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ABSTRACT: A modular synthetic strategy is described whereby organometallic
complexes exhibiting considerable electron-sink capacity may be assembled by using
only a few simple molecular components. The Fe2(PPh2)2(CO)5 fragment was selected
as a common electroactive component and was assembled around aromatic cores
bearing one, two, or three isocyanide functional groups, with the resultant complexes
possessing electron-sink capacities of two, four, and six electrons, respectively. The
latter complex is noteworthy in that its electron-sink capacity was found to rival that of
large multinuclear clusters (e.g., [Ni32C6(CO)36]

6− and [Ni38Pt6(CO)48]
6−), which are

often considered as benchmarks of electron-sink behavior. Moreover, the modular
assembly bearing three Fe2(PPh2)2(CO)5 fragments was observed to undergo reduction
to a hexaanionic state over a potential window of about −1.4 to −2.1 V (vs Fc/Fc+), the
relatively compressed range being attributed to potential inversions operative during the
addition of the second, fourth, and sixth electrons. Such complexes may be designated
noncanonical clusters because they exhibit redox properties similar to those of large multinuclear clusters yet lack the extensive
network of metal−metal bonds and the condensed metallic cores that typify the latter.

■ INTRODUCTION
Molecular species capable of accumulating multiple charges via
sequential redox events are promising candidates as functional
materials in emerging technologies such as Faradaic super-
capacitors, multistate molecular switches, and charge-based
multibit data storage.1 Compounds exhibiting “electron-sink”
properties are broadly distributed across several molecular
classes, including the fullerenes, viologens, diimides, poly-
oxometalates, metallocene-containing dendrimers and poly-
mers, and various coordination and organometallic complexes.2

Among the latter, multinuclear organometallic clusters are
particularly intriguing, as remarkable electron-sink behaviors
have been documented in clusters containing 20 or more
transition metal nuclei.3 Benchmark examples of such clusters
include the large carbide−carbonyl anion [Ni32C6(CO)36]

6−

and the bimetallic [Ni38Pt6(CO)48]
6− anion, both of which

may accommodate up to five electrons per discrete molecular
unit.4

Despite these distinctive electronic properties, the matura-
tion of large organometallic clusters as viable functional
materials has been limited by the complexity of existing
synthetic methods that rely on thermal, photochemical, or
redox condensation reactions to expand total cluster nuclearity,
often resulting in broad or unpredictable product distribu-
tions.5 Consequently, the intentional design of high-capacity
electron-sink clusters remains an enduring challenge in metal
cluster chemistry.
For more than 50 years, clusters have been canonically

defined as discrete molecular species containing three or more

metal atoms mutually connected by metal−metal bonds, a
ca tegory into which the prev ious ly ment ioned
[Ni32C6(CO)36]

6− and [Ni38Pt6(CO)48]
6− complexes clearly

fall.6 More recently, reports have emerged of organometallic
complexes whose electron-sink properties bear similarities to
those of large canonical clusters but do not conform to the
classical definition. For example, Wang and Sun have reported
that the reaction of Fe3(CO)12 with 1,2,4,5-benzenetetrathiol
or benzenehexathiol produces diiron dithiolate complexes in
which two or three Fe2S2(CO)6 subunits are linked by a
common aromatic bridge.7 Under cathodic conditions, the
resultant complexes can accommodate either four or six
electrons to yield anions with charges of 4− and 6−,
respectively. Nuckolls et al. have also described the electro-
chemical properties of “superatom” complexes prepared by
tethering multinuclear Co6Se8(P(C2H5)3)5 subunits together
by using an aryl diisocyanide linker.8 In contrast with the
preceding examples, the tethered Co6Se8(P(C2H5)3)5 com-
plexes undergo a series of oxidation steps under anodic
conditions to yield highly charged cations. These cations may
also be regarded as possessing significant electron-sink
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capacity, as the electron “holes” produced during oxidation
may be repopulated with electrons to restore the neutral parent
complexes under cathodic conditions.
The organometallic complexes described above may be

conveniently termed noncanonical clusters because they exhibit
redox properties comparable to those of large multinuclear
clusters yet lack the extensive network of metal−metal bonds
and the condensed metallic cores characteristic of the latter. As
the cited examples demonstrate, the noncanonical approach to
cluster synthesis lends itself to the intentional design of
molecular materials with predictable molecular architectures
and redox properties, making noncanonical clusters convenient
models for exploring electron-sink phenomena and potential
applications associated therewith.
The purpose of this study is to establish a modular synthetic

strategy whereby noncanonical cluster complexes with
significant electron-sink capacity might be assembled by
using only a handful of readily accessible molecular
components. To this end, the simple Fe2(PPh2)2(CO)5
fragment was used as a common electroactive subunit and
was tethered to aromatic isocyanides bearing one, two, or three
functional groups. The electron-sink capacities of the resultant
complexes were progressively expanded from two, to four, to
six electrons, respectively, the latter exceeding the electron-sink
capaci ty of canonical benchmark clusters (e .g . ,
[Ni32C6(CO)36]

6− and [Ni38Pt6(CO)48]
6−).

■ RESULTS AND DISCUSSION
The modular synthetic strategy reported herein comprised
three steps, the first of which was to identity a well-
characterized compound capable of accommodating multiple
electrons under cathodic conditions. We were drawn to
Fe2(PPh2)2(CO)6 (1) (Figure 1) as a parent electroactive
complex based on its structural simplicity and convenient,
scalable synthesis.9 More importantly, it has been proposed
that Fe2(PPh2)2(CO)6 undergoes a reversible two-electron
reduction as a consequence of redox potential inversion, a
phenomenon that warrants a brief discussion.9a,10 When two
electrons are transferred to a molecular species in the absence
of a potential inversion, the second electron is transferred with
greater difficulty than the first, and the potential required to
effect the second electron transfer becomes more negative.
When potential inversion is operative, the formal potential
corresponding to the addition of the second electron becomes
more positive than that of the first, often by several tenths of a
volt.11 In such cases, the transfer of the second electron cannot
be detected independent of the first by using conventional
voltammetric methods; rather, the voltammetric response gives
the impression of a simultaneous two-electron transfer.
Potential inversion is almost universally associated with a
significant molecular organization, and Fe2(PPh2)2(CO)6
appears to be no exception: X-ray diffraction studies of 12−

reveal that the “butterfly”-like structure of the neutral complex
undergoes a dramatic reorganization during reduction in which
the Fe2P2 core adopts a flattened configuration.12

The second step of our synthetic strategy emphasized the
identification of organic “tethers” suitable for binding multiple
subunits of 1, thereby expanding the electron-sink capacity of
the resulting covalent assembly. As isolobal analogues of
carbon monoxide, organic isocyanides are well-suited for
binding low-valent transition metals, including the constituent
Fe atoms of our preferred electroactive subunit.14 Ligands
bearing multiple isocyanide moietiessome quite exotic

have previously been used to prepare extended coordination
polymers, supramolecular assemblies, molecular wires, and
three-dimensional framework materials.15 For the purposes of
this study, electroactive Fe2(PPh2)2(CO)5 fragments were
appended to three very simple aromatic ligands bearing n
isocyanide moieties: 2,6-dimethylphenyl isocyanide (2a, n =
1), 1,4-phenylene diisocyanide (2b, n = 2), and 2,4,6-
triisocyanomesitylene (2c, n = 3). Isocyanides 2a and 2b
may be purchased commercially or are readily prepared by
using inexpensive reagents.16 Prior to undertaking this study,
2c was previously unknown in the literature; very recently,
however, Hsu and co-workers independently reported its
synthesis using a method very similar to that used in the
present work.17

The culminating step of our modular strategy for producing
noncanonica l c luster complexes was to append
Fe2(PPh2)2(CO)5 fragments to monofunctional, difunctional,
and trifunctional arylisocyanide ligands, as illustrated in
Scheme 1. Adapting the method of Mizuta,18 an acetonitrile-
coordinated derivative of Fe2(PPh2)2(CO)6, 1-NCMe, was
prepared through the treatment of 1 with trimethylamine N-
oxide (TMANO) in acetonitrile and subsequently combined
with 2a−2c in the appropriate stoichiometric ratios to produce
the corresponding isocyanide-appended complexes bearing
one, two, and three Fe2(PPh2)2(CO)5 fragments (3, 4, and 5,
respectively).
The molecular structure of 3 was determined by using

single-crystal X-ray diffraction methods and is presented in
Figure 2a. Selected bond lengths and angles for complexes 1
and 3 are also tabulated in Table 1, a comparison of which
reveals that 3 experiences only slight increases in both Fe−Fe
bond length (∼0.033 Å) and mean Fe−P−Fe bond angles

Figure 1. (a) Schematic and (b) molecular structures of
Fe2(PPh2)2(CO)6 (1). Color scheme: iron, orange; phosphorus,
yellow; carbon, gray; oxygen, red. Hydrogen atoms are excluded; all
other thermal ellipsoids are rendered at the 50% probability level
(reproduced from CCDC 978092).13
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(∼1°) relative to 1. This modest perturbation is illustrated by
the structural overlay of 1 and 3 shown in Figure 2b. The slight
expansion of the Fe−Fe bond may reasonably be attributed to
increased electron density at the iron atoms of 3 as a
consequence of aromatic isocyanide substitution for a CO
ligand, isocyanides being generally regarded as both stronger σ-
donors and weaker π-acids than CO.19 Note that the
pseudolinear configuration of the isocyanide moiety in 3 also
contributes to the retention of the structural features observed
in 1 by effectively separating the aromatic isocyanide ligand
from the steric congestion imposed on the coordination sphere

by the phosphorus-bound phenyl groups and residual CO
ligands.
Despite their structural similarities, complexes 1 and 3

exhibit marked differences in their electrochemical responses,
as illustrated by the cyclic voltammograms (CVs) presented in
Figure 3a. Most notably, the cathodic and anodic peak
potentials of complex 1 shift from −1.64 and −1.48 V
respectively to −1.81 and −1.72 V in complex 3. This overall
cathodic shift is attributed to more localized electron density at
the metal atoms as a result of the weaker π-acidity of the
aromatic isocyanide relative to CO (vide supra). The cyclic

Scheme 1. Modular Synthetic Strategy for Producing Redox-Active Assemblies Bearing One (3), Two (4), and Three (5)
Fe2(PPh2)2(CO)5 Fragments Appended to Isocyanide Ligands

Figure 2. (a) Molecular structure of 3 with thermal ellipsoids rendered at the 50% probability level. Hydrogen atoms are omitted for clarity. Color
scheme: iron, orange; phosphorus, yellow; nitrogen, blue; carbon, gray; oxygen, red. (b) Superposition of the molecular structures of 1 (blue,
CCDC 978092) and 3 (red).
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voltammogram of 1 also possesses a somewhat irregular shape
in which the peak cathodic and anodic current ratio (ipa/ipc)
diverges significantly from unity (∼1.28), while ipa/ipc = 1.03
for 3.
Simulation of electrochemical processes is widely accepted

as one of the most effective tools for investigating electron-
transfer mechanisms, and we have utilized simulation methods
to better understand the voltammetric responses of 1 and 3.20

The simulations shown in Figure 3a (represented by open
circles) were generated by assigning initial estimates to each of
the relevant kinetic and thermodynamic parametersi.e., the
formal potentials (E0′), standard heterogeneous rate constants
(ks), transfer coefficients (α), and diffusion coefficients (D)
appearing in the Butler−Volmer kinetic model and then
refining the parameters (tabulated in Figure 3b) by using an
iterative Gauss−Newton algorithm in the DigiElch software
package, the operational principles of which have been
described elsewhere.20,21 A mechanistic model was assumed

in which 1 and 3 undergo sequential single-electron transfer
events to produce their corresponding dianions, which is in
agreement with previous theoretical treatments of structurally
related species and consistent with the recently adopted
IUPAC position that “simultaneous transfer of more than one
electron to or from an electrode is highly improbable”.10c,22 We
also observed that models based on stepwise electron transfer
mechanisms resulted in a better fit (i.e., smaller standard
deviation, S) than alternative models in which a simultaneous
two-electron transfer process is assumed.
As one might expect from systems exhibiting potential

inversion, the kinetic and thermodynamic parameters are
extensively correlated, precluding their quantitative determi-
nation using the Gauss−Newton fitting algorithm; conse-
quently, the simulation parameters reported throughout this
work are best considered as plausible estimates.23 Parameter
coupling notwithstanding, it is worth noting that the estimates
of E0′, ks, and D obtained by application of the Butler−Volmer
model are also in reasonably good agreement with those
obtained by using the Marcus−Hush kinetic model for all of
the simulations discussed herein (see Figure S1 of the
Supporting Information).
After exploring the structural and electrochemical implica-

tions of replacing one of the CO ligands of 1 with a
monofunctional aromatic isocyanide, we proceeded to conduct
a similar study of complex 4, which was produced by
appending two Fe2(PPh2)2(CO)5 fragments to 1,4-phenylene
diisocyanide (2b). As expected, the molecular structure of 4
(Figure 4a) is very similar to that of 3, both having comparable
Fe−Fe, Fe−P, and Fe−isocyanide bond lengths (see Table 1).
The electroactive Fe2(PPh2)2(CO)5 subunits appended to the
central aromatic diisocyanide in 4 are indistinguishable from
one another in the solid state, there being a crystallographic
inversion center located at the centroid of the isocyanide-
bearing aromatic ring. Despite sharing the same space group
(P21/n) and many structural similarities with 3, the anisotropic
molecular geometry of 4 gives rise to a series of void channels
(∼6 Å in width) along the crystallographic a-axis in the solid
state, as highlighted in Figure 4b. Analysis of X-ray diffraction

Table 1. Selected Bond Lengths and Angles for Complexes 1
and 3−5

113 3 4 5

distances (Å)
Fe−Fe 2.6047(6) 2.6375(5) 2.6299(5) 2.621(4)

2.6299(5) 2.631(4)
2.636(5)

Fe−P (mean) 2.224(3) 2.225(1) 2.220(5) 2.225(3)
Fe−Ciso 1.861(2) 1.850(1) 1.82(2)

1.850(1) 1.85(2)
1.88(2)

Ciso−N 1.164(2) 1.166(2) 1.13(3)
1.166(2) 1.15(3)

1.19(3)
bond angles (deg)

Cipso−N−Ciso 164.9(1) 172.0(1) 160(2)
172.0(1) 167(2)

172(2)
Fe−P−Fe (mean) 71.7(2) 72.68(4) 72.61(1) 72.5(1)

Figure 3. (a) Experimental (solid lines) and simulated (open circles) cyclic voltammograms of 1 (black) and 3 (blue) recorded in 0.25 M
[Bu4N][PF6] DMF solutions at ν = 50 mV/s. (b) Kinetic and thermodynamic parameters used to produce each simulation in the DigiElch software
package. Diffusion coefficients (D) were assumed equal for each neutral parent complex and the corresponding mono- and dianions. The standard
deviations of the data fits, S (%), are indicated.
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data leads us to believe that these channels are occupied by
highly disordered dichloromethane molecules (see the
Supporting Information). Although we have not yet pursued
such experiments, these channels would appear to be well-
suited for the adsorption of small, nonpolar species such as
CO2, which may be able to displace residual solvent molecules.
In the absence of electronic communication or other energy-

perturbing interactions between the electroactive subunits of 4,

one might anticipate that the voltammetric responses of the
Fe2(PPh2)2(CO)5 subunits would be identical and appear very
similar to the response of 3, albeit manifesting a larger current
contribution reflecting a net transfer of four electrons rather
than two (see Figure S2).24 As shown in Figure 5a, however,
splitting of the waves associated with the reduction of the
individual Fe2(PPh2)2(CO)5 subunits is observed. This
splitting might suggest that (i) the electronic states of the
organometallic subunits are coupled to one another via the
aromatic isocyanide ligand, (ii) through-space electrostatic
repulsions associated with 42− are responsible for the modest
negative shift in the reduction potentials required to generate
44−, (iii) strong ion-pairing between 42− and electrolyte cations
is responsible for the observed splitting, or (iv) some
combination of the former interactions may be at work.25

Although through-bond coupling of electronic states has been
reported for electroactive species connected via a para-
substituted aromatic core, such coupling is believed to be
less efficient when electroactive subunits reside at positions
ortho or meta to one another.26 Thus, the observation of similar
magnitudes of splitting (∼100 mV) in the cathodic responses
of 4 and 5 (in which all the electroactive subunits lie at meta
positions; vide inf ra) might be taken as evidence that the
splitting observed in Figure 5a is not predominantly a
consequence of through-bond electronic coupling.
Simulation of the voltammetric response (represented by

open circles in Figure 5a) was once again used to lend support
to the proposed mechanism of electron transfer in which 4
undergoes four single-electron transfer events, the second and
fourth of which are characterized by potential inversions. The
relevant kinetic and thermodynamic parameters used to
produce reasonable simulated facsimiles of the original
experimental voltammograms are tabulated in Figure 5b.
Having prepared a noncanonical cluster (4) capable of

accommodating four electrons, we were determined to extend
the modular assembly strategy to produce a noncanonical
cluster whose electron-sink capacity might rival those of the
benchmark canonical clusters [Ni32C6(CO)36]

6− and
[Ni38Pt6(CO)48]

6−, each of which is known to accommodate
up to five electrons per molecule.4 To this end, we combined

Figure 4. (a) Molecular structure of 4 with thermal ellipsoids
rendered at the 50% probability level. Hydrogen atoms are omitted
for clarity. The color scheme is as described in Figure 2. (b)
Molecular packing of 4 viewed parallel to the crystallographic a-axis.
Atoms are depicted at the full van der Waals radius, and the locations
of void channels are indicated by blue cylinders.

Figure 5. (a) Experimental (solid line) and simulated (open circles) cyclic voltammograms of 4 (1 mM) recorded in a 0.25 M [Bu4N][PF6] DMF
solution at ν = 50 mV/s. (b) Kinetic and thermodynamic parameters used in the simulation. The diffusion coefficient (D) was assumed equal for 4
and each of the ions appearing in the proposed mechanism.
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1-NCMe with aromatic triisocyanide 2c to produce 5, the
synthesis of which was conveniently performed at the gram
scale.
Many attempts were made to grow single crystals of 5

suitable for X-ray diffraction studies, most resulting in the
precipitation of fine powders or glassy, amorphous residues.
The highest-quality crystals were grown by slow diffusion of
isopropanol vapor into a concentrated solution of 5 in toluene.
The structural solution and refinement of 5 was complicated
by the presence of approximately nine disordered toluene
molecules within the asymmetric unit, only three of which
could be modeled satisfactorily. Despite these challenges, the
molecular structure of 5 was eventually determined, as shown
in Figure 6.

Inspection of Figure 6 and the relevant entries in Table 1
reveals that the Fe2(PPh2)2(CO)5 subunits of 5 are not

materially distorted compared to those of compounds 3 and 4,
despite being brought nearer to one another via tethering to
isocyanide functional groups residing at the meta-positions of
the aromatic hub. Once again, the pseudolinear configuration
of the isocyanide moiety may be credited with relieving steric
congestion between the Fe2(PPh2)2(CO)5 subunits by acting
as a radial spacer relative to the plane of the central mesitylene
ring. Moreover, the observation of three different bond angles
(160°, 167°, and 172°) between the ipso carbons of the
arylisocyanide ring and the nitrogen and carbon atoms of the
isocyanide groups suggests that deformation of the isocyanide
moiety also plays a role in relieving steric congestion.
The cyclic voltammogram of 5 (Figure 7a) bears some

similarity to that of 4 in that splitting of the voltammetric
waves is again observed. Unlike the voltammetric wave of 4, a
third peak is present in the current response, corresponding to
the reduction of a third Fe2(PPh2)2(CO)5 subunit and the
accumulation of six electrons per molecule. Simulations based
on a mechanism of six single-electron transfer events faithfully
reproduced the experimental response as long as potential
inversions were assumed for the second, fourth, and sixth
electron transfers (Figure 7b).
Considering the results of the electrochemical studies of

compounds 3 and 4, it may appear rather obvious that the
hexaanion of 5 would be observed in solution under routine
experimental conditions; however, such an a priori assumption
is challenged by literature accounts describing various
unconventional experimental conditions that haveof neces-
sitybeen used to access the full range of redox states in other
electron-sink molecules. For example, the reduction of C60 to
its hexaanion (C60

6−) was performed in a mixed acetonitrile−
toluene solvent system at low temperatures and under high
vacuum conditions to facilitate the complete reduction of C60
without concomitant degradation of the electrolyte solution,
the potentials of the six single-electron transfers ranging from
approximately −1 to −3 V (vs Fc/Fc+).27 Similarly, an unusual
tetra-n-butylammonium fluoroborate toluene solvate, [NBun4]

-

[BF4]·3(C7H8), was employed as both solvent and electrolyte
to observe all of the members of the [Fe4S4(SPh)4]

1−/2−/3−/4−

electron transfer series over a potential range of about 0 to

Figure 6. Molecular structure of 5 with thermal ellipsoids rendered at
the 50% probability level. Hydrogen atoms are omitted for clarity.
The color scheme is as described in Figure 2.

Figure 7. (a) Experimental (solid line) and simulated (open circles) cyclic voltammograms of 5 (1 mM) recorded in a 0.25 M [Bu4N][PF6] DMF
solution at ν = 50 mV/s. (b) Kinetic and thermodynamic parameters used in the simulation. The diffusion coefficient (D) was assumed equal for 5
and each of the ions appearing in the proposed mechanism.
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−2.5 V (vs Fc/Fc+).28 In cases such as these, potential
inversion is not operative, and the stepwise addition of each
electron drives the potentials of subsequent electron transfers
to more negative values. Consequently, the potentials required
to completely “charge” a molecule to its full electron-sink
capacity can easily exceed the potential window of stability
(i.e., the so-called “solvent window”) of many common organic
electrolyte solutions.29 By contrast, all five redox states of the
benchmark canonical cluster [Ni32C6(CO)36]

6− may be
accessed between about −0.8 and −2 V (vs Fc/Fc+), and it
is this relatively narrow potential window that makes the large
canonical clusters particularly attractive as functional materi-
als.3e It is in this context that the electron-sink properties of
noncanonical cluster 5 may be fully appreciated: all of its redox
states (i.e., 5 to 56−) are accessible within a potential window
of approximately −1.4 to −2.1 V (vs Fc/Fc+), the range having
been substantially compressed by virtue of the potential
inversion for the addition of the second, fourth, and sixth
electrons. A similar potential compression was reported by
Wang et al. for a diiron dithiolate complex consisting of three
Fe2S2(CO)6 subunits sharing a common benzenehexathiolate
core.7 The potential window over which the latter experienced
complete cathodic charging was slightly wider (∼0.9 V) than
that of complex 5, resulting in increased separation between
each of the cathodic peaks. This separation allowed the authors
to electrolyze the complex at various potential intervals and
study the reduction products in a stepwise manner without
resorting to simulation and model fitting techniques to probe
the mechanistic details of electron transfer.

■ CONCLUSIONS

The objective of this study was to develop a modular synthetic
strategy whereby organometallic complexes with significant
and predictable electron-sink capacity might be assembled by
using only a handful of readily accessible molecular
components. By exploiting the two-electron reduction capacity
of the Fe2(PPh2)2(CO)5 fragment and its affinity toward
isocyanide functional groups, the electron-sink capacity of
modularly assembled complexes prepared therefrom was
deliberately expanded from two electrons in the parent
complex to four or six electrons in noncanonical cluster
assembliesso designated because they exhibit electron-sink
properties similar to those of large multinuclear clusters yet
lack the central metallic core and extensive metal−metal
bonding typifying the latter (e.g., [Ni32C6(CO)36]

6− and
[Ni38Pt6(CO)48]

6−).
Notably, the assembly bearing three Fe2(PPh2)2(CO)5

fragments (5) underwent reduction to a hexaanionic state
over a potential range of about −1.4 to −2.1 V (vs Fc/Fc+),
well within the stability window of common organic electrolyte
solutions. Electrochemical simulations based on a mechanism
of sequential single-electron transfer events satisfactorily
reproduced the experimental voltammetric responses only if
potential inversion was assumed to be operative during the
addition of the second, fourth, and sixth electrons, and it is this
potential inversion that enables the noncanonical cluster to
achieve full cathodic “charging” with six electrons over a
relatively compressed potential range (∼0.7 V). Although the
voltammetric behavior of complexes 3, 4, and 5 has been
extensively characterized and the mechanisms of electron
transfer elucidated, isolation of the corresponding anions has
proven challenging; as such, a study of the bulk electro-

chemical properties of 3, 4, and 5 (and their respective anions)
could represent an interesting avenue for future research.
The present study has explored the modular preparation of

noncanonical clusters based on the Fe2(PPh2)2(CO)5 frag-
ment, but we expect that the strategy should be extendable to
other transition-metal-based electron-sink compounds, partic-
ularly other 34-electron species such as the diiron dithiolato
carbonyl complexes or the dinuclear carbonyl complexes of Mo
and W bearing dithiolato or diphosphido moieties.30 One
might further speculate that species like 5, capable of
progressing from a charge-neutral to highly anionic state,
might be used in parallel with complementary species capable
of accessing highly cationic statessuch as the “superatoms”
reported by Nuckolls et al.8to fabricate molecular-scale
charge storage systems. Conveniently, the noncanonical
clusters described in this work retain the phosphorus-bound
aromatic rings of the parent Fe2(PPh2)2(CO)6 complex, which
might lend themselves to future chemical modifications that
could facilitate the grafting of the noncanonical clusters to
electrode surfaces, producing capacitive materials with
interesting properties.

■ EXPERIMENTAL SECTION
General Considerations. All reactions were performed by using

standard Schlenk techniques under an inert nitrogen atmosphere.
Nitrogen gas was purified by passage through columns of activated
copper catalyst (BASF PuriStar R3-11G) and molecular sieves (RCI-
DRI 13X). All solvents were dried according to standard
procedures.31 Glassware was dried in an oven at 130 °C, assembled
while hot, and allowed to cool under reduced pressure. Formic acid
(Beantown Chemical, 99%), acetic anhydride (Beantown Chemical,
99%), POCl3 (Acros, 99%), and trimethylamine N-oxide dihydrate
(Beantown Chemical, 98%) were used as received without further
purification. [Bu4N][PF6] (CHEM-IMPEX INT’L INC., 98.48%) was
recrystallized before use. Fe2(PPh2)2(CO)6 (1) may be synthesized
either by the method of Collman et al.9a or the modified synthesis
described by Wojcicki et al.9b 2,4,6-Triaminomesitylene, 2,6-
dimethylphenyl isocyanide (2a), and 1,4-phenylene diisocyanide
(2b) were prepared according to published procedures.16,32

Infrared spectra were collected by using a Thermo Scientific
Nicolet iS5 FT-IR spectrometer equipped with a BaF2 liquid cell with
a 0.2 mm fluid channel. 1H and 13C NMR spectra were obtained by
using a 600 MHz Bruker AVANCE III spectrometer. High-resolution
electrospray ionization mass spectrometry (ESI-MS) was performed
on a Thermo Scientific Exactive Plus Orbitrap mass spectrometer
(additional details available in the Supporting Information).
Elemental analyses were performed by Atlantic Microlab, Inc.
(Norcross, GA).

Synthesis of 2,4,6-Triformamidomesitylene. Formic acid
(4.97 mL, 132 mmol) was combined with acetic anhydride (99%,
4.48 mL, 47.0 mmol) and magnetically stirred at 0 °C for 20 min.
2,4,6-Triaminomesitylene (2.07 g, 12.5 mmol) was dissolved in 70
mL of CH2Cl2 and was slowly introduced to the reaction flask via a
syringe. The combined mixture was magnetically stirred at 0 °C for 20
min and then stirred for an additional 24 h at 25 °C, after which the
mixture thickened and assumed a pale yellow color. Solvents were
removed under reduced pressure, and a pale yellow solid was
obtained. The solid was suspended in cold methanol, filtered, and
washed with additional cold methanol. The solid was then dried
under reduced pressure at 50 °C for 1 h, and the product was
obtained as a white powder. Yield: 2.55 g (81.6%). IR (ATR, cm−1):
3174 (w), 3013 (w), 2913 (w), 1651 (νCO, s), 1587 (m), 1533 (m),
1495 (m). 13C NMR (600 MHz, DMSO-d6): δ 14.2, 131.2, 132.3,
159.6. Note: 1H NMR is complicated by the presence of cis and trans
tautomeric isomers. MS (ESI): m/z 272.10 [M + Na]+, 288.07 [M +
K]+. Anal. Calcd for C12H15N3O3: C, 57.82; H, 6.07; N, 16.86. Found:
C, 57.67; H, 6.11; N, 16.76.
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Synthesis of 2,4,6-Triisocyanomesitylene (2c). 2,4,6-
Triformamidomesitylene (1.02 g, 4.09 mmol) and triethylamine (5
mL) were combined in 100 mL of CH2Cl2. The pale yellow
suspension was magnetically stirred while POCl3 (2.26 g, 14.7 mmol)
was added dropwise, whereupon the solution assumed a hazy orange
color. The reaction mixture was then heated at reflux for 6 h and
stirred for an additional 24 h at 25 °C. The reaction mixture was
quenched with a saturated aqueous sodium bicarbonate solution, and
the biphasic mixture was filtered to remove insoluble impurities. The
aqueous layer was extracted twice with CH2Cl2, and the organic
extract was dried over anhydrous MgSO4. The crude solid was then
purified by vacuum sublimation (9.7 Torr) at 80 °C. Yield: 0.493 g
(61.8%). The spectroscopic data were consistent with published
values.17

Synthesis of Fe2(PPh2)2(CO)5(NCCH3) (1-NCMe). Using a
modified version of the procedure reported by Mizuta et al.,18 1
(2.01 g, 3.10 mmol) was dissolved in 70 mL of CH3CN, followed by
addition of TMANO (1.18 g, 10.6 mmol). The bright red reaction
mixture was magnetically stirred at 50 °C for 2 h, becoming opaque
after about 10 min. The solvent was removed under reduced pressure,
and the resulting red residues were suspended in CH2Cl2 and filtered
through a short pad of activated alumina (60 mesh) to remove
insoluble impurities. The filtrate was collected and dried under
reduced pressure, leaving a flaky red solid that was used in subsequent
steps without further purification. Yield: 1.73 g (84.3%). IR (CH2Cl2,
cm−1): νCO 2023 (m), 1980 (s), 1941 (m), 1921 (w).
Synthesis of Complex 3. 1-NCMe (0.416 g, 627 mmol) was

dissolved in THF (20 mL), after which 2a (0.0822 g, 627 mmol) was
added, and the mixture stirred for 5 h at 50 °C. The solvent was
removed under reduced pressure, and the crude product was
dissolved in toluene and filtered through a short pad of silica gel.
The filtrate was dried under reduced pressure, and the resulting red
solid was recrystallized from acetonitrile at −20 °C. Yield: 364 mg
(77.1%). Single crystals suitable for X-ray diffraction studies were
obtained by slow diffusion of ethanol vapor into a concentrated
solution of 3 in acetonitrile. IR (toluene, cm−1): νCN 2109 (m), νCO
2025 (s), 1986 (s), 1966 (w), 1948 (s), 1937 (m). 1H NMR (600
MHz, CDCl3): δ 2.06 (s, 6 H), 6.69 (t, 4 H), 6.79 (t, 2 H), 6.97 (d, 2
H), 7.04 (t, 1 H), 7.17 (m, 11 H), 7.64 (m, 4 H). Anal. Calcd for C38
H29 Fe2 N O5 P2: C, 60.59; H, 3.88; N, 1.86. Found: C, 60.66; H,
3.90; N, 1.93. MS (ESI): m/z 784.04 [M + MeO]−.
Synthesis of Complex 4. 1-NCMe (0.340 g, 0.513 mmol) was

dissolved in THF (30 mL), followed by addition of 1,4-phenylene
diisocyanide (2b) (0.0285 g, 0.222 mmol). The mixture was
magnetically stirred for 3 h at 50 °C, after which the solvent was
removed under reduced pressure. The resulting residues were
dissolved in CH2Cl2 and filtered through a short pad of silica gel,
after which the filtrate was dried under vacuum. Red crystals were
isolated by layering methanol on top of a concentrated solution of 4
and allowing the solvents to mix by diffusion. Yield: 0.188 g (61.7%).
IR (toluene, cm−1) νCN 2104 (m, br), νCO 2023 (m), 1988 (s), 1966
(w), 1949 (s). 1H NMR (600 MHz, CD2Cl2), δ 6.33 (s, 4 H), 6.71 (t,
8 H), 6.81 (t, 4 H), 7.18 (m, 9 H), 7.23 (m, 12 H), 7.69 (m, 8 H).
Anal. Calcd for C66 H44 Fe4 N2 O10 P4: C, 57.76; H, 3.23; N, 2.01.
Found: C, 57.49; H, 3.33; N, 2.14. MS (ESI): m/z 1402.97 [M +
MeO]−.
Synthesis of Complex 5. 1-NCMe (1.70 g, 2.56 mmol) and

2,4,6-triisocyanomesitylene (2c) (0.139 g, 0.712 mmol) were
dissolved in THF (100 mL), and the reaction mixture was
magnetically stirred for 3 h at 50 °C, after which the solvent was
removed under reduced pressure. The remaining red residues were
extracted into CH2Cl2 and filtered through a short pad of silica gel.
The filtrate was dried under vacuum, and the remaining solid was
dissolved in hot CH3CN and slowly cooled to 0 °C, whereupon a fine
yellow precipitate formed. The precipitate was filtered, washed with
cold CH3CN, and redissolved in toluene. Layering of isopropanol
onto a concentrated solution of 5 in toluene produced red crystals
after several days, which were filtered and dried under reduced
pressure. The elemental composition of crystals isolated in this
manner is consistent with that of a toluene solvate of 5

(C99H69Fe6N3O15P6·0.4C7H8). Yield: 1.14 g (76.3%). IR (CH2Cl2,
cm−1), νCN 2087 (m, br), νCO 2022 (s), 1988 (s), 1953 (s). 1H NMR
(600 MHz, CDCl3), δ 1.68 (s, 9 H), 6.69 (t, 12 H), 6.80 (t, 6 H),
7.15 (m, 12 H), 7.16 (m, 19 H), 7.60 (m, 12 H). Anal. Calcd for
C99H69Fe6N3O15P6·0.4 C7H8: C, 58.27; H, 3.47; N, 2.00. Found: C,
58.17; H, 3.41; N, 2.06. MS (ESI): m/z 2092.97 [M + MeO]−.

Cyclic Voltammetry. Cyclic voltammograms of each electroactive
compound were recorded in 0.25 M [Bu4N][PF6] DMF solutions (1
mM analyte) by using a Princeton Applied Research PARSTAT
4000A potentiostat. All experiments were performed by using a
standard three-electrode configuration under an atmosphere of pure
nitrogen. Glassy carbon disk working electrodes (∼3 mm, CH
Instruments) were used for all measurements and were sequentially
polished with aqueous slurries of 0.3 and 0.05 μm alumina powder
prior to use. After polishing, the electrodes were rinsed with Milli-Q
water and methanol and dried in a stream of air. Working electrodes
were preconditioned by performing three cyclical scans from 1.5 to
−2.5 V at 100 mV/s prior to analyte addition. A graphite rod served
as the counter electrode and a silver wire immersed in a 0.25 M DMF
solution of [Bu4N][PF6] and separated from the cell compartment by
a porous glass frit (CoralPor 1000) was employed as a Ag+/Ag
pseudoreference electrode. Measured potentials are reported relative
to the ferrocenium(1+)/ferrocene(0) redox couple. Uncompensated
resistance (Ru) was determined by electrochemical impedance
spectroscopy, and an iRu drop correction was applied by using the
instrument’s positive feedback feature to compensate for 90% of the
measured value of Ru.

Digital simulations and data fitting were carried out by using the
DigiElch software package, Ver. 8.0 (see the Supporting Information).

Controlled Potential Coulometry. Coulometric measurements
were performed in 0.25 M [Bu4N][PF6] DMF solutions under an
atmosphere of pure nitrogen by using a Princeton Applied Research
PARSTAT 4000A potentiostat. A three-electrode cell consisting of a
Hg pool working electrode, a coiled platinum wire counter electrode,
and a Ag+/Ag pseudoreference electrode was used for all experiments.
The counter electrode was immersed in a 0.25 M [Bu4N][PF6] DMF
solution that had been saturated with ferrocene and was separated
from the working electrode chamber by a porous glass frit. Solutions
of electroactive compounds 3, 4, and 5 (each ∼1 mM) were
exhaustively electrolyzed at potentials approximately 200 mV negative
of the peak cathodic potential observed in their respective cyclic
voltammograms until a constant current was observed. Although the
results of the controlled potential coulometry experiments performed
under cathodic conditions were consistent with the accumulation of
two, four, and six electrons for compounds 3, 4, and 5, respectively,
cyclic voltammograms obtained before and after electrolysis suggested
that bulk reduction over mercury induced degradation of the reduced
products (see Figure S7). Consequently, controlled potential
coulometry experiments could not be performed in the reverse
(anodic) direction. Several attempts were made to isolate the
products of electrolysis, but efforts were hampered by extreme air
sensitivity of the reduced species under the experimental conditions
described above.
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