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Bifunctional organoboron—phosphonium catalysts
for coupling reactions of CO, and epoxides¥}

Mani Sengoden,? Gulzar A. Bhat ©*° and Donald J. Darensbourg & *

Recent years have witnessed intensive research activity in exploring novel metal-free organocatalysts for
catalyzing the coupling reactions of CO, and epoxides to afford cyclic or polymeric carbonates. In this
direction, herein we report a series of boron—phosphonium organocatalysts for catalyzing the coupling
reactions of CO, and epoxides. These organophosphonium catalysts were synthesized in high yields by
following a two step protocol involving Menschutkin and hydroboration reactions in succession. The
purity of these organocatalysts was confirmed by spectroscopic techniques like *H, **C and 3!P NMR,
and molecular structures were confirmed by single crystal X-ray diffraction studies. We have also
demonstrated that these bifunctional organoboron—phosphonium catalysts are comparatively much less
hygroscopic compared to the analogus ammonium catalysts. These phosphonium organocatalysts were
shown to catalyze the copolymerization of CO, and cyclohexene oxide or vinyl cyclohexene oxide to
provide polycarbonates with >99% polymer selectivity and carbonate linkages. The coupling reactions of
aliphatic epoxides such as PO, having lower energy barrier to cycloaddition formation compared to
alicyclic epoxides, preferentially provided cyclic carbonates in good yields. It was demonstrated that
these organoboron—phosphonium catalysts are sensitive to chain transfer agents like water, and hence
are deactivated in its presence. This is opposite to what is observed for metal based catalysts for these
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Introduction

A major challenge our world faces today is the mitigation of CO,
emissions. In order to accomplish this requires two strategies,
produce less carbon dioxide and capture more. Capturing and
safely storing CO, emissions are currently emerging technolo-
gies which must be partnered with CO, utilization (CCU) in
attempts to remain economically viable."* Currently, approxi-
mately 250 Mt per year of CO, are used as a raw material in the
chemical industry out of 40 Gt per year of CO, emissions.’
Therefore, as a means to achieve the necessary reduction in
global CO, emissions and address its impact on climate change,
significant advancement in the valorization of carbon dioxide
are needed. Among various efforts on the utilization of CO, as
a C-1 feedstock, the coupling of CO, and epoxides to synthesize
cyclic and polymeric carbonates is attractive and has drawn
considerable attention from both academia and industrial
communities because of its atom-economic and greener
approach.®” Both the cycloaddition and polymeric products find
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transformations, where water serves as a precursor to the chain-transfer agent diols.

diverse applications. For example, the cyclic carbonates have
widely been utilized as polar aprotic solvents,® electrolytes for
lithium-ion battery,” starting materials for polycarbonate
synthesis via ring opening polymerization and pharmaceutical
industry.’®** The polycarbonates have been employed and
proposed as alternatives to petro-based chemicals for use in the
fields of automotive,'> medical,** and electronic industries****
besides being used as starting materials for making poly-
urethane industry.'®

Metal-based homogeneous or heterogeneous catalytic
systems for the coupling of CO, and epoxides to afford either
copolymers or cycloaddition products have seen tremendous
developments since the first report by Inoue and coworkers in
1969 using poorly defined zinc catalysts."”** The exponential
growth in exploring new catalysts is strongly aided by diverse
applications of these cyclic or polycarbonate products. Many of
these new metal catalysts have found to be very effective in
terms of selectivity and regio-regularity in providing poly-
carbonate polymers.*”*® Despite the impressive advances made
in the development of metal based catalysts for this coupling
reaction, toxicity associated with the residual metal contami-
nants especially in medical applications of these poly-
carbonates and cost concerns strongly advocates for finding the
alternative catalyst for this coupling reaction. In this direction,
recent years have witnessed exponential progress in exploring
various organocatalysts for different organic transformation

© 2022 The Author(s). Published by the Royal Society of Chemistry
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reactions primarily motivated by low cost, versatile chemical
structure, simple synthetic procedures etc.>***

Recent evolution of organocatalysts for performing the
coupling of epoxides and CO, offers an appealing strategy.***¢
Numerous studies have been reported where these organo-
catalysts effectively catalyze the coupling of CO, and epoxides to
provide either five-membered cyclic carbonates or polymers
selectively.””*”>* These catalyst systems include imidazolium
salts, quaternary ammonium salts, phosphonium salts,
amidine-based, carbene-based, and hydrogen bond donor-
systems. For example very recently Wu and coworkers reported
a bifunctional organoboron catalyst system which effectively
catalyzes the coupling of CO, and CHO to selectively afford
PCHC with excellent TOF.* It has also been observed that the
acidity of the Lewis acid, the nucleophilicity of the Lewis base,
along with the steric effects of the Lewis pair are the deciding
factors for effective metal-free catalysts.***°

Thus keeping these results into consideration with their
main limitation being air and moisture sensitivity, in this study
we report a series of closely related boron-phosphonium orga-
nocatalysts for catalyzing the coupling of CO, and epoxides.**
Compared with the previously developed organocatalytic
systems, these catalysts show equally good activity, and are
relatively more stable under air and moisture conditions.

Results and discussion
Catalyst synthesis and characterization

Bifunctional catalysts featuring Lewis acidic 9-borabicyclo
[3.3.1]nonane (BBN) centers and a phosphonium halide were
synthesized in high yields by following the two step route shown
in Table 1. In the first step, the stoichiometric reaction of
phosphines with alkenyl halides (i.e., Menschutkin reaction) in
acetonitrile produced the corresponding phosphonium salts. In
the second step, the desired bifunctional organocatalysts were
achieved through the hydroboration reaction of the double

Table 1 Synthetic routes to bifunctional organocatalysts
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bond of the phosphonium salts using 9-BBN in CH,Cl, at 65 °C.
All of these organocatalysts having different alkyl lengths
between boron and phosphorus centers and variable -R groups
on phosphonium salts were obtained as white solids by simply
washing with n-pentane and subsequent drying in vacuum in
high yields (95-99%). The catalysts were characterized by "H
and *'P NMR spectroscopy and their molecular structures were
confirmed by single crystal X-ray diffraction studies as shown in
Fig. 1 for entry 1 in Table 1. X-ray diffraction quality crystals
were grown by slow evaporation at room temperature in DCM/
toluene solvent mixture. Catalyst 1a was shown to crystallize
in the triclinic crystal system with P1 space group. The catalyst
1b also crystallizes in triclinic crystal system with P1 space
group and has one water molecule in the crystal lattice (Fig. 2).
The water molecule is involved in hydrogen bonding with the
Br~ which eventually result in the formation of a weakly bound
dimer as shown in Fig. 2b. The synthetic protocol of these
catalysts is simple and the starting materials employed are
cheap and easily available, thus preparation of the catalyst in
a large scale is practical, as we have demonstrated on a 10 g
scale.

In order to test the moisture stability of these bifunctional
organophosphonium catalysts, we have performed a “standing
test in air” where we have maintained the newly synthesized
organocatalysts at room temperature under aerobic conditions
and compared it with the boron ammonium organocatalysts.
We have observed that the boron ammonium organocatalysts
under identical aerobic conditions rapidly absorbs the mois-
ture, whereas the bifunctional organophosphonium catalysts
are much less hygroscopic and does not lose their powdered
morphology over this time period (Fig. 3). We have also recor-
ded these events in a video which is provided in ESL{

Catalyst screening and CHO/CO, copolymerization studies

These organocatalysts were examined as catalysts for the
copolymerization reactions of CO, and cyclohexene oxide

Sppen

R

PR, ®1.R ® R

P - oy — - 35/\(\/);\;\R
N CH5CN, 70 °C, 16 h n DCM/THF R

x@ 65 °C, 12 h o
X
Entry Catalyst n R X Yield (%)

1 1a 1 Ph Cl 96
2 1b 1 Ph Br 97
3 2 1 Me Br 99
4 3 1 Cy Br 97
5 4 3 Ph Br 95
6 5 3 Me Br 98
7 6 3 Cy Br 96
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Fig.1 X-ray crystal structure of the organocatalyst 1a (entry 1 in Table 1). B1---P1 distance is 5.551 A.

(b)

Fig. 2 (a) X-ray crystal structure of the organocatalyst 1b (entry 2 in Table 1) B1---P1 distance is 5.533 A. (b) Dimer formation of 2b due to
hydrogen bonding interactions between lattice water, Br~ and the C-H hydrogen atoms.

(CHO). A comprehensive study of the effects of catalyst struc-
ture, catalyst loading, reaction temperature, reaction time, and
CO, pressure on coupling of CHO and CO, are summarized in
Table 2. Firstly, we started our investigation by probing the
influence of different anions on the catalytic activity of these
organocatalysts for the CHO/CO, copolymerization by
choosing anions such as chloride and bromide. As shown in
Table 2, entries 1 and 2, on using the bifunctional catalyst 1a
and 1b having same -(CH,);- linker length, catalyst having C1~
as counter anion gave 47% conversion in 5 h at 80 °C and
1.5 MPa CO, pressure to afford PCHC with a M;, value of 10.5 kg
mol " and polydispersity of 1.11. On the other hand, catalyst
1b having a bromide anion showed increased catalytic activity
with a conversion of 61% and a M, value of 13.8 kg mol ™" and

32442 | RSC Adv, 2022, 12, 32440-32447

narrow polydispersity. Next, we turned our attention to study
the effect of different substituents on the phosphines and
length of B---P linker on catalytic activities (Table 2, entries 3—
7). Thus under similar conditions, and only varying the
substituents on phosphines it was revealed that with an
increase in bulky substituent on the phosphine a slight
increase in the conversion was observed. That is, the catalyst
derived from trimethylphosphine 2 showed 45% conversion
with a decreased M,, value of 5.7 kg mol~". Similarly, the tri-
cyclohexylphosphine based catalyst 3 exhibited a slight
increase in epoxide conversion (64%) over triphenylphosphine
based 1b with a decreased M, value of 9.1 kg mol~*. We have
further also observed that by increasing the connecting
methylene units between phosphorus and boron from 3 to 5,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Standing at rt for 5 min Standing at rt for 1h

) | OO
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Standing at rt for 3h

— —

."

Beginning After 3h
" ; 3 3 i After 3 h, the boron ammonium and boron
y phosphonium catalysts weights were increased
to 12.3 mg and 3.8 mg, respectively. The 3.42
mmol of water is added to the boron

ammonium and 1.05 mmol of water is added to
boron phosphonium catalyst.

Fig. 3 Left: Comparison of the moisture stability standing test of boron phosphonium catalyst with the boron ammonium catalyst, both samples
maintained at room temperature under aerobic conditions. Right: Quantitative comparison of the moisture stability standing test of boron

ammonium catalyst (0.2 mmol) with the boron phosphonium catalyst (0.2 mmol).

the catalytic activity of these organocatalysts for the copoly- catalyst loadings, reaction temperature, and CO, pressure on
merization of CHO/CO, decreased significantly. Thus, due to the catalytic activity of these organocatalysts. It was observed
cost of starting materials and catalytic efficiency, we therefore that on increasing the feed ratio CHO/1b from 2500 to 5000,
choose 1b as a model catalyst to further investigate the effect of the catalytic activity for polymerization decreased slightly from

Table 2 CHO/CO, copolymerization catalyzed by boron—phosphonium systems®

0
® R

B-P cat. _QO /lk) .

+ 0=C=0 — o B/\M;\,Z\

o Conditions R
(1.5 MPa) X

Entry Cat Temp. (°C) Time (h) Conv.¢ (%) TON TOF (h™") M, [kg mol ] PDI
1 1a 80 5 47 470 94 10.5 1.11
2 1b 80 5 61 610 122 13.8 1.13
3 2 80 5 45 450 90 5.7 1.08
4 3 80 5 64 640 128 9.1 1.13
5 4 80 5 57 570 114 15.2 1.13
6 5 80 5 15 150 30 — —

7 6 80 5 22 220 44 16.5 1.10
8P 1b 80 5 19 475 95 9.2 1.02
9 1b 80 5 14 700 140 9.7 1.08
107 1b 80 18 60 600 33 14.4 1.11
11° 1b 80 18 — — — — —

12 1b 50 18 62 620 35 15.5 1.06
13/ 1b 50 18 50 500 28 12.2 1.08
14 1b rt 18 19 190 11 5.6 1.07

“ The reaction was performed epox1de (0. 9 mmol; 1.5 MPa CO,; catalyst/epoxldes = 1/1000) in a 15 mL autoclave at 80 °C for 5 h. ” Epoxide (2500
equiv.) used. ¢ Epoxide (5000 equiv. ) used. ¢ Reaction was performed using toluene/CH,Cl, (0.8 mL; 1 : 1 mixture). ° H,O (5 equiv.) added.” CO, (0.5

MPa) was applied. ¢ Calculated by "H NMR analysis.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a conversion of 19 to 14%, respectively was observed (Table 2,
entries 8 and 9). The influence of solvents on the catalytic
performance of 1b was also probed, and it was observed that
a CH,Cl,/toluene solvent system gave complete conversion for
polymerization. Upon increasing the reaction time to 18 h,
there was not much of an impact on the percentage conversion
of the copolymerization reaction (Table 2, entry 10).

With the optimized catalyst 1b, the influence of temperature
and CO, pressure was also examined for the coupling of CO,
and epoxides (Table 2, entries 12-14). It was observed that
polymerization performed at 50-80 °C gave higher conversion
compared to the reactions performed at ambient temperature.
It was further observed that a decrease in CO, pressure from
1.5 MPa to 0.5 MPa, resulted in a decrease in catalytic activity.
When the reaction was carried out below 0.5 MPa CO, at
ambient temperature a significant decrease in monomer
conversion (down to 19%) and molecular weight of the resulting
polymer was observed.

To assess the influence of water on the catalytic activity of
bifunctional catalyst 1b for the copolymerization of CO, and
CHO, we intentionally added five equivalents of water compared
to the catalyst loadings. It was found that addition of excess
water during the catalytic process resulted in complete deacti-
vation of the catalyst (Table 2, entry 11). Hence, unlike most of
the metal catalyzed copolymerization processes, these organo-
catalysts are not tolerant to an excess in the chain transfer
agent, H,O.

View Article Online

Paper

This organoboron-phosphonium catalyst (1b) catalyzed the
copolymerization of CHO/CO, to give PCHC with >99% polymer
selectivity and carbonate linkage formation as detected by 'H
NMR spectroscopy for all the above mentioned copolymeriza-
tion reactions. Bimodal molecular weight distributions were
observed as evidenced by MALDI-ToF spectrum and GPC traces
(Fig. 4). The two series observed during this copolymerization
are separated by 142 m/z, which correspond to the repeating
unit (one unit of cyclohexene carbonate). The major population
series (green circle) correspond to the potassium adduct of the
PCHC copolymer which are initiated by bromide anion. The
minor serious (red square) was assigned to the dihydroxy-end-
capped PCHC copolymer. The bimodality of these processes
presumably results from a trace amount of water present in the
reaction system.

In further efforts of exploring the catalytic limits of these
bifunctional boron-phosphonium organocatalysts, we selected
1b as a model catalyst for catalyzing the copolymerization of
CO, with a range of other commonly employed epoxides. It was
observed that propylene oxide (PO), butylene oxide (BO), and
styrene oxide (SO) lead only to the formation of five membered
cyclic carbonates. We have later extended the substrate scope to
epoxides similar to cyclohexene oxide, such as vinyl cyclohexene
oxide and aziridine (Fig. 5). As expected, the copolymerization
of vinylcyclohexene oxide (VCHO) and CO, produced poly(-
vinylcyclohexene carbonate) with 81% conversion in 5 h at 80 °C
and 1.5 MPa CO, pressure. A number average molecular weight

M, = 15655
M, = 13856
.40 PDI = 1.13
-60 4
x
-80
-100 -
120 4
8 90 10 11 12 13 14 15 16 17 18
Retention time (min)
Fig. 4 GPC and MALDI-ToF spectra of the resulted PCHC.
O O

) =

Vinylcyclohexene oxide

Fig. 5 Employed cyclohexane based epoxide and aziridine monomers.
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Scheme 1 Synthesis of cyclic carbonates from various epoxides and CO, using organocatalysts 1b. The reaction was performed epoxide
(9.9 mmol; 1.5 MPa CO,; catalyst/epoxides = 1/1000) in a 15 mL autoclave using toluene/CH,Cl, (0.8 mL) at 80 °C for 18 h.

(My,) and a polydispersity (PDI) of 17.1 kg mol~ " and 1.13 were
obtained, respectively. Attempts of copolymerizing renewable
epoxides such as monoterpenes, o-pinene, and limonene
derived epoxides, which resemble CHO were unsuccessful.
These results suggest that the coordination of the Lewis acidic
boron center and epoxide is hampered by the methyl group in
the cyclohexane epoxide scaffold. Furthermore, the N-benzyl
cyclohexyl aziridine was tested under the optimized reaction
conditions which only resulted in the formation of corre-
sponding cyclic carbamate in 96% yield (Scheme 1).

Fig. 6 Rate-determining step in the copolymerization process.

© 2022 The Author(s). Published by the Royal Society of Chemistry

The role of these bifunctional organocatalysts is reminiscent
to that proposed for bifunctional (salen)MX (M = Cr, Co) cata-
lysts.”” That is, subsequent to epoxide binding to the boron
center, ring opening by the anion, and CO, insertion,
displacement of the anion from boron by an epoxide is stabi-
lized by an electrostatic interaction with the phosphonium
cation. Hence, ring opening by the anionic polymer chain end is
thought to be the rate determining step (Fig. 6). A more detailed
analysis of the reaction mechanism consistent with this inter-
pretation may be found in ref. 62.

Conclusions

Herein, we report a series of bifunctional organoborane phos-
phonium catalysts for coupling reactions of epoxides and CO,
based on the novel contributions of Wu and coworkers on their
ammonium analogs.* Importantly, these phosphonium deriv-
atives are much less sensitive to atmospheric moisture than
their ammonium versions. Under very similar reaction condi-
tions, these catalysts are more effective at copolymerizing the
alicyclic epoxides, cyclohexene oxide and vinyl cyclohexene
oxide and CO,, and at facilitating the cycloaddition reactions of
aliphatic epoxides with CO, as the organoboron ammonium

RSC Adv, 2022, 12, 32440-32447 | 32445
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catalysts. This strategy should also be applicable to synthesizing
phosphonium derivatives of the multinuclear ammonium
catalysts which have been shown to be very efficient at copoly-
merizing propylene oxide and epichlorohydrin with CO,.** A
significant disadvantage of these organocatalysts over
commonly employed metal catalysts for these processes is their
inability to carry out immortal copolymerization reaction in the
presence of excess water. However, direct additions of diols are
shown to be effective chain-transfer agents. Be that as it may,
there are numerous applications where the absence of trace
metals in CO,-based copolymers is beneficial.
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