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ABSTRACT: Various α,β-unsaturated carbonyl compounds, such as acrylates and acrylamides, were quantitatively introduced to
the terminal chain end of poly(phenylacetylene)s by C−C bond formation with terminal organorhodium(I) species formed in the
living polymerization of phenylacetylenes with a rhodium-based multicomponent catalytic system that we have recently developed,
when these carbonyl compounds were used as terminating reagents. This enables the facile and versatile synthesis of stereoregular
telechelic poly(phenylacetylene)s with various functional groups at both the initial and terminal chain ends because the components
of aryl boronic acid derivatives used as initiators in our multicomponent catalytic system are quantitatively introduced to the
initiating end of the resulting polymer.

■ INTRODUCTION

Poly(phenylacetylene)s are important π-conjugated polymers
as promising candidates of new functional materials because of
the properties of their rigid π-conjugated polyene backbones,
including optoelectronic properties, high gas permeability, and
liquid crystallinity.1 Moreover, many polyacetylenes including
poly(phenylacetylene)s form a helical conformation, for which
the helix sense can be controlled by introducing chiral groups
into the pendants, using noncovalent interactions with chiral
compounds, or using a chiral catalyst during the polymer-
ization reaction. These helical polyacetylenes with a controlled
helix sense have potential applications to functional chiral
materials such as chiral recognition materials, asymmetric
catalysts, nonlinear optical materials, and ferroelectric liquid
crystals.2

Poly(phenylacetylene)s are usually synthesized by transition-
metal-catalyzed polymerization of the corresponding phenyl-
acetylene monomers.3 Coordination−insertion polymerization
of phenylacetylenes by rhodium(I) catalysts is widely used as a
reliable method for synthesis of poly(phenylacetylene)s
because the catalysts are highly tolerant toward various
functional groups and usually produce highly stereoregular

polymers with a cis geometry,3c which has been reported to be
a prerequisite for the formation of a helical conformation of the
polyacetylene backbone.4 Furthermore, well-controlled living
polymerization of phenylacetylenes by rhodium catalysis has
been developed.5 In representative seminal works, Noyori6 and
Masuda7 independently reported well-controlled living poly-
merization of phenylacetylenes by well-defined rhodium(I)
complexes derived from the commercially available
bicyclo[2.2.1]hepta-2,5-diene rhodium(I) chloride dimer [Rh-
(nbd)Cl]2. In the polymerization of phenylacetylenes using
Noyori’s system consisting of the rhodium(I) complex
Rh(CCPh)(nbd)(PPh3)2 and 4-(dimethylamino)pyridine
(DMAP), an initiating end functionalization of poly-
(phenylacetylene)s is virtually impossible because it is

Received: January 6, 2021
Published: February 18, 2021

Articlepubs.acs.org/JACS

© 2021 American Chemical Society
3604

https://dx.doi.org/10.1021/jacs.1c00150
J. Am. Chem. Soc. 2021, 143, 3604−3612

D
ow

nl
oa

de
d 

vi
a 

R
U

T
G

E
R

S 
U

N
IV

 o
n 

M
ay

 1
5,

 2
02

1 
at

 1
9:

13
:5

2 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kensuke+Echizen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tsuyoshi+Taniguchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tatsuya+Nishimura"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Katsuhiro+Maeda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.1c00150&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c00150?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c00150?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c00150?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c00150?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c00150?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c00150?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c00150?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c00150?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jacsat/143/9?ref=pdf
https://pubs.acs.org/toc/jacsat/143/9?ref=pdf
https://pubs.acs.org/toc/jacsat/143/9?ref=pdf
https://pubs.acs.org/toc/jacsat/143/9?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/jacs.1c00150?ref=pdf
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf


presumed that a hydrogen atom is introduced to an initiating
end of the polymer from a rhodium hydride species formed in
situ.6c In contrast, in Masuda’s system consisting of the
rhodium(I) complex [(nbd)Rh{C(Ph)CPh2}(PAr3)] and
PPh3, the triphenylvinyl group on the Rh complex is
introduced to the initiating end of poly(phenylacetylene)s.8

However, versatile functionalization of an initiating end of the
polymer by this catalytic system seems to be difficult because
functionalized triphenylvinyl lithium reagents, which are
precursors of the active rhodium complex, are not easily
accessible reagents.7c,9,10

Very recently, we developed a new method for well-
controlled living polymerization of phenylacetylenes using a
multicomponent catalytic system composed of [Rh(nbd)Cl]2,
aryl boronic acid derivatives, diphenylacetylene, 50% aqueous
KOH and PPh3 (Figure 1a).11 This method enables a facile
and versatile initiating end functionalization of poly-
(phenylacetylene)s because the aromatic residues of the aryl
boronic acids used are introduced to an initiating end of
poly(phenylacetylene)s along with at least two molecules of
diphenylacetylene. The isolated polymer has a hydrogen atom
at the terminal chain end, as depicted as structure 2 in Figure
1a when the terminal rhodium(I) species 1 is protonated by
acetic acid added as a quenching reagent after the polymer-
ization. If another phenylacetylene monomer is added instead
of acetic acid after consumption of the first monomer, block
copolymers are synthesized because the rhodium(I) species 1
at a polymer terminal chain end retains polymerization activity.

However, to the best of our knowledge, effective terminal chain
end functionalization of poly(phenylacetylene)s by end-
capping reagents (terminators), except for a proton, of living
polymerization has not been reported.
In organic synthesis, organoboronic acid derivatives are

widely used as building blocks in rhodium-catalyzed C−C
bond formation reactions.12 Rhodium-catalyzed conjugate
addition reactions between organoboronic acid derivatives
and α,β-unsaturated carbonyl compounds are some of the
most powerful tools (Figure 1b).13 Mechanistically, organo-
boronic acid derivatives can work as nucleophiles through
transformation to the corresponding organorhodium(I) species
7 by transmetalation with a hydroxy (R3 = H) or alkoxy (R3 =
alkyl) rhodium(I) catalyst 6. The formed organorhodium(I)
species 7 add to α,β-unsaturated carbonyl compounds 3 by a
coordination−insertion mechanism to form rhodium(I)
enolate intermediates 8. Water or alcohols are typically
added to the catalytic system to close the catalytic cycle by
protonation of enolates 8, which are converted to the
corresponding saturated carbonyl products 9 with regeneration
of the rhodium(I) catalyst 6.
We envisioned the application of this conjugate addition

reaction to the living rhodium(I) species 1 at the terminal end
of poly(phenylacetylene)s formed in the polymerization of
phenylacetylenes using our multicomponent catalytic system. If
the rhodium(I) species 1 causes an addition reaction to various
α,β-unsaturated carbonyl compounds 3, the corresponding
rhodium(I) enolates 4 would be produced by C−C bond

Figure 1. Living polymerization of phenylacetylenes by our multicomponent catalytic system and the controlled termination reaction (a) and
rhodium(I)-catalyzed conjugate addition of aryl boronic acid derivatives to α,β-unsaturated carbonyl compounds (b).
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formation (Figure 1a). Finally, the rhodium species is
eliminated by β-hydride elimination in situ (Mizoroki−Heck
type reaction) or protonation by quenching the reaction
mixture (conjugate addition type reaction).14 In any case, the
α,β-unsaturated carbonyl compounds 3 are introduced to the
terminal end of the polymer to provide telechelic poly-
(phenylacetylene)s 5 having functional groups at both ends.15

Herein we report a facile method for terminal chain end
functionalization of poly(phenylacetylene)s using α,β-unsatu-

rated carbonyl compounds such as acrylates and acrylamides as
terminators of the rhodium-catalyzed living polymerization of
phenylacetylenes. This terminal chain end functionalization
method allows, for the first time, the synthesis of stereoregular
telechelic poly(phenylacetylene)s because the substituents of
the aryl boronic acids used as initiators are introduced into the
initiating chain end of the resulting polymer in our rhodium-
based multicomponent catalytic system.11

Table 1. Results of Terminal Chain End Functionalization of Poly(phenylacetylene) Using Acrylates and Acrylamides as
Terminatorsa

entry 15 yield (%)b Mn
c Mw/Mn

c degree of chain end functionalization (%)d

1 15a >95 5100 1.04 >95
2e 15a >95 9100 1.04 >95
3 15b >95 4900 1.03 >95
4 15c >95 5000 1.03 >95
5 15d >95 4900 1.03 >95
6 15e >95 4800 1.04 >95
7 15f 86 6000 1.04 >95
8 15g >95 5200 1.02 75
9 15h 87 4800 1.04 >95
10 15i >95 5800 1.04 >95
11 15j 90 5200 1.04 >95
12f 15k 92 34600g 1.38g >95
13 15l >95 5300 1.04 >95
14 15m >95 6000 1.03 >95
15 15n 85 4700 1.05 >95
16 15o 86 5500 1.04 >95
17 15p >95 4800 1.04 >95
18 15q >95 5800 1.04 >95
19 15r 90 4900 1.04 >95
20h 15s >95 5100 1.08 90
21 15t >95 5200 1.05 >95
22 15u >95 5700 1.02 >95

aTypical conditions: [Rh(nbd)Cl]2 (0.02 mmol), 10a (0.06 mmol), 11 (0.12 mmol), 12 (0.10 mmol), 13 (0.12 mmol) in THF (0.4 mL) for 5 min
at 0 °C, then 14a (2.0 mmol) in THF (3.6 mL) for 1 h at 30 °C, and then 15a−u (0.16 or 0.32 mmol) for 24 h at 30 °C. bMethanol-insoluble part.
cDetermined by SEC using TSKgel G4000HXL + G3000HXL + G3000HXL as columns on the basis of polystyrene standards (THF, 40 °C).
dDetermined by 1H NMR analysis. e14a/[Rh] = 100. f14a/[Rh] = 500/1. gDetermined by SEC using Shodex KF-805L as a column on the basis of
polystyrene standards (THF, 40 °C). h15s/[Rh] = 16/1.
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■ RESULTS AND DISCUSSION
We designed a model system of living polymerization of
phenylacetylene (14a) with a multicomponent catalytic system
composed of [Rh(nbd)Cl]2, 4-methylphenylboronic acid
(10a), diphenylacetylene (11), a 50% (w/v) aqueous solution
of KOH (12), and PPh3 (13) (14a/[Rh] = 50/1, [Rh]/10a/
11/12/13 = 1/1.5/3/2.5/3) to test terminal end functional-
ization using α,β-unsaturated carbonyl compounds.11 To the
polymerization mixture was directly added 4 equiv of ethyl
acrylate (15a) to the rhodium catalyst after the living
polymerization had been conducted for 1 h at 30 °C in
THF, and the resultant mixture was further stirred for 24 h at
30 °C. A 50-mer polymer having a narrow molecular weight
distribution (Mw/Mn = 1.04) was quantitatively obtained as a
methanol-insoluble part (entry 1 in Table 1).
The 1H NMR spectrum of the obtained polymer showed

sharp signals based on poly(phenylacetylene), indicating that
high cis stereoregularity (>95%) is kept even after the
termination reaction for 24 h (Figure 2).1a,3b,4a Moreover,

clear signals assignable to an ethyl ester were observed at 1.13
and 4.05 ppm, for which the integration values were 3H and
2H, respectively, in comparison with 3H of a methyl group of a
4-methylphenyl group at the initiating end of the polymer.
This means that 15a was quantitatively introduced to the
terminal end of the polymer. On the other hand, signals of
methylene groups were absent, suggesting that the polymer
16a having an α,β-unsaturated ester was produced by β-
hydride elimination of a rhodium species in situ (Mizoroki−
Heck type reaction). This structure was confirmed by APCI-
TOF-MS of 16a having a low molecular weight (Mn = 2900,
Mw/Mn = 1.03), which was synthesized by living polymer-
ization at a low feed ratio of the monomer to the initiator
(14a/[Rh] = 25/1). As shown in Figure 3a, a series of peaks

based on the polymer was detected up to m/z 4000 in the
HRMS spectrum, and each peak has a difference of m/z 102
corresponding to a phenylacetylene repeating unit. For
instance, a peak at m/z 3098.4396 corresponds to
C240H185O2

+ [M + H]+ (calcd 3098.4369), which can be
assigned as a structure composed of 25-mer poly-
(phenylacetylene) (n = 25, C200H150), one 4-methylphenyl
group (C7H7), two diphenylacetylene units (C14H10 × 2), and
a terminal ethyl acrylate moiety (C5H7O2) (Figure 3b,c).
Molecular ions based on a polymer having a hydrogen atom
instead of an ethyl acrylate moiety were not detected in the
spectrum, strongly supporting full introduction of ethyl
acrylate to the terminal end of the polymer. We tried to
reduce the amount of ethyl acrylate (15a) used to 2 equiv to
the rhodium catalyst, but 1H NMR analysis of the obtained
polymer indicated incomplete introduction (83% chain end
functionalization) of 15a to the polymer terminal end in 24 h.
This termination reaction using 15a was hardly affected by the
degree of polymerization of the polymer (entry 2 in Table 1).
Next, we focused on terminal end functionalization of

poly(phenylacetylene)s using various terminators under the
same living polymerization conditions. Typically, the intro-
duction rate of terminators was estimated from integral values
of characteristic signals in 1H NMR spectra of the isolated
polymers. tert-Butyl, 2-trimethylsilylethyl, and 2,2,2-trichlor-
oethyl acrylates (15b−d) were quantitatively introduced to the
terminal end of the polymer as in the case of ethyl acrylate
(15a) (entries 3−5 in Table 1), and they are beneficial for
further functionalization of the polymer because different
conditions can be used in hydrolysis depending on the
situation. Characteristic functional groups such as epoxide and

Figure 2. 1H NMR spectrum of 16a (entry 1 in Table 1) in CDCl3 at
room temperature.

Figure 3. High-resolution APCI-TOF-MS spectrum of 16a (Mn =
2900, Mw/Mn = 1.03) (a), the expanded spectrum of 16a (n = 25)
(b), and the calculated spectrum of 16a (n = 25) (c).
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fluorous groups could be readily introduced using acrylates 15e
and 15f (entries 6 and 7 in Table 1). Acrylate 15g, having a
free hydroxyl group, was incompletely introduced (75% chain
end functionalization) (entry 8 in Table 1), while acrylate 15h
having a TBS-protected hydroxyl group was quantitatively
introduced to the polymer terminal end (entry 9 in Table 1).
These results clearly indicate that a free hydroxyl group
inhibits rhodium-mediated addition to acrylates, but the reason
is unclear. Tosyl-protected acrylate 15i was also introduced to
the polymer terminal end, and it would be useful for further
transformation by SN2 substitution reactions (entry 10 in
Table 1). A useful alkyne moiety could be introduced to the
polymer terminal end using acrylate 15j (entry 11 in Table 1).
Acrylate 15k having a polyethylene glycol chain (40-mer) was
quantitatively introduced to the polymer terminal end,
indicating that the synthesis of a heteroblock copolymer is
possible by the present method (entry 12 in Table 1). The
broadened molecular weight distribution of the obtained
polymer is probably due to tailing in the SEC chromatogram,
and this was caused by the introduced polyethylene glycol
chain because an aliquot of the polymerization solution before
addition of 15k provided a polymer having a narrow molecular
weight distribution (Mn = 49000, Mw/Mn = 1.12).
Our interest turned to end functionalization using

acrylamides instead of acrylates because various acrylamides
are also easily accessible by condensation between acryloyl
chloride and functionalized amines. When 4 equiv of N-(4-n-
propylphenyl)acrylamide (15l) to the rhodium catalyst was
used as a model terminator, 15l was introduced to the polymer
terminal end in only 60% chain end functionalization, unlike
the case for acrylates. This is probably because the electro-

philicity of acrylamides is lower than that of acrylates.
However, quantitative introduction of 15l to the polymer
terminal end was achieved by increasing the amount of 15l to 8
equiv (entry 13 in Table 1). The N-methylated analogue 15m
was also quantitatively introduced to the polymer terminal end,
indicating that tertiary acrylamides can be used for terminal
chain end functionalization (entry 14 in Table 1). The
electronic nature of the aromatic ring of acrylamides seems to
have little effect on the reactivity in the present termination
reaction, because acrylamides 15n and 15o having a methoxy
group and a chlorine atom, respectively, readily reacted with a
living species (entries 15 and 16 in Table 1). An iodine atom of
acrylamide 15p was intact under the present reaction
conditions, and this is useful for further functionalization by
cross-coupling reactions (entry 17 in Table 1). Since
characteristic signals were overlapped with signals of the
polymer component in 1H NMR spectra of the polymers
obtained by reactions with 15o and 15p, estimation of the
chain end functionalization was complemented by HRMS
analysis (see the Supporting Information). It is notable that
pyrene and crown ether moieties were successfully introduced
to the polymer terminal chain end using acrylamides 15q and
15r, respectively, because such functional groups are often
important for the development of functional materials (entries
18 and 19 in Table 1). The secondary aliphatic acrylamide 15s
showed a relatively low reactivity, and 90% chain end
functionalization was achieved using an increased amount of
15s (16 equiv) (entry 20 in Table 1). However, tertiary
aliphatic acrylamides 15t and 15u worked as good terminators
as was the case for aromatic acrylamides to give 16t and 16u,

Scheme 1. Termination Reaction of the Living Polymerization of Phenylacetylene (14a) with α,β-Unsaturated Ketone 15v,
Methacrylate 15w, and Acrylate 15x Having a Methacrylate Moietya

aThe yield was calculated from the methanol-insoluble part.Mn andMw/Mn values were determined by SEC using TSKgel G4000HXL + G3000HXL
+ G3000HXL as columns on the basis of polystyrene standards (THF, 40 °C). The degree of chain end functionalization (%) was determined by 1H
NMR analysis.
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respectively, with nearly quantitative chain end functionaliza-
tion (entries 21 and 22 in Table 1).
We found that α,β-unsaturated ketone 15v was also

introduced to the polymer terminal end, though a larger
amount (12 equiv to a rhodium catalyst) of 15v was required
for quantitative introduction (Scheme 1, eq 1). Interestingly,
the 1H NMR spectrum of polymer 16v obtained by this
reaction indicated that 15v was introduced as an α,β-saturated
ketone, unlike the cases of acrylates and acrylamides (see the
Supporting Information). This indicates that the β-hydride
elimination of an intermediary rhodium(I) enolate was
suppressed in situ probably because an enol form having an
O−Rh bond is preferred over a keto form having a C−Rh
bond in the isomerization equilibrium of rhodium(I) enolate.14

When methyl methacrylate (15w) was used as a terminator
instead of acrylates under the standard conditions, 15w was
not introduced to the polymer terminal end at all (Scheme 1,
eq 2). The contrasting results indicate that the effect of the
steric factor of alkenes is significant in the present termination
reaction.
Since 15w did not react with the living species, we tested a

chemoselective reaction using the terminator 15x having both
acrylate and methacrylate moieties. As expected, the reaction
resulted in perfect chemoselectivity and gave 16x having an

intact methacrylate moiety at the terminal end, which would be
useful for further functionalization (Scheme 1, eq 3).
Figure 4 shows examples of the synthesis of telechelic

polymers from other functionalized phenylacetylene mono-
mers using a combination of various aryl boronic acid
derivatives and terminators. Aryl boronic acid derivatives
having protected phenol (10b, R = OH), protected alkynyl
(10c, R = OH), hydroxymethyl (10d, R2 = pin), and protected
amino (10e, R = OH) substituents were chosen as initiators
because these functional groups are useful for further
functionalization of the corresponding polymers. Acrylates
(15e, 15f, 15j) and acrylamides (15p, 15r) were used as
representative terminators from the viewpoint of usefulness.
Telechelic polymers 17−21 were synthesized from monomer
14b having a methoxy group, monomer 14c having an ester
group, and monomers 14d,16 14e,17 and 14f18 having stimuli-
responsive functional groups. These representative examples
show the potentially broad scope of monomers in the present
method.19

Finally, we performed postfunctionalization of the telechelic
poly(phenylacetylene)s synthesized by the present method
(Scheme 2). For instance, we examined introduction of a
cyclodextrin residue into the polymer terminal end by
postfunctionalization because its direct introduction to the
polymer terminal end by the present termination reaction

Figure 4. Synthesis of telechelic poly(phenylacetylene)s having functional pendants. The same conditions as those shown in footnote a in Table 1
were used unless otherwise noted (see the Supporting Information). The yield was calculated from the methanol-insoluble part. Mn and Mw/Mn
values were determined by SEC using TSKgel G4000HXL + G3000HXL + G3000HXL as columns on the basis of polystyrene standards (THF, 40
°C).
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seems to be very difficult due to multiple hydroxy groups. After
basic hydrolysis of the terminal ethyl ester of 16a, the resultant
polymer having a terminal carboxy group was reacted with
commercially available 3A-amino-3A-deoxy-(2AS,3AS)-α-cy-
clodextrin (22) using 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-
methylmorpholinium chloride (DMT-MM) as a condensing
reagent to afford 23 having a cyclodextrin moiety at the
terminal end in good yield (Scheme 2a).20

Furthermore, postfunctionalization of the telechelic polymer
19 at both chain ends was demonstrated (Scheme 2b). As the
first step, an iodine atom at the terminal end of 19 was
converted to a protected alkynyl group, which would be useful
for further functionalization, by a Sonogashira reaction to give
polymer 24. As the second step, biotin (25) was introduced to
a hydroxy group at the initiating end of 24 by a condensation
reaction using 1-(3-dimethylaminopropyl)-3-ethylcarbodii-
mide hydrochloride (EDC•HCl) to give 26 in good yield.11

■ CONCLUSION
We have developed a method for versatile terminal end
functionalization of poly(phenylacetylene)s by collaborating
rhodium-catalyzed conjugate addition to α,β-unsaturated
carbonyl compounds with living polymerization of phenyl-
acetylenes using a multicomponent catalytic system composed
of [Rh(nbd)Cl]2, aryl boronic acid derivatives, diphenylacety-

lene, 50% aqueous KOH, and PPh3. A variety of easily available
acrylates and acrylamides having functionalized groups were
quantitatively introduced to the terminal chain end of
poly(phenylacetylene)s having high cis stereoregularity and a
narrow molecular weight distribution. Since the initiating end
of poly(phenylacetylene)s is readily functionalized by the
component of aryl boronic acid derivatives, the present
controlled termination reaction consequently offers a method
for the facile synthesis of unprecedented telechelic poly-
(phenylacetylene)s. The method was applicable to other
phenylacetylene monomers having functional groups, and we
therefore anticipate that the broad scope of this method will
spark the development of novel functional materials based on
telechelic poly(phenylacetylene)s.
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amplification and helical-sense tuning by mono-and divalent metals
on dynamic helical polymers. Angew. Chem., Int. Ed. 2011, 50, 11692−
11696. (b) Freire, F.; Seco, J. M.; Quinñoa,́ E.; Riguera, R.
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(c) Hirose, D.; Isobe, A.; Quiñoa,́ E.; Freire, F.; Maeda, K. Three-state
switchable chiral stationary phase based on helicity control of an
optically active poly(phenylacetylene) derivative by using metal
cations in the solid state. J. Am. Chem. Soc. 2019, 141, 8592−8598.
(18) (a) Shimomura, K.; Ikai, T.; Kanoh, S.; Yashima, E.; Maeda, K.
Switchable enantioseparation based on macromolecular memory of a
helical polyacetylene in the solid state. Nat. Chem. 2014, 6, 429−434.
(b) Ishidate, R.; Shimomura, K.; Ikai, T.; Kanoh, S.; Maeda, K.
Macromolecular helicity induction and memory in a poly-
(biphenylylacetylene) bearing an ester group and its application to
a chiral stationary phase for high-performance liquid chromatography.
Chem. Lett. 2015, 44, 946−948. (c) Ishidate, R.; Sato, T.; Ikai, T.;
Kanoh, S.; Yashima, E.; Maeda, K. Helicity induction and memory
effect in poly(biphenylylacetylene)s bearing various functional groups
and their use as switchable chiral stationary phases for HPLC. Polym.
Chem. 2019, 10, 6260−6268.
(19) We did not use ortho-substituted phenylacetylenes as
monomers because the corresponding polymers obtained by

rhodium-catalyzed living polymerization are often insoluble in most
solvents, which makes their NMR and SEC analysis difficult.6c,11

(20) Kunishima, M.; Kawachi, C.; Monta, J.; Terao, K.; Iwasaki, F.;
Tani, S. 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-morpholinium
chloride: an efficient condensing agent leading to the formation of
amides and esters. Tetrahedron 1999, 55, 13159−13170.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://dx.doi.org/10.1021/jacs.1c00150
J. Am. Chem. Soc. 2021, 143, 3604−3612

3612

https://dx.doi.org/10.1016/S0020-1693(02)00907-6
https://dx.doi.org/10.1021/acsmacrolett.9b00975
https://dx.doi.org/10.1021/acsmacrolett.9b00975
https://dx.doi.org/10.1021/acsmacrolett.9b00975
https://dx.doi.org/10.1021/acsmacrolett.9b00975
https://dx.doi.org/10.1002/anie.202000361
https://dx.doi.org/10.1002/anie.202000361
https://dx.doi.org/10.1002/anie.202000361
https://dx.doi.org/10.1021/cr020007u
https://dx.doi.org/10.1021/cr020007u
https://dx.doi.org/10.1021/cr020022z
https://dx.doi.org/10.1021/cr020022z
https://dx.doi.org/10.1021/cr020022z
https://dx.doi.org/10.1039/b919762c
https://dx.doi.org/10.1039/b919762c
https://dx.doi.org/10.1039/B305771M
https://dx.doi.org/10.1039/B305771M
https://dx.doi.org/10.1039/B305771M
https://dx.doi.org/10.1039/B615473E
https://dx.doi.org/10.1039/B615473E
https://dx.doi.org/10.1039/B615473E
https://dx.doi.org/10.1016/j.progpolymsci.2010.10.002
https://dx.doi.org/10.1016/j.progpolymsci.2010.10.002
https://dx.doi.org/10.1002/anie.200603663
https://dx.doi.org/10.1002/anie.200603663
https://dx.doi.org/10.1002/anie.200603663
https://dx.doi.org/10.1021/ja061238b
https://dx.doi.org/10.1021/ja061238b
https://dx.doi.org/10.1021/ma702256r
https://dx.doi.org/10.1021/ma702256r
https://dx.doi.org/10.1002/anie.201105769
https://dx.doi.org/10.1002/anie.201105769
https://dx.doi.org/10.1002/anie.201105769
https://dx.doi.org/10.1021/ja3061112
https://dx.doi.org/10.1021/ja3061112
https://dx.doi.org/10.1021/jacs.9b03177
https://dx.doi.org/10.1021/jacs.9b03177
https://dx.doi.org/10.1021/jacs.9b03177
https://dx.doi.org/10.1021/jacs.9b03177
https://dx.doi.org/10.1038/nchem.1916
https://dx.doi.org/10.1038/nchem.1916
https://dx.doi.org/10.1246/cl.150299
https://dx.doi.org/10.1246/cl.150299
https://dx.doi.org/10.1246/cl.150299
https://dx.doi.org/10.1039/C9PY01425J
https://dx.doi.org/10.1039/C9PY01425J
https://dx.doi.org/10.1039/C9PY01425J
https://dx.doi.org/10.1016/S0040-4020(99)00809-1
https://dx.doi.org/10.1016/S0040-4020(99)00809-1
https://dx.doi.org/10.1016/S0040-4020(99)00809-1
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.1c00150?ref=pdf

