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ium(III) complexes functionalized
with pyridinium salts as catalysts for carbon dioxide
cycloaddition to epoxides†

Karol Bester, *a Agnieszka Bukowska, a Aleksandra Kawka, b Maciej Pytelc

and Wiktor Bukowski a

The catalytic properties of a series of novel chromium(III) salophen complexes having different pyridinium

chloride units (pyridinium, 2,6-dimethylpyridinium or 4-(dimethylamino)pyridinium ones) have been

studied in the reaction of carbon dioxide cycloaddition to phenyl glycidyl ether. The examined

complexes were found to be capable of catalyzing cycloaddition under relatively mild reaction

conditions without any additional nucleophilic co-catalyst. However, their catalytic activity depended

strongly on the structure and number of pyridinium salt units in the ligand molecule. The complex with

a single unit of 4-(dimethylamino)pyridinium chloride turned out to be the most active among the

examined ones. A TOF of up to 1480 h−1 was obtained in the presence of this catalyst under the

following conditions: 120 °C, 2 h, 6 bar, 0.05 mol% (74% epoxide conversion, and >99% selectivity). The

most active complex has also been examined as a catalyst in the reactions of CO2 with a series of ten

other terminal epoxides. High catalytic activity (TOF = 220–5045 h−1) was observed in most cases,

except for the reaction of CO2 with allyl glycidyl ether.
Introduction

In recent decades, a dramatic increase in carbon dioxide
emissions has been observed leading to increasing problems
with global warming and climate changes. As a result, efforts to
develop effective CO2 capture, storage, and chemical trans-
formation technologies have become priority research areas.1–8

Since carbon dioxide is a nontoxic and non-ammable gas, it
appears to be an interesting inexpensive and renewable green
C1 carbon source that can be transformed into valuable organic
chemicals. However, its thermodynamic and kinetic stability
must be overcome by using appropriate substrates and/or
catalysts. The conversion of CO2 to hydrocarbons for fuel
purposes and to carbonates and bicarbonates for applications
in the paper industry, plastics, rubber, and paint products
appears to be the most attractive way of using CO2 as a chemical
feedstock. The former would allow CO2 to be reconverted to the
compounds from which it is mostly generated. This could lead
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to the closure of the carbon cycle and prevent the accumulation
of anthropogenic CO2 in the atmosphere. However, alternative
routes for the use of CO2 as an inexpensive, nontoxic, and
renewable feedstock for the synthesis of valuable chemicals
have also been extensively explored and reviewed in recent
decades. One of them is the use of CO2 in reactions with
epoxides, leading to two types of products: ve-membered cyclic
carbonates9–17 or polymeric carbonates.18–28 Cyclic carbonates
can be used as precursors for polycarbonates, electrolytes, and
other ne chemical intermediates.15 Aliphatic CO2-based poly-
carbonates are used as biodegradable polymers21,22 and in
electrochemistry, as electrolytes exhibited exceptional interfa-
cial stability with lithiummetal and for ionic transportation.23–28

They promote salt dissociation and possess high thermal
decomposition temperatures.

The efficient and selective conversion of CO2 to cyclic
carbonates or polycarbonates requires the presence of appro-
priate catalysts. Metal complexes that contain multidentate
ligands, particularly those that contain salen/salophen ligands
bound with Al,29–35 Co(III),36–39 Cr(III),40–44 or Zn ions,45–48 turned
out to be one of the most effective groups of catalysts for CO2

reactions with epoxides. However, many other catalytic systems
have been applied to CO2 reactions with epoxides in the last two
decades.49–54

The activity of metal ions strongly depends on the structure
of ligands which bind to them and can be tuned by modifying
the ligand structure. However, to be effective catalysts, metal
complexes require the presence of a proper nucleophilic
© 2024 The Author(s). Published by the Royal Society of Chemistry
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cocatalyst.10,15 This role usually plays tertiary amines (e.g. DBU,
DMAP, N-methylimidazole), ammonium (e.g. Et4NCl, Et4NBr),
and phosphonium salts (e.g. PPNCl, PPNN3). The type of
nucleophilic species used and the molar ratio of nucleophile to
metal can decide whether the substrates are selectively con-
verted to cyclic carbonate or linear polycarbonate, according to
the cycloaddition or copolymerization routes, respectively.
Cyclic carbonates are privileged products in the case of the use
of a nucleophile that is a better leaving group (e.g. I−) and
a large nucleophile-to-metal ratio, while polycarbonates are the
main products when a nucleophile that is a worse leaving group
(e.g. Cl−) and its low concentration in relation to a metal ion are
applied.

The cocatalyst usually initiates a catalytic cycle interacting
with an epoxide molecule activated by a metal ion, and it
becomes an essential component of effective catalytic systems.16

Therefore, most catalysts used in the reactions of CO2 cyclo-
addition to epoxides are based on two-component systems
composed of mixtures of a Lewis acid (or Brønsted acid) and
a Lewis base.10–14,17,50 The use of catalysts that have only acidic or
basic functionality is also possible, but requires much harsher
conditions for cycloaddition reactions than in the case of
catalytic systems containing both functions.9,10,55,56 Therefore,
efforts are also being made to develop binary catalytic systems
that contain the functions of a Lewis/Brønsted acid and a Lewis
base within a single molecule. Numerous examples of organo-
catalysts and a few examples of metal complex catalysts have
been previously described in the literature.11,53–55,57 An
improvement in catalytic ability was found for some of them in
relation to similar bicomponent systems.

It is well known that an improvement in catalytic activity of
metal ions can be achieved by biding them with the ligands that
have properly tuned structure.18,58–61

Thus, planning our experiments, it was expected that an
improvement in the catalytic activity of salophen chromium(III)
complexes in CO2 cycloaddition reactions to epoxides might be
achieved by simple building into their structure the units of
pyridinium chlorides. Furthermore, it was also expected that
the complexes that have both metallic (Lewis acid) and nucle-
ophilic (Lewis base) centres might serve as single component
catalytic systems, i.e., the addition of any cocatalyst will not be
required. In this work, the possibilities of synthesis and appli-
cation of salophen complexes as single component catalysts
have been presented. They base on new functionalized salophen
ligands with pyridinium chloride units built into their struc-
ture. The ligands were derived from o-phenylenediamine and
salicylaldehydes that contained onium salt units of pyridine,
2,6-lutidine, or 4-dimethylaminopyridine built into their mole-
cules. The main goal of our research was to examine whether
the presence of Lewis base within salophen molecules can
improve the catalytic activity of salophen ligands and their
chromium(III) complexes.

Experimental

Phenols, epoxides, and other reagents and solvents used in
this work were purchased from Sigma-Aldrich, Merck, Acros,
© 2024 The Author(s). Published by the Royal Society of Chemistry
and Alfa Aesar and applied as received, unless otherwise
stated. 3,5-Di-t-butylsalicylaldehyde (A1) was prepared using
the procedure developed by the Jacobsen group.60 5-t-Butylsa-
licylaldehyde (A2) was synthesized according to the procedure
described by Casiraghi et al.61 Finally, 3-chloromethyl-5-t-
butylsalicylaldehyde (A3) and salicylaldehydes with units of
pyridinium chlorides (A4–A6) were synthesized using the
similar methodology previously described by Peters et al.62–64

Experimental details of the preparation procedures are pre-
sented in the ESI.†

General procedure for the synthesis of symmetrically
substituted salophen ligands (L1–L3)

Salicylaldehyde with a pyridine chloride units (A4–A6, 3 mmol)
was dissolved in methanol (20 ml). The resulting solution was
heated to reux and a solution of 1,2-phenylenediamine
(162 mg; 1.5 mmol) in MeOH (10 ml) was added dropwise. The
reaction mixture was vigorously mixed and reuxed rst for 4
hours, and then overnight at ambient temperature. The post-
reaction mixture was concentrated using a rotary evaporator
to about 1/10 volume and diethyl ether (10 ml) was added. The
precipitated solid was powdered using a magnetic stirrer for
approximately 1 hour, ltered, rinsed with ethyl ether, and
dried under reduced pressure (∼1 mbar). Ligands L1–L3 were in
the form of yellow powders. Their structure was proved by 1H-
NMR, 13C-NMR, HRMS and FTIR techniques (see ESI†).

General procedure for the synthesis of unsymmetrically
substituted salophen ligands

In a 100 ml Schlenk ask, molecular sieves 3A (1.5 g) were rst
placed. The ask was next equipped with a magnetic bar,
sealed with a rubber septum, heated with a heating gun, and
nally cooled to ambient temperature under argon atmo-
sphere before adding reagents. Aldehyde A6 (1047 mg, 3
mmol) and monosalicylaldimine (M1 orM2, 3 mmol) was then
placed in the ask aer its short opening in an argon atmo-
sphere and dry methanol (30 ml) was next added through the
septum using a glass syringe. The mixture was stirred vigor-
ously under argon atmosphere at 25 °C for 18 hours. The
heterogeneous post-reaction mixture was ltered on a fritted
glass funnel to remove molecular sieves. Methanol from the
post-reaction mixture was removed at 40 °C under decreased
pressure using a vacuum rotary evaporator. The residual was
dissolved in 20 ml of dry methylene chloride and the crude
product was puried chromatographically using SiO2

neutralized with triethylamine (2 ml TEA/10 g SiO2). The
mixture of methylene chloride-methanol (9/1 v/v) with 1% TEA
was applied as an eluent. The product isolated aer removal of
the eluent was pre-dried under vacuum (1 mbar, at 50 °C) for 2
hours, then redissolved in 50 ml of methylene chloride and
washed with 25 ml of a saturated aqueous solution of NH4Cl.
Aer removal of the drying agent and solvent, the residue was
further dried under vacuum (1 mbar, 50 °C) for 2 hours.
Ligands L4–L5 were obtained in the form of yellow powders.
Their structure was proved by 1H-NMR, 13C-NMR, HRMS and
FTIR techniques (see ESI†).
RSC Adv., 2024, 14, 2466–2480 | 2467
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General procedure for the synthesis of salophen chromium(II)
complexes (1–5)

Anhydrous CrCl2 (65 mg of 0.525 mmol) was dissolved in 8 ml
THF that was dried over sodium benzophenone and freshly
distilled. A 25 ml Schlenk ask equipped with a magnetic stirrer
and a rubber septum, previously heated with a heat gun and
cooled under argon, was used. In the second 5 ml Schlenk ask,
equipped and treated similarly, salophen ligand (0.5 mmol) was
dissolved in the mixture of THF (3 ml) and methanol (2 ml,
dried under molecular sieves 3A). The resulting solution was
next transferred to the solution of CrCl2 using a steal canula.
The canula and the empty ask were additionally rinsed with
2 ml methanol. The ask with the reaction mixture was placed
in the heating block on a magnetic stirrer and mixed under an
argon atmosphere at 40 °C for 4 hours. Aer that time, the
heating block was removed, the ask opened and lled with air.
The mixing under air atmosphere was continued at ambient
temperature for 16 hours. The reaction mixture was concen-
trated to about 1/5 volume and 5 ml of dried diethyl ether was
added. The precipitated solid was ground with a magnetic
stirrer for 1 hour. The resulting powder was ltered using
a fritted glass funnel and washed with an additional portion of
diethyl ether, and nally dried under vacuum (1 mbar) at 50 °C
for 4 hours. Complex 1–5 were obtained in the form of brown or
red-brown powders. Their structure was proved by HRMS,
elemental analysis and FTIR techniques (see ESI†).
General procedure for catalyst screening

To perform catalytic studies, a laboratory glass pressure
reactor (Büchi Tinyclave, 25 ml) was applied. The reactor was
equipped with a magnetic bar, charged with a catalyst (0.01–
0.05 mol%) and epoxide (1.5 ml), sealed, placed in the pre-
heated oil bath, and nally pressurized to the required carbon
dioxide pressure. The reaction mixture was gently stirred
under the applied reaction conditions (2–8 bar CO2, 80–120 °C,
1–6 h). Aer the indicated time, the oil bath was removed, the
CO2 ow was cut off, and the reactor was gently cooled, rst in
a water bath to room temperature, and then in an ice bath,
before pressure was released, and the pressure vessel opened.
The reaction mixture was solubilized with ca. 5–10 ml of
acetone and 1H-NMR analysis was performed to determine the
Scheme 1 Syntheses of salicylaldehydes bearing different pyridinium ch

2468 | RSC Adv., 2024, 14, 2466–2480
conversion of epoxide to cyclic carbonate. The products were
isolated from post-reaction mixtures by ash chromatography
aer the previous removal of acetone. The spectrometric data
for the isolated cyclic carbonates were consistent with those
previously reported.65
Results and discussion
Catalysts synthesis

To obtain salophen-type ligands that have one or two units of
pyridinium chlorides within their molecules, appropriate sali-
cylaldehydes A4–A6 were rst synthesized. The aldehydes were
derived from 4-t-butylphenol in three-stage syntheses
(Scheme 1; for details, see ESI†).

Symmetrically substituted salophen ligands L1–L3 with
yields of 88–98% were obtained in direct reactions between an
appropriate salicylaldehyde (2 eq.) and 1,2-phenylenediamine (1
eq.) conducted in boiling methanol (Scheme 2). To obtain
unsymmetrically substituted salophen derivatives L4–L5, mon-
oimines M1 and M2 have to rst be synthesized in the reaction
of 1,2-phenylenediamine with 1 eq. (5)-t-butyl- and 3,5-di-t-
butylsalicyladehyde, respectively. Syntheses were performed in
ethanol in the presence of the catalytic amount of p-toluene-
sulfonic acid. The appropriate monoimines were isolated with
good or moderate yields (79 and 34%, respectively) (Scheme 3).
They were then reacted with salicylaldehyde A6 in dry methanol
under an argon atmosphere (Scheme 4). Due to the high
tendency to form symmetrically substituted salophens as the
main products of condensation in the presence of water,
molecular sieves 3A were also added to bind the water that is
formed as a coproduct. Since the post-reaction mixtures con-
tained both unsymmetrically and symmetrically substituted
salophens in addition to the residues of substrates, the crude
products had to be puried chromatographically on silica gel.
Unsymmetrically substituted salophens L4–L5 were isolated
with low yields (37–38%).

To obtain salophen chromium(III) complexes 1–6, the
appropriate salophen ligands were rst reacted with anhy-
drous chromium(II) chloride in an atmosphere of argon.
Reactions were carried out in the mixed solvent consisting of
dry THF and dry MeOH (L1–L3) or in dry THF (L4, L5 and L6).
The nal forms of the complexes were obtained by purging
loride units.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Syntheses of salophen ligands L1–L3 and L6.

Scheme 3 Syntheses of monoimines M1–M2.

Scheme 4 Syntheses of salophen ligands L4–L5.
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dry air through the reaction mixtures to oxidize, the
preliminary formed chromium(II) complexes (Scheme 5). The
structures of isolated complexes were conrmed using
elementary analysis and spectral methods, including HRMS
and FTIR. The results of analyses were presented in detail in
the ESI.†
© 2024 The Author(s). Published by the Royal Society of Chemistry
Catalysts activity evaluation

North et al.66 have previously shown that salophen ligand L6 can
act on its own as an organocatalyst in CO2 cycloaddition reac-
tions to various terminal epoxides under metal and halide-free
conditions. It has also been shown that its catalytic activity is
the result of the concerted and synergistic action of phenolate
RSC Adv., 2024, 14, 2466–2480 | 2469
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Scheme 5 Syntheses of salophen chromium(III) complexes 1–6.
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as a nucleophile and phenol as a H-donor involved in the acti-
vation of the CO2 and epoxide, respectively.67 However, to act as
an efficient catalyst, L6 required rather harsh reaction condi-
tions – 10 bar CO2, 120 °C and 1 mol% catalyst concentration.66

Therefore, it was expected that when salophen ligands with
pyridinium salt units built into their molecules would be
applied as a catalyst, a clear improvement in catalytic activity of
the ligands could be observed in relation to L6 due to the
presence of an additional basic centre in their molecules.

The following reaction conditions were applied to examine
the catalytic activity of the synthesized ligands in the model
cycloaddition reaction: 2 bar CO2 (constant pressure), 120 °C,
and 0.05 mol% L1–L5. The catalytic experiments lasted 2 hours.
For comparison purposes, the activity of ligand L6 was also
examined under the same reaction conditions. Phenyl glycidyl
ether (E1) was used as a model epoxide due to its moderate
reactivity, low volatility (bp. 254 °C) and good solubility of the
examined catalysts in this compound. A disadvantage of its use
was the possibility of solidication of reaction mixtures before
achieving relatively high conversion of E1. Such situation had
been observed particularly in the experiments performed later
at lower temperatures, 80–100 °C, when the effect of reaction
temperature on the CO2 cycloaddition was studied. It was the
result of a relatively high melting point of the cyclic carbonate
formed from E1 (ca. 102 °C).

Contrary to our expectations, the introduction of the units of
pyridinium chloride at position 3 of the salicylaldehyde moie-
ties did not inuence sufficiently an improvement in the
2470 | RSC Adv., 2024, 14, 2466–2480
organocatalytic activity of L1 and L2 compared to L6 (Table 1
entries 2, 3, and 7). Ligand L1 being the derivative of pyridinium
chloride, it was allowed to convert only 3% of E1 to CC1, while
L2 that has two 2,6-dimethylpyridinium chloride units turned
out to be nearly inactive under the applied reaction conditions,
as L6 examined under the same reaction conditions, i.e.
0.05 mol% and 2 bar CO2 instead of 1 mol% and 10 bar CO2 as
was used in ref. 66. Only traces of cyclic carbonate were detected
in the post-reaction mixtures aer 2 hours when the cycload-
dition was performed in the presence of L2 or L6. However,
a clear improvement in activity was observed when L3–L5,
which have the units of 4-(dimethylamino)pyridinium chloride
(DMAP-Cl) built into the salophen structure, were examined in
a role of organocatalysts. Furthermore, ligand L3, which
contains two units of DMAP-Cl, was found to be nearly twice as
active as ligands L4 and L5 which have only a single moiety of
DMAP-Cl. The values of E1 conversion amounted of approxi-
mately 21% for L4–L5 and 35% for L3 (Table 1 entries 4–6).

The difference in activity between L1–L2 and L3–L5 and
between L3 and L4–L5 clearly indicated a key role of tertiary
amine units in the activation of substrates in the cycloaddition
of CO2 to E1. Similar ndings have been previously discussed
when organocatalytic systems composed of tertiary amines and
salen ligands and other phenols,68 on the one hand, and a sal-
ophen ligand with a tertiary aromatic amine unit built in ref. 66
on the other hand, were examined. Two mechanisms of
substrate activation by amine units have been proposed: the
rst included the interaction of amine with CO2, the second the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Effect of catalyst structure and reaction temperature on CO2 cycloaddition to E1

No. Catalyst T [°C] Conversion of E1a [%] Yield of CC1a [%] TONb [—] TOFc [h−1]

1 [BnDMAP]Cl 120 26 26 520 260
2 L1 120 3 3 60 30
3 L2 120 <1 <1 — —
4 L3 120 35 35 700 350
5 L4 120 21 21 420 210
6 L5 120 21 21 420 210
7 L6 120 <1 <1 — —
8 1 80 <1 <1 — —
9 1 100 19 19 380 190
10 1 120 14 10 200 100
11 2 80 <1 <1 — —
12 2 100 4 1 20 10
13 2 120 3 1 20 10
14 3 80 15 14 280 140
15 3 100 46 46 920 460
16 3 120 58 58 1160 580
17 4 80 8 7 140 70
18 4 100 34 34 680 340
19 4 120 71 70 1400 700
20 5 80 10 9 180 90
21 5 100 41 39 780 390
22 5 120 66 66 1320 660
23 6 120 <1 <1 — —
24d 6 120 39 36 720 360
25e 6 120 63 61 1220 610

a Determined based on 1H-NMR spectra of post-reaction mixtures with biphenyl as an internal standard. b Calculated as mol of carbonate/mol of
catalyst. c Calculated as TON/time [h]. d With 0.05 mol% DMAP as a co-catalyst. e With 0.05 mol% [BnDMAP]Cl as a co-catalyst.
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addition of amine to the previously activated epoxide.68

Furthermore, different aliphatic monoamines and diamines
have also been examined on their own as organocatalysts in CO2

cycloaddition to epoxides.9 Some of them, in particular, tertiary
N,N,N′,N′-tetraethylethylenediamine, exhibited moderate to
excellent efficiency in the studied cycloaddition reactions.

To gain additional proof of the participation of tertiary
amines in the activation of substrates, there was also carried out
an experiment in which 1-(benzyl)-4-(dimethylamino)
pyridinium chloride ([BnDMAP]Cl) was used as a catalyst. The
conversion of E1 comparable to those observed for L3–L5 was
obtained (Table 1 entry 1). Thus, it can be concluded that the
phenolic groups of L1–L5 do not play a meaningful role in the
activation of E1 under the reaction conditions applied.

Next, a series of chromium(III) complexes 1–5 derived from
the ligands L1–L5 were examined as catalysts in the cycloaddi-
tion of CO2 to E1. For comparison purposes, the same catalyst
concentration, reaction time, temperature, and CO2 pressure
were applied. The activity of the complexes was found to be
clearly higher than that of the appropriate ligands. However, it
is rather difficult to regard complex 2 bearing 2,6-pyridinium
chloride units as a very active catalyst for CO2 cycloaddition due
© 2024 The Author(s). Published by the Royal Society of Chemistry
to the very low conversion of E1 observed in the presence of this
complex (Table 1, entry 13).

Furthermore, like the experiments involving L1–L5, notice-
able differences in catalytic activity of 1–5 were observed
depending on their structure (Table 1 entries 10, 13, 16, 19, and
22). Complexes that were derivatives of pyridine (1) and 2,6-
pyridine (2) showed clearly lower activity compared to complex 3
that contains two units of DMAP-Cl. For the rst two, conver-
sion E1 was 14 and 3%, respectively, while for complex 3 about
58%. In addition, 4 and 5 that have a single unit of DMAP-Cl
showed higher catalytic activity compared to 3 that has two
units of DMAP-Cl. This nding was in opposition to the relation
described above for the salophen ligands. When catalytic
experiments were performed in the presence of 4 and 5, 71%
and 66% conversions of E1 were obtained, respectively, while
for 3 – 58% (Table 1 entries 16, 19, and 22).

Unlike L4 and L5, a higher value of E1 conversion was
observed for 4 compared to 5. This nding seems to point to the
advantageous effect of the presence of the second tBu substit-
uent on the activity of the salophen chromium(III) complex. In
the case of metal complex catalysis, the benet resulting from
donor properties of the tBu group is probably greater than the
RSC Adv., 2024, 14, 2466–2480 | 2471
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Fig. 1 Possible mechanism of CO2 cycloaddition to epoxides in the
presence of metal ion (and/or pyridinium) and chloride ion centres.

Fig. 2 Possible mechanism of cyclic carbonate formation including
CO2 activation by tertiary amine.
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spherical problems caused by its bulky nature, which can
impede the access of substrates to the metallic centre in the
salophen complexes.

For comparison purposes, complex 6 derived from an
unsubstituted salophen ligand has also been examined as
a catalyst of the cycloaddition of CO2 to E1 (Table 1, entry 23). It
turned out to be nearly inactive catalytically under the reaction
conditions applied. However, its activity increased clearly aer
the addition of an equivalent amount of DMAP as a co-catalyst,
and about 39% conversion of E1 could be then obtained (Table
1, entry 24). These ndings differ somewhat from those ob-
tained previously by the North group, which examined 6 on its
own (using 2.5 mol%) and with the addition of DMAP as
a catalyst in the cycloaddition of CO2 to styrene oxide performed
at room temperature under the pressure of 1 bar.42 No catalytic
activity was then observed in both cases under the applied
reaction condition.

To further examine a role of a pyridinium salt that has
additional tertiary amine functionality as a co-catalyst, an
equimolar mixture of 6 and [BnDMAP]Cl, which can be
considered as a two-component substitute of complex 5, was
also examined in the cycloaddition of CO2 to E1. In this case, the
conversion comparable to that observed for 5 was obtained
(Table 1, entries 22 and 25).

Numerous mechanistic studies shown that CO2 cycloaddi-
tion to epoxides can be initiated by the interaction of a catalyst
with molecules of only one of the substrates or simultaneously
with both.14,17,53,68–71

For instance, tertiary amines (Lewis bases) may interact with
both reactants but they are on their own not among the most
active catalysts of the cycloaddition when a source of halogen
ions or acidic units is not available. When interacting with CO2

they form more reactive bicarbonate forms that can then serve
as a nucleophile and react with epoxides providing the inter-
mediate alcoholates. Tertiary amines can also participate
directly in the ring opening reaction of epoxides to form the
alcoholates which can act further as a nucleophiles in relation
to CO2.68 Lewis or Brønsted acids and halide ions (e.g. as a part
of ammonium, pyridinium, phosphonium, imidazolium, ben-
zimidazolium salt units) can participate in the activation of
epoxides. The acidic compounds by their interaction with an
oxygen atom in the epoxide ring facilitate a further ring opening
reaction with nucleophiles, while halide ions of onium salts
initiate the epoxide ring opening by the nucleophilic attack on
one of the carbon atoms of a epoxide ring. The intermediate
alcoholates are formed as a result which react further with CO2.
The presence only one type of catalytic centres (acidic or basic)
do not allow the cycloaddition to be performed effectively under
the mild reaction conditions, i.e. at a low temperature, under
a low CO2 pressure, and using a low catalyst concentration.
Therefore, to conduct the cycloaddition much more effectively,
the catalytic systems consisting of both acidic and basic func-
tionalities are mostly used epoxides.

The results of the catalytic examination including 1–5 appear
to point to the different pathways of substrate activation in the
case of 1–2 and 3–5. The rst two complexes have in their
molecules two type centres (acidic Cr(III) ions and basic halide
2472 | RSC Adv., 2024, 14, 2466–2480
ions) that can simultaneously participate in the activation
epoxide molecules according to the mechanism presented in
Fig. 1. Complexes 3–5 that in addition to the mentioned two
centres additionally possess one or two tertiary amine units can
also participate in the activation of CO2 molecules increasing
their reactivity and facilitating the epoxide ring opening to form
an alcoholate according to the mechanism presented in Fig. 2.
Consequently, due to parallelly occurring pathways of CO2

cycloaddition, complexes 3–5 as trifunctional catalytic species
show clearly higher catalytic activity than binary systems 1–2.
Since, [BnDMAP]Cl used as a catalyst on it own also show
a certain activity in the CO2 cycloaddition under the same
© 2024 The Author(s). Published by the Royal Society of Chemistry
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reaction conditions (Table 1, entry 1), it cannot be excluded that
pyridinium cations in 1–5 can also participate in the activation
of epoxide as Lewis acid centres.
Reaction conditions optimalization

The effect of reaction temperature on the conversion of E1 to
cyclic carbonate (CC1) was next studied in the presence of
complexes 1–5. Catalytic tests were performed at temperatures
of 80, 100 and 120 °C, using a catalyst loading of 0.05 mol% and
a pressure of 2–8 bar CO2. The results of the two-hour experi-
ments are presented in Table 1 (entries 8–22). According to
general kinetic relationships, it was expected to observe an
increase in the conversion value when the reaction temperature
increased, similarly as was described byWang et al. in ref. 72 for
the cycloaddition reaction performed in the presence of a chi-
tosan-functionalized ionic liquid as a biopolymer-supported
catalyst. Furthermore, an increase in reaction temperature
should facilitate the selective conversion of E1 to cyclic
carbonate CC1, as its formation required higher activation
energy than an appropriate linear polycarbonate.10 However,
exceeding a certain limit of the reaction temperature may result
in a decrease in both epoxide conversion and cycloaddition
reaction selectivity (the latter being due to occurring side reac-
tions). Based on the results obtained (Table 1 entries 8–22),
a selective course of CO2 cycloaddition to E1 was concluded for
1–5 in the entire range of the temperature studied (based on
NMR analyses of post-reaction mixtures). However, the per-
formed experiments revealed that an increase in E1 conversion
within the entire temperature range was only observed for
complexes 3–5. In the case of complexes 1 and 2, aer an initial
increase in E1 conversion with an increase in temperature from
80 to 100 °C, a decrease in its conversion was noted when the
reaction temperature was elevated above 100 °C (Fig. 3). To
exclude accidentality, the relevant experiments were repeated,
and comparable results were obtained.

According to the dependences of Arrhenius or Eyring, when
the temperature of reactions increases the values of reaction
rate constants increase as well. However, in the case of gas–
liquid reaction systems, the general rate of such
Fig. 3 Effect of reaction temperature on the yield of CC1 in CO2

cycloaddition to E1 catalyzed by complexes 1–5.

© 2024 The Author(s). Published by the Royal Society of Chemistry
transformations can decrease because of decreasing the solu-
bility of a gaseous reactant in the liquid reaction mixture with
increasing the reaction temperature. Furthermore, complexes
1–5, examined as catalysts of CO2 cycloaddition to E1, which
have pyridinium chloride units within their structure, might
undergo partial deactivation due to their side degradation, for
instance, in nucleophilic substitution reactions, Hoffmann
elimination, and/or Stevens rearrangement which can intensify
with increasing reaction temperature.73 The last factors can be
responsible for the differences in orders of catalytic activity
observed for the complexes at a studied temperature range. The
catalytic activity changed in the following order: 2 < 1 < 4 < 5 < 3
at 80 and 100 °C and 2 < 1 < 3 < 5 < 4 at 120 °C.

To examine the thermal stability of complexes 1–5, the
additional thermogravimetric analyses were conducted in the
temperature range of 30–600 °C. The obtained results (Fig. 4)
revealed that when the samples were heated to 180 °C, i.e., to
the temperature which is much higher than one applied in the
catalytic experiments, their weight loss did not exceed 4%. This
nding pointed rather on the desorption of residuals of solvents
used for the synthesis of complexes and/or dissociation of THF
molecules which is slightly bind to metal centres than the
signicant degradation of the complexes. However, it was noted
that in the case of complex 2, that has two units of 2,6-dime-
thylpyridine chloride built into its molecule, the process of
degradation accelerated clearly above 180 °C. Two maxima of
the degradation rate were observed at approx. 229 and 492 °C,
respectively, corresponding to a weight loss of approx. 32 and
52%, respectively. The rst maximum can be attributed mainly
to the dissociation of the units of 2,6-dimethylpyridine, the
second is a result of gradual carbonization of salophen
Fig. 4 Thermogravimetric curves recorded for 1–5 under the nitrogen
atmosphere.

RSC Adv., 2024, 14, 2466–2480 | 2473
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complex. Other two symmetrical substituted complexes, 1 and
3, with pyridinium and 4-(dimethylamino)pyridinium chloride
units turned out to be clearly more stable. The degradation of 1
accelerated above approximately 200 °C and 3 above 240 °C,
reaching the maxima of decomposition rate at temperatures of
approximately – the rst at around 286 and 312 °C and the
second at about 490 °C for 1 and 470 °C for 3. Unsymmetrically
substituted complexes 4 and 5 that have the single unit of 4-
(dimethylamino)pyridinium chloride in their structure
appeared to be yet more stable thermically compared to 1–3.
Although the acceleration in their decomposition was recorded
at similar temperature as for 3, the minima on DTGA curves
corresponding to the maximum rate of primary degradation
were observed respectively at higher temperature (323 and 353 °
C, respectively for 4 and 5). Unexpectedly the second minimum
on the DTGA curve obtained for of 4 was observed at tempera-
ture of 438 °C, although for 5 it was noted at 490 °C. The
thermal stability of complexes 1–5 appeared to correlate roughly
with their catalytic activity at 120 °C. Therefore, it cannot be
ruled out that the thermal stability of the complexes inuences
their catalytic activity.

It cannot be also ruled out that the observed catalytical
relationships are also a consequence of some other factors, for
instance, relative changes in activity of the particular catalytic
centres (Cr(III) ion as Lewis acid and chloride ion of an onium
salt and tertiary amine as Lewis bases) depending on the reac-
tion temperature applied. Pyridinium chloride and tertiary
amine units may play a more meaningful role in the activation
of substrates at lower temperatures, while the role of metal
centres in activation of epoxide molecules can increase with an
increase in reaction temperature. Furthermore, the presence of
Table 2 Effect of reaction conditions on CO2 cycloaddition to E1 cataly

No. Catalyst
Catalyst loading
[mol%]

CO2 pressure
[bar] Reaction tim

1 4 0.05 2 1
2 4 0.05 2 2
3 4 0.05 2 3
4 4 0.05 2 6
5 4 0.05 4 2
6 4 0.05 6 2
7 4 0.025 6 2
8 4 0.01 6 2
9 4 0.05 8 2
10 1 0.05 2 2
11 1 0.05 4 2
12 1 0.05 6 2
13 1 0.05 8 2
14 2 0.05 2 2
15 2 0.05 4 2
16 2 0.05 6 2
17 2 0.05 8 2
18 3 0.05 2 2
19 3 0.05 4 2
20 3 0.05 6 2
21 3 0.05 8 2

a Determined based on 1H-NMR spectra of post-reaction mixtures with bi
catalyst. c Calculated as TON/time [h].

2474 | RSC Adv., 2024, 14, 2466–2480
a bulky donor substituent (tBu group) can play a decisive role in
the improvement in the activity of a Lewis acid centre when the
reaction temperature increased. Due to the overlap of effects of
many factors on the activity of complexes 1–5 dependently on
the reaction temperature applied, similar orders of catalytic
activity for the examined metal complexes and the appropriate
ligands were observed exclusively at 80 and 100 °C.

To further optimize the cycloaddition condition, an effect of
reaction time, CO2 pressure, and catalyst concentration on the
conversion of E1 to CC1was also studied. Using 4 in the amount
of 0.05 mol%, a temperature of 120 °C, and a pressure of 2 bar
CO2, approximately 50% conversion of E1 was obtained aer 1
hour (Table 2, entry 1). The conversion increased by about 20%
aer the next hour, nally achieving the value of 94% within six
hours (Table 2, entries 2 and 4). When the pressure of CO2 was
increased, a clear improvement in epoxide conversion was
observed, but only to a value of 6 bar. A further increase in CO2

pressure to 8 bar was rather irrelevant because it almost did not
reect the further increase in E1 conversion (Table 2, entries 2,
5, 6, and 9). Moreover, based on the results obtained, it was
concluded that performing the cycloaddition under 6 bars, the
conversion of E1 as that obtained in the 6 hour experiment at 2
bar could be obtained just aer 2 hours.

The 1H-NMR spectra of the post-reaction mixtures shown
that an increase in CO2 pressure from 2 to 8 bar did not inu-
ence the worsening of selective conversion of E1 to CC1 in the
presence of 4 as could be expected based on the data previously
published by the Darensbourg group which observed the
formation of linear polycarbonates at higher CO2 pressures.40 In
the presence of complex 4, the selectivity to CC1 was almost
quantitative, even at 8 bar. Probably, the relatively high
zed with 1–4 at 120 °C

e [h] Conversiona [%] Yielda [%] TONb [—] TOFc [h−1]

49 47 940 940
71 70 1400 700
85 85 1700 567
94 94 1880 313
87 85 1400 700
96 96 1920 960
74 74 2960 1480
29 29 2900 1450
97 97 1940 970
14 10 200 100
60 55 1091 546
75 74 1475 738
89 89 1782 891
3 1 20 10
6 5 99 50
7 7 140 70

10 9 179 90
58 58 1160 580
89 89 1767 884
91 91 1828 914
94 94 1900 950

phenyl as an internal standard. b Calculated as mol of carbonate/mol of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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temperature applied, 120 °C, favours the formation of CC1 as
a thermodynamic product, making the formation of an appro-
priate linear polycarbonate hard (a kinetic product).18

To examine in more detail the effect of the structure of the
pyridinium chloride units on the catalytic activity of the modi-
ed salophen complexes, a series of additional experiments
using complexes 1–3 were also performed under the elevated
pressure of CO2 (Table 2, entries 10–21). A strong dependence
was found between the catalytic activity and the applied CO2

pressure for 1 and 3, similarly to that observed when examining
the effect of the CO2 pressure on the activity of 4. For 1, when
the pressure was elevated from 2 to 4 bar, the conversion of E1
increased more than four times, from 14% to 60%. The use of 3
under the pressure of 4 bars resulted in obtaining 89%
conversion of E1, i.e. approximately by 30% higher than ob-
tained under 2 bars and on the same level similar to that ob-
tained for 1 under twice larger pressure.

The increase in CO2 pressure from 2 to 8 bar did not have
a so spectacular effect on the activity of complex 2 for which the
conversion of E1 increased from 3 to 10%.

As mentioned earlier, catalysts 1 and 2 have two types of
active centers in their structure: acidic metallic centers and
basic chloride ions that participate in the activation of the
epoxide molecule. Catalysts 3–5, in addition to those two, have
the third type of active centers in their structure, tertiary amine
units. This future makes additional activation of CO2 molecules
possible, which increases its reactivity toward epoxide and
results in an improvement in catalytic activity compared to
catalysts that do not have this functionality.

An effect of catalyst concentration on the conversion of CO2

in the reaction with E1 was also studied under a CO2 pressure of
Table 3 Effect of epoxide structure

No. R
Epoxide/cyclic
carbonate Conversion of epoxidea [%]

1 Me E2/CC2 93
2 Et E3/CC3 80
3 Bu E4/CC4 46
4 Hex E5/CC5 23
5 Ph E6/CC6 44
6 CH2Cl E7/CC7 95
7 CH2OH E8/CC8 95
8e 88
9 CH2OtBu E9/CC9 53
10 CH2OPh E1/CC1 96

11 E10/CC10 0

12 E11/CC12 86

a Determined based on 1H-NMR spectra of the reaction mixture with bip
catalyst. c Calculated as TON/time [h]. d Isolated by column chromatograp

© 2024 The Author(s). Published by the Royal Society of Chemistry
6 bar. The concentration of 4 was changed in the range of 0.01–
0.05 mol% since the use of more than 0.05 mol% was limited by
the complex solubility in E1. The reduction in catalyst concen-
tration twice resulted in a decrease in E1 conversion from 96 to
74% (Table 2, entries 6 and 7), while ve times to 29% (Table 2,
entry 8). The high TOF values obtained for the experiments with
0.025 and 0.01 mol% 4, which were, respectively, 1480 and 1450
h−1, proved the high catalytic activity of this complex in the
cycloaddition of CO2 to E1 under the applied reaction
conditions.

Having optimized reaction conditions, a series of twelve
terminal epoxides were next applied to explore the scope of the
use of 4 in the cycloaddition reaction of CO2. Epoxides that have
both electron-withdrawing groups (EWG) and electron-
donating groups (EDG) were examined. The appropriate two-
hour experiments were performed using the following condi-
tions: 0.05 mol% 4, 120 °C and 6 bar CO2. All cyclic carbonates
obtained as products were isolated from the post-reaction
mixtures by column chromatography and their structure was
conrmed on the basis of 1H-NMR and 13C-NMR spectra (for
more details, see ESI†). Generally, similar values of the yields of
appropriate products were obtained based on the isolated
carbonates to those evaluated by 1H-NMR spectra analysis
(Table 3). Greater discrepancies between the values of epoxide
conversion and the yields of isolated products were found for
propylene and butylene oxide, that is, for the reactions that
included epoxides characterized by low values of boiling points.
However, these ndings do not should be connected with
occurring any side-transformations of these two epoxides since
no additional signals of side products were found in the 1H-
NMR spectra of the appropriate post-reaction mixtures.
Yield of cyclic carbonatea,d [% (%)] TONb [—] TOFc [h−1]

74 (71) 1480 740
62 (60) 1240 620
40 (41) 800 400
22 (19) 440 220
36 (35) 720 360
94 (91) 1880 940
94 (92) 1880 940
84 (81) 1680 5045
46 (46) 920 460
96 (92) 1920 960

0 — —

81 (78) 1620 810

henyl as an internal standard. b Calculated as mol of carbonate/mol of
hy.

RSC Adv., 2024, 14, 2466–2480 | 2475
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When the reactivity of the epoxides was compared, some
electronic and steric effects were noticed. First, the decrease in
epoxide reactivity in order of propylene oxide (R = Me, yield
74%) to epoxy-1,2-octene (R = n-C6H13, yield 22%) appears to
correlate with the decrease in donor properties of alkyl
substituents, which results from weakening the induction effect
of the CH3 group with increasing a number of CH2 groups
(Table 3, entries 1–4). Second, the presence of EWG groups
generally advantageously inuences the reactivity of appro-
priate epoxides. For epoxides that have the –CH2Cl, –CH2OH,
and –CH2OPh groups, yield values of 94–96% were observed
(Table 3, entries 6, 7 and 10). In the case of glycidol, the 84%
yield of cyclocarbonate (TOF = 5045 h−1) could be obtained just
in the 20 minute experiment (Table 3, entry 8). The reactivity of
Table 4 Comparison of the activity of different catalytic systems in the

No. Catalyst T [°C] P [bar] t [h]

1 NEt3–I2 (0.5 mol%) 90 20 20

2 120 10 12

3 120 10 3.5

4 35 10 24

5 100 40 4

6 45 10 18

7 25 1 24

8 25 1 24

9 4 (0.05 mol%) 120 2 2
10 4 (0.025 mol%) 120 6 2

2476 | RSC Adv., 2024, 14, 2466–2480
glycidyl methacrylate (E6) appears to be only slightly lower
compared to that observed for phenyl glycidyl ether (E1),
epichlorohydrin (E7), and glycidol (E8) (Table 3, entry 12).
However, the presence of substituents such as the –Ph (E6) and
–OCH2tBu (E9) groups, clearly negatively inuences the reac-
tivity of the appropriate epoxides (Table 3, entries 5 and 9). Its
bulky structure appears to be responsible for that. Finally, allyl
glycidyl ether (E10) was found to be completely inactive in the
CO2 cycloaddition carried out in the presence of 4 (Table 3,
entry 11).

When comparing the activity of our catalysts with the activity
of other homogeneous catalysts examined previously in the
cycloaddition of CO2 to phenyl glycidyl ether,31,32,42,55,66,74–76 it
was difficult to nd ones that were used under similar reaction
cycloaddition reaction of CO2 to phenyl glycidyl ether

Conversion [%] Yield [%] TON TOF [h−1] Ref.

100 98 196 10 75

83 — 826 69 55

93 88 88 25 66

100 78 31 1 31

— 95 95 24 74

80 83 24 1 76

77 72 29 1 42

100 87 58 2 32

71 70 1400 700 This work
74 74 2960 1480 This work

© 2024 The Author(s). Published by the Royal Society of Chemistry
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conditions (Table 4). Both metal complex catalysts (also
bifunctional) and organocatalytic systems were taken into
account. Generally, higher catalyst concentrations and higher
CO2 pressure were required to obtain a yield of cyclic carbonates
comparable to that obtained in the presence of 4 under the
conditions applied in this work. Furthermore, it was noticed
that to improve the activity of bifunctional catalytic systems
a co-catalyst was used in some cases. For example, DMAP was
also used in addition when the cycloaddition was conducted in
the presence of a salen cobalt(III) complex that had two units of
phosphonium chloride built into its molecule.74 Even then, the
95% yield of the proper cyclic carbonate was obtained in 4 hours
when 1 mol% catalyst concentration, 100 °C, and 40 bar CO2

were applied (Table 4, entry 5). For comparison, in our work,
a much lower catalyst concentration, 2 bar CO2 at 120 °C
resulted in the 96% cyclic carbonate yield obtained aer 2
hours.

Conclusions

Catalytic experiments carried out for a series of novel chro-
mium(III) salophen complexes that have units of three
different pyridinium chlorides built into their molecules
showed that the structure of onium salts strongly inuences
the catalytic properties of the complexes in the cycloaddition
reactions of CO2 to epoxides. It turned out that the intro-
duction of the unit(s) of 4-(dimethylamino)pyridinium chlo-
ride (DMAP-Cl) into salophen molecules (complexes 3–5)
provides the single component catalysts that are much more
active than those that have units of pyridinium chloride (1) or
2,6-dimethylpyridinium chloride (2). A key role in an
improvement in the catalytic activity of chromium(III) salo-
phen complexes underwent the presence of an additional
tertiary amine group introduced with 4-(dimethylamino)
pyridine into the salicylaldehyde moiety. Tertiary amine units
allow CO2 molecules to be activated additionally, in addition
to the possible activation of epoxide molecules throughout
the interaction with chromium(III) ions and chloride ions,
thus increasing the rate of CO2 cycloaddition to epoxides. The
most active of the catalysts examined, complex 4 with a single
unit of 4-(dimethylamino)pyridinium chloride, showed a TOF
value up to 1480 h−1 in the reaction of CO2 with phenyl gly-
cidyl ether (E1 conversion 74%, CC1 selectivity >99%). This
complex was also used successfully for the cycloaddition
reactions that included nine other epoxides with the EWG or
EDG substituents. It was characterized by relatively high
catalytic activity (TOF = 220–5045 h−1) and high selectivity in
the conversion of these epoxides to the appropriate cyclic
carbonate under the reaction conditions applied.
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