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ABSTRACT: Linear polymers for many materials applications are popularly produced via step-growth polymerizations of different
pairs of A, and B, monomers. However, achieving high molecular weights during the synthesis is dramatically limited by the required
stoichiometric balance of A and B reactive groups when reactivity is considered unchanged during the polymerization. This short
review summarizes the recent progress on using Friedel—Crafts polycondensation reactions to produce high-molecular-weight linear
polymers via the reaction-enhanced reactivity of intermediate (RERI) mechanism, in which the reaction of one functional group in
the bifunctional monomer spontaneously increases the reactivity of the other functional group on the monoreacted intermediate for
faster consumption and connection into polymer chains. Thus, using an excess amount of this monomer produces linear polymers in
high molecular weights. Both Friedel—Crafts acylation and hydroxyalkylation reactions have been reported for syntheses of long
polymer chains under nonstoichiometric conditions, although the focus is to illustrate the significant progress of applying Friedel—

B-terminated polymer

Crafts hydroxyalkylation reactions to produce linear polymers with

1. INTRODUCTION

Step-growth polymerization, as one of the two fundamental
mechanisms, is governing the production of various high-
performance polymer materials, such as polyamides, poly-
ketones, and various backbone-conjugated polymers. Classic
kinetics theory in the step-growth polymerization has been well-
established, in which a strictly balanced stoichiometry of
bifunctional A, and B, monomers (i.e, A and B react with
each other selectively) is required to produce linear polymers in
high molecular weights." When all reactive groups are
considered to share the same reactivity, the terminal groups of
oligomers and polymer species in the system are determined by
the molar ratio of A, and B, monomers (Scheme 1A). Slight
imbalance of the stoichiometry of A and B groups, due to either
physical loss of monomers or imperfect monomer synthesis,
causes a significant decrease in the number-average degree of
polymerization: DP, = (1 + r)/(1 — r) at 100% conversion of
deficient reactive group, where r (<1) is the molar ratio of the
two bifunctional monomers. Meanwhile, impurity of multifunc-
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high molecular weights and varied compositions.

tional A, or B,, (m, n > 2) compounds in feed monomers could
produce branched and even cross-linked structures in the
polymer chains.

Mechanical properties of polymer materials are critically
determined by the molecular weights. Meanwhile, polymer-
ization systems with imbalanced A and B ratios are more readily
obtained than strictly balanced ones. It becomes compelling that
several polymerization systems have been developed that could
achieve high molecular weight under nonstoichiometric
conditions, and all of them are based on the same designing
principle: reaction-enhanced reactivity of intermediate (RERI)
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Scheme 1. Two Scenarios in Step-Growth Polymerizations of
A, and B, Monomers: (A) Equal Reactivity of All A and B
Reactive Groups and (B) Reaction-Enhanced Reactivity of
Intermediate (RERI) of the Bifunctional Monomer (e.g., A,)
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of at least one participating monomer, such as A,. In this
principle, the two A reactive groups in the original A, monomer
have the same reactivity, while the reaction of any A group with a
B, monomer increases the reactivity of the remaining A group in
the formed intermediate for a faster reaction or instantaneous
reaction in an ideal scenario when k, > k; (Scheme 1B). Thus,
there is no half-reacted A, monomer unit in the system as all
produced oligomers and polymers, regardless of the polymer
DPs, are terminated with B groups, which share the same
reactivity as the B, monomer for further reacting with more A,
monomers when available. Based on this design, it is expected
that the polymerization with a higher molar ratio of A, to B,
monomers in the feed favors obtaining higher molecular weights
than systems in a lower ratio as the A, monomer functions as
linker to connect all B-terminated monomers, oligomers, and
polymers into higher-molecular-weight entities until all B groups
are reacted.

Several types of organic reactions that demonstrate such a
RERI feature have been successfully applied in constructing
polymers with high molecular weight when using a non-
stoichiometric ratio of monomers, including transmon metal-
catalyzed coupling reactions (entries 1—S5, Table 1) 376 fluoride-
catalyzed coupling reaction (entry 6, Table 1),” nucleophilic
substitution reactions (entrles 7 9, Table 1),°"'? esterification
reaction (entry 10, Table M multicomponent Radziszewski
reaction (entry 11, Table 1),'* double-strain-promoted azide—
alkyne cycloaddition reaction (DSPAAC, entry 12, Table 1),"
and electrophilic aromatic substitution reactions (entries 13—
15, Table 1). All of these reactions showed a two-stage kinetics
of the A, monomer, in which the kinetic constant k, in the
reaction of the second A group was always higher than the k; in
the first A group reaction (Scheme 1B). Excess A, monomers in
the polymerizations significantly increased the molecular weight
of the polymers. For example, Pd-catalyzed Suzuki—Miyaura
polycondensation reactions of dibromoarene and arylenedibor-
onic acid ester produced oligomers and polymers with exclusive
boronic acid ester (ie., boronate) terminal groups as intra-
molecular catalyst transfer quickly consumed the two bromo
groups within one monomer (entry 1, Table 1). The Pd catalyst
could then release from one chain end and had an intermolecular
transfer to another dibromoarene monomer for linking two new
arylenediboronic acid ester monomers or boronate-terminated
chains.” Yokozawa’s group demonstrated that varying the
monomer ratio of p-dibromophenylene to p-phenylenedibronic
acid pinacol ester from 1:1.3 to 1:1 and 1.3:1 effectively
increased the number-average molecular weight (M,,) of purified
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polymers from M, = 3,520 to 19,600. In another example, Tang
and his group applied Rh-catalyzed oxidation of 4,4-(q,w-
alkylenedioxy)bis(diphenylacetylene)s with phenylboronic acid
to form linear polymers containing highly substituted
naphthalene units m backbones with high molecular weight
(entry 2, Table 1).> The key step in this reaction was the
different rates of alkyne insertion (k; < k,), which ensured all
polymer chains were terminated with alkyne groups and
promoted the formation of high-molecular-weight polymers.

As the Cu-catalyzed azide—alkyne cycloaddition reaction has
been popularly applied in polymer synthesis and functionaliza-
tion, RERI-featured diazide or dialkyne monomers were
designed for the synthesis of linear polymers,'” densely grafted
polymers,'” and branched polymers®® with high molecular
weights. Zhang and co-workers recently reported the synthesis
of ultrahigh-molecular-weight linear polymers via DSPAAC of
sym-dibenzo-1,5-cyclooctadiene-3,7-diyne with a bis-azide
compound, in which the cyclic diyne functions as the A,
monomer, showing a reaction-induced higher reactivity of the
intermediate with the rate constant ratio (k,/k;) at about 185 in
the model reaction (entry 12, Table 1)."

Acid-catalyzed Friedel—Crafts reactions represent one
important type of carbon—carbon bond forming reactions to
incorporate alkyl, acyl, and hydroxyalkyl groups onto aryl rings.
Due to the presence of aromatic rings in the substrates, the polar
effect shows significant influence in Friedel—Crafts reactions on
reaction kinetics, which has been intensively studied regarding
the polarity of precedent substituted groups on the kinetics (i.e.,
acceleration or deceleration) of the subsequent substitution
reactions. In addition, the substrates, reagents, and reaction
conditions in Friedel—Crafts reactions are commonly available
and inexpensive, which facilitates the application of Friedel—
Crafts reactions in RERI-featured polycondensation reactions to
produce high-molecular-weight linear polymers.

There are three categories of Friedel—Crafts reactions:
Friedel—Crafts alkylation, acylation, and hydroxyalkylation
reactions that use different electrophiles, acid catalysts, and
conditions. So far, all three reactions have been applied in
polycondensation reactions to produce linear polymers
containing aromatic rings in backbones, although not all of
them have demonstrated significant reactivity enhancement of
the monoreacted intermediates. For instance, Friedel—Crafts
alkylation reactions have been reported for polymerization of an
AB bifunctional monomer,”" such as benzyl chloride or benzyl
alcohol, to synthesize linear poly(phenylene methylene)s or
polybenzyl, although the syntheses did not exhibit a dramatic
RERI feature. Nevertheless, the produced linear polybenzyls
demonstrated an interesting feature of homoconjugation
fluorescence in both solutions and thin films due to the
proximity of aryl rings in the backbone.”**

This mini-review article plans to summarize the recent
employment of Friedel—Crafts acylation and hydroxyalkylation
polycondensation reactions for synthesis of linear polymers
using an excess amount of the RERI monomers. Depending on
the reaction mechanism, these RERI monomers in the
polymerizations could be nucleophilic monomers, such as
biphenyls, in the acylation reaction or electrophilic monomers,
such as benzaldehydes and activated ketones, in the hydrox-
yalkylation reaction. The reported reactions took advantage of
the RERI feature to produce linear polymer chains with
exclusive B terminal groups but varied primary chain sequences,
ranging from statistical to block and multisegmented copoly-
mers. These linear polymers with aromatic-rich backbones and
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Table 1. Summary of Various Step-Growth Polymerizations with RERI Mechanism

Ent Az (RERI B2 (paired Reactions Max. | RERI
Y monomer) monomer) MW? | effect®
Pd-catalyzed
o) o} i
1 Br—Ar—Br N p— Suzuki <10* | Moderate?
o % Miyaura
reaction
(H2c/3) . = . Rh-catalyzed
2 QB(OH)Z v O—=C) coupling <10* | Moderate®
reaction
n=4,6,8, 10
OCOPh _COOEt Pd-catalyzed
3 = F H2C_ Tsuji-Trost ~10* | Moderate*
OCOPh COOEt reaction
o Ho—{ )R~ )-oH| Pd(0)-
4 L R=C(CH3).. O catalyzed <10* | Moderate’
Z 0" OMe C(O)( %0, reaction
CeH1s
OsN._0
& Pd-catalyzed
5 OO [ ) Stille ~10* | Weak®
Br MesSn” S~ “SnMeq coupling
reaction
07 NS0
CeH13
ro  Cre R F Fluoride-
6 o Joon F F catalyzed <10° | Weak’
ya coupling
(HC)sSi R: 2-ethyl hexyl F F reaction
Substitution
7 CH2Br2 HOOH reaction with | >10° | Strong®
KOH as base
Substitution
8 CH:2Br2 HS@S@—SH reaction with | N/A | Moderate®
DBU as base
o ¢l s
HO R OH
9 >< @ O SubsFltutlon ~10° Strong!®
¢ e |R=C(CHs), S reaction
HO OH
10 o o \R/ Esterification <10* | Moderate!!
R= (CHz)s or reaction
° ° diphenyl
7 \
O O HN N2 . .
1 R Radziszewski <10* | Moderate™
(PI R= aliphatic, reaction
CH, oligoether
iPr, N3
W,
O
o)
12 || R DSPAAC ~10° | Strong"
O
v
iPr Ny
OCH; o X
>—©—<\ Friedel-Crafts | . s 14-15
13 Q O X o) acylation 10 Strong
HyCO X=Cl, OH
. Diphenyl and
14 ?ecttg:;ed multi-phenyl >10° Strong!¢1”
aromatics Friedel-Crafts
hydroxyalkyla
. R—@—R tion
Activated
15 ~10° Strong!®
aldehydes R= alkyl, alkoxy, 008
Ph

“Maximum molecular weight (MW) referred to the highest number-average molecular weight or weight-average molecular weight reported in the
literature. “The categories of RERI effects were defined as (1) “strong” when the use of excess RERI monomer achieved a polymer with a molecular
weight >10°, (2) “moderate” when the use of more RERI monomer increased the polymer molecular weight, and (3) “weak” when the use of more

RERI monomer showed decreased molecular weight although the reported k, was still larger than k.
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Scheme 2. Friedel—Crafts Hydroxyalkylation Polycondensation Using RERI Monomers: (A) Activated Ketones and (B)

Activated Aldehydes
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varied substituent groups exhibit interesting properties and are
expected to trigger further exploration of their applications in
sensors, gas separation membranes, and gas storage materials.

2. FRIEDEL—-CRAFTS ACYLATION REACTION

Friedel—Crafts acylation reactions between diphenyl ether and
aromatic dicarboxylic acid chlorides using Lewis acid catalysts,
such as AICl;, have been reported in the synthesis of aromatic
poly(ether ketone ketone) polymers,”* as the polymers
represent a type of semicrystalline plastic with excellent thermal,
mechanical, and solvent resistance properties. However, the
polymerization system was not used to demonstrate the RERI
teature and produce high molecular weights until Matsumoto et
al. recently reported the polycondensation between aromatic
dicarboxylic acid or diacyl chloride and 2,2’-dimethoxybiphenyl
for producing aromatic polyketones.'”"* High-molecular-
weight polymers with weight-average molecular weight M,, ~
10° were successfully obtained when excess 2,2'-dimethoxybi-
phenyl was used in the presence of several equivalents of AICl;
catalysts (entry 13, Table 1). Mechanistic studies found that the
AICI; could selectively coordinate with the methoxy groups in
the monomer to deactivate its reaction with acyl chloride.
Meanwhile, there was no such deactivation on the monoacylated
intermediates. Therefore, a first-step acylation of 2,2'-
dimethoxybiphenyl slower than that of the second-step reaction
(k, < k;) resulted in an overall accelerating reaction of the
monomers to achieve high molecular weight when using excess
2,2'-dimethoxybiphenyl monomers.

3. FRIEDEL—-CRAFTS HYDROXYALKYLATION
REACTION

Acid-catalyzed condensation reactions between arenes and
activated carbonyls (e.g., ketones and aldehydes), so-called the
Friedel—Crafts hydroxyalkylation reactions, produce monosub-
stituted hydroxyalkylated compounds (entries 14 and 15, Table
1).”® When using superacids, such as trifluoromethanesulfonic
acid (TFSA), as catalysts, some systems reported that only
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disubstituted products were observed since the generated
hydroxyalkylated intermediate could be further activated into
a much more reactive benzyl cation for further reaction with
another arene ring, coined by Olah in the proposed super-
electrophilic activation.® For instance, the reactions of isatin, an
activated ketone, with aromatics showed high regioselectivity, in
which the para positions of two aromatics attacked the 3-
carbonyl group of one isatin with no monoarylated product
observed (Scheme 2A). So far, various activated ketones,
including isatins, ninhydrin, acenaphthenequinone, trifluoro-
methyl ketones, or 1,2-indandiones, have demonstrated this
RERI feature in the reaction with 2 equivalents of arenes to
produce clean diarylated products. Many substrates have been
used or modified as monomers in polymerizations with various
biphenyls, diphenyl ethers, and multiphenyl aromatics for
producing high-molecular-weight linear polymers,'®'® den-
drimers, hyperbranched polymers, and microporous polymer
networks.

Zolotukhin and co-workers first applied Friedel—Crafts
polycondensation of isatins with 4,4’-diphenoxybenzophenone
(Scheme 2A) using TFSA as the catalyst to produce high-
molecular-weight linear polymers.”” Although Olah demon-
strated high regioselectivity in the reaction of monosubstituted
benzene with isatin, the synthesis of linear polymers placed more
demanding requirements on the regioselectivity of aromatics.
The authors discovered that monomers, such as diphenyl ether,
biphenyl, and p-terphenyl, could not achieve clean linear
polymers as the aromatic rings in polymers also participated in
ortho-substitution reactions to introduce branched structures, as
observed in the proton nuclear magnetic resonance ('"H NMR)
spectroscopy. Meanwhile, 4,4'-diphenoxybenzophenone, due to
the inductive deactivation of the carbonyl group, showed much
higher regioselectivity only at the two terminal para positions,
ensuring a linear polymer structure. Zolotukhin and co-workers
subsequently expanded the electrophilic monomer family using
acenaphthenequinone, trifluoroacetone, and trifluoroacetophe-
none for polycondensation with diphenyl ether, biphenyl, and

https://dx.doi.org/10.1021/acsomega.0c06085
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Scheme 3. (A) Synthesis of Linear Substituted 9H-Xanthene-2,7-diyl Polymers and (B) Ladder Polymers Using Friedel—Crafts

Hydroxyalkylation Polycondensation
A)

OH OH
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Figure 1. Friedel—Crafts hydroxyalkylation polycondensation of benzaldehydes (BAs) and 1,4-dimethoxybenzene (DMB) to produce high-
molecular-weight linear polymers: (A) proposed mechanism with reactive intermediate, (B) increased polymer molecular weight when using excess
amounts of 4-nitrobenzaldehyde (NBA), (C) digital picture of produced polymer in fibrous appearance and easy cast into freestanding membrane.

Reprinted from ref 18. Copyright 2018 American Chemical Society.

substituted derivatives to produce linear polymers with high
molecular weights under nonstoichiometric conditions.'”"” In
all of these polymerizations, the activated carbonyl groups could
quickly react with two nucleophilic arenes consecutively to
produce oligomers and polymers exclusively terminated by the
nucleophilic aromatic monomer units. Functional moieties,””
such as fluoroaromatics, thiadiazoles, and fluorenone groups,
could be incorporated into the aromatic nucleophilic monomers
to produce high-molecular-weight polymers with functional
backbone compositions. One interesting example was the
polycondensation reaction between trifluoroacetophenone and
bisphenol monomers, which occurred exclusively at ortho
positions to the hydroxy phenol group. Followed by an eflicient
cyclodehydration reaction of hydroxyl-containing intermedi-
ates, the polymerization produced substituted 9H-xanthene-2,7-
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diyl polymers, as shown in Scheme 3A."” When a bisphenol
monomer carrying a fused xanthene structure was used to react
with trifluoroacetone for polycondensation, a fully fused-ring
backbone polymer chain (ladder polymer) became possible, in
which the two possible reaction sites (1 and 2 positions, Scheme
3B) on the xanthene rings resulted in two structural isomers of
the ladder polymers.*” These polymers with rigid and contorted
backbones have been applied as intrinsic porous membrane
materials for gas separation (e.g,, O, vs N,). Meanwhile, further
sulfonation of the aromatic backbones could generate confined
ion channels to achieve selective transport of proton and
potassium cations.

In addition to the use of activated ketones as RERI monomers,
activated aldehydes with either aromatic or aliphatic substituent
groups have also been explored for Friedel—Crafts polyconden-

https://dx.doi.org/10.1021/acsomega.0c06085
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sations with a nucleophilic monomer (Scheme 2B). In
particular, 4-substituted benzaldehydes (BA) are very available
at an inexpensive price, which provides many compositional
variations to produce functional linear polymers. Our group
recently developed a polymerization system that used 1,4-
disubstituted benzenes with four identical reactive sites, such as
dimethoxybenzene (DMB) and xylene, as nucleophilic mono-
mers to react with various 4-substituted BAs as electrophilic
monomers for the synthesis of regioselective linear polymers
carrying a triarylmethane-based backbone (Figure 1A)."* The
polycondensation reactions showed a distinct RERI feature, in
which any diaryl carbinol intermediates exhibited reactivity
much higher than that of the BA monomers for reaction with
either DMB monomers or DMB-terminated oligomers and,
therefore, did not accumulate in the reaction system. The use of
excess BA monomers, such as 4-nitrobenzaldedhye (NBA),
produced linear polymers with a molecular weight >500 x 10°
(Figure 1B), which was critical to produce purified polymer in
fibrous textiles and to prepare freestanding membranes from
facile solvent casting (Figure 1C).

The polymers and oligomers formed in this polymerization
were exclusively terminated by DMB monomer units at any
chain length, which share similar reactivity as free DMB
monomers (Figure 1A). Thus, possibility arises that different
oligomers could be mixed together being used as macro-
monomers for reaction with additional BA monomers to
construct a multisegmented block copolymer (MSBCP) that
carries various functional substituent groups along the polymer
backbone. For instance, polymerizations of DMB with various
BA monomers afforded a library of triarylmethane-backboned
oligomers with nitro, fluoro, alkyl ester, dimethylamino, and tert-
butyl pendant functional groups (Scheme 2B).** A mixture of
several oligomers was used as macromonomers in a subsequent
polymerization to produce MSBCPs with tunable compositions
and properties, such as tunable glass transition temperature and
surface contact angle. The features identified during the
synthesis of these MSBCPs, including the facile reaction setup,
tunable segment lengths, and substituent groups in each block,
demonstrate promising applicability of these triarylmethane-
backboned polymers and copolymers for use in specialty
membrane applications.

4. CONCLUSION AND OUTLOOK

Polymers synthesized via step-growth polycondensation reac-
tions are limited by strictly required stoichiometric balance of
monomers to achieve high molecular weights. To avoid this
equal-mole requirement and obtain long linear polymer chains
more easily, this paper summarizes recent progress on the
synthesis of high-molecular-weight linear polymers via non-
stoichiometry of A, and B, monomers in step-growth polymer-
izations that all follow the principle of the reaction-enhanced
reactivity of intermediate mechanism. Various polymerization
systems were discussed, although the focus was on the
application of Friedel—Crafts hydroxyalkylation reactions to
produce linear polymers with aromatic backbone units and high
molecular weights. Both activated ketones and aldehydes
(aromatic and fluorinated compounds) were selected as
bifunctional RERI monomers to react with many choices of
arene compounds, in which the intermediates demonstrated a
reactivity much higher than that of the monomers, exclusively
producing polymers and oligomers terminated by the arene
monomer units.
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As the facile synthesis has been demonstrated, future direction
on exploring this compelling polymerization technique should
focus on establishing the correlation from polymer structures
and compositions to their physical properties, especially the
dependence of mechanical properties on polymer molecular
weights. Functional monomers by incorporating various reactive
groups, electro-, opto-, and bioactive groups should be
synthesized to explore their polymerizability and compatibility
within the polymerization conditions. Furthermore, the rigid
backbone structures of the polymers produced represent some
ideal precursors for further aromatic ring fusing reactions, via
dehydration, nucleophilic substitution, or electrophilic sub-
stitution reactions, to produce backbone-conjugated polymers
and ladder-shaped polymers. These rigid polymers in high
molecular weights are expected to demonstrate intrinsic
microporosity properties in films and powders, which will create
new opportunities to develop polymer porous materials for
catalysis, gas separation, and capture.
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