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Abstract

This tutorial deals initially with a comparison of the mechanistic aspects of /iving and immortal
polymerization processes. The living polymerization pathway originated with the anionic
polymerization of styrene by Szwarc, whereas, immortal polymerization was first described by
Inoue for the homopolymerization of epoxides using an aluminum complex. A similar behavior
would be anticipated for the copolymerization of epoxides and carbon dioxide catalyzed by well-
defined metal complexes. The major difference between these two pathways is rapid and reversible
chain transfer reactions involving protic impurities or additives in the latter case. That is, the
stoichiometry of the monomer/initiator ratio changes as a function of the nature and concentration
of the chain transfer agent (CTA). For instance, in early studies of the copolymerization of
epoxides and CO, where adventitious water was present in the copolymerization reactions, there
was little control of the molecular weight of the resulting copolymer product. Presently, the
presence of chain transfer with protic CTAs during the copolymerization of epoxides and CO, is
a major positive factor in this process’s commercialization. Specifically, this represents an efficient
production of polyols for the synthesis of CO,-based polyurethanes. Studies of the use of various
CTAs in the synthesis of designer polymeric materials from CO, and epoxides are summarized
herein.

Introduction

The concept of living polymerization was first demonstrated by Professor Szwarc for the
organo-alkali metal initiated polymerization of styrene.!-3 Specifically, the anionic polymerization
process depicted in Scheme 1 was shown to provide polymers of uniform size.

Scheme 1. Anionic polymerization of styrene.
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These living polymerization processes proceed by a chain growth pathway which takes
place in the absence of termination steps and irreversible chain transfer. In general, these processes
display the following characteristics.

- Polymerization proceeds until all monomer is consumed, with addition of a new
monomer leading to block copolymers.

- The number average molecular weight, M,, is a linear function of conversion, and
results in a narrow molecular weight (Poisson) distribution.

- The number of active centers is constant and is not dependent on conversion, or put
another way, the number of polymer chains are the same as the number of initiators.

- The average molecular weight controlled by the monomer/initiator stoichiometry.

Such polymers produced possess controlled molecular weights and end-active chains
which can provide block polymers. These living polymerization processes can be terminated by
quenching the reaction, e.g., by the addition of a protic compound. It is nonetheless noteworthy,
that these living processes do not live forever, eventually dying. In the above instance, the
polymerization reaction very slowly terminates via formation of sodium hydride as illustrated in
equation 1.4

©
AAACH,CHPY Na ——> W\CH=CHPh + NaH ()

Professor Inoue and coworkers in 1985 described polymerization processes which have
several of the characteristics of a living polymerization reaction.> These processes are referred to
as immortal polymerization reactions.®® An example of such a process is represented in equation
(2). As depicted in equation (2), following the formation of a metal alkoxide in the ring-opening
polymerization of an epoxide catalyzed by a metal complex, the addition of a protic source leads
to a chain transfer reaction.

MPOR + /\ == IMT(O\)\tOR RN IMFOR' + H/(O\)\tOR @)

CTA
metal catalyst polyether

The boxed portion of equation (2) represents a chain transfer process in the routine sense
with the resulting polymer being dead, with concomitant formation of [MJOR’ providing a new
reactive site for polymer growth. However, the polyether product itself can serve as a protic source
and react as a chain transfer agent with metal attached polymer chain. That is, the process is
reversible, thereby leading to renewal growth of the polymer chain. If chain transfer is rapid and
reversible, the molecular weight of the polymer is expected to remain narrow. Relevant to this
polymerization process, we and others have been investigating the copolymerization of epoxides
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and CO; in the presence of various chain transfer agents. Herein, current studies involving CTAs
in the preparation of polycarbonates are reviewed.

Similar to the process shown in equation (2), copolymerization reactions of epoxides and
carbon dioxide catalyzed by metal complexes share many of the features of a living polymerization
process. However, in general, the observed molecular weights of the copolymers are much lower
than their theoretical value based on the monomer/initiator stoichiometry. In addition, the thus
afforded copolymers exhibit bimodal gel permeation chromatography (GPC) traces, with each
molecular weight profile displaying a narrow molecular weight distribution. For summaries of
these copolymerization reactions, see the numerous published reviews on this subject.???

The bimodal molecular weight distributions, along with MALDI-TOF studies, have been
interpreted as being due to a rapid and reversible chain transfer reaction with adventitious
water.>?* Further support for this behavior is seen when water is carefully excluded from the
copolymerization process, where the reactions provide copolymers with the expected molecular
weights.”>  Similarly, upon addition of a large excess of the CTA methanol during the
copolymerization of propylene oxide and CO,, the copolymer containing a methoxy end group
was obtained as the main product with the expected molecular weight with a narrow D.2° In studies
involving the copolymerization of CO, and cyclohexene oxide or propylene oxide monomers, it
has been shown that the chain transfer agent is also due to catalytic hydrolysis of the epoxide,
leading to the corresponding diol, which serves as CTA.?7-28 If a known quantity of water is added
to the copolymerization reaction, the molecular weight of the resulting copolymer decreases with
the increasing quantity of added CTA (Figure 1). Scheme 1 describes the reaction pathways for
polycarbonate production from epoxides and CO, in the presence of added or adventitious chain
transfer agent. In addition, it is possible to provide nearly 100% polyols if X is the hydrolysable
trifluoroacetate initiator.?-3!

Bimodal

H,Olcat= 0
H,Olcat=5
H,Ofcat = 10
H,Ofcat = 20
H,O/cat = 30

r T T T T 1

10 12 14 16 18 20
retention volume (ml)

Figure 1. GPC traces of polycarbonate production in the presence of adventitious H,O
followed by known quantities of water.

Page 4 of 19



Page 5 of 19

Green Chemistry

Scheme 2. Immortal copolymerization of propylene oxide and CO, in the presence of water.
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The most economically viable products thusfar provided by the copolymerization of
epoxides and carbon dioxide are polyols for the synthesis of thermoplastic polyurethanes. These
important polymers are produced at a level in excess of 20 million tons annually by the step growth
polymerization of diisocyanates with macro-diols, generally hydroxyl-terminated polyethers or
polyesters, equation (3). The physical properties of the polyurethane are dependent on the nature
of Rand R’. A sizable quantity of polyurethane currently produced employs macro-polyols formed
from ethylene oxide and propylene oxide using various chain-transfer agents, e.g., 1,2-
propanediol, adipic acid, etc.3>3* Hence, the addition of CO, to these polyols has the potential to
decrease the petrochemical based content by about 50%.

N O=C=—N—R—N=—=C=0 + 7 HO-R—OH —> —I—ICI:—ril—R—riJ—lclz—o—R'—o—l— (3)
O H H

Currently, Covestro is marketing a poly(ether carbonate) polyol for the synthesis of flexible
foam polyurethanes.?> The Covestro process incorporates about 20% CO, into the polyol which
when coupled with isocyanates affords a product on par with conventional materials made
exclusively with fossil resources. For example, this polymeric material is used in providing the
first mattresses made in part from CO,.>¢ On the other hand, catalyst systems for the coupling of
CO; and epoxides in the presence of CTAs are well-studied for the production of completely
alternating copolymers. These catalysts generally consist of cobalt, chromium, and aluminum
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coordination complexes with salen(salicylaldimine) ligands in the presence of onium salts. This
latter technology is employed by Novomer (now part of Saudi Aramco) in the United States, and
SK Energy in Korea.3”-3® Econic in the UK utilizes zinc catalysts which generally leads to polyols
containing various quantities of ether linkages.?’

It is worthy of note that Asahi Kasei Corp. in Japan has developed and commercialized a
process for effectively producing BPA polycarbonate via a method incorporating CO, which
avoids the use of phosgene.*® This process simultaneously produces high purity monoethylene
glycol(MEG) in high yield (see Scheme 3). Since both diphenylcarbonaate and bisphenol-A are
solid, the reaction can be carried out in the absence of organic solvents. About 1000 kt/y of this
material is produced at several locations worldwide.

Scheme 3. Asahi Kasei’s non-phosgene polycarbonate process.

X
PhO OP bis-phenol A

PhOH
o /\/ BPA polycarbonate
M 0
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DMC ethylene glycol

One of the early, more informative studies of immortal copolymerization of propylene
oxide and CO, was carried out by Lee and coworkers in 2010.#! These researchers examined the
copolymerization of propylene oxide and CO; in the presence of various ratios of the CTA (adipic
acid) to their multifunctional cobalt catalyst which contained tethered quaternary ammonium salts,
complex 1. Surprisingly, unlike a closely related cobalt catalyst with different anions which
exhibited induction periods of hours in the presence of protic additives, catalyst 1 maintained
excellent catalytic activity in the presence of large quantities of adipic acid. That is, similar TOFs
to that in the absence of adipic acid were observed at [adipic acid]/[1] up to 200. Furthermore, 'H
NMR measurements demonstrated that all of the adipic acid took part in copolymer chain-growth,
and the polycarbonate samples displayed as expected a decrease in M,, values accompanying an
increase in [adipic acid]/[1] ratio.

KIBU3 BLI3KI
Me Me
Me O\ 4 /O Me 4 NO3
Co CH-COy
&BU3 _NEN_ BU3&
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Other di-, tri- and tetracarboxylic acids have served as effective CTAs for the preparation
of diols, triols, and tetraols in the copolymerization of CO, and propylene oxide using zinc-cobalt
double metal cyanide catalysts.*>** Reaction times were generally long for complete conversion
of propylene oxide, which was thought to be due to free carboxylic acid groups. The long reaction
times of these processes were greatly reduced by a preactivation process, where acid-bound oligo-
ether diols, triols, or tetraols are formed in advance of the copolymerization process. For example,
the oligo-ether diol from oxolic acid and propylene oxide is represented below. For these

oligo-ether diol

4, \ .CA(H,0)
N ; 2
¢ z

o S\
e C:y' oH(cy

Figure 2. Oligo-ether diol and proposed structure of zinc-cobalt double
metal cyanide catalyst.

zinc-cobalt double metal cyanide catalysts in the presence of a proton-containing initiator, there
is a significant influence of the acidity on the copolymerization system. That is, for a weak organic
acid (pK,;: 4.43 — 4.72) the acid acts as a CTA. On the other hand, for a strong organic acid
(1.87 <pK,i: <4.2) it acts to first initiate propylene oxide homopolymerization subsequent to the
in situ formed polyols acting as a new chain transfer agent in the early stage of the
copolymerization process. The structures of the oligo-ether triol and the oligo(carbonate-ether)
triol obtained from 1,3,5-benzenetricarboxylic (trimesic) acid are shown in Figure 3.
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Figure 3. Structures of triol obtained from 1,3,5-benzenetricarboxylic acid.
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A green flame-retarding poly(propylene carbonate) has been synthesized by carrying out
the immortal polymerization of propylene oxide and carbon dioxide in the presence of a variety
of organo-phosphorous compounds. These materials were achieved employing
diphenylphosphinic acid (Ph,P(O)(OH)), phenylphosphonic acid (PhP(O)(OH),), or phosphoric
acid (P(O)(OH);) as chain transfer agents using the very active catalyst 1.43 The copolymerization
process was found to proceed with a high catalytic activity (10,000-20,000 h-! @ 70-75°C) even

with large concentrations of CTAs, i.e., [CTA] / [1]= 200 — 1600. A thermoplastic polyurethane

was prepared from the stoichiometric addition of toluene-2,4-diisocyanate to the poly(propylene
carbonate)-diol obtained using PhP(O)(OH), as CTA.

Similarly, the preparation of various polyurethanes, including flame-retarding
polyurethanes, have been prepared from the reactions of low-molecular weight poly(propylene
carbonate)-diols and diisocyanates.*® The PPC-diols were synthesized by the copolymerization
of propylene oxide and CO, accompanied by the chain-transfer agents (1,2-propanediol,
terephthalic acid, 2,6-naphthalenedicarboxylic acid, and phenylphosphonic acid) catalyzed by
complex 1. The thus-produced macro-diols were reacted in situ with 4,4’-methylene bis(phenyl
isocyanate) to afford a polymer with an enhanced T, of 60°C. As noted previously, a non-
flammable polyurethane was obtained when employing an organophosphorous compound as
chain-transfer agent.

The use of low-molecular weight polycarbonate polyols for the synthesis of polyurethanes
and other copolymers continues to maintain much interest.*” Prominent among these studies are
the immortal copolymerization reactions of cyclohexene oxide and CO, using the renewable CTA,
water.*849  Using their well-developed dinuclear catalysts systems, Kember and Williams
demonstrated the magnesium catalysts to be much more active than their zinc analogs (Scheme
4).

Scheme 4. Copolymerization of Cyclohexene Oxide and CO, Using Dinuclear Catalyst

o]

C

H H

\N X0 N‘ M=2Zn, X=0Ac
l W : M = Mg, X = OAc
N’ \" M = Mg, X = Br
)OL M=Mg,X=02CCF3
Hog 0o O‘)
HO-PCHC-Y
Y=0OHorX

For example, the magnesium catalysts depicted in Scheme 4 were active at very low
loading to selectively provide copolymers with 99% carbonate repeating units. These catalysts
were also shown to be highly active at atmospheric CO, pressure and produced polyols in the

8
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presence of up to 30 equiv (3 mol%) water. Importantly, when using the catalyst where
X = 0,CCFj in excessive quantities of water, the trifluoroacetate end group in the copolymer was
greatly reduced. In further studies, the a,m-hydroxy-telechelic poly(cyclohexene carbonate)
prepared using the dizinc catalysts, where X = OAc or O,CCFj3, afforded ABA triblock copolymers
with lactides employing an yttrium amide catalyst.>

In closely related studies, we have examined a similar immortal copolymerization reaction
of styrene oxide and CO, in the presence of water as CTA.3! That is, we have reported a tandem
strategy combining an immortal copolymerization reaction of styrene oxide and CO, catalyzed by
a bifunctional (salen)CoX catalyst with water as CTA, followed by a ring-opening polymerization
of lactide in the presence of an organocatalyst DBU (1,8-diazabicylco[5.4.0Jundec-7-ene).
Scheme 5 describes this process for synthesizing the diblock polymer.

Scheme 5. Preparation of Poly(styrene carbonate-block-lactide) Copolymer.

A N

Ph Ph O N
(Salen)CoX
oh alen)Co. XT\/\/O\H/OT/\/\O_CO HZJ (0] 4{10 Q\\/Nj

CO,

Metal coordination copolymerization Organocatalytic ring-opening polymerization

Al

Pon styrene carbonate)-block-Polylactide

The above study was proceeded by a one-pot synthesis of triblock copolymers from
propylene oxide and CO,, and lactides.”> This was accomplished by first copolymerizing
propylene and oxide in CO, in the presence of a binary (salen)CoO,CCF3;/PPNO,CCF; catalyst
system with added water. The resultant polyol intermediate served as a macroinitiator for the ring-
opening of lactide by the organocatalyst, DBU (equation 4). If DBU is added in the absence of
lactide, the poly(propylene carbonate) degrades via a stepwise formation to cyclic styrene
carbonate.33->

PPNV FUVIIN SR
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catalyst 2

In other analogous studies utilizing a similar tandem synthetic strategy, following the
formation of hydroxy end-capped polycarbonates derived from the copolymerization of propylene
or cyclohexene oxides and CO,, a triblock polymer involving a water-soluble cyclic phosphate can
be prepared (Scheme 6).>° That is, the addition 2-methoxy-2-oxo0-1,3,2-dioxaphospholene
(monomer A) to the telechelic polymer along with the organocatalyst (DBU) provides the
amphiphilic triblock copolymer. These triblock copolymers were shown to self-assemble into
uniform nanostructures in water. As indicated in Scheme 6, this procedure in principle should
apply to the formation of various ABA triblock copolymers in a one-pot process dependent on the
nature of the cyclic monomer (A) involved in the ROP process.

Scheme 6. One-Pot, two steps Synthesis of Designer block polymers.

Cyclic monomer

A

Copolymerization

0]
+ CO
g}R 2

trace H,O

Copolymerization

(0]
+ CO
/ N\ - 2

As illustrated in Scheme 6 the macro-diol afforded by immortal copolymerization of
propylene oxide (R = Me) and CO, can be easily coupled in a one-pot process to produce triblock
polycarbonates composted of two different epoxide monomers. The importance of this procedure
is that it allows for the synthesis of a polymeric material containing two quite different regions,

10
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e.g., hydrophobic and hydrophilic regions. Equation (5) describes the preparation of a triblock
polycarbonate, where the initially synthesized telechelic polymer derived from propylene oxide
and CO; in the presence of water, is coupled to the copolymer resulting from allylglycidylether
(AGE) and carbon dioxide.’® These reactions are carried out consecutively in a one-pot reaction
following the removal of any unreacted epoxide monomer from the first step.

AL 0 0
1>+ Co, ﬁte; oHl’k'O ol oy C_;: OHO OJL()(\(O\’O]’O)\)\ OeLO/\[;)\H )
L |

The presence of the vinyl group in the AGE enchained monomer can be taken advantage
of by the addition of thiols (thiol-ene coupling) to provide functionality to the polycarbonate.>’
The thiol-ene coupling reaction is either photochemically- or thermally-induced, proceeding via a
radical mechanism as indicated in Scheme 7 to afford an anti-Markovnikov thioether.

Scheme 7. Thiol-ene coupling to vinyl group pathway.

hor. . Z R
radical initiator

RS —

R-SH

RS\,AW — Fsas\)\ﬁ1 + R-S°

The triblock polymers synthesized between the polyol produced from propylene oxide and
CO; in the presence of trace quantities of water as CTA, and the AGE and CO, copolymer as

described in equation (5) upon reacting with a series of thiols afford polymers with —s” >COOH ,
—s”~~ COOH

, and  NHBoc functionalities. Further reactions of these polymers with
NH4OH or HCI have provided amphiphilic polymers, see for example equation (6). Furthermore,
the functionalized polymer shown in equation (6) when deprotonated with HCI affords a polymer
which self-assembles in water to provide nanoparticle micelles. It can be anticipated that these
polymeric materials will have a variety of biomedical applications, such as drug delivery or tissue
engineering. Using this approach, Lu and coworkers have prepared micelles of polycarbonates
conjugated with gadolinium (Gd*) for imaging cancer cells.”® These degradable polymer-Gd
conjugates displayed higher MRI signal in tumor regions due to EPR (enhanced permeability and
retention) effects.

Ho'(J/\O oH'\ro O)J\O'(u‘o’\to‘)‘H ”0‘(]/‘0 oH'\rc> O)J\O'(u‘o’\[o')‘H
5 ¢ 5 4 Q

(_NHBoc k,NHBoc \,NH3 P k,(?mscp

—s \"NHBoc
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An alternative approach for preparing diblock polymers of quite different polymeric
materials can be achieved by carrying out the propylene oxide/CO, copolymerization process in
the presence of polymeric CTA which contains a single hydroxyl or carboxylic acid end group.
For example, Wang, Lu and coworkers have functionalized carbon nanotubes by a surface-initiated
copolymerization of propylene oxide and CO, on the sidewalls of carbon nanotubes.*® In addition,
Xie and Wang have recently prepared CO,-based diblock copolymers in a one-step process by the
alternating copolymerization of CO, and an epoxide followed by RAFT polymerization of vinyl
monomers using a trithiocarbonate compound bearing a carboxylic group (TTC-COOH) as a
bifunctional CTA (Scheme 8).%°

Scheme 8. Synthesis of diblock copolymers by a one-step terpolymerization of CO,, epoxide,
and vinyl monomers.
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In other studies, diblock copolymers between polystyrene and poly(propylene carbonate)
were synthesized by the reaction sequence shown in equation (7).%! These easily synthesized in a
controlled process diblock copolymers of polystyrene-b-polypropylene carbonate were found to
display high Flory-Huggins interaction parameters (X), thereby qualifying them to fill key positions
on direct self-assembly strategy for the next-generation lithography. That is, they were shown to
have the ability to afford perpendicular sub-10 nm morphologies via thermal annealing.

0 o\]\
s Catalyst O){’Y \ﬂ/ n
m » m W)
7 +CO, (7
PS-OH © PS-b-PPC

In another report, Frey and coworkers have utilized the copolymerization process of
propylene oxide and CO, to provide amphiphilic polycarbonate block copolymers with a
hydrophilic poly(ethylene glycol) block.62¢3 That is, CO, based non-ionic surfactants have been
synthesized by way of an immortal copolymerization of propylene oxide and CO, using poly
(ethylene glycol) (PEG) and poly(ethylene glycol methyl ether) (mPEG) as macroinitiators. These
chain-transfer agents allowed for both AB diblock and ABA triblock copolymer synthesis
(equations 8 and 9). Reactions were generally catalyzed by (salen)CrX catalysts along with PPNCI.
Systematic variations of the degree of polymerization for the poly(propylene carbonate) block was
achieved by adjusting the monomer/initiator ratio. The resulting surfactants were partially
degradable in aqueous solutions and were used in the mini-emulsion polymerization to generate
stable poly(styrene) nanoparticles.

12
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’6 O\/7;OH+ OA—F CO, <2ty \(O/\)r(O\"/O\)\)n?H ®
O
o}
H(’O\/7\n0H + OA+ Cco, %Hfo\(\o)%o/\%n(fo\n/o\)\}mo” ©)
O

A similar reaction to that depicted in equation (7) was employed in the synthesis and self-
assembly of cocontinuous network structures of polyisoprene-b-polystyrene-b-poly(propylene
carbonate) by Coates and coworkers.®* These polymeric materials were utilized in the preparation
of three component polymer-inorganic hybrid materials following the orthogonal degradation of
the polyisoprene and poly(propylene carbonate) blocks. Subsequently, the resulting mesopores
were backfilled with metals to provide the polymer hybrids.

As noted in both the patent and open literature, immortal copolymerization reactions of
epoxides and carbon dioxide using macro-CTAs are efficient methods for preparing CO,-based
block copolymers for the production of value-added materials. Nevertheless, many of the
consequences dealing with the preparation of these polycarbonates in the presence of a wide
variety of macro-CTAs are insufficiently understood. Initial investigations on this subject have
been carried out in recent studies by Wu and coworkers.®> That is, the copolymerization rates and
blocking efficiencies were systematically examined employing several macro-CTAs (e.g., PPG,
PEG, and PS) in the presence of two long-established catalyst systems ((BDI)ZnOAc and
(salen)CoTFA/PPNTFA) (see Scheme 8). These studies were accomplished by analysis of the gel
permeation chromatograms via mathematical deconvolution.

Scheme 9. Immortal Copolymerization of epoxides and CO, in presence of macro-CTAs.
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These studies clearly reveal that the size, nature, and ratio of [macro-CTA] to [catalyst]
strongly influence the catalytic activity of the reaction and blocking efficiency for the resultant
block copolymers. For example, for the (BDI)ZnOAc catalyzed copolymerization of cyclohexene
oxide and CO, the TOF of the reaction decreased upon adding a 1:1 PPGy (CTA) from 160 to 149
h'!, with additional decrease when adding a 5:1 PPGy to 85 h-!. There was a further decrease in
catalytic activity upon increasing the molecular weight of the macro-CTA to PPGy. Similar but
more significant changes in catalytic activity were seen utilizing PEG and PSOH as chain transfer
agents.

The blocking efficiencies were also notable impacted by changes in the macro-CTA, where
the blocking efficiency is defined by the measured chain-transfer efficiency (E.,) to the theoretical
efficiency (Egeo). Etmeo 1 calculated by the equation below,

Non

Etheo = Noy + Ny’
and Ny is the corresponding value of the anion (X-) on the catalyst. For instance, the blocking
efficiencies for the copolymerization of propylene oxide and CO, reaction catalyzed by
(salen)CoTFA/PPNTFA varied with the ratio of [PEGy] to [catalyst]. That is, for ratios of 1:1,
5:1, and 10:1, the Eg,, values are 50, 83, and 91; whereas, the determined E., percentages were
38, 60, and 78. Alternatively, for a macro-CTA of higher molecular weight, i.e., [PEGg]/[catalyst]
of 5:1, E, was reduced to 50. By comparison, using the macro-CTA PPGyy in ratios of 1:1 and
10:1, E, values of 45 and 86 were determined.

where Noy represents the mole number of —OH groups in the macro-CTA

In summary, closely correlated trends in activities and blocking efficiencies were observed
employing the two distinctly catalyzed copolymerization systems. Notwithstanding, this is an area
where studies of immortal copolymerization reactions involving a wide variety of chain-transfer
agents is greatly needed.

Related to this matter, chemical composition of the chain-transfer agent represented by the
rectangular boxes in Scheme 10 can provide functionality to the resulting copolymer upon
copolymerization of epoxides and CO; in their presence. For example, we have recently reported
the synthesis of ion-containing polycarbonates via the (salen)CoO,CCFs/onium salt catalyzed
immortal copolymerization of propylene oxide and CO, utilizing protic ionic liquids as CTAs.%
In this study, several protic ionic liquids were examined for their effectiveness as CTAs. These
included 1,3-bis(3-carboxypropyl)imidazolium chloride or tetrafluoroborate. Of importance, when
the IL contained a chloride anion, the chloride acted as a good nucleophile to initiate ring-opening
which did not allow for the cation to serve as a CTA, thereby it not being incorporated significantly
into the copolymer chain.®”-%® By way of contrast, exchange of chloride for the non-nucleophilic
BF, anion led to complete incorporating of the CTA to afford ion-containing polycarbonates.
These in turn could be employed in synthesizing ion-containing polyurethanes.5-70
Postpolymerization exchange of BF, with a halide anion is readily achievable.

14
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o + o
WN/\NW
HO \ / Cl” or BF, OH

1,3-bis(3-carboxypropyl)imidazolium

Scheme 10. Chain-Transfer Agents easily functionalized.
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The rectangular boxes depicted in Scheme 10 as part of the CTAs can represent a procedure
for introducing metal complexes into the backbone of polycarbonate structures. For example,
polymeric materials resulting from the use of metal complexes as CTAs during the immortal
copolymerization of CO, or COS with epoxides have been successfully synthesized in our
laboratory.”! Exploitation of processes of this type constitutes an emerging area of study in our
investigations of chain-transfer reactions in the synthesis of polycarbonates and their thio-analogs.
An added advantage of this methodology is that these copolymers can be readily functionalized by
utilization of the appropriate epoxide coupled with thiol-ene click chemistry as described earlier.
In this manner, the metallopolymers can be designed to be water soluble or to self-assemble into
micelles in water. Suitable CTAs containing strong binding sites for metals are depicted below,
and numerous other examples are possible.

[M] n=1,n
[M] = Cr(CO)3

A major impetus for developing this chemistry is that metal complexes incorporated into polymeric
materials can serve as catalysts for a variety of important processes. In a germane study, [FeFe]-

15
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hydrogenase metallopolymers derived from an atom-transfer radical polymerization pathway have
exhibited enhanced catalytic activity for hydrogen production in water.”>74

Conclusions and Prospectus

Early studies on the copolymerization of epoxides and carbon dioxide utilizing well-
defined metal complexes as catalysts revealed that although the copolymers produced were of low
polydispersity, there was no correlation between their molecular weight and monomer/initiator
ratio. This behavior has been recognized as being due to adventitious water present during the
polymerization process. In support of this interpretation, polymerization reactions performed
under meticulously dry conditions greatly enhanced the agreement between the copolymer’s
molecular weight and the monomer/initiator ratio. In previous closely related studies of the
polymerization of epoxides to polyethers in the presence of metal catalysts, Inoue has referred to
this behavior as immortal polymerization, where rapid and reversible chain transfer reactions
involving protic additives are occurring. This effect is currently being utilized to produce polyols
industrially for the incorporation of CO, into polyurethanes.

Additionally, the production of CO,-based polyols is being developed for the synthesis of
di- and tri-block copolymers using different monomers, e.g., two different epoxides, epoxides and
lactides, epoxides and polyolefins, etc. It is apparent that the future use of CTAs will provide for
the synthesis of polycarbonates containing a wide variety of functionalities including charged
species and metal complexes. Hence, this area of research has a bright future in the evolution of
synthetic methods for the production of novel polymeric materials.
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