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Room temperature ionic liquids continue to be at the forefront of chemistry, covering a broad spectrum
of research areas from electrochemistry and energy to catalysis and green chemistry. Therefore, it is of
great value to fully understand the chemical and electrochemical reactivity and stability of ionic liquids
utilized in these applications. In this context, we have investigated the electrochemical generation of an
N-heterocyclic carbene and its CS, adduct from the ionic liquid [omim][PFg], and X-ray photoelectron
spectroscopy (XPS) proved to be a highly effective spectroscopic tool to study such systems. Initially, the
dithiocarboxylate adduct was chemically synthesized as a reference compound starting from both
[bmiml[PF¢] and [bmim][OAc], and characterized by HRMS, and *H- and *C-NMR, FTIR, visible and X-ray
photoelectron spectroscopy. While a simple mixture of [bmim][PFg] and CS, revealed no evidence of
adduct formation, the application of an electrochemical stimulus led to the formation of the
dithiocarboxylate adduct as evidenced optically and through the newly formed S2p peak in the XP
spectrum. Further evidence for the electrochemical reduction of [bmim][PFg] to the corresponding
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Introduction

Within the last two decades, there has been an overwhelming
growing interest in the application of room-temperature ionic
liquids (ILs) across various disciplines of chemistry."” ILs have
found widespread use as reaction solvents in the area of green
chemistry due to their unique properties such as extremely low
vapor pressure, structural tunability, and thermal stability.®
Being composed of purely anions and cations and having a
reasonable ionic conductivity (107> S em™ ") together with an
enlarged electrochemical window, ILs have also found a unique
place in the field of electrochemistry, notably in energy storage,
such as batteries, supercapacitors, etc.”"” Among the numerous
favorable physicochemical properties of ILs, the ability to capture
CO, as alternative solvents of conventional amines is also noteworthy
of mention.'®>* The reasons are attributed to ILs’ non-volatile,
non-corrosive and non-flammable nature, together with their
high thermal stability and recyclability, enabling them to
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reduce the energy consumption in CO, capture processes.>?
This was demonstrated by Wappel et al., where the energy
demand for a carbon capture process using ILs was found to be
lower than the process using the amine solvent.?® ILs are also
classified as low-melting organic salts, and among the ‘onium’
cations, imidazolium rings with positive nitrogen(s) turned out
to be the most convenient and resourceful starting material for
producing numerous useful combinations."?

An important class of compounds structurally related to
imidazolium-based ILs consists of N-heterocyclic carbenes
(NHCs), as schematically shown in Fig. 1.**** The ground-
breaking work of Arduengo and co-workers in the early 1990s
on the preparation and isolation of stable NHCs opened up new
avenues in carbene chemistry.>®?” Due to their strong c-donor
properties, NHCs serve as excellent ligands for transition metal-
catalyzed reactions including cross-coupling and olefin metathesis

lonic Liquids N-Heterocyclic Carbenes
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Fig. 1 Imidazolium-based ionic liquids and N-heterocyclic carbenes.
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reactions as well as a number of asymmetric transformations.>*~*°
The NHCs were also discovered to stabilize metal nanoparticles
and self-assembled monolayers, and found use as ligands in
heterogeneous nanocatalysis.*’* Recently, the coordination
chemistry space of NHCs has been further expanded to include
non-metals where p-block elements were shown to be stabilized
by the coordination of NHCs.**"*® Finally, NHCs proved to be
highly effective organocatalysts and have been utilized in a wide
range of organic reactions.** !

Traditionally, deprotonation of imidazolium salts using a
strong base such as NaH, KOtBu, etc. has been the preferred
method for the preparation of the corresponding NHCs
(Scheme 1a). Alternatively, it was shown that such NHC compounds
could be prepared via one-electron chemical or electrochemical
reduction of imidazolium salts (Scheme 1b). In a pioneering work
reported in 2004, Clyburne and co-workers investigated the electro-
chemical reduction of a bis(mesityl)-substituted imidazolium
cations by cyclic voltammetry (CV), and demonstrated the large-
scale preparation of two NHC products by chemical reduction of
the corresponding imidazolium salts using potassium metal.**
The organocatalytic activities of the electrochemically generated
NHCs have been elegantly showcased in a variety of organic
transformations.**™*°

NHCs are known to react with a broad range of electrophiles
such as carbon dioxide, carbon disulfide, isocyanates, and
isothiocyanates to form stable zwitterionic betaine adducts.>
Imidazolium-2-dithiocarboxylates, CS, adducts of imidazole-based
NHCs, have been used as ligands in coordination complexes of
transition metals such as ruthenium, osmium, palladium, and
gold.*** In addition, the coordination of such zwitterionic
imidazolium-2-dithiocarboxylates to gold nanoparticles and
gold surfaces has been investigated.’>”® Due to the reactive
nature of the carbenes, their formation is usually inferred by mostly
indirect experimental evidence, based on their reaction products.

a.  Generation of NHCs via deprotonation:
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Scheme 1 Chemical and electrochemical generation of NHCs, and the
present work.
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Hence, the adduct formation via its unique coloration is generally
used as one experimental proof for the presence of carbenes.”
However, great care has to be exercised for its correct interpretation,
since the process also interferes with the delicate acid-base
equilibrium of the imidazolium salt(s). The basicity of the
corresponding anion plays a critical role, which will be discussed
in more detail in the next section.

As a part of our ongoing research program on electrochemical
studies using ionic liquids,”® we report herein our recent studies
on the electrochemical generation of NHC 2 from the ionic liquid
1-butyl-3-methylimidazolium hexafluorophosphate ([bmim][PF], 1).
Along with direct XPS evidence for the electrochemical formation of
carbene 2, we present NMR, FTIR, Visible, and XP spectroscopic
evidence for the dithiocarboxylate adduct 3 that is obtained by the
trapping of the ex situ-generated carbene 2 (Scheme 1c).

Results and discussion
Chemical preparation of the dithiocarboxylate adduct

For this purpose, the adduct 3 was prepared as shown in
Scheme 2, by the deprotonation of 1-butyl-3-methylimidazolium
hexafluorophosphate ([bmim][PF¢], 1) using potassium tert-
butoxide in THF followed by treatment with CS,. This process
gave dithiocarboxylate product 3 in 76% yield after purification
by column chromatography. A similar procedure applied to the
imidazolium acetate salt ([bmim][OAc], 4) afforded the same
product 3, albeit in a slightly lower yield (67%). Based on
literature precedence, both reactions are expected to proceed
via the intermediacy of carbene 2, which is generated upon the
deprotonation of the imidazolium salts.?®

The structure of the imidazolium dithiocarboxylate product
3 was confirmed by HRMS, and 'H- and "*C-NMR, FTIR, visible
and X-ray photoelectron spectroscopy.’® High-resolution mass
spectrometric analysis showed the expected [M + H]|" signal
(m/z 215.0676). The incorporation of the CS, unit into the
imidazolium structure has been confirmed by the dithiocarboxylate
carbon signal at 224.7 ppm in the "*C-NMR spectrum of 3 (Fig. 2).

This is further supported by the FTIR spectrum that exhibits
the expected band for the -CS,” moiety at around 1050 cm ™
(Fig. 3b). It should also be noted that compound 3 exhibits the
characteristic red color (see Scheme 1c and also Fig. 6) of
similar imidazolium dithiocarboxylate derivatives.’*>®%~%? In
accordance with this observation, the visible spectrum of 3
recorded in CH,Cl, shows the presence of two intense absorption
bands at 530 nm and 430 nm, as shown in Fig. 3a.

+ Me KOtBu (1.2 eq.) , Me
N X THF, rt, 15 min

B [ >—<
EN> then CS, (2 eq.)

Bu rt, 30 min
f bt} 76% (fsrom 1)
4: X = OAc”

67% (from 4)

Scheme 2 Synthesis of imidazolium dithiocarboxylate 3 starting from
[omim][PFe] (1) and [bmim][OACc] (4).
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Fig. 2 *C-NMR spectrum of imidazolium dithiocarboxylate 3 recorded in
CDCls.
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Fig. 3 (a) Vis and (b) IR spectra of the imidazolium dithiocarboxylate 3
starting from [bmim][PFg] (1) and [bmim][OAc] (4).

Additional support is obtained from the XP spectrum of the
compound 3 as depicted in Fig. 4, by the presence of the strong
and broad (multiple) S2p peaks, and the absence of the P2p and
F1s peaks. Consistent with the literature data, only one N1s
peak at 402.0 eV is observed representing the two equivalent
nitrogen atoms of the imidazolium ring, but carrying one unit
of positive charge.®>~®® The multiple structure of the S2p region
is deconvoluted to three spin-orbit doublets; two of the major
ones (designated as A and B in the figure) have binding
energies assignable to the CS, adduct, but the third one (C)
with much smaller intensity and at a higher energy position can

A
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290 280 540 530 410 400

Fig. 4 XP spectrum of imidazolium dithiocarboxylate 3.
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best be assigned to oxidized sulfur atoms. One explanation for
the appearance of two sulfur components can be given as
partial conversion of CS, to OCS, either during generation of
the adduct in air-ambient and/or transformation to the XPS
chamber afterwards. This issue has been recently investigated
in detail and discussed by Cabaco et al.®!

Electrochemical preparation of the dithiocarboxylate adduct

The nature of the anions of imidazolium-based ionic liquids
was shown to have a strong effect on the reactivity patterns of
such compounds. For instance, in a study reported by Nyulaszi
and co-workers in 2011, 1-ethyl-3-methylimidazolium acetate
was shown to be an effective organocatalytic ionic liquid for
benzoin condensation and hydroacylation reaction.®””® This
catalytic activity was attributed to the in situ formation of the
corresponding N-heterocyclic carbene with the help of the basic
acetate anion, which was supported by the lack of catalytic
activity when non-basic anions were used. The non-innocent
nature of the acetate anion in ionic liquids was also demonstrated
by Cabaco and co-workers, where the reactions of [bmim][OAc]
with CS, and OCS were investigated.®® > Through detailed spectro-
scopic analysis, the authors showed that the OAc™ anion, in
addition to its role as a base, reacted with CS, to form OCS and
CO, in situ that led eventually to the formation of [bmim]CO, and
[bmim]OCS adducts. With these considerations in mind, we next
sought to investigate the electrochemical generation of carbene 2
through its conversion to the CS, adduct.

For this purpose, we selected to use [bmim][PF¢] ionic liquid
as the carbene precursor due to the non-basic nature of the
PF¢ anion and to avoid any potential complications that would
be caused by the OAc™ anion. Indeed, when neat [bmim][PF]
was mixed with CS,, no red color formation was observed.
Moreover, the analysis of the mixture by X-ray photoelectron
spectroscopy confirmed the absence of sulfur (Fig. 5), while
revealing close to a stoichiometric compound.®*"*® Note that
the CS,, originally introduced to the mixture in air, is expected
to evaporate away once introduced to the vacuum environment
of the XPS-chamber. These two observations clearly show that
[bmim][PFs] does not react with CS, in the absence of a base or
a reducing agent.

Having previous experience regarding the successful pre-
paration of a carbene intermediate from a similar IL using
electrochemical means only,”® our next move focused on first
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Fig. 5 XP spectra of the mixture of [bmim][PFg] and CS,.
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Fig. 6 Schematics of ex situ electrochemical preparation of the adduct 3,
and the XP spectrum of the mixture of [bomim][PFg¢] and CS, after the
electrochemical process.
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Fig. 7 XP spectra of [bmim][PFg] during the electrochemical process.
The spectra are recorded in the line scan mode, at different time-
intervals and across the two gold electrodes spanning a distance of
2.2 mms. The normalized color bar represents the peak intensity.

producing the carbene in the same mixture as above ex situ,
thus hoping that the presence of CS, in the mixture would
signal the carbene formation through appearance of the
intense coloration. As expected and displayed in Fig. 6, the
electrochemical reaction started in the negatively polarized
electrode (i.e. reduction) and the coloration became intense
after ~30 min, and continued for a while in air-ambient. After
the incorporated CS, is in the form of a stable adduct, its XPS
analysis could be successfully carried out. The XP spectrum of
the adduct depicts again the two S2p spin-orbit doublet peaks
(A and B), as shown in Fig. 6. The other observed XP peaks, P2p,
C1s, N1s and F1s, have binding energy positions and intensities
that are consistent with the published data.®*™®°

Electrochemical preparation of the carbene under vacuum

Similar to our previous work,>® we have finally attempted and
succeeded in generating the carbene intermediate inside the
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XPS analysis chamber by electrochemical means, through
application of a 3V d.c. bias, which caused ~ 0.2 pA of current.
The process is slow but the direct spectroscopic evidence is very
strong through the appearance of a new N1s peak representing
the carbene at 399.3 eV after 3-4 hours, as depicted in Fig. 7.
Note that at the beginning only the positively charged N1s peak
of the imidazolium ring at 402.0 eV is dominant, but after a few
hours the carbene peak of ~20% intensity prevails.

Conclusions

In summary, we present direct optical and X-ray photoelectron
spectroscopic evidence for the electrochemical generation of an
N-heterocyclic carbene and its CS, adduct from the ionic liquid
[bmim][PF]. The zwitterionic imidazolium dithiocarboxylate 3
was chemically synthesized and isolated starting from both
[bmim][PF¢] (1) and [bmim][OAc] (4). This adduct was fully
characterized by HRMS, and 'H- and "*C-NMR, FTIR, Visible
and X-ray photoelectron spectroscopy. In a control experiment,
a mixture of [bmim][PFe] (1) and CS, revealed no red coloration
in addition to the absence of a sulfur signal in the XP spectrum,
which together confirm that these two compounds do not react
to give the adduct 3 in the absence of a chemical or electro-
chemical stimulus. On the other hand, electrochemical
reduction of [bmim][PFs] (1) in the presence of CS, resulted
in the formation of the dithiocarboxylate adduct 3, supported
optically by the formation of red color and through XP spectro-
scopy exhibiting the expected S2p peak. To the best of our
knowledge, this is the first example of the formation of a CS,
adduct via an electrochemically generated N-heterocyclic carbene.
Finally, we provide evidence for the electrochemical-generation of
the carbene intermediate 2 inside the XPS analysis chamber via
the emergence of a new Ni1s peak in the XP spectrum. These
results underscore the utility and potential of X-ray photoelectron
spectroscopy for investigating the electrochemical reactivity of
ionic liquids.

Experimental section

The ionic liquids [bmim][PFs] and [bmim][OAc] were purchased
from Sigma-Aldrich and used as received. The NMR spectra
were recorded using a Bruker Avance 400 spectrometer. The
FTIR, Visible, and XP spectroscopic data were recorded using
Bruker Alpha-Platinum-ATR, Cary 300, and Thermo Scientific
K-Alpha spectrometers respectively. The XP spectrometer was
modified to implement the electrochemical process under vacuum.

Synthesis

A 100 mL, oven-dried, round-bottomed flask equipped with a
magnetic stir bar was charged with 1-butyl-3-methylimidazolium
hexafluorophosphate 1 (300 mg, 1.06 mmol). The flask was
evacuated and refilled with nitrogen three times. The ionic liquid
was dissolved in 20 mL of anhydrous THF, and KOtBu (142 mg,
1.27 mmol) was added as a solid. The resulting clear, light yellow
solution was stirred for 15 min at room temperature under nitrogen.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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Afterwards, CS, (128 pL, 2.11 mmol) was added via syringe, and the
color turned dark red immediately. The reaction mixture was stirred
for 30 min, and directly concentrated under reduced pressure using
a rotary evaporator. Purification by flash column chromatography
(silica gel, CH,Cl,: EtOAc 1:1) gave pure imidazolium dithio-
carboxylate 3 (173 mg, 76%) as a red-colored solid: mp
99-102 °C; 'H NMR (400 MHz, CDCl;) § (ppm): 6.88 (1H, d,
J=2.1Hz), 6.87 (1H, d, ] = 2.1 Hz), 4.12 (2H, t, ] = 7.6 Hz), 3.78
(3H, s), 1.90-1.83 (2H, m), 1.38 (2H, sext, ] = 7.5 Hz), 0.93 (3H, t,
J = 7.4 Hz); >C NMR (100 MHz, CDCl;) 6 (ppm): 224.7, 150.0,
119.4, 117.8, 48.4, 35.0, 31.7, 19.8, 13.6; FTIR (ATR, solid): 1572,
1502, 1235, 1175, 1050 cm™*; HRMS (APCI): m/z = 215.0676
[M + H]" (m/z caled for CoH;5N,S, = 215.0671).
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