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The reactivity of bifunctional borinane-based mono-ammonium salts has previously been demonstrated
in various polymerization processes, including ring-opening polymerization (ROP) of epoxides and copo-
lymerization with CO, or anhydrides. In this study, three bifunctional borinane-based multi-ammonium
salts (N*/B) B, C and D (BgNz(Cg)Brz; BgNz(Cs)Brs; B1gN4(Cy)Brs) were synthesized with varying B/N ratios
and linker lengths between two ammoniums, along with a monoammonium bifunctional salt, catalyst A,
BszNBr, used as a reference. The polymerization activities of these catalysts which were essentially used as
initiators were evaluated in ROP of propylene oxide (PO), epichlorohydrin (ECH), and glycidyl azide (GA),
and ROCOP of PO and ECH with COs,. Specifically, this work focused on the ROP of ECH, which exhibited
temperature-dependent reactivity. Lower temperatures favored chain propagation and resulted in well-
controlled polymerization behavior, while higher temperatures favored chain transfer reactions to the
monomer resulting in low molar mass polymers. Catalysts A and B demonstrated comparable reactivities
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across all polymerizations, indicating that catalyst B, with a higher B/N ratio and spatially arranged ammo-
niums, may be an ideal candidate. Overall, the general trend of catalytic activity was observed to be A ~ B
> C > D. This study provides valuable insights into the design and synthesis of forthcoming bifunctional

Open Access Article. Published on 31 May 2024. Downloaded on 6/15/2026 1:40:23 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/polymers N*/B catalysts.

1. Introduction

Since the first report on the organocatalytic copolymerization
of CO,/epoxides by binary systems associating triethylborane
(TEB) with onium salts," much effort has been devoted to their
application to other oxygenated monomers and to the search
for more efficient boron-based catalysts.>® These binary
systems based on TEB/onium salts promote CO,/epoxide copo-
lymerization and give rise to polycarbonates with a high car-
bonate content and exceptional selectivity." Detailed density
functional theory (DFT) calculations have shed light on the
mechanism, wherein one TEB serves to make an ate complex
with the growing oxyanions preventing the formation of cyclic
carbonates by backbiting, while another TEB activates the
epoxides and thus reduces the energy barrier associated with
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the alternating enchainment of CO, and epoxide.” Subsequent
to this work, Wu and co-workers designed and reported
bifunctional boron-based catalysts following an approach
described earlier for organometallic systems.’ The activity of
their bifunctional catalysts which link the ammonium cation
to 9-borabicyclo(3.3.1)nonane (9-BBN) was enhanced com-
pared to that of boron-based binary complexes.®® Such bifunc-
tional catalytic systems feature proximity between the propa-
gating active species and 9-BBN, thus catalyzing more efficien-
tly CO,/epoxide copolymerization at low loadings.*"°

Inspired by Wu’s work, Cheng and Liu designed and syn-
thesized a series of bifunctional hexanuclear organoboron cat-
alysts including six 9-BBN centers and two quaternary
ammonium bromides linked by o-, m-, or p-benzenedimethyl-
enyl groups.’ Their catalytic performances were investigated
in the copolymerization of CO, with epoxides. They discovered
that the polymerization activities were dependent on the struc-
ture of the disubstituted linker, with bifunctional catalysts
with an ortho-disubstituted linker exhibiting the highest
activity in CHO/CO, copolymerization. Instead of using hin-
dered 9-BBN, our research group reported a series of bifunc-
tional catalysts with ammonium cations linked to six-mem-
bered cyclic borinane centers.">* The results obtained for the
copolymerization of epoxides with CO, or ring opening
polymerization of epoxides showed superior activities in com-
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parison to those reported for 9-BBN-based bifunctional cata-
lysts, indicating that the structure of the boron centers has a
great influence on the performance of the catalysts. Several
other key factors, such as the B/N ratio within the catalyst and
the B-N distance in the catalyst, as well as the electronic and
steric environment around the central ammonium core also
play a pivotal role in the efficiency and performance of the
bifunctional catalysts in various polymerization processes.
Inspired by the contributions of Cheng and Liu and of Wu, we
present in this study boron-based bifunctional catalysts in
which multiple quaternary ammonium bromide centers are
connected to borinane moieties through short alkyl chain
linkers. It is now well established that bifunctional catalysts
exhibit higher activities than binary systems, but little is
known about multi-ammonium-bromide based bifunctional
catalysts fitted with borinane centers when used to homopoly-
merize epoxides and copolymerize them with CO,.

In this study, we take advantage of the availability of
various polyamines to synthesize multi-ammonium bromide
salts fitted with borinane moieties and use them to catalyze
the homopolymerization of propylene oxide, epichlorohydrin
and glycidyl azide and their copolymerization with CO,. One
of the motivations behind this research was to investigate how
these borinane-based multi-ammonium bromide salts
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perform compared to mono-ammonium borinane catalysts
with similar B/N ratios and to 9-BBN-based bifunctional
systems.

2. Results and discussion

In previous reports, we described the synthesis of bifunctional
organoboron catalysts including a wunique quaternary
ammonium bromide salt to which was linked several borinane
centers (Fig. 1A); we then demonstrated their quite remarkable
efficiency at catalyzing the homopolymerization of PO and its
copolymerization with CO,.">"* In this study we wished to
investigate whether multi-quaternary ammonium bromides to
which are linked several borinane centers with approximately
the same B/N ratio but various distances between ammonium
cations show any synergetic effect when used to catalyze the
homopolymerization of epoxides and their copolymerization
with CO,.

For this, we selected three different commercial pluria-
mines, namely bis(hexamethylene)triamine (BHMT), bis(3-
aminopropyl)amine (BAPA) and tris(2-aminoethyl)amine
(TREN), that subsequently served as precursors for the syn-
thesis of the catalysts B, C and D (Fig. 1), respectively. As

-

Fig. 1 Structures of representative catalysts A, B, C and D. BsNBr; BgN3(Ce)Brs; BgN3(C2)Br3; Bi1gN4(C2)Bry4.

This journal is © The Royal Society of Chemistry 2024
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shown in the ESI,} these pluriamines containing both primary
and secondary amines were first reacted with stoichiometric
amounts of 5-bromo-1-pentene and further quaternized by
Menshutkin reaction to form quaternary ammonium bromide
salts fitted with 8 or 10 terminal double bonds, respectively
(Schemes S1-S3 in the ESIY).

In detail, the primary and secondary amine functional
groups present in BHMT, BAPA, and TREN were each reacted
with 5-bromo-1-pentene for 8 hours at 70 °C. This led to the
conversion of primary and secondary amines to tertiary
amines terminated by double bonds. Complete transformation
was confirmed by 'H NMR spectroscopy, where characteristic
peaks appeared at 2.38 ppm corresponding to ~CH,N of a ter-
tiary amine, and two peaks at 4.99 ppm (-CH=CH,) and
5.82 ppm (-CH=CH,) corresponding to the terminal double
bonds of the tertiary amines. Subsequently, these tertiary
amines were reacted with stoichiometric amounts of 5-bromo-
1-pentene to form the respective quaternary ammonium
bromide salts fitted with terminal double bonds. The complete
quaternization of the tertiary amines was confirmed by 'H
NMR spectroscopy, where the characteristic peak corres-
ponding to -CH,N shifted downfield from 2.38 ppm (as
observed in the case of the tertiary amine) to a broad range of
3.00-3.75 ppm after the quaternization reaction, confirming
the formation of quaternary ammonium bromide salts or pre-
catalysts B, C, and D (Fig. S1-S4 in the ESIY).

In the next step, the terminal double bonds present in the
pre-catalysts B, C, and D underwent a hydroboration reaction
with the six-membered cyclic borinane to form the respective
quaternary ammonium bromide salts fitted with terminal bori-
nanes, specifically catalysts B, C, and D. The formation of
these structures was confirmed by "H NMR and "'B NMR spec-
troscopies; the peaks corresponding to terminal double bond
protons at 4.99 ppm (-CH=CH,) and 5.82 ppm (-CH=CH,) in
the "H NMR disappeared, confirming the efficient hydrobora-
tion reaction. For all multi-ammonium bromide catalysts B, C,
and D, the "B NMR spectra showed two peaks: one at 86 ppm
expected for a 3-coordinated boron center, representing the
borinane, and a minor uncharacterized peak at 55 ppm
(Fig. S2-S4 in the ESIY).

In this way, quaternary ammonium bromide salt catalysts
B, C, and D fitted with borinane centers were obtained with
B/N ratios between 2.5 and 3; namely, BgN;(Cg)Br;, BgN3(C,)
Br;, and B;(N4(C,)Br,, where B,, N,, and Br, represent the
numbers of borinane moieties, ammoniums and bromides
contained in the catalysts, and C,, represents the carbon dis-
tance between two ammonium cations. Catalysts B (BgN3(Cg)
Br;) and C (BgN3(C,)Brs) both have the same B/N ratio of 2.67
but differ in the number of carbons (six for B and two for C)
between their ammonium cations; catalyst D (B;oN,(C,)Br,)
has the lowest B/N ratio of 2.50, two carbons between its
ammonium cations and carries 4 ammonium and 10 borinane
moieties. For comparison, the monoammonium catalyst A
(B3NBr) that has a B/N ratio of 3.00 was synthesized as a refer-
ence following our previous report (Fig. 1)."* In these bori-
nane-carrying ammonium bromide salts, the distance between

2494 | Polym. Chem., 2024, 15, 2492-2501
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B and N atoms was kept constant at 5 carbons. Of particular
interest was the study of the influence of parameters such as
the B/N ratio - or the ratio of borinanes to ammoniums - and
the distance between two ammonium cations on the overall
reactivity of these three catalysts when used to catalyze the
homopolymerization of epoxides and their copolymerization.

1. Homopolymerization of epoxides using catalysts A, B, C and D

The B, C, and D (BgN3(Cs)Brs; BgN3(Cy)Brz; B;oN,(C,)Bry)
bifunctional catalysts are three different quaternary
ammonium bromides fitted with borinane centers. Catalyst A
(B;NBr) which was described in an earlier work is a quaternary
ammonium bromide salt carrying borinane centers with a B/N
ratio of 3. It serves as a benchmark reference for evaluating the
relative efficiencies of the above three catalysts B, C and D. All
four catalysts A, B, C and D demonstrated strong activity when
used in the ring-opening polymerization of various epoxides
including propylene oxide (PO), epichlorohydrin (ECH) and
glycidyl azide (GA) leading to the formation of the corres-
ponding polyethers, which is detailed in the following sections
a, b and c.

a. The case of PO. All of the catalysts showed very high
activity towards PO, which is a non-functionalized oxirane
unlike ECH and GA, thereby promoting the formation of poly
(propylene oxide) (PPO) with a molar mass close to the theore-
tical values (entries 1-4, Table 1). However, catalysts D and C
with short ammonium cation spacers being separated by only
2 carbon atoms afforded PPO samples with broader molar
mass distributions of 1.63 and 1.20 due to a slow exchange
between dormant and active species compared to the rate of
propagation (entries 3 and 4, Table 1). In contrast, catalysts A
and B promoted fast propagation and afforded samples of
narrow molar mass distribution and controlled molar masses
of 57.6 kg mol " and 57.2 kg mol ™", respectively (entries 1 and
2, Table 1). The behavior of these borinane-based ammonium
salts was further investigated, and in particular, catalyst B was
tested in the polymerization of PO through sequential
monomer additions. The complete shift of the GPC traces to
the high molar mass region observed in the GPC analysis after
the second monomer addition (Fig. S51) demonstrates that the
polymerization is indeed of a “living” nature when using these
borinane-based ammonium salts.

b. The case of ECH. Unlike PO or EO, ECH presents chal-
lenges in polymerization due to its methyl chloride substituent
which is prone to transfer reactions, making classical anionic
polymerization unfeasible. While the Vandenberg catalyst is
highly active, it yields poorly controlled high molar mass poly
(epichlorohydrin) (PECH) with broad molar mass
distributions.">® Cationic ring-opening polymerization (ROP)
and DMC-catalyzed polymerization of ECH produce well-
defined PECH samples, but limited to low molar masses
(<2500 g mol™")."77?° Recently, ECH has been polymerized up
to 85000 g mol™" through a monomer-activated mechanism,
albeit requiring a five-fold excess of tri-isobutyl aluminum rela-
tive to the onium initiator.>*

This journal is © The Royal Society of Chemistry 2024
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Table 1 Ring opening copolymerization of PO using catalysts A—D?
Catalyst A,B,C or D
o d . 0 OH
% > Br (0]
25°C n
PO PPO
T}’Pe Of Type Of Temp Time Mn lheorct!cald Mn, GPC ¢

Entry catalyst epoxide [Br7]: [epoxide] (°C) (h) Conv.”? (%) (kg mol ™) (kg mol®) p?
1 A PO 1:1000 25 “ 100 58.0 57.6 1.05
2 B PO 1:1000 25 @ 100 58.0 57.2 1.10
3 C PO 1:1000 25 “ 100 58.0 54.7 1.63
4 D PO 1:1000 25 “ 100 58.0 53.9 1.20

aAlmost instantaneous reactlons

Polymerlzanons were run under neat conditions.

“Molar ratio of one Br~ initiator present in the catalyst to

PO. ¢ Conversion determined by 'H NMR. ¢ Determined by GPC in THF using narrow polystyrene standards as calibrants.

In our study, ECH polymerizations conducted at —20 °C in
the presence of catalysts A and B resulted in the formation of
well-controlled PECH samples with molar masses in the range
of 20 000 g mol™" (entries 1 and 2, Table 2). The performances
of catalysts C and D in the polymerization of ECH were mixed,
exhibiting lower activity compared to catalysts A and B. After
3 hours of reaction at —20 °C, only 70% and 30% conversions
were achieved for a targeted molar mass of 23000 g mol ™"
with catalysts C and D, respectively (entries 3 and 4, Table 2).
The short distance between ammonium cations in catalysts C
and D might well be the reason for the observed slower rate of
propagation. Above —20 °C, particularly at temperatures
ranging from 25 °C to 80 °C, transfer reactions became signifi-
cant compared to chain propagation, leading to significantly
lower molar masses than those expected.

At 25 °C with catalyst B, the transfer to the monomer
resulted in the formation of PECH macromonomers, PECH
chains end-capped with an epoxide ring moiety. The resulting
PECH samples exhibited lower molar masses than those
expected in the absence of transfer (entry 5, Table 2; Fig. 2).

Table 2 Ring opening copolymerization of ECH using catalysts A-D?

The 'H NMR spectrum of the resulting crude sample, dis-
solved in CDCl;, revealed the formation of PECH, indicated by
the presence of polyether peaks spanning from 3.50 to
3.80 ppm, representing all five protons of the PECH repeating
unit. Additionally, the "H NMR spectrum of this sample
exhibited three distinct sets of peaks at 2.69 ppm, 2.88 ppm,
and 3.24 ppm, corresponding to the protons of the oxirane
ring. These peaks differed from those of the unreacted oxirane
ring of ECH, which displayed peaks at 2.63 ppm, 2.79 ppm,
and 3.16 ppm (refer to Fig. S61 for the 'H NMR of PECH
formed at —20 °C from entry 2 and Fig. S77 for that in entry 5
of Table 2). The appearance of this new set of peaks at
2.69 ppm, 2.88 ppm, and 3.24 ppm was thus attributed to the
chains end-capped with an oxirane moiety resulting from the
chain transfer to the ECH monomer, as represented by II in
Fig. 2. Due to the distinct pendant group compared to the
alkyl chloride of ECH, these new peaks were observed slightly
downfield in the 'H NMR spectrum, indicative of the chain
transfer to the ECH monomer and end-capping of the PECH
chain. It was observed that the oxirane ring at the PECH chain-

0 Catalyst A,B,C or D <\j\ OH
N T 0ectos0eC /\[
ECH PECH
T.YPe of Type of b Temp Time n, Theoretlcal Mn GPC a "
Entry catalyst epoxide [Br7]: [epoxide] (°C) (h) Conv.” (%) (kg mol ™) (kg mol ™) b
1 A ECH 1:250 -20 3 100 23.2 21.4 1.35
2 B ECH 1:250 =20 3 100 23.1 20.1 1.36
3 C ECH 1:250 -20 3 70 16.2 15.9 1.38
4 D ECH 1:250 -20 3 35 8.1 6.1 1.44
5 B ECH 1:250 25 3 >99 23.1 16.7 1.44
6 B ECH 1:250 80 3 >99 23.1 9.0 1.40
7 B ECH 1:2500 -20 48 53 122.6 53.4 1.74

Polymerlzatlons were run under neat conditions at s femﬁed temperatures for spec1f1ed times.

catalyst to ECH. ° Conversion determined by "H NMR.

This journal is © The Royal Society of Chemistry 2024

b Molar ratio of one Br~ initiator present in the

Determined by GPC in THF using narrow polystyrene standards a calibrants.
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Fig. 2 Schematic representing different modes of ECH polymerization under different reaction conditions. BRs is used only as a simplified graphical
representation and it represents one of the multiple borinanes fitted to ammonium salts in catalysts A, B, C and D.

end is stable even for several days at 25 °C. A new chloride
anion is produced as a result of such a transfer event, which in
turn can initiate the polymerization of ECH to form a new
PECH chain, thereby increasing the number of chains in the
reaction medium and consequently lowering the molar masses
of the PECH produced.

The reaction of ECH with catalyst B at 80 °C also
resulted in the formation of PECH with a terminal oxirane
moiety and a much lower molar mass of only 9.0 kg mol™*
compared to the expected molar mass of 23.1 kg mol™"
(entry 6, Table 2). At 80 °C, the rate of chain transfer is
increased compared to that at 25 °C, leading to the for-
mation of PECH with lower molar masses as represented by
I in Fig. 2. The "H NMR spectrum of the resulting PECH
exhibited a similar peak pattern to the one described in the
previous case, indicating the presence of an oxirane moiety
at the chain end (Fig. S8 in the ESI{). However, this term-
inal oxirane ring disappeared when the reaction medium
was maintained at 80 °C for 2 to 3 days as it underwent a
ring-opening by the anionic active species present in the
medium (IV in Fig. 2; Fig. S9 in the ESIY).

2496 | Polym. Chem., 2024, 15, 2492-2501

The PECHs formed at various temperatures were further
investigated by ">C NMR spectroscopy. It was confirmed that
the low temperature of —20 °C resulted in linear PECH, while
higher temperatures (25 °C and 80 °C) led to low molar mass
PECHs due to enhanced chain transfer reactions compared to
chain propagation reactions. For example, in the case of the
PECH formed at —20 °C in entry 2, Table 2, the "*C NMR spec-
trum showed three prominent peaks a, b, and c corresponding
to chain propagation, and three minor peaks a’, b’, and c’
corresponding to chain initiations at the terminal (Fig. 3). In
more detail, the peaks at 79 ppm correspond to ~-CH- (peak a),
those at 69.5 ppm represent -CH,- (peak b), and that at
43.6 ppm is the a-carbon of the methylene chloride substitu-
ent (-CH,Cl) (peak ¢) of the repeating unit, [-CH,~-CH
(CH,CI1)-O-] of PECH. Similarly, the peaks at 79.6 ppm corres-
pond to —-CH- (peak a’), whereas the peak at 43.2 ppm rep-
resents Br-CH,— or Cl-CH,- (peaks b’ and ¢') of the initiating
unit [X-CH,-CH(CH,Cl)-O-], where X may be either bromide
or chloride.

During ECH polymerization, if chain propagation domi-
nates over chain transfer reactions, peaks a, b, and c are

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 *C NMR spectra of poly(epichlorohydrin) PECH at temperatures (A) —20 °C, (B) —10 °C, (C) 0 °C, (D) 25 °C, and (E) 80 °C, respectively, from

bottom to top.

expected to be the major peaks, while a’, b, and ¢’ would be
minor sets of peaks. Conversely, if chain transfer dominates
over chain propagation reactions, peaks a’, b, and ¢’ become
equally prominent or even the major set of peaks entirely,
depending on the chain length of the formed PECH. It is
observed from the *C NMR spectra in Fig. 3 that the PECH
formed at —20 °C exhibits peaks a, b, and c as the major set of
peaks. However, in the PECH formed at 80 °C, the intensity of
peaks corresponding to a’, b’, and ¢’ becomes considerable,
demonstrating increased chain-transfer reactions at higher
temperatures.

Our findings reveal that the polymerization behavior of
ECH is highly influenced by temperature. At very low tempera-
tures, such as —20 °C, chain propagation predominates, facilitat-
ing the formation of well-controlled linear PECH through succes-
sive ring-opening reactions of ECH. However, at higher tempera-
tures (25 °C and 80 °C), chain propagation and chain transfer
reactions compete. At 25 °C chain transfer to the monomer
occurs, leading to the formation of PECH macromonomers; at
80 °C shorter PECH macromonomers are produced due to stron-
ger transfer to the monomer; they subsequently undergo ring-
opening of their terminal oxirane ring as confirmed by the dis-
appearance of the peaks at 2.69 ppm, 2.88 ppm, and 3.24 ppm.
In both cases, higher temperatures resulted in a loss of molar
mass control and the production of shorter chains (Fig. 2).

This journal is © The Royal Society of Chemistry 2024

On the other hand when targeting very high molar masses
(more than 230000 g mol™'), transfer reactions dominate
propagation, producing shorter PECH chains than expected
(entry 7, Table 2; see Fig. S10 in the ESI} for rate equations
determining chain transfer reactions over chain propagation
reactions).

Coupling of PECHs at higher temperatures. The results pre-
sented in Table 3 pertain to three sets of reactions, each
varying in their monomer loading. Entries 1a, 1b, and 1c
depict the outcomes of a reaction utilizing a 1:250 bromide
ion to ECH ratio. In entry 1a of Table 3 corresponding to entry
1 of Table 2, a linear PECH with a molar mass of 21400 g
mol™" is formed as confirmed via 'H NMR, matching the
theoretical value. Subsequently, the same reaction flask free of
any unpolymerized monomer was then heated to 80 °C and
stirred for 3 hours; the characterization by GPC of the sample
isolated after this period at 80 °C showed an increase of molar
mass from 21400 g mol™" to 50 150 g mol™", nearly doubling
its initial value (entry 1b, Table 3; Fig. S11 in the ESIT). Their
doubled molar masses along with the same unimodal distri-
butions as the precursors indicate that coupling occurred
efficiently but only once and not repetitively as shown in
Fig. 4, through reaction of the oxyanion carried by the chain
end of I with the carbon in the a-position to the terminal Br
atom of II. However, further stirring of the reaction mixture for

Polym. Chem., 2024,15, 2492-2501 | 2497
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Table 3 Ring opening polymerization of ECH using catalyst B and conjugation of PECHs?

Entry  Type of catalyst  [Br ]:[ECH]”  Conv.°(%)  Temp (°C)  Time My theoretica (kg mol™) M, apc? (kg mol™) B¢

la B 1:250 100 -20 3h 23.13 21.4 1.36
1b — 80 3h 23.13 50.15 1.38
1c — 80 48 h 23.13 50.15 1.38
2a B 1:125 100 -20 3h 11.56 12.09 1.36
2b — 80 3h 11.56 29.50 1.35
2¢ — 100 12 h 11.56 29.50 1.35
3a B 1:64 100 -20 3h 5.90 6.10 1.38
3b — 80 3h 5.90 19.20 1.35
3c — 100 12 h 5.90 19.20 1.35

“ polymerizations were run under neat conditions at specified temperatures for specified times. ® Molar ratio of one Br™ initiator present in the
catalyst to ECH. ¢ Conversion determined by "H NMR. ¢ Determined by GPC in THF using narrow polystyrene standards as calibrants.

Cl

[o] Catalyst B
/—\/CI —
chain
propagation Cl
ECH at-20 °C

Cl

Coupling

Cl
S (0] (o] SR
Br/\[o 0%\[0*BR3 Br/\[ o%’\[ 3
m + n o
cl cl cl cl at 80 °C
I

Fig. 4 Coupling of PECH chains at 80 °C.

longer durations did not yield any significant increase in
molar mass (entry 1c, Table 3). Entries 2a-2c in Table 3 rep-
resent similar outcomes of a reaction employing a 1:125 ECH
ratio. Initially, the reaction mixture was reacted at —20 °C for
3 hours resulting in 100% conversion of ECH (entry 2a,
Table 3). Using a PECH sample of lower molar mass prepared
at —20 °C under similar conditions to those described above,
molar masses again double to 29 500 ¢ mol~" upon heating to
80 °C (entries 2b and 2c, Table 3; Fig. S12 in the ESI{). Chain
end coupling was responsible for such doubling of molar
mass. With a sample of even lower mass, 6104 g mol™", the
molar mass tripled to 19200 g mol " after increasing the
temperature of the reaction medium to 80 °C and maintaining
it for 3 h (entries 3a and 3b, Table 3). In the three examples
corresponding to samples of various molar masses, the carbon
atom in the a-position to the terminal bromide atom is more
electrophilic than the dangling alkyl chloride which then
resulted in the above-mentioned couplings (Fig. 4). Further,
the glass-transition temperature (T,) of PECH samples before
and after coupling was tested to evaluate the effect of coupling
on the T, Specifically, the PECH samples from entry 3a
(before coupling) and entry 3b (after coupling) in Table 3 were
selected. The differential scanning calorimetry (DSC) analysis
indicated that the value of —32 °C for the T, of the PECH
sample before coupling slightly changed to —32.4 °C after

2498 | Polym. Chem., 2024, 15, 2492-2501
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Br/\[ o m n Br
+
al al Cl Cl
n

coupling. This suggests no significant variation in the glass-
transition temperature due to the coupling process (Fig. S13
and S147).

c. The case of GA. Glycidyl azide is an oxirane analogue of
ECH, where an azide group is present as a pendant substituent
of GA (-CH,N3). As in the case of ECH, the temperature effect
was studied for the ring-opening polymerization (ROP) of glyci-
dyl azide. A reaction carried out with a 1:250 ratio of bromide
ion initiator to GA in the presence of catalyst B at 60 °C
resulted in 100% monomer conversion in 18 h but the molar
mass obtained was only 6015 ¢ mol™" compared to the theore-
tical value of 24770 ¢ mol™" (entry 1, Table 4). Reducing the
temperature to 25 °C resulted in 100% monomer conversion
but only 7910 g mol™" molar mass (entry 2, Table 4; Fig. S15 in
the ESIT). Performing the polymerization at an even lower
temperature of —20 °C mitigated to some extent chain transfer
to the monomer, resulting in 54% conversion in 72 h and a
molar mass of 9600 g mol™" (entry 3, Table 4).

The bulkiness of the azide group might be the reason for
the slow rate of propagation of GA which is obviously not
immune to transfer reactions even at —20 °C. Under similar
conditions, catalyst A resulted in PGA with a similar molar
mass of 10.4 kg mol™" (entry 4, Table 4; Fig. S16 in the ESI{)
and catalyst C afforded only 29% monomer conversion in 72 h
and a sample with 6.15 kg mol™* molar mass (entry 5,

This journal is © The Royal Society of Chemistry 2024
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Table 4 Ring opening copolymerization of GA using catalysts A—D?
N3
le) Catalyst A,B,C or D O(\J\ OH
> Br 6]
NN T ppecio60°C /\[ n
N3 N3
GA PGA
Type of Type of b Temp Time Mn, Theoretical ¢ Mn, GPC 4

Entry catalyst epoxide [Br7]: [epoxide] (°C) (h) Conv.° (%) (kg mol ™) (kg mol™) P
1 B GA 1:250 60 18 100 24.8 6.0 1.10
2 B GA 1:250 25 48 100 24.8 7.9 1.15
3 B GA 1:250 -20 72 54 13.4 9.6 1.11
4 A GA 1:250 -20 72 63 15.6 10.4 1.12
5 C GA 1:250 -20 72 29 7.2 6.2 1.12
6 D GA 1:250 -20 72 11 5.0 2.0 1.13
7¢ B PGE 1:250 25 0.5 100 37.5 22.9 1.15

“ polymerizations were run under neat conditions at specified temperatures for specified times. ® Molar ratio of one Br™ initiator present in the
catalyst to GA. ° Conversion determined by 'H NMR. ¢ Determined by GPC in THF using narrow polystyrene standards as calibrants. ¢ Phenyl glyci-

dyl ether (PGE) was used as a representative glycidyl ether monomer.

Table 4). As for catalyst D, the least active of all four catalysts,
monomer conversion reached 11% within 3 h resulting in a
molar mass of 1.91 kg mol™" for the sample isolated (entry 6,
Table 4). The results for the ROP of glycidyl azide also followed
the trend observed previously with catalyst A =~ catalyst B >
catalyst C > catalyst D confirming that the distance between
ammonium cations plays a crucial role in the activity of these
catalysts. Further, catalyst B was used to polymerize phenyl gly-
cidyl ether (PGE) and test its actual activity. A reaction was
carried out with a 1:250 ratio of [bromide ion] to [PGE] at
25 °C which resulted in 100% monomer conversion in 0.5 h,
providing a PPGE sample of 22 900 g mol™"; this value is lower
than the theoretical one of 37 500 g mol™" due to the presence
of moisture impurities (entry 7, Table 4). See the ESI, Fig. S17}
for the 'H NMR spectrum and Fig. S181 for the GPC trace of
poly(phenyl glycidyl ether).

II. Copolymerization of epoxides with CO, using catalysts A, B,
Cand D

The ring-opening copolymerization (ROCOP) of epoxides,
namely PO and ECH, with CO, was also investigated using the
above-described multi-ammonium bromide, borinane carrying
catalysts. Using an initiator to PO ratio of 1:1000, 100% con-
version of PO could be achieved within 12 h at 40 °C with cata-
lysts A and B (entries 1 and 2, Table 5). Both copolymerizations
occurred selectively with formation of linear polymers over
cyclics. Because of the presence of several boron atoms with
their Lewis acid character, back-biting reactions could be
avoided to a large extent but the formation of ether linkages
was unavoidable. All attempts at copolymerization of PO with
CO, produced samples containing ether linkages, thereby
resulting in the formation of poly(propylene carbonate-co-pro-
pylene oxide) (PPCPO). With catalyst A the PPCPO sample
formed contained 54% carbonate linkages (entry 1, Table 5;
Fig. S19 in the ESI}) and with catalyst B it contained 51% car-

This journal is © The Royal Society of Chemistry 2024

bonate content (entry 2, Table 5) showcasing the similar reac-
tivity patterns of catalysts A and B.

Under similar conditions, catalyst C with a B/N ratio 2.67
but with shorter linkers between two ammonium cations
afforded comparable 94% conversion but lower carbonate
content (45%) (entry 3, Table 5; Fig. S20 in the ESI}). As for
catalyst D with the lowest B/N ratio of 2.5 and even shorter
linkers between ammonium cations, only 38% conversion of
PO could be achieved in 12 h at 40 °C; the carbonate content
increased to 78% in the latter case thus illustrating the lower
activity for ROCOP of PO with CO, (entry 4, Table 5).

The copolymerization of CO, with epoxides such as ECH
with its electron-withdrawing group is a decade old problem
that is deemed very challenging as the formation of cyclic car-
bonates is favored over linear propagation. Over the last ten
years, several solutions have been proposed to address this
problem resorting either to homogeneous bifunctional metal-
lic catalysts, or heterogenous catalysts such as DMC or zinc
glutarate.”>>® Recently, Wu and coworkers reported that using
a bifunctional 9-BBN-based ammonium salt CO, could be suc-
cessfully copolymerized with ECH up to 30.0 kg mol™" molar
mass.”” Catalysts A and B were tested in the ROCOP of ECH
with CO, for the formation of poly(epichlorohydrin ether car-
bonate) (PEEC). A ratio of 1:500 initiator to ECH was used
initially at 40 °C with catalyst A and 80% conversion of ECH
could be achieved in 12 h with formation of 82% linear chains
and 18% cyclic carbonate (entry 5, Table 5). Because of the
presence of electron withdrawing chlorides the formation of
cyclic carbonates could not be avoided. The GPC traces of this
sample showed a broad distribution of molar masses and a
molar mass of 1200 g mol™" against the 39800 g mol™"
expected (entry 5, Table 5). Lowering the reaction temperature
to 25 °C resulted in polymers with 37% carbonate content and
a molar mass of 4.7 kg mol™" with catalyst A (entry 6, Table 5;
Fig. S21 in ESI}), and 44% carbonate content with a molar

Polym. Chem., 2024, 15, 2492-2501 | 2499
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Table 5 Ring opening copolymerization of epoxides using catalysts A, B, C and D?

R R
o) . co CatalystsAOr B 0 0 OJ\ OH
% R 2 > Br (@) 0]
0°Cto40°C m o n
R R R
poly(ether carbonate)
O 0
R=H /A R=Cl %C|
PO ECH
Carbonate
Linear vs. cyclic  content in
Type of  Type of Temp Time Conv.® carbonate polymer My, Theoretical . Mn, Gpc d
Entry catalyst epoxide [Br]:[epoxide]” (°C) (h) (%) selectivity (%) (mol%)* (kg mol™) (kg mol™)  p?
1 A PO 1:1000 40 12h 100 >99 54 81.7 79.4 1.04
2 B PO 1:1000 40 12h 100 >99 51 80.4 74.8 1.15
3 C PO 1:1000 40 12h 94 >99 45 73.1 72.1 1.20
4 D PO 1:1000 40 12h 38 97 78 33.2 31.8 1.10
5 A ECH 1:500 40 12h 80 82 38 39.8 1.2 2.10
6 A ECH 1:500 25 48 h 100 92 37 56.7 4.7 2.32
7 A ECH 1:500 0 72h 72 99 58 42.5 6.9 1.74
8 B ECH 1:500 40 12h 75 89 43 39.7 1.0 1.87
9 B ECH 1:500 25 48 h 98 93 44 54.1 3.0 2.06
10 B ECH 1:500 0 72h 51 99 61 30.4 4.9 2.02

“ polymerizations were run under neat conditions using 10 bar CO, at 0 °C to 40 °C for 12 h to 72 h. ” Molar ratio of one Br™ initiator to epoxide
present in the catalyst. © Conversion, selectivity (the molar ratio of linear carbonate to cyclic carbonate in the crude reaction mixture), and linear
carbonate content (the molar ratio of linear carbonate linkages to ether linkages in the polymer chains) were determined by 'H NMR.
4 Determined by GPC in THF using narrow polystyrene standards as calibrants.

mass of 3.0 kg mol™" with catalyst B (entry 9, Table 5). Upon
further lowering the temperature to 0 °C the linear versus
cyclic selectivity could be raised to 99% and the linear sample
isolated contained up to 58% carbonate linkages with catalyst
A and 61% with catalyst B (entries 7 and 10, Table 5). However,
the polymers obtained at 0 °C were characterized by un-
avoidable chain transfer reactions which resulted in lower
molar masses compared to the targeted ones.

3. Conclusions

In the present study, we investigated multi-ammonium bromide
salts fitted with borinanes for ROP of PO, ECH, and GA, and
ROCOP of PO and ECH with CO,. Three variants of the bifunc-
tional multi-ammonium bromide-borinanes, catalysts B, C, and
D, were reported with various B/N ratios and linker lengths. A pre-
viously reported bifunctional catalyst A was used as a reference to
compare the catalytic activities throughout our investigation. The
catalysts B, C, and D could be easily synthesized from readily
available precursors in three steps with quantitative yields.

Using these catalysts, ROP of epoxides can be conducted at
temperatures ranging from —20 °C to 80 °C. The ROP of PO at
25 °C occurred under “living” conditions with the formation of

2500 | Polym. Chem., 2024, 15, 2492-2501

PPO chains of well-controlled molar mass with all the catalysts;
in contrast ECH showed a temperature dependent reactivity.
With the latter monomer, various polymeric structures could
be obtained depending upon the temperature applied to the
reaction medium; at —20 °C ECH polymerization occurred
under well-controlled conditions affording PECH samples with
expected molar masses; at 25 °C chain transfer reactions to the
monomer produced well-defined PECH macromonomers end-
capped with an oxirane ring; at 80 °C chain transfer to the
monomer was even more vigorous, resulting in the formation
of PECH macromonomers of lower molar masses. Maintaining
the reaction medium at 80 °C for several hours led to the
polymerization of the terminal oxirane ring as showed by the
NMR characterization. As for the ROP of GA it proceeded
slowly with catalysts A and D as compared with that of ECH,
with unavoidable chain transfer reactions even at —20 °C.

The ROCOP of PO with CO, followed the same reactivity
order as for homopolymerization; catalyst A and catalyst B gave
comparable results with 54% and 51% carbonate content and
catalyst D afforded the highest carbonate content (78%) in the
PPCPO with expected molar masses. In contrast the ROCOP of
ECH with CO, didn’t proceed with good control with both cat-
alysts A and B due to strong transfer reactions, resulting in low
molar masses irrespective of the reaction temperature.

This journal is © The Royal Society of Chemistry 2024
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In conclusion, these findings underscore the multifaceted
interplay between catalyst structure and catalytic activity in
ROP and ROCOP reactions, though with no obvious synergistic
effect. While higher B/N ratios generally correlated with
enhanced performance, the results revealed that the linker
length also significantly impacts the reactivity of the catalysts.
Catalyst A with a B/N ratio of 3 showed a comparable reactivity
to catalyst B with a B/N ratio of 2.67. Catalysts B and C with
the same B/N ratio of 2.67 behave differently; catalyst B with
its long linker length between two ammoniums showed
greater reactivity compared to catalyst C with a shorter linker
length. Catalyst D with a B/N ratio of 2.5 and a shorter linker
length showed the least reactivity of all the catalysts. The
general trend of catalytic activity was observed to be catalyst A
=~ catalyst B > catalyst C > catalyst D. A deeper investigation to
understand the structure-performance relationship of such
multi-ammonium systems will be carried out in our future
work.
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