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Abstract: A series of novel phenylacetylenes bearing optically active cyclodextrin (CyD) residues such as
o-, -, and y-CyD and permethylated -CyD residues as the pendant groups was synthesized and
polymerized with a rhodium catalyst to give highly cis—transoidal poly(phenylacetylene)s, poly-1a, poly-
2f3, poly-3y, and poly-2-Me, respectively. The polymers exhibited an induced circular dichroism (CD) in
the UV-—visible region of the polymer backbones, resulting from the prevailing one-handed helical
conformations. The Cotton effect signs were inverted in response to external chiral and achiral stimuli,
such as temperature, solvent, and interactions with chiral or achiral guest molecules. The inversion of the
Cotton effect signs was accompanied by a color change due to a conformational change, such as inversion
of the helicity of the polymer backbones with a different twist angle of the conjugated double bonds, that
was readily visible with the naked eye and could be quantified by absorption and CD spectroscopies. The
dynamic helical conformations of poly-2# showing opposite Cotton effect signs in different solvents could
be further fixed by intramolecular cross-linking between the hydroxy groups of the neighboring 5-CyD units
in each solvent. The cross-link between the pendant CyD units suppressed the inversion of the helicity;
therefore, the cross-linked poly-2fs showed no Cotton effect inversion, although the polymer backbones
were still flexible enough to alter their helical pitch with the same handedness, resulting in a color change
depending on the degree of intramolecular cross-linking.

Introduction tion with specific guestsitheir color changes are ascribed to a
change in their effective-conjugation lengths of the polymer
backbones or a conformational change due to supramolecular
m-stacked aggregations.

Recently, we reported a conceptually new colorimetric
detection system based on a unique helical macromolecule
consisting of a chromophoric polyacetylene backbone and a
g-cyclodextrin (CyD) as the side group (pad#in Scheme 1),
which exhibited a visible color change due to a change in the

twist angle of the conjugated double bonds induced by inclusion

The development of molecular sensors for the direct colori-
metric detection of achiral and chiral chemical species, in
particular organic neutral molecules including enantiomers, as
well as solvent polarity and temperature has recently been
attracting significant interest with implications for their potential
applications in chiral and sensing material& number of
receptor molecules and supramolecules have been develope
for this purposé In general, they have employed dyes,
transition metals, or chromophoric macrocycles as color indica-
fors compined with seleciive binding components for target () £orecen exames o caere Secson s, ses, () v H:
guests: z-Conjugated polymers also exhibit a color change Lee, D. H.; Lee, K. H.; Hong, J.-Drg. Lett.2001, 3, 5-8. (c) Miyaji, H.;
in response to external physical and chemical stifraiich as Sessler, J. LAngew. Chemnt. Ed. 2001 40, 154-157. (d) Sancem
temperature, light, pH, and solvent composifion by interac-

F.; Descalzo, A. B.; Marhez-Mdiez, R.; Miranda, M. A.; Soto, JAngew.
Chem, Int. Ed. 2001, 40, 2640-2643. (e) Tsubaki, K.; Hayashi, N.;
Nuruzzaman, M.; Kusumoto, T.; Fuji, KOrg. Lett.2001, 3, 4067-4069.
(f) Wiskur, S. L.; Anslyn, E. V.J. Am. Chem. SoQ001, 123 10109~
10110. (g) Yamaguchi, S.; Akiyama, S.; Tamao, X.Am. Chem. Soc.
2001, 123 11372-11375. (h) Mizuno, T.; Wei, W.-H.; Eller, L. R.; Sessler,
J. L.J. Am. Chem. So@002 124, 1134-1135. (i) Piatek, P.; Jurczak, J.
Chem. Commur2002 2450-2451. (j) Han, M. S.; Kim. D. HAngew.
Chem, Int. Ed.2002 41, 3809-3811. (k) Sessler, J. L.; Maeda, H.; Mizuno,
T.; Lynch, V. M.; Furuta, HJ. Am. Chem. So@002 124, 13474-13479.

T Nagoya University.
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(1) For reviews, see: (a)lo, H.-G.; Vagtle, F.Acc. Chem. Red.985 18,
65—72. (b) Takagi, M.; Nakamura, H. Coord. Chem1986 15, 53—82.
(c) Vogtle, F.; Knops, PAngew. Chem.Int. Ed. Engl.1991, 30, 958—
960. (d) Naemura, K.; Tobe, Y.; Kaneda,Joord. Chem. Re 1996 148

199-219. (e)Chemosensors of lon and Molecule Recognijtidasvergne,

J. P., Czarnik, A. W., Eds.; Kluwer Academic Publishers: Dordrecht, The
Netherlands, 1997. (f) Kubo, YSynlett1999 161-174. (g) Robertson A.;
Shinkai, S.Coord. Chem. Re 200Q 205 157-199. (h) Wiskur, S. L.;
Ait-Haddou, H.; Lavigne, J. J.; Anslyn, E. VAcc. Chem. Re001, 34,
963-972. (i) Martnez-Mdiez, R.; Sancemg F. Chem. Re. 2003 103
4419-4476. (j) Mohr, G. JChem—Eur. J.2004 10, 1082-1090.

10.1021/ja060858+ CCC: $33.50 © 2006 American Chemical Society

() Sancena, F.; Martnez-Mdiez, R.; Miranda, M. A.; Seduv.-J.; Soto,
J.Angew. ChemlInt. Ed.2003 42, 647—650. (m) Zyryanov, G. V.; Kang,
Y.; Rudkevich, D. M.J. Am. Chem. So2003 125 2997-3007. (n)
Vazquez, M.; Fabbrizzi, L.; Taglietti, A.; Pedrido, R. M.; GdteaNoya,
A. M.; Bermejo, M. R.Angew. ChemInt. Ed.2004 43, 1962-1965. (0)
Nishiyabu, R.; Anzenbacher, P., Jt. Am. Chem. So005 127, 8270~
8271.

J. AM. CHEM. SOC. 2006, 128, 7639—7650 = 7639



ARTICLES Maeda et al.

Scheme 1. Synthesis and Structures of Poly(phenylacetylene)s Bearing CyD Pendants
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complexation with neutral, chiral, and achiral guest molecules absorption region of the polymer backbone, suggesting a
into the chiral cyclodextrin cavity as well as by solvent and dramatic conformational change such as inversion of the helicity
temperaturé. This peculiar visual distinction of molecular of the polymer backbone (Figure 1A)Up to now, several
recognition events that occurred at the remote side chain wasbiologicaP and synthetic polymets1tand supramoleculé&are
accompanied by the inversion of Cotton effect signs in the long known to exhibit the inversion of helicity (helixhelix transi-
tion) regulated by external achiral stimuli, such as a change in

HO” "0 HN" O

m R
2 H poly(CPAg 1-co-28 )

(3) For leading references of colorimetric detection of organic molecules, see:

4

7640 J. AM. CHEM. SOC.

=

(a) Ueno, A.; Kuwabara, T.; Nakamura, A.; Toda,Nature 1992 356,
136-137. (b) Bell, T. W.; Hou, Z.; Luo, Y.; Drew, M. G. B.; Chapoteau,
E.; Czech, B. P.; Kumar, ASciencel995 269, 671-674. (c) Fuji, K.;
Tsubaki, K.; Tanaka, K.; Hayashi, N.; Otsubo, T.; Kinoshita,JTAm.
Chem. Socl999 121, 3807-3808. (d) Rakow, N. A.; Suslick, K. Slature
200Q 406, 710-713. (e) Sancemy F.; Descalzo, A. B.; Maniez-Mdiez,
R.; Miranda, M. A.; Soto, JAngew. Chem.Int. Ed. 2001, 40, 2640~
2643. (f) Ait-Haddou, H.; Wiskur, S. L.; Lynch, V. M.; Anslyn, E. \d.
Am. Chem. So2001, 123 11296-11297. (g) He, M.; Johnson, R. J,;

Escobedo, J. O.; Beck, P. A.; Kim, K. K.; St. Luce, N. N.; Davis, C. J.;
Lewis, P. T.; Fronczek, F. R.; Melancon, B. J.; Mrse, A. A.; Treleaven,

W. D.; Strongin, R. M.J. Am. Chem. So2002 124, 5000-5009. (h)
Zhong, Z.; Anslyn, E. V.J. Am. Chem. SoQ002 124, 9014-9015. (i)
Mertz, E.; Zimmerman, S. Cl. Am. Chem. So@003 125 3424-3425.
() Rusin, O.; St. Luce, N. N.; Agbaria, R. A.; Escobedo, J. O.; Jiang, S
Warner, I. M.; Dawan, F. B.; Lian, K.; Strongin, R. M. Am. Chem. Soc.
2004 126, 438-439. (k) Maue, M.; Schrader, Angew. Chemnt. Ed.
2005 44, 2265-2270. (1) Buryak, A.; Severin, KI. Am. Chem. So@005
127, 3700-3701.

For colorimetric chiral recognition, see: (a) Misumi,Fire Appl. Chem.
199Q 62, 493-498. (b) Nishi, T.; Ikeda, A.; Matsuda, T.; Shinkai, B.
Chem. So¢.Chem. Commuri991, 339-341. (c) Yamamoto, K.; Isoue,
K.; Sakata, Y.; Kaneda, T1. Chem. So¢.Chem. Communl992 791—
793. (d) Kubo, Y.; Maeda, S.; Tokita, S.; Kubo, Mature 1996 382,
522-524. (e) Kubo, Y.; Maeda, S.; Tokita, S.; Kubo, Enantiomerl997,

2, 287-292. (f) Weingarten, M. D.; Sekanina, K.; Still, W. &.Am. Chem.
Soc.1998 120 9112-9113. (g) Hirose, K.; Ogasahara, K.; Nishioka, K.;
Tobe, Y.; Naemura, KJ. Chem. So¢Perkin Trans. 200Q 1984-1993.
(h) Korbel, G. A.; Lalic, G.; Shair, M. DJ. Am. Chem. So@001, 123
361-362. (i) van Delden, R. A.; Feringa, B. lAngew. Chem.nt. Ed.
2001, 40, 3198-3200. (j) Tsubaki, K.; Nuruzzaman, M.; Kusumoto, T.;
Hayashi, N.; Bin-Gui, W.; Fuji, KOrg. Lett. 2001, 3, 4071-4073. (k)

Huang, J.; Egan, V. M.; Guo, H.; Yoon, J.-Y.; Briseno, A. L.; Rauda, I.

E.; Garrell, R. L.; Knobler, C. M.; Zhou, F.; Kaner, R. Bdv. Mater.
2003 15, 1158-1161. (I) Manesiotis, P.; Hall, A. J.; Emgenbroich, M.;
Quaglia, M.; Lorenzi, E. D.; Sellergren, Bhem. Commur2004 2278-
2279. (m) Eelkema, R.; van Delden, R. A.; Feringa, BAbhgew. Chem.
Int. Ed. 2004 43, 5013-5016. (n) Zhu, L.; Zhong, Z.; Anslyn, E. \.
Am. Chem. Soc2005 127, 4260-4269. (o) Tsubaki, K.; Tanima, D.;
Nuruzzaman, M.; Kusumoto, T.; Fuji, K.; Kawabata, J..Org. Chem.
2005 70, 4609-4616. (p) Folmer-Andersen, J. F.; Lynch, V. M.; Anslyn,
E. V. J. Am. Chem. So005 127, 7986-7987.
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(5) For reviews, see: (a) Swager, T. Wcc. Chem. Re4.998 31, 201—207.
(b) Okada, S.; Peng, S.; Spevak, W.; CharychAbc. Chem. Red.998
31, 229-239. (c) Englebienne, B. Mater. Chem1999 9, 1043-1054.
(d) McQuade, D. T.; Pullen, A. E.; Swager, T. l@hem. Re. 200Q 100,
2537-2574. (e) Jelinek, R.; Kolusheva, Biotech. Ad. 2001, 19, 109~
118. (f) Leclerc, M.; Ho, H.-A.Synlett2004 380-387. (g) Zheng, J.;
Swager, T. MAAdv. Polym. Sci2005 177, 151-179.
(6) (a) Jonas, U.; Shah, K.; Norvez, S.; Charych, D.JHAm. Chem. Soc.
1999 121, 4580-4588. (b) Song, J.; Cisar, J. S.; Bertozzi, C.JRAm.
Chem. Soc2004 126, 8459-8465. For reviews, see: (c) RoncaliChem.
Rev. 1992 92, 711-738. (d) Kim, M. S.; Levon, K.Macromol. Symp.
1997 116, 73—104. (e) Bunz, U. H. FChem. Re. 2000 100, 1605~
1644. (f) Hoeben, F. J. M.; Jonkheijm, P.; Meijer, E. W.; Schenning, A. P.
H. J.Chem. Re. 2005 105, 1491-1546.
For colorimetric detection of ions by-conjugated polymers, see: (a)
McCullough, R. D.; Ewbank, P. C.; Loewe, R.B.Am. Chem. S0d997,
119 633-634. (b) Kolusheva, S.; Shahal, T.; Jelinek, RAm. Chem.
Soc.200Q 122 776-780. (c) Aldakov, D.; Anzenbacher, P., Jr. Am.
Chem. Soc2004 126, 4752-4753. For colorimetric detection of specific
guest molecules by-conjugated polymers, see: (d) Charych, D. H.; Nagy,
J. O.; Spevak, W.; Bednarski, M. [Bciencel993 261, 585-588. (e)
Okada, S. Y.; Jelinek, R.; Charych, Bngew. Chem.nt. Ed. 1999 38,
655-659. (f) Kolusheva, S.; Kafri, R.; Katz, M.; Jelinek, R.Am. Chem.
Soc.2001, 123 417-422. (g) Ho, H.-A.; Boissinot, M.; Bergeron, M. G;
Corbeil, G.; DofeK.; Boudreau, D.; Leclerc, MAngew. Chemlnt. Ed.
2002 41, 1548-1551. (h) Cho, J.-T.; Woo, S.-M.; Ahn, D. J.; Ahn, K.-
D.; Lee, H.; Kim, J.-M.Chem. Lett2003 32, 282-283.
(8) Yashima, E.; Maeda, K.; Sato, @. Am. Chem. So2001, 123 8159~
8160
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(9) (a) Bradbury, E. M.; Carpenter, B. G.; Goldman,Biopolymersl968§ 6,
837-850. (b) Overberger, C. G.; David, K.-#lacromoleculesl972 5,
373-377. (c) Pohl, F. M.; Jovin, T. MJ. Mol. Biol. 1972 67, 375-396.
(d) Toriumi, H.; Saso, N.; Yasumoto, Y.; Sasaki, S.; UematsBplym. J.
(Tokyo)1979 11, 977-981. (e) Ciardelli, F.; Pieroni, O.; Fissi, A.; Carlini,
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1996 29, 7084-7088. (g) Mahadevan, S.; Palaniandavar, ®hem.
Commun1996 2547-2548. (h) Mao, C.; Sun, W.; Shen, Z.; Seeman, N.
C. Nature 1999 397, 144-146. (i) Tashiro, R.; Sugiyama, HAngew.
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Figure 1. Schematic illustrations of a possible conformational change of
poly-1a, -2, -3y, and 23-Me accompanied by a visible color change and
inversion of the Cotton effect sign.

pH, temperature, solvent, salt concentration, or by irradiation
with light. These switchable helical materials have potential
applications in data storage, optical devices, and liquid crystals
for displays, but switching of the macromolecular and supramo-
lecular helicity by chiral stimuli still remains rafed.4811d

macromolecular helicity inversion were then investigated by
means of absorption and circular dichroism (CD) spectroscopies.
Although we previously proposed the inversion of helicity
of the poly2f backbone as a plausible conformational change
for the visual color change by external stimuli based on the
Cotton effect inversion together with the calculation results of
a model polyme#,there may be another possibility to explain
the changes in the CD patterns; that is a change in the helical
pitch of poly2f with the same-handedness rather than the helix
inversion (Figure 1B). This possibility could not be ruled out.
To obtain more direct evidence for inversion of the helicity,
the dynamic helical conformations of po# showing opposite
Cotton effect signs in different solvents were fixed by intramo-
lecular cross-linking between the hydroxy groups of the
neighborings-CyD units in each solvent, and changes in their
chiroptical properties after cross-linking were investigated in
detail. We anticipated that the intramolecular cross-linking

although such chiral materials can be used to sense the chiralityVoUld suppress conformational changes in the polymer back-

of chiral guests.

The present work is concerned with the mechanism of the
visible color change of pol2g, with respect to the inversion
of helicity of the polymer backbone during changes in the Cotton
effect signs. A series of stereoregular helical poly(phenylacety-
lene)s bearingyx-, -, and y-CyD and permethylate@-CyD
residues as the pendants (paly; poly-2f, poly-3y, and poly-

bones to fix the helix-senses in each solvent. On the basis of
these results, the origin of the inversion of the Cotton effect
signs of CyD-bound helical poly(phenylacetylene)s by external
stimuli accompanied by a visible color change was discussed.

Results and Discussion

Synthesis and Polymerization of Phenylacetylenes Bearing

2B-Me, respectively; Scheme 1) was synthesized. The effects CYD Pendants and Structural Characteristics of the Poly-

of the ring size of the CyD pendants and the hydroxy groups in
the 5-CyD unit on their chiroptical properties including the

(10) For reviews, see: (a) Okamoto, Y.; NakanoChem. Re. 1994 94, 349—
372. (b) Green, M. M.; Park, J.-W.; Sato, T.; Teramoto, A.; Lifson, S.;
Selinger, R. L. B.; Selinger, J. VAngew. ChemlInt. Ed.1999 38, 3138-
3154, (c) Fujiki, M.Macromol. Rapid Commur2001, 22, 539-563. (d)
Yashima, EAnal. Sci2002 18, 3—6. (e) Nomura, R.; Nakako, H.; Masuda,
T. J. Mol. Catal. A: Chem2002 190, 197—-205. (f) Fujiki, M.; Koe, J.
R.; Terao, K.; Teramoto, A.; Watanabe, Bolym. J. (TokyoR003 35,
297-344. (g) Yashima, E.; Maeda, K.; Nishimura,Ghem—Eur. J.2004
10, 43-51.

(11)
K. Chem. Lett199], 525-528. (b) Maxein, G.; Zentel, RMacromolecules
1995 28, 8438-8440. (c) Maeda, K.; Okamoto, ¥lacromolecule4998
31, 5164-5166. (d) Yashima, E.; Maeda, Y.; Okamoto, J.Am. Chem.
So0c.1998 120, 8895-8896. (e) Langeveld-Voss, B. M. W.; Christiaans,
M. P. T.; Janssen, R. A. J.; Meljer, E. Macromolecule4998 31, 6702
6704, (f) Hino, K.; Maeda, K.; Okamoto, YJ. Phys. Org. Chen00Q
13, 361-367. (g) Cheon, K. S.; Selinger, J. V.; Green, M. Kngew.
Chem, Int. Ed. 200Q 39, 1482-1485. (h) Fujiki, M.J. Am. Chem. Soc.
200Q 122 3336-3343. (i) Fujiki, M.; Koe, J. R.; Motonaga, M.;
Nakashima, H.; Terao, K.; Teramoto, . Am. Chem. So001, 123
6253-6261. (j) Nakako, H.; Nomura, R.; Masuda,Macromolecule2001,

34, 1496-1502. (k) Teramoto, A.; Terao, K.; Terao, Y.; Nakamura, N.;
Sato, T.; Fujiki, M.J. Am. Chem. So2001, 123 12303-12310. (I) Cheuk,
K.K.L.;Lam,J. W.Y.; Chen, J.; Lai, L. M.; Tang, B. Zacromolecules
2003 36, 5947-5959. (m) Cheuk, K. K. L.; Lam, J. W. Y.; Lai, L. M.;
Dong, Y.; Tang, B. ZMacromolecule®003 36, 9752-9762. (n) Maeda,
K.; Morino, K.; Yashima, EJ. Polym. Scj.Part A: Polym. Chem2003

41, 3625-3631. (0) Morino, K.; Maeda, K.; Yashima, Elacromolecules
2003 36, 1480-1486. (p) Ohira, A.; Kunitake, M.; Fujiki, M.; Naito, M.;
Saxena, AChem. Mater2004 16, 3919-3923. (q) Tabei, J.; Nomura,
R.; Sanda, F.; Masuda, ™acromolecules2004 37, 1175-1179. (r)
Maeda, K.; Kamiya, N.; Yashima, EChem—Eur. J. 2004 10, 4000
4010. (s) Miyagawa, T.; Furuko, A.; Maeda, K.; Katagiri, H.; Furusho, Y.;
Yashima, EJ. Am. Chem. So2005 127, 5018-5019. (t) Lam J. W. Y.;
Tang, B. Z.Acc. Chem. Re005 38, 745-754. (u) Tabei, J.; Nomura,
R.; Shiotsuki, M.; Sanda, F.; Masuda, Macromol. Chem. Phy2005
206, 323-332. (v) Sanda, F.; Terada, K.; MasudaMacromolecule2005

38, 8149-8154. (w) Otsuka, I.; Sakai, R.; Satoh, T.; Kakuchi, R.; Kaga,
H.; Kakuchi, T.J. Polym. Scj.Part A: Polym. Chem2005 43, 5855—
5863.

(12) (a) Koumura, N.; Zijlstra, R. W. J.; van Delden, R. A.; Harada, N.; Feringa,
B. L. Nature 1999 401, 152-155. (b) Zahn, S.; Canary, J. Vcience
200Q 288 1404-1407. (c) Barcena, H. S.; Holmes, A. E.; Zahn, S.; Canary,
J. W.Org. Lett.2003 5, 709-711. (d) Miyake, H.; Yoshida, K.; Sugimoto,
H.; Tsukube, HJ. Am. Chem. So004 126, 6524-6525. (e) Fletcher,
S. P.; Dumur, F.; Pollard, M. M.; Feringa, B. Bcience2005 310, 80—

82. (f) Miyake, H.; Sugimoto, H.; Tamiaki, H.; Tsukube, KChem.
Commun2005 4291-4293.

For leading references, see: (a) Okamoto, Y.; Nakano, T.; Ono, E.; Hatada,

mers. Four optically active phenylacetylenes bearing CyD
pendants, such as- (1), 8- (26), y-CyD (3y), and perm-
ethylated3-CyD (26-Me), were prepared as outlined in Scheme
1. The reaction of 4-ethynylbenzoyl chloride with the monoamino-
CyD derivatives,a-CyD-NH,, f-CyD-NHjy, v-CyD-NH,, and
Mef-CyD-NH,, which had been prepared from the correspond-
ing CyDs according to the literature methtdffordedla, 28,

3y, and2$-Me in good yields, respectively. The polymerization
was performed with a rhodium catalyst, [Rh(nbd)}Zf]in the
presence of triethylamine, giving high molecular weight;—cis
transoidal poly(phenylacetylene)s. The polymerization results
are summarized in Table 1.

The polymerization in DMF proceeded rapidly and homo-
geneously, yielding high molecular weight polymers with low
molecular weight oligomers except fgf-Me (run 6 in Table
1), as evidenced by the size exclusion chromatography (SEC)
measurements, which could be removed by reprecipitation
(Table 1 and Supporting Information). On the other hand, the
polymerization in DMSO and pyridine (runs 2 and 3 in Table
1, respectively) gave low molecular weight polymers and
oligomers.

The stereoregularity of the polymers was investigatedtby
NMR4215and Raman spectroscopi€s,’and all the polymers
were found to possess a highly eisansoidal structure (Figures
S1 and S2 in Supporting Information). The obtained—cis

(13) (a) Ueno, A.; Tomita, Y.; Osa, TChem. Lett.1983 1635-1638. (b)
Hamada, F.; Murai, K.; Ueno, A.; Suzuki, |.; Osa, Bull. Chem. Soc.
Jpn. 1988 61, 3758-3760. (c) Hamasaki, K.; Ikeda, H.; Nakamura, A.;
Ueno, A.; Toda, F.; Suzuki, I.; Osa, J.Am. Chem. S04993 115, 5035-
5040. (d) Chen, Z.; Bradshaw, J. S.; Lee, M.Tletrahedron Lett1996
37, 6831-6834. (e) Zhang, L.; Wong, Y. C.; Chen, L.; Ching, C. B.; Ng,
S.-C.Tetrahedron Lett1999 40, 1815-1818.

(14) (a) Furlani, A.; Napoletano, C.; Russo, M. V.; Feast, WPdlym. Bull.
1986 16, 311-317. (b) Furlani, A.; Napoletano, C.; Russo, M. V.; Camus,
A.; Marsich, N.J. Polym. Scj.Part A: Polym. Chem1989 27, 75—-86.
(c) Tabata, M.; Yang, W.; Yokota, KRolym. J. (Tokyo}l99Q 22, 1105~
1107. (d) Tabata, M.; Yang, W.; Yokota, B. Polym. Scj.Part A: Polym.
Chem.1994 32, 1113-1120.
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Table 1. Polymerization of Phenylacetylenes Bearing CyD Pendants with [Rh(nbd)ClI], at 30 °C2

polymer
oo™

run monomer solvent time (h) sample code yield (%)° 107*M,° MM, in DMSO in alkaline water
1 26 DMF 17 poly-2p¢ 60° 16.3 15 —1817 508

2 2p DMSO 160 poly2f 24 1.9 - - -

3 28 pyridine 117 poly2 27 2.3 - - -

4 la DMF 17 poly-1ah 68° 16.0 1.2 —786 527

5 3y DMF 17 poly-3yh 48 111 1.2 —365 234

6 2p-Me DMF 17 poly2f-Mel 52 8.5 1.4 414 873

7 - - — poly(CPAy 1-co-2f0.9)™ - n n 141 147

apPolymerized under nitrogen: [monomet] 0.1 M; [triethylamine]/[Rh]= 100; [monomer]/[Rh}= 10 (runs 1 and 46), 100 (runs 2 and 3).MeOH
insoluble part (runs-15) and EtOH insoluble part (run 69 Determined by SEC using DMF containing 10 mM LiCl as the eluent (PEO and PEG standards).
d Soluble in DMSO, DMF, and alkaline water, but insoluble in other common organic solvents and neutral and acidieAftgeremoval of oligomers.
f Containing oligomers? Based on the peak top values of the higher molecular weight fractions in the SEC chromato§céuble in DMSO, DMF, and
alkaline water! Soluble in various solvents, such as CEIQIHF, acetone, ethyl acetate, toluene, and water, but insoluble in DM3&@ermined by SEC
using CHC} as the eluent (polystyrene standardgh DMSO/DMF (1:1, v/v).! In CHCls. ™ Prepared by the macromolecular reaction of PCPA yitRyD-
NH.. See the Supporting InformatiohThe M, and My/M, of the original PCPA are 1.& 10* and 2.5, respectively.

transoidal high molecular weight polymers (runs +64in Table these results, it was found that the,'s are remarkably
1) were used for further chiroptical properties measurements. influenced by the solvent composition and tend to increase with
Chiroptical Properties of Polymers: Conformational an increase in the bulkiness of the pendant CyDs in the order
Changes in Poly-CyDs with Color Change by Temperature of poly-la. < poly-2f < poly-2-Me < poly-3y.
and Solvent. The chiroptical properties of the optically active The poly-a, -2, and 3y also exhibit a similar color change
poly(phenylacetylene)s bearing CyD pendants were investigated(from red to yellow) in the presence of an increasing amount
by means of absorption and CD spectroscopies. Figure 2 showsof water (0 to 50% v/v) accompanied by inversion of the Cotton
the CD and absorption spectra of pdlg-(A in Figure 2), 26 effect signs in DMSO at 25C. For example, the CD and
(B), and 3y (C) in DMSO and poly2f-Me in DMSO-DMF absorption spectral changes as well as the visible color changes
(1:1, viv) (D). Poly2B-Me was insoluble in pure DMSO, and  of poly-28 in DMSO in the presence of an increasing amount
a DMSO-DMF mixture was used. These polymers appear to of water are shown in Figure 3A,C, respectively. The absorbance
have a predominantly one-handed helical conformation inducedmaxima ¢may) at 516 nm shifted to a shorter wavelength by 54
by the covalent-bonded chiral CyD pendants so that they exhibitnm, and the solution color changed from red to yellow
an intense CD in the long absorption region of the conjugated accompanied by the inversion of the first Cotton effect sign
polyene backbones at 23C. However, the CD patterns from the negative to positive direction at around DMS@ater
dramatically and sharply changed at high temperatures and the= 8:2 (v/v). As shown in Figure 3B, th&, values of polyia,
signs inverted through a transition temperaturg)( where the -2f3, and 3y linearly decreased with an increase in the content
[6] values of the first Cotton effect became almost zero. These of water, demonstrating that we could control Thevalues by
CD spectral changes were accompanied by remarkable changeadjusting the solvent compositions. In addition, the specific
in the absorption spectra; the absorbance maxitna)((514 rotation (fo]p) of the polymers also changed from negative in
nm, poly-la; 516 nm, poly2f; 517 nm, poly3y; 494 nm, poly- DMSO to positive values in alkaline water as shown in Table
2f5-Me) shifted to a shorter wavelength by 60 nm for paty: 1.
33 nm for poly2f, 36 nm for poly3y , and 18 nm for poly- These unique solvatochromisms of pdky; -28, and 3y
2f-Me with clear isosbestic points at 475, 487, 484, and 477 \yere also observed in DMSO in the presence of an increasing
nm, respectively, and the solution color changed from red to amount of various alcohols instead of water. The DMSO
bright yellow (poly-a), red to yellow-orange (pol#$ and poly- solutions of polyla, -2, and 3y containing simple primary
3y), or orange to yellow (poly3-Me) (Figure 2). Because poly-  alcohols such as methanol, ethanepropanol, anch-butanol
2f3-Me was insoluble in DMSO, the CD and absorption spectral showed a color change, depending on the compositions and
changes of polyta, -26, and 3y were also measured in  temperatures as reflected by their difference in hydrophobicity
DMSO-DMF (1:1, v/v) to investigate the effects of solvent (Figure S3 in Supporting Information). These changes were also
and the size of the CyD units on the CD inversion behavior. accompanied by inversion of the Cotton effect signs. The
Similar temperature-induced CD and absorption spectral changes;alues increased in the order of methanol, ethampkopanol,
were also observed in the solvent mixture for pidy--24, and andn-butanol, but decreased in the order of p8jy= poly-
-3y, but theTy's in DMSO-DMF (1:1, v/v) were lower than 1o > poly-2 (Table 2). These unique solvatochromisms make
those in DMSO, as summarized in Table 2. On the basis of these systems effective discriminators of structurally similar
alcohols with the naked eye on the basis of the temperature-

(15) (a) Simionescu, C. I.; Percec, V.; DumitrescuJSPolym. Scj.Part A:

Polym. Chem1977, 15, 2497-2509. (b) Simionescu, C. |.; Percec, Rfog. dependent color changes.

Polym. Sci.1982 8, 133-214. (c) Matsunami, S.; Kakuchi, T.; Ishii, F. i i i i
Macromolecules1997, 30, 1074-1078. (d) Kishimoto, Y.; Eckerle, P.; The cooperative m_teractlon betvyeen the adjacent C;yD
Miyatake, T.; Kainosho, M.; Ono, A.; Ikariya, T.; Noyori, B. Am. Chem. pendants may play an important role in these solvatochromisms

(16) %é%c-slh%?;kgvﬁ 1H29f’t~rg 1T29|‘L‘2 da, Solym. J. (Tokyo)973 4, 460-462 with the Cotton effect inversion stimulated by temperature and

(b) Tabata, M.; Tanaka, Y.; Sadahiro, Y.; Sone, T.; Yokota, K.; Miura, I.  Solvent compositions. To explore this, a copolymer of (4-

Macromolecule4997 30, 5200-5204. (c) Tabata, M.; Sone, T.; Sadahiro, _
Y. Macromol. Chem. Phy<.999 200, 265-282. carboxyphenyl)acetylene (CPA) agf (poly(CPAy.1-c0-2f0.9))

(17) Maeda, K.; Goto, H.; Yashima, Blacromolecule001, 34, 1160-1164. bearing 91 mol %3-CyD residues was prepared from <€is
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Figure 2. CD and absorption spectral changes of pbiy{A), poly-28 (B), and poly3y (C) in DMSO and poly2#-Me (D) in DMSO/DMF (1:1, viv) (1
mg/mL) with temperature; visible differences in color at X5 and higher temperatures are also shown in insets.

Table 2. CD Inversion Temperature (Tn) of Poly(phenylacetylene)s Bearing CyD Pendants in Various Solvent Mixtures?@

Tn (°C)
solvent poly-la poly-28 poly-3y poly-23-Me
DMSO 66 70 90 b
DMSO—DMF¢ 35 32 53 45
DMSO—MeOH! 55° 29 56 b
DMSO—EtOHd 61¢ 43 69 b
DMSO—nPrOH 64¢° 50 73 b
DMSO—nBuOH 65° 55 77 b

aThe concentration of the polymers is 1 mg/nflinsoluble in the solvent mixturé. DMSO/DMF = 1:1 (v/v). 4 DMSO/alcohol= 8:2 (v/v). ¢ DMSO/
alcohol (9:1, v/v) was used because of solubility limit.

transoidal poly((4-carboxyphenyl)acetylene) (PCPA) \WiByD- and alcohols (MeOH 30 vol %), and the specific rotation sign
NH; through a macromolecular substitution reaction (Scheme of the copolymer in DMSO ({]2% +141) was the same as that
1). The CD and absorption spectra of a DMSO solution of the in alkaline water (§]2°%5 +147) (Table 1), indicating that the
poly(CPAy 1-co-260.9) hardly changed upon heating (no ther- cooperative interaction between theCyD pendants might be
mochromism); the solution remains yellow with a weak positive essential for the dramatic conformational change as observed
Cotton (9] = 4 x 10°% at 440 nm. Moreover, the DMSO  for the poly28. However, the intramolecular hydrogen bond
solution showed no solvatochromism in the presence of water interaction between thg-CyD units may not be the major
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Figure 3. CD and absorption spectral changes of pgflyin DMSO—water (100:0-50:50, v/v) at 25°C (A), plots of the CD inversion temperaturé
of poly-1a (m), poly-2f3 (@), and poly3y (a) versus DMSO contents (%, v/v) in mixtures of DMSO and water (B), and visible color changes dfpoly-
in DMSO—water mixtures at ambient temperatures (C). The concentration of the polymers is 1 mg/mL.

driving force for the transition because the p@§-Me, where CD and absorption spectral changes with temperature in DMSO
all of the hydroxy groups of-CyD residues are replaced with and DMSG-DMF (1:1, v/v) (Figure S4 in Supporting Informa-
methoxy groups, also exhibited a similar thermochromism in tion). Poly-la also exhibited inversion of the Cotton effect sign
DMSO-DMF (1:1, v/v) with a highefT, of 45 °C (Table 2). at T, = 66 and 35°C in DMSO and DMSG-DMF (1:1, v/v)
Except for polyda, the CD and absorption spectral changes upon heating, accompanied by a blue-shift of their absorption
of these CyD-bound helical poly(phenylacetylene)s in DMSO, maxima at high temperatures (Figure 2A and Table 2). However,
DMSO—-DMF, and DMSO-alcohol mixed solvents with tem-  the CD and absorption spectra of the paty-did not change
perature were completely reversible and independent of thein the cooling process even after the temperature became below
polymer concentrations (0.6%1.0 mg/mL) and time, indicating  the Ty, during the heating process, and a further cooling was
that the formation of aggregates depending on the temperaturerequired to recover the original state before heating. These
could be excluded. SEC and dynamic light scattering (DLS) hysteresis changes occurred reversibly, indicating that paly-
analyses of the polg2f in solution also support this conclusion may form an aggregate at high temperatures. Filtration experi-
(Supporting Information). In the SEC analysis using DMSO as ments support the formation of aggregates of pldyat high
the eluent at temperatures below and abBy€70 °C) (30 and temperatures in DMSO and DMS(DMF (1:1, v/v); for
80 °C), the elution time and peak shape of the pgfiwere example, the polyta. solution in DMSO-DMF (1:1, viv) (B
independent of the temperatures. We then tried to measure then Figure S4) could not pass through a membrane with a pore
DLS of the poly2f in DMSO, but theT,, value of poly2# size of 0.2um at room temperature (ca. 2€) after heating

was too high to measure the DESWe then used a DMSO the solution above th&, whereas it passed through the
methanol mixture (8:2, v/v) as the solvent because @fly- membrane before heating and after cooling-tb0 °C, once
exhibited a similar thermochromism in DMS&nethanol (8: heated above th&,. This aggregate formation of polie is

2, viv) with a lowerTy, of 29 °C. The DLS data were analyzed considered to be due to the low solubility of pdlg-in DMSO
by the cumulant method to give the translational diffusion and DMSO-DMF (1:1, v/v) compared with the other polymers.
coefficients Ds). The corresponding hydrodynamic radi&g)( These results imply that the helix-sense of dynamic helical poly-
was calculated using the StokeSinstein equation. The esti- 1o can be “frozen” simply by heating the polymer solution
matedR, values for the pol\2# in DMSO—methanol (8/2) at above theT,, followed by cooling to an appropriate temperature.
20 and 40°C were almost the same, 12 and 14 nm, respec- The visible color changes in these polymers can be ascribed
tively.1® Consequently, these polymers may undergo a confor- to a change in the twist angle of the conjugated double bonds.
mational transition including a helix-inversion with a different  The blue-shifts of the absorption spectra of these polymers in
helical pitch by changing the temperature and solvent composi- the high temperature ranges suggest that the polymers may have
tions, and these conformational changes lead to the thermo-a more tightly twisted helical conformation at high temperatures
chromism and solvatochromism. We will discuss in more detail in solution, whereas the red-colored polymers may have an
the conformational changes in these polymers later. extendedz-conjugation. Molecular mechanics calculations with
Among the CyD-bound helical poly(phenylacetylene)s, poly- the Dreiding force field for the model polymer of poB# (20-
la was found to show an interesting hysteresis effect on the mer) were then conducted to obtain information regarding
(18) In the DLS measurements, we used a @fiywith different molecular possible helical conformations of poBfs (Supporting Informa-
weight M, = 10.0 x 10% andM/M, = 1.5). tion).2% The optimized right- and left-handed helical structures

(19) The DLS measurements of pd-in DMSO/H,0 (9:1, v/v) were also of poly-2f are shown in Figure 4. The averaged dihedral angles
performed at above (61C) and below (25C) theTy, (55 °C). The estimated
Ry value at 25°C (13 nm) was almost the same as that at6Q19 nm),
supporting that the formation of aggregates in the DMSQYHnixed (20) Yashima, E.; Matsushima, T.; Okamoto,J Am. Chem. S0d.997, 119,
solvent depending on the temperature could be also excluded. 6345-6359.
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Right-handed helix Left-handed helix

Figure 4. Calculated right- (A = 10 £ 4°) and left-handed (B¢ = —31 + 5°) helical conformations of pol@# (20-mer). Shown are space-filling
models in top view (A, B; left) and cylinder models in side view (A, B; right): scale bar, 1.5 nm. The main chain carbon atoms are shown in red (A) and
yellow (B) using the space-filling model for clarity (side view). Schematic illustration of interconvertible right- and left-handed helices2ff isohlso

shown in C. The pendant CyDs arrange in left- and right-handed helical array along the right- and left-handtihamlbones, respectively.

of adjacent double bonds from planarit) (for the favorable A: poly-28
conformations in the right- and left-handed helices are-14y

(Figure 4A) and—31+ 5° (Figure 4B), respectively. Therefore,

it seems plausible that the red-colored pgf/may have a right-

handed helix and the yellow-colored pdf-may have a left-

handed helix (Figure 4C). Ty N N N =

The right- and left-handed helices of the CyD-bound helical None OH OH OH
poly(phenylacetylene)s are not exactly enantiomers but are Z%
diastereomers because of the presence of chiral CyD pendants; @ OH O O
therefore, their CD and absorption spectra differ from one a 5 6 7
another. The observed changes in the CD spectra (inversion of Amax 479 504 489 481 480
the Cotton effect signs) due to temperature and solvent [lmax  +047 176 120  +028  +043
compositions together with the calculation results strongly K — 247 67 17 3
indicate the inversion of helicity of these polymers' backbones B: poly-3y

(Figure 1A). However, there may be another possibility to
explain the changes in the CD patterns; that is a change in the
helical pitch of these polymers with the same handedness rather
than the helix inversion (Figure 1B), and this possibility could

not be thoroughly ruled out. Further experimental results and . B B O
discussions on the helix inversion will be described later. o oH OH
CD Inversion Accompanied by Color Change on Com- None 1

plexation with Small Molecules. CyDs possess a chiral éj CO & C)

hydrophobic cavity to form inclusion complexes with a variety 8 9 10 6

of organic molecules that fit the cavity size of CyDs, and they hnax 481 502 495 496 482

have been widely used as building components to construct [Amex  +0.45 —233 —12-533 —1-03§ +0.51
K —_ 1 1 —

various supramolecular assembifeand as chiral selectors for
chromatographic enantioseparatidA®Ve anticipated that the  Figure 5. Visible color changes in pol@8 in DMSO—water (8:2, v/v)

_ ; _ (A) and poly3y in DMSO—water (75:25, v/v) (B) at 28C induced by the
CyD-bound poly(phenylacetylene)s could also form such inclu addition of guest moleculegH7 for poly-28, 6 and 810 for poly-3y)

sion complexes_, which might induce a change irl th?ir helical (20 equiv to monomer units of the polymers) and structures of the guests.
conformations in the polymer backbones, resulting in a color Amax (nm), [@]maxof the first Cotton effect (19degree craidmol1), andK

change. When 1-adamantand) ¢r (—)-borneol ) was added ~ (M™) are also shown.

to the poly2f solution (20 equiv to monomer units of the polymer) in DMSO-H,0 (8:2, viv) at 25°C, the solution color
(21) For reviews, see: (a) Wenz, @ngew. Chem.nt. Ed. Engl.1994 33, immediately changed from yellow-orange to red accompanied

803-822. (b) Philp, D.; Stoddart, J. Angew. Chemint. Ed. Engl.1996 by the inversion of the Cotton effect signs and a large red-shift
35,5, 1155-1196. (c) Nepogodiev, S. A.; Stoddart, JGhem. Re. 1998 . . . .
98 1959-1976. (d) Shimomura T.; Yoshida, K.; Ito, K. Hayakawa, R.  Of Amaxby 25 and 10 nm with clear isosbestic points at 335 and

Polym. Ad.. Technol200Q 11, 837-839. (e) Harada, A.; Kawaguchi, Y.; 493 nm for4 and5, respectively (Figure 5A) (see also Figures
Hoshino, T.J. Inclusion Phenom. Macrocyclic Che2001, 41, 115-121.

() Harada, AAcc. Chem. Re®001, 34, 456-464. (g) Ito, K.; Shimomura, S5A and S5B in Supporting Information). In contrast, cyclooc-

T.; Okamura, Y Macromol. Symp2003 201, 103-110. (h) Engeldinger, i
E.; Armspach, D.; Matt, DChem. Re. 2003 103 4147-4173. (i) Easton, tanol () and cyclohexanol7) brought about neither such a

C. J.; Lincoln, S. F.; Barr, L.; Onagi, Chem—Eur. J.2004 10, 3120~ dramatic color change in the solution nor the Cotton effect
3128. ; ; ; ; ;

(22) (%) Schurig, V.; Nowotny, H.-Pangew. Chemint, Ed. Engl.1890 29, inversion. The change; in the absorbance !ntensny at 479 nm
939-957. (b) Li, S.; Purdy, W. CChem. Re. 1992 92, 1457-1470. (c) of poly-2f as a function of the concentration of the guests
Terabe, S.; Otsuka, K.; Nishi, H. Chromatogr., AL994 666, 295-319. ; ; Fa A ; _
(d) Chankvetadze, Bl. Chromatogr., AL997, 793 269295, (o) Lebrilla, shoyved a S|gm0|QaI curvature, |n_d|cat|ng that the_ guest coop
C. B. Acc. Chem. Re®001, 34, 653-661. eratively entered in thg-CyD cavity of poly2 to induce a
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conformational change (Figure S6 in Supporting Information). inclusion complexes with PPG, thus showing a conformational
A Hill plot analysig’® of the absorption titration data resulted change. PPG (20 equiv to monomer units of p2#)- with
in the apparent binding constantss) (Figure 5A and Figures  different molecular weightay, = 400, 1000, 2000, and 4000)
S5 and S6 in Supporting Information). The increasing order of was then added to the alkaline solution of p@f- The
Ks is in good agreement with that reported for the modified absorption and CD spectral changes were highly dependent on
B-CyD derivative?* but theK values are smaller than those the molecular weight of PPGs and were not dramatic for PPGs
during the complexation of the modifiggCyD in pure water, of M, = 400 and 2000 and almost no change was observed
because organic solvents such as DMSO cause a decrease iwith the addition of PPG o, = 4000, whereas thénax and
the stability of the inclusion complexes relative to water. [0]max Showed a large blue-shift (44 nm) with a dramatic
Therefore, in pure DMSO, the poBf showed no color change  decrease in the absorbance intensity with the addition of PPG
with 4—7. On the other hand, poly(CRA-co-2f30.¢) showed no of M, = 1,000 (PPG&uog (Figure S8). The solution color
change in the CD and absorption spectra upon the addition of changed from orange-yellow to bright yellow, but the solution
4 and5 in DMSO—H,0 (8:2, v/v). These results suggest that was a nonviscous liquid, and neither gelation nor precipitation
the cooperative interaction between the adjacent CyD pendantswas observed. A similar molecular weight-dependent inclusion
may play an important role in the conformational change complexation was reported fgf-CyD, which could most
induced by inclusion complexation with the guest molecules. efficiently form such a complex with PRg274 On the other
Even if the change of the interaction between the neighboring hand, the addition of PEGW, = 1,000) and PMVE M, =
pendants upon inclusion complexation would be very small for 60,000) did not bring about any absorption and CD spectral
each monomer unit, the effect can be significantly amplified change&’dTherefore, these observations suggest the possibility
by the cooperative interaction, resulting in the change in the of a polyrotaxane formation between the p@f-and PPG. The
backbone conformation. IH NMR spectrum of poly2f with PPGaoo ([PPGiood/[poly-
Poly-3y also showed a similar CD inversion accompanied 2f] = 1) also supports such a polyrotaxane formation, at least
by a color change in response to the specific guest moleculesin part, because the peak due to the methyl group of the kPG
capable of interacting witlr-CyD?® as evidenced by the large  became considerably broadened in the presence of 2fbly-
K values (Figure 5B and Figures S5 and S7 in Supporting (Figure S9 in Supporting InformatioR}d
Information). The addition of cyclododecanor®,(cyclode- CD Inversion Accompanied by Color Change on Com-
canone 9), and cyclododecanoll() to the poly3y solution in plexation with Chiral Molecules. Although a number of
DMSO—H,0 (75:25, viv) at 25C brought about a color change  molecular sensors for visual detection of chemical species have
from yellow-orange to red or orange accompanied by the peen developed#,” the direct colorimetric detection of enanti-
inversion of the Cotton effect signs (Figure 5B and Figure S5C omers remains difficult and rafedf48 However, the visual
in Supporting Information) and a large red-shiftiafax (Figure detection of chirality is among the most powerful and convenient
S5D in Supporting Information). On the other hand, the addition methods to assign the absolute configuration of chiral com-
of 8 and9 to the poly2f solution in DMSC-H,0 (8:2, v/v) at pounds, and such molecular sensors can also be applied to
25 °C did not bring about such a color change. These results separate enantiomers as chiral stationary phases in RPIM@.
indicate that poly2# and poly3y can respond to molecular  then investigated whether the present CyD-bound poly(pheny-
recognition events that occurred at the remote CyD pendantsjacetylene)s could respond to the chirality of chiral guest
through inclusion complexation with specific organic molecules, molecules and exhibit an enantioselective visible color change.
which can be observed as a color change with the nakeéfeye. Among the four CyD-bound helical poly(phenylacetylene)s
Color Change by Complex Formation with Polymers. It tested, we found that polg8 can discriminate the chirality of
is known that CyDs can selectively form inclusion complexes the enantiomers of 1-phenylethylaminkl) and exhibited a
(rotaxanes) with polyme#sas well as small molecules, depend-  color change (Figure 6). In a mixture of DMSO and alkaline
ing on their cavity sizes. For exampJ@CyD can be selectively  water (pH 11.7) (3:7, v/v), pol@f exhibited a negative first
threaded onto a poly(propylene glycol) (PPG) chain in water Cotton effect in the presence of exceSs11 ([(9-11)/[poly-
to form an insoluble, crystalline polyrotaxane, whereas it cannot 2] = 990), and the solution color immediately changed from
form a complex with poly(ethylene glycol) (PEG) and poly- red to yellow; whereas polgg and the poly28—(R)-11in the
(methyl vinyl ether) (PMVE). Instead, these are selectively same solvent remained yellow with a positive first Cotton effect.
complexed witho- and y-CyDs, respectively’ We then Consequently, the chirality dfl can be discriminated with the
investigated if poly28 bearing-CyD pendants could form  naked eye. However, the fact that a large amoungpii(l was
— ) required for these changes in the CD and the solution color
(23) Connors, K. ABinding ConstantsJohn Wiley: New York, 1987. . . .
(24) (a) Hamasaki, K.; Ueno, A.; Toda, F.; Suzuki, I.; OsaBiill. Chem. Soc. suggests that a chiral solvation effect rather than an enantiose-
IJnP(;b 6123%_63&2_1%5823-1%@9'-'&2’ \{&8"7'3221955_“-: Sun, S.-X.; Wada, T.; lective inclusion complexation in th@-CyD residues may be
(25) Rekharsky, M. V.; Inoue, YChem. Re. 1998 98, 1875-1917. the driving force for the observed color charf§®oly-1a and
(26) |‘_’|Veoa'59 investigated the inclusion complexation of pllyin DMSO— = noly-3y did not show any difference in their solution colors in
,0 (85:15, v/v) with small guest molecules, such as indole, anthranilic R
ac;tiﬁ, ;rg 1D, %]Oﬁgt%a:gegm g/r;irch %Gellgwgwg ch J"é?} gcl:?éonr; ((:_g)[r)nglr?é(es the presence ofy- z?md R_)-ll under the same experimental
\ellvt;sorptign spectral éhanges Wifhpthgse guests. The rzgson is not clear atcondltlons' We then !nvestlgated the Changes in the Cotton effect
the present time, but the polie formed aggregates in the solvent mixture, ~ pattern and absorption spectra accompanied by a color change

which may prevent a further conformational change induced by the inclusion
complexation with the guest molecules.

(27) (a) Harada, A.; Kamachi, MMacromolecules99Q 23, 2821-2823. (b) (28) (a) Hirose, K.; Nakamura, T.; Nishioka, R.; Ueshige, T.; Tobe, Y.
Harada, A.; Kamachi, MJ. Chem. So¢c.Chem. Communl99Q 1322- Tetrahedron Lett2003 44, 1549-1551. (b) Hirose, K.; Yongzhu, J.;
1323. (c) Harada, A.; Li, J.; Suzuki, S.; Kamachi, Macromolecule4993 Nakamura, T.; Nishioka, R.; Ueshige, T.; Tobe JY Chromatogr., 2005
26, 52675268. (d) Harada, A.; Okada, M.; Li, J.; Kamachi, M. 1078 35-41. (c) Hirose, K.; Yongzhu, J.; Nakamura, T.; Nishioka, R.;
Macromoleculesl995 28, 8406-8411. Ueshige, T.; Tobe, YChirality 2005 17, 142—148.
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Figure 7. Effect of cross-linking of poly2$ in alkaline water. CD and absorption spectra before (A: @#lyand after (B: Clu,0—poly-2f) cross-linking
in alkaline water (pH 11.7) (a, c, e, and g) and DMSO (b, d, f, and h) &C25The concentration of polymers is 1 mg/mL.

in the poly2f solution in the presence dfl with a different substituted, neighboring-CyD units might be indispensable
enantiomeric excess (ee) d1 (0, 50, and 100% ee dfl (R- for this phenomenon. Other chiral compounds such as pheny-
or Srich)) (Figure 6B). Interestingly, the racemld and R)- lalaninol and 1-phenylethyl alcohol were also tested, but similar
rich 11 of 50% ee could not induce a conformational change in changes in the CD and absorption spectra depending on the
poly-28, resulting in almost no change in their absorption and difference in their configuration could not be observed.

CD spectra (Figure 6A), while the poBg is sensitive to the Fixation of Interconvertible Helical Structures of Poly-
chirality of (§-11, and §-rich 11 of 50% ee showed a 28 by Intramolecular Cross-Linking. As described above, the
significant change in the CD and absorption spectra as well ascyD-bound poly(phenylacetylene)s show inversion of the Cotton
100% ee of §-11. The CD intensity and thémax of poly-28 effect signs accompanied by a visible color change by respond-
seem to have a linear relationship with the eeldf((S)-rich) ing to various external stimuli, such as temperature and solvent.
(Figure 6B). Under the same conditions, the poly(GRéo- For example, poly28 showed ICDs with opposite Cotton effect
2f0.9) did not show any spectroscopic and color change, signs in the polymer backbone regions in DMSO and alkaline
indicating that the cooperative interaction between the fully \yater (Figure 7A). The Cotton effect inversion, in particular,
(29) Although the enantioselective binding bf with 8-CyD derivatives has the. first COtFon effect accompanied by a _dramatlc Ch_ange .In
been investigated, the selectivity was poor, indicating that a chiral solvation their absorption spectra, was assumed to originate from inversion
St raherhr n sl el Sonpialer iy b e ofthe heltyofthe polymer backbone. s i the case, pol-
Meltzow, W.; Ramer, H.J. High Resol. Chromatogl991, 14, 507—527. 2 may have a helical conformation with an opposite helical
(b) Nie, M. ¥.; Zhou, L. M.; Wang, Q. H.; Zhu, D. QChromatographia  gense jn DMSO and in alkaline water. The molecular mechanics

200Q 51, 736-740. (c) Rekharsky, M.; Inoue, Y. Am. Chem. So200Q . . .
122, 4418-4435. calculation results suggested that the predominant helix-sense
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in water and DMSO, respectively.

of poly-28 may be right-handed with an extended helical
conformation in DMSO, but in alkaline water, pad# may have
an opposite left-handed helix with a tight helical conformation

(Figure 4). These changes in their helical senses with a different
helical pitch can lead to the solvatochromism and thermo-

chromism. However, a change in the helical pitch of p2fy-

support the intramolecular cross-linking (see below). The ECH
content introduced in the GLo—poly-2f was estimated to be
8.5 residues per CyD unit on the basis of the molar absorptivity
at 466 nm €466 = 5475) of the original poly28 in 2 N NaOH
solution. This value satisfied the elemental analysis (see
Supporting Information). The cross-linked polymer maintained
its cis—transoidal structure, which was confirmed by laser
Raman spectroscopy. The CD and absorption spectra@b€L
poly-28 were then measured in DMSO and alkaline water
(Figure 7B). Although the absorbance maximum of.GJ—
poly-2y in DMSO exhibited a considerable red-shift as observed
for poly-2f (Figure 7A), the first Cotton effect sign of the
CLu,0—poly-2f corresponding to the polymer backbone region
remained positive in DMSO as well as in alkaline water,
although the CD intensity of the first Cotton effectjs,)
decreased from 1.88 10*to 0.69x 10*in alkaline water after
cross-linking®! In sharp contrast, polg8 showed an opposite,
negative first Cotton effect in DMSO in the same region.
Moreover, the Ch,o—poly-2# showed almost the same CD
pattern in the shorter wavelength region irrespective of the
solvents. These results indicate that the cross-linking reaction
between the pendant CyD residues significantly influences the
dynamic nature of the helical conformation of p&§: the helix-
sense of the Clo—poly-2# appears to be fixed to that in
alkaline water before the cross-linking.

The cross-linking reaction of polg8 (10 mM) was also
performed in DMSO using an excess amount of TDI ([TDI]/
[poly-2f] = 180) as a cross-linker at 5C for 14 h. ADMSG-
soluble, intramolecularly cross-linked polymer (§Mso—poly-

with the same-handedness rather than the helix inversion cannoQﬂ) was obtained after removal of a DMSO insoluble part (ca.
be ruled out to explain the observed changes in their CD patterssoy) by filtration. The TDI content introduced in the Gikso—

and the solution color as shown in Figure 1. To obtain more

direct evidence for inversion of the helicity of dynamic helical

poly-2f was estimated to be 3.5 residues per one CyD unit using
the emax Vvalue of poly2f in DMSO (es14= 5380). The obtained

poly-2f3 in DMSO and alkaline water, the helical structures of | |\« poly-28 was insoluble in alkaline water, and therefore,
poly-2f showing opposite Cotton effect signs were intramo- e CD and absorption spectra were measured in DMSO at
lecularly cross-linked between the hydroxy groups of the y4rious temperatures to determine if the helix-sense could be
neighboring3-CyD units in each solvent. We anticipated that  fiye by the cross-linking reaction (Figure 9A). The CD spectra

@f the helix-sense of the polgﬁ could be fi.xed by the of CLowso—poly-28 hardly changed upon heating (280 °C)
intramolecular cross-linking reaction, the resulting cross-linked |\ hije maintaining the negative first Cotton effect and the

poly-2 could not show such changes in the Cotton effect signs magnitude of the CD was almost const&hthe results were
and absorption spectra, resulting in no thermo- and solvato- completely different from those of polg8 (see Figure 2B).

chromisms. The cross-linking reactions were performed in gyrthermore, the addition of water to the DMSO solution of
alkaline water and DMSO using epichlorohydrin (ECH) and CLpwmso—poly-28 did not bring about an inversion of the Cotton

4-methyl-1,3-phenylene diisocyanate (TDI) as the cross-linking et sign, although a large blue-shift in the absorption spectra

reagents, respectively (Figure 8).

In alkaline water, poly26 (10 mM monomer units) was
allowed to react with an excess amount of ECH ([ECH]/[poly-
2] = 176) at ambient temperature for 4*hMost of the
obtained cross-linked polymer (Glo—poly-2f) was soluble
in water, DMF, and DMSO but contained an insoluble part (ca.
30%) in these solvents, which was removed by filtration after
dissolving the polymer in water. The soluble part (Cd—poly-
2f3) appears to consist mainly of intramolecularly cross-linked

poly-2f3 as supported by SEC analysis; the elution time of the

peak top of Cly,o—poly-2# was almost the same as that of
poly-2 before cross-linking, although the polymer contained
a higher molecular weight fraction in part due to the intermo-
lecular cross-linking reaction (Figure S10 in Supporting Infor-
mation). Atomic force microscopy (AFM) measurements also

(30) Harada, A.; Li, J.; Kamachi, MNature 1993 364, 516-518.
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was observed in the presence of increasing amounts of water
(Figure 9B). A similar blue-shift also occurred for pdh; but
which was accompanied by inversion of the Cotton effect sign
(see Figure 3A§3 These results indicate that the right- and left-
handed helical conformations of poB# in different solvents

(31) The specific rotationdf]?>> of CLy,0—poly-2f in DMSO also changed
from a negative £1817) to a positive ¢168°) value after cross-linking
in alkaline water, whereas the specific rotation sign remained a positive
value in alkaline water after cross-linkinga{f% +185°).

(32) The specific rotationof] 2%, of CLpuso—poly-28 in DMSO also maintained
a negative value in the temperature range of88°C ([a]%%, —521° and
[0]8% —357).

(33) One may think that Chwso—poly-2f contained phenylcarbamate groups
on the CyD units, which may affect the chiroptical property of the polymer.
Poly-2f was then allowed to react with phenyl isocyanate (PI) to produce
a noncross-linked model polymer, whose hydroxy groups were partially
modified with phenylcarbamoyl groups. The content of the introduced PI
units was 3.2 residues per CyD unit, and this value was almost the same
as that of Clomso—poly-2f. This model polymer also showed a similar
inversion of the Cotton effect signs with temperature as did gflyn
DMSO. Therefore, the effect of the phenylcarbamate groups on the CyD
pendants on the CD spectrum can be neglected.
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Figure 9. Effect of cross-linking of poly2 in DMSO. CD and absorption spectral changes obfdo—poly-2f (1 mg/mL) (A) in DMSO at various
temperatures and (B) in DMS@wvater mixtures (100:650:50, v/v) at 25°C.

A 5 Dmﬁo of CLpmso—poly-24, th¢=T change in the helical p?tch could not
620 100 (viv%) 50 be suppressed due to its low degree of cross-linking, although
such a low degree of intramolecular cross-linking was sufficient
510 ‘”‘““pmy.g,ﬁ ] — to fix the helix-sense. Consequently, the cross-linking between
- the CyD pendants suppresses the inversion of the helicity, but
500 - poly-28 the polymer backbones are still flexible and can alter their helical
E 490, Clouso-poly-2p pitch, resulting in a color change.
= ’ AFM analyses of pol\2f before and after the cross-linking
480 ( l — on a freshly cleaved mica surface were then conducted to

observe changes in morphology and conformation of the

470 |- Clyeg-poly-2p Clyzg-poly-2 ) . . . . .
polymer main chains (Figure S11 in Supporting Information).
460 - | Individual polymer chains can be directly visualized on mica
450 . , . , . —_— prepared from dilute solutions of the ghso—poly-28 and
100 9 80 70 60 50 CLn,0—poly-2# as well as poly2f in DMSO (0.05 mg/mL).
DMSO (v/ve%) Clowso-poly-26 These results also support the belief that the observed Cotton
Figure 10. (A) Changes i maxof poly-28, CLy,o—poly-2, and Clpmso— effect inversions accompanied by a color change are not due to

p?'g'gﬁoc"eESB‘;SVth?bICha”?es i;‘ DMSQ’?tfhr rati(? (10039505’8'5 ‘(’)/V) , the aggregation of the polymers. The average height of the poly-
al . ISIDle color changes O € polymers In an . .
DMSO-water (50:50, viv) at 25C. The concentration of polymers is 2P Was determined to be 2:8 0.3 from ca. 100 cross-section
1 mg/mL. profiles, which was shorter than the molecular diameter of a
. . helical poly2# model; the computer-generated molecular
can be fixed at each handedness by the intramolecular crossyiameters of helical polgBs having left- and right-handed
linking reactions in e_ach so_lvent. _C_onsequently, the inversiqn helical conformations are 4.1 and 4.0 nm, respectively (Figure
of the C_Zottorl effect signs r’r_ught originate not from a change in 4). The strong interaction of the polymer chains with the mica
the hellcal_pnch of p0|y2ﬁ with the same-handedness but from g, tace and the decompression of the polymer due to solvent
the Inversion of the helix-sense O,f the polymer backbongs. vaporization as well as a tip-induced deformation of the samples
Figure 10 shows the changes in the absorbance maxima ofgp,q 14 pe taken into consideration for the reduced heights of
poly-2p, Cluo—poly-26, and Clouso—poly-26 in DMSO- the poly2f on mica3 The average height value of the Gb-
water mixed solvents relative to the DMSO content (100 to 50 poly-28 slightly increased to 2.6 0.2 nm compared with that
v/v%) of the solvents. Polgf exhibited a large blue-shiftin o e hoy o8 and the polymer chains appear to become thicker,
the presence of an increasing amount of water, resulting N 8 although this value is still shorter than those of the computer-
change in the solution color from red to yellow accompanied generated molecular diameters of the helical [2fy-Similar
by an inversion of the Cotton effect signs. After cross-linking, AFM images were also observed for Gikso—poly-28. These
CLy,0—poly-28 and Clowso—poly-2f more or less showed & gt indicate that the intramolecular cross-linking between

similar blue-shift of thelmax leading to a visible color change. 6 cyp units may contribute to retention of their cylindrical
However, these cross-linked polymers maintained their Cotton

effect signs in the mixed solvents. In particular, the change in (34) (a) Prokhorova, S. A.; Sheiko, S. S.;Néo, M.; Ahn, C.-H.; Percec, V.

i _ _ Macromol. Rapid Commuri998 19, 359-366. (b) Uchihashi, T.; Choi,
the SOlu“On color of CbMSO poly-2p was remarkable. The . N.; Tanigawa, M.; Ashino, M.; Sugawara, Y.; Nishijima, H.; Akita, S.;
difference in the absorption spectral changes and the solution Nakayama, Y.; Tokumoto, H.; Yokoyama, K.; Morita, S.; Ishikawa, M.
_ _ _ _ ; Jpn. J. Appl. Phys200Q 39, L887-L889. (c) Gao, S.; Chi, L.; Lenhert,
color between Chvso—poly-2f and Cl,o—poly-2f may arise S.; Anczykowski, B.; Niemeyer, C. M.; Adler, M.; Fuchs, BhemPhy-

from the difference in the degree of cross-linking; in the case sChem2001, 6, 384-388.
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structure on a mica surface during the AFM observation.
Although the helical structures of diastereomeric helical poly-
2f could not be visualized by the AFM, a recently developed
high-resolution AFM technique based on ordered two-dimen-
sional helix-bundle formation of helical poly(phenylacetylene)s
bearing a long alkyl pendaiftmay be useful for the direct
visualization of the diastereomeric helical p&g-after intro-
ducing similar long alkyl chains in the CyD pendants. The work
along this line is now in progress.

Conclusions

cross-linking3” which will be further used as novel chiral
materials for enantiomer separations and catalysts.

Experimental Section

Full experimental details are available in Supporting Infor-
mation.
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including enantiomers as well as solvent and temperature based

on a change in the tunable helical pitch (“helical sprid@®ith
the macromolecular helicity inversion. In addition, such a
switchable dynamic helical conformation can be, for the first
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(PDF). This material is available free of charge via the Internet
at http://pubs.acs.org.
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