to the metal center, were
obtained in 40% and 47% yields, respectively, after purification
by column chromatography over neutral Al2O3. These
compounds were fully characterized by NMR and IR
spectroscopy and elemental analysis. In the 31P{1H} NMR
spectrum, a phosphorus signal attributable to a phosphite
group was observed as a doublet (JP−Rh = 240.2 Hz) at 107.08

Figure 2. X-ray thermal ellipsoid plot of 4a (50% probability level)
with the labeling scheme. Selected bond lengths (Å) and angles (°)
are as follows: Fe(1)−P(1) 2.1694(6), Fe(1)−S(1) 2.2531(6),
Fe(1)−S(2) 2.2699(6), Fe(1)−Fe(2) 2.4973(4), Fe(2)−S(1)
2.2679(6), Fe(2)−S(2) 2.2705(6), Fe(3)−S(3) 2.2524(7), Fe(3)−
S(4) 2.2577(6), Fe(3)−Fe(4) 2.5156(5), Fe(4)−S(3) 2.2481(7),
Fe(4)−S(4) 2.2539(7), Fe(5)−S(6) 2.2472(6), Fe(5)−S(5)
2.2559(6), Fe(5)−Fe(6) 2.5108(4), Fe(6)−S(5) 2.2462(6), Fe(6)−
S(6) 2.2579(6), P(1)−O(2) 1.5941(15), P(1)−O(3) 1.6040(15),
P(1)−O(1) 1.6054(15), C(12)−Fe(1)−C(11) 90.60(10), C(12)−
Fe(1)−P(1) 105.97(7), C(11)−Fe(1)−P(1) 95.12(7), C(11)−
Fe(1)−S(1) 87.31(7), P(1)−Fe(1)−S(1) 100.08(2), C(12)−
Fe(1)−S(2) 86.98(7), P(1)−Fe(1)−S(2) 108.40(2), S(1)−Fe(1)−
S(2) 84.57(2), C(12)−Fe(1)−Fe(2) 98.28(7), C(11)−Fe(1)−Fe(2)
100.36(7), P(1)−Fe(1)−Fe(2) 151.00(2), S(1)−Fe(1)−Fe(2)
56.753(17), S(2)−Fe(1)−Fe(2) 56.643(16), Fe(1)−S(1)−Fe(2)
67.060(18), and Fe(1)−S(2)−Fe(2) 66.738(18)

Scheme 3. Synthesis of Complexes 5a (Pd) and 5b (Pt)
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ppm for the Rh complex (6a) and as a singlet at 65.23 ppm for
the Ir derivative (6b).
Electrochemistry. Phosphite 2 bearing an uncoordinated

phosphorus atom experiences a first quasi-reversible reduction
at −1.79 V and a second one at −1.99 V. This is the usual
behavior of [(μ-ADTR)Fe2(CO)6] complexes and has been
attributed to the [FeIFeI]/[FeIFe0] and [FeIFeI]/[FeIFe0]
processes, respectively.59−69

Compounds 4a and 4b have two differently substituted
[FeFe] clusters. Both complexes experience two reduction
events: the first wave appears at −1.82 V for 4a (irreversible)
and −1.79 V (quasi-reversible) for 4b, and the second at −2.11
and −2.06 V (both quasi-reversible) for 4a and 4b,
respectively. According to the literature, the substitution of
one CO ligand by a PPh3 ligand in [(μ-ADTR)Fe2(CO)6]
complexes provokes a notable cathodic displacement.50,70

Therefore, the first reduction wave for these complexes is
attributable to the reduction of the [(μ-SR)2Fe2(CO)5] units,
while the second wave is, in principle, attributable to the
reduction of the second [(μ-SR)2Fe2(CO)5(P(OR)3)] cluster
(see Table 1 and Figure 3). Additionally, compounds 2, 4a,
and 4b experience an irreversible oxidation event above 0.5 V,
which is most likely due to the [FeIFeI]/[FeIFeII] oxidation.
To support these asseverations, DFT calculations (M06

level, see the Experimental Section) were carried out in the
model complex 7. The LUMO of the neutral species and the
SOMO of the radical anion 7−• are represented in Figure 4.
The LUMO is centered in the [Fe2(CO)6] moiety, thus
corroborating the hypothesis mentioned above that this species
is the one experiencing the first reduction. The SOMO of the
anion radical 7−• is located at the [(μ-SR)2Fe2(CO)5(P-
(OR)3)] moiety and thus the second reduction should occur in
this bimetallic center.

Complexation of compound 2 to form heterometallic
complexes 5 and 6 results in the disappearance of the
reduction waves at more negative potentials, while the
remaining reduction wave appears at potentials similar to the
free product 2 (Table 1 and Figure 5). The position of this
wave is nearly independent of the metal complexed to the
phosphorus atom and the complex geometry (square-planar 5
or half-sandwich 6). Additionally, complex 5a shows a

Scheme 4. Synthesis of Complexes 6a (Rh) and 6b (Ir) Table 1. Electrochemical Data of Complexes 2, 4a, 4b, 5a,
5b, 6a, and 6ba

reduction oxidation

entry complex Epc Epa Epa
1 2 −1.79 −1.58 0.58

−1.99 −1.89
2 4a −1.82 0.42

−2.11 −1.95
3 4b −1.79 −1.65 0.72

−2.06 −1.98
4 5a −1.36 0.60

−1.82 −1.56
5 5b −1.83 −1.59 0.58
6 6a −0.23 0.59

−1.84 −1.62
7 6b −1.75 −1.56 0.62

aPotentials given in V vs Fc+/Fc. Data were obtained from Figures 3
and 5.

Figure 3. Cyclic voltammograms (CVs) of compounds 2, 4a, and 4b.
Data were obtained from 10−3 M CH2Cl2 solutions containing 10−1

M [NBu4]PF6 as the supporting electrolyte at 25 °C. The counter
electrode was Pt, the working electrode was glassy carbon, potentials
are given in V vs Fc+/Fc, and the scan rate was 100 mV/s.

Figure 4. LUMO (right) of model 7 and SOMO (left) of radical-
anion 7−•.
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reduction wave at −1.36 V that is associated with the reduction
of the Pd(II) center.71,72

DFT calculations carried out in the model complex 8 show
that the LUMO of this molecule is centered in the fragment
[(μ-SR)2Fe2(CO)5] (Figure 6), which makes the observed
reduction similar to the first reduction of model complex 7 and
assignable to the [FeIFeI]/[FeIFe0] process.

The electrochemistry of compounds 2, 4, 5, and 6 in the
presence of increasing amounts of AcOH was studied next.
Thus, the CVs of complexes 2, 4a, and 4b in the presence of
AcOH (Figure 7) demonstrate the absence of electrocatalytic
activity at the first reduction level, while the current intensity
of the second wave increases with the amount of acid. This is
the expected behavior for complexes of the general formula
[(μ-ADTR)Fe2(CO)6].
Additionally, in all cases, a new wave appears at −1.40 V

upon the addition of acid, and its intensity increases as the
amount of acid does. This is especially notorious in complex
4b (Figure 7). It can be thought that this process arises from
the reduction of species formed by the protonation of the
neutral complexes. To discard this possibility, a 1H and 31P
NMR study of 4b in the presence of increasing amounts of acid
was performed. Complex protonation was not observed, even

after the addition of 20 equiv of acetic acid (Figures S16 and
S17).73 Therefore, the wave at −1.40 V should be due to a
species resulting from the electrochemical decomposition of
the compounds. In fact, when the CV of 4b was recorded in
the −0.55 to −2.24 V range, in the presence of increasing
amounts of AcOH, this wave was not observed (Figure 8). For
this reason, the following electrocatalytic studies were
registered in the in the −0.55 to −2.24 V range.
In the CVs of complexes 5a and 5b, the waves around −1.80

V show a current increase with the successive additions of
AcOH. Additionally, a new wave that grows with the amount
of AcOH appears around −1.40 V for both complexes (Figure
9). Reduction of the Pt(II) nucleus should occur at more
negative potentials according to the literature data.74,75

Alternatively, Pd(II) phosphite complexes experience two
sequential reduction processes at −0.76 and −1.20 V.76

Complexes 5 are stable in the presence of increasing amounts
of acetic acid, as observed by 1H NMR spectroscopy analysis
(see Figures S24 and S25). Therefore, the wave around −1.40

Figure 5. Cyclic voltammograms (CVs) of compounds 5a, 5b, 6a,
and 6b. Data were obtained from 10−3 M CH2Cl2 solutions
containing 10−1 M [NBu4]PF6 as the supporting electrolyte at 25
°C. The counter electrode was Pt, the working electrode was glassy
carbon, potentials are given in V vs Fc+/Fc, and the scan rate was 100
mV/s.

Figure 6. LUMO of model complex 8.

Figure 7. Cyclic voltammograms (CVs) of compounds 2, 4a, and 4b
in the presence of increasing amounts of AcOH. Data were obtained
from 10−3 M CH2Cl2 solutions containing 10−1 M [NBu4]PF6 as the
supporting electrolyte at 25 °C. The counter electrode was Pt, the
working electrode was glassy carbon, potentials are given in V vs Fc+/
Fc, and the scan rate was 100 mV/s.
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V should be caused by an acid-promoted by-reaction along the
electrochemical process.
In contrast, the waves at −1.80 V in the half-sandwich

complexes 6a and 6b experience an increase in the current
intensity, but no new waves appear in the presence of acid
(Figure 10).

■ CONCLUSIONS
Phosphite 2 having three [(μ-SR)2Fe2(CO)6] (R = 4-
hidroxyphenyl) units is easily accessible in good yields from
[(μ-SR)2Fe2(CO)6] (R = 4-HOC6H4) (1a) by a reaction with
PCl3. The open-chain derivative [(μ-SR)2Fe2(CO)6] (R =
CH2CH2OH) (1b) and the isomeric complex [(μ-

SR)2Fe2(CO)6] (R = 2-HOC6H4) (1c) also form the
hexametallic complexes, which evolve in situ into the cyclic
complexes 4a and 4b, respectively, by spontaneous intra-
molecular CO substitution in one of the [FeFe] fragments.
Coordination of complex 2 to [PdCl2(MeCN)2] or
[PtCl2(DMSO)2] forms heterometallic square-planar com-
plexes having 12 Fe centers in their structures. The
coordination of phosphite 2 occurs in excellent yields.
Analogously, the coordination of complex 2 to [MCl2Cp*]2
(M = Rh, Ir) forms half-sandwich complexes 6a and 6b in 40%
and 47% yields, respectively. Complexes 5 and 6 demonstrate
the ability of complex 2 to form different heterometallic
complexes under mild reaction conditions. This may be the
first step to producing nanoparticles to anchor several [FeFe]-
hydrogenase mimics to surfaces in a straightforward manner.
The electrochemical behavior of complexes 2 and 4 in a

DCM solution and upon the addition of AcOH is similar to
that of ADT derivatives, showing electrocatalytical activity
about −1.80 V. Nevertheless, complexes 2 and 4 experience
electrochemical decomposition, as demonstrated when the CV
was recorded only in the anodic region.
The successive additions of AcOH also cause an increase in

current intensity in the wave at −1.80 V for heterometallic
complexes 5 and 6. However, the appearance of a new wave
around −1.40 V in complexes 5 points to the acid-induced
decomposition of the molecule by the decoordination of one
Cl− ligand in the square-planar Pt(II) complex.
In summary, the ability of phosphite 2 to act as a carrier of

three units of [(μ-ADTR)Fe(CO)6] to the coordination
spheres of different metal complexes has been demonstrated.
The electrochemical and electrocatalytic properties of the
heteropolymetallic complexes are affected by the complexation

Figure 8. Cyclic voltammograms (CVs) of compound 4b in the
presence of increasing amounts of AcOH (0−20 equiv). Data were
obtained from 10−3 M CH2Cl2 solutions containing 10−1 M
[NBu4]PF6 as the supporting electrolyte at 25 °C. The counter
electrode was Pt, the working electrode was glassy carbon, potentials
are given in V vs Fc+/Fc, and the scan rate was 100 mV/s.

Figure 9. Cyclic voltammograms (CVs) of compounds 5a and 5b in
the presence of increasing amounts of AcOH (0−10 equiv). Data
were obtained from 10−3 M CH2Cl2 solutions containing 10−1 M
[NBu4]PF6 as the supporting electrolyte at 25 °C. The counter
electrode was Pt, the working electrode was glassy carbon, potentials
are given in V vs Fc+/Fc, and the scan rate was 100 mV/s.

Figure 10. Cyclic voltammograms (CVs) of compounds 6a and 6b in
the presence of increasing amounts of AcOH (0−10 equiv). Data
were obtained from 10−3 M CH2Cl2 solutions containing 10−1 M
[NBu4]PF6 as the supporting electrolyte at 25 °C. The counter
electrode was Pt, the working electrode was glassy carbon, potentials
are given in V vs Fc+/Fc, and the scan rate was 100 mV/s.
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of the new metal center, which may be of interest for the future
preparation of nanoparticles and the anchorage of these units
to surfaces.

■ EXPERIMENTAL SECTION
General Information. Unless stated otherwise, all the reactions

were carried out under an Ar atmosphere using anhydrous solvents.
The reaction workup was performed in air. Commercially available
reagents were used as received without further purification.
Compounds 1a49 and 1c46 were prepared following literature
procedures. 1H, 13C{1H}, and 31P{1H} NMR spectra were recorded
at ambient temperature in CDCl3 on a Bruker 300 or 500 MHz
spectrometer. Chemical shifts are expressed in part per millions and
are referenced to residual solvent peaks (1H and 13C{1H}) or to an
external reference (85% H3PO4 aqueous solution for 31P{1H}). FTIR
spectra (ATR) were recorded as films (by slowly evaporating CHCl3
solutions of the compounds) on a Bruker Alpha spectrometer. ESI-
HRMS was performed on an Agilent 6500 accurate mass
spectrometer with a Q-TOF analyzer. Elemental analyses were carried
out on an elemental microanalyzer LECO CHNS-932. Cyclic
voltammograms were recorded using a Metrohm Autolab Potentiostat
model PGSTAT302N 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 the measurements were performed under Ar at 25 °C
from CH2Cl2 solutions containing 10−1 M [NBu4]PF6 as the
supporting electrolyte, with analyte concentrations of 10−3 M.
Computational Details. All calculations were performed at the

DFT level using the M06 functional77−79 with an ultrafine integration
grid80 in conjunction with the D3 dispersion correction suggested by
Grimme,81 as implemented in Gaussian 16.82 P, S, Cl, Fe, and Pt
atoms were described using the scalar-relativistic Stuttgart−Dresden
SDD pseudopotential83 and its associated double-ζ basis set
complemented with a set of f-polarization functions.84 The 6-
31G** basis set was used for the H, C, N, and O atoms.85,86 All
structures were fully optimized in MeCN (ε = 8.93) using the SMD
continuum model.87 All energies are Gibbs energies in dichloro-
methane at 298 K.
Compound 1b. In a 100 mL round-bottom flask, [(μ-S2)-

Fe2(CO)6] (506 mg, 1 equiv) was dissolved in 22 mL of THF.
The solution was cooled to −78 °C and then 1 M LiEt3BH in THF
(3.47 mL, 2 equiv) was added dropwise. After 30 min, TFA (0.27 mL,
2 equiv) was added dropwise, and the new mixture was stirred for 15
min. Then, to the mixture was slowly added 37% aqueous CH2O
(0.26 mL, 2 equiv). The reaction mixture was warmed to room
temperature and stirred for 1 h. After this time, 2-aminophenol (189
mg, 1 equiv) was added as a solid, and the resulting mixture was
stirred overnight. The solvent was removed under reduced pressure,
and the residue was purified by column chromatography (SiO2, 8:2
hexane/EtOAc). Compound 1b was obtained as a red solid in a 62%
yield (511 mg). 1H NMR (300 MHz, CDCl3) δ: 7.08 (t, J = 7.3 Hz,
1HAr), 6.98−6.77 (m, 3HAr), 5.90 (br, 1HOH), 3.57 (s, 4H, CH2)
ppm. 13C{1H} NMR (75 MHz, CDCl3) δ: 207.7 (CO), 150.0 (CAr),
137.1 (CAr), 127.6 (CHAr), 122.4 (CHAr), 120.9 (CHAr), 116.3
(CHAr), 51.9 (CH2) ppm. IR (film): νOH 3475 (br); νC≡O 2074 (s),
2030 (vs), 1989 (vs) cm−1. ESI-HRMS m/z: calcd. for
C14H10Fe2NO7S2 ([M + H]+) 479.8598, found ([M + H]+) 479.8612.
General Procedure for Preparation [FeFe]-Phosphite De-

rivatives (2 and 4). In a round-bottom flask, the corresponding
[FeFe] complex 1 (3 equiv) was dissolved in CH2Cl2, and to the
mixture was added anhydrous Et3N (6 equiv). The solution was
cooled to 0 °C, and to the mixture was added PCl3 (1 equiv)
dropwise. The reaction mixture was refluxed for 2 h. After this time,
the solution was allowed to reach room temperature and the solvent
was evaporated. The crude materials were purified as indicated in each
case.
Complex 2. The general procedure was followed with 1.97 g of

compound 1a, 50 mL of CH2Cl2, 1.14 mL of anhydrous Et3N, and
0.12 mL of PCl3. Upon evaporation, the reaction crude was extracted
with Et2O until the organic layer was colorless. The combined organic

layers were evaporated under reduced pressure, and the resulting red
solid was purified by column chromatography (activated neutral
Al2O3 activity I, 7:3 hexane/EtOAc). The product was precipitated
with Et2O to afford compound 2 as a red solid in a 75% yield (1.50 g).
1H NMR (500 MHz, CDCl3) δ: 7.11 (d, J = 9.0 Hz, 6HAr), 6.72 (d, J
= 9.0 Hz, 6HAr), 4.31 (s, 12H, CH2) ppm. 13C{1H} NMR (126 MHz,
CDCl3) δ: 207.1 (CO), 145.3 (d, JC−P = 3 Hz, CAr), 141.6 (CAr),
122.3 (d, JC−P = 6 Hz, CHAr), 117.3 (CHAr), 50.2 (CH2) ppm.
31P{1H} NMR (202 MHz, CDCl3) δ: 128.59 ppm. IR (film): νC≡O
2074 (s), 2034 (vs), 1995 (vs) cm−1. Anal. Calcd (%) for
C42H24Fe6N3O21PS6 + 0.25Et2O: C, 34.81; H, 1.80; N, 2.83.
Found: C, 34.74; H, 2.11; N, 2.87.

Complex 4a. Following the general procedure from 600 mg of
compound 1b, 18 mL of CH2Cl2, 0.39 mL of anhydrous Et3N, and
0.04 mL of PCl3, 380 mg (63% yield) of compound 4a was obtained
as a red solid upon column chromatography (SiO2, 8:2 hexane/
EtOAc). 1H NMR (300 MHz, CDCl3) δ: 4.04−3.86 (m, 8H), 3.78−
3.66 (m, 10H), 3.10 (t, J = 5.3 Hz, 4H), 2.85 (t, J = 4.2 Hz, 2H) ppm.
13C{1H} NMR (75 MHz, CDCl3) δ: 211.5 (d, JC−P = 13.0 Hz, CO),
209.0 (CO), 207.8 (CO), 63.4 (d, JC−P = 7.0 Hz, CH2), 62.0 (CH2),
59.6 (CH2), 57.2 (d, JC−P = 7.0 Hz, CH2), 53.6 (CH2), 52.43 (CH2)
ppm. 31P{1H} NMR (122 MHz, CDCl3) δ: 186.78 ppm. IR (film):
νC≡O 2072 (s), 2027 (vs), 1961 (vs) cm−1. ESI-HRMS m/z: calcd. for
C29H24Fe6N3O20PS6 ([M + H]+) 1293.5190, found ([M + H]+)
1293.5158.

Complex 4b. Following the general procedure from 504 mg of
compound 1c, 14 mL of CH2Cl2, 0.29 mL of anhydrous Et3N, and
0.03 mL of PCl3, 418 mg (83% yield) of compound 4b was obtained
as a red solid upon column chromatography (SiO2, 9:1 hexane/
EtOAc). 1H NMR (300 MHz, CDCl3) δ: 7.55 (d, J = 8.0 Hz, 2HAr),
7.34−7.19 (m, 4HAr), 7.15 (t, J = 7.6 Hz, 3HAr), 6.95 (t, J = 7.8 Hz,
1HAr), 6.80 (d, J = 8.0 Hz, 1HAr), 6.38 (d, J = 8.1 Hz, 1HAr), 3.96 (m,
12H, CH2) ppm. 13C{1H} NMR (75 MHz, CDCl3) δ: 209.7 (d, J =
7.0 Hz, CO), 207.8 (CO), 207.4 (CO), 146.7 (d, J = 9.0 Hz, CAr),
142.9 (d, J = 8.0 Hz, CAr), 141.7 (d, J = 3.0 Hz, CAr), 139.7 (d, J = 4.0
Hz, CAr), 127.2 (CHAr), 126.8 (CHAr), 126.5 (CHAr), 126.2 (CHAr),
124.4 (CHAr), 123.8 (CHAr), 123.6 (CHAr), 122.8 (d, J = 5.0 Hz,
CHAr), 53.3 (CH2), 53.3 (CH2), 51.4 (CH2). 31P{1H} NMR (122
MHz, CDCl3) δ: 175.91 ppm. IR (film): νC≡O 2074 (s), 2056 (s),
2032 (vs), 1990 (vs) cm−1. ESI-HRMS m/z: calcd. for
C41H25Fe6N3O20PS6 ([M + H]+) 1437.5190, found ([M + H]+)
1437.5181.

Thiophosphate 3. Complex 1a (285 mg, 3 equiv) was dissolved in
2.5 mL of CH2Cl2 in a 5 mL microwave vial, and to the mixture was
added 0.2 mL (6 equiv) of anhydrous Et3N. The solution was cooled
to 0 °C, and to the mixture was added 20 μL (1 equiv) of PSCl3
dropwise. The reaction mixture was heated at 65 °C for 6 h in a
microwave reactor. After this time, the solution was allowed to reach
room temperature and the solvent was evaporated. Complex 3 was
isolated as a red solid in a 43% yield (127 mg) upon column
chromatography (SiO2, 7:3 hexane/EtOAc). 1H NMR (300 MHz,
CDCl3) δ: 7.20 (d, J = 9.1 Hz, 6HAr), 6.75 (d, J = 9.1 Hz, 6HAr), 4.32
(s, 12H, CH2) ppm. 13C{1H} NMR (75 MHz, CDCl3) δ: 207.1
(CO), 144.4 (CAr), 142.7 (CAr), 122.7 (CHAr), 116.9 (CHAr), 50.1
(CH2) ppm. 31P{1H} NMR (122 MHz, CDCl3) δ: 54.81 ppm. IR
(film): νC≡O 2074 (s), 2030 (vs), 1991 (vs) cm−1. Anal. Calcd (%) for
C42H24Fe6N3O21PS7: C, 33.70; H, 1.62; N, 2.81. Found: C, 33.39; H,
1.79; N, 2.83.
General Procedure for Preparation of Square-Planar

Complexes 5. In a 10 mL round-bottom flask, compound 2 (2
equiv), the corresponding [MCl2L2] (1 equiv; M = Pd, Pt) and
CH2Cl2 were added. The mixture was stirred at room temperature for
24 h and the solvent was removed under reduced pressure. The
purification procedure is specified below.

Complex 5a. Following the general procedure from 150 mg of
compound 2, 13.3 mg of [PdCl2(MeCN)2], and 5 mL of CH2Cl2.
Upon evaporation, the residue was washed with Et2O (4 × 5 mL) to
afford pure complex 5a (163 mg, 99% yield) as a red solid. 1H NMR
(500 MHz, CDCl3) δ: 7.11 (br s, 12HAr), 6.68 (br s, 12HAr), 4.37 (br
s, 24H, CH2) ppm. 13C{1H} NMR (126 MHz, CDCl3) δ: 206.9
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(CO), 144.1 (CAr), 142.5 (CAr), 122.5 (CHAr), 117.1 (CHAr), 50.4
(CH2) ppm. 31P{1H} NMR (202 MHz, CDCl3) δ: 85.15 ppm. IR
(film): νC≡O 2074 (s), 2030 (vs), 1987 (vs) cm−1. Anal. Calcd (%) for
C84H48Cl2Fe12N6O42P2PdS12 + H2O: C, 32.28; H, 1.61; N, 2.69.
Found: C, 32.18; H, 1.93; N, 2.69.
Complex 5b. The general procedure was following using 200 mg of

compound 2, 26.4 mg of [PtCl2(DMSO)2], and 4 mL of CH2Cl2.
Upon evaporation, the residue was washed with Et2O (4 × 5 mL),
and the obtained solid was further purified by column chromatog-
raphy (SiO2, 4:6 hexane/EtOAc) to afford pure complex 5b (165 mg,
83% yield) as a red solid. 1H NMR (500 MHz, CDCl3) δ: 7.10 (br s,
12HAr), 6.66 (br s, 12HAr), 4.36 (br s, 24H, CH2) ppm. 13C{1H}
NMR (126 MHz, CDCl3) δ: 206.9 (CO), 144.2 (CAr), 142.3 (CAr),
122.4 (CHAr), 116.8 (CHAr), 49.9 (CH2) ppm. 31P{1H} NMR (202
MHz, CDCl3) δ: 61.31 (JP−Pt = 5736.8 Hz) ppm. IR (film): νC≡O
2074 (s), 2032 (vs), 1986 (vs) cm−1. Anal. Calcd (%) for
C84H48Cl2Fe12N6O42P2PtS12 + H2O: C, 31.39; H, 1.57; N, 2.61;
Found: C, 31.39; H, 1.95; N, 2.61.
General Procedure for Preparation of Half-Sandwich

Complexes 6. To a 25 mL round-bottom flask were added
compound 2 (1 equiv), [MCl2Cp*]2 (0.48 equiv., M = Rh, Ir), and
CH2Cl2. The mixture was stirred at room temperature overnight.
After this time, the solvent was evaporated under reduced pressure.
The reaction crude was purified by column chromatography
(activated neutral Al2O3 activity I, 1:1 CH2Cl2/EtOAc).
Complex 6a. Following the general procedure from 209.5 mg of

compound 2, 42.2 mg of [RhCl2Cp*]2, and 7 mL of CH2Cl2, complex
6a (95 mg, 40% yield) was obtained as a red solid. 1H NMR (500
MHz, CDCl3) δ: 7.29 (br s, 6H, CHAr), 6.68 (br s, 6H, CHAr), 4.29
(br s, 12H, CH2), 1.64 (br s, 15H, CH3) ppm. 13C{1H} NMR (126
MHz, CDCl3) δ: 207.1 (CO), 145.3 (d, JC−P = 12 Hz, CArO), 142.2
(CAr), 122.5 (d, JC−P = 4 Hz, CHAr), 116.8 (CHAr), 101.5 (br s, CCp*),
50.3 (CH2), 9.4 (CH3) ppm. 31P{1H} NMR (202 MHz, CDCl3) δ:
107.08 (d, JP−Rh = 240.2 Hz) ppm. IR (film): νC≡O 2073 (s), 2029
(vs), 1981 (vs) cm−1. Anal. Calcd (%) for C52H39Cl2Fe6N3O21PRhS6
+ 0.5AcOEt: C, 35.67; H, 2.38; N, 2.31. Found: C, 35.45; H, 2.66; N,
2.34.
Complex 6b. Following the general procedure from 209.5 mg of

compound 2, 54.3 mg of [IrCl2Cp*]2, and 7 mL of CH2Cl2, complex
6b (120 mg, 47% yield) was obtained as a red solid. 1H NMR (500
MHz, CDCl3) δ: 7.27 (d, J = 8.4 Hz, 6H, CHAr), 6.68 (d, J = 8.4 Hz,
6H, CHAr), 4.28 (s, 12H, CH2), 1.57 (s, 15H, CH3) ppm. 13C{1H}
NMR (126 MHz, CDCl3) δ: 207.1 (CO), 145.3 (d, JC−P = 11 Hz,
CArO), 142.2 (CAr), 122.5 (d, JC−P = 4 Hz, CHAr), 116.8 (CHAr), 95.7
(CCp*), 50.3 (CH2), 8.9 (CH3) ppm. 31P{1H} NMR (202 MHz,
CDCl3) δ: 65.23 ppm. IR (film): νC≡O 2073 (s), 2031 (vs), 1990 (vs)
cm−1. Anal. Calcd (%) for C52H39Cl2Fe6IrN3O21PS6: C, 33.52; H,
2.11; N, 2.26; Found: C, 33.61; H, 2.36; N, 2.29.
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