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Six Fe (II) complexes were synthesized based on the concept of the hem-
ilability of hybrid ligands, and their catalytic behaviors and performances were
evaluated for the fixation of CO, via the cycloaddition of epoxides. The cata-
of the Fe (I
bis(triphenylphosphoranylidene)ammonium chloride, have been proved to

lytic potential complexes, in combination with
achieve the efficient conversion in some challenging substrates such as
internal, disubstituted epoxides, oxetanes, and fatty acid-derived epoxides
for synthesis of cyclic carbonates under the mild reaction conditions.
Ultraviolet-visible and in situ Fourier transform infrared spectroscopy experi-
ments as well as our previous coordination of Ni complexes studies revealed
that the origin of activity of Fe (II) complexes might be attributed to the trans

effect between N-heterocyclic carbene ligands and pyridine nitrogen donors.
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1 | INTRODUCTION

Carbon dioxide (CO,) is an abundant, nontoxic, and
renewable C1 feedstock that provides an attractive
alternative for organic synthesis from fossil fuel to sus-
tainable resources.! The utilization of CO, as renew-
able C1 building block must overcome both the
thermodynamic stability of CO, and its kinetic
inertness.'®! The synthesis of cyclic carbonates from
CO, and epoxides is one of the most promising reac-
tion route for the CO, utilization due to its high
atomic economy.[z] Cyclic carbonates are important
raw materials in chemical industry, which can be used
for aprotic polar solvents, the preparation of polycar-
bonate, and ion carriers for lithium-based batteries.!*®!
In the past few decades, hydrogen bond donor has rep-
resented an efficiently organocatalyzed strategy for the
formation cyclic carbonates from CO, and epoxides.!*
Recently, nonnoble metal catalysts, including Al,[‘”
Co,® cr,!® Mn,"! Mg,!®! Zn complexes,” and bimetal-
lic complexes,''” have showed promising application
potentials for the utilization of CO,.

Fe is one of the particularly attractive metals
because of its abundance on earth.' A wide range
of Fe-based catalysts has been developed by
Alhashmialameer et al.," Seong et al,’*! Della
Monica et al.,!**! Whiteoak et al.,'*! Buchard et al.,*®!
Buonerba et al,'"”! and our group.' Nevertheless,
high temperature, high CO, pressure, and limited
scope of substrates remain impediments of these
approaches. The design of ligands generally plays an
important role in achieving efficiency and selectivity in
the chemical transformation. The ligands with hybrid/
different ligands generated the trans effect in catalytic
process have attracted some attention in transition
metal catalysis.'® The difference of the coordination
ability between the two ligands results in the weaker
ligand preferring to dissociate from the metal center,
which will provide one or more coordination sites for
the activation of substrate molecule at metal center.
Our group has successfully synthesized a variety of
transition metal complexes bearing hybrid ligands such
as Fe,'8201 pq 2] Ry 22l and Ni catalysts,!**! which
have been given rise to unique and high reactivity in
cycloaddition of CO,, coupling reaction, and oxidative
reaction. In this work, we now report a simple, practi-
cal, and convenient synthetic procedure for Fe
(I1) complexes based on the trans effect between
N-heterocyclic carbene (NHC) and nitrogen ligands.
The Fe (II) complexes showed an extremely high activ-
ity for the cycloaddition of CO, and epoxides in mild
conditions.

2 | EXPERIMENTAL SECTION
2.1 | General procedure for the synthesis
of iron catalysts

The pyridine-bridge bidentate-type imidazolium salts
were initially synthesized by the previous literature.!**
Imidazolium salts (0.5 mmol), Fe (acac); (0.3 mmol), t-
BuOK (0.5 mmol), and THF (3.0 ml) were put into 25-ml
Schlenk tube. The Schlenk tube was subsequently heated
to 65°C and reacted for 24 h. Then Schlenk tube was
cooled to room temperature, the mixtures were filtered,
the brown solid was collected, and then the desired prod-
ucts were isolated by flash chromatography.

2.1.1 | Synthesis of iron complex 1a
3-Methyl-1-(pyridin-2-yl)-1H-benzo[d]imidazol-3-ium
iodide (168.5 mg, 0.5 mmol), Fe (acac); (106.0 mg,
0.3 mmol), and +~BuOK (56.1 mg, 0.5 mmol) were suc-
cessfully added to a 25-ml Schlenk tube and dissolved in
3 ml of THF. The mixtures were subsequently heated to
65°C and reacted for 24 h. Then Schlenk tube was cooled
to room temperature, the mixtures were filtered, the
brown solid was collected, and then the desired products
were isolated by flash chromatography (dic-
hloromethane/methanol = 15:1). Brown power
(109.0 mg, yield 62%), mp = 206.8-207.2°C. '"H NMR
(400 MHz, DMSO-dg) & 8.55-8.44 (m, 4H), 8.19-8.15 (m,
4H), 7.53-7.37 (m, 8H), 5.43 (s, 1H), 2.92-2.18 (m, 6H),
1.87 (s, 6H). HRMS (ESI) Calcd for C;H,oFeINgzO,
[M —I]* 573.1696. Found 573.1698. IR (neat, KBr): 1578,
1514, 1468, 1396, 1194, 1081, 773, 747 cm™'. The 'H
NMR spectra and FT-IR spectra of iron complex 1a can
be found in Figures S1 and S7.

2.1.2 | Synthesis of iron complex 1b
3-Ethyl-1-(pyridin-2-yl)-1H-benzo[d]imidazol-3-ium
iodide (175.5 mg, 0.5 mmol), Fe (acac); (106.0 mg,
0.3 mmol), and +~BuOK (56.1 mg, 0.5 mmol) were suc-
cessfully added to a 25-ml Schlenk tube and dissolved in
3 ml of THF. The mixtures were subsequently heated to
65°C and reacted for 24 h. Then Schlenk tube was cooled
to room temperature, the mixtures was filtered, the
brown solid was collected, and then the desired products

were isolated by flash chromatography (dic-
hloromethane/methanol = 15:1). Brown power
(100.1 mg, yield 55%), mp = 215.9-217.1°C. '"H NMR

(400 MHz, DMSO-dg) 6§ 8.56 (d, J = 8.0 Hz, 2H), 8.44
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(d, J = 7.2 Hz, 2H), 8.21 (t, J = 6.8 Hz, 2H), 8.11 (d,
J = 4.8 Hz, 2H), 7.56 (d, J = 7.2 Hz, 2H), 7.47-7.42 (m,
6H), 5.43 (s, 1H), 3.30-3.28 (m, 2H), 3.18-3.12 (m, 2H),
1.85 (s, 6H), 0.57 (t, J = 6.8 Hz, 6H). HRMS (ESI) Calcd
for C33H33FeINGO, [M — I]* 601.2009. Found 601.2005.
IR (neat, KBr): 1578, 1514, 1477, 1405, 1245, 1190, 1093,
769, 744 cm ™. The "H NMR spectra and FT-IR spectra of
iron complex 1b can be found in Figures S2 and S8.

2.1.3 | Synthesis of iron complex 1c
3-Propyl-1-(pyridin-2-yl)-1H-benzo[ d]imidazol-3-ium
iodide (182.5 mg, 0.5 mmol), Fe (acac); (106.0 mg,
0.3 mmol), and t-BuOK (56.1 mg, 0.5 mmol) were suc-
cessfully added to a 25-ml Schlenk tube and dissolved in
3 ml of THF. The mixtures were subsequently heated to
65°C and reacted for 24 h. Then Schlenk tube was cooled
to room temperature, the mixtures were filtered, the
brown solid was collected, and then the desired products
were isolated by flash chromatography (dic-
hloromethane/methanol = 15:1). Brown power
(113.4 mg, yield 60%), mp > 300°C. 'H NMR (400 MHz,
DMSO-dg) 6 8.59 (d, J = 8.4 Hz, 2H), 8.46 (d, J = 8.4 Hz,
2H), 8.22 (d, J = 7.2 Hz, 2H), 8.10-8.09 (m, 2H), 7.60 (d,
J = 7.2 Hz, 2H), 7.47-7.40 (m, 6H), 5.42 (s, 1H), 3.30-3.23
(m, 2H), 3.02-2.95 (m, 2H), 1.84 (s, 6H), 1.22-1.10 (m,
2H), 0.67-0.57 (m, 2H), 0.25 (t, J = 7.2 Hz, 6H). HRMS
(ESI) Calcd for C35sH;,FeINGO, [M — I]* 629.2322. Found
629.2323. IR (neat, KBr): 1573, 1510, 1472, 1405, 1346,
1274, 1181, 1017, 769, 744 cm™. The 'H NMR spectra
and FT-IR spectra of iron complex 1c can be found in
Figures S3 and S9.

2.14 | Synthesis of iron complex 1d
3-Butyl-1-(pyridin-2-yl)-1H-benzo[d]imidazol-3-ium
iodide (189.5 mg, 0.5 mmol), Fe (acac); (106.0 mg,
0.3 mmol), and t-BuOK (56.1 mg, 0.5 mmol) were suc-
cessfully added to a 25-ml Schlenk tube and dissolved in
3 ml of THF. The mixtures were subsequently heated to
65°C and reacted for 24 h. Then Schlenk tube was cooled
to room temperature, the mixtures were filtered, the
brown solid was collected, and then the desired products
were isolated by flash chromatography (dic-
hloromethane/methanol = 20:1). Brown power
(127.4 mg, yield 65%), mp = 199.8-201.6°C. "H NMR
(400 MHz, DMSO-dg) & 8.60-8.46 (m, 4H), 8.22-8.07 (m,
4H), 7.60-7.39 (m, 8H), 5.42 (s, 1H), 3.59-3.54 (m, 2H),
2.86-2.80 (m, 2H), 1.85 (s, 6H), 1.23-0.95 (m, 4H),
0.69-0.59 (m, 2H), 0.51-0.40 (m, 2H), 0.24 (t, J = 6.8 Hz,
6H). HRMS (ESI) Calcd for Cs;;HyFeINgO, [M — I

30f10
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657.2635. Found 657.2636. IR (neat, KBr): 1573, 1510,
1468, 1409, 1354, 1270, 1181, 777, 744 cm™'. The 'H
NMR spectra and FT-IR spectra of iron complex 1d can
be found in Figures S4 and S10.

2.1.5 | Synthesis of iron complex le
3-Pentyl-1-(pyridin-2-yl)-1H-benzo|d|imidazol-3-ium
iodide (196.5 mg, 0.5 mmol), Fe (acac); (106.0 mg,
0.3 mmol), and +~BuOK (56.1 mg, 0.5 mmol) were suc-
cessfully added to a 25-ml Schlenk tube and dissolved in
3 ml of THF. The mixtures were subsequently heated to
65°C and reacted for 24 h. Then Schlenk tube was cooled
to room temperature, the mixtures were filtered, the
brown solid was collected, and then the desired products
were isolated by flash chromatography (dic-
hloromethane/methanol = 20:1). Brown power
(119.8 mg, yield 59%) mp = 210.7-212.4°C. 'H NMR
(400 MHz, DMSO-ds) § 8.60 (d, J = 8.4 Hz, 2H), 8.47 (d,
J = 7.2 Hz, 2H), 8.22-8.18 (m, 2H), 8.09 (d, J = 5.6 Hz,
2H), 7.60 (d, J = 7.2 Hz, 2H), 7.48-7.39 (m, 6H), 5.40 (s,
1H), 3.64-3.57 (m, 2H), 2.85-2.78 (m, 2H), 1.83 (s, 6H),
1.07-1.02 (m, 2H), 0.68-0.34 (m, 16H). CsoH,sFeIN4O,
[M — I]* 685.2953. Found 685.2967. IR (neat, KBr): 1578,
1527, 1480, 1405, 1354, 1265, 1190, 1085, 1013,
764, 739 cm™". The 'H NMR spectra and FT-IR spectra of
iron complex 1e can be found in Figures S5 and S11.

2.1.6 | Synthesis of iron complex 1f
5,6-Dimethyl-3-propyl-1-(pyridin-2-y1)-1H-benzo[d]
imidazol-3-ium iodide (196.5 mg, 0.5 mmol), Fe (acac);
(106.0 mg, 0.3 mmol), and -BuOK (56.1 mg, 0.5 mmol)
were successfully added to a 25-ml Schlenk tube and dis-
solved in 3 ml of THF. The mixtures were subsequently
heated to 65°C and reacted for 24 h. Then Schlenk tube
was cooled to room temperature, the mixtures was fil-
tered, the brown solid was collected, and then the desired
products were isolated by flash chromatography (dic-
hloromethane/methanol = 20:1). Brown power
(101.5 mg, yield 50%), mp = 230.9-232.2°C. 'H NMR
(400 MHz, DMSO-dg) 6 8.57-8.55 (m, 2H), 8.25 (s, 2H),
8.19 (t, J = 7.6 Hz, 2H), 8.09 (d, J = 7.6 Hz, 2H), 7.40-7.37
(m, 4H), 5.40 (s, 1H), 3.27-3.20 (m, 2H), 2.93-2.85 (m,
2H), 2.44 (s, 6H), 2.33 (s, 6H), 1.83 (s, 6H), 1.17-1.12 (m,
2H), 0.59-0.56 (m, 2H), 0.22 (t, J = 7.2 Hz, 6H). HRMS
(ESI) Calcd for C3oH4sFeINgO, [M — I]* 685.2949. Found
685.2948. IR (neat, KBr): 1573, 1518, 1472, 1409, 1346,
1177, 1017, 756 cm™'. The 'H NMR spectra and FT-IR
spectra of iron complex 1f can be found in Figures S6
and S12.
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2.2 | General procedure for the synthesis
of cyclic carbonate

Epoxides (10.0 mmol), catalyst 1d (0.03 mmol), and
PPNCI (0.3 mmol) were successively added to a 25-ml
stainless steel reactor that was equipped with a magnetic
stirrer. The reactor was pressurized with CO, to 5 bar
and heated to 50°C and reacted for 24 h. After the reac-
tion, the stainless steel reactor was cooled to room tem-
perature, and excess CO, was slowly vented off. The
reaction mixtures were added to dichloromethane
(2 x 10 ml). After the reaction, the mixture was concen-
trated under vacuum, and the cyclic carbonates were
obtained by flash chromatography. Characterization data
for cyclic carbonates can be found in the supporting
information. NMR spectra of cyclic carbonate can be
found in Figures S13-S58.

2.3 | Preparation of single crystals

The crystalline material was prepared via a layer-to-layer
diffusion method. The Fe complex 1c was added to the
solution of dichloromethane (10 ml) and layered with
hexane. After 2-3 days, a crystal suitable for single-crystal
X-ray diffraction was obtained. Crystallographic data of
the structures were deposited in the Cambridge Crystallo-
graphic Database Centre, supplementary publication
No. CCDC 2007148 for Fe complex 1c. X-ray data for Fe
complex 1c can be found in Figure S59.

2.4 | Analytical methods

The NMR spectra were recorded on a Bruker Avance III
HD 400 spectrometer using tetramethyl silane (TMS) as
an internal standard (400 MHz for 'H NMR and
100 MHz for *C NMR). HRMS data were collected on a
Bruker ultrafleXtreme mass spectrometer. Single-crystal
structure determination was conducted on a Bruker D8
Venture X-ray diffractometer equipped with a PHOTON
II CPAD detector. UV-vis spectra of samples were
obtained in solution using a MAPADA UV-6100 double
beam UV-vis spectrophotometer. In situ FT-IR was col-
lected on a Mettler Toledo ReactIR15, MCT detector
analysis system. Gas chromatography (GC) analyses were
carried on a Shimadzu GC-2014 equipped with a packed
column (Stabilwax-DB, 30 m X 0.65 mm) using a flame
ionization detector.

3 | RESULTS AND DISCUSSION

The bidentate-type imidazolium salts used as NHC pre-
cursors were prepared following the previous report.[24b]

Six Fe (II) complexes 1a-1f (Scheme 1) were prepared
through coordination reaction of imidazolium salts with
Fe (acac); in the presence of t-BuOK in THF under 65°C
for 24 h. The Fe (II) complexes 1la-1f were synthesized
without the use of glove box or inert-atmosphere opera-
tion, and they were stable in the air. The molecule struc-
ture of Fe (II) complex 1c was determined by the X-ray
crystallography (Scheme 1). As depicted in Scheme 1, Fe
(I) center coordinated with two pyridine bridged-
carbene bidentate ligands and one acetylacetone ligand
with a noncoordinating iodine anions. The catalytic per-
formance of six Fe (II) complexes 1a-1f was evaluated in
the synthesis of cyclic carbonates from CO, and epoxides.

Six Fe (II) complexes 1la-1f were investigated in the
cycloaddition of propylene oxide (PO) 2a and CO, combi-
nation with a nucleophilic additive as cocatalysts
(Table 1). First, the influence of alkyl chain lengths bear-
ing Fe complexes on their catalytic performance was
evaluated using TBAI as a nucleophilic additive. The
results showed that the activity of the catalysts increased
with lengthening of alkyl chain (Table 1, Entries 1-4);
the activity keeps constant when lengthening of alkyl
chain from n-butyl to n-pentyl (Table 1, Entries 4 vs. 5).
The catalytic performance of different alkyl chain lengths
is in the following order: n-pentyl = n-butyl > n-pro-
pyl > ethyl > methyl (Table 1, Entries 1-5). The substitu-
ents at the phenyl ring on the catalytic performance were
also investigated, suggesting that the substituents at the
phenyl ring have a negligible influence on catalytic activ-
ity (Table 1, Entries 3 vs. 6). A series of nucleophilic addi-
tive, including TBAI, TBAB, TBAC, TBOAB, TBOAC,

TBHSO,, and PPNCI in combination with Fe
/N ° 1aR'=H, R2=Me
N 1 2
N  N= 1b R'=H, R? = Et
R! N V7 N R! 1cR'=H, R? = n-Pr
]@i )----Fé---< :@i 1d R' =H, R? = n-Bu
R! N /N N R! ] ’ 5
! 3 1e R' =H, R* = n-Pen

1f R' = Me, RZ = n-Pr

X-Ray for 1¢

SCHEME 1 The Fe (II) complexes in this work
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TABLE 1 Optimization of propylene carbonate synthesis®
(0}
/& +  co, Ca;al )ko
Me ” Ve );/
Entry Catalyst (mmol) Cocatalyst (mmol)® T (°C) Time (h) P (bar) Yield (%)
1 1a (0.03) TBAI (0.3) 40 24 5 19
2 1b (0.03) TBAI (0.3) 40 24 5 22
3 1c (0.03) TBAI (0.3) 40 24 5 25
4 1d (0.03) TBAI (0.3) 40 24 5 31
5 1e (0.03) TBAI (0.3) 40 24 5 32
6 1£(0.03) TBAI (0.3) 40 24 5 26
7 1d (0.03) TBAI (0.3) 50 24 5 37
8 1d (0.03) TBAB (0.3) 50 24 5 66
9 1d (0.03) TBAC (0.3) 50 24 5 61
10 1d (0.03) TBOAB (0.3) 50 24 5 69
11 1d (0.03) TBOAC (0.3) 50 24 5 20
12 1d (0.03) TBHSO, (0.3) 50 24 5 69
13 1d (0.03) PPNCI (0.3) 50 24 5 92
14 1d (0.03) PPNCI (0.03) 50 24 5 33
15 1d (0.03) PPNCI (0.06) 50 24 5 34
16 1d (0.03) PPNCI (0.09) 50 24 5 39
17 1d (0.03) PPNCI (0.12) 50 24 5 40
18 1d (0.03) PPNCI (0.15) 50 24 5 53
19 1d (0.03) PPNCI (0.45) 50 24 5 94
20 1d (0.01) PPNCI (0.1) 50 24 5 37
21 1d (0.02) PPNCI (0.2) 50 24 5 54
22 1d (0.03) PPNCI (0.06) 60 24 5 57
23 1d (0.03) PPNCI (0.06) 70 24 5 61
24 1d (0.03) PPNCI (0.06) 80 24 5 82
25 1d (0.03) PPNCI (0) 50 24 5 23
26 1d (0) PPNCI (0.3) 50 24 5 30
27 1d (0.03) PPNCI (0.3) 50 24 2 49
28 1d (0.03) PPNCI (0.3) 50 24 3 57
29 1d (0.03) PPNCI (0.3) 50 24 4 72
30 1d (0.03) PPNCI (0.3) 50 16 5 51
31 1d (0.03) PPNCI (0.3) 50 20 5 80
32 1d (0.03) PPNCI (0.3) 50 32 5 93

Abbreviations: PPNCI, bis(triphenylphosphoranylidene)ammonium chloride; TBAB, tetra-butylammonium bromide; TBAC, tetra-butylammonium chloride;
TBALI, tetra-butylammonium iodide; TBHSO,, tetra-butylammonium hydrogen sulfate; TBOAB, tetra-octylammonium bromide; TBOAC, tetra-butylammonium

acetate.

#Reaction conditions: PO (10.0 mmol), catalyst (indicated in Table 1), cocatalyst (indicated in Table 1), no solvent.
*Determined by GC using biphenyl as an internal standard.
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(IT) complex 1d as catalyst, were also explored (Table 1,
Entries 7-13). Binary systems both Fe (II) complex 1d/
PPNCI gave a better result with a 92% yield of product
(Table 1, Entry 13), and Calo and coworkers'?®! revealed
that the bulkiness of the quaternary ammonium cation
forces the chloride anion away from the cation, which
rendered the counter anion more nucleophilic. Therefore,
we infer that the energetic performance of PPNCI as a
nucleophilic additive could be ascribed to the steric hin-
drance, which weakened electrostatic interaction
between chloride anion and cation so as to promote the
chloride more nucleophilic. Next, the effect of the differ-
ent loading amount of the Fe complexes and PPNCI on
the transformation was evaluated (Table 1, Entries
13-21). The results demonstrated that an Fe complex 1d

TABLE 2 Scope of terminal substrates®
X
[0} + Co, Catal o o
Me T )_/
2a Me 3a

“Reaction conditions: epoxides (10 mmol), 1d (0.030 mmol, 0.3 mol%),
PPNCI (0.3 mmol, 3.0 mol%), neat, 50°C, 5 bar of CO,, 24 h, determined by
isolated yields.

°80°C.

€80°C, 2-ml DMF.

TABLE 3 Scope of internal substrates®

loading amount of 0.3 mol%, together with PPNCI load-
ing amount of 3 mol%, was the optimized conditions
(Table 1, Entry 13). In order to explore the reason for the
loading amount of PPNCI being 10 equiv to Fe complex
le, we also investigated the influence of temperature on
the reaction under low loading amount of PPNCI. As
indicated Table 1, when the reaction temperature
increased to 80°C, an 82% yield was obtained even with
low PPNCI loading of 0.6 mol% (Table 1, Entries 22-24).
This might be explained that low temperature is difficult
to trigger reaction with low concentration of PPNCI. The
nucleophilic reagent (PPNCI) will achieve the ability for
nucleophilic attack on the carbon atom of epoxides until
the concentration of PPNCI reached a high concentration
under relative reaction temperature. The control experi-
ments in the presence of PPNCI or catalyst 1d alone were
also performed, confirming the essential nature of cata-
lyst 1d or PPNCI (Table 1, Entries 25 and 26). This clearly
showed that the cooperative effect from catalyst 1d and
PPNCI was beneficial toward this reaction (Table 1,
Entries 13 vs. 25 and 26). The influences of pressure of
CO, (Table 1, Entries 13 and 27-29) and reaction time
(Table 1, Entries 13 and 30-32) were explored, and it was
demonstrated that a CO, pressure of 5 bar and reaction
time of 24 h were the optimized conditions (Table 1,
Entry 13).

Under the optimized conditions, a series of different
terminal substrates were investigated, and the results
were shown in Table 2. The epoxides bearing different

S GRS CE SRS S X
o o O O o O [ONe] o O O
W e
7 OMe 7 7 OEt
(6)
4a 4b 4c 4d 4e 4f
yield 73% yield 76% yield 78% yield 75% yield 52%¢ yield 49%°¢
d.r.=67:33° cis:trans > 99:1 cis:trans > 99:1
cis:trans = 97:3
o} o o} o j\
o/tko 0 o)J\O o Me)L (0 o)ko o q e
MGW N Me Me P Ph
7 7 0"Bu 7 11 OMe 5 7 Otz
4g 4h 4i -
yield 46%°¢ yield 47%° yield 50%° yielé 0

cis:trans = 93:7 cis:trans = 97:3

cis:trans > 99:1

*Reaction conditions: epoxides (10 mmol), 1d (0.030 mmol, 0.3 mol%), PPNCI (0.3 mmol, 3.0 mol%), neat, 80°C, 5 bar of CO,, 24 h, determined by isolated

yields.

The d.r. values and cis:trans ratio were determined by 'H and *C NMR spectroscope.

€100°C.
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aliphatic chain length all achieved high product yields
(Table 2, 3a-3d). The results implied that the chain
length bearing epoxides has a negative effect on the reac-
tivity. Various functional groups bearing the terminal
epoxides were tolerated, giving the desired products 3e-
3k in 83-95% vyield at the 50°C and 5 bar of CO, in
absence of the solvent. The 2,2-dimethyloxirane is also a
challenging substrate due to the steric hindrance.!*! To
our delight, the sterically hindered 2,2-dimethyloxirane
21 was also successfully converted. The 63% yield of 31
was obtained when the reaction was performed under
80°C. The fatty acid esters-based epoxies as a longer ali-
phatic chain substrates exhibited exceeding reactivity in
our developed catalyzed system, affording the desired
product of 3m in 96% yield. The high conversion of this
substrate required a DMF (N,N-dimethylformamide) as
solvent because of its solid state (Table 2, 3n).

Normally, the internal epoxides suffer low activity in
cycloaddition reactions with CO, because of their high
steric hindrance (Table 3).I**®?7] Next, the limitation and
scope of the internal epoxides were investigated in the
developed Fe-catalyzed system. Four bicyclic epoxides,
such as two six-membered bicyclic cyclohexene oxide
and cyclohexene oxide containing exo-cyclic double
bonds, two five-membered bicyclic epoxides, could be
converted into their cyclic carbonates 4a-4d in good
yields by increasing reaction temperature and prolonging
time. The fatty acid esters are often more challenging
substrates because of their high hindrance effect. There-
fore, the limitation of the Fe-catalyzed system for the syn-
thesis of fatty acid based biocarbonates was evaluated
(Table 3). First, the reaction of epoxidized methyl oleate
with CO, was performed, and a bio-based carbonate 4e
was obtained in a yield of 52%. Next, more epoxidized
fatty acid esters, such as epoxidized ethyl oleate, epoxi-
dized butyl oleate, epoxidized methyl eruclate, and
ricinoleic acid-derived epoxide, were also suitable for the
cycloaddition reactions with CO,, giving moderate prod-
uct yields (Table 3, 4f-4i). At last, more bulky stilbene
oxide was evaluated in the developed Fe catalytic system;
however, no desired product was obtained (Table 3, 4j).

In order to prove the interaction of the catalyst 1d
with substrate epichlorohydrin and cocatalyst PPNCI, we
carried out UV-vis spectra titration experiments to inves-
tigate their interaction (Figure 1). Upon addition of epi-
chlorohydrin to the acetonitrile solution of the catalyst
1d, shifting of the characteristic peaks was observed from
266 and 311 cm™' to 259 and 316 cm’, respectively
(Figure 1). However, shifting of the characteristic peaks
was not observed when PPNCI adding to the acetonitrile
solution of the catalyst 1d. These results suggested that
the interaction between the catalyst 1d and the epichloro-
hydrin might occur through the Fe center bearing the
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(a)cat. 1d

——(b) epichlorohydrin

(c)cat. 1d + 150 equiv epichlorohydrin
—(d) cat. 1d + 300 equiv epichlorohydrin

Absorbance
N

200 300 400 500 600
Wavelength (nm)

FIGURE 1
epichlorohydrin to a solution ofldin CH;CN:

(a) catalystldl x 10~* mol/L; (b) epichlorohydrin; (c) adding
150 equiv of epichlorohydrin to catalystldsolution; (d) adding

Ultraviolet-visible (UV-vis) spectra on addition of

300 equiv of epichlorohydrin to catalystldsolution

catalyst 1d coordinating with the oxygen atom of epichlo-
rohydrin. Isosbestic points must be observed in the UV-
vis titration experiments with 1:1 complexation between
catalyst 1d and epichlorohydrin. If there are no isosbestic
points, two epichlorohydrins may coordinate with the
catalyst 1d or one of the ligands bearing the catalyst 1d
dissociated from Fe center. To explore the interaction
between the catalyst 1d and the epichlorohydrin, we per-
formed the UV-vis titration experiments (see Figure S60
for details). The results indicated that no isosbestic points
were observed in UV titration experiments. This
suggested that two epoxides may coordinate with the Fe
complex or one ligand dissociated from the Fe center.
Our previous studies® revealed that two pyridine nitro-
gen ligands preferentially dissociated from metal center
rather than an integral pyridine bridged-carbene bid-
entate ligands when the metal center needs to release
two coordination sites; in other words, two carbene
ligands always coordinate with the metal center. In addi-
tion, the catalyst 1d will decompose after the reaction
under the conditions that an integral pyridine bridged-
carbene bidentate ligand dissociated from metal center.
However, recovery experiment of the catalyst 1d showed
that 92% (average value of three experiments) of the cata-
lyst 1d recovered (see Figure S61 for details) after the
reaction, which implied that the catalyst is stable in the
process of catalytic cycle. The results above indicated that
two pyridine nitrogen ligands bearing the catalyst 1d
temporarily dissociated from the metal center when the
catalyst 1d activated epichlorohydrins, thus ensuring the
stability of the catalyst 1d.
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FIGURE 2
infrared spectroscopy (FT-IR) of Fe

In situ Fourier transform

Peak of 1d at 987 cm™

40
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20, PPNCI

Plak of epichlohydrin at 854 cm!

Peak of PPNCI at 1116 cm™!

Peak of 1d at 1088 cm™

complexldin 2 ml of acetonitrile solution

(1 equiv, 0.02 mmol) upon the added of TBAB
(15 equiv, 0.3 mmol) and epichlorohydrin
(ECH) (500 equiv, 10 mmol), respectively,

at 60°C
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We performed a control experiment using in situ FT-
IR spectra to study the interaction between 1d and epi-
chlorohydrin/PPNCI (Figure 2). Firstly, the catalyst 1d
was added to the 2 ml of acetonitrile solvent, and the
absorption peak of the catalyst 1d at 1088 (yellow line)
and 987 cm™! (green line) was relatively stable with
increasing of the reaction temperature (Figure 2). Upon
the PPNCI was added to the acetonitrile solvent of the
catalyst 1d, the characteristic peak of 1d at 1088 and
987 cm™" was unchanged, and the characteristic peak of
PPNCl at 1116 cm™" (blue line) has a slight change during
the addition of PPNCI to the catalyst system. The results
are consistent with the experiments of UV-vis spectra,
suggesting that the catalyst 1d did not react with PPNCI.
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Next, upon the epichlorohydrin was added to the mix-
ture, the characteristic peak of 1d at 987 cm ™" (green line)
was gradually weakened with prolonging the reaction
time. The results are consistent with the experiments of
UV-vis spectra, suggesting that the interaction between
the catalyst 1d and the epichlorohydrin was occurred.
Our recent published work®® reported the trans effect of
cobalt complexes. In the report, we observed a character-
istic absorption peak of IR for the acetylacetone in situ
FT-IR experiments for cobalt complexes, which supported
the acetylacetone preferring to dissociate from the cobalt
center. While in this work, no characteristic absorption
peak of IR for the acetylacetone from in situ FT-IR experi-
ments for iron complexes was observed (Figure 2). These

SCHEME 2 The proposed
mechanism for Fe (II) complexes

0 catalyzed the cycloaddition of epoxide
>—R
and CO,
+
PPNCI
I@
”Bu

Q\\ /‘D
e WD)
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results above suggested that the trans effect is not only
related to the coordination ability of ligands but also
depended on the electronic properties of metal.

The results of UV-vis and in situ FT-IR spectroscopy
highlighted that the coordination environments of Fe
complex 1d have changed because of the frans effect
between NHC and nitrogen ligands in the presence of the
stimulation of substrates. Our previous works'?*! have
reported that the NHC ligands preferentially bind to the
nickel atom than those containing nitrogen donors in the
synthesis of nickel complexes, which revealed that nitro-
gen donors are preferred to dissociate from metal atom in
comparison with NHC ligands. The spectroscopic mea-
surements of UV-vis and in situ FT-IR as well as our pre-
vious research results suggested that Fe complex 1d
underwent leaving of pyridine ring due to the hem-
ilability between NHC ligands and nitrogen donors,
which provided two coordination sites for the activation
of the epoxides with iron center to produce the interme-
diate A (Scheme 2). Previous literature!®” reported that
both the size and structure of cations affect the nucleo-
philic ability of anions. Generally, the anion bearing the
noncoordinating cation shows higher nucleophilicity
than that of the coordinating cation.!?”! In this work, the
Fe complex 1d contains a coordinating cation (Fe atom);
however, PPNCI contains a noncoordinating cation.
Therefore, the structure of the cations of Fe complex and
PPNCI is completely different, which leads to their differ-
ent nucleophilic ability. As shown in Table 1 (Entry 25),
the use of Fe complex 1d as one component catalyst in
the absence of PPNCI led to a low yield. Therefore, the
chlorine anion of PPNCI initiated the ring opening of the
epoxide through the nucleophilic attack on the carbon of
epoxide to produce an intermediate of B. A carbonyl
insertion reaction of CO, to the intermediate B occurred
and produced the intermediate C. Next, an intramolecu-
lar nucleophilic substitution of the intermediate
C produced the desired products. During the breaking of
C—O bond with the intermediate C, the pyridine nitrogen
ligands recoordinated with Fe center and regenerates the
Fe catalyst 1d.

4 | CONCLUSION

Iron complexes 1a-1f based on the hemilability between
NHC and pyridine nitrogen ligand were synthesized;
their catalytic performance and the trans effect were
investigated in the cycloaddition of epoxides and CO,. A
variety of cyclic carbonates through the coupling of epox-
ides and epoxides with CO, were synthesized over an Fe-
based catalytic system in combination of Fe complex 1d
with PPNCI. The Fe-based catalytic system allowed a
wide range of substrates scope including the terminal

Chemistry

epoxides and internal epoxides as well as plant oil-based
epoxides, affording desired cyclic carbonates in moderate
to good yields. The catalytic system exhibited high cata-
lytic performance with Fe complexes, which possessed
the trans effect between NHC and pyridine nitrogen. In
the substrates activation step, pyridine ring bearing Fe
complexes preferred to dissociate from Fe center due to
the competitive effect between NHC and pyridine nitro-
gen, which offered one coordination Fe sites for the acti-
vation of epoxides. After the reaction, the pyridine ring
once again coordinated with the Fe center so as to stabi-
lize the Fe active center. Therefore, the trans effect
between NHC ligands and pyridine nitrogen plays an
important role in regulating activity and stability of Fe
catalysts to achieve a better balance. The knowledge
obtained through these studies gains an understanding to
the rational design and synthesis of transition-metal com-
plexes for efficient chemical transformation.
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