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ɘˣˉ�

 
 

A adenine or deoxyadenosine ESI electrospray ionization 

Ac acetyl eq equivalent 

ABz 6-N-benzoyladenine G guanine or deoxyguanosine 

�A alpha-deoxyadenosine GiBu 2-N-isobutylylguanine 

�G alpha-deoxyguanosine Gpy 2-N-(pyridin-2-ly)-guanine  

�C alpha-deoxycytidine GPym 2-N-(pyrimidin-2-ly)-guanine  

�T alpha-deoxythymidine GPyra 2-N-(pyrazin-2-ly)-guanine  

antimiR anti micro RNA HP hair-pin 

Ar aryl or heteroaryl HPLC high pressure liquid 

chromatography 

(±)-BINAP (±)-2,2´-bis(diphenylphosphine)- 

1,1´-binaphtyl 

Kd dissociation constant 

Bn benzyl MALDI-TOF matrix assisted laser 

desorption/ionization time of 

flight 

BSA N,O-bis(trimethylsilyl)acetamide  Me methyl 

Bz benzoyl NMP N-methyl-2-pyrrolidone 

C cytosine or deoxycytidine NMR nuclear magnetic resonance 

CBz 4-N-benzoylcytosine ODN oligodeoxyribonucleotide 

CE cyanoethyl RNA ribonucleic acid 

CuAAC Copper-Catalyzed Azide-Alkyne 

Cycloaddition 

T thymine or thymidine  

dba dibenzylideneacetone TBHP t-butyhydroperoxide 

DFT dencity functional theory TBS t-butyldimethylsilyl 

DIAD diisopropyl azodicarboxylate TBTA  tris[(1-benzyl-1H-1,2,3-triazol-4- 

yl)methyl]amine � 

DMF N,N-dimethylformamide � TFO triplex-forming oligonucleotide 

DMSO  dimethylsulfoxide  THF tetrahydrofuran 

DMTr  4,4´-dimethoxytrityl  TLC thin layer chromatography 

DNA deoxyribonucleic acid TMS trimethylsilyl 

Tm melting temperature   
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UV ultraviolet   

Vis visible light   

Xantphos 4,5-bis(diphenylphophino) 

-9,9-dimethylxanthene 
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� 1981Ƃ4�g��R�nTsȟ 0-1�̦ɜ!L/µ̫�Ŋɂļ6X�brX[ew]�Xo

t(X�bw]�Xot)*�03�Î͇ǻ̛OĢCX�bw]�XotEĜƪĕʯ43,)

'6ʚǷ�ǆÔŁľ 0-232ƫ�6Âã0ɐ#�KÎ͇ǻ̛�A)ǻ̛Ąˀ1"/ˀɎȦƠ6

ġ�OƝġ")�g��oXW�sǻ̛F 2´-Î͇ RNA 326¯Źɝ4˚˗!L)Î͇ǻ̛
0-3�ǐň�ĿĤ!L/�/�ɍĹEǗ)3Î͇ǻ̛�ɜː�A)7˚˗!L/�K 

� DNA ̣7�ʲ˺�©̝̣�Ĳ̝̣326͍ȍȄ̋OƏƪ$K�10� ˻åFˍˌ32ɐ

ÂȋʯFˀɎȦƠOɜɍ$KG24�Î͇Ȅ̋�X�bw]�Xot4E)I$Ơ˳O§

ȴ$Ḵ47�ͅ½$KÎ͇X�bw]�Xot6Ȅ̋ɝƠ˳�ǛI�43,/�K�1�

̝ˏ0�KA)�Î͇ǻ̛O˚˗$Ḵ4E�Ğȅ4$04Ȅ̋ɝɇƠ�ǛI�43,/

�KÎ͇X�bw]�Xot�˚˗6˷ŀ43J�KHJáÂɝ4�28�26H�3Î

͇ǻ̛�ɇş6͍ȍȄ̋O2L�I�śşĂ/�śşĂ$K6��ʐʛʁ/IL)ʞʦɝ3ɬ

ɽ�Ɯˏ0�K 

 

� �ǘ�˚˗!L)Î͇ǻ̛OX�bw]�Xot4ŬÝ$K)D47�'6Ĝƪȟ6̦ɜ

��ĕȌ0�K�g��R�nTsȟ7	�g��R�nTs1ħ8LK�y���vp

s6Ĝƪ1
ķɣ�06̣¼̤6¤4©Ȓ̰�I3Ḳ¼̤ďƞÿɋ6ʷ!�'"/̺ſ

4ňɻ6Î͇ǻ̛4̒ɒĕʯ0�K1��¨Š�I�6Ʈȟ7ɍĹ0EX�bw]�Xot

Ĝƪ4ɒ�IL/�K��˚˗!L)¯Źǻ̛6Ȅ̋4H,/7�ÌˬľOņǥ$K326

ǩȋĂŚɝ3R���o0�g��R�nTsȟ4̒ƞ$K�y���vpsOɒƥ$KƜ

ˏ��K 

 

� ǯćŅ˨Ǔ07�ʆ͑ʂ�ʆ͒ʂ07Î͇ǻ̛� DNẠ͍ȍȄ̋4 2KƑ̽4-�/ʐ

ʛɝ3ɬɽO˅,)A)ʆ͓ʂ07���̛̗4Î͇Oǩ$K DNẠ6ĜƪOɡƺ"/Ì

ˬľOņǥ")�g��R�nTs�vps6Ĝƪ4-�/ɬɽO˅,) 
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� ʆ͑ʂ07�^Rv�͒¾R�yľ4ʥǄľ�³ü")ǆÔ^Rv�6�r�ľ˳1"/

2-N-�q�R���^Rv�(GHA)Oǩ$KX�bw]�XotOĜƪ"�͍ȍȄ̋Əƪ=6

Ƒ̽O˧>)�LI6 GHA7�Łľ̗6a����e��6śşƠ�ŉ��ɚ3J�'6

śşƠ1���po©̝̣ DNA �H:^Rv�Ĳ̝̣6�śşĂÿǷ6̧4̨̌ƠOːé

") 

 
 

 

 

� ʆ͒ʂ07�R�o|���ļ�̝̣4��K�̝̣Əƪǻ̛ (triplex-forming 

oligonucleotide, TFO)1Ȇɝ©̝̣ DNA6Ǘ)3ʚĜȅƉ4ǫƓ"/�TFO4�-rX[ew

�XetOŬÝ")�̝̣¢0 TFO 6��w]�Xet1Ȇɝ©̝̣6ŁľŪ6ʘBĜN

&Oʞʦɝ4˧>�'6ʚǷOE14śş3ʚĜOɰ$E64-�/7êŖĀúŚ˗ʊ4H

Ke����e��O˅,)ʚǷ���w]�Xet1ȆɝŁľŪ�śş3ȗʔʚĜƏƪO"

/�KȄ̋OƖK�14ƪû") 
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� ʆ͓ʂ07�ʖʭʱ̇̎ƠOǫƓ"/˚˗!L)�s�Rl���g�x�sȄ̋Oǩ$

KÎ͇ǻ̛6Ĝƪȟ6̦ɜO˅,)Î͇Ȅ̋OX�bw]�Xot=ŬÝ$K)D4�Î

͇Ȅ̋OĢC©̟Â6�g��R�nTs�vps6ĜƪO˞B)��Î͇̗¾4ɒ�KÌ

ˬľ1"/eRyWo�ľ7�śş0�K�1�N�,)'�0Ìˬľ4HJśş3 1-u

�o��o�ľOɒ�)1�M�ȅ�3̘ì6©̟ÂOĜƪ$K�14ƪû"�A)X�b

w]�XotĜƪ4�6Ìˬľ�̒ɒĕʯ0�K�1Oːé") 

 
 

 

� µ��'L(L6ɬɽ4-�/�ěʂ0˟ʖ4ĿĤ$K 

 

Ƅ˨6ƊɒǓɊ  
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0-2 Dipple, A.; Lipinski, L. J. Exogenous Carcinogen-DNA Adducts and Their Repair in 

Mammalian Cells, in DNA Damage and Repair, Nickoloff, J. A.; Hoekstra, M. F; Humana Press 

inc.: Totawa, NJ, 1998, 2, 4, 51–64. 
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ʆ͑ʋ  
Ƅ  
 
� ^Rv�Łľ7©̝̣ DNA¢0 COɣˋŁľ1"��ʉƭ6ȗʔʚĜO±"/ G–CŁľ

ŪOƏƪ$K͒¾R�yľ4Ū$KĂŚÎ͇7�6ȗʔʚĜOÌ-�1�0�K)D�R

�[�ľ 1-1�Y�{�T�ľ 1-2�R���ľ 1-332ȅ�3Î͇ľ�ŬÝ!L�ɆɎĂŚɝ�

ɐĂŚɝ3ɬɽ�˅NL/�)(Figure 1-1)"�"�͒�R�yľ4�q�R���ľOŬÝ

")Î͇^Rv�(2-N-(heteroaryl)-guanine, GHA)4-�/�'6ĿĤÆ7�̗6ǆÔ^Rv�

Łľ 1-44̬ILK(Figure 1-1d) 

 
Figure 1-1. ͒¾R�yľ4Î͇Oǩ$K^Rv�6ĿĤÆa) R�[�ľÎ͇ b) Y�{

�T�ľÎ͇ c) R���ľÎ͇ d) ǆÔ^Rv�6Æ  

� `y� DNA7ȅ�3ĂŚɆ˳16ĂŚďƞ4HKǆÔOĒ�/�J�̂ Rv�6͒¾R�

yľ*�0E�ȅ�3ɻͅ6ǆÔ�ɪIL/�K1-5 '�0ʽʩ7�2 ¾R�yľ4ʥǄľ

Oǩ$KǆÔ^Rv�6Ćʒ3�r�ĂĜɆ1"/�ɻ�6 GHAOĢCw]�Xet1X�

bw]�Xot(ODN)OĜƪ"�'LI� DNẠ6͍ȍȄ̋Əƪ4 2KƑ̽O˧>) 

� GHA 6Ȅ̋ɝɇƠ1"/ɇ4ʴĦȫ�E64�͒¾4ŬÝ")�q�R���ɏ6a��

��e��6Ƒ̽�ʨ2ILK$3N+��q�R���ɏ�Watson–CrickŁľŪÒ4�

JŁľŪƏƪOŒ�K1ʨ2ILK closed-type a����e��1�q�R���ɏ�

minor grooveÒ4�K�10 C1ŁľŪƏƪ�ĕʯ3 open-typea����e��6͒ɻͅ0

�K(Figure 1-2) 

NH
N

N
O

N
H

N
O

O

O

NH2

N
N

N

R = H or OMe

O

HN

R

O

O

NH
N

N
O

N
H

N
O

O

O
NH

N

N
O

N
H

N
O

O

O

NH
N

N
O

N
H

N
O

O

O NH2

O
NH

N

N
O

N N
HR

N
H

O
Bu

NH
N

N
O

N
H

N
O

O

O R

a� b�

R = Me, Bn, (CH2)3CH3, 
(CH2)6-NH2, etc.

c� d�



 8 

 

Figure 1-2. GHA6;)-6a����e�� 

GHAOĢC ODN �©̝̣�Ĳ̝̣32OƏƪ$Kǟ47�GHA 7 open-type a����e�

�O1KƜˏ��J�closed-type�H: open-type'L(L6a����e��6śşƠ�͍

ȍȄ̋6śşƠ4ŉ��Ƒ̽$K1§Ƥ!LK 

� ǯɬɽ07áÂɝ47 2-N-(pyridin-2-ly)-guanine (GPy)�2-N-(pyrimidin-2-ly)-guanine (GPym)�

H: 2-N-(pyrazin-2-ly)-guanine (GPyra)OĢCrX[ew]�Xet�H:X�brX[ew]

�XotOĜƪ"�'L(L6Î͇Ȅ̋�͍ȍȄ̋Əƪ426H�3Ƒ̽O 2K�4-�

/�©̝̣�H:^Rv�Ĳ̝̣�H:Ȅ̋FśşƠO˔Ƕ")A)�a����e��

6Ƒ̽OHJȫ�Ɏ˔$K)D��q�R���ɏ� closed-type a����e��4ķş!

L)ˢŬÂ1"/ 3,5-dihydro-11H-pyrido[2�,3�:4,5]imidazo[1,2-a]purin-11-one (PIP) OĢC

rX[ew]�Xet�H:X�brX[ew]�XotEĜƪ"�DNA͍ȍȄ̋Əƪ4 

2KƑ̽OĞȅ4˔Ƕ")(Figure 1-3) 

 

Figure 1-3. ǯɬɽ0Ĝƪ") GHA6Ȅ̋ 

� A)�©̝̣�H:^Rv�Ĳ̝̣µŇ6͍ȍȄ̋1"/�closed-type a����e��

O1,) GHA1|���ļ�̝̣ DNA¢0o��16̧6 HoogsteenļŁľŪOƏƪ$Kĕ

ʯƠ4ɧɡ")͏Figure 1-4 ͐�̝̣ DNA1-6 7©̝̣ DNA1�ǯ̣ DNA0�K�̝̣Əƪ

ǻ̛(triplex-forming oligonucleotide, TFO)�ʚĜ$K�10Əƪ!LK�61��©̝̣ DNA

6Ȇɝ̣6 3´�H: 5´6̘ġ�Ğ#ġ�43,/�KE6O|���ļ1ħ<͏ Figure 1-4a ͐

|���ļ�̝̣Əƪǟ47�©̝̣ DNA6Ȇɝ̣6 G4Ū"/ TFO6��s�Ă!L)

C(C+)��Ȇɝ̣6 A 4Ū"/ TFO 6 T ��A)Ȇɝ̣6 T 4Ū"/ TFO 6 G �ȗʔʚĜ

$K�10 C+:G-C�T:A-T�G:T-A �ŁľŪOƏƪ"�ȆɝO̘ì̓Ƴɝ4ˡ˫$K(Figure 
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1-4b)1-7 �̝̣Əƪǻ̛͏TFO͐4 GPym OĢC͔ɻͅ6 GHAsOŬÝ$K�10 DNA©̝̣

¢6 TO̓Ƴɝ4ˡ˫$K�1OǫƓ"�GHAs6|���ļ�̝̣Əƪ=6Ƒ̽O˧>) 

 

Figure 1-4. GHAOĢC TFO4HK�̝̣Əƪ6ĕʯƠ a)|���ļ�̝̣ DNA6̣6̘

ġb) C+:G-C�T:A-T�G:T-A�ŁľŪ6Ȅ̋1�GHA� T4ʚĜ$K§ƤĶ 

 

ʆ 2ʋ  
˗ʊĂŚ4HK GHA6a����e��˔Ƕ  
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J��q�R���êŖãȗʔʚĜOƏƪ$Kclosed-type6ǘ�śş0�K1ʨ2ILK̎

ċ4�͒¾6R�yľ4Y�{�T�ľOǩ$K2-N-Y�{�T�^Rv�ˢŬÂ�

open-type1closed-type6;)-6a����e��O1K�1�ĿĤ!L/�K1-2 À�ːI
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{�T�^Rv��©̝̣DNA¢0T16wobbleŁľŪƏƪOɣŪɝ4�śşĂ"�C16Ł

ľŪƏƪ̓ƳƠ�ġ�")�1�ĿĤ!L/�K(Figure 1-5)1-2a,b 

 
Figure 1-5. Y�{�T�^Rv�6closed-type�H:open-typea����e�� 

 

�6H�4�GHA6ŀĜE͒-6a����e��6śşƠ�ŁľŪƏƪ6śşƠ4Ƒ̽O 

2K1ʨ2ILK'�0�GPy�GPym�GPyra6ěa����e��6śşƠ�H:GHA–CŁ

ľŪ6śşƠO§ȴ$K)D4�ŧƆȚ̨ǐȟ͏DFT͐˗ʊ4HJclosed-type�open-typea�

���e���H:GHA-CŁľŪŁ6Wx�\�O§ȴ")˗ʊ6k�sUVR47

Gaussian09 1-8 Oɒ��Ȅ̋Ǩ̒Ă�Wx�\�˗ʊ62+IEȚ̨ǐ7ωB97X-D 1-9�ľƅ̨

ǐ76-31+Gd Oɒ��ɦɾ¢0˗ʊO˅,) 

 
Figure 1-6.� ɦɾ¢06GHA6a����e���H:ŁľŪ6śşƠ: closed-type�I

open-typea����e��4ņĂ$K64Ɯˏ3Wx�\�͏ΔEopen͐�H:ȗʔʚĜWx�

\�͏ΔEHB͐  
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N N
H

N
N

NH
N

N
O

N N
H

N

NH
N

N
O

N N
H

N
N

closed-type
conformation� base pair

formation �

open-type
conformation�
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closed-typea����e���open-typea����e���H:GHAs–CŁľŪ6ěWx�\

�Oʊé")Ɣ�'6Wx�\�ŻOβDK�10�closed�Iopen43K)D6Wx�\�

͏ΔEopen͐�H:ȗʔʚĜWx�\�͏ΔEHB͐Oʊé")'6ʚǷOFigure 1-64ɰ$ 
� GPy�GPym�GPyra6ΔEopen7'L(L+ 3.7�+ 9.7�+ 3.3 kcal/mol1Ȏ6Ï0�,)�1�I�

§Ƥ̉Jopen-typea����e��7closed-typea����e��1Ȕ˽"/�śş0�J�

GPym6ŀĜ7ǨE�śş0�K�1�ê�,)'L(L6Ǩ̒ĂȄ̋OFigure 1-74ɰ$

GPy�H:GPyra6ŀĜ^Rv�ɏ1�q�R���ɏ�Ğ�Ɓ̻�4�K�61�����

ɏ͓¾6ɿʔĉŖ1~�f�ɏ͓¾A)7~�f�ɏ͓¾6ȗʔĉŖ�êŖã0CH-Nɣª

ÄɒO$K�10open-typea����e��OśşĂ"/�K1ʨ2ILK�ǘ�GPym6

ŀĜ7͒-6ɏ�5#L)¾ʥ̨Ê4�K�61�����ɏ͓¾6ɿʔĉŖ1~��f

�ɏ6ɿʔĉŖ�ďɜ"/open-typea����e��O�śşĂ"/�K1ʨ2ILKµ

�6H�4�N%�3Î͇ľ6̐��closed-type1open-type6a����e��6Ȅ̋Fśş

ƠOŉ��ņ2K�1�ê�,) 

 

Figure 1-7.� DFT ˗ʊ4HJƖIL)GPy�GPym�GPyra6Ǩ̒ĂȄ̋ 

� A)�ȗʔʚĜWx�\�4-�/BK1�GPy�GPym�GPyra6ΔEHB7'L(L– 27.4�– 28.0�

– 28.9 kcal/mol0�J�Î͇Ȅ̋4H,/ŉ�3̐�7ːIL3�,)͒-6Wx�\�6

ĩ͏ΔEopen + ΔEHB͐7GHA�Ǩśş̘Ƈ0�Kclosed-typea����e���Iopen-typea�

���e��4ņĂ"�ŁľŪOƏƪ$KA06ÞWx�\�4ɣƎ$K��'6Ï7– 23.7�

– 18.3�–25.7 kcal/mol0�J˯6ÏO1K�1�I��LI6GHAsOĢCX�brX[ew]

�Xot7oepn-typea����e��O1J©̝̣OƏƪ$K�1�ɰĭ!L)A)��

LI6Ï�IGPyra�GPy�GPym6̀0śş3ŁľŪOƏƪ$KĕʯƠ4-�/Eɰĭ!L) 

 

GPyra�

Coplanar

GPym�

Twisted

�—�

�—�

ΔEopen: + 9.7 kcal/mol� ΔEopen: + 3.3 kcal/mol�

NH
N

N
O

NHN

N NH3C

NH
N

N
O

NHN

N
NHH3C

Calculated at the ωB97X-D/6-31+G(d) level

GPy�

Coplanar

NH
N

N
O

NHN

NHH3C

ΔEopen: + 3.7 kcal/mol�
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ʆ͓ʋ  
GHA6w]�XetˢŬÂ��H: GHAOĢCX�brX[ew]�Xot6

Ĝƪ  
 
� ʆ͑ʋ0̄>) GHAOǩ$KX�bw]�XotOĂŚĜƪ$K)D4�GHAs6w]�X

et6ĜƪO˅,)Ǝɬɽš6¹˂7̎ċ4�rX[e^Rye�6ʏ̗ 3´�5´¾6ư̑

ľO TBDMSľ0�Łľ̗ 6¾6Y��v�ľO��f�ľ0Ìˬ")ĂĜɆ 1-2 Oɒ�/

Buchwald-Hartwigďƞ 1-10O˅��GPym6¢̧Â6Ĝƪ4ƪû"/�K(Scheme 1-1)1-11 A

)��6ďƞ4ɒ�KŁľ7 K2CO3HJE Cs2CO36ǘ�$�L/�K�1EǛI�4"/�

K°ĳʽʩ7!I3Kɫ˅ɺ06ĜƪOɡƺ"�Łľ̗ɁÌˬ6¢̧Â 1-1 Oɒ�/Ğ#

ďƞǳ·4HK�q�R���ɏ6ŬÝO˞B) 

 
Scheme 1-1.� ¹˂I4H,/˅NL) GPymˢŬÂ6Ĝƪ 

 

Scheme 1-2.� Buchwald–Hartwigďƞ4HKĂĜɆ 1-8a�1-4, 1-8b�H: 1-8c6Ĝƪ 

1-1�

1-4
35% from 1-1�

1-7�

N
N

N
OBn

NH2N
O

TBSO

TBSO

toluene
reflux, 18 h, 79%

K2CO3
(±)-BINAP

N
NCl

Pd(OAc)2

10 mol%

10 mol%
5.0 eq

1.5 eq

N
N

N
OBn

N
H

N
O

TBSO

TBSO
NH

N

N
O

NH2N
O

TBSO

TBSO N
N

DIAD
Ph3P

BnOH

2.0 eq

2.0 eq
2.0 eq

1,4-dioxane
r.t., 1 h, 67%

THF 
r.t., 20 h, 67%

H2
10% Pd-C

NH
N

N
O

N
H

N
O

TBSO

TBSO N
N

THF 
r.t., 20 h, 84%

Et3N
Et3N·3HF

NH
N

N
O

N
H

N
O

HO

HO N
N

7.0 eq
7.0 eq

DMF 
r.t., 7 h, 54%

DMTrCl
pyridine

1.35 eq
3.0 eq

NH
N

N
O

N
H

N
O

DMTrO N
N

O
PN O CN

NH
N

N
O

N
H

N
O

HO

HO N
N

MeCN 
r.t., 3 h, 42%

(iPr)2NEt

1.2 eq

2.4 eq

Cl
PN O CN

1-5 

1-2� 1-3�

1-6�

GPy�

GPym�

GPyra  �

1-8a 38 h, 64%
1-4 38 h, 46%
1-8b 13 h, 39%�NH

N

N
O

NH2N
O

TBSO

TBSO

NH
N

N
O

N
H

N
O

TBSO

TBSO Ar

Ar-Cl

N
N

N
O

N
O

TBSO

TBSO N
H

N

N
toluene

reflux, time

Cs2CO3
(±)-BINAP

N

NCl

Cl
Pd(OAc)2

10 mol%

10 mol%
5.0 eq

or
1.2 eq

1.5 eq

1-8c 72 h, 30%�

1-1�

N

N

N

N
N

1-8a: Ar =�

1-4: Ar =�

1-8b: Ar =�
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� Scheme 1-24ɰ$H�4�Pd˞ˀ�Łľ��g�S��Z�t1"/ě�̛̙|�fU��

Cs2CO3�(±)-BINAP 1-12Oɒ�K�10� GHAs ˢŬÂ 1-8a�1-4�1-8b �H: 1-8c O'L(

L 64͎�46%�39%�H: 30%0ƖK�14ƪû")��0�Scheme 1-1 4ɰ$H�4�

¹˂�ĂĜɆ 1-1 �I 1-4 O 3 ˅ɺ 35%0Ĝƪ")64Ū"�ǯƮȟ07 1 ˅ɺ 46%0Ɩ

ILK�1�I�ĂĜɆ 1-4 6Ĝƪ6ÿɋĂ4ƪû")"�"�PIP w]�XetˢŬÂ

1-8c 6Đɋ�Ȕ˽ɝ¿Đɋ0�K�1�I��LOǋİ$K)D4�Buchwald-Hartwig ďƞ

6ǳ·O˟ʖ4ǿ˘")50 mg6ĂĜɆ 1-84Ū"/�2,3-f]��~�f�O 1.2Ǝ̟�

�g�S��Z�tO 20 mol%�Pd˞ˀO 10 mol%�ŁľO͕Ǝ̟�ȸŕOs�W�1"�

14ǟ̧ refluxǟɀ0ďƞʐ�I 500 μLƿđ"�ȼʤ"/ DMSO-d64ȸ�"�1H-NMROȴ

ş")ƖIL)e^u��Iw]�Xet6 1´¾4ɔǴ$K��s�6~�]4ȡɡ"�

ĂĜɆ 1-1�1-8c�'6²6øɐƪɆ6ȔOɼêÏ�Iʊé")'6ʚǷO Figure 1-84ɰ

$ 

 

Figure 1-8.� ĂĜɆ 1-8c6Ĝƪ4��K Buchwald–Hartwigďƞ6ǳ·ǿ˘a) ďƞg[��

ş̟4ɒ�) 1´¾6 HOƍ˧"/ɰ")b) 1H-NMR4HKȔ6ʊé4ɒ�)~�]6Æ

c)ďƞ6ǳ·ǿ˘6ʚǷ 

1-1
 1´-H�

entry Ligand Pd source Base additive �yield of 
1-8c(%)

 yield of 
1-1(%)

Side
Product (%)

1 DPEPhos Pd(OAc)2 Cs2CO3 - 50 25 25
2 (±)-BINAP Pd(OAc)2 Cs2CO3 - 25 75 0
3 CyJohnPhos Pd(OAc)2 Cs2CO3 - 20 80 0
4 Me4tBuXPhos Pd(OAc)2 Cs2CO3 - 5 95 0
5 XPhos Pd(OAc)2 Cs2CO3 - 5 95 0
6 XantPhos Pd(OAc)2 Cs2CO3 - 91 0 9
7 XantPhos Pd2(dba)3 Cs2CO3 - 91 9 	

8 XantPhos Pd(OAc)2 Cs2CO3 (20 eq) - 91 0 9
9 XantPhos Pd(OAc)2 NaOtBu - 0 25 75

10 XantPhos Pd(OAc)2 LHMDS - 40 20 40
11 XantPhos Pd(OAc)2 K3PO4 - 40 0 60
12 XantPhos Pd(OAc)2 Cs2CO3 Et3N 91 0 9

1-1� 1-8c�

1-8c
 1´-H�

a� b�

c�

NH
N

N
O

N
O

TBSO

TBSO NH2

N
N

N
O

N
O

TBSO

TBSO N
H

N

N

toluene
reflux, 14 h

N

NCl

Cl
Ligand
Pd source
Base

1.2 eq

5.0 eq

20 mol%
10 mol%

additive 1.0 eq

H H
1´� 1´�
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� 7#D4�g�S��Z�tOɻ�ǿ˘")ʚǷ(entry 1~6)�XantPhos�E,1EʷŐ3Đ

ɋ0 1-8c Oɐƪ$K'�0��g�S��Z�tO Xantphos 4ķş"�Pd ˞ˀ4-�/

Pd(OAc)21 Pd2(dba)3OȔ˽")ʚǷ(entry 7,8)�2+IEĞɺƆ4ʷŐ3ĐɋOɰ")'6

)D�µƔ6ǿ˘7HJśÉ3 Pd(OAc)2Oɒ�)-.�/ŁľOɻ�ǿ˘")ʚǷ(entry 6, 

9~11)�Cs2CO3 �ǨEʷŐ3ĐɋOɰ")�ǘ�Cs2CO3 6Ǝ̟OńF$�14HKĐɋ6

ǋİ7BIL3�,)(entry 6, 8)��0�Et3NOȭü$K1 Pd(II)�I Pd(0)=6̕Ù�Ë

̍!LKĕʯƠ��K1��ĿĤÆ 1-13��K)D��LA00ǨEʷ�,) entry 6 6ǳ·

4ȭüɆ1"/ 1.0 Ǝ̟6s�Wo�R��Oü2)ʚǷ(entry 12)�ɡɝɆ6ɐƪȔ7ņĂ

"3�,)��1H-NMR¢6ʹ͈ɏ́Ľ(7 ~ 10 ppm)4��/~�]6ǐ�ȰŮ")'6)

D�entry 126ǳ·6ǘ��entry 66ǳ·1Ȕ˽"/ɡɝɆ6Ć̶ʎˌ�ťǜ43KĕʯƠ�

�Kµ�6ʚǷ�I��Z�t4 XantPhos�Pd˞ˀ4 Pd(OAc)2�Łľ4ȿ̛ieU�Oɒ

��1.0Ǝ̟6s�Wo�R��Oȭü$K entry 126ǳ·��ǯǿ˘0ƖIL)ǨEʷ� 1-8c

Ĝƪ6ǳ·0�K1˖2K�6ǳ·Oɒ�/äƆ GHAsˢŬÂ 1-8a�1-4�1-8b�H: 1-c6

ĜƪOäƆ˞B)1�M�'L(LĆ̶Đɋ 63͎�43%�69%�83%0ɡɝɆ�ƖIL)(Scheme 

1-3 )(±)-BINAP Oɒ�)ǳ·06 1-8a�1-4�1-8b �H: 1-8c 6Đɋ(64͎�46%�39%�

30%)1Ȕ˽"/�ɇ4 1-8b�H: 1-8c6ŉƀ3Đɋġ�4ƪû") 

 

Scheme 1-3.� ĂĜɆ 1-1� ̛̙|�fU��Cs2CO3�XantPhosOɒ�) Buchwald–Hartwigď

ƞ4HKĂĜɆ 1-8a�1-4�1-8b�H: 1-8c 6Ĝƪ 

� Ĝƪ!L) GHAOŁľ̗4E-w]�XetOɒ�/�¹˂� 1-7 OĜƪ")ǟ4ɒ�)

6ǳ· 1-11OČʨ4�GPy�GPyraOŁľ̗4E-w]�Xet6�g��R�nTs�vps

OĜƪ")60�'6˟ʖO¹˂6ʚǷ11E4 Scheme 1-4 4ɰ$ĂĜɆ 1-8a, 1-8b 6

TBDMSľOʰÌˬ$K�10�ĂĜɆ 1-9a, 1-9b O'L(LĐɋ 90%�quant.0Ɩ)-.

�/�ĂĜɆ 1-9a, 1-9b4Ū"/ 5´ư̑ľO DMTrľ0Ìˬ"�ĂĜɆ 1-10a, 1-10bO'L(

LĐɋ 73%�78%0Ɩ)ǨƔ4�3´-ư̑ľ6�g�So�ĂO˅��Łľ̗6ÌˬľOɒ

�%4ɡɝ6�g��R�nTs�vpsĂĜɆ 1-11a, 1-11b O'L(LĐɋ 50%�43%0

ƖK�14ƪû")A)�GPyOŁľ̗4E-w]�Xet6�g��R�nTs�vps

1-8a 14 h, 63%
1-4 14 h, 43%
1-8b 19 h, 69%�

1-8c 8 h, 83%�

NH
N

N
O

NH2N
O

TBSO

TBSO

NH
N

N
O

N
H

N
O

TBSO

TBSO Ar
Ar-Cl

N
N

N
O

N
O

TBSO

TBSO N
H

N

N
toluene

reflux, time

Cs2CO3
XantPhos

N

NCl

Cl
Pd(OAc)2

20 mol%

10 mol%
5.0 eq

or
1.2 eq

1.2 eq

Et3N 1.0 eq

1-1�

GPy�

GPym�

GPyra  �

N

N

N

N
N

1-8a: Ar =�

1-4: Ar =�

1-8b: Ar =�
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1-77¹˂6ǘȟ 1-114ƕ,/Ĝƪ") 

 
Scheme 1-4.�  GPy�GPyra6�g��R�nTs�vps1-11a,b6Ĝƪ 

� Ğȅ4�PIPOŁľ̗4E-w]�Xet6�g��R�nTs�vps6ĜƪOǿ˘")

͏Scheme 1-5 ͐ĂĜɆ 1-11a�1-11b�1-76ŀĜ1Ğȅ4�ĂĜɆ 1-8c 6 TBDMSľOʰÌ

ˬ$K�10�ĂĜɆ 1-9c O 47%0Ɩ)-�4�5´ư̑ľO DMTr ľ0Ìˬ"�ĂĜɆ

1-10c OĐɋ 56%0Ɩ) 

 
Scheme 1-5.� Łľ̗ɁÌˬ6PIP�g��R�nTs�vps1-11c6Ĝƪǿ˘ 

ǨƔ4�3´-ư̑ľ6�g�So�ĂO˞B)ĂĜɆ1-10c �f]���m��H:Ris

vs��4ȸ˔"3�,))D�HJ͍ȁƠ0ȸ˔Ơ�͍�1ʨ2ILKNMPOɒ�)��

ɡɝ6�g��R�nTsÂOƖK�1�0�3�,)ďƞʐ�IĳĐ")˞ǕO

31P-NMR0êǶ")1�M��g��R�nTs�vps4ɇƚɝ3150 ppm³̃6~�]7

˓ȴ!L%�7.7�8.7 ppm³̃4ˍǐ6~�]�˓ȴ!L)͏Figure 1-9 ͐�L7�H—�g

�x�s4ɇǩ6_�Y�e�sÏ0�J��g��R�nTs�vps�üȗê˔"/ɐ

1-8a,b� 1-9a 14 h, 90%
1-9b 10 h, quant�

1-10a 6 h, 73%
1-10b 5 h, 78%�

1-11a 3 h, 50%
1-11b 1.5 h, 43%�

GPy�

GPyra  �

N

N
N

1-11a: Ar =�

1-11b: Ar =�

NH
N

N
O

N
H

N
O

TBSO

TBSO Ar

THF
r.t., time

Et3N·3HF 2.4 eq
Et3N 4.8 eq

NH
N

N
O

N
H

N
O
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r.t., time

DMTrCl 1.2 eq
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N
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N
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N
O

HO

DMTrO Ar
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N

N
O

N
H

N
O

DMTrO Ar

O
PN O CN

CH2Cl2
r.t., time

(i-Pr)2NEt 2.4 eq for b
3.0 eq for a

(i-Pr)2NP(Cl)OCE 1.2 eq for b
1.5 eq for a

N
N

N
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N
O

TBSO

TBSO N
H

N

N
N

N

N
O

N
O

HO

HO N
H

N

N

THF
r.t., 20 h

Et3N·3HF
Et3N

pyridine
r.t., 6 h

DMTrCl
2.2 eq
4.8 eq 1.2 eq

N
N

N
O

N
O

HO

DMTrO N
H

N

N N
N

N
O

N
O

DMTrO N
H

N

N

O
PN O CN

DMF or NMP
r.t.

(i-Pr)2NEt
(i-Pr)2NP(Cl)OCE

1-8c� 1-9c 47%�

1-10c 56%�

1-11c�
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ƪ")H—�g�x�s�Ů3�1E˞Ǖ¢4ĢAL/�K1ʨ2ILK�ǘ�Ğ#�ȁ

Ơȸŕ0�KDMFOɒ�/Ğ#ďƞO˞B)ŀĜ�ďƞ6̍˅7?1P2BIL3�,) 

 

Figure 1-9 ĂĜɆ 1-11c6�g�So�Ăďƞ6ĳĐɆ6 31P-NMRo��s(CDCl3) 

� �g��R�nTs�vps�ƖIL3�,)Ɏɔ1"/�ɁÌˬ6Łľ̗�øďƞ4̨

 ")ĕʯƠ�ʨ2ILK'�0�R��vRȗ0ʰÌˬĕʯ0�J��-ɛȗƠOġ�

!&ĂĜɆ6đJƯ��ťǜ43K1ǫƓ!LK pivaloyloxymethyl ľ0Łľ̗OÌˬ"��

g��R�nTs6ĜƪO˅��11")(Scheme 1-6) 

� ĂĜɆ 1-8c4Ū"/ chloromethyl pivalate Oɒ�K�10Łľ̗ÌˬÂ(1-12)OĐɋ 54%0

Ɩ)ʜ� TBDMS ľ6ʰÌˬ(80%)4HJ 1-13 4ņĂ")Ɣ�DMTr Ă(quant.)O˅� 5´Ì

ˬÂ(1-14)Oʙ/��g�So�Ă(83%)4HJ�ɡɝ6R�nTs�vps 1-15OƖK�1

4ƪû") 

 
Scheme 1-6. Łľ̗OÌˬ") PIP�g��R�nTs�vps 1-156Ĝƪ 

� ǨƔ4�R�nTs�vps 1-11a�1-7�1-11b �H: 1-15 Oɒ�/�X�bw]�Xo

N
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TBSO
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O
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O
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r.t., 20 h

6.0 eq

3.0 eq Et3N·3HF
Et3N

4.6 eq
2.3 eq

N
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HO

DMTrO N
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N N
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DMTrO N
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O
PN O CN

O
O

O
Opyridine

r.t., 4 h

DMTrCl
CH2Cl2

r.t., 15 min

(i-Pr)2NEt
(i-Pr)2NP(Cl)OCE1.5 eq

2.8 eq
1.4 eq

1-8c� 1-12 54%� 1-13 80%�

1-14 quant� 1-15 83%�
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t6ĜƪO˅,)͏Figure 1-10 ͐GHAOĢCw]�Xotȑľ6Yp���^ǟ̧O 300 ɶ

1"�'LµŇ7̉ſ6 DNAĜƪȟ4ƕ,/˅,)28͎R��vRȗOɒ�/ʰÌˬ�ë

Jé"O˅��R��vRȎƛW{���m�4H,/̮�)Ɣ�̆ɣY�s�pf4H

JʎˌO˅,)Ɯˏ3ŀĜ�̆ ɣ HPLCOɒ�/!I4ʎˌO˅,)ěʎˌƔ4̆ɣ HPLC 

4H,/X�b��OêǶ"�MALDI-TOF-MSOɒ�/ɡɝ6X�b���ƖIL)�1O

ɮˡ") 

 
Figure 1-10.� X�brX[ew]�Xot6Ĝƪȟ1̘ì�H:˳̟êǶ6ʚǷ1Đɋ1)

̆ɣY�s�pfʎˌ4ü2/̆ɣHPLCʎˌO˅,) 

 

ʆ͔ʋ  
GHA6̛ƠƆ  
� GHA6ŁľŪƏƪʯOŠ͊ɝ4˧>K4�)J�1¾6T�y��s�6̛ƠƆ1�³ü"

)�q�R���ľɿʔĉŖ6ŁľƠO˧>K�14")�LI6Ơ˳O§ȴ$K)D�

ʏ̗ɁÌˬ6ěw]�Xet 1-9a�1-6�1-9b�H: 1-9cOɒ�/ pKa6ȴşO˅,) 

� 7#D4 pH 2�12A0 1óB0 UVģĐg�]s�Oȴş"�UVģĐ4ņĂ�ːIL)

GHA
O

DMTrO

O
PN O CN

GHA
O

O

O

synthesizer
DNA

28% NH3 aq Purification
55 °C, 16 h

entry� sequence� yield�
MALDI-TOF-MS�

calcd 
([M + H]+)� found�

ODN1-1� 5´- TTTTCTCTCTT GPy TTCTT -3´ 54%� 5456.6� 5456.5�

ODN1-2� 5´- TTTTCTCTCTT GPym TTCTT -3´ 69%� 5457.6� 5457.6�

ODN1-3� 5´- TTTTCTCTCTT GPyra TTCTT -3´ 52%� 5457.6� 5457.2�
1)ODN1-4� 5´- TTTTCTCTCTT PIP TTCTT -3´ 32%� 5455.6� 5455.0�
1)ODN1-5� 5´- AGGGTTAG GPy GTTAGGGTTAGGG -3´ � 6%� 7043.6� 7043.1�
1)ODN1-6� 5´- AGGGTTAG GPym GTTAGGGTTAGGG -3´ � 3%� 7044.6� 7045.1�
1)ODN1-7� 5´- AGGGTTAG GPyra GTTAGGGTTAGGG -3´ � 3%� 7044.6� 7045.4�
1)ODN1-8� 5´- AGGGTTAG PIP GTTAGGGTTAGGG -3´ � 29%� 7042.6� 7042.0�

GPy�

GPym�

GPyra�

PIP�

NH
N
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O

N
H

N
R
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H
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H
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́ĽO pH 0.3óB0 UVģĐOȴş")'L(L̛Ơǳ·Ò�ŁľƠǳ·Ò6ǨŉģĐȠ

̤4��K UVģĐ6Ȕ 1-14Ơ˔̶Ǥʠ4�SpqS�^$K�10'L(L6 pKaOβD

)͏Figure 1-11 ͐1-9a (GPy)�1-6 (GPym)�1-9b (GPyra)6 pKa7'L(L 9.4�9.4�H: 8.70�

J�ǭÎ͇6rX[e^Rye�͏G͐6 9.34̃� pKa Oɰ")H,/���0˓ȴ!L

) GHA6 pKa7^Rv�1Ğȅ͑¾6 N-H ʚĜ6˔̶4ɔǴ$K1ʨ2IL�A)¢Ơǳ·

�07Łľ̗7ʰ��s�Ă�˶�/�3�1ʨ2ILK�ǘ 1-9c (PIP)6 pKa 7 5.00�

J��L7T�nl��ɏ�4¾ʥ$K 5¾ N-HʚĜ6ʰ��s�Ă4HK1ʨ2ILK 

 

Figure 1-11.� GHA6 pKa6ȴşǳ·: rX[e^Rye�͏G �͐1-9a (GPy)�1-6 (GPym)�1-9b 

(GPyra): 25 μM �200 mM^�e�-NaOH buffer�1% DMSO 1-9c (PIP): 25 μM�200 mM]W

�̛-NaOH buffer�1% DMSOģÜƆȔ6ʊé4ɒ�)Ƞ̤7�˙6̉JG: 254 nm/265 nm�

GPy: 264 nm/275 nm �GPym: 266 nm/275 nm�GPyra: 266 nm/274 nm�PIP: 268 nm/278 nmÞ/6

UVģĐȴş7͓ĳ˅��ƁĻÏ1ȆȷÐŻOɰ") 

� õʋ0̄>)H�4�Łľ̗ɁÌˬ6ɈƧ07 PIP OŁľ̗4ĢC�g��R�nTsÂ

1-11c OƖK�1�0�%�üȗê˔4HK H-�g�x�s6ɐƪ� 31P-NMR�0BIL)

°ĳ6 pKa 6ȴşʚǷ�I�PIP ��g��R�nTs6ɿʔĉŖO��s�Ă"/ȦƠĂ

$K64ąê3̛ƠOE+��g��R�nTs̗¾6üȗê˔OË̍")ĕʯƠ�ɰĭ!

L)͏Figure 1-12 ͐ 

PIP: pKa 5.0
R2 = 0.9994�
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Figure 1-12� ĂĜɆ1-12c6üȗê˔4��/ʨ2ILKďƞȋȄ 

� -.�/�PIP�X�bw]�Xot¢0E¢Ơǳ·�0ʰ��s�Ă!L/�K�Oɮˡ

")ĂĜɆ 1-10c7�pH < 36̛Ơǳ·�0 268 nm�H: 348 nm4�pH > 76ŁľƠǳ

·�07 278 nm�H: 377 nm4'L(LģĐȁŉOǩ$K͏ Figure 1-13a ͐̉ ſX�brX

[ew]�Xot¢6ǻ̛Łľ7 330 nm�430 nm6́Ľ4ģĐOɰ!3�)D�PIP6̤Ƞ

̤Ò6ģĐ7X�b��¢0E˓ȴĕʯ0�KPIP OĢC ODN1-4 6 UV ģĐg�]s�

Oȴş")ʚǷ�̤Ƞ̤Ò6́Ľ07 380 nm4ģĐȁŉOɰ")͏Figure 1-13b ͐�6�1

�I�PIP7¢Ơǳ·�07�X�bw]�Xot¢0Eʰ��s�Ă!L)ɈƧ0ŘĹ"/

�K�1�ê�,) 

 

Figure 1-13� a) pH 3.0, 3.3, 3.6, ···, 6.94��KĂĜɆ1-10b6UVģĐg�]s�b) ODN1-͔

6UVģĐg�]s�ȴşǳ·: 25 μM ODN1-4�200 mM]W�̛-NaOH buffer�pH 7.0 

 

ʆ͕ʋ  
GHAOǩ$KX�brX[ew]�Xot6©̝̣Əƪ4��KƠ˳  
 
� GHA6 DNA ©̝̣śşƠ=6Ƒ̽O©̝̣˄˔ȳƆ(Tm)ȴş4HJ˝É")ȴş47�

ODN1-1~1-4 6²4�̂ Rv�ǭÎ͇6Ȕ˽Ūˮ1"/ODN1-0��H:GHA6ɣƮŁľ4A�

G�C�T6�%L���Kɣˋ̣͏ DNA(A�G�C�T) O͐˴Ý"/ɒ�)'6̘ìO Figure 
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1-14ɰ$ 

 
Figure 14. ©̝̣˄˔ȳƆ(Tm)ȴş4ɒ�)X�brX[ew]�Xot6̘ì 

 

Figure 1-15.� GHAsOĢC©̝̣6TmÏ (°C) 

� Tmȴş6ʚǷO Figure1-15 4ɰ$ɣƮŁľ�ese�61�(X = C)�ǭÎ͇6©̝̣

͏ODN1-0/DNA C͐6 TmÏ� 58 °C0�,)64Ū"/�GPy�GPym�GPyra�H: PIPOĢC

©̝̣͏ODN1-1~4/DNA C͐6 TmÏ7'L(L 55 °C�53 °C�58 °C�51 °C0�,)�L

I6¢0 PIP�ǨE¿�©̝̣śşƠOɰ")67�ķş!L)~�f�ɏ4H,/Watson-

–CrickŁľŪƏƪ�ŜÞ4̩ţ!L/�K�I0�K1ʨ2ILK�ǘ�GPy�GPym�H:

GPyra7 open-type a����e��O1K�1�0�K4E��NI%ɚ3K TmÏOɰ")

�1�I�Î͇Ȅ̋6̐��©̝̣6śşƠ4̐�OE)I$�1�N�,)A)�LI

entry� sequence�

ODN1-0� 5´- TTTTCTCTCTT G TTCTT -3´

DNA A� 5´- AAGAA A AAGAGAGAAAA-3´

DNA G� 5´- AAGAA G AAGAGAGAAAA-3´

DNA C� 5´- AAGAA C AAGAGAGAAAA-3´

DNA T� 5´- AAGAA T AAGAGAGAAAA-3´

G� GPy� GPym� GPyra� PIP�GHA :�
X :� A�G�C�T�
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T m
 (°
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)�

3´- A A A A G A G A G A XA A A G A A -5´
5´- T T T T C T C T C T GHAT T T C T T -3´

10 mM cacodylate buffer (pH 7.0), 100 mM NaCl, 10 mM MgCl2 0.5 mM spermine and 1.5 µM each oligonucleotide.

N
N

N
O

N
R

N
N

N

ODN�-0~4�
DNA A, G, C, T�



 21 

6 TmÏ1ʆ 2ʋ0˗ʊ!L)ŁľŪƏƪWx�\�͏ ΔEopen + ΔEHB O͐Ȕ˽$K1(Figure 1-16)�

ŁľŪƏƪWx�\��ŭ!�ÏO1K?2 TmÏ�͍�3K�1�N�KA)�ΔEopen*

�OB/E�TmÏ16̀¾ɣ̨��K�1�ê�,)�6�1�I�open-typea����

e��6śşƠ�H:ȗʔʚĜ6śşƠ� GHAs–C ŁľŪOĢC©̝̣6śşƠ4ŉ��Ŧ

 "/�K�1�ɰĭ!L)ɇ4�GPym OĢC©̝̣��śşĂ")�14-�/�

open-typea����e����śş0�K͏ΔEopen = + 9.7 kcal/mol͐�1�IWatson–Crick

ŁľŪOƏƪ$K�160�3� closed-type a����e���Əƪ!L�©̝̣˄˔ȳƆ

�¿�")ĕʯƠ�ʨ2ILKµ�6H�4�͒ɻͅ6Wx�\�ΔEopen�H: ΔEHBO˗

ʊ$K�1� GHAs6©̝̣śşƠ4Ū$KƑ̽6§ȴ4ǩɒ0�K�1�ɰĭ!L) 

 
Figure 1-16�  GPy�GPym�GPyra6ΔEopen �H: ΔEHB1GHAs–CŁľŪOĢC©̝̣6TmÏ6Ȕ

˽ 

� -�4ɣƮ̣�Rrv��^Rv��o��61�(X = A�G�T)�$3N+�g�poO

ĢC©̝̣6 TmÏOȴş")(Figure1-15)PIP 6ɣƮŁľ� A�G�T 61�͏ ODN1-4/DNA 

A,G,T �͐©̝̣6 TmÏ7'L(L 51 °C�52 °C�50 °C0�,)�6Ï7�ǭÎ͇6 G6

ɣƮŁľ� A�G�T 61�͏ODN1-0/DNA A,G,T͐6 TmÏ6 48 °C�49 °C�50 °C1Ȕ˽"

/N%�4͍�,)�1�I��g�po6ŁľŪOĢC©̝̣�N%�4śşĂ!L)�

1�N�K!I4�PIP 6ɣƮŁľ� C61�͏ODN1-4/DNA C͐6 TmÏ͏51 °C͐1?

	GHA� ΔEopen  
(kcal/mol) 

ΔEHB  
(kcal/mol) 

ΔEopen + ΔEHB  
(kcal/mol) Tm (°C) 

GPym + 9.7 – 28.0 – 18.3 53 

GPy + 3.7 – 27.4 – 23.7 55 

GPyra + 3.3 – 28.9 – 25.7 58 
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3´- A A A A G A G A G A CA A A G A A -5´
5´- T T T T C T C T C T GHAT T T C T T -3´

Sequences for Tm value:�
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@Ğʇ0�K�1Eê�,)�LI6ʚǷ�I�PIP7ȗʔʚĜO±")ŁľŪOƏƪ$K

ʯúOE)3�)D�ɣˋɝ¾ʥ4�KŁľ6ɻͅ4̨NI%?@Ğʇ6©̝̣ʚĜʯOE

,/�K�1�ê�,)�6H�3Ơ˳7�ɣƮŁľ� A�G�C�T�%L6ŀĜE?@

ʇ"�©̝̣śşƠOɰ$ universal bases0�K 5-nitroindole1-15F pyrene 1-16 (Figure� 1-17)3

24ͅ½"/�K)D�PIP7©̝̣¢0ɣƮŁľ1ȗʔʚĜO&%�Æ28T�m�Y��

s 1-17O"/�KĕʯƠ�ʨ2ILK 

 

Figure 1-17 5-nitroindole�H:pyreneOǩ$K¯Źǻ̛ 

� A)�GPy�GPym�GPyra OĢCX�brX[ew]�Xot6ŀĜE�PIP 4ͅ½")�g

�po©̝̣śşƠOɰ")GPy6ɣˋɝ¾ʥ4�KŁľ� A�G�T 61�͏ ODN1-1/DNA 

A,G,T �͐©̝̣6 TmÏ7'L(L 53 °C�53 °C�53 °C0�J�GPym6ɣˋɝ¾ʥ4�KŁ

ľ� A�G�T 61�͏ ODN1-2/DNA A,G,T �͐©̝̣6 TmÏ7'L(L 53 °C�51 °C�52 °C�

A) GPyra6ɣˋɝ¾ʥ4�KŁľ� A�G�T 61�͏ODN1-3/DNA A,G,T �͐©̝̣6 Tm

Ï7'L(L 53 °C�52 °C�53 °C0�,)�LI6 TmÏ7��%L6ŀĜEǭÎ͇6 G

6ɣƮŁľ� A�G�T 61�͏ODN1-0/DNA A,G,T͐6 TmÏ (48 °C�49 °C�50 °C) HJ

E͍�,)'6)D�GPy�GPym�GPyra7ɣˋɝ¾ʥ4�KŁľ� A�G�T 61��closed-type

a����e��O1J�PIP6ŀĜ1Ğȅ4gmp[�^ɣªÄɒ326̺ɇɚɝ3ɣªÄ

ɒ4H,/�g�po©̝̣�śşĂ!L)1ʨ2ILK 

� µ�6ʚǷ�I�GHAs OĢC DNA 6©̝̣7�ɣƮŁľ� C 6ŀĜ open-type a���

�e��6śşƠ1ȗʔʚĜWx�\�4H,/śşƠ�źĘ!L�'6śşƠ7˗ʊĂŚ

Oɒ�K�10ɣŪɝ4§ȴĕʯ0�K�1�ɰĭ!L)A)�ɣƮŁľ� A�G�T 6

1�7�̺ɇɚɝ3ɣªÄɒ4H,/'L(L?@Ğ#ɺƆA0śşĂ!LK�1�ê�,

) 

 

 

 

 

 

O
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ʆ͖ʋ  
GHA Oǩ$KX�brX[ew]�Xot6|���ļ�̝̣Əƪ4��KƠ

˳  
 
� ǯʋ07�ODN1-1~1-4 O TFO 1"/ɒ��'6�̝̣Əƪʯ�H:"ŁľŪ"̓ƳƠ4-

�/̄>Kǿ˘ʚǷ4Ûʁ+�ǯʋ06�̝̣ŁľŪ6ˉ˙4-�/̄>K�̝̣ǻ̛

6ŁľŪ7�HoogsteenɣªÄɒO$KTFỌ1ʆ©̣(Ȇɝ̣)6̧4a��͏ : �͐Watson-Crick

ɣªÄɒO$Kʆ©̣1ʆ�̣(Ȇɝ̣6ɣˋ̣)6̧4zT��͏-͐OƼÝ$KÆ28�

G:T-AŁľŪ7�Ǩí6 G� TFO¢6^Rv�OƥĦ"�¢ō6 T7ʆ©̣4ĢALKo�

��ǨƔ6 A7ʆ©̣1Watson-CrickɣªÄɒ"/�KRrv�4Ūƞ$K͏Figure 1-18 ͐  

 

Figure 1-18. G:T-AŁľŪ6Ȅ̋ 1-7b,c 

� GHAOĢC TFO�|���ļ�̝̣OƏƪ$Ḵ6�ȆɝŁľŪ=6ʚĜʯ�H: T-A Ł

ľŪ=6ʚĜ̓ƳƠO�Tmȴş4HJ˝É")(pH 7.0)ȴş47�ODN1-0~4 6²4ȆɝŁ

ľŪ� A-T�G-C�C-G�H: T-A43K©̝̣ DNA1"/ HP 1-1�1-2�1-3�H: 1-4O

˴Ý"/ɒ�)'6̘ì 1-18O Figure 1-194ɰ$ 
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Figure 1-19 �̝̣˄˔ȳƆ(Tm)ȴş4ɒ�)X�brX[ew]�Xot6̘ì 

 
Figure 1-20.� GHAsOĢC�̝̣6pH 7.04��KTmÏ(°C)  

entry� sequence�

HP 1-1�

HP 1-2�

HP 1-3�

HP 1-4�

5´- A A A A G A G A G A AA A A G A A
3´- T T T T C T C T C T TT T T C T T

T
T

T

T

5´- A A A A G A G A G A GA A A G A A
3´- T T T T C T C T C T CT T T C T T

T
T

T

T

5´- A A A A G A G A G A CA A A G A A
3´- T T T T C T C T C T GT T T C T T

T
T

T

T

5´- A A A A G A G A G A TA A A G A A
3´- T T T T C T C T C T AT T T C T T

T
T

T

T

5´- A A A A G A G A G A YA A A G A A
5´- T T T T C T C T C T GHAT T T C T T -3´

3´- T T T T C T C T C T XT T T C T T
T
T
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T C�G�A�
A G�C� T�
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A G�C� T�

T C�G�A�
A G�C� T�

T C�G�A�
A G�C� T�

5´- A A A A G A G A G A YA A A G A A
5´- T T T T C T C T C T GHAT T T C T T -3´

3´- T T T T C T C T C T XT T T C T T
T
T

T
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10 mM cacodylate buffer (pH 7.0), 100 mM NaCl, 10 mM MgCl2 0.5 mM spermine and 1.5 µM each oligonucleotide.
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� Figure 1-204 Tmȴş6ʚǷOɰ$GPy�GPym�GPyra�H: PIP6ȆɝŁľŪ� T-A61�

(Y = T, ODN1-1~1-4/HP1-4)��̝̣6 TmÏ7'L(L 34 °C�31 °C�30 °C�H: 27 °C0�

,)�LI6 TmÏ7ǭÎ͇6 G6ȆɝŁľŪ� T-AŁľŪ61�(Y = T, ODN0/HP1-4)6

TmÏ0�K 38 °CHJE¿��1�I�GHA6 T-AŁľŪ=6ʚĜʯ7ǭÎ͇6 G1Ȕ>/

¿��1�ê�,)PIPOĢC TFOOɒ�)1�(ODN1-4/HP1-4)�ǨE¿� TmÏOɰ")

Ɏɔ1"/�ʆ 4ʋ0̄>)H�4͕¾6 N-HʚĜ6 pKa� 5.00�J�PIP1Ȇɝ6 T16

̧0ȗʔʚĜ�ǨEƏƪ!L4��)D0�K1ʨ2ILK(Figure 1-21) 

 

 
Figure 1-21.� pH 7.006�§ȴ!LKPIP1T-AŁľŪ6ɣªÄɒ 

� -�4�GPy�GPym�GPyra�H: PIP6Ȇɝ� A-T�G-C�H: C-GŁľŪ61�6 TmÏO

ȴş")GPy6Ȇɝ� A-T�G-C�H: C-GŁľŪ61�(ODN1-1/HP 1-1, 1-2, 1-3)6 TmÏ

7'L(L 28 °C�29 °C�31 °C0�J�Ȇɝ� T-AŁľŪ61�(ODN1-1/HP 1-4, Tm = 34 °C)

HJE¿�ÏOɰ")GPym6Ȇɝ� A-T�G-C�H: C-GŁľŪ61�(ODN1-2/HP 1-1, 1-2, 

1-3)6 TmÏ7'L(L 23 °C�26 °C�28 °C0�J�Ȇɝ� T-AŁľŪ61�(ODN1-2/HP 1-4, 

Tm = 31 °C)HJE¿�ÏOɰ")GPyra 6Ȇɝ� A-T�G-C �H: C-G ŁľŪ61�

(ODN1-3/HP 1-1, 1-2, 1-3)6 TmÏ7'L(L 24 °C�26 °C�28 °C0�J�Ȇɝ� T-AŁľŪ

61�(ODN1-3/HP 1-4, Tm = 30 °C)HJE¿�ÏOɰ")µ�6H�4�GPy�GPym�H:

GPyra7 T-A ŁľŪOE,1Eƍ�ˡ˫$K�1�N�,)�LI17ɚ3J�PIP 6Ȇɝ

�A-T�G-C�H:C-GŁľŪ61�(ODN1-4/HP 1-1, 1-2, 1-3)6TmÏ7'L(L 23 °C�25 °C�

29 °C0�J�Ȇɝ� T-AŁľŪ61�(ODN1-4/HP 1-4, Tm = 27 °C)HJEȆɝ� C61�6

ǘ�͍�ÏOɰ")�ǘ�ǭÎ͇6 GȆɝ� A-T�G-C�H: C-GŁľŪ61�(ODN0/HP 

1-1, 1-2, 1-3)6 TmÏ7'L(L 22 °C�32 °C�31 °C0�,)��0�ě GHA6 T-AŁľ̓

ƳƠ6ƺȆ1"/�ΔTmO(Ȇɝ� T-AŁľŪ61�6 TmÏ) – (Ȇɝ� A-T�G-C�C-GŁľ

Ū61�6 Tm Ï6¢0ǨE͍�Ï)� 1şʧ$K$3N+�ΔTm Ï�ŉ��?2�ě GHA

6 T-AŁľ̓ƳƠ�͍�1˖2KǭÎ͇6 G4-�/�ΔTm = 38 – 32 = 6 °C0�K�L

4Ū"/�GPy6ŀĜ7 ΔTm = 34 – 31 = 3 °C�GPymŀĜ7 ΔTm = 31 – 28 = 3 °C�GPyra6ŀĜ7
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ΔTm = 30 – 28 = 2 °C�PIP6ŀĜ7 ΔTm = 27 – 29 = –2 °C0�J��%L6ŀĜE T-AŁľ̓

ƳƠ7ǭÎ͇6 G4ýK�1�ê�,) 

 

Figure 1-22.� (Ę)GHAsOĢC�̝̣6pH 5.506TmÏ(°C) Ȕ˽6)D�pH 7.061�6TmÏ

(°C)Eɰ")(ź) 

� ǨƔ4�PIP͕¾6 N−HʚĜ�Ìƹ!L)1�6ʚĜ̓ƳƠOɮˡ$K)D4�pH 5.50

6�̝̣śşƠOĞ#̘ìOɒ�/ Tmȴş4HJ˝É")(Figure 1-22Ę)PIP6Ȇɝ�A-T�

G-C�C-G�H: T-AŁľŪ61�(ODN1-4/HP 1-1, 1-2, 1-3, 1-4)6 TmÏ7'L(L 51 °C�

52 °C�54 °C�H: 56 °C0�,)�6ʚǷ�I�pH 5.56ǳ·07͕¾6 N−HʚĜ6�

�s�ʰ̶�Ʊñ!L�o��1ȗʔʚĜO"ƖK)D4�ɣŪɝ4 T-AŁľŪ4Ū$Kʚ

Ĝʯ�͍�3,)�1�§Ƥ!LK(Figure 1-23) 

50

55

60

T m
 (°

C
)

20

25

30

T m
 (°

C
)

pH 7.0 pH 5.5�

PIP�PIP�GHA :�

X :�
Y :�

T C� G� A�
A G� C� T�

T C� G� A�
A G� C� T�

10 mM cacodylated buffer (pH 7.0 or 5.5) containing 100 
mM NaCl, 10 mM MgCl2 0.5 mM spermine and 1.5 µM 
each oligonucleotides

56

54

52
51

27

29

25

23

5´- A A A A G A G A G A YA A A G A A
5´- T T T T C T C T C T PIPT T T C T T -3´

3´- T T T T C T C T C T XT T T C T T
T
T

T

T

ODN�-4�

HP1-1, 1-2, 1-3, 1-4
 ( Y = A, G, C, T)�
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Figure 1-23.� pH 7.0�H:5.506�§ȴ!LKPIP1T-AŁľŪ6ɣªÄɒ 

� "�"3�I�pH 5.50ǭÎ͇6 G6Ȇɝ� T-AŁľŪ61�(ODN1-0/HP 1-4)6 TmÏ7

ʑ 60 °Cµ�0�J�ǭÎ͇6 G6ǘ� PIPHJEȆɝ¢6 T-AŁľŪ4Ū$KʚĜʯ�͍

��1�ê�,)�6�1�I�͕¾ N-HʚĜ�ʝƹ!L)ŀĜ0E�PIP6 T-AŁľŪ

=6ʚĜʯ7 G HJE¿�ĕʯƠ�ɰĭ!L)�LHJE!I4̛Ơ6ƍ�ǳ·07 PIP

6 T-AŁľŪ=6ʚĜ�ɣŪɝ4ƍ�3KĕʯƠ7�K��'6ŀĜ TFO1Ȇɝ©̝̣6˔

̶ȳƆ�Ȇɝ©̝̣ʲÂ6˔̶ȳƆ4̃�3J�'L(LOĆɉ0˔Ƕ0�3�3K�1�

§ȴ!L)60�°ĳ7 5.5HJEŭ!3 pHǳ·�06ȴş7˅N3�,) 

� µ�6ʚǷ�I�©̝̣ DNA 6Ȇɝ̘ì6 T-A ŁľŪ4Ū$KʚĜʯ�H:̓ƳƠ7�

°ĳĜƪ")26 GHAHJEǭÎ͇6 G6ǘ�͍��1�ê�,)�L7�G4³ü")

�q�R���ľ�Ȇɝ1ɣªÄɒ&%�ʁÂ̲ţ1"/Ö�/�K)D1ʨ2ILK

(Figure 1-24) 

 

Figure 1-24� G4³ü")�q�R���ľ4HKʁÂ̲ţ 
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ʆ͗ʋ  
GHAOǩ$KX�brX[ew]�Xot6^Rv�Ĳ̝̣Əƪ4��KƠ˳  
 
� ǯʋ07�}sq��R̘ì4��K GHAs6^Rv�Ĳ̝̣Əƪ=6Ƒ̽4-�/�

ODN1-5~1-8(Figure 1-25)Oɒ�/ G-Y�qpsȄ̋4ɇƚɝ3 295 nm4��K˄˔ȳƆ(Tm)

ȴş�CDg�]s�ȴş�`�̸ȖȢĀ4HJ˝É") 

 

Figure 1-25� ^Rv�Ĳ̝̣6˔Ƕ4ɒ�)X�brX[ew]�Xot6̘ì 

�LI6̘ì7�K+TX�ŘĹ�0(3 + 1) hybrid ļ6^Rv�Ĳ̝̣O1K�1�ɪIL/

�K ODN1-G4 1-196�ʠ̗6^Rv�Oěɻ GHA4ʥ�Ǆ2)E60�KODN1-G4�Əƪ

$K^Rv�Ĳ̝̣O Figure 1-254ɰ$Ķ¢4ȗʸ�H:ˁʸ0ɰ!LKŁľ7 Bļ©̝

̣ DNA1Ğȅ4ʏ̗ 5īɏ1Łľ̗�̆ġ�43K anti-a����e��O�Ⱦʸ6Łľ

7ʏ̗ 5īɏ1Łľ̗�Ğ#ġ�43K syn-a����e��O1K͏Figure 1-26 ͐ˁʸ6

Łľ7�°ĳ GHAs�ŬÝ!LK̘ì¢6¾ʥOˉ$A)�GHA� GY�qpsȄ̋OƏƪ

$KŀĜ47�Figure 1-276H�4 open-typea����e��O1KƜˏ��K�1O§D

̄>/�� 

entry� sequence�

ODN1-5� 5´- AGGGTTAG GPy GTTAGGGTTAGGG -3´ �

ODN1-6� 5´- AGGGTTAG GPym GTTAGGGTTAGGG -3´ �

ODN1-7� 5´- AGGGTTAG GPyra GTTAGGGTTAGGG -3´ �

ODN1-8� 5´- AGGGTTAG PIP GTTAGGGTTAGGG -3´ �

ODN1-G4� 5´- AGGGTTAG G GTTAGGGTTAGGG -3´ �
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Figure 1-26� a)ǯʋ0ɒ�)̘ì�Əƪ$K(3 + 1) hybrid ļ^Rv�Ĳ̝̣6Ȅ̋b)w]�

Xet6a����e�� 

 

Figure 1-27� §Ƥ!LK�GHAOĢC GY�qpsȄ̋¢ō6 M+7�Y�U�TX�32

6YoX�Oˉ$ 
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� Tmȴş6ʚǷOɰ$ Figure 1-284ɰ$ȴşȠ̤7�G-Y�qpsƏƪ4ɇƚɝ3 295 nm

Oɒ�)ǭÎ͇6 G6B�IƪK ODN1-G46 TmÏ7 62 °COɰ"��6Ï7̎ċ6ĿĤ

1�ʳ")1-20 ʜ�/�̘ ì¢4͑ʉƭ GPy�GPym�H: GPyraOĢC ODN1-5, 1-6�H: 1-7

7 54 °C�47 °C�H: 63 °C4 TmÏOɰ")�1�I��LI6X�brX[ew]�Xo

t7ÃI�6^Rv�Ĳ̝̣Ȅ̋E"�7'L4ͅ½$K͍ȍȄ̋OƏƪ")�1�ɰĭ!

L�'6śşƠ7 GPyra � G > GPy > GPym0�,)��0�ʆ 5ʋ0ȴş") G�GPy�GPym

�H: GPyraOĢC©̝̣6 TmÏ� 58 °C�55 °C�53 °C�58 °C0�,)�1�I�¡ʩOȔ

˽$K1à4 GPyra � G > GPy > GPym0�K�1�ê�K�6�1�I�°ĳɒ�) ODN1-5, 

1-6 �H: 1-7 6͍ȍȄ̋7©̝̣6ŀĜ1Ğȅ4 GHA� open-type a����e��O1K

�10Əƪ!L/�K�1�ɰĭ!L)A)�a����e��O closed-type 4ķşĂ"

) PIPO̘ì¢4ĢC ODN1-87 295 nm4��/ŉ�3 UVģĐ6ņĂOɰ!%��6�1

�IE open-type06ŁľŪƏƪ6̝ˏƠ�ɰĭ!L) 

 

Figure 1-28�  ODN1-G4͏ G �͐H: ODN1-5͏ GPy �͐ODN1-6͏ GPym �͐ODN1-7͏ GPyra �͐ ODN1-8

͏PIP͐6 TmÏ(°C)  
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ʆ͘ʋ  
ʟƸ�  
 
� ǯʂ07�4ɻ6 GHA4-�/�Łľ̗6 closed-type�H: open-typea����e��6

śşƠ�H: C1ŁľŪOƏƪ$Ḵ6ȗʔʚĜWx�\�O DFT˗ʊ�I§ȴ"�Î͇ľ

6ɿʔĉŖ6¾ʥ6̐�0 open-type a����e��6śşƠ�ŉ��ɚ3K�1Oːé

")A)�ɣƮŁľ� C61�6©̝̣��H:Ĳ̝̣6 TmÏ�I��LI6Ȅ̋6śş

Ơ4 open-typea����e��6śşƠ�ŉ��̨N,/�K�1�ɰĭ!L)ɐÂã6

`y� DNA 47©̝̣Ȅ̋11E4Ĳ̝̣Ȅ̋ 1-21 EŘĹ$K�1�I�GHA��LI6͍

ȍȄ̋4̨NK˻å�ˍˌɑɆ6Ȅ̋Fďƞ̊Ɔ426H�3Ƒ̽O 2K�4-�/�ǯ

ɬɽ6ɪːOE14!I3Kɬɽ�ǪALK 
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ʆ͑ʋ 
Ƅ 
 
� ʆ 1 ʂ0Ē>)H�4�DNA �̝̣7�©̝̣ DNA 4Ū"/͑ǯ̣ DNA 0�K�̝

̣Əƪǻ̛(triplex-forming oligonucleotide�TFO)�ʚĜ$K�10Əƪ!LK�6�̝̣Ə

ƪ7�Ȇɝɇɚɝ3̔»ŖñƗFņɚ�ɣĞʘBǧ232=6ƞɒ�ǫƓ!L/�K1-6 �

̝̣OƏƪ$Ḵ�TFO 1Ȇɝ̣6̘ġ4H,/�̝̣7|���ļ1R�o|���ļ4

êͅ!LK 

 
Figure 2-1R�o|���ļ�̝̣4��K�ẹ̌6̘ġ 

� Figure 2-14ɰ")67Ȇɝ̣1 TFO6 3´�H: 5´6̘ġ�̆ġ�43,/�KR�o|

���ļ�̝̣0�K�̝̣Əƪǟ47�Ȇɝ̣6 G4Ū"/ TFO6 G��©̝̣ DNA

6Ȇɝ̣6 A4Ū"/ TFO6 AA)7 T�ȗʔʚĜ$K�10 G:G-C�A:A-T�H: T:A-T

�ŁľŪOƏƪ"�Ȇɝ̘ìOˡ˫$K(Figure 2-2)��0��̝̣ǻ̛6ŁľŪ7�

reverse-HoogsteenɣªÄɒO$K TFỌ1ʆ©̣(Ȇɝ̣)6̧4a��͏: �͐Watson-Crickɣ

ªÄɒO$Kʆ©̣1ʆ�̣(Ȇɝ̣6ɣˋ̣)6̧4zT��͏-͐OƼÝ"/ˉ$�11$

K 

 
Figure 2-2 R�o|���ļ�̝̣¢06 TFO1 DNA©̝̣6ɣªÄɒȅƉ 

3´- CCT� CCT�CCT� CCT�C -5´�

5´- GGA�GGA�GGA�GGA�G -3´�

3´- GGT�GGT� GGT�GGT� G -5´�
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� �6R�o|���ļ�̝̣7�|���ļ�̝̣17ɚ3J�TFO 6Łľ̗6��s�

Ă(Figure 1-4)�Ɯˏ3�)D�¢Ơǳ·�0E�̝̣Əƪ�ĕʯ0�K1��ðɀ��K

'6)D�ɐÂã=6ƞɒ4̨"/7�|���ļHJER�o|���ļ6ǘ�ƃ�ɒ�

IL/�)Æ28�̝̣Əƪ4HK˻åƱñ4-�/ǐň�ĿĤ!L/�K2-1 A)R�

o|���ļ�̝̣7˻åƱñ4̬I%�̗¾ɇɚɝ3ņɚŬÝFɣĞʘBǧ24EÅɒ$

K�1�0�KÆ28 GlazerI7�̝̣Əƪǻ̛O�Ug4Þ˺Ʋ "�Âʖʭ¢06ņ

ɚ6ŬÝ4-�/ĿĤO"/�K2-2 �6�17�ŇĴƠ6m�|]˳�Ɯˏ3 CRISPR-Cas9

F TALEN 326`y�ʡ̵17ɚ3J�TFO 1ãĹƠ6m�|]˳6BOÅɒ")`y�

ʡ̵�ĕʯ0�K�1Oƍ�ɰĭ"/�K"�"�R�o|���ļ�̝̣4E˦̈́�ǐ

ň�ŘĹ"�Țɒ!L/�K17˖�̷�6�ɍɈ0�K 

� R�o|���ļ�̝̣6˦̈́1"/A%ƻ�ILK6�Ȇɝ̘ì6ñ̬0�KR�o

|���ļ�̝̣OƏƪ$KȆɝ̘ì7�|���ļ�̝̣1Ğȅ������̘ì0�K

Ɯˏ��K�L7������̘ì¢6���Łľ6͗¾6ɿʔĉŖF͖¾6Şʯľ��

TFO6ǻ̛Łľ1 reverse-HoogsteenɣªÄɒ$K�10�̝̣Əƪ"/�K�14˶Ĵ"/

�K$3N+����Łľ0�K G �H: A 7͗¾6ɿʔĉŖF͖¾6Şʯľ��K

HoogsteenÒ4ȗʔʚĜĕʯ3ʉƭ�©ʉƭ�K(Figure 2-2)64Ū"/�~��f�Łľ0�

K C�H: T47�ʉƭ"�3��A) T6͕¾�o�ľ7ʁÂ̲ţ1"/Ö�)D�2-3 ȗ

ʔʚĜ4HK TFO16ƍ�ɣªÄɒ�ǫƓ0�3�(Figure 2-3)2-4 

 

Figure 2-3 C�H: T6 Hoogsteen̻1�ðɒ3ĕʯ3ȗʔʚĜcTs͏˵ŗ ͐ 

� ü2/�śş3R�o|���ļ�̝̣Əƪ47�����̘ì¢4^Rv��ň�ĢA

L/�KƜˏ��KFigure 2-24ɰ$H�4�DNA©̝̣6^Rv�1ŪOƏƪ$K TFO

¢6Łľ7^Rv�0�K)D�TFO E^Rv��ǐň�ĢAL)êŖ43K"�"�^

Rv�Oň�ĢCǻ̛7�^Rv�Ĳ̝̣Ȅ̋O7#D1$Kʲżç̵ÂO1JF$��đ

JƯ�4̷��K2-5  '6)D�R�o|���ļ�̝̣OƏƪĕʯ3Ǘ)3ŁľŪȅƉ6

ǀʕ4Ū$KǫƓ7ŉ�� 

� ǯɬɽ07Ǘ)3ʚĜȅƉ6ǀʕ1"/��–rX[ew]�Xet(µƔ�–w]�Xet

1ħ<)4ɧɡ")�-w]�Xet7�Ŋɂļ0�K�-rX[ew]�Xet(µƔ�–w
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H H
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]�Xet1ħ<)1Ȕ˽"/^�aet¾6�ǔ�ɚ3KʁÂɚƠÂ0�K(Figure 2-4a)�

6�-w]�XetO�–w]�Xet�I3K TFO4ŬÝ$K1��-w]�Xet7Ȇɝ©

̝̣ DNA6ʆ©̣*�03�ʆ�̣4Eǁ̃$K)D�ðɒĕʯ3ȗʔʚĜcTs�ńü"�

�-w]�Xet17ɚ3K�ŁľŪƏƪO$KĕʯƠ��K(Figure 2-4b)2-6 

 

Figure 2-4 a)�-w]�Xet1�-w]�Xet6Ȅ̋Æb)R�o|���ļ�̝̣¢06

�-w]�Xet6Łľ̗6¾ʥ6̐�6ȇƉĶ 

� Łľ̗�Ŋɂļ6�w]�XetOĢCR�o|���ļ TFO 4-�/�Timofeev I7�

αC:T-A�αT:T-A�H: αG:C-G�ŁľŪOĢCR�o|���ļ�̝̣6ƏƪOĿĤ"/�

K2-7�LI6ĿĤ�I�w]�Xet7Ǘ)3R�o|���ļ�̝̣OƏƪ$K TFO6

�vps1"/ǩǪ0�K1ʨ2ILK"�"3�I��LI17ɚ3K�ŁľŪOĢC

�̝̣6śşƠF��w]�Xet6ȆɝŁľŪ̓ƳƠ4-�/ʞʦɝ4˧>IL)�17

3��A)��ŁľŪ¢06ěŁľĞŅ6ȗʔʚĜȅƉ7ɪː�ƖIL/�3� 

 

� ǯʂ07�A, G, C, T'L(L6�-w]�XetOĢCR�o|���ļ�̝̣6śşƠ

�H:ȆɝŁľŪ̓ƳƠ4-�/ʐʛɝ4˔Ƕ")$3N+�ě�-w]�Xet�26Ȇ

ɝŁľŪ͏A-T�T-A�C-G�G-C͐1ŁľŪƏƪO"F$��OǛI�4"�A)ěŁľŪ

426�-w]�Xet�ǨEśş4ʚĜ$K�EǛI�4")Ɣʩ0ƖIL)�ŁľŪ6

ʘBĜN&Ū"/7�êŖĀúŚ˗ʊOɒ�/ʚĜȅƉ4-�/ǿ˘")'6˟ʖ4-�

/̄>K 

 

ʆ͒ʋ  
A�G�C�T6 α�rX[ew]�XetOĢCR�o|���ļ�̝̣Əƪǻ

̛6Ĝƪ  
 

� 7#D4�α-rX[eRrye�(αA)�α-rX[e^Rye�(αG)�α-rX[eeof�
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R�nTs�vps6ĜƪO˅,) 

 

Scheme 2-1 αA�g��R�nTs�vps6Ĝƪ 

� αA�g��R�nTs�vps6ĜƪȟO Scheme 2-14ɰ$õ͉Â 2-8A07�̎ ċ6

ĿĤ4ƕ,/ĜƪO˅,)$3N+�NessI6Ʈȟ 2-84ƕ,/rX[����g(2-1)OŁ

̛�my��ȸȪ¢0�o�Rim��Ă"(2-2, 92%)�ʜ�/͓¾�H:͕¾ư̑ľO p-

vs���lT�ľ0Ìˬ(2-3, quant)�'6Ɣα̛̙¢0 HClZgO{���^$K�14

H,/�ŁĂʏ 2-4 OĐɋ 62%0Ɩ)ȍ4�Morvan I6Ʈȟ 2-94ƕ,/�N6-��lT�

Rrv� (2-5)refOf]���m�¢0��[���e��11E4ǉƵ$K�10�αA 6

ˢŬÂ 2-5OĐɋ 64%0Ɩ)ʜ�/�YamaguchiI6Ʈȟ 2-104ƕ,/ 3´, 5´¾ư̑ľ�H:

͖¾R�yľ6ʰÌˬO˅��αA w]�Xet 2-6 OĐɋ 83%0Ɩ)!I4�Morvan I

6Ʈȟ 2-114ƕ,/Łľ̗͖¾R�yľ6BO��lT�ľ0Ìˬ"(2-7, 64%)�MorvanI6

O

HO

HO
O O

O

O
O

O

O
O2N

O2N
5% HCl

MeOH, 4 °C, 4 h pyridine, r.t., 4 h

O2N
Cl

O

O OH

OH
HO

2.2 eq

O

O

O

O

O
O2N

O2N
Cl

O

O

O

O

O
O2N

O2N

NHBz
N

N N
N

CH2Cl2, r.t., 3 d

MS 4A

N
H

N

N
N

NH2

1.9 eq

HCl gas

AcOH, 4 °C, 2 h

NHBz
N

N N
N

O

HO

HO
DMTrCl 1.2 equiv

pyridine, r.t., 4 h

NH2

N

N N
N

O

HO

HO
3) NH3aq

pyridine, 4 °C

2)BzCl 5.0 equiv
1)TMSCl 5.0 equiv

7 M NH3

MeOH, 60 °C, 4 h

2-2 92% � 2-3 quant�

2-4 62% � 2-5 64%�

2-6 83% � 2-7 64%�

2-8 81% � 2-9 38% (crude)�

2-1�

NHBz
N

N N
N

O

HO

DMTrO

NHBzN
N

N
N

O

O

DMTrO

P
N

O

NC

diisopropylamine 0.8 equiv
1H-tetrazole 0.8 equiv

[(i-Pr)2N]2POCE 1.5 equiv

CH2Cl2, r.t., 4 h
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Ʈȟ 2-124ƕ,/ 5´¾4 DMTrľOŬÝ$K�10õ͉Â 2-8OĐɋ 81%0Ɩ)ǨƔ4�ş

ȟ4ƕ� 3´¾ư̑ľO�g�So�Ă$K�10�ɡɝ6 αA �g��R�nTs�vps

2-9O˞ˀɔǴ6üȗê˔ÂOĢCȬĜɆ͏ʍĐɋ 38%͐0Ɩ)Ĝƪ")ȬĜɆ6�g��

R�nTs�vpsO�'6AA DNAʲĀĜƪȋ4HK TFO6Ĝƪ4ɒ�) 

 
Scheme 2-2 αC�g��R�nTs�vps6Ĝƪ 

� -�4�αC�g��R�nTs�vps6ĜƪȟO Scheme 2-24ɰ$õ͉Â 2-13A0

7�̎ċ6ĿĤ4ƕ,/ĜƪO˅,)$3N+�3´, 5´¾ư̑ľORio�ľ0�4¾R�

yľO��lT�ľ0Ìˬ")rX[eeof�ˢŬÂ 2-10 OéɜĉǕ4�Morvan I6Ʈ

ȟ 2-94ƕ,/^�aetĂďƞO˅� αC6ˢŬÂ 2-11OĐɋ 35%0Ɩ)Ɣ�3´, 5´¾ư̑ľ

6ʰÌˬO˅�ĂĜɆ 2-12 OĐɋ 65͎0Ɩ)-.�/�Morvan I6Ʈȟ 2-124ƕ,/ 5´

¾4 DMTrľOŬÝ$K�10õ͉Â 2-13OĐɋ 73%0Ɩ)ǨƔ4�şȟ4ƕ� 3´¾ư̑

ľO�g�So�Ă$K�10�ɡɝ6 αC�g��R�nTs�vps 2-14 O˞ˀɔǴ6

üȗê˔ÂOĢCȬĜɆ͏ʍĐɋ 32%͐0Ɩ)ĂĜɆ 2-9 6ŀĜ1Ğȅ�Ĝƪ")ȬĜɆ

6�g��R�nTs�vpsO�'6AA DNAʲĀĜƪȋ4HK TFO6Ĝƪ4ɒ�) 

2-13 73%�

2-11 35%�

2-12 65%�

2-14 32% (crude)�

N
NHBz

ON
O

AcO

AcO O

AcO

AcO

N
N NHBzO

BSA 1.05 eq

MeCN, 70 °C, 
10 min

TMSOTf 1.2 eq

70 °C, 4 h

O

HO

DMTrO

N
N NHBzO

DMTrCl 1.2 eq

pyridine, 
r.t. 5 h

O

HO

HO

N
N NHBzO

NaOH 3.0 eq

THF-MeOH-H2O 
(16:15:4, v/v/v)    

0 °C, 30 min

O

O

DMTrO

N
N NHBzOPN O

CN

DCM, r.t., 3 h

[(i-Pr)2N]2POCE 1.5 eq
1H-tetrazole 0.8 eq

diisopropylamine 0.8 eq

2-10�
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Scheme 2-3 αT�g��R�nTs�vps6Ĝƪ 

� -.�/�αT�g��R�nTs�vps6ĜƪȟO Scheme 2-34ɰ$õ͉Â 2-20A

07�̎ċ6ĿĤ4ƕ,/ĜƪO˅,)$3N+�SatoI6Ʈȟ 2-134ƕ��rX[eo�

f�(2-15)6 5´¾ư̑ľ4f�Vv�Rio�ľ(2-16 52%)�5´¾ư̑ľ4 p-s�XT�ľ

(2-17, quant)OŬÝ"�^�aetĂďƞ4H,/ αTˢŬÂ=1ņǄ"(2-18, 57%)�3´, 5´¾

ư̑ľ6ʰÌˬO˅� αTw]�Xet 2-19Oş̟ɝ4Ɩ)-.�/�MorvanI6Ʈȟ 2-12

4ƕ,/ 5´¾4 DMTrľOŬÝ$K�10õ͉Â 2-20OĐɋ 88%0Ɩ)ǨƔ4�şȟ4ƕ

� 3´¾ư̑ľO�g�So�Ă$K�10�ɡɝ6 αC�g��R�nTs�vps 2-21O

˞ˀɔǴ˞ˀɔǴ6üȗê˔ÂOĢCȬĜɆ͏ʍĐɋ 79%͐0Ɩ)ĂĜɆ 2-9 �H: 2-14

6ŀĜ1Ğȅ�Ĝƪ")ȬĜɆ6�g��R�nTs�vpsO�'6AA DNAʲĀĜƪľ

4HK TFO6Ĝƪ4ɒ�) 

� αG6�g��R�nTsR�nTs�vps7ChemGenesɱ�I˴Ý")E6Oɒ�)

ƖIL)R�nTs�vpsOɒ�/�DNAʲĀĜƪľ4HḲ¼̤ďƞO˅,)α-w]

�Xet6Yp���^ǟ̧O 300ɶ1"�'LµŇ7̉ſ6 DNAĜƪȟ4ƕ,/˅,)

NH
O

ON
O

HO

HO DPACl 1.0 equiv
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O

ON
O

OH

O
O NH

O

ON
O

O

O

O

O

p-TolCl 1.2 equiv
pyridine, 
r.t., 6 h

pyridine,         
4 °C to r.t., 6 h

HMDS 5.0 equiv
MeCN, reflux, 

30 min

TMSOTf 1.5 eq
MeCN,   

30 °C, 9 h

NH
O

ON

O

O

O

O

O

NH
O

ON

O

HO

HO
NaOH 0.5 equiv

pyridine-MeOH (3:1, v/v), 
reflux, 8 h

DMTrCl 1.2 equiv

pyridine, r.t., 3 h

NH
O

ON

O

HO

DMTrO

NH

O

O
N

O

O

DMTrO

P
N O

CN

DCM, r.t., 3 h

[(i-Pr)2N]2POCE 1.5 eq
1H-tetrazole 0.8 eq

diisopropylamine 0.8 eq

2-16 52%� 2-17 quant�

2-18 57%� 2-19 quant�

2-20 88%�
2-21 79% (crude)�

2-15�
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28͎R��vRȗOɒ�/ʰÌˬ�ëJé"O˅��R��vRȎƛW{���m�4H

,/̮�)Ɣ�̆ɣY�s�pf4HJʎˌO˅,)'6Ɣ�̯TX�¬Ǆ HPLC Oɒ�

/!I4ʎˌO˅,)ʎˌƔ4̯TX�¬Ǆ HPLC 4H,/X�b��OêǶ"�

MALDI-TOF-MSOɒ�/ʎˌ")c���6êŖ̟Oɮˡ")'6ʚǷO Figure 2-44ɰ

$ 

 

Figure 2-5 α-w]�XetOĢC TFO6ĜƪƮȟ1̘ì�˳̟êǶ6ʚǷ�H:Đɋ 

 

� ˳̟êǶ4HJ˓ȴ!L)êŖ̟7�ɡɝɆ6˗ʊÏ1�ʳ"/�)�1�I�ʎˌ")

c���7ɡɝ6X�bw]�Xot0�K1Ğş")��0�α w]�Xet6X�b

¢6��ģÜƆÊǐ7 β w]�Xet1Ğ#0�K1¶ş"�UV ģĐHJĆ̶ĐɋOʊé

")1�M�11~18͎6Đɋ0�,) 

 

ʆ 3ʋ  
`�̸ȖȢĀ4HKR�o|���ļ�̝̣Əƪǻ̛6̓ƳƠ  
 

� ǯʋ07�Ĝƪ") αw]�XetOĢC TFO6�̝̣Əƪʯ�H:"ŁľŪ"̓ƳƠ4-

�/̄>Kǿ˘ʚǷ4Ûʁ+�ǯʂ06�̝̣¢6�ŁľŪ6ˉ˙4-�/äƆ̄>K

αA�

αG�

αC�

αT�

entry� sequence� yield�
MALDI-TOF-MS�

calcd 
([M + H]+)� found�

ODN 2-1� 5´- GGAGAGGA αA AGAGGAGG -3´ 14%� 5423.6 5422.6�

ODN 2-2� 5´- GGAGAGGA αG AGAGGAGG -3´ 11%� 5438.6 5438.8 

ODN 2-3� 5´- GGAGAGGA αC AGAGGAGG -3´ 18%� 5398.6 5398.4 

ODN 2-4� 5´- GGAGAGGA αT AGAGGAGG -3´ 17%� 5413.6 5413.4 

NH2
N

N N

N

N NH2

O
N

N
NH

N O

NH2

N

Base

O
DMTrO

O
PN O CN

Base

O
O

O

synthesizer
DNA

28% NH3 aq Purification
55 °C, 16 h

N O

O
NH
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�̝̣ǻ̛6ŁľŪ7�reverse-Hoogsteen ɣªÄɒO$K TFO ̣1ʆ©̣(Ȇɝ̣)6̧4a

��͏: �͐Watson-Crick ɣªÄɒO$Kʆ©̣1ʆ�̣(Ȇɝ̣6ɣˋ̣)6̧4zT��͏-͐

OƼÝ$KÆ28�G:G-C�ŁľŪ7�Ǩí6 G� TFO¢6^Rv�ŁľOƥĦ"�¢ō

6 G7ʆ©̣4ĢALK^Rv�Łľ�ǨƔ6 C7ʆ©̣1Watson-CrickɣªÄɒ"/�K

ese�Łľ4Ūƞ$K͏Figure 2-6, Figure 2-26�̗4Ğ# ͐��0�ǯʂ0ɧɡ"/�K

α w]�Xet6Łľ7̉ſ6w]�Xet6Łľ1Ȅ̋�6̐�73�'�0ŁľŪ¢

6 α w]�Xet6ŁľOǛɮ4$K)D4�α w]�Xet6ǻ̛Łľ6ǁ͂ˣ1"/ α

O-�K$3N+�ŁľŪˉ˙¢0 αT1˙˾!L/�KŀĜ�α-o�f�6o��ŁľO

ƺ$ 

 
Figure 2-6 R�o|���ļ�̝̣¢06 TFO1 DNA©̝̣6ɣªÄɒȅƉ 

� αw]�XetOĢC TFO6�̝̣Əƪʯ�H:ŁľŪ̓ƳƠ7`�e�sRpiT4H

J˝É")�̝̣7�˃Üľ͏FAM͐³�6�R~�ļ©̝̣͏HP͐100nM4Ū"�͒ɻ

ͅ6ɚ3KȼƆ͏100 nM�H: 1000 nM͐6 TFOOÄɒ!&K�10Əƪ!&)��0Å

ɒ")Ĝƪ TFO 6̘ì�H:�R~�ļ©̝̣͏HP͐6Łľ̘ìO Figure 2-7a4ɰ$3

��˃Üľ(FAM)³�6Ȇɝ©̝̣ DNA͏HP2-1, 2-2, 2-3, 2-4͐7 IDT ɱ�I˴Ý") 

� ƖIL)ȢĀ×6�̝̣�H:©̝̣6{�tƍƆO Image J0ǐÏĂ"�'6Ï6Ȕ�I�

�̝̣6ŘĹȔO|�i�s0ʊé"�'L(L6ȴşǳ·4��K�̝̣Əƪʯ1")

(Figure 2-7b, c)ʊé")�̝̣ƏƪʯOA1D)E6O Table 2-1a (TFO 100 nM)�H: 2-1b 

(TFO 1000nM)4ɰ$ 
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H

H
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Figure 2-7 `�e�sRpiT4HK�α-w]�XetOĢC TFO6ʚĜʯ�ʚĜ̓ƳƠ6

˝Éa)ɒ�) TFO�H:Ȇɝ©̝̣ DNA6̘ì b) TFO6ȼƆ� 100 nM6ŀĜ6ʚǷ 

c) TFO6ȼƆ� 1000 nM6ŀĜ6ʚǷ b)�H: c)6�%LE�Lane1�H: 187 TFOO

ü2/�3�a�s���Š͊ĳǐ7'L(L͑ĳŠ͊ǳ·7�˙6̉JIncubation: 20 

mM Tris-HCl (pH 7.5), 20 mM MgCl2, 2.5 mM spermidine, 10% sucrose, 4 °C, 90 min.�

Electrophoresis: 10% Native gel containing 20 mM Tris-borate, 20 mM MgCl2, 180V, 4 °C, 2 h.  

 
Table 2-1� α-w]�XetOĢC TFO6ʚĜʯ�H:ʚĜ̓ƳƠ (Figure 2-7cHJƊɒ)

a)TFO6ȼƆ� 100 nM6ŀĜ b)TFO6ȼƆ� 1000 nM6ŀĜn.d.: not detected 

rate of triplex (%)� 24� 86� 53� 33� 48� 58� 3� 13� 5� 33� 3� 27� 11� 5� 48� 50�

Lane� 1� 2� 3� 4� 5� 6� 7� 8� 9� 10� 11� 12� 13� 14� 15� 16� 17� 18�

X (αN)� 1000 nM� —� αA� αA� αA� αA� αG� αG� αG� αG� αC� αC� αC� αC� αT� αT� αT� αT� —�

Y�
100 nM�

A� A� G� C� T� A� G� C� T� A� G� C� T� A� G� C� T� A�

Z� T� T� C� G� A� T� C� G� A� T� C� G� A� T� C� G� A� T�

duplex�
triplex�

A Y A� G G A�G G�
T Z T� C C T�

3´-�
C C�5´-�

A G A�G G�
T C T�C C�

G A�
C T�

G G�
C C�

T C T C�
A G A G�

C T C T�
G A G A�FAM�

T�
T�T�

T�
A X A� G G A�5´-� G G�-3´�A G A�G G� G A�G G�

2-1: (Y,Z) = (A,T)
2-2: (Y,Z) = (G,C)
2-3: (Y,Z) = (C,G)
2-4: (Y,Z) = (T, A)

TFO 2-1�2-4�

HP�

rate of triplex (%)� 10� 38� 22� 26� 32� 38� 8� 12� 5� 13� 8� 23� 23�

Lane� 1� 2� 3� 4� 5� 6� 7� 8� 9� 10� 11� 12� 13� 14� 15� 16� 17� 18�

X (αN)� 100 nM� —� αA� αA� αA� αA� αG� αG� αG� αG� αC� αC� αC� αC� αT� αT� αT� αT� —�

Y�
100 nM�

A� A� G� C� T� A� G� C� T� A� G� C� T� A� G� C� T� A�

Z� T� T� C� G� A� T� C� G� A� T� C� G� A� T� C� G� A� T�

duplex�
triplex�

a�

b�

c�

rate of triplex (%)�
X (TFO�	100 nM)�

αA� αG� αC� αT�

YZ

AT� 10 32� n.d. 8�

GC� 38 38 12� n.d. 

CG� 22� n.d. 5 23�

TA� �6� 8� 13� 23�

A Y A� G G A�G G�
T Z T� C C T�

3´-�
C C�5´-�

A G A�G G�
T C T�C C�

G A�
C T�

G G�
C C�

T C T C�
A G A G�

C T C T�
G A G A�FAM�

T�
T�T�

T�
A X A� G G A�5´-� G G�-3´�A G A�G G� G A�G G�

HP 2-1�2-4�

TFO 2-1�2-4��

rate of triplex (%)�
X (TFO, 1000 nM)�

αA� αG� αC� αT�

YZ

AT� 24 48� 5 11�

GC� 86 58 33� 5�

CG� 53� 3 3 48�

TA� 33� 13� 27� 50�

a� b�
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� A%ě αw]�Xet6�̝̣ʚĜʯ�H:ŁľŪ̓ƳƠ4-�/̄>KαAOĢC TFO

ȼƆ 100 nM6ʚǷ͏Figure2-7b lane 2-5͐4ɧɡ$K1�A-TŁľŪ4Ū$K�̝̣ʚĜʯO

ɰ$ αA:A-T7 10%0�,)Ğȅ4�αA:G-C�αA:C-G��H: αA:T-A7�'L(L 38%�

22%�26%0�,)ǨE͍��̝̣ƏƪʯOɰ")�ŁľŪ7�αA:G-CŁľŪ0�K�1

�I�αA 7 G-C ŁľŪ4Ū$K̓ƳƠOǩ"/�K�1�N�K"�"�$>/6Łľ

Ū1�̝̣OƏƪ"/�K�1�I�'6̓ƳƠ7�AJ͍�3�Ğȅ4 αG 06�̝̣

Əƪʯ (Figure2-7b lane 6-9)7�αG:A-T(32%)�αG:G-C (38%)�αG:C-G(n.d.)�αG:T-A(8%)0

�J�G-CŁľŪ4Ū$K̓ƳƠOǩ"/�KαC (Figure2-7b lane 10-13)7 αC:A-T(n.d.)�

αC:G-C (12%)�αC:C-G(5%)�αC:T-A(13%)0�J�T-AŁľŪ�H: G-CŁľŪ4Ū$K̓

ƳƠOǩ"/�KαT (Figure2-7b lane 14-17)7 αT:A-T(8%)�αT:G-C (n.d.)�αT:C-G(23%)�

αT:T-A(23%)0�J�C-G ŁľŪ�H: T-A ŁľŪ4Ū$K̓ƳƠOǩ"/�K'L(L

6 αw]�Xet0�̝̣Əƪʯ�͍�,)�ŁľŪOȔ˽$K1�αA:G-C͏ 38% =͐αG:G-C 

(38%) >αT:C-G(23%) =αT:T-A(23%) >αC:T-A(13%) ≈αC:G-C (12%)13,/�K 

� Ğȅ3Õġ7�HJ�̝̣OƏƪ"F$� TFOȼƆ 1000nM6ǳ·0EːIL)$3N

+�αA (Figure2-7c lane 2-5)7 αA:A-T(24%)�αA:G-C (86%)�αA:C-G(53%.)�αA:T-A(33%)0

�J G-CŁľŪ4Ū$K̓ƳƠOǩ"�αG (Figure2-7c lane 6-9)7 G-CŁľŪ4Ū$K̓ƳƠ

͏αG:A-T(48%)�αG:G-C (58%)�αG:C-G(3%)�αG:T-A(13%) �͐αC (Figure2-7c lane 10-13)7

T-A ŁľŪ�H: G-C ŁľŪ4Ū$K̓ƳƠ͏αC:A-T(5%)�αC:G-C (33%)�αC:C-G(3%)�

αC:T-A(27%) �͐αT (Figure2-7c lane 14-17)7 C-G ŁľŪ�H: T-A ŁľŪ4Ū$K̓ƳƠ

͏αT:A-T(11%)�αT:G-C (5%)�αT:C-G(48%)�αT:T-A(50%)͐Oǩ"/�K�1�N�J��

6Õġ7 100nM6Š͊1�ʳ"/�KA)�'L(L6 αw]�Xet0�̝̣Əƪʯ�

͍�,)�ŁľŪOȔ˽$K1�αA:G-C͏ 86% =͐αG:G-C (58%) >αT:T-A(50%) ≈αT:C-G(48%) 

>αC:G-C (33%) >αC:T-A(27%)13,/�J�TFOȼƆ 100nM6Š͊ʚǷ1Ğȅ3Õġ0�,

) 

� �LI6ʚǷHJ����Â6 αw]�Xet͏αA1 αG͐7 G-CŁľŪ=6̓ƳƠOɰ

"�α~��f�w]�Xet6�+ αT7 T-A�H: C-GŁľŪ4�αC7 G-C�H: T-A

ŁľŪ4ʚĜ$KÕġ4�K�1�ê�,)A)�̝̣Əƪʯ6͍�,)�ŁľŪOȔ˽

")ŀĜ����Â6 αw]�Xet7�~��f�Â6 αw]�XetHJEśş3�̝

̣OƏƪ"/�K�1�ǛI�43,) 

� ȍ4�ěŁľŪ4Ū"26 α w]�Xet�ǨEśş4ʚĜ$K��Ȕ˽O˅,)A-T

ŁľŪ4ɧɡ$K1�1000nM6ǳ·0 αA:A-T(24%)�αG:A-T(48%)�αC:A-T(5%)�αT:A-T(11%)

0�J�αG�ǨEśş4�̝̣Əƪ$K�1�ê�K (Table 2-1b)Ğȅ4�G-CŁľŪ0

7�αA:G-C(86%)�αG:G-C (58%)�αC:G-C (33%)�αT:G-C (5%)0�J�αA�ŐA"�C-G

ŁľŪ07�αA:C-G(53%)�αG:C-G (3%)�αC:C-G (3%)�αT:G-C (48%)0�J�αA�ŐA"
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�T-AŁľŪ07�αA:T-A(33%)�αG:T-A (13%)�αC:T-A (27%)�αT:T-A (50%)0�J�αT

�ŐA"��LIOA1DK1�αG:A-T(48%)�αA:G-C(86%)�αA:C-G(53%)�αT:T-A(33%)

6�ŁľŪ�ǨEśş3�̝̣ƏƪO$KʘBĜN&0�K1˖2K 

� ��0�Þ/6ʘBĜN&6¢0ǨEśş3�ŁľŪ0�K αA:G-C�$3N+ ODN2-1

1 HP2-2 6ʘBĜN&4-�/��̝̣6˔̶şǐ(KdÏ)6˝ÉO`�e�sRpiT4H

J˞B)(Figure 2-8)100 nM6Ȇɝ©̝̣ DNA(HP 2-2)4Ū"/�ȼƆO 0~1000 nMA0ņ

2/ TFO 4Äɒ!&�©̝̣1�̝̣6ŘĹȔɋO imageJ 4HJʊé")ƖIL)ÏO

TFO 6ȼƆ4Ū"/��ps"�Y���SpqS�^4HJ KdÏOʊé")'6ʚǷ�

Kd = 48 nM0�K�1�ê�,)�6Ï7�̎ċ4 HeLaʖʭđĴBƔ4 hTERT̔»Ŗ

6˻å̩ţO˅,)Æ4ɒ�IL) TFO6�̝̣Əƪʯ4ăǒ$K2-1d �6�1�I���

w]�XetOĢCR�o|���ļ TFO 4-�/E�ʖʭ¢0 ˻åƱñOɰ$64ąê

3�̝̣śşƠOǩ$K�1�ɰĭ!L) 

 
Figure 2-8`�̸ȖȢĀ4HK�ODN2-11 HP2-26 KdÏ6˝Éa)ȢĀǳ·�H:'6ʚǷ

b)Y���SpqT�^4HK KdÏ6ʊé 

rate of triplex (%)� 11� 17� 29� 54� 74� 83� 89�

Lane� 1� 2� 3� 4� 5� 6� 7� 8�

ODN 2-1 (nM)� 0� 10� 20� 40� 100� 200� 400� 1000�

Kd = 48 nM 
R2 = 0.98�

Incubation: 20 mM Tris-HCl (pH 7.5), 20 mM MgCl2, 1 mM spermidine,2.5 % sucrose, 14 °C, 90 min. 
Electrophoresis: 10% Native gel containing 20 mM Tris-borate, 20 mM MgCl2, 180V, 14 to 17 °C, 2 h.�
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� µ�OA1DKǯʋ07Ĝƪ") αw]�XetOĢC TFO6�̝̣Əƪʯ�H:Łľ

Ū̓ƳƠ4-�/˝ÉO˅,)'6ʚǷ�ěŁľŪ4Ū"̒ë3 α w]�Xet6ʘBĜ

N&7 αG:A-T�αA:G-C�αA:C-G�αT:T-A6�ŁľŪ0�,)ŁľŪ̓ƳƠ7�AJ͍�

3�E66�αA �H: αG 7 G-C ŁľŪOŐB�αC 7 T-A ŁľŪ�H: G-C ŁľŪ�αT

7 C-GŁľŪ�H: T-AŁľŪ4Ū$K̓ƳƠOǩ"/�)�̝̣ƏƪʯO αw]�Xe

ţ0Ȕ˽")ŀĜ����Â6 αw]�Xet7�~��f�Â6 αw]�XetHJE

śş3�̝̣OƏƪ$KÕġ�ǛI�43,)�LI6ʚǷO˹A2�ȍʋ07˗ʊĂŚ

6Ʈȟ4HJʨũO˅� 

 

ʆ͔ʋ  
êŖĀúŚ˗ʊOɒ�)�ŁľŪƏƪȅƉ4-�/6ʨũ  
 

� ʆ͓ʋ0̄>)H�4�ěŁľŪ4Ū"̒ë3 α w]�Xet6ʘBĜN&7 αG:A-T�

αA:G-C�αA:C-G�αT:T-A 0�,)'L(L6ʚĜȅƉOǀʕ$K)D4êŖĀúŚ˗ʊ

4HKe����e��O˅,)íǫȄ̋1"/�VliegheI4H,/Äƪ!L) 12mer6

G:G-C�ŁľŪ6B�I3KR�o|���ļ�̝̣Oɒ�)2-14ǯɬɽ6Š͊0Åɒ")

R�o|���ļ�̝̣6̘ì7 αw]�Xet6 5´�ȧ�H: 3´�ȧ6�ŁľŪ7 A:A-T

0�K'�0�êŖĀúŚ˗ʊ4��/7ʆ�̣6 5´Ǯʃ�Iǐ2/ 5��H: 7 əɡ6

ŁľŪO A:A-T 4ʥ�Ǆ2�6 əɡ4 α w]�XetOŬÝ")a�s���1"/�6

əɡ4�w]�Xet6´NJ4Ŋɂļ6 G �H: A OŬÝ") G:G-C �H: A:A-T OĢ

CŊɂļR�o|���ļ�̝̣Eɒƥ"�˗ʊǳ·6őƎƠ6˝É4ɒ�)'LI6̘

ìO Figure 2-94ɰ$ 

 

Figure 2-9 êŖĀúŚ˗ʊ4ɒ�)̘ì 

� êŖĀúŚ˗ʊ7ǯŚ6g�|�a�~��m�TSUBAME 3.0�4�K AMBER 16 2-15O

ɒ�)Ȅ̋6Ȅʌ47 AmberTools4ĢAL/�K teLeapOɒ�)αw]�Xet6̸ʼ

7 β w]�Xet6̸ʼO'6AAɒ�)ǻ̛6úŀ1"/7�̝̣Ȅ̋4̒ɒĕʯ3

leaprc.DNA.OL15 2-16 Oɒ�)Ȅ̋6őƎƠ6ǿ˜6)D�leaprc.DNA.BSC1 2-17 �H:

leaprc.ff14SB2-18EÅɒ"/�KȗêŖ7öÂȗêŖ�r�0�K TIP3P 2-19OÅɒ")ĥ

ǫŃɖǳ·7�ľ˳�I 10.5Å0�J�ʑ 50006ȗêŖ�ʐã4ŘĹ"/�Kus�U�

5´-�GGGGA�

target 
duplex�

TFO	� AGGGGG�X� -3´�
3´-�GGGGA� AGGGGG�Y� -5´�
5´-�CCCCT� TCCCCC�Z� -3´�

X:Y-Z = G:G-C, A:A-T, αG:A-T, αA:G-C, αA:C-G , αT:T-A ���
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TX�7 Joung�H: CheathamI� 2008Ƃ4ĿĤ"/�Kúŀ͏frcmod.ionsjc_tip3p͐2-20O

ɒ�)3��us�U�TX�7�̝̣Ȅ̋6¢ĩ4ɒ�/�K6B0�J�̅ü6Ł7

ʐ4ĢD/�3� 

� êŖĀúŚ˗ʊ6ƁˈĂ07 Dixit I�ĿĤ")Ʈȟ 2-214ľ.�/˅,)�6ǘȟ07

ěĉŖ4¾ʥƶǲ1"/ 25 kcal·mol–1·Å–2O���0 K�I 300KA0 100 ~aɶ��üȳ$

K'6Ɣ�300KOʝƹ")AA¾ʥƶǲOȒ̰ɝ4ȰI"/��͏ 5, 4, 3, 2, 1, 0.5 kcal·mol–

1·Å–2͐ǘȟ0�K'L(L6e����e��7 50 ~aɶ1 1000 stepȄ̋Ǩ̒ĂOşĸ

ǳ·0˅,/�K'"/ǨƔ4¾ʥƶǲO˔̮"/ 1uyɶ�Ȅ̋6ƁˈĂO˅,/�K

3�ȳƆOa�s���$KɄȶ1"/7 Berendsenȟ 2-22Oɒ��ȗʔĉŖ7 SHAKEȟ 2-23

O̒ɒ")̤˸̶6̸̹ɣªÄɒ7 particle-mesh Ewaldȟ 2-24O̒ɒ"/�K 

� r�m6˔Ƕɒ6êŖĀúŚ˗ʊ7 50 uyɶ˅,/�K��0ĸú˧Ǒ�H:ȳƆ˧

Ǒ7 5~aɶ 14˅,/�KȄ̋˔Ƕ07 Cpptraj ver 17.00 2-25Oɒ�) 

� A%�50uyɶ˗ʊ")ǨƔ6Ȅ̋4Ū"Ȅ̋Ǩ̒ĂO˅��'L(L6ŁľŪ6Ȅ̋O

ɮˡ")Figure 2-9 4 OL15úŀ�BSC1úŀ�H: ff14SBúŀ0˗ʊ")Ŋɂļ�ŁľŪ

6Ȅ̋Oɰ$ 

 
Figure 2-10 ŊɂļR�o|���ļ�̝̣0BILK�ŁľŪȄ̋a) A:A-T �ŁľŪ

͏OL15úŀ͐b) A:A-T�ŁľŪ͏BSC1úŀ͐c) A:A-T�ŁľŪ͏ff14SBúŀ͐d) G:G-C�

ŁľŪ͏OL15úŀ͐e) G:G-C�ŁľŪ͏BSC1úŀ͐f) G:G-C�ŁľŪ͏ff14SBúŀ ͐d͐

�H: f)6R��Q�ps1ǐŗ7'L(L^Rv�6u�{��^Oˉ$ 

a� b� c�

d� e� f�

T
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ff14SB7 AMBER 14µõ0Ȇȷ6ǻ̛úŀ1"/Åɒ!L/�)E60�J�OL15�H:

BSC1 71E4�̝̣FĲ̝̣ʇ6̺ȆȷȄ̋6e����e��4EÅɒ0�KH�4˧

Ǒ!L)ǻ̛úŀ0�K 

� A:A-T�ŁľŪOB)1��Figure 2-10a1 Figure 2-10b6H�4 OL15úŀ�H: BSC1

úŀ07ŁľŪOƏƪ"/�)��ƕǴ6Ȇȷúŀ0�K ff14SB(Figure 2-10c)07ŁľŪƏ

ƪ"/�3��1�N�KA) G:G-C�ŁľŪ07�Figure 2-10d, e07 TFO6 G6͒¾

6R�yľ(N2)7ʆ©̣6 G 6͖¾6̛ʔ(O6)1ȗʔʚĜ"/�)�1�N�K��ff14SB

6úŀ(Figure 2-10f)07ʆ©̣6 G 6͗¾6ɿʔ(N7)16˸̶�͖¾6̛ʔHJẼ��͗

¾6ɿʔ1ȗʔʚĜ"/�)1˖2KR�o|���ļ�̝̣6 X ʠʚǡȄ̋˔Ƕ07�

TFO6 G6͒¾6R�yľ1ʆ©̣6 G6Y��v�̛ʔ�ȗʔʚĜ"/�)�1�I�R

�o|���ļ�̝̣6êŖĀúŚ˗ʊ07 OL15 úŀE"�7 BSC1 úŀ�̒"/�K1

ʨ2ILKAMBER166�v�R� p3847�DNA6e����e��47 OL156úŀ

�ǂŏ!L/�)�1�I�°Ɣ6ǿ˘07 OL156úŀOɒ�) 

� -.�/ α w]�Xet6êŖĀúŚ˗ʊO˅,)α w]�Xet6íǫȄ̋7��̛

͌ǽ6ƇȆOľȷ4ȜD)'L(L6 αG:A-T�αA:G-C�αA:C-G�αT:T-A6�ŁľŪȄ̋�

�H:ŁľŪOÒ̻�IB)ĶOȍ��f4ɰ$͏Figure 2-11a, c, e, g ͐ 

� A%�αG:A-T�ŁľŪ4ɧɡ$K(Figure 2-11a)ȗʔʚĜƏƪ7�TFO6^Rv� O6¾

1ʆ©̣Rrv� N6¾͏µ̫ 3O6···2N61ħɸ͐�H: TFO^Rv� N1¾1ʆ©̣Rrv

� N7¾͏3N1···2N7͐6̧6©ʉƭ0ːIL)�ǘ�αA:G-C(Figure 2-11c)07 TFO6Rr

v�7ʆ©̣6^Rv�073��ʆ�̣6ese�̧1 3N1···1N46�ʉƭ0ȗʔʚĜOƏ

ƪ"/�)A)�αA:C-G(Figure 2-11e)07 TFO 6Rrv�1ʆ©̣6ese�̧0

3N1···2N46ȗʔʚĜ��ʉƭːIL)ǨƔ4 αT:T-A (Figure 2-11g)07 TFO6o��Łľ

1ʆ©̣6o��Łľ�H:ʆ�̣6Rrv�Łľ1 3O4···1N6�H: 3N3···2O46©ʉƭ0

ȗʔʚĜ�ːIL) 

� -.�/�TFO¢6 5´�ȧ�H: 3´�ȧ6w]�Xet1 αw]�Xet6Łļ̌6gm

p[�^ɣªÄɒ4-�/˧>K)D4�αw]�Xet6ǻ̛ŁľOÒ̻�Iː)͏Figure 

2-11b, d, f, h͐A% αG:A-T (Figure 2-11b)6ŀĜ�̉ſ6R�o|���ļ�̝̣6 A:A-T�

H: G:G-T 6�ŁľŪ1Ğȅ4 Hoogsteen Ò06ɣªÄɒO"/�J�Ȇȷɝ3gmp[�

^Ȅ̋Oɰ"/�)"�" α w]�Xet0�K)D�ǻ̛Łľ�Ȇȷɝ3¾ʥ=ɹĀ$

K)D4�TFO 6��̛͌ǽ4ŉƀ39%B�ŬÝ!L/�)'6�ǘ�αA:G-C 6ŀĜ

͏Figure 2-11d �͐��̛͌ǽ7ˑôȎ"�Ȅ̋Oʝƹ"/�)�1�ê�K�6�14HJ�

5´�ȧ6ǻ̛Łľ16gmp[�^ɣªÄɒ7ȌŎ"�3´�ȧ6ǻ̛Łľ16ɣªÄɒ�¤1

3,/�K�1�N�K3��αA:G-C�ŁľŪ7°ĳɒ�)�w]�Xet6¢0�ǨE
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śş3�̝̣OƏƪ"/�K�6�1�I���̛͌ǽ6ȐB7R�o|���ļ�̝̣

Ȅ̋6śşƠO§ȴ$K�0̝ˏ3ˏʔ0�K1˖2KαA:C-G�ŁľŪ07͏ Figure 2-11f͐

ʆ©̣6ese� N4¾1ɣªÄɒ$K)D4����g6¾ʥ� αG:A-T�ŁľŪ1Ğ#ȅ

4e�s"���̛͌ǽ69%B�é)1Ğǟ4�ȗʔʚĜ��ǯ"�3�)D�5´�ȧÒ

6ɾ�/�Kɾ̧Oðɒ"/ǻ̛Łľ�ĳ˻"/�KȄ̋�ƖIL)ʴĦȫ��14 3´�

ȧÒ6ǻ̛Łľ1 α w]�Xet6Łľ7Ɓ˅0�J�gmp[�^ɣªÄɒ7ʝƹ"/�

)�ǘ�5´�ȧ17ɚ3Kġ�43,/�J�ɣªÄɒ�ʽ"�ƌ�3,/�K�1�N�

,)ǨƔ4�αT:T-A6�ŁľŪȄ̋(Figure 2-11h)4-�/̄>K�6 αw]�Xet7

ʆ�̣�H:ʆ©̣�¡ǘ1ɣªÄɒ"/�)αA:G-C1Ğȅ4�E1E16���g6¾

ʥOÌƹ"/�K�1�I��̛͌ǽ6ȐB7ŭ!�'6)D�5´�ȧÒ6ǻ̛Łľ16

gmp[�^ɣªÄɒ�0�K¾ʥ473�,)  
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Figure 2-11� êŖĀúŚ˗ʊ0βD)Ȅ̋a) αG:A-T6�ŁľŪȄ̋b) aO TFOαG�I

B)Ȅ̋c) αA:G-C6�ŁľŪȄ̋d) cO TFOαA�IB)Ȅ̋e) αA:C-G6�ŁľŪ

Ȅ̋f) eO TFOαA�IB)Ȅ̋g) αT:T-A6�ŁľŪȄ̋h) gO TFOαT�IB)Ȅ̋

a), c), e), g)6R��Q�ps1ǐŗ7ěŁľ6u�{��^Oˉ$ 
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Figure 2-12� êŖĀúŚ˗ʊ¢6ěŁľŪ4��KȗʔʚĜ"/�K1ʨ2ILK�q�ĉ

Ŗ̧6˸̶ʣ˼7�q�ĉŖ̧6˸̶[Å]Oˉ"�Ȉ˼7êŖĀúŚ˗ʊ6ʙ̎ǟ̧[psec]

4Ūƞ$K 

a)�A:A-T��	��3N1···2N6 � b)� A:A-T��	��3N6···2N7 �

c)�G:G-C��	��3N2···2O6 � d)� G:G-C��	��3N1···2N7 �

e)�αG:A-T��	��3O6···2N6 � f)� αG:A-T��	��3N1···2N7 �

g)�αA:G-C��	��3N1···1N4 � h)�αA:C-G��	��3N1···2N4 �

i)�αT:T-A��	��3O4···1N6 � j)�αT:T-A��	��3N3···2O4 �
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� �6H�4˓ȴ!L)Ȅ̋�26ɺƆêŖĀúŚ˗ʊ¢0śş4ŘĹ"/�)�Oǿ˘$

K)D4�'L(L6˓ȴ!L)ȗʔʚĜ6ʙǟņĂO˝É")˝É47�ȗʔʚĜ6Ū

13K�q�ĉŖ̧6˸̶Oɒ�)̉ſ�3.5Åµ�6˸̶4�KŀĜ�ȗʔʚĜ"/�K

1îş!LK'6ʚǷO Figure 2-124ɰ$ 

� A%��fqS�a�s���1"/ǭÎ͇6R�o|���ļ�̝̣Ȅ̋0�K A:A-T

�H:G:G-C6�ŁľŪ06TFO1ʆ©̣6̧6ɣªÄɒO˝É")͏Figure 2-12a, b, c, d͐

A:A-T�ŁľŪ4��K 3N1···2N6�H: 3N6···2N7˸̶Oː/BK1�êŖĀúŚ˗ʊ¢?

1P26Ȅ̋� 3.5Åµ�0�,)�6�17��6©-6ȗʔʚĜ�śş4ȗʔʚĜ�Ř

Ĺ"/�J�TFO ¢6Rrv�Łľ7ʆ©̣6Rrv�Łľ6 Hoogsteen Ò1ŪOƏƪ"/

�K�1OƥĦ$KĞȅ4 G:G-C�ŁľŪ4��K 3N2···2O6�H: 3N1···2N76˸̶Oː

/BK1�śş3ȗʔʚĜ0�K�1�N�J�śş3ŁľŪƏƪ�˅NL/�K�1Oɰ

ĭ"/�K 

� �LI6ŁľŪ1Ȕ>/ α w]�Xet6ŁľŪ6�q�ĉŖ̧6˸̶O˔Ƕ")

αG:A-T�ŁľŪ4��K 3O6···2N6͏Figure 2-12e͐�H:�3N1···2N7͏Figure 2-12f͐07�

ǭÎ͇6�ŁľŪ1 Ȕ˽"/ 3O6···2N66˸̶6GI��ŉ��E66�śş"/ 3.5 Åµ

�6ÏOđ,/�)Ğȅ4 αA:G-C�ŁľŪ6 3N1···1N4͏Figure 2-12g͐�H: αA:C-G�

ŁľŪ6 3N6···2N4͏Figure 2-12h͐4��/Eśş")ȗʔʚĜ0�K1˖2K'6�ǘ�

αT:T-A�ŁľŪ6 3O4···1N6͏Figure 2-12i͐�H: 3N3···2O4͏Figure 2-12j͐6˸̶O˔Ƕ"

)ʚǷ�3O4···1N67 9.6uyɶ�I 15.6uyɶ6̧�A) 3N3···2O47 8.2uyɶ�I 15.6

uyɶ6̧�˔̶"/�)�1�N�,)A)˔̶Ȅ̋Ođ,/�)4E��NI%�Ù

6Ȅ̋4Ƭ,/�)�6�1�I�êŖĀúŚ˗ʊ¢0BIL)�ŁľŪȄ̋7�Ĕâú

ŀ6ɏŃ�0śş4ŘĹ$K�1�ɰĭ!L)ǯɬɽ0êŖĀúŚ˗ʊ")͔ɻͅ6�Ł

ľŪ6ɣŪɝ3śşƠ7�õʋ6Š͊HJ αA:G-C(86%) > αA:C-G(53%) ≈ αG:A-T(48%) > 

αT:T-A(33%) 0�K1ʨ2ILKêŖĀúŚ˗ʊ¢�Į�˔̶�BIL) αT:T-A 7˗ʊ

")¢0ǨE�śş3�ŁľŪ1ʨ2IL�Š͊ʚǷ1ɨɤ"3� 

� µ�OA1DKǯʋ07�Š͊0ěǻ̛ŁľŪ4Ū"E,1Eśş4ʚĜ")�w]�

Xet6ʚĜȅƉOǛI�4$K)D4êŖĀúŚ˗ʊO˅,)§Óǿ˘HJêŖĀúŚ

˗ʊ4��Kǻ̛6úŀ1"/�OL15E"�7 BSC1�ŐA"��ǯʋ07 OL15Oɒ�/

˔ǶO˅,)αG:A-T�αA:G-C�αA:C-G�αT:T-A6�ŁľŪȄ̋O˔Ƕ")1�M�śş

3ȗʔʚĜ�˓ȴ!L) 
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ʆ͕ʋ  
ʟƸ  
 

� ǯʂ07�w]�XetOĢC�̝̣Əƪǻ̛͏TFO͐4HKR�o|���ļ�̝̣4

-�/ʐʛɝ4�̝̣Ȅ̋6śşƠ1̓ƳƠ4-�/˝ÉO˅��'6ʚĜȅƉ4-�/ê

ŖĀúŚ˗ʊOɒ�/ǂş")E+�)�-w]�Xet7��-rX[eRrye�͏ �A �͐

�-rX[e^Rye�͏�G �͐�-rX[eeof�͏�C �͐�-rX[eo�f�͏�T͐

0�K�LI6�w]�Xet1�DNA©̝̣¢4ĢALK͔ɻͅ6ŁľŪ͏A-T�G-C�

C-G�T-A͐16Þ/6ʘBĜN&4-�/��̝̣ƏƪʯO˝É")'6ʚǷ�A-TŁľ

Ū47�G͏αG:A-T �͐G-CŁľŪ47�A͏αA:G-C �͐C-GŁľŪ4E�A͏αA:C-G �͐T-A

ŁľŪ47�T͏αT:T-A͐�ǨEśş4ʚĜ")'L(L6ʚĜȅƉOêŖĀúŚ˗ʊ0

ǂş")1�M�śş3ȗʔʚĜƏƪOĢC�ŁľŪȄ̋�ːIL)̎ċ4R�o|��

�ļ�̝̣4��K�w]�Xet6ʚĜȅƉ4-�/ǿ˘")Æ73��°Ɣ6Î͇ǻ̛

̦ɜ4��Kɯ13KƪǷ0�K 

� ǯɬɽ6ƪǷOÙ4$K�10Ǘ)3Î͇ǻ̛OĜɎɝ4˚˗$K�1�ĕʯ43J�͍

�śşƠ�H:̓ƳƠOǩ$KR�o|���ļ�̝̣Əƪǻ̛6̦ɜ�9�/7 TFOOE

+�)`y�ʡ̵ȟ̦ɜ=6˰Ɋ�ǫƓ!LK 
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ʆ͑ʋ  
Ƅ  
 
� X�brX[ew]�Xot(X�bw]�Xot)326 DNẠ6¤)Kȋʯ7�Ȇɝ̣

16ŁľŪƏƪ1͍ȍȄ̋Əƪ4HJ²6ɐÂêŖ1ɣªÄɒ$K�1�K'LµŇ6ȋ

ʯOX�bw]�Xot4ƹ)&K)D47�²6êŖ1X�bw]�XotOàǩʚĜ4

HJʚ:-�K��NGK{TXa�f�`�e���˅NLK)128�Ŋɂļ6ǻ̛

7ʖʭʱ̇̎Ơ4Ȍ�K)D�antimiR F antisense 32Oǻ̛Ąˀ1"/ƞɒ$K)D4

cell-penetrating peptide 3-1F N-acetylgulcosamine 3-2326Î͇ľOa�f�`�s")ǻ̛Ą

ˀ�̦ɜ!L/�K 

� �ǘ�X�bw]�XotF RNAX�b��324Î͇ľOa�f�`�s$KƮȟ6�

-1"/��É6̡O˕ŕ1")Rft−R�[�ɏĂ³üďƞ͏Copper-Catalyzed 

Azide-Alkyne Cycloaddition�CuAAC͐�H�ɒ�ILK3-3 �6ďƞ7Rft1R�[��

1,3-ĎȁŖɏĂ³üďƞO˶�"/ 1,4 ʥǄ 1,2,3-s�Rl��OƏƪ$KE60�̺ſ4͍

�ʁÂ̓ƳƠ�ľ˳̓ƳƠ�H:ƀƃ�ľ˳˛ťƠOɰ$�1�ɪIL/�K'6)D�

Figure 3-1 4ɰ$H�4ǻ̛Łľ̗Fʏ̗�I��Y�O±"/ǮʃR�[�OŬÝ"�

CuAAC4H,/ŞʯľOX�b��4ŬÝ")Æ7�LA04ǐň�ĿĤ!L/�K3-4 

 

Figure 3-1 Łľ̗ 3-4aFʏ̗ 3-4b4 CuAACOɒ�/Î͇OŬÝ")Æ 
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� �ǘ��6H�3Î͇O��̛̗4ŬÝ$K)D6Ʈȟ1"/���̛fWgq�Ȅ̋6

̺ǸȊƠ̛ʔĉŖOWov�ľ4ʥǄ")Wov��g�x�sļÎ͇ǻ̛�ĿĤ!L/�

K(Figure 3-2b)3-5�6Î͇ǻ̛7�̉ ſ6ǻ̛Ĝƪȟ�g��R�nTsȟ 0-0, 3-6Oɒ�/W

ov��g�x�sOX�bw]�Xot4ŬÝ$K�10Ĝƪ!LKA)�̣¼̤Ɣ4

RftľOǩ$Kľ˳1 CuAACO˅��10Î͇ľOŬÝ"/�KFigure 3-2c4ɰ$H�

4�YoX�ƠÎ͇ľOŬÝ$K�10��LI6Î͇ǻ̛7T��V]e��˞ˀOɒ�

%4�r�ʖʭ¢4đĴAL/�K�61��s�Rl��6BOǩ$KÎ͇ǻ̛(Figure 

3-2d)EȔ˽Ūˮ1"/ɒƥ!L)��͋�>��14�6Î͇ǻ̛EʖʭđĴBʯOE-

�1�ǛI�43,)�6Î͇Ȅ̋7��ʵ4ʖʭđĴBʯOE)I$1!LKYoX

�ƠÎ͇FɛȗƠÎ͇073�)D�ʖʭđĴB4̨NKɐÂêŖ1ɣªÄɒ"/�Kĕ

ʯƠ�ɰĭ!L)'�0�!I4ʷ�ʖʭđĴBʯOǩ$K¯Źǻ̛6̦ɜOɡƺ"�

ͅ½Ȅ̋1"/��̛fWgq�Ȅ̋6̺ǸȊƠ̛ʔĉŖ(Figure 3-2d)073�ǸȊƠ̛ʔ

ĉŖOs�Rl��ľ4ʥǄ") Figure 3-2e6Î͇ǻ̛O˚˗") 

 

Figure 3-2 ̎ċ6ɬɽ�H:ǯʂ0Ĝƪ!L)Î͇ǻ̛6Ȅ̋a)Ŋɂļ DNA6Ȅ̋b)W

ov��g�x�sȄ̋c)YoX�Ơ6s��o�R�yWo��g�x�sȄ̋d)̺Ǹ

ȊƠ6̛ʔĉŖOs�Rl��4ʥǄ")s�Rl���g�x�sȄ̋e) ǸȊƠ6̛ʔ

ĉŖOs�Rl��4ʥǄ")s�Rl���g�x�sȄ̋ 

� ǯɬɽ07�Figure 3-2e 4ɰ$Ȅ̋OE-Î͇X�bw]�Xot6ĜƪȟO̦ɜ")

áÂɝ47�Scheme 3-14ɰ$H�4�Û4 3´-Rft-2´,3´-rX[ew]�Xet1�Wo

v��g�x�s̗¾4ÌˬľOǩ$Kw]�XotˢŬÂOï̈Ĝƪ"�CuAAC4H,/

©̟ÂOĜƪ$K-.�/ 3´�g�So�ĂďƞO˅,/�g��R�nTs�vpsO

Ĝƪ"�ʲĀĜƪȋ4HJX�bw]�Xot6ĜƪO˅�µƔǯʂ07�s�Rl��

�g�x�sȄ̋7 1,2,3-s�Rl��6͑¾ɿʔĉŖ�rX[ew]�Xet6����

y�g6 3´¾ȿʔĉŖ1�͔ ¾ȿʔĉŖ� 5´-�g�x�s6��ĉŖ1ʚĜ") Figure 3-3a
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̋7�Figure 3-3b6H�4�³�Ǔŗ0 TP1ˉ$A)�Ĝƪ¢̧Â6Łľ̗4-�/7�

Figure 3-36H�4Ìˬľ11E4 ABz�GiBu�CBz�H: T1ɘ$ 

 

Scheme 3-1 ǯʂ4��KĂŚĜƪ6ȃˏ 

 
Figure 3-3 ǯʂ0ɒ�K�Ȅ̋4-�/6ˉ˙�H:ɥɘˉ˙a)s�Rl���g�x�s

Ȅ̋�ɰ$Ȅ̋b) �³�0’TP’1ˉ˙!LK©̟ÂE"�7X�bw]�Xotã6s�R

l���g�x�sȄ̋ c) Łľ̗6ɥɘˉ˙ 
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��g�x�s̗¾6Ìˬľ7�5 É6��̛s�Wgq�Ȅ̋Oǩ$Ko�f�nT��

Ĝƪ¢̧Â 3-7 (Figure 3-4a)324EÌˬľ1"/ðɒ!L/�KeRyWo�ľOɒ�)

(Figure 3-4b)"�"�eRyWo�ľ7°ĳ6s�Rl���g�x�sȄ̋6Ìˬľ1"

/6śşƠ4Ȍ�)60�Ǩʗɝ47HJśş3 1-u�o��o�ľ�ɒ�IL)(Figure 

3-4c)ǯʋ07�1-u�o��o�ľOɒ�)Ĝƪ6õǃ1"/�eRyWo�ľOɒ�)

ŀĜ6Ĝƪ��s1'6į̈́ɀ4-�/˔˥$K 

 
Figure 3-4 ��̛6Ìˬľ6Æa)eRyWo�ľOɒ�)̎ċ6ĿĤb)eRyWo�ľO

ɒ�)ŀĜ6�ǯʂ6ɡɝĂĜɆ(�g��R�nTs�vps)6Ȅ̋c) 1-u�o��o�

ľOɒ�)ŀĜ6�ǯʂ6ɡɝĂĜɆ(�g��R�nTs�vps)6Ȅ̋ 

� eRyWo�ľÌˬ!L)©̟Â�g��R�nTs�vps6Ĝƪǿ˘7�7#D4

Scheme 3-2 4ƕ,/Wov��g�x�sˢŬÂ 3-56Ĝƪ�I˅,)]���g�S�

ˢŬÂ 3-1 �I�̎ ċ6ĿĤ 3-54ƕ� GrignardďƞOɒ�/Wov��g�SyfR�nT

sˢŬÂ 3-2 OĜƪ"�eRyWs[eľO�-ŬÝ$K�10Wov��g�SyR�n

TsˢŬÂ 3-3 OĐɋ 86%0Ɩ)-.�/ˢŬÂ 3-3 Oɒ�/rX[e^Rye�ˢŬÂ

3-46 5´¾OWov��g�Sx�sWgq�Ă"�TBHP 3-8Oɒ�/��ĉŖƠĂ$K�

10�ĂĜɆ 3-5OĐɋ 59͎0Ɩ) 

 

Scheme 3-2 ĂĜɆ 3-56Ĝƪ 
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� -�4�©̟Â 3-86Ĝƪ�H:�g��R�nTs�vps 3-96Ĝƪǿ˘O Scheme 3-3

4ɰ$ ĂĜɆ 3-5 6 3´¾ư̑ľ6ʰÌˬO"/ĂĜɆ 3-6 O 60%0Ɩ)'6Ɣ 3´-rX

[e-3´-Rfto�f�ˢŬÂ 3-73-9�CuSO41 TBTA3-10Oɒ�/ 3-11 CuAACO˅��ĂĜɆ

3-8O 88%0Ɩ)ǨƔ4�3´¾ư̑ľ6�g�So�ĂO˅,)1�M�ďƞ¢4ˍǐ6ɐ

ƪɆ� TLCêǶ4H,/ɮˡ!L)TLCêǶ0�T�g�ps*,)E6Oe�Y`�]

��s^��S�0ê̶" 31P-NMR0êǶ")ʚǷO Figure 3-54ɰ$15 ppm³̃4ŉ�

�ː2K˞ˀȑȲɔǴ6~�]µŇ4Eňǐ6~�]�ɮˡ!L)̎ ċ6ĿĤ 3-5�I 8 ppm

³̃6~�]7Ìˬľ�ê˔"/�3�s�Rl���g�x�sfWgq�Ȅ̋4ɔǴ"�

150 ppm ³̃6~�]7�g��R�nTs̗¾4ɔǴ$K1ʨ2ILK�6�1�I�

ɡɝɆ0�K 3-9 �¤ɐƪɆ1"/ĢAL/�K1ʨ2IL�A)�6ǟɀ06Đɋ7

56%(crude)*,)(Scheme 3-3)"�"3�I�øɐƪɆɔǴ6~�]�ňǐŘĹ$K�1�

I��6 crude6ĂĜɆ 3-9O'6AAʲĀĜƪľ4HKX�brX[ew]�Xot6Ĝƪ

4ɒ�K�17�̒ë0�K1îǖ")e�Y`�]��s^��S�6ȸŕʐ6ņǥ�

A)˱ȸŕ¢0ȝȓ!&/M̎4H,/!I4ʎˌ$KǘȟO˞B)��ʒƆ6ġ�47-

3�I3�,) 

� ďƞʐ�H:ĂĜɆ 3-9 6 crude 6ĳĐɆ6 TLC 4��/�̺ſ4͍ȁƠ3øɐƪɆ�ː

IL)�1�I�eRyWo�ľ�ʰ̶$Køďƞ�ɐ#)ĕʯƠ�͍�1ʨ2�Ūʈ1"

/°Ɣ7HJśş3ÌˬľOɒ�K�11") 

 
Scheme 3-3 ©̟Â 3-86Ĝƪ�H:�g��R�nTs�vps 3-96Ĝƪǿ˘ 
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Figure 3-5 ͑−eRyWo�ľÌˬ!L) 5´- TTPG -3´©̟Â�g��R�nTs�vps 3-9

6�e�Y`�]��s^��S�Ɣ6ĳĐɆĶ¢6əę7�~�]1'6ɔǴ13K�

�ĉŖ6ŪƞOˉ$ 
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6Ĝƪ  
 

� ʆ 2 ʋ0̄>)H�4�eRyWo�ľ7s�Rl���g�x�s̗¾6Ìˬľ1"/

�śş0�J��g��R�nTs�vps6Ć̶ʎˌ�ĵ̷0�,)'�0�HJśş

3Ìˬľ1"/͑−u�o��o�ľ4ɧɡ")͑−u�o��o�ľ7ɍĹ̦ɜ¢6��

̛̗Ìˬľ691-0���f�ľ�u�o��o�ľ6ˢŬÂ63�0ǨEʰÌˬ�!L

F$���-eRyWo�ľF�o�ľ1Ȕ˽"/HJśş0�K3-12 �6ÌˬľOWov

��g�SyR�nTs˞ˀ4ɒ��ʆ͓ʋ1Ğȅ3��s4HKĜƪO˞B)'6˟ʖ

O Scheme 3-44ɰ$ 

�-9 56% (crude)�

GiBr
O

O

O
PO

NN
N

T
O

DMTrO

O

P
N O CN

NC

①�

②�

①�

②�



 63 

 

Scheme 3-4 ͑−u�o��o�ľÌˬ!L) 5´- TTPG -3´©̟Â�g��R�nTs�vps

3-14a6Ĝƪ 

� õʋ0Ĝƪ")ĂĜɆ 3-24Ū"/�͑ −u�o��my��Oɒ�K�10Wov��g

�SyR�nTsˢŬÂ 3-10 O 88%0Ɩ)ˢŬÂ 3-10 Oɒ�/rX[e^Rye�ˢŬ

Â6 5´¾OWov��g�Sx�sWgq�Ă"�TBHP Oɒ�/��ƠĂ$K�10�
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Figure 3-6 eRyWo�ľOɒ�)©̟Â�g��R�nTs�vps 3-9(crude)1ǯʋ0Ĝ

ƪ") 3-14a 6 31P-NMR6Ȕ˽Ķ¢6əę7�~�]1'6ɔǴ13K��ĉŖ6ŪƞO

ˉ$ 

 

ʆ͔ʋ  
5´- TTPG -3´O̘ì4ĢCX�bw]�Xot6Ĝƪ  
 
� ʆ͔ʋ0ƖIL) 5´- TTPG -3´©̟Â�g��R�nTs�vpsOɒ�/�X�bw]�

Xot6ĜƪO˅,)Î͇©̟Â6R�nTs�vpsO̮�Þ/6˞ˀ��H:ďƞǳ

·7 ABIɱ6ǂŏ�kpt4ƕ,)Ĝƪ")̘ìO Table 3-14ɰ$ 

 

Table 3-1 ǯʋ0Ĝƪ")Î͇X�bw]�Xot6̘ì 

� 7#D4�ODN3-1 6ĜƪO˅��Î͇©̟Â�g��R�nTs�vps6Yp���

^ďƞǳ·4-�/ǿ˘")ȦƠĂ÷4 5-ethylthio-1H-tetrazoleOɒ��ďƞǟ̧7 120ɶ
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Ɔ6Yp���^ĐɋOɰ")'6)D�Î͇©̟Â�g��R�nTs�vps6Yp

���^ďƞǟ̧7 120ɶ0į̈́3�̣¼̤O˅��1�0�K1îǖ") 

� -�4�anti hsa-mir-15b̘ì(5´-TGTAAACCATGATGTGCTGCTA-3´)4 5´- TTPG -3´Î͇O

ŬÝ")̘ì ODN3-2 OĜƪ")ʲĀĜƪȋ0̣¼̤ďƞ6Ɣ�5´Ǯʃ6 DMTr ľOÌƹ

")AA 28%R��vRȗ�šȳ�1 h0ķɣ�I6ëJé"O˅��ķɣO̮�)Ɣ4 55 °C�

16 h6ǳ·06ʰÌˬO˅,)R��vRȗOȰĸɗċ")Ɣ�LC-MS4HKêǶO˅,

)'6ʚǷO Figure 3-74ɰ$ 

 
Figure 3-7 ODN3-26ķɣ�I6ëJé"�ʰÌˬƔ6 LC-MSêǶʚǷa)HPLC4HKêǶ

ʚǷb)ŜÞ3ʰÌˬÂ6~�](peak1)�H: 1-u�o��o�ľ�͑-ʰÌˬ!L/�3

�ʰÌˬ�ąêÂ(peak2)6˳̟êǶ6˗ʊÏ1ŠȴÏ�̗6o��s7 a)6ƷŉĶc) 
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� µ�6ʚǷ�I�ǯʋ0ɒ�)Ʈȟ4HJɡɝ6s�Rl���g�x�sȄ̋Oǩ$K
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ʆ͕ʋ  
TPOĢCȅ�3̘ì6©̟Â6Ĝƪ  
 
� ʆ͔ʋ6ʚǷ�I�u�o��o�ľOÌˬľ1$K©̟ÂOɒ�K�10s�Rl��

�g�x�sȄ̋OĢCX�bw]�Xot6Ĝƪ�ĕʯ0�K1ʨ2�ȅ�3̘ì6©̟

Â6ĜƪO˅,) 

 
Scheme 3-5 ͑−u�o��o�ľÌˬ!L)w]�Xet 5´-Wov��g�x�sˢŬÂ

3-12b, c, d6Ĝƪ 

� 7#D4�w]�Xet 5´-Wov��g�x�sˢŬÂ 3-12b, c, d6ĜƪȟO Scheme 3-5

4ɰ$ĂĜɆ 3-12a 6Ĝƪȟ1Ğȅ4�Wov��g�SyR�nTsˢŬÂ 3-10 Oěr

X[ew]�XetˢŬÂ 3-15a, b, c6 5´¾OWov��g�Sx�sWgq�Ă"�TBHP 

Oɒ�/��ƠĂ$K�10�ĂĜɆ 3-11b, c, dO͒˅ɺĐɋ 87%�87%�90%0Ɩ)-

�4�ĂĜɆ 3-11b, c, d6Ĝƪȟ1Ğȅ4�3´-TBDMSľOʰÌˬ"�ĂĜɆ 3-12b, c, dO

75%�82%�83%6Đɋ0Ɩ) 

3-11�: B = ABz, 87%
3-11c: B = CBz, 87%
3-11d: B = T, 90%

3-12b: B = ABz, 75%
3-12	: B = CBz, 82%
3-12d: B = T, 83%

B
O

HO

O
P OO

DMF, r.t., 4 h

Et3N·3HF 3.0 eq

=�
3-15a 3-15b 3-15c

or� or�
B

O

TBSO

HO ABz
O

TBSO

HO CBz
O

TBSO

HO T
O

TBSO

HO

B
O

TBSO

HO B
O

TBSO

O
P OO

1H-tetrazole

MeCN, r.t., 2 h CH2Cl2, r.t., 1.5 h

5 ~ 6M TBHP/decane 1.5 ~ 1.7 eq

O
P

N

1.2 eq

1.5 eq

3-10
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Scheme 3-6� ͑−u�o��o�ľÌˬ!L)ě©̟Â�g��R�nTs�vps

3-14b~14g6Ĝƪ 

� -.�/�ě©̟Â�g��R�nTs�vps 3-14b~14g6ĜƪȟOScheme 3-64ɰ$

̎ċ6ĿĤ4ƕ,/Ĝƪ")ě 3´-Rft-2´,3´-rX[ew]�XetˢŬÂ 3-16a3-13�

3-16b3-13 A)7 3-7 1w]�Xet 5´-Wov��g�x�sˢŬÂ 3-12b, c, d Oɒ�/

CuAACO˅��2̟Â 3-13b, c, d, e, f, gO'L(LĐɋ 86%�89%�95%�85%�87%�93%

0Ɩ)ǨƔ4�©̟Â 3´Ǯʃ̗ư̑ľ6�g�So�ĂO˅��DNAʲĀĜƪ4ðɒĕʯ

3 2̟Â�g��R�nTs�vpsO�3-14b, c, d, e, f, gO'L(LĐɋ 76%�89%�76%�

81%�76%�79%0ƖK�14ƪû") 

� µ�6ʚǷ�I�ʆ͓ʋ0̦ɜ")©̟Â6Ĝƪȟ7�ň�6̘ì6©̟Â4-�/̒ƞ

ĕʯ0�K�1�ê�,)°Ɣ7��LI6R�nTs�vpsOɒ�/ȅ�3ʉƭ4Î

͇OŬÝ")X�bw]�Xot�Ĝƪĕʯ43K1ʨ2ILK 

 
  

ABz
O

N3

DMTrO CBz
O

N3

DMTrO T
O

N3

DMTrO

3-13b: (B´, B) = (ABz, ABz), 2 h, 86%
3-13c: (B´, B) = (ABz,CBz), 2 h, 89%
3-13d: (B´, B) = (ABz ,T), 1 h, 95%
3-13e: (B´, B) = (CBz, ABz), 3 h, 85%
3-13f: (B´, B) = (CBz, CBz), 2 h, 87%
3-13g: (B´, B) = (T, ABz), 2 h, 93%

B´
O

N3

DMTrO

=�
3-16a 3-16b 3-7

B
O

HO

O
P OO

B´
O

N3

DMTrO

B
O

HO

O
PO

NN
N

B´
O

DMTrO

OTHF-MeOH-H2O 2:1:1 (v/v/v) 
r.t., time

TBTA
sodium ascorbate
CuSO4

5 mol%
0.5 eq
5 mol%

1.0 eq

B
O

O

O
PO

NN
N

B´
O

DMTrO

O

P
N O CN

CH2Cl2, r.t., time

[(i-Pr)2N]2POCE
4,5-dicyanoimidazole
diisopropylamine

2.0 eq
1.2 eq
1.2 eq

3-14b: (B´, B) = (ABz, ABz), 2 h, 76%
3-14c: (B´, B) = (ABz,CBz), 2 h, 89%
3-14d: (B´, B) = (ABz ,T), 3 h, 76%
3-14e: (B´, B) = (CBz, ABz), 2 h, 81%
3-14f: (B´, B) = (CBz, CBz), 2 h, 76%
3-14g: (B´, B) = (T, ABz), 4 h, 79%

or� or�

3-12b: B = ABz,
3-12�: B = CBz

3-12d: B = T
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ʆ͖ʋ  
ʟƸ  
 
� ǯʂ07�s�Rl���g�x�sȄ̋Oǩ$KÎ͇X�bw]�XotOĜƪ$K)

D4�͗ɻͅ6Î͇©̟Â�g��R�nTs�vpsOĜƪ")A)�Ĝƪ¢̧Â6s

�Rl���g�x�s̗¾6Ìˬľ1"/ 1-u�o��o�ľ�ąê3śşƠOɰ$�1

Oːé")5´- TTPG -3´©̟Â6�g��R�nTs�vpsOɒ�/X�bw]�Xot

6Ĝƪǿ˘O˅��̉ſ6�g��R�nTsȟ4HḲ¼̤ďƞ1�R��vRȗ4HK

1-u�o��o�ľ6ʰÌˬ6̍˅Oɮˡ")°Ɣ7�Î͇X�bw]�XotOǐɻͅ

Ĝƪ"�©̝̣śşƠ�ǻ̛ê˔̚ʔ=6ʪƠ�ʖʭđĴBʯ324-�/6ɬɽ�˅N

LK§ş0�K 

� A)� °ĳĜƪ!L)Î͇Ȅ̋(Figure 3-2c)7̤̣ DNAĜƪ4ƞɒ0�KĕʯƠ��K

̃Ƃ�̤ ̣ DNA6Ĝƪȟ1"/ CuAACOɒ�)X�bw]�XotĞŅ6�T`�e��

�ȡɡ!L/�K3-14 $3N+�RftľOǩ$KX�bw]�Xot1ǮʃR�[�Oǩ

$KX�bw]�XotOɒ�/HJ̤�X�bw]�XotOĜƪ$Kưˆ0�K͏ Figure 

3-88 ͐�6H�3s�Rl��OĢCÎ͇{p]���6̦ɜ4��/�˻åFˍˌǟ4�

����j4H,/Î͇X�bw]�Xot6̘ì�Ȏɮ4ˡ˫!LK�2��7̺ſ4̝

ˏ0�K3-15 "�"3�I�s�Rl��1��̛Ow]�Xeţ4¡ǘǩ$KÎ͇ǻ̛

7ĜƪÆ�3�)D�°ĳ˚˗")Î͇Ȅ̋(Figure 3-2c)�X�b��ĞŅ6�T`�e��

4ƞɒĕʯ��A)˻åFˍˌ4��/26H�3Ơ˳Oɰ$6��°Ɣ6!I3Kɬɽ�

ǪALK 
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Figure 3-8 CuAAC4HK DNA̧6ʚĜƏƪ6Æ 
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ʟƸ  
 

 

 

� DNA7ɐÂã0©̝̣��̝̣�Ĳ̝̣326͍ȍȄ̋OƏƪ$K�10ɐÂã06ȋʯ

Oɜɍ$K'6)D�ǆÔŁľFÎ͇ǻ̛6͍ȍȄ̋śşƠ��H:'LI6Ĝƪȟ4̨

$Kɬɽ7�DNA 6ǆÔ� DNA ʲÂ6ȋʯ4E)I$ņĂOɪK*�03��ǻ̛Ąˀ4

Ū$K̒ë3ĂŚÎ͇Ȅ̋OɪK�0̺ſ4̝ˏ0�KǯćŅ˨Ǔ07�Î͇ǻ̛6Ĝƪ

ȟ1'6͍ȍȄ̋4ɧɡ"ɬɽO˅,) 

 

� ʆ͑ʂ07�ǆÔ^Rv�Łľ6�r�ľ˳1"/ 2-N-�q�R���^Rv�(GHA)Oɒ

��Łľ̗6a����e��4ɧɡ"/©̝̣��̝̣�H:Ĳ̝̣6śşƠ4 2KƑ

̽O˧>)DFT ˗ʊ6ʚǷ�I7��q�R���ɏ6N%�3Ȅ̋6̐�4H,/

open-typea����e��6śşƠ�ŉ��ɚ3K�1�ɰ!L)A)�GHA6 open-type

a����e���śş0�K?2 GHAOĢC©̝̣7śş0�K�1�N�,)!I4�

GHA OĢCĲ̝̣Əƪ̘ì6͍ȍȄ̋śşƠE©̝̣6ŀĜ1Ğȅ6ÕġOɰ"�open-type

a����e��6śşƠ�Ĳ̝̣Ȅ̋6śşƠ4��K̝ˏ3ˏʔ0�K�1�ɰ!L)

A)�LI6ʚǷ�I�©̝̣O�śşĂ$K^Rv�͒¾R�yľǆÔ7Ĳ̝̣Ȅ̋E�

śşĂ$K�1�ɰĭ!L)A)�GHA OĢC|���ļ�̝̣7ǭÎ͇6E6HJ�ś

ş0�K�1�ê�,) 

 

� ʆ͒ʂ07�R�o|���ļ�̝̣Əƪ4��/��-w]�XetOĢC TFO 6Ơ˳

O˝É")TFO¢6�-w]�Xet1ȆɝŁľŪ��ŁľŪOƏƪ$Ḵ6śş3ʘBĜ

N&Oʞʦɝ4˧>)ʚǷ��LA04ĿĤÆ63�śş3�ŁľŪ6ʘBĜN&Oːé"

)A)�͔-6�ŁľŪOĢC�̝̣Ȅ̋6êŖĀúŚ˗ʊO˅,)ʚǷ��-w]�Xe

t�ʆ�̣6Łľ1ȗʔʚĜO$KĕʯƠ�ɰ!L�A)�̝̣6śşƠ7�ŁľŪ6Ȅ̋

*�03�{p]���6ȐB32Eʨƨ$K>�0�K�1�ɰĭ!L) 

 

� ʆ͓ʂ07�©̝̣OƏƪ$Kǻ̛Ąˀ1"/�ʖʭʱ̇̎ʯ�ǫƓ!LKs�Rl��

�g�x�sÎ͇X�bw]�Xot6ĜƪȟO̦ɜ")Î͇̗¾OĢC©̟Â�g��

R�nTs�vps6Ĝƪ4��/�s�Rl���g�x�s̗¾6ǩɒ3Ìˬľ1"/

͑�u�o��o�ľOːé")A)�6Ìˬľ7Î͇X�bw]�Xot6Ĝƪ4E̒ɒ
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ĕʯ0�K�1Oɰ"�ǻ̛Ąˀ=6ƞɒ4ġ�)Š͊32=6̏�9I�L) 

 

� �LI6ɬɽ4H,/ƖIL)Î͇ǻ̛6Ĝƪȟ��H:͍ȍȄ̋Əƪ=6Ƒ̽6ɪː��

ǆÔŁľ6Ƒ̽§ȴFÎ͇ǻ̛6˚˗4ƒʁ-�1�ǫƓ!LK 
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Š͊ʡ(ʆ͑ʂ�H:ʆ͒ʂ4��K�ʵɝ3¨̿) 
 
ʆ͑ʂ�H:ʆ͒ʂ6Š͊0ɒ�)˞ˀ�ȋı7µ�6̉J0�K 

 
ǩȋĜƪ˞ˀ�ǩȋȸŕ 
� ĩÜʒˀŹȀ�ǵĂƪ�̨ǵĂŚ�Sigma-Aldrich HJ˴Ý") 

 
e�Y`�ʿų]��s^��S�͏TLC͐ 
� Kieselgel 60 F-254 (Merck) Oɒ�)Ų̦ȸŕ47��[c�:f]���m�ʐ�f]
���m�:�my��ʐ��[c�:̛̙Wo�ʐ32Oɒ�)ĂĜɆ6ǿé47�UV (254 

nm)��K�7ɜʸ˞ˀ1"/�Uʔ�5%ɭ̛�my��ȸȪ�RvgR�r}tȸȪ�v
�}t��ȸȪ����r�̛R��vU�i�U�ȸȪ���ɒ�) 

 
e�Y`�]��s^��S� 
� Wakogel C-200�Wakogel C-300� Silica Gel N60 (̨ǵĂŚ )� NH-DM1020 
CHROMATOREX(Fuji Silysia)OÅɒ")ȸŕȸé47��[c�:f]���m�ʐ�f

]���m�:�my��ʐ��[c�:̛̙Wo�ʐ32Oɒ��Ɯˏ0�L8 pyridine �
K�7 Et3NOȭü") 

 
cThƾ̮]��s^��S� 
� LC-908͏ǙǯêǶŹȀ͐4`�Ƚ̎Y��͏JAIGEL GS-310͐O-3�ɒ�)ťéȸ
ŕ47�f]���m��Risvs��32Oɒ�) 

 
1H-NMR g�]s� 
� Varian AS500 (500 MHz) A)7 Bruker biospin�AVANCE III HD500ļ(500 MHz)O

ɒ�/ȴş")ǩȋȸŕ¢07�ȴşȸŕ4ɔǴ$K~�]Oã̗Ȇȷ1"/ɒ�) 

 
13C-NMR g�]s� 

� Varian AS500 (126 MHz) A)7 Bruker biospin�AVANCE III HD500ļ(126 MHz)O
ɒ�/ȴş")ǩȋȸŕ¢07�qs��o�e�� (TMS) �K�7ȴşȸŕ4ɔǴ$
K~�]Oã̗Ȇȷ1"/ɒ�) 

 
31P-NMR g�]s� 
� Varian AS500 (202 MHz) A)7 Bruker biospin�AVANCE III HD500ļ(202 MHz)O
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ɒ�/ȴş")Varian AS500 Oɒ�)1�7�85%Ȏ��̛OŇ̗Ȇȷ1") 

 
ESI-TOF-MS êǶ˗ 
� ǵŹȀŉŚưˆ̗êǶǊǅi�m�͏$%��Ė͐4È̓"/ȴş")ȴş47

micrOTOFⅡ (Bruker)Oɒ�) 

 

MALDI-TOF-MS êǶ˗ 

� ǵŹȀŉŚưˆ̗êǶǊǅi�m�͏$%��Ė͐4È̓"/ȴş")ȴş47

AXIMA-CFRPlus (SHIMADZU)A)7 UltrafleXtreme(Bruker)Oɒ�) 

 
DNA/RNA ʲĀĜƪȋ�DNAX�b��Ĝƪ 
� f��rdT�ɱ6 nS8-IIOÅɒ")Ŋɂļ�g��R�nTs�vps�H:'6²
6Ɯˏ3˞ˀ7 Glen Reserch Inc.HJ˴Ý"�ǂŏ!LKƮȟ4ƕ,/ɒ�)ǯɬɽ4�

�/Ĝƪ")Î͇Â�g��R�nTs�vps7ɁȗRisvs��A)7Ɂȗf]��

�m�͏0.1 M͐4ȸ˔"�DNA/RNA ʲĀĜƪȋ4̒ɒ")Î͇Â�g��R�nTs
�vpsOɒ�)̣¼̤ďƞ6Bǟ̧O 300ɶ4ņǥ"�'LµŇ6ďƞ7$>/f��r

dT�ɱ6ǂŏ$Kǘȟ4HJ˅,)Ĝƪ")Þ/6X�bw]�Xot4��/�ʰÌ

ˬ�ëJé"7 28%R��vRȗ�55 °C�16 h6ǳ·0˅��̑ƛW{���m�Oɒ�
/R��vRO̮ċ")Ĝƪ") DNA X�b��6ʎˌȟ4-�/7ï̈ěʂ6Š͊̿

0˟ʖ4̄>KŊɂļǻ̛6B�I3K DNAX�b��7 IDTɱ�I˴Ý") 

 
UVģĐg�]s� 

� Nano Drop ND-1000�H: UV-1800(SHIMADZU)0ȴş") 

 
w]�Xet6 pKa6ȴş�ʊé 

� PIP w]�XetˢŬÂ(ĂĜɆ 1-9c)OÆ4˥Ǜ$K7#D4 1-9c O DMSO 4ȸ˔!
&�TX�¬Ǆȗ0Ž̜$K�10 H2O-DMSO (92:2, v/v)ȸȪ(50 μM)1")�L1 pH
O˧ˌ")buffer1Ž̜$K�10�pH�2, 3, 4,···,124˧ˌ!L)1-9c625 μMȸȪ (pH 

2~7: 200 mM]W�̛-NaOH buffer�1% DMSO�pH 8~12: 200 mM^�e�-NaOH buffer�

1% DMSO) OÄƪ")�LOɒ�/ UV g�]s�ȴşO˅��ģĐg�]s�4ŉ�3
ņĂ��,) pH 3.0~7.0 6́Ľ4ɧɡ"/�äƆ pH 3.0, 3.3, 3.6, ···, 6.91 0.3óB6ȴş

O˅,)(200 mM]W�̛-NaOH buffer�1% DMSO)��0�ĂĜɆ 1-9c6̛Ơǳ·Ò0
6ǨŉģĐȠ̤�H:ŁľƠǳ·Ò06ǨŉģĐȠ̤� 268 nm�H: 278 nm0�,)6
0(Figure 1-13)��6͒-6ģÜƆȔ Abs268/Abs2786ȴşr�mO pH 6̨ǐ(1)4�Spq
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S�^"�pKaOʊé")(Figure 1-11) 

!"#!"#
!"#!"#

 =  
10!!"  +  !´!"#!!"# 10

!!!!

!!"#
!!"#  10!!"  +  !´!"!!!"#  10!!!!

 

 

(1) 

��0�ε268 �H: ε2727ʰ��s�Ă!L/�3� 1-9c 6 268 nm �H: 278nm 4��
K��ģÜƆÊǐ�ε´268 �H: ε´2727ʰ��s�Ă!L) 1-9c6 268 nm�H: 278nm4
��K��ģÜƆÊǐOˉ$Ć�Ƞ̤6ģÜƆOɒ�)ŀĜ�Ï6ˤŻ�̺ſ4ŉ��3

,) 

� rX[e^Rye�(G)�ĂĜɆ 1-9a(GPy)�1-5(GPym)�H: 1-9b(GPyra)4-�/7�pH 1
óB6 UVȴş7ĂĜɆ 1-9c1Þ�Ğȅ4˅,)pH 0.3óB6 UVȴş07�ȴşǳ·

O pH 7.2, 7.5, 7.8, ···, 11.71"/�'L(L6 25 μMw]�XetȸȪ(200 mM^�e�

-NaOH buffer�1% DMSO)Oȴş4ɒ�)(̛Ơǳ·Ò06ǨŉģĐȠ̤/ŁľƠǳ·Ò06
ǨŉģĐȠ̤)6ʘBĜN&7'L(L G: (254 nm/265 nm)�GPy:( 264 nm/275 nm) �GPym: 

(266 nm/275 nm)�GPyra:( 266 nm/274 nm)0�,)�LI6Ƞ̤Oɒ�/�ĂĜɆ 1-9c
1Ğȅ4ě pH 16ģÜƆ6ȔOʊé"�Y���SpqS�^O˅� pKaOʊé") 
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Š͊ʡ(ʆ͑ʂ) 
 

ǗˑĂĜɆ��K�7ƕǴȟ17ɚ3Kǘȟ0Ĝƪ")ĂĜɆ4-�/�'6ĜƪȟOɰ$ 

 

ĂĜɆ 1-4 

 

3´,5´-O-bis-(tert-butyldimethylsilyl)-2-N-(pyrimidin-2-yl)-2´-deoxyguanosine.  

 Compound 1-1 (250 mg, 0.5 mmol), Cs2CO3 (815 mg, 2.5 mmol), (±)-BINAP (31 mg, 50 μmol), 

Pd(OAc)2 (11 mg, 50 μmol) were mixed in anhydrous toluene (2.5 mL) under argon atmosphere. To 

the mixture was added 2-chloropyrimidine (67 μL, 0.75 mmol). The resulting mixture was heated 

under reflux and stirred for 38 h. The mixture was cooled to room temperature, poured into CH2Cl2 

and washed twice with H2O and sat. NaCl. The organic phase was dried over Na2SO4, filtrated and 

concentrated under reduced pressure. The residue was purified by silica gel chromatography (60N) 

with CH2Cl2-MeOH to afford compound 1-4 (132 mg, 46%) as yellow solid. 1H NMR profile was 

identical to that reported by Ito1-5. 

 

ĂĜɆ 1-8a 

 

3´,5´-O-bis-(tert-butyldimethylsilyl)- 2-N-(pyridin-2-yl)-2´-deoxyguanosine.  

 Compound 1-1 (250 mg, 0.5 mmol), Cs2CO3 (815 mg, 2.5 mmol), (±)-BINAP (31 mg, 50 μmol), 

Pd(OAc)2 (11 mg, 50 μmol) were mixed in anhydrous toluene (2.5 mL) under argon atmosphere. To 

the mixture was added 2-chloropyridine (70 μL, 0.75 mmol). The resulting mixture was heated under 

reflux and stirred for 38 h. The mixture was cooled to room temperature, poured into CH2Cl2 and 

washed with H2O twice and sat. NaCl. The organic phase was dried over Na2SO4, filtrated and 
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concentrated under reduced pressure. The residue was purified by silica gel chromatography (NH) 

with CH2Cl2-MeOH to afford compound 1-8a (183 mg, 64%) as pale yellow solid. 1H NMR (500 

MHz, CDCl3) δ: 0.05–0.13 (m, 12H, Si-CH3), 0.88–0.96 (m, 18H, Si-C-CH3), 2.31–2.40 (m, 1H, 2H´), 

2.45–2.54 (m, 1H, 2H´´), 3.73–3.79 (m, 2H, H5´ and H5´´), 3.96–4.01 (m, 1H, H4´), 4.56–4.61 (m, 1H, 

H3´), 6.26 (t, 1H, J = 6.5, H1´), 6.73–6.75 (m, 1H, Ar-H), 6.99–7.04 (m, 1H, Ar-H), 7.39–7.44 (m, 1H, 

N-H), 7.66–7.72 (m, 1H, Ar-H), 7.90 (s, 1H, H8), 8.28–8.32 (m, 1H, , Ar-H), 13.60 (s, 1H, N-H); 13C 

NMR (126 MHz, CDCl3) δ: -5.4, -5.2, -4.6, -4.6, 18.1, 18.6, 25.9, 26.1, 41.3, 63.0, 72.0, 83.4, 87.9, 

111.9, 118.1, 120.0, 136.0, 139.1, 146.6, 149.3, 149.7, 152.6, 156.7; HRMS (ESI): m/z calcd for 

C27H44N6NaO4Si2 [M + Na]+: 595.2855, found 595.2848.  

 

ĂĜɆ 1-8b 

 

3´,5´-O-bis-(tert-butyldimethylsilyl)-2-N-(pyrazin-2-yl)-2´-deoxyguanosine.  

 Compound 1-1 (1.0 g, 2.0 mmol) was rendered anhydrous by coevaporation five times with dry 

pyridine, and then with dry toluene five times, and the residue was dissolved in dry toluene (20 mL). 

To the mixture was added Cs2CO3 (3.3 g, 10 mmol), XantPhos (234 mg, 400 μmol), Pd(OAc)2 (45 mg, 

200 μmol), triethylamine (280 μL, 2.0 mmol) and 2-chloropyrazine (214 μL, 2.4 mmol). The resulting 

mixture was heated under reflux and stirred for 19 h. The mixture was cooled to room temperature and 

dissolved with ethyl acetate (40 mL), then filtered on celite. The filtrate was concentrated under 

reduced pressure. The residue was purified by silica gel chromatography (60N) with CH2Cl2-MeOH to 

afford compound 1-8b (800 mg, 69%) as dark green solid. 1H NMR (500 MHz, DMSO-d6) δ: -0.04–

0.13 (m, 12H, Si-CH3), 0.80-0.91 (m, 18H, Si-C-CH3), 2.29–2.37 (m, 1H, H2´), 2.67–2.76 (m, 1H, 

H2´´), 3.60–3.76 (m, 2H, H5´ and H5´´), 3.81–3.89 (m, 1H, H4´), 4.48–4.55 (m, 1H, H3´), 6.23 (t, 1H, 

J = 6.5, H1´), 8.11 (s, 1H, Ar-H), 8.25–8.31 (m, 1H, Ar-H), 8.33–8.38 (m, 1H, Ar-H), 8.70-8.76 (m, 

1H, Ar-H), 10.91 (s, 1H, N-H), 12.34 (s, 1H, N-H); 13C NMR (126 MHz, CDCl3) -5.4, -5.3, -4.7, -4.6, 

18.1, 18.5, 25.8, 26.1, 41.5, 62.7, 71.6, 83.7, 87.8, 119.8, 136.5, 136.7, 137.9, 140.1, 149.0, 149.1, 

149.4, 157.2; HRMS (ESI): m/z calcd for C26H43N7NaO4Si2 [M + Na]+: 596.2807, found 596.2804. 
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ĂĜɆ 1-8c 

 

3-(2-deoxy-3,5-O-bis-(tert-butyldimethylsilyl)-β-D-ribofuranosyl)-3,5-dihydro-11H-pyrido[2´,3´:4

,5]imidazo[1,2-a]purin-11-one. 

 Compound 1-1 (500 mg, 1.0 mmol) was rendered anhydrous by coevaporation five times with dry 

pyridine, and then with dry toluene five times, and the residue was dissolved in dry toluene (10 mL). 

To the mixture was added Cs2CO3 (1.6 g, 5.0 mmol), XantPhos (120 mg, 200 μmol), Pd(OAc)2 (23 mg, 

200 μmol), triethylamine (140 μL, 1.0 mmol) and 2.3-dichloropyrazine (126 μL, 1.2 mmol). The 

resulting mixture was heated under reflux and stirred for 8 h. The mixture was cooled to room 

temperature and dissolved with ethyl acetate (40 mL), then filtered on celite. The filtrate was 

concentrated under reduced pressure. The residue was purified by silica gel chromatography (NH) 

with CH2Cl2-MeOH to afford compound 1-8c (576 mg, 83%) as orange solid. 1H NMR (500 MHz, 

DMSO-d6) δ: -0.05–0.18 (m, 12H, Si-CH3), 0.75-0.98 (m, 18H, Si-C-CH3), 2.23–2.32 (m, 1H, H2´), 

2.69–2.79 (m, 1H, H2´´), 3.65–3.71 (m, 1H, H5´), 3.75–3.81 (m, 1H, H5´), 3.83–3.88 (m, 1H, H4´), 

4.54–4.58 (m, 1H, H3´), 6.31 (t, 1H, J = 6.8, H1´), 7.88 (d, 1H, J = 6.8, Ar-H), 7.92 (s, 1H, Ar-H), 

8.16 (d, 1H, J = 6.8, Ar-H); 13C NMR (126 MHz, DMSO-d6) δ: -5.5, -5.4, -4.9, -4.7, 17.8, 18.0, 25.7, 

25.8, 62.9, 72.4, 82.3, 86.9, 115.2, 129.7, 134.9, 138.4, 138.5, 151.2, 151.7, 154.7, 157.3; HRMS 

(ESI): m/z calcd for C26H41N7NaO4Si2 [M + Na]+: 594.2651, found 594.2638. 

 

ĂĜɆ 1-9a 

 

2-N-(pyridin-2-yl)-2´-deoxyguanosine. 

 Compound 1-8a (973 mg, 1.7 mmol) was dissolved in dry THF (18 mL). To the solution was added 

triethylamine (1.1 mL, 8.1 mmol) and triethylamine trihydrofluoride (602 μL, 4.1 mmol). The 
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resulting mixture was stirred at room temperature. After 14 h, ethoxytrimethylsilane (3.0 mL, 19 

mmol) was added and the resulting mixture was stirred at room temperature for 4 h. The mixture was 

concentrated under reduced pressure, and the residue was precipitated in hexane-ethyl acetate (1:1, 

v/v) to afford compound 1-9a (523 mg, 90%) as white powder. 1H NMR (500 MHz, DMSO-d6) δ: 

2.23–2.32 (m, 1H, H2´), 2.53–2.61 (m, 1H, H2´´), 3.47–3.61 (m, 2H, H5´ and H5´´), 3.79–3.87 (m, 1H, 

H4´), 4.33–4.40 (m, 1H, H3´), 4.93–5.01 (s, 1H, OH5´), 5.30–5.36 (s, 1H, OH3´), 6.22 (t, 1H, J = 6.5, 

H1´), 7.06–7.12 (m, 1H, Ar-H), 7.21–7.27 (m, 1H, Ar-H), 7.79–7.88 (m, 1H, Ar-H), 8.14 (s, 1H, H8), 

8.32–8.38 (m, 1H, Ar-H), 10.80 (s, 1H, N-H), 13.38 (s, 1H, N-H); 13C NMR (126 MHz, DMSO-d6) δ: 

40.3, 62.0, 71.0, 83.2, 88.1, 113.1, 118.2, 118.9, 136.9, 139.7, 146.6, 150.0, 150.2, 153.7, 156.1; 

HRMS (ESI): m/z calcd for C15H16N6NaO4 [M + Na]+: 367.1125, found 367.1124. 

 

ĂĜɆ 1-9b 

 

2-N-(pyrazin-2-yl)-2´-deoxyguanosine. 

 Compound 1-8b (1.5 g, 2.6 mmol) was dissolved in dry THF (30 mL). To the solution was added 

triethylamine (1.7 mL, 12 mmol) and triethylamine trihydrofluoride (950 μL, 6.2 mmol). The resulting 

mixture was stirred at room temperature. After 10 h, ethoxytrimethylsilane (5 mL, 32 mmol) was 

added and the resulting mixture was stirred at room temperature for 11 h. The mixture was 

concentrated under reduced pressure, and the resulting powder was filtered, washed with CH2Cl2 to 

afford compound 1-9b (885 mg, quant.) as white powder. 1H NMR (500 MHz, DMSO-d6) δ: 2.25–

2.33 (m, 1H, H2´), 2.55–2.62 (m, 1H, H2´´), 3.47–3.61 (m, 2H, H5´ and H5´´), 3.80–3.87 (m, 1H, 

H4´), 4.34–4.40 (m, 1H, H3´), 4.96 (t, 1H, J = 5.0, OH5´), 5.34 (d, 1H, J = 3.1, OH3´), 6.24 (t, 1H, J = 

6.8, H1´), 8.17 (s, 1H, Ar-H), 8.27–8.33 (m, 1H, Ar-H), 8.35–8.41 (m, 1H, Ar-H), 8.75–8.81 (m, 1H, 

Ar-H), 10.89 (s, 1H, N-H), 12.30 (s, 1H, N-H); 13C NMR (126 MHz, DMSO-d6) δ: 40.9, 62.0, 71.0, 

83.3, 88.2, 119.3, 136.4, 137.2, 138.0, 140.9, 149.3, 149.6, 149.8, 156.0; HRMS (ESI): m/z calcd for 

C14H15N7NaO4 [M + Na]+: 368.1078, found 368.1078. 
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ĂĜɆ 1-9c  

 

3-(2-deoxy-β-D-ribofuranosyl)-3,5-dihydro-11H-pyrido[2´,3´:4,5]imidazo[1,2-a]purin-11-one  

 Compound 1-8c (570 mg, 1.0 mmol) was dissolved in dry THF (9.6 mL). To the solution was added 

triethylamine (313 μL, 2.2 mmol) and triethylamine trihydrofluoride (732 μL, 4.5 mmol). The 

resulting mixture was stirred at room temperature. After 20 h, ethoxytrimethylsilane (4.7 mL, 30 

mmol) was added and the resulting mixture was stirred at room temperature for 1 h. The mixture was 

concentrated under reduced pressure, and the resulting powder was filtered, washed with MeOH to 

afford compound 1-9c (160 mg, 47%) as yellow powder. 1H NMR (500 MHz, DMSO-d6) δ: 2.16–2.27 

(m, 1H, H2´), 2.65–2.75 (m, 1H, H2´´), 3.50–3.59 (m, 1H, H5´), 3.59–3.68 (m, 1H, H5´´), 3.84–3.92 

(m, 1H, H4´), 4.38–4.43 (m, 1H, H3´), 5.26–5.34 (m, 1H, OH3´), 5.35–5.43 (m, 1H, OH5´), 6.26–6.35 

(m, 1H, H1´), 7.84–7.19 (m, 1H, Ar-H), 7.91–7.98 (m, 1H, Ar-H), 8.13–8.21 (m, 1H, Ar-H); 13C NMR 

(101 MHz, DMSO-d6) δ: 62.6, 71.6, 84.0, 88.3, 116.0, 130.2, 136.1, 138.9, 151.4, 152.1, 155.1, 157.6; 

HRMS (ESI): m/z calcd for C14H12N7O4 [M – H]—: 342.0956, found 342.0949. 

 

ĂĜɆ 1-10a 

 

5´-O-(4,4´-dimethoxytrityl)-2-N-(pyridin-2-yl)-2´-deoxyguanosine. 

 Compound 1-9a (344 mg, 1.0 mmol) was rendered anhydrous by coevaporation with dry pyridine 

four times. The residue was dissolved in dry DMF (10 mL) and dry pyridine (600 μL). To the solution 

was added 4,4´-dimethoxytrityl chloride (416 mg, 1.2 mmol). The resulting mixture was stirred at 

room temperature for 6 h. The reaction mixture was quenched with MeOH, then poured to CH2Cl2. 

The solution was washed with K2CO3 and sat. NaCl. The organic phase was dried over Na2SO4, 

filtrated and concentrated under reduced pressure. The residue was purified by silica gel 
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chromatography (60N) with CH2Cl2-MeOH to afford compound 1-10a (473 mg, 73%) as white solid. 
1H NMR (500 MHz, DMSO-d6) δ: 2.30–2.38 (m, 1H, H2´), 2.70–2.78 (m, 1H, H2´´), 3.09–3.21 (m, 

2H, H5´ and H5´´), 3.65–3.72 (m, 6H, OCH3), 3.92–3.98 (m, 1H, H4´), 4.37–4.44 (m, 1H, H3´), 5.33–

5.39 (m, 1H, OH3´), 6.26 (t, 1H, J = 6.2, H1´), 6.75–6.84 (m, 4H, Ar-H), 7.06–7.11 (m, 1H, Ar-H), 

7.14–7.34 (m, 10H, Ar-H), 7.80–7.85 (m, 1H, Ar-H), 8.01 (s, 1H, Ar-H), 8.33–8.37 (m, 1H, Ar-H), 

10.78 (s, 1H, N-H), 13.34 (s, 1H, N-H); 13C NMR (126 MHz, DMSO-d6) δ: 39.4, 55.4, 55.4, 64.6, 

70.9, 83.2, 85.9, 86.3, 113.1, 113.5, 113.5, 118.2, 119.3, 127.1, 128.1, 128.2, 130.1, 130.2, 135.9, 

136.0, 136.9, 139.6, 145.3, 146.7, 150.1, 150.1, 153.7, 156.1, 158.4, 158.5; HRMS (ESI): m/z calcd 

for C36H34N6NaO6 [M + Na]+: 669.2432, found 669.2430. 

 

ĂĜɆ 1-10b 

 

5´-O-(4,4´-dimethoxytrityl)-2-N-(pyrazin-2-yl)-2´-deoxyguanosine. 

 Compound 1-9b (345 mg, 1.0 mmol) was rendered anhydrous by coevaporation with dry pyridine 

four times. The residue was dissolved in dry DMF (10 mL) and dry pyridine (600 μL). To the solution 

was added 4,4´-dimethoxytrityl chloride (417 mg, 1.2 mmol). The resulting mixture was stirred at 

room temperature for 5 h. The reaction mixture was quenched with MeOH, then poured to CH2Cl2. 

The solution was washed with K2CO3 and sat. NaCl. The organic phase was dried over Na2SO4, 

filtrated and concentrated under reduced pressure. The residue was purified by silica gel 

chromatography (60N) with CH2Cl2-MeOH to afford compound1-10b (506 mg, 78%) as white solid. 
1H NMR (500 MHz, DMSO-d6) δ: 2.29–2.39 (m, 1H, H2´), 2.69–2.81 (m, 1H, H2´´), 3.06–3.22 (m, 

2H, H5´ and H5´´), 3.60–3.73 (m, 6H, OCH3), 3.90–4.00 (m, 1H, H4´), 4.32–4.42 (m, 1H, H3´), 5.29–

5.44 (m, 1H, OH3´), 6.28 (t, 1H, J = 6.3, H1´), 6.70–6.84 (m, 4H, Ar-H), 7.10–7.36 (m, 9H, Ar-H), 

8.03 (s, 1H, Ar-H), 8.28 (s, 1H, Ar-H), 8.36 (s, 1H, Ar-H), 8.81 (s, 1H, Ar-H), 10.84 (s, 1H, N-H), 

12.28 (s, 1H, N-H); 13C NMR (126 MHz, DMSO-d6) δ: 55.4, 55.4, 64.6, 70.9, 83.5, 85.9, 86.4, 113.5, 

113.5, 119.7, 127.0, 128.1, 128.2, 130.1, 130.2, 135.9, 136.0, 136.4, 137.3, 138.0, 141.0, 145.3, 149.3, 

149.7, 149.8, 158.4, 158.4; HRMS (ESI): m/z calcd for C35H33N7NaO6 [M + Na]+: 670.2385, found 

670.2388. 
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ĂĜɆ 1-10c  

 

3-(2-deoxy-5-O-(4,4´-dimethoxytrityl)-β-D-ribofuranosyl)-3,5-dihydro-11H-pyrido[2´,3´:4,5]imid

azo[1,2-a]purin-11-one.  

 Compound 1-9c (150 mg, 440 μmol) was rendered anhydrous by coevaporation five times with dry 

pyridine. The residue was dissolved in dry pyridine (4.4 mL). The resulting mixture was stirred at 

room temperature for 6 h. The reaction mixture was quenched with MeOH, then poured to CH2Cl2. 

The solution was washed with sat. NaCl. The organic phase was dried over Na2SO4, filtrated and 

concentrated under reduced pressure to give yellow precipitate. The precipitate was filtered, washed 

with CH2Cl2 and dried in vacuo to give compound 1-10c (157 mg, 56 %). 1H NMR (500 MHz, 

DMSO-d6) δ: 2.32–2.42 (m, 1H, H2´), 2.70–2.80 (m, 1H, H2´´), 3.10–3.17 (m, 1H, H5´), 3.22–3.29 

(m, 1H, H5´´), 3.61–3.67 (s, 3H, OCH3), 3.67–3.74 (s, 3H, OCH3), 3.95–4.04 (m, 1H, H4´), 4.36–4.46 

(m, 1H, H3´), 5.41 (d, 1H, J = 4.0, OH3´), 6.35 (t, 1H, J = 6.3, H1´), 6.76 (d, 2H, J = 8.8, Ar-H), 6.81 

(d, 2H, J = 8.8, Ar-H), 7.11–7.27 (m, 7H, Ar-H), 7.33 (d, 2H, J = 8.8, Ar-H), 8.11 (s, 1H, Ar-H), 8.32 

(d, 1H, J = 3.0, Ar-H), 8.37 (d, 1H, J = 3.0, Ar-H), 13.6 (br s, 1H, N-H); 13C NMR (126 MHz, 

DMSO-d6) δ: 55.0, 55.0, 64.2, 70.6, 83.1, 85.5, 86.1, 113.0, 113.1, 118.2, 126.6, 127.7, 127.7, 129.7, 

129.8, 135.3, 135.5, 135.5, 136.7, 137.0, 139.1, 139.9, 144.9, 148.2, 148.4, 152.7, 158.0, 158.0; 

HRMS (ESI): m/z calcd for C35H30N7O6 [M — H]—: 644.2263, found 644.2249. 

 

ĂĜɆ 1-11a 
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5´-O-(4,4´-dimethoxytrityl)-2-N-(pyridin-2-yl)-2´-deoxyguanosine 3´-(2-cyanoethyl 

N,N-diisopropylphosphoramidite). 

 Compound 1-10a (238 mg, 370 μmol) was rendered anhydrous by coevaporation with dry pyridine 

three times, with dry toluene three times and the residue was dissolved in dry MeCN (4.7 mL). To the 

solution was added diisopropylethylamine (200 μL, 1.1mmol) and 2-cyanoethyl 

N,N-diisopropylchlorophosphoramidite (120 μL, 0.55 mmol). The resulting mixture was stirred at 

room temperature for 3 h. The reaction mixture was poured to ethyl acetate, and washed with sat. 

NaHCO3, H2O and sat. NaCl. The organic phase was dried over Na2SO4, filtrated and concentrated 

under reduced pressure. The residue was purified by silica gel chromatography (60N) with 

hexane-ethyl acetate, and the eluent was concentrated under reduced pressure and further purified 

using size-exclusion chromatography with MeCN to afford compound 1-11a (156 mg, 50%) as white 

foam. 1H NMR (500 MHz, CDCl3) δ: 1.08–1.22 (m, 12H), 2.30–3.01 (m, 4H), 3.25–3.35 (m, 1H), 

3.35–3.47 (m, 1H), 3.53–3.92 (m, 10H), 4.21–4.34 (m, 1H), 4.65–4.87 (m, 1H), 6.17–6.27 (m, 1H), 

6.47–6.59 (m, 1H), 6.71–6.81 (m, 4H), 6.91–6.97 (m, 1H), 7.12–7.36 (m, 8H), 7.39–7.47 (m, 2H), 

7.54–7.62 (m, 1H), 7.65–8.00 (m, 2H), 8.21–8.26 (m, 1H), 13.56–13.72 (m, 1H); 13C NMR (126 MHz, 

CDCl3) δ: 20.4, 20.5, 20.6, 20.6, 24.6, 24.7, 24.7, 24.7, 24.8, 31.1, 39.5, 39.9, 39.9, 43.3, 43.3, 43.4, 

43.4, 55.3, 57.7, 57.8, 57.9, 58.1, 63.8, 64.2, 74.0, 74.1, 74.7, 74.8, 84.7, 84.9, 85.9, 85.9, 86.2, 86.2, 

86.4, 86.5, 111.8, 111.9, 113.2, 113.3, 117.8, 117.8, 117.8, 117.9, 120.4, 120.8, 127.0, 127.0, 127.9, 

128.0, 128.2, 128.4, 130.1, 130.2, 130.2, 135.8, 135.8, 136.0, 136.0, 136.4, 137.2, 138.7, 144.8, 144.9, 

146.4, 149.3, 149.3, 149.4, 149.6, 152.7, 152.8, 156.7, 156.8, 158.6, 158.6, 158.6, 158.7; 31P NMR 

(202 MHz, CDCl3) δ: 148.4, 148.9; HRMS (ESI): m/z calcd for C45H51N8NaO7P [M + Na]+: 869.3511, 

found 869.3493. 

 

ĂĜɆ 1-11b 

 
5´-O-(4,4´-dimethoxytrityl) 2-N-(pyrazin-2-yl)-2´-deoxyguanosine 3´-(2-cyanoethyl 

N,N-diisopropylphosphoramidite). 
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 Compound 1-10b (500 mg, 772 μmol) was rendered anhydrous by coevaporation with dry pyridine 

five times, with dry toluene five times with CH2Cl2 five times, then the residue was dissolved in dry 

CH2Cl2 (7.7 mL). To the solution was added diisopropylethylamine (315 μL, 1.83 mmol) and 

2-cyanoethyl N,N-diisopropylchlorophosphoramidite (207 μL, 956 μmol). The resulting mixture was 

stirred at room temperature for 1.5 h. The reaction mixture was poured to CH2Cl2, and washed with sat. 

NaHCO3 three times and sat. NaCl. The organic phase was dried over Na2SO4, filtrated and 

concentrated under reduced pressure. The residue was diluted with CH2Cl2 (4.2 mL) and precipitated 

in hexane to afford compound 1-11b (280mg, 43%) as white powder. 1H NMR (500 MHz, CDCl3) δ: 

1.02–1.30 (m, 12H), 2.25–3.05 (m, 4H), 3.25–3.92 (m, 12H), 4.22–4.35 (m, 1H), 4.66–4.90 (m, 1H), 

6.16–6.26 (m, 1H), 6.66–6.81 (m, 4H), 7.10–7.35 (m, 8H), 7.38–7.47 (m, 2H), 7.70–7.82 (m, 1H), 

7.95–8.65 (m, 4H), 12.70–13.00 (m, 1H); 13C NMR (126 MHz, CDCl3) δ: 19.4, 20.3, 20.4, 20.4, 20.5, 

24.5, 24.5, 24.6, 24.6, 24.6, 24.7, 39.8, 39.8, 40.1, 43.2, 43.2, 43.3, 43.3, 47.2, 55.2, 57.7, 57.8, 57.9, 

58.1, 63.7, 63.9, 73.5, 73.7, 74.2, 74.3, 84.4, 84.6, 85.7, 85.8, 85.9, 85.9, 86.3, 86.4, 113.0, 113.1, 

117.8, 117.9, 120.1, 120.4, 126.8, 126.9, 127.8, 127.9, 128.1, 128.2, 130.0, 130.0, 130.1, 130.1, 135.6, 

135.6, 135.8, 135.8, 136.2, 136.3, 136.6, 137.6, 140.2, 144.6, 144.7, 149.2, 149.5, 158.5, 158.5, 158.5; 
31P NMR (202 MHz, CDCl3) δ: 148.3, 148.8; HRMS (ESI): m/z calcd for C44H50N9NaO7P [M + Na]+: 

870.3463, found 870.3449. 

 

ĂĜɆ 1-12  

 
3-(3,5-O-bis-(tert-butyldimethylsilyl)-2-deoxy-β-D-ribofuranosyl)-N5-pivaloyloxymethyl-3,5-dihy

dro-11H-pyrido[2´,3´:4,5]imidazo[1,2-a]purin-11-one.   � � � �  

 Compound 1-8c (1.15 mg, 2.0 mmol) was rendered anhydrous by coevaporation with dry pyridine 

five times, and then with dry toluene five times, and the residue was dissolved in dry DMF (20 mL). 

To the solution was added triethylamine (1.68 mL, 12 mmol), chloromethyl pivalate (874 μL, 6.0 

mmol). The resulting mixture was heated at 75 °C and stirred for 4 h. The mixture was cooled to room 

temperature, poured to ethyl acetate and extracted with sat. NaHCO3, washed with H2O and sat. NaCl. 

The organic phase was dried over Na2SO4, filtrated and concentrated under reduced pressure. The 

residue was purified by silica gel chromatography (C300) with CH2Cl2-MeOH to afford compound 
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1-12 (720 mg, 54%) as pale yellow foam. 1H NMR (500 MHz, CDCl3) δ: 0.07–0.14 (m, 12H, Si-CH3), 

0.86-0.96 (m, 18H, C-CH3), 1.14-1.21 (m, 9H, C-CH3), 2.42–2.52 (m, 2H, H2´ and H2´´), 3.80 (dd, 

1H, J = 2.6, 9.2, H5´), 3.86 (dd, 1H, J = 3.6, 9.2, H5´´), 4.03 (q, 1H, J = 3.5, H4´), 4.60 (dd, 1H, J = 

4.6, 8.3, H3´), 6.30–6.40 (m, 2H, N-CH2), 6.41 (t, 1H, J = 6.4, H1´), 8.09 (s, 1H, Ar-H), 8.37 (d, 1H, J 

= 2.8, Ar-H), 8.48 (d, 1H, J = 2.8, Ar-H); 13C NMR (101 MHz, CDCl3) δ: -5.3, -5.2, -4.6, -4.5, 18.2, 

18.6, 25.9, 26.1, 27.1, 39.1, 42.2, 62.9, 63.6, 72.0, 84.3, 88.2, 119.8, 136.7, 137.1, 138.1, 138.2, 139.6, 

146.6, 147.4, 152.8, 177.3; HRMS (ESI): m/z calcd for C32H51N7NaO6Si2 [M + Na]+: 708.3332, found 

708.3312. 

 

ĂĜɆ 1-13 

 
3-(2-deoxy-β-D-ribofuranosyl)-N5-pivaloyloxymethyl-3,5-dihydro-11H-pyrido[2´,3´:4,5]imidazo[

1,2-a]purin-11-one.  

 Compound 1-12 (980 mg, 1.4 mmol) was dissolved in dry THF (14 mL). To the solution was added 

triethylamine (448 μL, 3.2 mmol) and triethylamine trihydrofluoride (1.05 mL, 6.4 mmol). The 

resulting mixture was stirred at room temperature. After 20 h, ethoxytrimethylsilane (6.7 mL, 43 

mmol) was added and the resulting mixture was stirred at room temperature for 1 h. The mixture was 

concentrated under reduced pressure, and the resulting powder was filtered, washed with MeOH to 

afford compound 1-13 (520 mg, 80%) as white powder. 1H NMR (500 MHz, DMSO-d6) δ: 1.05–1.19 

(m, 9H, C-CH3), 2.26–2.34 (m, 1H, H2´), 2.67–2.76 (m, 1H, H2´´), 3.50–3.67 (m, 2H, H5´ and H5´´), 

3.85–3.93 (m, 1H, H4´), 4.37–4.46 (m, 1H, H3´), 4.90–4.96 (m, 1H, OH5´), 5.35–5.42 (m, 1H, OH3´), 

6.20–6.30 (m, 2H, N-CH2), 6.33 (t, 1H, J = 6.6, H1´), 8.30 (s, 1H, Ar-H), 8.45 (d, 1H, J = 2.6, Ar-H), 

8.48 (d, 1H, J = 2.6, Ar-H); 13C NMR (126 MHz, DMSO-d6) δ: 27.1, 38.9, 62.2, 63.9, 71.4, 84.0, 88.5, 

119.4, 137.1, 137.3, 138.4, 138.8, 139.5, 147.3, 147.8, 152.8, 176.9; HRMS (ESI): m/z calcd for 

C20H23N7NaO6 [M + Na]+: 480.1602, found 480.1594. 
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ĂĜɆ 1-14 

 
3-(2-deoxy-5-O-(4,4´-dimethoxytrityl)-β-D-ribofuranosyl)-N5-pivaloyloxymethyl-3,5-dihydro-11H

-pyrido[2´,3´:4,5]imidazo[1,2-a]purin-11-one. 

 Compound 1-13 (250 mg, 155 μmol) was rendered anhydrous by coevaporation with dry pyridine 

five times. The residue was dissolved in dry pyridine (5.5 mL). The solution was cooled in ice bath, 

then 4,4´-dimethoxytrityl chloride (225 mg, 660 μmol) was added. The resulting mixture was stirred at 

room temperature for 3 h, then 4,4´-dimethoxytrityl chloride (56 mg, 170 μmol) again. After 1 h, the 

reaction mixture was poured to ethyl acetate. The solution was washed with sat. NaHCO3, H2O and sat. 

NaCl. The organic phase was dried over Na2SO4, filtrated and concentrated under reduced pressure. 

The residue was purified by silica gel chromatography (60N) with CH2Cl2-MeOH to afford compound 

1-14 (415 mg, quant.) as white solid. 1H NMR (500 MHz, CDCl3) δ: 1.15–1.18 (m, 9H, C-CH3), 2.60 

(ddd, 1H, J = 4.5, 6.4, 13.5, H2´), 2.79 (ddd, 1H, J = 6.4, 6.4, 13.5, H2´´), 3.17 (d, 1H, J = 3.6, H4´), 

3.35 (dd, 1H, J = 4.2, 10.2, H5´), 3.48 (dd, 1H, J = 5.2, 10.2, H5´´), 3.62–3.76 (m, 6H, O-CH3), 4.17–

4.25 (m, 1H, H3´), 4.77–4.84 (m, 1H, OH3´), 6.15–6.25 (m, 2H, N-CH2), 6.41 (t, 1H, J = 6.4, H1´), 

6.67–6.77 (m, 4H, Ar-H), 7.07–7.40 (m, 9H, Ar-H), 7.87 (s, 1H, Ar-H), 8.37 (d, 1H, J = 3.0, Ar-H), 

8.47 (d, 1H, J = 3.0, Ar-H); 13C NMR (126 MHz, CDCl3) δ: 27.0, 39.0, 40.2, 55.2, 63.1, 63.9, 72.3, 

84.3, 86.0, 86.6, 113.1, 120.0, 126.9, 127.8, 128.1, 130.1, 130.1, 135.5, 135.5, 136.4, 137.6, 138.0, 

138.1, 139.6, 144.4, 146.1, 147.2, 152.7, 158.5, 158.5, 177.4; HRMS (ESI): m/z calcd for 

C41H41N7NaO8 [M + Na]+: 782.2909, found 782.2898. 
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ĂĜɆ 1-15 

 
3-(3-O-((2-cyanoethoxy)-diisopropylaminophsophinyloxy)-2-deoxy-5-O-(4,4´-dimethoxytrityl)-β-

D-ribofuranosyl)-N5-pivaloyloxymethyl-3,5-dihydro-11H 

-pyrido[2´,3´:4,5]imidazo[1,2-a]purin-11-one. 

 Compound 1-14 (70 mg, 740 μmol) was rendered anhydrous by coevaporation with dry pyridine five 

times, with dry toluene five times, and with dry CH2Cl2 five times, then the residue was dissolved in 

dry CH2Cl2 (4.7 mL). To the solution was added diisopropylethylamine (190 μL, 1.1 mmol), and 

2-cyanoethyl N,N-diisopropylchlorophosphordiamidite. The resulting mixture was stirred at room 

temperature for 15 min. The reaction mixture was poured to CH2Cl2, and washed with sat. NaHCO3, 

H2O and sat. NaCl. The organic phase was dried over Na2SO4, filtrated and concentrated under 

reduced pressure. The residue was purified by silica gel chromatography (C-200) with CH2Cl2-ethyl 

acetate, and the eluent was concentrated under reduced pressure and precipitated in hexane to afford 

compound 1-15 (370 mg, 83%) as yellow powder. 1H NMR (500 MHz, CDCl3) δ: 1.10–1.24 (m, 21H), 

2.44–2.52 (m, 1H), 2.54–2.82 (m, 3H), 3.25–3.50 (m, 2H), 3.55–3.92 (m, 10H), 4.28–4.39 (m, 1H), 

4.62–4.72 (m, 1H), 6.14–6.28 (m, 2H), 6.36–6.46 (m, 1H), 6.70–6.82 (m, 4H), 7.12–7.44 (m, 9H), 

7.87–7.93 (m, 1H), 8.35–8.41 (m, 1H), 8.46–8.52 (m, 1H); 13C NMR (126 MHz, CDCl3) δ: 20.3, 20.4, 

20.5, 20.6, 24.6, 24.7, 24.7, 24.7, 24.8, 27.1, 27.1, 39.1, 39.1, 40.0, 40.0, 40.1, 40.1, 43.4, 43.4, 43.5, 

43.5, 55.3, 58.4, 58.4, 58.5, 58.6, 63.4, 63.9, 64.0, 74.0, 74.1, 74.3, 74.5, 84.7, 86.0, 86.1, 86.3, 86.4, 

86.7, 113.3, 117.5, 117.6, 120.0, 120.1, 127.0, 127.1, 128.0, 128.3, 130.2, 130.2, 130.3, 135.6, 135.6, 

136.6, 136.6, 137.2, 137.3, 138.0, 138.1, 138.2, 138.2, 139.7, 139.7, 144.5, 146.3, 146.4, 147.5, 147.5, 

152.8, 152.8, 158.6, 158.6, 158.7, 158.7, 177.2, 177.3; 31P NMR (202 MHz, CDCl3) δ: 149.9, 150.0; 

HRMS (ESI): m/z calcd for C50H58N9NaO9P [M + Na]+: 982.3987, found 982.3971. 
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ODN1-1~1-86ʎˌ 

 
 

� ě ODN6Ĝƪ7�ʵɝ3¨̿4˙˾!L)̉J4˅,)ëJé"�h ÌˬƔ4R��

vRO̮ċ")ȑȲO�0.1 M NH4OAc 4ȸ˔!&/ Sep-pak C-18 Y�s�pf4ģɧ!&

)Ɣ�CH3CN-0.1 M NH4OAc (1:9, v/v)Oɒ�/¼̤�ąê3X�bw]�XotO̮�)'

6Ɣ 2% TFAȗȸȪOɒ�/ 5´Ǯʃ6 DMTr ľOʰÌˬ"�0.1 M NH4OAcOɒ�/ȤȨ"�

ɡɝ6X�bw]�XotO 40% CH3CNȗȸȪOɒ�/ȸé")ODN1-4~1-87!I4̆

ɣ HPLC4HKʎˌO˅,)ʎˌˊʥ7�Shimazu SCL-104 LC-10AD�CTO-10A SPD-M10A

Oǁʜ"/ɒ�)Y��7 XBridgeTM Prep C18͏10 x 250 mm͐Oɒ�)ODN1-4 4-�

/7�ȸŕ I (MeCN) Oȸŕ II (0.03 M NH4OAc) 4Ū"/ 0%�I 0.5%/min0ńü!&� 

30 °C 0 3.0 mL/min 6̊Ɔ0 40 ȩ̂ȧ")ODN1-5~1-8 4-�/7�ȸŕ I (MeOH) O

ȸŕ II (0.1 M triethylammonium hexafluoroisopropanol) 4Ū"/ 0%�I 40%A0 1%/min0ń

ü!&� 30 °C 0 3.0 mL/min 6̊Ɔ0 40 ȩ̂ȧ") 

� ěɻȴş4ɒ�)ʎˌƔ6X�bw]�Xot6 HPLCêǶʚǷOµ�4ɰ$ 

 

HPLC analysis of ODN1-1~1-8 

For ODN1-1~1-4, reversed phase HPLC was performed on a Waters Alliance system with a Waters 

3D UV detector and a Waters XBridgeTM C18 column (4.6 × 150 mm). A linear gradient (0-20%, 

0.5 %/min) of solvent I (MeCN) in solvent II (0.03 M ammonium acetate buffer) was used at 30 °C at 

a flow rate of 1.0 mL/min for 40 min. 

  

entry� sequence� yield�
MALDI-TOF-MS�

calcd 
([M + H]+)� found�

ODN1-1� 5´- TTTTCTCTCTT GPy TTCTT -3´ 54%� 5456.6� 5456.5�

ODN1-2� 5´- TTTTCTCTCTT GPym TTCTT -3´ 69%� 5457.6� 5457.6�

ODN1-3� 5´- TTTTCTCTCTT GPyra TTCTT -3´ 52%� 5457.6� 5457.2�
1)ODN1-4� 5´- TTTTCTCTCTT PIP TTCTT -3´ 2)32%� 5455.6� 5455.0�
1)ODN1-5� 5´- AGGGTTAG GPy GTTAGGGTTAGGG -3´ � 6%� 7043.6� 7043.1�
1)ODN1-6� 5´- AGGGTTAG GPym GTTAGGGTTAGGG -3´ � 3%� 7044.6� 7045.1�
1)ODN1-7� 5´- AGGGTTAG GPyra GTTAGGGTTAGGG -3´ � 3%� 7044.6� 7045.4�
1)ODN1-8� 5´- AGGGTTAG PIP GTTAGGGTTAGGG -3´ � 2)29%� 7042.6� 7042.0�
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ODN1-1: 5´-TTTTCTTCTCTT GPy TTCTT-3´ 

 
ODN1-2: 5´-TTTTCTTCTCTT GPym TTCTT-3´ 

 

ODN1-3: 5´-TTTTCTTCTCTT GPyra TTCTT-3´ 

 
ODN1-4: 5´-TTTTCTTCTCTT PIP TTCTT-3´ 
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 For ODN1-5~1-8, reversed phase HPLC was performed on a Waters Alliance system with a Waters 

3D UV detector and a Waters XBridgeTM C18 column (4.6 × 150 mm). A linear gradient (0-40%, 

1 %/min) of solvent I (MeOH) in solvent II (0.1 M triethylammonium exafluoroisopropanol buffer) 

was used at 30 °C at a flow rate of 1.0 mL/min for 40 min. 

ODN1-5: 5´-AGGGTTAG GPy GTTAGGGTTAGGG -3´ 

 

ODN1-6: 5´-AGGGTTAG GPym GTTAGGGTTAGGG -3´ 

 

ODN1-7: 5´-AGGGTTAG GPyra GTTAGGGTTAGGG -3´ 
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ODN1-8: 5´-AGGGTTAG PIP GTTAGGGTTAGGG -3´ 
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MALDI-TOF Mass spectrometry of ODN1-1~1-8 
ODN1-1: 5´-TTTTCTTCTCTT GPy TTCTT-3´ 

calculated for [M + H]+: 5456.6, found 5456.5. 

 
ODN1-2: 5´-TTTTCTTCTCTT GPym TTCTT-3´ 

calculated for [M + H]+: 5457.6 found 5457.6. 
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ODN1-3: 5´-TTTTCTTCTCTT GPyra TTCTT-3´ 

calculated for [M + H]+: 5457.6, found 5457.2. 

 
ODN1-4: 5´-TTTTCTTCTCTT PIP TTCTT-3´ 

calculated for [M + H]+: 5455.6, found 5456.0. 
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ODN1-5(top): 5´-AGGGTTAG GPy GTTAGGGTTAGGG -3´ 

calculated for [M + H]+: 7043.6, found 7043.1. 

ODN1-6(middle): 5´-AGGGTTAG GPym GTTAGGGTTAGGG -3´ 

calculated for [M + H]+: 7044.6, found 7045.1. 

ODN1-8(bottom): 5´-AGGGTTAG PIP GTTAGGGTTAGGG -3´ 

calculated for [M + H]+: 7042.6, found 7042.0. 

 

  

70
43

.0
68

35
21

.9
17

68
91

.4
63

72
31

.5
65

MARU_2_352A- 0:K5 MS, Smoothed

0

1

2

3

4x10

In
te

ns
. [

a.
u.

]

70
45

.1
39

35
23

.2
04

68
93

.7
31

72
34

.4
17

MARU_2_352B- 0:L4 MS, Smoothed

0.0

0.5

1.0

1.5

2.0

4x10

In
te

ns
. [

a.
u.

]

70
41

.9
82

35
21

.5
02

68
90

.5
93

71
36

.5
36

MARU_2_352D- 0:L6 MS, Smoothed

0

1

2

3

4

5

4x10

In
te

ns
. [

a.
u.

]

1000 2000 3000 4000 5000 6000 7000 8000 9000
m/z



 96 

ODN1-7: 5´-AGGGTTAG GPyra GTTAGGGTTAGGG -3´ 

calculated for [M + H]+: 7044.6, found 7045.4. 
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Representative melting curves of the duplexes (pH 7.0)  

 

 

5´-TTTTCTTCTCTT X TTCTT-3´�
3´-AAAAGAAGAGAA N AAGAA-5´�

ODN1-0~1-4�
DNA(A, G, C, T)�
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Representative melting curves of the triplexes (pH 7.0) 

 
70 °C~80 °C4˓ȴ!LK UVģĐ6ŉ�3ņĂ7�HP 1-1~1-4 ʲÂ6©̝̣6˄˔0�
K 

 

5´-TTTTCTTCTCTT X TTCTT-3´�ODN1-0~1-4 (TFO)�

HP 1-1~1-4
(Y = A, G, C, T)�

5´-AAAAGAAGAGAA Y AAGAA�
3´-TTTTCTTCTCTT Z TTCTT�

T�

T�
T�
T�
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Representative melting curves of the triplexes (pH 5.5) 
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Representative melting curves of ODN1-G4 and ODN1-5~1-8 
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Š͊ʡ(ʆ 2ʂ) 
 

ǗˑĂĜɆ��K�7ƕǴȟ17ɚ3Kǘȟ0Ĝƪ")ĂĜɆ4-�/�'6ĜƪȟOɰ$ 

 

ĂĜɆ 2-9 (crude) 

 

Synthesis of 5´-O-(4,4´-dimethoxytrityl)-α-deoxyadenosine 3´-(2-cyanoethyl 

N,N-diisopropylphosphoramidite). 

 Compound 2-8 (630 mg, 957 μmol) was rendered anhydrous by coevaporation with dry pyridine five 

times, with dry toluene five times and the residue was dissolved in dry CH2Cl2 (10 mL). To the 

solution was added diisopropylamine (107 μL, 766 μmol), 1H-tetrazole (53 mg, 766 μmol) and 

2-cyanoethyl N,N,N’,N’-tetraisopropylphosphordiamidite (456 μL, 1.44 mmol). The resulting mixture 

was stirred at room temperature for 4 h. The reaction mixture was poured to ethyl acetate, and washed 

with sat. NaHCO3, H2O and sat. NaCl. The organic phase was dried over Na2SO4, filtrated and 

concentrated under reduced pressure. The residue was purified by silica gel chromatography (C200) 

with hexane-ethyl acetate (0.5% triethylamine), and the eluent was concentrated under reduced 

pressure and further purified using size-exclusion chromatography with MeCN to afford crude 

compound 2-9 (256 mg, 38%) as white foam. The crude product was used for synthesis of ODN2-1 

without further purification. 

 

ĂĜɆ 2-14 (crude) 
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Synthesis of 5´-O-(4,4´-dimethoxytrityl)-α-deoxycytidine 3´-(2-cyanoethyl 

N,N-diisopropylphosphoramidite). 

 

Compound 2-13 (500 mg, 789 μmol) was rendered anhydrous by coevaporation with dry pyridine five 

times, with dry toluene five times and the residue was dissolved in dry CH2Cl2 (8 mL). To the solution 

was added diisopropylamine (88 μL, 631 μmol), 1H-tetrazole (44 mg, 631 μmol) and 2-cyanoethyl 

N,N,N’,N’-tetraisopropylphosphordiamidite (374 μL, 1.18 mmol). The resulting mixture was stirred at 

room temperature for 3 h. The reaction mixture was poured to ethyl acetate, and washed with sat. 

NaHCO3, H2O and sat. NaCl. The organic phase was dried over Na2SO4, filtrated and concentrated 

under reduced pressure. The residue was purified by silica gel chromatography (C200) with 

hexane-ethyl acetate (0.5% triethylamine), and the eluent was concentrated under reduced pressure 

and further purified using size-exclusion chromatography with MeCN to afford crude compound 2-14 

(210 mg, 32%) as white foam. The crude product was used for synthesis of ODN2-3 without further 

purification. 

 

ĂĜɆ 2-21 (crude) 

 
Synthesis of 5´-O-(4,4´-dimethoxytrityl)-α-thymidine 3´-(2-cyanoethyl 

N,N-diisopropylphosphoramidite). 

 
Compound 2-20 (420 mg, 771 μmol) was rendered anhydrous by coevaporation with dry pyridine five 

times, with dry toluene five times and the residue was dissolved in dry CH2Cl2 (7.7 mL). To the 

solution was added diisopropylamine (87 μL, 617 μmol), 1H-tetrazole (43 mg, 617 μmol) and 

2-cyanoethyl N,N,N’,N’-tetraisopropylphosphordiamidite (366 μL, 1.15 mmol). The resulting mixture 

was stirred at room temperature for 4 h. The reaction mixture was poured to ethyl acetate, and washed 

with sat. NaHCO3, H2O and sat. NaCl. The organic phase was dried over Na2SO4, filtrated and 

concentrated under reduced pressure. The residue was purified by silica gel chromatography (C200) 

with hexane-ethyl acetate (0.5% triethylamine), and the eluent was concentrated under reduced 

NH
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N

O

O

DMTrO

P
N O
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pressure and further purified using size-exclusion chromatography with MeCN to afford crude 

compound 2-21 (456 mg, 79%) as white foam. The crude product was used for synthesis of ODN2- 

without further purification. 

 
ODN2-1~2-46ʎˌ 

 
 

� ě ODN6Ĝƪ7�Š͊ʡ(ʆ͑ʂ�H:ʆ͒ʂ4��K�ʵɝ3¨̿)4˙˾!L)̉J

4˅,)ëJé"�ʰÌˬƔ4R��vRO̮ċ")ȑȲO�0.1 M NH4OAc 4ȸ˔!&

/ Sep-pak C-18 Y�s�pf4ģɧ!&)Ɣ�CH3CN-0.1 M NH4OAc (1:9, v/v)Oɒ�/¼̤

�ąê3X�bw]�XotO̮�)'6Ɣ 2% TFAȗȸȪOɒ�/ 5´Ǯʃ6 DMTr ľO

ʰÌˬ"�0.1 M NH4OAcOɒ�/ȤȨ"�ɡɝ6X�bw]�XotO 40% CH3CNȗȸȪ

Oɒ�/ȸé")ODN1-4~1-8 7!I4̆ɣ HPLC 4HKʎˌO˅,)ʎˌˊʥ7�

Shimazu SCL-10 4 LC-10AD�CTO-10A SPD-M10A Oǁʜ"/ɒ�)Y��7 DNAPac 

PA-100 (DIONEX, 9 × 250 mm )Oɒ�)ȸŕ I (1MŁĂus�U�-25 mM��̛us�U

�ʢˇȪ�pH 6.0�10% CH3CN) Oȸŕ II (25 mM��̛us�U�ʢˇȪ�pH 6.0�10% 

CH3CN) 4Ū"/ 0%�I 0.5%/min0ńü!&� 30 °C 0 3.0 mL/min 6̊Ɔ0 40 ȩ̂ȧ

") 

� ěɻȴş4ɒ�)ʎˌƔ6 DNAX�b��6 HPLCêǶʚǷOȍ4ɰ$ 

HPLC analysis of ODN2-1~2-4 

 For ODN2-1~2-4, anion exchange HPLC was performed on a Waters Alliance system with a Waters 

3D UV detector and a DNAPac PA-100 column (DIONEX, 4 × 250 mm). A linear gradient (0-60%, 

1.3 %/min) of solvent I (25 mM sodium phosphate buffer, pH 6.0, 1 M NaCl, 10% CH3CN) in solvent 

II (25 mM sodium phosphate buffer, pH 6.0, 10% CH3CN) was used at 50 °C at a flow rate of 1.0 

mL/min for 45 min. 

  

entry� sequence� yield�
MALDI-TOF-MS�

calcd 
([M + H]+)� found�

ODN 2-1� 5´- GGAGAGGA αA AGAGGAGG -3´ 14%� 5423.6 5422.6�

ODN 2-2� 5´- GGAGAGGA αG AGAGGAGG -3´ 11%� 5438.6 5438.8 

ODN 2-3� 5´- GGAGAGGA αC AGAGGAGG -3´ 18%� 5398.6 5398.4 

ODN 2-4� 5´- GGAGAGGA αT AGAGGAGG -3´ 17%� 5413.6 5413.4 
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ODN2-1: 5´- GGAGAGGA αA AGAGGAGG -3´ 

 
ODN2-2: 5´- GGAGAGGA αG AGAGGAGG -3´ 

 

ODN2-3: 5´- GGAGAGGA αC AGAGGAGG -3´ 

 

ODN2-4: 5´- GGAGAGGA αT AGAGGAGG -3´ 
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MALDI-TOF Mass spectrometry of ODN2-1~2-4 
ODN2-1: 5´- GGAGAGGA αA AGAGGAGG -3´ 

calculated for [M + H]+: 5423.6, found 5422.6. 

 
ODN2-2: 5´- GGAGAGGA αG AGAGGAGG -3´ 

calculated for [M + H]+: 5438.6, found 5438.6. 
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ODN2-3: 5´- GGAGAGGA αC AGAGGAGG -3´ 

calculated for [M + H]+: 5398.6, found 5398.4. 

 

 

ODN2-4: 5´- GGAGAGGA αT AGAGGAGG -3´ 

calculated for [M + H]+: 5423.6, found 5422.6. 
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TFO6 KdÏ6ʊé 

� A%�40 nM 6˃Ü���Ă!L)�R~�ļ©̝̣ DNA(HP2-2)4Ū"/�TFO 6ȼƆ

Oņ2)ǳ·Oˍǐɒƥ"�`�e�sRpiTO˅,)ƖIL)Ķ�I�HP-2-2Þ̟4

Ū$K�̝̣�Əƪ!L/�KùĜ(rate of triplex, µƔTr1ˉ$)O ImageJ4H,/ş̟") 

 
 

� ��0�HP-DNA1 TFO6ɣªÄɒO� duplex+ TFO ⇄ triplex� 6B0�K1¶ş$K
1� 

 

!! =  duplex [TFO][triplex]  

 
1 KdÏ�şʧ!LK��0�ʐ4ü2)HP-DNA�H: TFO6Þ̟6ȼƆO'L(L[HP]all�

[TFO]all1$K1� 

duplex =  HP !"" × (1− Tr) 
triplex =  HP !"" × Tr 

TFO =  TFO !"" − HP !"" × Tr 
 

rate of triplex (%)� 11� 17� 29� 54� 74� 83� 89�

Lane� 1� 2� 3� 4� 5� 6� 7� 8�

ODN 2-1 (nM)� 0� 10� 20� 40� 100� 200� 400� 1000�

Incubation: 20 mM Tris-HCl (pH 7.5), 20 mM MgCl2, 1 mM spermidine,2.5 % sucrose, 14 °C, 90 min. 
Electrophoresis: 10% Native gel containing 20 mM Tris-borate, 20 mM MgCl2, 180V, 14 to 17 °C, 2 h.�
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0�K�1�I� 

 

!! =   HP !"" × 1− Tr  × ( TFO !"" − HP !"" × Tr)
HP !"" × Tr  

 
1ˉ!LK��0�TrO[TFO]all6̨ǐ1"/ʨ2K1� 

 

Tr =   TFO !"" +  HP !"" +  !! −  TFO !"" +  HP !"" +  !! ! − 4 TFO !"" HP !""
2 × HP !"" 

 

 

�ƖILK60��LOĳžǤʠ1"/�`�e�sRpiT�IƖ)[TFO]all�H: Tr 6

ÏOɒ�/�SpqS�^"/ KdÏOƖ) 

 
 
  

Kd = 48 nM 
R2 = 0.98�
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êŖĀúŚ˗ʊ¢6�̝̣Ȅ̋6 RMSD 

êŖĀúŚ˗ʊ¢6�̝̣Ȅ̋6�˗ʊ̦œǟ�I6Ȅ̋6ŷL6ƺȆ0�K

root-mean-square distance (RMSD)Oɰ$°ĳ6˗ʊ07�Ȅ̋4ŉ�3ŷL7ːIL3
�,) 

 

 
 

 
 
  

a)�X:Y-Z = A:A-T� b)�X:Y-Z =  G:G-C�

c)�X:Y-Z = αG:A-T� d)�X:Y-Z =  αA:G-C�

e)�X:Y-Z = αA:C-G� f)�X:Y-Z =  αT:T-A�

5´-�GGGGA�

target 
duplex�

TFO�� AGGGGG�X� -3´�
3´-�GGGGA� AGGGGG�Y� -5´�
5´-�CCCCT� TCCCCC�Z� -3´�
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Š͊ʡ(ʆ͓ʂ) 
 
ʆ͓ʂ6Š͊0ɒ�)˞ˀ�ȋı7µ�6̉J0�K 

 

ǩȋĜƪ˞ˀ�ǩȋȸŕ 

� Sigma-Aldrich�TCI America32�I˴Ý") 

 

e�Y`�ʿų]��s^��S�͏TLC͐ 

� Kieselgel 60 F-254 (Merck) Oɒ�)Ų̦ȸŕ47��[c�:f]���m�ʐ�f]�

��m�:�my��ʐ��[c�:̛̙Wo�ʐ32Oɒ�)ĂĜɆ6ǿé47�UV (254 

nm)��K�7ɜʸ˞ˀ1"/�5%ɭ̛�my��ȸȪ�RvgR�r}tȸȪ����r

�̛R��vU�i�U������ɒ�) 

 

e�Y`�]��s^��S� 

� 60Å silicagel (SORBTECH)OÅɒ")ȸŕȸé47��[c�:f]���m�ʐ�f]

���m�:�my��ʐ��[c�:̛̙Wo�ʐ32Oɒ��Ɯˏ0�L8 pyridine�K�

7 Et3NOȭü") 

 
1H-NMR g�]s� 

� Bruker Avance-III 400  (400 MHz)Oɒ�/ȴş")ǩȋȸŕ¢07�ȴşȸŕ4ɔǴ$

K~�]Oã̗Ȇȷ1"/ɒ�) 

 
13C-NMR g�]s� 

� Bruker Avance-III 400 (101 MHz) Oɒ�/ȴş")ǩȋȸŕ¢07�qs��o�e�

� (TMS) �K�7ȴşȸŕ4ɔǴ$K~�]Oã̗Ȇȷ1"/ɒ�) 

 
31P-NMR g�]s� 

� Bruker Avance-III 400 (162 MHz)Oɒ�/ȴş") 

 

ESI-TOF-MS êǶ˗ 

� CU-Boulder Central Analytical Laboratory & Mass Spectrometry Core Facility4È̓"/
ȴş")ȴş47 Synapt G2 HDMS mass spectrometer (Waters)Oɒ�) 
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LC-MS êǶ˗ 

Agilent 6120Oɒ�)Y��7 Agilent Hypersil ODS 5 μm column͏4.0 mm i.d. × 250 mm  ͐  

Oɒ�)ȸŕ I (CH3CN) Oȸŕ II (0.05 M triethylammonium bicarbonate buffer, pH 8.5. ) 4

Ū"/ 0%�I 100%A0ńü!&� šȳ0 1.5 mL/min 6̊Ɔ0 50 ȩ̂ȧ") 

 

DNA/RNA ʲĀĜƪȋ�DNAX�b��Ĝƪ 

� ABIɱ6 394 DNA SynthesizerOÅɒ")Ŋɂļ�g��R�nTs�vps�H:'6

²6Ɯˏ3˞ˀ7 Glen Reserch Inc.HJ˴Ý"�ǂŏ!LKƮȟ4ƕ,/ɒ�)ǯɬɽ4�

�/Ĝƪ")Î͇Â�g��R�nTs�vps7ɁȗRisvs�� 0.1 M͐4ȸ˔"�

DNAʲĀĜƪȋ4̒ɒ") 

 

ǗˑĂĜɆ4-�/�'6ĜƪȟOɰ$ĂĜɆ 3-10�3-11a~d�3-12a~d�3-13a~g�3-14a-g

7�g�x�s̗¾�H:�g��R�nTs̗¾6�ǔ4ɔǴ$KfRgq�X��6Ȭ

ĜɆ0�K 

 

ĂĜɆ 3-10 

1-Naphthylmethyl N,N-diisopropylethynylphosphinoamidite  

 
 Bis(N,N-diisopropylamino)-ethynylphosphine (3-2) (13.8 g, 53.9 mmol) was dissolved in 
anhydrous MeCN (130 mL). To the solution were added 1-naphthalenemethanol (8.52 g, 53.9 
mmol) and 0.45 M 1H-tetrazole solution in MeCN (95.8 mL, 43.1 mmol). The resulting 
mixture was stirred at room temperature for 1 h. The mixture was poured into n-hexane, and 
extracted with water and washed with sat. NaCl. The organic phase was dried over Na2SO4, 
filtrated and concentrated under reduced pressure. The resulting yellow oil was purified by 
silica gel chromatography using 0-3% gradient of EtOAc in hexane to afford the compound 
3-10 (14.8 g, 88%) as colorless oil. 1H NMR (CDCl3) δ 1.22 (d, 12H, J = 6.8), 3.12 (d, 3H, J 
= 2.0), 3.80 (br, 2H), 5.20 (d, 2H, J = 8.0), 7.41-7.57 (m, 4H), 7.77-7.81 (m, 1H), 7.84-7.88 
(m, 1H), 8.04-8.08 (d, 1H, J = 4.6); 13C NMR (CDCl3) δ 24.3, 48.1, 66.8, 66.9, 85.6, 85.8, 
91.8, 91.9, 123.9, 125.4, 125.8, 126.2, 128.5, 128.7, 131.4, 133.8, 134.6, 134.7; 31P NMR 
(CDCl3) δ 94.8; HRMS (ESI) m/z (M+Li): calcd for [C19H24NOPLi]+, 320.1756; found, 
320.1751. 

O
P
N
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ĂĜɆ 3-11a 

N2-Isobutyryl-3´-O-tert-butyldimethylsilyl-2´-deoxyguanosine-5´-yl 1-naphtylmethyl 
ethynylphosphonate 

 
 Compound 3-10 (3.11 g, 9.95 mmol) was dissolved in anhydrous MeCN (15 mL). To the 
solution was added N2-isobutylryl-3´-O-tert-butyldimethylsilyl-2´-deoxyguanosine (3.00 g, 
6.64 mmol) and 1H-tetrazole solution 0.45 M in MeCN (17.7 mL, 7.97 mmol). The resulting 
mixture was stirred at room temperature for 2 h. The reaction mixture was concentrated under 
reduced pressure, poured into EtOAc, and extracted with water twice and washed with sat. 
NaCl. The organic phase was dried over Na2SO4, filtrated and concentrated under reduced 
pressure. The residue was purified by silica gel chromatography using 0-2% gradient of 
MeOH in CHCl3 and concentrated under reduced pressure. The residue (3.56 g) was dissolved 
in CH2Cl2 (50 mL). To the solution was added tert-butyl hydroperoxide solution 5.0-6.0 M in 
decane (2.41 mL, 10.7-12.9 mmol). The resulting mixture was stirred at room temperature for 
1.5 h. The reaction mixture was concentrated and purified by silica gel chromatography using 
0-4% gradient of MeOH in CHCl3 to afford the compound 3-11a (3.60 g, 80% for 2 steps) as 
white foam. 1H NMR (DMSO-d6) δ 0.02-0.09 (m, 6H), 0.82-0.87 (m, 9H), 1.06-1.14 (m, 6H), 
2.24-2.35 (m, 1H), 2.65-2.80 (m, 2H), 3.98-4.04 (m, 1H), 4.07-4.17 (m, 1H), 4.17-4.26 (m, 
1H), 4.48-4.54 (m, 1H), 4.65-4.72 (m, 1H), 5.50-5.56 (m, 2H), 6.18-6.26 (m, 1H), 7.45-7.53 
(m, 1H), 7.53-7.62 (m, 3H), 7.94-8.09 (m, 3H), 8.20-8.23 (m, 1H), 11.56-11.62 (m, 1H), 
12.02-12.08 (m, 1H); 13C NMR (DMSO-d6) δ-5.1, -5.1, -4.9, 17.6, 18.8, 18.8, 18.9, 25.6, 34.8, 
38.7, 65.9, 66.0, 66.0, 66.7, 66.8, 66.8, 66.8, 71.8, 71.9, 72.0, 72.0, 74.7, 74.8, 82.8, 82.8, 84.8, 
84.9, 84.9, 85.0, 93.2, 93.4, 93.7, 93.9, 120.3, 120.3, 123.3, 123.4, 125.2, 125.3, 126.1, 126.7, 
126.7, 127.5, 127.6, 128.6, 129.6, 129.7, 130.7, 130.7, 130.8, 130.8, 133.2, 133.2, 137.4, 
137.4, 148.1, 148.5, 154.8, 180.0, 180.0; 31P NMR (DMSO-d6) δ -8.1, -8.1; HRMS (ESI) m/z 
(M+Na): calcd for [C33H42N5NaO7PSi]+, 702.2489; found, 702.2479. 
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ĂĜɆ 3-11b 

N6-Benzoyl-3´-O-tert-butyldimethylsilyl-2´-deoxyadenosine-5´-yl 1-naphtylmethyl 
ethynylphosphonate  

 

 Compound 3-15a (4.91 g, 15.7 mmol) was dissolved in anhydrous MeCN (40 mL). To the 
solution was added N6-Benzoyl-3´-O-tert-butyldimethylsilyl-2´-deoxyadenosine (4.92 g, 10.5 
mmol) and 1H-tetrazole solution 0.45 M in MeCN (27.8 mL, 12.5 mmol). The resulting 
mixture was stirred at room temperature. After 2 h, compound xx (3.32 g, 10.5 mmol) was 
added to the reaction mixture and stirred for another 1 h. The reaction mixture was 
concentrated under reduced pressure, poured into EtOAc, and extracted with water twice and 
washed with sat. NaCl. The organic phase was dried over Na2SO4, filtrated and concentrated 
under reduced pressure. The residue was purified by silica gel chromatography using 0-2% 
gradient of MeOH in CHCl3 and concentrated under reduced pressure. The residue (6.34 g) 
was dissolved in CH2Cl2 (80 mL). To the solution was added tert-butyl hydroperoxide 
solution 5.0-6.0 M in decane (3.4 mL, 17-20 mmol). The resulting mixture was stirred at 
room temperature for 2 h. The reaction mixture was concentrated and purified by silica gel 
chromatography using 0-3% gradient of MeOH in CHCl3 to afford the compound 3-11b (6.38 
g, 87% for 2 steps) as white foam. 1H NMR (DMSO-d6) δ 0.07-0.10 (m, 6H), 0.85-0.90 (m, 
9H), 2.32-2.42 (m, 1H), 2.89-3.01 (m, 1H), 4.04-4.10 (m, 1H), 4.13-4.22 (m, 1H), 4.25-4.35 
(m, 1H), 4.61-4.72 (m, 2H), 5.50-5.57 (m, 2H), 6.47-6.54 (m, 1H), 7.44-7.51 (m, 1H), 
7.52-7.60 (m, 5H), 7.62-7.68 (m, 1H), 7.93-7.99 (m, 2H), 8.03-8.09 (m, 3H), 8.64-8.69 (m, 
1H), 8.70-8.74 (m, 1H), 11.21-11.26 (m, 1H); 13C NMR (DMSO-d6) δ -4.6, -4.4, 18.1, 26.1, 
38.8, 66.3, 67.2, 67.2, 67.3, 72.3, 72.4, 72.5, 75.2, 75.3, 84.3, 84.4, 85.2, 85.3, 93.5, 93.7, 94.0, 
94.2, 123.8, 125.7, 126.4, 126.6, 127.2, 128.0, 128.1, 128.9, 129.0, 129.0, 130.1, 131.2, 131.3, 
131.3, 132.9, 133.7, 133.8, 143.8, 150.9, 152.0, 152.3, 166.1; 31P NMR (DMSO-d6) δ -8.2, 
-8.1; HRMS (ESI) m/z (M+Na): calcd for [C36H40N5NaO6PSi]+, 720.2383; found, 720.2370. 
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ĂĜɆ 3-11c 

N4-Benzoyl-3´-O-tert-butyldimethylsilyl-2´-deoxycytidine-5´-yl 1-naphtylmethyl 
ethynylphosphonate 

 
 Compound 3-15b (7.58 g, 24.2 mmol) was dissolved in anhydrous MeCN (100 mL). To the 
solution was added N4-Benzoyl-3´-O-tert-butyldimethylsilyl-2´-deoxycytidine (7.18 g, 16.1 
mmol) and 1H-tetrazole solution 0.45 M in MeCN (53.8 mL, 24.2 mmol). The resulting 
mixture was stirred at room temperature for 2 h. The reaction mixture was concentrated under 
reduced pressure, poured into EtOAc, and extracted with water twice and washed with sat. 
NaCl. The organic phase was dried over Na2SO4, filtrated and concentrated under reduced 
pressure. The residue was purified by silica gel chromatography using 0-2% gradient of 
MeOH in CHCl3 and concentrated under reduced pressure. The residue (9.87 g) was dissolved 
in CH2Cl2 (140 mL). To the solution was added tert-butyl hydroperoxide solution 5.0-6.0 M 
in decane (6 mL, 30-36 mmol). The resulting mixture was stirred at room temperature for 1 h. 
The reaction mixture was concentrated and purified by silica gel chromatography using 0-2% 
gradient of MeOH in CHCl3 to afford the compound 3-11c (9.43 g, 87% for 2 steps) as white 
foam. 1H NMR (DMSO-d6) δ 0.00-0.08 (m, 6H), 0.77-0.90 (m, 9H), 2.03-2.17 (m, 1H), 
2.20-2.32 (m, 1H), 4.00-4.08 (m, 1H), 4.17-4.28 (m, 2H), 4.32-4.40 (m, 1H), 4.70-4.77 (m, 
1H), 5.56-5.63 (m, 2H), 6.10-6.17(m, 1H), 7.28-7.38 (m, 1H), 7.45-7.68 (m, 7H), 7.92-8.04 
(m, 4H), 8.04-8.18 (m, 2H), 11.23-11.33 (m, 1H); 13C NMR (DMSO-d6) δ -5.1, -4.9, 17.6, 
25.6, 65.8, 65.8, 66.9, 66.9, 67.0, 71.5, 71.8, 71.9, 74.7, 74.8, 84.8, 84.9, 86.4, 93.3, 93.4, 93.8, 
93.9, 96.3, 123.4, 125.3, 126.1, 126.7, 126.8, 127.6, 127.6, 128.4, 128.6, 129.7, 129.7, 130.7, 
130.8, 130.8, 130.8, 130.9, 132.8, 133.1, 133.3, 144.7, 154.3, 163.2, 167.3; 31P NMR 
(DMSO-d6) δ -8.1; HRMS (ESI) m/z (M+H): calcd for [C35H40N3O7PSi]+, 674.2451; found, 
674.2452. 
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ĂĜɆ 3-11d 

3´-O-tert-Butyldimethylsilylthymidine-5´-yl 1-naphtylmethyl ethynylphosphonate 

 
 Compound 3-15c (659 mg, 2.10 mmol) was dissolved in anhydrous MeCN (10.0 mL). To 
the solution was added 3´-O-tert-butyldimethylsilylthymidine (500 mg, 1.40 mmol) and 
1H-tetrazole solution 0.45 M in MeCN (3.72 mL, 1.68 mmol). The resulting mixture was 
stirred at room temperature for 4 h. The reaction mixture was concentrated under reduced 
pressure, poured into EtOAc, and extracted with water twice and washed with sat. NaCl. The 
organic phase was dried over Na2SO4, filtrated and concentrated under reduced pressure. The 
residue was purified by silica gel chromatography using 0-2% gradient of MeOH in CHCl3 
and concentrated under reduced pressure to afford the colorless residue (740 mg). A portion 
of the residue (668 mg) was dissolved in CH2Cl2 (11 mL). To the solution was added 
tert-butyl hydroperoxide solution 5.0-6.0 M in decane (448 µL, 2.2-2.7 mmol). The resulting 
mixture was stirred at room temperature for 1 h. The reaction mixture was concentrated and 
purified by silica gel chromatography using 0-2% of MeOH in CH2Cl2 to afford the 
compound 3-11d (668 mg, 90% for 2 steps) as white foam. 1H NMR (DMSO-d6) δ 0.01-0.05 
(m, 6H), 0.80-0.86 (m, 9H), 1.65-1.73 (m, 3H), 1.95-2.18 (m, 2H), 3.88-3.94 (m, 1H), 
4.09-4.24 (m, 2H), 4.30-4.38 (m, 1H), 4.68-4.76 (m, 1H), 5.56-5.62 (m, 2H), 6.12-6.18 (m, 
1H), 7.40-7.45 (m, 1H), 7.48-7.54 (m, 1H), 7.54-7.66 (m, 3H), 7.96-8.02 (m, 2H), 8.05-8.12 
(m, 1H), 11.33-11.36 (m, 1H); 13C NMR (DMSO-d6) δ -5.0, -5.0, -4.9, 12.1, 17.6, 25.6, 38.7, 
38.8, 65.9, 66.0, 66.8, 66.8, 66.9, 67.0, 71.7, 71.7, 71.8, 71.9, 74.7, 74.8, 84.0, 84.1, 84.2, 93.2, 
93.5, 93.7, 94.0, 109.8, 123.3, 123.4, 125.3, 126.2, 126.7, 126.7, 127.6, 127.7, 128.6, 129.7, 
129.7, 130.7, 130.8, 130.8, 130.8, 130.9, 130.9, 133.3, 135.7, 150.4, 163.6; 31P NMR 
(DMSO-d6) δ -8.0, -8.0; HRMS (ESI) m/z (M+Na): calcd for [C29H37N2NaO7PSi]+, 607.2006; 
found, 607.2007. 
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ĂĜɆ 3-12a 

N2-Isobutyryl-2´-deoxyguanosine-5´-yl 1-naphtylmethyl ethynylphosphonate  

 
 Compound 3-11a (3.17 g, 4.66 mmol) was dissolved in N,N-dimethylformamide (15 mL). 
To the solution was added triethylamine trihydrofluoride (2.28 mL, 14.0 mmol). The resulting 
mixture was stirred at room temperature for 4 h. The reaction mixture was poured into EtOAc, 
and extracted with extracted with sat. NaHCO3, water and washed with sat. NaCl. The organic 
phase was dried over Na2SO4, filtrated and concentrated under reduced pressure. The residue 
dissolved in CHCl3 (8 mL) and was purified by silica gel chromatography using 0-6% 
gradient of MeOH in CHCl3 to afford the compound 3-12a (2.02 g, 77%) as white foam. 1H 
NMR (DMSO-d6) δ 1.05-1.14 (m, 6H), 2.27-2.37 (m, 1H), 2.57-2.68 (m, 1H), 2.68-2.78 (m, 
1H), 4.01-4.07 (m, 1H), 4.13-4.22 (m, 1H), 4.22-4.31 (m, 1H), 4.38-4.46 (m, 1H), 4.61-4.66 
(m, 1H), 5.48-5.56 (m, 3H), 6.25 (t, 1H, J = 7.8), 7.44-7.52 (m, 1H), 7.52-7.62 (m, 3H), 
7.93-8.07 (m, 3H), 8.16-8.18 (m, 1H), 11.58-11.62 (m, 1H), 12.02-12.05 (m, 1H); 13C NMR 
(DMSO-d6) δ 18.8, 18.8, 18.8, 18.9, 34.8, 38.8, 38.9, 66.7, 66.7, 66.8, 70.2, 70.2, 71.9, 72.0, 
74.7, 74.9, 83.1, 83.1, 84.7, 84.8, 93.1, 93.3, 93.6, 93.7, 120.4, 120.4, 123.3, 123.4, 125.3, 
125.3, 126.1, 126.1, 126.7, 126.7, 126.8, 127.5, 127.6, 128.6, 129.6, 129.6, 130.7, 130.7, 
130.8, 133.2, 133.2, 137.4, 148.1, 148.4, 154.8, 180.0, 180.1; 31P NMR (DMSO-d6) δ -8.1, 
-8.1; HRMS (ESI) m/z (M+H): calcd for [C27H29N5O7P]+, 566.1805; found, 566.1799. 
 

ĂĜɆ 3-12b 

N6-Benzoyl-2´-deoxyadenosine-5´-yl 1-naphtylmethyl ethynylphosphonate 

 

 Compound 3-11b (6.82 g, 9.14 mmol) was dissolved in N,N-dimethylformamide (45 mL). 
To the solution was added triethylamine trihydrofluoride (4.46 mL, 27.4 mmol). The resulting 
mixture was stirred at room temperature for 4 h. The reaction mixture was poured into EtOAc, 
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and extracted with sat. NaHCO3, water and washed with sat. NaCl. The organic phase was 
dried over Na2SO4, filtrated and concentrated under reduced pressure. The residue dissolved 
in CHCl3 (20 mL) and precipitated in Et2O (400 mL). The resulting white powder was again 
dissolved in CHCl3 (20 mL) and precipitated in Et2O (400 mL) to afford the compound 3-12b 
(3.99 g, 75%) as white powder. 1H NMR (DMSO-d6) δ 2.35-2.45 (m, 1H), 2.80-2.92 (m, 1H), 
4.06-4.11 (m, 1H), 4.16-4.24 (m, 1H), 4.27-4.36 (m, 1H), 4.48-4.55 (m, 1H), 4.57-4.64 (m, 
1H), 5.49-5.54 (m, 2H), 5.57-5.63 (m, 1H), 6.49-6.55 (m, 1H), 7.43-7.50 (m, 1H), 7.51-7.61 
(m, 5H), 7.61-7.69 (m, 1H), 7.93-8.00 (m, 2H), 8.01-8.07 (m, 3H), 8.63-8.66 (m, 1H), 
8.70-8.73 (m, 1H), 11.22 (s, 1H); 13C NMR (DMSO-d6) δ 38.4, 66.6, 66.6, 66.6, 66.7, 66.7, 
66.7, 66.7, 70.3, 70.3, 71.9, 72.0, 74.8, 74.9, 83.8, 83.8, 84.8, 84.8, 84.9, 84.9, 93.0, 93.2, 93.5, 
93.7, 123.4, 125.3, 125.9, 126.1, 126.8, 127.6, 127.6, 128.5, 128.5, 128.6, 129.6, 130.8, 130.8, 
130.8, 130.8, 130.9, 132.5, 133.2, 133.3, 143.1, 150.4, 151.6, 151.9, 165.6; 31P NMR 
(DMSO-d6)  δ -8.1, -8.2; HRMS (ESI) m/z (M+H): calcd for [C30H27N5O6P]+, 584.1699; 
found, 584.1702. 
 

ĂĜɆ 3-12c 

N4-Benzoyl-2´-deoxycytidine-5´-yl 1-naphtylmethyl ethynylphosphonate  

 
 Compound 3-11c (9.43 g, 14.0 mmol) was dissolved in N,N-dimethylformamide (140 mL). 
To the solution was added triethylamine trihydrofluoride (6.84 mL, 42.0 mmol). The resulting 
mixture was stirred at room temperature for 4 h. The reaction mixture was poured into EtOAc, 
and extracted with extracted with sat. NaHCO3, water and washed with sat. NaCl. The organic 
phase was dried over Na2SO4, filtrated and concentrated under reduced pressure. The residue 
was purified by silica gel chromatography using 0-4% gradient of MeOH in CHCl3 to afford 
the compound 3-12c (6.43 g, 82%) as white foam. 1H NMR (DMSO-d6) δ 1.98-2.11 (m, 1H), 
2.25-2.37 (m, 1H), 4.03-4.09 (m, 1H), 4.18-4.33 (m, 3H), 4.67-4.75 (m, 1H), 5.48-5.53 (m, 
1H), 5.55-5.63 (m, 2H), 6.12-6.20 (m, 1H), 7.29-7.35 (m, 1H), 7.47-7.67 (m, 7H), 7.94-8.03 
(m, 4H), 8.05-8.11 (m, 1H), 8.11-8.18 (m, 1H), 11.25-11.29 (m, 1H); 13C NMR (DMSO-d6) δ 
66.4, 66.4, 66.5, 66.8, 66.9, 66.9, 69.9, 69.9, 71.9, 72.0, 74.8, 74.9, 84.8, 84.9, 85.0, 86.5, 93.2, 
93.4, 93.7, 93.9, 96.3, 123.4, 125.3, 126.2, 126.8, 126.8, 127.6, 127.6, 128.5, 128.6, 129.7, 
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130.8, 130.8, 130.8, 130.9, 132.8, 133.1, 133.3, 144.7, 154.3, 163.1, 167.3; 31P NMR 
(DMSO-d6)  δ -8.0, -8.0; HRMS (ESI) m/z (M+Na): calcd for [C29H26N3NaO7P]+, 582.1406; 
found, 582.1414. 
 

ĂĜɆ 3-12d 

Thymidine-5´-yl 1-naphtylmethyl ethynylphosphonate 

 
 Compound 3-11d (663 mg, 1.13 mmol) was dissolved in N,N-dimethylformamide (5.0 mL). 
To the solution was added triethylamine trihydrofluoride (546 µL, 3.39 mmol). The resulting 
mixture was stirred at room temperature for 4 h. The reaction mixture was poured into EtOAc, 
and extracted with extracted with sat. NaHCO3, water and washed with sat. NaCl. The organic 
phase was dried over Na2SO4, filtrated and concentrated under reduced pressure. The residue 
was purified by silica gel chromatography using 0-3% gradient of MeOH in CHCl3 to afford 
the compound 3-12d (442 mg, 83%) as white foam. 1H NMR (DMSO-d6) δ 1.64-1.70 (m, 3H), 
1.96-2.12 (m, 2H), 3.90-3.97 (m, 1H), 4.14-4.29 (m, 3H), 4.65-4.72 (m, 1H), 5.43-5.48 (m, 
1H), 5.54-5.62 (m, 2H), 6.14-6.24 (m, 1H), 7.40-7.45 (m, 1H), 7.48-7.54 (m, 1H), 7.54-7.64 
(m, 3H), 7.94-8.02 (m, 2H), 8.04-8.12 (m, 1H), 11.29-11.36 (m, 1H); 13C NMR (DMSO-d6) δ 
12.0, 38.7, 38.7, 66.5, 66.6, 66.6, 66.7, 66.8, 66.8, 66.9, 70.1, 70.1, 71.8, 72.0, 74.7, 74.9, 83.9, 
84.1, 84.1, 84.2, 84.2, 93.1, 93.4, 93.6, 93.9, 109.8, 123.4, 123.4, 125.3, 125.3, 126.2, 126.2, 
126.7, 126.7, 127.6, 127.6, 128.6, 129.7, 130.8, 130.8, 130.8, 130.9, 133.3, 135.6, 135.6, 
150.4, 163.6, 163.6; 31P NMR (DMSO-d6) δ -8.0, -8.0; HRMS (ESI) m/z (M+Na): calcd for 
[C23H23N2NaO7P]+, 493.1140; found, 493.1145. 
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ĂĜɆ 3-13a 

 
 Compound 3-12a (2.30 g, 4.06 mmol) was dissolved in tetrahydrofuran (15 mL). To the 
solution was added 3´-azido-5´-O-(dimethoxytrityl)-3´-deoxythymidine (3-7) (2.32 g, 4.06 
mmol) and  tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (110 mg, 207 µmol) and the 
solution of CuSO4 (32.5 mg, 2.07 mmol) and (+)-sodium L-ascorbate (402 mg, 2.07 mmol) in 
water (7.5 ml) and MeOH (7.5 mL). The resulting mixture was stirred at room temperature 
under argon atmosphere for 1.5 h. The reaction mixture was poured into EtOAc, and extracted 
with water twice and washed with sat. NaCl. The organic phase was dried over Na2SO4, 
filtrated and concentrated under reduced pressure. The residue was purified by silica gel 
chromatography using 0-7% gradient of MeOH in CHCl3 to afford the compound 3-13a (4.12 
g, 89%) as white foam. 1H NMR (DMSO-d6) δ 1.05-1.14 (m, 6H), 1.52-1.62 (m, 3H), 
2.26-2.36 (m, 1H), 2.58-2.68 (m, 1H), 2.68-2.86 (m, 3H), 3.26-3.38 (m, 2H), 3.65-3.73 (m, 
6H), 4.05-4.12 (m, 1H), 4.17-4.39 (m, 3H), 4.40-4.46 (m, 1H), 5.47-5.58 (m, 3H), 5.58-5.70 
(m, 1H), 6.21-6.28 (m, 1H), 6.38-6.47 (m, 1H), 6.81-6.88 (m, 4H), 7.13-7.34 (m, 9H), 
7.37-7.55 (m, 4H), 7.63-7.68 (m, 1H), 7.87-8.05 (m, 3H), 8.13-8.20 (m, 1H), 8.85-8.95 (m, 
1H), 11.38-11.44 (m, 1H), 11.57-11.65 (m, 1H), 11.98-12.07 (m, 1H); 13C NMR (DMSO-d6) 
δ 11.8, 18.8, 18.8, 18.8, 18.8, 34.8, 37.2, 37.2, 38.9, 55.0, 55.0, 59.9, 63.1, 65.9, 66.0, 66.0, 
66.1, 66.3, 66.4, 70.3, 70.3, 78.6, 79.0, 79.3, 82.2, 82.2, 83.1, 83.2, 83.9, 84.0, 84.9, 85.0, 85.1, 
86.0, 86.0, 109.9, 113.2, 120.3, 120.4, 123.3, 123.4, 125.2, 125.2, 126.0, 126.0, 126.6, 126.6, 
126.8, 127.1, 127.3, 127.6, 127.9, 128.4, 129.3, 129.4, 129.7, 130.7, 130.8, 131.0, 131.1, 
131.2, 131.2, 131.2, 131.2, 131.4, 131.4, 133.1, 133.1, 134.7, 134.8, 135.1, 135.2, 136.2, 
136.3, 137.1, 137.2, 137.4, 137.5, 144.5, 148.0, 148.0, 148.3, 148.4, 150.3, 154.8, 158.1, 
158.1, 163.7, 180.0, 180.0;  31P NMR (DMSO-d6) δ 8.0, 8.1; HRMS (ESI) m/z (M+Na): calcd 
for [C58H59N10NaO13P]+, 1157.3899; found, 1157.3879. 
 

 

 

NH
N

N
O

N
H

N
O

HO

O
OPO

NN
N

NH
O

ON
O

DMTrO

O



 124 

ĂĜɆ 3-13b 

 
 Compound 3-12b (1.00 g, 1.71 mmol) was dissolved in tetrahydrofuran (6 mL). To the 
solution was added 3´-azido-N4-benzoyl-5´-O-(dimethoxytrityl)-2´,3´-dideoxyadenosine 
(3-16a) (1.16 g, 1.71 mmol) and tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (45.3 mg, 
85.5 µmol) and the solution of CuSO4 (13.7 mg, 85.5 µmol) and (+)-sodium L-ascorbate (163 
mg, 855 µmol) in water (3 mL) and MeOH (3 mL). The resulting mixture was stirred at room 
temperature under argon atmosphere for 2 h. The reaction mixture was poured into EtOAc, 
and extracted with water twice and washed with sat. NaCl. The organic phase was dried over 
Na2SO4, filtrated and concentrated under reduced pressure. The residue was purified by silica 
gel chromatography using 0-7% gradient of MeOH in CHCl3 to afford the compound 3-13b 
(1.86 g, 86%) as pale yellow foam. 1H NMR (DMSO-d6) δ 2.36-2.46 (m, 1H), 2.77-2.91 (m, 
1H), 3.16-3.19 (m, 1H), 3.22-3.35 (m, 2H), 3.41-3.53 (m, 1H), 3.63-3.70 (m, 6H), 4.11-4.19 
(m, 1H), 4.22-4.34 (m, 1H), 4.34-4.43 (m, 1H), 4.43-4.60 (m, 2H), 5.52-5.58 (m, 2H), 
5.58-5.63 (m, 1H), 5.92-6.05 (m, 1H), 6.50-6.58 (m, 1H), 6.67-6.73 (m, 1H), 6.73-6.82 (m, 
4H), 7.07-7.14 (m, 5H), 7.14-7.20 (m, 2H), 7.21-7.26 (m, 2H), 7.37-7.45 (m, 1H), 7.47-7.70 
(m, 9H), 7.88-7.96 (m, 2H), 7.96-8.09 (m, 5H), 8.64-8.68 (m, 1H), 8.69-8.74 (m, 3H), 
8.90-8.98 (m, 1H), 11.20-11.28 (m, 2H); 13C NMR (DMSO-d6) δ 36.6, 36.7, 38.6, 38.7, 54.9, 
55.0, 60.3, 63.1, 66.1, 66.1, 70.4, 70.5, 82.9, 82.9, 83.6, 83.6, 83.7, 85.1, 85.2, 85.7, 113.1, 
123.4, 123.5, 125.2, 125.3, 125.8, 125.8, 126.0, 126.1, 126.7, 126.7, 127.3, 127.3, 127.5, 
127.7, 128.5, 128.5, 128.5, 129.4, 129.6, 130.8, 130.8, 131.0, 131.1, 131.2, 131.4, 132.4, 
132.5, 133.2, 133.3, 133.3, 134.8, 134.9, 135.2, 135.2, 135.3, 137.2, 137.3, 142.9, 143.0, 
143.6, 144.5, 150.4, 150.5, 151.6, 151.7, 151.9, 158.0, 165.6; 31P NMR (DMSO-d6) δ 8.0, 8.1; 
HRMS (ESI) m/z (M+H): calcd for [C68H61N13O11P]+, 1266.4351; found, 1266.4343. 
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ĂĜɆ 3-13c 

 
 Compound 3-12c (2.50 g, 4.46 mmol) was dissolved in tetrahydrofuran (20 mL). To the 
solution was added 3´-azido-N4-benzoyl-5´-O-(dimethoxytrityl)-2´,3´-dideoxyadenosine 
(3-16a) (3.05 g, 4.46 mmol) and  tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (118 mg, 
223 µmol) and the solution of CuSO4 (35.7 mg, 223 µmol) and (+)-sodium L-ascorbate (442 
mg, 2.23 mmol) in water (10 ml) and MeOH (10 mL). The resulting mixture was stirred at 
room temperature under argon atmosphere for 2 h. The reaction mixture was poured into 
EtOAc, and extracted with water twice and washed with sat. NaCl. The organic phase was 
dried over Na2SO4, filtrated and concentrated under reduced pressure. The residue was 
purified by silica gel chromatography using 0-7% gradient of MeOH in CHCl3 to afford the 
compound 3-13c (4.95 g, 89%) as pale yellow foam. 1H NMR (DMSO-d6) δ 1.97-2.11 (m, 
1H), 2.25-2.37 (m, 1H), 3.10-3.20 (m, 1H), 3.23-3.32 (m, 2H), 3.42-3.54 (m, 1H), 3.62-3.71 
(m, 6H), 4.06-4.13 (m, 1H), 4.22-4.38 (m, 3H), 4.45-4.58 (m, 1H), 5.48-5.52 (m, 1H), 
5.55-5.67 (m, 2H), 5.93-6.05 (m, 1H), 6.13-6.20 (m, 1H), 6.69-6.79 (m, 5H), 7.07-7.14 (m, 
5H), 7.14-7.20 (m, 2H), 7.21-7.28 (m, 3H), 7.42-7.49 (m, 3H), 7.49-7.62 (m, 6H), 7.62-7.69 
(m, 1H), 7.87-7.96 (m, 4H),  8.02-8.10 (m, 3H), 8.13-8.22 (m, 1H), 8.66-8.77 (m, 2H), 
8.95-9.05 (m, 1H), 11.21-11.32 (m, 2H); 13C NMR (DMSO-d6) δ 36.7, 36.8, 40.4, 54.9, 60.3, 
63.0, 63.1, 65.8, 65.8, 65.9, 66.2, 66.3, 66.3, 69.9, 82.8, 82.9, 83.6, 83.6, 85.1, 85.1, 85.2, 85.7, 
86.4, 86.4, 96.2, 113.1, 123.5, 123.5, 125.3, 125.3, 126.0, 126.1, 126.1, 126.7, 126.7, 127.3, 
127.4, 127.5, 127.7, 128.4, 128.5, 128.5, 129.4, 129.4, 129.6, 130.8, 130.8, 131.2, 131.2, 
131.3, 131.3, 131.3, 131.5, 132.5, 132.7, 133.0, 133.2, 133.4, 134.9, 135.2, 135.2, 135.3, 
137.2, 137.3, 143.6, 144.5, 144.7, 150.5, 151.6, 151.8, 154.3, 158.0, 163.1, 165.6, 167.2;  31P 
NMR (DMSO-d6) δ 8.2; HRMS (ESI) m/z (M+Na): calcd for [C67H60N11NaO12P]+, 
1264.4058; found, 1264.4055. 
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ĂĜɆ 3-13d 

 
 Compound 3-12d (2.50 g, 5.32 mmol) was dissolved in tetrahydrofuran (20 mL). To the 
solution was added 3´-azido-N4-benzoyl-5´-O-(dimethoxytrityl)-2´,3´-dideoxyadenosine 
3-16a (3.63 g, 5.32 mmol) and  tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (141 mg, 
266 µmol) and the solution of CuSO4 (42.6 mg, 266 µM mmol) and (+)-sodium L-ascorbate 
(527 mg, 2.66 mmol) in water (10 ml) and MeOH (10 mL). The resulting mixture was stirred 
at room temperature under argon atmosphere for 1 h. The reaction mixture was poured into 
EtOAc, and extracted with water twice and washed with sat. NaCl. The organic phase was 
dried over Na2SO4, filtrated and concentrated under reduced pressure. The residue was 
purified by silica gel chromatography using 0-6% gradient of MeOH in CHCl3 to afford the 
compound 3-13d (5.83 g, 95%) as white foam. 1H NMR (DMSO-d6) δ 1.55-1.63 (m, 3H), 
2.00-2.10 (m, 2H), 3.06-3.19 (m, 1H), 3.23-3.32 (m, 2H), 3.42-3.52 (m, 1H), 3.62-3.71 (m, 
6H), 3.94-4.01 (m, 1H), 4.19-4.33 (m, 3H), 4.43-4.53 (m, 1H), 5.41-5.46 (m, 1H), 5.52-5.65 
(m, 2H), 5.94-6.04 (m, 1H), 6.17-6.24 (m, 1H), 6.68-6.74 (m, 1H), 6.74-6.82 (m, 4H), 
7.07-7.15 (m, 5H), 7.15-7.21 (m, 2H), 7.21-7.26 (m, 2H), 7.41-7.59 (m, 7H), 7.62-7.68 (m, 
1H), 7.91-7.98 (m, 2H), 8.02-8.09 (m, 3H), 8.70-8.74 (m, 2H), 8.96-9.02 (m, 1H), 
11.17-11.28 (m, 1H), 11.28-12.37 (m, 1H); 13C NMR (DMSO-d6) δ 11.9, 36.7, 36.8, 38.8, 
55.0, 55.0, 60.3, 63.1, 66.1, 66.1, 66.2, 66.3, 66.3, 70.3, 70.3, 82.9, 82.9, 83.6, 83.6, 83.8, 84.0, 
84.4, 84.5, 84.6, 85.7, 109.9, 113.1, 123.4, 123.5, 125.3, 125.3, 126.0, 126.1, 126.1, 126.6, 
126.7, 127.3, 127.4, 127.6, 127.7, 128.5, 128.5, 129.4, 129.5, 129.6, 130.8, 130.8, 131.1, 
131.2, 131.2, 131.2, 131.3, 131.3, 131.3, 131.5, 131.5, 132.5, 133.2, 133.4, 134.8, 134.9, 
135.3, 135.7, 137.2, 137.3, 143.6, 144.5, 150.4, 150.5, 151.6, 151.8, 158.1, 163.7, 165.7;  31P 
NMR (DMSO-d6) δ 8.1, 8.2; HRMS (ESI) m/z (M+Na): calcd for [C61H57N10NaO12P]+, 
1175.3793; found, 1175.3788. 
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ĂĜɆ 3-13e 

 
 Compound 3-12b (1.00 g, 1.71 mmol) was dissolved in tetrahydrofuran (6 mL). To the 
solution was added 3´-azido-N4-benzoyl-5´-O-(dimethoxytrityl)-2´,3´-dideoxycytidine 
(3-16b) (1.13 g, 1.71 mmol) and  tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (45.3 
mg, 85.5 µmol) and the solution of CuSO4 (13.7 mg, 85.5 µmol) and (+)-sodium L-ascorbate 
(163 mg, 855 µmol) in water (3 mL) and MeOH (3 mL). The resulting mixture was stirred at 
room temperature under argon atmosphere for 3 h. The reaction mixture was poured into 
EtOAc, and extracted with water twice and washed with sat. NaCl. The organic phase was 
dried over Na2SO4, filtrated and concentrated under reduced pressure. The residue was 
purified by silica gel chromatography using 0-6% gradient of MeOH in CHCl3 to afford the 
compound 3-13e (1.81 g, 85%) as pale yellow foam. 1H NMR (DMSO-d6) δ 2.37-2.46 (m, 
1H), 2.73-2.91 (m, 2H), 2.97-3.10 (m, 1H), 3.28-3.42 (m, 2H), 3.64-3.73 (m, 6H), 4.11-4.18 
(m, 1H), 4.22-4.33 (m, 1H), 4.33-4.42 (m, 1H), 4.44-4.59 (m, 2H), 5.48-5.72 (m, 4H), 
6.30-6.38 (m, 1H), 6.50-6.58 (m, 1H), 6.82-6.90 (m, 4H), 7.13-7.36 (m, 10H), 7.37-7.45 (m, 
1H), 7.46-7.58 (m, 7H), 7.60-7.67 (m, 2H), 7.99-8.08 (m, 5H), 8.33-8.42 (m, 1H),  8.60-8.72 
(m, 2H), 8.85-8.94 (m, 1H), 11.22 (s, 1H), 11.33 (s, 1H); 13C NMR (DMSO-d6) δ 38.5, 38.5, 
38.6, 38.7, 55.0, 58.9, 58.9, 62.3, 62.3, 66.0, 66.1, 66.2, 66.2, 66.3, 70.4, 70.5, 83.0, 83.0, 83.7, 
83.8, 85.1, 85.2, 86.2, 86.4, 96.2, 113.2, 123.4, 123.5, 125.2, 125.3, 126.0, 126.1, 126.6, 126.7, 
126.8, 127.2, 127.3, 127.7, 127.9, 128.5, 129.4, 129.6, 129.7, 130.8, 130.8, 131.1, 131.2, 
131.2, 131.3, 131.4, 131.5, 132.4, 132.8, 133.1, 133.2, 133.3, 134.8, 134.9, 135.0, 135.2, 
137.2, 137.3, 143.0, 144.2, 145.3, 145.3, 150.4, 151.6, 151.9, 154.3, 158.1, 163.3, 165.6, 
167.3; 31P NMR (DMSO-d6) δ 7.9, 8.0; HRMS (ESI) m/z (M+H): calcd for [C67H61N11O12P]+, 
1242.4238; found, 1242.4240. 
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ĂĜɆ 3-13f 

 
 Compound 3-12b (2.50 g, 4.46 mmol) was dissolved in tetrahydrofuran (20 mL). To the 
solution was added 3´-azido-N4-benzoyl-5´-O-(dimethoxytrityl)-2´,3´-dideoxycytidine 
(3-16b) (2.94 g, 4.46 mmol) and  tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (118 mg, 
223 µmol) and the solution of CuSO4 (35.7 mg, 223 µmol) and (+)-sodium L-ascorbate (442 
mg, 2.23 mmol) in water (10 ml) and MeOH (10 mL). The resulting mixture was stirred at 
room temperature under argon atmosphere for 2 h. The reaction mixture was poured into 
EtOAc, and extracted with water twice and washed with sat. NaCl. The organic phase was 
dried over Na2SO4, filtrated and concentrated under reduced pressure. The residue was 
purified by silica gel chromatography using 0-6% gradient of MeOH in CHCl3 to afford the 
compound 3-13f (4.85 g, 87%) as pale yellow foam. 1H NMR (DMSO-d6) δ 1.98-2.12 (m, 
1H), 2.26-2.40 (m, 1H), 2.80-2.92 (m, 1H), 3.02-3.14 (m, 1H), 3.28-3.44 (m, 2H), 3.64-3.72 
(m, 6H), 4.07-4.13 (m, 1H), 4.23-4.40 (m, 3H), 4.50-4.60 (m, 1H), 5.49-5.54 (m, 1H), 
5.54-5.67 (m, 2H), 5.67-5.76 (m, 1H), 6.14-6.21 (m, 1H), 6.32-6.39 (m, 1H), 6.81-6.88 (m, 
4H), 7.13-7.25 (m, 6H), 7.25-7.30 (m, 2H), 7.30-7.35 (m, 2H), 7.41-7.66 (m, 10H), 7.88-8.18 
(m, 8H), 8.35-8.44 (m, 1H), 8.94-9.01 (m, 1H), 11.25 (s, 1H), 12.38 (s, 1H); 13C NMR 
(DMSO-d6) δ 38.5, 40.4, 55.0, 58.8, 58.9, 62.1, 62.2, 65.8, 65.8, 65.9, 66.2, 66.2, 66.3, 69.8, 
69.8, 83.0, 83.0, 85.1, 85.1, 85.2, 86.2, 86.4, 96.2, 113.2, 123.5, 125.3, 125.3, 126.1, 126.1, 
126.6, 126.7, 126.8, 127.3, 127.3, 127.7, 127.9, 128.4, 128.5, 129.4, 129.4, 129.6, 129.7, 
130.8, 130.8, 131.2, 131.2, 131.3, 131.3, 131.3, 131.5, 131.6, 132.7, 132.8, 133.1, 133.2, 
133.2, 134.8, 134.9, 135.0, 135.0, 135.2, 135.3, 137.2, 137.3, 144.2, 144.2, 144.6, 144.6, 
145.3, 145.3, 154.3, 154.3, 158.1, 163.0, 163.3, 167.2, 167.3;  31P NMR (DMSO-d6) δ 8.1; 
HRMS (ESI) m/z (M+Na): calcd for [C66H60N9NaO13P]+, 1240.3945; found, 1240.3943. 
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ĂĜɆ 3-13g 

 
 Compound 3-12b (1.90 g, 3.25 mmol) was dissolved in tetrahydrofuran (10 mL). To the 
solution was added 3´-azido-5´-O-(dimethoxytrityl)-3´-deoxythymidine (1.82 g, 3.25 mmol) 
(3-7) and  tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (86.2 mg, 163 µmol) and the 
solution of CuSO4 (26.1 mg, 163 µmol) and (+)-sodium L-ascorbate (321 mg, 1.63 mmol) in 
water (5 ml) and MeOH (5  mL). The resulting mixture was stirred at room temperature 
under argon atmosphere for 2 h. The reaction mixture was poured into CHCl3, and extracted 
with sat. NaCl. The organic phase was dried over Na2SO4, filtrated and concentrated under 
reduced pressure. The residue was purified by silica gel chromatography using 0-5% gradient 
of MeOH in CHCl3 to afford the compound 3-13g (3.46 g, 93%) as pale yellow foam. 1H 
NMR (DMSO-d6) δ 1.50-1.60 (m, 3H), 2.34-2.44 (m, 1H), 2.70-2.88 (m, 3H), 3.22-3.32 (m, 
2H), 3.65-3.72 (m, 6H), 4.08-4.15 (m, 1H), 4.19-4.40 (m, 3H), 4.48-4.57 (m, 1H), 5.46-5.55 
(m, 2H), 5.55-5.68 (m, 2H), 6.35-6.45 (m, 1H), 6.47-6.55 (m, 1H), 6.80-6.88 (m, 4H), 
7.12-7.21 (m, 5H), 7.21-7.27 (m, 2H), 7.27-7.34 (m, 2H), 7.36-7.44 (m, 1H), 7.44-7.57 (m, 
5H),  7.60-7.67 (m, 2H), 7.86-7.96 (m, 2H), 7.96-8.06 (m, 3H), 8.61-8.67 (m, 1H), 8.67-8.72 
(m, 1H), 8.84-8.93 (m, 1H), 11.19-11.25 (m, 1H), 11.40-11.45 (m, 1H); 13C NMR (DMSO-d6) 
δ 11.9, 37.2, 38.6, 38.7, 55.0, 55.0, 59.9, 63.2, 66.0, 66.1, 66.2, 66.2, 70.4, 82.2, 83.7, 83.7, 
83.9, 85.1, 85.2, 86.0, 109.9, 113.2, 123.4, 123.5, 125.2, 126.0, 126.1, 126.6, 126.7, 126.8, 
127.2, 127.3, 127.6, 127.9, 128.4, 128.5, 129.3, 129.7, 130.8, 130.8, 131.0, 131.1, 131.2, 
131.3, 131.4, 131.4, 132.5, 133.2, 134.7, 134.9, 135.1, 135.2, 136.2, 136.3, 137.1, 137.3, 
143.0, 144.5, 150.4, 151.6, 158.1, 158.1, 163.7, 165.6; 31P NMR (DMSO-d6) δ 8.0, 8.1; 
HRMS (ESI) m/z (M+H): calcd for [C61H58N10O12P]+, 1153.3973; found, 1153.3975. 
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ĂĜɆ 3-14a 

 
 Compound 3-13a (3.10 g, 2.73 mmol) was dissolved in CH2Cl2 (27 mL). To the solution was 
added diisopropylamine (485 µL, 3.28 mmol), 4.5-dicyanoimidazole (387 mg, 3.28 mmol) 

and 2-cyanoethyl N,N,N′,N′-tetraisopropylphosphorodiamidite (1.30 mL, 8.91 mmol). The 
resulting mixture was stirred at room temperature for 40 min. The reaction mixture was 
poured into EtOAc, and extracted with water twice and washed with sat. NaCl. The organic 
phase was dried over Na2SO4, filtrated and concentrated under reduced pressure. The residue 
was purified by silica gel chromatography using 0-3% gradient of MeOH in CHCl3 to afford 
the compound 3-14a (2.50 g, 68%) as white foam. 1H NMR (DMSO-d6) δ 1.10-1.17 (m, 18H), 
1.55-1.60 (m, 3H), 2.36-2.56 (m, 1H), 2.66-2.88 (m, 6H), 3.25-3.35 (m, 2H), 3.45-3.62 (m, 
2H), 3.62-3.80 (m, 8H), 4.17-4.38 (m, 4H), 4.58-4.68 (m, 1H), 5.45-5.58 (m, 2H), 5.58-5.68 
(m, 1H), 6.21-6.28 (m, 1H), 6.38-6.47 (m, 1H), 6.80-6.89 (m, 4H), 7.12-7.34 (m, 9H), 
7.37-7.55 (m, 4H), 7.63-7.68 (m, 1H) 7.86-8.05 (m, 3H), 8.13-8.21 (m, 1H), 8.85-8.95 (m, 
1H), 11.37-11.45 (m, 1H), 11.50-11.65 (m, 1H), 11.95-12.12 (m, 1H); 13C NMR (DMSO-d6) 
δ 11.8, 18.8, 18.8, 18.8, 18.8, 19.7, 19.8, 19.8, 19.9, 24.1, 24.2, 24.3, 24.3, 24.3, 24.4, 34.8, 
37.2, 37.2, 37.7, 42.6, 42.7, 55.0, 58.2, 58.3, 58.4, 58.5, 60.0, 63.1, 65.5, 65.5, 65.6, 65.7, 65.7, 
65.8, 65.9, 66.0, 66.0, 66.1, 66.2, 72.9, 73.1, 73.2, 73.4, 78.6, 79.0, 79.3, 82.2, 82.2, 83.1, 83.2, 
83.2, 83.3, 84.0, 84.2, 84.3, 86.0, 109.9, 113.2, 118.9, 119.0, 120.4, 120.5, 123.3, 123.4, 125.1, 
125.2, 126.0, 126.0, 126.5, 126.6, 126.7, 127.0, 127.0, 127.2, 127.6, 127.8, 128.5, 129.3, 
129.3, 129.4, 129.7, 130.7, 130.7, 130.7, 130.8, 131.1, 131.2, 131.5, 133.1, 134.5, 134.5, 
134.6, 135.1, 135.2, 136.2, 136.9, 136.9, 137.1, 137.3, 137.3, 137.4, 137.4, 144.5, 148.1, 
148.1, 148.5, 150.4, 154.7, 158.1, 158.1, 163.7, 180.0, 180.0;  31P NMR (DMSO-d6) δ 8.0, 8.1, 
8.1, 8.1, 147.8, 148.0; HRMS (ESI) m/z (M+Na): calcd for [C67H76N12NaO14P2]+, 1357.4977; 
found, 1357.4985. 
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ĂĜɆ 3-14b 

 
 Compound 3-13b (1.78 g, 1.41 mmol) was dissolved in CH2Cl2 (10 mL). To the solution was 
added diisopropylamine (237 µL, 1.69 mmol), 4.5-dicyanoimidazole (199 mg, 1.69 mmol) 

and 2-cyanoethyl N,N,N′,N′-tetraisopropylphosphorodiamidite (896 µL, 2.82 mmol). The 
resulting mixture was stirred at room temperature for 2 h. The reaction mixture was poured 
into EtOAc, and extracted with water twice and washed with sat. NaCl. The organic phase 
was dried over Na2SO4, filtrated and concentrated under reduced pressure. The residue was 
purified by silica gel chromatography using 20% acetone in CHCl3 then 30% MeCH in 
EtOAc and concentrated under reduced pressure. The residue was dissolved in CHCl3 (10 
mL) and added dropwise to n-hexane (200 mL) to afford the compound 3-14b (2.30 g, 76%) 
as white precipitation. 1H NMR (DMSO-d6) δ 1.04-1.24 (m, 12H), 2.52-2.69 (m, 1H), 
2.73-2.86 (m, 2H), 2.94-3.22 (m, 2H), 3.25-3.38 (m, 2H), 3.44-3.88 (m, 11H), 4.25-4.60 (m, 
4H), 4.79-4.98 (m, 1H), 5.51-5.65 (m, 2H), 5.95-6.07 (m, 1H), 6.51-6.60 (m, 1H), 6.69-6.84 
(m, 5H), 7.08-7.28 (m, 9H), 7.38-7.69 (m, 10H), 7.88-7.98 (m, 2H), 8.00-8.12 (m, 5H), 
8.64-8.77 (m, 3H), 8.91-9.02 (m, 1H), 11.20-11.35 (m, 2H); 13C NMR (DMSO-d6) δ 19.8, 
19.8, 19.9, 19.9, 24.1, 24.2, 24.3, 24.3, 24.3, 24.4, 24.4, 36.7, 37.5, 37.6, 42.6, 42.8, 54.9, 54.9, 
58.4, 58.5, 60.3, 63.1, 65.6, 65.7, 66.1, 66.1, 72.8, 73.0, 73.1, 73.3, 82.9, 83.6, 83.9, 83.9, 84.0, 
84.0, 84.1, 84.2, 85.7, 113.1, 119.0, 119.0, 123.4, 123.4, 125.2, 125.9, 126.0, 126.0, 126.6, 
127.2, 127.2, 127.3, 127.5, 127.7, 128.4, 128.5, 128.5, 129.4, 129.6, 130.8, 130.8, 130.8, 
131.1, 131.2, 131.2, 131.3, 131.3, 131.4, 132.4, 132.5, 133.2, 133.3, 133.4, 134.7, 134.8, 
134.8, 134.8, 135.2, 135.2, 135.3, 137.1, 137.2, 137.2, 137.2, 143.1, 143.1, 143.2, 143.6, 
144.5, 150.5, 150.5, 151.6, 151.7, 151.8, 158.0, 165.6; 31P NMR (DMSO-d6) δ 7.9, 8.0, 8.0, 
8.1, 147.7, 147.8, 147.8; HRMS (ESI) m/z (M+Na): calcd for [C77H77N15NaO12P2]+, 
1488.5249; found, 1488.5261. 
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ĂĜɆ 3-14c 

 
 Compound 3-13c (2.50 g, 2.01 mmol) was dissolved in CH2Cl2 (20 mL). To the solution was 
added diisopropylamine (337 µL, 2.41 mmol), 4.5-dicyanoimidazole (284 mg, 2.41 mmol) 

and 2-cyanoethyl N,N,N′,N′-tetraisopropylphosphorodiamidite (1.28 mL, 4.02 mmol). The 
resulting mixture was stirred at room temperature for 2 h. The reaction mixture was poured 
into EtOAc, and extracted with water twice and washed with sat. NaCl. The organic phase 
was dried over Na2SO4, filtrated and concentrated under reduced pressure. The residue was 
purified by silica gel chromatography using 20% acetone in CHCl3 then 30% MeCN in 
EtOAc and concentrated under reduced pressure. The residue was dissolved in CHCl3 (10 
mL) and added dropwise to n-hexane (200 mL) to afford the compound 3-14c (2.59 g, 89%) 
as white precipitation. 1H NMR (DMSO-d6) δ 0.98-1.22 (m, 12H), 2.03-2.31 (m, 1H), 
2.36-2.60 (m, 1H), 2.68-2.84 (m, 2H), 3.08-3.24 (m, 1H), 3.24-3.40 (m, 2H), 3.44-3.81 (m, 
11H), 4.22-4.45 (m, 3H), 4.45-4.63 (m, 2H), 5.53-5.72 (m, 2H), 5.93-6.10 (m, 1H), 6.13-6.27 
(m, 1H), 6.68-6.83 (m, 5H), 7.04-7.34 (m, 10H), 7.40-7.70 (m, 10H), 7.82-8.00 (m, 4H), 
8.01-8.14 (m, 3H), 8.14-8.25 (m, 1H), 8.64-8.80 (m, 2H), 8.95-9.10 (m, 1H), 11.15-11.40 (m, 
2H); 13C NMR (DMSO-d6) δ 19.8, 19.8, 19.8, 24.2, 24.2, 24.2, 24.2, 24.3, 24.4, 36.7, 36.7, 
36.8, 42.6, 42.8, 54.9, 58.3, 58.4, 60.2, 60.2, 60.3, 63.1, 63.1, 65.4, 65.5, 66.3, 66.3, 72.7, 72.9, 
82.9, 83.0, 83.6, 84.1, 84.4, 85.7, 85.7, 86.6, 96.3, 113.1, 119.0, 123.4, 125.2, 126.0, 126.1, 
126.6, 126.7, 127.2, 127.2, 127.3, 127.7, 128.4, 128.5, 128.5, 129.4, 129.6, 130.8, 131.2, 
131.3, 131.6, 132.5, 132.7, 133.0, 133.2, 133.4, 134.7, 134.7, 134.8, 135.2, 137.1, 137.2, 
143.6, 144.5, 144.6, 144.7, 150.5, 150.5, 151.6, 151.7, 154.3, 154.3, 158.0, 163.2, 165.6, 
167.2; 31P NMR (DMSO-d6) δ 8.1, 8.1, 8.2, 147.7, 147.8, 147.9, 148.1, 148.1, 148.2; HRMS 
(ESI) m/z (M+Na): calcd for [C76H77N13NaO13P2]+, 1464.5137; found, 1464.5142. 
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ĂĜɆ 3-14d 

 
 Compound 3-13d (2.57 g, 2.22 mmol) was dissolved in CH2Cl2 (20 mL). To the solution was 
added diisopropylamine (372 µL, 2.66 mmol), 4.5-dicyanoimidazole (314 mg, 2.66 mmol) 

and 2-cyanoethyl N,N,N′,N′-tetraisopropylphosphorodiamidite (1.41 mL, 4.44 mmol). The 
resulting mixture was stirred at room temperature for 3 h. The reaction mixture was poured 
into EtOAc, and extracted with water twice and washed with sat. NaCl. The organic phase 
was dried over Na2SO4, filtrated and concentrated under reduced pressure. The residue was 
purified by silica gel chromatography using 20% acetone in CHCl3 then 20-30% gradient of 
MeCN in EtOAc and concentrated under reduced pressure. The residue was dissolved in 
CHCl3 (10 mL) and added dropwise to n-pentane (200 mL) to afford the compound 3-14d 
(2.30 g, 76%) as white precipitation. 1H NMR (DMSO-d6) δ 1.02-1.19 (m, 12H), 1.60-1.68 
(m, 3H), 2.12-2.36 (m, 2H), 2.70-2.82 (m, 2H), 3.08-3.20 (m, 1H), 3.44-3.61 (m, 3H), 
3.62-6.79 (m, 8H), 4.10-4.42 (m, 3H), 5.52-5.70 (m, 2H), 5.95-6.08 (m, 1H), 6.17-6.29 (m, 
1H), 6.70-6.86 (m, 5H), 7.08-7.30 (m, 9H), 7.41-7.49 (m, 1H), 7.49-7.61 (m, 6H), 7.61-7.70 
(m, 1H), 7.90-7.99 (m, 2H), 8.02-8.12 (m, 3H), 8.70-8.80 (m, 2H), 8.97-9.07 (m, 1H), 
11.22-11.45 (m, 2H); 13C NMR (DMSO-d6) δ 11.9, 19.7, 19.8, 19.8, 19.8, 24.1, 24.2, 24.3, 
24.3, 24.3, 24.4, 36.7, 36.7, 36.7, 36.7, 37.6, 37.6, 37.7, 37.7, 37.7, 37.8, 37.8, 39.7, 42.6, 42.7, 
55.0, 58.2, 58.4, 60.3, 63.1, 65.6, 65.6, 65.7, 65.8, 65.8, 65.9, 65.9, 66.2, 66.2, 66.3, 66.3, 73.0, 
73.0, 73.0, 73.1, 73.1, 73.2, 73.2, 82.9, 83.0, 83.3, 83.3, 83.6, 84.0, 84.0, 84.1, 84.1, 85.7, 
109.9, 110.0, 110.0, 110.0, 113.1, 119.0, 123.4, 123.4, 125.2, 125.2, 126.0, 126.1, 126.1, 
126.6, 127.2, 127.3, 127.3, 127.5, 127.7, 128.5, 128.5, 129.5, 129.6, 130.8, 130.8, 131.2, 
131.2, 131.3, 131.3, 131.6, 132.5, 133.2, 133.3, 134.7, 134.7, 134.7, 134.8, 135.3, 135.6, 
135.7, 135.8, 135.8, 137.0, 137.1, 137.1, 137.2, 143.6, 144.5, 150.4, 150.5, 151.6, 151.8, 
158.0, 163.6, 165.6; 31P NMR (DMSO-d6) δ 8.1, 8.1, 8.2, 8.2, 147.7, 147.8, 147.9, 147.9; 
HRMS (ESI) m/z (M+Na): calcd for [C70H74N12NaO13P2]+, 1375.4872; found, 1375.4867. 
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ĂĜɆ 3-14e 

 
 Compound 3-13e (1.74 g, 1.40 mmol) was dissolved in CH2Cl2 (10 mL). To the solution was 
added diisopropylamine (237 µL, 1.69 mmol), 4.5-dicyanoimidazole (1.99 mg, 1.69 mmol) 

and 2-cyanoethyl N,N,N′,N′-tetraisopropylphosphorodiamidite (869 µL, 2.82 mmol). The 
resulting mixture was stirred at room temperature for 2 h. The reaction mixture was poured 
into EtOAc, and extracted with water twice and washed with sat. NaCl. The organic phase 
was dried over Na2SO4, filtrated and concentrated under reduced pressure. The residue was 
purified by silica gel chromatography using 20% acetone in CHCl3 then 50-70% gradient of 
MeCN in EtOAc to afford the compound 3-14e 1.63 g, 81%) as white precipitation. 1H NMR 
(DMSO-d6) δ 1.04-1.21 (m, 12H), 2.51-2.65 (m, 1H), 2.72-2.86 (m, 3H), 2.93-3.08 (m, 2H), 
3.27-3.40 (m, 2H), 3.52-3.65 (m, 2H), 3.67-3.84 (m, 8H), 4.22-4.43 (m, 4H), 4.75-4.85 (m, 
1H), 5.47-5.57 (m, 2H), 5.60-5.71 (m, 1H), 6.29-6.36 (m, 1H), 6.47-6.56 (m, 1H), 6.82-6.88 
(m, 4H), 7.12-7.36 (m, 10H), 7.36-7.45 (m, 1H), 7.45-7.57 (m, 7H), 7.60-7.67 (m, 2H), 
7.87-7.96 (m, 2H), 7.98-8.06 (m, 5H), 8.31-8.40 (m, 1H), 8.62-8.70 (m, 2H), 8.94-9.12 (m, 
1H), 11.13-11.42 (m, 2H); 13C NMR (DMSO-d6) δ 19.8, 19.8, 19.9, 24.1, 24.2, 24.3, 24.3, 
24.3, 24.4, 37.4, 37.5, 38.5, 42.6, 42.8, 55.0, 58.4, 58.5, 58.9, 62.2, 65.6, 65.7, 66.1, 66.1, 69.8, 
72.8, 73.0, 73.1, 73.3, 83.1, 84.0, 84.2, 86.2, 86.4, 96.2, 113.2, 119.0, 119.0, 123.4, 123.4, 
125.2, 125.9, 126.0, 126.6, 126.8, 127.2, 127.2, 127.2, 127.7, 127.9, 128.5, 129.4, 129.6, 
129.7, 130.8, 130.8, 131.2, 131.2, 131.3, 131.3, 131.5, 132.4, 132.8, 133.1, 133.2, 133.3, 
134.7, 134.7, 134.8, 134.8, 135.0, 135.3, 137.1, 137.1, 137.2, 137.2, 143.2, 144.3, 145.3, 
150.5, 151.6, 151.8, 154.3, 158.1, 163.3, 165.6, 167.4; 31P NMR (DMSO-d6) δ 7.9, 7.9, 8.0, 
8.0, 147.7; HRMS (ESI) m/z (M+Na): calcd for [C76H77N13NaO13P2]+, 1464.5137; found, 
1464.5140. 
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ĂĜɆ 3-14f 

 
 Compound 3-13f (2.50 g, 2.05 mmol) was dissolved in CH2Cl2 (20 mL). To the solution was 
added diisopropylamine (344 µL, 2.46 mmol), 4.5-dicyanoimidazole (290 mg, 2.46 mmol) 

and 2-cyanoethyl N,N,N′,N′-tetraisopropylphosphorodiamidite (1.27 mL, 4.10 mmol). The 
resulting mixture was stirred at room temperature for 2 h. The reaction mixture was poured 
into EtOAc, and extracted with water twice and washed with sat. NaCl. The organic phase 
was dried over Na2SO4, filtrated and concentrated under reduced pressure. The residue was 
purified by silica gel chromatography using 20% acetone in CHCl3 then 30% MeCN in 
EtOAc and concentrated under reduced pressure. The residue was dissolved in CHCl3 (10 
mL) and added dropwise to n-hexane (200 mL). The precipitation was again dissolved in 
CHCl3 (10 mL) and added dropwise to n-hexane (200 mL) to afford the compound 3-14f 
(2.21 g, 76%) as white precipitation. 1H NMR (DMSO-d6) δ 1.02-1.22 (m, 12H), 2.05-2.30 
(m, 1H), 2.37-2.63 (m, 1H), 2.70-2.94 (m, 3H), 3.02-3.16 (m, 1H), 3.28-3.45 (m, 2H), 
3.47-3.62 (m, 2H), 3.64-3.82 (m, 8H), 4.21-4.65 (m, 5H), 5.54-5.78 (m, 3H), 6.14-6.24 (m, 
1H), 6.32-6.42 (m, 1H), 6.80-6.90 (m, 4H), 7.13-7.38 (m, 11H), 7.41-7.67 (m, 10H), 
7.88-8.20 (m, 8H), 8.35-8.46 (m, 1H), 8.94-9.05 (m, 1H), 11.21-11.42 (m, 2H); 13C NMR 
(DMSO-d6) δ19.8, 19.8, 19.8, 19.9, 24.1, 24.2, 24.2, 24.2, 24.3, 24.4, 38.5, 42.6, 42.8, 54.9, 
58.3, 58.3, 58.4, 58.5, 58.8, 58.9, 62.1, 62.2, 65.4, 65.4, 65.5, 65.6, 66.2, 66.3, 66.3, 72.6, 72.7, 
72.7, 72.8, 72.9, 72.9, 83.0, 83.0, 84.0, 84.3, 86.2, 86.4, 86.5, 86.6, 86.6, 96.2, 113.2, 119.0, 
123.4, 123.4, 125.2, 125.3, 126.1, 126.1, 126.6, 126.7, 126.8, 127.2, 127.2, 127.3, 127.7, 
127.9, 128.4, 128.5, 129.4, 129.6, 129.7, 130.8, 130.8, 131.2, 131.2, 131.3, 131.3, 131.4, 
131.6, 131.7, 132.7, 132.8, 133.1, 133.2, 134.7, 134.7, 134.8, 135.0, 135.3, 137.1, 137.1, 
137.2, 144.2, 144.6, 144.7, 145.3, 154.2, 154.3, 158.1, 158.1, 163.1, 163.3, 167.2, 167.4; 31P 
NMR (DMSO-d6) δ 8.1, 8.1, 8.1, 8.1, 147.8, 147.9, 148.1, 148.2; HRMS (ESI) m/z (M+Na): 
calcd for [C75H77N11NaO14P2]+, 1440.5024; found, 1440.5023. 
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ĂĜɆ 3-14g 

 
 Compound 3-13g (3.39 g, 2.94 mmol) was dissolved in CH2Cl2 (25 mL). To the solution was 
added diisopropylamine (494 µL, 3.53 mmol), 4.5-dicyanoimidazole (416mg, 3.53 mmol) and 

2-cyanoethyl N,N,N′,N′-tetraisopropylphosphorodiamidite (1.74 mL, 5.88 mmol). The 
resulting mixture was stirred at room temperature for 4 h. The reaction mixture was poured 
into EtOAc, and extracted with water twice and washed with sat. NaCl. The organic phase 
was dried over Na2SO4, filtrated and concentrated under reduced pressure. The residue was 
purified by silica gel chromatography using 20% acetone in CHCl3 then 50-70% gradient of 
MeCN in EtOAc to afford the compound 3-14g (3.15 g, 79%) as white foam. 1H NMR 
(DMSO-d6) δ 1.00-1.20 (m, 12H), 1.52-1.60 (m, 3H), 2.50-2.65 (m, 1H), 2.68-2.84 (m, 4H), 
2.90-3.08 (m, 1H), 3.22-3.34 (m, 2H), 3.48-3.84 (m, 10H), 4.20-4.46 (m, 4H), 4.74-4.86 (m, 
1H), 5.45-5.57 (m, 2H), 5.57-5.67 (m, 1H), 6.37-6.45 (m, 1H), 6.47-6.55 (m, 1H), 6.78-6.90 
(m, 4H), 7.12-7.35 (m, 9H), 7.36-7.59 (m, 6H), 7.60-7.68 (m, 2H), 7.86-7.96 (m, 2H), 
7.97-8.07 (m, 3H), 8.60-8.70 (m, 2H), 8.82-8.93 (m, 1H), 11.20-11.26 (m, 1H), 11.39-11.45 
(m, 1H); 13C NMR (DMSO-d6) δ11.9, 19.8, 19.8, 19.9, 24.1, 24.2, 24.3, 24.3, 24.4, 37.2, 37.4, 
37.6, 42.6, 42.8, 55.0, 58.4, 58.5, 59.9, 63.1, 65.6, 65.6, 65.7, 65.7, 66.1, 66.1, 72.8, 73.0, 73.1, 
73.3, 82.2, 84.0, 84.3, 86.0, 109.9, 113.2, 119.0, 119.0, 123.4, 123.4, 125.2, 125.9, 126.0, 
126.6, 126.8, 127.2, 127.2, 127.2, 127.6, 127.9, 128.4, 128.5, 129.4, 129.7, 130.8, 130.8, 
131.1, 131.2, 131.2, 131.2, 131.3, 131.4, 132.4, 133.2, 133.3, 134.7, 134.7, 134.8, 134.8, 
135.1, 135.2, 136.3, 137.1, 137.1, 137.1, 137.2, 143.1, 143.2, 143.2, 144.5, 150.4, 150.5, 
151.6, 151.8, 158.1, 158.2, 163.7, 165.6, 165.6;  31P NMR (DMSO-d6) δ 7.9 8.0, 8.1, 147.7, 
147.8; HRMS (ESI) m/z (M+Na): calcd for [C70H74N12NaO13P2]+, 1375.4872; found, 
1375.4869. 
 

  

N
N

N
NHBz

N
O

O

O
PO

NN
N

O
DMTrO

O

PN O CN

N
NH

O

O



 137 

˩ȹ�ĿǓɡ̢  
 
˩ȹɡ̢ 

1. Base Pair Recognition of Alpha-deoxyribonucleosides with Unmodified Nucleobase and 

8-Oxo-adenine in Antiparallel DNA Triplex. �Takeshi Inde, Yoshiaki Masaki, Mitsuo Sekine, Kohji 

Seio. The 43rd International Symposium on Nucleic Acids Chemistry, ɃǯŉŚ, 2016. 9. 2-29 (�g

m�ɜˉ). 

2. Łľ̗�q�ɏÎ͇!L)rX[e^Rye�Oǩ$KX�bw]�Xot6Ĝƪ1Ơ

˳�ĈéÑƝ��£ŴǏ¦�¹˂Ø�ɅŰɢǛ�čð˲¯�ŢȏÁƋ�ȎǬƩǞ�̨ǼÜ̳

ȮŰƈƝ� ǙǯĂŚʆ 97ĳǝřƂº�ƩƞʧłŉŚ� Ǚĝ[��|g� 2017.3.16–19. (ē͂

ɜˉ) 

3. Synthesis of oligodeoxyribonucleotides containing 2-N-heteroarylguanine residues and their effect 

on higher-order structure stability. �Takeshi Inde, Yoshiaki Masaki, Atsuya Maruyama, Yu Ito, 

Naoaki Makio, Yuya Miyatake, Takahito Tomori, Mitsuo Sekine and Kohji Seio. The 44th 

International Symposium on Nucleic Acids Chemistry & The 1st Annual Meeting of Japan Society of 

Nucleic Acids Chemistry, ǵɎɵŉŚ� ʾ͇[��|g�2017. 11. 14-16. (ē͂ɜˉ) 

4. α—����
	������������	���������
��ļ�̝̣Əƪ

ʯ1Łľ˫ïʯ ��ĈéÑƝ�ȎǬƩǞ�ŢȏÁƋ�̨ǼÜ̳�ȮŰƈƝ� ǙǯĂŚʆ 98

ĳǝřƂº�ǙǯŉŚ� ʶȊ[��|g� 2018.3.20–23. (ē͂ɜˉ§ş) 

 

ĿǓɡ̢ 

1. Synthesis of oligonucleotides containing 2-N-heteroarylguanine residues and their effect on 

duplex/triplex stability. Takeshi Inde, Yoshiaki Masaki, Atsuya Maruyama, Yu Ito, Naoaki Makio, 

Yuya miyatake, Takahito Tomori, Mitsuo Sekine and Kohji Seio. Org. Biomol. Chem. 2017, 15, 

8371–8383. 

 
  



 138 

˪́  
 

� ǯɬɽO˅�4�)J�ǟ4Ċ"��ǟ4ǣ��ƗƺŬƔ̼ǈO—��ɬɽĬŚFɬɽʩ

1"/�K>�Ŕ321/Eň�6�1Oǎ2/�!�A")�ǯŚɐĨɎŹŚɬɽɵ� ê

ŖɐĨɵŚūǌ� ȮŰƈƝæǎƽ4ƛHJƦ˪�)"A$ 

 

� ſ4ǩɟ3Ɨþ˖O�)*��ćŅ͒Ƃǟ6ɗŚ4-�/Eůú"/�!�A")�ǯŚ�

̨ǼÜ̳ğˠǎƽ4ƛHJƦ˪�)"A$ 

 

� ǯɬɽ6ʖ̗4ȱ,/˲̝3þ˖O"/—��ȅ�3̻0˒˺43,/Ǌ2/�!�A"

)�ǯŚɐĨɎŹŚɬɽɵ� êŖɐĨɵŚūǌ� ȎǬƩǞþǎ4ƛHJƦ˪�)"A$ 

 

� ʏĂŚ6ū̥Ť6ʁŀ�Iȅ�3þ˖O�!�A")�ǯŚɐĨɎŹŚɬɽɵ� êŖɐĨ

ɵŚūǌ� ȵȩʻĪǎƽ4ȫ�Ʀ˪�)"A$ 

 

� ɴ6ćŅ̎ɺµõ7̨Ǽɬɽšþǎ1"/�A)ɉʁ!L)ƔE˒˺43,/þ˖O�!

�A")�ǯŚɐĨɎŹŚɬɽɵ� êŖɐĨɵŚūǌ� ŉʀʂŨæǎƽ4ƛHJƦ˪�)"

A$ 

 

� ACLS 6ȦĀFǙ�6òȻɝ3rSgYpe��Ỏ"/ɴ6ćŅ˦ɺOHJȫ�ÚŠ"
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