
polymers

Article

Copolymerization of Phthalic Anhydride with Epoxides
Catalyzed by Amine-Bis(Phenolate) Chromium(III) Complexes

Wiktor Bukowski 1 , Agnieszka Bukowska 1, Aleksandra Sobota 2 , Maciej Pytel 3 and Karol Bester 1,*

����������
�������

Citation: Bukowski, W.; Bukowska,

A.; Sobota, A.; Pytel, M.; Bester, K.

Copolymerization of Phthalic

Anhydride with Epoxides Catalyzed

by Amine-Bis(Phenolate)

Chromium(III) Complexes. Polymers

2021, 13, 1785. https://doi.org/

10.3390/polym13111785

Academic Editors: Jolanta Ejfler,

Łukasz John and Andrzej Plichta

Received: 6 May 2021

Accepted: 25 May 2021

Published: 28 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Faculty of Chemistry, Rzeszow University of Technology, Powstańców Warszawy 6, 35–959 Rzeszow, Poland;
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Abstract: The effect of ligand structure on the catalytic activity of amine-bis(phenolate) chromium(III)
complexes in the ring-opening copolymerization of phthalic anhydride and a series epoxides was
studied. Eight complexes differing in the donor-pendant group (R1) and substituents (R2) in phe-
nolate units were examined as catalysts of the model reaction between phthalic anhydride and
cyclohexane oxide in toluene. They were used individually or as a part of the binary catalytic
systems with nucleophilic co-catalysts. The co-catalyst was selected from the following organic
bases: PPh3, DMAP, 1-butylimidazole, or DBU. The binary catalytic systems turned out to be more
active than the complexes used individually, and DMAP proved to be the best choice as a co-catalyst.
When the molar ratio of [PA]:[epoxide]:[Cr]:[DMAP] = 250:250:1:1 was applied, the most active
complex (R1-X = CH2NMe2, R2 = F) allowed to copolymerize phthalic anhydride with differently
substituted epoxides (cyclohexene oxide, 4-vinylcyclohexene oxide, styrene oxide, phenyl glycidyl
ether, propylene oxide, butylene oxide, and epichlorohydrin) within 240 min at 110 ◦C. The resulting
polyesters were characterized by Mn up to 20.6 kg mol−1 and narrow dispersity, and they did not
contain polyether units.

Keywords: polyesters; ring-opening copolymerization; ROCOP; chromium(III) complexes

1. Introduction

The ring-opening copolymerization (ROCOP) of cyclic anhydrides and epoxides is
a modern method of synthesis of polyesters that can provide the polymers characterized
by the high molecular weight and narrow dispersity [1,2]. This irreversible reaction is
characterized by a better atom economy and much better thermodynamic parameters than
the classic polycondensation method. Furthermore, due to the great variety of commercially
available co-monomers, the ROCOP of cyclic anhydrides and epoxides seems to be also a
more universal method of polyester synthesis compared to a ring-opening polymerization
(ROP) of lactones. The former can deliver both aliphatic and semi-aromatic polyesters,
and the latter only the aliphatic ones [1,2]. The thermomechanical properties of ROCOP
products can be tuned in the wide range by selecting the appropriate pairs of epoxides
and cyclic anhydrides. As a result, polyesters with properties strictly dedicated to specific
applications can be obtained [3].

The ROCOP reaction of cyclic anhydrides and epoxides has been known since the
1960s; however, it did not attract much attention from researchers for many years, due to
the difficulties in obtaining high-molecular-weight polyesters and eliminating the side
reactions of epoxide polymerization [4–6]. The first significant progress in this field was
done only in 1985, when Inoue and Aida published an article describing the use of single-
site porphyrin aluminum complexes as catalysts for the copolymerization of phthalic
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anhydride and propylene oxide [7]. The same authors also showed that Lewis bases used
as nucleophilic co-catalysts, i.e., quaternary ammonium salts, improved sufficiently the
catalytic activity of metal complexes (Lewis acids). The next noticeable progress in the
development of catalytic systems for ROCOP occurred about twenty years later, in 2007,
when Coates et al. reported on the use of β-diketiminate zinc complexes as catalysts for
the copolymerization of cyclic anhydrides with epoxides [8]. The authors were the first to
show that perfectly alternating aliphatic polyesters with the high molecular weight and the
narrow molecular weight distribution might also be obtained in the ROCOP reactions when
an appropriate designed catalyst is applied. Following this work, the increased attention
has been paid by researchers to examine the metal complexes based on multidentate
ligands. Among the examples described till now, the complexes of Zn(II), Al(III), Fe(III),
Cr(III), Co(III), and Mn(III) with ligands bearing N- and/or O-donor atoms, such as β-
diketiminates [8–10], salens [10–32], porphyrinates [7,10,15,27,33,34], and some others
polydentate ligand types [35,36], turned out to be particularly useful in the ROCOP of
cyclic anhydrides and epoxides. Most of them showed clearly higher catalytic activity
and selectivity if they were used with a proper nucleophilic co-catalyst. Among all tested
co-catalysts, 4-(dimethylamino)pyridine (DMAP) and bis(triphenylphosphine)iminium
salts ([PPN]X) proved to be the most useful [1,2]. It was also shown that the properly
designed catalytic systems based on Lewis acid–Lewis base pairs not only play a role of
polymerization initiators by activating the molecules of epoxides but also influence on the
rate of a propagation stage and the type of end groups in the final polyesters [1,2].

The detailed mechanistic studies performed by the groups of Duchateau, Darensbourg,
and Coates showed that the ring-opening of epoxide is the stage that determines the rate
of ROCOP reactions in the presence of catalytic systems composed of metal complexes and
nucleophilic co-catalysts [11,13,28]. The first-order dependence on epoxide concentration
indicates that either epoxide binding or opening is the turnover-limiting step. The newest
experimental results supported by theoretical calculations point out that this stage occurs
rather through a coordination insertion pathway than a concerted pathway proposed
previously for epoxide/CO2 copolymerization [28]. According to the proposed mechanism,
molecules of epoxide must be first activated by its coordination to metal centers and then
undergo the ring-opening reaction under the influence of the attack of free carboxylate
ions. Thus, to insert both epoxide and anhydride moieties into the growing polymer chain,
a pair consisting of a metal complex catalyst (Lewis acid) and a nucleophilic co-catalyst
(Lewis base) has to co-operate.

The studies performed by the groups of Lee [19] and Coates [31] showed that a
nucleophilic co-catalyst can be a part of multidentate ligand molecules. The bifunctional
catalytic systems derived from such ligands shows even higher activity in the ROCOP
of cyclic anhydrides and epoxides than two-component catalytic systems. Furthermore,
it was found that the difference in activity between mono- and two-component catalytic
systems increases with decreasing their concentration. Unfortunately, the procedures of
the synthesis of ligands with proper additional nucleophilic functionalities used to be
more complex and usually included multistage transformations, making the use of such
complex ligands much more expensive [19,37]. Thus, the catalytic systems composed of
two components are used in the ROCOP of epoxides and anhydrides more commonly.
Among them, the equimolar mixtures of salophen chromium(III) complexes and DMAP
turned out to be particularly effective [11,12,15,17,30].

Many of the metal complexes that turned out to be effective as catalysts in the ROCOP
reaction of cyclic anhydrides and epoxides were first examined successfully in the ROCOP
reaction of epoxides and CO2 [1]. Thus, it seemed to be interesting to examine the usefulness
of amine-bis(phenolate) chromium(III) complexes in the former reaction. To the best of our
knowledge, there are no literature data on the use of amine-bis(phenolate) metal complexes
as catalysts in the ROCOP reaction of epoxides and cyclic anhydride till now; however,
such complexes were studied intensively as catalysts of the ROCOP reactions of epoxides
and carbon dioxide by Kozak’s group [38–45].
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2. Materials and Methods

The detailed information on all procedures of purification of reagents and solvents
used in this work; the procedures of synthesis of amino-bis(phenolate) ligands and their
chromium(III) complexes; the applied analytical techniques; and the results of NMR, MS,
FTIR, GPC, and DSC analyses are presented in the Supplementary Materials. † All copoly-
merization experiments were performed by using the procedure analogical to described in
our previous work [30].

General Copolymerization Procedure

Typical copolymerization experiments were performed in 2 mL vials. Each vial was
dried by using a heat gun, cooled in a stream of argon, and placed in a glovebox before its
use. Under an argon atmosphere, the vial was charged with 2.5 mmol phthalic anhydride,
10 µmol amine-bis(phenolate) chromium(III) complex and 10 µmol DMAP, fitted with a
magnetic stir bar, and sealed up with a screw cap. Next, the vial was placed in a Schlenk
tube filled with argon and unscrewed under a constant flow of argon. The tube was sealed
up with a rubber septum and anhydrous toluene (0.5 mL), and CHO (2.5 mmol) were
then added to the reaction mixture under an inert atmosphere, using glass syringes with
needles. After the vial was screwed up again under an argon atmosphere inside the tube,
it was placed in a heating block and heated to 110 ◦C. The reaction mixtures were stirred
for fixed periods of time and then cooled immediately in an ice bath. The obtained crude
products were dissolved in methylene chloride and then precipitated with excess methanol.
The final products were dried under reduced pressure. GPC and 1H-NMR analyses were
performed for all products.

3. Results and Discussion

Amine-bis(phenolate) ligands can be relatively easily synthesized from phenols, pri-
mary amines, and formaldehyde in the Mannich reaction performed in organic solvent (in
methanol, commonly) or water [38,41,42,45,46]. As with the salen ligands, they show the
high complexing ability [46], and their structure can be simply modified by selecting the ap-
propriate substrates. The last future enables to tune both the steric and electronic properties
of the final metal complexes to modify their catalytic activity. The goal of our research was
to determine the relationship between the structure of chromium(III) amine-bis(phenolate)
complexes and their catalytic activity in the ROCOP reactions of epoxides with cyclic anhy-
drides. Hence, a series of eight amine-bis(phenolate) ligands (1–8), type [ONXO] (where
X = N, O), differing with the substituents in phenolate units and R1-X groups, were first
synthesized and then used for the synthesis of chromium(III) complexes 1a–8a (Scheme 1).
The applied synthesis procedures were based on ones described in References [38,41,42,45].
The structures of the final chromium(III) complexes were confirmed, using elementary
analysis and spectral methods, including HRMS, according to the methodology described
previously [47] (for details, see the Supplementary Materials).

To examine the catalytic activity of the synthesized complexes, the copolymerization
of cyclohexene oxide (CHO) and phthalic anhydride (PA) (Scheme 2) was selected as a
model reaction. The copolymerization experiments were performed in toluene at 110 ◦C,
using the stoichiometric amounts of co-monomers. The reaction conditions, just as those
described previously in References [11,30], were selected to give an opportunity to compare
the obtained results with the data published previously. The progress of copolymerization
and the content of ether linkages in the structure of the resulting polyesters were monitored
by using 1H NMR spectroscopy. The number average molar mass and its distribution was
assessed by gel chromatography, using polystyrene monodisperse standards (for further
details, see the Supplementary Materials).
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Scheme 1. Syntheses of amine-bis(phenolate) Cr(III) complexes.

Scheme 2. Model ROCOP reaction.

3.1. Co-Catalyst Effect

Catalytic tests were started from performing the reaction of PA with CHO without
any catalysts (Table 1, Run 1). As was expected, the 1H NMR analysis carried out after
60 min did not show any changes in the composition of the reaction mixture. This finding
proved no reaction between PA and CHO in the absent of a catalyst under applied reaction
conditions. Similar results were obtained previously for the reaction of maleic anhydride
and cyclohexene oxide [48] or phthalic anhydride and limonene oxide [12].

Table 1. An effect of the addition of a Lewis base on the ROCOP of phthalic anhydride (PA) with cyclohexene oxide (CHO)
catalyzed by 1a.

Run Catalytic System PA Conversion d (%) Ether e (mol%) Mn
f (kg mol−1) Ð f TON g TOF h (h−1)

1 a – 0 – – – – –
2 b 1a 2 66 0.8 1.44 5 5
3 c PPh3 2 – – – 5 5
4 c DBU 5 65 1.1 1.06 12 12
5 c BuImd 11 63 2.9 1.10 28 28
6 c DMAP 14 57 3.8 1.08 35 35
7 1a/PPh3 21 14 2.6 1.22 52 52
8 1a/DBU 26 13 3.3 1.19 65 65
9 1a/BuImd 31 7 3.7 1.20 78 78
10 1a/DMAP 42 6 4.8 1.18 105 105

Reaction conditions: 60 min, 110 ◦C, 2.5 mmol PA in 0.5 mL of toluene, and initial molar ratio [PA]0:[CHO]0:[Cr]0:[Lewis base]0 = 250:250:1:1.
a [PA]0:[CHO]0:[Cr]0:[Lewis Base]0 = 250:250:0:0. b [PA]0:[CHO]0:[Cr]0:[Lewis Base]0 = 250:250:1:0. c [PA]0:[CHO]0:[Cr]0:[Lewis
Base]0 = 250:250:0:1. d Determined from 1H NMR spectra (CDCl3) by integrating the normalized resonances for PA (7.97 ppm) and
the signals of phenylene units in the polymer (7.30–7.83 ppm). e Determined from 1H NMR spectra (CDCl3) by integrating the normalized
resonances of -CH- groups’ characteristic of ester (4.8–5.2 ppm) and ether (3.6–3.3) moieties in the polymer. f Determined by GPC analysis
in relation to polystyrene standards (Ð = Mw/Mn). g TON = number of moles of PA consumed per mole of catalyst. h TOF = TON per hour.
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Next, under the same reaction conditions, the ROCOP reaction was performed in
the presence of 1a, using the following initial molar ratio, [PA]0:[CHO]0:[Cr]0 = 250:250:1
(Table 1, Run 2). In this case, the 1H NMR analysis showed only 2% conversion of PA
after 60 min, and the obtained product was an oligo(ether-ester) that was characterized
by Mn = 0.8 kg mol−1 and the content of 68 mol% ether units. The obtained results
pointed to the low catalytic activity of 1a itself [TOF = 5 h−1] and its low selectivity of
polyester formation. The results were in agreement with those described previously for the
ROCOP of PA and CHO carried out in the presence of both monometallic [12,30] and some
bimetallic complexes [49,50].

As was mentioned in the Introduction part, to develop effective catalytic systems for
the ROCOP of cyclic anhydrides and epoxides, the selection of a proper pair of a metal
complex (Lewis acid) and a nucleophilic co-catalyst (Lewis base) is required. Electrophilic
and nucleophilic centers, which are essential to provide the proper catalytic ability, can be
located within a single molecule as well [1,2]. Both nonionic and ionic compounds can be
used as co-catalysts. Amongst them, 4-(dimethylamino)pyridine (DMAP, nonionic) and
bis(triphenylphosphine)imine salts (PPNX, i.e., PPNCl ionic) are the most commonly used.
For instance, PPNCl is one of the most active among the known co-catalyst. Both DMAP
and PPNX can catalyze itself the ROCOP of cyclic anhydride and epoxide at 110 ◦C or
above this temperature [51].

Four nonionic organic bases were examined as co-catalysts in this work: PPh3 (triph-
enylphosphine), BuImd (1-butylimidazole), DBU (1,8-diazabicyclo[5.4.0]undec-7-ene),
and DMAP. Each of them provided the higher PA conversion in the model ROCOP reaction
than 1a (Table 1, Runs 3–6). The lowest PA conversion was obtained in the case of PPh3
(TOF = 5 h−1) and the highest for DMAP (TOF = 35 h−1). Furthermore, the former provided
the polymeric product characterized by the least molecular mass and the latter the one with
the highest Mn, respectively, 1.1 and 3.8 kg mol−1. Moreover, the 1H NMR analyses of the
obtained products showed that they consist of about 60 mol% ether units. The relatively
low catalytic activity and selectivity in the ROCOP of PA and CHO found for the applied
organic bases under applied reaction conditions were in agreement with the data published
previously [13,15,24,30,35,48].

Next, a series of ROCOP experiments were performed by using catalytic systems
composed of equimolar amounts of 1a and a basic co-catalyst (Table 1, Runs 7–10). Simi-
larly, as it was observed by different authors previously for the binary systems based on
porphyrin, salen, and [OSSO]-donor type bis(phenolate) Cr(III) complexes [11,15,24,30,35],
synergetic effects could be observed for each pair 1a/base examined as a catalytic system
for the ROCOP of PA and CHO. The TONs for the binary systems, after 60 min, were clearly
higher than the sums of the TONs obtained separately for 1a and the bases mentioned
above. The highest increase in TOF values was found for the mixture of 1a/DMAP (65 h−1)
and the lowest one for the least active system, 1a/PPh3 (42 h−1) (Figure 1). However, the
effect observed for 1a/DMAP was 2–4 times lower than that found for the catalytic systems
composed of salophen Cr(III) complexes and DMAP described in our previous work [30].
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Figure 1. Synergistic effects found for different catalytic systems in the ROCOP of phthalic an-
hydride and cyclohexene oxide (reaction conditions: 110 ◦C, 2.5 mmol PA and 2.5 mmol CHO
in 0.5 mL of toluene, reaction time of 60 min, and initial molar ratio [PA]0:[CHO]0:[1a]0:[Lewis
Base]0 = 250:250:1:1).

Furthermore, similarly as it was observed for porphyrin [15], salen [11,15,24,30],
or [OSSO]-donor type bis(phenolate) [35] complexes, the addition of a nucleophilic co-
catalyst to complex 1a not only resulted in increasing the catalytic activity but also improved
the selectivity of the model ROCOP reaction. The polyesters produced in the presence of
the binary catalytic systems were characterized by lower contents of ether units than those
formed in the cases when complex 1a and nucleophilic co-catalysts were used separately
(Table 1, Runs 7–10). The lowest content of ether units (~6 mol%) was found for the product
of the copolymerization catalyzed by 1a/DMAP and the highest for the reaction performed
in the presence of 1a/PPh3 (~14 mol%). However, the real percentage of ether segments
must be somewhat lower due to the overlapping signals of protons characteristic for
terminal polyester groups and the ones related to ether units [49]. The last statement seems
to be supported by a decrease in the content of ether groups observed with increasing
molecular weight of the resulting polymers.

An improvement in copolymerization selectivity observed in the case of the use
of binary catalytic systems has been also described by Kozak’s group which studied
the ROCOP of epoxides and CO2 in the presence of amine-bis(phenolate) chromium(III)
complexes [38]. The authors found that complex 7a used without any co-catalyst was
nearly inactive catalytically in the ROCOP reaction of CHO and CO2 [TOF= 1 h−1] under
applied reaction conditions. However, it formed an effective catalytic system when 0.5 eq.
nonionic (DMAP) or ionic co-catalyst (PPNCl, PPNN3) was added. Furthermore, the
authors noticed that complex 7a itself delivered cyclic propylene carbonate as the only
product, instead of polycarbonate, in the reaction of propylene oxide and CO2. Only the
addition of nucleophilic co-catalysts (DMAP, PNNCl, PPNN3) to 7a resulted in obtaining
poly(propylene carbonate) (PPC) with the selectivity of 73–93% [TOF = 16–18 h−1] [39].

3.2. Ligand Structure Effect

The effect of ligand structure on the catalytic activity of amine-bis(phenolate) chromium(III)
complexes in the ROCOP reaction between cyclohexene oxide and phthalic anhydride was
next examined. The catalytic systems composed of complexes 1a–8a and DMAP were studied
(Table 2) under the following reaction conditions: [PA]0:[CHO]0:[Cr]0:[DMAP]0 = 250:250:1:1,
110 ◦C, in toluene. Comparing the values of TOFs calculated for the complexes differing in
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a pendant donor group, it was concluded that 4a and 8a with O-donor pendant groups
formed with DMAP clearly more active catalytic systems than complexes 1a and 7a having
N-donor pendant groups. The following order of TOF after 60 min were found: 4a (R1-X
= CH2OMe, TOF = 138 h−1) > 8a (R1-X = 2-THF, TOF = 118 h−1) > 1a (R1-X = CH2NMe2,
TOF = 105 h−1) > 7a (R1-X = 2-pyridyl, TOF = 95 h−1) (Table 2 Runs 2, 17, 32, and 37).
The analogical relationships were observed for the experiments performed for 30, 90,
150, and 240 min as well. Based on the obtained results, it was also noted that both the
exchange of an aliphatic ether pendant group (4a) for a tetrahydrofurfuryl one (8a) and
an aliphatic amine group (1a) for a pyridyl one (7a) diminished the catalytic activity of
amine-bis(phenolate) chromium(III) complexes. These findings result probably from the
stronger donor ability of the heterocyclic groups compared to acyclic ones.

Table 2. Results obtained for the ROCOP reactions between phthalic anhydride (PA) and cyclohexene oxide (CHO carried
out in the presence of different amine-bis(phenolate) chromium(III) complexes and DMAP.

Run Catalytic
System R1-X R2

t
(min)

PA
Conversion a (mol%)

Ether Units b

(%)
Mn

c

(kg mol−1) Ðc TON d TOF e

(h−1)

1

1a/DMAP CH2NMe2 tBu

30 23 14 2.4 1.21 58 116
2 60 42 6 4.9 1.21 105 105
3 90 53 4 6.7 1.22 132 88
4 150 81 2 10.6 1.22 202 81
5 240 95 2 12.6 1.21 238 60

6

2a/DMAP CH2NMe2 OMe

30 19 18 2.3 1.20 48 96
7 60 38 9 5.5 1.19 95 95
8 90 50 7 7.0 1.22 120 80
9 150 73 4 10.0 1.23 182 73

10 240 92 3 13.8 1.23 230 58

11

3a/DMAP CH2NMe2 F

30 25 5 5.3 1.19 62 124
12 60 46 2 9.0 1.26 115 115
13 90 56 2 11.1 1.28 140 93
14 150 85 1 15.2 1.35 212 85
15 240 >99 <1 17.6 1.36 250 62

16

4a/DMAP CH2OMe tBu

30 30 14 2.6 1.20 75 150
17 60 55 4 5.4 1.20 138 138
18 90 68 4 6.2 1.17 170 113
19 150 96 3 9.1 1.19 240 96
20 240 >99 3 10.3 1.23 250 62

21

5a/DMAP CH2OMe OMe

30 26 15 2.9 1.19 65 130
22 60 52 4 5.9 1.20 130 130
23 90 66 4 7.5 1.21 165 110
24 150 94 3 10.6 1.20 235 94
25 240 >99 3 12.0 1.22 250 62

26

6a/DMAP CH2OMe F

30 22 8 3.6 1.19 55 110
27 60 39 5 6.1 1.19 98 98
28 90 53 3 8.3 1.23 132 88
29 150 70 3 10.8 1.24 175 70
30 240 85 3 12.8 1.27 212 53

31

7a/DMAP
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The further comparison of the results obtained for complexes 1a, 4a, 7a, and 8a (Table 2,
Runs 1–5, 16–20, and 31–40) showed that the type of donor pendant groups influences not
only on the activity of the examined catalytic systems but also on the value of molecular
mass of the resulting polymers. Comparing the values of Mn obtained for the comparable
conversions of PA, it was concluded that the higher values of this parameter were noted in
the case of the complexes having [ONNO]-type ligands than for the ones with [ONOO]-
type ligands. For instance, the polymers characterized by Mn = 12.6 kg mol−1 at 95% PA
conversion, and Mn = 9.1 kg mol−1 at 96% PA conversion were obtained respectively for
1a/DMAP (R1-X = CH2NMe2) and 4a/DMAP (R1-X = CH2OMe) (Table 2, Runs 5 and
19). Furthermore, when the dependence of Mn vs. PA conversion was charted (Figure 2),
the linear correlations between these two parameters were revealed. This finding points out
that the ROCOP of CHO and PA in the presence of the binary catalytic systems occurred in
well-controlled manner. Furthermore, another interesting relationship might be concluded
from Figure 2, as well. The molecular mass of the resulting polymers depended on the type
of donor atoms present in amine-bis(phenolate) ligands. The complexes having [ONNO]-
type ligands formed polyesters with higher Mn than those with [ONOO]-type ligands. The
last finding pointed out that the metallic centers in the first type complexes showed the
lower ability to facilitate the chain transfer reaction than the second type. The relation
between the rates of chain transfer and propagation reaction is a key factor influencing
the mass of the resulting polymers. However, there is not possible to eliminate completely
all factors responsible for the chain transfer reaction in the ROCOP reaction of epoxides
and cyclic anhydrides even under “water-free” reaction conditions. Despite water traces
or phthalic acid, the zwitterions formed from DMAP and PA are present in the reaction
mixture which are responsible for occurring the chain transfer reaction. It was shown
previously [10–12] that the molecular mass of ROCOP products decreases with increasing
the amount of a nucleophilic co-catalyst.

Figure 2. Correlations between PA conversion and Mn observed for the amine-bis(phenolate)
chromium(III) complexes with different pendant groups (reaction conditions: 110 ◦C, 2.5 mmol PA and
2.5 mmol CHO in 0.5 mL of toluene, and initial molar ratio of [PA]0:[CHO]0:[Cr]0:[DMAP]0 = 250:250:1:1).

Probably due to the stronger interactions of [ONNO]-type amine-bis(phenolate) lig-
ands with Cr(III) ions compared to [ONOO]-type ones, the former have a stronger influence
on the electrophilic character of coordinated metal ions compared to the latter. Diminish-
ing the electrophilicity of metal ions resulted probably in decreasing the rate of substitution
reaction of the active ends of growing polymer chains (chain transfer reaction). The higher
value of Mn observed for the polymer formed in the presence of 7a/DMAP compared to
the one obtained by using 1a/DMAP (Figure 2) seems to prove this statement additionally.
Complex 7a having 2-pyridyl moiety as a part of a pendant group has the second N-donor
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stronger than complex 1a with a tertiary aliphatic amine group. Thus, the former interacts
with a Cr(III) ion stronger than the latter. However, the effect of the type of O-donor group
on the molecular mass of the resulting polymers was not observed (Figure 2). It can result
from the low donor ability of both an aliphatic ether groups and tetrahydrofurfuryl groups.
The O-metal bonds in transition metal complexes show much higher liability [42].

The differences in the catalytic properties of amine-bis(phenolate) chromium(III) com-
plexes occurring depending on the structure of a pendant group (R1-X = CH2NMe2 or
CH2OMe) were also described by Kozak’s group which examined the mentioned com-
plexes as catalysts of the ROCOP of epoxides and CO2 [43,44]. According to the authors,
the observed differences were connected with the formation of catalytically inactive forms
of chromium(III) complexes, which might contain two molecules of DMAP coordinated to
a metallic center or have a dimeric form, with chloride ions as bridges. The formation of
dimeric forms of amine-bis(phenolate) chromium(III) complexes in the presence of DMAP
were found previously by the Kozak’s group, based on the results of MALDI-TOF analysis,
for the complexes with CH2OMe (4a), 2-pyridyl (7a), and 2-tetrahydrofuryl (8a) pendant
groups [42]. Unfortunately, based on these findings, it is difficult to explain why complexes
4a and 8a having O-donor pendant groups show higher catalytic activity in the ROCOP
reaction of CHO and PA compared to complexes 1a and 7a with N-donor pendant groups,
such as CH2NMe2 and 2-pyridyl, what was observed in our study.

In the next step, the catalytic properties of the complexes having the same pendant
groups and different substituents in phenolate moieties were compared (Table 2, complexes
1a–3a and 4a–6a). It was found that the complexes bearing MeO-substituents (2a and 5a)
showed lower catalytic activity compared to the appropriate complexes with tBu groups
(1a and 4a), independently of the type of a pendant group. These findings pointed out
a disadvantageous effect of the stronger donor substituents on the catalytic activity of
amine-bis(phenolate) chromium(III) complexes in the ROCOP of CHO and PA. However,
comparing the activity of 1a and 4a with the activity of 3a and 6a, it was found that the
presence of electron acceptor substituents such as F atoms influenced advantageously on
the catalytic ability of the complex with R1-X = CH2NMe2 but it was disadvantageous
in the case of the complex with R1-X = CH2OMe. Furthermore, when TOF values for
the complexes bearing the same pendant group (R1-X = CH2NMe2 or R1-X = CH2OMe),
calculated for the 60 min reactions, were compared, the following orders of the activity
were noted, respectively: 3a (R2 = F, TOF = 115 h−1) > 1a (R2 = tBu, TOF = 105 h−1) > 2a
(R2 = OMe, TOF = 95 h−1) (Table 2, Runs 12, 2, and 7), and 4a (R2 = tBu, TOF = 138 h−1)
> 5a (R2 = OMe, TOF = 130 h−1) > 6a (R2 = F, TOF = 98 h−1) (Table 2 Runs 17, 22, and 27).
The analogical relationships were found for other reaction times.

The structure of R2 substituents in amine-bis(phenolate) ligands influences on the
electron density on phenolic oxygen atoms which are engaged in donor-acceptor interac-
tions with chromium(III) ions. Probably, this factor is responsible mainly for occurring
some relationships between R2 structure and the catalytic activity of the [ONNO]-donor
type amine-bis(phenolate) chromium(III) complexes with R1-X = CH2NMe2. The similar
effect of substituents in phenolic units on the catalytic activity of metal complexes was also
observed by our group previously for salophen chromium(III) complexes (other complexes
with [ONNO]-type ligands) examined in the ROCOP reactions of epoxides and cyclic anhy-
drides [30]. It was found, for instance, that a decrease in the donor character of substituents
in salicylaldehyde moieties (OMe < tBu < H) influenced advantageously on the catalytic
activity of the systems composed of salophen chromium(III) complexes and DMAP [30].

Similarly, as for the [ONOO]-type amine-bis(phenolate) chromium(III) complexes with
R1-X = CH2OMe, the lack of general correlation between the donor/acceptor ability of sub-
stituents present in phenolic units and the catalytic activity was also observed previously
by the Coates’s group for the salen cobalt(III) complexes used with [PPN]NO3 (co-catalyst)
in the ROCOP reaction of propylene oxide and maleic anhydride [26]. The authors noted
that the exchange of tBu groups for OMe ones resulted in a slight decrease in TOF from
22 to 21 h−1. On the other side, the exchange of tBu groups for chlorine or fluorine atoms
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resulted in an increase in TOF to 29 and 38 h−1, respectively. In turn, the exchange of tBu
for NO2 groups, which are strong electron acceptors, caused a relatively low decrease in
TOF to 20 h−1). However, the same group has observed the clear dependence between
the catalytic activity of metal complexes and the structure of phenolic units for the (sa-
lophen)Al(III)Cl/PPNCl catalytic systems used in the ROCOP reaction of and propylene
oxide [25]. In this case, when the substituents at position 5 of salophen phenolic moieties
were changed, the following changes in TOF were observed: tBu (88 h−1) < H (80 h−1) < F
(49 h−1).

Our observations are in contrast to the results described previously by the Kozak’s
group [41] which found that the exchange of R2 substituents in the amine-bis(phenolate)
chromium(III) complexes having [ONNO]-type ligands with R1-X = 2-pyridyl from tBu
groups for OCH3 ones resulted in approximately four-fold increase in the reaction rate (robs
= 0.29× 10−4 s−1 vs. robs = 1.2× 10−4 s−1) when the complexes were examined with DMAP
(a co-catalyst) in the ROCOP reactions of cyclohexene oxide and CO2 [41]. The similar
phenomenon was also observed for a series of salophen chromium(III) complexes in
cyclohexene oxide/CO2 copolymerization [52]. Darensbourg et al. found that the catalytic
activity of such complexes increased in the following: H < tBu < OMe. The authors also
noticed that the exchange of hydrogen atoms for OMe groups caused approximately three-
fold increase in TOF, from 386 to 1096 h−1. In turn, in our previous work [30], it was found
that the effect of substituents on the catalytic activity of salophen chromium(III) complexes
in the ROCOP reaction of CHO and PA was completely opposite (OMe < tBu < H) and the
introduction of OCH3 groups in the place of H atoms at R2 positions resulted in a decrease
in TOF from 568 to 320 h−1.

The study performed for the ROCOP of CHO and PA also showed that the exchange
of substituents R2 in the phenolic units of complexes 1a–6a, similarly as the modification
of a pendant group mentioned above, had a strong effect on the molecular mass of result-
ing products (Table 2). The relationships between Mn and PA conversion presented in
Figure 3 clearly show that the complexes with tBu groups, 1a (R1-X = CH2NMe2) and 4a
(R1-X = CH2OMe), provided the polymer products characterized by lower Mn compared to
related MeO-substituted complexes 2a and 5a. Unexpectedly, F-substituted complexes 3a
and 6a also gave the products characterized by higher Mn compared to tBu-substituted com-
plexes 1a and 4a. Comparing the values of Mn for the reactions occurring with the complete
conversion of PA (after 240 min), further differences in behavior of the studied catalytic
systems could be easily noticed. The most active system, 4a/DMAP (R1-X = CH2OMe, R2
= tBu), provided the polymer product characterized by lower Mn (10.3 kg mol−1) than
3a/DMAP that was a system clearly less active catalytically. The latter produced the
polyester characterized by the highest Mn, equal to 17.6 kg mol−1 (Table 2, Runs 20 and
15). Bearing in mind that the molecular mass of products obtained in the ROCOP reactions
depends on the mutual relations between the rates of polymer chain propagation and chain
transfer/termination reactions, it might be only assumed that the change in the electron
density on the metallic centers in the complexes has a large impact on the rate of all these
reactions and Mn of the resulting polymers.
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Figure 3. Relationships between the Mn and PA conversion for complexes 1a–6a in the
ROCOP of PA and CHO: (a) R1-X = CH2NMe2, (b) R1-X = CH2OMe (reaction conditions:
110 ◦C, 2.5 mmol PA and 2.5 mmol CHO in 0.5 mL of toluene, and initial molar ratio of
[PA]0:[CHO]0:[Cr]0:[DMAP]0 = 250:250:1:1).

The results of GPC analysis performed for the products obtained in 240-min exper-
iments did not show the effect of the type of pendant group R1-X on the dispersity (Ð)
of the molecular mass of the resulting polyesters. All polyesters that were obtained by
using catalytic systems based on the complexes with R2= tBu were characterized by Ð
equal to about 1.2, independently of the pendant group structure (Table 2, Runs 5, 20,
35, and 40). Similarly, there were not observed differences in a mass dispersity for the
complexes 2a and 5a with R2= OMe. Independently of the nature of a pendant group
(R1-X = CH2-NMe2 or CH2-OMe), the value of Ð amounted to 1.2 (Table 2, Runs 10 and
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25). However, the introduction of fluorine atoms as R2 substituents resulted in an increase
in Ð value to about 1.3 both in the case of complex 3a (R1-X = CH2-NMe2) and complex 6a
(R1-X = CH2-OMe) (Table 2, Runs 15 and 30). This increase may indicate a lowering the
rate of the chain transfer reaction compared to the rate of propagation in the presence of
complexes with electron-withdrawing groups in phenolate units (R2 = F), which in turn
could explain producing the polymers with much higher average molar masses in these
cases. The similar effect was observed by Coates and co-workers for the para-F-substituted
salophen aluminum complexes used as catalysts in the reaction cyclic anhydrides with
epoxides [25].

Based on the 1H NMR spectra recorded for the resulting reaction mixtures, the content
of ether units in the final polymers was determined. It was found that the complexes
studied in this work (1a–8a) formed highly selective catalytic systems when they were used
with the equimolar amount of DMAP. The content of ether units in the product obtained
after 240 min ranged from less than 1 mol% to about 3 mol% (Table 2). Furthermore, it was
found that the type of a pendant donor group influenced only slightly on the selectivity of
the formation of polyesters. The content of ether units was slightly lower for the products
obtained in the presence of the complexes bearing N-donor pendant groups (1a and 7a)
(Table 2, Runs 5 and 35), compared to those obtained in the reactions catalyzed by the
complexes with O-donor pendant groups (4a and 8a) (Table 2, Runs 20 and 40). These
findings point out that the catalytic systems based on the complexes with O-donor groups
show better selectivity to ester group formation than the once composed of complexes
having N-donor groups.

The exchange of R2 substituents from tBu- to MeO- or F-groups did not affect the
selectivity of polyester formation when R1-X was equal to CH2OMe (4a, 5a, and 6a).
The content of ether units in the final products was then about 3 mol% (Table 2, Runs
20, 25, and 30). However, some differences in ROCOP selectivity were observed for the
complexes with R1-X =CH2NMe2 (1a, 2a, and 3a). Clear worsening the selectivity was
noted when R2-substituents were changed from tBu groups (1a) to MeO ones (2a). In turn,
the exchange of tBu groups for fluorine atoms (3a) resulted in an improvement of the
selectivity (Table 2, Runs 5, 10, and 15). The best ROCOP selectivity was found for complex
3a, R1-X = CH2NMe2, that allowed, in combination with an equimolar amount of DMAP,
to obtain an almost perfectly alternating poly(cyclohexene phthalate) with the content of
ether units below 1 mol% (Table 2, Run 15).

3.3. Effect of Monomers to Catalytic System Ratio

Two additional series of catalytic experiments 3a/DMAP were performed to study
the effect of 3a/DMAP loading on the ROCOP reaction of CHO and PA. The molar ratio
of 3a/DMAP to the monomers was increased or decreased two times compared to the
reference experiments. The obtained results are presented in Table 3. Regardless of
3a/DMAP concentration, the perfectly alternating poly(cyclohexene phthalates), contained
below 1 mol% ether units and characterized by a narrow molecular weight distribution (Ð
~ 1.30), were obtained as a result. However, a slight increase in polyester mass dispersity
could be noticed when the ratio of 3a/DMAP to CHO and PA was decreased. Furthermore,
in this case, the time required to complete the ROCOP reaction was reduced by half (to
120 min) compared to the reference experiment. In turn, when the amount of 3a/DMAP
was reduced, only 85% conversion of PA was noted after 480 min (Table 3, Runs 4, 9, and
14). Moreover, doubling the amount of 3a/DMAP resulted in a decrease in the molecular
mass of the obtained product, from 17.6 to 10.5 kg mol−1 (for ~100% PA conversion, Table 3,
Runs 9 and 4). In turn, the polymer product characterized by Mn = 22.8 kg mol−1 (for 85%
PA conversion, Table 3, Run 14) was obtained when the amount of 3a/DMAP to PA/CHO
was decreased. In addition, the analysis of the obtained results revealed that, regardless of
the amount of 3a/DMAP used, linear correlations between PA conversion and Mn were
observed (Figure 4). The last findings indicate that the copolymerization proceeds in a well-
controlled manner. Similar correlations were observed in our previous study [30] for the
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catalytic systems based on salophen chromium(III) complexes and DMAP used in the same
model ROCOP reaction under the same temperature conditions. However, the reaction
carried out in the presence of 3a/DMAP occurred much slower compared to the reactions
catalyzed by the examined (salophen)Cr(III)Cl/DMAP, although the catalytic systems
based on complex 3a provided the product characterized by higher molecular mass.

Table 3. Effects of PA:CHO:3a:DMAP ratios on the ROCOP of PA and CHO.

Run [PA]0:[CHO]0:[Cr]0:[DMAP]0 t (min) PA Conversion
a (%)

Ether Units b

(mol%)
Mn

c

(kg mol−1) Ð c TON g TOF h

(h−1)

1 125:125:1:1 30 57 5 5.6 1.21 71 142
2 60 74 2 8.1 1.26 92 92
3 90 90 1 9.3 1.27 112 75
4 120 >99 <1 10.5 1.28 125 62

5 250:250:1:1 30 25 5 5.3 1.19 62 124
6 60 46 2 9.0 1.26 115 115
7 90 56 1 11.1 1.28 140 93
8 150 85 <1 15.2 1.35 212 85
9 240 >99 <1 17.6 1.36 250 62

10 500:500:1:1 30 10 11 2.6 1.20 50 100
11 60 16 5 4.2 1.22 80 80
12 150 38 1 11.2 1.27 190 76
13 240 57 <1 14.8 1.30 285 71
14 480 85 <1 22.8 1.35 425 53

Reaction conditions: 110 ◦C, 2.5 mmol PA in 0.5 mL toluene. a Determined from 1H NMR spectra (CDCl3) by integrating the normalized
resonances for PA (7.97 ppm) and the signals of phenylene units in the polymer (7.30–7.83 ppm). b Determined from 1H NMR spectra
(CDCl3) by integrating the normalized resonances of -CH- groupss characteristic of ester (4.8–5.4 ppm) and ether (3.6–3.3 ppm) moieties in
the polymer. c Determined by GPC analysis in relation to polystyrene standards (Ð = Mw/Mn). d TON = number of moles of PA consumed
per mole of catalyst. e TOF = TON per hour.

Figure 4. Relationships between Mn and PA conversion for 3a/DMAP, depending on the initial molar
ratio of [PA]0:[CHO]0:[Cr]0:[DMAP]0 (reaction conditions: 110 ◦C, 2.5 mmol PA in 0.5 mL toluene).

3.4. Effect of Epoxide Structure

The catalytic activity of 3a/DMAP has been also examined in the ROCOP reactions of PA
with a series of terminal epoxides (Scheme 3). The all reaction were performed in toluene, at
110 ◦C, using the following initial molar ratio: [PA]0:[epoxide]0:[Cr]0:[DMAP]0 = 250:250:1:1.
The epoxides having both electron withdrawing groups (styrene oxide (SO), epichloro-
hydrin (ECH), phenyl glycidyl ether (PGE), and 4-vinylocyclohexene oxide (4-VCHO))
and electron donating ones (propylene oxide (PO) and butylene oxide (BO)) were used.
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The results obtained at this stage are presented in Table 4. In most cases, the nearly com-
plete conversion of PA was observed after 240 min under the applied reaction conditions.
Only for the reaction with SO, PA conversion was clearly lower and amounted to 73% after
240 min. Comparing the results obtained for the 60-min experiments, when PA conversion
was incomplete for all examined epoxides, the following order of the reactivity could be
concluded: ECH (TOF =225 h−1) > PO (TOF =155 h−1) > CHO (TOF = 115 h−1) > 4-VCHO
(TOF = 98 h−1) > EFG (TOF =95 h−1)> BO (TOF =85 h−1) > SO (TOF = 58 h−1). From these
findings follow clearly that the reactivity of epoxides in the ROCOP reaction with PA de-
pends on steric effects stronger than the electron properties of substituents in the molecule
of epoxide.

Scheme 3. The ROCOP reactions studied in the presence of 3a/DMAP.

Table 4. Results obtained for the ROCOP reactions of PA with various epoxides in the presence of 3a/DMAP.

Run Epoxide t (min) PA Conversion a

(%)
Ether Units

b (mol%) Mn
c (kg mol−1) Ð c TON d TOF e

(h−1) Tg
f (◦C)

1 CHO 60 46 2 9.0 1.26 115 115 –
2 240 >99 <1 17.6 1.36 250 62 141.8
3 4-VCHO 60 39 4 9.4 1.18 98 98 –
4 240 91 <1 20.6 1.19 250 62 126.2
5 SO 60 23 6 3.0 1.23 58 58 –
6 240 73 2 6.4 1.30 182 46 83.6
7 EFG 60 38 3 10.6 1.17 95 95 –
8 240 >99 <1 17.9 1.68 250 62 57.6
9 PO 60 62 1 12.3 1.15 155 155 –
10 240 >99 <1 17.0 1.27 250 62 59.6
11 BO 60 34 3 8.0 1.18 85 85 –
12 240 98 <1 17.7 1.18 245 61 47.7
13 ECH 60 90 <1 6.2 1.73 225 225 –
14 240 >99 <1 10.3 1.93 250 62 55.8

Reaction conditions: 110 ◦C, 2.5 mmol PA in 0.5 mL toluene. a Determined from 1H NMR spectra (CDCl3) by integrating the normalized
resonances for PA (7.97 ppm) and the signals of phenylene units in the polymer (7.30–7.83 ppm). b Determined from 1H NMR spectra
(CDCl3) by integrating the normalized resonances of -CH- groups characteristic of ester (4.8–5.4 ppm) and ether (3.6–3.3 ppm) moieties in
the polymer. c Determined by GPC analysis in relation to polystyrene standards (Ð = Mw/Mn). d TON = number of moles of PA consumed
per mole of catalyst. e TOF = TON per hour. f Determined by DSC from 2nd heating at a heating rate of 10 ◦C min−1.

Based on the 1H NMR spectra of the products obtained in 240-min experiments, it was
found that all the examined pairs of reactants delivered polyesters selectively in the presence of
3a/DMAP (Supplementary Materials Figures S1–S7). Most of the resulting poly(alkylene phtha-
lates) comprised below 1 mol% ether units in their structure. Only in the case of poly(styrene
phthalate) the content of ether units was found to be 2 mol%. The presence of an intensive
absorption band in the range of 1724–1727 cm−1 corresponding to C = O valence stretching
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of ester groups in the FTIR spectra of the products was an additional proof of obtaining the
poly(alkylene phthalates) (see Supplementary Materials Figures S8–S14).

To obtain the information on the glass temperature (Tg) of the resulting poly(alkylene
phthalates), DSC analysis was also performed. The analysis provided the information how
this physical parameter so important for polymer characteristics can be tuned by the proper
selection of epoxide for the ROCOP reaction with PA (Table 4). For the polyesters obtained
from the examined epoxides, the value of Tg changed from 47.7 ◦C for BO to 141.8 ◦C for
CHO (Table 2, Runs 1 and 12). It gives the broad range of Tg value (94.1 ◦C) and shows
that the ROCOP of PA and epoxides can deliver polyesters for various applications.

The number average molar mass values determined for the polyesters obtained from
PA and different epoxides in the presence of 3a/DMAP, based on GPC analyses, ranged
from 6.4 to 20.6 kg mol−1. The highest value of Mn was found for the copolymer of
PA and 4-VCHO and the lowest for the one composed of PA and SO units (Table 3,
Runs 6 and 4, respectively). The determined values of Mn turned out to be clearly lower
than it could be concluded taking the values of PA conversion into account. In addi-
tion, the GPC analysis revealed the bimodal distribution of polyester molecular mass
(Supplementary Materials Figures S22–S28). The high-molecular fraction had nearly twice
higher Mn than the low-molecular one. The attempts made to improve the purity of
co-monomers and toluene did not result in a significant improvement in the molecular
mass distribution of the final products. This bimodality turns out to be common for the
anionic ring-opening copolymerization. The bimodal distribution of polyester molecular
masses has been proved many times for the ROCOP reactions of epoxides and cyclic anhy-
drides [10–12,15,24,29–31,35]. At high monomer conversions, undesirable side reactions,
such as chain transfer (occurring in the presence of bifunctional chain transfer agents,
such as water, acid, or zwitterions), transesterification, and chain-end coupling reactions,
often undergo during the ROCOP reaction of epoxides and cyclic anhydrides.

The use of catalytic systems composed of amino-bis(phenolate) chromium(III) complexes
and DMAP in the ROCOP reactions of cyclic anhydrides and epoxides seems to have some
advantages compared to the use of the systems based on salophen chromium(III) complexes.
The polyesters produced by the former can be obtained as uncolored powders. The latter
makes obtaining the uncolored products difficult (Supplementary Materials Figure S29).

4. Conclusions

Amine-bis(phenolate) chromium(III) complexes 1a–8a having pendant group R1-X
(CH2NMe2, 2-pyridine, CH2OMe, 2-tetrahydrofuryl) and differing in substituents R2 (tBu,
MeO, or F) in phenolate units were examined as effective catalysts for the model ring-
opening copolymerization between phthalic anhydride and cyclohexane oxide. The com-
plexes themselves showed the low catalytic activity; however, the strong synergetic effect
was observed in the presence of stoichiometric amounts of nucleophilic co-catalysts. DMAP
turned out to be the best co-catalyst from the series of four organic bases examined (PPh3,
DBU, 1-butylimidazole, and DMAP).

The catalytic study showed that the activity of the binary systems 1a–8a/DMAP
depended on both the nature of substituents R2 and the pendant group R1-X. The complexes
bearing O-donor pendant groups (CH2OMe and 2-tetrahydrofuryl) showed higher activity
than the ones with N-donor groups (CH2NMe2 and 2-pyridyl). Furthermore, the complexes
with 2-pyridyl and 2-tetrahydrofuryl units turned out to be less active than the proper
complexes with R1-X equal to CH2OMe and CH2NMe2. The following order of the catalytic
activity was found for the complexes bearing R2 = tBu based on TOF calculations: 4a (R1-X
= CH2OMe) > 8a (R1-X = 2-tetrahydrofuryl) > 1a (R1-X = CH2NMe2) > 7a (R1-X = 2-pyridyl).

The structure of the complexes was reflected in Mn values of the resulting polymers
as well. The catalytic systems based on the complexes with N-donor groups provided the
product characterized by the much higher molecular mass than the ones with O-donor
pendant groups. Moreover, in the case of the series complexes with R1-X equal to CH2OMe
or CH2NMe2 group, introducing F atoms as R2 substituents resulted in an increase in the
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molecular mass of the resulting polyester compared to the similar complexes having tBu or
MeO substituents. The increase was higher for the complex with R1-X = CH2NMe2.

The presence of F atoms in phenolate units was also reflected in the activity of the
complexes with aliphatic pendant groups. However, it advantageously affected only the
activity of the complexes with the N-donor pendant group, while the complex with O-
donor group turned out to be less active compared to the similar complexes with R2 equal
to H, tBu, or MeO.

The most active of the examined complexes, complex 3a (R1-X = CH2NMe2, R2 = F),
was able to convert quantitatively (or nearly quantitatively) and selectively the series of six
different epoxides (SO, ECH, PGE, 4-VCHO, PO, and BO) in the alternating ring-opening
copolymerization with phthalic, using the following reaction conditions: the molar ratio
[PA]0:[epoxide]0:[Cr]0:[DMAP] =250:250:1, 110 ◦C, toluene as a solvent, and reaction time
of 240 min. The 1H NMR analysis proved that, in the performed ROCOP reactions, the
obtained poly(alkylene phthalates) contained less than 1 mol% ether units in most cases.
The resulting products were characterized by Mn up to 20.6 kg/mol, a narrow distribution
of molecular mass, and Tg ranged from 47.7 to 141.8 ◦C.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym13111785/s1. The detailed information on all procedures of purification of reagents and
solvents used in this work, and the procedures of synthesis of amino-bis(phenolate) ligands and their
chromium(III) complexes, the applied analytical techniques, and the results of NMR, MS, FTIR, GPC,
and DSC analyses are presented in the Supplementary Materials.
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30. Bester, K.; Bukowska, A.; Myśliwiec, B.; Hus, K.; Tomczyk, D.; Urbaniak, P.; Bukowski, W. Alternating ring-opening copoly-
merization of phthalic anhydride with epoxides catalysed by salophen chromium(III) complexes. An effect of substituents in
salophen ligands. Polym. Chem. 2018, 9, 2147–2156. [CrossRef]

31. Abel, B.A.; Lidston, C.A.L.; Coates, G.W. Mechanism-inspired design of bifunctional catalysts for the alternating ring-opening
copolymerization of epoxides and cyclic anhydrides. J. Am. Chem. Soc. 2019, 141, 12760–12769. [CrossRef] [PubMed]

32. Shi, D.; Li, L.; Wen, Y.; Yanga, Q.; Duana, Z. Ring-opening copolymerization of epoxycyclohexane and phthalic anhydride
catalyzed by the asymmetric Salen-CrCl complex. Polym. Int. 2020, 69, 513–518. [CrossRef]

http://doi.org/10.1002/anie.200801415
http://doi.org/10.1021/ja203520p
http://doi.org/10.1021/ma2025804
http://doi.org/10.1021/ma301904y
http://doi.org/10.1021/ma2026385
http://doi.org/10.1002/ange.201410641
http://doi.org/10.1021/ma102238u
http://doi.org/10.1038/ncomms1596
http://doi.org/10.1039/c2py20026k
http://doi.org/10.1002/pola.27057
http://doi.org/10.3762/bjoc.10.187
http://doi.org/10.1021/ja509440g
http://doi.org/10.1007/s13233-015-3022-4
http://doi.org/10.3390/polym11071222
http://doi.org/10.1039/C4GC01353K
http://doi.org/10.1039/C4RA08969C
http://doi.org/10.1021/jacs.5b12888
http://doi.org/10.1021/jacs.6b03113
http://doi.org/10.1021/jacs.6b07520
http://doi.org/10.1021/jacs.7b09079
http://doi.org/10.3762/bjoc.14.255
http://doi.org/10.1039/C8PY00048D
http://doi.org/10.1021/jacs.9b05570
http://www.ncbi.nlm.nih.gov/pubmed/31380637
http://doi.org/10.1002/pi.5985


Polymers 2021, 13, 1785 18 of 18

33. Harrold, N.D.; Li, Y.; Chisholm, M.H. Studies of ring-opening reactions of styrene oxide by chromium tetraphenylporphyrin
initiators. Mechanistic and stereochemical considerations. Macromolecules 2013, 46, 692–698. [CrossRef]

34. Robert, C.; Ohkawara, T.; Nozaki, K. Manganese-corrole complexes as versatile catalysts for the ring-opening homo-and
co-polymerization of epoxide. Chem. Eur. J. 2014, 20, 4789–4795. [CrossRef]

35. Si, G.; Zhang, L.; Han, B.; Duan, Z.; Liu, B.; Dong, J.; Li, X.; Liu, B. Novel chromium complexes with a [OSSO]-type bis(phenolato)
dianionic ligand mediate the alternating ring-opening copolymerization of epoxides and phthalic anhydride. Polym. Chem. 2015,
6, 6372–6377. [CrossRef]

36. Shaik, M.; Chidara, V.K.; Abbina, S.; Du, G. Zinc amido-oxazolinate catalyzed ring opening copolymerization and terpolymeriza-
tion of maleic anhydride and epoxides. Molecules 2020, 25, 4044.

37. Li, H.; Luo, H.; Zhao, J.; Zhang, G. Well-defined and structurally diverse aromatic alternating polyesters synthesized by simple
phosphazene catalysis. Macromolecules 2018, 51, 2247–2257. [CrossRef]

38. Dean, R.K.; Dawe, L.N.; Kozak, C.M. Copolymerization of cyclohexene oxide and co2 with a chromium diamine-bis(phenolate)
catalyst. Inorg. Chem. 2012, 51, 9095–9103. [CrossRef]

39. Dean, R.K.; Devaine-Pressing, K.; Dawe, L.N.; Kozak, C.M. Reaction of CO2 with propylene oxide and styrene oxide catalyzed by
a chromium(III) amine-bis(phenolate) complex. Dalton Trans. 2013, 42, 9233–9244. [CrossRef]

40. Chen, H.; Dawe, L.N.; Kozak, C.M. Chromium(III) amine-bis(phenolate) complexes as catalysts for copolymerization of cyclohex-
ene oxide and CO2. Catal. Sci. Technol. 2014, 4, 1547–1555. [CrossRef]

41. Devaine-Pressing, K.; Dawe, L.N.; Kozak, C.M. Cyclohexene oxide/carbon dioxide copolymerization by chromium(III) amino-
bis(phenolato) complexes and MALDI-TOF MS analysis of the polycarbonates. Polym. Chem. 2015, 6, 6305–6315. [CrossRef]

42. Kozak, C.M.; Woods, A.M.; Bottaro, C.S.; Devaine-Pressing, K.; Ni, K. A MALDI-TOF MS analysis study of the binding of
4-(N,N-dimethylamino)pyridine to amine-bis(phenolate) chromium(III) chloride complexes: Mechanistic insight into differences
in catalytic activity for CO2/epoxide copolymerization. Faraday Discuss. 2015, 183, 31–46. [CrossRef]

43. Ni, K.; Kozak, C.M. Kinetic studies of copolymerization of cyclohexene oxide with CO2 by a diamino-bis(phenolate) chromium(III)
complex. Inorg. Chem. 2018, 57, 3097–3106. [CrossRef]

44. Ni, K.; Paniez-Grave, V.; Kozak, C.M. Effect of azide and chloride binding to diamino-bis(phenolate) chromium complexes on
CO2/cyclohexene oxide copolymerization. Organometallics 2018, 37, 2507–2518. [CrossRef]

45. Dean, R.K.; Granville, S.L.; Dawe, L.N.; Decken, A.; Hattenhauera, K.M.; Kozak, C.M. Structure and magnetic behaviour of mono-
and bimetallic chromium(III) complexes of amine-bis(phenolate) ligands. Dalton Trans. 2010, 39, 548–559. [CrossRef]

46. Wichmann, O.; Sillanpää, R.; Lehtonen, A. Structural properties and applications of multidentate [O,N,O,X′] aminobisphenolate
metal complexes. Coord. Chem. Rev. 2012, 256, 371–392. [CrossRef]

47. Sekuła, J.; Nizioł, J.; Rode, W.; Ruman, T. Gold nanoparticle-enhanced target (AuNPET) as universal solution for laser desorp-
tion/ionization mass spectrometry analysis and imaging of low molecular weight compounds. Anal. Chim. Acta 2015, 875, 61–72.
[CrossRef]

48. Liu, J.; Zhou, R.; Jia, L.; Fan, D.; Lü, X. Ring-opening copolymerization of CHO and MA catalyzed by the asymmetrical
Cr(III)-bis-Schiff-base complex. Inorg. Chem. Commun. 2017, 79, 86–88. [CrossRef]

49. Saini, P.K.; Romain, C.; Zhu, Y.; Williams, C.K. Di-magnesium and zinc catalysts for the copolymerization of phthalic anhydride
and cyclohexene oxide. Polym. Chem. 2014, 5, 6068–6075. [CrossRef]

50. Yu, Ch.-Y.; Chuang, H.-J.; Ko, B.-T. Bimetallic bis(benzotriazole iminophenolate) cobalt, nickel and zinc complexes as versatile
catalysts for coupling of carbon dioxide with epoxides and copolymerization of phthalic anhydride with cyclohexene oxide.
Catal. Sci. Technol. 2016, 6, 1779–1791. [CrossRef]

51. Hošt’álek, Z.; Trhlíkova, O.; Walterová, Z.; Martinez, T.; Peruch, F.; Cramail, H.; Merna, J. Alternating copolymerization of
epoxides with anhydrides initiated by organic bases. Eur. Polym. J. 2017, 88, 433–447. [CrossRef]

52. Darensbourg, D.J.; Mackiewicz, R.M.; Rodgers, J.L.; Fang, C.C.; Billodeaux, D.R.; Reibenspies, J.H. Cyclohexene oxide/CO2
copolymerization catalyzed by chromium(III) salen complexes and N-methylimidazole: Effects of varying salen ligand sub-
stituents and relative cocatalyst loading. Inorg. Chem. 2004, 43, 6024–6034. [CrossRef] [PubMed]

http://doi.org/10.1021/ma302492p
http://doi.org/10.1002/chem.201303703
http://doi.org/10.1039/C5PY01040C
http://doi.org/10.1021/acs.macromol.8b00159
http://doi.org/10.1021/ic301402z
http://doi.org/10.1039/C2DT31942J
http://doi.org/10.1039/C3CY01002C
http://doi.org/10.1039/C5PY01028D
http://doi.org/10.1039/C5FD00046G
http://doi.org/10.1021/acs.inorgchem.7b02952
http://doi.org/10.1021/acs.organomet.8b00298
http://doi.org/10.1039/B910254J
http://doi.org/10.1016/j.ccr.2011.09.007
http://doi.org/10.1016/j.aca.2015.01.046
http://doi.org/10.1016/j.inoche.2017.03.031
http://doi.org/10.1039/C4PY00748D
http://doi.org/10.1039/C5CY01290B
http://doi.org/10.1016/j.eurpolymj.2017.01.002
http://doi.org/10.1021/ic049182e
http://www.ncbi.nlm.nih.gov/pubmed/15360252

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Co-Catalyst Effect 
	Ligand Structure Effect 
	Effect of Monomers to Catalytic System Ratio 
	Effect of Epoxide Structure 

	Conclusions 
	References

