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ARTICLE INFO ABSTRACT

Keywords:
bis(N-heterocyclic carbene)

In the frame of a coordination chemistry study on hybrid bis(N-heterocyclic carbene)-bis(phenolate) ligands (L),
the synthesis of novel Fe(IlI), Cr(Ill) and Ni(II) complexes is reported. The Fe(Ill) and Cr(IIl) complexes are
Iron . obtained starting from their acetylacetonates [M(acac)s] (M = Fe or Cr, acac = acetylacetonate), and are
;};Cr;gnum characterized by a general formula [M(acac)2(H2L)] Br (2, M = Fe and 3, M = Cr), in which only the phenolate
€O, valorization donors of the ligand are coordinated to the metal center. Differently, the Ni(II) complexes are prepared starting
Homogeneous catalysis from Ni(OAc)2-4H50 or NiCly-6H50, and the corresponding products are characterized by the general formula

[NiL*] (4,x =1 and 5, x = 2), in which both the N-heterocyclic carbene and the phenolate donors of the ligand
are coordinated to the metal center. The synthesized compounds were characterized by means of elemental
analysis, ESI-MS and in the case of [Fe(acac)a(H2L)] Br single crystal XRD. Complexes 2-5 were used in ho-
mogeneous catalysis, in the cycloaddition reaction between CO; and epoxides. The Fe(Ill) complex 2, [Fe
(acac)2(HzL)] Br, outperformed the other catalysts prepared in the frame of this study, showing a good activity

under mild reaction conditions (i.e. pcoz = 1 bar) and in the absence of co-catalysts.

1. Introduction

The organometallic chemistry of Earth abundant metals has recently
attracted much attention, mainly due to sustainability and cost-related
reasons [1]. In addition, in the field of homogeneous catalysis, there is
a growing interest in studying first row transition metals, considering
their different reactivity compared to precious metals [2-5]. The latter
indeed strongly prefer two-electron transformations, following well
known reactivity patterns but also limiting the scope of catalytic ap-
plications. Complexes with 3d Earth abundant elements are particularly
interesting for example in photocatalytic and electrocatalytic reactions
in which catalysts capable of undergoing single-electron trans-
formations are more frequently used [6-9]. In this connection, the
development of novel first row transition metal complexes with N-het-
erocyclic carbene (NHC) ligands is of great interest [10-12]. NHCs are in
fact strong o-donor ligands that form robust organometallic complexes
that have been successfully used in many applications, spanning from
material science [13] to homogeneous catalysis [14,15] and medicinal

chemistry [16,17]. Earth abundant first-row transition metal NHC
complexes were effectively studied for various catalytic applications.
Recent examples regard for instance Mn(I) NHC complexes used in CO;
electroreductions [18], N-formylation/N-methylation of amines using
CO; and phenylsilane [19], transfer hydrogenation and hydrogenation
reactions [20,21]. Iron NHC complexes were used in the epoxidation
and aziridination of olefins [22-24]. Nickel NHC complexes were suc-
cessfully employed in the hydrogen evolution reaction [25], and in cross
coupling reactions [26]. In a recent work from our group we reported
that Mn(III) complexes with hybrid bis(NHC)-bis(phenolate) donors can
catalyze the cycloaddition of CO5 with epoxides [27], an efficient route
to prepare cyclic carbonates, i.e. to perform a chemical valorization of
COg, already used in industry [28]. In this work, we extended our study
on the coordination of bis(NHC)-bis(phenolate) ligands to other first row
transition metal centers. In particular we focused our attention on Fe
(II1), Cr(Ill) and Ni(Il), considering that metal complexes with these
metal centers are among the most active catalysts for the cycloaddition
between epoxides and CO; [29-31]. It can be anticipated that in the case
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of Fe(IIl) and Cr(III), we observed exclusively bidentate coordination to
the metal, via the O atoms. Differently, in the case of Ni(II) the bis(NHC)-
bis(phenolate) ligands coordinate the metal in a tetradentate fashion, as
was previously reported for Mn(IIl) (Chart 1). The obtained complexes
were used as catalysts in the cycloaddition of CO, with styrene oxide,
affording styrene carbonate. The most active catalyst, based on Fe(IIl)
was also successfully used with other epoxides as substrates.

2. Experimental
2.1. Materials and methods

Reaction solvents were dried using standard procedures, and ma-
nipulations were carried out using conventional Schlenk techniques in
dry argon. Commercially available reagents were used without addi-
tional purification. The 1-(5-tert-butyl-2-methoxyphenyl)-imidazole,
proligand H4L'Br, and complex 1 were synthesized following estab-
lished protocols [27]. NMR spectra were recorded at 298 K on a Bruker
Avance 300 MHz spectrometer, with operating frequencies of 300.1
MHz for 'H and 75.5 MHz for 13C. Chemical shifts are reported in parts
per million (8) and calibrated to the residual solvent. ESI mass spectra
were obtained using a Finnigan Thermo LCQ-Duo ESI mass spectrom-
eter in positive ion mode. Sample solutions were prepared by dissolving
the compounds in acetonitrile and introduced into the ESI source via a
syringe pump with a flow rate of 8 pL/min. Elemental analyses were
obtained by the microanalytical laboratory of the Chemical Sciences
Department at the University of Padova, using a Scientific FLASH 2000
elemental analyzer.

2.2. H,I?Br; proligand synthesis

2.2.1. Synthesis of 1,1-di(5-tert-butyl-2-methoxyphenyl)-3,3-
(dimethylene)diimidazolium dibromide (a)
In a pressure tube, 500 mg of 1-(5-tert-butyl-2-methoxyphenyl)-

Tetradentate
bis(NHC)-bis(phenolate) ligand
in the case of
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Chart 1. schematic representation of the tetradentate (top) and bidentate
(bottom) coordination modes of the ligands used in this work. Y = -CH,- or
—CH,CH,-.
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imidazole (2.17 mmol) and 180 pL (2.17 mmol) of dibromoethane were
heated and maintained under stirring at 125 °C for 16 h. The crude
product was collected with diethyl ether by filtration, washed with
diethyl ether (4x15 mL), and dried under vacuum. White powder, 90 %
yield. TH NMR (300.1 MHz, DMSO-dg): 6 = 9.59 (s, 2H, NCHN), 8.16 (s,
2H, NCH), 7.92 (s, 2H, NCH), 7.61-7.54 (m, 4H, Ar), 7.29 (d, J = 8.5 Hz,
2H, Ar), 4.90 (s, 4H, CH,), 3.79 (s, 6H, OCHj3), 1.29 (s, 18H, CH3) ppm.
3¢ NMR (75.5 MHz, DMSO-dg): 6 = 149.6 (Ar), 143.8 (Ar), 137.6
(NCHN), 128.2 (Ar), 123.9 (NCH), 122.7 (Ar), 122.5 (Ar), 122.2 (NCH),
112.8 (Ar), 56.2 (OCHs), 48.4 (CHy), 34.0 (C), 30.9 (CH3) ppm.

2.2.2. Synthesis of the proligand H4L?Br

A solution of 1,1-di(5-tert-butyl-2-methoxyphenyl)-3,3-(dimethylene)
diimidazolium dibromide (0.96 mmol) in 15 mL of a mixture HBr:acetic
acid 1:1 was heated at 120 °C under reflux for 48 h. Solvent was
removed under vacuum, and the resulting residue was treated with cold
acetone (15 mL) and then collected on a gooch funnel. The solid was
washed with cold acetone (3x10 mL) and dried under vacuum. White
powder, 70 % yield. 'H NMR (300.1 MHz, DMSO-dg): § = 10.65 (s, 2H,
OH), 9.63 (t, J = 1.8 Hz, 2H, NCHN), 8.13 (t, J = 1.8 Hz, 2H, NCH), 7.93
(t,J = 1.8 Hz, 2H, NCH), 7.45-7.42 (m, 4H, Ar), 7.08 (d, J = 8.3 Hz, 2H,
Ar), 4.91 (s, 4H, CHy), 1.26 (s, 18H, CHs) ppm. !3C NMR (75.5 MHz,
DMSO-dg): 6§ = 147.9 (Ar), 142.4 (Ar), 137.4 (NCHN), 128.1 (Ar), 123.7
(NCH), 122.2 (Ar), 122.2 (NCH), 121.4 (Ar), 116.7 (Ar), 48.5 (CH,),
33.9 (C), 31.0 (CH3) ppm.

2.3. Synthesis of complexes 2 and 3

A mixture of H4L1Br2 (0.08 mmol, 1 equiv.), M(acac)s (0.08 mmol, 1
equiv.), and tetraethylammonium bromide (0.40 mmol, 5 equiv.) was
suspended in ethanol (10 mL). Triethylamine was added (0.32 mmol, 4
equiv.) and the suspension was refluxed at 95 °C for 16 h. After removal
of the solvent under vacuum, the residue was extracted with dichloro-
methane (10 mL) and washed with water (3x10 mL). The organic phase
was then dried over sodium sulfate and, after removal of the solvent, the
product was washed with diethyl ether (3x5 mL) and dried under
vacuum.

[Fe(acac)z(Hle)] Br (2) - Yield: 80 % (dark red crystalline pow-
der). ESI(+)-MS (m/z): 498.14 [Fe(L)]", 597.90 [Fe(acac)(L!) + H]*,
697.78 [Fe(acac)o(HoLN1, 1476.90 [Fey(acac)a(HoLl),Br] . Elemental
analysis calcd (%) for C3yH46BrFeN4Og-2H20: C 54.56, H 6.19, N 6.88.
Found: C 54.53, H 6.27, N 6.57. Crystals suitable for SC-XRD analysis
were obtained by slow diffusion of diethyl ether into an ethanol solution
of the complex.

[Cr(acac)Z(Hng)] Br (3) - Yield: 40 % (brown powder). ESI(+)-MS
(m/2): 694.14 [Cr(acac)z(Hle)]+. Elemental analysis caled (%) for
C37H46BrCrN4OgeEt20: C 58.02, H 6.65, N 6.60. Found: C 58.18, H 6.41,
N 6.75.

2.4. Synthesis of complex 4

A mixture of H4L1Br2 (0.08 mmol, 1 equiv.) and Ni(OAc)s-4H50
(0.08 mmol, 1 equiv.) was dissolved in methanol (10 mL). After addition
of triethylamine (0.32 mmol, 4 equiv.) the solution was heated at 80 °C
for 16 h. After cooling, the yellow precipitate was collected on a gooch
funnel, washed with methanol (3x10 mL), and dried under vacuum.
Yellow powder, 60 % yield. ESI(+)-MS (m/z): 523.09 [NiL! + Na]™,
1024.99 [(NiL});Na]*. 'H NMR (300.1 MHz, DMSO-de): 5 = 8.38 (d, J
= 2.2 Hz, 2H, NCH), 7.76 (d, J = 2.2 Hz, 2H, NCH), 7.49 (d, J = 2.4 Hz,
2H, Ar), 6.98 (dd, J = 8.6, 2.4 Hz, 2H, Ar), 6.70 (d, J = 8.6 Hz, 2H, Ar),
6.19 (s, 2H, CHy), 1.28 (s, 18H, CH3) ppm. The solubility of the complex
is too low to obtain a good '3C NMR spectrum; the carbene carbon
chemical shift at § 156.1 ppm was identified via a 13¢c_'H HMBC NMR
spectrum. Crystals suitable for SC-XRD analysis were obtained by slowly
cooling down to room temperature a hot DMF solution of the complex.
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2.5. Synthesis of complex 5

A mixture of H4L2Br2 (0.16 mmol, 1 eq.), NiCl-6H50 (0.16 mmol, 1
eq.), and KoCO3 (0.64 mmol, 4 eq.) in 10 mL of acetonitrile was heated at
80 °C for 16 h. After filtration of the orange suspension, the solvent was
evaporated, and the final product was isolated. Orange crystalline
powder, 94 % yield. ESI(+)-MS (m/z): 537.14 [NiL? + Na]*, 1051.05
[(NiL2)2 + Na]™. Elemental analysis caled (%) for CogHg3oNi-
N402-2.5H,0: C 60.02, H 6.66, N 10.00. Found: C 59.98, H 6.61, N 9.90.
'H NMR (300.1 MHz, DMSO-dg): 6 = 7.97 (d, J = 2.1 Hz, 2H, NCH), 7.53
(d, J = 2.1 Hz, 2H, NCH), 7.29 (d, J = 2.4 Hz, 2H, Ar), 6.91 (dd, J = 8.6,
2.4 Hz, 2H, Ar), 6.61 (d, J = 8.6 Hz, 2H, Ar), 4.63 (s, 4H, CHy), 1.25 (s,
18H, CH3) ppm. 13C NMR (75.5 MHz, DMSO-dg): § = 154.7 (Ar), 153.3
(C-Ni), 134.9 (Ar), 126.9 (Ar), 124.3 (NCH), 123.4 (Ar), 119.2 (Ar),
118.2 (NCH), 114.6 (Ar), 48.7 (CHy), 33.6 (C), 31.5 (CH3) ppm.

2.6. Cycloaddition reactions protocol

The catalyst and a stirring bar were added to a Schlenk tube and,
after three cycles of vacuum/inert gas, the epoxide and DMF were
introduced. Under stirring, the atmosphere inside the Schlenk tube was
saturated with COy by allowing it to flow into the tube. Subsequently,
the system was sealed, and a CO balloon was connected to the Schlenk
tube. For the catalytic tests conducted at higher pressures, a 35 mL
Fisher-Porter tube was adopted. The reactor was dipped into a ther-
mostatic bath, maintaining the stirring speed and immersion depth
similar in all the catalytic tests, and keeping the starting time five mi-
nutes after the immersion. At the end, the reactor was removed from the
thermostatic bath and cooled to room temperature. To evaluate the yield
of the reaction, a precise amount of 2,5-dimethylfuran was added, and
after homogenization of the reaction mixture, the 'H NMR spectra of a
small sample diluted with CDCl3 were recorded.

2.7. X-ray structure

The crystallographic data for compound 2 were obtained by
mounting a single crystal on a glass fiber and transferring it to a Bruker
D8 Venture Photon II diffractometer (CuKa radiation 1 = 1.54178 10\)
working at 200 K. The APEX 3 program package was used to obtain the
unit-cell geometrical parameters and for the data collection [32]. The
raw frame data were processed using SAINT and SADABS to obtain the
data file of the reflections. The structure was solved using SHELXT
2014/5 [33] (Intrinsic Phasing method in the APEX 3 program). Sub-
sequent calculations were carried out using the SHELXTL-2018/3 pro-
gram in the WinGX suite v.2020.1 [34]. The refinement was carried out
based on F? by full-matrix least-squares techniques. The hydrogen atoms

oy

H4L'Br,

M

NEt4Br NEt3
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were introduced in the refinement in defined geometry and refined
“riding” on the corresponding carbon atom. The calculated molar mass,
density and absorption coefficient for compound 2 include one ethanol
and four diethyl ether solvent molecules per cell which do not appear in
the final files because of the refinements carried out with data subjected
to SQUEEZE [35]. Crystallographic data for compound 2 have been
deposited with the Cambridge Crystallographic Data centre CCDC
2338817. Crystal data and refinement parameters are reported in
Table S1.

3. Results and discussion
3.1. Synthesis and characterization

The ligand precursors H4L'Bry and H4L2Bry used in this work
(Schemes 1 and 2) were synthesized by using a procedure reported by
Thomas and coworkers [36], and recently optimized by some of us [27].
The three-step synthetic route consists in the preparation of 1-(5-tert-
butyl-2-methoxyphenyl)-imidazole that is successively reacted with
dibromomethane or dibromoethane to obtain the corresponding bis
(imidazolium) salt, and lastly in the deprotection of the phenol moieties
by treatment with HBr/HOAc. Whereas H4L'Br, was an already known
compound [37], H4L2Br, was prepared for the first time in the frame of
this work.

3.1.1. Synthesis of complexes [Fe(acac)g(Hng)]Br (2) and [Cr
(acac)s(HoL)]Br (3)

With the aim of coordinating ligand L! to Fe(Il) and Cr(III) metal
centers, a synthetic route in which the corresponding metal acetylacet-
onate was used as metal precursor was adopted. Ligand precursor
H4L1Br2 was reacted with one equivalent of M(acac)s (M = Fe or Cr,
acac = acetylacetonate) in ethanol, in the presence of triethylamine (4
equivalents) and tetraethylammonium bromide (5 equivalents) (Scheme
1). The described procedure was already used successfully with Mn
(acac)s, affording a complex of general formula [MnBrL] [27].

In the case of Fe(Ill) and Cr(IIl), the employed reaction conditions
did not lead to the formation of the expected complexes [FeBrL'] and
[CrBrL!] in which L! coordinates the metal center in a tetradentate
fashion. In complexes 2 and 3 only the phenolate donors are coordinated
to the metal center in a bidentate fashion, whereas the NHC donors
remain in their protonated imidazolium form (Hle), not taking part in
the coordination process. The same coordination mode for hybrid NHC-
phenolate ligands was already reported by Bellemin-Laponnaz, Dagorne
and co-workers [38-40]. The proposed molecular structure for 2 and 3,
with the metal center coordinated by HyL! in a bidentate fashion and by
two acac ligands, affording a hexacoordinated monocationic complex,

M(acac)s
CrorFe

EtOH

2: [Fe(acac),(H,L")IBr
3: [Cr(acac),(H,L")]Br

1: [MnBrL"]

Scheme 1. Synthesis of complexes 2-3 (top) and structure of complex 1 (bottom).
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Ni(OAGC), N’K _)¥N
—_—

MeOH, NEt,
H4L'Br, 4: [NiL"]
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@N N@ ] /JN N@
N= =\ NICH, N"KNi)‘N
_ >
%—@OH HO CHACN, K,CO4 o~ Do
HL*Br; 5: [NiL2]

Scheme 2. Synthesis of complex 4 (top) and complex 5 (bottom).

was confirmed via ESI-MS analysis and in the case of 2 by single crystal
XRD analysis. In the ESI-MS spectra of 2 and 3 the signals related to the
species [Fe(acac)g(Hng)]+ and [Cr(acac)Z(Hle)]+ are clearly detect-
able at 697.78 and 694.14 m/z respectively. By slow diffusion of diethyl
ether into an ethanol solution of complex 2, crystals suitable for X-ray
structure determination were obtained. The molecular structure of 2 is
depicted in Fig. 1. The Fe(IIl) metal center is characterized by a distorted
octahedral coordination geometry. The Fe-O bond distances are 1.988
(3) and 1.956(3) A in the case of the phenolate donors, whereas the Fe-O
bond distances for the acetylacetonates donors are slightly longer being
in the range of 2.007(4)-2.038(3) A. The Fe-O bond distances in the case
of Fe(acac)s are in the range 1.976(3)-2.004(3) [41]. The Hng bite angle
is 90.35(14) °, slightly larger than those of the two acetylacetonates
(86.39(15) and 86.10(15) °). In Fe(acac)s the bite angles of the acac
ligands are in the range 87.24(13)-87.64(13)°. The longer Fe-O bonds
and smaller bite angles of acac ligands in complex 2 compared to pris-
tine Fe(acac)s are likely due to the steric hindrance caused by ligand
Hle in the coordination sphere of Fe(IIl) in complex 2.

3.1.2. Synthesis of complexes [NiL]] (4) and [NiLz] 5)

Complex [NiL!] (4) was synthesized by reacting ligand precursor
H,4L'Br, with Ni(OAc),-4H,0 in the presence of triethylamine (scheme
2, top), while for complex [NiL2] (5) a slightly different procedure was
adopted, using NiCly-6H20 as metal precursor and KyCOs3 as base
(scheme 2, bottom). The use of two different synthetic approaches was
based on the very different solubility of the final Ni(II) complexes.

Fig. 1. ORTEP style view of the cation of complex 2. Ellipsoids are drawn at the
50% probability level. Hydrogen atoms and bromide anion have been omitted
for clarity. Selected bond distances (;\) and angles (°): O1-Fe 1.988(3), O2-Fe
1.956(3), 03-Fe 2.025(3), 04-Fe 2.026(4), O5-Fe 2.007(4), O6-Fe 2.038(3),
0O1-Fe-04 174.86(14), 02-Fe-O1 90.35(14), 02-Fe-0O5 172.51(14), O3-Fe-O4
86.10(15), 0O3-Fe-06 176.18(15), 0O5-Fe-06 86.39(15).

Complex 4 has a low solubility in most common organic solvent and is
only slightly soluble in polar organic solvents such as DMSO and DMF.
Differently, complex 5 has a high solubility in most common organic
solvents apart from very low polarity solvents such as diethyl ether and
n-hexane. For this reason, it is convenient to prepare complex 4 by using
a base soluble in the reaction mixture such as NEts, as the product
precipitates and can be easily recovered by filtration. In the case of
complex 5, the product remains in solution, thus the use of KyCOs is
preferable because it can be easily removed from the reaction mixture,
allowing the isolation of the product from the filtrate.

The formation of complexes 4 and 5 was confirmed by ESI-MS and
NMR studies. In the ESI-MS spectra of complexes 4 and 5, it is possible to
observe the signals related to the species [NiL! + Na]* and [NiL? + Na]*
at 523.09 and 537.14 m/z respectively. In both the ESI-MS spectra the
base peak is attributed to the adduct [(NiL)y + Na]™" found at 1024.99
m/z for [(NiL1)2 + Na]* and at 1051.05 m/z for [(NiL?); + Na]™. In the
'H NMR spectra of complexes 4 and 5 the coordination of the tetra-
dentate ligands to the Ni(II) center is indicated by the absence of the
signals of both the imidazolium C2-H and phenolic OH protons, as ex-
pected after the complete deprotonation of the ligand precursors. In the
13C NMR spectra, the carbene carbon signals, identified also through 2D
'H-13C HMBC experiments, were found at 156.1 and 153.3 ppm for 4
and 5 respectively, in good agreement with similar complexes reported
in the literature [36,42], thus further supporting the formation of the bis
(NHC)-bis(phenolate) complexes. Moreover, regarding complex 4, the
presence in the 'H NMR spectrum of a sharp singlet for the bridging
methylene group between the two NHC donors indicates a highly planar
structure in solution for the complex [36]. Finally, the structure of
complex 4 has been confirmed also by X-ray diffraction analysis. The
poor quality of the crystals didn’t allow us to obtain a good refinement,
nonetheless the connectivity of the atoms is reported in Fig. 2.

Fig. 2. Ball and stick view of complex 4. Hydrogen atoms have been omitted
for clarity. Space group: P-1; cell lengths (10\): a 11.790(2), b 12.099(2), ¢
17.590(3); cell angles (°): o 96.287(6), p 95.638(6), y 90.031(6); cell volume
2481.8(8) A3. Color codes: C gray, N light blue, O red, Ni dark blue. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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3.2. Catalytic studies

Complexes 2-5 were tested as catalysts in the cycloaddition of CO5
with epoxides to afford the corresponding cyclic carbonates. Moreover,
the catalytic performance of the complexes prepared in this work
(Table 1) was compared to that of benchmark compounds such as tet-
rabutylammonium bromide (TBAB) and Fe(acac)s, the ligand precursor
H4LlBr2 and complex [MnBrL!] (1) previously reported by us [27]. The
reaction between CO; and styrene oxide (SO) was selected to carry out
the comparative study between the different catalysts, being SO a
benchmark substrate for this reaction (Scheme 3). The catalytic exper-
iments were carried out in DMF as solvent, ensuring the obtainment of a
real homogeneous system, and by working at a CO5 pressure of 1 bar at
100 °C, in the absence of any co-catalyst.

The results of the comparative catalytic study are reported in Table 1.
Among complexes 2-5 (Table 1, entries 6-9) complex 2 delivered the
best catalytic performance in terms of styrene carbonate product yield.
This result is somehow surprising, in particular regarding the marked
difference between the performance of 2 and 3, considering that the two
complexes have a very similar structure [M(acac)z(Hle)] Br (2, M =
Fe and 3, M = Cr). This seems to suggest that the catalysis is not simply
due to the presence of the bromide anion, but that the metal center is
also involved in the substrate activation mechanism. This is further
suggested by the fact that TBAB alone afforded a very poor performance
(Table 1, entry 2). It can be speculated that for complex 3 the interaction
between the substrate and the metal center is hampered, being Cr(III)
inert towards ligand substitution reactions. Indeed, in the metal-
catalyzed cycloaddition of CO2 to epoxides the most common reaction
mechanism involves the metal as an electrophilic center, that firstly
interacts with the epoxide and have a pivotal role in the energetics of the
whole reaction [43-45]. The supposed mechanism (Scheme 4) starts
with the coordination of the epoxide to the metal center. Considering
that Fe(acac)s is not active in the transformation (Table 1, entry 3) it can
be assumed that the required coordination site is formed by cleavage of
one of the Fe-phenolate bonds. Subsequently a nucleophilic attack by
the bromide anion forms an alkoxy complex, followed by CO, insertion
and formation of a linear carbonate. The carbonate then undergoes
intramolecular nucleophilic attack, leading to the formation of the cyclic
carbonate and the regeneration of active catalytic species.

The performance of complex 2 is slightly superior to that of complex
1, [MnBrL'] (Table 1, entry 5) that was already tested by us but under
different reaction conditions [27], and to that of the ligand precursor
H4L'Bry (Table 1, entry 4). In the last case however, it has to be
considered that the ligand precursor is a dicationic compound and the

Table 1

Cycloaddition of CO, with styrene oxide to form styrene carbonate.
Entry Catalyst (mol %)* Yield /%P TON®
1 - 0 -
2 TBAB (0.5) 4 8
3 [Fe(acac)s] (0.5) 2 4
4 H,4L'Br (0.5) 34 68
5 1 (0.5) 39 78
6 2(0.5) 42 84
7 3(0.5) 8 16
8 4 (0.5) 8 16
9 5(0.5) 11 22
104 5 (0.5) + TBAB (0.5) 11 22
114 5 (0.5) + NEt3 (1) 2
12 2 (1) 89 89
13f 2(2) 100 50
14¢ 2 (1) 100 100

Reaction conditions: styrene oxide (0.88 mmol) in DMF (1 mL), p(CO3) = 1 bar
(balloon), 100 °C, 19 h.  mol% with respect to styrene oxide. b vield determined
by 'H NMR using 2,5-dimethylfuran as an internal standard. ¢ Turnover number
(TON). ¢ TON based on the complex loading. ® p(CO,) = 5 bar.  Styrene oxide
0.44 mmol in DMF (0.5 mL).
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Scheme 3. Benchmark reaction used in the catalytic study.
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Scheme 4. Supposed reaction mechanism for the cycloaddition of CO, with
styrene oxide catalyzed by complex 2. In the structure of the catalyst the acac
ligands are reported in black and the zwitterionic ligand H,L! is reported in red.

presence of a double quantity of bromide anions might influence the
catalytic process. Finally, Ni(II) complexes 4 and 5 showed modest
performances (Table 1, entries 8 and 9), that did not improve despite the
addition of a co-catalyst such as TBAB or NEt3 (Table 1, entries 10 and
11). Several Ni(II) complexes were reported to be very active in this
transformation [31,46-49].

The poor performance recorded with our system for complexes 4 and
5 might be related to the fact that the most active Ni(II) complexes re-
ported so far are dicationic species, whereas our complexes are neutral,
and this could have an impact on the reaction mechanism by hindering
the formation of crucial intermediates [31,48]. In particular, as reported
by Mayilmurugan et al., Ni(II) complexes of general formula [NiL]?* (L
= diazepane-based N4 Ligand), in the presence of CO5 form the dinu-
clear adduct [(LNi)2C03]2+, that is considered the key intermediate that
upon reaction with the epoxide affords the cyclic carbonate product
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[31].

Afterwards, further catalytic experiments were performed with the
most active catalyst 2. By increasing the catalyst loading to 1 mol% with
respect to the substrate the product yield increased to 89 % (Table 1
entry 12). Moreover, it was possible to push the reaction to full substrate
conversion into the desired product either by increasing the catalysts
loading to 2 mol% or by increasing the COy pressure to 5 bar (Table 1,
entries 13 and 14). Finally, complex 2 was tested also with other sub-
strates, namely benzyl glycidyl ether (BGE), 1,2-dodecene oxide (DO)
and cyclohexene oxide (CHO) (Table 2). By employing 1 mol% catalyst
loading BGE and DO were completely converted into their correspond-
ing cyclic carbonates (Table 2, entries 1 and 2), whereas in the case of
the more challenging substrate CHO the product yield remained poor
although increasing the catalyst loading to 3 mol% (Table 2, entry 3).
CHO is a challenging substrate for this reaction, considering that its ring
opening reaction is much slower than that of terminal epoxides due to
steric hindrance [50,51].

4. Conclusion

In this work the coordination of bis(NHC)-bis(phenolate) ligands L
and L2 towards Fe(IIl), Cr(IlI) and Ni(II) metal centers was explored. In
the adopted reaction conditions, ligand precursor H4L!Br, reacts with M
(acac)3; (M = Fe, Cr), to afford complexes in which the ligand co-
ordinates the metal center in a bidentate fashion through the O atoms,
and the NHC moieties remain in their protonated imidazolium form, not
being involved in the coordination process. Complexes 2 and 3 having
the general formula [M(HZLI)(acac)Z] Br (M = Fe (2) and M = Cr (3))
were obtained in good yield. The structure of complex 2 was elucidated
via single crystal XRD, the Fe(IIl) center has a distorted octahedral co-
ordination geometry in which ligand HoL! hasa slightly larger bite angle
(90.35(14) °) compared to that of the acetylacetonate donor (86.39(15)
and 86.10(15) °). Bis(imidazolium) salts H4L'Br, and H4L?Br, react with
nickel precursors to afford complexes 4 and 5 of general formula [NiLX]
(x = 1, 2) in which ligands L! and 1.2 coordinate the metal center in a
tetradentate fashion. Ligands L' and L2 differ for the bridging group
between the two NHC donors, bearing a methylene and dimethylene
bridging group respectively. The different ligand structure affects the
solubility properties of the corresponding Ni(II) complexes: whilst
complex 4 is sparingly soluble only in DMSO and DMF, complex 5 is
highly soluble in most organic solvents. Complexes 2-5 were tested as
catalysts in the cycloaddition of CO, with styrene oxide in DMF to afford
styrene carbonate. Whilst complexes 3-5 were only poorly active, the Fe
(ITI1) complex 2, [Fe(Hle)(acac)z] Br, showed a good catalytic perfor-
mance despite working in the absence of any co-catalyst and at 1 bar
CO4, pressure. It was possible to achieve a complete substrate conversion
either by increasing the catalyst loading (2 mol% instead of 1 mol%) or
by increasing the CO; pressure (5 bar instead of 1 bar). Gratifyingly,
under the adopted reaction conditions complex 2 was capable of fully
convert into their corresponding cyclic carbonates also benzyl glycidyl
ether and 1,2-dodecene oxide, whereas a poor carbonate product yields
was obtained with the more challenging cyclohexene oxide. An evalu-
ation of these complexes as catalysts in other reactions of technological
interest is currently underway.
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Table 2
Cycloaddition of CO, with different epoxides to form the corresponding cyclic
carbonates.

Entry Substrate Catalyst (mol %)* Yield /%"
1 2(1.0) 100
A
2 O 2(1.0) 100
4
3 O 2 (3.0) 10

Reaction conditions: substrate (0.45 mmol) in DMF (0.5 mL), p(CO5) = 1 bar
(balloon), 100 °C, 19 h. * mol% with respect to the substrate. b vield determined
by 'H NMR using 2,5-dimethylfuran as an internal standard.
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