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Synthesis of hyperbranched polymers with controlled
degree of branching

Tomoya Higashihara1,2, Yukari Segawa1, Warapon Sinananwanich1 and Mitsuru Ueda1

Hyperbranched polymers (HBPs) have attracted considerable attention during the past decade because of their intrinsic globular

structures and unique properties, such as low viscosity, high solubility and a high degree of functionality, compared with linear

analogs. As HBPs are generally prepared by one-pot polycondensation of an ABx monomer, where A and B represent two

different functional groups, they are regarded as less-expensive alternatives to dendrimers. However, HBPs have randomly

branched structures and their degree of branching (DB) is determined by statistics and only reaches B50%. Recently, several

research groups have successfully synthesized a 100% DB without any defect mainly by condensation or addition reactions.

These methods are based on a new concept in which the ratio of the rate constants, the first reaction rate constant (k1)/the

second reaction rate constant (k2) of an AB2 monomer, can be controlled. Recent development in the synthesis of a linear

polymer, that is, a 0% DB HBP, from an AB2 monomer could make it possible to further precisely control the DB from 0 to

100% by using the same AB2 monomer. In this review article, the backgrounds and methodologies for controlling the DB are

described, especially focusing on recent advances in the synthesis of HBPs with a DB of 100, 0% and any percentage between

0 and 100%.
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INTRODUCTION

Dendritic macromolecules have attracted considerable attention dur-
ing the past decade because of their unique properties, such as low
viscosity, high solubility and a high degree of functionality, compared
with linear analogs. These properties are derived from the specific
globular and spherical shape of the macromolecules. Dendritic macro-
molecules are classified into dendrons, dendrimers and hyperbranched
polymers (HBPs), which are composed of successive branching units
(Figure 1).
In 1985, Tomalia et al.1 and Newkome et al.2 first reported the

synthesis and characterization of dendrimers, having a well-controlled
size, shape and monodisperse structure, after which a significant
number of research studies, ranging from poly(amidoamine),3,4 poly
(propylene imine),5,6 aromatic polyethers7–9 and polyesters,10,11

aliphatic polyethers,12 polyesters,13 polyalkane,14,15 polyphenylene16

and polysilane17 dendrimers, has followed. The initial studies on
dendritic polymers focused on the preparation of perfectly mono-
disperse dendrimers. However, the synthetic routes often involve
multistep reactions with tedious isolation and purification proce-
dures.18–23 Therefore, it was too complicated and costly to produce
such dendrimers as engineering materials.
On the other hand, synthesis of HBPs,24–29 having irregularly

branched and polydisperse structures, is simpler than that of dendri-

mers as it does not require tedious protection/deprotection steps. The
most common synthetic route involves a one-pot procedure in which
ABx monomers are condensed. Such inexpensive routes would provide
an advantage for mass production of HBPs.
However, HBPs have randomly branched structures, and their

degrees of branching (DBs) are determined by statistics and only
reach B50%, as will be discussed later in detail. Recently, several
research groups have successfully synthesized HBPs with a 100% DB
without any defect by specially designing monomers and controlling
polymerization conditions. Recent developments also include the
synthesis of HBPs with a controlled DB, that is, 100, 0% and any
percentage between 0 and 100%. In this review article, we focus on the
recent progresses in the synthesis of HBPs with a controlled DB.

GENERAL SYNTHETIC APPROACH

Step-growth polymerization
The propagation reactions used for self-polycondensation of AB-type
monomers are potentially useful for the synthesis of HBPs from
ABx-type monomers. HBPs can be synthesized by one-step self-
polycondensation reactions of ABx-type monomers, as shown in
Scheme 1.
AB2-type monomers are often used as starting materials because of

the easy preparation of monomers while the use of AB3, AB4 and
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AB6 monomers have also been reported for the synthesis of hyper-
branched polyesters,30 and polysiloxanes.31 For example, 5-acetoxyi-
sophthalic acid was used an AB2 monomer in melt polymerization at
250 1C to prepare hyperbranched aromatic polyesters, which were
insoluble in organic solvents because of the intermolecular dehydra-
tion between the carboxylic acid groups that occurred during melt
polymerization. Hydrolysis of the crude product produced a soluble
hyperbranched polyester having carboxylic acid groups as an end B
function, as shown in Scheme 2.32

Aromatic–aliphatic hyperbranched polyethers, the main chains of
which were composed of benzyl ether linkages, were prepared as
described previously (Scheme 3).33 Polymerization was carried out in
the presence of K2CO3 and crown ether (18-crown-6) in acetone.

Self-condensing vinyl polymerization
The term ‘self-condensing vinyl polymerization (SCVP)’ was defined
by Fréchet et al.34 The applicable monomer denoted by AB* contains
an initiating moiety in addition to a polymerizable double bond. After
the initiating moiety is activated, it is reacted with a double bond to
form a covalent bond and a new active site on the a-carbon atom of
the double bond (Scheme 4).
The number of activation sites proportionally increases with the

propagation reaction in SCVP, whereas two functional groups are
always consumed during polymerization of ABx monomers. If the new
activation sites generated during polymerization have a different
reactivity from the activation site generated from the initiating moiety
of the original monomer, the structure of the resulting polymer is
dramatically affected. The activated species are known as a carboca-
tion, carbanion or radical.
The SCVP of 3-(1-chloroethyl)styrene in the presence of SnCl4 and

tetrabutylammonium bromide based on cationic and radical poly-
merizations has been reported to produce a hyperbranched polystyr-
ene (Scheme 5).

Ring-opening polymerization
The third strategy to produce HBPs is called multibranching
ring-opening polymerization. Although the monomer itself does
not contain branching points, they are generated through the propa-
gation reaction, similar to SCVP. Therefore, the monomer can be
recognized as a latent ABx monomer. Polymerization is promoted by
the addition of a proper initiator to the monomer. As an
example, glycidol contains one epoxide and one hydroxy group,
representing a latent AB2 monomer for multibranching ring-opening
polymerization. Hyperbranched aliphatic polyethers were successfully
prepared by the anionic ring-opening polymerization of glycidol
(Scheme 6).35

GENERAL PROPERTIES

Solution properties
The high solubility of HBPs induced by a branched backbone is one of
the important properties that differ from those of the linear analogs.
Kim and Webster36 reported that hyperbranched polyphenylenes had
very good solubilities in various solvents as compared with linear
polyphenylenes. Not only the solubility but also the solution behavior
of HBPs differs from linear polymers. It is well known that the
solution viscosity of dendritic macromolecules is lower than that of
conventional linear polymers.32,37,38 Such a low viscosity indicates that
dendritic macromolecules are less entangled because of their spherical
shape. The relationship between intrinsic viscosity and molecular
weight (MW) is shown in Figure 2.
Dendrimers display a bell-shaped relationship resulting from their

regular globular structures. On the other hand, the intrinsic viscosity
of HBPs increases with their increasing MW, although the slope of the
plots is lower than that of linear polymers. In general, the a-values in
the Mark–Houwink–Sakurada equation range from 0.5 to 1.0 for
randomly coiled linear polymers. On the other hand, many kinds of
HBPs possess a-values o0.5, suggesting a spherical shape of the
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molecules in a solution. Moreover, in size exclusion chromatography
(SEC) measurements, the retention volume for HBPs tends to be
greater than that of linear polymers having the same MWs. This also
suggests a more compact formation of HBPs in a solution compared
with linear polymers.

Thermal properties
Hyperbranched polymers are almost exclusively amorphous materials,
although some exceptional examples have been reported in which the
polymers have been modified to induce liquid crystallinity39,40

or crystallinity.41 The lower glass transition temperature of HBPs
than that of the linear counterparts is one of the most important
features. The glass transition behavior is related to the relatively large
segmental motions within the polymer chains, and the role of the end
groups can be discarded above a certain MW of the linear polymer.
However, for HBPs, the segmental motions are strongly affected by the
branching points and the presence of numerous end groups. There-
fore, the glass transition for HBPs is strongly affected by the transla-
tional movement of the entire molecule instead of a segmental
movement.36,42 The chemical natures also affect the Tg values; for
example, an aliphatic polyester generally has a much lower Tg value
than the aromatic polyester.43

Mechanical and rheological properties
The rheological properties of HBPs are characterized by a Newtonian
behavior in the melt state; that is, no shear thinning or thickening is
observed,44,45 indicating the lack of entanglements for these polymers.
The non-entangled state imposes rather poor mechanical properties,
sometimes resulting in brittle polymers. These features of HBPs have
limited their use in thermoplastics in which mechanical strength is of
importance.

DEGREE OF BRANCHING

In a perfectly branched dendrimer, only two types of repeating units
can be distinguished: one is a dendritic unit and the other is a terminal
unit. In contrast, HBPs possess three types of repeating units as
illustrated in Figure 3.
The constituents are dendritic units, fully incorporated with an ABx

monomer, terminal units having two unreacted B groups, and linear
units retaining one unreacted B group. The linear segments are
generally described as defects. Fréchet et al.46 defined the term ‘degree
of branching (DB)’ as;

DB ¼ ðD+TÞ=ðD+L+TÞ
where D, Tand L are the number of dendritic, terminal and linear units,
respectively. DB is one of the important characteristics that indicate the
branching structure of HBPs. Frey and colleagues47 reported a modified
definition of DB based on the growth directions as;

DB ¼ 2D=ð2D+LÞ ¼ ðD+T � NÞ=ðD+T+L� NÞ

where N is the number of molecules. The two equations give almost the
same DBs for HBPs with high MWs as N in Frey’s equation can be
negligible in such cases. In general, it is pointed out that DB is
determined by statistics and only reaches 50% for the polymers derived
from the AB2 monomer, assuming the equal reactivity of the B
functional group towards the A functional group. It should also be
noted that HBPs possess many isomers even if DB is equal to 100%.
Hobson and Feast48 reported that there are many architectures existing
for HBPs from AB2 monomers, such as a quasi-linear polymer,
dendrimer wedge and perfect HBPs (Figure 4).
To date, two different techniques have been used to determine the

DB. The first technique was presented by Fréchet et al. and involves
the synthesis of low MWmodel compounds, resembling the repeating
units to be found in the hyperbranched skeleton. The model com-
pounds need to be characterized by 13C-nuclear magnetic resonance
(NMR). On the basis of the 13C-NMR spectra, different peaks from

Scheme 5 Synthesis of hyperbranched polystyrene.34
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the different branching units of the HBP can be assigned. The DB is
calculated from integrals of the corresponding peaks.46

The second method, based on degradation of the hyperbranched
backbone, was developed by Kambouris and Hawker. The chain ends
are chemically modified and the hyperbranched skeleton is fully
degraded by hydrolysis. The degradation products are identified
using capillary chromatography. Two requirements have to be fulfilled
to successfully use this technique. First, the chain ends must remain
intact during the degradation reactions, and the second, conversion
into elementary subunits must be completed.49

CONVENTIONAL METHODS FOR INCREASING DB

As already mentioned in the preceding section, the DB of HBPs from
one-pot polymerizations of AB2 monomers statistically reaches
B50%.47 To approach 100% DB, several chemists have attempted
to increase the DB of HBPs. In 1996, Hawker and Chu30 reported the
polymerization of AB2, AB3 and AB4 monomers composed of the
same subunit to form hyperbranched poly(ether ketone)s. The DB of a
polymer obtained from an AB4 monomer was 71%, whereas poly-
merization of an AB2 monomer yielded a DB of 49%. Kakimoto and
colleagues50 reported the synthesis of hyperbranched aromatic poly-
amides from AB2 and AB4 monomers. The DB of a HBP was
determined to be 72% by using an AB4 monomer as the starting
material, although polymerization of an AB2 monomer, that is, 3,5-
diaminobenzoic acid, results in a relatively low DB of 32% because of

its steric hindrance. Hyperbranched aliphatic polyesters with a DB
480% have also been prepared by melt polymerization of an AB2
monomer in the presence of a B3 comonomer, significantly reducing
the linear units within the branched architecture (Scheme 7).51,52 It
should be noted that the increase in the DB by these strategies is not
directly related to the formation of globular molecules, but is mainly
due to the decrease in the linear units.
When reactivity of the B function is enhanced by formation of a

linear unit (kL4kT, Scheme 8), the amount of dendritic units would
be increased during polymerization of ABx monomers. Frey and
coworkers proposed a theoretical rule in the relationship between
the ratio of rate constant (kL/kT) and DB for general ABx monomers.
For instance, DB values of 80% can be expected for polymerization of
AB2 monomers when kL is five times greater than kT.

53

Indeed, hyperbranched aliphatic polyamines with high DBs
(60–80%) have been synthesized by multibranching ring-opening
polymerization of a cyclic carbamate initiated by primary amines.54,55

It was assumed that kL became higher than kT during polymerization
because the secondary amines in the linear units were more reactive as
nucleophiles than the primary amines in the terminal units.
Frey and colleagues tried to synthesize an HBP with a DB of 100%

(Scheme 9). They combined the reaction sequence of (1) a hydro-
silylation reaction of triallylsilane to prepare a conventional hyper-
branched poly(triallysilane) with an uncontrolled DB and (2) the
chain-end modification with trichlorosilane through a hydrosilylation
reaction, followed by the subsequent nucleophilic displacement of the
chloride into allyl groups using allylmagnesium bromide. The reaction
sequence (1) and (2) resulted in a hyperbranched poly(triallysilane)
with DB¼100%.56

HBPS WITH 100% DB

Cycloaddition of azine and diisocyanate
There have been several studies that reported strategies to increase the
DB, but they are limited to the use of ABx monomers with B groups of
equal reactivity. Komber and colleagues first presented a new strategy
which avoids this limitation. It is based on the molecular design of an
AB2 monomer with two initially identical B groups, but which
dependently react with an A group. In their system, when one B
group reacts with an A group, an unstable intermediate is reversibly
formed. The equilibrium of the reaction lies back to the unreacted B
group. Once the generated intermediate reacts with another A group, a
stable reactant is obtained. The second step is irreversible under the
used reaction conditions. In other words, only terminal or dendritic
units are selectively formed, because the linear units exist as unstable
intermediates. As a result, the HBP, synthesized from the specially
designed AB2 monomer, should have a 100% DB.57

They applied the ‘criss-cross’ cycloaddition of azine and diisocya-
nate to the synthesis of a HBP with a 100% DB. The mechanism
involves the reversible formation of an unstable azomethinimine,

Figure 2 Schematic plots for the relationship between log M and log[Z] for

macromolecules.

Figure 3 Different segment types present in HBPs. HBP, hyperbranched

polymer.
Scheme 6 Multibranching ring-opening polymerization of glycidol.35
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which either decomposes into isocyanate and azine or adds another
isocyanate group to form a stable bicyclic structure. Polymerization of
the monomer, which contains maleimide and azine, was carried out by
melt condensation at 185 1C for 15min to afford an HBP with 100%
DB (Scheme 10).

Use of isatin compounds
Thereafter, Smet et al.58 carried out the acid-catalyzed condensation of
an isatin-based AB2-type monomer with a highly reactive phenoxy
group in trifluoromethanesulfonic acid (TFSA), a ‘super acid’, for
synthesis of hyperbranched poly(arylene oxindole) with a 100% DB
(Scheme 11). As it is well known that condensation of isatin and
aromatic compounds under acidic conditions exclusively yields
3,3-diaryl oxindoles because of instability of the mono-condensed
intermediate, the possibility of generating linear units in the HBP is
totally denied, resulting in a 100% DB. On the basis of this success,
they also orthogonally modified the HBP to convert it into unim-
olecular micelle-like structures with a long alkyl chain or ammonium
salt formation at the periphery. The latter ammonium-modified HBP
led a water-soluble macromolecule binding to an apolar probe dye.59

In addition, core shell-type star polymers composed of poly(tert-butyl
methacrylate) arms and 100% hyperbranched poly(arylene oxindole)
interiors were successfully synthesized with the ‘core-first’ method.60

Scheme 7 Polymerization of an AB2 monomer in the presence of a B3

comonomer.51,52

Scheme 8 The rate constant of the first and the second reactions of AB2

monomer.
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Scheme 9 Synthesis of poly(triallylsilane) with 100% DB based on a chain-end modification approach.56 DB, degree of branching.
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Use of acenaphthenequinone compounds
Smet and colleagues61 also reported the synthesis of hyperbranched
poly(acenaphthenone)s with 100% DB by polymerizing an AB2
monomer, in which a phenoxybenzophenone and two acenaphthe-
nequinone units are A and B2 functionalities (Scheme 12). This
system can be used in methanesulfonic acid, which is less costly and
less toxic than TFSA. It is well known that acidity of the reaction
medium has a critical role in superelectrophilic chemistry.62–64 The
availability of methanesulfonic acid instead of TFSA indicates that the
superelectrophilic reactivity of the acenaphthenequinone-based AB2
monomer is remarkably higher than that of isatin analogs. They
suggested that this is because acenaphthenequinone, compared with
isatin, does not possess a nitrogen atom adjacent to the carbonyl
group, from which the carbonyl might delocalize electron density and
hence be deactivated.

Use of fluorenone compounds
As already mentioned, diarylation of activated carbonyl compounds
such as isatins quantitatively proceeds in the presence of an acid. In
contrast, ordinary ketones, such as fluorenone, show poor reactivity for
the diarylation. For instance, HCl catalyzes the condensation of fluor-
enone with phenol to afford the corresponding diarylated compound in
a 46% yield in 2 days.65 However, Yamada et al.66 demonstrated that
diarylation of fluorenone effectively proceeds when 3-mercaptopropio-
nic acid (MPA) is added to the reaction mixture at 65 1C.
Thus, the model reaction between 9-fluorenone (1) and anisole (2)

was first investigated in the presence of MPA in trifluoroacetic acid.67

The reaction between 1 and 2 (0.80 equivalent) was conducted at
60 1C for 20h in the presence of 3mol% MPA. Figure 5 illustrates the
changes in the consumption of 1 and 2 and the yield of the diarylated
product of 3 with time, as determined by 1H-NMR. The yield of 3
increased with the decreasing concentrations of 1 and 2; these values
had a complementary relationship, indicating that no side reaction
occurred during condensation. Consequently, the reaction rate con-
stant of the second step, namely k2, is much higher than that of the
first step, that is, k1.
To investigate the reaction mechanism in more detail, the kinetics

was plotted based on the following equations (Scheme 13) where I is
an intermediate. Moreover,

�d½2�=dt ¼ k1½1�½2�+k2½I�½2� ð1Þ

�d½1�=dt ¼ k1½1�½2�; ð2Þ

d½I�=dt ¼ k1½1�½2� � k2½I�½2�; ð3Þ
and

d½3�=dt ¼ k2½I�½2�; ð4Þ
if k1 { k2, the amount of intermediate I can be ignored in the steady
state. Thus,

d½I�=dt ¼ 0: ð5Þ
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From equations (3) and (5), the concentration of I can be expressed as
follows:

½I� ¼ k1=k2½1�: ð6Þ
Equation (4) can then be expressed using equation (6) as

d½3�=dt ¼ k1½1�½2�: ð7Þ

The concentrations of 1 and 2 are given by

½1� ¼ ½1�0 � ½3� and ½2� ¼ ½2�0 � 2½3�:

Therefore, equation (7) is written as

d½3�=dt ¼ k1ð½2�0 � 2½3�Þð½1�0 � ½3�Þ:
This expression can be integrated under the condition that [3]¼0
when time t¼0 as follows:

lnð½1�=½2�Þ ¼ ð2½1�0 � ½2�0Þk1t+ lnð½1�0=½2�0Þ:

Figure 6 shows a linear relationship between ln ([1]/[2]) and time; the
overall reaction rate (k) and the correlation coefficient were estimated
to be 0.0917 lmol�1 s�1 and 0.995, respectively. These results indicate
that the first reaction, that is, the reaction between 1 and 2, is the rate-
limiting step in the condensation.
The proposed reaction mechanism is illustrated in Scheme 14. The

fast protonation of 1 produces the activated carbonyl compound,
which undergoes nucleophilic addition with MPA. The fast dehydra-
tion of this hemiacetal affords stable fluorenylidene alkylsulfonium,
which slowly reacts with 2. The formation of the corresponding
tertiary cation followed by nucleophilic addition with 2 rapidly
proceeds to yield 3.
On the basis of these findings, a new AB2 monomer was designed

and synthesized, in which A and B2 correspond to the phenoxy and
9-fluorenone groups, respectively. Self-polycondensation of the AB2
monomer was carried out in the presence of MPA in methanesulfonic
acid/dichloromethane (v/v, 1:1) at 40 1C (Scheme 15). Polymerization
proceeded in the homogeneous solution, resulting in an 81% yield of
the HBP. On the basis of 13C-NMR spectroscopy, only the carbonyl
and quaternary carbons at the terminal and dendritic units, respec-
tively, were observed, whereas the quaternary carbon of the linear
units was absent. This result indicates that the DB of the HBP is 100%.
Thioacetals and thioketals, which are widely used for protection of

aldehydes and ketones, can be prepared using acid catalysts68,69 or
other transition metal catalysts, such as titanium tetrachloride,70

magnesium or zinc triflates,71 lanthanum chloride72 and Nafion-
H.73 These compounds are involved in the initial formation of
hemithioacetals and hemithioketals, which are generally unstable for
isolation and react immediately with thiol groups. Furthermore,
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thioacetals and thioketals are generally resistant to acid hydrolysis.
Therefore, these thioacetal and thioketal reactions could be used for
synthesis of HBPs with 100% DB. Indeed, hyperbranched poly(thio-
ketal) with 100% DB was successfully prepared using 2-[4-(4-mer-
captobutoxy)phenoxy]-9H-fluoren-9-one as an AB2 monomer in

trifluoroacetic acid, in which A and B2 functionalities correspond to
the thiol and 9-fluorenone groups, respectively (Scheme 16).74 The
kinetics of the model reaction between 9-fluorenone and MPA was
also reported in detail.74 The kinetic study clarified that the reaction
obeyed second-order kinetics, in which the first reaction, which is the
formation of the intermediate from 9-fluorenone and MAP, is con-
siderably slower than the second reaction, which is the reaction of the
intermediate with MPA.

Use of piperidine-4-one compounds
There are many examples in physical-organic studies that use through-
space electronic interactions to control regiospecificities and stereo-
specificities.75–77 Molecules, such as 4-substituted bicycle[2.2.0]oc-
tane-1-carboxylic acid, were developed to determine the Coulombic
interaction between a polar substituent and carboxylic acid. The
through-space electrostatic interaction between these groups affects
the pKa of the carboxylic acid group.78,79 Seto and colleagues described
this physical-organic strategy to control the potency of enzyme
inhibition. They found that the piperidine-4-one ring system is the
most reactive toward nucleophilic attack by water or thiols.80 Klumpp
et al.81 used this activation for synthesis of aryl-substituted piperidines
by the Friedel–Craft-type reaction of a piperidine-4-one with benzene.
The proposed reaction mechanism was that the origin of such an
enhanced reactivity is located at the base site of the nitrogen atom and
that the protonated nitrogen induces electrophilicity of a carbonyl
group, which is readily condensed with aromatic nucleophiles. This
activation may arise from inductive effects or through-space electro-
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static effects (Scheme 17).82–84 Furthermore, when an alcohol inter-
mediate is formed in an acidic solution, it will rapidly react with
another aromatic compound to yield a diarylated product. However,
thermodynamically favorable disubstituted products have been found
to be poorly reversible in acid hydrolysis.85 Despite the importance of
these studies, through-space interactions are rarely used as a rational
design element in polymer synthesis.
In practice, an HBP with a 100% DB has been successfully prepared

based on through-space interactions using 1-(3-phenoxypropyl)piper-
idine-4-one as the AB2 monomer in the presence of methanesulfonic
acid (Scheme 18).86 The model reaction followed second-order
kinetics, indicating that the first reaction, that is, the formation of
the intermediate from the reaction between 1-ethylpiperidine-4-one
and anisole, is considerably slower than the second reaction, that is,
the reaction of the generated intermediate with anisole.

Base-catalyzed system using indoline-2-one compounds
In general, high MWs of linear polymers from the step-growth
polymerization are obtained with a stoichiometric amount of mono-
mers, whereas a stoichiometric imbalance in the monomer feed ratio
significantly decreases the degree of polymerization. However, there
are some exceptions that high MW polymers can still be obtained
under a non-stoichiometric condition in step-growth polycondensa-
tion, in which the first condensation reaction of a bifunctional
monomer enhances the second one. In other words, the degree of
polymerization can be increased when polymerization proceeds
through a highly reactive intermediate. Indeed, Endo and colleagues87

reported that a linear poly(orthocarbonate) with a high MW was
prepared by polycondensation of a 0.7 equivalent excess of 2,2-
dichloro-1,3-benzodioxole with bisphenol A. They found that the
rate constant of the first nucleophilic displacement was 27 times
slower than that of the second one. In addition, the reaction of
bisphenol A with methylene bromide in the presence of sodium
hydroxide produced a high MW aromatic polyformal. The proposed
reaction mechanism shows that the reaction took place through a
bromomethyl ether intermediate, which is much more reactive than
the monomer of methylene dibromide.88 Ueda and colleagues89 also
studied the kinetics of the polycondensation of 4,4-thiobisbenze-
nethiol and dibromomethane and found that a high MW poly(phe-
nylene thioether) was successfully obtained under a non-

stoichiometric condition. Therefore, it was envisioned that a geminal
dihalide functional group can be applied to the B2 groups in an AB2
monomer for the synthesis of HBPs with a 100% DB.
On the basis of this concept, the based-catalyzed synthesis of a novel

HBP with a 100% DB was demonstrated using 3,3-dibromo-1-hexyl-
5-hydroxyindolin-2-one as an AB2 monomer in the presence of
sodium hydride (Scheme 19).90 The monomer structure is based on
an indolin-2-one core having geminal dibromide and hydroxyl func-
tional groups, which is designed to react together forming an
irreversible ketal compound. A kinetic model reaction between 3,3-
dibromo-1-hexylindolin-2-one and 4-methylphenol was studied in a
base medium. The reaction followed second-order kinetics, indicating
that the first reaction, that is, the formation of an intermediate from a
reaction between 3,3-dibromo-1-hexylindolin-2-one and sodium 4-
methylphenolate, is considerably slower than the second reaction, that
is, the reaction of the generated monobromide ether with sodium 4-
methylphenolate. As a result, the expected HBP with a 100% DB could
be synthesized, as confirmed by the 13C-NMR analysis.

Catalyst transfer Suzuki–Miyaura polycondensation
Sinclair and Sherburn91 reported that the Suzuki–Miyaura coupling of
diiodoaryls and arylboronic acid in a feed ratio of 10:1 with Pd(PPh3)4
as the catalyst preferentially afforded the disubstituted product. Dong
and Hu92 also reported that only a disubstituted product was formed
by the Suzuki coupling of dibromobenzenes with one equivalent of
arylboronic acid using Pd2(dba)3 and P(t-Bu)3. Soon after, Scherf and
colleagues93 also found that the coupling of 2,7-dibromofluorene with
one equivalent of arylboronic acid proceeded to selectively afford
diaryl-substituted fluorenes. The chain-growth Suzuki–Miyaura poly-
merization of bromoarylboronic acid using P(t-Bu)3Pd(Ph)Br as the
catalyst was demonstrated by Yokozawa and coworkers.94 Recently, Bo
and coworkers95 succeeded in synthesizing HBPs with a 100% DB by
the catalyst transfer Suzuki–Miyaura polycondensation. As shown in
Scheme 20, they used newly designed AB2 monomers containing one
aromatic boronic pinacol ester and two aromatic bromo atoms linked
by an alkyl chain spacer. HBPs with a 100% DB could be prepared by
the catalyst transfer Suzuki–Miyaura polycondensation of AB2 mono-
mers in a biphasic mixture of tetrahydrofuran (THF) and aqueous
NaHCO3 with Pd2(dba)3 and P(t-Bu)3, as confirmed by an NMR
analysis showing the absence of linear units in the products. They
hypothesized the formation mechanism of HBPs with a 100% DB (also
see Scheme 20) as follows: (1) oxidative addition of the Pd species to
the aryl-bromo bond, (2) transmetallation and reductive elimination to
form a CC bond between two aryls, (3) formation of a complex
between the Pd(0) species and the aromatic ring, preventing diffusion
of the Pd species to the reaction media, (4) oxidative addition of the
Pd(0) species into the neighboring aryl-bromo bond by catalyst
transfer through the p system and (5) transmetallation, reductive
elimination and diffusion of the Pd(0) species into the reaction media.
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LINEAR POLYMERS DERIVED FROM AB2 MONOMERS

The hydroxyalkylation reaction is one of the most versatile CC-
forming reactions at the carbonyl carbon of activated aldehydes or
ketones with various types of aromatic compounds, thus providing a
convenient method for the synthesis of sec- and tert-aromatic alcohols.
However, more often, the initially formed alcohol reacts with another
aromatic compound to yield a diarylation product.85 A number of
diarylated syntheses catalyzed by a superacid has been reported in the
literature. The protonation of the 1,2-dicarbonyl group,62,96,97 alde-
hydes,98,99 nitriles100 and other systems101–105 resulted in the forma-
tion of highly reactive dication intermediates, which are sufficiently
condensed with aromatic compounds.106 By applying this concept,
Zolotukhin et al.107 recently reported that a linear poly(phenylene
ether) with a high MW was prepared by polycondensation of 2,2,2-
trifluoroacetophenone with 4,4¢-diphenoxybenzophenone in TFSA at
room temperature. On the basis of these findings, a new AB2
monomer with the 2,2,2-trifluoroacetophenone structure was
designed and synthesized, aiming at the synthesis of a hyperbranched
poly(phenylene ether) with a 100% DB. Surprisingly, it was found that
polymerization of 2,2,2-trifluoro-1-[4-(4-phenoxyphenoxy)pheny-
l]ethanone as the AB2 monomer in TFSA produced a linear polymer,
instead of an HBP (Scheme 21).108 From the model reactions between
2,2,2-trifluoroacetophenone and anisole in TFSA, it was found that
the first reaction, that is, the formation of an intermediate from
a reaction between the 2,2,2-trifluoroacetophenone and phenoxy
units, is considerably faster than the second reaction, that is, the

reaction of the generated mono-substituted product with one more
phenoxy unit.
According to the observation of Olah,106 a superacid is a highly

ionizing and low-nucleophilicity media. Unexpectedly, the primarily
formed electrophile was activated by further superelectrophilic solva-
tion, which is an interaction between the electrophile and Lewis/
Brønsted superacid. Such an interaction of these cations can only exist
in a superacid medium, resulting in extremely reactive dication species
in the condensed state. Olah et al.98 and Shudo and colleagues99

suggested that a similar dication intermediate was predominant in
the Friedel-Crafts reaction of the carbonyl compound with benzene in
a superacid, although Fomine and colleagues109 and Zolotukhin and
colleagues110 proposed a different mechanism by calculation, resulting
in only the monocation intermediate without the formation of a
dication. On the basis of Olah’s proposal, in addition to the results of
the model reaction between 2,2,2-trifluoroacetophenone and anisole
in TFSA, the mechanism is postulated as shown in Scheme 22(a), in
which the diprotonated carbonyl compound in a superacid condenses
with anisole to yield an intermediate monocation compound, the
reactivity of which is lower than that of the dication.
Self-polycondensation of the AB2 monomer of 1-[4-(4-phenoxy-

phenoxy)phenyl]ethanone in TFSA is expected to yield a linear
polymer the main chain of which can be easily in situ functionalized
by further reacting with nucleophiles, because a relatively stable but
reactive mono-carbocation still remains at each repeating monomer
unit in the generated polymer. In practice, poly(phenylene ether)s
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with several functional groups at each repeating monomer unit were
successfully prepared in nearly quantitative yields, by simply pouring
the polymerization solution into various work-up nucleophilic sol-
vents, such as methanol, anisole and phenol (Scheme 21).108

HBPS WITH CONTROLLED DB FROM 0 TO 100%

Quite recently, the first synthesis of HBPs with controlled DBs by
one-pot polycondensation of an AB2 monomer of 1-[4-(4-phenox-
yphenoxy)phenyl]ethanone was reported in various molar ratios of
TFSA to the monomer.111 It was newly found that an HBP with a
100% DB was produced in an equimolar ratio of the [TFSA]/
[monomer] in chloroform, whereas a linear polymer, that is, an
HBP with a 0% DB, was obtained using TFSA as the solvent, as
already described in the preceding section. In addition, HBPs with a
DB of any percentage between 0 and 100% are also formed simply by
changing the ratio of the [TFSA]/[monomer]. To date, no other
examples have been reported for the synthesis of HBPs with a
controlled DB from 0 to 100% derived from the same AB2 monomer.
The model reactions of an equimolar amount of 2,2,2-trifluoro-4¢-
methoxyacetophenone with anisole by changing the ratios of [TFSA]
to [2,2,2-trifluoro-4¢-methoxyacetophenone] at room temperature
was monitored by 1H-NMR. As a result, only the diarylated product,
2,2,2-trifluoro-1,1,1-tri(4-methoxyphenyl)ethane was selectively
obtained in an equimolar ratio of [TFSA]/[2,2,2-trifluoro-4¢-meth-
oxyacetophenone], whereas a monoarylated product, 2,2,2-trifluoro-
1,1-bis(4-methoxyphenyl)-1-methoxyethane, was quantitatively
formed in the molar ratio 47. When the molar ratio between 2
and 6 is used, a mixture of the monoarylated and diarylated products
is isolated in all cases, in which the ratio of the diarylated product to
the monodiarylated product increases by increasing the ratio of
[TFSA]/[2,2,2-trifluoro-4¢-methoxyacetophenone], which means
that the ratios of the rate constants, k1/k2, for the monoarylation
(k1) and diarylation steps (k2) are between 0 and 100.53

These results suggest that condensation of 2,2,2-trifluoro-4¢-meth-
oxyacetophenone with anisole in an equimolar ratio of [TFSA]/[2,2,2-
trifluoro-4¢-methoxyacetophenone] proceeds through the intermedi-
ate carbocation (Scheme 22(b)), the reactivity of which is much higher
than that of the starting compound, 2,2,2-trifluoro-4¢-methoxyaceto-
phenone. Therefore, when the intermediate is formed in a mixture, it
will be readily attacked by anisole to provide the diarylated product, in
which k2 is higher than k1. On the other hand, for molar ratios of
[TFSA]/[2,2,2-trifluoro-4¢-methoxyacetophenone] 47, k2 becomes
considerably lower than k1.
On the basis of the results of these model reactions, self-polycon-

densation of an AB2 monomer of 1-[4-(4-phenoxyphenoxy)phenyl]
ethanone was carried out in various molar ratios of the [TFSA]/
[monomer] in CHCl3 at room temperature (Scheme 23). An HBP
with a 100%DB was produced using an equimolar ratio of the [TFSA]/
[monomer], whereas a linear polymer (DB¼0%) was obtained using
TFSA as the solvent. Moreover, HBPs with a DB of any percentage
between 0 and 100% are formed by changing the [TFSA]/[monomer]
ratio. The 1H-NMR spectra of HBPs with various DBs are shown in
Figure 7. The DB of HBPs was determined by the ratio of the o-phenyl
proton (HBP2a) at 8.1 p.p.m. for the terminal unit and the methoxy
protons (HBP2b) at 3.3 p.p.m. for the linear unit. The DB of HBPs
proportionally decreases by increasing the [TFSA]/[monomer] molar
ratio, as expected from the results of the model reactions.
In summary, the first synthesis of a linear polymer, HBPs with

various DBs, and an HBP with a 100% DB was demonstrated by self-
polycondensation of the same AB2 monomer, 1-[4-(4-phenoxyphe-
noxy)phenyl]ethanone, in the proper [TFSA]/[monomer] molar ratios.
These polymerizations relied on the change in the rate-determination
steps for the monoarylation and diarylation of 2,2,2-trifluoroaceto-
phenone by changing the [TFSA]/[monomer] molar ratios. Such new
findings will promote the synthesis of various series of HBPs with
controlled DBs and their application to functional materials.
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CONCLUSIONS

This paper reviews the synthetic strategies for HBPs with controlled
DBs by specially designing monomer architectures and controlling
polymerization conditions, although conventional HBPs have
randomly branched structures and their DB reaches only B50%, as
summarized in Table 1. Several research groups have overcome
the statistical determination of DB in a random polymerization.
The requirements for achieving the synthesis of HBPs with a 100%
DB or 0% DB, that is, linear polymers from AB2 monomers are
as follows.

(1) The rate constant of the second substitution (k2) must be much
faster than that of the first one (k1) (for 100% DB) or vice versa
(for 0% DB).

(2) The second (for 100% DB) or the first (for 0%) reaction step
must obey the second-order kinetics.

(3) No side reaction occurs during polymerization.

By tuning the rate constants k1 and k2, the preparation of HBPs with
any DB percentage has also been demonstrated.
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Dendrimers are attractive scaffolds because of their well-defined
and unique macromolecular structures. However, synthesis of den-
drimers often requires repetitive protection–deprotection and purifi-
cation processes for each generation of the dendrimer syntheses.
Therefore, it is highly desired to develop new strategies which can
eliminate such tedious multistep processes. An HBP with a controlled
DB, especially for 100% DB, is the best candidate for a dendrimer
analog because it satisfied some characteristic properties of the
dendrimers. However, the current methodologies have not yet
achieved a monodispersity or even low polydispersity, which is a key
characteristic for dendrimers. Therefore, the next step should be the
synthesis of an HBP with a 100% DB and low polydispersity in a one-
pot process, which is quite challenging and important from the
viewpoint of academia and industry.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

ACKNOWLEDGEMENTS
YS thanks the Yoshida Scholarship Foundation for the financial support.

1 Tomalia, D. A., Baker, H., Dewald, J., Hall, M., Kallos, G., Martin, J. R., Ryder, J. &
Smith, P. A new class of polymers: starburst-dendritic macromolecules. Polym. J. 17,
117–132 (1985).

2 Newkome, G. R., Yao, Z., Baker, G. R. & Gupta, V. K. Micelles. Part 1. Cascade
molecules: a new approach to micelles. A [27]-arborol. J. Org. Chem. 50, 2003–2004
(1985).

3 Tomalia, D. A., Baker, H., Dewald, J., Hall, M., Kallos, G., Martin, J. R., Roeck, J.,
Ryder, J. & Smith, P. Dendritic macromolecules: synthesis of starburst dendrimers.
Macromolecules 19, 2466–2468 (1986).

4 Tomalia, D. A., Hedstrand, D. M. & Ferritto, M. S. Comb-burst dendrimer topology: new
macromolecular architecture derived from dendritic grafting. Macromolecules 24,

1435–1438 (1991).

5 de Brabander-van den Berg, E. M. M. & Meijer, E. W. Poly(propylenimine) dendrimers:
large-scale synthesis via heterogeneously catalyzed hydrogenation. Angew. Chem. Int.
Ed. Engl. 32, 1308–1311 (1993).

6 de Brabander-van den Berg, E. M. M., Nijenhuis, A., Mure, M., Keulen, J., Reintjens,
R., Vandenbooren, F., Bosman, B., de Raat, R., Frijns, T., van den Wal, S., Castelijns,
M., Put, J. & Meijei, E. W. Large-scale production of polypropylenimine dendrimers.
Macrmol. Symp. 77, 51–62 (1994).
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