On the real catalytically active species for CO- fixation into cyclic
carbonates under near ambient conditions: Dissociation equilibrium of

[BMIm][Fe(NO)2Cl,] dependant on reaction temperature

Meike K. Leu, Isabel Vicente," Jesum Alves Fernandes,¥ Imanol de Pedro,® Jairton

Dupont,™* Victor Sans, Peter Licence,™* Aitor Gual*" and Israel Cano*

T GSK Carbon Neutral Laboratory for Sustainable Chemistry, University of Nottingham, NG7 2GA,
Nottingham, UK
¥School of Chemistry, University of Nottingham, NG7 2RD, Nottingham, UK
$CITIMAC, Facultad de Ciencias, Universidad de Cantabria, 39005 Santander.
* Laboratory of Molecular Catalysis, Institute of Chemistry, UFRGS, Av. Bento Gongalves, 9500,
Porto Alegre 91501-970, RS, Brazil.

ABSTRACT: An imidazolium based iron-containing ionic liquid [BMIm][Fe(NO).Cl,] (BMIm = 1-
n-butyl-3-methyl-imidazolium) has been synthesized for the first time and fully characterized
employing a wide range of techniques. The iron-based containing ionic liquid was found to be an
active catalyst for the cycloaddition of CO, to epoxides, giving high conversions for various
substrates under near ambient conditions. In addition, the catalytic system showed a good recycling
performance for five consecutive reaction cycles. Key mechanistic studies demonstrated that a
bifunctional catalytic system is generated in situ by the partial dissociation of the iron-based ionic
liquid into [BMIm][CI], which results in a very efficient catalyst without the need of any additive or
co-catalyst. The metal center plays a role as Lewis acid and activate the epoxide group, and the
chloride anion, as part of [BMIm][CI] moiety, acts as nucleophile and leads to the ring opening
through a nucleophilic attack on the less sterically-hindered CB. The process is favoured by an
interaction via H-bonding between the substrate and the H-C2 of the imidazolium ring, as was
demonstrated by additional experiments. Kinetic studies indicated that the process followed first-order
kinetics with respect to epoxide concentration and proved the existence of a reversible
coordination/de-coordination equilibrium in which the active species are generated from the
[BMIm][Fe(NO).Cl.] complex.
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1. Introduction

In recent years, the fixation and utilization of carbon dioxide (CO2) has become a highly important
topic.[1-13] These processes are very advantageous because CO; is a very abundant, non-flammable,
non-toxic and cheap C1 building block for organic synthesis.[14-18] Additionally, CO- fixation is
benign from an environmental protection standpoint.[1-13] In this context, the insertion of CO- into
epoxides to form five-membered cyclic carbonates has attracted large interest,[19-25] since these
compounds show industrial applications as polar aprotic solvents, electrolytes for batteries, starting
materials for the formation of polymers and relevant intermediates in the preparation of fine
chemicals and pharmaceutical compounds, amongst others.[20, 26-31] Consequently, the
cycloaddition of carbon dioxide to oxiranes has been described by the use of a large range of catalytic
systems, such as amines and phosphines,[32-35] frustrated Lewis pairs (FLPs),[36] alkali metals,[37]
metal oxides,[38, 39] organometallic complexes,[21, 24, 40-44] metal-organic frameworks[45-47]
and carbon materials.[48-51] Specifically, ionic liquids (ILs) have received much attention in this
research field because they possess important properties that make them very suitable as catalysts,
including good thermal stability, high catalytic activity, ease of catalyst recovery and product
purification, high capability for CO, capture and solvation, and easy fine-tuning basicity-
nucleophilicity by simple modification of the IL structure (anion and cation).[21, 52-59] Furthermore,
the use of metal halides or metal complexes with Lewis acid properties as co-catalyst improves the
catalytic performance of ILs.[52] In this way, metal-containing ILs have shown to exhibit a particular
ability to perform this transformation. This type of systems operates as a bifunctional catalyst acting
.simultaneously as Lewis acid and as nucleophile. However, the identification of the real catalyst is a
difficult task since different ionic species can be generated in the reaction medium during the
process.[60, 61] To the best of our knowledge, only a few examples have been reported in which
well-defined metal-containing ILs were used as catalysts for the cycloaddition of CO, to
epoxides.[62-65]

In the present work we report the use of a novel imidazolium based iron-containing ionic liquid
[BMIm][Fe(NO).Cl;] (BMIm = 1-n-butyl-3-methyl-imidazolium) as a bifunctional catalyst for the in-
depth study and understanding of the formation mechanism of cyclic carbonates via cycloaddition of
CO, with epoxides by metal-containing ILs. To this end, we have employed p,u’-dichloro-
tetranitrosyl-diiron ([Fe(NO).Cl].) as metallic precursor for the formation of the Fe-based ionic liquid.
This precursor was chosen because it was found to generate only well-defined monometallic species
during the synthetic process. An exhaustive characterization was carried out by different techniques,
which demonstrated that [BMIm][Fe(NO).Cl,] is the actual structure of the Fe-containing ionic liquid.
Such a complex was found to be a highly active catalyst under very mild conditions, giving high
conversions and chemoselectivities for a wide range of substrates without the need of any additive.

Furthermore, the catalytic system was successfully recycled and only minor deactivation was



observed after five cycles. More importantly, the role of the different species involved in the catalytic

cycle of this transformation was established by experimental kinetic and mechanistic studies.

2. Experimental

2.1. General Procedures

All oxygen and moisture sensitive operations were carried out under an argon atmosphere using
standard vacuum-line and Schlenk techniques. Solvents were purchased from Sigma-Aldrich as
HPLC grade and dried by means of an Inert Puresolv MD purification system. All reagents were
purchased from Sigma Aldrich and purified when required by literature procedures.[66] Elemental
analyses (EA) were performed by the Elemental Analysis Service of the University of Nottingham.
2.2. Instrumentation

2.2.1. Thermogravimetric Analysis (TGA)

Thermogravimetric measurements were carried out on a TA instruments Discovery at a heating rate of
10 °C/min and in a temperature range from 20 to 1000 °C under N in a platinum crucible.

2.2.2. Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES)

The iron and chloride content determination was performed through analysis of the samples by ICP-
OES on a Perkin Elmer Optima 2000 DV ICP-OES. The samples were prepared by diluting 25 mL of
ionic liquid with approximated iron concentration of 150 mg/L (ppm) (and, when chloride is present,
the chloride concentration is between 100-150 mg/L (ppm) in HNO; with a concentration of 2 %
(v/V). Calibration curves were prepared using standard solutions of concentrations between 0 to 250
ppm for iron and 0 to 800 ppm for chloride prepared by dilution of the standard solution. The iron and
chloride Standard for ICP TraceCERT® (10’000 mg/L Fe in nitric acid and 10’000 mg/L Cl in water)
were supplied by Sigma Aldrich.

2.2.3. Electrospray lonization Mass spectrometry (ESI-MS)

ESI-MS analyses were carried out on a Bruker ESI-TOF MicroTOF II.

2.2.4. Fourier Transform Infrared Spectroscopy (ATR FT-IR)

ATR FT-IR measurements were performed on a Bruker Alpha Series FT-IR spectrometer equipped
with an attenuated total reflectance (ATR) module. The ATR FT-IR spectra were recorded by
collecting 16 scans of a compound in the ATR module.

2.2.5. Raman Spectroscopy

Raman spectroscopy was carried out on a Horiba LabRAM HR at room temperature.

2.2.6. Electron Paramagnetic Resonance (EPR)

EPR analyses were performed on a Bruker EMX with Bruker ER041XG Microwave bridge (X-band)
at room temperature (R.T.) and at 77 K in a quartz dewar.

2.2.7. X-ray Photoelectron Spectroscopy (XPS)

XPS measurements were carried out using a Kratos AXIS Ultra DLD instrument. The chamber

pressure during the measurements was 5 x 10° Torr. Wide energy range survey scans were collected



at a pass energy of 80 eV in hybrid slot lens mode and a step size of 0.5 eV. High-resolution data on
the C 1s, Cl 2p, N 1s and Fe 2p photoelectron peaks was collected at pass energy 20 eV over energy
ranges suitable for each peak, and collection times of 5 min, step sizes of 0.1 eV. The charge
neutraliser filament was used to prevent the sample charging over the irradiated area. The X-ray
source was a monochromated Al Ka emission, run at 10 mA and 12 kV (120 W). The energy range
for each ‘pass energy’ (resolution) was calibrated using the Kratos Cu 2psp, Ag 3ds, and Au 4f7
three-point calibration method. The transmission function was calibrated using a clean gold sample
method for all lens modes and the Kratos transmission generator software within Vision Il. The data
were processed with CASAXPS (Version 2.3.17). Peaks were fitted using GL(30) line shapes (70%
Gaussian and 30% Lorentzian). The wide scan and high resolution spectra were calibrated to the alkyl
chain at 285.0 eV.[67]

2.2.8. Magnetization measurements

DC magnetic susceptibility measurement was performed using Quantum Design PPMS magnetometer
whilst heating from 2 to 300 K under an applied magnetic field of strength 1 kOe. Magnetization as a
function of field (H) was measured using the same magnetometer in the -80 < H/kOe < 80 at 2 K after
cooling the sample in zero field.

2.3. Synthesis of iron-containing ionic liquids

1-Butyl-3-methylimidazolium chloride[68] (IBMIm]CI), 1-butyl-2,3-dimethylimidazolium
chloride[68] ([BMMIm]CI) and p-dichloro-tetranitrosyl-diiron[69] ([Fe(NO).Cl],) were synthesized
according to standard procedures described in the literature. The chosen amount of [Fe(NO),Cl], was
mixed with 2 equivalents of salt ([BMIm]CI, [BMMIm]CI or tetrabutylammonium chloride) in a
Schlenk flask under Ar atmosphere. After stirring for 12 h at room temperature (R.T.), a black liquid
was obtained. The so-obtained metal-containing ionic liquids were characterized by ICP-OES, EA,
ESI-MS, FT-IR and EPR. In addition, the iron-containing ionic liquid [BMIm][Fe(NO).Cl, was also
characterized by TGA, XPS, Raman and magnetic susceptibility measurements. Full characterization
data, spectra and specific synthetic procedures are available in the supporting information.

2.4. Catalytic experiments

2.4.1. Formation of carbonates

Catalytic experiments were carried out in a small reactor with a total volume of 2 mL. In a standard
reaction, the chosen amount of Fe-based ionic liquid was mixed with the required quantity of epoxide
in a glass vial with a magnetic stirrer. The reactor was flushed with carbon dioxide (CO>) three times
before the pressure was kept constant at the desired pressure using a reservoir and was heated at the
desired temperature. After the specified time, the reactor was cooled to R.T. and slowly depressurized.
The product was purified by extraction with diethyl ether (2 x 5 mL) and filtration with SiO, by flash
chromatography. Afterwards, the solvent was evaporated to dryness at 150 mbar and R.T. using a
rotary evaporator. The residue was dissolved in CDCl; and analyzed by 'H NMR to determine

conversion and selectivity.



2.4.2. Formation of diols

Catalytic experiments were carried out in a small Schlenk flask. In a standard reaction, 10 mol% of
the Fe-based ionic liquid 1 was mixed with 200 mg of styrene oxide and 1 mL of H2O in a Schlenk
flask under Ar atmosphere with a magnetic stirrer. After 24 h, the product was purified by extraction
with diethyl ether (2 x 5 mL) and filtration with SiO; by flash chromatography. Afterwards, the
solvent was evaporated to dryness at 150 mbar and R.T. using a rotary evaporator. The residue was
dissolved in CDClI; and analyzed by *H NMR to determine conversion and selectivity.

2.4.3. Recycling experiments

Recycling experiments were carried out in a Fisher-Porter reactor. In a standard reaction, 5 mol% of
the Fe-based ionic liquid 1 was mixed with the chosen amount of epoxide (200 mg for styrene oxide,
283 mg for 1,2-epoxypentane) and equipped with a magnetic stirrer. The reactor was flushed with
CO, three times before the pressure was kept constant at 2 bar using a reservoir and was heated at the
desired temperature (40 °C for styrene oxide, 80 °C for 1,2-epoxypentane). After 24 h, the reactor was
cooled to R.T. and slowly depressurized. The product was purified by extraction with diethyl ether (2
x 5 mL) and centrifugation to recover the catalyst. Afterwards, the solvent was evaporated to dryness
at 150 mbar and R.T. using a rotary evaporator. The residue was dissolved in CDCl; and analyzed by
'H NMR to determine conversion and selectivity. 1 was recovered through re-precipitation of the
insoluble fraction, which was left after the extraction of the product with diethyl ether. The catalyst
was then used for the next cycle. The study of the mass balance through *H NMR spectroscopy by the
use of mesitylene as internal standard enabled to confirm that substrates and products were
completely extracted.

2.4.4. Kinetic studies

Experiments were carried out in a Fisher-Porter reactor with the possibility to take samples during the
reaction without depressurizing the reactor. In a standard reaction, 10 mL of styrene oxide, and the
chosen amount of Fe-based ionic liquid 1 were charged into the reactor equipped with a magnetic
stirrer. The reactor was flushed with CO; three times before the pressure was kept constant at the
desired pressure using a reservoir and was heated at the desired temperature. In the first hour of the
reaction, samples were taken every 15 minutes and afterwards every hour. After the specified time,
the reactor was cooled to R.T. and slowly depressurized. The product was purified by extraction with
diethyl ether and filtration with SiO., by flash chromatography. Afterwards, the solvent was
evaporated to dryness at 150 mbar and R.T. using a rotary evaporator. The residue was dissolved in
CDCl; and analyzed by *H NMR to determine conversion and selectivity.

2.4.5. Radical scavenger experiments

Radical scavenger experiments were carried out in a small reactor with a total volume of 2 mL. In a
standard reaction, 5 mol% of the Fe-based ionic liquid catalyst 1 was mixed with 400 mg of epoxide,
and 2.5 mol% of a radical scavenger (galvinoxyl or 2,2-diphenyl-1-picrylhydrazyl (DPPH)) and

equipped with a magnetic stirrer. The reactor was flushed with CO, three times before the pressure



was kept constant at 2 bar using a reservoir and was heated to 40 °C. After 48 h, the reactor was
cooled to R.T. and slowly depressurized. The product was purified by extraction with diethyl ether
and filtration with SiO; by flash chromatography. Afterwards, the solvent was evaporated to dryness
at 150 mbar and R.T. using a rotary evaporator. The residue was dissolved in CDCl; and analyzed by

!H NMR to determine conversion and selectivity.

3. Results and discussion

3.1. Characterization of Iron-Containing lonic Liquid [BMIm][Fe(NO).Cl;]

The treatment of p,u’-dichloro-tetranitrosyl-diiron ([Fe(NO).Cl];) with 2 equivalents of 1-butyl-3-
methylimidazolium chloride ([BMIm]CI) at R.T. affords the new Fe-based ionic liquid
[BMIm][Fe(NO).Cl:] (1) (Scheme 1).

= R.T, 12 h =\
Me/Nvg\nBu + 12 [Fe(NORCI, 500 rpm Me/Nvgj)\nBu
o , [Fe(NO)ClI®

Scheme 1. Formation of [BMIm][Fe(NO).Cl,] (1).

Due to the paramagnetic nature of the sample, NMR is not an appropriate spectroscopic tool to
analyze the Fe-containing ionic liquid. The complex [BMIm][Fe(NO).Cl,] was fully characterized by
the use of a wide range of techniques, including TGA, EA, ICP-OES, ESI-MS, EPR, XPS, magnetic
susceptibility measurements, and ATR FT-IR and Raman spectroscopies.

ICP gave an Fe content of ca. 16.9%, which is in good agreement with the expected value (17.1%),
whereas TGA showed that the reproducibility is high (ca. 18.6%, see Figure S1, Supporting
Information). It is worth noting that ESI-MS spectrum in the positive mode exhibits a very intense
mass peak corresponding to the imidazolium cation, suggesting that it remains intact in the complex 1
(for further details see Section 2, Supporting Information). Interestingly, a low intensity peak with m/z
= 464.1152 attributable to a species with two imidazolium cations and one N-bound dinitrosyl iron
complex {[Fe(NO).Cl;]} (DNIC, {Fe—(NO).}®* in the Enemark-Feltham notation) unit
({[BMIm]2[Fe(NO).Cl.]}*) was also identified (Figure S2, Supporting Information).[70]

Metal complexes with nitrosyl ligands bound to the metal center can exist in a bent (M—N-O angle
120-140°) or linear (M—N-O angle 160-180°) mode or as an equilibrium between the two forms.
Nevertheless, it was found that the two forms have different charges and electron donation. In general,
the bent NO ligand is considered as [NO] and the linear NO ligand as [NO*].[71] Therefore, the
oxidation state of the metal changes depending on the type of nitrosyl ligand. Consequently, a series
of spectroscopic and magnetic studies were carried out in order to elucidate the nature of the NO
ligand and the oxidation state of the iron center. The [Fe(NO)(u-Cl)]» precursor is diamagnetic and

thus does not give any signal in the X-band EPR spectrum.[69] Conversely, the X-band EPR spectrum



of 1 (Figure 1) indicates the presence of one main iron-nitrosyl species in solution. The signal at g
value 2.01 could be assigned to the iron-nitrosyl complex. Generally, the EPR spectra of N-bound
mononitrosyl iron (MNIC) {Fe-NO}’ and N-bound dinitrosyl iron (DNIC) {Fe—(NO),}° complexes
typically show g values comparable to those described herein.[72-74] Indeed, DNIC {Fe—(NO).}°
present in (EtzN)[FeCl2(NO).] displayed very similar EPR X-band signals (giso = 2.03) at 293 K in 2-
MeTHF.[73, 74] However, the presence of MNIC {Fe—NO}’ was not completely discarded because
the signals reported herein are also related to MNIC {Fe—NO}’ complexes dissolved in imidazolium
ILs (i.e., 1-ethyl-3-methyl-imidazolium triflate ((EMIm][OTf]) and dicyanamide ([EMIm][dca]) ILs)
and solutions of [Fe(edta)(NO)],[75, 76] [(1,4,7-trimethyl-1,4,7-triazacyclononane)-Fe(NO)(Ns)-][77]
and [Fe(H20)sNO]Cl..[78]
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Figure 1. EPR spectrum of 1at R.T. in 2-methyltetrahydrofuran.

The FT-IR spectrum of the complex precursor [Fe(NO),(u-Cl)]2 showed two intense bands at 1722
and 1822 cm belonging to the NO stretching absorption (Figure S3, Supporting Information).[69]
Such stretching bands were visible, although slightly shifted (1700 and 1779 cm?), in the FT-IR
spectrum of 1 (Figure S3, Supporting Information), indicating the presence of NO fragments in the
Fe-containing ionic liquid. These IR frequencies are comparable to those reported for
(EtsN)[FeClx(NO),] (1765 and 1692 cm), thus suggesting that similar DNIC {[Fe(NO).Cl,]} species
are present in both complexes.[73, 74]

In addition, the IR data reported in the literature for other iron-nitrosyl complexes[79] support the
presence of an iron species formally written as {Fe""'-(NO),}. For high-spin iron-nitrosyl complexes,
the strength of the Fe—NO and N—O bonds is strongly influenced by the effective nuclear charge on
iron.[72] In these {Fe'"'-(NO").} systems, the nitrosyl unit behaves as a relatively weak m-acceptor

rather than a strong m-donor. In a complex with an anionic set of ligands, the effective nuclear charge



on iron is decreased, reducing the n-donation from the NO™ orbitals. This leads to weaker N-O and
Fe—NO bonds, and thus lowers the NO stretching frequency. In general, linear M—N-O groups absorb
in the range 1650-1900 cm™, whereas bent M—N-O species absorb in the range 1525-1690 cm™.
Then, the variations in vibrational frequencies reflect the different N-O bond orders for linear (triple
bond) and bent (double bond) NO species. The displacement of anionic ligands by neutral ones rises
the effective charge on iron, which is compensated by an increased donation from the [NO] ligand.
For instance, NO stretching frequencies of 1810 cm™ in water and 1767 cm™ in
[EMIm][OTS)/[EMIm][CI] mixtures have been described for MNIC {Fe-NO}’ coordinated only to
neutral (H.O, i.e., [Fe(H:0)sNO]Cl;)) or anionic (CI7, .i.e., [EMIm][FeCIsNO]) ligands,
respectively.[79] In the present case, the observed frequencies (1700 and 1779 cm™) resembled more
to nitrosyl groups of iron centers mostly coordinated by anionic ligands (CI7) such as that observed for
MNIC {Fe'"-NO'} and DNIC {Fe"'-(NO),}° complexes.[73, 74, 79] Nevertheless, the IR
measurements suggest that the presence of MNIC {Fe'-NO}’ together with the expected DNIC
{Fe"=(NO").}° compound cannot be fully discarded.

The presence of the iron-nitrosyl moiety in 1 was also confirmed by analysis of the Raman spectrum,
which displayed a narrow peak at ca. 507 cm identified as the Fe-NO stretch vibration (Figure S4,
Supporting Information). Additionally, the Raman spectrum of 1 showed a broad signal at ca. 311 cmr
1, Such a vibration frequency is consistent with the values found in the literature for the symmetric
stretching mode of the Fe—Cl bond.[80-82]

On the other hand, the molar magnetic susceptibility of the Fe-based IL (Figure S5) is in good
agreement with that found in other metal ILs based on [FeCls7] ion.[80, 83, 84] The effective
magnetic moment (uefs), obtained by fitting of the inverse of molar magnetic susceptibility using the
Curie-Weiss law (Figure S5, blue) has a value of 5.95 (us/molecule), which agrees with the expected
value of 5.92 pg for Fe** ion.[80] Moreover, the magnetization data (see inset in Figure S5) tends to
saturate above 50 kOe with a value of 5.11 mg/Fe ion at 80 kOe, which is near from the expected fully
saturated value of 5 mg/Fe for a Fe** ion. Both data are a fingerprint indicating that Fe** is the main
oxidation state of iron in the metal-based IL.

Finally, complex 1 was investigated by XPS in order to evaluate the stoichiometry and the valence
state of Fe (Section 8, Supporting Information). Figure S6 shows the high resolution spectra of C 1s,
Fe 2p and CI 2p for [BMIm][Fe(NO).Cl;]. The C 1s signal was deconvoluted into four components
assigned to the alky chain, N-bond methyl and methylene carbons, and imidazolium ring carbons
(Figure S6, Supporting Information).[67] The Fe 2ps» signal was deconvoluted in three broad peaks
typical of paramagnetic metal species.[67] The signal at 710.2 eV is assigned to {Fe'"'-NO} in
{[BMIm][Fe(NO).Cl,]}, while the signal at 712.2 eV could be associated to small fractions of species
generated by decomposition of {[Fe(NO).Cl,]} and with similar electronic properties to that of FeCl,
(i.e., MNIC {Fe"-NO}’ {[Fe"(NO)CI,]} or other DNIC {Fe"'-(NO),}° species {[Fe"'(NO).CI]};
Figure S6, Supporting Information).[67, 85-87] The decomposition pathway can occur through a



similar equilibrium to that described by van Eldik et al., in which the rate of decomposition of the
nitrosyl product is favoured with an increase of temperature (in the range 10-35 °C).[79]

3.2. Catalytic Formation of Carbonates by Cycloaddition of CO, with Epoxides Catalyzed by
[BMIm][Fe(NO).Cl;]

We decided to evaluate the catalytic performance of the Fe-based ionic liquid [BMIm][Fe(NO).Cl,] in
the formation of cyclic carbonates by reaction of styrene oxide with CO, under mild pressure and
temperature conditions (Scheme 2). Further analysis of the reaction mixture revealed the presence of
two side products, 2-chloro-1-phenylethanol (B) and 2-chloro-2-phenylethanol (C), which were
generated in addition to the expected carbonate (Scheme 2), suggesting some stabilization process of
chlorinated intermediates.

o)
o) [BMIm][Fe(NO),Cl,] )O\/j{o . )Oi/cn . )Cl\/
Ph’ P CO,, T, time, neat Ph Ph Ph OH
A B c

Scheme 2. Cycloaddition of CO> with styrene oxide catalyzed by [BMIm][Fe(NO).Cl:] (1).

Table 1 shows the results of the catalytic optimization experiments. At R.T., 10 mol% catalyst loading
and 1 bar of CO; pressure, low conversion was observed in 7 h (entry 1, 21%). In 24 h, 58% of
conversion with chemoselectivity of 85% to the carbonate was obtained (entry 2). Increasing the
temperature to 40 °C, quantitative conversion of the substrate with 87% selectivity was observed
(entry 3). When the pressure was increased to 2 bar, higher conversions were observed and the
selectivity to the expected product was maintained (83-84% selectivity, entries 5 and 6). The catalyst
loading was found to be relatively important. While a decrease in the catalyst loading to 5 mol% at 1
bar involved a significant decrease in the conversion (entry 4, 66%), the same catalyst loading at 2 bar
gave quantitative conversion with high selectivity (entry 7, 94% selectivity). However, a decrease in
the catalyst loading to 2.5 mol% gave much lower conversion (entry 8, 51%). Moreover, the use of
higher pressures did not improve the selectivity (entries 9 and 10). Finally, the addition of H-O led to
a decrease in the activity, which indicates some decomposition and/or deactivation process of the
catalyst (entries 11 and 12). Furthermore, a decrease in the selectivity was also observed. Importantly,
the catalytic system does not require the use of any solvent to perform the process.[88] Under the
optimal reaction parameters based on 24 h as reaction time, 40 °C and 2 bar of CO, pressure,
guantitative conversion and 94% chemoselectivity (entry 7) were achieved (TON =20, TOF =0.83 h
B. It is worth noting that there are not many reported catalytic systems that proceed under mild
conditions such as those described herein.[22, 24] What is more, the majority of the described systems
require the use of a co-catalyst to carry out the catalytic process. On the contrary, 1 operates as a

bifunctional catalyst without the need of any additive.



Table 1. Optimization Parameters for the cycloaddition of CO, with styrene oxide catalyzed by 1.2

o] [BMIm][Fe(NO),Cl,] 0//< OH Cl
o P CO,, T, time, neat Ph)\/o " Ph)\/m N ph)\/OH
A B C
Entry S/IC(mol%) T (°C) Time (h) P (bar)  Conversion (%) Selectivity (%)°
1 10 R.T. 7 1 21 77:18:5
2 10 R.T. 24 1 58 85:12:3
3 10 40 24 1 >99 87:11:2
4 5 40 24 1 66 86:11:3
5 10 R.T 24 2 85 84:13:3
6 10 40 24 2 >99 83:13:3
7 5 40 24 2 >99 94:5:1
8 2.5 40 24 2 51 88:10:2
9 10 R.T. 24 3 99 76:21:3
10 10 40 24 3 >99 86:14:0
11¢ 5 40 24 2 28 70:24:6
12¢ 5 40 24 2 18 43:44:13

aReagents and conditions: styrene oxide (1.665 mmol), neat, 600 rpm.® Conversions determined by *H
NMR spectroscopy and refer to the selective conversion of styrene oxide (average of two runs).® %
selectivity referred to A : B : C.% 0.0832 mmol of H,O were added (1 equivalent regarding catalyst).®
1.665 mmol of H,O were added (1 equivalent regarding substrate).

With optimized conditions in hand, a set of epoxides were tested in order to evaluate the potential of 1
as catalyst in the cycloaddition of CO; to oxiranes. The Fe-containing ionic liquid was found to be a
highly active catalyst under very mild and near ambient conditions (Table 2). Epoxides with electron-
withdrawing substituents gave higher conversions than those with electron-donor groups (entries 1-5).
Indeed, the use of 1,2-epoxypentane as substrate needed higher temperatures than styrene oxide
(entries 1 and 3). However, the presence of an electron-withdrawing functionality favoured the
formation of B and led to a decrease in the chemoselectivity (entries 1 vs. 2, and 3 vs. 4), suggesting a
nucleophilic attack at the Cp of the epoxide. In addition, aliphatic epoxides required the use of higher
pressures and/or temperatures than aromatic oxiranes (entries 1-5). On the other hand, the results
indicate a steric influence of the substituents in the substrate, since the presence of internal and
sterically hindered epoxides required the use of harder reaction conditions and led to lower
conversions (entries 6 and 7). Finally, of particular interest is the cycloaddition of CO; to cyclohexene
oxide. This transformation can be considered as a challenging one due to the steric impediment shown
by the substrate. The catalytic reaction was carried out with reasonable conversion (63%) at 80 °C and
4 bar CO- (entry 6), which can be considered as mild conditions.[21, 42, 52-55, 58, 59]



Table 2. Cycloaddition of CO, with various epoxides catalyzed by 1.2

O
0] BMIMIIFe(NO),ClI O O HO CI Cl OH
O‘sz [ m][ e( )2 2] a B + OL: (B + a: (B
R R' PCO, T, 24 h, neat R R R R’ R R
A B C

Entry Substrate T(CC) P(bar) Conv.(%)" Selec. (%) TON TOF (h?)

1 0 40 2 >99 94:5:1 20 0.83

Ph
O
2 /(j/A 40 2 >99 73:23:4 20 0.83
Cl

/\/&

o]

N

O

80 2 99 100:0:0 198 0.82

80 4 >99 76:24:0 20 0.83

5 40 4 92 88:12:0 18.4 0.77
GPGPA

6 (}O 80 4 63 96:4:0 126 052
O

7 /\ 80 4 3 100:0:0 --- ---

Ph Ph

3 Reagents and conditions: 1 (0.0832 mmol), substrate (1.665 mmol), 24 h, neat, 600 rpm.”
Conversions determined by *H NMR spectroscopy and refer to the selective conversion of epoxide
(average of two runs).® % selectivity referredto A: B : C.

A key attraction to IL-based catalytic systems is the possibility of catalyst recovery and reuse. We
performed an experiment employing styrene oxide as substrate in order to study the recyclability of
the Fe-containing ionic liquid 1. Through extraction of substrate and products with diethyl ether
followed by re-precipitation of the insoluble fraction, complex 1 could be recovered and used in
successive cycles. Nevertheless, a significant decrease in the activity was observed in the third cycle
(Figure 2a), which is due to a gradual loss and/or decomposition of catalyst as a result of the repeated
washing cycles. This behavior can be explained by the consumption of chloride anions associated to
the formation of by-products B and C. Indeed, the recyclability was improved by the use of 1,2-
epoxypentane as substrate, which does not generate chlorinated by-products. Only a slight decrease in
the activity (14%) was produced after five cycles of catalyst recovery and reuse (Figure 2b), whereas
the catalyst remained active in the seventh cycle and the corresponding carbonate product was

obtained with 74% conversion (Figure S7, Supporting Information).



1
a) i b)
100 - @4-Phenyl-1,3-dioxolan-2-one 1 100 - B4-Propyl-1,3-dioxolan-2-one
90 - @2-Chloro-1-phenyl-ethanol : a0 4
80 - B2-Chloro-2-phenyl-ethanol ! 80 -
£ 704 1R 70
— | ~
g 60 : § 60 4
w50 - B 50 -
1
g 40 - 12 40
€ 30 ' 5 30
O 20 19 20 4
10 4 1 10 A
0 - ! 0 -
1 4 5 1 2 3 4 5
1
Number of cycles : Number of cycles

Figure 2. Reuse of 1 in the cycloaddition of CO; with: a) styrene oxide (reagents and conditions: 1 (5
mol %), 24 hours, 40 °C, 2 bar CO,), and b) 1,2-epoxypentane (reagents and conditions: 1 (5 mol %),
24 hours, 80 °C, 2 bar CO»).

1 was recovered after catalytic experiments with both substrates, and analysed by FT-IR, XPS and
ionic chromatography (CI). Apart from the IR frequencies attributed to the 1-butyl-3-methyl-
imidazolium cation, the FT-IR spectra (Figures S8 and S9, Supporting Information) showed the bands
belonging to the NO stretching absorption (1700 and 1779 cm?), indicating the presence of NO
fragments in the recovered catalysts. In addition, the high resolution XPS spectra of Fe 2p for 1 before
and after catalytic experiments are very similar (Figures S6, S10b and S10d, Supporting Information).
Interestingly, the high-resolution spectra of Cl 2p showed a new chloride species after reaction,
consistent with simple chloride-based ionic liquids, for example [BMIm]CI (Figures S6, S10a and
S10c, Supporting Information).[89] This reveals that the initial iron-containing ionic liquid
[BMIm][Fe(NO).Cl;] generates the catalytically active species [BMIm][CI] + [Fe(NO).CI] under the
reaction conditions (see Kinetic Studies and Proposed Catalytic Cycle for more details). Furthermore,
ionic chromatography gave a chloride content of ca. 21.0% after the reaction with 1,2-epoxypentane,
in good agreement with the expected value for 1 (21.75%). However, the chloride content is lower for
the catalyst recovered after the experiment with styrene oxide (18.0%), due to the consumption of CI-
ions related with the formation of by-products B and C. These analyses indicate that the iron-
containing ionic liquid 1 evolves during the reaction, and this change is much more pronounced in the
case of employing styrene oxide as substrate, since a higher amount of chlorine containing by-product
is formed.

3.3. Study of the Mechanism for the Cycloaddition of CO, Catalyzed by [BMIm][Fe(NO).Cl;]

The mechanism for the formation of cyclic carbonates via cycloaddition of CO, to epoxides was
examined by experimental studies. First, a series of experiments were carried out in order to
investigate the reaction mechanism and determine the importance of 1 in the catalytic process (Table

3). The imidazolium salt [BMIm]CI and the metallic precursor [Fe(NO).Cl]> were inactive under the



optimized reaction conditions (entries 1 and 2). These results reveal that both cation and anion
belonging to the Fe-based ionic liquid 1 play a role in the catalytic process, and thus proves the
cooperative effect of the two fragments. Next, we found that the Fe-based ionic liquid [(n-
Bu)sN][Fe(NO).Cl;] prepared from tetrabutylammonium chloride was less active than 1 (entries 3 and
4), which evidences the importance of the imidazolium cation to the observed catalytic activity.
Similarly, the Fe-based ionic liquid [BMIm][FeCl4],[90] which exhibits a different anion containing
Fe and CI, showed less activity and much less selectivity than 1 (entries 3 and 6), highlighting the role
of {[Fe(NO).Cl.] } moiety in the process.

Table 3. Summary of the attempted cycloaddition of CO, to oxiranes using various catalytic systems.?

Entry Catalyst Conversion (%)° Selectivity (%0)°
1 [BMIm]CI 0 --
2 [Fe(NO)Cl]2 5 0:0:100
3 [BMIm][Fe(NO).Cl] >99 94:5:1
4 [(n-Bu)aN][Fe(NO).Cl.] 60 84:12:4
5 [BMMIm][Fe(NO).Cl;] 59 80:17:3
6 [BMIm][FeCl.] 89 65:24:11

@ Reagents and conditions: catalyst (0.0832 mmol), styrene oxide (1.665 mmol), 24 h, neat, 40 °C, 2
bar CO,, 600 rpm.” Conversions determined by *H NMR spectroscopy and refer to the selective
conversion of styrene oxide (average of two runs).c % selectivity referredto A : B : C.

Previous mechanisms have proposed the implication of the C2 position of the imidazolium ring in the
cycloaddition of CO; to oxiranes catalyzed by imidazolium-based ILs.[62, 91-96] Thus, in order to
determine the influence of the H-C2 of the imidazolium cation, we prepared the Fe-based ionic liquid
[BMMIm][Fe(NO).Cl;] via an identical method using 1-butyl-2,3-dimethylimidazolium chloride
(IBMMIm]CI), in which this hydrogen is replaced by a methyl group. This catalyst displayed lower
activity than 1 (entries 3 and 5), suggesting that the H-C2 position of the imidazolium ring is involved
in the reaction mechanism, maybe through the stabilisation of anionic intermediates by H-bonding
interactions. The influence of this type of hydrogen bonding interactions (CH---X) in the physical
properties (i.e., melting point) has been described by several authors.[97-99]

In addition, the optically pure (R)- and (S)-styrene oxide were employed as substrates for the
carbonate formation reaction catalyzed by 1 (Scheme 3 and Figures S11 and S12, Supporting
Information). The (R)- and (S)-carbonates were obtained, respectively, with high enantioselectivity
(74% and 82% ee, respectively). This indicates that the reaction proceeds predominantly with
retention of configuration, and thus through a nucleophilic attack to the Cj of styrene oxide, which is
relatively unexpected.[100-104] Indeed, the formation of 2-chloro-1-phenylethan-1-ol (B) as by-

product clearly demonstrates the epoxide ring opening through {3 attack.
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Scheme 3. Formation of optically pure carbonates by cycloaddition of CO, with R- and S-styrene
oxide catalysed by 1. Reagents: 1, 0.1665 mmol; styrene oxide, 1.665 mmol. %ee determined by GC.

Interestingly, the reaction of the optically pure (R)- and (S)-styrene oxide with water catalyzed by 1
was mainly performed with inversion of configuration (Scheme 4 and Figures S13 and S14,
Supporting Information), leading to the formation of (S)- and (R)- diol products, respectively, albeit
with low-to-moderate enantioselectiviy (54% and 40% ee, respectively). This result points to a
nucleophilic attack on the more hindered side of the epoxide (Ca)in which the nucleophile is
H.0.[105] Consequently, there could be an influence of the bulkiness of the species involved in the
catalytic process, which support a role of the imidazolium moiety in the mechanism of carbonate
formation. A steric effect may avoid the attack on the Ca of epoxide and direct the attack of the
nucleophile on the CB. Nevertheless, the nucleophile is H.O in the diol formation reaction, which
does not show any steric impediment and performs the attack on the more electronically favoured
Ca..[104]

& [cat]
R.T, 18 h, H,0

o PhyﬂK/OH >99%

Ph

Scheme 4. Formation of diols by reaction of styrene oxide with H,O catalyzed by 1. Reagents: 1,
0.1665 mmol; styrene oxide, 1.665 mmol; H>O, 1 mL. % ee were determined by GC.

3.3.1. Kinetic Studies

For any reaction involving CO,, the thermodynamics and kinetics of the process are of critical
importance. If a large energy input is required, this will generate more CO- than is consumed by the
reaction unless the process can be linked to renewable or nuclear power. However, previous studies
on the experimental determination of reaction thermodynamics and kinetics for the catalytic
cycloaddition of CO; to epoxides are scarce.[106] Theoretical calculations revealed that this
transformation does not occur spontaneously because it is highly endothermic and requires a rather
high activation energy (i.e., 30-60 kcal/mol).[104, 107-111] In this context, we have developed a
kinetic study under solvent-free conditions in which styrene oxide served simultaneously as substrate
and as solvent. Reaction kinetics at different temperatures (i.e., 40, 50, 60, 70, 80 and 90 °C) were
studied and the activation energy for the process was calculated by the Arrhenius equation. The
progress of these reactions was monitored by *H NMR analysis of aliquots collected at regular

intervals. The apparent kinetic constant (kons) Was determined by the use of the general form of the



rate equation given by equation (1) and equation (2).[106] Analysis of the reaction kinetics revealed
that the process followed first-order Kinetics regarding epoxide concentration (Figure S16, Supporting
Information), whereas CO- gas (present in large excess with a gas reservoir) and the concentration of

[BMIm][Fe(NO).Cl;] were assumed to remain effectively constant during the process.

r = k [epoxide]2[CO,]P[[BMIm][Fe(N0O),Cl,]]° (Eq. 1)

r = kops[epoxide]?, where k,ps = k[CO,]P[[BMIm][Fe(NO),Cl,]]° (Eq.2)
Eq—avn (1

In (kps) = In(4) — =222 (=) (Fa.3)

By varying the CO; pressure (constant pressure of 2, 4 and 6 bar maintained with a gas reservoir, see
figure S15a) and [BMIm][Fe(NO).Cl;] concentration (2.5, 5.0 and 7.5% mol/mol epoxide, see figure
S15b), but maintaining all the other parameters constant (substrate concentration and temperature),
the order of reaction for CO, and [BMIm][Fe(NO).Cl;] was determined to be zero and 1.5,
respectively.[106] The zero—order dependence on CO; concentration is attributable to the large excess
of gas present in solution due to the high solubility of CO; in the IL medium, while the 1.5—order
dependence on the [BMIm][Fe(NO).Cl;] catalyst concentration exhibited by the rate was unexpected
and indicates that 1.5 separate molecules of [BMIm][Fe(NO).Cl,] are involved in the catalytic cycle
before the rate-determining step. It was also noted that reactions carried out at very low concentration
of [BMIm][Fe(NO).Cl,] showed an induction period. Furthermore, a deactivation of the catalyst was
observed in some catalytic experiments by the formation of chlorinated products derived from the
epoxide aperture by chloride anion nucleophilic attack. However, this was not apparent in reactions
carried out at higher concentrations of [BMIm][Fe(NO).Cl;]. An analogous behavior was recently
described for the same process mediated by Al-Lewis Acid catalysts dissolved in
tetrabutylammonium bromide ILs.[106]

This dependence on the [BMIm][Fe(NO).Cl;] concentration was correlated with the fact that two
reaction regimes were observed in the Arrhenius plot (Figure 3): one regime with Ea = 321 Kcal/mol
at low-to-mild temperature (i.e., 40 to 60 °C), and another one with Ea = 31 Kcal/mol at mild-to-high
temperatures (i.e., 70 to 90 °C). The presence of these two regimes suggests the existence of a fast
pre-equilibrium, as it was previously observed for enzymatic systems with non-reactive (NR) and
reactive (R) states.[112] This reversible pre-equilibrium determines the concentration of non-reactive
(NR) and reactive (R) species in the reaction medium (i.e., NR & R, and K = [R])/[NR]), that is, the
fast pre-equilibrium governs the reaction rate. Thus, the dissociated species corresponding to the
reactive state predominate at high temperature, whereas the non-reactive state predominates at low
temperature, and the reaction partners (i.e., [BMIm][Fe(NO).Cl;] < [BMIm][CI] + [Fe(NO).CI]) are

immersed in strong interactions with other species. This observation is very important to address the



nature of the true-catalytically active species and understand the reaction mechanism that takes place

with iron-chloride anions dissolved in ILs.
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Figure 3. Arrhenius plot for the cycloaddition reaction of CO- with styrene oxide catalyzed by 1.

3.3.2. Proposed Catalytic Cycle

Two mechanisms are possible under the optimal reaction conditions. The first possibility is the
reaction mechanism proposed for catalysts bearing good nucleophile and good leaving groups (i.e.,
bromide and iodide salts): (a) ring opening of the epoxide by the nucleophile with the formation of an
alkoxide, (b) reaction of the alkoxide with CO, to give a carbonate, and (c) intramolecular
displacement of the nucleophile by the carbonate to yield the five-membered ring and regenerate the
catalyst.[110, 113] Alternatively, the reaction pathways observed for systems bearing a Lewis acidic
metal-based catalyst (i.e., Co-MOF[111] and Zn-Salphen[104]) could also act under our mild reaction
conditions: (a) activation of epoxide by the Lewis acidic metal-based catalyst and formation of a
primary radical through cleavage of the less substituted C-O bond, and (b) CO; binding with the
primary radical complex and carbonate formation by cyclization through a five-membered cyclic
transition state. The radical mechanism was examined by free-radical termination experiments under
the reaction conditions. Different free radical scavengers, such as galvinoxyl and 1,1-diphenyl-2-
picrylhydrazyl (DPPH),[111] were added to the mixture of the cycloaddition reaction of CO, with
styrene oxide catalyzed by [BMIm][Fe(NO).Cl,]. The catalytic reaction in the presence of either
galvinoxyl or DPPH still led to the formation of desired product with moderate to good conversions
(galvinoxyl: 91% conversion and 81% selectivity; DPPH: 74% conversion and 41% selectivity).

Therefore, a radical mechanism can be dismissed as the catalytic pathway.



The catalytic system described herein could be considered as a combination of these two types of
catalyst. The Lewis acidic Fe-site is combined with a chloride anion, allowing the carbonate
formation under mild conditions. The aim is to identify the nature of the true-catalytically active
species, i.e., [BMIm][Fe(NO).Cl;] < [BMIM]*[CI]" + [Fe(NO).CI]. The experimental kinetic data
suggests that [BMIm]*[CI]" ([CI]" acting as nucleophile) and [Fe(NO).CI] (Fe acting as Lewis acid)
are the true-catalytically reactive state, and the [BMIm][Fe(NO).Cl.] is the non-reactive state.
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Scheme 5. Proposed catalytic cycle for the formation of carbonates catalyzed by 1.

On the basis of the experimental evidences, we proposed the catalytic cycle depicted in Scheme 5,
which is also supported by state-of-the-art DFT calculations that are focused upon similar Lewis
acidic systems.[114, 115] After activation of the epoxide through coordination with the Lewis acid
[Fe(NO).CI], the nucleophilic attack of [BMIm]CI on the epoxide promotes a ring opening reaction
and the formation of the alkoxide intermediate (Intl). This nucleophilic attack is favored on the less
sterically-hindered Cp, as is demonstrated by two facts: (1) alcohol by-product B is formed in much
higher ratio than alcohol byproduct C, and (2) when the optically pure epoxide was employed as
substrate, the configuration of the obtained cyclic carbonate was retained and only a slight decrease of
the enantioselectivity was observed. In addition, the interaction of H-C2 of imidazolium ring with the
substrate via H-bonding in Intl is supported through the reactions catalyzed by
[BMMIm][Fe(NO).Cl;] and [(n-Bu)sN]J[Fe(NO).Cl,] (1-butyl-2,3-dimethylimidazolium and



tetrabutylammonium cations, respectively), which showed lower reaction rates. Next, the insertion of
CO; into the Intl and the following ring closure by nucleophilic attack of the carbonate to the C-Cl
bond affords the cyclic carbonate and regenerate the catalyst. To the best of our knowledge, this is the
first case which describes the formation of alcohols B and C as byproducts by protonation of the
alkoxide under the near-ambient reaction conditions employed herein (2 bar and 40 °C). We tried to
avoid the formation of B and C by increasing the temperature to 80 °C in the catalytic reactions with
styrene oxide and p-chlorostyrene oxide, but the corresponding carbonate products were formed with
identical selectivities as those observed at 40 °C (Table 3, entries 1 and 2). Furthermore, we performed
the cycloaddition of carbon dioxide to B catalyzed by 1 in order to study the implication of this by-
product as intermediate in the catalytic cycle. However, no reaction was observed. Therefore, the by-
products are formed through a deactivation pathway and they could be considered as a kind of very
stable dormant catalytic species, since the chloride nucleophile is trapped into their structures and,
consequently, the decrease in the activity observed after each run during the recycling experiment
with styrene oxide can be attributed to the loss of [CI] nucleophile. Indeed, the catalyst remained
active in the seventh cycle by the use of 1,2-epoxypentane as substrate, which does not generate such
by-products. The formation of these byproducts is favored for epoxides with electron-withdrawing

substituents due to the higher basicity of the generated alkoxide.[116]

4. Conclusions

In this work, we report key studies for the understanding of the reaction mechanism of the
cycloaddition of CO, to epoxides catalysed by metal-containing ionic liquids. For this purpose, we
have successfully used the dimer [Fe(NO).Cl]. as metallic precursor for the synthesis of the
imidazolium based iron-containing ionic liquid [BMIm][Fe(NO).Cl,]. An extensive characterization
was performed by a wide variety of techniques, which enabled us to propose this structure for the
iron-based containing ionic liquid. This system was found to be a highly active catalyst for the
cycloaddition of CO, to oxiranes, giving high conversions and chemoselectivities under near ambient
conditions and without the need of any additive. Furthermore, the catalytic system showed a good
recycling performance and the catalyst remained active in the seventh cycle of recovery and reuse.

The complex works as a bifunctional catalyst playing a crucial double role, as Lewis acid and as
nucleophile. In addition to the catalytic studies, the reaction mechanism and the nature of the different
species involved in the catalytic cycle of this transformation was interrogated by experimental studies.
Such experiments demonstrated that the imidazolium moiety is involved in the catalytic process,
whereas the reaction proceeds with retention of configuration through a nucleophilic attack to the Cj3
of the epoxide. In addition, kinetic studies showed that the process followed first-order kinetics
regarding epoxide concentration and revealed the presence of a fast reversible pre-equilibrium in
which the iron-containing ionic liquid [BMIm][Fe(NO).Cl;] (non-reactive state) dissociates at high

temperature and generates the true-catalytically active species, [BMIm][CI] + [Fe(NO).ClI].



On the basis of these experiments, a catalytic cycle was proposed. The [Fe(NO).ClI] fragment operates
as Lewis acid leading to the activation of the epoxide, whereas the chloride [CI], as part of
[BMImM][CI] moiety, acts as nucleophile and promotes the ring opening of substrate through a
nucleophilic attack on the less sterically-hindered Cp. Interestingly, experimental evidences
demonstrated that the process is favoured by an interaction via H-bonding between the substrate and
the H-C2 of imidazolium ring. In conclusion we may say that with the study reported herein, we have
elucidated the nature of the true-catalytically active species involved in the cycloaddition of CO, to

oxiranes mediated by iron-containing ionic liquids.
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