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An electrochemically controlled release of NHCs
using iron bis(dithiolene) N-heterocyclic carbene
complexes†

Jayaraman Selvakumar, a Scott M. Simpson, b Eva Zurek c and
Kuppuswamy Arumugam *a

A series of five coordinated iron bis(dithiolene) complexes [Fe(NHC)(S2C2R2)2] (R = C6H5 or C6H4-p-OCH3)

containing N-heterocyclic carbene (NHC) (NHC = 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene or 1,3-

bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-ylidene) were isolated in high yield (84–92%). The iron

complexes were characterized by NMR spectroscopy and confirmed by single crystal X-ray diffraction

studies. The combination of cyclic voltammetry and spectroelectrochemical analysis revealed that iron com-

plexes undergo Fe–CNHC bond cleavage and release NHC upon subjection to electrochemical reduction.

The electrochemically released NHC was trapped using 1-naphthylisothiocyanate and the adduct was iso-

lated in nearly quantitative yield (∼99%). As a proof of concept, the electrochemically released NHC was sub-

sequently used as a catalyst for synthesis of γ-butyrolactones from commercially available cinnamaldehydes.

Introduction

Since their discovery,1 transition metal dithiolene complexes
have been an active area of research. Intriguing structural
characteristics2 coupled with interesting electrochemical pro-
perties2 makes this class of metal complexes attractive for a
variety of potential applications,3 including sensing,3h

photophysical,3a,d superconducting,3c,f and hydrogen evolution
catalysts.3b,4 In general, a dithiolene ligand can exist in three
different oxidation states, a fully reduced ene-1,2-dithiolate
(S2C2R2)

2− or a radical monoanion (S2C2R2)
•− or a α-dithione

(S2C2R2) (Fig. 1). When coordinated to a transition metal atom,
the ligand may exist in either one of these oxidation states,
thus leaving the metal oxidation state ambiguous.1b,2a The
redox non-innocent character of the dithiolene ligand allows it
to adopt multiple redox states without affecting the oxidation
state of the central metal atom.2a,b This distinctive feature
assists the metal complexes in ligand based reactivity, i.e.,
reactions with alkenes.3g,5

Of all metal dithiolene complexes, dimeric iron bis(dithio-
lene) complexes [Fe(S2C2R2)2]2 are among the most studied.2,6

Dimeric iron bis(dithiolene) complexes readily react with
Lewis bases such as tri-alkyl/aryl phosphines,7 phosphites,8

nitrosyl,9 pyridines,10 and halides,11 to yield the corresponding
five coordinate square pyramidal adducts [Fe(X)(S2C2R2)2] (X =
PR3, P(OR)3, NO, pyridine, and I). The appealing feature of five
coordinated metal complexes, especially, the phosphine and
the phosphite adducts is that they undergo reversible release
and binding of phosphine/phosphite when subject to an electro-
chemical reduction and oxidation cycle. Donahue and
coworkers have elegantly demonstrated an electrochemical
release and recovery of triphenylphosphine with [Fe(PPh3)
(S2C2(C6H4-p-OCH3)2)2] (Fig. 2a).7b Similarly, Wieghardt and
coworkers have also observed an electrochemical release of
phosphite with five coordinated [Fe(P(OPh)3)(S2C2Ph2)2] when
subjected to electrochemical reduction.8d The binding charac-
teristics of an exogenous ligand (PPh3 or P(OPh)3) as a func-
tion of the redox state of the host ([Fe(S2C2R2)2]) could poten-
tially be exploited to design an “on–off” switch. If the exogen-
ous ligand is a catalyst, the strategy may be used to control the

Fig. 1 Redox states of dithiolene ligands.
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activity of an organic transformation. Relevant to this context,
we envisioned to develop [Fe(NHC)(S2C2R2)2] type iron com-
plexes to facilitate the release of NHC as a function of the
redox state of the metal bis(dithiolene) unit (Fig. 2b).

N-Heterocyclic carbenes12 are one of the most attractive
classes of molecules with a variety of applications.13 The prime
use of this ligand is in homogeneous catalysis, such as olefin
metathesis,14 C–C cross-coupling reactions,15 transfer hydro-
genation,16 and C–H activation reactions.17 A number of
transition metal complexes containing NHC ligands also
exhibit potential therapeutic value.18 In addition, free NHCs
are also- used as organocatalysts for a variety of organic
transformations,13a,19 including benzoin condensation reac-
tions,20 Stetter reactions,21 umpolung acylanion catalysis,22 annu-
lation reactions,23 catalysis involving acyl azolium intermedi-
ates,24 and zwitterionic ring-opening polymerization reactions.25

Free NHCs are usually generated in situ by treatment of imi-
dazolium, pyrazolium or thiazolium salts with strong bases
such as NaN(SiMe3)2, KNa(SiMe3)2, NaH, and KOtBu.13a

Considerable developments have been made to generate NHCs
from masked carbene sources such as NHC-carboxylates,26

imidazolidines-pentafluorophenyl,27 NHC-isothiocyanates,28

imidazolidines-trichloromethyl,29 NHC-alcohol adducts and
NHC-metal systems.14d,30 Alternatively, NHCs can also be gen-
erated via electrochemical reduction of imidazolium salts.31,32

Careful analysis reveals that the usefulness of NHCs in organo-
catalysis is inherently tied to its ease of generation and recov-
ery from the reaction media. Unfortunately, the methods that
hinge on these principles are not common with NHCs. As a
proof of concept, herein, we disclose a system that uses a less
hazardous approach than traditional chemical methods for
the release of NHC from [Fe(NHC)(S2C2Ph2)2] adducts and its
subsequent use in organocatalysis.

Results and discussion
Synthesis and characterization

Since NHCs are excellent σ-donors with π-back bonding capa-
bility, the metal complexes they form are expected to be stable
to oxygen and moisture.33 Hence, we envisaged that like PPh3,
NHCs (3 and 4) would readily react with [Fe(S2C2R2)2]2 (1 and
2) to yield air and moisture stable square pyramidal adducts.
The resulting adducts can be subsequently subjected to
electrochemical release and recovery studies. The results of
these studies are discussed below.

The neutral iron bis(dithiolene) dimers (1 and 2)1b and
NHCs (3 and 4)12,34 were readily prepared according to the
known literature procedure. Using the dimers and the NHCs,
metal complexes 5–8 were prepared (Scheme 1). Two equiv. of
in situ generated 3 was treated with 1 equiv. of [Fe(S2C2Ph2)2]2
in THF. The resulting mixture was allowed to stir for 2 h at
25 °C to yield 5 in 90% yield. Similarly, two equiv. of 4 was
treated with [Fe(S2C2Ph2)2]2 to yield 6 in 84% yield. By follow-
ing the same procedure, 7 and 8 were isolated in 92% and
87% yield, respectively. Compounds 1 and 2 are sparingly
soluble in polar organic solvents, while compounds 5–8 were
readily soluble in common organic solvents such as THF and
CH2Cl2.

Compounds 5–8 displayed characteristic 1H and 13C signals
corresponding to bis(dithiolene) and NHC units in the NMR
spectroscopy. For example, in 1H NMR, 5 displayed character-
istic phenyl hydrogens (20H) as a multiplet between
7.32–7.18 ppm, aromatic C–H (mesityl) hydrogens (4H) as a
singlet at 6.96 ppm, and olefinic (imidazole) hydrogens (2H)
as a singlet at 6.84 ppm. Two sets of singlets corresponding to
mesityl-CH3 hydrogens (6H and 12H) were observed at 2.36
and 2.00 ppm, respectively. Likewise, compounds 6–8 were all
characterized using 1H NMR spectroscopy. In 13C NMR, all

Fig. 2 (A) Electrochemically controlled release and binding of phos-
phine and phosphite to iron bis(dithiolene) complexes. (B) Proposed
electrochemically controlled release of NHC ligands to iron bis(di-
thiolene) complex.

Scheme 1 Synthesis of iron bis(dithiolene) N-heterocyclic carbene adducts 5–8.

Research Article Inorganic Chemistry Frontiers
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four metal complexes displayed a characteristic CNHC peak
between 180–183 ppm, confirming the presence of a Fe–CNHC

bond.35

Crystal structures

Molecular structure of compounds 5–8 were unambiguously
assigned using single-crystal X-ray diffraction studies. The
thermal ellipsoid plots of 5–8 are presented in Fig. 3 and
selected bond parameters are presented in Table 1.
Compounds 5, 6 and 8 crystallized in a monoclinic (C2/c or
P21/c) space group, while 7 crystallized in a triclinic (P1̄) space
group. All four compounds 5–8 displayed iron centered dis-
torted square pyramidal geometries with four sulfur atoms
occupying the base of a pyramid and the apex occupied by a
CNHC atom. The average Fe–CNHC distance for 5–8 was
observed to be 1.958[2]ave Å, which is consistent with values
previously reported for Fe–CNHC (1.982–2.148 Å).35b,36 To better
understand the nature of bonding in 5–8, the refinement para-
meters were compared with those of previously reported phos-

phine iron complexes, [Fe(X)(S2C2Ph2)2] (X = PPh3, P(OPh)3).
7

The average C–S and S–CvC–S distances in 5–8 are 1.720[3]ave
Å and 1.381[2]ave Å, respectively, which is consistent with the
phosphine/phosphite iron complexes (C–S = 1.710[2]ave Å;

S–CvC–S = 1.3825[2]ave Å). Moreover, the direct comparison
with the phosphine iron complex strongly suggests that the
central iron is divalent and the electronic structure for dithio-
lene units can be best described as radical monoanion
(S2C2Ar2)

•−.7b,8c,d,37

For all four compounds 5–8, the iron atom was observed to
be ∼0.46 Å above the mean plane defined by the four sulfur
atoms and all four compounds displayed a distorted square
pyramidal geometry. The magnitude of distortion from an
ideal square pyramidal geometry can be deduced by comput-
ing Addison’s τ value.38 These values are used to determine
whether five-coordinate iron complexes adopt a perfect square
pyramidal or a trigonal bipyramidal geometry. For example, for
an ideal square pyramidal geometry τ = 0, while for an ideal tri-
gonal bipyramidal geometry τ = 1. The calculated τ values for

Fig. 3 Thermal ellipsoid plots of 5–8 drawn at the 50% probability level, hydrogen atoms are omitted for clarity. The plots were rendered using
POV-Ray. Selected distances and angles are presented in Table 1.

Table 1 Selected distances (Å) and angles (°) for compounds 5, 6, 7 and 8

5 6 7 8 [Fe(PPh3)(S2C2(C6H4-p-OCH3)2)2] [Fe(P(OPh)3)(S2C2Ph2)2]

Fe–Ccarbene 1.963(3) 1.962(3) 1.968(3) 1.940(3)
N–CvC–N

a 1.327[8] 1.512[6] 1.333[4] 1.496[6]
S–CvC–S

a 1.381[3] 1.383[3] 1.3845[4] 1.382[5] 1.3825[2] 1.3955[4]
C–Sa 1.717[3] 1.718[2] 1.728[3] 1.718[3] 1.710[2] 1.70475[3]
Fe–Sa 2.1683[5] 2.1688[5] 2.1712[8] 2.1650[9] 2.1567[8] 2.1576[11]
S–Fe–Sa 88.25[2] 87.025[19] 87.825[3] 87.81[3] 88.13[10] 88.46[4]
N–C–Na 103.7[3] 107.4[2] 103.4[2] 107.1[3]
τb 0.22 0.41 0.63 0.60 0.19 0.11

a Average values are reported when two or more identical bond parameters are present. b τ values are computed as described in ref. 38.

Inorganic Chemistry Frontiers Research Article
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5–8 are presented in Table 1.39 Of all the complexes, 5 was the
least distorted with τ = 0.22 and compound 7 was the most dis-
torted with τ = 0.63. This distortion may be attributed to steric
and electronic effects exerted by an NHC unit.40

Electrochemistry

To assign formal reduction and oxidation potentials for com-
pounds 5–8, cyclic voltammetry (CV) was recorded in THF with
[N(nBu)4]PF6 as the supporting electrolyte at 25 °C using a
platinum disc working electrode, platinum wire working elec-
trode and silver wire quasi-reference electrode under N2 atmo-
sphere. The CVs of 5–8 were very similar and the key electro-
chemical potentials are summarized in Table 2. As a represen-
tative example only compound 5 is discussed here. Compound
5 sustained one oxidation and two reduction waves in the
cyclic voltammetry (Fig. 4). A reversible oxidation wave was
observed at E1

1=2 = +0.51 V, yielding 51+.8d A reversible reduction
wave was observed at E21=2 = −0.67 V, ascribed to 5 → 51−, and
an irreversible reduction at E3 = −1.97 V attributed to 5 → 52−.
The irreversibility of the second reduction (E3) signifies dis-
sociation of compound 5, which is consistent with breaking of
the Fe–CNHC bond and formation of [Fe(S2C2Ph2)2]

2−.7b,8d,41

Similar behaviour was reported by Donahue and coworkers
and Weighardt and coworkers with [Fe(PPh3)(S2C2(C6H4-p-
OCH3)2)2] and [Fe(P(OPh)3)(S2C2Ph2)2] in CH2Cl2, respectively.

Surprisingly for phosphine/phosphite iron complexes, the
groups observed only one irreversible reduction wave in
CH2Cl2. However, in a separate report, McCleverty has reported
the existence of two reductions for [Fe(PPh3)(S2C2(C6H4-p-
OCH3)2)2] in DMF solvent. This clearly suggests that the
solvent plays a critical role in stabilizing the chemical species
that are generated during the course of the reduction pro-
cesses. Moreover, Donahue and Weighardt studies with [Fe
(PPh3)(S2C2(C6H4-p-OCH3)2)2] and [Fe(P(OPh)3)(S2C2Ph2)2]
suggests that the reduction processes is predominantly ligand
based, rather metal based. A similar behaviour was observed
with compounds 5–8. Molecular gas-phase calculations
(vide infra) is in close accordance with ligand-based reduction
processes.

Just like compound 5, compounds 6–8 displayed analogous
electrochemical behaviour with [N(nBu)4]PF6 in THF. Close
examination of the oxidation potentials for 5–8 revealed that 7
and 8 are easier to oxidize than 5 and 6 (Table 2). This charac-
teristic is attributed to the electron rich nature of anisyl-substi-
tuted dithiolene ligands in 7 and 8. Subsequently, compounds
5 and 6 were easier to reduce relative to 7 and 8. Hence, these
finding suggests that the electrochemical potentials are highly
regulated by the nature of the ligand (Fig. S6 and S8–S10†).
Again, these assignments are consistent with those
reported for [Fe(PPh3)(S2C2(C6H4-p-OCH3)2)2] and [Fe(P(OPh)3)
(S2C2Ph2)2] complexes.7b,8d

During the course of reduction, small peaks were observed
upon scanning to negative potentials (around −0.1 and −1 V).
These peaks may be attributed to the electrochemical response
generated from the formation of [Fe(S2C2Ph2)2]

2−, as a conse-
quence of Fe–CNHC bond dissociation.41 To corroborate this,
cyclic voltammetry was performed with a narrow electro-
chemical window that curtails the second reduction (Fig. S6†).
The absence of small peaks with the newly defined window
clearly suggests that these peaks were observed upon scanning
to the potential pertaining to the second reduction. To probe
the reversible nature of first reduction and confirm that the
bond cleavage exclusively occurs after the second reduction, a
scan rate dependent study was undertaken (see Fig. S7†).
Either at low scan rate or at higher scan rate, the reversibility
of E21=2 was maintained, indicative of stability of 5 after the
first reduction.

Density functional theory calculations

Molecular gas phase density functional theory (DFT) calcu-
lations were performed on compound 5. The starting coordi-
nates in each geometry optimization were taken from those
experimentally determined for the crystalline compound, and
all parameters were relaxed to the nearest stationary point. The
experimental NMR spectrum of 5 clearly shows that the iron
complex is diamagnetic (S = 0), however there are two ways in
which such a state may be achieved: one in which the dithio-
lene ligand radicals are Pauli coupled, and another in which
they are strongly antiferromagnetically coupled localized
ligand radicals. We refer to the latter as the S = 0* state, and it
was studied utilizing the broken-symmetry approach and

Table 2 Electrochemical redox potentials of 5–8 as determined by CV
at 25 °C (V vs. SCE)

Compound E11=2 (ox) E21=2 (red) E3 (red)

5 0.51 (r) −0.67 (r) −1.97 (ir)
6 0.55 (r) −0.73 (r) −1.96 (ir)
7 0.38 (r) −0.74 (r) −2.04 (ir)
8 0.43 (r) −0.79 (r) −2.02 (ir)

Potentials obtained from CV in THF with 0.10 M [N(nBu)4][PF6] and
0.1 mM analyte. The obtained redox potentials were referenced to SCE.
See Fig. S6 and S9–S11† for corresponding cyclic voltammograms of
5–8. Abbreviations: r = reversible, ir = irreversible, ox = oxidation, red =
reduction.

Fig. 4 Cyclic voltammogram of 5 with 0.1 M [N(nBu)4]PF6 in THF
(1 mM), decamethylferrocene was added as an internal standard and the
potentials were adjusted to SCE.

Research Article Inorganic Chemistry Frontiers
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methodology developed by Noodleman.41,42 We also con-
sidered the S = 1, 2 spin states, since their energies relative to
the S = 0/0* states, may be able to help determine the most
appropriate density functional to model our system. To these
ends the ground state geometry of 5 was optimized with a
variety of density functionals, and the resulting distances were
compared with those measured for the crystal. Detailed results
are provided in the ESI.† The functionals that were tested
include those that employ the generalized gradient approxi-
mation, GGA, (BP86, PBE, PBEsol, revPBE), hybrid functionals
(B3LYP, B3LYP*, PBE0), and the TPSS meta-GGA.43 Hartree–
Fock type theories systematically favor the high-spin state in Fe
(II) transition-metal complexes. As a result, the admixture of
exact exchange in standard hybrid functionals, such as B3LYP,
tends to over-stabilize the high-spin state. It has therefore been
proposed that reducing the coefficient of exact exchange can
yield more reliable results, and the resulting functional has
been dubbed B3LYP*.43h Nonetheless, Jacobsen and Donahue
have found that the BP86 functional provides a more appropri-
ate description of iron bis(dithiolene) complexes than either
B3LYP or B3LYP*.41 We have arrived to a similar conclusion
based upon the rationalization contained in the ESI,† there-
fore, we report the results of our BP86 calculations. We also
report our results for the B3LYP* and TPSS functionals, for
comparison purposes.

A symmetrized fragment orbital (SFO) analysis was carried
out on the S = 0 state, using the BP86 functional, to determine
the composition of the frontier molecular orbitals (Fig. 5). The
highest occupied molecular orbital (HOMO) was composed
primarily of the iron’s dyz-orbital (∼59%) and occupied/unoc-
cupied orbitals localized on the dithiolene ligand (31%). The
major contribution to the lowest unoccupied molecular orbital

(LUMO) of the iron complex was from the unoccupied
LUMO+1 of the distorted dithiolene ligands (66%) and a con-
tribution of 28% from the iron’s dxz-orbital. In the previously
reported phosphine compound, [Fe(P(CH3)3)(S2C2(C6H4-p-
OCH3)2)2], the doubly degenerate π* orbitals of the dithiolene
ligand contributed to the LUMO.7c However, in the case of 5,
the degeneracy of the π* orbitals of the dithiolene is broken
because of the distortion of the dithiolene ligand from an
ideal square pyramidal geometry.

The Fe–CNHC binding energy (BE) of 5, along with the
reduced forms of 5 ([5]1− & [5]2−) was calculated with the BP86,
B3LYP*, and TPSS functionals. The BE was calculated by:

BE ¼ Eð5�qÞ � Eð3Þ � EðbisðdithioleneÞ�qÞ

where E(5−q) is the energy of molecule 5, E(3) is the energy of
the isolated NHC molecule, and E(bis(dithiolene)−q) is the
energy of the isolated bis(dithiolene) ligand. The results for
each functional are contained in Table 3. For each functional,
the binding energy decreases as the charge on the iron
complex increases. Again, the BE results of the BP86 func-
tional essentially mirror the TPSS results, while the BEs as cal-
culated with B3LYP* are approximately half of the value
obtained using BP86/TPSS for the neutral and the anionic
species. It is interesting to note that the Fe–CNHC distance
decreases as the bond weakens. This has also been observed
for iron bis(dithiolene) phosphine complexes.41 It is clear from
our calculations that the Fe–CNHC bond significantly weakens
upon first and second reduction, this phenomenon is consist-
ent with our experimental observation.

In order to investigate the nature of the reduction of 5 to
[5]1− to [5]2−, we shall discuss their electronic structure in
terms of atomic charges. We elect to use the Hirshfeld charges
(q) as our charge models over the widely used Mulliken charge
analysis as Mulliken charges have been shown to be highly
basis set dependent. The results of our analysis are shown in
Table S3.† The ESI† contains the iron spin state derived for
Mulliken populations for 5, [5]1−, and [5]2− using the BP86,
B3LYP*, and TPSS functionals.

It is apparent comparing the Hirshfeld charges of the
reduction of 5 to [5]1− that the charge of the iron does not sig-
nificantly change for the BP86 and TPSS functionals. While
there is an appreciable amount of change in the charge for the
Fe in the B3LYP* calculations, it is overmasked by the change
in charge on the bis(dithiolene) ligand. The BP86 and TPSS

Fig. 5 Stick models of the (bottom; blue/red) HOMO and the (top;
orange/green) LUMO of compound 5. The views displayed on the right/
left are aligned with the x-axis/y-axis, respectively. Isovalue of ±0.05 au.

Table 3 The binding energy (BE) in kcal mol−1 and Fe–CNHC distance in
A for 5 and its reduced forms as calculated by the BP86, B3LYP*, and
TPSS functionals

Charge

BP86 B3LYP* TPSS

BE (kcal
mol−1)

d(Fe–
CNHC) (Å)

BE (kcal
mol−1)

d(Fe–
CNHC) (Å)

BE (kcal
mol−1)

d(Fe–
CNHC) (Å)

0 −28.44 1.960 −12.93 2.019 −29.24 1.963
−1 −12.29 1.936 −6.33 2.335 −12.47 1.932
−2 −2.27 1.870 −2.61 2.309 −2.74 1.859

Inorganic Chemistry Frontiers Research Article
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functionals also find that the change in charge accumulation
is localized on the sulfur containing ligand. This trend
appears to continue for the dianionic species. It is clear from
our calculations that it is not only the iron center that is
involved in the reduction, but also the ligands surrounding
the iron center. Predominantly, the bis(thiolene) ligand gains
a substantial amount of charge during the reduction. One may
conclude that this reduction is a ligand-based event.

Electronic absorption spectra

To better understand electronic excitations in compounds 5–8,
UV-vis absorption measurements were carried out in THF. All
four compounds 5–8 displayed distinctive absorptions at λ =
681, 672, 697 and 704 nm, respectively (Fig. S11†), these
absorptions were attributed to intra ligand charge transfer
transitions (ILCT).7b,8c Such absorption is completely absent
for reduced iron bis(dithiolene) [Fe(S2C2R2)2]

n− complexes (n =
1 or 2).7b Hence, electrochemically reducing compound 5 fol-
lowed by concomitant monitoring of its electronic excitations
in situ will help to verify the breaking of the Fe–CNHC bond.
Independently, we treated compound 5 with 1 and 2 equiv. of
cobaltocene and analysed its UV-vis absorption spectra
(Fig. S13†). The spectra revealed the absence of characteristic
ILCT transition at 681 nm for the doubly reduced compound
([Fe(S2C2R2)2]

2−).
To ascertain the electronic absorption properties of [5]2−,

the adduct was subjected to UV-vis spectroelectrochemical
measurements (Fig. 6). An electrochemical quartz cell fitted
with Pt mesh working electrode, Pt wire counter electrode and
quasi reference Ag wire was used for the measurement. The
potentiostat was held at a constant potential (−2.25 V) and the
absorption measurements (400–900 nm) were made using a
UV-Vis absorption spectrometer. Compound 5 displayed a
strong absorption feature at 681 nm attributed to ILCT. Upon
electrochemical reduction, an exponential decrease in the con-
centration of the 681 nm peak was observed, consistent with a

decrease in the concentration of 5. As evident from Fig. 6,
during pre-electrolysis, the solution contained only 5, while
during electrolysis, the concentration of 5 gets depleted and
the concentration of [5]2− increases. After 300 seconds of elec-
trolysis, significant suppression of the absorbance peak corres-
ponding to ILCT was observed, this indicates disappearance of
5 and appearance of [5]2−.41

Having documented spectroscopic evidence for two-elec-
tron reduction of 5 and concomitant dissociation of [5]2− to
generate 3, we turned our focus towards trapping the generated
carbene (3). We hypothesized that bulk electrolytic reduction
of 5 → 52− is expected to release free carbenes that can be
chemically trapped using isothiocyanates.28 By quantifying the
amount of isothiocyanate-3 adduct formation, the amount of
free carbene released during the process can be computed.
Bulk electrolysis of 5 was conducted in a two-compartment cell
separated by a glass frit at 25 °C in 20 mL of THF with 0.1 M
[N(nBu)4]PF6 as the supporting electrolyte using a Pt mesh
working electrode, Pt mesh counter electrode, and Ag/AgCl
non-aqueous reference electrode (see the ESI† for more infor-
mation). Adduct 5 (0.02 mmol) was taken in the working elec-
trode compartment and the reference electrode and counter
electrode were immersed in the other compartment. Bulk
reduction was performed by holding a constant potential at
−2.25 V (vs. Ag/AgCl). The initial current during the beginning
of the experiment was read at 1 mA, as the experiment pro-
gressed, the current continue to steadily drop and read near
zero as the concentration of 5 completely exhausted. After the
passage of 3.81 coulombs of electrons (0.0395 mmol), the rela-
tive current read near zero, signifying the endpoint of electroly-
sis. The resulting electrolytic solution on the cathodic com-
partment was transferred to a 20 mL vial containing 2 equi-
valent of 1-naphthyl isothiocyanate and the resulting reaction
mixture was stirred for 1 h. Further purification of the reaction
mixture yielded the expected adduct 9 in near quantitative
yield (Scheme 2).

Organocatalysis with electrochemically released NHC

After successfully trapping the electro-generated carbene, we
turned our focus towards electrochemically-controlled organo-
catalysis. Carbene catalyzed conjugate umpolung reaction
of an unsaturated aldehyde was recently disclosed by
Glorius, such reaction has great utility in synthesizing
γ-butyrolactones.23,44 Electrochemically released carbene (3)
via bulk electrolysis of 5 was transferred into a 20 mL vial con-
taining trans-cinnamaldehyde (0.4 mmol) and the resulting

Fig. 6 Electronic absorption spectra recorded during potential bulk
electrolysis (−2.25 V vs. AgCl) of 5 (5 → 52−) in THF with 0.1 M [N
(nBu)4][PF6] as a supporting electrolyte with platinum mesh working
electrode. The arrows indicate spectra change during the process. Scheme 2 Trapping of electrochemically generated IMes carbene.
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mixture was stirred at 25 °C for 24 h (Scheme 3). The progress
of the reaction was monitored using thin layer chromato-
graphy. At the end of 24 h, the crude mixture was subjected to
column chromatography to yield γ-butyrolactone 10 in 34%
yield (1 : 0.15/cis : trans isomers). Control experiments were
conducted without 5 and with 5 and no electrolysis, in either
case, the formation of γ-butyrolactone was not observed.
Moreover, heating 5 with trans-cinnamaldehyde to reflux temp-
erature in THF resulted with no product. These control experi-
ments further confirm that suitable electrochemical potential
has to be applied for the release of 3.

To increase the scope of electro-released NHC catalysis, the
methodology was expanded to other substituted cinnamalde-
hydes. Varying substituents on aryl include electron-donating
functionalities such as methyl and methoxy and moderately
electron withdrawing group such as bromine were subjected to
similar catalytic conditions. Methyl and methoxy substituted
aldehydes furnished the respective γ-butyrolactones 11 in 32%
and 12 in 21% yield. Bromo substituted cinnamaldehyde
yielded 13 in 24% yield. γ-Butyrolactones 10–12 were isolated
as cis and trans mixture, while 13 was isolated in pure cis form.
Electrochemical methods employed here use a less hazardous
approach than traditional reagent-based chemistry. The benefits
of such a system include mild reaction conditions, functional
group tolerance and scalability. However, such systems also
present challenges in product isolation and purification.

Conclusions

To the best of our knowledge, these are the first five co-
ordinated [Fe(NHC)(S2C2R2)] systems that are prepared by
cleaving the [Fe(S2C2Ar2)2]2 dimer with N-heterocyclic carbenes
(3 and 4). The iron complexes 5–8 were characterized by NMR
spectroscopy and confirmed by X-ray crystallography. DFT cal-
culations showed that the reduction of 5 weakens the Fe–CNHC

bond. The calculations of the neutral and reduced forms of
the iron complex demonstrate that the reduction is primarily
ligand based. Electrochemical and spectroelectrochemical
measurements revealed that [Fe(NHC)(S2C2R2)] undergo facile
electrochemical reduction that leads to dissociation of the
adduct to release free NHCs. This behaviour was further con-
firmed by a trapping 3 with 1-naphthylisothiocyanate. The

in situ electro-released free NHC (3) was used as a catalyst in
organocatalysis to convert cinnamaldehydes to
γ-butyrolactones. Efforts are underway to fine tune the elec-
tronics of the dithiolene system to achieve reversible binding
of NHC so that activity of an organic transformation can be
effectively controlled and the pre-catalyst can be actively
restored. Furthermore, efforts are under way to explore a
variety of redox-active NHC systems to expand the scope of [Fe
(NHC)(S2C2R2)] systems for other potential applications,
including electronic and material applications.

Experimental section
Materials and methods

All synthetic manipulations were done in a nitrogen filled
glove box (Inert Purelab) unless otherwise noted. All glassware
were oven dried at 120 °C for 12 hours prior to use. The com-
pounds 1,3-bis(2,4,6-trimethylphenyl)imidazolinium chloride
([3]·HCl) and 1,3-bis(2,4,6-trimethylphenyl)imidazolium chlor-
ide ([4]·HCl) were synthesized according to the literature
procedure.12,34 Iron bis(dithiolene) dimers [Fe(S2C2Ph2)2]2 and
[Fe(S2C2(C6H4-p-OCH3)2)]2 were prepared following the pro-
cedure reported by Schrauzer et al.1b All other reagents were
purchased from commercial sources and used as received,
such as sodium bis(trimethylsilyl)amide, trans-cinnamalde-
hyde, and substituted trans-cinnamaldehyde. [N(nBu)4][PF6]
was recrystallized two times from ethanol and dried at 70 °C
for 12 hours prior to use. Solvents were dried with a solvent
purification system from Inert Pure Company (THF, CH2Cl2,
Et2O and toluene) and degassed using three freeze–pump–
thaw cycles prior to use.45 All solvents were stored over 4 Å
molecular sieves in a nitrogen filled glove box. CDCl3 (99.9%)
was purchased from Acros Laboratories and dried over 4 Å
molecular sieves prior to use.

Instrumentation

UV-Vis spectra were obtained at 25 °C with a Varian Cary 50
Bio UV-vis spectrophotometer and molar absorptivities were
reported in M−1 cm−1. 1H and 13C NMR spectra were recorded
on a Bruker 300 MHz NMR spectrometer. Spectra were refer-
enced to the residual solvent as an internal standard, for 1H
NMR: CDCl3, 7.26 ppm; for 13C NMR: CDCl3, 77.16. Coupling
constants ( J) are expressed in hertz (Hz). Elemental analyses
were performed by Midwest Microlab, LLC in Indianapolis, IN.
Electrochemical measurements were performed on a CHI620E
electrochemical workstation using a silver wire quasi-reference
electrode, a platinum disk working electrode, and a Pt wire
auxiliary electrode in a gas tight three-electrode cell under
nitrogen atmosphere. Unless specified otherwise, the measure-
ments were performed using 1.0 mM solutions of the analyte
in dry THF with 0.1 M [N(nBu)4][PF6] as the electrolyte
and decamethylferrocene (Fc*) as the internal standard.
Differential pulse voltammetry measurements were performed
with 50 mV pulse amplitudes and 4 mV data intervals. All
potentials listed herein were determined by cyclic voltammetry

Scheme 3 Electrochemically generated carbene catalyzed synthesis of
γ-butyrolactones.
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at 100 mV s−1 scan rates and referenced to a saturated calomel
electrode (SCE) in decamethylferrocene 0/+ to 0.102 V (THF).46

Bulk electrolysis were conducted on two compartment cells
separated by a glass frit, Pt mesh working electrode, Pt mesh
counter electrode and Ag/Ag+ (in MeCN) non aqueous refer-
ence electrode.

Synthesis of compound 5

A 10 mL scintillation vial with a stir bar was charged with
[3]·HCl (99 mg, 0.29 mmol), NaN(Si(CH3)2)2 (58 mg mg,
0.31 mmol) and 4 mL of dry THF. The resulting mixture was
stirred at 25 °C for 45 min, which resulted in a pale-yellow
solution with white suspension. The heterogeneous mixture
was filtered through a plug of Celite into a clean 20 mL scintil-
lation vial containing compound 1 (78 mg, 0.145 mmol) in
2 mL THF. An immediate color change was noticed from black
to black green solution. The resulting mixture was stirred at
25 °C for 2 h. The black green solution was filtered through a
plug of Celite and the volatiles were removed under vacuum.
The vacuum dried black green residue was dissolved in a
minimum amount of dichloromethane and titrated with
15 mL of hexanes resulting with a black green precipitate,
which was further washed with hexane and the volatiles were
removed under vacuum. 110 mg, 90% yield; 1H-NMR
(300 MHz, CDCl3): δ 7.31–7.28 (m, 8H), 7.22–7.18 (m, 12H),
6.96 (s, 4H), 6.84 (s, 2H), 2.36 (s, 6H), 2.00 (s, 12H). 13C-NMR
(75 MHz, CDCl3): δ 182.18, 143.19, 139.13, 136.82, 135.80,
129.65, 129.31, 127.69, 127.00, 126.77, 21.41, 18.60. HRMS
(ESI) for [C49H44FeN2S4]

+[M]+ calcd 844.1737. Found 844.1732.
Anal. calcd for: C49H44FeN2S4: C, 69.57, H, 5.36, N, 3.31;
found: C, 69.50, H, 5.60, N, 3.46.

Synthesis of compound 6

A 10 mL scintillation vial with stir bar was charged with
[4]·HCl (100 mg, 0.29 mmol), NaN(Si(CH3)2)2 (58 mg mg,
0.31 mmol) and 4 mL of dry THF. The resulting mixture was
stirred at 25 °C for 45 min, which resulted in a yellow solution
with white suspension. The heterogeneous mixture was filtered
through a plug of Celite into a clean 20 mL scintillation vial
containing compound 1 (78 mg, 0.145 mmol) in 2 mL THF. An
immediate color change was noticed from black to black green
solution. The resulting mixture was stirred at 25 °C for 2 h.
The black colored solution was filtered through a pad of Celite
and dried. The dried black residue was dissolved in minimum
amount of dichloromethane solvent and the compound was
precipitated out using hexane 15 mL resulting in a black green
precipitate, which was further washed with hexane and dried
under vacuum for 24 h. 103 mg, 84% yield; 1H-NMR
(300 MHz, CDCl3): δ 7.28–7.26 (m, 8H), 7.23–7.18 (m, 12H),
6.95 (s, 4H), 3.72 (s, 4H), 2.34 (s, 6H), 2.26 (s, 12H). 13C-NMR
(75 MHz, CDCl3): δ 181.3, 143.06, 138.20, 137.26, 136.39,
129.62, 127.65, 127.02, 51.97, 21.35, 18.75. HRMS (ESI) for
[C49H46FeN2S4]

+[M]+ calcd 846.1893. Found 846.1888. Anal.
calcd for: C49H46FeN2S4: C, 69.48, H, 5.47, N, 3.31; found: C,
68.75, H, 5.41, N, 3.22.

Synthesis of compound 7

A 10 mL scintillation vial with stir bar was charged with
[3]·HCl (99 mg, 0.29 mmol), NaN(Si(CH3)2)2 (58 mg mg,
0.31 mmol) and 4 mL of dry THF. The resulting mixture was
stirred at 25 °C for 45 min, which resulted in a yellow solution
with white suspension. The heterogeneous mixture was filtered
through a plug of Celite into a clean 20 mL scintillation vial
containing compound 2 (96 mg, 0.145 mmol) in 2 mL THF. An
immediate generation of homogenous black solution occurred
due to the breaking of dimer and adduct formation. The
resulting mixture was stirred at 25 °C for 2 h. The black
colored solution was filtered through a pad of Celite and
dried. The dried dark grey residue was dissolved in a
minimum amount of dichloromethane solvent and the com-
pound was precipitated out using 15 mL diethyl ether resulting
in a dark grey precipitate, which was further washed with
diethyl ether and dried under vacuum for 24 h. 129 mg, 92%
yield; 1H-NMR (300 MHz, CDCl3): δ 7.27–7.24 (m, 8H), 6.94 (s,
4H), 6.82 (s, 2H), 6.76–6.73 (m, 8H), 3.82 (s, 12 H), 2.36 (s, 6H),
2.00 (s, 12H); 13C-NMR (75 MHz, CDCl3): δ 181.05, 158.68,
138.94, 136.80, 136.51, 135.87, 130.73, 129.17, 126.63, 113.09,
55.33, 21.49, 18.62. HRMS (ESI) for [C53H52FeN2O4S4]

+[M]+

calcd 964.2159. Found 964.2155. Anal. calcd for:
C53H52FeN2O4S4: C, 65.96, H, 5.43, N, 2.90; found: C, 65.80, H,
5.46, N, 2.87.

Synthesis of compound 8

A 10 mL scintillation vial with stir bar was charged with
[4]·HCl (100 mg, 0.29 mmol), NaN(Si(CH3)2)2 (58 mg mg,
0.31 mmol) and 4 mL of dry THF. The resulting mixture was
stirred at 25 °C for 45 min, which resulted in a yellow solution
with white suspension. The heterogeneous mixture was filtered
through a plug of Celite into a clean 20 mL scintillation vial
containing compound 2 (96 mg, 0.145 mmol) in 2 mL THF. An
immediate generation of homogenous black solution occurred
due to the breaking of dimer and adduct formation. The
resulting black mixture was stirred at 25 °C for 2 h. The black
colored solution was filtered through a pad of Celite and
dried. The dried black residue was dissolved in a minimum
amount of dichloromethane solvent and the compound was
precipitated out using diethyl ether 15 resulting black precipi-
tate, which was further washed with diethyl ether and dried
under vacuum for 24 h. 122 mg, 87% yield; 1H-NMR
(300 MHz, CDCl3): δ 7.21–7.28 (m, 8H), 6.90 (s, 4H), 6.73–6.70
(m, 8H), 3.79 (s, 12H), 3.64 (s, 4 H), 2.33 (s, 6H), 2.22 (s, 12H).
13C-NMR (75 MHz, CDCl3): δ 180.32, 158.70, 138.03, 137.29,
136.48, 136.39, 130.72, 129.53, 113.06, 55.33, 51.94, 21.42,
18.77. HRMS (ESI) for [C53H54FeN2O4S4]

+[M]+ calcd 966.2316.
Found 966.2311. Anal. calcd for: C53H54FeN2O4S4: C, 65.82, H,
5.63, N, 2.90; found: C, 64.85, H, 5.26, N, 3.06.

Computational details

Spin unrestricted and spin restricted Density Functional
Theory (DFT) calculations were carried out using the
Amsterdam Density Functional (ADF) software package.47
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Triple-ζ Slater-type basis set with polarization functions (TZP)
from the ADF basis-set library were employed on all atoms.
Computations involving the metaGGA TPSS functional utilized
the full electron basis sets. All other functionals considered in
this study utilized basis functions where the core shells up to
1s for C, N, O, 2p for S, and 3p for Fe were kept frozen. The cal-
culations were conducted without symmetry constraints on the
geometry.

DFT calculations must be able to predict the correct
ground-state net total spin polarization in order to obtain
reliable results. To this end, we have optimized the Fe
(pdt)2(IMes) complex with different spin polarizations utilizing
different functionals to confirm that our computational meth-
odology matches the diamagnetic nature of the iron complex
as confirmed by our 1H and 13C spectra. Besides iron com-
plexes with ferromagnetically coupled density between the
ligands and iron metal, we also considered complexes where
the iron center and the ligands are spin-polarized but with
opposing spin densities, i.e. anitferromagnetically coupled.
This was done using the spin–flip method for broken sym-
metries implemented in ADF that was developed by
Noodleman.41,42 The ESI† contains the relative energies (Erel)
in kcal mol−1 for each of the tested functionals.
Unsurprisingly, the hybrid functionals predicted the S = 1 spin
state to be lowest in energy while the GGA functionals pre-
dicted the S = 0 state to be the energetic minimum. It was only
for the Meta GGA TPSS functional that the antiferromagnetic S
= 0 state (referred to as S = 0* in the text) was found to be
slight lower in energy than the S = 0 by 0.3 kcal mol−1. Based
upon a comparison of the results obtained for the iron bis
(dithiolene) complexes using the BP86 GGA and the hybrid
B3LYP, and B3LYP* functionals, Jacobsen et al. concluded that
BP86 is the most appropriate method to describe these
systems.41 Using the BP86 functional, we have determined that
Fe(pdt)2(IMes) has a spin state of S = 0 and is Pauli coupled.
Generally speaking, the mean absolute error (MAE) for the
measured distances increased as the number of unpaired elec-
trons in the calculation increased for all of the tested func-
tionals (see the ESI†), further supporting the conclusion that
the S = 0 state is the preferred spin state. A symmetrized frag-
ment orbitals (SFO) analysis was utilized to investigate the per-
centage that the molecular orbitals of the constituent moieties
contribute to the frontier molecular orbitals of the compound
5. The NHC molecule, iron atom, and bis(dithiolene) ligand
were chosen to be the molecular fragments for the analysis.
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