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! UNVWNXYZ|}~�|̂ N���^N����1$%hO#X/0�

X;��&bI��Eh�����/01�S����|���|��|��

}��~UN�*������1Y>&����I(� ¡|O#X/01$

%S��W¢�N|£¤¥"¦|§¨|NMW"¦b'©ª¥"¦&«¬­®

(¯°¨±²HI³®�´J.1  ����²³|$%hO#X/0&µH­®

(¯°¨±�¶R&·���¸�¸¹�GºTJ»|¼>Z½¾1¯°¨±1

¿À����b'©��1Y>&bI�Á&ÂÃS­®�´J� 

! Ä1ÂÃÅGÆÇT(op1È�S��|)*+,$%GHIJO#X/0

123ÉÊ²ËÌ®�´J�Ä®Í�|NADH ÎÏR��( Hantzsch KLM

NGO#PQRS��HI|ÐÑ^~���¤Nu�Ò��G$%S��HI

(ÄS�¯°¨±GHI�IO#X²iÓ­®�´J.2  2004 ?|List ³�Ð

Ñ^~�$%&'( Hantzsch KLMNGO#PQRS�J!,"-ÔÕÖUNV

WNXYZ1O#X/0G×Ø��I((Scheme 1).3  5 mol%1¥Ù�¥N^

�qW"¦Úu�NÛª^ÜMÝÚ(1)Þßàáâ&�!,"-ÔÕÖ^N_`a 3

1 HantzschKLMN 2a&'( 1,4-O#X²ãË�|^N_`a 4Gäå 94%

�æ�I(�E/01çUWè¦� Scheme 2 &º�J'é&êë­®�I(�

$% 1S^N_`a 3�³1}~W"¦}Û� A1ì>&íI� HantzschK

LMN 2a�³ A¾1O#°î²ïÄ�|}~W"¦}Û� B²ì>­®(�  

 

 

 

 

Scheme 1. Organocatalytic hydrogenation of !,"-unsaturated aldehyde 3.   
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Scheme 2. Proposed reaction mechanism for the organocatalytic hydrogenati- 

on of !,"-unsaturated aldehyde 3.   

 

}~W"¦}Û�B1ðO+m&'�|^N_`a4b'©$%1²¼>T(� 

! Rueping³�|�¤Nu�Ò 6 ² HantzschKLMN 2a GO#PQRS�J

�ñ~� 71O#X/0G$%�|̂ ~� 8Gòó�äåb'©ôRõö�� 

 

 

 

 

 

 

Scheme 3. Organocatalytic hydrogenation of ketimine 7. 



 4 

 

 

 

 

 

 

 

 

 

Scheme 4. Proposed reaction mechanism of the organocatalytic transfer 

hydrogenation of ketimine 7.   

 

Q÷(ÄSG×Ø�J(Scheme 3).4  E/0� Scheme 4&º�JçUWè¦�

ãËT(Sêë­®�I(�$% 6&'(�ñ~� 71øªÚ�X&'�}~

W"¦}Û� C ²¼>T(�íI� HantzschKLMN 2a �³ C ¾1O#°

î²ïÄ�|}~� 8 b'©ùu¥W"¦ú D ²¼>T(�ùu¥W"¦ú

D �øªÚ�°îGïÄ�|$% 6 S Hantzschùu¥� 5 GQ÷(�E$%

/0ûLM¦��üu�1$%hO#X/0&·��ý)þ��((Scheme 

5).5  2 mol%1�¤Nu�Ò 9b'©HantzschKLMN 2a1Þßà&��üu

� 101O#X/0²ãË�|MÚ¤`aª�üu� 11Gÿäå��ÿôRõ

öh&æ�I(�Ä1'é�)*+,$%S NADH ÎÏRGO#PQR&H

IJO#X/0�|!,"-ÔÕÖUNVWNXYZ|}~�|�üu�!"R1

O#X&bI�)þ���|#$&ÉÊ²%2­®�´J.2  Connon³�+, 
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Scheme 5. Organocatalytic hydrogenation of quinoline 10.   

 

&&W'ñ�^~a()G)T(ñÛ"*^$%GHIJ 1,2-¥�Ú�1O

#X/0G×Ø��I((Scheme 6).6  20 mol%1ñÛ"*^$% 12|1.1+,

1 Na2S2O4b'© 1.4+,1 Na2CO3Þßà&� 1,2-¥�Ú� 13 1O#X/0

²ãË�|!-`aª�û�Ú� 14²äå 96%�æ³®J�E/0��|$%

&-Í®(W'ñ�^~a()²/0r½� Na2S2O4 &'�./­®�¥`

aªùu¥�S��|O#PQRS��*�T(S0÷³®�I(�����

²³|1�X­®�I�I�Ú��^N_`a1O#X/0�234>­®�

I�I� 

 

 

 

 

 

 

Scheme 6. Organocatalytic hydrogenation of 1,2-diketones 13.   
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! È5|+,6O#GO#7S�JO#X/0S��|8ÿI LewisÒS8ÿ

I Lewisú�19:YÌ;��(”frustrated Lewis pairs (FLPs)”G)*+,$%

S�J/0r²<A­®�I(.7  2006?|Stephan³�+,&&8ÿI Lewis

ÒS8ÿILewisú�G)T(!L�=üV¤� 15²+,6O#G1�X�|

!L!W"¦V*ÝÚ 16 ²¼>T(ÄSG>?�J(Scheme 7a).8  16 �ÚN

K�½ 100 ˚C&�+,6O#G@?�|15GA¼T(�ÍJ|+,B�18

ÿI Lewis ÒS8ÿI Lewis ú�19:YÌ;ý+,6O#G1�XT(

(Scheme 7b).9  Ä®³1C>&�D´| Stephan³�!L!W"¦V*ÝÚ 16

²}~�1O#X/0G$%T(ÄSG>?�|×Ø��I((Scheme 8).10  5 

mol%1 16 Þßà 1EF1O#GLHIEà 80 ˚C&�}~� 19 1O#X/

0²ãË�|̂ ~� 20Gäå 79%�æ�I(�E/01çUWè¦� Scheme 

9&º�J'é&JK­®�I(�$% 16&'(}~� 191øªÚ�X&í

I�O#°î²ïÄ�|½BR F²¼>T(�F1mL&'M�^~� 20S

!L�=üV¤� 15²¼>�|15&'(+,6O#11�X&'M�$% 16

²A¼T(� 

 

 

 

 

 

 

Scheme 7.  a) Activation of molecular hydrogen with phosphino-borane 15. 

b) Activation of molecular hydrogen with PR3 and B(C6F5)3.   
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Scheme 8.  Catalytic hydrogenation of imine 19 using phosphonium borate 16.   

 

 

 

 

 

 

 

 

 

Scheme 9.  Proposed reaction mechanism of the catalytic hydrogenation of imine 19 

using phosphonium borate 16.   

 

! Ä1×ØNO|FLPs�}~�,11KP~�,11a,b,f,i,jûuNKüÝNKÝMN,11e,12 

^N��,11f,h,j,13 �üu�,11i,j,14 b'©QRSTUVXO#XYZ 15 1O#X

/0G$%T(ÄS²W³�S­®�I((Scheme 10)�!L!W"¦V*ÝÚ

21 �KP~� 22 1O#XG$%�|AhST(^~� 23 Gë,h&Q÷(

(Scheme 10a)�B(C6F5)3S8ÿI!L�=���( 1,8-diphenylphosphinonaphtha- 

lene, P(1-naphthyl)3, b'© PPh2(C6F5)�³>( FLPs �|ûuNKüÝNKÝ
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MN 24|̂ N�� 26|b'©^�Ú¤Ü� 281$%hO#X&·��)þ�

�((Schemes 10b, 10c, and 10d)�ÍJ|5 mol%1 B(C6F5)3ÞßàO#GLHI

Eà&�}~� 19b'©^Xu¥�(30)1O#X/0²ãË�|^~� 20b 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 10.  Typical examples of the catalytic hydrogenation of unsaturated 

compounds using FLP catalysts.   
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'© 9,10-¥`aª^Xu¥�(31)²äå 89%b'© 80%�Y®Z®æ³®(

ÄS²×Ø­®�I((Schemes 10e and 10f)�Ä®³1/0��8ÿI[.�

G)T(}~� 19 ÍJ�^Xu¥�(30)S B(C6F5)3&'( FLPs ²ì>­®|

Ä1 FLPs&'(+,6O#11�X²ïÄ(ÄS�$%hO#X/0²\ã

T(S0÷³®�I(� 

! 2014?|Stephanb'© Ashley³&'� FLPsG$%S�JUNVWNXY

Z1O#X/0²×Ø­®J(Schemes 11 and 12).16  Stephan³�|B(C6F5)3²

O#GLHIEà¥KñNKÝMN½&��Ú�32b'©^N_`a341$

%hO#X/0G$%�|·0T(^N'ÝN 33b'© 35GQ÷(ÄSG×

Ø��I((Scheme 11).16a  ���|E/0r�ÿIO#FG]�S�|�^_

H`IýabU�Ú�&cë­®�I(�ÍJ|̂ N_`a1/0� 1d1:

��(�È5|Ashley³� B(C6F5)3²O#GLHIEà 1,4-¥Û�e�½&�

�Ú� 32 b'©^N_`a 36 1O#X/0G$%�|·0T(^N'ÝN

33b'© 37GQ÷(ÄSG×Ø��I((Scheme 12).16b  E/0r��|/0 

 

 

 

 

 

 

Scheme 11.  Hydrogenation of carbonyl compounds using B(C6F5)3 and Et2O under 

H2.  a) Hydrogenation of ketones 32.  b) Hydrogenation of cyclohexanecarbaldehy- 

de (34).   
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�^²abU�Ú�Sf,ÔgÍJ�ôRh&8ÿISTU�Ú�b'©^

N_`a&cë­®�I(�Stephanb'© Ashley³&'M�×Ø­®J/0

1çUWè¦� Scheme 13&º�J'é&hë­®�I(�i%��(¥Kñ

NKÝMNÍJ� 1,4-¥Û�e�S B(C6F5)3² FLPs S��+,6O#G1�

X�|V*ÝÚú 38²¼>T((Scheme 13a)��Ú� 321O#X/0��|

i%Ö­®JøªÚ�²UNVWN�G1�X�|38 &'(O#X²ïÄ(

(Scheme 13b)�^N_`a 34 ÍJ� 36 1O#X/01jY|Ík 38 S^N

_`a 34ÍJ� 361/0&'M� 39²æ³®(�39�øªÚ�°îGïÄ

�|^N'ÝN 35ÍJ� 37GQ÷(� 

 

 

 

 

 

 

 

 

 

 

Scheme 12.  Hydrogenation of carbonyl compounds with B(C6F5)3 and 1,4-dioxane 

under H2.  a) Hydrogenation of ketones 32.  b) Hydrogenation of aldehydes 36. 
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Scheme 13. a) Activation of molecular hydrogen with ether and B(C6F5)3.  b) Propo- 

sed mechanism of hydrogenation of ketones 32.  c) Proposed mechanisms of hydrog- 

enation of aldehydes 34 and 36.   

 

! FLPs G)*+,$%S��HIJO#X/0ûLM¦�lm�ÔÕÖXY

Z1O#X/0&·T()þ�²º­®�´J²|UNVWNXYZ1O#X

/0¾1%2�nopqËÌ®J¸�����|23r+&4>­®�I�I� 

! ÄÄÍ�stJl&|Ä®Í�)*+,$%&'(ÔÕÖXYZ1O#X/

0�|ÐÑ^~�$%��¤Nu�Ò$%|ñÛ"*^$%&'(/0�^1

1�X|ÍJ� FLPs&'(+,6O#11�XGu(/0ûLM¦&'�i

Ó­®�´J²|UNVWNXYZ1O#X/0�r+&4>­®�I�I�

Y1�|Ä1mvpGw(J»&|¼R&&bc(UNVWNXYZ1O#X

/0ûLM¦&xA�J�¼R&&bI��|UNVWNXYZ1O#X/0
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� NADH� NADPH(Figure 1-1)GO#P

QRS�Jy#/0&'�ËÌ®�I

(.17  d÷¸|^N'ÝN3yøªÜL

&bI�|^ÜÚ^N_`a�^N'Ý

N_`aªzPÝ{S NADH &'M�

O#X­®K|üÝN¾S-.­®(�

Ä1O#X/0&bI��|^N'ÝN

_`aªzPÝ{&-Í®(Ð}1~�² Lewis ÒS��UNVWN�G1

�XT(ÄS� NADH &'(O#X/0G\ãT(S0÷³®�I(

(Scheme 14)� 

 

 

 

 

 

 

Scheme 14. Hydrogenation of acetaldehyde with alcohol dehydrogenase and NADH.   

 

! YÄ����|_�� LewisÒ$%&'�UNVWN�G1�X�|NADH

ÎÏRG�H­;(ÄS�|Ä®Í�����MJ)*+,$%&'(UNV

WNXYZ1O#X/0GiÓ�´(1���I�S0÷J�YÄ�|E;)

D��� Lewis Ò$%S��!"#$%GHI|O#PQRS�� Hantzsch

KLMNGHIJUNVWNXYZ1O#X/0123&�I��T� 
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E;)D��|CD|F 16|F 26|b'©xy�³l>­®(�  

FÈ6��|!"#$%GHIJ Hantzsch KLMNGO#PQRST(UN

VWNXYZ1O#X/0&�I�st(� 

FÐ6��|!"#$%GHIJ Hantzsch KLMNGO#PQRST(^N

_`a1O#X/01$%/0*lmn�I��sT(� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 14 

�0�� 

 

(1) (a) Nishimura, S. Handbook of Heterogeneous Hydrogenation for Organic 

Synthesis, Wiley-Interscience 2001; (b) De Vries, J. G.; Elsevier, D. J. The Handbook 

of Homogeneous Hydrogenation, WILEY-VCH, Weinheim, 2007.   

(2) (a) Adolfsson, H. Angew. Chem. Int. Ed. 2005, 44, 3340-3342; (b) Connon, S. J. 

Org. Biomol. Chem. 2007, 5, 3407-3417; (c) You, S.-L. Chem. Asian. J. 2007, 2, 

820-827; (d) Johannes, G. D. V.; Nata#a, M. Catal. Sci. Technol. 2011, 1, 727-735; (e) 

Rueping, M.; Dufour, J.; Schoepke, F. R. Green. Chem. 2011, 13, 1084-1105; (f) 

Zheng, C.; You, S.-L. Chem. Soc. Rev. 2012, 41, 2498-2518.   

(3) Yang, J. W.; Fonseca, M. T. H.; List, B. Angew. Chem. Int. Ed. 2004, 43, 

6660-6662.   

(4) Rueping, M.; Sugiono, E.; Azap, C.; Theissmann, T.; Bolte, M. Org. Lett. 2005, 7, 

3781-3783.   

(5) Rueping, M.; Antonchick, A. P.; Theissmann, T. Angew. Chem. Int. Ed. 2006, 45, 

3683-3686.   

(6) Procuranti, B.; Connon, S. J. Chem. Commun. 2007, 1421-1423.   

(7) (a) Stephan, D. W.; Erker, G.; Angew. Chem. Int. Ed. 2010, 49, 46-76; (b) 

Frustrated Lewis Pairs I, Uncovering and Understanding; Erker, G.; Stephan, D. W.; 

Eds.; Topics in Current Chemistry 332; Springer: Heidelberg, Germany, 2013; (c) 

Frustrated Lewis Pairs II, Expanding the Scope; Erker, G.; Stephan, D. W. Eds.; 

Topics in Current Chemistry 334; Springer: Heidelberg, Germany, 2013.   

(8) Welch, G. C.; San Juan, R. R.; Masuda, J. D.; Stephan, D. W. Science 2006, 314, 



 15 

1124-1126.   

(9) Welch, G. C.; Stephan, D. W. J. Am. Chem. Soc. 2007, 129, 1880-1881.   

(10) Chase, P. A.; Welch, G. C.; Jurca, T.; Stephan, D. W. Angew. Chem. Int. Ed. 2007, 

46, 8050-8053.   

(11) a) Spies, P.; Schwendemann, S.; Lange, S.; Kehr, G.; Fröhlich, R.; Erker, G. 

Angew. Chem. Int. Ed. 2008, 47, 7543-7546; b) Sumerin, V.; Schulz, F.; Atsumi, M.; 

Wang, C.; Nieger, M.; Leskelä, M.; Repo, T.; Pyykkö, P.; Rieger, B. J. Am. Chem. Soc. 

2008, 130, 14117-14119; c) Chen, D.; Klankermayer, J.; Chem. Commun. 2008, 

2130-2131; d) Jiang, C.; Blacque, O.; Berke, H.; Chem .Commun. 2009, 5518-5520; 

e) Axenov, K. V.; Kehr, G.; Fröhlich, R.; Erker, G. J. Am. Chem. Soc. 2009, 131, 

3454-3455; f) Er$s, G.; Mehdi, H.; Pápai, I.; Rokob, T. A.; Király, P.; Tárkányi, G.; 

Soós, T. Angew. Chem. Int. Ed. 2010, 49, 6559-6563; g) Chen, D.; Wang, Y.; 

Klankermayer, J. Angew. Chem. Int. Ed. 2010, 49, 9475-9478; h) Reddy, J. S.; Xu, 

B.-H.; Mahdi, T.; Fröhlich, R.; Kehr, G.; Stephan, D. W.; Erker, G. Organometallics 

2012, 31, 5638-5649; i) Farrell, J. M.; Hatnean, J. A.; Stephan, D. W. J. Am. Chem. 

Soc. 2012, 134, 15728-15731; j) Er$s, G.; Nagy, K.; Mehdi, H.; Pápai, I,; Nagy, P.; 

Király, P.; Tárkányi, G.; Soós, T. Chem. Eur. J. 2012, 18, 574-585.   

(12) Wang, H.; Fröhlich, R.; Kehr, G.; Erker, G.; Chem. Commun. 2008, 5966-5968.   

(13) a) Greb, L.; Oña-Burgos, P.; Schirmer, B.; Grimme, S.; Stephan, D. W.; Paradies, 

J. Angew. Chem. Int. Ed. 2012, 51, 10164-10168; b) Inés, B.; Palomas, D.; Holle, S.; 

Steinberg, S.; Nicasio, J. A.; Alcarazo, M. Angew. Chem. Int. Ed. 2012, 51, 

12367-12369; c) Greb, L.; Daniliuc, C.-G.; Bergander, K.; Paradies, J. Angew. Chem. 

Int. Ed. 2013, 52, 5876-5879; d) Hounjet, L. J.; Bannwarth, C.; Garon, C. N.; Caputo, 



 16 

C. B.; Grimme, S.; Stephan, D. W. Angew. Chem. Int. Ed. 2013, 52, 7492-7495.   

(14) Geier, S. J.; Chase, P. A.; Stephan, D. W. Chem. Commun. 2010, 46, 4884-4886.   

(15) Segawa, Y.; Stephan, D. W. Chem. Commun. 2012, 48, 11963-11965. 

(16) (a) Mahdi, T.; Stephan, D. W. J. Am. Chem. Soc. 2014, 136, 15809-15812; (b) 

Scott, D. J.; Fuchter, M. J.; Ashley, A. E. J. Am. Chem. Soc. 2014, 136, 15813-15816.   

(17) Voet, D.; Voet, J. G.; Pratt, C. W. Fundamentals of Biochemistry, John Wiley � 

Songs 1999.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 17 

 

 

 

 

 

 

 

 

 

F�6  

 

!"#$%GHIJ HantzschKLMNG  

O#PQRST(UNVWNXYZ1O#X/0  

 
 

 

 

 

 

 

 

Hamasaka, G.; Tsuji, H.; Uozumi, Y. Synlett 2015, 26, 2037-2041 

 

 

 

 

 

 

 

 

 



 18 

F�[ ! \]  

 

! CD�stJ'é&|���_�� LewisÒ$%GHI|NADHÎÏRGO

#PQRST(ÄS�)*+,$%&'(UNVWNXYZ1O#X/0²

iÓT(1���I�S0÷J����|LewisÒ$%S��)*!"#XY

Z&<A�J� 

! )*!"#XYZ�|!"#½�1 LewisÒ�G1HT(ÄS�lm�+,

-./0&bI�$%S��HI³®�´J.1  Á&|ÚuL(��|�NÛª

��WN)V¤�(B(C6F5)3)�|lm�+,-./01$%S��HI³®�I

(.2  1993 ?|Yamamoto ³� B(C6F5)3G$%&HIJ)*+,-./0G�

»�×Ø�J(Scheme 1-1).3  $%,1 B(C6F5)3 1Þßà|Ù�è^N_`a

(36a)SûuNKüÝNKÝMN 401��^NaÝN/0²ãË�|·0T(

�-`aª�û�Ú� 41 Gòó�äå�Q÷(ÄSG×Ø��I(�ÍJ|

B(C6F5)3�Ù�è^N_`a(36a)S^uNû¤� 421w>-��^uNX/0

1$%S��ý)þ��((Scheme 1-2).4  Ä®³1/0�|B(C6F5)3&'(Ù

�è^N_`a(36a)1UNVWN�11�X&íoûuNKüÝNKÝMN

40ÍJ�^uNû¤� 42S1/0&'�ãË��I(S�ê­®(� 

 

 

 

 

 

Scheme 1-1. B(C6F5)3-catalyzed Mukaiyama aldol reaction and Michael addition. 
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Scheme 1-2. B(C6F5)3-catalyzed Hosomi-Sakurai allylation.   

 

N�1ÄS�³���|B(C6F5)31'é& 3�1f,Ôg�STRGý�!"

#XYZ²|)*+,$%S��UNVWN�11�XG]�ST(+,-.

/0&_��I(S0÷J� 

! YÄ�|��� B(C6F5)31l& 3�1f,Ôg�STRGý�)*!"#X

YZG)*+,$%S��HI NADH ÎÏRGO#PQRST(ÄS�|U

NVWNXYZ1$%hO#X/0123GËéÄSS�J� 

! NàF 2 [��!"#$%GHIJ^N_`a1O#X/0&bc(/0

defg&�I�st(�F 3[��lm�UNVWNXYZ1$%hO#X

/01fg&�I��sT(� 
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F 2[! !"#$%GHIJ^N_`a1O#X/0&bc(/0de 

fg 

 

! !"#$%1Þßà NADH ÎÏR&'(ûXª��e�UNV�û^N_

`a(34a)1O#X/0&bI�|/0defgGi��J(Table 1-1).  NADH

ÎÏRS�� Hantzsch KLMN 2a5Gõë�|$%,1ÚuL(��|�NÛ

ª��WN)V¤�(B(C6F5)3)1Þßà|ûXª��e�UNV�û^N_`a

(34a)1O#X/0GËMJSÄ�|Ah1ûXª��e�ç|üÝN (35a)²

äå 28%�æ³®J(Entry 1).  ­³�(äå1��GA��|B(C6F5)3'�ý

�I Lewis Ò�G)T(!"#$%GHI�/0G�:(ÄSS�J�pq|

Ashley ³�ÚuL[3,5-�L(Úu�NÛªçñN��WN)V¤�(44)6a GY>

�|Ä1!"#XYZ 44 ² B(C6F5)3'��I LewisÒ�G)T(ÄSG×Ø

��I(�YÄ�|!"#$%S��V¤� 44Gõë�|1.5+,1 Hantzsch

KLMN 2aÞßà 60 ˚C&� 34a1O#X/0GËMJSÄ�|�hXYZ

��( 35a1äå² 70%¾S���J�È5| BF3•OEt2GV¤�$%S��

/0Gi��JjY|35a 1äå�Ìk� 2%��MJ(Entry 3)�ÍJ|BEt3

b'© BPh3GV¤�$%S��HI 4a1O#X/0G�:J²|Ah1/0

�ãË���MJ (Entries 4 and 5)�B&|NADHÎÏRb'©Y1�1O#

PQR1fgGËMJ(Entry 6-16)�Tert-�ñN�G)T( Hantzsch KLMN

2b GO#PQRS��/0GËMJSÄ�|AhZ1äå² 46%¾S à�

J(Entry 6)�N-Ù�¥N-1,4-¥`aªW'ñ�^~a(45)7GHIJjY|Ah

1/0�¡oãË���MJ(Entry 7)�1,2-¥`aª��P�Úu¥�(46)8G

HI�/0Gi��JSÄ�|Ah1^N'ÝN²äå 13%�æ³®J(Entry  
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Table 1-1. Screening of borane catalysts, hydrogen donors, and solvents 
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8)�9,10-¥`aª^Xu¥�(31)9 b'© 9,10-¥`aª-10-çñN^Xu¥�

(47)9 GHIJjY&bI�ý|Ah1^N'ÝN� äå���æ³®��

MJ(entries 9 and 10)�ÍJ|NADHÎÏRN¢1O#PQR1fgýËMJ�

£Ò|£ÒPÚu"¦|£Ò^�qW"¦|1,4-ûXª��e¥K�GO#P

QRS��HIJjY|Ah1/0�¡oãË���MJ(Entry 11-14)�}¤

øªùN^N'ÝN1Þßà&�/0Gi��J²|Ah1^N'ÝN 35a

�äå 12%��æ³®��MJ(Entry 15)�O#PQRS��`aª�ü��

`a¤¥�GHI�/0G�:J²|AhZ�æ³®��MJ(Entries 16 and 

17)�ÍJ|10EF1O#GLHIEà&bI�ý/0�ãË���MJ(Entry 

18)�B&|/0i%1fgGi��J(Entry 19-25)�Y1x¥|1,4-¥Û�e

�²i%S��_��b�|AhST(^N'ÝN 35a Gäå 78%�æJ

(Entry 20)�p¦h&�|5 mol%1V¤� 44b'© 1.5+, HantzschKLMN

2a1Þßà 100 ˚C&� 34a1O#X/0GËéÄS�|35a²äå 97%�æ

³®J(Entry 26).   
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F 3[! UNVWNXYZ1$%hO#X/01fg 

 

! $%,1V¤�44b'©1.5+,1HantzschKLMN2a1Þßà&�|lm

�abU^N_`a 341O#X/0Gi��J(Scheme 1-3)�ûXª��|�

UNV^N_`a(34b)1$%hO#X/0G 1,4-¥Û�e�½ 100 ˚C&�Ë

MJSÄ�|ûXª��|�ç|üÝN(35b)²äå 78%�æ³®J�§¨6

1abU^N_`a 34c, 34d, 34e, b'© 34f1$%hO#X/0²þåh&

ãË�|^N'ÝN 35c, 35d, 35e, b'© 35fGY®Z®äå 71%, 82%, 80%, 

b'© 81%�Q÷J�10-"�_ÜPÝN(34g)1O#X/0�©ªÛ*�=�

1./²ïÄ(ÄS�o^N_`a1:õöh&./²ãË�|òó�äå�

�hXYZ²æ³®J�ôRh&8ÿIabU^N_`a 34hb'© 34iG� 

 

 

 

 

 

 

 

 

 

Scheme 1-3. Scope of aliphatic aldehydes.  a)The yields were determined by GC 

analysis using an internal standard (biphenyl or mesitylene).  b) Determined by 1H 

NMR analysis using an internal standard (Cl2CHCHCl2).   
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^S��HIJSÄ�|̂ N'ÝN 35hb'© 35i²äå 88%b'© 70%�æ

³®J� 

! B&|STU^N_`a 361$%hO#X/0Gi��J(Scheme 1-4).  V

¤� 44�Ù�è^N_`a(36a)1O#X/0G 25 ˚C�$%�|Ù�¥N^

N'ÝN(37a)Gë,h&Q÷J�Ù�{�R�&f,PQ�(36b, c, d, e)b' 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1-4. Scope of aromatic aldehydes.  a) The yields were determined by GC 

analysis using an internal standard (biphenyl or mesitylene). b) Determined by 1H 

NMR analysis using an internal standard (Cl2CHCHCl2).   
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©f,«¬�(36f, g, h)[.�G)T(Ù�è^N_`a1O#X/0²ãË

�|·0T(Ù�¥N^N'ÝN(37b-h)² 92-100%1äå�æ³®J�­ªz

�®,G-¯Ù�è^N_`a1O#X/0ýþåh&ãË�J(37i-l)�EO

#X/0de&bI��|�Ú�|KLMN|b'©©ªÛ*�=�1./�

ïÄ³k|^N_`a1O#X1:²õöh&ãË�J (36m-o)�4-��WN

Ù�è^N_`a(36p), 2-P�ñN^N_`a (36q)|1-P�ñN^N_`a

(36r)|b'©ÛNÚÚuN^N_`a(36s)1O#X/0ýÍJë,h&ãË

�J(37p-s)�2-ñÛ���UNV^N_`a(36t)b'©�N�¤ÝN(36u)1O

#X/0��^N'ÝN 37tb'© 37uGë,h&Q÷J�4-ùu¥�UNV

^N_`a(36v)b'© 2-ùu¥�UNV^N_`a(37w)1O#X/0G 25 

˚C �i��J²|AhST(^N'ÝN�æ³®��MJ�YÄ�|/0â

@G 100 ˚C&�/0Gi��JSÄ�|/0²ãË�|4-ùu¥�ç|üÝN

(37v)b'© 2-ùu¥�ç|üÝN(37w)GY®Z®äå 28%b'© 33%�æJ�

4-ùu¥�UNV^N_`a(36v)b'© 2-ùu¥�UNV^N_`a(37w)1

O#X/0&bI��|ùu¥�R1°#®,1!"#¾1±)²$%/01

ãËG²³�I(Sh´��I(�}�aÝN-2-UNV^N_`a(36x)1O

#X/0� 25 ˚C �ãË�|}�aÝN-2-ç|üÝN(37x)Gäå 91%�Q÷

J� 

! B&|V¤� 44 G$%S��|HantzschKLMN 2a GO#PQR&HI|

^ÜÚ��ü�(32a)1O#X/0G�:J(Table 1-2)�5 mol%1V¤� 44b

'© 1.5+,1 HantzschKLMN 2a1Þßà|^ÜÚ��ü�(32a)1O#X

/0Gáâ� 12µBËMJ(Entry 1)����|Ah1 1-��WNK|üÝN

(33a)�æ³®��MJ�/0â@G 60 ˚C&�JSÄ�|Ah1O#X/0 
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Table 1-2. Hydrogenation of acetophenone (32a). 

 

 

 

 

 

 

 

 

²ãË�|1-��WNK|üÝN(33a)Gäå 48%�æJ(Entry 2)�­³&|/

0â@G 100 ˚CÍ��¶­;O#XGËMJ²|�hXYZ 33a 1äå�·

¸���MJ(Entry 3)�YÄ�|$%,G 10 mol%¾S¹�� 60 ˚C&�/0

G�:J²|33a1äå������MJ(Entry 4)� 

! B&|º�(�^_H`I1»¼GA��|KLMNb'©^~a1O#X

/0Gi��J(Scheme 1-5)�5 mol%1V¤� 44b'© 1.5+,1 Hantzsch 

 

 

 

 

 

 

Scheme 1-5. Hydrogenation of methyl benzoate (48) and N,N-dimethylbenzamide 

(49).   
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KLMN 2a 1Þßà|½¾TÒçñN(48)b'© N,N-¥çñNÙ�è^~a

(49)1O#X/0G 100 "C� 12µBËMJ�����²³|Ah1O#X/

0�/0â@ 100 ˚CSIédeà&bI�ý¡oãË���MJ� 

! B&|¿,�-ÔÕÖUNVWNXYZ1O#X/0G�:J(Schemes 1-6 and 

1-7)�5 mol%1V¤� 44b'© 1.5+,1 HantzschKLMN 2a1Þßà|û

�P~N^N_`a(50)1O#X/0Gáâ� 12µBËMJ(Scheme 1-6)�1,4-

O#X²õöh&ãË�|3-��WN-1-øª£PÝN(34f)²äå 45%�æ³®

J�ÍJ|/0r½�¼>�J 34f1O#X/0ýãË�|3-��WN-1-øª

£üÝN(51)Gäå 46%�Q÷J�2.5 mol%1V¤� 44 b'© 1.0 +,1

HantzschKLMN 2a 1Þßàáâ&� 1µB/0Gi�T(ÄS�õöh&

1,4-O#X²ãË�|34f²äå 95%�æ³®J� 

 

 

 

 

 

 

 

Scheme 1-6. Hydrogenation of cinnamyl aldehyde (50).  a) The yields were 

determined by GC analysis using an internal standard (biphenyl).   

 

! B&|4-��WN-3-�M�-2-Û�(52)b'©�}ÀÒçñN(54)1O#X/

0G�:J(Scheme 1-7)�4-��WN-3-�M�-2-Û�(52)1O#X/0&bI
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�ýû�P~N^N_`a(50)1jYSÁl& 1,4-O#X/0²õöh&ãË

�|�Ú� 53 ²ë,h&æ³®J��}ÀÒçñN(54)G/0�^S��H

IJjYýÁl& 1,4-O#X/0²ãË�J����|Y1/0�� o|/

0â@ 100 ˚C&�/0­;JjY�ýAhZ 55� 40%��æ³®��MJ� 

 

 

 

 

 

 

Scheme 1-7.  Hydrogenation of !,"-unsaturated carbonyl compounds 52 and 54.   

a) The yields were determined by 1H NMR analysis using an internal standard 

(Cl2CHCHCl2).   

 

! B&|EO#X/0deà&�Â¤ÝN(56)b'©z¤W^ÝN(58)1O#

X/0GËMJ(Scheme 1-8)�5 mol%1V¤�44b'©HantzschKLMN2a 

Þßàáâ&�Â¤ÝN(56)1O#X/0GËMJSÄ�|RX¼>Z 57a10

b'© 57b10²Y®Z® 43%b'© 40%�æ³®J�ÍJ|z¤W^ÝN(58)

GHIJjYýÁl�/0²ãË�|RX¼>Z 57a b'© 57b GY®Z®

51%b'© 48%�æJ�E/0��|V¤� 44²Â¤ÝN(56)ÍJ�z¤W^

ÝN(58)11,4-O#X/0b'©+,&UNVWN-K�/0 111Ð�1/0G

$%��I(S0÷³®( (Scheme 1-9)� 

 



 29 

 

 

 

 

 

 

 

Scheme 1-8.  Hydrogenation of neral (56) and geranial (58).  a) The yields were 

determined by 1H NMR analysis using an internal standard (Cl2CHCHCl2).   

 

 

 

 

Scheme 1-9.  Proposed mechanism.   
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F 161ÍS»  

 

! E6��|!"#$%&'( NADH ÎÏRGHIJUNVWNXYZ1O

#X/0123G�:J�Y1x¥|ÚuL[3,5-�L(Úu�NÛªçñN)�

�WN]V¤�(44)² HantzschKLMN 2aGO#PQRS�J^N_`a1O

#X/0Gþåh&$%�|·0T(^N'ÝNGòó�äå�Q÷(ÄSG

>?�J�EO#X/0ûLM¦�lm�abU^N_`aG 100 ˚C �O#

X�|·0T(^N'ÝNGòó�äå�Q÷J�STU^N_`a�áâ&

�O#X­®|·0T(^N'ÝN²ÿäå�æ³®J�ÍJ|½Ã@1äå

���(ý11|E/0ûLM¦��Ú�1O#XýÄ���(�¿,�-ÔÕ

ÖUNVWNXYZ1O#X/0��|1,4-O#X²õöh&ãË�J�¿,

�-ÔÕÖUNVWNXYZS��Â¤ÝN (56)ÍJ�z¤W^ÝN (58)GH

IJjY|1,4-O#X/0&ío+,&UNVWN-K�/0²ãË�|RX¼

>Z²æ³®J� 
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ijk 

General 

Commercially available chemicals were purchased from Aldrich, TCI, Kanto, Wako, 

and Nakalai and used without further purification unless otherwise noted.  

Aldehydes (34a, 34d, 34e, 34h, 36a, 36b, 36c, 36d, 36g, 36s, 36t, 36u, 36v, and 36w), 

acetophenone (32a), methyl benzoate (48), N,N-dimethylbenzamide (49), and 

cinnamyl aldehyde (50) were purified by distillation prior to use.  Toluene, THF, and 

1,4-dioxane were dried by passage through a Grubbs’s type column system.12  DCE, 

DMSO, and iPrOH were distilled over CaH2 prior to use.  DMF was distilled over 

MgSO4 prior to use.  Tris[3,5-bis(trifluoromethyl)phenyl]borane (44),6 

tris(pentafluorophenyl)borane,13 4-ethenylbenzaldehyde (40m),14  1-adamantanecarb- 

aldehyde (38i),15  1-benzyl-1,4-dihydronicotinamide (45),7  5,6-dihydrophenanthridi- 

ne (46),8 9,10-dihydroacridine (31),9c 9,10-dihydro-10-methylacridine (47),9c geranial 

(58),16  were prepared according to the literature procedures.  Neral (56) was 

prepared according to the same mathod to geranial (58).  NMR spectra were 

recorded at 25 ˚C on a JEOL ECS-400 spectrometer (396 MHz for 1H, 100 MHz for 

13C, 373 MHz for 19F).  Chemical shifts are reported in d ppm referenced to an 

internal tetramethylsilane standard for 1H NMR.  Chemical shifts of 13C NMR are 

given relative to the solvent peak as an internal.  The 19F was reported relative to 

external CF3CO2H (-78.5 ppm).  GC and GC-MS analyses were carried out on an 

Agilent Technologies 6850 Series system and Agilent 4473N system, respectively.   
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General procedure for the hydrogenation reaction of aldehydes 

In a glovebox, aldehydes (0.25 mmol) and Hantzsch ester 2a (95 mg, 0.38 mmol) 

were added to a solution of tris[3,5-bis(trifluoromethy)phenyl]borane (44) (8.1 mg, 

12.5 µmol) in 1 mL of anhydrous 1,4-dioxane.  The reaction mixture was stirred at 

25 or 100 ˚C for 12 h.  An internal standard (biphenyl or mesitylene) was added to 

the reaction mixture and filtrated through a cotton plug.  The resulting solution was 

analyzed with gas chromatography.  After removal of the solvent, analytically pure 

alcohols were obtained after purification by silica gel column chromatography or 

preparative TLC.   

 

Cyclohexanemethanol (35a) (CAS: 100-49-2, 16.7 mg , 53% isolated yield) 

1H NMR (396 MHz, CDCl3) % 0.88-0.98 (m, 2H, CyH), 1.11-1.31 (m, 3H, CyH), 

1.42-1.53 (m, 2H, CyH), 1.65-1.78 (m, 5H, CyH), 3.44 (d, J = 6.3 Hz, 2H).  13C 

NMR (100 MHz, CDCl3) % 25.8 (AdC), 26.6 (AdC), 29.5 (AdC), 40.5 (AdC), 68.8 

(AdCH2OH).  MS (EI) m/z 114.1 ([M]+).   

 

Cyclopentanemethanol (35b) (CAS: 3637-61-4, 10.3 mg, 39% isolated yield) 

1H NMR (396 MHz, CDCl3) % 1.20-1.28 (m, 2H, -CH2-), 1.65 (bs, 1H, -OH), 

1.53-1.62 (m, 4H, -CH2CH2-), 1.71-1.79 (m, 2H, -CH2-), 2.10 (quin, J = 7.9 Hz, 1H, 

-CHOH), 3.51 (d, J = 6.7 Hz, 2H, -CH2OH).  13C NMR (100 MHz, CDCl3) % 25.4 

(CH2), 29.0 (CH2), 42.1 (CH2), 67.4 (CH2).  MS (EI) m/z 82.0 ([M-OH]+).   
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1-Dodecanol (35c) (CAS: 112-53-8, 23 mg, 49% isolated yield) 

1H NMR (396 MHz, CDCl3) % 0.88 (t, J = 4.4 Hz, 3H, CH3-), 1.26 (bs, 18H), 1.39 (bs, 

1H, -OH), 1.56 (tt, J = 6.5 and 6.5 Hz, 2H, -CH2CH2CH2OH), 3.64 (t, J = 6.5 Hz, 2H, 

-CH2OH).  13C NMR (100 MHz, CDCl3) % 14.1 (CH2), 22.7 (CH2), 25.7 (CH2), 29.3 

(CH2), 29.4 (CH2), 29.6 (CH2), 29.6 (CH2), 29.6 (CH2), 29.6 (CH2), 31.9 (CH2), 32.8 

(CH2), 63.1 (-CH2OH).  MS (EI) m/z 158.1 ([M]+).   

 

1-Decanol (35d) (CAS: 112-30-1, 23.3 mg, 59% isolated yield) 

1H NMR (396 MHz, CDCl3) % 0.88 (t, J = 6.7 Hz, 3H, CH3-), 1.19-1.40 (m, 15H, ), 

1.57 (tt, J = 6.7 and 6.7 Hz, 2H, -CH2CH2OH), 3.64 (t, J = 6.7 Hz, 2H, -CH2OH).  

13C NMR (100 MHz, CDCl3) % 14.1 (CH2), 22.7 (CH2), 25.7 (CH2), 29.3 (CH2), 29.4 

(CH2), 29.5 (CH2), 29.6 (CH2), 31.9 (CH2), 32.8 (CH2), 63.1 (-CH2OH).  MS (EI) 

m/z 140.2 ([M-OH]+).   

 

1-Octanol (35e) (CAS: 111-87-5, 13.7 mg, 42% isolated yield) 

1H NMR (396 MHz, CDCl3) % 0.88 (t, J = 7.1 Hz, 3H, CH3-), 1.28 (bs, 10 H, 

-(CH2)5-), 1.42 (bs, 1H, -OH), 1.56 (tt, J = 6.9 and 6.9 Hz, 2H, -CH2CH2OH), 3.64 (t, 

J = 6.9 Hz, 2H, -CH2OH).  13C NMR (100 MHz, CDCl3) % 14.1 (CH2), 22.7 (CH2), 

25.8 (CH2), 29.3 (CH2), 29.4 (CH2), 31.8 (CH2), 32.8 (CH2), 63.1 (-CH2OH).  MS 

(EI) m/z 112.2 ([M-OH]+).   

 

Benzenepropanol (35f) (CAS: 112-97-4, 15.8 mg, 44% isolated yield) 

1H NMR (396 MHz, CDCl3) % 1.52 (bs, 1H, -OH), 1.89 (m, 2H, -CH2-), 2.70 (t, J = 
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7.9 Hz, 2H, ArCH2-), 3.67 (t, J = 6.3 Hz, 2H, -CH2OH), 7.17-7.21 (m, 3H, ArH), 

7.24-7.30 (m, 2H, ArH).  13C NMR (100 MHz, CDCl3) % 32.0 (CH2), 34.2 (CH2), 

62.2 (CH2), 125.8 (ArC), 128.4 (ArC), 128.4 (ArC), 141.8 (ArC).  MS (EI) m/z 

136.1 ([M]+).   

 

10-Undecen-1-ol (35g) (CAS: 13019-22-2, 24.6 mg, 58% isolated yield) 

1H NMR (396 MHz, CDCl3) % 1.31 (bs, 14H), 1.44 (tt, J = 6.9 and 6.9 Hz, 2H, 

-CH2CH2OH), 2.06 (dt, J = 7.1 and 7.1 Hz, 2H, CH2=CH2CH2-), 3.66 (t, J = 6.9 Hz, 

2H, -CH2OH), 4.95 (dt, J = 10.1 and 1.6 Hz, 1H, -CH=CHH), 5.02 (dt, J = 17.2 and 

1.6 Hz, 1H, -CH2=CHH), 5.83 (ddt, J = 17.2, 10.1, and 7.1 Hz, 1H, -CH=CH2).  13C 

NMR (100 MHz, CDCl3) % 25.7 (CH2), 28.9 (CH2), 29.1 (CH2), 29.4 (CH2), 29.5 

(CH2), 32.7 (CH2), 33.8 (CH2), 63.0 (-CH2OH), 114.1 (-CH=CH2), 139.2 (-CH=CH2) 

(One of the CH2 signal of alkyl chain might be overlapped with the other peaks of 

carbon.).  MS (EI) m/z 152.2 ([M-OH]+).   

 

3,3-Dimethyl-1-butanol (35h) (CAS: 624-95-3, 5.6 mg, 16% isolated yield) 

1H NMR (396 MHz, CDCl3) % 0.93 (s, 9H, -C(CH3)3), 1.17 (bs, 1H, -OH), 1.52 (t, J = 

7.7 Hz, 2H, -CCH2C(CH3)3), 3.71 (t, J = 7.7 Hz, 2H, -CH2OH).  13C NMR (100 

MHz, CDCl3) % 29.7 (-C(CH3)3), 29.7 (-C(CH3)3), 65.5 (-CH2C(CH3)3), 60.2 

(-CH2OH).  MS (EI) m/z 87.0 ([M-CH3]
+).   

 

1-Adamantanemethanol (35i) (CAS: 770-71-8, 21.8 mg, 52% isolated yield) 

1H NMR (396 MHz, CDCl3) % 1.32 (bs, 1H, -OH), 1.51 (m, 6H, AdH), 1.64 (m, 1H, 
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AdH), 1.67 (m, 2H, AdH), 1.72 (m, 2H, AdH), 1.75 (m, 1H, AdH), 2.00 (m, 3H, 

AdH), 3.20 (s, 2H, AdCH2OH).  13C NMR (100 MHz, CDCl3) % 28.1 (AdC), 34.5 

(AdC), 37.1 (AdC), 39.0 (AdC), 73.8 (AdCH2OH).  MS (EI) m/z 166.1 ([M]+).   

Benzenemethanol (37a) (CAS: 100-51-6, 13 mg, 48% isolated yield) 

1H NMR (396 MHz, CDCl3) % 1.86 (bs, 1H, -OH), 658 (s, 2H, ArCH2OH), 7.28-7.36 

(m, 5H, ArH).  13C NMR (100 MHz, CDCl3) % 65.3 (ArCH2OH), 127.0 (ArC), 127.6 

(ArC), 128.5 (ArC), 140.8 (ArC).  MS (EI) m/z 108.1 ([M]+).   

 

4-Methoxybenzenemethanol (37b) (CAS: 105-13-5, 20 mg, 56% isolated yield) 

1H NMR (396 MHz, CDCl3) % 1.79 (bs, 1H, -OH), 3.80 (s, 3H, ArCH3), 650 (s, 2H, 

ArCH2OH), 6.89 (d, J = 8.3 Hz, ArH), 7.28 (d, J = 8.3 Hz, ArH).  13C NMR (100 

MHz, CDCl3) % 55.3 (ArOCH3), 65.0 (ArCH2OH), 113.9 (ArC), 128.6 (ArC), 133.1 

(ArC), 144.1 (ArC).  MS (EI) m/z 138.0 ([M]+).   

 

4-Methylbenzenemethanol (37c) (CAS: 589-18-4, 26.7 mg, 87% isolated yield)   

1H NMR (396 MHz, CDCl3) % 1.61 (bs, 1H, -OH), 2.35 (s, 3H, ArCH3), 657 (s, 2H, 

ArCH2OH), 7.17 (d, J = 7.5 Hz, ArH), 7.26 (d, J = 7.5 Hz, ArH).  13C NMR (100 

MHz, CDCl3) % 21.1 (ArCH3), 65.1 (ArCH2OH), 127.0 (ArC), 129.2 (ArC), 137.3 

(ArC), 137.8 (ArC).  MS (EI) m/z 122.1 ([M]+).   

 

4-Trifluoromethylbenzenemethanol (37d) (CAS: 349-95-1, 37 mg, 84% isolated 

yield) 

1H NMR (396 MHz, CDCl3) % 1.81 (bs, 1H, -OH), 4.78 (s, 2H, -CH2OH), 7.49 (d, 2H, 
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J = 7.9 Hz, ArH), 7.62 (d, 2H, J = 7.9 Hz, ArH).  13C NMR (100 MHz, CDCl3) % 

64.4 (-COH), 124.1 (q, JCF = 271.8 Hz, -CF3), 125.4 (q, JCF = 3.8 Hz, ArC), 126.8 

(ArC), 129.7 (q, JCF = 32.5 Hz, ArC), 144.7 (ArC).  19F NMR (372 MHz, CDCl3): % 

-64.2.  MS (EI) m/z 176.1 ([M]+).   

 

4-Hydroxymethylbenzonitrile (37e) (CAS: 874-89-5, 31 mg, 93% isolated yield) 

1H NMR (396 MHz, CDCl3) % 1.9 (bs, 1H, -OH), 4.79 (d, J = 5.1 Hz, 2H, ArCH2OH), 

7.48 (d, J = 6.9 Hz, 2H, ArH), 7.66 (d, J = 6.9 Hz, 2H, ArH).  13C NMR (100 MHz, 

CDCl3) % 64.0 (ArC attached to OH), 110.9 (ArC), 118.8 (ArC), 126.9 (ArC), 132.2 

(ArC), 165.3 (ArC).  MS (EI) m/z 153.1 ([M-H]+).   

 

4-Nitrobenzenemethanol (37f) (CAS: 619-73-8, 35 mg, 91% isolated yield) 

1H NMR (396 MHz, CDCl3) % 1.91 (t, J = 44 Hz, 1H, -OH), 4.85 (d, J = 5.5 Hz, 2H, 

ArCH2OH), 7.54 (d, J = 8.5 Hz, 2H, ArH), 8.23 (d, J = 8.5 Hz, 2H, ArH).  13C NMR 

(100 MHz, CDCl3) % 63.9 (ArC attached to OH), 123.7 (ArC), 126.9 (ArC), 147.1 

(ArC), 148.2 (ArC).  MS (EI) m/z 153.1 ([M]+).   

 

4-Fluorobenzenemethanol (37g) (CAS: 444-56-3, 16.3 mg, 52% isolated yield) 

1H NMR (396 MHz, CDCl3) % 1.75 (bs, 1H, -OH), 656 (s, 2H, -CH2OH), 7.05 (dd, 

2H, J = 8.5 and 8.5 Hz, ArH), 7.33 (dd, 2H, J = 8.5 and 5.5 Hz, ArH).  13C NMR 

(100 MHz, CDCl3) % 665 (-COH), 115.4 (d, JCF = 21.9 Hz, ArC), 128.7 (d, JCF = 7.7 

Hz, ArC), 136.5 (d, JCF = 2.9 Hz, ArC), 162.3 (d, J CF = 245.2 Hz, ArC).  19F NMR 

(372 MHz, CDCl3): % -116.6.  MS (EI) m/z 126.1 ([M]+).   
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4-Chlorobenzenemethanol (37h) (CAS: 873-76-7, 32.7 mg, 92% isolated yield) 

1H NMR (396 MHz, CDCl3) % 1.68 (bs, 1H, -OH), 658 (d, J = 4.4 Hz, 2H, -CH2OH), 

7.29-7.35 (m, 4H, ArH).  13C NMR (100 MHz, CDCl3) % 665 (-COH), 128.3 (ArC), 

128.7 (ArC), 133.3 (ArC), 139.2 (ArC).  MS (EI) m/z 142.1 ([M]+), 144.1 ([M+2]+).   

 

4-Bromobenzenemethanol (37i) (CAS: 873-75-6, 35.5 mg, 76% isolated yield) 

1H NMR (396 MHz, CDCl3) % 1.77 (bs, 1H, -OH), 655 (s, 2H, -CH2OH), 7.24 (d, J = 

8.3 Hz, 2H, ArH), 7.49 (d, J = 8.3 Hz, 2H, ArH).  13C NMR (100 MHz, CDCl3) % 

64.5 (-COH), 121.4 (ArC), 128.6 (ArC), 131.6 (ArC), 139.7 (ArC).  MS (EI) m/z 

186.0 ([M-1]+), 187.9 ([M+1]+).   

 

4-Iodobenzenemethanol (37j) (CAS: 18282-51-4, 50.7 mg, 86% isolated yield) 

1H NMR (396 MHz, CDCl3) % 1.62 (bs, 1H, -OH), 656 (s, 2H, -CH2OH), 7.12 (d, J = 

8.5 Hz, 2H, ArH), 7.69 (d, J = 8.5 Hz, 2H, ArH).  13C NMR (100 MHz, CDCl3) % 

64.5 (-COH), 93.0 (ArC), 128.8 (ArC), 137.6 (ArC), 140.4 (ArC).  MS (EI) m/z 

234.0 ([M]+).   

 

1-[4-(Hydroxymethyl)phenyl]ethanone (37k) (CAS: 75633-63-5, 26.3 mg, 68% 

isolated yield) 

1H NMR (396 MHz, CDCl3) % 1.95 (bs, 1H, -OH), 2.61 (s, 3H, -C(O)CH3), 4.78 (s, 

2H, ArCH2OH), 7.65 (d, J = 8.7 Hz, 2H, ArH), 7.95 (d, J = 8.7 Hz, ArH).  13C NMR 

(100 MHz, CDCl3) % 26.6 (ArCH2OH), 64.4 (-C(O)CH3), 126.5 (ArC), 128.5 (ArC), 

136.1 (ArC), 165.3 (ArC), 198.1 (-C(O)CH3).  MS (EI) m/z 150.1 ([M]+).   
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4-Hydroxymethylbenzoic acid methyl ester (37l) (CAS: 6908-41-4, 30.6 mg, 74% 

isolated yield) 

1H NMR (396 MHz, CDCl3) % 2.32 (bs, 1H, -OH), 3.91 (s, 2H, -CH2OH), 7.41 (d, J = 

8.1 Hz, 2H, ArH), 8.00 (d, J = 8.1 Hz, 2H, ArH).  13C NMR (100 MHz, CDCl3) % 

52.1 (-C(O)OCH3),  64.4 (-COH), 126.3 (ArC), 129.0 (ArC), 129.7 (ArC), 165.1 

(ArC), 167.0 (-C(O)OCH3).  MS (EI) m/z 166.1 ([M]+).   

 

4-Ethynylbenzenemethanol (37m) (CAS: 107651-9, 22 mg, 66% isolated yield) 

1H NMR (396 MHz, CDCl3) % 1.73 (t, 1H, J = 5.0 Hz, -OH), 658 (d, J = 5.0 Hz, 2H, 

-CH2OH), 5.25 (d, J = 10.9 Hz, -CH=CHH), 5.75 (d, J = 17.6 Hz, -CH=CHH), 6.72 

(dd, J = 17.6 and 10.9 Hz, 1H, -CH=CHH), 7.32 (d, J = 7.9 Hz, ArH), 7.41 (d, J = 7.9 

Hz, ArH).  13C NMR (100 MHz, CDCl3) % 64.8 (-COH), 113.8 (ArC), 126.3 

(-CH=CHH), 127.1 (-CH=CHH), 136.4 (ArC), 136.8 (ArC), 140.3 (ArC).  MS (EI) 

m/z 134.1 ([M]+).   

 

1,1’-Biphenyl-4-methanol (37n) (CAS: 3447-91-9, 20.9 mg, 43% isolated yield) 

1H NMR (396 MHz, CDCl3) % 1.87 (bs, 1H, -OH), 4.72 (s, 2H, -CH2OH), 7.34 (dd, 

1H, J = 7.5 and 7.5 Hz), 7.34 (m, 4H), 7.58 (m, 4H).  13C NMR (100 MHz, CDCl3) 

%65.0 (-COH), 127.0 (ArC), 127.3 (ArC), 127.4 (ArC), 128.8 (ArC), 139.8 (ArC), 

140.6 (ArC), 140.8 (ArC) (One of the ArC signal of biphenyl group might be 

overlapped with the other peaks of carbon.).  MS (EI) m/z 184.1 ([M]+).   
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3,4-Dimethoxybenzenemethanol (37o) (CAS: 93-03-8, 35.8 mg, 84% isolated yield) 

1H NMR (396 MHz, CDCl3) % 1.63 (bs, 1H, -OH), 3.89 (s, 3H, -OCH3), 3.90 (s, 3H, 

-OCH3), 653 (s, 2H, -CH2OH), 6.85 (d, J = 8.3 Hz, 1H, ArH), 6.90 (dd, J = 8.3 and 

2.0 Hz, 1H, ArH), 6.94 (d, J = 2.0 Hz, 1H, ArH).  13C NMR (100 MHz, CDCl3) % 

55.7 (-OCH3), 55.8 (-OCH3), 65.1 (-COH), 110.3 (ArC), 110.9 (ArC), 119.3 (ArC), 

133.5 (ArC), 148.9 (ArC).  MS (EI) m/z 168.1 ([M]+).   

 

1,3-Benzodioxole-5-methanol (37p) (CAS: 495-76-1, 36.3 mg, 94% isolated yield) 

1H NMR (396 MHz, CDCl3) % 2.02 (bs, 1H, -OH), 4.55 (s, 2H, -CH2OH), 4.44 (s, 2H, 

-OCH2O-), 6.77 (d, J = 8.1 Hz, 2H, ArH), 6.80 (d, J = 8.1 Hz, 2H, ArH), 6.85 (s, 1H, 

ArH).  13C NMR (100 MHz, CDCl3) % 65.1 (-COH), 101.0 (-OCH2O-), 107.8 (ArC), 

108.1 (ArC), 120.4 (ArC), 134.8 (ArC), 147.0 (ArC), 147.7 (ArC).  MS (EI) m/z 

152.1 ([M]+).   

 

2-Naphthalenemethanol (37q) (CAS: 1442-38-7, 36.1 mg, 91% isolated yield) 

1H NMR (396 MHz, CDCl3) % 1.80 (t, J = 5.0 Hz, 1H, -OH), 4.86 (d, J = 5.0 Hz, 2H, 

-CH2OH), 7.47-7.50 (m, 3H, ArH), 7.82-7.86 (m, 4H, ArH).  13C NMR (100 MHz, 

CDCl3) % 65.3 (-COH), 125.1 (ArC), 125.4 (ArC), 125.8 (ArC), 126.1 (ArC), 127.7 

(ArC), 127.8 (ArC), 128.3 (ArC), 132.8 (ArC), 133.3 (ArC), 138.2 (ArC).  MS (EI) 

m/z 158.1 ([M]+).   

 

1-Naphthalenemethanol (37r) (CAS: 4780-79-4, 32.4 mg, 80% isolated yield) 

1H NMR (396 MHz, CDCl3) % 1.77 (t, J = 5.0 Hz, 1H, -OH), 5.16 (d, J = 5.0 Hz, 2H, 
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-CH2OH), 7.82 (d, J = 7.9 Hz, 1H, ArH), 7.43-7.58 (m, 3H, ArH), 7.88 (d, J = 8.7 Hz, 

1H, ArH), 8.13 (d, J = 8.7 Hz, 1H, ArH).  13C NMR (100 MHz, CDCl3) % 63.5 

(-COH), 123.6 (ArC), 125.3 (ArC), 125.3 (ArC), 125.8 (ArC), 126.3 (ArC), 128.5 

(ArC), 128.6 (ArC), 131.1 (ArC), 133.7 (ArC), 136.2 (ArC).  MS (EI) m/z 158.1 

([M]+).   

 

2-Methylbenzenemethanol (37s) (CAS: 89-95-2, 22.6 mg, 74% isolated yield) 

1H NMR (396 MHz, CDCl3) % 1.52 (bs, 1H, -OH), 2.37 (s, 3H, ArCH3), 4.71 (s, 2H, 

ArCH2OH), 7.17-7.23 (m, 3H, ArH), 7.345-7.37 (m, 1H, ArH).  13C NMR (100 

MHz, CDCl3) % 18.7 (ArCH3), 63.5 (ArCH2OH), 126.0 (ArC), 127.5 (ArC), 127.8 

(ArC), 130.3 (ArC), 136.1 (ArC), 138.6 (ArC).  MS (EI) m/z 122.1 ([M]+). 

 

2-Furanmethanol (37t) (CAS: 98-00-0, 13.8 mg, 54% isolated yield) 

1H NMR (396 MHz, CDCl3) % 1.91 (bs, 1H, -OH), 651 (s, 2H, -CH2OH), 6.30 (d, J = 

3.2 Hz, 1H, ArH), 6.36 (dd, J = 3.2 and 1.6 Hz, 1H, ArH), 7.40 (m, 1H, ArH).  13C 

NMR (100 MHz, CDCl3) % 57.4 (-ArCOH), 107.8 (ArC), 110.3 (ArC), 142.6 (ArC), 

153.9 (ArC).  MS (EI) m/z 98.1 ([M]+).   

 

2-Thiophenemethanol (37u) (CAS: 66-72-6, 25.6 mg, 88% isolated yield) 

1H NMR (396 MHz, CDCl3) % 2.06 (bs, 1H, -OH), 4.81 (s, 2H, -CH2OH), 6.98 (dd, J 

= 5.0 and 3.2 Hz, 1H, ArH), 7.01 (m, 1H, ArH), 7.28 (dd, J = 5.0 and 1.6 Hz, 1H, 

ArH).  13C NMR (100 MHz, CDCl3) % 44.9 (-ArCOH), 125.5 (ArC), 125.6 (ArC), 

126.8 (ArC), 143.9 (ArC).  MS (EI) m/z 114.1 ([M]+).   
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4-Pyridinemethanol (37v) (CAS: 586-95-8, 3.2 mg, 12% isolated yield) 

1H NMR (396 MHz, CDCl3) % 3.47 (bs, 1H, -OH), 4.75 (s, 2H, -CH2OH), 7.32 (d, J = 

5.5 Hz, 2H, ArH), 8.53 (m, 2H, ArH).  13C NMR (100 MHz, CDCl3) % 63.1 (-COH), 

121.2 (ArC), 149.4 (ArC), 150.7 (ArC).  MS (EI) m/z 109.1 ([M]+).   

 

2-Pyridinemethanol (37w) (CAS: 586-98-1, 4.4 mg, 16% isolated yield) 

1H NMR (396 MHz, CDCl3) % 3.67 (bs, 1H, -OH), 4.77 (s, 2H, -CH2OH), 7.21 (dd, J 

= 6.3 and 6.3 Hz, 1H, ArH), 7.26 (d, J = 6.3 Hz, 1H, ArH), 7.69 (ddd, J = 7.5, 7.5, 

and 2.0 Hz, 1H, ArH), 8.57 (m, 1H, ArH).  13C NMR (100 MHz, CDCl3) % 64.1 

(-COH), 120.5 (ArC), 122.4 (ArC), 136.7 (ArC), 148.5 (ArC), 144.0 (ArC).  MS (EI) 

m/z 108.1 ([M-H]+).   

 

1H-Indole-2-methanol (37x) (CAS: 26521-70-3, 17 mg, 46% isolated yield) 

1H NMR (396 MHz, CDCl3) % 1.75 (bs, 1H, -OH), 4.82 (s, 2H, -CH2OH), 6.41 (dd, J 

= 2.4 and 0.79 Hz, -C=CH-), 7.10 (ddd, J = 7.9, 7.1, and 0.79 Hz, 1H, ArH), 7.19 

(ddd, J = 8.3, 7.1, and 1.2 Hz, 1H, ArH), 7.35 (dd, J = 8.3 and 1.2 Hz, 1H, ArH), 7.58 

(dd, J = 7.9 and 0.79 Hz, 1H, ArH), 8.35 (bs, 1H, -NH).  13C NMR (100 MHz, 

CDCl3) % 58.5 (-COH), 100.5 (-C=C-), 111.0 (-C=C-), 119.9 (ArC), 120.6 (ArC), 

122.1 (ArC), 127.9 (ArC), 136.3 (ArC), 137.4 (ArC).  MS (EI) m/z 147.1 ([M]+).   

 

Procedure for the hydrogenation of acetophenone 

In a glovebox, acetophenone (0.25 mmol) and Hantzsch ester 2a (95 mg, 0.38 mmol) 

were added to a solution of tris[3,5-bis(trifluoromethy)phenyl]borane (44) (8.1 mg, 
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12.5 µmol) in 1 mL of anhydrous 1,4-dioxane.  The reaction mixture was stirred at 

60 ˚C for 12 h.  An internal standard (mesitylene) was added to the reaction mixture 

and filtrated through a cotton plug.  The resulting solution was analyzed with gas 

chromatography.  After removal of the solvent, the crude material was purified with 

silica gel column chromatography to give 1-phenylethanol (33a).   

 

1-Phenylethanol (33a) (CAS: 98-85-1, 11.7 mg, 37% isolated yield) 

1H NMR (396 MHz, CDCl3) % 1.50 (d, J = 6.3 Hz, 3H, -CH3), 1.86 (bs, 1H, -OH), 

4.90 (q, J = 6.3 Hz, 1H, -CH(CH3)), 7.25-7.30 (m, 1H, ArH), 7.33-7.39 (m, 4H, ArH).  

13C NMR (100 MHz, CDCl3): % 25.1 (-CH3), 70.4 (-CH(OH)), 125.4 (ArC), 127.5 

(ArC), 128.5 (ArC), 145.8 (ArC).  MS (EI) m/z 122.1 ([M]+). 

 

Procedure for the hydrogenation of cinnamyl aldehyde 

In a glovebox, cinnamyl aldehyde (50) (0.25 mmol) and Hantzsch ester 2a (63 mg, 

0.25 mmol) were added to a solution of tris[3,5-bis(trifluoromethy)phenyl]borane (44) 

(4.1 mg, 6.2 µmol) in 1 mL of anhydrous 1,4-dioxane.  The reaction mixture was 

stirred at 25 ˚C for 1 h.  An internal standard (biphenyl) was added to the reaction 

mixture and filtrated through a cotton plug.  The resulting solution was analyzed 

with gas chromatography.  After removal of the solvent, the crude material was 

purified with silica gel column chromatography to give 3-phenyl-1-propanal (51).   

 

3-Phenyl-1-propanal (51) (CAS: 104-53-0, 17.8 mg, 53% isolated yield) 

1H NMR (396 MHz, CDCl3) % 2.79 (td, J = 7.9 and 1.4 Hz, 2H, -CH2CHO), 2.97 (t, J 
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= 7.5 Hz, 2H, PhCH2-), 7.19-77.23 (m, 3H, ArH), 7.28-7.32 (m, 2H, ArH), 9.83 (t, J 

= 1.4 Hz, 1H, -CHO).  13C NMR (100 MHz, CDCl3) % 28.09 (PhCH2-), 45.3 

(-CH2CHO), 126.3 (ArC), 128.3 (ArC), 128.6 (ArC), 140.3 (ArC), 201.6 (-CHO).  

MS (EI) m/z 134.1 ([M]+). 

 

Procedure for the hydrogenation of 4-phenyl-3-buten-2-one (52) 

In a glovebox, 4-phenyl-3-buten-2-one (52) (0.25 mmol) and Hantzsch ester 2a (95 

mg, 0.38 mmol) were added to a solution of tris[3,5-bis(trifluoromethy)phenyl]borane 

(44) (8.1 mg, 12.5 µmol) in 1 mL of anhydrous 1,4-dioxane.  The reaction mixture 

was stirred at 25 ˚C for 12 h.  After removal of the solvent, a CDCl3 solution of 

1,1,2,2-tetrachloroethane (an internal standard) was added to the product.  The 

resulting CDCl3 solution was analyzed by 1H NMR to determine the yield.  

4-Phenyl-2-butanone (53) were obtained by purification with silica gel column 

chromatography.   

 

4-Phenyl-2-butanone (53) (CAS: 2550-26-7, 34.6 mg, 94% isolated yield) 

1H NMR (396 MHz, CDCl3) % 2.13 (s, 3H, -CH3), 2.76 (t, J = 7.5 Hz, 2H, -CH2-), 

2.90 (t, J = 7.5 Hz, 2H, -CH2-), 7.17-7.21 (m, 3H, ArH), 7.27 (ddd, J = 7.5, 8.3, and 

0.79 Hz, 2H, ArH).  13C NMR (100 MHz, CDCl3) % 29.6 (-CH2-), 30.0 (-CH2-), 45.1 

(-C(O)CH3), 126.0 (ArC), 128.2 (ArC), 128.4 (ArC), 140.9 (ArC), 207.9 (-C(O)CH3-).  

MS (EI) m/z 148.1 ([M]+).   
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Procedure for the hydrogenation of methyl cinnamate (54) 

In a glovebox, methyl cinnamate (54) (0.25 mmol) and Hantzsch ester 2a (95 mg, 

0.38 mmol) were added to a solution of tris[3,5-bis(trifluoromethy)phenyl]borane (44) 

(8.1 mg, 12.5 µmol) in 1 mL of anhydrous 1,4-dioxane.  The reaction mixture was 

stirred at 100 ˚C for 12 h.  After removal of the solvent, a CDCl3 solution of 

1,1,2,2-tetrachloroethane (an internal standard) was added to the product.  The 

resulting CDCl3 solution was analyzed by 1H NMR to determine the yield.  After 

purification by silica gel column chromatography, an inseparable mixture of product 

55 and substrate 54 was obtained (1H NMR; 54 : 55 = 18 : 82).   

 

Procedure for the hydrogenation of neral (56) and geranial (58) 

In a glovebox, neral (56) or geranial (58) (0.25 mmol) and Hantzsch ester 2a (95 mg, 

0.38 mmol) were added to a solution of tris[3,5-bis(trifluoromethy)phenyl]borane (44) 

(8.1 mg, 12.5 µmol) in 1 mL of anhydrous 1,4-dioxane.  The reaction mixture was 

stirred at 25 ˚C for 12 h.  After removal of the solvent, a CDCl3 solution of 

1,1,2,2-tetrachloroethane (an internal standard) was added to the product.  The 

resulting CDCl3 solution was analyzed by 1H NMR to determine the yield.  

Analytically pure products 57a and 57b were obtained after purification by silica gel 

column chromatography.   

 

Cyclyzed product 57a (CAS: 29141-10-4, 6.7 mg, 20% isolated yield) 

1H NMR (396 MHz, CDCl3) 0.89 (d, J = 6.7 Hz, 3H, -CHCH3-), 0.93-1.00 (m, 1H, 

-CHH-), 1.10-1.16 (m, 1H, -CHH-), 1.41-1.48 (m, 2H, -CH2-), 1.66-1.77 (m, 2H, 
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-CH2-), 1.79 (s, 3H, -C(CH3)=CH2), 1.96-2.01 (m, 2H, -CH2-), 3.99 (m, 1H, 

-CH(OH)), 4.79 (s, 1H, -CH=CHH), 4.95 (s, 1H, -CH=CHH).  13C NMR (100 MHz, 

CDCl3) % 22.2 (-CH(CH3)-), 22.8 (-C(CH3)=CH2), 23.9 (-CH2-), 25.8 (-CH2-), 34.7 

(-CH(CH3)-), 40.8 (-CH2-), 48.4 (-C(CH3)=CH2), 66.3 (-CH(OH)), 111.3 (-CH=CH2), 

147.3 (-CH=CH2).  MS (EI) m/z 154.2 ([M]+).   

 

Cyclyzed product 57b (CAS: 50373-36-9, 7.7 mg, 23% isolated yield) 

1H NMR (396 MHz, CDCl3) 0.88-1.02 (m, 5H, -CHCH3- and -CH2-), 1.26-1.38 (m, 

1H, -CHH-), 1.44-1.58 (m, 1H, -CHH-), 1.58-1.70 (m, 2H, -CH2-), 1.71 (s, 3H, 

-C(CH3)=CH2), 1.87-1.92 (m, 2H, -CH2-), 2.02-2.07 (m, 1H, -CHH-), 3.47 (ddd, J = 

20.0, 10.7, and 4.4 Hz, 1H, -CH(OH)-), 4.86 (s, 1H, -CH=CHH), 4.91 (s, 1H, 

-CH=CHH).  13C NMR (100 MHz, CDCl3) % 19.18 (-CHCH3), 22.5 (-C(CH3)=CH2), 

29.6 (-CHCH3), 31.4 (-CH2-), 34.3 (-CH2-), 42.6 (-CH2-), 54.1 (-C(CH3)=CH2), 70.3 

(-CH(OH)), 112.9 (-CH=CH2), 146.6 (-CH=CH2).  MS (EI) m/z 154.2 ([M]+).   
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F 1[! \]  

 

! $%/01/0*lGW³�ST(ÄS�|ÿþå��ÿõöh�$%/0

GiÓT(J»1$%Ås�/0ûLM¦G_Æ}�T(������(�$

%/0*lmn�|+ÇX;hopGHIJ/0½BR1È´��1ijX;

hopG½�S��ËÌ®�IJ²|q?|$%/0*lmn1oÉ1�S�

S��|:Dst²ÊË&�Ì�ÍÝNS�����(�Ä®�|'�ùÎÝ

|1�����µH�1ÿIstøªÏ¤¦¤�Ú123&'(ý1��(�

iÐ|)*+,$%&'(O#X/01/0*lmn&�I�ý|:DstG

HIJmn²#$&i�­®�I( .1  d÷¸|CD�stJ�¤Nu�ÒG

$%S�J HantzschKLMN&'(}~�1O#X/0&�I�| 

  

 

 

 

 

 

 

 

 

 

Scheme 2-1. a) Organocatalytic hydrogenation of ketimines.  b) Mechanism  

of the organocatalytic hydrogenation of ketimines.   
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Goodman³�:Dst&'($%/0*lmnGi���I((Scheme 2-1).1a  

Ä1:DstÉÊ1x¥�|/0²$% 6 &'(}~�11�Xb'©

HantzschKLMNS1ÑÒ�H&'�ãË�(Scheme 2-1b, mechanism B)|$%

61ÓÔ²}~�11�X1:(Scheme 2-1a, mechanism A)&S�Í³�IÄS

Gº�J�¯°6Õ���^1}~�² Z ±[GS(ÄS�$%18ÿI[

.�²ôRõö�&ÖQ��I(ÄS��1���C>ýæ³®�I(�ÍJ|

8ÿI LewisÒS8ÿI Lewisú�19:YÌ;��( FLPs²+,6O#G

1�XT(çUWè¦��&�I�:Dst&'(mn²×Ìh&i�­®

�b�|FLPs &'(+,6O#1�X1KÂNØÝh�Ù+��¯°6Õl

Ú1vw��Qo1)H�C>²æ³®�I(.2  Li³�|Stephan³&'�>

?­®J!L�=üV¤� 15 &'(+,6O#1�X1çUWè¦&�I�

:Dst&'(mnGi���I((Scheme 2-2).3  Ä1mn�|2+,1!L

�=üV¤� 15�³>(½BR G²+,6O#G1�X�|/0G\ãT(

çUWè¦GºÛ�J(Scheme 2-2b)� 

 

 

 

 

 

 

 

Scheme 2-2. a) Activation of molecular hydrogen with phosphino-borane 15.   

b) Proposed reaction mechanism.   
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Pápai³�|B(C6F5)3G$%S�J}~� 191O#X/01:Dstx¥&�

D´|2�1Ä��/0*lGJK��I((Scheme 2-3)�T�ÌÜ|Cycle 1

��|}~� 19 1 B(C6F5)3¾1±)&íI�+,6O#11�X²ïÄ�|

}~W"¦`auaV*ÝÚ I²¼>T(�¼>�J}~W"¦`auaV*

ÝÚ I �+,&�O#°îGïÄ�½BR J Gu�^~� 20 S B(C6F5)3GQ

÷(SIéý1��(�È5|Cycle 2 ��|r½�¼>�J^~� 20 1

B(C6F5)3¾1±)&ío+,6O#11�X²ïÄ�|^�qW"¦`aua

V*ÝÚ²¼>T(�B&|}~� 19²^�qW"¦`auaV*ÝÚ&' 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2-3. a) B(C6F5)3-catalyzed hydrogenation of imine 19 under H2.  b) 

Proposed reaction mechanisms.   
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�øªÚ�X­®|^~� 20 S}~W"¦`auaV*ÝÚ I ²¼>T(�

}~W"¦`auaV*ÝÚ I 1¼>NO�|Cycle 1SÁl&��/0²ã

ËT(�N�1ÉÊx¥'�|:Dst�$%/01/0*lmn&bI�)

H�oÉ1�S����|̄ °6Õ�½BR1KÂNØÝb'©lÚ1vw�

�ÝQo1���C>GQ÷(S0÷³®(� 

! F 2 6�stJ'é&|���!"#$%&'( Hantzsch KLMNGO#

PQRS�JUNVWNXYZ1O#X/0G23�J�E/0�)*+,$

%&'(Þ�IUNVWNXYZ1$%hO#X/0ûLM¦���|$%/

0*l1vwGW³�&T(ÄS�|E$%hO#X/0ûLM¦GßôT(

é÷�����(�E/01$%/0*lmn�E$%hO#X/01½BR

�¯°6Õ��1vw�!"#$%1àI&'(/0�1á��1:m& â

²(J»|ã®J$%ûLM¦1Ås&ÖQT(S�ê­®(�YÄ�|��

�E$%/01/0*l&�I�ijX;hb'©:Dh�mnGËéÄS

S�J�E6F 2[��|êë­®( 2�1/0*lSijX;&�Do/0

*lmn&�I��sT(�F 3[b'© 4[��|ijx¥'�hë­®(

/0*l1vwG0äTto|:DstGi��J�F3[&bI��Hantzsch

KLMNGq_NX�Jq_Nr&bc(:Dstx¥GºT�F 4[��u

^Nr&bc(:Dstx¥&�I�st(� 
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F 2[! ijX;hop&'(/0*l1fg 

 

! E$%/01/0*lS��|Scheme 2-4&ºT 2�1/0uå²0÷³®

(�Path A�|+�|��²êë�J/0uå��(���^N_`a 361

UNVWN�²V¤�[B](B = 44)¾±)�|½BR Int1 GQ÷(�B&|

HantzschKLMN 2a�³ Int1¾1O#°î&'�|ùu¥W"¦^N'�û

V*ÝÚ Int2²¼>T(�p¦h&�|Int2�³1V¤�[B]1A¼&æI^

N'ÝN 37 b'© Hantzschùu¥� 5 ²æ³®(�Path B�|Stephanb'

© Ashley ³&'�×Ø­®J/0çUWè¦G�0&�J/0uå��(�

�»& HantzschKLMN 2a�³V¤�[B]¾O#°î²ïÄ�|ùu¥W"¦

`aªV*ÝÚ Int3²¼>T(�Int3�^N_`a 36GO#X�|ùu¥W

"¦^N'�ûV*ÝÚ Int2GQ÷(� Int2�³ Path ASÁl&[B]²A¼

­®|^N'ÝN 37b'© Hantzschùu¥� 5GQ÷(� 

 

 

 

 

 

 

 

 

Scheme 2-4.  Proposed two reaction pathways.   
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! ���E$%/0*l1C>Gæ(J»|V¤� 44 S+,1Ù�è^N_

`a(36a)S1/0G�¥Xªªç|�½ 25 ˚C&�i��J(Scheme 2-5)�/

0G 1H NMR�çè�JSÄ�|Int1a1!"#XYZé¡1ùÝX1ÿêj

û�Úb'©Ù�è^N_`a1Ù�{�R()1 êjû�Ú²È´­®

J(Figure 2-1)�ÍJ|13C NMR&bc(UNVWNV#1ùÝX1 êjû�

Ú(Figure 2-2)b'© 11B NMR&bc(!"#XYZ1ùÝX1ÿêjû�Ú

(Figure 2-3)Gßë�J�Ä®³1x¥� Int1a 1¼>GºÛ��I(�ÍJ|

Int1a � HantzschKLMN 2a Sì��&/0�|Ù�¥N^N'ÝN(37a)G

Q÷J�  

 

 

 

 

 

 

Scheme 2-5. Stoichiometric reaction of borane 44 with 36a followed by treatment 

with the Hantzsch ester 2a.   
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Figure 2-1. 1H NMR spectra of borane 44 (top), benzaldehyde (36a) (middle), and 

Int1a (bottom).   
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Figure 2-2. 13C NMR spectra of benzaldehyde (36a) (top) and Int1a (bottom). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-3. 11B NMR spectra of borane 44 (top) and Int1a (bottom).   
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! È5�|V¤� 44 S+,1 Hantzsch KLMN 2a 1/0G�:J²|ùu

¥W"¦`aªV*ÝÚ Int31N-HSB-H&é¡T(ùÝX² 1H b'© 11B 

NMR ��È´­®��MJ�Ä®³1 NMR ij1x¥�|E/0deà&

bI� Int3²¼>��IÄSGºÛ��I((Scheme 2-6)� 

 

 

 

 

 

Scheme 2-6. Stoichiometric reaction of borane 44 with the Hantzsch ester 2a.   

 

N�|ijx¥'�|E$%/01/0uå� Path A��(S0÷³®(� 
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F 3[! q_Nr&bc(:Dst  

 

ijhX;hop&bc(fg�³E$%/0� Path A �ãËT(SºÛ­

®J�Path A1vwGW³�ST(J»&|stX;hop&'(mnG�:

J�/0rS��Ù�è^N_`a(36a)1O#XGõë� HantzschKLMN

2a G 1,4-¥`aª-2,6-¥çñNùu¥�(2a’)S[´.÷Jq_Nr&�st

Gi��J�q_NX�JjY1 Path A1vwG Scheme 2-7&ºT�E/0

1¯°6Õ TS’�O#PQR��( 1,4-¥`aª-2,6-¥çñNùu¥�(2a’)�

³½BR Int1¾1O#°îíÃ��(S0÷J� 

 

 

 

 

 

 

 

 

 

Scheme 2-7. Possible path A in model systems.   

 

! �î»&|Ù�è^N_`a(36a), Ù�¥N^N'ÝN(37a), 1,4-¥`aª

-2,6-¥çñNùu¥�(2a’), b'© 2,6-¥çñNùu¥�(5’)|ÚuL[3,5-�L

(Úu�NÛªçñN)��WN]V¤�(44)|B(C6F5)3|BF3|b'© BPh3 1l
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Úp_XstGi��J�lÚp_X� B3LYP/6-31G(d,p)*ÙN�ËMJ�s

t&'�æ³®Jp_XlÚG Figure 2-4&ºT�V¤� 44|B(C6F5)3|b'

© BP31lÚp_X��|C3 ·ï�G�ë��stGi��J�Y1x¥|

V¤� 44|B(C6F5)3|b'© BP31p_XlÚ²æ³®|!"#&xYT( 3

�1STR�ÁÈ=ð&)[��b³kñî®�I(ÄS²+�MJ� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-4. Optimized geometries of benzaldehyde (36a), benzyl alcohol (37a), 

1,4-dihydro-2,6-dimethylpyridine (5), 2,6-dimethylpyridine (5’), borane 44, B(C6F5)3|

BF3|and BPh3.   
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Figure 2-4 (Continued). Optimized geometries of benzaldehyde (36a), benzyl alcohol 

(37a), 1,4-dihydro-2,6-dimethylpyridine (5), 2,6-dimethylpyridine (5’), borane 44, 

B(C6F5)3|BF3|and BPh3.   

 

! B&|Ù�è^N_`a(36a)²!"#¾±)�J½BR Int1a, Int1b, Int1c, 

b'© Int1d 1lÚp_XGËMJ�½BR Int1 1!"#½�� 4 ±)��

(ÄS�³|òðRólÚGS(ÄS²�ê­®(�YÄ�Ík|Scheme 2-8

&º�Jl�`auaV*ÝÚ1lÚp_XGËI|p_XlÚGæJ�æ³

®Jp_XlÚSÙ�è^N_`a(36a)1p_XlÚGHI� Int1 1�ôl

ÚG�>�|lÚp_XGi��J�æ³®J½BR Int1a, Int1b, Int1c, b'

© Int1d1p_XlÚG Figure 2-5&ºT�æ³®J½BR Int1a, Int1b, Int1c  

 

 

 

Scheme 2-8. Hydorideborates   



 61 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-5.  Optimized geometries of Int1a, Int1b, Int1c, and Int1d.   

 

b'© Int1d 1p_XlÚ�|Ððõ O-B-C2 1õ@²Y®Z® 102.1ö, 

100.9ö, 101.7ö,b'© 100.7ö��(ÄS�³|4±)1!"#½���(Ä

S²ßë�´J� 
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! B&|æ³®J½BR Int1a, Int1b, Int1c, Int1db'© 1,4-¥`aª-2,6-¥ç

ñNùu¥�(2a’)1p_XlÚG�&�ôlÚG�>�|̄ °6ÕTSa’, TSb’, 

TSc’, b'© TSd’1lÚp_XG�:J�lÚp_X� B3LYP/6-31G(d,p)*Ù

N�ËMJ�Ík|¯°6Õ TSa’1lÚp_XGi��J(Figure 2-6)�½B

R Int1a b'© 1,4-¥`aª-2,6-¥çñNùu¥�(2a’)1p_XlÚGHI�

�ôlÚ TSa’-initialG�>�J(Figure 2-6a)�TSa’-initial1 C1S H11xY

÷LG 1.7-1.2 ÅÍ�Y®Z®øë��lÚp_XstGËMJ�ùxY÷L 

 

a)                                         b) 

 

 

 

 

 c) 

 

 

 

 

 

 

 

Figure 2-6. Geometry optimization of TSa’.  a) Initial geometry.  b) Potential 

energy curve.  c) Examples of optimized geometries.   
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d) 

 

 

 

Figure 2-6. Geometry optimization of TSa’ (continued).  d) Optimized geometry of 

TSa’.   

 

�1p_Xst�æ³®JúM�ûûNKÂNØÝ&·��xY÷LGøª

¢Ú�JüG Figure 2-6b&ºT�C1-H11xY÷LG 1.7 Å&øë��p_X

stGËMJjY|C2-H1 b'© C1-O1 1xY÷L�-X���MJ(Figure 

2-6c)�C1-H11xY÷LG 1.4 Å&øë��p_XstGËMJS´|úM�

ûûNKÂNØÝý²pýÿIp_XlÚTSa’-candidateGæJ�ÍJ|C2-H1

b'© C1-O1 1xY÷L� 1.7 Å &øë�JjYSþÿ��!"��IJ�

C1-H11xY÷LG 1.2 Å&øë��p_XstGËMJjY|AhST(½

BR Int2a’¾Sst²ä#�J�B&|æ³®Jp_XlÚ TSa’-candidateG

�ôlÚS��|¯°6ÕlÚ1p_XGi��J�Y1x¥|Ah1st�

ä#�¯°6Õ TSa’1p_XlÚ²æ³®J(Figure 2-6d)�̄ °6Õ TSa’&b

c( C1-H11÷L� 1.42 Å��MJ�ÍJ|C2-H1b'© C1-O11xY÷L

� 1.31 Åb'© 1.31 Å��MJ�­³&|TSa’1$îÝstGËMJx¥|1

�1%Ý$î²È´­®J�Ä1%Ý$îqÝa� H1 �³ C1 ¾1$îqÝ

a���|O#°îíÃ1¯°6Õ��(ÄSGºÛ��I(� 

! ½BR Int1bb'© 1,4-¥`aª-2,6-¥çñNùu¥�(2a’)1p_XlÚG

HI��ôlÚ TSb’-initialG�>�J(Figure 2-7a)�TSb’-initial1 C1S H1 
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1xY÷LG 1.6-1.2 ÅÍ�Y®Z®øë��lÚp_XstGËMJ�ùx

Y÷L�1p_Xst�æ³®JúM�ûûNKÂNØÝ&·��xY÷L

Gøª¢Ú�JüG Figure 2-7b&ºT�C1-H11xY÷LG 1.6 Å&øë��

p_XstGËMJjY|C2-H1 b'© C1-O1 1xY÷L²Ìk�&!"�

J(Figure 2-7c)�C1-H11xY÷LG 1.4 Å&øë��p_XstGËMJS´|

úM�ûûN KÂNØÝý²pýÿIp_XlÚ TSb’-candidate GæJ

(Figure 2-7c)�ÍJ|C2-H1b'© C1-O11xY÷L� 1.6 Å&øë�JjY 

 

a)                                          b) 

 

 

 

 

 c) 

 

 

 

 

 

 

 

Figure 2-7. Geometry optimization of TSb’.  a) Initial geometry.  b) Potential 

energy curve.  c) Examples of optimized geometries.   
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d) 

 

 

 

 

Figure 2-7. Geometry optimization of TSb’ (continued).  d) Optimized geometry of 

TSb’.   

 

Sþÿ��­³&!"��IJ�C1-H11xY÷LG 1.2 Å&øë��p_X

stGËMJjY|AhST(½BR Int2b’¾Sst²ä#�J�B&|æ³

®Jp_XlÚ TSb’-candidate G�ôlÚS��|¯°6ÕlÚ1p_XG

i��J�Y1x¥|Ah1st�ä#�¯°6Õ TSb’1p_XlÚ²æ³

®J(Figure 2-7d)�¯°6Õ TSb’&bc( C1-H11÷L� 1.44 Å��MJ�

ÍJ|C2-H1b'© C1-O11xY÷L� 1.28 Åb'© 1.30 Å��MJ�­³

&|TSb’1$îÝst� 1 �1%Ý$î²ÞßT(ÄSGº�J�Ä1%Ý

$îqÝa� H1�³ C1¾1O#°îíÃ��(ÄSGºÛ�J� 

! ½BR Int1c b'© 1,4-¥`aª-2,6-¥çñNùu¥�(2a’)1p_XlÚG

HI��ôlÚ TSc’-initial G�>�J(Figure 2-8a)�TSc’-initial 1 C1 S H1

1xY÷LG 1.6-1.1 ÅÍ�Y®Z®øë��lÚp_XstGËMJ�ùx

Y÷L�1p_Xst�æ³®JúM�ûûNKÂNØÝ&·��xY÷L

Gøª¢Ú�JüG Figure 2-8b&ºT�C1-H11xY÷LG 1.6 Å&øë��

p_XstGËMJjY|C2-H1b'© C1-O11xY÷L²!"�J (Figure 

2-8c)�C1-H11xY÷LG 1.5 Å&øë��p_XstGi��JSÄ�|ú 
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a)                                        b) 

  

 

 

 

 

c)  

 

 

 

  

 

 

 

d) 

 

 

 

 

Figure 2-8. Geometry optimization of TSc’.  a) Initial geometry.  b) Potential 

energy curve.  c) Examples of optimized geometries.  d) Optimized geometry of 

TSc’.   
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M�ûûNKÂNØÝý²pýÿIp_XlÚ TSc’-candidate GæJ(Figure 

2-8c)�ÍJ|C2-H1b'© C1-O11xY÷L� 1.6 Å&øë�JjYSþÿ�

�­³&!"��IJ�C1-H11xY÷LG 1.1 Å&øë��p_XstGË

MJjY|AhST(½BR Int2c’¾Sst²ä#�J�B&|æ³®Jp_

XlÚ TSc’-candidateG�ôlÚS��|̄ °6ÕlÚ1p_XG�:J�Y

1x¥|Ah1st�ä#� ¯°6Õ TSc’1p_XlÚ²æ³®J (Figure 

2-8d)�¯°6Õ TSc’&bc( C1-H11÷L� 1.47 Å��MJ�ÍJ|C2-H1

b'© C1-O11xY÷L� 1.27 Åb'© 1.30 Å��MJ�­³&|TSc’1$

îÝst&'M� 1 �1%Ý$î1ÞßGßë�J�Ä1%Ý$îqÝa�

H1 �³ C1 ¾1$îqÝa���|O#°îíÃ1¯°6Õ��(ÄSGº

Û��I(� 

! ½BR Int1db'© 1,4-¥`aª-2,6-¥çñNùu¥�(2a’)1p_XlÚG

HI��ôlÚ TSd’-initial G�>�J(Figure 2-9a)�TSd’-initial 1 C1S H1

1xY÷LG 1.6-1.2 ÅÍ�Y®Z®øë��lÚp_XstGËMJ�ùx

Y÷L�1p_Xst�æ³®JúM�ûûNKÂNØÝ&·��xY÷L

Gøª¢Ú�JüG Figure 2-9b&ºT�C1-H11xY÷LG 1.6 Å&øë��

p_XstGËMJjY|C2-H1 b'© C1-O1 1xY÷L²!"�J(Figure 

2-9c)�C1-H11xY÷LG 1.4 Å&øë��p_XstGËMJS´|úM�

ûûNKÂNØÝý²pýÿIp_XlÚ TSd’-candidateGæJ(Figure 2-9c)�

C1-H11xY÷LG 1.2 Å&øë��p_XstGËMJjY|AhST(½

BR Int2d’¾Sst²ä#�J�B&|æ³®Jp_XlÚ TSd’-candidate

G�ôlÚS��|¯°6ÕlÚ1p_XGi��J�Y1x¥|Ah1st

�ä#�¯°6Õ TSd’1p_XlÚ²æ³®J(Figure 2-9d)�¯°6Õ TSd’ 
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a)                                       b) 

  

 

 

 

 

c) 

 

 

 

 

 

 

 

 

d) 

 

 

 

 

Figure 2-9. Geometry optimization of TSd’.  a) Initial geometry.  b) Potential 

energy curve.  c) Examples of optimized geometries.  d) Optimized geometry of 

TSd’.   
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&bc( C1-H11÷L� 1.35 Å��MJ�ÍJ|C2-H1b'© C1-O11xY

÷L� 1.35 Åb'© 1.31 Å��MJ�­³&|TSd’1$îÝst&'�|1

�1%Ý$î1ÞßGßë�J�Ä1%Ý$îqÝa� H1 �³ C1 ¾1$î

qÝa���|O#°îíÃ1¯°6Õ��(ÄSGºÛ��I(� 

! B&|̄ °6ÕlÚ1p_Xst&�æ³®J Int2a’, Int2b’, Int2c’, b'©

Int2d’G�ôlÚS��|C1-H1 1xYGøëX;k& Int2a’, Int2b’, Int2c’, 

b'© Int2d’1lÚp_XstGi��J�æ³®Jp_XlÚG Figure 2-10

&ºT� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-10. Optimized geometries of Int2a’, Int2b’, Int2c’, and Int2d’.   
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! ÄÄÍ�1st�æ³®JÙ�è^N_`a(36a), Ù�¥N^N'ÝN

(37a), 1,4-¥`aª-2,6-¥çñNùu¥�(2a’), b'© 2,6-¥çñNùu¥�

(5’)|Int1|Int2, b'© TS’1{ªÅKÂNØÝGHI�KÂNØÝ&'üG

�>�J(Figure 2-11)�V¤� 44GHIJjY|½BR Int1a1KÂNØÝ�

V¤� 44|Ù�è^N_`a(36a)|b'© 1,4-¥`aª-2,6-¥çñNùu¥

�(2a’)²mL�J6Õ(44+36a+2a’)1KÂNØÝ'�ý 7.8 kcal/mol  à�J

(Red line)�ÍJ|TSa’1KÂNØÝ� Int1a+2a’1KÂNØÝ'�ý 1.3 kcal/mol

 IÄS²+�MJ�BF3GHIJjY&bI�ý|TSc’1KÂNØÝ² 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-11.  Energy diagrams of the path A in the model systems with borane 44, 

B(C6F5)3, BF3, and BPh3 (B3LYP/6-31G(d,p), an zero-point energy). 
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Int1c+2a’1KÂNØÝ'�ý 0.2 kcal/mol à�J(Green line)�È5|B(C6F5)3

b'© BPh3GHIJjY|TSb’b'© TSd’1KÂNØÝ� Int1b+2a’b'©

Int1d+2a’1KÂNØÝ'�ýÿIÄS²+�MJ (Blue line b'© Black 

line)�̄ °6Õ TS’1KÂNØÝ� Int1a+2a’1KÂNØÝ'�ýÿIS�ê�

�IJ²|V¤� 44 b'© BF3GHIJjY1:Dst� TSa’b'© TSc’

1KÂNØÝ² Int1a+2a’b'© Int1c+2a’1KÂNØÝ'�ý IÄSGº�

J�Ä®³1ÄS�³|q_Nr&�æ³®JKÂNØÝ&'ü��/0*l

1vw�(D�´�I�Ä1'é�x¥GQ÷(1�|Hantzsch KLMN 2a

1KñNKLMN()G)IJÄS&'(|r1KÂNØÝ-X1J»��(

S�ê�J�YÄ�|HantzschKLMN 2a GHIJu^Nr�1:DstG

i�T(ÄSS�J� 
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F 4[! u^Nr&bc(:Dst  

 

! F 3[&�q_Nr�1 Path A1:DstGi��J����|TSa’b'

© TSc’1KÂNØÝ² Int1a+2a’b'© Int1c+2a’1KÂNØÝ'�ý IS

Iéx¥GQ÷|æ³®JKÂNØÝ&'ü��/0*l1(DGËéÄS²

�´��MJ�Ä®³1x¥�|Hantzsch KLMN 2a G 1,4-¥`aª-2,6-¥

çñNùu¥�(2a’)&q_NX�JÄS&'M�|r1KÂNØÝ²-X�J

J»S0÷³®(�YÄ�|HantzschKLMN 2a Y1ý1GHIJu^Nr

&�E/01:DstGi�T(ÄSS�J� 

! u^NrGHIJjY1 Path A1vwG Scheme 2-9&ºT��»&|u^

Nr�1:Dst&]�S�(HantzschKLMN 2aSHantzschùu¥� 5l

Úp_XstGi��J�lÚp_X� B3LYP/6-31G(d,p)*ÙN�ËMJ�æ 

 

 

 

 

 

 

 

 

 

 

Scheme 2-9.  Possible path A in real systems 
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Figure 2-12.  Optimized geometries of the Hantzsch ester 2a and the Hantzsch 

pyridine 5.   

 

³®Jp_XlÚG Figure 2-12&ºT�HantzschKLMN 2a1p_XlÚ&

bI��|2�1KñNKLMN��¥`aªùu¥�R&·��*�´&)

[T(ÄS²+�MJ�ÍJ|O#®, H1�¥`aªùu¥�R1+²:&

'M�R�³,�?­®J)[&Þß��I(� 

! B&|½BR Int1a, Int1b, Int1c, Int1db'© HantzschKLMN 2a1p_X

lÚGHI�¯°6Õ TSa, TSb, TSc, b'© TSd1lÚp_XG�:J�l

Úp_X� B3LYP/6-31G(d,p)*ÙN�ËMJ� 

! Ík|TSa 1lÚp_XstGi��J(Figure 2-13)�½BR Int1a b'©

Hantzsch KLMN 2a 1p_XlÚGHI��ôlÚ TSa-initial G�>�J

(Figure 2-13a)�TSa-initial1 C1S H11xY÷LG 1.6-1.3 ÅÍ�Y®Z®ø

ë��lÚp_XstGËMJ�ùxY÷L�1p_Xst�æ³®JúM�

ûûNKÂNØÝ&·��xY÷LGøª¢Ú�JüG Figure 2-13b &ºT�

C1-H11xY÷LG 1.6 Å&øë��p_XstGËMJjY|C2-H1b'© 
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a)                                       b) 

  

 

 

 

 

c)  

 

 

 

 

 

 

 

d)  

 

 

 

 

Figure 2-13. Geometry optimization of TSa.  a) Initial geometry.  b) Potential 

energy curve.  c) Examples of optimized geometries.  d) Optimized geometry of 

TSa.   
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C1-O11xY÷L&Ìk��!"²>³®J(Figure 2-13c)�C1-H11xY÷L

G 1.4 Å&øë��p_XstGËMJS´|úM�ûûNKÂNØÝý1p

ýÿIp_XlÚ TSa-candidate²æ³®J�ÍJ|C2-H1b'© C1-O11x

Y÷L� 1.6 Å&øë�JjYSþÿ��­³&!"��IJ�C1-H11xY

÷LG 1.2 Å&øë��p_XstGËMJjY|AhST(½BR Int2a¾

Sst²ä#�J�B&|æ³®Jp_XlÚ TSa-candidateG�ôlÚS�

�|¯°6ÕlÚ1p_XGi��J�Y1x¥|Ah1st�ä#�¯°6

Õ TSa1p_XlÚ²æ³®J(Figure 2-13d)�¯°6Õ TSa&bc( C1-H1

1÷L� 1.34 Å��MJ�ÍJ|C2-H1b'© C1-O11xY÷L� 1.42 Åb

'© 1.32 Å��MJ�­³&|TSa1$îÝst&'�|1�1%Ý$î1Þ

ßGßë�J�Ä1%Ý$îqÝa� H1 �³ C1 ¾1$îqÝa���|O

#°îíÃ1¯°6Õ��(ÄSGºÛ��I(� 

! B&|¯°6Õ TSb 1lÚp_Xx¥G Figure 2-14 &ºT�½BR Int1b

b'©HantzschKLMN 2a1p_XlÚGHI��ôlÚ TSb-initialG�>

�J(Figure 2-14a)�TSb-initial1 C1S H11xY÷LG 1.5-1.1 ÅÍ�Y®Z 

 

a)                                        b) 

  

 

 

 

Figure 2-14. Geometry optimization of TSb.  a) Initial geometry.  b) Potential 

energy curve.   
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c) 

 

 

 

 

  

 

 

 

d) 

 

 

 

 

Figure 2-14. Geometry optimization of TSb (continued).  c) Examples of optimized 

geometries.  d) Optimized geometry of TSb.   

 

®øë��lÚp_XstGi��J�ùxY÷L�1p_Xst�æ³®J

úM�ûûNKÂNØÝ&·��xY÷LGøª¢Ú�JüG Figure 2-14b&

ºT�C1-H11xY÷LG 1.5 Å&øë��p_XstGËMJjY|C2-H1

b'© C1-O1 1xY÷L&!"²>³®J(Figure 2-14c)�C1-H1 1xY÷L

G 1.4 Å&øë��p_XstGËMJS´|úM�ûûNKÂNØÝý²p

ýÿIp_XlÚ TSb-candidateGæJ�ÍJ|C2-H1b'© C1-O11xY÷
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L� 1.5 Å&øë�JjYSþÿ��­³&!"��IJ�C1-H11xY÷L

G 1.1 Å&øë��p_XstGËMJjY|AhST(½BR Int2b¾Ss

t²ä#�J�B&|æ³®Jp_XlÚ TSb-candidate G�ôlÚS��|

¯°6ÕlÚ1p_XGËMJ�Y1x¥|Ah1st�ä#�¯°6Õ TSb

1p_XlÚ²æ³®J(Figure 2-14d)�¯°6Õ TSb&bc( C1-H11÷L

� 1.33 Å��MJ�ÍJ|C2-H1b'© C1-O11xY÷L� 1.42 Åb'© 1.31 

Å��MJ�­³&|TSb1$îÝst&'� 1�1%Ý$î1ÞßGßë�

J�Ä1%Ý$îqÝa� H1 �³ C1 ¾1$îqÝa���|O#°îíÃ

1¯°6Õ��(ÄSGºÛ��I(� 

! B&|¯°6Õ TSc 1lÚp_Xx¥G Figure 2-15 &ºT�½BR Int1c

b'© HantzschKLMN 2a1p_XlÚGHI��ôlÚ TSc-initialG�>

�J(Figure 2-15a)�TSc-initial1 C1S H11xY÷LG 1.6-1.1 ÅÍ�Y®Z

®øë��lÚp_XstGi��J�ùxY÷L�1p_Xst�æ³®J

úM�ûûNKÂNØÝ&·��xY÷LGøª¢Ú�JüG Figure 2-15b&

ºT�C1-H11xY÷LG 1.6 Å&øë��p_XstGËMJjY|C2-H1 

 

a)                                      b) 

  

 

 

 

Figure 2-15.  Geometry optimization of TSc.  a) Initial geometry.  b) Potential 

energy curve.   
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c) 

 

 

 

  

 

 

 

 

d) 

 

 

 

 

Figure 2-15. Geometry optimization of TSc (continued).  c) Examples of optimized 

geometries.  d) Optimized geometry of TSc.   

 

b'© C1-O11xY÷L&Ìk��!"²>³®J(Figure 2-15c)�C1-H11x

Y÷LG 1.4 Å&øë��p_XstGËMJS´|úM�ûûNKÂNØÝ

ý²pýÿIp_XlÚ TSc-candidateGæJ�ÍJ|C2-H1b'© C1-O11

xY÷L� 1.6 Å&øë�JjYSþÿ��­³&!"��IJ�C1-H11x

Y÷LG 1.1 Å &øë��p_XstGËMJjY|AhST(½BR Int2c

¾Sst²ä#�J�B&|æ³®Jp_XlÚ TSc-candidateG�ôlÚS 
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��|¯°6ÕlÚ1p_XGi��J�Y1x¥|Ah1st�ä#�¯°

6Õ TSc1p_XlÚ²æ³®J(Figure 2-15d)�̄ °6Õ TSc&bc( C1-H1

1÷L� 1.31 Å��MJ�ÍJ|C2-H1b'© C1-O11xY÷L� 1.42 Åb

'© 1.32 Å��MJ�­³&|TSc1$îÝst1x¥�|1�1%Ý$î1

ÞßGº�J�Ä1%Ý$îqÝa� H1 �³ C1 ¾1$îqÝa���|O

#°îíÃ1¯°6Õ��(ÄSGºÛ��I(� 

! B&|¯°6Õ TSd 1lÚp_Xx¥G Figure 2-16 &ºT�½BR Int1d

b'©HantzschKLMN 2a1p_XlÚGHI��ôlÚ TSd-initialG�>

�J(Figure 2-16a)�TSd-initial1 C1S H11xY÷LG 1.6-1.1 ÅÍ�Y®Z

®øë��lÚp_XstGËMJ�ùxY÷L�1p_Xst�æ³®Jú

M�ûûNKÂNØÝ&·��xY÷LGøª¢Ú�JüG Figure 2-16b&º

T�C1-H11xY÷LG 1.6 Å&øë��p_XstGËMJjY|C2-H1b

'© C1-O11xY÷L&Ìk��!"²>³®J(Figure 2-16c)�C1-H11xY

÷LG 1.3 Å&øë��p_XstGËMJS´|úM�ûûNKÂNØÝý

²pýÿIp_XlÚ TSd-candidateGæJ(Figure 2-16c)�ÍJ|C2-H1b' 

 

a)                                       b) 

 

 

 

 

Figure 2-16. Geometry optimization of TSd.  a) Initial geometry.  b) Potential 

energy curve.   
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c)  

 

 

 

 

 

 

 

 

d) 

  

 

 

 

Figure 2-16. Geometry optimization of TSd.  (continued) c) Examples of optimized 

geometries.  d) Optimized geometry of TSd.   

 

© C1-O11xY÷L� 1.6 Å&øë�JjYSþÿ��­³&!"��IJ�

C1-H11xY÷LG 1.2 Å&øë��p_XstGËMJjY|AhST(½

BR Int2d¾Sst²ä#�J�B&|æ³®Jp_XlÚ TSd-candidateG

�ôlÚS��|¯°6ÕlÚ1p_XGËMJ�Y1x¥|Ah1st�ä

#�¯°6Õ TSd1p_XlÚ²æ³®J(Figure 2-16d)�¯°6Õ TSd&b

c( C1-H11÷L� 1.28 Å��MJ�ÍJ|C2-H1b'© C1-O11xY÷L 
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� 1.50 Åb'© 1.28 Å��MJ�­³&|TSd1$îÝstGËMJx¥|1

�1%Ý$î²È´­®J�Ä1%Ý$îqÝa� H1 �³ C1 ¾1$îqÝ

a���|O#°îíÃ1¯°6Õ��(ÄSGºÛ��I(� 

! B&|¯°6ÕlÚ1p_Xst&�æ³®J Int2a, Int2b, Int2c, b'©

Int2dG�ôlÚS��|C1-H11xYGøëX;k& Int2a, Int2b, Int2c, b 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-17. Optimized geometries of Int2a, Int2b, Int2c, and Int2d.   
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'© Int2d 1lÚp_XstGi��J�æ³®Jp_XlÚG Figure 2-17

&ºT� 

! ÄÄÍ�1st�æ³®JÙ�è^N_`a(36a), Ù�¥N^N'ÝN

(37a), Hantzsch KLMN 2a, b'© Hantzsch ùu¥� 5|Int1|Int2, b'©

TS 1{ªÅKÂNØÝGHI�KÂNØÝ&'üG�>�|u^Nr&bc

(E/0*l1vw1mWb'©ÿ$%1�1:é&�I�0ä�J (Figure 

2-18)�V¤� 44GHIJjY|½BR Int1a1KÂNØÝ�V¤� 44|Ù�

è^N_`a(36a)|b'© HantzschKLMN 2a²mL�J6Õ(44+36a+2a) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-18.  Energy diagrams of the path A in the real systems with borane 44, 

B(C6F5)3, BPh3, and BF3 (B3LYP/6-31G(d,p), zero-point energy) 
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1KÂNØÝ'�ý 7.8 kcal/mol à�J(Red line)�̄ °6Õ TSa11�XK

ÂNØÝ� 11.8 kcal/mol��(St?­®J�ùu¥W"¦^N'�ûV*Ý

Ú Int2aSV¤� 44|Ù�è^N_`a 36a|b'© Hantzschùu¥� 5²m

L�J6Õ(44+37a+5)1KÂNØÝá� 25.4 kcal/mol��(ÄS²+�MJ�

Ä1ÄS�³|Int2a �E/0deà&�mL�|Ù�¥N^N'ÝN 37a, 

Hantzsch ùu¥� 5|b'©V¤� 44 GQ÷$%/0²ãËT(ý1S0÷

³®(�B&|V¤� 441ÿI1�1:éG:mTto|B(C6F5)3, BF3, b'

© BPh3GHIJjY1stx¥Sþÿ�J�B(C6F5)3GHIJjY|¯°6

Õ TSb11�XKÂNØÝ� 15.7 kcal/mol���|TSa11�XKÂNØÝ

'�ýÿIÄS�³|V¤� 441$%1�²ã®�I(ÄSGºÛ�J (Blue 

line)�È5|BF3GHIJjY|TSc11�XKÂNØÝ� TSa11�XKÂ

NØÝ'�ý o|10.2 kcal/mol��(St?­®J(Green line)�����²

³|ùu¥W"¦^N'�ûV*ÝÚ Int2cS BF3|Ù�¥N^N'ÝN 37a|

b'© Hantzschùu¥� 5²mL�J6Õ(BF3+37a+5)1KÂNØÝá� 34.8 

kcal/mol��MJ�Ä®³1ÄS�³|BF3� HantzschKLMN�³1O#°

îGr+&\ãT(²|BF31A¼íÃ1¼´�KÂNØÝá&'M�$%/

01ãË²²³³®�I(S0÷³®(�BPh3GHIJjY|TSd 11�X

KÂNØÝ� 21.6 kcal/mol���|TSa, TSb, b'© TSc11�XKÂNØÝ

'�ýÿIÄS²+�MJ(Black line)�Ä®³1x¥�|E/0&bI�V¤

�441$%1�²B(C6F5)3, BF3, b'©BPh3'�ýÿIÄSG-.��I(� 

 

 

 



 84 

F 261ÍS»  

 

E6��|V¤�$%&'( Hantzsch KLMNGO#PQRS�J^N_`

a1O#X/01/0*l1mWG�:J�ijx¥�|E/0²ÚuL[3,5-

�L(Úu�NÛªçñN)��WN]V¤�(44)&'(UNVWN�11�X

&íoHantzschKLMN2a�³1O#°î&'M�ãËT(ÄS(Path A)Gº

�J�ÍJ|:Dstx¥'��>�JKÂNØÝ&'ü�|E/0² Path A

�ãË��I(SIéijx¥G-.�J�­³&|KÂNØÝ&'ü�V¤

� 44&'(O#X/0² B(C6F5)3, BF3, b'© BPh3GHIJO#X/0'�

ýKÂNØÝh&)/�/0���|EO#X/0&bc(V¤� 44 1$%

1�²ÿISIéijx¥G-.�J� 
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ijk  

General 

Commercially available chemicals were purchased from Aldrich, TCI, Kanto, Wako, 

and Nakalai and used without further purification unless otherwise noted.  

Benzaldehyde (36a) were purified by distillation prior to use.  

Tris[3,5-bis(trifluoromethyl)phenyl]borane (44)5 was prepared according to the 

literature procedures.  NMR spectra were recorded at 25 ˚C on a JEOL ECS-400 

spectrometer (396 MHz for 1H, 100 MHz for 13C, 373 MHz for 19F, 127 MHz for 11B).  

Chemical shifts are reported in # ppm.  Chemical shifts of 1H and 13C NMR are 

given relative to the solvent peak as an internal standard.  Chemical shifts of 19F and 

11B NMR were reported relative to external CF3CO2H (-78.5 ppm) and BF3•OEt2 (0 

ppm).   

 

Stoichiometric reaction of borane 44 with benzaldehyde (36a) 

In a glovebox, benzaldehyde (36a) was added to a solution of 

tris[3,5-bis(trifluoromethy)phenyl]borane (44) (19.5 mg, 0.03 mmol) in 0.75 mL of 

CD2Cl2 in a sealable J-Young NMR tube at 25 ˚C.  The resulting clear solution was 

characterized by 1H, 13C and 11B NMR analyses to be Int1a (Charts 1, 2, and 3).  

The Hantzsch ester 2a (7.6 mg, 0.03 mmol) was added to the solution at 25 ˚C in a 

glovebox.  The resulting solution was immediately analyzed with 1H NMR (<10 

min) to be the formation of benzyl alcohol (36a) (Chart 4).  GC-MS analysis of the 

solution also supported the formation of benzyl alcohol (36a).   
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Stoichiometric reaction of borane 44 with the Hantzsch ester 2a 

In a glovebox, the Hantzsch ester 2a (7.6 mg, 0.03 mmol) was added to a solution of 

tris[3,5-bis(trifluoromethy)phenyl]borane (44) (19.5 mg, 0.03 mmol) in 0.75 mL of 

CD2Cl2 in a sealable J-Young NMR tube at 25 ˚C.  The resulting yellow-green 

solution was analyzed with 1H and 11B NMR (Charts 5 and 6).  Resonances 

attributable to NH around 13 ppm in 1H NMR and BH around 3.5 ppm (quartet, J = 

~80 Hz) in 1H NMR and around 24 ppm (doublet, J = ~80 Hz) in 11B NMR were not 

observed under the reaction conditions.6  Formation of 1,2-dihydropyridine adduct 

59 was suggested by 1H and 11B NMR analyses.6   
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Chart 1 

 

 

 

 

 

 

 

 

 

 

Chart 2 
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Chart 3 

 

 

 

 

 

 

 

 

 

 

Chart 4 
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Chart 5 

 

 

 

 

 

 

 

 

 

 

Chart 6 
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:Dst1vw  

 

Computational methods 

All calculations were carried out with the Gaussian 09 program pakage.7  Geometry 

optimizations and frequency calculations were performed with B3LYP method using 

6-31G(d,p) basis set.  All the stationary geometries were confirmed to be energy 

minima by achieving vibrational frequency analyses.  Transition structures were also 

confirmed to be true transition states on the potential energy surfaces by achieving 

vibrational frequency analyses.   
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Cartesian coordinates of omtimized 

geometries 

Benzaldehyde (36a) 

C  -1.735848  1.060175  0.000000 

C  -2.216161  -0.251229  0.000000 

C  -1.325648  -1.331200  0.000000 

C  0.045639  -1.100850  0.000000 

C  0.533750  0.214676  0.000000 

C  -0.361458  1.292166  0.000000 

C  1.992025  0.469312  -0.000001 

O  2.846551  -0.396165  0.000001 

H  -2.430394  1.894712  0.000000 

H  -3.286937  -0.433704  0.000000 

H  -1.706659  -2.348054  0.000000 

H  0.760535  -1.917462  0.000000 

H  0.024855  2.308877  0.000000 

H  2.272408  1.546649  0.000001 

 

Benzyl alcohol (37a) 

C  -1.372563  -1.346402  0.038712 

C  -2.306809  -0.313141  -0.045364 

C  -1.867744  1.011795  -0.075715 

C  -0.503524  1.296588  -0.023553 

C  0.437996  0.265044  0.070141 

C  -0.007919  -1.060271  0.099629 

C  1.909946  0.593981  0.181876 

O  2.686383  -0.507034  -0.273090 

H  -1.706282  -2.380219  0.056418 

H  -3.368466  -0.537737  -0.092523 

H  -2.586354  1.823150  -0.149504 

H  -0.167025  2.330507  -0.059539 

H  0.723196  -1.858841  0.157318 

H  2.124194  1.504089  -0.401163 

H  2.147387  0.828451  1.233635 

H  3.605982  -0.338679  -0.034278 

 

1,4-dihydro-2,6-dimethylpyridine (2a’) 

C  1.242349  1.090483  -0.038239 

C  1.213609  -0.250287  0.011829 

N  0.000000  -0.944892  0.158691 

C  -1.213607  -0.250289  0.011830 

C  -1.242351  1.090481  -0.038237 

C  -0.000001  1.947365  0.033645 

C  2.433698  -1.125571  -0.039058 

C  -2.433698  -1.125572  -0.039058 

H  2.206315  1.584893  -0.111546 
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H  0.000002  -1.903710  -0.161872 

H  -2.206317  1.584889  -0.111542 

H  -0.000002  2.689963  -0.781810 

H  0.000000  2.554585  0.957198 

H  3.340264  -0.524769  -0.131880 

H  2.396032  -1.814712  -0.893840 

H  2.516556  -1.738535  0.866956 

H  -2.516566  -1.738529  0.866959 

H  -2.396025  -1.814720  -0.893834 

H  -3.340261  -0.524768  -0.131896 

 

2,6-dimethylpyridine (5’) 

C  1.199772  1.134392  0.000000 

C  1.157179  -0.265527  0.000000 

N  0.000000  -0.945938  -0.000001 

C  -1.157180  -0.265527  -0.000001 

C  -1.199772  1.134392  0.000000 

C  0.000000  1.840949  0.000000 

C  2.417116  -1.095740  0.000001 

C  -2.417116  -1.095740  0.000000 

H  2.153630  1.652503  0.000000 

H  -2.153630  1.652503  0.000001 

H  0.000001  2.927493  0.000000 

H  3.315019  -0.472434  0.000003 

H  2.443654  -1.747312  -0.879440 

H  2.443651  -1.747313  0.879440 

H  -2.443643  -1.747327  -0.879428 

H  -2.443661  -1.747298  0.879450 

H  -3.315019  -0.472434  -0.000018 

 

Borane 44 

B  0.000000  0.000000  0.000000 

C  0.000000  1.568724  0.000000 

C  -1.005775  2.301955  0.661797 

C  1.005775  2.301955  -0.661797 

C  -0.997655  3.695807  0.675247 

H  -1.798150  1.780542  1.186179 

C  0.997655  3.695807  -0.675247 

H  1.798150  1.780542  -1.186179 

C  0.000000  4.399552  0.000000 

H  0.000000  5.484707  0.000000 

C  1.358554  -0.784362  0.000000 

C  1.490664  -2.022004  -0.661797 

C  2.496439  -0.279951  0.661797 

C  2.701835  -2.711898  -0.675247 

H  0.642920  -2.447514  -1.186179 
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C  3.699490  -0.983909  0.675247 

H  2.441069  0.666972  1.186179 

C  3.810124  -2.199776  0.000000 

H  4.749896  -2.742354  0.000000 

C  -1.358554  -0.784362  0.000000 

C  -1.490664  -2.022004  0.661797 

C  -2.496439  -0.279951  -0.661797 

C  -2.701835  -2.711898  0.675247 

H  -0.642920  -2.447514  1.186179 

C  -3.699490  -0.983909  -0.675247 

H  -2.441069  0.666972  -1.186179 

C  -3.810124  -2.199776  0.000000 

H  -4.749896  -2.742354  0.000000 

C  2.056682  4.475593  -1.413590 

C  2.847636  -4.018935  -1.413590 

C  -4.904318  -0.456657  -1.413590 

C  -2.056682  4.475593  1.413590 

C  4.904318  -0.456657  1.413590 

C  -2.847636  -4.018935  1.413590 

F  -5.965868  -0.329891  -0.587470 

F  2.697240  5.331539  -0.587470 

F  3.268628  -5.001648  -0.587470 

F  -5.276834  -1.297717  -2.403364 

F  1.514561  5.218731  -2.403364 

F  3.762273  -3.921014  -2.403364 

F  1.687318  -4.421129  -1.970054 

F  2.985151   3.671825  -1.970054 

F  -4.672469  0.749304  -1.970054 

F  4.672469  0.749304  1.970054 

F  -2.985151  3.671825  1.970054 

F  -1.687318  -4.421129  1.970054 

F  5.276834  -1.297717  2.403364 

F  -1.514561  5.218731  2.403364 

F  -3.762273  -3.921014  2.403364 

F  5.965868  -0.329891  0.587470 

F  -2.697240  5.331539  0.587470 

F  -3.268628  -5.001648  0.587470 

 

B(C6F5)3 

B  0.000000  0.000000  0.000000 

C  0.000000  1.568787  0.000000 

C  -0.944175  2.319310  0.718044 

C  0.944175  2.319310  -0.718044 

C  0.000000  4.407288  0.000000 

C  1.358609  -0.784393  0.000000 

C  1.536494  -1.977335  -0.718044 
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C  2.480669  -0.341975  0.718044 

C  3.816824  -2.203644  0.000000 

C  -1.358609  -0.784393  0.000000 

C  -1.536494  -1.977335  0.718044 

C  -2.480669  -0.341975  -0.718044 

C  -3.816824  -2.203644  0.000000 

C  0.953237  3.709228  -0.738534 

C  -0.953237  3.709228  0.738534 

C  3.688904  -1.029087  0.738534 

C  2.735667  -2.680141  -0.738534 

C  -2.735667  -2.680141  0.738534 

C  -3.688904  -1.029087  -0.738534 

F  0.000000  5.738880  0.000000 

F  1.862231  4.378278  -1.454660 

F  1.879298  1.699757  -1.456888 

F  -1.879298  1.699757  1.456888 

F  -1.862231  4.378278  1.454660 

F  2.411682  0.777641  1.456888 

F  4.722816  -0.576400  1.454660 

F  4.970016  -2.869440  0.000000 

F  2.860585  -3.801878  -1.454660 

F  0.532384  -2.477398  -1.456888 

F  -0.532384  -2.477398  1.456888 

F  -2.860585  -3.801878  1.454660 

F  -4.970016  -2.869440  0.000000 

F  -4.722816  -0.576400  -1.454660 

F  -2.411682  0.777641  -1.456888 

 

BF3 

B  0.000000  0.000000  0.000000 

F  0.000000  1.317739  0.000000 

F  1.141195  -0.658869  0.000000 

F  -1.141195  -0.658869  0.000000 

 

BPh3 

B  0.000000  0.000000  0.000000 

C  0.000000  1.569282  0.000000 

C  -1.011347  2.307957  0.652591 

C  1.011347  2.307957  -0.652591 

H  -1.805736  1.775869  1.167758 

H  1.805736  1.775869  -1.167758 

C  0.000000  4.402665  0.000000 

H  0.000000  5.489255  0.000000 

C  1.359038  -0.784641  0.000000 

C  1.493076  -2.029830  -0.652591 

C  2.504423  -0.278127  0.652591 
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H  0.635079  -2.451748  -1.167758 

H  2.440816  0.675879  1.167758 

C  3.812820  -2.201332  0.000000 

H  4.753834  -2.744628  0.000000 

C  -1.359038  -0.784641  0.000000 

C  -1.493076  -2.029830  0.652591 

C  -2.504423  -0.278127  -0.652591 

H  -0.635079  -2.451748  1.167758 

H  -2.440816  0.675879  -1.167758 

C  -3.812820  -2.201332  0.000000 

H  -4.753834  -2.744628  0.000000 

C  1.007085  3.701894  -0.666832 

H  1.789977  4.242337  -1.191714 

C  -1.007085  3.701894  0.666832 

H  -1.789977  4.242337  1.191714 

C  3.709477  -0.978786  0.666832 

H  4.568960  -0.571003  1.191714 

C  2.702392  -2.723108  -0.666832 

H  2.778983  -3.671334  -1.191714 

C  -2.702392  -2.723108  0.666832 

H  -2.778983  -3.671334  1.191714 

C  -3.709477  -0.978786  -0.666832 

H  -4.568960  -0.571003  -1.191714 

Int1a 

C  0.738092  -0.340559  6.034894 

C  1.586625  0.591475  6.647868 

C  2.226257  1.580864  5.895721 

C  2.018658  1.641206  4.522436 

C  1.167361  0.707762  3.899719 

C  0.525228  -0.287570  4.665324 

C  0.976375  0.802382  2.471860 

O  0.237489  0.023974  1.834898 

H  0.248353  -1.102865  6.631640 

H  1.748863  0.544053  7.720461 

H  2.880813  2.297388  6.380346 

H  2.508735  2.405164  3.925193 

H  -0.127218  -0.998919  4.171288 

H  1.501481  1.597237  1.928799 

B  -0.018994  -0.009706  0.190805 

C  -1.621780  -0.221630  0.101716 

C  -2.392711  0.366583  -0.912570 

C  -2.297537  -1.061705  1.003622 

C  -3.767805  0.132451  -1.020317 

H  -1.922214  1.026953  -1.633683 

C  -3.671944  -1.284261  0.913169 

H  -1.742766  -1.559933  1.791502 
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C  -4.419208  -0.688873  -0.103609 

H  -5.485323  -0.863554  -0.179950 

C  0.828447  -1.314314  -0.273587 

C  2.108750  -1.599745  0.226525 

C  0.320231  -2.195324  -1.242036 

C  2.843365  -2.705729  -0.207405 

H  2.563909  -0.952976  0.970700 

C  1.054318  -3.295692  -1.691992 

H  -0.670514  -2.028849  -1.651338 

C  2.320352  -3.563093  -1.173827 

H  2.885919  -4.421761  -1.514275 

C  0.512452  1.402207  -0.404366 

C  1.604910  1.496100  -1.281235 

C  -0.118733  2.610935  -0.051434 

C  2.043355  2.726209  -1.782492 

H  2.128022  0.595397  -1.583798 

C  0.325645  3.843919  -0.532482 

H  -0.985588  2.592698  0.603382 

C  1.410633  3.909078  -1.407262 

H  1.753325  4.862817  -1.789509 

C  -4.360515  -2.121906  1.956764 

C  4.175988  -3.007597  0.423221 

C  -0.327615  5.112336  -0.050884 

C  -4.535334  0.733994  -2.168073 

C  0.494069  -4.170287  -2.783456 

C  3.177030  2.763728  -2.774726 

F  -0.173718  6.127215  -0.926165 

F  -5.498612  -2.679518  1.492144 

F  4.978184  -3.716674  -0.397971 

F  0.208618  5.521774  1.127087 

F  -4.698141  -1.383942  3.043059 

F  4.036465  -3.730449  1.560840 

F  4.837452  -1.876354  0.763363 

F  -3.567701  -3.123429  2.402172 

F  -1.650468  4.948405  0.161293 

F  -0.849396  -4.278393  -2.699227 

F  -4.081924  1.968597  -2.479983 

F  4.110720  1.826560  -2.498805 

F  0.772793  -3.671399  -4.009943 

F  -4.425159  -0.017662  -3.287787 

F  2.743760  2.529836  -4.033275 

F  1.007308  -5.419970  -2.740180 

F  -5.853855  0.842421  -1.892969 

F  3.796953  3.964783  -2.784819 
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Int1b 

C  2.855987  -1.536545  4.589211 

C  3.897677  -0.723002  5.055018 

C  4.227118  0.466108  4.398028 

C  3.512347  0.847019  3.267885 

C  2.465818  0.033452  2.795734 

C  2.136964  -1.165608  3.462127 

C  1.736188  0.447452    1.621201 

O  0.802602  -0.240788  1.165396 

H  2.612043  -2.456399  5.110397 

H  4.455940  -1.020005  5.937847 

H  5.035490  1.087955  4.767815 

H  3.756450  1.768234  2.746183 

H  1.325156  -1.774875  3.078726 

H  2.015768  1.380920  1.123828 

B  -0.131210  -0.004277  -0.142501 

C  -1.580593  -0.494717  0.421760 

C  -2.782786  0.180236  0.197190 

C  -1.706731  -1.669679  1.172033 

C  -4.076402  -1.409130  1.458907 

C  0.549665  -1.010936  -1.230130 

C  1.918860  -0.950144  -1.501291 

C  -0.142155  -1.979531  -1.961800 

C  1.846285  -2.743761  -3.087503 

C  -0.060713  1.577548  -0.533424 

C  0.108946  2.062752  -1.833519 

C  -0.249987  2.570183  0.433307 

C  -0.067601  4.364564  -1.145344 

C  -2.909682  -2.129344  1.697059 

C  -4.011787  -0.247604  0.698851 

C  0.475741  -2.836784  -2.872397 

C  2.579691  -1.786030  -2.393306 

C  0.109338  3.420943  -2.151231 

C  -0.247534  3.934780  0.166267 

F  -5.244821  -1.833538  1.951280 

F  -2.955620  -3.259888  2.416788 

F  -0.624231  -2.447818  1.410629 

F  -2.818416  1.303972  -0.547739 

F  -5.127514  0.451462  0.451160 

F  -1.474162  -2.125775  -1.833648 

F  -0.242263  -3.746362  -3.543218 

F  2.452658  -3.559581  -3.955353 

F  3.900039  -1.672603  -2.594313 

F  2.686355  -0.015411  -0.879778 

F  0.262873  1.221162  -2.872505 

F  0.277631  3.822324  -3.417215 
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F  -0.062013  5.669429  -1.432633 

F  -0.418706  4.828953  1.149611 

F  -0.442201  2.211290  1.727684 

 

Int1c 

C  -3.029011  1.355477  -0.000025 

C  -3.921353  0.275497  0.000013 

C  -3.450172  -1.040007  0.000018 

C  -2.079575  -1.279567  -0.000008 

C  -1.179279  -0.199868  -0.000015 

C  -1.660413  1.123556  -0.000051 

C  0.244229  -0.478486  0.000023 

O  1.103602  0.417557  0.000004 

B  2.773187  0.030740  0.000004 

F  2.773449  -1.339548  0.000378 

F  3.189677  0.607907  1.151526 

F  3.189672  0.607202  -1.151873 

H  -3.408185  2.372258  -0.000039 

H  -4.991049  0.462844  0.000026 

H  -4.149145  -1.869896  0.000043 

H  -1.698256  -2.297113  -0.000010 

H  -0.947944  1.941451  -0.000069 

H  0.578083  -1.523365  -0.000014 

Int1d 

C  -4.707245  -1.880332  -0.445718 

C  -5.741743  -0.940444  -0.354162 

C  -5.457687  0.415942  -0.176690 

C  -4.133877  0.836493  -0.089897 

C  -3.091650  -0.102071  -0.180961 

C  -3.384398  -1.467215  -0.359997 

C  -1.718710  0.368505  -0.086455 

O  -0.743062  -0.392668  -0.161355 

H  -4.940302  -2.931309  -0.583472 

H  -6.774497  -1.269410  -0.421827 

H  -6.264827  1.137857  -0.106814 

H  -3.898371  1.888381  0.047900 

H  -2.566142  -2.175746  -0.428445 

H  -1.548115  1.444575  0.050020 

B  0.937534  0.054474  0.025306 

C  1.605325  -0.786415  -1.178197 

C  2.632725  -0.251737  -1.975843 

C  1.235196  -2.120955  -1.438500 

C  2.853612  -2.312174  -3.224863 

C  1.232447  -0.526345  1.505746 

C  0.417450  -0.224419  2.613774 

C  2.356166  -1.334271  1.756649 
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C  1.824348  -1.495027  4.112017 

C  0.966571  1.661639  -0.135520 

C  1.344913  2.525963  0.908232 

C  0.613122  2.272412  -1.358764 

C  1.005095  4.486105  -0.470579 

C  1.837856  -2.872508  -2.446775 

C  3.253695  -0.999070  -2.980549 

C  2.655138  -1.807821  3.036196 

C  0.698470  -0.698272  3.895616 

C  1.370849  3.914237  0.747615 

C  0.623214  3.657309  -1.528229 

H  -0.462607  0.402685  2.480287 

H  0.041445  -0.446407  4.724414 

H  2.049676  -1.867335  5.107771 

H  3.535583  -2.426339  3.190952 

H  3.010553  -1.597870  0.931064 

H  0.335826  1.643337  -2.202187 

H  0.344500  4.089725  -2.485983 

H  1.022850  5.565144  -0.598515 

H  1.677795  4.548437  1.575401 

H  1.633997  2.102141  1.865222 

H  2.956703  0.771519  -1.807788 

H  4.047749  -0.552481  -3.573762 

H  3.329345  -2.895094  -4.009069 

H  1.520955  -3.897601  -2.622972 

H  0.459411  -2.582401  -0.832758 

 

Int2a’ 

C  -0.582368  -2.313113  5.171589 

C  -1.322158  -1.656754  6.160008 

C  -1.693283  -0.326071  5.969518 

C  -1.329250  0.340474  4.793537 

C  -0.592606  -0.309574  3.791715 

C  -0.225429  -1.648262  3.997703 

C  -0.164673  0.424845  2.533226 

O  -0.244036  -0.413017  1.416829 

H  -0.279195  -3.345989  5.318001 

H  -1.598671  -2.176633  7.072278 

H  -2.256803  0.198476  6.736089 

H  -1.583093  1.391741  4.670738 

H  0.339855  -2.157794  3.224634 

H  0.862560  0.800469  2.683501 

B  0.391287  -0.002645  0.106647 

C  0.235759  -1.308659  -0.874786 

C  0.792273  -1.351324  -2.165914 

C  -0.467167  -2.449664  -0.466472 
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C  0.637980  -2.457825  -3.004813 

H  1.359746  -0.500383  -2.532122 

C  -0.634300  -3.560838  -1.301684 

H  -0.879157  -2.463512  0.535575 

C  -0.084789  -3.574848  -2.581835 

H  -0.211305  -4.430265  -3.233816 

C  1.994436  0.308138  0.299377 

C  2.755784  -0.486725  1.174946 

C  2.698489  1.287271  -0.418233 

C  4.131035  -0.311179  1.334982 

H  2.257368  -1.262947  1.747583 

C  4.079140  1.467532  -0.270795 

H  2.167957  1.929161  -1.115129 

C  4.807004  0.671750  0.610111 

H  5.874048  0.812468  0.730083 

C  -0.424878  1.303003  -0.510320 

C  -0.328126  2.571388  0.093260 

C  -1.317206  1.214229  -1.594132 

C  -1.096816  3.663587  -0.325179 

H  0.377621  2.724780  0.903860 

C  -2.064835  2.308292  -2.043654 

H  -1.424230  0.268594  -2.114780 

C  -1.971462  3.544420  -1.403827 

H  -2.546915  4.395737  -1.747597 

C  -1.471898  -4.710371  -0.830749 

C  4.900595  -1.228875  2.244223 

C  -3.045803  2.141844  -3.168240 

C  1.303912  -2.475631  -4.354470 

C  4.764934  2.577228  -1.019240 

C  -1.049028  4.944112  0.457524 

F  -3.209652  3.270684  -3.884965 

F  -1.260951  -5.844014  -1.522351 

F  6.034522  -0.654664  2.707978 

F  -4.298126  1.816643  -2.692622 

F  -2.816782  -4.440925  -0.939947 

F  5.270380  -2.370658  1.615833 

F  4.169776  -1.601715  3.322199 

F  -1.274849  -4.989956  0.482856 

F  -2.706174  1.155065  -4.017312 

F  4.257917  2.735340  -2.263378 

F  1.361568  -1.243055  -4.905623 

F  -1.876742  4.873334  1.547877 

F  4.621553  3.769904  -0.389749 

F  2.575740  -2.932397  -4.281723 

F  0.179986  5.216135  0.934682 

F  6.093743  2.362342  -1.149043 
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F  0.650778  -3.278197  -5.228514 

F  -1.459681  6.009443  -0.260491 

C  -4.050899  -1.560191  0.168594 

C  -3.623533  -1.541466  1.489531 

N  -3.581541  -0.337906  2.121445 

C  -3.947338  0.847628  1.569757 

C  -4.388602  0.834118  0.253833 

C  -4.421471  -0.367432  -0.450936 

C  -3.250658  -2.757364  2.276451 

C  -3.855100  2.089773  2.403797 

H  -4.048486  -2.500702  -0.367058 

H  -3.167593  -0.317262  3.055632 

H  -4.660919  1.763351  -0.228902 

H  -4.722604  -0.360882  -1.492494 

H  -0.794978  1.326385  2.424222 

H  -3.055545  -3.597461  1.610832 

H  -4.070819  -3.034393  2.950019 

H  -2.359798  -2.575729  2.883519 

H  -3.585289  1.865789  3.437500 

H  -4.818187  2.608957  2.404769 

H  -3.111974  2.780171  1.993296 

 

 

Int2b’ 

C  3.345169  -3.365334  -1.805250 

C  4.466129  -2.922801  -2.516985 

C  4.516850  -1.596952  -2.957310 

C  3.469432  -0.719951  -2.661104 

C  2.346414  -1.152492  -1.943456 

C  2.291275  -2.491156  -1.529665 

C  1.197329  -0.203258  -1.661998 

O  0.607655  -0.480329  -0.418601 

H  3.279437  -4.403939  -1.490526 

H  5.272908  -3.610961  -2.754313 

H  5.364939  -1.249107  -3.542099 

H  3.518519  0.311710  -3.002433 

H  1.409540  -2.828447  -0.998426 

H  0.466231  -0.295654  -2.480778 

B  -0.714926  0.124057  -0.113548 

C  -1.110001  -0.340688  1.435844 

C  -1.776483  0.452612  2.377130 

C  -0.891689  -1.653157  1.865571 

C  -1.875503  -1.299045  4.028366 

C  -1.966489  -0.486521  -1.029541 

C  -1.920761  -1.664665  -1.775864 

C  -3.235015  0.100344  -0.974765 
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C  -4.256479  -1.578678  -2.352376 

C  -0.513184  1.775047  -0.294704 

C  -0.832732  2.488708  -1.453022 

C  0.223374  2.522628  0.624005 

C  0.261145  4.508096  -0.723727 

C  -1.233139  -2.138432  3.126354 

C  -2.149894  0.008813  3.645879 

C  -4.363100  -0.405326  -1.611513 

C  -3.023371  -2.211326  -2.434801 

C  -0.481101  3.821764  -1.677006 

C  0.621531  3.841641  0.441653 

F  -2.218159  -1.741524  5.246551 

F  -0.957284  -3.409960  3.469185 

F  -0.309581  -2.569770  1.044605 

F  -2.087116  1.735458  2.107198 

F  -2.768479  0.835029  4.503546 

F  -3.414495  1.234356  -0.260920 

F  -5.548240  0.218820  -1.516112 

F  -5.327987  -2.089395  -2.976076 

F  -2.900223  -3.345818  -3.145328 

F  -0.768047  -2.363058  -1.925320 

F  -1.489088  1.894338  -2.472383 

F  -0.824115  4.435929  -2.819857 

F  0.636510  5.778585  -0.928673 

F  1.385350  4.456549  1.369661 

F  0.637541  1.969282  1.800857 

C  2.869729  0.098685  1.783654 

C  3.445030  -1.124465  1.453579 

N  4.628313  -1.100418  0.791699 

C  5.314284  0.024444  0.444278 

C  4.760910  1.242264  0.798570 

C  3.525575  1.280011  1.455602 

C  2.846117  -2.446105  1.809096 

C  6.611248  -0.155816  -0.283155 

H  1.899555  0.115831  2.259002 

H  4.984630  -1.990494  0.453099 

H  5.283982  2.154925  0.539375 

H  3.058940  2.229311  1.695465 

H  1.577148  0.832040  -1.710948 

H  2.869772  -2.581130  2.896184 

H  3.381190  -3.276634  1.343867 

H  1.802958  -2.478885  1.486943 

H  6.456709  -0.736545  -1.198166 

H  7.342440  -0.682735  0.340282 

H  7.031431  0.813256  -0.554299 
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Int2c’ 

C  -5.021305  -1.218347  0.049530 

C  -3.689077  -1.156287  0.449186 

N  -3.068966  0.045229  0.411575 

C  -3.643237  1.196532  -0.007071 

C  -4.974657  1.154739  -0.412450 

C  -5.662040  -0.057431  -0.380593 

C  -2.875551  -2.327519  0.904187 

C  -2.783047  2.422145  -0.012241 

H  -5.538171  -2.170278  0.071117 

H  -2.035577  0.084854  0.683134 

H  -5.454650  2.064212  -0.753433 

H  -6.699597  -0.098731  -0.697781 

H  -3.450414  -3.251093  0.825571 

H  -1.968195  -2.390286  0.295050 

H  -2.560105  -2.196558  1.944954 

H  -2.494514  2.690786  1.009866 

H  -1.858350  2.223790  -0.565505 

H  -3.316592  3.263185  -0.456981 

C  5.482808  -1.160973  -0.746349 

C  6.460057  -0.366696  -0.146240 

C  6.073557  0.734388  0.622186 

C  4.721548  1.032131  0.784643 

C  3.735034  0.241399  0.180924 

C  4.128599  -0.859313  -0.584547 

C  2.271819  0.598448  0.352813 

O  1.437918  -0.406979  -0.162959 

B  0.075171  -0.101059  -0.360998 

F  -0.617718  -1.199273  -0.882801 

F  -0.173722  1.048397  -1.134808 

F  -0.587570  0.189515  0.956266 

H  5.774364  -2.021009  -1.343792 

H  7.513140  -0.602642  -0.272532 

H  6.825943  1.358402  1.097398 

H  4.427336  1.888722  1.388445 

H  3.358388  -1.469403  -1.042259 

H  2.077861  1.559202  -0.151525 

H  2.066739  0.764325  1.424133 

 

Int2d’ 

C  3.115139  -3.034844  0.904841 

C  4.184854  -3.103225  0.007339 

C  4.069870  -2.483181  -1.240980 

C  2.908394  -1.780925  -1.571019 

C  1.834196  -1.695039  -0.673379 

C  1.949639  -2.343246  0.563382 
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C  0.574765  -0.933067  -1.047639 

O  -0.152703  -0.562221  0.079315 

H  3.181092  -3.541088  1.864974 

H  5.084904  -3.654408  0.265368 

H  4.881841  -2.555210  -1.960641 

H  2.828403  -1.297953  -2.542825 

H  1.108455  -2.293651  1.245527 

H  -0.024428  -1.567847  -1.724481 

B  -1.570212  -0.004730  -0.092973 

C  -2.167236  0.134513  1.428196 

C  -3.358826  0.833690  1.705349 

C  -1.564224  -0.504420  2.528066 

C  -3.259479  0.287961  4.063305 

C  -2.515150  -1.079963  -0.900891 

C  -2.336356  -2.464615  -0.712694 

C  -3.585161  -0.703187  -1.732843 

C  -4.210430  -3.005899  -2.142906 

C  -1.464705  1.455829  -0.876250 

C  -1.202339  1.521742  -2.262446 

C  -1.522571  2.701195  -0.216868 

C  -1.029676  3.938345  -2.242416 

C  -2.090424  -0.433586  3.822412 

C  -3.896240  0.917494  2.990973 

C  -4.422884  -1.641608  -2.342335 

C  -3.157841  -3.414676  -1.320912 

C  -0.981275  2.726362  -2.936065 

C  -1.312389  3.919016  -0.874241 

C  1.532498  1.823071  0.874881 

C  2.393705  0.992013  1.578782 

N  3.624417  0.768622  1.049724 

C  4.088218  1.300914  -0.114927 

C  3.239873  2.145941  -0.809326 

C  1.951829  2.397255  -0.322707 

C  2.061887  0.354475  2.889387 

C  5.472499  0.919264  -0.543104 

H  0.530147  1.985142  1.244994 

H  4.211995  0.085641  1.518398 

H  3.579637  2.584017  -1.740274 

H  1.262027  3.026604  -0.877439 

H  0.875413  -0.059120  -1.656658 

H  0.979329  0.251953  2.983603 

H  2.426893  0.975178  3.716722 

H  2.513738  -0.637675  2.973521 

H  5.540076  -0.164383  -0.686969 

H  6.215770  1.216506  0.205357 

H  5.725020  1.407521  -1.485026 
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H  -0.673668  -1.100579  2.349295 

H  -1.594557  -0.952612  4.640980 

H  -3.675957  0.348591  5.065550 

H  -4.818127  1.470575  3.157026 

H  -3.885427  1.322478  0.888434 

H  -3.770676  0.353537  -1.911767 

H  -5.240830  -1.306243  -2.976574 

H  -4.856436  -3.740168  -2.617764 

H  -2.981769  -4.474852  -1.150577 

H  -1.531457  -2.802123  -0.062721 

H  -1.191955  0.598962  -2.837318 

H  -0.784942  2.721038  -4.006214 

H  -0.873523  4.880373  -2.762283 

H  -1.382017  4.853288  -0.320510 

H  -1.758170  2.721983  0.844785 

 

TSa’ 

C  -3.421450  -3.411896  -2.495762 

C  -4.037518  -4.416041  -1.741201 

C  -3.797765  -4.505245  -0.367711 

C  -2.955201  -3.584269  0.252680 

C  -2.331569  -2.574594  -0.499685 

C  -2.575285  -2.493105  -1.881673 

C  -1.479082  -1.580898  0.180481 

O  -0.750560  -0.788739  -0.561298 

H  -3.591178  -3.357203  -3.566980 

H  -4.686230  -5.139180  -2.226832 

H  -4.255984  -5.298271  0.215711 

H  -2.756925  -3.659969  1.318417 

H  -2.076278  -1.722997  -2.458766 

H  -1.082158  -1.873171  1.160145 

B  0.535291  -0.017906  -0.097202 

C  0.444271  1.432229  -0.843007 

C  1.362527  2.462371  -0.568809 

C  -0.547697  1.720941  -1.788572 

C  1.287638  3.706987  -1.196196 

H  2.149129  2.303583  0.162262 

C  -0.644495  2.973880  -2.404482 

H  -1.269501  0.954092  -2.044978 

C  0.273296  3.979334  -2.116780 

H  0.199676  4.951886  -2.587347 

C  1.810051  -0.869527  -0.658478 

C  1.668435  -1.869998  -1.631853 

C  3.120897  -0.594329  -0.230575 

C  2.768731  -2.560500  -2.148950 

H  0.679293  -2.116966  -2.001396 



 108 

C  4.225960  -1.275316  -0.746242 

H  3.293800  0.157447  0.533594 

C  4.058526  -2.268016  -1.711648 

H  4.912746  -2.801782  -2.109348 

C  0.506459  0.125424  1.534133 

C  1.103777  -0.815724  2.391720 

C  -0.222808  1.154042  2.153239 

C  0.974134  -0.739111  3.782562 

H  1.681963  -1.631291  1.968613 

C  -0.375638  1.226538  3.540703 

H  -0.684640  1.921802  1.539106 

C  0.225693  0.280657  4.369064 

H  0.111852  0.334825  5.444496 

C  -1.808799  3.238683  -3.311656 

C  2.544695  -3.670729  -3.138349 

C  -1.265704  2.291365  4.116940 

C  2.330765  4.756173  -0.916680 

C  5.612879  -0.897850  -0.300049 

C  1.681512  -1.744762  4.652178 

F  -1.126380  2.421816  5.451385 

F  -1.657813  4.346623  -4.060602 

F  2.203949  -4.830209  -2.523016 

F  -2.580463  2.000987  3.886342 

F  -2.964226  3.408311  -2.592260 

F  3.646696  -3.929395  -3.876664 

F  1.539932  -3.384275  -3.999537 

F  -2.053541  2.205324  -4.151445 

F  -1.042578  3.499020  3.559273 

F  6.119501  0.114907  -1.042400 

F  2.830721  4.652115  0.334110 

F  1.672672  -2.978151  4.096143 

F  5.633954  -0.485757  0.987582 

F  3.377753  4.659082  -1.768478 

F  2.976172  -1.413662  4.851265 

F  6.478116  -1.932059  -0.408073 

F  1.833132  6.007702  -1.051197 

F  1.107397  -1.849474  5.872983 

C  -3.860844  0.663699  -0.252537 

C  -4.920982  0.268685  -1.010722 

N  -5.764479  -0.713770  -0.528631 

C  -5.637765  -1.260239  0.729859 

C  -4.586861  -0.886746  1.510784 

C  -3.538099  -0.012039  1.000399 

C  -5.286691  0.854706  -2.343011 

C  -6.702705  -2.233425  1.140342 

H  -3.235795  1.471345  -0.611757 
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H  -6.549880  -0.992980  -1.099004 

H  -4.513919  -1.284262  2.516438 

H  -3.014699  0.587367  1.747820 

H  -2.526834  -0.787706  0.723128 

H  -4.580293  1.632654  -2.630688 

H  -6.292247  1.291317  -2.319473 

H  -5.278298  0.080786  -3.119954 

H  -6.649572  -3.139067  0.524102 

H  -7.704733  -1.804740  1.024782 

H  -6.574603  -2.526001  2.183290 

 

TSb’ 

C  3.737183  2.802142  -1.523254 

C  4.460297  3.584088  -0.615877 

C  4.172297  3.515715  0.749608 

C  3.167255  2.665190  1.206520 

C  2.430940  1.888014  0.298624 

C  2.728312  1.955478  -1.072615 

C  1.386849  0.967508  0.788605 

O  0.632722  0.390716  -0.102937 

H  3.953478  2.866117  -2.585751 

H  5.236040  4.254862  -0.973745 

H  4.723442  4.130629  1.454729 

H  2.934380  2.618347  2.267392 

H  2.149197  1.348747  -1.759710 

H  0.954234  1.186010  1.770837 

B  -0.873902  0.020592  -0.018327 

C  -1.010621  -1.429472  -0.784967 

C  -2.025548  -2.341473  -0.479789 

C  -0.156960  -1.850677  -1.807480 

C  -1.254192  -3.980316  -2.060523 

C  -1.613754  1.242123  -0.840678 

C  -1.386186  2.572384  -0.474138 

C  -2.437017  1.093084  -1.959311 

C  -2.706607  3.468096  -2.262266 

C  -1.314026  -0.114597  1.566395 

C  -2.321164  0.606026  2.216001 

C  -0.674505  -1.050713  2.383016 

C  -1.961920  -0.502428  4.327242 

C  -0.246778  -3.096537  -2.425259 

C  -2.161913  -3.590227  -1.082053 

C  -2.979058  2.168091  -2.667055 

C  -1.899511  3.673821  -1.146930 

C  -2.649151  0.432149  3.561578 

C  -0.957243  -1.255388  3.728964 

F  -1.352648  -5.180824  -2.645167 
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F  0.650969  -3.451723  -3.367028 

F  0.834870  -1.054620  -2.276288 

F  -2.963259  -2.033567  0.440944 

F  -3.155250  -4.417180  -0.725768 

F  -2.767962  -0.126262  -2.432684 

F  -3.758535  1.952661  -3.737340 

F  -3.215466  4.510159  -2.931183 

F  -1.634442  4.922165  -0.731772 

F  -0.636139  2.846213  0.622324 

F  -3.062489  1.518382  1.560985 

F  -3.624277  1.160579  4.122289 

F  -2.259617  -0.674382  5.620232 

F  -0.277235  -2.165608  4.444409 

F  0.303385  -1.840757  1.862311 

C  2.968796  -1.780878  0.119156 

C  3.926394  -1.704581  -0.843616 

N  5.090355  -1.004303  -0.580900 

C  5.359957  -0.426071  0.640073 

C  4.421816  -0.486162  1.624275 

C  3.097361  -1.047110  1.376142 

C  3.853607  -2.372536  -2.185942 

C  6.699812  0.234022  0.782221 

H  2.072876  -2.357142  -0.066695 

H  5.794815  -0.958722  -1.302924 

H  4.657385  -0.066000  2.595111 

H  2.594397  -1.497956  2.232969 

H  2.287781  -0.057911  1.259452 

H  2.852294  -2.751046  -2.384757 

H  4.564590   -3.204975  -2.251637 

H  4.099833  -1.662033  -2.983780 

H  6.746841  1.139136  0.164719 

H  7.512739  -0.431631  0.470198 

H  6.875451  0.525308  1.818649 

 

TSc’ 

C  -4.142824  -0.028144  1.248005 

C  -4.975149  -0.550350  0.254724 

C  -4.486965  -0.726931  -1.043366 

C  -3.170922  -0.388092  -1.344134 

C  -2.329103  0.136441  -0.349773 

C  -2.825612  0.314110  0.951124 

C  -0.927376  0.469266  -0.669505 

O  -0.224724  1.104631  0.220169 

B  0.993287  1.973490  -0.213414 

F  1.519822  1.410458  -1.378367 

F  1.898192  1.895728  0.841781 
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F  0.522794  3.244849  -0.417422 

H  -4.524735  0.118585  2.254061 

H  -6.002569  -0.813402  0.488398 

H  -5.134621  -1.124278  -1.819167 

H  -2.790340  -0.522463  -2.353883 

H  -2.171250  0.738957  1.704078 

H  -0.665046  0.617422  -1.722685 

C  0.639334  -1.621645  1.098062 

C  1.802949  -1.013202  1.457974 

N  2.784102  -0.825465  0.512289 

C  2.660038  -1.257039  -0.792722 

C  1.517506  -1.878578  -1.181986 

C  0.343814  -1.883619  -0.307053 

C  2.110452  -0.511977  2.836230 

C  3.819838  -0.960272  -1.693915 

H  -0.116155  -1.803774  1.853081 

H  3.503504  -0.147095  0.720958 

H  1.437694  -2.249259  -2.197465 

H  -0.368863  -0.894494  -0.663730 

H  -0.393963  -2.668398  -0.498472 

H  1.334591  -0.816985  3.540147 

H  2.146751  0.581775  2.808511 

H  3.075718  -0.885984  3.195331 

H  4.776312  -1.229377  -1.232710 

H  3.828078  0.113249  -1.914969 

H  3.724401  -1.499847  -2.637697 

 

TSd’ 

C  -3.160740  -2.258270  -2.138043 

C  -3.986774  -3.070533  -1.355370 

C  -3.705789  -3.244441  0.002282 

C  -2.607423  -2.604136  0.573719 

C  -1.772811  -1.789243  -0.206862 

C  -2.062017  -1.617516  -1.568834 

C  -0.635927  -1.071757  0.429800 

O  0.179895  -0.417908  -0.357745 

H  -3.368456  -2.135171  -3.197309 

H  -4.836767  -3.576640  -1.804028 

H  -4.336733  -3.884904  0.611715 

H  -2.383579  -2.745465  1.628436 

H  -1.402824  -0.996939  -2.165238 

H  -0.208254  -1.553186  1.319057 

B  1.666036  -0.020036  0.037990 

C  1.960842  1.350862  -0.798547 

C  2.968696  2.256929  -0.417243 

C  1.281595  1.651256  -1.995661 
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C  2.577958  3.666677  -2.346422 

C  2.625923  -1.221491  -0.514961 

C  2.162223  -2.275720  -1.320382 

C  4.004811  -1.217830  -0.225759 

C  4.375019  -3.240848  -1.499829 

C  1.743969  0.154645  1.668150 

C  2.055686  -0.930690  2.512051 

C  1.427811  1.365322  2.317538 

C  1.710515  0.386658  4.513327 

C  1.577354  2.784090  -2.758730 

C  3.276133  3.393208  -1.170042 

C  4.867622  -2.203425  -0.704250 

C  3.015422  -3.271371  -1.806081 

C  2.037624  -0.826029  3.905821 

C  1.409373  1.488282  3.709969 

C  -1.66527  1.886425  0.314872 

C  -2.60634  2.151746  -0.633945 

N  -3.88618  1.660797  -0.467355 

C  -4.282296  0.953986  0.646582 

C  -3.364142  0.679015  1.615337 

C  -1.963483  1.012940  1.435516 

C  -2.368331  2.996337  -1.851280 

C  -5.723457  0.539246  0.695755 

H  -0.666854  2.283031  0.188590 

H  -4.574852  1.867386  -1.176856 

H  -3.686357  0.154356  2.507190 

H  -1.358064  1.151880  2.332272 

H  -1.340759  -0.140957  1.102877 

H  -1.304077  3.208719  -1.961472 

H  -2.912618  3.946467  -1.788073 

H  -2.705541  2.479488  -2.757619 

H  -5.926628  -0.231134  -0.057856 

H  -6.394189  1.384910  0.504664 

H  -5.968431  0.123875  1.674224 

H  3.527755  2.073532  0.497104 

H  4.062358  4.066160  -0.835874 

H  2.814435  4.548107  -2.936727 

H  1.037237  2.970722  -3.685105 

H  0.509299  0.970268  -2.342872 

H  1.213994  2.245841  1.716377 

H  1.171942  2.446324  4.167300 

H  1.702109  0.476295  5.596515 

H  2.286925  -1.690253  4.517079 

H  2.333874  -1.880206  2.061808 

H  4.414169  -0.422718  0.393658 

H  5.925790  -2.163897  -0.456042 
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H  5.042822  -4.012130  -1.874865 

H  2.615364  -4.071137  -2.425598 

H  1.108287  -2.320693  -1.580697 

 

Hantzsch ester 2a 

C  1.054445  -0.610820  0.116564 

C  0.779487  -1.929665  0.312445 

N  -0.406449  -2.445208  -0.197937 

C  -1.518993  -1.636861  -0.454643 

C  -1.322637  -0.307541  -0.622336 

C  0.107771  0.201641  -0.754178 

C  1.618243  -2.932208  1.054603 

C  -2.828488  -2.373014  -0.452075 

C  -2.463525  0.621800  -0.840696 

O  -2.415193  1.839455  -0.224849 

O  -3.405161  0.389763  -1.571997 

C  -1.743837  2.039324  1.035920 

C  -2.736345  2.635363  2.021566 

C  2.199001  0.023394  0.809728 

O  2.750821  1.139321  0.235920 

O  2.639199  -0.341177  1.882933 

C  2.928802  1.238354  -1.191205 

C  4.339782  1.738147  -1.455868 

H  -0.596910  -3.416177  0.004117 

H  0.392722  0.144318  -1.817333 

H  0.171460  1.259395  -0.491444 

H  2.643634  -2.591025  1.173394 

H  1.215012  -3.100889  2.059666 

H  1.610485  -3.890965  0.522017 

H  -3.010842  -2.841458  0.523175 

H  -3.652565  -1.708831  -0.700977 

H  -2.804327  -3.172791  -1.202554 

H  -1.343097  1.090891  1.406779 

H  -0.905720  2.725025  0.868359 

H  -2.237234  2.849517  2.972367 

H  -3.154705  3.566958  1.631344 

H  -3.560729  1.941720  2.209780 

H  2.767762  0.260906  -1.658312 

H  2.188760  1.936942  -1.597235 

H  4.499053  1.861706  -2.532251 

H  4.502790  2.703444  -0.969086 

H  5.080037  1.031400  -1.071267 

 

Hantzsch pyridine 5 

C  -1.211450  -0.653643  0.272104 

C  -1.166169  -1.867506  -0.448188 



 114 

N  -0.000006  -2.423464  -0.807521 

C  1.166161  -1.867508  -0.448203 

C  1.211453  -0.653642  0.272087 

C  0.000004  -0.052417  0.616891 

C  -2.407684  -2.616253  -0.856391 

C  2.407668  -2.616255  -0.856431 

C  2.512900  -0.099806  0.774010 

O  2.739090  1.237274  0.668505 

O  3.343087  -0.791564  1.316480 

C  2.113913  2.058603  -0.340236 

C  3.155628  3.040670  -0.848275 

C  -2.512887  -0.099803  0.774052 

O  -2.739090  1.237271  0.668516 

O  -3.343052  -0.791555  1.316564 

C  -2.113929  2.058570  -0.340264 

C  -3.155630  3.040682  -0.848243 

H  0.000007  0.865022  1.197277 

H  -3.153734  -1.957513  -1.310961 

H  -2.883546  -3.064143  0.020905 

H  -2.132741  -3.401535  -1.560958 

H  2.132711  -3.401523  -1.561009 

H  3.153720  -1.957513  -1.310995 

H  2.883534  -3.064163  0.020853 

H  1.268578  2.590539  0.111909 

H  1.727576  1.433817  -1.151119 

H  2.708604  3.709390  -1.590938 

H  3.991704  2.511734  -1.313307 

H  3.546482  3.646572  -0.026782 

H  -1.727672  1.433761  -1.151167 

H  -1.268542  2.590465  0.111827 

H  -2.708625  3.709374  -1.590941 

H  -3.546401  3.646610  -0.026729 

H  -3.991762  2.511781  -1.313214 

 

Int2a 

C  1.039064  -0.584000  5.356003 

C  1.443422  -1.801798  5.910782 

C  1.365044  -2.964995  5.138705 

C  0.912042  -2.904049  3.819842 

C  0.515351  -1.687103  3.247721 

C  0.571009  -0.530546  4.036726 

C  0.013936  -1.643007  1.814154 

O  -0.211094  -0.337683  1.381249 

H  1.052088  0.318530  5.962110 

H  1.789227  -1.848482  6.939068 

H  1.653437  -3.920961  5.566802 
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H  0.853173  -3.816058  3.229295 

H  0.211679  0.397278  3.605609 

H  -0.901436  -2.257218  1.760290 

B  -1.063098  -0.138829  0.152715 

C  -1.153776  1.479814  -0.097067 

C  -1.748322  2.020259  -1.251675 

C  -0.690421  2.402335  0.850195 

C  -1.875110  3.396998  -1.448588 

H  -2.120748  1.354091  -2.024224 

C  -0.807649  3.784323  0.660161 

H  -0.238549  2.025849  1.760664 

C  -1.403887  4.295871  -0.490467 

H  -1.496746  5.364519  -0.641057 

C  -2.603451  -0.655939  0.430139 

C  -3.111623  -0.663545  1.740098 

C  -3.510320  -1.002549  -0.585818 

C  -4.435813  -1.006333  2.024641 

H  -2.452596  -0.391741  2.558983 

C  -4.838645  -1.344151  -0.312744 

H  -3.186200  -1.004384  -1.622200 

C  -5.313434  -1.351707  0.997818 

H  -6.340837  -1.617867  1.212809 

C  -0.352047  -0.882233  -1.146562 

C  -0.660151  -2.194826  -1.547600 

C  0.651452  -0.235139  -1.890059 

C  -0.037856  -2.809928  -2.639385 

H  -1.428578  -2.747264  -1.015929 

C  1.276350  -0.837066  -2.988179 

H  0.935858  0.777325  -1.620841 

C  0.930083  -2.131230  -3.378556 

H  1.385158  -2.590372  -4.247753 

C  -0.195710  4.725772  1.652721 

C  -4.927838  -0.941581   3.443885 

C  2.348794  -0.101342  -3.737126 

C  -2.570890  3.920502  -2.675884 

C  -5.743228  -1.775246  -1.434295 

C  -0.373272  -4.231671  -2.996107 

F  2.554394  -0.592216  -4.974234 

F  -0.786625  5.935465  1.669912 

F  -6.039201  -1.688431  3.636493 

F  3.562372  -0.176898  -3.094543 

F  1.128387  4.947323  1.371021 

F  -5.237971  0.324413  3.814602 

F  -3.993389  -1.379951  4.321613 

F  -0.221175  4.238933  2.917097 

F  2.084538  1.219052  -3.863470 
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F  -5.471091  -1.119564  -2.585443 

F  -2.376405  3.118398  -3.747052 

F  0.424727  -5.111422  -2.321398 

F  -5.614035  -3.098360  -1.702666 

F  -3.907872  4.017962  -2.496412 

F  -1.642709  -4.555035  -2.686540 

F  -7.047948  -1.562984  -1.147214 

F  -2.131594  5.156713  -3.015299 

F  -0.190974  -4.485221  -4.310276 

C  4.663944  -1.013831  0.973105 

C  4.200931  -1.039752  2.289331 

N  3.535836  0.052982  2.737415 

C  3.366852  1.222965  2.067601 

C  3.827733  1.264392  0.748444 

C  4.418062  0.122176  0.195466 

C  4.412083  -2.171590  3.245756 

C  2.736170  2.347739  2.823674 

C  3.751866  2.552439  -0.027525 

O  3.584274  2.325464  -1.328991 

O  3.866244  3.636742  0.503980 

C  3.526436  3.502299  -2.202707 

C  2.149125  4.139665  -2.182855 

C  5.593935  -2.117970  0.504240 

O  5.304023  -2.810950  -0.593719 

O  6.618161  -2.308258  1.121620 

C  3.954624  -2.906348  -1.147925 

C  3.735361  -4.350857  -1.552653 

H  3.078039  -0.024673  3.648004 

H  0.750563  -2.166030  1.171891 

H  4.717066  0.147168  -0.847007 

H  4.148389  -3.125016  2.782259 

H  5.473823  -2.222672  3.505414 

H  3.812677  -2.054162  4.149729 

H  2.107388  1.967471  3.631254 

H  3.522728  2.978543  3.252740 

H  2.149845  2.992229  2.173627 

H  4.302245  4.198843  -1.877685 

H  3.773216  3.095384  -3.182699 

H  2.140087  4.986204  -2.877160 

H  1.385915  3.428422  -2.506234 

H  1.897078  4.511796  -1.187989 

H  3.224038  -2.583833  -0.400272 

H  3.900610  -2.226910  -1.999249 

H  2.728231  -4.473701  -1.957209 

H  4.460679  -4.653879  -2.311953 

H  3.842005  -5.014583  -0.689994 
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Int2b 

C  0.099923  -3.620488  -3.936726 

C  -0.472219  -4.876535  -3.737302 

C  -0.651442  -5.352557  -2.434845 

C  -0.278020  -4.566066  -1.344636 

C  0.290487  -3.295903  -1.534121 

C  0.487442  -2.836011  -2.844238 

C  0.727728  -2.466415  -0.342302 

O  0.874164  -1.119676  -0.705336 

H  0.265738  -3.253909  -4.945946 

H  -0.765452  -5.486511  -4.586436 

H  -1.081724  -6.336319  -2.269529 

H  -0.415792  -4.944496  -0.333680 

H  0.987471  -1.884577  -2.986522 

H  1.668850  -2.884588  0.041984 

B  1.576699  -0.201114  0.229041 

C  1.623265  1.286813  -0.519059 

C  1.316530  2.524333  0.051439 

C  2.093627  1.375956  -1.835374 

C  1.857754  3.766415  -1.942012 

C  3.181714  -0.550689  0.471199 

C  3.960689  -1.402032  -0.313893 

C  3.908070  0.174701  1.420596 

C  6.004468  -0.823727  0.821399 

C  0.672513  -0.221584  1.637874 

C  1.000945  -0.877378  2.827168 

C  -0.613506  0.314580  1.640573 

C  -1.094851  -0.353549  3.894397 

C  2.212091  2.566409  -2.550431 

C  1.403721  3.738205  -0.629398 

C  5.278481  0.056310  1.619423 

C  5.338580  -1.558073  -0.151288 

C  0.158984  -0.949201  3.941943 

C  -1.474962  0.297253  2.727523 

F  1.949714  4.923501  -2.608851 

F  2.659960  2.565327  -3.815906 

F  2.455014  0.260168  -2.510372 

F  0.871316  2.621736  1.324185 

F  1.022952  4.880897  -0.027510 

F  3.261871  1.064476  2.210431 

F  5.906555  0.781571  2.558531 

F  7.327127  -0.958780  0.989850 

F  6.025202  -2.407756  -0.932737 

F  3.410817  -2.154412  -1.295789 

F  2.178513  -1.516029  2.964119 

F  0.542007  -1.604223  5.046569 
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F  -1.936419  -0.414768  4.939015 

F  -2.692095  0.896122  2.658437 

F  -1.101487  0.931221  0.523430 

C  -4.574542  -0.770072  -0.648064 

C  -3.557865  -1.621182  -1.086499 

N  -2.491220  -1.050570  -1.702111 

C  -2.342854  0.267925  -1.992773 

C  -3.356841  1.133748  -1.567461 

C  -4.449648  0.603690  -0.880879 

C  -3.578424  -3.111499  -0.951998 

C  -1.113594  0.648734  -2.744670 

C  -3.319031  2.589831  -1.983305 

O  -3.518585  3.541047  -1.066175 

O  -3.172572  2.865625  -3.151835 

C  -3.341286  3.345868  0.369283 

C  -2.506990  4.492858  0.908943 

C  -5.848684  -1.357093  -0.076253 

O  -6.346898  -0.842042  1.057299 

O  -6.440148  -2.218446  -0.684718 

C  -5.501655  -0.270808  2.096223 

C  -5.081849  -1.337044  3.093330 

H  -1.707124  -1.662358  -1.956326 

H  -0.011985  -2.590127  0.470354 

H  -5.240630  1.268971  -0.547415 

H  -3.816469  -3.403948  0.074108 

H  -4.372285  -3.516407  -1.586098 

H  -2.623129  -3.556527  -1.234210 

H  -0.259423  0.091271  -2.351393 

H  -1.246573  0.410659  -3.806580 

H  -0.921537  1.716516  -2.673274 

H  -4.342841  3.343895  0.812554 

H  -2.858840  2.389543  0.566030 

H  -2.453573  4.410877  1.999157 

H  -1.486693  4.467867  0.519526 

H  -2.959098  5.455086  0.655704 

H  -4.628516  0.212620  1.659774 

H  -6.125507  0.492951  2.564862 

H  -4.454485  -0.885492  3.867117 

H  -5.951536  -1.802162  3.563390 

H  -4.493408  -2.121140  2.605195 

 

Int2c 

C  5.226121  0.112880  0.580825 

C  5.722668  0.549807  -0.650605 

C  5.208867  0.015780  -1.832513 

C  4.198378  -0.947762  -1.779506 
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C  3.691849  -1.388928  -0.551707 

C  4.219732  -0.850635  0.631669 

C  2.576930  -2.412936  -0.493665 

O  1.311838  -1.844917  -0.145762 

B  0.905207  -1.673247  1.295482 

F  -0.427733  -2.123203  1.385445 

F  0.933090  -0.290582  1.599404 

F  1.754073  -2.381937  2.123907 

H  5.629247  0.520223  1.503752 

H  6.509774  1.297506  -0.687166 

H  5.595634  0.344179  -2.793187 

H  3.804890  -1.368010  -2.702819 

H  3.829741  -1.193990  1.584709 

H  2.813511  -3.190829  0.237100 

C  -2.717809  0.011391  -1.032147 

C  -1.590560  -0.801390  -1.181418 

N  -0.370890  -0.221752  -1.111011 

C  -0.148938  1.090371  -0.873175 

C  -1.257948  1.928231  -0.719020 

C  -2.536080  1.382272  -0.842951 

C  -1.620256  -2.277169  -1.448568 

C  1.281342  1.534293  -0.818713 

C  -1.117979  3.411660  -0.475433 

O  -0.495608  3.811422  0.650732 

O  -1.538628  4.216707  -1.271495 

C  -0.415262  2.956731  1.831553 

C  0.379750  3.720213  2.871653 

C  -4.122200  -0.535572  -1.123182 

O  -4.505007  -1.449749  -0.210527 

O  -4.876141  -0.175047  -1.995187 

C  -3.854379  -1.554814  1.092919 

C  -4.565302  -2.659747  1.848161 

H  0.472213  -0.905240  -0.940168 

H  2.462605  -2.888854  -1.474636 

H  -3.403465  2.031813  -0.774055 

H  -1.056299  -2.790891  -0.666017 

H  -2.642032  -2.653530  -1.474397 

H  -1.146440  -2.491063  -2.412141 

H  1.796794  1.272971  -1.747669 

H  1.356958  2.610304  -0.667751 

H  1.785327  1.012326  -0.000776 

H  -1.436138  2.761736  2.178724 

H  0.058278  1.999944  1.600206 

H  0.445478  3.126027  3.787673 

H  1.394917  3.915457  2.515761 

H  -0.096910  4.675708  3.105153 
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H  -2.789109  -1.773306  0.989527 

H  -3.961640  -0.592554  1.605797 

H  -4.122904  -2.762660  2.843201 

H  -5.630088  -2.438094  1.956884 

H  -4.460200  -3.614553  1.326010 

 

Int2d 

C  2.315131  0.821141  3.829611 

C  3.275802  -0.147430  4.136167 

C  3.149478  -1.429511  3.596518 

C  2.068864  -1.732838  2.763517 

C  1.101305  -0.768109  2.445806 

C  1.246202  0.518794  2.983105 

C  -0.110458  -1.141833  1.611855 

O  -0.560534  -0.086106  0.808283 

H  2.389279  1.815440  4.263222 

H  4.100940  0.088640  4.802554 

H  3.878348  -2.198412  3.840882 

H  1.958408  -2.743394  2.374274 

H  0.514960  1.277710  2.728737 

H  -0.903694  -1.464727  2.306940 

B  -1.971668  -0.245371  0.205475 

C  -2.284977  1.149581  -0.601793 

C  -3.103613  1.225527  -1.747688 

C  -1.867478  2.384184  -0.065219 

C  -3.034032  3.647507  -1.769143 

C  -3.099923  -0.313846  1.405825 

C  -2.863674  0.229535  2.682550 

C  -4.398455  -0.810478  1.180406 

C  -5.116367  -0.250514  3.423300 

C  -1.992415  -1.591173  -0.757541 

C  -2.372785  -2.860265  -0.270488 

C  -1.567370  -1.565930  -2.102197 

C  -1.944952  -3.938458  -2.398295 

C  -2.231980  3.610953  -0.626565 

C  -3.469800  2.443403  -2.326750 

C  -5.390787  -0.782587  2.162121 

C  -3.843231  0.259949  3.678035 

C  -2.354508  -4.011054  -1.064542 

C  -1.544788  -2.704624  -2.914531 

H  -1.885967  0.652214  2.901715 

H  -3.613277  0.686738  4.652102 

H  -5.884255  -0.228872  4.192455 

H  -6.380780  -1.176281  1.942086 

H  -4.643519  -1.227010  0.205996 

H  -1.271675  -0.618615  -2.546458 
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H  -1.213245  -2.624549  -3.946689 

H  -1.944787  -4.826120  -3.026034 

H  -2.671334  -4.963293  -0.644423 

H  -2.717600  -2.944323  0.756776 

H  -3.479311  0.308365  -2.193038 

H  -4.106043  2.452002  -3.209086 

H  -3.329173  4.597770  -2.207495 

H  -1.889302  4.535813  -0.169232 

H  -1.264540  2.382127  0.838335 

C  2.218989  -0.542973  -1.216374 

C  3.432132  -0.712121  -0.566981 

N  3.871089  0.318570  0.211716 

C  3.266529  1.520304  0.368007 

C  2.039156  1.710420  -0.274168 

C  1.491940  0.648410  -1.001964 

C  4.358389  -1.889799  -0.657474 

C  3.992109  2.529023  1.204676 

C  1.377780  3.060732  -0.084858 

O  0.932863  3.745022  -1.139831 

O  1.362285  3.568712  1.016392 

C  0.740220  3.218130  -2.479882 

C  0.606269  4.410395  -3.406169 

C  1.801009  -1.420562  -2.383022 

O  1.828661  -2.755951  -2.279963 

O  1.581539  -0.872424  -3.438679 

C  1.399191  -3.435868  -1.062214 

C  1.663374  -4.913695  -1.260584 

H  4.736622  0.174545  0.720809 

H  0.132874  -2.037846  1.018251 

H  0.525769  0.754221  -1.475435 

H  4.354576  -2.442179  0.289557 

H  4.055415  -2.566432  -1.454062 

H  5.384266  -1.560121  -0.853007 

H  5.024429  2.216998  1.387097 

H  3.997043  3.506606  0.719108 

H  3.475887  2.649016  2.158521 

H  1.589793  2.587349  -2.762002 

H  -0.177343  2.624235  -2.475858 

H  0.446645  4.058811  -4.429775 

H  -0.251005  5.019831  -3.112257 

H  1.506913  5.030531  -3.385813 

H  1.946431  -3.038883  -0.201675 

H  0.335347  -3.236500  -0.929563 

H  1.324827  -5.463432  -0.377436 

H  1.108699  -5.282062  -2.126322 

H  2.727923  -5.118984  -1.411103 
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TSa 

C  -1.999008  -1.591421  -4.608311 

C  -2.631279  -2.838060  -4.598793 

C  -2.722362  -3.566504  -3.408717 

C  -2.191075  -3.043627  -2.232321 

C  -1.562055  -1.787064  -2.233580 

C  -1.472359  -1.059664  -3.431576 

C  -1.028927  -1.225289  -0.961973 

O  -0.172543  -0.228784  -1.057218 

H  -1.902106  -1.038543  -5.538256 

H  -3.030600  -3.252474  -5.519892 

H  -3.186979  -4.547922  -3.404406 

H  -2.232036  -3.625513  -1.315127 

H  -0.987740  -0.089965  -3.425087 

H  -0.832201  -1.971662  -0.180653 

B  1.026622  -0.004941  -0.071122 

C  1.531176   1.518833  -0.350695 

C  2.211168  2.267667  0.622391 

C  1.368674  2.122562  -1.607897 

C  2.703717  3.549460  0.357856 

H  2.368050  1.851926  1.613361 

C  1.846542  3.406409  -1.876341 

H  0.854031  1.585634  -2.394703 

C  2.521516  4.131605  -0.894848 

H  2.906665  5.121780  -1.105024 

C  2.210250  -1.056886  -0.482281 

C  2.146749  -1.883011  -1.613086 

C  3.395797  -1.126653  0.274136 

C  3.191305  -2.748104  -1.960076 

H  1.276402  -1.848485  -2.258584 

C  4.442656  -1.984030  -0.065823 

H  3.511037  -0.499162  1.152787 

C  4.346971  -2.809556  -1.187748 

H  5.155273  -3.480206  -1.451467 

C  0.482506  -0.200547  1.464755 

C  0.794099  -1.302277  2.278384 

C  -0.394004  0.752991  2.016730 

C  0.271585  -1.443701  3.570424 

H  1.458807  -2.072875  1.901403 

C  -0.936492  0.607360  3.296257 

H  -0.651618  1.632790  1.433073 

C  -0.599608  -0.489529  4.090832 

H  -1.016110  -0.601695  5.084073 

C  1.577224  4.036361  -3.215390 

C  3.025216  -3.658881  -3.144849 

C  -1.970248  1.586003  3.773029 
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C  3.372622  4.329104  1.455785 

C  5.711962  -1.979408  0.743331 

C  0.663459  -2.635767  4.402389 

F  -2.128938  1.577226  5.107907 

F  2.507738  4.968025  -3.533352 

F  4.205077  -4.135569  -3.597880 

F  -3.196030  1.291310  3.231756 

F  0.376495  4.660936  -3.248133 

F  2.416461  -3.034669  -4.180036 

F  2.256430  -4.736506  -2.842862 

F  1.567558  3.123379  -4.214129 

F  -1.692577  2.854155  3.397536 

F  5.483373  -1.674767  2.040360 

F  2.467872  4.964530  2.242414 

F  0.739316  -3.760688  3.647888 

F  6.331926  -3.182138  0.713867 

F  4.099431  3.532642  2.272436 

F  1.867184  -2.476466  4.988527 

F  6.600411  -1.070971  0.277577 

F  4.203898  5.280202  0.973495 

F  -0.232551  -2.878701  5.388633 

C  -4.465611  -0.828050  -0.017738 

C  -5.274693  -1.100644  -1.097769 

N  -5.027722  -0.448374  -2.277449 

C  -4.159358  0.607401  -2.422181 

C  -3.357807  0.938200  -1.354910 

C  -3.318646  0.053751  -0.195084 

C  -6.466796  -2.013982  -1.114303 

C  -4.252978  1.317878  -3.740859 

C  -2.429424  2.118606  -1.450448 

O  -2.348560  2.935932  -0.378993 

O  -1.748725  2.329109  -2.430193 

C  -3.517286  3.230014  0.440497 

C  -3.329150  4.626948  0.999778 

C  -4.944917  -1.250965  1.349291 

O  -4.077356  -1.736444  2.251667 

O  -6.108781  -1.099513  1.654859 

C  -2.865816  -2.427863  1.861912 

C  -2.652915  -3.576679  2.830615 

H  -5.595855  -0.694766  -3.077518 

H  -2.172113  -0.733701  -0.463340 

H  -2.890210  0.466761  0.715388 

H  -6.455682  -2.707746  -0.276827 

H  -7.391674  -1.432441  -1.040716 

H  -6.490114  -2.584531  -2.049534 

H  -5.286528  1.624784  -3.937327 
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H  -3.598667  2.184784  -3.773526 

H  -3.941390  0.637587  -4.541587 

H  -4.416629  3.164348  -0.180605 

H  -3.595373  2.500284  1.248579 

H  -4.192180  4.892162  1.618478 

H  -2.434060  4.668966  1.623777 

H  -3.233043  5.360212  0.195258 

H  -2.973343  -2.792260  0.834856 

H  -2.034186  -1.722141  1.904604 

H  -1.715842  -4.089546  2.596145 

H  -2.581586  -3.206420  3.855719 

H  -3.475689  -4.294336  2.774625 

 

TSb 

C  -1.410685  -3.264900  -3.100787 

C  -2.256142  -4.270500  -2.620482 

C  -2.596221  -4.308440  -1.265044 

C  -2.111284  -3.329519  -0.398938 

C  -1.275994  -2.309207  -0.880083 

C  -0.920788  -2.285730  -2.238591 

C  -0.800077  -1.225972  0.028463 

O  0.145956  -0.450485  -0.453182 

H  -1.120080  -3.255626  -4.147417 

H  -2.624706  -5.039215  -3.293715 

H  -3.222960  -5.108596  -0.882337 

H  -2.354639  -3.375442  0.659286 

H  -0.250741  -1.506866  -2.586685 

H  -0.734805  -1.500720  1.088076 

B  1.484936  0.037329  0.181608 

C  1.758489  1.447911  -0.610979 

C  2.058848  2.676817  -0.021269 

C  1.679362  1.486022  -2.007238 

C  2.122391  3.839979  -2.126319 

C  2.587460  -1.136769  -0.194607 

C  2.355343  -2.471087  0.148072 

C  3.797598  -0.929681  -0.863241 

C  4.378754  -3.268759  -0.856799 

C  1.312755  0.232234  1.810008 

C  2.226315  -0.195311  2.779257 

C  0.221476  0.919006  2.339518 

C  0.927246  0.674457  4.615941 

C  1.845188  2.637527  -2.766967 

C  2.235059  3.857397  -0.742373 

C  4.679870  -1.957097  -1.201057 

C  3.199534  -3.529287  -0.167074 

C  2.055656  0.010205  4.150008 
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C  -0.001562  1.141026  3.692258 

F  2.282364  4.966148  -2.834966 

F  1.741660  2.599913  -4.102862 

F  1.455248  0.349241  -2.706579 

F  2.208373  2.794632  1.318757 

F  2.510784  5.009107  -0.107550 

F  4.204198  0.306884  -1.212507 

F  5.821030  -1.685903  -1.851514 

F  5.213949  -4.266051  -1.174559 

F  2.895953  -4.785622  0.197220 

F  1.248864  -2.801066  0.866824 

F  3.362154  -0.830237  2.436171 

F  2.969563  -0.435332  5.022130 

F  0.737057  0.864434  5.926597 

F  -1.116916  1.771986  4.108096 

F  -0.725545  1.431102  1.499326 

C  -4.239869  -0.497622  0.070197 

C  -4.783576  -1.191919  -0.992037 

N  -4.267413  -0.966845  -2.239237 

C  -3.374101  0.024752  -2.561202 

C  -2.816458  0.754000  -1.530163 

C  -3.048463  0.307541  -0.162956 

C  -5.935199  -2.154106  -0.953634 

C  -3.139576  0.217506  -4.031450 

C  -1.874009  1.869849  -1.871470 

O  -1.705059  2.889705  -1.004731 

O  -1.238570  1.862964  -2.905180 

C  -2.734383  3.402222  -0.126418 

C  -2.766817  4.913221  -0.278615 

C  -5.028416  -0.434571  1.348134 

O  -4.411679  -0.189826  2.521267 

O  -6.240453  -0.506590  1.325562 

C  -3.089128  -0.690883  2.835664 

C  -3.048029  -0.962065  4.327887 

H  -4.620542  -1.533851  -2.998792 

H  -1.915975  -0.509110  0.081154 

H  -2.785866  1.005632  0.621857 

H  -6.073753  -2.575293  0.039071 

H  -6.866900  -1.644293  -1.218482 

H  -5.762165  -2.965336  -1.669370 

H  -3.894424  -0.315817  -4.617357 

H  -3.160107  1.274885  -4.297374 

H  -2.145329  -0.143170  -4.303946 

H  -3.704364  2.961797  -0.380031 

H  -2.469517  3.121718  0.897364 

H  -3.500173  5.339583  0.413344 
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H  -1.786837  5.340217  -0.052341 

H  -3.040927  5.197687  -1.298028 

H  -2.901615  -1.603780  2.260929 

H  -2.350206  0.062064  2.562869 

H  -2.062811  -1.349976  4.604091 

H  -3.219969  -0.039214  4.886262 

H  -3.806965  -1.694776  4.613351 

 

TSc 

C  4.066454  -1.299336  -0.878177 

C  4.619968  -0.189132  -1.521788 

C  3.791901  0.706672  -2.205767 

C  2.416881  0.490491  -2.240891 

C  1.855063  -0.621618  -1.592359 

C  2.688693  -1.516771  -0.906646 

C  0.381278  -0.816072  -1.624823 

O  -0.082135  -2.004192  -1.277140 

B  -1.563582  -2.284731  -1.519141 

F  -1.950114  -1.614238  -2.684402 

F  -2.264883  -1.712210  -0.416317 

F  -1.727262  -3.633947  -1.580625 

H  4.709670  -2.003673  -0.358696 

H  5.694074  -0.028015  -1.502128 

H  4.220876  1.560605  -2.721943 

H  1.772641  1.175523  -2.787339 

H  2.247226  -2.369896  -0.405767 

H  -0.123921  -0.342866  -2.476607 

C  -0.508119  1.973337  0.444924 

C  0.619998  2.677434  0.812125 

N  1.661076  1.979533  1.368800 

C  1.605603  0.672285  1.793021 

C  0.485277  -0.061354  1.472856 

C  -0.472922  0.521091  0.543079 

C  0.836527  4.161261  0.719137 

C  2.800055  0.212262  2.576710 

C  0.398450  -1.486634  1.959433 

O  -0.766096  -1.985947  2.392952 

O  1.389313  -2.190557  2.003570 

C  -1.966446  -1.221921  2.658787 

C  -2.663663  -1.875059  3.838791 

C  -1.761053  2.756982  0.145787 

O  -2.724444  2.261104  -0.642425 

O  -1.939168  3.832798  0.686405 

C  -2.500192  1.282089  -1.695924 

C  -3.490031  1.561107  -2.809315 

H  2.497454  2.500724  1.596278 
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H  -0.010340  0.021584  -0.700774 

H  -1.410984  -0.011539  0.431220 

H  0.258618  4.600544  -0.091185 

H  0.507991  4.651034  1.640759 

H  1.899520  4.378364  0.565028 

H  3.262779  1.051572  3.106458 

H  2.532929  -0.566292  3.288448 

H  3.536304  -0.226838  1.895229 

H  -1.708117  -0.181493  2.884222 

H  -2.586027  -1.263162  1.761388 

H  -3.602995  -1.352880  4.046430 

H  -2.891480  -2.920214  3.615478 

H  -2.039094  -1.839510  4.735832 

H  -1.471995  1.376884  -2.057342 

H  -2.651578  0.280715  -1.296224 

H  -3.376913  0.786399  -3.572909 

H  -4.514104  1.521662  -2.428837 

H  -3.323911  2.542908  -3.261469 

 

TSd 

C  1.451152  3.159522  -2.891667 

C  2.293497  4.063289  -2.237332 

C  2.370683  4.056465  -0.841512 

C  1.617256  3.141470  -0.107898 

C  0.779283  2.223009  -0.759902 

C  0.701740  2.237332  -2.160499 

C  0.011492  1.210316  0.035038 

O  -0.958155  0.577329  -0.598234 

H  1.366587  3.183770  -3.974776 

H  2.868324  4.785603  -2.809995 

H  3.001009  4.776158  -0.326974 

H  1.654744  3.158501  0.978629 

H  0.047346  1.527052  -2.653425 

H  -0.208483  1.530649  1.064270 

B  -2.286752  0.123227  0.130660 

C  -3.043328  -0.859387  -0.925169 

C  -3.968813  -1.829289  -0.496220 

C  -2.872897  -0.732599  -2.315520 

C  -4.488994  -2.476739  -2.768088 

C  -3.188842  1.466724  0.381928 

C  -2.860068  2.737774  -0.120948 

C  -4.407868  1.378032  1.085565 

C  -4.865891  3.736438  0.795997 

C  -1.875985  -0.662090  1.516520 

C  -2.089499  -0.148331  2.809242 

C  -1.283801  -1.943150  1.450820 
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C  -1.159780  -2.123105  3.863546 

C  -3.574645  -1.526247  -3.224497 

C  -4.684737  -2.623676  -1.394407 

C  -5.231107  2.483885  1.295623 

C  -3.676032  3.855715  0.080599 

C  -1.751189  -0.864136  3.964780 

C  -0.924002  -2.661083  2.594304 

H  -1.953429  2.864450  -0.705074 

H  -3.381715  4.819564  -0.329138 

H  -5.504386  4.601480  0.955379 

H  -6.161656  2.368329  1.846631 

H  -4.725013  0.413365  1.474737 

H  -1.145227  -2.398072  0.472569 

H  -0.488976  -3.654393  2.502247 

H  -0.900179  -2.685519  4.756444 

H  -1.956009  -0.438030  4.944277 

H  -2.558188  0.825934  2.916703 

H  -4.130860  -1.975563  0.569482 

H  -5.392223  -3.360670  -1.020737 

H  -5.039600  -3.095129  -3.472626 

H  -3.406187  -1.402590  -4.291886 

H  -2.168986  0.000798  -2.696250 

C  3.197204  -0.256976  0.768718 

C  4.155973  0.372223  0.004152 

N  3.961636  0.438415  -1.349553 

C  2.979149  -0.229326  -2.036781 

C  2.011934  -0.888906  -1.307501 

C  1.976225  -0.709667  0.131773 

C  5.448186  0.962417  0.490520 

C  3.117429  -0.182947  -3.530442 

C  0.957488  -1.668403  -2.046521 

O  0.559217  -2.854410  -1.540179 

O  0.472512  -1.263726  -3.079939 

C  1.390589  -3.679771  -0.689989 

C  1.210485  -5.120981  -1.132919 

C  3.568245  -0.656787  2.175878 

O  2.662106  -0.592491  3.159164 

O  4.675155  -1.103016  2.401372 

C  1.559812  0.353866  3.138913 

C  1.386837  0.883310  4.549716 

H  4.641117  0.951920  -1.895712 

H  0.947583  0.374609  0.272668 

H  1.335212  -1.377649  0.701797 

H  5.428956  1.144915  1.562352 

H  6.278411  0.275974  0.294232 

H  5.647652  1.906189  -0.029449 
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H  4.173190  -0.228842  -3.818250 

H  2.569312  -0.990717  -4.008846 

H  2.695676  0.755977  -3.904543 

H  2.437029  -3.367580  -0.768767 

H  1.064054  -3.548747  0.346436 

H  1.792442  -5.783465  -0.484293 

H  0.158481  -5.410172  -1.072109 

H  1.546289  -5.256956  -2.164407 

H  1.796638  1.163277  2.441411 

H  0.660329  -0.163561  2.802946 

H  0.543139  1.578963  4.576927 

H  1.173363  0.062938  5.238591 

H  2.286768  1.403577  4.889721 
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