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Abstract

This review addresses the synthesis of various polymers carrying bulky and rigid adamantyl substituents in their side chains.
Synthetic methods for these polymers include typical polymer reactions of introducing adamantyl groups into existing
polymers and the polymerization of monomers bearing pendant adamantyl groups. In particular, with regard to the latter
synthetic method, the addition polymerization of adamantyl-containing vinyl monomers such as a-olefins, acetylenes, (meth)
acrylates, (meth)acrylamides, vinyl ethers, 1,3-dienes, and styrenes is described. A variety of vinyl monomers are capable of
undergoing living anionic polymerization to afford polymers with predictable molecular weights and narrow molecular
weight distributions (M /M, = 1.1). In several cases, the introduced adamantyl groups afford steric hindrance to prevent side
reactions and control the addition modes of the polymerization. In general, the resulting adamantyl-substituted polymers
show extremely high glass transition temperatures and high thermal stability derived from the stiff adamantyl substituents

compared with the corresponding parent polymers.

Introduction

Adamantane (tricyclo[3.3.1.1%"]decane) is a highly sym-
metrical alicyclic hydrocarbon composed of ten sp® carbons
and 16 hydrogens (Fig. 1), and it possesses a small strain
energy derived from the fixed chair-form conformations of
the fused cyclohexane rings [1, 2]. The tetrahedral (7})
symmetry and spherical structure of the adamantane mole-
cule leads to easy sublimation due to the low intermolecular
forces. Adamantane is bulky, rigid, and hydrophobic and
shows characteristic features such as transparency in the UV
region and good chemical and thermal stability. Since var-
ious functional groups can be introduced onto the tertiary
bridgehead carbons under suitable reaction conditions, a
family of adamantane derivatives can be synthesized [3, 4].

Based on these attractive features, a number of polymers
containing bulky adamantyl skeletons in the main chain and
side chain have been synthesized via step-growth and chain-
growth polymerizations. As a first example, Reinhardt
reported that a polymer was produced by the Wurtz-type
coupling polymerization of 3,3’-dibromo-1,1’-biada-
mantane using sodium metal in p-xylene (Scheme 1) [5, 6].
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Although the resulting polymer was insoluble in any sol-
vent, its chemical structure was supposed to be a poly(1,3-
adamantane) obtained by the coupling between the bridge-
head sp® carbons. Since this pioneering synthetic study of
poly(1,3-adamantane), several main-chain adamantane-
containing polyamides and polyimides have been produced
by condensation polymerization [7-10]. For instance, an
all-aliphatic polyimide was obtained by the reaction of 1,3-
diaminoadamantane or 3,3’-diamino-1,1’-biadamantane and
an aliphatic dianhydride (Scheme 2). The resulting poly-
imides showed UV transparency as well as excellent ther-
mal stability. A semialicyclic poly(benzoxazole) containing
adamantane-1,3-diyl linkages was also prepared by the
condensation of 1,3-adamantanedicarbonyl chloride and
4,4’-(hexafluoroisopropylidene)bis(o-aminophenol)
(Scheme 3) [11]. On the other hand, an adamantane-
containing poly(thiocarbonate) was formed by the ring-
opening polymerization of the cyclic thiocarbonate mono-
mer [12].

1,3-Dehydroadamantane (1a), a [3.3.1]propellane deri-
vative, is a highly distorted molecule that exhibits high
reactivity, similar to other small-ring propellanes [13—15].
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In fact, 1a easily reacts with radical or acidic reagents to
afford the corresponding 1,3-disubstituted adamantanes in
high yields (Scheme 4). Pincock and coworkers reported
that thermal polymerization of 1a rapidly occurred to yield a
white powder when 1a was heated in bulk at 130-160 °C

adamantane (C1OH16) [14]. Although the resultant polymeric product was inso-

Fig. 1 Adamantane (tn'cyclo[3.341.13‘7]decane)

Scheme 1 Coupling
polymerization of 3,3’-dibromo-
1,1’-biadamantane

Scheme 2 Synthesis of
polyimides containing
adamantane-1,3-diyl framework

Scheme 3 Poly(benzoxazole)
containing adamantane-1,3-diyl
framework

Scheme 4 Reactions of 1la
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polymer backbone, the resulting compound was supposed
to be a poly(l,3-adamantane), poly(la), according to ele-
mental analysis and IR measurements. In addition to the
thermal polymerization, 1a underwent ring-opening poly-
merization to give a similar insoluble polymer under
cationic and radical conditions.

To clarify the chemical structure and molecular weight,
Ishizone and coworkers newly synthesized a series of 1,3-
dehydrodamantane derivatives bearing butyl, butoxy, phenyl,
and trimethylsilylmethyl groups (1b-1d, Scheme 5) [16, 17].
The cationic ring-opening polymerization of these monomers
with trifluoromethanesulfonic acid (TfOH) or radical poly-
merization with o,o’-azobisisobutyronitrile (AIBN) pro-
ceeded to give the corresponding polymers [18-20].
Although unsubstituted poly(la) showed extremely low
solubility, the introduction of butyl, butoxy, phenyl, and
trimethylsilylmethyl groups on the poly(1,3-adamantane)
framework effectively endowed the resulting polymers with
excellent solubility. This enables characterization of the
chemical structures and the molecular weights of the
polymers in detail by NMR and size exclusion chromato-
graphy (SEC) measurements. It is also noteworthy that the
resultant (1,3-adamantane)s presented remarkable thermal
stability derived from the stiff adamantane rings. As
expected from the high reactivity toward various chemical
reagents, spontaneous copolymerizations of 1la with
electron-deficient vinyl monomers such as acrylonitrile and
methyl acrylate also proceeded without any initiator or
catalyst to form alternating copolymers containing ada-
mantane-1,3-diyl linkages in the main chain (Scheme 6)
[21]. The obtained copolymers showed higher thermal sta-
bility than polyacrylonitrile and poly(methyl acrylate),

reflecting the property of the introduced adamantane-1,3-
diyl linkage in the copolymers. Thus, various main chain
adamantane-containing polymers have been synthesized
and characterized to develop new high-performance poly-
meric materials.

It is well known that the functional groups in the side
chain strongly affect the main properties of polymers. As a
pendant group, the spherical adamantane ring in the poly-
mer side chain was captured by the cavity of f-cyclodextrin
to form an inclusion compound [22]. This particular
interaction of the adamantane moiety was utilized for the
preparation of polymer micelles and polymer gels. In this
review, we focus on the synthesis of adamantane side
chain-bearing polymers. The main synthetic method
includes the polymerization of monomers bearing the
adamantyl pendant groups, in addition to the polymer
modification by the introduction of adamantyl groups. The
adamantyl-bearing monomers are o-olefins, alkynes,
(meth)acrylates, acrylamides, vinyl ethers, 1,3-butadienes,
and styrenes, capable of addition polymerization. Although
these target monomers possess bulky adamantyl sub-
stituents near the polymerizable carbon—carbon multiple
bonds, each polymerization smoothly occurs to give the
corresponding polymer in quantitative yield. In several
cases, even living polymerizations are attained to produce
well-defined polymers under suitable reaction conditions.
The living character of the polymerizations certainly
enables us to synthesize tailored block copolymers and
chain-end functionalized polymers. As expected from the
unique features of the adamantane molecule, the resulting
adamantane-containing polymers present attractive thermal
and optical properties.

Scheme 5 Cationic ring-opening \
polymerization of la—le
CF3SO3H
CH,Cl, / n
R R

1a:R=H poly(1a): R=H

1b: R = C4Hg poly(1b): R = C4Hg

1c: R = OCy4Hg poly(1c): R = OC4Hg

1d: R = CgH5 poly(1d): R = CgH5

1e: R = CH,SiMej3 poly(1e): R = CH,SiMe3
Scheme 6 Spontaneous
copolymerization of 1la with CH,—CH CHZ—CH%
electron-deficient vinyl 2 | - | n
monomers X THF X

1a X = CN, COOCHjg X = CN, COOCHjg

SPRINGER NATURE



808

T. Ishizone, R. Goseki

Synthesis of polymers carrying adamantyl
substituents by polymer reaction

As mentioned in the Introduction, there are two repre-
sentative pathways to produce the polymers possessing
adamantyl groups in their side chain. One is polymerization
of a monomer possessing an adamantyl group and the other
is chemical modification of the parent reactive polymers,
such as polystyrene and poly(acrylic acid), with adamantyl
compounds, such as 1-bromoadamantane, 1-adamantanol,
and l-aminoadamantane. The former pathway usually
requires the synthesis of the particular adamantyl-
substituted monomer since those monomers are fairly
unique and not commercially available. The latter pathway
is rather simple and versatile for the synthesis of adamantyl-
substituted polymers, while the contents of the substituents
are usually difficult to control in the polymer reactions.

Allcock and his coworkers attempted to modify a chloro-
substituted polyphosphazene by treatment with adamantane
compounds such as 1-aminoadamantane and sodium salts of
1-adamantanol and 1-adamantanemethanol (Scheme 7) [23,
24]. The nucleophilic substitution on the P—Cl1 linkages with
the bulky adamantane compounds proceeded to afford the
corresponding modified polyphosphazenes, and the con-
tents of the adamantyl substituents were ~50%. The typical
glass transition temperature (7}) of the polyphosphazene is
much lower than room temperature and ~—100 °C, but the
resulting polymers bearing various adamantyl groups
showed T, values of ~180 °C. Thus, the observed T, values
markedly increased from the original one because of the
effect of the introduced adamantyl groups.

Polymerization of a-olefin and acetylenes

The simplest adamantyl containing vinyl monomer is 1-
vinyladamantane (2). This simple mono-substituted alkene
underwent cationic polymerization with aluminum tri-
bromide (AlBr3) at 25 or —80 °C in CH,Cl, to give poly-
mers showing high thermal stability (Scheme 8), while no
polymerization proceeded with AIBN or benzoyl peroxide
(BPO) [25]. In thermal gravimetric analysis (TGA) mea-
surements, the resulting poly(2) started to decompose at
~300°C just after melting. IR and 'H NMR analyses

revealed that the vinyl group in the polymeric products
completely disappeared, supporting the hypothesis that the
expected vinyl addition polymerization of 2 proceeded
exclusively. However, the limited solubility of the polymer
hindered detailed characterization of the chemical struc-
tures, including stereoregularity and molecular weights.
As another example of side-chain-type hydrocarbon
polymers, Mathias and coworkers reported the synthesis of
the homopolymer of 3-(1-adamantyl)propene (1-allylada-
mantane, 3) and its copolymer with o-olefins via
metallocene-catalyzed polymerization using rac-ethylenebis
(1-indenyl)zirconium dichloride in the presence of methy-
laluminoxane in toluene (Scheme 9) [26]. However, since
the resulting poly(3) and the copolymers showed very poor
solubility, the characterization of the polymeric products was
limited to solid-state NMR. It was noted that the bulky 1-
adamantylmethyl group certainly influenced the 7, values of
the copolymers in comparison with the corresponding
homopolymers. In fact, the homopolymer of 3 exhibited a
significantly high 7, value at 235 °C, much higher than those
of polyethylene (T, = —125 °C) and polypropylene (T, =0
°C), suggesting the effect of the adamantyl substituent.
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Cl—zr—Cl

_ ABrs
T CH,Cl

CHZZ?H

%CHQ—CHQ»

CH, C

O methylaluminoxane

?

toluene

3 poly(3)

Scheme 9 Coordination polymerization of 3

Scheme 7 Polymer reaction of X
olyphosphazene
polyphosp o g o O$ZCF3
P
SN 250G NaOCHZCF3

Cl—P._ _R—Cl
/
o N

SPRINGER NATURE

\ Polymerization CI
Cl

by £

Polymer reaction

X = -NH,, -ONa, -CH,ONa
Y = -NH-, -O-, -OCH,-



Synthesis of polymers carrying adamantyl substituents in side chain

809

1-Adamantylacetylene (1-ethynyladamantane, 4) can be
quantitatively polymerized by transition metal catalysts
such as MoCls and WClg in toluene at 30 °C to afford an
insoluble conjugated polyacetylene derivative (Scheme 10)
[27]. Higashimura and coworkers reported that the stability
of the polyacetylenes against oxidation was increased by
introducing the bulky adamantyl group into the repeating
units, in addition to enhancing the thermal stability. It is
noteworthy that hydrocarbon monomers carrying the ada-
mantyl groups, 2 (vinyl) and 4 (acetylene), smoothly gave
the corresponding polymers under suitable reaction condi-
tions even though the bulky substituents are located near the
polymerizable moieties. Three other p-(1-adamantyl)phe-
nylacetylene derivatives were polymerized using MoCls or
TaCls-based catalysts to give soluble polyacetylenes
(Fig. 2) [28]. The oxygen permeability of the free-standing
polymer film was investigated to clarify the effect of the
bulkiness and rigidity of the substituents.

Polymerization of (meth)acrylates
Attempts to synthesize a variety of alkyl and aromatic

(meth)acrylates have been reported under various condi-
tions. The adamantyl substituted monomers 1-adamantyl

H-C=C %CH:C%‘»
MOC|5 n
—_— >
toluene
4 poly(4)

Scheme 10 Coordination polymerization of 4

Fig. 2 p-(1-Adamantyl)
phenylacetylene monomers

Scheme 11 Polymerization of

5a and 5b
/CH3
CH2:C
COOR
Fig. 3 Poly(1-adamantylmethyl CHS

methacrylate) and poly(1-
adamantylphenyl methacrylate)

|
ot
COO-CHzﬂ

(5a) and 3,5-dimentyl-1-adamantyl methacrylate (Sb) were
polymerized with a radical initiator such as AIBN in ben-
zene (Scheme 11) [29, 30]. The free radical polymerization
of 5a smoothly proceeded, and the resulting poly(5a) did
not show a T, before thermal degradation at ~280 °C,
suggesting its excellent thermal properties. Although the
anionic polymerization of Sa was also attempted by Otsu
and coworkers with sec-butyllithium (s-BuLi) in THF at
—78 °C, detailed information on the control of the molecular
weight was not provided [29]. It is proposed that thermally
stable poly[(meth)acrylates] including poly(5a) without
aromatic moieties are new candidate photoresist materials
due to the possible transparency near the ultraviolet region
as well as in the visible light region. Other thermally stable
polymethacrylates, including  poly(1-adamantylmethyl
methacrylate) (T, = 201 °C) and poly(p-(1-adamantyl)phe-
nyl methacrylate) (T, =253 °C), were obtained by radical
polymerization (Fig. 3) [31, 32].

The basic hydrolysis of 1-adamantyl ester is usually
difficult because of the bulkiness of the substituents. In the
case of bulky tertiary alkyl esters such as fert-butyl esters,
cleavage between the tertiary carbon of the alkyl groups and
oxygen of the COOR moiety readily occurs under acidic
conditions to give a stable tertiary carbocation and a COOH
moiety. Although the 1-adamantyl ester is a similar tertiary
alkyl ester, such acidic cleavage is fairly difficult for the
following reasons. The possible bridgehead tertiary ada-
mantyl carbocation is rather unstable, and the formation of a
distorted alkene, adamantene, via the p-elimination of the
adamantyl cation is strongly prohibited because of steric
factors (Scheme 12) [33, 34]. On the other hand, another
tertiary adamantyl ester, 2-methyl-2-adamantyl ester, can be
easily decomposed to form an exo-methylene compound, 2-

m—ca:@@ CH3—CEC—®£ QCECM

5a: R = @

CHj
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CHs
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methyleneadamantane, under acidic conditions. Therefore,
since a poly(methacrylic acid) is readily obtained by treat-
ing poly(2-alkyl-2-adamantyl methacrylate)s with strong
acid, these 2-alkyl-2-adamantyl esters are useful as a
positive-type resist [35, 36]. During the acidic development
process, the 2-alkyl-2-adamantyl ester with rather low
solubility changed to a poly(methacrylic acid) that was
highly soluble in the alkaline solution.

(Meth)acrylates, typical o,p-unsaturated carbonyl com-
pounds, readily accept nucleophilic conjugate addition, i.e.,
1,4-addition. From the viewpoint of polymer chemistry, this
conjugate addition of (meth)acrylates is an initiation or
propagation step in anionic polymerization. In fact, (meth)
acrylate monomers show significantly higher anionic poly-
merizability than styrene, 1,3-dienes, and vinylpyridines
since the electron-withdrawing carbonyl groups activate the
carbon—carbon double bonds toward nucleophilic addition
[36-40].

Ishizone and coworkers synthesized 3-methacryloyloxy-
1,1’-biadamantane, 6, the methacrylate of the adamantane
dimer, and polymerized it with 1,1-diphenyl-3-methylpen-
tyllithium (DMPLIi, a 1:1 adduct of s-BuLi and 1,1-diphe-
nylethylene) or diphenylmethylpotassium (Ph,CHK)
(Scheme 13) [41]. The polymerization of 6 quantitatively
proceeded in THF at —50 °C to give polymers possessing
the molecular weights predicted based on the molar ratios
between the monomer and initiators and narrow molecular
weight distributions (M/M, <1.2), as shown in Table 1.
Binary initiator systems such as DMPLi and LiCl or
Ph,CHK and Et,Zn can also effectively induce the living
polymerization of 6, similar to previous reports on methyl
methacrylate [42, 43]. A series of well-defined block

Scheme 12 Reactivity of CH3

adamantyl esters

poly(5a)
GHy
—%CH[—CQ——
Lo

Scheme 13 Anionic CHj
polymerization of 6
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Table 1 Anionic polymerization of 5a, 6, 7, 12, 14, 15, 16, 17, 18, and
19 in THF at —78 °C*

Monomer  Initiator Time (h) M, (kg/mol) MW/Mn“l T, °
system _ (OC)
Caled.® Obsd.
5a sec-BuLi, 24 22 30 1.12 n.d®
TMS,DPE,
LiCl
6" sec-BuLi, 6 10 9.3 1.06 221
TMS,DPE
6" Ph,CHK 26 34 31 1.18 236
7 Ph,CHK, 5 min 70 72 1.10 133
Et,Zn
12 sec-BuLi! 3 5.1 6.0 1.09 100
14 sec-BuLi 1 26 26 1.03 234
14 sec-BuLi 8 54 57 1.03 233
14 K-Naph 3 10 14 1.10 233
15 sec-BuLi 16 18 44 1.07 232
16 sec-BuLi 4 16 24 1.04 274
17 Ph,CHK 1 20 23 1.02 251
17 Ph,CHK 1 42 100 1.09 257
18 Ph,CHK 1 18 19 1.03 209
19 Ph,CHK 48 30 33 1.04 193

“Polymer yields were always quantitative
an(calcd.) = (MW of monomer) x [M]/[I] + MW of initiator residue

‘M,(obsd.) was determined by SEC-RALLS equipped with three
detectors, namely, refractive index (RI), light scattering (LS), and
viscometer detectors

M, /M, was determined by an SEC system calibrated using
polystyrene standards in THF

“Determined by DSC measurement
M1,1-Bis(4-trimethylsilylphenyl)ethylene
€Not detected before degradation
"Polymerized at —50 °C

"Polymerized in cyclohexane

o CHﬁ X o ZH% + JO

OOH adamantene

CH3 CH,

— = {oH,—C 3—— +
CHs &ooH
methyleneadamantane

/
CH2=C
\
COO

s-BuLi/DPE CH3
_orPhoCHK %CHz—C%
THF, —50 °c m

poly(6)



Synthesis of polymers carrying adamantyl substituents in side chain

811

copolymers can be obtained by the sequential anionic
copolymerization of 6 and various comonomers, such as
alkyl methacrylates, styrene, and isoprene. The resulting
poly(6) bearing a bulky 1,1’-biadamantane moiety started to
decompose near 370 °C in the TGA analysis, and the 10%
weight loss temperature was observed at 405 °C. To our
knowledge, its T at 236 °C is the highest reported value for
a poly(alkyl methacrylate).

The anionic polymerization of acrylate monomers is not
as straightforward as those of their methacrylate counter-
parts since inherent side reactions such as intramolecular
ester carbonyl attack (back-biting reaction) to the ante-
penultimate unit and o-proton abstraction with the growing
less-hindered enolate anions occasionally occur during the
course of the polymerization. In fact, living anionic poly-
merizations of acrylates have been achieved only in limited
cases [44]. Binary initiator systems such as PhyCHK/Et,Zn,
Ph,CHK/Et;B, and DMPLIi/LiCl are effective in controlling
the molecular weights and their distributions of the polymer
of tert-butyl acrylate (tBA) [45, 46]. Recently, Mays and
coworkers succeeded in the living anionic polymerization of
1-adamantyl acrylate (7) in THF at —78 °C (Fig. 4) [47]. In
the presence of an excess amount of Lewis acidic Et,Zn, the
polymerization of 7 proceeded via initiation with Ph,CHK
in a living fashion, similar to the case of tBA reported by
Ishizone and coworkers [45]. The resulting poly(7) showed
a T, at 133°C, much higher than those of poly(methyl
acrylate) (T, = 8 °C) and poly(tBA) (T, = 11 °C). Similar to
the poly(adamantyl methacrylates), the poly(adamantyl
acrylates) exhibited a drastic effect of the introduced ada-
mantyl group on their thermal properties.

Polymerization of (meth)acrylamides

Most polyacrylamides, including poly(N-alkylacrylamide)s,
are known as hydrophilic or water-soluble polymers due to
their polar -CONH- moieties. For example, poly(N-iso-
propylacrylamide) (poly(NIPAM)) is a typical water-
soluble polymer, and its aqueous solution usually shows a
reversible cloud point at ~32 °C upon heating and cooling.
Ritter and his coworkers performed the radical copolymer-
ization of N-isopropylacrylamide (NIPAM) and an acryla-
mide derivative bearing a hydrophobic adamantyl group in
its side chain in water with potassium persulfate to prepare
copolymers (Scheme 14) [22]. They also prepared the cor-
responding copolymer of NIPAM and a corresponding
cyclohexyl-substituted acrylamide. The cyclohexyl deriva-
tive showed a cloud point at ~31 °C, which was very similar
to the value of the parent poly(NIPAM). On the other hand,
the cloud point of the corresponding adamantyl derivative
unexpectedly increased to 95 °C.

N-Adamantylacrylamide (8) and N-adamantylmethacry-
lamide (9) possessing a bulky hydrophobic substituent were
polymerized with free radical initiators (Fig. 5) [48-50].
The adamantyl group was introduced on the nitrogen of the
amide moiety to reduce the hydrophilicity of the polymer.
The resulting poly(8) formed a Langmuir—Blodgett mem-
brane because the hydrophobic adamantyl groups segre-
gated at the air surface and the polar CONH moieties were
located in the water phase [48, 49]. Thus, the adamantyl
group introduced in the side chain endow poly(8) with a
local amphiphilic property. Morishima and coworkers
reported that a random copolymer of 9 and hydrophilic
monomers such as sodium 2-(acrylamido)-2-methylpropa-

/H
H
CH2=C cH C/ /CHS
2= CH2=C
COO \ \
CONH CONH
7 8 9
Fig. 4 Monomer 7 Fig. 5 Monomers 8 and 9
CHp=CH CH,=CH JVCHZ—?HQX—QCHZ—?H%_X
LN 4 LNepr K508 C—NH C—NHP
4 d H,0 / J
NIPAM
Copolymer
© o
NH NH

Scheme 14 Copolymerization of an adamantyl-carrying acrylamide and NIPAM
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nesulfonate did not aggregate intermolecularly but instead
formed a stable unimolecular micelle in water under dilute
conditions [50]. They explained that intramolecular aggre-
gation between the alicyclic adamantane moieties mediated
by hydrophobic interactions plays an important role in
the formation of unimolecular micelles, similar to proteins
possessing fixed inherent conformations in aqueous media.

Polymerization of vinyl ethers

If one considers the adamantane molecule as a substituent,
there are two isomers, namely, 1- and 2-adamantyl sub-
stituents. The substitution position of the former type is a
bridgehead CH carbon, and that of the latter is a CH, carbon
of the adamantane ring. This example allows comparison of
the effect of the substituted position of the adamantane ring
on the polymerizability of the isomers.

Hashimoto and coworkers investigated the cationic
polymerization of 1-adamantyl vinyl ether (10) and 2-
adamantyl vinyl ether (11) with an adduct of isobutyl vinyl
ether and acetic acid in the presence of Et;sAICl; s/
CH;COOEt in toluene at 0 °C (Scheme 15) [51]. In each
case, the molecular weight of the resulting polymer
increased with the conversion of monomers, as also seen for
vinyl ether monomers. The M,, /M, values were always ~1.3,
indicating the relatively narrow molecular weight distribu-
tion of the polymers. Even in the presence of bulky ada-
mantyl substituents, the polymerization of 10 and 11
smoothly proceeded to 100% conversion. It was reported
that the T, values of poly(10) and poly(11) were 231 and
181 °C, respectively. Interestingly, the substituted position
of the adamantyl groups apparently affected the thermal
properties of the polymers. In other words, the isomer of the
substituents clearly affected the 7, values of the polymers
but did not affect their polymerization behaviors.

Polymerization of 1,3-butadiene derivative

It is well known that conjugated 1,3-dienes such as 1,3-
butadiene and isoprene are representative monomers cap-
able of living anionic polymerization, as are styrenes and
alkyl (meth)acrylates [37-40]. For poly(1,3-diene), the
control of microstructures is of great interest because they
strongly affect the thermal and mechanical properties of
those polymers as rubber materials. Notably, the

Scheme 15 Cationic
polymerization of 10 and 11

CHg— CH OCOCH,

CH2=CH
OBu'

microstructures of anionically produced polydienes are
strongly influenced by the conditions, such as solvent,
counterion, and polymerization temperature. For instance,
the polymerization of isoprene with alkyllithium initiators
such as n-butyllithium (n-BuLi) in nonpolar hydrocarbons
usually affords polymers with high 1,4-microstructure
contents. On the other hand, the microstructures of poly-
isoprene dramatically changed to a mixture of 1,4-, 1,2-,
and 3,4-addition modes when the polymerization was car-
ried out in polar solvents such as THF. In addition, the
substituents strongly affect the microstructures of a series of
poly(2-alkyl-1,3-butadiene)s [52, 53]. The 1,4-micro-
structural contents of the polymers obtained with n-BuLi in
a polar solvent of diethyl ether increased with the bulkiness
of the 2-substituted alkyl groups. The observed 1,4-contents
for polymers of 2-ethyl-, 2-propyl-, 2-(n-butyl)-, and 2-
isopropyl-1,3-butadiene were 58%, 57%, 56%, and 81%,
respectively, while that of polyisoprene, the 2-methyl
counterpart, was only 19% under identical polymerization
conditions.

As an adamantyl-substituted 1,3-diene monomer, 2-(1-
adamantyl)-1,3-butadiene (12) was newly synthesized from 1-
adamantanecarboxylic acid, as shown in Scheme 16 [54, 55].
Since the adamantyl group is directly connected to the 1,3-
diene framework, intense substituent effects are expected on
the polymerization behaviors and thermal properties of the
resulting polymer. The anionic polymerization of 12 was
attempted with s-BuLi in cyclohexane at 40 °C, with s-BuLi
in THF at -30°C, and with potassium naphthalenide (K-
Naph) in THF at —78 °C. In each polymerization system, the
polymerization of 12 quantitatively proceeded to afford
polymers possessing the predicted molecular weights and
narrow molecular weight distributions. The living poly-
merizability of 12 allows us to synthesize novel block
copolymers with styrene or isoprene by sequential anionic
copolymerization, as well as the homopolymer.

On the other hand, the microstructure of poly(12) was
affected by the anionic initiators and solvents. The contents
of the 1,4-repeating unit in poly(12)s obtained with s-BuLi
in cyclohexane, with s-BuLi in THF, and with K-Naph in
THF were 96%, 88%, and 55%, respectively. Unlike the
polymerization behavior of 1,3-butadiene and isoprene in
polar solvent, the introduction of the bulky adamantyl ring
to the 1,3-diene framework drastically increased the 1,4-
addition modes in the poly(12) obtained, even in THF. The

10: R =

/511 sAICH S/M:OEt %CHz—CH%

OR
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Scheme 16 Anionic CH CH
= NN Aé —CH—C— )
polymerization of 12 and CH2/ c— CH2 CH=C CH2 n
subsequent hydrogenation of .
poly(12) s-BuLi
cyclohexane
12 poly(12)
TsNHNH, (- GH,—CH,—CH—CHy—
- n

1,4-rich poly(12) obtained by using s-BuLi in cyclohexane
was completely converted into a novel saturated alternating
copolymer, poly(ethylene-alt-1-vinyladamantane) (P(E-alt-
VAd)), by hydrogenation with p-toluenesulfonyl hydrazide
(TsNHNH,). The bulky adamantyl ring did not hinder the
hydrogenation of the C =C linkage of the 1,4-repeating
unit in the polymer main chain. It is noteworthy that poly
(12) with an M, value over 5000 was hardly soluble in
common organic solvents, while hydrogenated P(E-alt-
VAd) was readily soluble in a wide variety of organic
solvents, such as benzene, chloroform, and THF. The
flexible saturated main chain after hydrogenation endows
the polymer with higher solubility by eliminating the planar
rigid C = C double bonds.

The resulting poly(12) and P(E-alt-VAd) started to
decompose at 280 and 380 °C in the TGA analyses, and
the 10% weight loss temperatures (7o) were observed at
345 and 425 °C, respectively. After hydrogenation, the
thermal stability of the polymer significantly increased.
Poly(12) before and after hydrogenation presented 7,
values of 100 and 125 °C on the DSC thermograms. These
T, values are markedly higher than those of 1,4-poly-
isoprene (—70°C) and the corresponding hydrogenated
alternating  copolymer  poly(ethylene-alt-propylene),
(-66 °C).

Polymerization of styrene derivatives

In the case of styrene derivatives, various molecular designs
are possible in the framework. The T, values of para-alkyl-
substituted polystyrenes can be readily tuned lower or
higher by changing the substituent on the para-position of
the aromatic ring. Linear alkyl substituents decrease the 7,
of polystyrenes with increasing side chain length, while
bulky substituents such as fert-butyl (130 °C) or phenyl
(161 °C) groups tend to cause higher T, values.

o-xylene

poly(E-alt-VAd)

CH2:CH

CHQ_NH

13

Fig. 6 Monomer 13

Among the substituents, the adamantyl skeleton was
shown to drastically enhance the T, values and retard
thermal degradation. As a styrene derivative, N-(1-ada-
mantyl)-4-vinylbenzylamine (13) was synthesized via the
reaction of 4-vinylbenzyl chloride and 1-aminoadamantane
and polymerized under radical conditions (Fig. 6) [56]. The
radical copolymerization of 13 and styrene was also
attempted. The T, values of the homopolymer of 13 and its
random copolymer with styrene (styrene content: 55 mol%)
were 165 and 147 °C, respectively.

As a simpler styrene derivative, 4-(1-adamantyl)styrene
(14) was synthesized from 1-bromoadamantane in four
reaction steps, as shown in Scheme 17 [57]. In the case of
14, the 1-adamantyl group was directly connected to the
para-position of the styrene framework. This hydrocarbon

SPRINGER NATURE
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Scheme 17 Synthesis of 14

©
CH,=CH annnrCH,—CH

s-BuLi

PhMgBr Br,
—_— —_—
CH.Cl, CCl,
1 ) Mg, THF ® o
) DMF Ph3PCH;Br /KOBU!
—» >
3) HzO* THF
14

14 living poly(14)

i )\/ 14
PRI » poly(14)-b-polyisoprene-b-poly(14
cyclohexane cyclohexane cyclohexane poly(14)-b-polyisop poly(14)

C

—{CH,—CH}— CHp—CHy— e CHZHCHZ CH—

TsNHNH,

poly(14)-b-poly(E-alt-P)-b-poly(14)

Scheme 18 Sequential copolymerization of 14 and isoprene in cyclohexane and subsequent hydrogenation with TSNHNH,

monomer 14 smoothly underwent anionic polymerization in
THF at —78 °C by initiation with s-BuLi or K-Naph. The
polymer yields were quantitative, and the resulting poly-
mers showed unimodal narrow molecular weight distribu-
tions (M /M,<1.1) in the SEC measurements. The
observed molecular weights of poly(14) were in good
accordance with the values calculated based on the molar
ratios between 14 and the initiators, indicating quantitative
initiator efficiency. A series of well-defined block copoly-
mers of 14 and styrene or isoprene were also produced by
sequential anionic copolymerization. The resulting poly(14)
was soluble in benzene, chloroform, and THF and showed
T)y and T, values at 406 and 234 °C, respectively. The T,

SPRINGER NATURE

values of random copolymers of 14 and styrene could be
controlled from 100 to 230 °C by changing the feed molar
ratio of the comonomers.

The anionic polymerization of 14 with s-BuLi was also
possible in a nonpolar hydrocarbon solvent such as cyclo-
hexane to afford a polymer with well-defined chain struc-
tures [58]. The three-step sequential copolymerization of 14
(A monomer) and isoprene (B monomer) in cyclohexane
initiated with s-BuLi enables the tailored synthesis of an
ABA-type triblock copolymer, poly(14)-b-polyisoprene-b-
poly(14), as shown in Scheme 18. The microstructure of the
polyisoprene segment in the block copolymer was pre-
dominantly controlled in a 1,4-addition mode under the
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polymerization condition. The unsaturated C = C bonds of
the 1,4-polyisoprene unit were completely hydrogenated
with TsSNHNH, to afford a saturated alternating copolymer
unit, poly(ethylene-alt-propylene) (poly(E-alt-P)). After
hydrogenation of the block copolymer, the hydrogenated
ABA-type triblock copolymer poly(14)-b-poly(E-alt-P)-b-
poly(14) presented two T, values at 215 and —50 °C. The
former T, corresponds to the glass transition behavior of the
poly(14) hard block, and the latter is derived from the poly
(E-alt-P) soft block. The microphase-separated structure of
the hydrogenated block copolymer was observed by trans-
mission electron microscopy (TEM), as expected. This
microphase-separated triblock copolymer carrying bulky
adamantyl groups in the hard end blocks showed high
tensile strength (22-24 MPa), high elongation at break
(590-660%), and high upper service temperature (175-210
°C) by dynamic mechanical analysis, stress relaxation
testing, and tensile testing. Thus, the living nature of the
polymerization enabled the production of a novel tailored

~{CH,—CH— ~{CH,—CH—

12N HCI
I
C C
HOXN THF H” %O

poly(4-formylstyrene)
poly(17)

Scheme 19 Synthesis of poly(4-formylstyrene) by acidic hydrolysis of
poly(17)

thermoplastic elastomer showing a high service temperature
via the sequential copolymerization of 14 and isoprene and
subsequent hydrogenation.

The living anionic polymerizations of the hydrocarbon
monomers 3-(4-vinylphenyl)-1,1’-biadamantane (15) [57]
and 4-(1-adamantyl)-o-methylstyrene (16) [59] were also
realized in THF with s-BuLi and K-Naph at —78 °C. The a-
methylstyrene derivative 16 showed typical reversible poly-
merization behavior due to the low ceiling temperature. The
quantitative conversion of 16 was achieved at —78 °C under
anionic conditions, but the propagating carbanion of poly(16)
underwent complete depolymerization at room temperature.

Other adamantyl-substituted styrenes, N-(1-adamantyl)-
N-4-vinylbenzylideneamine (17) and N-(2-adamantyl)-N-4-
vinylbenzylideneamine (18), were newly synthesized and
anionically polymerized with various initiators, such as
oligo(a-methylstyryl)dipotassium, K-Naph, Ph,CHK, and
diphenylmethyllithium (Ph,CHLIi), in THF at —78 °C for 1 h
[60]. In each case, well-defined poly(17) or poly(18) with a
predictable molecular weight and a narrow molecular
weight distribution was obtained in 100% yield. This
strongly indicates that the bulky I-adamantyl and 2-
adamantyl groups can effectively protect the electrophilic
CH =N linkage from undesirable side reactions, similar to
the previous polymerization results for cyclohexyl-, fert-
butyl-, 2,6-dimethylphenyl-, and 2,6-diethylphenyl-sub-
stituted iminostyrenes [61, 62]. A reactive poly
(4-formylstyrene) with well-regulated chain structures was
quantitatively formed by acidic hydrolysis of the N-ada-
mantylimino groups of poly(17) (Scheme 19). The isomeric
poly(17) and poly(18) showed similar solubility and ther-
mal degradation behavior regardless of the chemical

Scheme 20 Synthesis and CH,=CH
anionic polymerization of 19 cOoCl
CuCl
Mg
_— -
THF THF 0
o] MgClI
19
~aneCH,—CHO K @ —{cH,—cH)—
Ph,CHK MeOH
_— —_—
THF, =78 °C
@) O

living poly(19) poly(19)
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structures. On the other hand, poly(17) and poly(18) pre-
sented significantly high 7, values at 257 and 209 °C,
depending on the substituted position on the adamantyl
skeletons. The observed tendency of the 7, values of the
isomeric polymers is very similar to that of the poly(ada-
mantyl vinyl ether)s described above [51]. The 1-substituted
derivative showed higher T, values than the corresponding
2-substituted isomer.

Although acyl groups are versatile and attractive func-
tional groups in organic synthesis, the direct anionic poly-
merization of styrene derivatives carrying acyl (COR)
groups should be very difficult due to their high electro-
philicity and the high acidity of the a-hydrogens (pK, = 25)
[63]. In fact, no polymerization of 4-acetylstyrene bearing a
COCHj; group occurred with s-BuLi or Ph,CHK in THF at
—78°C. With the latter initiator, the orange color of
Ph,CHK disappeared immediately, indicating that rapid
side reactions such as an electrophilic carbonyl attack or an
a-hydrogen abstraction occurred prior to polymerization.

Therefore, 1-adamantyl 4-vinylphenyl ketone (19), a
styrene derivative carrying an electrophilic C =0 group
and a bulky adamantyl group, was purposefully synthesized
and anionically polymerized (Scheme 20) [64]. This parti-
cular 4-acylstyrene derivative possesses no acidic o-
hydrogen, and the steric effect of the adamantyl group will
play an important role in protecting the electrophilic C = O

—{cH,—c —fcH,—CHy-
HO%CHS

Scheme 21 Reaction of poly(19) with methylmagnesium iodide

CH,zMgl
R a—
Et,O/THF, rt.

poly(19

CH
o—CH} —{CH,—CH}—  —HCH,—
poly(14) poly(15) poly(16)
Tg=234°C Tg=232°C Ty3=274°C

bond from nucleophilic attack by the anionic species. In
fact, the polymerization of 19 quantitatively proceeded with
Ph,CHK, diphenylmethylcesium (Ph,CHCs), or triphe-
nylmethylpotassium (Ph3;CK) in THF at —78 °C within 24 h
to form polymers with predictable molecular weights and
narrow molecular weight distributions (M,/M, < 1.1). The
electron-withdrawing C =0 group remarkably increased
the anionic polymerizability of 19 and allowed quantitative
initiation efficiencies of low nucleophilic initiators includ-
ing Ph,CHK and Ph;CK, similar to the cases of 17 and 18
possessing CH = N-R groups. In contrast, no polymeriza-
tion of 19 occurred with s-BuLi at —78 °C, and a polymer
with an ill-controlled molecular weight was obtained with
Ph,CHLi in only 10% yield even after 24 h. These con-
trasting results clearly indicate that suitable choices of bulky
ni-conjugated anionic initiators and a larger countercation
(such as potassium or cesium) of the initiators are essential
to achieve anionic polymerization of the ketone-type styr-
ene monomer. The stability of the propagating carbanion
derived from 19 was also demonstrated via the quantitative
efficiency of the postpolymerization after complete con-
sumption. The plausible side reactions of the carbonyl
group were completely suppressed by stabilization of the
propagating benzylic carbanion due to the electron-
withdrawing effect of the acyl group, in addition to the
steric effect of the neighboring adamantyl substituent. Thus,
19 is the first successful example of the living anionic
polymerization of a ketone-type styrene monomer. Inter-
estingly, the reaction of poly(19) with a Grignard reagent
such as methylmagnesium iodide quantitatively proceeded
in THF/diethyl ether at room temperature, indicating that
the adamantyl ketone moieties in the isolated poly(19)
maintained their electrophilicity (Scheme 21).

The polystyrene derivatives bearing adamantyl groups
poly(14)-poly(19) presented high T, values between 193
and 274 °C, as shown in Fig. 7. Since all the polymers were
prepared via living anionic polymerization of the

—)— ~{CH,—CH}— ~{CH,—CH}-  ~{CH,—CH}-

.l
Je

H™ %N H O
poly(19)
poly(17) pon(18°) T,=193°C
Ty=257°C Tqg=209°C

Fig. 7 Polystyrene derivatives carrying adamantyl moieties and their T, values
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corresponding monomers, they had well-defined chain
structures, as described above. Compared with polystyrene
(T, =100 °C) and poly(a-methylstyrene) (T, = 160 °C), all
the polymers showed higher 7|, values, indicating the effect
of the bulky stiff adamantyl substituent. In particular, the 7,
of poly(16), the poly(a-methylstyrene) derivative, reached
274 °C. Compared with poly(14) with the directly sub-
stituted adamantyl group, ketone-type poly(19) and imine-
type poly(17) had lower and higher 7, values, respectively.
This observation indicates that the linkages between the
adamantyl substituents and the polystyrene frameworks also
play very important roles in determining the 7, values.

Conclusions

In this review, we focused on the synthesis of polymers
possessing bulky and stiff adamantyl groups in the side
chain. To achieve this goal, various adamantyl-substituted
monomers were synthesized and polymerized under various
polymerization conditions, in addition to chemical mod-
ification of the reactive polymer. In particular, the living
anionic polymerizations of acrylates, methacrylates, 1,3-
butadienes, and styrenes carrying adamantyl or 1,1'-biada-
mantyl groups afforded thermally stable polymers of well-
defined chain structures with predictable molecular weights
and narrow molecular weight distributions (M/M,, = 1.1).
In each case, the polymerization of the vinyl monomers
smoothly proceeded, and the complete consumption of
monomer was attained. Significant retardation of poly-
merization and decreased polymerizability of the monomers
were not observed regardless of the bulky substituents on
the monomers. The living nature of the anionic poly-
merization systems and the high T, values of the resulting
adamantyl-substituted polymers will open a novel synthetic
pathway for various new thermoplastic elastomers with high
service temperatures. Although the solubility of the
adamantyl-substituted polymers was often restricted, these
polymers were expected to show high transparency and low
dielectric constants, as well as significant heat- and weather-
resistant properties. Thus, progress in the precise synthesis
of a variety of adamantyl-containing polymers will lead to
the development of novel thermally stable functional
polymeric materials.
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