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G R A P H I C A L A B S T R A C T
� Ti and Zr amino-tris(phenolate) com-
plexes in combination with TBAX
(X ¼ Cl, Br, I) are active catalysts for the
synthesis of cyclic carbonates.

� First report of the application of Zr
amino-tris(phenolate) complexes to ca-
talyse the reaction of CO2 with epoxides.

� Remarkably high TONs were obtained
with the Zr amino-tris(phenolate) com-
plex with isopropoxide as axial ligand.

� � 98% selectivity towards the cyclic
carbonate products was obtained with
all terminal epoxides.
A R T I C L E I N F O
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A B S T R A C T

Herein, we report the application of four amino-tris(phenolate)-based metal complexes incorporating Ti(IV) or
Zr(IV) centres (2a-3b) as homogeneous catalysts for the conversion of CO2 and epoxides into cyclic carbonates.
The four complexes were synthesised, characterised and then evaluated in combination with tetrabutylammo-
nium iodide, bromide or chloride as binary catalytic systems for the reaction of CO2 with 1,2-epoxyhexane as
epoxide substrate at 12 bar CO2 pressure and 90 �C for 2 h. The catalytic systems comprising the two Ti(IV)
complexes (2a and 2b) showed similar performance. One notable exception was the catalytic system consisting of
titanium complex 2b, bearing an axial Cl-ligand, and tetrabutylammonium chloride, which displayed higher
catalytic activity compared to other titanium-based systems. Even higher activity was achieved with Zr(IV)
complex 3a, bearing an axial isopropoxide ligand, which reached turnover numbers (TONmetal) up to 1920 for the
reaction of CO2 with 1,2-epoxyhexane at 12 bar CO2 pressure and 90 �C for 2 h. This performance is comparable
with that of state-of-the-art catalysts for this reaction. The catalytic system consisting of complex 3a and tetra-
butylammonium bromide was explored further by investigating its applicability with a broad substrate scope,
achieving quantitative conversion of several epoxides with CO2 into cyclic carbonate products at 90 �C and 12 bar
CO2 pressure for 18 h. The selectivity towards the cyclic carbonate products was � 98% for all studied terminal
epoxides and � 80% for all examined cyclohexene-type epoxides.
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1. Introduction

In the context of the sustainable synthesis of chemical products, the
use of CO2 as feedstock is an attractive option as it allows the valorisation
of a waste, greenhouse gas generated worldwide in enormous amounts.
The challenges within CO2-conversion are related to the high thermo-
dynamic and kinetic stability of this molecule [1,2]. Reaction with high
free-energy substrates such as epoxides and hydrogen can be employed to
overcome the thermodynamic stability of CO2, while catalysts are
required to enhance the reaction kinetics in order to reach high reaction
rates. Among the different routes for CO2-utilisation [3–12], the reaction
with epoxides to form cyclic or polymeric carbonates (Scheme 1) has
received considerable attention [2,13–34]. Already since the first half of
the 20th century, two widely-used carbonate compounds, ethylene car-
bonate and propylene carbonate, have been produced via the reaction of
CO2 with ethylene oxide and propylene oxide, respectively [35,36].
These two cyclic carbonates are employed in a variety of commercial
applications, including in electrolytes for lithium-based batteries [37], as
green polar aprotic solvents [38] and as intermediates for the synthesis of
other chemicals, including polymers such as bisphenol-A-based poly-
carbonates [39] and polyurethanes [40]. The other possible product of
the reaction between epoxides and CO2, i.e. the polycarbonates, are
commercially applied as polyols for polyurethane synthesis [41], as
sacrificial binders for the production of ceramics and adhesives [42], and
are being investigated for application as packaging material [43], per-
formance coatings [44] and for utilisation in biomedical applications
[45,46].

Numerous homogeneous catalytic systems have been developed for
promoting the reaction of CO2 with epoxides. The most studied among
these catalysts consist of binary systems comprising a Lewis acid com-
pound that coordinates and activates the epoxide, typically a metal-
organic complex, and a Lewis base, which acts as a nucleophile in the
ring-opening of the epoxide [14,47]. In the proposed reactionmechanism
(Scheme 2), the titanium and zirconium complexes presented in this
work act as Lewis acid compounds. In line with previous reports and
based on our results (vide infra), we propose that during the catalytic
cycle these complexes adopt a conformation in which the axial ligand
remains coordinated to the metal centre [48].

Awide range ofmetal complexes inwhich themetal centre acts as Lewis
acid active sitehave been studied,with themost commonmetals being zinc,
chromium, cobalt,magnesium,aluminiumand iron [49–63].Togetherwith
the metal species, the nature of the organic ligand plays a key role in
determining the activity of the complex and the selectivity towards either
the cyclic or the polymeric carbonate. Well-known complexes researched
for this reaction include metalloporphyrins [64,65], metal-salen/salphen
complexes [66–71], bimetallic macrocyclic phenolates [72–74], and
amino-bis/tris(phenolate)s [75–81]. Particularly, iron and aluminium
amino-tris(phenolate) metal complexes have been found to display high
activity towards the reaction of CO2 with epoxides, with extremely high
turnover frequency reachedwith thebinary systemconsistingof aluminium
amino-tris(phenolate) and bis(triphenylphosphine)iminium bromide
(PPNBr) [75]. The remarkably high activity of iron and aluminium com-
plexes preparedwithamino-tris(phenolate) ligands inspiredus to study this
type of ligand in combination with titanium and zirconium as Lewis acid
catalysts for the reactionofCO2withepoxides. So far, group(IV)metals such
as titanium [82–95] and zirconium [82,91,95–97] have received limited
Scheme 1. General scheme of the reaction of CO2 with e
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attention concerning their application as homogeneous catalysts for this
reaction. In this work, we report the synthesis of four
amino-tris(phenolate)-type complexes with Ti(IV) or Zr(IV) metal centres
(Scheme 3, complexes 2a-3b) and demonstrate their promising catalytic
activity in the conversion of CO2 to cyclic carbonates employing a broad
scope of epoxides. To the best of our knowledge, this is thefirst time that the
synthesis of a zirconium amino-tris(phenolate) complex bearing an axial
Cl-ligand is reported and also the first time that Zr-amino-tris(phenolate)
complexes are reported for application as catalysts for the reaction of CO2
withepoxides.Among theTi-amino-tris(phenolate) complexes,2ahasbeen
recently reported in combination with PPNCl as catalytic system for the
copolymerisation of CO2with cyclohexene oxide [48], whereas the activity
of complex 2b in this reaction was so far unexplored.

2. Experimental

2.1. Materials

2,4-Di-tert-butylphenol (99%, Sigma-Aldrich), hexamethylenetetra-
mine (� 99.8%, Sigma-Aldrich), aqueous formaldehyde (37 wt%, Sigma-
Aldrich), titanium(IV) isopropoxide (97%, Sigma-Aldrich), benzene (�
99.0%, Sigma-Aldrich), chloroform-d (99.8%, Sigma-Aldrich), hydrochlo-
ric acid (37wt%–38wt%,Boom),magnesium sulphate (Boom), chloroform
(� 99.8%, Macron), diethyl ether (� 99.0%, Macron), toluene (� 99.5%,
Macron), hexane (� 95%, Macron), 1,2-epoxyhexane (97%, Sigma-
Aldrich), cyclohexene oxide (97%, Sigma-Aldrich), 4-vinyl-1-cyclo-
hexene-1,2-epoxide (mixture of isomers, 98%, Sigma-Aldrich), tetrabuty-
lammonium iodide (� 99%, Sigma-Aldrich), tetrabutylammonium
bromide (� 99%, Sigma-Aldrich), tetrabutylammonium chloride (� 97%,
Sigma-Aldrich), mesitylene (98%, Sigma-Aldrich), epichlorohydrin (�
99%, Sigma-Aldrich), allyl glycidyl ether (� 99%, Sigma-Aldrich), styrene
oxide (97%, Sigma-Aldrich), (þ)-limonene oxide (mixture of cis and trans,
97%, Sigma-Aldrich), compressed nitrogen gas (N2,� 99.999%, LindeGas)
and compressed carbon dioxide (� 99.7%, Linde Gas) were used as
received. Zirconium(IV) isopropoxide isopropanol complex (99.9%, Alfa
Aesar) and zirconium(IV) chloride (> 99.5%, Alfa Aesar) were stored and
used under N2 atmosphere. Dry toluene, diethyl ether, hexane, and tetra-
hydrofuran were obtained by passing these solvents through a series of
drying columns before storing them under nitrogen atmosphere. Tetrahy-
drofuran-d8 (Euriso-top) and benzene-d6 (> 99.8%, Sigma-Aldrich) were
dried over a Na/K alloy, vacuum transferred to a Schlenk flask and stored
under N2. All air- and moisture-sensitive compounds were handled and
stored under N2 atmosphere using standard Schlenk and glovebox
techniques.

2.2. Equipment

1H NMR spectra were recorded on a Varian Oxford 300 MHz appa-
ratus or on a Bruker 600 MHz apparatus with 64 scans and a relaxation
time of 10 s, using chloroform-d, benzene-d6, or tetrahydrofuran-d8 as
solvents. 13C NMR spectra were recorded on a Bruker 600MHz apparatus
with 2048 scans and a relaxation time of 1 s or on a 300 MHz Varian
Mercury PlusNMR apparatus with 8192 scans and a relaxation time of 1 s,
using chloroform-d, benzene-d6, or tetrahydrofuran-d8 as solvents. 1H
NMR and 13C NMR spectra were referenced using residual solvent reso-
nances, ppm values are reported relative to tetramethylsilane (TMS). FT-
poxides, yielding cyclic and/or polymeric carbonates.



Scheme 2. Proposed mechanism of the for-
mation of cyclic carbonates from the reaction
of CO2 with epoxides catalysed by the binary
systems presented in this work, consisting of
a metal complex (R-M-L, where M ¼ Ti or Zr,
R is the amino-tris(phenolate) ligand and L is
the axial ligand, i.e. OiPr or Cl; see Scheme 3
for the actual structure of the complex) with
Lewis acid character for activating the
epoxide towards the nucleophilic attack by a
Lewis base (X� ¼ Cl�, Br� or I�, originating
from TBAX).
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IR spectra were recorded using a Shimadzu IRtracer-100 equipped with
an ATR sample unit with a resolution of 4 cm�1, a wavenumber range of
4000–600 cm�1 and 64 scans.
2.3. Synthesis of the amino-tBu-tris(phenolate) ligand (1)

The synthesis of the ligand was performed according to a literature
procedure [98]. Briefly, 2,4-di-tert-butylphenol (8.25 g, 40 mmol),
hexamethylenetetramine (0.47 g, 3.3 mmol) and 37% aqueous formal-
dehyde (1.21 g, 14.2 mmol) were added into a 250 mL round-bottom
flask equipped with a reflux condenser. The mixture was stirred at
125 �C for 48 h, after which the reaction was quenched with CHCl3
(100 mL). The organic layer was washed with demineralised water
(3� 100mL) and subsequently dried over MgSO4. The organic phase was
concentrated using rotary evaporation and the desired product was ob-
tained as a white solid (6.46 g, 72%) after recrystallisation from diethyl
ether. 1H NMR (400MHz, CDCl3): δ 7.25 (d, 3H, ArH), 6.99 (d, 3H, ArH),
6.56 (s, 3H, ArOH), 3.65 (s, 6H, CH), 1.40 (s, 27H, tBu), 1.27 (s, 27H,
tBu). 13C NMR (300 MHz, CDCl3): δ 151.5, 142.2, 136.5, 125.7, 124.1,
121.9, 56.7, 35.0, 34.3, 31.7, 29.8. The full spectra can be found in the SI
(Figs. S1 and S2).
2.4. Synthesis of titanium(IV) amino-tBu-tris(phenolate) isopropoxide
(2a)

Titanium(IV) amino-tBu-tris(phenolate) isopropoxide (2a) was
Scheme 3. Synthesis o
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synthesised according to a method from the literature [98]. A mixture of
the amino-tBu-tris(phenolate) ligand 1 (1.18 g, 1.75 mmol) and dry
diethyl ether (50 mL) were added to a 100 mL three-necked round--
bottom flask under N2 atmosphere. Whilst stirring, titanium(IV) iso-
propoxide (0.52 mL, 1.75 mmol) was slowly added to the solution. The
mixture was stirred at room temperature for 3 h and subsequently
concentrated under reduced pressure, after which the obtained crude
yellow product was slowly dissolved in hot hexane. The purified product
was obtained after recrystallisation at �18 �C for 48 h, yielding yellow
crystals (1.13 g, 83%). 1H NMR (400 MHz, C6D6): δ 7.45 (d, 3H, ArH),
6.82 (d, 3H, ArH), 5.48 (h, 1H, CH in CH(CH3)2), 3.97 (d, 3H, CH), 2.88
(d, 3H, CH), 1.49 (d, 6H, CH3 in CH(CH3)2), 1.44 (s, 27H, tBu), 1.27 (s,
27H, tBu). 13C NMR (300 MHz, C6D6): δ 161.2, 142.6, 135.6, 124.9,
124.5, 123.2, 79.8, 59.3, 35.4, 34.6, 32.0, 30.0, 27.0, 27.0, 23.1, 14.4.
The full spectra can be found in the SI (Figs. S3 and S4).
2.5. Synthesis of titanium(IV) amino-tBu-tris(phenolate) chloride (2b)

Titanium(IV) amino-tBu-tris(phenolate) chloride (2b) was syn-
thesised from 2a following an ion-exchange procedure reported in the
literature [99]. Complex 2a (0.25 g, 0.32 mmol) was dissolved in ben-
zene (20 mL) and placed in a 100 mL separation funnel, after which
25 mL 1 M aqueous HCl was added. The mixture was shaken for 10 min,
followed by removal of the aqueous layer and drying of the organic layer
over MgSO4. The desired product was obtained as an orange solid
(0.18 g, 75%) by concentrating the organic solution under reduced
f complexes 2a-3b.
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pressure. 1H NMR (400 MHz, C6D6): δ 7.43 (d, 3H, ArH), 6.75 (d, 3H,
ArH), 3.95 (d, 3H, CH), 2.53 (d, 3H, CH), 1.66 (s, 27H, tBu), 1.32 (s, 27H,
tBu). 13C NMR (300 MHz, C6D6): δ 161.6, 144.3, 136.5, 124.3, 124.0,
123.8, 59.0, 35.4, 34.7, 31.9, 29.9. The full spectra can be found in the SI
(Figs. S5 and S6).

2.6. Synthesis of zirconium(IV) amino-tBu-tris(phenolate) isopropoxide
(3a)

Zirconium(IV) amino-tBu-tris(phenolate) isopropoxide (3a) was
synthesised according to a procedure from the literature [100]. A Schlenk
flask was loaded with the zirconium(IV) isopropoxide isopropanol
complex (0.47 g, 1.23 mmol) in a N2-filled glovebox. Subsequently, the
complex was dissolved in dry toluene (20 mL). The ligand 1 (0.84 g,
1.23 mmol) was dissolved in toluene (40 mL) under N2 atmosphere in a
second Schlenk flask equipped with a pressure-equalising dropping
funnel. The mixture containing the zirconium complex was added
dropwise to the ligand solution at 0 �C while stirring. The resulting
mixture was stirred for 2 h while it was allowed to slowly return to room
temperature. Subsequently, the mixture was concentrated under reduced
pressure, and the obtained white crude solid was dissolved in hot dry
toluene. After recrystallisation for 48 h at �18 �C, white crystals were
obtained. The crystals were washed with dry hexane and dried under
reduced pressure at 50 �C, which yielded the desired product (0.48 g,
48%). The product was stored and handled under strictly inert and
moisture-free atmosphere. 1H NMR (600 MHz, C6D6): δ 7.49 (d, 3H,
ArH), 6.89 (d, 3H, ArH), 4.87 (h, 1H, CH in CH(CH3)2), 4.54 (d, 3H, CH),
3.01 (d, 3H, CH), 1.66 (s, 27H, tBu), 1.55 (d, 6H, CH3 in CH(CH3)2), 1.35
(s, 27H, tBu). 13C NMR (600 MHz, C6D6): δ 158.0, 141.1, 136.6, 125.3,
124.8, 123.8, 72.9, 60.5, 35.4, 34.4, 32.1, 31.1, 30.1, 27.8. The full
spectra can be found in the SI (Figs. S7 and S8).

2.7. Synthesis of zirconium(IV) amino-tBu-tris(phenolate) chloride (3b)

Zirconium(IV) amino-tBu-tris(phenolate) chloride (3b) was syn-
thesised using a similar procedure to that employed for preparing 3a.
Zirconium(IV) chloride (0.500 g, 2.15 mmol) was dissolved in dry
tetrahydrofuran (50 mL) and was slowly added to a solution of ligand 1
(1.44 g, 2.15 mmol) in dry tetrahydrofuran (50mL) under N2 atmosphere
at 0 �C, after which the resulting mixture was stirred for 2 h and allowed
to slowly return to room temperature. After concentrating the mixture
under reduced pressure, the obtainedwhite crude solid was dissolved in a
minimum amount of hot dry tetrahydrofuran, after which dry toluene
was added as non-solvent to produce a supersaturated solution. Recrys-
tallisation for 48 h at �18 �C yielded needle-like white crystals, which
were subsequently washed with dry toluene and dried at 50 �C under
reduced pressure to obtain the final product (0.33 g, 19%). The product
was stored and handled under strictly inert and moisture-free atmo-
sphere. 1H NMR (600 MHz, THF-d8): δ 7.55 (s, 3H, ArH), 7.40 (s, 3H,
ArH), 4.26 (s, 3H, CH2), 3.58 (m, 4H, THF), 1.73 (m, 4H, THF), 1.40 (s,
27H, tBu), 1.32 (s, 27H, tBu). 13C NMR (600 MHz, THF-d8): δ 153.2,
143.8, 139.6, 126.5, 67.2, 50.6, 35.7, 34.9, 31.8, 30.3, 25.1. The full
spectra can be found in the SI (Figs. S9 and S10).

2.8. Catalytic tests

The catalytic reactions between CO2 and epoxides were carried out in
a high-throughput reactor unit manufactured by ILS-Integrated Lab So-
lutions GmbH. This CO2 reactor unit consists of: (i) a reactor block in
which 10 reactions can be performed simultaneously in individually-
stirred, separate batch reactors (84 mL volume each, 30 mm internal
diameter), which was used in this work; and (ii) a single batch reactor
with the same dimensions as the other batch reactors but equipped with a
borosilicate glass window that allows visualising the phases present in
the reaction mixture. The CO2 reactor unit can be operated in a pressure
range of 1–200 bar and a temperature range of 20–200 �C. For each test,
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the chosen amounts of group(IV) metal complex and of tetrabuty-
lammonium halide, 30.0 mmol epoxide and 3.0 mmol internal standard
(mesitylene) were weighed into a glass vial (30 mm external diameter,
46 mL volume) equipped with a magnetic stirring bar and closed with a
screw cap containing a silicone/PTFE septum. Next, the closed glass vials
were transferred into the 10-reactors block. To allow gas flow into and
from the vials, each septum was pierced with two needles. Then, the 10-
reactors block was closed and the reactors were purged 3 times with N2
(5 bar) and then were pressurised with CO2 (10 bar). Next, 10 min were
waited (to prevent deterioration of the rubber O-rings), after which the
reactors were depressurised to atmospheric pressure. After waiting an
additional 10 min, the batch reactors were pressurised with 10 bar CO2.
Upon reaching 10 bar, the reactors were heated to 90 �C, which resulted
in a final pressure of around 12 bar in each batch reactor. The described
procedure of purging, pressurising and heating the 10-reactors block
required approximately 1 h. After reaching the desired reaction tem-
perature and pressure, the start of the catalytic test was defined as the
moment at which the magnetic stirring was turned on. The reactions
were performed for either 2 or 18 h at 900 r min-1 stirring speed. At the
end of the catalytic test, the magnetic stirring was stopped, the reactor
heating was turned off and the water-cooling system was switched on to
cool down the reactors. Once room temperature was reached, the re-
actors were depressurised. The process of cooling and depressurising the
10-reactors block lasted approximately 45 min. Upon reaching atmo-
spheric pressure, the 10-reactors block was opened and the test vials
were removed. An aliquot of each sample was analysed by 1H NMR and
FT-IR.

3. Results and discussion

Four amino-tris(phenolate) complexes with Ti(IV) or Zr(IV) as metal
centres (Scheme 3, complexes 2a-3b) were synthesised and investigated
in combination with a tetrabutylammonium halide as binary catalytic
systems for the conversion of CO2 and epoxides into cyclic carbonates.
These group(IV) metals were chosen as catalytic sites because their ionic
radius is larger than that of the more commonly employed Al(III) and
their higher oxidation state implies that the complex contains an anionic
axial ligand (L¼ Cl or OiPr, see Scheme 3). These features are expected to
influence the catalytic behaviour of the complex, with the larger ionic
radius possibly providing enhanced accessibility to themetal centres. The
amino-tris(phenolate) ligand bearing tBu-groups on the phenolate rings
(1) as well as complexes 2a and 3a were synthesised according to liter-
ature procedures [98,100]. Straightforward ion-exchange of 2a with
aqueous HCl resulted in the formation of complex 2b [99]. Complex 3b
was synthesised here for the first time, by reacting ZrCl4 with the
amino-tris(phenolate) ligand 1 and following a procedure adapted from
the one used for preparing 3a. The successful synthesis of ligand 1 and of
the four metal complexes was demonstrated by 1H NMR and 13C NMR
analysis (Figs. S1–S10 in the SI).

We started the evaluation of the catalytic performance of the tita-
nium(IV) amino-tris(phenolate) complexes 2a and 2b in the reaction of
CO2 with epoxides by testing them in combination with a tetrabuty-
lammonium halide (TBAX, X ¼ Cl, Br, I) in a benchmark reaction
employing 1,2-epoxyhexane as epoxide substrate (12 bar CO2, 90 �C,
2 h). The catalytic loading and the type of tetrabutylammonium halide
acting as nucleophile were varied to study the influence of these pa-
rameters on the conversion and selectivity of the reaction (Table 1). No
epoxide conversion was achieved without using a separate nucleophile
source (Table 1, entries 1 and 11), indicating that complexes 2a and 2b
cannot act as single-component catalysts. The tetrabutylammonium ha-
lides in the absence of complexes 2a and 2b display only low activity
under the employed reaction conditions (Table 1, entries 21–23). A
remarkable increase in 1,2-hexene carbonate yield was achieved when
the metal complexes 2a and 2b were combined with the tetrabuty-
lammonium halides in a binary catalytic system (Table 1, entries 2–10
and 12–20). Employing complex 2a, the highest cyclic carbonate yields



Table 1
Reaction of CO2 with 1,2-epoxyhexane catalysed by complexes 2a-2b in com-
bination with TBAX.

# Ti-
complex

Ti-complex
loading, mol/mola

Nucleophile
source

Cyclic
carbonate
yield, %b

TONmetal
c

1 2a 0.05 – 0 –

2 2a 0.025 TBAI 10 400
3 2a 0.05 TBAI 18 360
4 2a 0.25 TBAI 38 152
5 2a 0.025 TBABr 25 1000
6 2a 0.05 TBABr 35 700
7 2a 0.25 TBABr 75 300
8 2a 0.025 TBACl 13 520
9 2a 0.05 TBACl 24 480
10 2a 0.25 TBACl 38 152
11 2b 0.05 – 0 –

12 2b 0.025 TBAI 14 560
13 2b 0.05 TBAI 18 360
14 2b 0.25 TBAI 42 168
15 2b 0.025 TBABr 25 1000
16 2b 0.05 TBABr 41 820
17 2b 0.25 TBABr 76 304
18 2b 0.025 TBACl 27 1080
19 2b 0.05 TBACl 43 860
20 2b 0.25 TBACl 83 332
21 - – TBAI 5 –

22 - – TBABr 4 –

23 - – TBACl 3 –

Reaction conditions: 30 mmol epoxide, 3 mmol mesitylene as NMR internal
standard, 0.25 mol/mol nucleophile source (TBAX, with X ¼ Cl, Br or I) relative
to the epoxide (if applicable), 90 �C, 12 bar CO2 pressure, 2 h. The selectivity
towards the cyclic carbonate product was > 99% in all cases, as indicated by 1H
NMR spectroscopy (Fig. S11 for a representative spectrum). a Relative to the
epoxide. b The yield of the cyclic carbonate (1,2-hexene carbonate) was deter-
mined based on the 1H NMR signals of the carbonate product and epoxide sub-
strate. c TON ¼ turnover number, expressed as mol of converted epoxide per mol
of metal complex.
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were achieved using TBABr as nucleophile (Table 1, compare entries 5–7
to 2–4 and 8–10), obtaining TONs (relative to the metal complex) up to
1000. The nucleophilicity of the halide anions increases in the order
I� < Br� < Cl� and their leaving group ability increases in the order
Cl� < Br� < I�, rendering I� the worse nucleophile and Cl� the worse
leaving group. Taking this into account and considering the generally
proposed reaction mechanism (Scheme 2) [14,47], it can be reasoned
that the Br� anion provides the optimal balance between nucleophilicity
(step 2) and leaving group ability (step 5a) and, thus, results in the
highest reaction rate when combined with this metal complex.
Ion-exchange of the axial OiPr-group of 2a with a Cl-group, thereby
forming complex 2b, did not have a significant impact on the activity of
the complex in combination with TBAI or TBABr as nucleophile (Table 1,
compare entries 12–17 with entries 2–7). On the other hand, the com-
bination of 2b with TBACl as nucleophile displayed remarkably higher
activity compared to the counterpart catalytic system based on complex
2a, reaching the highest epoxide conversions and cyclic carbonate yields
among the investigated titanium amino-tris(phenolate) complexes, with
TONs up to 1080 (Table 1, entries 18–20). This unusual trend in catalytic
activity could originate from differences in steric effects around the metal
centre. Assuming that the axial ligands of 2a and 2b are not very labile,
since it was shown that the isopropoxide and chloride groups do not act
as nucleophiles in the benchmark reaction (Table 1, entries 1 and 11), we
can conclude that the axial ligands remain coordinated to the metal
centre during the catalytic cycle. This means that an anionic intermediate
complex would form after steps 2 and 3 of the mechanism in Scheme 2, in
line with what has been proposed in the literature for similar catalysts
[48]. The rate of step 4a is not only determined by the leaving ability of
the halide that is involved in the nucleophilic attack (vide supra), but can
also be promoted by the displacement of the carbonate intermediate by
another halide [77]. This displacement may occur more readily when the
175
axial ligand is the less sterically hindered Cl (compared to OiPr) and
when the halide promoting the displacement is smaller (and thus with
Cl� rather than with Br� or I�). This would explain the observed high
activity of the binary catalytic system consisting of complex 2b and
TBACl.

For each binary catalytic system defined by the combination of a
metal complex (2a or 2b) and of a TBAX (X ¼ Cl, Br, I), three different
molar ratios between metal and organic halide were tested, i.e. 1:10, 1:5,
and 1:1. In line with logical expectations, increasing the loading of metal
complex (while keeping the TBAX loading constant) led to higher cyclic
carbonate yields (with a maximum of 83% for the 2b/TBACl system,
Table 1, entry 20), though at the price of lower TONs on a metal content
base. The amount and type of halide can also have a strong influence on
the selectivity between cyclic and polymeric carbonate [77,80]. In gen-
eral, higher relative amounts of organic halide promote the displacement
of the carbonate intermediate, thus favouring the ring closure (steps 4a
and 5a in Scheme 2), leading to the formation of the cyclic carbonate
product [77]. As a consequence, higher selectivity towards the cyclic
carbonate products are generally observed when the organic halide is
used in excess relatively to the metal complexes, whereas the formation
of the polycarbonate is more favourable when the metal to halide ratio is
equal to 1 or lower [77]. With metal complex 2a or 2b, full selectivity (>
99%) towards the cyclic hexene carbonate was observed with all the
tetrabutylammonium halides types and ratios. This is attributed to the
nature of the epoxide and to the reaction being performed at relatively
high temperature (90 �C), which promotes the formation of the
thermodynamically-favoured cyclic carbonate product [1].

Stimulated by the promising results obtained with the titanium
amino-tris(phenolate) complexes, we continued our study of group(IV)
metals as Lewis acid centre catalysts for the reaction of CO2 with epox-
ides with the corresponding zirconium-based complexes 3a and 3b.
Zirconium(IV) has a relatively larger radius than titanium(IV) and,
hence, is anticipated to be better accessible to the epoxide substrate. The
zirconium-based amino-tris(phenolate) complexes 3a and 3bwere tested
as Lewis acid catalysts in combination with TBAX using the same reaction
conditions employed for the titanium-based complexes (1,2-epoxyhex-
ane as epoxide substrate, 90 �C, 12 bar CO2, 2 h, Table 2). Similarly to
complexes 2a and 2b, 3a and 3b did not display any activity without the
presence of an additional nucleophile (Table 2, entries 1 and 11).
Employing complex 3a in combination with TBABr as nucleophile
source, resulted in the highest observed activity in this work in terms of
TONs (Table 2, entries 5–7), reaching a remarkably high
TONmetal ¼ 1920. Notably, no considerable differences in cyclic car-
bonate yields were observed upon employing either 0.05 mol/mol or
0.25mol/mol of 3a relative to the epoxide substrate. More specifically, in
the case of TBACl (Table 2, entries 9 and 10) only a slightly higher
conversion was achieved using 0.25 mol/mol 3a, while for TBAI (Table
2, entries 3 and 4) and TBABr (Table 2, entries 6 and 7) even slightly
lower conversions were obtained. This trend is significantly different
from what we observed with the Ti-complexes 2a and 2b (vide supra).
These results indicate that complex 3a is highly active already at rela-
tively low metal-to-nucleophile ratios. The fact that increasing the metal
loading above a certain metal-to-nucleophile ratio (i.e. approximately
1:5) does not lead to higher product yield suggests that above this ratio
the reaction kinetics is no longer influenced significantly by the amount
of Lewis acid sites, but is controlled rather by the amount of nucleophile.
However, a decrease in solubility of complex 3a caused by the increased
polarity of the reactionmedium induced by the conversion of the epoxide
into the cyclic carbonate might not be excluded as explanation of the
observed behaviour.

In contrast to the results obtained with the titanium-based complexes,
significantly lower cyclic carbonate yields were achieved for the zirco-
nium complex bearing an axial chloride ligand (3b) compared to the
complex bearing an axial isopropoxide ligand (3a) (Table 2, compare
entries 12-20 with entries 2-10). We hypothesise that residual THF sol-
vent molecules could coordinate to the zirconium metal centre, similarly



Table 2
Reaction of CO2 with 1,2-epoxyhexane catalysed by complexes 3a-3b in com-
bination with TBAX.

# Zr-complex Zr-
complex
loading,
mol/mola

Nucleophile
source

Cyclic
carbonate
yield, %b

TONmetal
c

1 3a 0.05 – 0 –

2 3a 0.025 TBAI 30 1200
3 3a 0.05 TBAI 44 880
4 3a 0.25 TBAI 39 156
5 3a 0.025 TBABr 48 1920
6 3a 0.05 TBABr 63 1260
7 3a 0.25 TBABr 57 228
8 3a 0.025 TBACl 35 1400
9 3a 0.05 TBACl 42 840
10 3a 0.25 TBACl 47 188
11 3b 0.05 – 0 –

12 3b 0.025 TBAI 8 320
13 3b 0.05 TBAI 9 180
14 3b 0.25 TBAI 27 108
15 3b 0.025 TBABr 8 320
16 3b 0.05 TBABr 10 200
17 3b 0.25 TBABr 21 84
18 3b 0.025 TBACl 6 240
19 3b 0.05 TBACl 7 140
20 3b 0.25 TBACl 12 48
21 Al amino-tBu-

tris(phenolate)
0.05 TBAI 45 900

Reaction conditions: 30 mmol epoxide, 3 mmol mesitylene as NMR internal
standard, 0.25 mol/mol nucleophile source (TBAX, with X ¼ Cl, Br or I) relative
to the epoxide (if applicable), 90 �C, 12 bar CO2 pressure, 2 h. The selectivity
towards the cyclic carbonate product was > 99% in all cases as confirmed by 1H
NMR spectroscopy (Fig. S11 for a representative spectrum). a Relative to the
epoxide. b The yield of the cyclic carbonate (1,2-hexene carbonate) was deter-
mined based on the 1H NMR signals of the carbonate product and epoxide sub-
strate. c TON ¼ turnover number, expressed as mol of converted epoxide per mol
of metal complex.

Table 3
Substrate scope of the reaction of CO2 with various terminal and internal epox-
ides, catalysed by the binary catalytic system consisting of complex 3a and
TBABr.

# Epoxide Conv., %a Sel.cyclic carbonate, %b TONmetal
c

1 > 99 > 99 2000

2 > 99 > 99 2000

3 99 98 1980

4 98 > 99 1960

5 > 99 > 99 2000

6 19 80 380

7 17 92 340

8 < 1 – –

Reaction conditions: 30 mmol epoxide, 3 mmol mesitylene as NMR internal
standard, 0.05 mol/mol of complex 3a relative to the epoxide, 0.25 mol/mol
TBABr relative to the epoxide, 90 �C, 12 bar CO2 pressure, 18 h. a Conversion
determined based on the 1H NMR signals of the carbonate product and epoxide
substrate. b Selectivity towards the cyclic carbonate determined by FT-IR analysis
on the basis of the relative intensity of the C

–

–O stretch signal of the cyclic
carbonate and polycarbonate. c TON ¼ turnover number, expressed as mol of
converted epoxide per mol of metal.
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to what has been observed for aluminium-based amino-tris(phenolate)
complexes [76]. This would hinder the coordination of the epoxide
substrate and thus lead to lower catalytic activity in the reaction between
1,2-epoxyhexane and CO2. Additionally, the axial chloride ligand is ex-
pected to lead to an increased Lewis acidity of the zirconium metal
compared to the axial isopropoxide ligand. This increased Lewis acidity
would hinder the release of the carbonate intermediate and thus the
subsequent ring closure that yields the cyclic carbonate product (step 5a
in Scheme 2), thereby hampering the overall reaction rate.

Analogously to what observed with complexes 2a and 2b, complete
selectivity towards the cyclic hexene carbonate product was obtained
with complexes 3a and 3b, irrespectively of the type and relative amount
of tetrabutylammonium halide that was employed.

In order to compare the activity of the most active metal complex
identified in this work (3a) with the state-of-the-art aluminium amino-
tris(phenolate) complex, we prepared the Al-complex with the same
amino-tBu-tris(phenolate) ligand following a literature procedure (see the
SI for more details) [76]. The obtained Al-complex was tested under the
same reaction conditions employed with complexes 2a-3b and using TBAI
as nucleophile, to recreate the conditions reported in the literature for this
Al-complex as catalyst for the CO2/epoxide reaction [76]. A 1,2-hexene
carbonate yield of 45% with a TON of 900 was achieved (Table 2, entry
21), which indicates that our complex 3a (Table 2, entry 3) has a virtually
identical activity to this reference binary catalytic system. However,
complex 3a achieved significantly better performance with TBABr than
with TBAI (Table 2), indicating that superior activity can be achieved by
careful selection of the type and amount of metal amino-tris(phenolate)
complex and tetrabutylammonium halide.

Based on the catalytic tests with 1,2-epoxyhexane as substrate,
complex 3a was selected as the most promising Lewis acid catalyst. To
study the versatility of complex 3a (in combination with TBABr) with
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regard to the reaction of CO2 with epoxides, a substrate scope evaluation
was performed using various terminal and internal epoxides (Table 3).
Under the employed reaction conditions (90 �C, 12 bar CO2, 18 h), all
terminal epoxides (i.e. 1,2-epoxyhexane, propylene oxide, epichlorohy-
drin, allyl glycidyl ether and styrene oxide; Table 3, entries 1–5) were
converted into the corresponding cyclic carbonates in nearly quantitative
yields, with TONs up to 2000. This result confirms not only the notable
activity of the binary system consisting of complex 3a and TBABr, but
also the complete selectivity towards the cyclic carbonate product
regardless of the steric and electronic effects of the different functional
groups of the terminal epoxides.

The activity of complex 3a was drastically lower when internal ep-
oxides were used as substrates (Table 3, entries 6–8). For cyclohexene
oxide and vinylcyclohexene oxide, only a moderate conversion was
achieved (Table 3, entries 6 and 7, respectively), whereas in the case of
limonene oxide no carbonate product was observed under the employed
reaction conditions (Table 3, entry 8). The lower activity with these in-
ternal epoxides is in line with trends typically observed in the literature
[75,80], and has been attributed to the higher steric hindrance around
the epoxide group, which hampers the initial nucleophilic attack (step 2
in Scheme 2), and to the geometric strain that characterises the two
adjacent rings of the obtained carbonates [101]. The inactivity in the
conversion of limonene oxide is most probably related to the additional
bulkiness of the methyl group adjacent to the epoxide moiety combined
with the intrinsic conformation around the zirconiummetal centre of 3a.
It was also observed that when cyclohexene oxide and vinylcyclohexene
oxide were used as substrate, the selectivity towards the cyclic carbonate
product was not complete (Table 3, entries 6 and 7) and a significant
fraction of polycarbonate product was also observed ( Figs. S12 and S13
for the FT-IR spectra). This is a well-known phenomenon, which
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presumably originates from the geometric ring strain of the two inter-
connected rings in the cyclic carbonate product, rendering it less ther-
modynamically favourable [67]. Although the selectivity towards the
cyclic carbonate product was not complete, it was significantly higher
compared to that observed in other reports of the reaction of CO2 with
cyclohexene oxide using related amino-tris(phenolate)-based metal
complexes as catalysts, which instead were selective towards the poly-
carbonate [48]. Such difference in selectivity can be explained with the
fact that in this work we used (i) a higher nucleophile-to-metal ratio and
(ii) bromide (from TBABr) instead of chloride (from PPNCl) as nucleo-
phile, with both features promoting the selectivity towards the cyclic
carbonate product [77].

The activity of our optimum catalytic system, consisting of complex
3a in combination with TBABr, was shown to be comparable to that of an
Al amino-tBu-tris(phenolate) complex in combination with TBAI under
identical reaction conditions (Table 2). In order to expand the compari-
son, we compiled a selection of state-of-the-art binary catalytic systems
for the synthesis of cyclic carbonates from CO2 and epoxides (Table S1).
For this purpose, we selected metal complexes that are either based on
amino-tris(phenolate) ligands but with different metals (Al, Fe), or are
based on Ti or Zr centres but with different ligands. It is important to note
that these catalytic systems were tested under different conditions from
each other and from our work. This means that a quantitative comparison
of the catalytic performances is not possible, as this would require the
tests to be carried out with the same epoxide substrate and under the
same conditions in terms of temperature, CO2 pressure, catalyst loading
and reactor set-up. Still, if the TON and turnover frequency (TOF) values
based on the moles of metal and those based on the moles of halide are
considered while taking into account the different reaction conditions
(Table S1), it can be concluded that the catalytic system based on com-
plex 3a is competitive with the most active counterparts reported in the
literature [48,82,83,86,97,102,103].

4. Conclusions

In this work, we showed that amino-tris(phenolate)-based complexes
incorporating group(IV) metal centres (i.e. titanium and zirconium) in
combination with tetrabutylammonium halides (i.e. iodide, bromide and
chloride) are highly active and fully selective binary catalysts for the
atom-efficient reaction of CO2 with terminal epoxides yielding the cor-
responding cyclic carbonate products. Titanium amino-tris(phenolate)
complex 2b, incorporating an axial chloride ligand, showed the highest
catalytic activity among the titanium-based complexes, whereas zirco-
nium amino-tris(phenolate) complex 3a, bearing an axial isopropoxide
ligand, provided the highest overall catalytic activity. The catalytic per-
formance of complex 3a in combination with TBAI is comparable with
that of a state-of-the-art homogeneous catalytic system from the litera-
ture (consisting of an Al-amino-tris(phenolate) complex in combination
with TBAI), and could be further optimised by using TBABr as nucleo-
phile source. This binary catalytic system (complex 3a, 0.05 mol/mol
relative to the epoxide, in combination with 0.25 mol/mol TBABr),
achieved remarkably high TONs (up to 2000) when tested at 90 �C,
12 bar CO2 pressure, 18 h. This catalytic system was highly versatile in
the reaction of terminal epoxides with CO2, achieving quantitative con-
version of a variety of terminal epoxides with different functionalities
with full selectivity towards the corresponding cyclic carbonates. The
presented results demonstrate the potential of group(IV) metal com-
plexes based on amino-tris(phenolate) ligands as highly active catalysts
for the conversion of CO2 with epoxides into cyclic carbonates.

Declaration of competing interests

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
177
Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.gce.2021.12.009.

References

[1] M. Taherimehr, P.P. Pescarmona, Green polycarbonates prepared by the
copolymerization of CO2 with epoxides, J. Appl. Polym. Sci. 131 (2014) 41141.

[2] Q. Liu, L. Wu, R. Jackstell, M. Beller, Using carbon dioxide as a building block in
organic synthesis, Nat. Commun. 6 (2015) 5933.

[3] S. Dabral, U. Licht, P. Rudolf, G. Bollmann, A.S.K. Hashmi, T. Schaub, Synthesis
and polymerisation of α-alkylidene cyclic carbonates from carbon dioxide,
epoxides and the primary propargylic alcohol 1,4-butynediol, Green Chem. 22
(2020) 1553–1558.

[4] S. Dabral, B. Bayarmagnai, M. Hermsen, J. Schießl, V. Mormul, A.S.K. Hashmi,
T. Schaub, Silver-catalyzed carboxylative cyclization of primary propargyl
alcohols with CO2, Org. Lett. 21 (2019) 1422–1425.

[5] A. Cervantes-Reyes, K. Farshadfar, M. Rudolph, F. Rominger, T. Schaub,
A. Ariafard, A.S.K. Hashmi, Copper-catalysed synthesis of α-alkylidene cyclic
carbonates from propargylic alcohols and CO2, Green Chem. 23 (2021) 889–897.

[6] C. Johnson, S. Dabral, P. Rudolf, U. Licht, A.S.K. Hashmi, T. Schaub, Liquid-liquid-
phase synthesis of exo-vinylene carbonates from primary propargylic alcohols:
catalyst design and recycling, ChemCatChem 13 (2021) 353–361.

[7] N.A. Tappe, R.M. Reich, V. D'Elia, F.E. Kühn, Current advances in the catalytic
conversion of carbon dioxide by molecular catalysts: an update, Dalton Trans. 47
(2018) 13281–13313.

[8] D.J. Faria, L.M. dos Santos, F.L. Bernard, I.S. Pinto, I.P. Romero, V.V. Chaban,
S. Einloft, Performance of supported metal catalysts in the dimethyl carbonate
production by direct synthesis using CO2 and methanol, J. CO2 Util. 53 (2021)
101721.

[9] M.R. Reithofer, Y.N. Sum, Y. Zhang, Synthesis of cyclic carbonates with carbon
dioxide and cesium carbonate, Green Chem. 15 (2013) 2086–2090.

[10] P.K. Sahoo, Y. Zhang, S. Das, CO2-promoted reactions: an emerging concept for the
synthesis of fine chemicals and pharmaceuticals, ACS Catal. 11 (2021)
3414–3442.

[11] S. Das, F.D. Bobbink, G. Laurenczy, P.J. Dyson, Metal-free catalyst for the
chemoselective methylation of amines using carbon dioxide as a carbon source,
Angew. Chem. Int. Ed. 53 (2014) 12876–12879.

[12] S. Yoshida, K. Fukui, S. Kikuchi, T. Yamada, Silver-catalyzed enantioselective
carbon dioxide incorporation into bispropargylic alcohols, J. Am. Chem. Soc. 132
(2010) 4072–4073.

[13] P.P. Pescarmona, M. Taherimehr, Challenges in the catalytic synthesis of cyclic
and polymeric carbonates from epoxides and CO2, Catal. Sci. Technol. 2 (2012)
2169–2187.

[14] A.J. Kamphuis, F. Picchioni, P.P. Pescarmona, CO2-fixation into cyclic and
polymeric carbonates: principles and applications, Green Chem. 21 (2019)
406–448.

[15] P.P. Pescarmona, Cyclic carbonates synthesised from CO2: applications, challenges
and recent research trends, Curr. Opin. Green Sustain. Chem. 29 (2021) 100457.

[16] K.A. Andrea, F.M. Kerton, Iron-catalyzed reactions of CO2 and epoxides to yield
cyclic and polycarbonates, Polym. J. 53 (2021) 29–46.

[17] C. Claver, M.B. Yeamin, M. Reguero, A.M. Masdeu-Bult�o, Recent advances in the
use of catalysts based on natural products for the conversion of CO2 into cyclic
carbonates, Green Chem. 22 (2020) 7665–7706.

[18] D. Prasad, K.N. Patil, N.K. Chaudhari, H. Kim, B.M. Nagaraja, A.H. Jadhav, Paving
way for sustainable earth-abundant metal based catalysts for chemical fixation of
CO2 into epoxides for cyclic carbonate formation, Catal. Rev. (2020) 1–88.

[19] Z. Guo, Q. Jiang, Y. Shi, J. Li, X. Yang, W. Hou, Y. Zhou, J. Wang, Tethering dual
hydroxyls into mesoporous poly(ionic liquid)s for chemical fixation of CO2 at
ambient conditions: a combined experimental and theoretical study, ACS Catal. 7
(2017) 6770–6780.

[20] J. Li, D. Jia, Z. Guo, Y. Liu, Y. Lyu, Y. Zhou, J. Wang, Imidazolinium based porous
hypercrosslinked ionic polymers for efficient CO2 capture and fixation with
epoxides, Green Chem. 19 (2017) 2675–2686.

[21] J. Martínez, J. Fern�andez-Baeza, L.F. S�anchez-Barba, J.A. Castro-Osma, A. Lara-
S�anchez, A. Otero, An efficient and versatile lanthanum heteroscorpionate catalyst
for carbon dioxide fixation into cyclic carbonates, ChemSusChem 10 (2017)
2886–2890.

[22] M. Cokoja, M.E. Wilhelm, M.H. Anthofer, W.A. Herrmann, F.E. Kühn, Synthesis of
cyclic carbonates from epoxides and carbon dioxide by using organocatalysts,
ChemSusChem 8 (2015) 2436–2454.

[23] M.O. Vieira, W.F. Monteiro, B.S. Neto, R. Ligabue, V.V. Chaban, S. Einloft, Surface
active ionic liquids as catalyst for CO2 conversion to propylene carbonate, Catal.
Lett. 148 (2018) 108–118.

[24] S. Klaus, M.W. Lehenmeier, C.E. Anderson, B. Rieger, Recent advances in CO2/
epoxide copolymerization—new strategies and cooperative mechanisms, Coord.
Chem. Rev. 255 (2011) 1460–1479.

[25] G.W. Coates, D.R. Moore, Discrete metal-based catalysts for the copolymerization
of CO2 and epoxides: discovery, reactivity, optimization, mechanism, Angew.
Chem. Int. Ed. 43 (2004) 6618–6639.

[26] R.R. Shaikh, S. Pornpraprom, V. D'Elia, Catalytic strategies for the cycloaddition of
pure, diluted, waste CO2 to epoxides under ambient conditions, ACS Catal. 8
(2018) 419–450.

https://doi.org/10.1016/j.gce.2021.12.009
https://doi.org/10.1016/j.gce.2021.12.009
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref1
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref1
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref1
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref2
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref2
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref3
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref3
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref3
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref3
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref3
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref3
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref4
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref4
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref4
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref4
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref4
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref5
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref5
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref5
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref5
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref5
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref5
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref6
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref6
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref6
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref6
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref7
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref7
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref7
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref7
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref8
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref8
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref8
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref8
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref8
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref8
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref9
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref9
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref9
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref10
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref10
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref10
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref10
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref10
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref11
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref11
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref11
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref11
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref12
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref12
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref12
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref12
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref13
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref13
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref13
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref13
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref13
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref14
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref14
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref14
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref14
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref14
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref15
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref15
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref15
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref16
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref16
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref16
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref16
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref17
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref17
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref17
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref17
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref17
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref17
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref18
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref18
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref18
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref18
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref18
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref19
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref19
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref19
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref19
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref19
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref19
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref20
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref20
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref20
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref20
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref20
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref21
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref21
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref21
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref21
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref21
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref21
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref21
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref21
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref22
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref22
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref22
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref22
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref23
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref23
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref23
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref23
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref23
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref24
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref24
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref24
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref24
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref24
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref24
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref25
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref25
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref25
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref25
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref25
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref26
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref26
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref26
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref26
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref26


A.J. Kamphuis et al. Green Chemical Engineering 3 (2022) 171–179
[27] V. Cal�o, A. Nacci, A. Monopoli, A. Fanizzi, Cyclic carbonate formation from carbon
dioxide and oxiranes in tetrabutylammonium halides as solvents and catalysts,
Org. Lett. 4 (2002) 2561–2563.

[28] M.O. Vieira, W.F. Monteiro, B.S. Neto, V.V. Chaban, R. Ligabue, S. Einloft,
Chemical fixation of CO2: the influence of linear amphiphilic anions on surface
active ionic liquids (SAILs) as catalysts for synthesis of cyclic carbonates under
solvent-free conditions, React. Kinet. Mech. Catal. 126 (2019) 987–1001.

[29] L.-F. Xiao, F.-W. Li, J.-J. Peng, C.-G. Xia, Immobilized ionic liquid/zinc chloride:
heterogeneous catalyst for synthesis of cyclic carbonates from carbon dioxide and
epoxides, J. Mol. Catal. Chem. 253 (2006) 265–269.

[30] K. Okuno, R. Nishiyori, M. Hiraki, S. Shirakawa, Environmentally benign synthesis
of cyclic carbonates from epoxides and carbon dioxide using binary and
bifunctional catalysts, Heterocycles 103 (2021) 94–109.

[31] L.-X. Wu, H.-P. Yang, Y.-B. Guan, M.-P. Yang, H. Wang, J.-X. Lu, Electrosynthesis
of cyclic carbonates from CO2 and epoxides on compacted silver nanoparticles
electrode, Int. J. Electrochem. Sci. 12 (2017) 8963–8972.

[32] K.R. Roshan, T. Jose, A.C. Kathalikkattil, D.W. Kim, B. Kim, D.W. Park, Microwave
synthesized quaternized celluloses for cyclic carbonate synthesis from carbon
dioxide and epoxides, Appl. Catal. Gen. 467 (2013) 17–25.

[33] F.D. Bobbink, Z. Fei, R. Scopelliti, S. Das, P.J. Dyson, Functionalized ionic (poly)
styrenes and their application as catalysts in the cycloaddition of CO2 to epoxides,
Helv. Chim. Acta 99 (2016) 821–829.

[34] J.-Q. Wang, X.-D. Yue, F. Cai, L.-N. He, Solventless synthesis of cyclic carbonates
from carbon dioxide and epoxides catalyzed by silica-supported ionic liquids
under supercritical conditions, Catal. Commun. 8 (2007) 167–172.

[35] K. Vierling, Verfahren zur herstellung von glykolcarbonat, DE Pat. 740366 C,
1943.

[36] M. Lichtenwalter, J.F. Cooper, Catalytic process for producing alkylene
carbonates, US Pat. 2773070, 1956.

[37] K. Xu, Nonaqueous liquid electrolytes for lithium-based rechargeable batteries,
Chem. Rev. 104 (2004) 4303–4418.

[38] J.R. Machac, E.T. Marquis, Alkylene carbonate-based cleaners, WO Pat.
2000050524 A1, 2001.

[39] S. Fukuoka, M. Kawamura, K. Komiya, M. Tojo, H. Hachiya, K. Hasegawa,
M. Aminaka, H. Okamoto, I. Fukawa, S. Konno, A novel non-phosgene
polycarbonate production process using by-product CO2 as starting material,
Green Chem. 5 (2003) 497–507.

[40] L. Maisonneuve, O. Lamarzelle, E. Rix, E. Grau, H. Cramail, Isocyanate-free routes
to polyurethanes and poly(hydroxy urethane)s, Chem. Rev. 115 (2015)
12407–12439.

[41] J. Langanke, A. Wolf, J. Hofmann, K. B€ohm, M.A. Subhani, T.E. Müller, W. Leitner,
C. Gürtler, Carbon dioxide (CO2) as sustainable feedstock for polyurethane
production, Green Chem. 16 (2014) 1865–1870.

[42] Empower materials. www.empowermaterials.com, 2017. (accessed 1 August
2017).

[43] S.D. Allen, Structurally precise poly(propylene carbonate) compositions, EP Pat.
2451860 A2, 2012.

[44] T. St€oßer, C. Li, J. Unruangsri, K. Saini, R.J. Sablong, M.A.R. Meier, C.K. Williams,
C. Koning, Bio-derived polymers for coating applications: comparing
poly(limonene carbonate) and poly(cyclohexadiene carbonate), Polym. Chem. 8
(2017) 6099–6105.

[45] I. Manavitehrani, A. Fathi, Y. Wang, K. Maitz, F. Mirmohseni, T.L. Cheng,
L. Peacock, D.G. Little, A. Schindeler, F. Dehghani, Fabrication of a biodegradable
implant with tunable characteristics for bone implant applications,
Biomacromolecules 18 (2017) 1736–1746.

[46] Y. Li, S. Liu, X. Zhao, Y. Wang, J. Liu, X. Wang, L. Lu, CO2-based amphiphilic
polycarbonate micelles enable a reliable and efficient platform for tumor imaging,
Theranostics 7 (2017) 4689–4698.

[47] F. Castro-G�omez, G. Salassa, A.W. Kleij, C. Bo, A DFT study on the mechanism of
the cycloaddition reaction of CO2 to epoxides catalyzed by Zn(salphen)
complexes, Chem. Eur. J. 19 (2013) 6289–6298.

[48] S.K. Raman, A.C. Deacy, L. Pena Carrodeguas, N.V. Reis, R.W. Kerr,
A. Phanopoulos, S. Morton, M.G. Davidson, C.K. Williams, Ti(IV)–tris(phenolate)
catalyst systems for the ring-opening copolymerization of cyclohexene oxide and
carbon dioxide, Organometallics 39 (2020) 1619–1627.

[49] M.R. Kember, A. Buchard, C.K. Williams, Catalysts for CO2/epoxide
copolymerisation, Chem. Commun. 47 (2011) 141–163.

[50] M. North, R. Pasquale, C. Young, Synthesis of cyclic carbonates from epoxides and
CO2, Green Chem. 12 (2010) 1514–1539.

[51] C. Martín, G. Fiorani, A.W. Kleij, Recent advances in the catalytic preparation of
cyclic organic carbonates, ACS Catal. 5 (2015) 1353–1370.

[52] A.J. Kamphuis, F. Milocco, L. Koiter, P.P. Pescarmona, E. Otten, Highly selective
single-component formazanate ferrate(II) catalysts for the conversion of CO2 into
cyclic carbonates, ChemSusChem 12 (2019) 3635–3641.

[53] J.A. Castro-Osma, M. North, X. Wu, Development of a halide-free aluminium-
based catalyst for the synthesis of cyclic carbonates from epoxides and carbon
dioxide, Chem. Eur. J. 20 (2014) 15005–15008.

[54] Q. Zhang, Yu, B. Lei, H.-J. Yang, J. Hu, L. Wang, T. Zhou, Q. Jiang, J. Zhu, B. Han,
Efficient solvent-free synthesis of cyclic carbonates from the cycloaddition of
carbon dioxide and epoxides catalyzed by new imidazolinium functionalized
metal complexes under 0.1 MPa, Catal. Lett. 150 (2020) 2537–2548.

[55] D. Tian, B. Liu, Q. Gan, H. Li, D.J. Darensbourg, Formation of cyclic carbonates
from carbon dioxide and epoxides coupling reactions efficiently catalyzed by
178
robust, recyclable one-component aluminum-salen complexes, ACS Catal. 2
(2012) 2029–2035.

[56] D.R. Moore, M. Cheng, E.B. Lobkovsky, G.W. Coates, Mechanism of the alternating
copolymerization of epoxides and CO2 using β-diiminate zinc catalysts: evidence
for a bimetallic epoxide enchainment, J. Am. Chem. Soc. 125 (2003)
11911–11924.

[57] S. Klaus, M.W. Lehenmeier, E. Herdtweck, Deglmann, A.K. Ott, B. Rieger,
Mechanistic insights into heterogeneous zinc dicarboxylates and theoretical
considerations for CO2–epoxide copolymerization, J. Am. Chem. Soc. 133 (2011)
13151–13161.

[58] F. Della Monica, A. Buonerba, C. Capacchione, Homogeneous iron catalysts in the
reaction of epoxides with carbon dioxide, Adv. Synth. Catal. 361 (2019) 265–282.

[59] F. Della Monica, S.V.C. Vummaleti, A. Buonerba, A.D. Nisi, M. Monari, S. Milione,
A. Grassi, L. Cavallo, C. Capacchione, Coupling of carbon dioxide with epoxides
efficiently catalyzed by thioether-triphenolate bimetallic iron(III) complexes:
catalyst structure-reactivity relationship and mechanistic DFT study, Adv. Synth.
Catal. 358 (2016) 3231–3243.

[60] A. Buonerba, A. De Nisi, A. Grassi, S. Milione, C. Capacchione, S. Vagin, B. Rieger,
Novel iron(III) catalyst for the efficient and selective coupling of carbon dioxide
and epoxides to form cyclic carbonates, Catal. Sci. Technol. 5 (2015) 118–123.

[61] X. Wu, J.A. Castro-Osma, M. North, Synthesis of chiral cyclic carbonates via
kinetic resolution of racemic epoxides and carbon dioxide, Symmetry 8 (2016) 4.

[62] R. Ma, L.-N. He, Y.-B. Zhou, An efficient and recyclable tetraoxo-coordinated zinc
catalyst for the cycloaddition of epoxides with carbon dioxide at atmospheric
pressure, Green Chem. 18 (2016) 226–231.

[63] H. Tanaka, Y. Kitaichi, M. Sato, T. Ikeno, T. Yamada, Enantioselective CO2 fixation
catalyzed by optically active cobalt complexes, Chem. Lett. 33 (2004) 676–677.

[64] H. Sugimoto, K. Kuroda, The cobalt porphyrin�Lewis base system: a highly
selective catalyst for alternating copolymerization of CO2 and epoxide under mild
conditions, Macromolecules 41 (2008) 312–317.

[65] T. Ema, Y. Miyazaki, J. Shimonishi, C. Maeda, J. Hasegawa, Bifunctional
porphyrin catalysts for the synthesis of cyclic carbonates from epoxides and CO2 :
structural optimization and mechanistic study, J. Am. Chem. Soc. 136 (2014)
15270–15279.

[66] R.L. Paddock, S.T. Nguyen, Chemical CO2 fixation: Cr(III) salen complexes as
highly efficient catalysts for the coupling of CO2 and epoxides, J. Am. Chem. Soc.
123 (2001) 11498–11499.

[67] D.J. Darensbourg, J.C. Yarbrough, Mechanistic aspects of the copolymerization
reaction of carbon dioxide and epoxides, using a chiral salen chromium chloride
catalyst, J. Am. Chem. Soc. 124 (2002) 6335–6342.

[68] Z. Qin, C.M. Thomas, S. Lee, G.W. Coates, Cobalt-based complexes for the
copolymerization of propylene oxide and CO2: active and selective catalysts for
polycarbonate synthesis, Angew. Chem. Int. Ed. 42 (2003) 5484–5487.

[69] A. Decortes, M. Martínez Belmonte, J. Benet-Buchholz, A.W. Kleij, Efficient
carbonate synthesis under mild conditions through cycloaddition of carbon
dioxide to oxiranes using a Zn(salphen) catalyst, Chem. Commun. 46 (2010) 4580.

[70] G.A. Luinstra, G.R. Haas, F. Molnar, V. Bernhart, R. Eberhardt, B. Rieger, On the
formation of aliphatic polycarbonates from epoxides with chromium (III) and
aluminum (III) metal–salen complexes, Chem. Eur. J. 11 (2005) 6298–6314.

[71] C.-X. Miao, J.-Q. Wang, Y. Wu, Y. Du, L.-N. He, Bifunctional metal-salen complexes
as efficient catalysts for the fixation of CO2 with epoxides under solvent-free
conditions, ChemSusChem 1 (2008) 236–241.

[72] M.R. Kember, D. Knight, T.R. Reung, C.K. Williams, Highly active dizinc catalyst
for the copolymerization of carbon dioxide and cyclohexene oxide at one
atmosphere pressure, Angew. Chem. Int. Ed. 48 (2009) 931–933.

[73] A. Buchard, M.R. Kember, K.G. Sandeman, C.K. Williams, A bimetallic iron(III)
catalyst for CO2/epoxide coupling, Chem. Commun. 47 (2011) 212–214.

[74] M.R. Kember, C.K. Williams, Efficient magnesium catalysts for the
copolymerization of epoxides and CO2; using water to synthesize polycarbonate
polyols, J. Am. Chem. Soc. 134 (2012) 15676–15679.

[75] C.J. Whiteoak, N. Kielland, V. Laserna, E.C. Escudero-Ad�an, E. Martin, A.W. Kleij,
A powerful aluminum catalyst for the synthesis of highly functional organic
carbonates, J. Am. Chem. Soc. 135 (2013) 1228–1231.

[76] C.J. Whiteoak, N. Kielland, V. Laserna, F. Castro-G�omez, E. Martin, E.C. Escudero-
Ad�an, C. Bo, A.W. Kleij, Highly active aluminium catalysts for the formation of
organic carbonates from CO2 and oxiranes, Chem. Eur. J. 20 (2014) 2264–2275.

[77] M. Taherimehr, S.M. Al-Amsyar, C.J. Whiteoak, A.W. Kleij, P.P. Pescarmona, High
activity and switchable selectivity in the synthesis of cyclic and polymeric
cyclohexene carbonates with iron amino triphenolate catalysts, Green Chem. 15
(2013) 3083–3090.

[78] C. Miceli, J. Rintjema, E. Martin, E.C. Escudero-Ad�an, C. Zonta, G. Licini,
A.W. Kleij, Vanadium(V) catalysts with high activity for the coupling of epoxides
and CO2: characterization of a putative catalytic intermediate, ACS Catal. 7 (2017)
2367–2373.

[79] K.A. Andrea, E.D. Butler, T.R. Brown, T.S. Anderson, D. Jagota, C. Rose, E.M. Lee,
S.D. Goulding, J.N. Murphy, F.M. Kerton, Iron complexes for cyclic carbonate and
polycarbonate formation: selectivity control from ligand design and metal-center
geometry, Inorg. Chem. 58 (2019) 11231–11240.

[80] M. Taherimehr, J.P.C.C. Sert~a, A.W. Kleij, C.J. Whiteoak, P.P. Pescarmona, New
iron pyridylamino-bis(phenolate) catalyst for converting CO2 into cyclic
carbonates and cross-linked polycarbonates, ChemSusChem 8 (2015) 1034–1042.

[81] H. Plommer, L. Stein, J.N. Murphy, N. Ikpo, N. Mora-Diez, F.M. Kerton,
Copolymerization of CHO/CO2 catalyzed by a series of aluminum amino-

http://refhub.elsevier.com/S2666-9528(21)00099-6/sref27
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref27
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref27
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref27
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref27
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref28
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref28
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref28
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref28
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref28
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref28
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref29
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref29
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref29
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref29
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref30
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref30
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref30
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref30
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref31
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref31
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref31
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref31
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref31
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref32
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref32
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref32
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref32
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref33
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref33
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref33
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref33
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref33
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref34
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref34
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref34
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref34
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref36
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref36
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref37
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref37
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref37
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref39
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref39
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref39
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref39
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref39
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref39
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref40
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref40
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref40
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref40
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref41
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref41
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref41
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref41
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref41
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref41
http://www.empowermaterials.com
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref44
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref44
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref44
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref44
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref44
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref44
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref45
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref45
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref45
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref45
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref45
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref46
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref46
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref46
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref46
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref46
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref47
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref47
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref47
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref47
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref47
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref47
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref48
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref48
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref48
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref48
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref48
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref48
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref49
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref49
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref49
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref49
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref50
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref50
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref50
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref50
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref51
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref51
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref51
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref52
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref52
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref52
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref52
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref52
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref53
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref53
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref53
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref53
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref54
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref54
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref54
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref54
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref54
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref55
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref55
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref55
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref55
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref55
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref56
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref56
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref56
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref56
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref56
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref56
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref56
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref57
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref57
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref57
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref57
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref57
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref57
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref58
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref58
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref58
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref59
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref59
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref59
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref59
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref59
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref59
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref60
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref60
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref60
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref60
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref61
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref61
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref62
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref62
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref62
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref62
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref63
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref63
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref63
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref63
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref64
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref64
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref64
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref64
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref64
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref64
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref65
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref65
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref65
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref65
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref65
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref65
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref66
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref66
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref66
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref66
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref66
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref66
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref67
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref67
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref67
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref67
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref68
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref68
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref68
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref68
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref68
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref69
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref69
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref69
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref70
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref70
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref70
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref70
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref70
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref71
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref71
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref71
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref71
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref71
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref72
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref72
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref72
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref72
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref73
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref73
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref73
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref73
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref74
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref74
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref74
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref74
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref74
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref75
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref75
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref75
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref75
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref75
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref76
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref76
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref76
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref76
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref76
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref76
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref76
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref77
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref77
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref77
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref77
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref77
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref78
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref78
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref78
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref78
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref78
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref78
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref78
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref79
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref79
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref79
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref79
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref79
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref80
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref80
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref80
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref80
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref80
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref80
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref81
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref81
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref81


A.J. Kamphuis et al. Green Chemical Engineering 3 (2022) 171–179
phenolate complexes and insights into structure–activity relationships, Dalton
Trans. 49 (2020) 6884–6895.

[82] K. Nakano, K. Kobayashi, K. Nozaki, Tetravalent metal complexes as a new family
of catalysts for copolymerization of epoxides with carbon dioxide, J. Am. Chem.
Soc. 133 (2011) 10720–10723.

[83] F. Al-Qaisi, E. Streng, A. Tsarev, M. Nieger, T. Repo, Titanium alkoxide complexes
as catalysts for the synthesis of cyclic carbonates from carbon dioxide and
epoxides, Eur. J. Inorg. Chem. (2015) 5363–5367.

[84] Y. Wang, Y. Qin, X. Wang, F. Wang, Trivalent titanium salen complex: thermally
robust and highly active catalyst for copolymerization of CO2 and cyclohexene
oxide, ACS Catal. 5 (2015) 393–396.

[85] J. Hessevik, R. Lalrempuia, H. Nsiri, K.W. T€ornroos, V.R. Jensen, E. Le Roux,
Sterically (un)encumbered mer-tridentate N-heterocyclic carbene complexes of
titanium(IV) for the copolymerization of cyclohexene oxide with CO2, Dalton
Trans. 45 (2016) 14734–14744.

[86] H. Kim, S.H. Choi, D. Ahn, Y. Kim, J.Y. Ryu, J. Lee, Y. Kim, Facile synthesis of a
dimeric titanium(IV) complex with terminal Ti¼Omoieties and its application as a
catalyst for the cycloaddition reaction of CO2 to epoxides, RSC Adv. 6 (2016)
97800–97807.

[87] D. Bai, H. Jing, Q. Liu, Q. Zhu, X. Zhao, Titanocene dichloride–Lewis base: an
efficient catalytic system for coupling of epoxides and carbon dioxide, Catal.
Commun. 11 (2009) 155–157.

[88] Y.M. Byun, J.M. Lee, J.Y. Ryu, M.J. Go, K.S. Na, Y. Kim, J. Lee, Titanium
complexes containing tridentate [ONO] type Schiff base ligands for the
cycloaddition reaction of CO2 to propylene oxide, Polyhedron 141 (2018)
191–197.

[89] M.J. Go, K.M. Lee, C.H. Oh, Y.Y. Kang, S.H. Kim, H.R. Park, Y. Kim, J. Lee, New
titanium catalysts containing tetrazole for cycloaddition of CO2 to epoxides,
Organometallics 32 (2013) 4452–4455.

[90] S. Kim, D. Sarkar, Y. Kim, M.H. Park, M. Yoon, Y. Kim, M. Kim, Synthesis of
functionalized titanium-carboxylate molecular clusters and their catalytic activity,
J. Ind. Eng. Chem. 53 (2017) 171–176.

[91] M. Mandal, D. Chakraborty, Group 4 complexes bearing bis(salphen) ligands:
synthesis, characterization, polymerization studies, J. Polym. Sci. Part Polym.
Chem. 54 (2016) 809–824.

[92] C.C. Quadri, E. Le Roux, Copolymerization of cyclohexene oxide with CO2
catalyzed by tridentate N-heterocyclic carbene titanium(IV) complexes, Dalton
Trans. 43 (2014) 4242–4246.
179
[93] Y. Wang, Y. Qin, X. Wang, F. Wang, Coupling reaction between CO2 and
cyclohexene oxide: selective control from cyclic carbonate to polycarbonate by
ligand design of salen/salalen titanium complexes, Catal. Sci. Technol. 4 (2014)
3964–3972.

[94] J.A. Garden, A.J.P. White, C.K. Williams, Heterodinuclear titanium/zinc catalysis:
synthesis, characterization and activity for CO2/epoxide copolymerization and
cyclic ester polymerization, Dalton Trans. 46 (2017) 2532–2541.

[95] M. Mandal, Group 4 complexes as catalysts for the transformation of CO2 into
polycarbonates and cyclic carbonates, J. Organomet. Chem. 907 (2020) 121067.

[96] H.-J. Chuang, B.-T. Ko, Facilely synthesized benzotriazole phenolate zirconium
complexes as versatile catalysts for copolymerization of carbon dioxide with
cyclohexene oxide and lactide polymerization, Dalton Trans. 44 (2015) 598–607.

[97] R. Lalrempuia, F. Breivik, K.W. T€ornroos, E. Le Roux, Coordination behavior of
bis-phenolate saturated and unsaturated N-heterocyclic carbene ligands to
zirconium: reactivity and activity in the copolymerization of cyclohexene oxide
with CO2, Dalton Trans. 46 (2017) 8065–8076.

[98] M. Kol, M. Shamis, I. Goldberg, Z. Goldschmidt, S. Alfi, E. Hayut-Salant,
Titanium(IV) complexes of trianionic amine triphenolate ligands, Inorg. Chem.
Commun. 4 (2001) 177–179.

[99] D. Lionetti, A.J. Medvecz, V. Ugrinova, M. Quiroz-Guzman, B.C. Noll, S.N. Brown,
Redox-active tripodal aminetris (aryloxide) complexes of titanium(IV), Inorg.
Chem. 49 (2010) 4687–4697.

[100] M.G. Davidson, C.L. Doherty, A.L. Johnson, M.F. Mahon, Isolation and
characterisation of transition and main group metal complexes supported by
hydrogen-bonded zwitterionic polyphenolic ligands, Chem. Commun. (2003)
1832–1833.

[101] D.J. Darensbourg, J.C. Yarbrough, C. Ortiz, C.C. Fang, Comparative kinetic studies
of the copolymerization of cyclohexene oxide and propylene oxide with carbon
dioxide in the presence of chromium salen derivatives. In situ FTIR measurements
of copolymer vs cyclic carbonate production, J. Am. Chem. Soc. 125 (2003)
7586–7591.

[102] M. Mandal, U. Monkowius, D. Chakraborty, Synthesis and structural
characterization of titanium and zirconium complexes containing half-salen
ligands as catalysts for polymerization reactions, New J. Chem. 40 (2016)
9824–9839.

[103] J. Fern�andez-Baeza, L.F. S�anchez-Barba, A. Lara-S�anchez, S. Sobrino, J. Martínez-
Ferrer, A. Garc�es, M. Navarro, A.M. Rodríguez, NNC-scorpionate zirconium-based
bicomponent systems for the efficient CO2 fixation into a variety of cyclic
carbonates, Inorg. Chem. 59 (2020) 12422–12430.

http://refhub.elsevier.com/S2666-9528(21)00099-6/sref81
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref81
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref81
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref81
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref82
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref82
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref82
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref82
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref83
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref83
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref83
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref83
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref84
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref84
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref84
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref84
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref84
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref85
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref85
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref85
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref85
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref85
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref85
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref85
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref86
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref86
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref86
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref86
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref86
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref86
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref86
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref87
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref87
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref87
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref87
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref87
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref88
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref88
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref88
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref88
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref88
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref88
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref89
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref89
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref89
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref89
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref89
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref90
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref90
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref90
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref90
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref91
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref91
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref91
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref91
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref92
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref92
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref92
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref92
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref93
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref93
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref93
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref93
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref93
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref93
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref94
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref94
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref94
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref94
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref94
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref95
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref95
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref95
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref96
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref96
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref96
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref96
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref97
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref97
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref97
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref97
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref97
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref97
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref97
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref98
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref98
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref98
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref98
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref99
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref99
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref99
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref99
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref100
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref100
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref100
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref100
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref100
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref101
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref101
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref101
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref101
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref101
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref101
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref102
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref102
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref102
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref102
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref102
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref103
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref103
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref103
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref103
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref103
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref103
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref103
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref103
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref103
http://refhub.elsevier.com/S2666-9528(21)00099-6/sref103

	Ti and Zr amino-tris(phenolate) catalysts for the synthesis of cyclic carbonates from CO2 and epoxides
	1. Introduction
	2. Experimental
	2.1. Materials
	2.2. Equipment
	2.3. Synthesis of the amino-tBu-tris(phenolate) ligand (1)
	2.4. Synthesis of titanium(IV) amino-tBu-tris(phenolate) isopropoxide (2a)
	2.5. Synthesis of titanium(IV) amino-tBu-tris(phenolate) chloride (2b)
	2.6. Synthesis of zirconium(IV) amino-tBu-tris(phenolate) isopropoxide (3a)
	2.7. Synthesis of zirconium(IV) amino-tBu-tris(phenolate) chloride (3b)
	2.8. Catalytic tests

	3. Results and discussion
	4. Conclusions
	Declaration of competing interests
	Appendix A. Supplementary data
	References


