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研究成果の概要（和文）：生体系にみられる「分子を一方向に移動・回転する分子モーター」を人工系で可能にするこ
とを目指し、本研究では微小管状高分子やロタキサンといった運動モードの異なる分子素子を組み合わせてマクロな運
動系の構築を行った。具体的には1) 剛直なキラルユニットの連結による微小管状高分子の構築と内孔の応用、2) ロタ
キサン素子の構築と複合化、3) 分子モーターの創成、4) 分子モーターと有機・無機材料との複合化による運動マテリ
アルの創成　を行った。 

研究成果の概要（英文）：In order to achieve the artificial molecular motors that move and rotate the 
molecule in one direction as seen in the biological system, in this study the micro tubular polymers and 
rotaxanes were organized to produce the macroscopic movement like a molecular motor as the results of 
synergistic effect of these molecular devices. In particular we examined, 1) construction of small 
tubular macromolecules by polymerization of rigid chiral unit and application of their inner pore to 
molecular recognition, 2) construction of rotaxane -based molecular device and their hybridization, 3) 
the creation of molecular motor, and 4) construction of dynamic supramolecular materials based on the 
hybridization of molecular motor and organic/inorganic materials.

研究分野：高分子化学、超分子化学、有機合成化学

キーワード： ロタキサン　分子モーター　運動性材料　C2キラルユニット　ポリロタキサン　らせん高分子
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ÈyȡĈ•ȝëvß^Ü �¶�ÈÂ¯©¬ȧ
xĜȋȭĨcĩĈj�VƥvÃ �Å�¨�
ÈƦřsyňȲŗxȸ^þƺuƇȕ�ŵj
�gtcƼ��r^�VmgsŸƽǅsyU 
íĳƖŗu 9,9’-¡µÇ´¶Å�ÆÈ��Ä
�¨�¶�ÈÂ¯©¬sȖǖj�gtsUȡ
ĈȝëŖǉŗ�ŵj�mxƇȕ�¡�©¨
È�ĒǢuŔľǋƦȸøİxĕŚ�ǻ�nV
Ĕǃ¡¸�¬ÅƜķ��UŒ��nŔľǋȸ
øİyUȓŇy ���Ʀx�l�Ƈȕ�Ŏ
Śj�ËŬsUȡĈƦřsyóı��¢cī
d^��ÅƦxƇȕã�ŎŚj�gtcŮ
�btupnVgxĩĈyĒȒƷs]�UĀ
ĐŖuemxƇȕ�¡�©¨È�ĒǢs]
pnV[ACS Macro Lett. 2015] 

�
���Ç¦��ÈǓİxƇǌtǰĕĈxƄǸ�
Aĵï¿¨ÅĈα−CD Ęŵ[2]Ç¦��Èa�
{[3]Ç¦��ÈxĕŚ�
� α−CD �ȎŚøtj�âøİx CD ĘŵÇ
¦��ÈxĕŚåyg��s]��ubp
ncUŸƽǅsƈWuƟǓŧx �½±�Å
�Ètĵï¿¨ÅĈα−CD �ƐÒsȣŎŚh
lUǥĭuđƨs[2]Ç¦��Èt[3]Ç¦��
ÈxċȰvŚăinVh�v[3]Ç¦��Èx
ċǖŲƇȕǴŽxǖžb� CD xȆȓŬėc
head-to-head s]�gt�ƾb�n [Chem. 
Lett. 2012]Vh�vUȌŷǆv��¢ƻǮŗx
ǞŤĤ�Ľîj�gtsUƥķxƫħÍsȎ
�«¡Ä©µÈ�hl�źÝ�Ů�bvi
nV 

 

Coil-shaped

Screw-shaped
Cs-symmetric

C2-symmetric

光学活性
スピロビフルオレン



BƣŖǉŗ�Ã�È�ÊªÅĢÇ¦��È
¡�©¨xȦƶ�
� 5� ýœv��øİ¡�©¨yUǝȑiŖǉ
va^rĦxǧǄ�Ɲƙǐsxȶćvȩķ
h��gtcŖƭĿȦ�Ƨ��Ǳĝtup
r^nVmgsUƣv��øǴj�ȡ�ƭ^
rɂǒ�½ÈĢÇ¦��È�·Ç¬ÈĈi
rɂǒ�ÈÀ¯�¾ĦĢÇ¦��ÈviUg
��Ąƣirȡ�øǴhl�gtsUô{ɂ
ǒ�½ÈĢÇ¦��È|tĩŤj�ŬƔ�
ƄǸinVǃWxƣøǴŗȡvq^rƄǸ�
Ǭpntg�U¬Ä�ÇÇȠȡ�ƭ^�tǥ
ĭu¡�©¨ƥŗcŒ���gt�ǲ÷i
nV�nU¬Ä�ÇÇȠȡ�ƭ^rɁǒ�È
À¯�¾ĦĢÇ¦��È�ĕŚiUg��ƣ
øǴv��ÒěirɁǒ�½ÈĢÇ¦��
È�ċȰj�gtv�ŚăinVƣøǴy
�	@\
		@ÛȐsȈg�UÔȡĈƟǓt�
ÇÇ¹Å¾��¡�cƶƬj�x�sUǝȑi
ȶćv��ĦcǧǄh�u^ǐxƇǌvŚ
ăin&Org. Lett. 2012'V�

 
CĴķ¯¬ÄÅ �����­�ƭ^nÇ¦�
�ÈĕŚƔxȦƶtȘćŗýœ�

� ȔŊȂƷvĴķĈinĴķ¯¬ÄÅ ���
��­ĐŖÿyUƈWuÎȵěǖĕtơǵį
s 
���ďƆİÛĄƫĈĐŖj�gtb�Uō
ƽǅĸsyg���Ä©�ĐŖÿtirţ
ƃir^�VŸƽǅsyĴķ¯¬ÄÅ ����
�­cÇ¦��È��ª®Èt^pnȉø
İxĕŚvƭ^ntg�UȸđƨȸȜŝƷv
Ç¦��È&Org. Lett. 2013'��ª®È�Ï
`�gt�ǲ÷in&Org. Lett. 2013'Vh�v
ƬŚj��¤���¥ÊÅyȜŝƷv>-
�®½±�¬È|tȝësdUǗe¹�Ǔ
ȣãĈv��ǍçvǩíǦǓs]�ºÇÈ
�®½±�¬°Ê¬(BEK)�ƶƬhl�g
tcsdn (Org. Lett. 2013, Polym. J. 2014)V
�nUȎŚøxĒćŗxț^v�� ��� x
ǩíƶíŠćxýœv�Śăin&�	���
��

��	

'V�
�
�
��������������ƥŗǺæ�
Aȸøİ&�'Ç¦��ÈxĕŚ� �
��g��sȸøİȥ�ȌŚøtirȎŚø
� 
 qofŵj�ȸøİ&�'Ç¦��Èxĥ
ęåyȩ��r^nVŸƽǅsy�Ã�È�
ÊªÅȾ�ÈÀ¯�¾ĦĢÇ¦��Èxĕ

ŚƔ�Ȣĕǐ|tŖƭj�gtsUȸøİ
&�'Ç¦��ÈxĕŚ�ȚŚinVŸǐsy
ŵƋǵįs]� ¶�¯ÅÄÈȡ�Ȣĕǵ
įUťÇ¦��È�ȦĮÿtirƛěuźÝ
ÍsȢĕĐŖ�Ǭ^UȢĕŐvłȸ^ǞŤĤ
sŷǆļȥj�gtsȸøİ&�'Ç¦��È
� �	�Ȑ^ċȰđƨUÐqȸǑŊvrĕŚj
�gtvŚăinȹRotaxane-from methodȺ
&ACS macro Lett. 2013'V�

Rotaxane-from method

高分子[2]ロタキサン
嵩高い活性基と輪成分との錯体

末端封鎖剤モノマー

重合 高収率 ・高純度
�

�
BȎŚøxȘćŗv��Ȍ»Ä¼ÊxƤŗ
ĩĈ�
� ǖŲŗȸøİs]�»Äȹ?�²ÆÇÃ�
¬ÈȺ�ȌŚøvŵj�ȸøİ&�'Ç¦��
ÈxȎŚøxȘćŗtmxȘćŗcȌ»Ä
¼ÊxƤŗvÏ`�ŏȴ�ǏƁinVȎŚø
s]��Ã�È�ÊªÅtȸøİ&�'Ç¦�
�ÈxȌŷǆvĲĠj��ÈÀ¯�¾ĦȞ
áyŌ^ƻÕäƭ�ir^�n�ȎŚøy
Ȍŷǆvğķh�r^�VgxƻÕäƭ��
ÈÀ¯�¾ĦȞáx�£¨ÅĈv��ùū
j�tȎŚøyȌÌ�ǤƯvȘćsd��
_vu�VgxɁqxƦřxǖŲĈŠć�Ǝ
ȍintg�UȎŚøxȘćcȌ»Ä¼Êx
ǖŲĈ�ȨĹj�gtcŮ�btupn&Ȃ
ŨģǇÒ'V�

結晶性 　非晶性

相互作用切断

輪成分の運動性 静 動
�

Cȸøİ&�'Ç¦��Èvaf�ȎŚøxȘ
ćŗ�
� ȸøİ&�'Ç¦��Èva^rȎŚøcȌ
xǆb�ǆ�sǤƯvǂćsd�xbƄǸ
�ǬpnVŷǆcļȥh�r^u^ťȸøİ
&�'Ç¦��È�ĕŚiU�Ã�È�ÊªÅ�
�ÈÀ¯�¾xƻÕäƭ�ùūinȬxȎ
ŚøxǣȰŠć� ���U��� �ƭ^rǴŽi
ntg�UĵïvȌŚøtȎŚøvøǴsd
ngtb�UȸøİȥÌ�ȎŚøcĒćs]
�gt�Ů�bvin&ACS macro Lett. 2013'V
Ÿǐ�ŖƭinøİÀÊ¦Êvq^ryƩ
ĠƄǸÒs]�V�

分解

�
����øİÀÊ¦ÊtŵƋÉơƋŹŪtxǰĕ
Ĉv��Șćŗ¼ªÄ�ÅxāŚ�
AéȥvÇ¦��È¡�©¨�ŵj�ćƷ
�l�ȸøİxƇȕýœ�
� �l�Ƈȕ�ƞĠƷvŎŚi_�»Ä���
¶�¯ÆÈ �¨¯ÆÈ�xéȥvĽîin
Ç¦��ÈxȎŚøtÓȥtxȊȰ�ȡÉĦ
Ĥ¡�©¨È�v��ýœj�tU¡�©¨
È�yȸøİéȥÌva^r�Ȕ�bvć



äiUËŬėŅd�l�ƇȕtÃÈ§¾��
Åt�ǤĠvýœj�gtvŚăin
&Polym. J. 2014'V� �

Random Coil
poly-(R)-1a

(Close)

One-handed Folded Helix
poly-(R)-1b

Through Space Chirality Transfer (Far)

Optically Active wheel

OO

NMe

OO
O
O

O O
O

O
O

NMe
H

O
CF3COO–

OO
O
O

O O
O

O

TFA

DBU

poly-(R)-1bpoly-(R)-1a

poly-(R)-1bpoly-(R)-1a
�

�
Bȸøİ&�'Ç¦��Èv��¬»Ç Êĩ
Ť�
� ȸøİÌsxȎŚøxáǞýœ�ȸøİ
xȖǖƠvĽîj�gtsȸøİȥïãx
ŎƦȹ¬»Ç ÊȺ�øŁƇȕb�ƺǘƇȕ
&Angew. Chem., Int. Ed., 2015'UƺǘƦb�ƫ
Ʀ&Chem.Lett. 2015; ACS macro Lett. 2015'|
tĩŤj�Xȸøİ¬»Ç ÊĩŤ�¡ª
¾Y�ƇǌinV�

Star polymer

Linear polymer

高分子のトポロジー変換を達成

Linear polymer

Cyclic polymer
�

ɄȽÓuƶǭȂŨǈ�
ZȯǼȂŨ[ȹǷɁɇÝȺj}rƁǿŵ� 
A C. Wang, Y. Koyama, S. Uchida, T. Takata, 

Synthesis of Highly Reactive Polymer Nitrile 
N-Oxides for Effective Solvent-free Grafting, 
ACSMacro Lett. 2014, 3, 286-290, DOI: 
10.1021/ mz500069f  

B K. Iijima, Y. Koyama, S. Uchida, T. Takata, 
Stimuli-Degradable Cross-Linked Polymers 
Synthesized by Radical Polymerization Using 
a Size-Complementary [3]Rotaxane 
Cross-Linker, Polym. J. 2014, 46, 67-72, 
DOI:10.1038/ pj 2013.63  

C S. Suzuki, K. Matsuura, K. Nakazono, T. 
Takata, Effect of a Side Chain Rotaxane 
Structureon the Helix-Folding of 
Poly(m-phenylene diethynylene), Polym. J. 
2014, 46, 355-365, DOI:10.1038/ pj.2014.4  

D D. Aoki, S. Uchida, T. Takata, Mechanically 
linked Block/Graft Copolymers: Effective 
Synthesis via Functional 
Macromolecular[2]Rotaxanes, ACSMacro 
Lett. 2014, 3, 324-328, DOI:10.1021/ 
mz5001306  

E D. Aoki, S. Uchida, T. Takata, Synthesis and 
Characterization of a Mechanically Linked 

Transformable Polymer, Polym. J. 2014, 46, 
546-552, DOI:10.1038/ pj 2014.22  

F Y. Abe, H. Okamura, S.Uchida, T. Takata, 
Synthesis of main chain-type liquid 
crystalline polyrotaxanes: influoence of the 
wheel components and their mobility on 
liquid crystalline properties, Polym. J. 2014, 
46, 553-558, DOI: 10.1038/ pj.2014.23 

G K. Nakazono, T.Ishino, T.Takashima, D. 
Saeki, D. Natsui, N. Kihara, T. Takata, 
Directed One-pot synthesis of Crown Ether 
Wheel-Containing Main Chain-type 
Polyrotaxanes with Controlled Rotaxanation 
ratio, Chem. Commun. 2014, 50, 
15341-15344, DOI:10.1039/C4CC06943A 

H Y. Koyama, T. Yoshii, Y. Kohsaka, T. Takata, 
Photo-Degradable Cross-Linked Polymer 
Derived from a Vinylic Rotaxane 
Cross-Linker Possessing Aromatic Disulfide 
Axle, Pure & Appl. Chem. 2013, 85, 835-842, 
DOI: 10.1351/PAC-CON-12-08-14  

I T. Arai, K. Jang, Y. Koyama, S. Asai, T. 
Takata, Versatile Supramolecular 
Cross-Linker: Rotaxane Cross-Linker that 
Directly Endows Vinyl Polymers with 
Movable Cross-Links, Chem. Eur. J. 2013, 19, 
5917-5923, DOI: 1-.1—2/chem201204402  

J R. Seto, Y. Koyama, K. Xu, S. Kawauchi, T. 
Takata, Exact Helical Polymer Synthesis by 
Directionally Fixed Connection of C2-Chiral 
9,9’-Spirobifluorene Unit with C2- or 
Cs-Symmetric Unit, Chem. Commun. 2013, 
49, 5486-5488, DOI:10.1039/C3CC41685B,  

K D. Aoki, K. Nakazono, Y. Koyama, S.Uchida, 
T. Takata, Synthesis and Characterization of 
Macromolecular [2]Rotaxane Having 
Polymer Chain, ACSMacro Lett. 2013, 2, 
461-465, DOI:10.1021/mz400197d  

L H. Iguchi, S. Uchida, Y. Koyama, T. Takata, 
Polyester-containing α-Cyclodextrin-based 
Polyrotaxane: Synthesis by Living 
Ring-opening Polymerization, 
Polypseudorotaxanation, and End-capping 
Using Nitrile N-Oxide, ACSMacro Lett. 2013, 
2, 527-530, DOI: 10.1021/ mz4002518  

M H. Okuda, Y. Koyama, T. Takata, 
9,9-Diaryl-4,5-diazafluorene-based Cardo 
Polymer; Synthesis and Characteristic 
Properties, J. Polym. Sci. Polym. Chem. 2013, 
51, 4541-4549, DOI:10.1002/pola.26870S. 

N Cheawchan, Y. Koyama, S. Uchida, T. 
Takata, Polymer, 2013, 54, 4501-4510, 
DOI:10.1016/j.polymer 2013.06.020  

O T. Yuki, Y. Koyama, T. Matsumura, T. 
Takata, Click Annulation of 
Pseudo[2]rotaxane to [2]Catenane Exploiting 
Homoditopic Nitrile N-Oxide, Org. Lett. 
2013, 15, 4438-4441, DOI:10.1021/ol 
401986u  

P C. Wang, Y. Koyama, M. Yonekawa, S. 



Uchida, T. Takata, Polymer Nitrile N-Oxide 
Directed toward Catalyst-and Solvent-Free 
Click Grafting, Chem. Commun. 2013, 49, 
7723-7725, DOI:10,1039/c3cc42992j  

Q Y. Koyama, T. Matsumura, O. Ishitani, T. 
Takata, Fluorescence Control of Boron 
Enaminoketonate Using a Rotaxane Shuttle, 
Org. Lett. 2013, 15, 4686-4689, 
DOI:10.1021/ ol 401984j  

R Y. Akae, T. Arai, Y, Koyama, H, Okamura, K. 
Johmoto, H. Uekusa, S. Kuwata, T. Takata, 
One-pot Synthesis of Permethylated 
α−CD-based Rotaxanes Having Alkylene 
Chain Axles and Their Structural 
Caracteristics, Chem. Lett. 2012, 41, 806-808.�
DOI: 10.1246/cl.2012.806��

S Y. Abe, H. Okamura, K. Nakazono, Y. 
Koyama, S. Uchida, T. Takata, 
Thermoresponsive Shuttling of Rotaxane 
Containing Trichloroacetate Ion, Org. Lett. 
2012, 14, 4122-4125. DOI: 
10.1021/ol301771w��

T M. Yonekawa, Y. Koyama, S. Kuwata, T. 
Takata, Org. Lett. 2012, 14, 1164-1167. DOI: 
10.1021/ol300125s  

Ú� ɇÝ 
 
ZĳÞƶǭ[ȹǷ 29 ÝȺ 
A T. Takata, D. Aoki, S. Uchida, Transformable 

Polymer Architectures Functioned by 
Movable Linkages-Role of Rotaxane Linkage 
for Polymer Topology Change, 2014 ŉ 7 Ŵ 1
ŭ\7 Ŵ 4 ŭUHigh Tech Polymer Materials 
(HTPM)2014, Chinese Academy of Science 
(China) 

B H. Sogawa, H. Okuda, T. Takata, Structural 
Switch and Application of Exact Helical 
Foldamer Containing C2-chiral 
Spirobifluorene in the Main Chain, 
Chirality-2014, 2014 ŉ 7 Ŵ 27 ŭ\7 Ŵ 30
ŭUPragueȹCzechȺ 

C T. Takata, Y. Koyama, Macrocycle Catalyst 
for Highly Efficient Hydroaminatino via 
Cavity-Threading of Substrate as the Key 
Process, CRC International Symposium on 
Synthesis and Application of Functional 
Molecules and Materials Utilizing 
Biomolecules as a Motif, 2014 ŉ 9 Ŵ 39 ŭ
\10 Ŵ 1 ŭ, Hokkaido University (Sapporo) 

D T. Takata, Chiral Rptaxane Catalysts for 
Asymmetric Reactions, MC Asia 2014, 2014
ŉ 10 Ŵ 29 ŭ\10 Ŵ 31 ŭ, Beijing (China) 

E T. Takata, T. Arai, K. Jang, Y. Koyama, 
Thermo-responsive Hydro Gels Networked 
by Rotaxane Cross-links, Polymer Network 
and Gel 2014 (PN&G2014), 2014 ŉ 11 Ŵ 10
ŭ\ 11 Ŵ 14 ŭȻUniversity of Tokyo 
(Tokyo) 

F�Toshikazu Takata, Intelligent Polymer 

Materials Characterized by Rotaxane 
Linkages, Yamagata University International 
Commemorative Symposium of GMAP 
Center, 2014 ŉ 1 Ŵ 23 ŭ\1 Ŵ 24 ŭ, 
Yamagata University (Yamagata) 

G T. Takata, Synthetic Protocol of Cyclic 
Polymer from Linear Polymer and Reversible 
Linear-Cyclic Polymer Topology Conversion, 
245th ACS Annual Meeting, 2013 ŉ 4 Ŵ 7 ŭ
\4 Ŵ 11 ŭ, New Orleans (USA) 

H T. Tkaata, Topological Chirality: Powerful 
Dynamic Chirality, 25th International 
conference on Molecular chirality, 2013 ŉ 7
Ŵ 7 ŭ\7 Ŵ 10 ŭ, Shanghai (China) 

I T. Takata, Transformable Polymer 
Architectures Functioned by Movable 
Linkages, The 13th Pacific Polymer 
Conference 2013,2013 ŉ 11 Ŵ 17 ŭ\11 Ŵ
22 ŭ, Kaohsiung (Taiwan) 

Ú��	 Ý�
�
ZmxÚ[�
ȸƮƽǅĸ¹Ê¾¸Ê �
-885���:::�45�8.8,*-�(*�/5�541<2,6�1()�
8(0(8(�/(5(3,7,�.3+,;�/�-821�
�
ɅȽƽǅǕǜ�
�
�ƽǅÜǭǟ�

� ȸƮ� Ċŕěȹ!���!���!47-.0(=9Ⱥ�

��żÖńƅīĳÉīĳȪƪńĳƽǅǀÉŦš�

��ƽǅǟƴēɉɃȿɀɆɈɃɃɄ�

�
���ƽǅøŞǟ�

� ľŀ� ȱ×ȹ��$����$(79-.84Ⱥ�

��ĉƘșīĳÉǵįĈĳƽǅ£È¦ÊÉõŦ

š�

� ƽǅǟƴēɉɀȿɃɄɅɁɅɁ�

�

� ŜƮ� Ǡȹ"������ (847-.Ⱥ�

��żÖńƅīĳÉīĳȪƪńĳƽǅǀÉȃņ�

� ƽǅǟƴēɉɆȿɂɃɂɀɅɇ�

�

� ÒǨ� ěİȹ����%�����(=904Ⱥ�

��żÖńƅīĳÉƱĬðĖčƲŢȗ£È¦

ÊÉąŦ�

� ƽǅǟƴēɉɂȿɃɅɆȿɁɀ�

�

� ųŃ� ƕíȹ ���#���.642.879Ⱥ�

��żÖńƅīĳÉīĳȪƪńĳƽǅǀÉąŦ�

� ƽǅǟƴēɉɈȿɆȿɈɁɈɆ�


