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Two families of heterogeneous porous catalysts based on iron or cobalt poly(azomethine) (PAM) networks were
reported to synthesize cyclic carbonates from bio-based aliphatic oxides epoxides and carbon dioxide (CO3). The
different PAM supports were prepared by reacting 2,6-pyridine dicarboxaldehyde with 1,3,5 tris(4 aminophenyl)
benzene (PAM-1) or with melamine (PAM-2) by microwave activation. Both supports exhibited high thermal
stability and similar CO, uptake (1.3 mmol/g) but PAM-2 showed higher specific surface area (779 m?/g vs
401 m?/g), more crystallinity and less capacity for anchoring metals than PAM-1. The novel catalysts were used
in the cycloaddition of CO5 to renewable feedstocks. Thus, using epoxidized methyl oleate (MOE) the corre-
sponding cyclic carbonates were obtained with excellent yields (78-96 %) using a CO, pressure of 7 bars, 120 °C
and 16 h of reaction. The best catalysts of the series, Fe@PAMs were also evaluated in the cycloaddition of CO5 to
epoxidized soybean oil (ESBO) in the same condition reaction obtaining excellent performance, epoxide con-
versions and cyclic carbonate yields greater than 90 %.

1. Introduction

Chemical fixation of carbon dioxide (CO5) has aroused a lot of in-
terest because CO; can be considered an ideal building block in the
development of sustainable processes for the production of useful
organic chemicals and a renewable feedstock since it is a waste product
of many industrial processes, inexpensive and widely available [1].
However, the use of CO, as a starting material and reagent requires
overcoming some limitations such as the high thermodynamic and ki-
netic stability which has been saved thanks to the use of highly reactive
substrates and high CO, pressures and temperatures to activate it [2].
Thus, the activation of CO5 represents a great challenge, which has led to
the development of many catalytic strategies to favor its conversion. One
of the most promising methodologies in this area is the synthesis of
five-membered cyclic carbonates via the coupling of CO, to epoxides.
This reaction is of great interest since transforms CO» into high-added
value chemicals such as cyclic carbonates, which are appreciated as
precursors for polymeric materials such as polycarbonates, as aprotic
polar solvents, are used also as pharmaceutical and fine chemical in-
termediates, and in many biomedical applications [3]. Among the
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different cyclic carbonates, those derived from bio-based aliphatic ox-
ides epoxides, are becoming very important because they can be use as
plasticizers, electrolytes and recently, as monomers for non-isocyanate
polyurethanes which makes them have promising applications in in-
dustrial coating, foams and adhesives and biomedicine [4-6].

Among the bio-based model epoxides, epoxidized methyl oleate
(Fig. 1a) has been the most studied. Thus, a great variety of homoge-
neous catalysts have been developed to obtain this cyclic carbonate,
being the catalytic systems based on metals such as V, Co, Al, Mo, W, Cr
or Fe and tetrabutylammonium salts as co-catalyst, the most employed
[6-12]. The use of heterogeneous catalysts to activate this reaction
presents great advantages compared with the homogenous catalysts, due
to its easy separation from the reaction products, recyclability, and high
thermal stability. A great variety of heterogeneous catalyst have been
successfully used in the cycloaddition of CO, to non-bio-based epoxides
such as styrene oxide, epichlorohydrin, propylene oxide etc [13-15].
Among all of them, it is worth highlighting porous materials such as
Zeolites and mesoporous silica-based materials, metal-organic frame-
works (MOFs), covalent organic frameworks (COFs) and porous organic
polymers (POPs) as excellent heterogeneous catalysts due to their larger
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contact surface area, the presence of active sites capable of interact with
the substrates and the existence of pores which implies space to
accommodate the captured CO; and serve as a nanoreactor [16-20]. In
addition, works are also being reported where the formation of cyclic
carbonates is carried out in the absence of solvents [20-23].

Within POPs, porous poly(azomethine)s (PAMs) have emerged as
very promising heterogeneous catalysts due to their possibility to anchor
metals through the nitrogen atoms of the imine bonds. Moreover, due to
the extensive cross-linking degree, these networks stabilized the
anchored metal centers, reducing the possibility of leaching of the metal
under reaction conditions, and imparting great insolubility which makes
them very interesting as heterogeneous catalysts. Thus, porous PAMs
containing metals such as Fe, Co, Cr, Al or Ru have been used as efficient
heterogeneous catalysts in the cycloaddition of CO, to some epoxides
such as styrene oxide, epichlorohydrin and cyclohexene oxide [24-26].
Moreover, porous PAMs can be easily prepared by microwave irradia-
tion [24,25] which besides allowing obtaining the polymeric supports at
gram scale and short the reaction time is a more environmentally
friendly procedure than a conventional synthesis of PAMs that involves
between 1 and 3 days of reaction time [27,28].

However, surprisingly, the use of heterogeneous catalysts, has been
little investigated in the cycloaddition of CO2 to bio-based epoxides
[29]. Specifically, only four works have been found on the cycloaddition
of CO;, to methyl oleate epoxide (MOE) to obtain the corresponding
methyl oleate cyclic carbonate (MOC) [30-33]. In all works (Fig. 1a)
high CO4 pressure was used (30 bars), cyclic carbonate yields of less than
75 % were obtained, and in most of the works, no study of the recy-
clability of catalysts is reported. Regarding the synthesis of cyclic car-
bonates from epoxidized vegetable oils, published examples are even
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heterogeneous catalysts, two works have been reported [34,35] yielding
the soybean oil cyclic carbonate (SBOC) with excellent yields using
moderate CO, pressure (10 bars). Finally, the synthesis of cyclic car-
bonates from epoxidized linseed oil was achieved with heterogenous
catalysts using CO; pressures ranging from 10 to 50 bars [35].

Considering the moderate yields that have been achieved so far, the
high pressures that are needed, and the few recyclability studies re-
ported, it is necessary to continue the research in the development of
recyclable heterogeneous catalysts in a more efficient cycloaddition of
CO4, to bio-based epoxides using softer conditions.

Thus, in this work, we present a series of 4 heterogeneous porous
catalysts based on poly(azomethine)s (PAMs) (Fig. 1b) as very efficient
catalysts in the cycloaddition of CO, to methyl oleate epoxide (MOE) to
obtain the corresponding methyl oleate cyclic carbonate (MOC) using
low CO- pressure (7 bars) in absence of solvents. The best catalysts of
this series have been used also in the cycloaddition of CO5 to a vegetable
oil, epoxidized soybean oil (ESBO) in similar conditions to obtain the
soybean oil cyclic carbonate (SBOC) in excellent yield.

2. Experimental
2.1. Materials and methods

2,6-pyridine dicarboxaldehyde (98 %) and cobalt (II) chloride
anhydrous (CoCly, 99 %) were supplied by Cymit. 1,3,5-Tris(4-amino-
phenyl)benzene (TAPB, 93 %) was supplied by VWR. Melamine
(4,4°,4°-(1,3,5-Triazine-2,4,6-triyl) trianiline) (TTA, 95 %), iron(Il)
tetrafluoroborate hexahydrate (Fe(BF4)26 Ho0, 97 %) and Soybean oil
were provided by Sigma Aldrich. Tetrabutylammonium bromide (TBAB,
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Fig. 1. a) Synthesis conditions of bio-based cyclic carbonates reported b) Synthesis conditions of bio-based cyclic carbonates of this work (TBAB: tetrabuty-

lammonium bromide (co-catalyst)).
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TCI Chemicals.
The solvents and other chemicals were of commercial grade purity
and used without previous purification.

2.2. Synthesis of epoxidized soybean oil (ESBO)

In a 50 mL round-bottom flask, soybean oil (5 g, 0.0057 mol) was
solved in dichloromethane (DCM) (34 mL) and the resulting solution
was cooled to 0°C for 10 minutes followed by slowly addition of 3-chlor-
operbenzoic acid (MCPBA, 7.8 g, 0.045 mol) in portions. The solution
was left stirring for 16 h at room temperature. The resulting suspension
was washed with NaySO3, NaHCO3 and NaCl saturated aqueous solu-
tion. The organic phase was dried over MgSO4 anhydrous. Then, the
solvent was evaporated, and the residual oil was further used without
additional purification. ' NMR (300 MHz, CDCl3) §5.26 (p, J =5.2 Hz,
1 H), 4.29 (dd, J = 11.9, 4.4 Hz, 2 H), 4.14 (dd, J = 11.9, 5.9 Hz, 2 H),
3.29 - 2.85 (m, 8 H), 2.31 (t, J = 7.5 Hz, 6 H), 1.88 — 1.22 (m, 74 H),
0.89 (t, J = 6.9 Hz, 9 H). Yield: 80 %.

2.3. Synthesis of poly(azomethine) supports

2.3.1. General procedure

In a 30 mL microwave vial were added: 2,6-pyridine dicarbox-
aldehyde (100 mg, 0.49 mmol), the corresponding amine: 1,3,5-Tris(4-
aminophenyl)benzene (TAPB) (173 mg, 0.74 mmol) for the synthesis
of PAM-1 support and 4,4°,4-(1,3,5-Triazine-2,4,6-triyDtrianiline
(TTA) (175 mg, 0.74 mmol) for PAM-2, 6 mL of 1,4 dioxane and 0.6 mL
of acetic acid 6 M. The vial was introduced in a Microwave and it was
heated to 115 °C at 150 W. This temperature was kept for 90 min and
then the vial was cooled down to 55°C. The resulting yellow-brown
precipitate was collected by filtration and successively washed with
water (Hp0), methanol (MeOH), tetrahydrofuran (THF), dichloro-
methane (DCM) and acetone. The final solid was dried at 150 °C under
vacuum overnight.

PAM-1: Elemental analysis calculated Cg4HoN4: C= 83.93 %, H=
4.56 %, N= 11.51 %; Found C =79.27 %, H=4.90, N =11.91 %.
Yield 92 %. 13C NMR (100.32 MHz) & 155 ppm (imine carbon, Cg),
150-115 ppm (aromatic carbons, Ca-f and Ch-j).

PAM-2: Elemental analysis calculated for C31HigNy: C= 76.22 %,
H= 3.71 %, N= 20.07 %; Found C = 71.93 %, H = 4.34, N = 19.94 %.
Yield 93 %. '3C NMR (100.32 MHz) & 170 ppm (triazine carbon, Ca),
155 ppm (imine carbon, Cf), 150-115ppm (aromatic carbons, Cb-Ce and
Cg-i).

2.4. Synthesis of metal catalysts

2.4.1. General procedure

In a 50 mL round bottomed flash provided with magnetic stirring
and a reflux condenser, the metallic salts Fe(BF4)26 H50 or CoCl; were
stirred in 20 mL of THF for 10 min. Then 100 mg (0.2 mmol) of the
corresponding polymer (PAM-1 or PAM-2) was added and heated under
reflux for 24 h. The yellow-brown solid was filtered, successively
washed with H,O, THF, DCM and acetone, and the catalyst was dried at
150°C under vacuum overnight.

Fe@PAM-1: Metal salt: Fe(BF4)2.6H20 (21 mg, 0,06 mmol).
Elemental analysis calculated for [C34H22N416[C34H2oN4Fe(BF4)2]1: C=
78.42 %, H= 4.31 %, N= 10.90 %; Fe= 1.55 %; Found C= 66.00 %,
H=4.49 %, N= 9.26 %, Fe= 1.52 % (determined by ICP-OES). Yield:
79 %.

Co@PAM-1: Metal salt: CoCl, (8 mg, 0.06 mmol). Elemental anal-
ysis calculated for [C34H22N4]6[C34H22N4C0C12]12 C= 80.85 0/0, H=
4.39 %, N= 11.09 %, Co=1.67 %; Found C= 64.68 %, H=4.38 %, N=
9.45 %. Co= 1.18 % (determined by ICP-OES). Yield: 75 %.

Fe@PAM-2: Metal salt: Fe(BF4)2.6H20 (60.5mg, 0.18 mmol).
Elemental analysis calculated for [C31HigN7]o9[C31H1gN7Fe(BF4)2]11:
C= 74.55 %, H= 3.63 %, N= 19.63 %, Fe=0.52 %; Found C= 71.17 %,
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H=4.38 %, N= 19.60 %. Fe= 0.42 % (determined by ICP-OES). Yield:
60 %.

Co@PAM-2: Metal salt: CoCly, (38 mg, 0.18 mmol). Elemental
analysis calculated for: [C31H;8N7112[C31H18N7CoCl2]1C= 69.94 %, H=
3.45 %, N= 19.42 %; Found C= 62.594 %, H=4.32 %, N= 16.65 %.
Co= 0.93 % (determined by ICP-OES). Yield: 75 %.

2.5. Catalytic activity
2.5.1. Cycloaddition of CO2 to bio-based epoxides MOE and ESBO

2.5.1.1. General procedure. MOE or ESBO (1 mL), TBAB (5 % mol) and
the corresponding catalyst in a ratio epoxide:metal 1500:1 (Fe@PAM-1:
6.9 mg; Co@PAM-1: 4.7 mg; Fe@PAM-2: 35.0 mg; Co@PAM-2: 3.6 mg)
were added to a 10 mL Tinyclave Biichi glass reactor. The reactor was
purged three times with CO, and then charged with 7 bar of CO, and
heated in a silicone bath at 120 °C for 7-16 hours (depending on the
experiment described in Results and Discussion section). The mixture
was centrifuged and 10 pL. of supernatant were dissolved in CDCl;3
(0,5 mL) and analysed by 'H-NMR spectroscopy.

The conversion of the epoxides and the yields of the corresponding
cyclic carbonates were determined by H-NMR spectroscopy (see
Figure S1 and Figure S2). The integration of the proton of the epoxides
and carbonates was used to calculate the conversion, yield and selec-
tivity using the next equations:

H_signal ofconsumed Epoxide
H_signal of initial Epoxide

Conversion =

H_signal of obtained Cyclic Carbonate

Yield =
teld H_signal of initial Epoxide

H_signal of Obtained Cyclic Carbonate
H_signal of consumed Epoxide

Selectivity =

2.5.1.2. Recycling test. Methyl oleate epoxide (2 mL), TBAB (90.8 mg,
5 %mol) and Fe@PAM-2: (70 mg) were added to a 10 mL Tinyclave
Biichi glass reactor. The reactor was then purged three times with CO5
and charged with 7 bar CO2 and heated in a silicone bath at 120 °C for
16 h. The mixture was centrifuged and 10 pL of the liquid phase was
dissolved in CDCl3 (0,5 mL) and analysed by *H-NMR spectroscopy. The
precipitate was washed and centrifuged 3 times with MeOH (10 mL).
The solid was then filtered and dried at 150 °C under vacuum overnight
for next cycle.

2.6. Characterization techniques

Fourier Transform Infrared with attenuated total reflectance (FTIR-
ATR) spectra were recorded in a Perkin-Elmer RX-1 instrument Spec-
trum 65. The spectra were registered with a resolution of 2 cm™! and
performed in a spectral range of 600-4000 cm™!; Elemental Analysis
(EA) were recorded on Elemental Analyzer LECO CHNS-932; Nuclear
magnetic resonance (*H-NMR) spectra were recorded on a Bruker
Avance III-HD Nanobay 300 MHz and on a Bruker AV 400 WB spec-
trometers using CDCl; as solvent. The solid-state 1>C NMR spectra were
recorded in a Bruker AV-400-WB at room temperature and 100.32 MHz
using a 4 mm triple channel probe with ZrO rotors and Kel-F plug with a
rotation speed of 10 KHz in all cases. Thermogravimetric analyses (TGA)
were performed on a Netzsch STA 409/C instrument. The experiments
were carried out under an air atmosphere at the heating rate of 10 °C
min~* to a final temperature of 800 °C; Nitrogen adsorption/desorption
isotherms were recorded in Monosorb Surface Area Analyser MS- 13
Quantachrome. Previously, the samples were degassed for 12h at
120 °C. Specific surface areas were determined by BET technique and
the pore size average by DFT methods; CO, adsorption isotherms were
obtained in a Autosorb IQ (Quantachrome Instruments) using ~150 mg
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of powder sample. Before adsorption experiments, samples were out-
gassed at 120 °C for 10 h under turbo-molecular high vacuum. Scanning
electron microscopy (SEM) micrographs were obtained with a Hitachi
SU-8000 microscope operating at 0.8 and 1kV for PC and MMMs,
respectively. The catalysts were directly dispersed on a double-sided
adhesive and the membranes were fractured under liquid nitrogen and
the cross-section was observed with a magnification that varied from 2k
to 90 K.

3. Results and discussion

3.1. Synthesis and characterization of poly(azomethine) supports (PAM-
1 and PAM-2)

The synthesis of the polyazomethine supports was carried out using
microwave irradiation by reacting 2,6-pyridine dicarboxaldehyde with
two amines having C3v symmetry, 1,3,5-tris(4-aminophenyl)benzene
(TAPB) or 4,4",4-(1,3,5-triazine-2,4,6-triylaniline) (TTA) also known
as melamine (Fig. 2). 2,6-pyridine dicarboxaldehyde was selected as
monomer since it forms bis(imino)pyridine units in the network which
can act as pincers for effective metal anchoring [26] On the other hand
the C3v symmetry of triamines has been shown that they are suitable
monomers to build 2D porous materials, and also in the case of the
triazine-based triamine, to incorporate more nitrogen atoms into the
network to tune other properties [36-40].

Thus, the synthesis of the supports, PAM-1 and PAM-2 was carried
out by microwave irradiation, heating the corresponding monomers at
115 °C using a mixture of 1,4 dioxane and acetic acid 6 M as solvent. An
irradiation time of 90 min was maintained after which PAM-1 and PAM-
2 were obtained with excellent yields of 92 % and 93 %, respectively.

The chemical structure of both supports was first confirmed by
elemental analysis, Fourier transform infrared spectroscopy (FT-IR), and
solid state '3C nuclear magnetic resonance (**c-NMR) (Fig. 3). The
percentages of C, N, and H agreed with the proposed structures, with
more N content in the case of PAM-2 as it was expected (see experi-
mental section).

Both FT-IR spectra (Fig. 3a) show a vibration at 1711 em ! attrib-
uted to traces of unreacted or terminals aldehyde groups and an intense
band at 1502 cm ™! attributed to the vibrations of conjugated C—=C
bonds. The band attributed to the vibration of the imine stretching
bonds (C=N) appeared at 1593 cm . It appears displaced respecting to
the characteristic band of imines (1610-1627 cm™!) [24-26] as it was
previously reported for imine-linked COFs [38]. Additionally, the FT-IR
spectrum of PAM-2 shows two bands at 1578 and 1361 cm ™ attributed
to the triazine rings [41]. Obtaining PAM-2 by microwave in an acidic

=

N

NH;

¢
5 W oo,

! X uaw HOCOCH, 6M, N
Dioxane
HoN NH

2

N

=
PAM-1: X=CH
PAM-2: X=N
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medium is an exciting contribution since polycondensation reactions of
melamine and 2,6-pyridine dicarboxaldehyde under microwave irradi-
ation in dimethyl sulfoxide yielded polyaminals (PAs) instead of poly-
azomethines (PAMs) [41].

I3C.NMR spectra (Fig. 3b) showed the signals corresponding to the
expected structures. Both spectra showed an intense signal at 155 ppm
attributed to the imine carbons of PAM-1 and PAM-2, (carbons g and f
respectively). The signals corresponding to the aromatic carbons appear
in the range from 115 ppm to 150 ppm. Additionally, in the spectrum of
PAM-2, the presence of the carbons of the triazine moiety are observed
by the appearance of a signal around 170 ppm (carbons a).

The thermal stability was evaluated in an air atmosphere (Fig. 3c).
Both polymers showed high thermal stability with a decomposition
pattern in one step and with starting decomposition temperatures of 445
and 470 °C respectively. The macro-structure was investigated by X-ray
diffraction experiments (Fig. 3d). Both polymers show intense peaks
around 20 = 5° corresponding to the (110) plane and another one
around 20 = 25° from the (003) plane resulting from the 2D sheet
stacking. The crystallinity and stacking in PAM-2 is higher that PAM-1.
This result indicates the high tendency of these structures to organize
and stack, which is favorable for large n-conjugated systems.

The porosity properties were evaluated by N adsorption/desorption
experiments (Fig. 4a, Table S1). Both polymers exhibited some Ny up-
take at low pressures which is characteristic of microporous polymers
and the adsorption increased when the pressure was increased as is
attributed to porous materials. PAM-2 shows a significantly higher
specific surface area (779 mz/g) than PAM-1 (401 mz/g), which could
be produced for a better stacking observed in the X-ray experiments.

Despite the different structure of both supports, the COy uptake
(Fig. 4b) was similar in both polymers (1.31 and 1.29 mmol/g, respec-
tively) which are lower values that the few CO, absorption values
published for polyazomethines [42,43].

Finally, the scanning electron microscopy images were recorded to
see the morphology of the obtained polymers. In both cases, the
morphology is characterized by the formation of agglomerates of small
globular-shaped particles (Fig. 4c), this is a common morphology dis-
played by porous polymers.

3.2. Synthesis and characterization of poly(azomethines) metal
complexes (M@PAM1 and M@PAM-2)

The PAM supports have an azomethine-pyridine structure which acts
as a chelating ligand for metal ions to facilitate the incorporation of
metals into the polymeric networks to obtain heterogeneous catalysts. In
this context, Fe and Co salts have been used to obtain metal complexes

I =N Nl =
Reflux, THF N N

a) Fo{BF J;

- 2 @“ ? ., 9
FE L ofha, oMo, w0ty

@**@W

Fe@PAM-1 X=CH; L=BF
Co@PAM-1 X=CH; L=CI
Fe@PAM-2 X=N; L=BF,
Co@PAM-2 X=N; L=C|

H
|~'|
-

M = Fe, Co

Fig. 2. Synthesis of PAM-1 and PAM-2 supports and the corresponding metal complexes.
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Fig. 4. a) N, adsorption/ desorption isotherms; b) CO, uptake and ¢) SEM images of PAM-1 and PAM-2.

and polymers for use as catalysts, particularly in the conversion of COy
[20,24,25].

The M@PAM catalysts were initially prepared by heating 0.2 mmol
of the corresponding support, PAM-1 or PAM-2 with 0.06 mmol of the
corresponding metal salts, Fe(BF4)2 and CoCly, in anhydrous THF under
reflux overnight. The metal contents were determined by inductively
coupled plasma spectroscopy (ICP). PAM-1 showed 1.52 % of iron and
1.18 % of Co. These metal contents and the elemental analyses obtained
(see experimental part) showed that metal was incorporated in one of
every six repetitive units.

In contrast, PAM-2 does not present appreciable percentages of any
of the metals. The amount of salt was increased to 0.18 mmol, obtaining
low metal contents (0.42 % of Fe and 0.93 % of Co). These results and
the elemental analyses obtained indicated that in the case of Fe@PAM-

2, the metal was incorporated in one of every twenty repetitive units
whereas for CO@PAM-2, one of every twelve repetitive units coordi-
nated cobalt. These results revealed a low metal coordination capacity of
the PAM-2 support. Even after further increasing the amount of metal
salt, the incorporation of higher metal percentages was not achieved.

The FT-IR analyses (Figure S3) do not show a significant shift of the
bands assigned to the vibration of the imine bonds (C=N) as a conse-
quence of the low metal coordination, although a slight signals widening
is observed respecting the metal-free support.

Thermal stability of Metal@PAMs was evaluated in air atmosphere.
All metal-containing poly(azomethine)s showed very high thermal sta-
bility with decomposition temperatures above 380 °C although the
incorporation of metal decreases the thermal stability with respect to the
support (Fig. 5). This effect has already been observed previously in the
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Fig. 5. a) TGA of M@PAM-1 compared with PAM-1 and d) TGA of M@PAM-2 compared with PAM-2.

incorporation of metals into polyazomethines [24-26].

Additional studies were performed by SEM (Fig. 6a) and EDX
(Fig. 6b) analysis to prove the metal distribution inside the porous
polymers. In Fig. 6b can be observed the homogenous distribution of Fe
or Co in all polymers confirming also the molecular coordination of the
metal in the polymeric networks.

3.3. Catalytic activity

Initially, the four metal complexes were tested as heterogeneous
catalysts in the COy conversion of methyl oleate epoxide (MOE) to
methyl oleate cyclic carbonate (MOC) (Table 1). The experiments were
performed in a Tinyclave steel Biichi glass reactor which was coupled to
a specially designed pressure-tight tank to operate at high temperatures
and stable pressure. The reactions were done at 120 °C and initially, at a
CO4, pressure of 7 bars, without solvent, and using a 5 % weight (con-
cerning to the epoxide) of tetrabutylammonium bromide (TBAB) as a co-
catalyst. In these conditions, after 7 hours of reaction, the iron-based
catalysts (entries 1 and 3) yielded the cyclic carbonates with moder-
ated yields (>60 %) and good epoxide conversions (>70 %), while with
the cobalt complexes, neither epoxide conversions nor cyclic carbonate
yields above 40 % were achieved (entries 2 and 4). Increasing the time
to 16 h, excellent catalytic performance was achieved for the four cat-
alysts (entries 5-8), notably the iron complexes, with epoxy conversions
and cyclic carbonates yield above 95 % (entries 5 and 7). In addition,
after this reaction time, 99 % selectivity is achieved for the cyclic
carbonates.

a)

b)

To evaluate the role of the co-catalyst, TBAB, in this conversion, an
experiment control was done without adding any PAM-based catalysts
(entry 9). The use of TBAB produced 47 % of MOC with 51 % of MOE
conversion confirming the positive effect of this co-catalyst to the COy
cycloaddition to bio-based epoxides as it was previously observed in the
CO4 cycloaddition on non-bio-based epoxides [13-18]. Due to the low
metal content of these complexes, two more control experiments were
carried out, directly using the supports PAM-1 and PAM-2 as catalysts
(entries 10 and 11). As can be observed with both polymers good
epoxide conversions were achieved (92 and 82 respectively), but the
yields and selectivity towards the cyclic carbonates were lower than
using the iron complexes which confirms that iron plays a crucial role in
the catalytic performance of these catalysts.

Given the results obtained, the CO, cycloaddition was carried out
over epoxidized vegetable oils, such as epoxidized soybean oil (ESBO)
using the iron-based complexes Fe@PAM-1 and Fe@PAM-2 (entries 12
and 13). As can be observed, both catalysts showed very good catalytic
performance using a substrate that contains four epoxides.

As examples, Figures 54, S5 and S6 show the H-NMR spectra of the
experiments of entries 7, 9 and 13.

Recyclability of a heterogeneous catalyst is an essential property to
assure its real application. Thus,

the recyclability of Fe@PAM-2 was evaluated. After the first run,
methanol was added, and the catalyst was separated from the solution
by centrifugation. The catalyst was washed three times with methanol
and after dry it was used in a fresh reaction. This procedure was repeated
until the five cycles were completed.

Fe@PAM-2

Fig. 6. a) SEM images and b) EDX mapping of Fe and Co distribution in the support PAM-1 and PAM-2.
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Table 1
Cycloaddition of CO, to bio-based epoxides, MOE and ESBO'®!,
il
o] 0 co, H oo
MGOK/WWWV D — MEOWW/W
Cat/TBAB
MOE MOC
Entry b1 Conv. Yield Selec.
Catalyst t (h) ©6) ©6) ©6)
1 Fe@PAM—1 7 71 63 89
2 Co@PAM—1 7 36 34 94
3 Fe@PAM—2 7 76 62 81
4 Co@PAM-—2 7 38 38 >99
5 Fe@PAM—1 16 97 96 >99
6 Co@PAM—1 16 78 78 >99
7 Fe@PAM—2 16 97 96 >99
8 Co@PAM—2 16 92 76 83
9 None 16 51 47 92
10 PAM-1 16 92 77 84
11 PAM-—2 16 82 70 86
mMocC
it
o] 0" 0
o 9, OJKM/\)—K/WV
oA A A AN~ 2
o] 0 Co, o oo
DJ"\/\/-\/\/(—\V\M/ OJJ\/\/\/\)EK/B/\/\/
Cat/TBAB
fk_/v\/\/‘g\/‘?\/\/\ i OAO DAO
9 o
ESBO SBOC
12 Fe@PAM—1 16 95 93 98
13 Fe@PAM—2 16 98 94 96

All reactions were performed without solvent at 120°C, 16 h, 7 bar CO,. Molar Proportion Metal: TBAB (1:75) (5 % mol TBAB with respect to epoxide); Molar

Proportion Metal: Epoxide (1:1500), (0.07 % mol of metal with respect to epoxide

As can be observed in Fig. 7, the results show good recyclability with
MOE conversion of up to 82 % after 5 cycles and MOC yields of up to
90 % which confirm the excellent recyclability of this catalyst. The TON
and TOF values for this catalyst was around 1420 and 88.8 respectively.

We have analysed the structure of the recycled catalyst by FT-IR
(Figure S7) noting that the structure remains unchanged after the five
cycles.

Based on previously reported mechanisms for the cycloaddition of
CO: to epoxides using metal-based catalysts and TBAB as co-catalysts
[44,45], a possible mechanism for this reaction is proposed in Fig. 8.
Initially, the oxygen of the epoxide coordinates with the metal center of
the catalyst (M@PAM), activating the epoxide. This is followed by the
nucleophilic attack of the bromide anion (Br~) from TBAB on the less
sterically hindered carbon atom of the epoxide, resulting in ring opening
(step 1). In the next step (step 2), CO: is inserted into the metal-oxygen
bond of the ring-opened alkoxide intermediate. Finally, a cyclic

?100’_—_— -— -— -

o~

~ 80 -

c

9O 60 -

4

o 40 -

£

S 20 -

O L L
1 2 3 4 5

Cycles

Fig. 7. : Recycling experiments of Fe@PAM-2 in the cycloaddition of CO, to
MOE. Selectivity towards the cyclic carbonate (MOC) is represented by red line
and dots.

carbonate is formed through a ring-closing step (step 3), regenerating
both M@PAM and Br- for the next catalytic cycle.

To evaluate the catalytic performance of the novel catalysts, they
were compared with the fourth heterogeneous catalysts reported in the
literature for the cycloaddition of CO5 to MOE (Table 2).

Thus, 0.5 mol% of the catalyst Z-3 which is a Zn(II) complex (entry 1)
promoted the conversion of MOE into MOC with a yield of 46 % using a
small amount of tetrabutylammonium bromide (TBAB) as a co-catalyst.
The reaction was carried out at 80°C but at high CO» pressure (30 bars).
The catalyst was recycled up to 5 times [30]. The 4-pyrrolidine pyridine
iodide supported in a mesoporous silica Zn/SBA-15 catalyst (Zn/SBA-15
(0.12)-4PP], entry 2) worked in absence of TBAB at 140°C and also at 30
bars of CO2 during 32 h to produce MOE in 75 % yield. However, only 1
recycling cycle was reported for this catalyst [31]. The acid-base MOF
(UiO-66-NHy, entry 3) was used to promote this reaction operating at
120 °C, 30 bars of CO5 in the presence of big amount of co-catalysts
during 12 h obtaining MOC with 69 % yield [32]. Finally, the use of a
carboxymethylcellulose-supported ionic liquid system (HBimCl-NbCl 5
/HCMC, entry 4) as catalyst at a temperature of 170 °C and 30 bares of
CO converts 68.45 % of MOE into cyclic carbonate in 6 h of reaction
[33]. No recyclability experiments have been reported for these last two
catalysts.

Thus, as can be observed the catalysts here presented work at lower
COq pressures than all reported. Specifically, those of iron presented
higher yields towards the bio-based cyclic carbonate formation since
besides a small amount of catalyst used, they were more selective than
those reported.

Concerning the synthesis of SBOC from ESBO (Table 3), the Pt-doped
H3PW15040/ZrO5 catalyst (entry 1) worked at moderated reaction
conditions (150°C and 10 bars of CO,) but needed 30 h of reaction to
achieve epoxide conversions up 80 %. Moreover, the catalyst had to be
calcined to be reused [34]. The silica-supported 4-pyrrolidinopyridi-
nium iodide (SiO2—(I)) catalyst (entry 2) produced the cyclic carbon-
ate quantitatively with full conversion of epoxide but using a CO5
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Step 1
M@PAM
9 0
-
MeO
Step 2 7 Br 7

Fig. 8. Proposed mechanism for CO2 cycloaddition to MOE catalyzed by M@PAM/TBAB.

Table 2
Catalytic comparison of cycloaddition of CO to MOE to obtain MOC.
TBAB T P t Conv.
E 1 . Yield (% lect. (% f.
ntry Catalyst Cat. (mol%) o) (bar) o (%) ield (%) Select. (%) Re!
1 Zn-3 0.5 mol% 0.1 80 30 16 nr 46 nr [30]
2 Zn/SBA—-15(0.12)—4PPI 7.4 mol% - 140 30 32 nr 75 91 [31]
3 UiO—-66-NH2 109 17.3 120 30 12 94 69 65 [32]
4 HBimCI-NbCl 5 /HCMC 0.042%) - 170 30 6 68.45 nr nr [33]
5 Fe(@PAM-1 0.07 5 120 7 16 97 97 >99
6 Co@PAM-1 0.07 5 120 7 16 78 78 >99 This work
7 Fe@PAM—2 0.07 5 120 7 16 97 95 98
8 Co@PAM-2 0.07 5 120 7 16 92 76 83
D wi%
B mL/g; nr: not reported
Table 3
Catalytic comparison of cycloaddition of CO, to ESBO to obtain SBOC.
TBAB T t Conv. .
0, 0,
Entry Catalyst Cat. (mol%) 0 (bar) o %) Yield (%) Select. (%) Ref.
1 Pt H3PW12040 /ZrO 2 59 - 150 10 30 83.2 nr nr [34]
2 SiOz-(I) 3 - 140 30 45 100 100 nr [35]
3 Fe@PAM-1 0.07 5 120 16 95 93 98 This work
4 Fe@PAM-2 0.07 5 120 16 98 94 96

) wt%; nr: not reported

pressure of 30 bars, and 45 hours of reaction [35]. Our iron-based cat-
alysts were more competitive since were able to convert ESBO into SBOC
with excellent performance (conversion, yields, and selectivity up to
90 %) in much less time using much lower CO pressures.

4. Conclusions

The synthesis of bio-based cyclic carbonates was carried out in
excellent yield (up to 90 %) from two interesting feedstocks, bio-based
epoxides (methyl oleate epoxide, MOE and epoxidized soybean oil,
ESBO) and CO,, using heterogeneous catalytic systems formed by iron-
based poly(azomethine)s and tetrabutylammonium bromide as a co-
catalyst. Despite the low iron content of the catalysts, it seems that

iron plays a crucial role in the catalytic performance since in its absence
worse performance and selectivity are obtained. Moreover, the catalysts
can be recycled up to five runs and the conversions were done at 120 °C,
7 bars of CO2 and, 16 h of reaction which represents the mildest con-
ditions reported to date for this type of biomass-derived aliphatic ep-
oxides. Thus, the iron-based poly(azomethine) catalysts here reported
are excellent alternatives for the production of bio-based cyclic
carbonates.
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