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Branched phosphazenium salts of general formula [(Me;N)sP=NI],P*X~ (X~ = Cl” or N37) have been
tested as cocatalysts for different catalyst systems, such as salen-type chromium and porphyrin cobalt
complexes, in the alternating copolymerization of CO, and epoxides (CHO and PO) under various experi-
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parts under the same conditions was achieved. The polymers obtained have comparable or greater molar
masses. Thus, phosphazenium salts can be viable, if not superior, alternatives to onium salts in CO,/
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Introduction

Over the past decades, metal- and organocatalyzed polymeriz-
ation reactions have attracted remarkable attention, leading to
major advances in this field. The availability of huge combi-
nations of both ligands and metal centers led to the rapid
development of metal-based catalysts. Indeed, transition metal
coordination complexes are at the heart of polymerization cat-
alysis."” In the past 30 years, relevant efforts have been made
for the development of homogeneous and heterogeneous cata-
lysts for the ring opening copolymerization (ROCOP) of CO,
and epoxides, such as cyclohexene oxide and propylene oxide
(from now on CHO and PO, respectively).” This reaction is an
interesting method to achieve aliphatic polycarbonates,
although different amounts of cyclic by-products can be
obtained.” Thanks to a thorough molecular design of ligands
bound to metal centers, numerous catalysts show, at the same
time, high activity and high selectivity towards the alternating
insertion of CO, and epoxides. In all these catalytic systems
involving transition metals, chain growth occurs by prior
coordination of epoxides to the metal complex followed by the
ring opening and formation of an alkoxide species from which
the growth of the chain for alternating insertion begins as
shown in Scheme 1, where X is a nucleophile coming from the
cocatalyst or already present on the catalyst.*®
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The most investigated classes of catalytic systems consist of
salen or porphyrin complexes with chromium, cobalt or alu-
minium as the metal together with an ionic or neutral nucleo-
philic  co-catalyst, often 4-(N,N-dimethylamino)pyridine
(DMAP) or soluble “onium” halide salts such as R;N'X~ or
Ph;P=N'=PPh; (PPN")X".

Phosphazenes are well-known organic and uncharged
superbases with almost no nucleophilicity with variable
numbers of phosphorus atoms and topologies (linear,
branched or cyclic) (Fig. S1 in the ESIf) and have been widely
studied as organocatalysts for the ring-opening polymerization
(ROP) of various kinds of cyclic monomers.” The first known
phosphazene base was synthesized in the early 1970s and had
a phosphorus(v) atom with one imine group and three amine
groups.® Due to their highly basic and non-nucleophilic
nature, phosphazenes can easily turn protic compounds into
nucleophilic initiators by the deprotonation or activation of
weak nucleophiles, which could further initiate fast and con-
trolled ROP reactions of various types of monomers such as
epoxides.’ Despite their relative popularity as ROP catalysts,
there is a very limited number of examples of phosphazenes
used in ring-opening copolymerization (ROCOP).">'* In 2016,
different phosphazene bases have been successfully used as
organocatalysts for the alternating copolymerization of epox-
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Scheme 1 Mechanism for poly(propylenecarbonate) formation.
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ides and other types of monomers such as ethylene oxide or
styrene oxide and 3,4-dihydrocoumarin."?

With regard to the copolymerization of epoxides and CO,,
the number of reported cases of phosphazene use is very
small. Feng reported the effective all-organic copolymerization
of cyclohexene (CHO) and propylene oxide (PO) and CO, with
Et;B as an initiator in the presence of phosphazenium alkox-
ides or phosphonium halides such as PPNCL'' Recently, in a
seminal work Liu and Li reported three phosphazenes as
binary organocatalysts in combination with Et;B for the copo-
lymerization of CO, and different epoxides under mild con-
ditions." Organocatalysis represents an alternative method for
the synthesis of polymers under metal-free conditions,
being the strategy used to manipulate the reactivity of the two
monomers through their activation with a non-metal
external activator such as TEB. Moreover, Coates achieved
high-M,, enantiopure poly(propylene oxide) by combining tet-
rakis|[(tri-1-pyrrolidinylphosphoranyliden)amino]phosphonium
acetate with a bimetallic cobalt catalyst usually employed with
COo,. "

However, to the best of our knowledge, there is no available
open literature to date on the use of phosphazenium salts as

a) Catalysts

(o] tBu

% %

PPZX, X=Cl or N3 PPNX, X=Cl or N3
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counterparts to the very effective PPN'X™ (X = halides or azide)
cocatalyst for the synthesis of polycarbonates mediated by
common monometallic catalysts. In this paper, we report the
high versatility and remarkable efficiency of two P5 branched
phosphazenium salts of general formula [(Me,N);P=N],P'X~
(with X~ = CI” or N37), namely tetrakis[tris(dimethylamino)
phosphoranylideneamino]phosphonium chloride (from now
on PPZCI) and azide (from now on PPZNj3), under various syn-
thetic conditions and in combination with different transition
metal catalysts (Fig. 1). Part of this research work has been
patented by some of the authors.”

To make a thorough comparison with PPNX salts and to
better assess the versatility of PPZX, the phosphazenium salts
have been tested with salen-type chromium complexes, the
most known (and employed) catalysts for the two considered
epoxides (Fig. 1).

Some reactions have been conducted with porphyrin cobalt
complexes as well, but entirely with PO, since, according to the
literature, the successful copolymerization of CHO and CO, to
poly(cyclohexene carbonate) (from now on PCHC) is obtained
with porphyrins only in the presence of neutral Lewis bases
such as DMAP and not with onium salts."®"”

R

2a: R=H, X=CI
2b: R=0CHj, X=CI

cr
2Cr

00 oY

TPPCI UHFFA

Fig. 1 Salen (1a and 1b), salaphen (1c and 1d) and porphyrin (2a and 2b) derived metal catalysts and PPZX, PPNX, TPPCl and UHFFA cocatalysts

used in this work.
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Experimental
Materials and methods

Materials. Unless otherwise specified, all syntheses and
manipulations were carried out on a double-manifold Schlenk
vacuum line under a nitrogen atmosphere or in a nitrogen-
filled MBraun UNIlab Plus glovebox. Unless otherwise stated,
all other reagents including catalyst 1a and cocatalysts tetrakis
[tris(dimethylamino)phosphoranylideneamino]phosphonium
chloride (PPZCIl), tetraphenylphosphonium chloride (TPPCI)
and triphenyl(4-pyridinylmethyl)-phosphonium chloride hydro-
chloride (UHFFA) were received from Sigma-Aldrich and used
without further purification. Dichloromethane, cyclohexene
oxide and propylene oxide were freshly distilled over CaH,.
Carbon dioxide gas (99.999% purity) was purchased from Air
Liquide. A deuterated solvent for NMR measurements (CD,Cl,)
was used as received. Catalysts 1b-d and 2a and b (Fig. 1) were
synthesized according to the previous literature.'®° PPZN; was
synthesized by adapting the reported synthesis of PPNN,.>!

Synthesis of tetrakis[tris(dimethylamino)
phosphoranylideneamino]phosphonium azide (PPZN;)

Equimolar amounts of PPZCl and NaN; were dissolved in dry
EtOH under nitrogen and stirred at room temperature for at least
5 h, and then filtered to remove NaCl. The solvent was evaporated
under vacuum, and the crude product was dissolved again in a
few drops of CH3CN under nitrogen and then precipitated in
Et,O, affording a pure white powder in good yield (75%). ATR
(em™): y(N;) 1988, y(P=N) 1261. 'H NMR (CD,Cl,, 300 K,
600 MHz) & (ppm) 2.59 (d, 72H). Anal. caled for C,,H7,N;Ps: C,
36.87; H, 9.28; N, 34.04. Found: C, 36.5; H, 9.1; N, 34.8.

Alternating copolymerization of cyclohexene oxide and CO,

The catalyst (1 eq.) and cocatalyst (1 eq.) were dissolved in 5 mL
of CH,Cl,, stirred at room temperature for at least 1.5 hours, and
then the solvent was removed under vacuum. 10 mL (2500 eq.) of
neat cyclohexene epoxide were added to the solid residue and the
solution was injected into a 25 mL steel autoclave at ambient
temperature which was previously dried in vacuo at 80 °C over-
night. The autoclave was charged with the desired pressure of
CO, and heated to the reaction temperature. After a period of
3.5 h, the autoclave was cooled to room temperature and vented
in a fume hood. A portion of the crude polymer was collected for
NMR analysis while the rest was extracted as a dichloromethane
solution and precipitated in a MeOH/HCI (9:1) solution. The
purification process was repeated three times and the purified
polymer was dried in vacuo at 80 °C overnight.

Alternating copolymerization of propylene oxide and CO,

The catalyst (1 eq.) and cocatalyst (0.5 eq.) were dissolved in
5 mL of CH,Cl, and stirred at room temperature for at least
1.5 hours, and then the solvent was removed under vacuum.
10 mL (2500 eq.) of neat propylene epoxide were added to the
solid residue and the solution was added via the injection port
into a 25 mL steel autoclave at ambient temperature which was
previously dried in vacuo at 80 °C overnight. The autoclave was

This journal is © The Royal Society of Chemistry 2023
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charged with the desired pressure of CO, and heated to the reac-
tion temperature. After the designed reaction time, the autoclave
was cooled to room temperature and vented in a fume hood. A
portion of the crude polymer was immediately collected and
frozen for NMR analysis, while the rest was extracted as a di-
chloromethane solution and precipitated in a MeOH/HCI (9:1)
solution. The so-obtained polymer was dissolved again in di-
chloromethane and precipitated in diethyl ether two times, and
then the purified polymer was dried in vacuo at 40 °C overnight.

Polymer characterization

All the 'H and "*C NMR spectra were recorded on a Bruker DMX
600 MHz NMR spectrometer in CD,Cl, at 300 K. Infrared spectra
(FTIR-ATR) were recorded on a PerkinElmer Spectrum Two
spectrometer. Size exclusion chromatography (SEC) analyses were
performed on a Waters GPCV2000 system using THF as the
mobile phase at 35 °C with a 0.6 mL min~" flow. The sample con-
centration was set at 3 mg mL™" and the injection volume at
150 pL. Polystyrene standards were used for the calibration of
curves in the 162-380 000 g mol ™" range. Calorimetric curves were
obtained using a PerkinElmer DSC 8000 under a nitrogen atmo-
sphere, with the samples being heated from —80 to 150 °C and
cooled vice versa twice at 20 °C min~". Analytical elemental ana-
lyses were performed at the Department of Chemistry, Materials
and Chemical Engineering (CMIC) at Politecnico di Milano.

Results and discussion

In spite of their widespread use as catalysts for epoxide homo-
polymerization, phosphazenium salts are almost unknown as
cocatalysts for the ROCOP of epoxides and CO, and only a very
few examples of their use do exist in the literature."*'* One of
the most interesting examples of such a use of phosphazenium
salts dates back to 2016, when Feng used Et;B and phosphaze-
nium benzyloxides, generated in situ from ¢-Bu-Pn phospha-
zene bases and benzyl alcohol, to couple cyclohexene oxide or
propylene oxide with CO,."" In this work, a comparison
between phosphazenium alkoxides and PPN halides is made,
but no reaction using a phosphazenium halide is mentioned.
Moreover, the resulting poly(propylene carbonate) (from now
on PPC) and poly(cyclohexene carbonate) showed rather mod-
erate TONs and molar masses compared to those obtained,
within the same work, with other cocatalysts.

The choice for this investigation then fell upon two salts of
the large branched P5 [(Me,N);P=N],P (PPZ) phosphazene,
namely its chloride and its azide, the two most largely used
anions of PPN salts. The phosphazenium salts have been
tested for PO and CHO copolymerization with salen-type chro-
mium complexes, and only for PO copolymerization with por-
phyrin cobalt complexes (Fig. 1).

Copolymerization of CO, and cyclohexene oxide (CHO)
catalyzed by chromium(u) salen complexes

In Table 1, the results of the copolymerization of CHO and CO,
with salen-type catalysts 1a and 1b and PPZX cocatalysts are sum-
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Table 1 Comparison of CHO and CO, copolymerization results with salen-type catalysts 1la and 1b and PPZX or PPNX as the cocatalyst®

Catalyst
+ CO, e LI B 0\"' ’
PPZ*X" or Z:; )
PPN*X n
Entry Catalyst Cocatalyst Conversion” (%) Selectivity’ (%) Ether linkage? (%) TON° M,%(gmol™") Theoretical M,,* B? Tgf (°C)
1% la PPNCI 65 >99 — 1625 13300 79625 1.1 119
2n PPZC1 85 >99 — 2125 14385 104125 1.1 117
3 PPNN; 85 >99 2.8 2125 9400 104125 1.3 117
48 PPZN; 86 >99 1.6 2150 14200 105350 1.2 119
5 1b PPNCI 85 >99 1.5 2125 9800 104125 1.1 116
6" PPZCl 83 >99 1.8 2075 13100 101 675 1.2 118
7 PPNN; 83 >99 1.8 2075 8800 101 675 1.2 111
8 PPZN; 84 >99 1.0 2075 12600 102900 1.1 118

“ Catalyst : cocatalyst : CHO = 1:1:2500, T = 80 °C, Pco, = 30 bar, and ¢ = 3.5 h. b Determined by "H NMR spectroscopy of the crude product; con-
version = moles of epoxide reacted, and selectivity = moles of polymer over cyclic carbonate. “Moles of CHO consumed per mole of Cr.
4 Determined by SEC using a polystyrene standard. ¢ Theoretical M, = [conversion ratio (catalyst : CHO) x 98 g mol~']/2. / Determined from the

DSC second heating cycle. & From ref. 22a. " Continuous flow of CO,.

marized and compared with those obtained with the two onium
PPN counterparts, used here as reference cocatalysts.

All the reactions were carried out first in neat epoxide at
80 °C at 30 bar of CO, for 3.5 hours, that is under the best con-
ditions found in our study for the same copolymerization with
the PPNCI cocatalyst.>** A pretreatment between the Cr(u)
complex and the ionic phosphazene derivative was always
carried out prior to copolymerization to ensure the maximum
catalytic activity, by dissolving and stirring them in CH,Cl, for
a few hours, followed by removal of the solvent under vacuum.
Reactions were generally performed by pressurizing CO, to the
desired pressure in the reactor and then leaving the polymeriz-
ation medium stirring at a fixed temperature.*

When catalyst 1a (salenCrCl) is used, the employment of
PPZCl with respect to PPNCI affords a remarkable improve-
ment in the conversion, and subsequently in the TON, and
only a slight increase in the molar mass is observed. The com-
parison of copolymers obtained with PPZN; vs. PPNN; reveals
a significant improvement in the molar mass given by the
phosphazenium PPZ cation. The use of catalyst 1b (salenCrN3)
allows instead a more stable trend in the conversion, which
remains high, over 80%, with any cocatalyst. In this case, the
advantage brought by the use of phosphazenium salts is
visible in the increase of molar mass, affording copolymers
with molar masses greater than a few thousand g mol~". Along
with remarkable conversions, selectivities also remain always
higher than 99%, with the production of polycarbonate and a
complete absence of cyclic carbonate and, with 1a and PPZCI,
no or very few ether linkages, as clearly seen in the "H NMR
spectra of the crude products (Fig. S2 in the ESIT), completely
flat in the 4.4-3.1 ppm region. Moreover, some polyether lin-
kages, up to 1.8 mol%, are formed with all the cocatalysts and
catalyst 1b (Fig. S3 in the ESI}). A narrow but bimodal disper-
sity of polycarbonates, determined by SEC measurements, is
observed, indicating that the polymers have two distinct molar
masses with each molar mass profile displaying a narrow dis-

966 | Polym. Chem., 2023, 14, 963-972

persity (Fig. S4 in the ESIT). This dispersity may be due to a
rapid and reversible chain transfer caused by trace amounts of
water in the reaction mixture.”>** The effectiveness of chain
transfer is confirmed by the well-known discrepancy between
the expected polymer M,, and that actually measured. The poly-
dispersity indices are narrow and indicate that the chain trans-
fer reactions occur more rapidly than propagation. The
thermal analysis of the obtained samples shows Tgs values of
around 111-119 °C, in agreement with those previously
reported for pure PCHC (Fig. S5 in the ESIT).>®

It is well known that ionic cocatalysts cannot affect the
stereoselectivity of copolymerization. Indeed, only some
salenCrX catalysts were found able to stereospecifically desym-
metrize meso-epoxides; specifically, 1a was reported to be
active only in the desymmetrization of 1-hexene,”® while CHO
could only be partially (14.5 ee%) desymmetrized with S,S-
salen-CrNOj; in the presence of N-heterocyclic Lewis bases.?”
Thus, in our case only atactic polymers were in fact obtained,
with the syndio and iso peaks each accounting for ca. 50% of
the total signals in the *C NMR spectrum as shown in
Fig. 2.%®

PPZCI has been studied at different temperatures (Table 2)
with catalyst 1a to identify the effect of reaction conditions on
conversion, molar mass, and selectivity. At 60 °C under our
conditions, low conversion of the epoxide, around 17%, can be
observed. It is clear that at such a temperature, the kinetics of
the copolymerization is too slow. As the temperature is
increased, the catalytic performance improves, and thus the
best results in terms of CHO conversion and selectivity of poly-
carbonates are obtained at 80 °C both with PPZCI and PPNCI
cocatalysts.”**
conversion and selectivity decrease. This trend is similar to
that observed with UHFFA.>** Molar masses are low only at
60 °C (Fig. S6 in the ESIt). The lower T, values observed at
high temperatures may be related to lower selectivities (Fig. S7
in the ESIY).

In general, upon increasing the temperature,

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 C NMR spectrum of PCHC (Table 1, entry 2), in which the
signals due to the C=0O groups of the carbonate group appear.

Salaphen catalysts, 1c and 1d, were also tested, although as
already reported by Darensbourg et al.,'® in combination with
other cocatalysts, their electron-poor diimine backbone is less
effective with CHO, leading to much lower conversions and to
copolymers with much lower molar masses. This remains true
in any case, and even the usage of high performing PPZX phos-
phazenium salts cannot overcome the drawbacks caused by

View Article Online
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and 40%) and molar masses (ca. 7000 g mol™' and 5600 g
mol ™) with PPZCl and PPZN;, respectively, also producing a
tiny but finite amount, about 2-3 mol%, of cyclic carbonate.
The presence of a Cl group rather than a N3 nucleophilic
group on the catalyst or the cocatalyst leads to minimum
differences that can be easily neglected.

Copolymerization of CO, and propylene oxide (PO) catalyzed
by chromium(m) salaphen complexes

It is well recognized that, depending on the monomer,
different salen-type catalysts should be used, due to the elec-
tronic effect of the skeleton. In particular, electron-rich
diamine backbones are highly efficient with CHO, while with
PO no reaction occurs or only a cyclic carbonate is formed.”**°
Metal complex catalysts with electron poor aromatic rings are
very effective with PO, and thus catalysts 1c and 1d have been
used in the copolymerization of propylene oxide and CO, to
study the phosphazenium salts as cocatalysts.

All of the copolymerization reactions were carried out in
neat epoxide at 60 °C, at 30 bar of CO,, for 24 h. A catalyst to
cocatalyst ratio of 1:0.5 has been used to afford the best
polymerization rate, according to the results reported in our
previous paper.”** The copolymers were characterized by "H
NMR spectroscopy and SEC analysis and the main results are
presented in Table 3.

In general, good results in terms of conversion, selectivity
and molar mass are obtained with all cocatalysts. Conversion

the catalyst skeleton, leading to halved conversions (ca. 45% values vary Considerably and increase when PPZ salts are used;

Table 2 Copolymerization reaction of CHO and CO, with catalyst 1a and PPZCl at different temperatures®

Entry T (°C) Conversion” (%) Selectivity” (%) TON® M, (g mol™) p? Theoretical M, T,/ (°C)
9 60 17 >99 425 4500 1.2 20 825 110
2 80 85 >99 2125 14 385 1.1 104 125 117
10 100 76 93 1900 15900 1.2 93100 114
11 120 75 88 1875 15700 1.3 91875 113

“ Catalyst = 1a, cocatalyst = PPZCI, catalyst : cocatalyst : CHO = 1:1:2500, Pgo, = 30 bar, and ¢ = 3.5 h. b Determined by 'H NMR spectroscopy of
the crude product; conversion = moles of epoxide reacted, and selectivity = moles of polymer over cyclic carbonate. “ Moles of CHO consumed per
mole of Cr. ? Determined by SEC using a polystyrene standard. ¢ Theoretical M, = [conversion ratio (catalyst : CHO) x 98 g mol~']/2./ Determined
from the DSC second heating cycle.

Table 3 Comparison of PO and CO, copolymerization results with salaphen-type catalysts 1c and 1d and PPZX or PPNX as the cocatalyst’

Entry Catalyst Cocatalyst Conversion” (%) Selectivity’ (%) Ether linkage? (%) TON° M,?(gmol™*) Theoretical M,* B¢ T,/ (°C)
12 1c PPNCI 78 76 — 1950 38500 56 550 1.2 38
13 PPZCl 82 82 — 2050 41000 59450 1.2 42
14 PPNN; 78 80 — 1950 30700 56 550 1.2 40
15 PPZN; 84 82 — 2100 38200 60900 1.2 42
164 1d PPNCI 73 64 10 1800 26 000 52925 1.3 34
17 PPZCl 79 85 1975 32300 57275 1.3 38
18 PPNN; 58 89 — 1450 20771 42 050 1.2 41
19 PPZN; 88 99 6 2200 29200 63 800 1.2 35

“ Catalyst : cocatalyst : PO = 1:0.5: 2500, T'= 60 °C; P = 30 bar, and ¢ = 24 h. ® Determined by 'H NMR spectroscopy of the crude product; conver-
sion = moles of epoxide reacted, and selectivity = moles of polymer over cyclic carbonate. “ Moles of PO consumed per mole of Cr. ¢ Determined
by SEC using a polystyrene standard. ° Theoretical M;, = [conversion ratio (catalyst: PO) x 58 g mol~'}/2. /Determined from the DSC second
heating cycle (Fig. S8 in the ESI{). ¢ From ref. 22a.
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Fig. 3 *H NMR spectrum of the obtained crude PPC (Table 3, entry 17).
signals are visible.

moreover, a certain percentage of polyether is always obtained
in all samples from 1d, that is with the salaphen catalyst
having Nj; as a ligand, as shown in Fig. 3 by the "H NMR peak
at 3.5 ppm (Fig. S9 and S10 in the ESI}). PPZN; showed the
greatest selectivity toward polycarbonate formation (99%)
(Table 3, entry 19). Molar masses greater than those obtained
with the benchmark PPNX are obtained with PPZCl, and M,
values of 41 000 and 32300 g mol™" are obtained with catalyst
1c and 1d, respectively (Table 3, runs 13 and 17, and Fig. S11
in the ESI{).

Copolymerization of CO, and propylene oxide (PO) catalyzed
by cobalt(m1) porphyrin complexes

Cobalt(m) tetraphenylporphyrin chloride (TPPCoCl) has been
proved to be an active catalyst for the alternating copolymeriza-
tion of CO, with both CHO and PO, as first discovered by
Wang®" and Sugimoto."® Later, modifications of the porphyrin

T T T T T T T T T
26 24 22 20 18 16 14 12 1.0 08 06

Signals assigned to cyclic propylene carbonate (PC) and unreacted PO

ligand with the introduction of a series of electron-withdraw-
ing groups in the para-position of the meso-ring showed a
slight increase in the catalytic activity in the copolymerization
of CO, with PO.%°

Thus, we decided to perform some PO/CO, copolymeriza-
tion reactions in the presence of PPZCl with 2a, the proto-
typical TPPCoCl, and 2b, [5,10,15,20-tetra(para-methoxy)
phenylporphyrin]cobalt(m) chloride, catalysts and to compare
the polymerization results with those obtained with the bench-
mark PPNCI (Table 4). In addition, some reactions have been
conducted with two quaternary phosphonium salts, namely
TPPCl and UHFFA (Fig. 1), recently reported as effective cocata-
lysts in the alternating copolymerization of carbon dioxide
with epoxides.”® Both these cocatalysts in combination with
N,N'-bis(3,5-di-tert-butylsalicylidene)-phenylenediimine  chro-
mium(m) azide exhibit catalytic activity with PO (in neat
epoxide at 60 °C, P = 30 bar, ¢ = 24 h), with tetraphenylpho-

Table 4 Comparison of PO and CO, copolymerization results with porphyrin-type 2a and 2b catalysts and different cocatalysts?

Entry Catalyst Cocatalyst Conversion” (%) Selectivity’ (%) Ether linkage” (%) TON° M,?(gmol™") Theoretical M,* B¢ T,/ (°C)
20 2a PPNCI 60 93 7 1500 34 300 43500 1.1 —
21 PPZCl 67 34 7 1675 56400 48575 1.4 43
22 PPZN; 65 41 14 1425 32570 47125 1.3 41
23 TPPCl 28 >99 — 700 10900 20300 1.1 36
24 UHFFA 22 >99 — 550 17100 15950 1.1 40
25 2b PPNCI 71 66 7 1775 40700 51475 1.3 41
26 PPZCl 90 66 11 2250 54500 65250 1.3 42
27 PPZN; 75 41 8 1875 49500 54375 1.4 40
28 TPPCl 75 64 25 1875 34200 54375 1.3 40
29 UHFFA 42 >99 — 1050 15200 30450 1.1 35

“ Catalyst : cocatalyst : PO = 1:0.5: 2500, T = 25 °C; P = 20 bar, and ¢ = 24 h. ® Determined by 'H NMR spectroscopy of the crude product; conver-
sion = moles of epoxide reacted, and selectivity = moles of polymer over cyclic carbonate. “ Moles of PO consumed per mole of Cr. ¢ Determined
by SEC using a polystyrene standard (Fig. S12 in the ESTt). ° Theoretical M;, = [conversion ratio (catalyst : PO) x 58 g mol~']/2./ Determined from

the DSC second heating cycle (Fig. S13 in the ESIY).
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sphonium chloride affording the best results in terms of
selectivity, exceeding the values obtained with the reference
PPNCI cocatalyst.

The copolymerization reactions have been conducted at 20
bar of CO, pressure, at 25 °C, and for 24 hours (Table 4). These
conditions have been chosen since by increasing the reaction
temperature and CO, pressure, a gradual loss of the catalytic
activity can be observed; moreover, at higher temperatures, the
formation of cyclic carbonate due to the chain-back biting
reaction increases.'®*!

Of all the analyzed cocatalysts, TPPCl and UHFFA show a
detrimental effect on the conversion and molar mass, but

16000
. pPZCl
14000 | @ catalyst1a UHFFA ppci ppzc \ % PPN
O catalyst 1b ®
12000 %PPZN3
=" 10000 TPPCI LR
2 . o¥ penn,
= 8000 PPNN,
S 6000
4000
2000
20 30 40 50 60 70 80 90 100
Conversion (%)
45000
ppzCl
a0000 | @ catalyst 1c PPN ® oo
35000 | O catalvst 1d PPZCI
O PPZN,
30000 PPNN$® e
3 TPPCI
g 25000 PPNCI O =
£ PPNN,
oo o =)
~ 20000 UHFFA
= 5000
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5000
0
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Conversion (%)

Fig. 4 M, vs. conversion of CHO copolymerization with salen-type cat-
alysts 1a and 1b (top) and of PO copolymerization with salaphen-type
catalysts 1c and 1d (bottom) and different cocatalysts.
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m/z
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show high selectivity in PPC copolymerization with 2a as a
catalyst, compared with PPNCL In contrast, the presence of
electron-donating fragments in the 2b catalyst has a beneficial
effect on the catalytic activity of this complex, with the classi-
cal PPNCI, the phosphazenium salt and the UHFFA cocatalyst,
since the introduction of the methoxy group modulates the
electronic environment at the cobalt center, increasing the
copolymer yield compared with that from the unsubstituted 2a
catalyst. These results are in agreement with those reported by
Rieger with a series of 5,10,15,20-tetra(p-alkoxy)porphyrin
cobalt(ur) chlorides and by Inoue for Al-porphyrins substituted
with methoxy groups.”’”*> A similar increase in the catalyst
activity has been reported by Darensbourg with the introduc-
tion of methoxy groups into the salen-phenolate rings."®

In addition, moving from phosphonium to phosphazenium
salt, both catalysts exhibit a sensible increase in the molar
mass, above 54 000 ¢ mol ™', when PPZCl is used. With catalyst
2a and both cocatalysts slightly higher conversions are
achieved even with significantly lower selectivity, while with
catalyst 2b, higher conversion with no changes in the selecti-
vity can be observed with PPZCI (Fig. S14-S17 in the ESIT).

The quaternary phosphonium salts show for both catalysts
a clear decrease in the conversion along with a sensible
increase in the selectivity up to 99 mol%; however, molar
masses up to 17 000 g mol " are obtained. It is worth noting
that in light of the low conversion, the obtained molar masses,
even though lower than those observed with salen catalysts,
show a value of about 50% of the theoretical M, value.

Comparison of the effects of branched phosphazenium salts as
cocatalysts on the copolymerization of CO, and CHO and PO

In order to find a rationale for the effects of branched phos-
phazenium salts as cocatalysts on the copolymerization of CO,
and CHO and PO, M, vs. conversion profiles for copolymeriza-
tion of CHO with salen-type catalysts 1a and 1b and for PO
copolymerization with salaphen-type catalysts 1¢ and 1d and
different cocatalysts are compared in Fig. 4. For this compari-

Na+
Cl O O 0O OH
A \“/
(@] n
Na+
N3 O (0] OH
B T
(@] n

Fig. 5 MALDI-TOF spectrum collected for entry 8 (zoomed in from m/z = 8600 to m/z = 9000), prepared with catalyst 1b and PPZNs as a

cocatalyst.
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son, our data obtained under the same conditions but with
cocatalysts different from those shown in Tables 1-3 have also
been included.***

It is evident that higher molar masses and monomer conver-
sion with PPZ'X~ than those with the benchmark PPN'X~
counterparts under the same conditions are achieved. These
differences are more visible in PO copolymerization, which
shows higher molar mass than CHO copolymerization. We
hypothesized that greater molar masses of PO copolymers are
due to the lower propensity of PO towards chain transfer.>*® It is
also evident that PPZCI gives better results than PPZN;3, in terms
of molar mass, and PPZN;, in terms of conversion. Moreover, in

PPZN,
100 1 ppCI O
90 o PPZCI O
0
20 | PPN, ooy, & 0 PPZN;
® PPZCl
— 70 1 PPNCI
S o O UHFFA
g 60 o PPNCI
x
2 50+
8 w0
]
v 30 4
[ ]
20 | catalyst 1c
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0 T T T T ]
0 20 40 60 80 100

Conversion (%)

Fig. 6 Selectivity vs. conversion of PO copolymerization with salaphen-
type catalysts 1c and d and different cocatalysts.
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general with both PPZX salts and chlorine catalysts salenCrCl
(1a) and salaphenCrCl (1c), better copolymer results than with
salenCrNj; (1b) and salaphenCrN; (1d) are obtained.

MALDI-ToF-MASS spectra may be helpful to demonstrate
which is the end group or real initiator and to better under-
stand the polymerization mechanism. An investigation of the
effect of different catalytic systems on the chain structures and
end groups of CO,-based polycarbonates by MALDI-TOF mass
spectrometry has been carried out. The spectra are complex
and the discussion of results is the object of a manuscript in
preparation.®® However, in Fig. 5, the MALDI-TOF spectrum
collected for entry 8, prepared with catalyst 1b and PPZN; as a
cocatalyst, is shown.

Two signals named A and B, one end-capped with a chlor-
ide group and a hydroxyl group and the other one with a
hydroxyl group and an azide, can be observed. Although Nj is
present on both the catalyst 1b and cocatalyst (entry 8 in
Table 1) signal B is the smallest. The presence of Cl at one end
probably originates from the pretreatment of the catalyst and
cocatalyst in dichloromethane.>® The presence of the high A
signal is a clear indication that there is an equilibrium
between the N3 anion and Cl and that the equilibrium is
shifted towards chlorine.

Regarding selectivities in CHO copolymerization, all cocata-
lysts used in this work show selectivities over 99%, while selec-
tivities vary considerably in PO copolymerization (Fig. 6). In
these copolymerization reactions, there is an almost direct
relationship between monomer conversion and selectivity.
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Fig. 7 M, vs. conversion (left) and vs. selectivity (right) of PO copolymerization with salaphen-type catalysts 1c and 1d (top) and with porphyrin-

type 2a and 2b catalysts and different cocatalysts (bottom).
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Interestingly PPZN; which exhibits the highest conversion
gives the highest selectivity with salaphenCrNj; (1d).

This confirms our previous observation that cocatalysts less
efficient in PO copolymerization have lower selectivities and/or
higher ether linkages.

This behavior was explained by considering that with less
effective cocatalysts polymeric species spend more time in the
resting state, which makes more probable the formation of
cyclic carbonate and ether linkages (Scheme S1 in the ESIT).>®

Comparison of the results of PO copolymerization with por-
phyrins in Fig. 7 is more difficult to rationalize at first sight.

However, porphyrin catalysts also give better results with
PPZX cocatalysts than with PPNX cocatalysts. Moreover, if we
consider only the results obtained with branched PPZX cocata-
lysts, PPZCI and PPZN; give a very high molar mass with cata-
lyst 2b and PPZCl gives the same also with catalyst 2a.
Moreover, for the same copolymerization there is again a corre-
spondence between selectivities and conversion. It is not clear
if results with PPZN; and catalyst 2a are outliers.

UHFFA, TPPCl, and PPNCI give the highest selectivities
with porphyrin catalysts, but give lower conversions and molar
masses. Probably steric hindrances of catalysts and cocatalysts
play a role in these copolymerization reactions.

Copolymerization of epoxides and CO, involves the coordi-
nation of the epoxide to the metal activated by X, a nucleophile
coming from the cocatalyst, which favours the epoxide inser-
tion by facilitating the removal of the catalyst ligand Nu
(Scheme S1 in the ESIY). If we consider ionic cocatalyst salts
such as PPN'X™ and PPZ'X~ where X~ is Cl or Nj, the following
equilibria have to be taken into account:

PPZTX™ = PPZ' + X~

PPN'X™ = PPNT 4+ X~

The size of the cation influences the strength of the anion-
cation interaction. PPZ" has greater steric hindrance (see
Table S1 in the ESIT) and greater ability to stabilize the positive
ion pair than PPN" which shifts the above equilibria more to
the right, allowing X~ to activate the metal of the catalyst. This
difference seems to explain the greater efficiency of branched
phosphazenium salts as cocatalysts. The influence of the size
of the cation on the propagation rate and thus on the activity
and selectivity is quite common for anionic ROP.*®

Conclusions

Large branched phosphazenium salts of general formula
[(Me,N);P=N],P'X", where X is chloride or azide, the two
most largely used anions of PPN salts, have been tested as
cocatalysts for different catalyst systems in the alternating
copolymerization of CO, and CHO with salen-type chromium
complexes, salenCrCl (1a) and salenCrN; (1b), under various
experimental conditions. A careful examination of the catalytic
activity of the various complexes and of the molar mass indi-
cated that the use of PPZX salts as cocatalysts has a beneficial

This journal is © The Royal Society of Chemistry 2023
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effect on the copolymer production, with conversions at least
comparable or even superior to those obtained from onium
salts. Higher monomer conversion and greater molar masses
than those obtained with the benchmark PPN'X™ counterparts
under the same conditions were achieved. PPZCI gives better
results than PPZN; in terms of molar mass, and PPZN; in
terms of conversion, and in general with both PPZX salts,
salenCrCl (1a) gives better copolymerization results than
salenCrNj; (1b).

The phosphazenium salts have also been tested for PO and
CO, copolymerization with salaphenCrCl (1¢) and
salaphenCrN; (1d), as well as with porphyrin cobalt complexes
tetra phenylporphyrinCoCl (2a) and the tetramethoxysubsti-
tuted one (2b). With both cocatalysts higher molar masses and
comparable or even superior conversions and selectivities are
mostly obtained with respect to the onium cocatalysts. In par-
ticular, when porphyrin catalysts are used, molar masses
above 50 000 g mol " are achieved. Thus, phosphazenium salts
are viable, or even superior, alternatives to onium salts in CO,/
epoxide ROCOP.

If we consider the reaction mechanisms proposed by
Darensbourg® and Coates,** cations which are able to easily
delocalize positive charge should be the most active for the
copolymerization, because of better stabilization of the separ-
ated ion pair. Moreover, the phosphazenium positive effect is
also probably due to their higher steric hindrance that favours
the epoxide’s interaction with the catalyst and subsequently its
ring opening. It is well known that the epoxide ring opening is
the rate-determining step. In conclusion, the greater possi-
bility of phosphazenium cations to delocalize the positive
charge due to their conjugated double bond structure along
with the great steric hindrance of the bulky branched structure
allow them to overcome onium cations.
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