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ABSTRACT: Cis-transoidal poly(4ethynylbenzo-15-crown-5)2f prepared by the polymerization of'-4
ethynylbenzo-15-crown-5 with Rh(nbd)BPhas been used as a thermoresponsive material with a chiraifbn
switching property. In the circular dichroism (CD) spectrum2dh the presence of the perchloric acid salt of
L-phenylglycine (-Pgly-HCIO,) at —30 °C, a large Cotton effect with an intensity €f2.96 x 10* deg cn?

dmol~* was observed in the range from 300 to 550 nm corresponding to the absorption of the conjugated polymer
backbone, indicating thé formed the one-handed helical structure triggered by the-ttstst complexation

with L-Pgly-HCIO,. However, the induced CD (ICD) intensity significantly decreased with the increasing
temperature and almost completely disappeared &3 over. Furthermore, an alternate temperature modulation
between—30 and 30°C brought about the reversible opff switching of the ICD of2.

Introduction the helicity induction provides us with not only an easy method
The stimuli-responsive property in macromolecular and for the synthetic technique of the helical polymers but also a

supramolecular systems has a potential for use in a wide varietySt'mm".re.Sp(.)ns'Ve. property of the ICD. Since th's. dlscoyery,
of applications, such as switchesensorg, and molecular the hehcﬂy_mductlo_ns of a number of polymgrs W't.h various
machines including tweezetsshuttles? rotary motors, and types of binding sites have already been mvestlgé&t_e’é.
elevator$ Hence, expanding the limit and scope of the stimuli- However,. there are a f‘?W S.IUd'eS regardmg_the deS|gn_ and
responsive molecular system is always required. In addition, construction of a dual-stimuli-responsive helicity system; i.e.,

much attention has focused on the design and construction ofthe _chiroptical property of the macrom_olecular helicity preor-
the dual-stimuli-responsive molecular system in recent years, 92nized by the first external stimulus is tuned by the second

i 6
For example, de Silva et al. synthesized a compound consistingﬁ;ﬁgnagsém;lugﬁ ?ns Fnhixsar;:ggt;or &?Jy(g?i?glagig;ﬂeghe
of 10-cyanoanthracene as a fluorophore, a tertiary amine as % 9 Yy phenyl phosp group P ’

receptor targeting H and a benzo-15-crown-5 as a receptor elix inversion was acco_mplished bY changing the temperature
for Na, for which switching “on” of the fluorescence was only after the formation of the induced helical structure by the helicity

achieved by the simultaneous provision of these two cafions. induction techniq.ue, re.sulting n th.e inversipn of the sign of
Thus, this system operates as a molecular photonic AND logic the ICD, whose rllnversmndsystem IIS r_evﬂzgjs;qblydgpntrollﬁd by
gate based on fluorescent signaling, which has never beentéMperature as the second external stimtiitis addition, the
achieved for molecules capable of responding to just one kind on—off swnchlng system for the |nduced.hel|cal chirality is also
of external stimulus. Moreover, the molecular system with the one of the precise controll of the ICD,W'th the second external
stimuli-responsive property that is precisely tunable by another stimulus. Thus, of great importance is the development of an

kind of stimuli should be also categorized as a dual-stimuli- on—off switching system as \.Ne” as the Inversion system.
responsive one. Among the second external stimuli for controlling the ICD, a

Dynamic helical polymers are composed of alternating temperature change has a great advantage in the modulation

sequences of right- and left-handed helices separated by heIixg;f%ﬁstsh:i%?:sgntgnet;emm‘t)ﬁéa;ursete%:)ntr?clmiisssiﬁnt';ly dOOSeSSibIr:eOt
reversal points that move along the polymer main chain, and P Y : P 9 P

the population of the predominant one-handed helical sequencegxﬁgisr']b"g Iﬁ; g‘;vg;z Orfrflesr\:\t”g;r;knegi gg?ﬁiﬂi}eﬁe c?rcgi\?:\(l)vn
generally changes in response to external stifilifiis dynamic 9 P P

feature in the main chain conformation has been applied to theOff switching system for the induced helical polymer, which

. . . should also be a dual-stimuli-responsive system.
facile synthetic strategy of a one-handed helical polymer. o . . .
Yashima et al. developed a helicity induction, for which the For_ th? hell_cny !nd_u_ctlon, the size, shape, a_ujo! position of
one-handed helical conformation was induced into the main thg b'.n.d'ng site 5'9.“.”"3?‘”“V gffects the sensitivity and ap-
chain of an optically inactive polymer triggered by a complex pI|cab|I|_ty (.)f the_: h_eI|C|ty induction, so t_hat the precise design
formation with chiral small moleculeésThis complex exhibited ?k]: the bl_ndlngtsne IS tt;ebkeé/_to ac_c;ompiﬁh our purpotie. Arr]nong
a characteristic induced circular dichroism (ICD) in the absorp- € varous ypes of binding sites, the crown ether has a

tion region corresponding to the polymer backbone. Therefore, significant advantage in molecylar deS|gr] and synth‘é’sas,d
thus a number of polymers with a specially designed crown

ether as the binding site have been employed for the helicity
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Figure 1. Schematic illustration of the macromolecular helicity inductior2adriven by the hostguest complexation with an optically active
guest and the thermoresponsive-@if switching of an ICD based on the construction and collapse of the one-handed helical structure.

on the complex formation between the crown ether and chiral 310 HQ column (linear, 7.6 mm 300 mm) and a Shodex Asahipak
guest molecules, in which the polymer could respond to an GF-7M HQ column (linear, 7.6 mnx 300 mm) in DMF containing
extremely small amount of chiral guest molecules and formed lithium chioride (0.01 M) at a flow rate of 0.4 mL miA. The

a one-handed helical structui®.Additionally, we previously ~ number-average molecular weigtl{) and polydispersity Niu/
reported that a poly(pheny! isocyanate) bearing crown cavities Mn) of the polymer were calculated on the basis of a polystyrene

on the backbone. which was prepared by the cvclopolvmeriza- calibration. Circular dichroism (CD) spectra were measured ina 1
tion of the corréspondingx aﬁdiiF;ocyangte mgnorrFl)ery also mm path length using a Jasco J-720 spectropolarimeter. Preparation

. [ of the polymerization solution was carried out in an MBRAUN
formed the induced one-handed helical structure through the stainless steel glovebox equipped with a gas purification system
host-guest complexation with a chiral gué8t. For these  (molecular sieves and copper catalyst) under a dry argon atmosphere
polymers, their induced one-handed helical structures are stably(H,0, O, <1 ppm). The moisture and oxygen contents in the
organized over a wide temperature range, so that it should beglovebox were monitored by an MB-MO-SE 1 and an MB-OX-
difficult to realize the thermoresponsive enff switching of SE 1, respectively.

the ICD. In contrast, the ICD intensity of poly(phenylacetylene)  Polymerization. The polymerization oflL was carried out in a
bearing the aza-15-crown-5 pendants highly depended on thedry Schlenk flask under an argon atmosphere. In a glovebox (under
temperature probably because of the low complexation ability Moisture- and oxygen-free argon atmospherHd, < 1 ppm),

of aza-15-crown-5-ether toward guest catiétdVe considered ~ Rh(nbd)BPB (5.3 mg, 1Qumol) was weighed into a dry Schlenk
the relationships between the kind of blndlng site and the flask and dissolved in dry THF (21 mL) To the solution was added

- - a solution ofl in dry THF (0.33 mol %, 3.0 mL, 1.0 mmol). The
temperature dependence of the helical chirality that have beenconcentrations of the monomer and the rhodium catalyst were 0.2

reported so far and now found a helicity induction system .46 002 mol L1, respectively. After stirring at 25C for 24 h,
capable of completely controlling the construction and collapse the reaction was terminated by adding triphenylphosphine (16 mg,
of the induced helical structure by temperature. Hence, we now 62 ymol) and then poured into a large amount of diethyl ether.
report the present system as a novet-off switching system The precipitate was purified by reprecipitation with chloroform/

of induced helical chirality (Figure 1). diethyl ether and then dried in vacuo to give polyrfiers a yellow
powder. Yield, 0.25 g (83%M, = 2.5 x 10% M,/M, = 2.1.H
Experimental Section NMR (400 MHz, CDC}): 6 6.30 (m, 3H, aromatic), 5.76 (s, 1H,

=CH), 3.69 (m, 16H,—~CH,—).
CD Measurements.The concentration o2, which was calcu-

lated on the basis of the monomeric units, was 3.4 mmalfar
all measurements. The molar ratio of the chiral guests to the
monomeric units i was 1.0, except for the titration experiment.
A typical procedure is described as follows: A stock solutio of
(6.8 mmol L1) in chloroform/acetonitrile (1/1, v/v) was prepared
in a 5 mLflask, ard a 1 mLaliquot of the solution was transferred
to a 2 mLflask. I-PglyHCIO, (1.7 mg, 6.8umol) was added to

" the 2 mL flask. The solution was diluted with chloroform/

were prepared in accordance with a previous reBGRHF was aceto_nltrlle (1/1, viv) to 2 mL and then wgorousl_y shaken. After
dried over sodium benzophenone ketyl and then vacuum transferredloumm.’ the CD atnd U\I/ specttra V\(Iehre Theasurrefhil mmaquartz
from Cahb. Dry acetonitrile (purity>99.5%, water content0.005 cell using a spectropolanimeter with a thermostat.

vol %) and chloroform for the spectroscopy 99.0%) were
obtained from the Kanto Chemical and used without further
purification. Triphenylphosphine was available from Kanto Chemi-  po|y(4-ethynylbenzo-15-crown-5pf was synthesized by the
cal and used after recrystallization from dlchloromethane/dlethyl polymerization of 4ethynylbenzo-15-crown-5 using Rh(nbd)-
ether. 18-Crown-6 X98.0%) was purchased from Tokyo Kasei BPh. The molecular weight and polydispersity af were

Kolgr]é(t)rlj:n?(.e’nlt_;d:rﬁlzfll—; ;r?g% I\glzlj\lllplgrg[.)ectra were recorded using estimated to be 2.5 107 and 2.1, respectively. In thél NMR
a JEOL JNM-A400II instrument. The laser Raman spectra were spectrum of2, the signal at 5.76 ppm due to the main-chain

recorded using a JASCO NRS-1000. Size exclusion chromatographypromnS appeared along with those at 6.30 ppm due to ar(_)mat|c
(SEC) was performed at 4%C using a Jasco high-performance ~Protons and at 3.69 ppm due to the methylene protons in the
liquid chromatography (HPLC) system (PU-980 Intelligent HPLC crown ether moiety (see Supporting Information). On the basis
pump, CO-965 Column oven, RI-930 Intelligent RI detector, and of the sharpness and the region of the signal due to the main
Shodex DEGAS KT-16) equipped with a Shodex Asahipak GF- chain proton, it was found tha2 possessed a highly Ci%DV

Materials. 4'-Ethynylbenzo-15-crown-5 1§j*° and RHh(2,5-
norbornadiene)j{®-CsHs)B~(CgHs)s] (Rh(nbd)BPH)2® were syn-
thesized by previously reported method$2henylalaninel-Phe),
p-phenylalanine-Phe), and -leucine (-Leu) (>99.9% ee) were
purchased from the Peptide Institute, Inc. (Osaka, Japan).
Phenylglycine (-Pgly, >99%), L-valine (-Val, >99%), and
L-methionine (-Met, >99%) were obtained from the Kanto
Chemical Co., Ltd. (Tokyo, Japam-4-Hydroxyphenylglycinet-
Hpgly, >98%) was purchased from the Acros Organics (Geel
Belgium). The perchloric acid (HCIp salts of these amino acids

Results and Discussion
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Figure 2. CD and absorption spectra @ with L-Pgly-HCIO, in
chloroform/acetonitrile (1/1, v/v) at30, 20, and 40C ([monomeric
units in2] = 3.4 mmol L* and L-Pgly-HCIO/[monomeric units in
2] = 1.0).

Scheme 1. Synthesis of Poly(4thynylbenzo-15-crown-5) (2)
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Figure 3. Temperature dependence of thi#z}q values for the2/L-
Pgly-HCIO, system in chloroform/acetonitrile (1/1, v/v) in the tem-
perature range from30 to 40°C ([monomeric units ir?] = 3.4 mmol
L~* and [-Pgly-HCIO4)/[monomeric units in2] = 1.0).

change was also reversible. In particular, the change in the ICD
intensity in the temperature range frond to 15°C was quite
drastic. Additionally, it should be noted that the characteristic
CD spectrum completely disappeared at 3D or above,
indicating that equal amounts of right- and left-handed helical
sequences existed in the main chain2oh this temperature
range. Although a number of polymers with specially designed
binding sites have been employed for the helicity induction,
such a drastic temperature dependence and an |CEBoffn
switching are hardly observed for the polymers with the induced
helical structuré? Hereafter, we would like to focus on the
elucidation of the ICD temperature dependencefor

First, the helicity induction oR in the presence of various
HCIO, salts of amino acids was examined in order to confirm
the importance of the chirality of the guest molecules (Table

was also strongly supported by the characteristic peaks at 15541). polymer2 exhibited an ICD through the complex formation

and 1336 cm® due to the cis structure in the laser Raman
spectrum of2 (see Supporting Information).

We examined the potential of the macromolecular helicity
induction in2 driven by the hostguest interaction with chiral
guests. Figure 2 shows the circular dichroism (CD) and
absorption spectra ¢f at —30, 20, and 40C in the presence
of the L-Pgly-HCIO, as the chiral guest. The CD spectrum of
the 2/L-Pgly-HCIO,4 system at 20°C showed a characteristic
induced CD (ICD), i.e., a split-type Cotton effect, in the range
from 300 to 550 nm corresponding to the absorption of the

with the HCIQ, salts of every amino acid. As we expected, the
sign of the Cotton effect was reflected in the absolute config-
uration of the amino acid, suggesting that the chirality of the
guest molecules was the driving force for controlling the helical
sense oR. In addition, the ICD intensity of the/L.-PheHCIO,4
system decreased with the increasing temperature in a manner
similar to that of the2/L-Pgly-HCIO,4 system and reached zero

at 30°C (see Supporting Information). Hence, the structure of
the chiral guest was not the most important factor for bringing
about the ICD or-off switching property of2.

conjugated polymer backbone. Therefore, this result clearly Previously, Green et al. reported that the optical activity of
indicated tha® formed a helical structure with an excess single the helical polyisocyanate drastically changed by changing the
screw sense triggered by the hegtiest complexation with  temperature, and this change was caused by aggregation of the
L-Pgly-HCIO,. However, the ICD magnitude was relatively low  polymer chaing® Hence, we performed the CD measurements

in comparison with that for other helicity induction systetn®
Hence, it is suggested that the induced helical structugiof

of 2 over a wide range of concentrations from 0.01 to 0.44% in
order to confirm the aggregation behaviorofHowever, for

this condition does not consist of the completely one-handed any concentration, the temperature effect was similar to that

helical sense. In contrast, in the CD spectrun @it —30 °C,

shown in Figure 3, indicating that the ICD temperature

an incomparably intense ICD was observed without changing dependence & was not ascribed to the aggregation. Therefore,

the spectrum pattern, indicating that the main chaig af—30

we concluded that the drastic temperature dependence and the

°C formed more stably organized one-handed helical structure on—off switching of ICD of 2 was caused by the significant

than that at 20C.
Hence, the helicity induction o2 at various temperatures

change in the population of the predominant one-handed helical
sequences by changing the temperature through a reversible

was examined in order to clarify the temperature effect on the helix—helix transition that was characteristic of dynamic helical

helicity induction of 2. Figure 3 shows the temperature

dependence of the molar ellipticity value for the second Cotton

effect ([#]2ng) in the CD spectra of with L-Pgly-HCIO, in
chloroform/acetonitrile (1/1, v/iv). The ICD intensity ¢

significantly increased with the decreasing temperature, and thisexperiment of thef]2nq values for the2/L-Pgly-HCIO, system

polymers.

With respect to the reason arising from the drastic temperature
dependence of the ICD intensity, the complexation abilitp of
should be considered. Thus, we carried out the titration

Ccbv
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Table 1. Cotton Effect Intensities for the ICD of 2 in the Presence of Perchloric Acid Salts of Amino Acids

first Cotton

second Cotton third Cotton

[6] x 1074 [6] x 1074 [6] x 1074
amino acid (deg cn? dmol1) A (nm) (deg cn? dmol1) A (nm) (deg cn? dmol1) A (nm)
L-Pgly —0.99 450 +2.96 388 -1.61 343
L-Phe —0.80 448 +2.79 388 —1.50 342
p-Phe +0.79 448 —2.73 387 +1.47 343
L-Leu —-0.83 447 +2.93 387 —1.66 343
L-Val —0.68 449 +2.65 387 —-1.62 343
L-Met —0.93 449 +2.99 388 -1.61 343
b-Hpgly +1.06 450 —3.02 388 +1.55 342

a CD measurements @fin the presence of perchloric acid salts of amino acids were performed in chloroform/acetonitrile (1/180)°& ([monomeric

units in 2] = 3.4 mmol L™ and [guest)/[monomeric units i#] = 1.0).
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Figure 4. Titration curve of the §]2nq values. CD measurements f
with L-Pgly-HCIO, were performed in chloroform/acetonitrile (1/1, v/v)
at—30 and 15°C (J[monomeric units ir?] = 3.4 mmol L"* and L-Pgly-
HCIO4)/[monomeric units in2] = 0.2—-10).

at 15 and—30 °C in order to evaluate the influence of
temperature upon the hesguest complexation ¢, as shown
in Figure 4. The intensity of the ICD at30 °C linearly
increased with the increasing amount i.6Pgly-HCIO, and
reached a maximum value, i.6:2.96 x 10* deg cn? dmol,
when the molar ratio of-Pgly-HCIO,4 to the monomeric units
in 2was 1.0. However, further addition ofPgly-HCIO,4 brought

—_— [ w
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BERR

abcbcbcbcbe
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Figure 5. Plots of the §].nq values of2 upon continuous external
stimuli. The first plot is the §].nq value for the solution of2 in
chloroform/acetonitrile (1/1, v/v) at 38C ([monomeric units ir] =
3.4 mmol LY. The stimuli (a-c) represent the addition of 1.0 equiv
of L-Pgly-HCIO, relative to2 at 30°C (a), changing temperature to
—30 °C (b), and changing temperature to 3D (c).

5. The characteristic ICD d? did not appear by only adding
1.0 equiv ofL-Pgly-HCIO4 at 30°C (a in Figure 5). Subse-
quently, the temperature change from 3680 °C (b in Figure

5) caused the full ICD to occur, which disappeared by changing
temperature to 36C once more (c in Figure 5). Additionally,

a further alternate temperature modulation betwe&® and

about a decrease in the ICD magnitude. The reason for this result80 °C brought about the appearance and disappearance,

is not clear at present, while a similar behavior has been
observed in the helicity induction system of poly(phenylacety-
lene) bearing aza-15-crown-5 ether pendafts.

For the titration curve at 1%C, the maximum ICD value of
+0.50 x 10* deg cn? dmol~! was observed at 2.0 equiv of
L-Pgly-HCIO, relative to the monomeric units & In addition,
the ICD intensity decreased with the further addition-&fgly-
HCIO4 in a manner similar to that at30 °C and could never
reach the high intensity that was observed in the titration
experiment at—30 °C. This suggested that the hesfuest
complexation ability of2 should significantly depend on the

respectively, of the ICD without a significant decrease in the
magnitude of the full ICD. Therefore, the eoff switching of

the ICD of 2 should be repeatable many times by the temper-
ature modulation.

The addition ofL-Pgly-HCIO, as the chiral guest is the
essential driving force for forming the one-handed helical
structure, as described earlier. Thus, we also examined the on
off switching of the ICD on the basis of the doping/undoping
process of the chiral guest. The characteristic ICD ofzhe
Pgly-HCIO, system at-30 °C almost completely disappeared
by the addition of 2.0 equiv of 18-crown-6, which is a host

temperature. In previous papers regarding the guest bindingcapable of binding-Pgly-HCIO, more strongly thar? (Figure

ability of 2, we have clarified that two crown ether rings2n

6A). Moreover, the ICD was recovered by the further addition

cooperatively combine with a single guest cation, and thus the of 2.0 equiv ofL-Pgly-HCIO, relative to2, though the complete

complexation ability oR is attributed to the 2:1 crowncation
complex rather than the 1:1 compl&For the 2:1 crown
cation complex formation, the conformational change in the
main chain significantly affects the binding ability because the
distance, direction, and position of the two crown ether rings,
which are the most important factor for forming the 2:1 crewn
cation complex, entirely depend on the main-chain conformation.
Therefore, the change in the mobility of the main chain on the

basis of the temperature change significantly influences the

binding ability, in sharp contrast to the 1:1 complex, leading to
the drastic temperature dependence of the ICI. of

To estimate whether the emff switching of ICD is
repeatable or not, we carried out the CD measuremeng of
with continuously applied external stimuli, as shown in Figure

recovery of the ICD intensity was not accomplished (Figure
6B). It should be noted that both the temperature modulation
and the doping/undoping process of the chiral guest could
control the on-off switching of the ICD of 2. Therefore,
polymer2 could also possibly to be applied as a dual-stimuli-
responsive material.

Conclusions

We have demonstrated the -eaff switching of induced
circular dichroism (ICD) for a cis-transoidal poly(phenylacety-
lene) bearing crown ether pendar®, To the best of our
knowledge, this is the first report describing the thermorespon-
sive on-off switching of an ICD. For this reversible switching
system, a precise temperature modulation is not required be&&BJ\S/s
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Figure 6. CD spectral changes @ upon the addition of 18-crown-6
(0.5-2.0 equiv to monomeric units ) to the2/L-Pgly-HCIO, system

(A) and a further addition ofL-Pgly-HCIO, (0.5-2.0 equiv to
monomeric units irR) to the 2/L-Pgly-HCIO,/18-crown-6 system (B).
CD measurements were performed in chloroform/acetonitrile (1/1, v/v)
at—30°C. Concentrations of monomeric units2ZrandL-Pgly-HCIO,

in the initial condition are 3.4 and 3.4 mmolt, respectively.

the on-off switching of the ICD depends on only whether the
temperature is lower than 3€C. In addition, the oroff

switching is realized around room temperature. Thus, these
features oR have a great advantage for use as a thermorespon-

sive on-off switching system. For the construction of such an
induced one-handed helical structure2oft was essential that

both the presence of a suitable guest molecule and temperature

control were simultaneously satisfied. Therefore, the helicity
induction system o2 should be a novel type, and we expected

that this system should be utilized for not only thermoresponsive

on—off switching systems but also more complicated or rather

Macromolecules, Vol. 39, No. 12, 2006
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