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Development of Ru and Cu Catalysts Supported by Nitrogen Heterocycle Structures and 
Their Application to Hydrogenation of Carbon–Oxygen Unsaturated Bonds 
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1965 Wilkinson

Rh RhCl(PPh3)3

1 RuCl2(PPh3)3

2

Ir Crabtree

 (Figure 1-1 )3

 
1 (a) J. F. Young, J. A. Osborn, F. H. Jardine, G. Wilkinson, Chem. Commun. 1965, 131. (b) J. A. 
Osborn, F. H. Jardine, J. F. Young, G. Wilkinson, J. Chem. Soc. A 1966, 1711. 
2 (a) D. Evans, J. A. Osborn, F. H. Jardine, G. Wilkinson, Nature 1965, 208, 1203. (b) P. S. Hallman, 
B. R. McGarvey, G. Wilkinson, J. Chem. Soc. A 1968, 3143. 
3 R. Crabtree, Acc. Chem. Res. 1979, 12, 331. 
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L-DOPA  (Scheme 1-1
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 (Scheme 1-1 )6  Crabtree

Pfaltz

 (Figure 1-1 )7

 

 

 

 

 

 

 

 

 

 
4 B. D. Vineyard, W. S. Knowles, M. J. Sabacky, G. L. Bachman, D. J. Weinkauff, J. Am. Chem. 
Soc. 1977, 99, 5946. 
5 Monsant Company Patent: US4008281 A1, February 15th, 1977. 
6 T. Ohta, H. Takaya, M. Kitamura, K. Nagai, R. Noyori, J. Org. Chem. 1987, 52, 3174. 
7 S. J. Roseblade, A. Pfaltz, Acc. Chem. Res. 2007, 40, 1402. 
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Scheme 1-1 Rh Ru  
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Ru(diamine)(phosphine)2 Ru(diamine)(diphosphine) Ru  (Figure 1-2) 
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8 (a) K. Abdur-Rashid, M. Faatz, A. J. Lough, R. H. Morris, J. Am. Chem. Soc. 2001, 123, 7473. (b) 
K. Abdur-Rashid, S. E. Clapham, A. Hadzovic, J. N. Harvey, A. J. Lough, R. H. Morris, J. Am. 
Chem. Soc. 2002, 124, 15104. (c) C. A. Sandoval, T. Ohkuma, K. Muniz, R. Noyori, J. Am. Chem. 
Soc. 2003, 125, 13490. 
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28%  (Scheme 1-4)  

 

Scheme 1-4 Ru N-  

 

 

2005 Bruneau [Ru4H6(p-cymene)4]Cl2 [RuCl2(p-cymene)]2
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 (Scheme 1-5)  

 

Scheme 1-5 Ru  
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 (Scheme 1-
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9 D. E. Patton, R. S. Drago, J. Chem. Soc. Perkin. Trans. 1 1993, 1611. 
10 R. Aoun, J.-L. Renaud, P. H. Dixneuf, C. Bruneau, Angew. Chem. Int. Ed. 2005, 44, 2021. 
11 M. Ito, A. Sakaguchi, C. Kobayashi, T. Ikariya, J. Am. Chem. Soc. 2007, 129, 290. 
12 M. Ito, C. Kobayashi, A. Himizu, T. Ikariya, J. Am. Chem. Soc. 2010, 132, 11414. 
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Scheme 1-6 Cp*RuCl(chiral PNH)  

 

 

2010 Bergens Ru(diamine)(diphosphine)
13

Scheme 1-6 1

 (Scheme 1-7)  

 

Scheme 1-7 Ru  
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LiAlH4
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13 S. Takebayashi, J. M. John, S. H. Bergens, J. Am. Chem. Soc. 2010, 132, 12832. 
14 (a) S. N. Ege, Organic Chemistry, DC Health & Company, Lexington, 1989, p. 596. (b) J. March, 
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Scheme 1-8 Ru Zn  
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Scheme 1-9
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Advanced Organic Chemistry, Wiley/Interscience, New York, 1992. 
15 R. A. Grey, G. P. Pez, A. Wallo, J. Am. Chem. Soc. 1981, 103, 7536. 
16 U. Matteoli, M. Bianchi, G. Menchi, P. Frediani, F. Piacenti, J. Mol. Catal. 1984, 22, 353. 
17 (a) H. T. Teunissen, C. J. Elsevier, Chem. Commun. 1998, 1367. (b) M. C. van Engelen, H. T. 
Teunissen, J. G. de Vries, C. J. Elsevier, J. Mol. Catal. A: Chem. 2003, 206, 185. 
18 K. Nomura, H. Ogura, Y. Imanishi, J. Mol. Catal. A: Chem. 2002, 178, 105. 
19 1990 2000

 
For review see: D. Addis, S. Das, K. Junge, M. Beller, Angew. Chem. Int. Ed. 2011, 50, 6004. 
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Scheme 1-9  
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 (Scheme 

1-10)  

 

Scheme 1-10 PNN Ru  
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 (Scheme 1-11)21

 

 

 

 

 

 
20 J. Zhang, G. Leitus, Y. Ben-David, D. Milstein, Angew. Chem. Int. Ed. 2006, 45, 1113. 
21 J. Zhang, E. Balaraman, G. Leitus, D. Milstein, Organometallics 2011, 30, 5716. 
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Scheme 1-11 CO PNN Ru
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 (Scheme 1-12) NHC [RuH(PPh3)(CO)(CNN)][Cl]

RuHBr(CO)(CNN) KOt-Bu NHC

Ru NHC

 

 

Scheme 1-12 NHC Ru  

 
 

 
22 (a) E. Fogler, E. Balaraman, Y. Ben-David, G. Leitus, Linda, J. W. Shimon, D. Milstein, 
Organometallics 2011, 30, 3826. (b) E. Balaraman, E. Fogler, D. Milstein, Chem. Commun. 2012, 
48, 1111. 
23 Y. Sun, C. Koehler, R. Tan, V. T. Annibale, D. Song, Chem. Commun. 2011, 47, 8349. 
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 (Figure 1-3)24
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Figure 1-3 CNN  
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24 L. Le, J. Liu, T. He, D. Kim, E. J. Lindley, T. N. Cervarich, J. C. Malek, J. Pham, M. R. Buck, A. 
R. Chianese, Organometallics 2018, 37, 3286. 
25 L. A. Saudan, C. M. Saudan, C. Debieux, P. Wyss, Angew. Chem. Int. Ed. 2007, 46, 7473. 
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Scheme 1-13 Ru  

 

 

2010 Ru(diamine)(diphosphine)
26 Morris NHC

27  (Figure 1-4)  

 

 
Figure 1-4 Ru  

 

2012 Gusev Ru- 2000

40 °C 50 bar
28 Scheme 1-14

100 °C 20000

 
26 W. Kuriyama, Y. Ino, O. Ogata, N. Sayo, T. Saito, Adv. Synth. Catal. 2010, 352, 92. 
27 (a) W. W. N. O, A. J. Lough, R. H. Morris, Chem. Commun. 2010, 46, 8240. (b) W. W. N. O, A. J. 
Lough, R. H. Morris, Organometallics 2012, 31, 2137. (c) W. W. N. O, R. H. Morris, ACS Catal. 
2013, 3, 32. 
28 D. Spasyuk, S. Smith, D. G. Gusev, Angew. Chem. Int. Ed. 2012, 51, 2772. 



 
 

 

14 
 

 

 

Scheme 1-14 Ru  
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 (Scheme 1-15)29

 

 

Scheme 1-15 Ru-MACHO  
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40 °C 3 h
30 SNHS

 (Scheme 1-16)  

 

 

 

 
29 T. Kuriyama, T. Matsumoto, T. Ogata, Y. Ino, K. Aoki, S. Tanaka, K. Ishida, N. Sayo, T. Saito, 
Org. Process Res. Dev. 2012, 16, 166. 
30 D. Spasyuk, S. Smith, D. G. Gusev, Angew. Chem., Int. Ed. 2013, 52, 2538. 
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Scheme 1-16 SNHS  
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 (Scheme 1-17)31

Ru-MACHO-NHC THF 50, 50 °C

 

 

Scheme 1-17 Ru-MACHO-NHC  

 
 

 
31 O. Ogata, Y. Nakayama, H. Nara, M. Fujiwhara, Y. Kayaki, Org. Lett. 2016, 18, 3894. 
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70 °C 16 h TON = 77280

 (Scheme 1-18)32  

 

Scheme 1-18 CNHC Ru  
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Bergens 2009 Ru(diamine)(diphosphine)
33 Scheme 1-

19 trans-[Ru(H)2{(R)-binap}{(R,R)-dpen}] THF-d8 –80 oC

3 - 3 KOt-Bu 30

67% NMR  

 

Scheme 1-19 Ru  

 

 
32 G. A. Filonenko, M. J. B. Aguila, E. N. Schulpen, R. van Putten, J. Wiecko, C. Müller, L. Lefort, 
E. J. M. Hensen, E. A. Pidko, J. Am. Chem. Soc. 2015, 137, 7620. 
33 S. Takebayashi, S. H. Bergens, Organometallics 2009, 28, 2349. 
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Scheme 1-20

 

 

Scheme 1-20 Ru  
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 (Scheme 1-21)  

 

Scheme 1-21 Ru  
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1-22  

 

 

 

 

 

 
34 T. Otsuka, A. Ishii, P. A. Dub, T. Ikariya, J. Am. Chem. Soc. 2013, 135, 9600. 
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Scheme 1-22 Ru  
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THF  (Scheme 1-23)35

 

 

Scheme 1-23 Ru  
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35 T. vom Stein, M. Meuresch, D. Limper, M. Schmitz, M. Hölscher, J. Coetzee, D. J. Cole-
Hamilton, J. Klankermayer, W. Leitner, J. Am. Chem. Soc. 2014, 136, 13217. 
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Scheme 1-24 triphos-Ru  
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 (Scheme 1-25)36  

 

Scheme 1-25 Ru

 

 

 

Ir Sanford Goldberg [Cp*Ir(OH2)(NN)][OTf]2

 

(Scheme 1-26)37  

 

 
36 K. Junge, B. Wendt, F. A. Westerhaus, A. Spannenberg, H. Jiao, M. Beller, Chem. Eur. J. 2012, 
18, 9011. 
37 T. P. Brewster, N. M. Rezayee, Z. Culakova, M. S. Sanford, K. I. Goldberg, ACS Catal. 2016, 6¸ 
3113. 
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Scheme 1-26 Ir  
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Scheme 1-27  
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38 (a) C. Hirosawa, N. Wakasa, T. Fuchikami, Tetrahedron Lett. 1996, 37, 6749. (b) G. Beamson, A. 
J. Papworth, C. Philipps, A. M. Smith, R. J. Whyman, Adv. Synth. Catal. 2010, 352, 869. (c) G. 
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39 2007 Cole-Hamilton

Ru
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 (Scheme 1-28)40  

 

Scheme 1-28 Ru  

 
 

2013 Leitner Cole-Hamilton

N-

 (Scheme 1-29)41  

 

Scheme 1-29 Brønsted Ru  

 

 

Beller Yb(OTf)3

N-

 (Scheme 1-30)42  

 
Beamson, A. J. Papworth, C. Philipps, A. M. Smith, R. J. Whyman, J. Catal. 2010, 269, 93. (d) G. 
Beamson, A. J. Papworth, C. Philipps, A. M. Smith, R. J. Whyman, J. Catal. 2011, 278, 228. 
39 1990

 (a) S. Zhou, K. Junge, D. Addis, S. Das, M. Beller, Angew. Chem. Int. Ed. 2009, 48, 
9507. (b) Y. Sunada, H. Kawakami, T. Imaoka, Y. Motoyama, H. Nagashima, Angew. Chem. Int. Ed. 
2009, 48, 9511. 
40 A. A. Núñez Magro, G. R. Eastham, D. J. Cole-Hamilton, Chem. Commun. 2007, 3154. 
41 J. Coetzee, D. L. Dodds, J. Klankermayer, S. Brosinski, W. Leitner, A. M. Z. Slawin, D. J. Cole-
Hamilton, Chem. Eur. J. 2013, 19, 11039. 
42 J. R. Cabrero-Antonino, E. Alberico, K. Junge, H. Jungea, M. Beller, Chem. Sci. 2016, 7, 3432. 
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Scheme 1-30 Lewis Ru  
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C N

 (Scheme 1-31)43  

 

Scheme 1-31 Cp*Ru N-  

 

 

2010 Mistein Ru(PNN) C N

100 10 atm

110 oC THF

 (Scheme 1-32)44  

 

 

 

 

 

 

 
43 (a) M. Ito, T. Ikariya, J. Synth. Org. Chem. Jpn. 2008, 66, 1042. (b) T. Ikariya, M. Ito, T. Ootsuka, 
PCT Int. Pat. Appl. WO 2010/073974 A1, July 1st, 2010.  
44 E. Balaraman, B. Gnanaprakasam, L. J. W. Shimon, D. Milstein, J. Am. Chem. Soc. 2010, 132, 
16756. 
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Scheme 1-32 Ru  

 
 

2011 Bergens 3

Ru  = 1000

 

(Scheme 1-33)45 RuH2(PNH)2

RuCl2(PNH)2

 

 

Scheme 1-33 Ru  

 

 

2016 Beller

PNHN Ru

120 °C

 (Scheme 1-34)46  

 

 

 
45 J. M. John, S. H. Bergens, Angew. Chem. Int. Ed. 2011, 50, 10377. 
46 J. R. Cabrero-Antonino, E. Alberico, H. J. Drexler, W. Baumann, K. Junge, H. Junge, M. Beller, 
ACS Catal. 2016, 6, 47. 
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Scheme 1-34 PNHN Ru
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Tu  (Scheme 1-35)47  

 

Scheme 1-35 Ru-MACHO-BH  

 

 

Ru 2013

 

(Scheme 1-36)48 8 MPa 160 °C 20

 

 

 

 

 
47 J. Chen, J. Wang, T. Tu, Chem. Asian J. 2018, 13, 2559. 
48 T. Miura, I. E. Held, S. Oishi, M. Naruto, S. Saito, Tetrahedron Lett. 2013, 54, 2674. 
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Scheme 1-36 PN Ru  
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100 °C
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Scheme 1-37 Goldberg

Ir
50  

 

 

 

 

 
49 J. Ullrich, B. Breit, ACS Catal. 2018, 8, 785. 
50 T. P. Brewster, A. J. M. Miller, D. M. Heinekey, K. I. Goldberg, J. Am. Chem. Soc. 2013, 135, 
16022. 
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Scheme 1-37 Cp*Ir  

 
 

Leitner triphos Ru 

220 °C  (Scheme 1-

38)51  

 

Scheme 1-38 triphos-Ru  

 
Ru

 (Scheme 1-39)52

Ru  

 

Scheme 1-39 Ru  

 

2017 Re  

(Scheme 1-40)53 Ru  

 

 
51 T. vom Stein, M. Meuresch, D. Limper, M. Schmitz, M. Hölscher, J. Coetzee, D. J. Cole- 
Hamilton, J. Klankermayer, W. Leitner, J. Am. Chem. Soc. 2014, 136, 13217. 
52 M. Naruto, S. Saito, Nat. Commun. 2015, 6, 8140. 
53 M. Naruto, S. Agrawal, K. Toda, S. Saito, Sci. Rep. 2017, 7, 3425. 
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Scheme 1-40 Re  

 
 

(5)  

2011

Milstein  (Scheme 1-41)54 10 13.6 atm 110 oC

THF 1000

48 N-

/ 100 48

N,N’- 50 72

 

 

Scheme 1-41 Ru  

 
 

Scheme 1-42

2

3  

 
54 : E. Balaraman, C. Gunanathan, J. Zhang, L. J. W. 
Shimon, D. Milstein, Nature Chemistry 2011, 3, 609. : E. Balaraman, Y. Ben-
David, D. Milstein, Angew. Chem. Int. Ed. 2011, 50, 11702. 
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Scheme 1-42  

 
 

2015

55 Ru

TON = 21  (Scheme 1-43)  

 

Scheme 1-43  

 
Ding

Ru-MACHO

 (Scheme 1-44)56  

 

Scheme 1-44  

 

 
55 J. R. Khusnutdinova, J. A. Garg, D. Milstein, ACS Catal. 2015, 5, 2416. 
56 Z. Han, L. Rong, J. Wu, L. Zhang, Z. Wang, K. Ding, Angew. Chem. Int. Ed. 2012, 51, 13041.  
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Scheme 1-45

+4 1 Table 1-1

1 2

1

3 +1

 

 

Scheme 1-45  

 

 

Table 1-1 57 

        ΔG° (kJ/mol) 

CO2 (g) + H2 (g) → HCO2H (l)      32.8 
CO2 (g) + H2 (g) → CO (g) + H2O (l)    20.4 
CO2 (g) + 3 H2 (g) → CH3OH (l) + H2O (l)    –9.5 
CO2 (g) + 4 H2 (g) → CH4 (g) + 2 H2O (l)  –130.8 

 
57 (a) W.-H. Wang, Y. Himeda, J. T. Muckerman, G. F. Manbeck, E. Fujita, Chem. Rev. 2015, 115, 
12936. (b) S. Roy, A. Cherevotan, S. C. Peter, ACS Energy Lett. 2018, 3, 1938. 
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250 °C Table 1-1

Cu-Zn

Cu-Zn
58

Cu/ZnO/Al2O3 Cu

Cu Zn 59

Cu-CeOx

Cu/CeOx/TiO2(110) 60 Cu–

Ga2O3–Ho2O3/γ-Al2O3 61

 

200 °C

 

Ru Ir

Ru

 (Scheme 1-46)62  

 

 

 

 

 

 
58 W. Wang, S. Wang, X. Ma, J. Gong, Chem. Soc. Rev. 2011, 40, 3703. 
59 M. Behrens, F. Studt, I. Kasatkin, S. Kühl, M. Hävecker, F. Abild-Pedersen, S. Zander, F. 
Girgsdies, P. Kurr, B.-L. Kniep, M. Tovar, R. W. Fischer, J. K. Nørskov, R. Schlögl, Science, 2012, 
336, 893. 
60 J. Graciani, K. Mudiyanselage, F. Xu, A. E. Baber, J. Evans, S. D. Senanayake, D. J. Stacchiola, 
P. Liu, J. Hrbek, J. Fernández Sanz, J. A. Rodriguez, Science 2014, 345, 546. 
61 B. Zohour, I. Yilgor, M. A. Gulgun, O. Birer, U. Unal, C. Leidholm, S. Senkan, ChemCatChem 
2016, 8, 1464. 
62 P. G. Jessop, Y. Hsiao, T. Ikariya, R. Noyori, J. Am. Chem. Soc. 1994, 116, 8851. 
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Scheme 1-46 Ru DMF

 

 

PNP Ir

3,500,000  (Scheme 1-47)63  

 

Scheme 1-47 PNP Ir

 

 
 

PNP Ir

TON = 160,000  (Scheme 1-48)64  

 

Scheme 1-48 PNP Ir  

 

 

 
63 R. Tanaka, M. Yamashita, K. Nozaki, J. Am. Chem. Soc. 2009, 131, 14168. 
64 W. Aoki, N. Wattanavinnin, S. Kusumoto, K. Nozaki, Bull. Chem. Soc. Jpn. 2016, 89, 113. 
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Table 1-1

Scheme 1-49  

 

Scheme 1-49  

 

 

 (a)  

 

Laurenczy

(Scheme 1-50)65 Cp*Ir 

( 1)

( 2) Ir

66

 (TON) 1.6 70 °C 2.5 M

50 h TON 8  

 
65 K. Sordakis, A. Tsurusaki, M. Iguchi, H. Kawanami, Y. Himeda, G. Laurenczy, Chem. Eur. J. 
2016, 22, 15605. 
66 J. F. Hull, Y. Himeda, W. H. Wang, B. Hashiguchi, R. Periana, D. J. Szalda, J. T. Muckerman, E. 
Fujita, Nat. Commun. 2012, 4, 383. 



 
 

 

33 
 

Scheme 1-50 Cp*Ir(NN)  

 

 

 (b)  

Sanford 2 Ru

 

(Scheme 1-51)67 RuCl(OAc)[P(CH3)3]4

Sc(OTf)3 RuHCO(PNN)

TON 34 2.5

 

 

Scheme 1-51 Ru, Sc, Ru  

 
 

 (c)  

Sanford

 (Scheme 1-52)68 Ru-MACHO 95 °C

155 °C

TON = 550

 
67 C. A. Huff, M. S. Sanford, J. Am. Chem. Soc. 2011, 133, 18122. 
68 N. M. Rezayee, C. A. Huff, M. S. Sanford, J. Am. Chem. Soc. 2015, 137, 1028. 
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Scheme 1-52 DMF Ru-MACHO-BH  

 

 

Ding PNHP Ru

 (Scheme 1-53)69

TON = 3600 

 

 

Scheme 1-53 N- Ru-MACHO  

 

 

Olah

 (Scheme 1-54)70

Sanford

 

 
69 L. Zhang, Z. Han, X. Zhao, Z. Wang, K. Ding, Angew. Chem., Int. Ed. 2015, 54, 6186. 
70 J. Kothandaraman, A. Goeppert, M. Czaun, G. A. Olah, G. K. S. Prakash, J. Am. Chem. Soc. 
2016, 138, 778. 
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Scheme 1-54  

 

 

Ru-MACHO

(Scheme 1-55)71  (PEI) Ru-MACHO-BH

CO2 2 MPa H2 6 MPa THF 150 °C 20 

h Ru

3 Ru 

 

 

Scheme 1-55 PEI  

 
 

 (d)  

Leitner  (triphos) Ru

 (Scheme 1-56)72 TON = 442

 

 

 

 
71 A. Yoshimura, R. Watari, S. Kuwata, Y. Kayaki, Eur. J. Inorg. Chem. 2019, 2375. 
72 S. Wesselbaum, V. Moha, M. Meuresch, S. Brosinski, K. M. Thenert, J. Kothe, T. vom Stein, U. 
Englert, M. Hölscher, J. Klankermayer, W. Leitner, Chem. Sci. 2015, 6, 693. 
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Scheme 1-56  

 

 

Ru 140 160 °C  

Ru, Ir
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3d  

 

Fe Mn Co Ni  

Ru Rh Ir

Ru

PNHP-

 

Ru 3d

3d Ru Ir

3d

3d

Mn Fe Co Ni

Cu

 

Fe Casey 2007
73

S/C = 50, 3 atm, 25 °C  (Scheme 1-57)

Fe

de Vries Fe
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220 250 °C
86 Cu Cu/SiO2 Cu/Al2O3

Cu-Zn

Table 1-2 Cu

 (entry 1) Cu/Zn/Al/Ca/Na

250 °C 1 atm

2-  (entry 2)87

Cu 88 Cu/Al2O3 89 1

 
85 H. Adkins. R. Connor, J. Am. Chem. Soc. 1931, 53, 1091. 
86 H. Adkins, K. Folkers, J. Am. Chem. Soc. 1931, 53, 1095. 
87 H.-Y. Zheng, Y.-L. Zhu, B.-T. Teng, Z.-Q. Bai, C.-H. Zhang, H.-W. Xiang, Y.-W. Li, J. Mol. 
Catal. A 2006, 246, 18. 
88 Z. Xiao, C. Li, J. Xiu, X. Wang, C. T. Williams, C. Liang, J. Mol. Catal. A 2012, 365, 24. 
89 Y. Feng, H. Yin, L. Shen, A. Wang, Y. Shen, T. Jiang, Chem. Eng. Technol. 2013, 36, 73. 



 
 

 

44 
 

1,2-  (entries 3 and 4)

200 °C

Cu

 (entries 5 and 6)90

Cu/SiO2 19 atm

 (entry 7)91

Cu-Zn/Al2O3 30

 (entry 8)92

1,2- 93 94

Cu/SiO2, Cu/ZnO 200 °C

 (entries 10 and 11)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
90 H. Adkins, Org. React. 1954, 1. 
91 US Patent, US4614728. 
92 L. He, H. Cheng, G. Liang, Y. Yu, F. Zhao, Appl. Catal. A 2013, 452, 88. 
93 R. D. Cortright, M. Sanchez-Castillo, J. A. Dumesic, Appl. Catal. B 2002, 39, 353. 
94 G. Vedage, K. Klier, J. Catal. 1982, 77, 558. 



 
 

 

45 
 

Table 1-2 Cu  

 

 

Cu (a) (b) 

(c) 

 



 
 

 

46 
 

Cu/SiO2 Cu/ZrO2 95

- 90%

Ni-Cu/SiO2 -

2- 90%

Hwang Chang  (Scheme 1-67)96  
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Table 1-3 Allred-Rochow  

 Sc Ti V Cr Mn Fe Co Ni Cu Zn 

 1.20 1.32 1.45 1.56 1.60 1.64 1.70 1.75 1.75 1.66 
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Cossy, F. Eustache, P. I. Dalko, Tetrahedron Lett. 2001, 42, 5005. (b) Y. Ohtsuka, K. Koyasu, T. 
Ikeno, T. Yamada, Org. Lett. 2001, 3, 2543. (c) F. Eustache, P. I. Dalko, J. Cossy, J. Org. Chem. 2003, 
68, 9994. (d) F. Eustache, P. I. Dalko, J. Cossy, Tetrahedron Lett. 2003, 44, 8823. 
19 Z. Ding, J. Yang, T. Wang, Z. Shen, Y. Zhang, Chem. Commun. 2009, 571. -

DKR: G. Wu, J. Zhu, Z. Ding, Z. Shen, Y. Zhang, Tetrahedron Lett. 2009, 50, 427. 
20 J. Limanto, S. W. Krska, B. T. Dorner, E. Vazquez, N. Yoshikawa, L. Tan, Org. Lett. 2010, 12, 
512. 
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Scheme 2-30 - DKR 

 

- (S)-BINAP Ru

 

(S,S)-TsDPEN Ru

1,3-  

(Scheme 2-28) 2

- 1,3-

syn  (Scheme 2-29) -

(S,S)-TsDPEN Ts

-  (Scheme 2-30)  

1,2- DKR  (Scheme 2-31)21  

 

Scheme 2-31 1,2- DKR 

 

 

1,2-

1,2-

 
21 (a) K. Murata, K. Okano, M. Miyagi, H. Iwane, R. Noyori, T. Ikariya, Org. Lett. 1999, 1, 1119. 
(b) T. Koike, K. Murata, T. Ikariya, Org. Lett. 2000, 2, 3833. 



 
(LNH) Cp*Ru

 

79 
 

1,2-

 

DKR

DKR  

DKR 1996  (Scheme 2-32)22

KOH

Ru(diamine)(diphosphine) RuCl2[(S)-binap][(R,R)-dpen]

cis-  

 

Scheme 2-32 DKR 

 
 

23 24 DKR

 
22 T. Ohkuma, H. Ooka, M. Yamakawa, T. Ikariya, R. Noyori, J. Org. Chem. 1996, 61, 4872. 
23 DKR: (a) R. Noyori, T. Ohkuma, Angew. 
Chem. Int. Ed. Engl. 2001, 40, 40. (b) N. J. Alcock, I. Mann, P. Peach, M. Wills, Tetrahedron: 
Asymmetry 2002, 13, 2485. (c) T. Ohkuma, J. Li, R. Noyori, Synlett 2004, 1383. (d) J.-H. Xie, S. Liu, 
X.-H. Huo, X. Cheng, H.-F. Duan, B.-M. Fan, L.-X. Wang, Q.-L. Zhou, J. Org. Chem. 2005, 70, 
2967. (e) P. Peach, D. J. Cross, J. A. Kenny, I. Mann, I. Houson, L. Campbell, T. Walsgrove, M. 
Wills, Tetrahedron 2006, 62, 1864. DKR: (a) M. 
Scalone, P. Waldmeier, Org. Process Res. Dev. 2003, 7, 418. (b) T. Ohkuma, T. Hattori, H. Ooka, T. 
Inoue, R. Noyori, Org. Lett. 2004, 6, 2681. (c) N. Arai, H. Ooka, T. Inoue, T. Ohkuma, Org. Lett. 
2007, 9, 939. DKR: A. Ros, A. Magriz, H. Dietrich, 
R. Fernandez, E. Alvarez, J. M. Lassaletta, Org. Lett. 2006, 8, 127. 

DKR: A. Lei, S. Wu, M. He, X. Zhang, J. Am. Chem. Soc. 2004, 126, 1626. 
DKR: (a) H. Ooka, N. Arai, K. Azuma, N. Kurono, 

T. Ohkuma, J. Org. Chem. 2008, 73, 9084. (b) V. I. Chiwara, N. Haraguchi, S. Itsuno, J. Org. Chem. 
2009, 74, 1391. DKR: (a) J.-H. Xie, S. Liu, W.-L. 
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Ru DKR

 

 

 (1)  

DKR 2  

(Scheme 2-33)

 

 

Scheme 2-33 DKR 

 

 

DKR
 

Kong, W.-J. Bai, X.-C. Wang, L.-X. Wang, Q.-L. Zhou, J. Am. Chem. Soc. 2009, 131, 4222. (b) T. 
Hibino, K. Makino, T. Sugiyama, Y. Hamada, ChemCatChem. 2009, 1, 237. 

DKR: H. Ooka, N. Arai, K. Azuma, N. Kurono, T. Ohkuma, J. Org. 
Chem. 2008, 73, 9084. DKR: W.-J. Bai, 
J.-H. Xie, Y.-L. Li, S. Liu, Q.-L. Zhou, Adv. Synth. Catal. 2010, 352, 81. 

, - DKR: V. Jurkauskas, S. L. Buchwald, J. 
Am. Chem. Soc. 2002, 124, 2892. 
24 DKR: (a) J.-H. Xie, Z.-T. Zhou, W.-L. 
Kong, Q.-L. Zhou, J. Am. Chem. Soc. 2007, 129, 1868. (b) X. Li, B. List, Chem. Commun. 2007, 
1739. DKR: Z.-T. Zhou, J.-H. Xie, 
Q.-L. Zhou, Adv. Synth. Catal. 2009, 351, 363. 
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Cp*Ru

 (Scheme 2-34)

(S)- >99% ee

(S)-N-  ((S)-1k) Cp*RuCl(NNH)

KOt-Bu 25 mol% 100 50 atm

1.0 M 2- 6 N-

 (rac-2k) 

 

N-  ((S)-2k) >99% 

ee 1H NMR

19.5

(S)-1k
 

 

Scheme 2-34 Cp*RuCl(NNH)  
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(S)-1k  (Scheme 2-35) 

LiOCH3 NaOCH3

 (2k) 

KOCH3

2k t-

 

 

Scheme 2-35  

 

 

DKR KOt-Bu

- - -  (3e) 

Scheme 2-36 Hünig

55% ee (R)- - - -  ((R)-3e) 25

 ((R)-3e) Scheme 2-37  

 

 
25 U. Gerlach, T. Haubenreich, S. Hünig, N. Klaunzer, Chem. Ber. 1994, 127, 1989. 
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Scheme 2-36 - - -  

 
 

Scheme 2-37 NNH Cp*Ru - - -

 

 

 

50 80 oC 48 2-

-1,4-  (rac-4e) 81%

KOt-Bu

rac-3e  

 

 (2)  

Cp*RuCl(isoprene)

- - -  

(rac-3e) 50 KOt-Bu 25 mol%

80 oC 1.0 M 2- 48 Scheme 2-38

(S)-2-  (5i) 
98% 2- -1,4-  (4e) 

30 HPLC

16% ee

S

50%
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DKR (S,S)-1,2-

 (5j) 96%

11% 5i
 (5k) ee 22% N,N’-

-1,2-  (5l) 32% ee

(S)

(S)-4e
 

 

Scheme 2-38 - - -

 

 

 

 (5l) 5l
 (5m, 5n) 

 (Scheme 2-39) Cp*RuCl(NNH) Cp*RuCl(isoprene)

48 86%  (Ru-1 Ru-3) 

X

 (Figure 2-2) Scheme 2-13
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N,N’-

5l 2

Ru-1
 

 

Scheme 2-39 Cp*Ru  
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Figure 2-2 Cp*Ru X  

 

Ru-1 DKR

Scheme 2-40  

(Ru-1) 
32% ee  (entry 3) 

80 oC

10 100  (entries 1 4) 

10

47% ee 10 50

80 oC 60 oC  (entry 1 vs. 5, 3 vs. 6) 
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Scheme 2-40 - - - DKR  

 

 

Scheme 2-12

Scheme 2-41 S

(A) DKR (S)-3e
(B) 

DKR

S Scheme 2-40

(A)  
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Scheme 2-41 DKR  

 
 

Ru-1 Ru-3 - - -  (rac-3e) 

Scheme 2-42 S

S

S  (Ru-2, 3) R

 (entry 3 vs. 

4) entry 5

50% ee 26

 
26 -(3- )- -  (rac-3j) 

Ru-1 Ru-3
Ru 1
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Figure 2-3

 

 

Scheme 2-42 Cp*Ru - - -

DKR 

 
 

 
Figure 2-3  

 

-  (rac-3h k) Ru-1
Cp*RuCl(PNH-2)

 (Scheme 2-43)27

 
27 M. Ito, A. Shiibashi, T. Ikariya, Chem. Commun. 2011, 47, 2134. 
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Scheme 2-43  

 
 

Scheme 2-44

 ((-)-4h k) 17 25% ee

- - -

 

 

Scheme 2-44 -

DKR 
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DKR

Zhou PNHN

Ir DKR

 (Scheme 2-45)28  

 

Scheme 2-45 Zhou DKR 

 
Bergens PNHNHP Ru

DKR

 (Scheme 2-46)29

 

 

Scheme 2-46 Bergens DKR 

 

 
28 X.-H. Yang, H.-T. Yue, N. Yu, Y.-P. Li, J.-H. Xie, Q.-L. Zhou, Chem. Sci. 2017, 8, 1811. 
29 R. T. Endean, L. Rasu, S. H. Bergens, ACS Catal. 2019, 9, 6111. 
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Bergens Ru(diamine)(diphosphine) Ru

DKR  

(Scheme 2-47)30  

 

Scheme 2-47 Bergens DKR 

 

 

0.25–2.5

DKR

  

 
30 L. Rasu, J. M. John, E. Stephenson, R. Endean, S. Kalapugama, R. Clément, S. H. Bergens, J. Am. 
Chem. Soc. 2017, 139, 3065.
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Cp*Ru(LNH)

 (Scheme 2-48) 2-

Cp*Ru 2-

-

 

 

Scheme 2-48 

 
 

Scheme 2-49 100 KOt-Bu 25 mol%

50 tm 100 oC 1.0 M 2-

MS 3A

t-

95%  

Cp*Ru

DKR

 (Scheme 2-50)

DKR

N,N’- N- -2-( )-1-
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Cp*Ru

- - - DKR

2- -1,4- 88% 50% ee

 

 

Scheme 2-49 

 

 

Scheme 2-50 
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Cp*Ru(LNH) N- -2-
 

 

NHC Cp*Ru(CNH)  

Cp*Ru(CNH)
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Cp*Ru

Ru 1

Ru-triphos 2

Ru

 

 

Scheme 3-1  

 
 

Beller Yb(OTf)3

Ru-triphos 2f

Ru  (Figure 

3-1 ) Yb(OTf)3 150 °C

 
1 Y. Zhou, R. Khan, B. Fan, L. Xu, Synthesis 2019, 51, 2491. 
2 (a) A. A. Núñez Magro, G. R. Eastham, D. J. Cole-Hamilton, Chem. Commun. 2007, 43, 3154. (b) 
D. L. Dodds, J. Coetzee, J. Klankermayer, S. Brosinski, W. Leitner, D. J. Cole-Hamilton, Chem. 
Commun. 2012, 48, 12249. (c) J. Coetzee, D. L. Dodds, J. Klankermayer, S. Brosinski, W. Leitner, A. 
M. Z. Slawin, D. J. Cole-Hamilton, Chem. Eur. J. 2013, 19, 11039. (d) T. vom Stein, M. Meuresch, 
D. Limper, M. Schmitz, M. Hçlscher, J. Coetzee, D. J. Cole-Hamilton, J. Klankermayer, W. Leitner, 
J. Am. Chem. Soc. 2014, 136, 13217. (e) M. Meuresch, S. Westhues, W. Leitner, J. Klankermayer, 
Angew. Chem. Int. Ed. 2016, 55, 1392. (f) J. R. Cabrero-Antonino, E. Alberico, K. Junge, H. Jungea, 
M. Beller, Chem. Sci. 2016, 7, 3432. (g) M.-L. Yuan, J.-H. Xie, S.-F. Zhu, Q.-L. Zhou, ACS Catal. 
2016, 6, 3665. (g) M.-L. Yuan, J.-H. Xie, Q.-L. Zhou, ChemCatChem 2016, 8, 3036. 
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 (Figure 3-1 )

N-  

(NHC)  

 

 
Figure 3-1  

 

6

N-  (NHC) 3 -2-

NHC  (Figure 3-2) 2

4  

 

 
Figure 3-2 -2- NHC  

 

NHC 2 L

NHC

Nolan Ni

Table 3-1 5  

 

 

 
3 (a) W. A. Herrmann, C. Köcher, Angew. Chem. Int. Ed. 1997, 36, 2162. (b) F. E. Hahn, M. C. 
Jahnke, Angew. Chem. Int. Ed. 2008, 47, 3122. 
4 M. N. Hopkinson, C. Richter, M. Schedler, F. Glorius, Nature 2014, 510, 485. 
5 R. Dorta, E. D. Stevens, N. M. Scott, C. Costabile, L. Cavallo, C. D. Hoff, S. P. Nolan, J. Am. 
Chem. Soc. 2005, 127, 2485. 
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Table 3-1 Ni NHC  

 

 

Nolan NiL(CO)3 CO

NHC

CO 2056 cm–1 NHC CO

2050 cm–1 CO

NHC

 

NHC

 (Scheme 3-2)6 NHC (a) 

(b) Ag2O NHC–Ag (c) 

2- (d) 

C–H

(e) 2- (f) 

 

 

 

 

 

 

 

 
6 O. Schuster, L. Yang, H. G. Raubenheimer, M. Albrecht, Chem. Rev. 2009, 109, 3445. 
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Scheme 3-2 NHC  

 
 

-2-

NHC sp3

 (CAAC) 

 (Figure 3-3)7  

 

 

Figure 3-3 NHC 

 

NHC NHC

 
7 D. J. Nelson, S. P. Nolan, Chem. Soc. Rev. 2013, 42, 6723. 
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8  

NHC

Milstein9 Song10 NHC Ru

 (Scheme 3-3) NHC CNN NHC PNN

Ru 11

 

 

Scheme 3-3 NHC Ru  

 

PNHP–Ru

NHC

Ru  

(Scheme 3-4)12  

 

 

 

 
8 E. Peris, Chem. Rev. 2018, 118, 9988. 
9 (a) E. Fogler, E. Balaraman, Y. Ben-David, G. Leitus, Linda, J. W. Shimon, D. Milstein, 
Organometallics 2011, 30, 3826. (b) E. Balaraman, E. Fogler, D. Milstein, Chem. Commun. 2012, 48, 
1111. 
10 Y. Sun, C. Koehler, R. Tan, V. T. Annibale, D. Song, Chem. Commun. 2011, 47, 8349. 
11 J. Zhang, G. Leitus, Y. Ben-David, D. Milstein, Angew. Chem. Int. Ed. 2006, 45, 1113. 
12 O. Ogata, Y. Nakayama, H. Nara, M. Fujiwhara, Y. Kayaki, Org. Lett. 2016, 18, 3894. 
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Scheme 3-4 NHC  

 
 

NHC
13  (Scheme 3-5) Morris

Cp*Ru (arene)Ru NHC- 7
14 Pidko CNHC

80000
15

NHC Ru  

 

Scheme 3-5 NHC Ru  

 

 
13 B. Ramasamy, P. Ghosh, Eur. J. Inorg. Chem. 2016, 1448. 
14 (a) W. W. N. O, A. J. Lough, R. H. Morris, Chem. Commun. 2010, 46, 824. (b) H. Ohara, W. W. 
N. O, A. J. Lough, R. H. Morris, Dalton. Trans. 2012, 41, 8797. (c) W. W. N. O, R. H. Morris, ACS 
Catal. 2013, 3, 32. 
15 G. A. Filonenko, M. J. B. Aguila, E. N. Schulpen, R. van Putten, J. Wiecko, C. Müller, L. Lefort, 
E. J. M. Hensen, E. A. Pidko, J. Am. Chem. Soc. 2015, 137, 7620. 
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Cp*Ru

Cp*Ru

N-  (NHC) 
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Cp*Ru(LNH) N- -2-

 

 

Cp*Ru(NNH)

Scheme 3-6 N- -2-

 (6a) KOt-Bu

50 atm 100 °C 1.0 M 2- 24

Cp*Ru(NNH) 1 mol

 (entry 1) 5 

mol 69

 (7a)  (entry 2) 10 mol

84%  (entry 3)

Cp*Ru  (entries 4 and 5)

2-

 

 

Scheme 3-6 Cp*Ru N- -2-  
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NHC Cp*Ru(CNH)  

 

 (1) NHC  

NHC

Morris 

NHC Cp*Ru
14

NHC

Cp*Ru

NHC  

Scheme 3-7

1-t- 1- N-(2- )

 (5o, 5p) 81%

 

 

Scheme 3-7 NHC  

 
 

Morris  5p 

NHC Ag (p-cymene)Ru

[(p-cymene)RuCl(CNH)][PF6]  (Ru-4)  (Scheme 3-8)16

(p-cymene)Ru(II)

Cp*Ru(II)

 
16 H. Ohara, W. W. N. O, A. J. Lough, R. H. Morris, Dalton Trans. 2012, 41, 8797. 
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Morris 2- 1-

5 60%

Scheme 3-7  

 

Scheme 3-8 Morris [(p-cymene)RuCl(CNH)][PF6]  

 

 

 (2) 1-t- NHC Ru

 

NHC Ru NHC Ag

t-

 (5o) Ag Ag2O NHC Ag 

Cp*RuCl(isoprene) NHC

Cp*Ru  (Scheme 3-9)
1H NMR 

 

 

Scheme 3-9 t- NHC Cp*Ru 

 

 

 

NHC Ag

Cp*Ru(isoprene)

NHC Cp*Ru 5o



 
NHC Cp*Ru(CNH)
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Scheme 3-8

(p-cymene)Ru  (Scheme 3-10)  

 

Scheme 3-10 t- NHC (p-cymene)Ru  

 
 

Morris

5q 5q NHC Ag [(p-cymene)RuCl2]2

48% X

t- NHC [(p-cymene)RuCl(CNH)][PF6] (Ru-5) 

ORTEP Morris  (Ru-4) 

Figure 3-4  

 

 

Figure 3-4 [(p-cymene)RuCl(CNH)]PF6] X  

 

Morris  (Figure 3-4 ) p-cymene NHC

NHC t- (Figure 3-4

) NHC t- NHC

Ru Morris 2.041 Å t-

2.100 Å
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5o Cp*Ru

p-cymene Cp* t-

 

 

 (3) 1- NHC Cp*Ru 

 

1-

 (5p) NHC Ag

Cp*RuCl(isoprene)  (Scheme 3-11 )  

 

Scheme 3-11 NHC Cp*Ru  

 

1H NMR

4

NHC

X Ru

Cp*RuCl(isoprene)

Cp*RuBr(CNH)  (Figure 3-5)  
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Figure 3-5 Cp*RuBr(CNH) X  

 

 (5r) 
1H NMR

 (Scheme 3-11 ) Cp*Ru(CNH)

Cp*RuBr(isoprene) 17

5p
74%  

(Scheme 3-11 ) Cp*RuBr(CNH) 13C NMR

191.5 ppm Cp*RuBr(isoprene)

Cp*RuBr(CNH)  

 

 (4) [Cp*Ru(CO)(CNH)][OTf]  

NHC

 (Scheme 3-12)  

 

Scheme 3-12 Cp*Ru(CO)(CNH)  

 
 

Cp*RuBr(CNH) 1.1

1 atm
1H NMR NHC 2.13

3.25 ppm 1H
13C NMR

 
17 C. Gemel, K. Mereiter, R. Schmid, K. Kirchner, Organometallics 1995, 14, 1405. 



 
NHC Cp*Ru(CNH)

 
 

109 
 

204.1 ppm
1H-13C -HMQC

 (3.50 ppm 2H, 3.60 ppm 1H, 4.03 ppm 1H)  (3.65 ppm) 

[Cp*Ru(CO)(CNH)][OTf] Scheme 3-12  

 

 (5) Cp*Ru(CNH)  

[Cp*Ru(CO)(CNH)][OTf] IR

1928 cm-1 CO

[Cp*Ru(CO)(NNH)][OTf]  [Cp*Ru(CO)(PNH)][OTf]

IR Ru  (Figure 

3-6)18 PNH NNH CO 1948 cm-1

1938 cm-1 CNH

NHC

 

 
Figure 3-6 [Cp*Ru(CO)(LNH)][OTf] CO  

 

IR Morris

[Cp*Ru(CO)(CNH)][PF6] 19 1940 

cm-1  (Figure 3-7)

NHC

 

 

Figure 3-7 [Cp*RuCO(CNH)][OTf]  

 
18 M. Ito, M. Hirakawa, A. Osaku, T. Ikariya, Organometallics 2003, 22, 4190. 
19 W. W. N. O, A. J. Lough, R. H. Morris, Organometallics 2012, 31, 2137. 
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Cp*RuBr(CNH)

NHC

100  

 

 (1)  

Scheme 3-13 N,N- 8a KOt-Bu

5 mol% 1.0 M 2- 90 °C 25 atm

24 Cp*Ru(LNH)
1H NMR 2

NHC Cp*RuBr(CNH) 67%

Cp*RuCl(NNH) Cp*RuCl(PNH)

4% NHC

Ru  

 

Scheme 3-13 Cp*Ru(LNH) N,N-  

 

 

Cp*RuBr(CNH)  

 

 (2)  

Scheme 3-14 N,N-



 
NHC Cp*Ru(CNH)

 
 

111 
 

8a Scheme 3-13

 (8b, 8c) 

97% 94% 2 8d
8d Ru

carboxamido–Ru 20

 (8a, 8e, 8f) 33 67% N-

Ru

8g, 8h

N,N-  (DMF) 8i
29%

 

 

Scheme 3-14 Cp*RuBr(CNH)  

 
 

 (3) N-  

N- 90 °C

 
20 S. Kamezaki, S. Akiyama, Y. Kayaki, S. Kuwata, T. Ikariya, Tetrahedron Asymmetry 2010, 21, 
1169. 
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50 °C  (Scheme 3-15)
1H NMR  

N- 8b 50 °C

2 N- 9b  (entry 1)

30 °C  (entry 2)

N-

N-

 (8j)  (8k) 

 (entries 3 and 4)  (8l) 

90%  (entry 5)  (8m) 

 (8n) 10%  (entries 6 and 7)

N-

 

(8o)  (entry 8)  

 

(entries 9-11)  (8p) 

 (8q) 90 °C 10%

N-  (8r) 50 °C

10%  

 (8s) 90 °C

40%  (entry 12)

Morris [Cp*Ru(pyridine)(CNH)][PF6]

 

N- 6a
7a  (entry 13)  
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Scheme 3-15 N-  

 
 

Cp*RuBr(CNH) KOt-Bu

100

 (90 °C) 

30 °C  

 

 (4)  

Cp*RuCl(NNH)

Cp*RuBr(CNH) KOt-Bu



 
NHC Cp*Ru(CNH)
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30 °C 10 atm  (Scheme 

3-16)  

 

Scheme 3-16 Cp*RuBr(CNH)  

 
 

2- 5 mol%

5  (2) 82%

 (1b) 15% 2
3%

1 mol% t-

2 86% 10%

MS 3A

Scheme 3-17

2-
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Scheme 3-17  

 
 

Cp*Ru

Cp*RuCl(NNH) 10 atm 30 °C

Ru-MACHO 21 Ru 22

Ru

KOt-Bu

 

 

 (5)  

Cp*RuBr(CNH)

 
21 (a) T. Kuriyama, T. Matsumoto, T. Ogata, Y. Ino, K. Aoki, S. Tanaka, K. Ishida, N. Sayo, T. Saito, 
Org. Process Res. Dev. 2012, 16, 166. (b) D. Spasyuk, S. Smith, D. G. Gusev, Angew. Chem., Int. Ed. 
2013, 52, 2538. (c) O. Ogata, Y. Nakayama, H. Nara, M. Fujiwhara, Y. Kayaki, Org. Lett. 2016, 18, 
3894. 
22 (a) L. A. Saudan, C. M. Saudan, C. Debieux, P. Wyss, Angew. Chem. Int. Ed. 2007, 46, 7473. (b) 
G. A. Filonenko, M. J. B. Aguila, E. N. Schulpen, R. van Putten, J. Wiecko, C. Müller, L. Lefort, E. J. 
M. Hensen, E. A. Pidko, J. Am. Chem. Soc. 2015, 137, 7620. 
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DMF

 

Scheme 3-18 Cp*RuBr(CNH) 2.5 KOt-Bu 500

CO2 10 atm, 30 atm 2-

100 °C 72 h 17% DMF (8i) 
Cp*RuBr(CNH)

DMF

 

 

Scheme 3-18  

 
 

23 PNHP Ru-MACHO-BH

 (Scheme 3-19)  

 

Scheme 3-19 PEI  

 
 

23 A. Yoshimura, R. Watari, S. Kuwata, Y. Kayaki, Eur. J. Inorg. Chem. 2019, 2375. 
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NHC

NHC

1- NHC

Cp*RuBr(CNH) X

NHC

[Cp*Ru(CO)(LNH)]+ IR CO
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1 G. V. Goeden, K. G. Caulton, J. Am. Chem. Soc. 1981, 103, 7354. 
2 D. M. Brestensky, D. E. Huseland, C. McGettigan, J. M. Stryker, Tetrahedron Lett. 1988, 29, 3749. 
3 C. M. Wyss, B. K. Tate, J. Bacsa, T. G. Gray, J. P. Sadighi, Angew. Chem. Int. Ed. 2013, 52, 12920. 
4 (a) K. Nakamae, B. Kure, T. Nakajima, Y. Ura, T. Tanase, Chem. Asian J. 2014, 9, 3106. (b) K. 
Nakamae, M. Tanaka, B. Kure, T. Nakajima, Y. Ura, T. Tanase, Chem Eur. J. 2017, 23, 9457. 
5 (a) K. Motokura, D. Kashiwame, A. Miyaji, T. Baba, Org. Lett. 2012, 14, 2642. (b) K. Motokura, 
D. Kashiwame, N. Takahashi, A. Miyaji, T. Baba, Chem. Eur. J. 2013, 19, 10030. 
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6 (a) L.-F. Chen, P.-J. Guo, M.-H. Qiao, S.-R. Yan, H.-X. Li, W. Shen, H.-L. Xu, K.-N. Fan, J. Catal. 
2008, 257, 172. (b) B. Zhang, S. Hui, S. Zhang, Y. Ji, W. Li, D. Fang, J. Nat. Gas Chem. 2012, 21, 
563. 
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Cu/PS-DBU Cu X  (X-ray 

diffraction, XRD)  (Figure 6-5) X 0.7 Å

2θ < 15°

2θ = 20° 0 Cu

1 Cu 7  

 

 

Figure 6-5 Cu/PS-DBU B XRD  

 

Cu 1 X  

(X-ray Absorption Fine Structure, XAFS) XAFS
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0 Cu (Cu foil) 1 Cu Cu2O
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7 2θ = 18° XRD
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Figure 6-6 Cu/PS-DBU A, B XANES  

 

 (Linear Combination Fitting, LCF) 

Cu/PS-DBU Cu Figure 6-7

Cu/PS-DBU A Cu Cu foil 53 at% [Cu(Ot-Bu)]4 47 at%

 (R-factor = 0.00020) Figure 6-7 Cu foil

Cu2O LCF  (R-factor = 0.00238)

Cu/PS-DBU A Cu2O [Cu(Ot-Bu)]4 Cu
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Figure 6-7 Cu/PS-DBU A Cu foil/Cu(Ot-Bu) Cu foil/Cu2O LCF 

 

Figure 6-8 Cu/PS-DBU B LCF Cu foil/Cu(Ot-Bu) = 

0.71/0.29  (R-factor = 0.00029) XANES

Cu/PS-DBU A, B 0 Cu 1 Cu

Scheme 6-7 Cu/PS-DBU
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Cu Cu

Cu(OCH3) A Cu

 

 

 

 

Figure 6-8 Cu/PS-DBU B Cu foil/Cu(Ot-Bu) Cu foil/Cu2O LCF 
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Figure 6-9 X  (Extended X-ray Absorption Fine Structure, 

EXAFS) Cu/PS-DBU A, B Cu foil Cu

2.24 Å Cu2O [Cu(Ot-Bu)]4

1.50 Å Cu2O

Cu 2.73 Å

Cu/PS-DBU Cu/PS-DBU

Cu2O Cu–O–Cu Cu

XANES 0 /1

1 Cu/PS-DBU A B 1.50 Å

2.24 Å

Cu/PS-DBU 1.50 Å 1 Cu–O

[Cu(Ot-Bu)]4 Cu  

 

 
Figure 6-9 Cu/PS-DBU A, B EXAFS  
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Cu  
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Cu

 (Figure 6-10) 1 Cu/PS-DBU A (0.82 

mmol-Cu/g) Cu 0.02 mmol  (24 mg) 10a
100 90 °C 10 atm 1.0 M 4

1H NMR

11a  (TOF) 

ICP-MS Cu

6 85 94% TOF 21.3 23.0 

h-1

Cu ICP-MS 1 ppm Cu

DBU Cu

 

 

Figure 6-10 Cu/PS-DBU  

 

6 Cu/PS-DBU HAADF-STEM
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Scheme 6-6
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Figure 6-11 Cu/PS-DBU  

 

 (3)  

Cu 0.02 mmol Cu/PS-DBU B (0.83 mmol-Cu/g) 

10 atm 1.0 M 10a
 (Scheme 6-9)

 (entries 1-6)
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Scheme 6-9 Cu/PS-DBU  

 

 

 (entry 7)

 

60 °C

20 99%  

(entry 8) Cu/PS-DBU

60 °C 1/10

1000 50 97%

11a 100  (TOF = 20 

h-1, entry 1) TOF = 19 h-1

1/10

1000 Cu/PS-DBU Cu 8

 
8 (a) J.-X. Chen, J. F. Daeuble, D. M. Brestensky, J. M. Stryker, Tetrahedron 2000, 56, 2153. (b) 
J.-X. Chen, J. F. Daeuble, J. M. Stryker, Tetrahedron 2000, 56, 2789. (c) H. Shimizu, D. Igarashi, W. 
Kuriyama, Y. Yusa, N. Sayo, T. Saito, Org. Lett. 2007, 9, 1655. (d) H. Shimizu, N. Sayo, T. Saito, 
Synlett 2009, 1295. (e) H. Shimizu, T. Nagano, N. Sayo, T. Saito, T. Ohshima, K. Mashima, Synlett 
2009, 3143. (f) K. Junge, B. Wendt, D. Addis, S. Zhou, S. Das, S. Fleischer, M. Beller, Chem. Eur. J. 
2011, 17, 101. (g) S. W. Krabbe, M. A. Hatcher, R. K. Bowman, M. B. Mitchell, M. S. McClure, J. S. 
Johnson, Org. Lett. 2013, 15, 4560. 
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Cu 9 Cu  

 

 (4)  

Cu 0.02 mmol Cu/PS-DBU B (0.83 mmol-Cu/g) 

100 10 atm 90 °C 1.0 M

 (Scheme 6-10) 10a 2,2-

 (10b) 11b
 (10c) 

11c 2’-

10d 20 h 87%

 (10e)  (10f) 

 (10g)

 (10h)  (10i) 
20

10j 15 11j
6

10k
10l

10m

88 98%  

 

 

 

 

 

 

 

 

 
9 (a) N. Ravasio, V. Leo, F. Babudri, M. Gargano, Tetrahedron Lett. 1997, 38, 7103. (b) N. Ravasio, 
R. Psaro, F. Zaccheria, Tetrahedron Lett. 2002, 43, 3943. (c) A. J. Marchi, D. A. Gordo, A. F. Trasarti, 
C. R. Apesteguía, Appl. Catal. A 2003, 249, 53. (d) F. Zaccheria, N. Ravasio, R. Psaro, A. Fusi, 
Tetrahedron Lett. 2005, 46, 3695. (e) N. Ravasio, F. Zaccheria, A. Fusi, R. Psaro, Appl. Catal. A 
2006, 315, 114. (f) N. M. Bertero, C. R. Apesteguía, A. J. Marchi, Appl. Catal. A 2008, 349, 100. 
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Scheme 6-10 Cu/PS-DBU
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1,2-  (Metal Organic Framework, 

MOF) Pt 10 Cu/PS-DBU , -

 

 

 (5)  

Cu/PS-DBU

 
10 (a) M. Zhao, K. Yuan, Y. Wang, G. Li, J. Guo, L. Gu, W. Hu, H. Zhao, Z. Tang, Nature 2016, 539, 
76. (b) Z. Tian, X. Xiang, L. Xie, F. Li, Ind. Eng. Chem. Res. 2013, 52, 288. (c) K. R. Kahsar, D. K. 
Schwartz, J. W. Medlin, J. Am. Chem. Soc. 2014, 136, 520. (d) B. Wu, H. Huang, J. Yang, N. Zheng, 
G. Fu, Angew. Chem. Int. Ed. 2012, 51, 3440. (e) J. P. Stassi, P. D. Zgolicz, S. R. de Miguel, O. A. 
Scelza, J. Catal. 2013, 306, 11. (f) G. Kennedy, L. R. Baker, G. A. Somorjai, Angew. Chem. Int. Ed. 
2014, 53, 3405. (g) C. J. Kliewer, M. Bieri, G. A. Somorjai, J. Am. Chem. Soc. 2009, 131, 9958. 
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Scheme 6-11

 

 

Scheme 6-11  

 

 

Scheme 6-12 Cu/PS-DBU B (0.83 mmol-Cu/g) Cu 500

CO2 30 atm H2 30 atm 100 °C 21

DMF 3%  (Scheme 6-12 )

TON = 8  (Scheme 6-12 )
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Scheme 6-12 Cu/PS-DBU  
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Scheme 6-13  
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Scheme 6-14 
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 (Figure 7-2) Cp*Ru(CNH)

100 KOt-Bu 5 mol% 1.0 M 2-

25 atm 30–90 oC

 (Scheme 7-3)
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Cu

Cu
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= 163 DBU  (Scheme 7-4)

DBU Cu

Scheme 7-5 DBU

Cu DBU

Cu  

 

Scheme 7-4 

 

 

Scheme 7-5 

 



 
 

 

191 
 

Cu Cu

Cu

Cu(OAc)2·H2O  

(Figure 7-3) CuI

NNHN

Cu MnBr(CO)5

facial Scheme 7-6

Cu DBU 40000 2.0 M 1,4-

CO2/H2 20/40 atm 100 oC

1660 DBU –Cu

Cu CAAC–Cu

 

 

 
Figure 7-3 

 

 

 

 



 
 

 

192 
 

Scheme 7-6 
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Experimental 

 

General Procedures 

 All manipulations of oxygen and moisture-sensitive materials were conducted under purified argon 

atmosphere (BASF-Catalyst R3-11) using standard Schlenk techniques. All reactions were 

performed in commercially available anhydrous solvents (Kanto Chemical Co., Ltd.) unless 

otherwise noted. Solid compounds were used as delivered or prepared. Liquid compounds were 

distilled under reduced pressure and stored under argon atmosphere. Distilled solvents were dried by 

refluxing over CaH2 (2-propanol, t-butyl alcohol and n-hexane), P2O5 (acetonitrile and CH2Cl2) or 

Na/benzophenone (THF and diethyl ether), and stored under argon. Column chromatography was 

performed using Fuji Silysia silica gel FL100D (neutral) eluting with ethyl acetate and n-hexane. 

NMR spectra were recorded using CDCl3 at 25 °C on JEOL LA 300 and ECX 400 spectrometers for 
1H (referenced to external Si(CH3)4 via the residual protio impurities), 13C{1H} (referenced to the 

solvent resonance), 19F (referenced to external CF3CO2H at -76.5 ppm), and 31P{1H} (referenced to 

external 85% H3PO4) signals. Analytical chiral HPLC was performed with a JASCO Gulliver system 

with UV detector. Optical rotation was performed with a JASCO DIP-370. Recyclable preparative 

high-performance liquid chromatography (HPLC) was performed on a Japan Analytical Industry 

LC-9225 NEXT system equipped with JAIGEL-1H and -2H columns using CHCl3 containing 0.5 % 

triethylamine as eluent at a flow rate of 14 mL min-1. Elemental analyses were performed on a 

Perkin-Elmer 2400II CHN analyzer. The electrospray ionization high resolution mass spectrum 

(ESI-HRMS) was acquired with Bruker Daltonics micrOTOF II and JEOL JMS-T100LC 

spectrometers. Gas chromatography (GLC) was conducted with a SHIMADZU GC-17A with a 

flame ionization detector using He as carrier gas. X-ray single crystal structural analyses were made 

on a Rigaku Varimax diffractometer using graphite monochromated MoK radiation. X-ray 

photoelectron spectroscopy (XPS) was carried out on a Thermo Fisher Scientific VG Theta Probe 

spectrometer equipped with a monochromatic AlK  source. Peak binding energies were referenced 

to the C 1s peak at 284.6 eV. High-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM) images were obtained using FEI TITAN80-300 operating at 200 kV, 

after the samples were dispersed on Mo grids by wet process. Energy dispersive X-ray (EDX) 

spectra of the images were carried out on an EDAX r-TEM/SuperUTW detector. Inductively coupled 

plasma-atomic emission spectroscopy (ICP-AES) and -mass spectrometry (ICP-MS) analyses were 

performed on a SHIMADZU ICPS-8100 and PerkinElmer ELAN DRC II, respectively, after the 

analytical solutions were prepared by ashing of the samples. 

  



 
 

 

197 
 

Chapter 2 

Preparation of Ru Complexes 

Cp*RuCl(isoprene) [148657-53-8] was prepared according to reported procedure.1 

 

Cp*RuCl(2-picolylamine) (Cp*RuCl(NNH)) 

 
 To a solution of Cp*RuCl(isoprene) (374.5 mg, 1.10 mmol) in CH2Cl2 (6.0 mL) was added 

dropwise a solution of 2-picolylamine (119.0 mg, 1.10 mmol) in CH2Cl2 (6.0 mL) within a period of 

60 min at room temperature. The resulting solution was stirred for additional 2 h and concentrated in 

vacuo. The residue was washed with n-hexane (3.0 mL) and diethyl ether (3.0 mL) to give the title 

compound as a brown powder (408.3 mg, 97% yield). The complex (about 10 mg) was recrystallized 

from distilled CH2Cl2 (2 mL) and distilled n-hexane (18 mL) to give dark red/prism crystals suitable 

for X-ray diffraction study. 
1H NMR (CD2Cl2) δ 1.61 (s, 15H), 3.85–4.20 (m, 2H), 7.10–7.25 (m, 2H), 7.50–7.60 (m, 1H), 8.96 

(d, J = 4.6 Hz, 1H). 
13C{1H} NMR (CD2Cl2) δ 10.1, 51.3, 73.5, 119.7, 123.3, 134.4, 153.0, 159.3. 

Anal. Calcd for C16H23ClN2Ru: C, 50.59; H, 6.10; N, 7.37. Found: C, 50.28; H, 6.05; N, 7.30. 

 

Cp*RuCl[(1S,2S)-N,N’-Dimethylcyclohexane-1,2-diamine] (Ru-1) 

 
 To a solution of Cp*RuCl(isoprene) (220.9 mg, 0.65 mmol) in distilled CH2Cl2 (15 mL) was added 

one portion a solution of (1S,2S)-N,N’-dimethylcyclohexane-1,2-diamine (TCI D2460, 94.0 mg, 0.66 

mmol) in distilled CH2Cl2 (5 mL) at room temperature under argon atmosphere. The resulting 

solution was stirred for 3 h and concentrated in vacuo. The residue was washed with distilled 

n-hexane (15 mL) and distilled diethyl ether (15 mL × 2), and purified by recrystallization with 

distilled CH2Cl2 (0.5 mL) and distilled hexane (20 mL) to give Ru-1 as orange/platelet crystals 

(231.1 mg, 0.56 mmol, 86% yield). 
1H NMR (399.78 MHz, CD2Cl2) 0.70 0.84 (m, 2H), 1.00 1.14 (m, 2H), 1.54 (s, 15H), 1.63 1.73 

(m, 2H), 1.76 1.92 (m, 2H), 2.34 2.40 (m, 2H), 2.45 (brs, 1H), 2.80 (s, 3H), 2.94 (brs, 1H), 2.98 (s, 

 
1 P. J. Fagan, W. S. Mahoney, J. C. Calabrese, I. D. Williams, Organometallics 1990, 9, 1843. 
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3H). 
13C{1H} NMR (100.53 MHz, CD2Cl2) 10.2, 24.7, 30.4, 37.3, 39.3, 62.9, 68.0, 70.8. 

Anal. Calcd for C18H33ClN2Ru: C, 52.22; H, 8.03; N, 6.77. Found: C, 51.91; H, 8.25; N, 6.85. 

 

Cp*RuCl[(1S,2S)-2-(diphenylphosphino)-1-aminocyclohexane] (Ru-2) 

 
 To a solution of Cp*RuCl(isoprene) (169.3 mg, 0.50 mmol) in distilled CH2Cl2 (15 mL) was added 

dropwise a solution of (1S,2S)-2-(diphenylphosphino)-1-aminocyclohexane (Strem 15-7154, 141.1 

mg, 0.50 mmol) in distilled CH2Cl2 (5 mL) within a period of 30 min at room temperature under 

argon atmosphere. The resulting solution was stirred for additional 1 h and concentrated in vacuo. 

The residue was washed with n-hexane (5 mL) and diethyl ether (15 mL), to give Ru-2 (226.9 mg, 

0.41 mmol, 82% yield). The obtained powder was purified by recrystallization from distilled CH2Cl2 

(1 mL) and distilled diethyl ether (19 mL) to give orange/prism crystals. 
1H NMR (399.78 MHz, CD2Cl2)  0.70 0.80 (m, 1H), 1.04 1.22 (m, 2H), 1.24 1.34 (m, 2H), 1.51 

(s, 15H), 1.68 (d, J = 12.2 Hz, 1H), 1.72 1.80 (m, 1H), 1.96 (d, J = 13.7 Hz, 1H), 2.18 2.24 (m, 1H), 

2.32 2.44 (m, 1H), 2.90 2.96 (m, 1H), 3.20 3.26 (m, 1H), 7.25 7.29 (m, 2H), 7.31 7.36 (m, 3H), 

7.40 7.45 (m, 3H), 7.70 7.78 (m, 2H). 
13C{1H} NMR (100.53 MHz, CD2Cl2)  10.1 (s), 25.3 (s), 25.9 (d, J = 4.8 Hz), 28.6 (d, J = 5.7 Hz), 

39.4 (d, J = 11.5 Hz), 43.8 (d, J = 19.1 Hz), 60.7 (d, J = 11.5 Hz), 80.8 (d, J = 2.0 Hz), 127.6 136.0 

(m). 
31P{1H} NMR (161.83 MHz, CD2Cl2)  68.0 (s). 

Anal. Calcd for C28H37ClNPRu: C, 60.58; H, 6.72; N, 2.52. Found: C, 60.83; H, 6.91; N, 2.74. 

 

Cp*RuCl[(1S,2S)-N-methyl-2-(diphenylphosphino)-1-aminocyclohexane] (Ru-3) 

 
 To a solution of Cp*RuCl(isoprene) (170.8 mg, 0.50 mmol) in distilled CH2Cl2 (15 mL) was added 

dropwise a solution of (1S,2S)-N-methyl-2-(diphenylphosphino)-1-aminocyclohexane (132.5 mg, 

0.45 mmol) in distilled CH2Cl2 (5 mL) within a period of 30 min at room temperature under argon 

atmosphere. The resulting solution was stirred for additional 2 h and concentrated in vacuo. The 

residue was washed with distilled n-hexane (15 mL) and distilled diethyl ether (15 mL × 3), to give 
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Ru-3 (122.4 mg, 0.22 mmol, 48% yield). The obtained powder was purified by recrystallization 

from distilled CH2Cl2 (1 mL) and distilled n-hexane (19 mL) to give orange/prism crystals. 
1H NMR (399.78 MHz, CD2Cl2)  0.35 0.47 (m, 1H), 0.82 0.97 (m, 2H), 1.08 1.17 (m, 2H), 1.44 

(d, J = 1.4 Hz, 15H), 1.64 1.69 (m, 1H), 1.81 1.86 (m, 1H), 1.90 1.98 (m, 1H), 2.12 2.20 (m, 1H), 

2.51 2.57 (m, 1H), 3.02 (d, J = 6.0 Hz, 3H), 3.08 3.16 (m, 1H), 7.36 7.43 (m, 6H), 7.49 7.54 (m, 

2H), 7.64 7.69 (m, 2H). 
13C{1H} NMR (100.53 MHz, CD2Cl2) 10.4 (s), 25.4 (s), 25.9 (d, J = 4.8 Hz), 28.2 (d, J = 6.7 Hz), 

32.5 (d, J = 12.4 Hz), 41.7 (s), 43.5 (d, 20.1 Hz), 65.8 (d, J = 12.5 Hz), 81.2 (d, J = 2.9 Hz), 

127.5 134.6 (m). 
31P{1H} NMR (161.83 MHz, CD2Cl2)  66.9 (s). 

Anal. Calcd for C29H39ClNPRu 1/2H2O: C, 60.25; H, 6.97; N, 2.42. Found: C, 60.24; H, 6.93; N, 

2.62. 

 

Preparation of Ligands 

5b, 5c, 5i, 5k, and 5l were prepared according to the reported procedure.2 

2-(Diphenylphosphino)-N-methylethanamine (5b) [350021-81-7], 

2-(Diphenylphosphino)-N,N-dimethylethanamine (5c) [29679-67-2], 

(S)-(+)-2-Aminomethylpiperidine (5i) [-], (1S,2S)-N,N’-Dimethyl-1,2-diphenylethylenediamine 

(5k) [70749-06-3], (1S,2S)-(+)-N,N’-Dimethylcyclohexane-1,2-diamine (5l) [87583-89-9]. 

 

5a, 5d–h, 5j, and 5m were commercially available and used without further purification. 

2-(Diphenylphosphino)ethylamine (5a) [4848-43-5]: Aldrich 43162, 2-Picolylamine (5d) 

[3731-51-9]: TCI A1161, N,N-Dimethylethylenediamine (5e) [108-00-9]: TCI D0719, 

N,N’-Dimethylethylenediamine (5f) [110-70-3]: TCI D0720, N-Methylethylenediamine (5g) 

[109-81-9]: TCI M0518, Ethylenediamine (5h) [107-15-3]: TCI E0077, 

(1S,2S)-(–)-1,2-Diphenylethylenediamine (5j) [29841-69-8]: TCI D2175, 

(1S,2S)-(+)-2-(Diphenylphosphino)-1-aminocyclohexane (5m) [452304-63-1]: Strem 15-7154. 

 

(1S,2S)-(+)-N-Methyl-2-(diphenylphosphino)-1-aminocyclohexane (5n) 

 
 A solution of (1S,2S)-(+)-2-(diphenylphosphino)-1-aminocyclohexane (Strem 15-7154, 368.8 mg, 

1.30 mmol) in ethyl formate (TCI F0053, 10 mL) was refluxed overnight under argon atmosphere. 

The resulting solution was concentrated in vacuo and the residue was dissolved in distilled THF (10 

 
2 M. Ito, M. Hirakawa, A. Osaku, T. Ikariya, Organometallics 2003, 22, 4190. 
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mL). To this mixture was added LiAlH4 (Acros 37732, 2.4 M in THF, 0.8 mL, 1.92 mmol) at room 

temperature and the resulting solution was refluxed overnight. After the reaction mixture was 

quenched by adding Na2SO4 10H2O at 0 °C until evolution of gaseous materials ceased, the 

insoluble materials were removed by filtration through Celite 545, using distilled diethyl ether, under 

argon atmosphere. The filtrate was concentrated in vacuo and distilled by bulb-to-bulb distillation to 

give the title compound (299.5 mg, 77% yield). 
1H NMR (399.78 MHz, CDCl3)  0.92 1.03 (m, 1H), 1.13 1.32 (m, 3H), 1.64 1.79 (m, 3H), 1.95 

(brs, 1H), 2.13 2.31 (m, 3H), 2.39 (s, 3H), 7.27 7.36 (m, 6H), 7.41 7.49 (m, 4H). 
13C{1H} NMR (100.53 MHz, CDCl3)  24.0 (s), 25.9 (d, J = 3.9 Hz), 26.8 (s), 31.8 (d, J = 6.7 Hz), 

33.6 (s), 40.2 (d, J = 14.3 Hz), 59.7 (d, J = 13.4 Hz), 127.8 136.9 (m). 
31P{1H} NMR (161.83 MHz, CDCl3)  -8.3. 

HRMS (EI) calcd for C19H24NP 297.1646, found 297.1646. 

 

Preparation of Substrates 

-Phenyl-γ-butyrolactone (3e) [6836-98-2] was prepared starting from diethyl phenylmalonate 

(Aldrich 111996) and 2-(2-bromoethoxy)tetrahydro-2H-pyran (Aldrich 475394) according to the 

reported method.3 α-(4-Trifluoromethylphenyl)-γ-butyrolactone (3f) [524937-59-5] was prepared 

from 4-(trifluoromethyl)phenylacetic acid (Aldrich 233021) according to the literature procedure.4 

α-Phenyl-δ-valerolactone (3l) [13019-37-9, 112607-09-7] was prepared from phenylacetic acid 

(Aldrich P16621) according to the published procedure.5 

1a–g and 3a–d were commercially available and stored according to general procedure. 

Ethyl benzoate (1a) [93-89-0]: TCI B0069, Isopropyl benzoate (1b) [939-48-0]: TCI B0073, 

Tertiarybutyl benzoate (1c) [774-65-2]: TCI B0067, Methyl benzoate (1d) [93-58-3]: TCI B0074, 

Phenyl benzoate (1e) [93-99-2]: Aldrich 142719, Methyl pyridine-2-carboxylate (1f) 
[2459-07-6]: TCI P0423, Ethyl 3-phenylpropionate (1g) [2021-28-5]: TCI P1304, Phthalide (3a) 

[87-41-2]: TCI P0401, -Nonanolactone (3b) [104-61-0]: TCI N0285, -Hexanolactone (3c) 

[823-22-3]: TCI H0759, 3,4-Dihydrocoumarin (3d) [119-84-6]: TCI P1223. 

-(4-Methoxyphenyl)- -butyrolactone (3g) 

 
 

3 S. R. Gerald, PCT WO 94/12487. 
4 A. H. Mermerian, G. C. Fu, J. Am Chem. Soc. 2003, 125, 4050. 
5 Y. Ishii, K. Osakada, T. Ikariya, M. Saburi, S. Yoshikawa, J. Org. Chem. 1986, 51, 2034. 
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 This compound was prepared according to the reported method6 as follows: To a solution of 

4-methoxyphenylacetic acid (Aldrich M19201, 0.83 g, 5.0 mmol) in THF (20 mL) was added a 

solution of hexyllithium in hexane (Aldrich 468568, 2.3 M, 4.3 mL, 10 mmol) at –78 °C. After 

stirring at the same temperature for 1 h, the reaction mixture was warmed up and 

2-(2-bromoethoxy)tetrahydro-2H-pyran (Aldrich 475394, 1.15 g, 5.5 mmol) was added at 0 °C. 

Then the resulting mixture was stirred at 30 °C for 18 h and quenched by adding 1 N NaOH aq. (25 

mL). The aqueous layer was separated and acidified by adding 5 N HCl aq. until the pH reached ca. 

1. Then the mixture is diluted with THF and stirred for 1 h at 30 °C. The resulting mixture was 

extracted with diethyl ether and the combined organic layer was washed with brine, dried over 

MgSO4, and filtered through a pad of Celite. The filtrate was evaporated and the residue (1.0 g) was 

purified by silica gel chromatography (Fuji Silysia FL100D neutral) and subsequent bulb-to-bulb 

distillation to give 3g as a colorless oil (0.49 g, 51% yield). 
1H NMR δ 2.35–2.42 (m, 1H), 2.61–2.71 (m, 1H), 3.70–3.76 (m, 1H), 3.79 (s, 3H), 4.30–4.35 (m, 

1H), 4.40–4.45 (m, 1H), 6.89 (d, J = 8.8 Hz, 2H) 7.19 (d, J = 8.8 Hz, 2H). 
13C{1H} NMR δ 31.5, 44.6, 55.2, 66.4, 114.2, 128.5, 128.9, 158.9, 177.7. 

 

General procedure for the preparation of α-benzylic-γ-butyrolactones (3h–3k) 

 

 The preparation of α-(p-methoxybenzyl)-γ-butyrolactone (3i) is illustrative: To a solution of 

4-methoxyphenylboronic acid (Aldrich 417599, 2.51 g, 16.5 mmol) and [RhCl(cod)]2 (Aldrich 

227951, 0.37 g, 0.75 mmol) in degassed aqueous 1,4-dioxane (6/1 v/v, 50 mL) was added 

α-methylene-γ-butyrolactone (TCI M0907, 1.55 g, 15.8 mmol) and triethylamine (2.3 mL, 16.5 

mmol). The orange solution was stirred at 30 °C for 15 h, and white precipitates were gradually 

formed. The resulting mixture was quenched with 1 M citric acid aq. (20 mL) and extracted with 

ethyl acetate (70 mL × 3). The organic layer was washed with brine (200 mL), dried over Na2SO4, 

filtered through a silica plug, and evaporated. The residue was purified by silica gel column 

chromatography (Fuji Silysia FL100D neutral, 65 g) eluting with gradient mixtures of 

n-hexane/ethyl acetate (100/0 to 50/50) followed by bulb-to-bulb distillation to give 3i as a colorless 

oil, which became solidified upon standing (2.33 g, 71 % yield).  
1H NMR δ 1.95–2.03 (m, 1H), 2.20–2.28 (m, 1H), 2.73 (dd, J = 13.4, 9.1 Hz, 1H), 2.77–2.90 (m, 

1H), 3.16 (dd, J = 13.4, 4.0 Hz, 1H), 3.79 (s, 3H), 4.11–4.23 (m, 2H), 6.84 (d, J = 8.6 Hz, 2H), 7.12 

(d, J = 8.6 Hz, 2H). 

 
6 J. D. Rosen, T. D. Nelson, M. A. Huffman, J. M. McNamara, Tetrahedron Lett. 2003, 44, 365. 
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13C{1H} NMR δ 27.8, 35.1, 41.2, 55.2, 66.5, 114.0, 129.8, 130.3, 158.4, 178.8. 

Spectral data for 3i were identical to those reported.7 
 

-benzyl-γ-butyrolactone (3h) 

 
 Following the general procedure, the reaction of α-methylene-γ-butyrolactone (1.56 g, 15.9 mmol) 

with phenylboronic acid (TCI B0857, 2.01 g, 16.5 mmol) was performed in degassed aqueous 

1,4-dioxane (6/1 v/v, 50 mL) containing [RhCl(cod)]2 (0.37 g, 0.75 mmol) and triethylamine (2.3 mL, 

16.5 mmol) at 30 °C for 20 h (2.57 g, 92% yield, oil).  
1H NMR δ 1.94–2.04 (m, 1H), 2.21–2.28 (m, 1H), 2.75 (dd, J = 13.7, 9.5 Hz, 1H), 2.81–2.89 (m, 

1H), 3.25 (dd, J = 13.7, 4.0 Hz, 1H), 4.11–4.25 (m, 2H), 7.20–7.26 (m, 3H), 7.29–7.33 (m, 2H). 
13C{1H} NMR δ 28.0, 36.1, 41.0, 66.5, 126.7, 128.6, 128.8, 138.4, 178.7. 

Spectral data for 3h were identical to those reported.8 

 

-(m-benzyloxybenzyl)-γ-butyrolactone (3j) 

 
 Following the general procedure, the reaction of α-methylene-γ-butyrolactone (1.50 g, 15.3 mmol) 

with 3-(benzyloxy)phenylboronic acid (Aldrich 526339, 3.76 g, 16.5 mmol) was performed in 

degassed aqueous 1,4-dioxane (6/1 v/v, 50 mL) containing [RhCl(cod)]2 (0.37 g, 0.75 mmol) and 

triethylamine (2.3 mL, 16.5 mmol) at 30 °C for 16 h (4.01 g, 93% yield, oil).  
1H NMR δ 1.90–2.00 (m, 1H), 2.17–2.25 (m, 1H), 2.71 (dd, J = 13.7, 9.5 Hz, 1H), 2.78–2.86 (m, 

1H), 3.22 (dd, J = 13.7, 4.0 Hz, 1H), 4.10–4.16 (m, 1H), 4.19–4.24 (m, 1H), 5.06 (s, 2H), 6.81–6.88 

(m, 3H), 7.21–7.26 (m, 1H), 7.31–7.44 (m, 5H). 
13C{1H} NMR δ 28.0, 36.1, 41.0, 66.5, 69.9, 113.0, 115.5, 121.4, 127.5, 127.9, 128.6, 129.7, 136.9, 

140.0, 158.9, 178.6. 

HRMS (EI) calcd for C18H18O3 282.1256, found 282.1256. 

 

 

 

 
7 A. Arcadi, M. Chiarini, F. Marinelli, Z. Berente, L. Kollár, Eur. J. Org. Chem. 2001, 3165. 
8 X. Verdaguer, M. C. Hansen, S. C. Berk, S. L. Buchwald, J. Org. Chem. 1997, 62, 8552. 
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-(3,4-methylenedioxyphenylmethyl)-γ-butyrolactone (3k) 

 
 Following the general procedure, the reaction of α-methylene-γ-butyrolactone (1.41 g, 14.4 mmol) 

with 3,4-(methylenedioxy)phenylboronic acid (Aldrich 499994, 2.74 g, 16.5 mmol) was performed 

in degassed aqueous 1,4-dioxane (6/1 v/v, 50 mL) containing [RhCl(cod)]2 (0.37 g, 0.75 mmol) and 

triethylamine (2.3 mL, 16.5 mmol) at 30 °C for 15 h (2.16 g, 68% yield, oil). 
1H NMR δ 1.93–2.04 (m, 1H), 2.21–2.29 (m, 1H), 2.70 (dd, J = 13.8, 9.2 Hz, 1H), 2.75–2.83 (m, 

1H), 3.14 (dd, J = 13.8, 4.3 Hz, 1H), 4.12–4.18 (m, 1H), 4.21–4.26 (m, 1H), 5.94 (s, 2H), 6.64 (dd, J 

= 7.9, 1.8 Hz, 1H), 6.69 (d, J = 1.8 Hz, 1H), 6.74 (d, J = 7.9 Hz, 1H). 
13C{1H} NMR δ 27.8, 35.7, 41.2, 66.5, 100.9, 108.3, 109.2, 121.9, 132.0, 146.3, 147.8, 178.6. 

HRMS (EI) calcd for C12H12O4 220.0736, found 220.0736. 

 

-(4-Methoxyphenyl)- -valerolactone (3m) 

 

 According to the published method6, this compound was obatined by the DBU-mediated 

ring-closure of 5-chloro-2-(4-methoxyphenyl)pentanoic acid, which was prepared by reaction of 

4-methoxyphenylacetic acid (Aldrich M19201, 0.83 g, 5.0 mmol) with hexyllithium (Aldrich 

468568, 2.3 M, 4.3 mL, 10 mmol), and 1-bromo-3-chloropropane (0.87 g, 5.5 mmol) in dehydrated 

THF (20 mL), in 44% yield (0.45 g).  
1H NMR δ 1.90–2.10 (m, 3H), 2.17–2.30 (m, 1H), 3.60–3.75 (m, 1H), 3.77 (s, 3H), 4.35–4.46 (m, 

2H), 6.86 (d, J = 8.6 Hz, 2H), 7.14 (d, J = 8.6 Hz, 2H). 
13C{1H} NMR δ 22.0, 28.2, 46.2, 55.3, 69.0, 114.1, 129.2, 130.9, 158.8, 172.8. 

 

(S)-N-Pivaloylalanine ethyl ester ((S)-1k) 

 
 To a solution of (S)-alanine ethyl ester hydrochloride (Aldrich 855669, 3.25 g, 21.2 mmol) and 

triethylamine (9.0 mL, 64.2 mmol) in anhydrous CH2Cl2 (40 mL) was added dropwise a solution of 

pivaloyl chloride (TCI P0677, 2.63 g, 21.8 mmol) in anhydrous CH2Cl2 (10 mL) within a period of 

30 min at 0 °C. The resulting mixture was stirred for additional 2 hours and washed with water, 
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saturated NH4Cl aq, and brine. The organic layer was dried over Na2SO4, filtered through a cotton 

plug, and concentrated in vacuo to give the title compound (3.30 g, 77% yield) as a white solid. 

Analytically pure sample was obtained by column chromatography on silica gel using hexane and 

ethyl acetate as eluent. 
1H NMR (297.60 MHz, CDCl3) 1.21 (s, 9H), 1.28 (t, J = 7.1 Hz, 3H), 1.40 (d, J = 7.1 Hz, 3H), 

4.20 (q, J = 7.1 Hz, 2H), 4.54 (dq, 3J = 7.1 Hz, 3J = 7.1 Hz, 1H), 6.19 (brs, 1H). 
13C{1H} NMR (100.53 MHz, CDCl3) 14.1, 18.5, 27.4, 38.5, 48.0, 61.4, 173.4, 177.9. 

Anal. Calcd for C10H19NO3: C, 59.68; H, 9.52; N, 6.96. Found: C, 59.73; H, 9.67; N, 7.00. 

Enantiomeric excess was determined as >99% by GLC (Varian CP-Chirasil-Dex CB column (df = 

0.25 mm i.d. × 25 m; column temperature was increased from 80 °C to 130 °C with a rate of 

1.0 °C/min), Rt = 31.7 min for the (S)-isomer).  

 

(R)- -Phenyl- -butyrolactone ((R)-3e) 

 
 This compound was prepared from (±)-3e by a slightly modified method of Hünig9 as follows: To 

a solution of LDA in THF/heptane/ethylbenzene (Aldrich 494585, 1.8 M, 2.5 mL, 4.5 mmol) was 

slowly added a solution of (±)-3e (250.0 mg, 1.54 mmol) in dehydrated THF (15.0 mL) –40 °C and 

the resulting solution was stirred at the same temperature for 45 min and then cooled to –78 °C, to 

which was added a precooled solution of ethyl (R)-(-)-mandelate (TCI M1344, 1.63 g, 9.05 mmol) in 

dehydrated THF (6.0 mL). After stirring for 20 min at –78 °C, the reaction mixture was quenched by 

slowly adding a solution of acetic acid (0.3 mL) in dehydrated THF (3.0 mL), warmed up to ambient 

temperature, washed with sat. NH4Cl aq. (50 mL × 2) and brine (50 mL), dried over Na2SO4, and 

filtered thourgh a pad of Celite. The filtrate was concentrated in vacuo to an oil, which was 

chromatographed on silica gel (Fuji Silysia FL100D neutral) eluting with gradient mixtures of 

n-hexane/ethyl acetate (50/1 to 50/7) followed by bulb-to-bulb distillation to give the title compound 

(Rf = 0.13, n-hexane/ethyl acetate = 5/1 (v/v), 136.0 mg, 54 % yield), whose enantiomeric excess 

was determined to be 55% (R) by HPLC analysis using a Daicel Chiralpak AD-H column (df = 4.6 

mm i.d. × 250 mm; eluent, 96/4 = n-hexane/2-propanol; temp. 30 °C, flow rate, 0.5 mL/min; 

detection (UV),  = 254 nm-light), tR = 33.1 min for the (S)-3e and tR = 38.9 min for the (R)-3e. 

 

Experiments of Catalytic Reaction 

General procedure for hydrogenation 

 Hydrogenation with a ternary catalyst system of Cp*RuCl(isoprene), KOt-Bu, and chelate amine 

 
9 U. Gerlach, T. Haubenreich, S. Hünig, N. Klaunzer, Chem. Ber. 1997, 127, 1989. 
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ligand: To a mixture of a substrate and Cp*RuCl(isoprene) placed in a 50-mL stainless autoclave 

was added a solution of base in a distilled solvent containing appropriate chelate amine ligand under 

argon atmosphere. After argon atmosphere was replaced with H2 by fill/release cycles, H2 was 

introduced. The mixture was stirred vigorously in an oil bath for specified time and cooled. After 

carefully venting H2, the solvent was removed under reduced pressure.  

 Hydrogenation with a pre-formed catalyst: To a mixture of a solid substrate and Cp*RuCl(LNH) 

placed in a 50-mL stainless autoclave was added a solution of base in a distilled solvent. In the case 

of a liquid substrate, a mixture of a base and a substrate in a distilled solvent was transferred to 

Cp*RuCl(LNH) placed in an autoclave under argon atmosphere. After argon atmosphere was 

replaced with H2 by fill/release cycles, H2 was introduced. The mixture was stirred vigorously in an 

oil bath for specified time and cooled. After carefully venting H2, the solvent was removed under 

reduced pressure. 

 General procedure for isolation of products: The crude mixture was concentrated under reduced 

pressure, and the residue was purified by silica gel column chromatography eluting with ethyl 

acetate and n-hexane to give an analytically pure product unless otherwise noted. 

 

Spectral data of products 

2, BzOH, 2f, 2g, and 1j are commercially available. 

Benzyl alcohol (2) [100-51-6], Benzoic acid (BzOH) [65-85-0], 2-(Hydroxymethyl)pyridine (2f) 
[586-98-1], 3-Phenyl-1-propanol (2g) [122-97-4], Benzyl benzoate (1j) [120-51-4], 

1,2-Benzenedimethanol (4a) [612-14-6] 

 

Nonane-1,4-diol (4b) 

 
1H NMR δ 0.87–0.90 (t, J = 7.1 Hz, 3H), 1.25–1.40 (m, 5H), 1.41–1.55 (m, 4H), 1.60–1.80 (m, 5H), 

3.60–3.75 (m, 3H). 
13C{1H} NMR δ 14.0, 22.6, 25.4, 29.1, 31.8, 34.4, 37.5, 62.9, 71.9. 

Spectral data for 4b were identical to those reported.10 

 

 

 

 

 
10 M. Ito, A. Osaku, A. Shiibashi, T. Ikariya, Org. Lett. 2007, 9, 1821. 
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Hexane-1,5-diol (4c) 

 
1H NMR δ 1.20 (d, J = 6.1 Hz, 3H), 1.35–1.55 (m, 6H), 1.56–1.67 (brs, 2H, D2O-exchangeable), 

3.66 (t, J = 6.5 Hz, 2H), 3.78–3.86 (m, 1H). 
13C{1H} NMR δ 21.8, 23.5, 32.4, 38.7, 62.6, 67.9. 

Spectral data for 4c were identical to those reported.11 

 

2-Phenylbutane-1,4-diol (4e) 

 
1H NMR δ 1.67 (brs, 2H, D2O-exchangeable), 1.85–1.92 (m, 1H), 2.00–2.08 (m, 1H), 2.95–2.98 (m, 

1H), 3.58–3.62 (m, 1H), 3.67–3.70 (m, 1H), 3.79 (d, J = 6.4 Hz, 2H), 7.23–7.26 (m, 3H), 7.30–7.38 

(m, 2H). 
13C{1H} NMR δ 35.8, 45.9, 61.0, 67.4, 126.8, 127.8, 128.7, 142.3. 

Spectral data for 4e were identical to those reported.12 

 

2-[4-(Trifluoromethyl)phenyl]butane-1,4-diol (4f) 

 
1H NMR δ 1.82–1.90 (m, 1H), 2.01–2.15 (m, 1H), 2.10 (brs, 2H, D2O-exchangeable), 3.02–3.06 (m, 

1H), 3.50–3.60 (m, 1H), 3.68–3.72 (m, 1H), 3.79 (d, J = 6.4 Hz, 2H), 7.34 (d, J = 8.0 Hz, 2H), 7.57 

(d, J = 8.0 Hz, 2H). 
13C{1H} NMR δ 35.4, 45.4, 60.4, 66.8, 124.0 (q, 1JCF = 270 Hz), 125.4, 128.1, 129.0 (q, 2JCF = 33 

Hz), 146.6. 
19F NMR δ –62.3. 

HRMS (FAB) calcd for C11H13F3O2+H 235.0946, found 235.0947. 

 

 
11 G. P. Black, P. J. Murphy, A. J. Thornhill, N. D. A. Walshe, C. Zanetti, Tetrahedron 1999, 55, 
6547. 
12 J. B. Morgan, J. P. Morken, J. Am. Chem. Soc. 2004, 126, 15338. 
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2-(4-Methoxyphenyl)butane-1,4-diol (4g) 

 
1H NMR δ 1.80–1.90 (m, 1H), 1.93–2.03 (m, 1H), 1.85–2.00 (brs, 2H, D2O-exchangeable), 

2.89–2.93 (m, 1H), 3.54–3.61 (m, 1H), 3.64–3.70 (m, 1H), 3.74 (d, J = 6.4 Hz, 2H), 3.79 (s, 3H), 

6.87 (d, J = 8.4 Hz, 2H), 7.14 (d, J = 8.4 Hz, 2H). 
13C{1H} NMR δ 35.8, 45.0, 55.2, 61.1, 67.4, 114.2, 128.8, 134.0, 158.5. 

Spectral data for 4g were identical to those reported.13 

 

2-Benzylbutane-1,4-diol (4h) 

 
1H NMR δ 1.55–1.63 (m, 1H), 1.66–1.74 (m, 1H), 1.95–2.04 (m, 1H), 2.54 (dd, J = 13.7, 7.3 Hz, 

1H), 2.66 (dd, J = 13.7, 7.3 Hz, 1H), 2.74 (brs, 2H, D2O-exchangeable), 3.47 (dd, J = 10.7, 6.8 Hz, 

1H), 3.59–3.66 (m, 2H), 3.73–3.78 (m, 1H), 7.15–7.21 (m, 3H), 7.25–7.29 (m, 2H). 
13C{1H} NMR δ 35.2, 38.2, 41.2, 61.0, 65.5, 126.0, 128.3, 129.1, 140.3. 

Spectral data for 4h were identical to those reported.14 

Enantiomeric excess was determined by HPLC analysis (Daicel Chiralcel OD-H column (df = 4.6 

mm i.d. × 250 mm; eluent, 96/4 = n-hexane/2-propanol; temp. 40 °C, flow rate, 0.5 mL/min; 

detection (UV), v = 254 nm-light), Rt = 37.0 min for the (-)-isomer and Rt = 43.4 min for the 

(+)-isomer). 

 

2-(4-Methoxybenzyl)butane-1,4-diol (4i) 

 

1H NMR δ 1.54–1.64 (m, 1H), 1.66–1.74 (m, 1H), 1.90–2.02 (m, 1H), 2.45 (brs, 2H, 

D2O-exchangeable), 2.50 (dd, J = 13.7, 7.3 Hz, 1H), 2.61 (dd, J = 13.7, 7.6 Hz, 1H), 3.51 (dd, J = 

 
13 A. P. Guzikowski, A. P. Tamiz, M. Acosta-Burruel, S. Hong-Bae, S. X. Cai, J. E. Hawkinson, J. F. 
W. Keana, S. R. Kesten, C. T. Shipp, M. Tran, E. R. Whittemore, R. M. Woodward, J. L. Wright, 
Z.-L. Zhou, J. Med. Chem. 2000, 43, 984. 
14 G. P. Reid, K. W. Brear, D. J. Robins, Tetrahedron: Asymmetry 2004, 15, 793. 
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10.8, 6.6 Hz, 1H), 3.62–3.70 (m, 2H), 3.76–3.78 (m, 1H), 3.79 (s, 3H), 6.82 (d, J = 8.7 Hz, 2H), 7.08 

(d, J = 8.7 Hz, 2H). 
13C{1H} NMR δ 35.2, 37.3, 41.3, 55.2, 61.1, 65.6, 113.8, 130.0, 132.3, 157.9. 

Spectral data for 4i were identical to those reported.15 

Enantiomeric excess was determined by HPLC analysis (Daicel Chiralcel OD-H column (df = 4.6 

mm i.d. × 250 mm; eluent, 96/4 = n-hexane/2-propanol; temp. 40 °C, flow rate, 0.5 mL/min; 

detection (UV), v = 254 nm-light), tR = 55.2 min for the (-)-isomer and tR = 65.1 min for the 

(+)-isomer). 

 

2-[3-(Benzyloxy)benzyl]butane-1,4-diol (4j) 

 
1H NMR δ 1.55–1.61 (m, 1H), 1.65–1.72 (m, 1H), 1.94–2.05 (m, 1H), 2.52 (dd, J = 13.8, 7.4 Hz, 

1H), 2.64 (dd, J = 13.8, 7.7 Hz, 1H), 2.80 (brs, 2H, D2O-exchangeable), 3.46 (dd, J = 11.0, 6.8 Hz, 

1H), 3.59–3.65 (m, 2H), 3.72–3.78 (m, 1H), 5.05 (s, 2H), 6.77–6.83 (m, 3H), 7.20 (t, J = 7.8 Hz, 1H), 

7.31–7.44 (m, 5H). 
13C{1H} NMR δ 35.2, 38.2, 41.0, 61.0, 65.5, 69.9, 112.2, 115.8, 121.8, 127.5, 127.9, 128.5, 129.3, 

137.0, 141.9, 158.8. 

HRMS (EI) calcd for C18H22O3 286.1569, found 286.1569. 

Enantiomeric excess was determined by HPLC analysis (Daicel Chiralcel OD-H column (df = 4.6 

mm i.d. × 250 mm; eluent, 96/4 = n-hexane/2-propanol; temp. 40 °C, flow rate, 0.5 mL/min; 

detection (UV), v = 254 nm-light), tR = 80.8 min for the (-)-isomer and tR = 105.1 min for the 

(+)-isomer). 

 

2-(3,4-Methylenedioxyphenylmethyl)-1,4-butanediol (4k) 

 
1H NMR δ 1.52–1.64 (m, 1H), 1.66–1.78 (m, 1H), 1.88–2.02 (m, 1H), 2.35 (brs, 2H, 

D2O-exchangeable), 2.48 (dd, J = 13.7, 7.3 Hz, 1H), 2.60 (dd, J = 13.7, 7.6 Hz, 1H), 3.51 (dd, J = 

11.0, 6.4 Hz, 1H), 3.64–3.69 (m, 2H), 3.76–3.81 (m, 1H), 5.92 (s, 2H), 6.61 (dd, J = 7.9, 1.5 Hz, 1H), 

6.67 (d, J = 1.5 Hz, 1H), 6.72 (d, J = 7.9 Hz, 1H). 
13C{1H} NMR δ 35.1, 37.9, 41.3, 61.1, 65.4, 100.8, 108.1, 109.4, 121.9, 134.0, 145.8, 147.6. 

 
15 S. Batra, P. Gupta, K. Bose, A. P. Bhaduri, B. S. Setty, Ind. J. Chem. 1996, 35B, 36. 
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Spectral data for 4k were identical to those reported.16 

A mixture of the obtained 4k, pyridine, and acetic anhydride reacted at room temperature for 30 min, 

and then quenched by addition of 1 M HCl aq. The crude product was extracted with ethyl acetate, 

and the organic layer was washed with distilled water and brine, dried over Na2SO4, and filtered 

through a plug of cotton. The filtrate was concentrated in vacuo to give the diacetylated derivative. 

The enantiomeric excess was determined by HPLC analysis (Daicel Chiralcel OD-H column (df = 

4.6 mm i.d. × 250 mm; eluent, 99/1 = n-hexane/2-propanol; temp. 40 °C, flow rate, 0.5 mL/min; 

detection (UV), v = 254 nm-light), tR = 71.3 min for the (+)-isomer and tR = 78.0 min for the 

(-)-isomer). 

 

2-Phenylpentane-1,5-diol (4l) 

 

1H NMR δ 1.41–1.50 (m, 2H), 1.55 (brs, 2H, D2O-exchangeable), 1.60–1.69 (m, 1H), 1.79–1.87 (m, 

1H), 2.76–2.83 (m, 1H), 3.59 (t, J = 6.4 Hz, 2H), 3.71–3.79 (m, 2H), 7.20–7.26 (m, 3H), 7.31–7.35 

(m, 2H). 
13C{1H} NMR δ 28.1, 30.4, 48.4, 62.7, 67.5, 126.8, 128.0, 128.7, 142.0. 

Spectral data for 4l were identical to those reported.17 

 

2-(4-Methoxyphenyl)pentane-1,5-diol (4m) 

 
1H NMR δ 1.20–1.40 (brs, 2H, D2O-exchangeable), 1.45–1.66 (m, 3H), 1.74–1.85 (m, 1H), 

2.73–2.78 (m, 1H), 3.58–3.62 (m, 2H), 3.69–3.71 (m, 2H), 3.80 (s, 3H), 6.87 (d, J = 8.3 Hz, 2H), 

7.13 (d, J = 8.3 Hz, 2H). 
13C{1H} NMR δ 28.2, 30.4, 47.4, 55.2, 62.7, 67.6, 114.1, 128.9, 133.9, 158.4. 

HRMS (EI) calcd for C12H18O3 210.1256, found 210.1261. 

 

 

 
16 L. Shao. S. Miyata, H. Muramatsu, H. Kawano, Y. Ishii, M. Saburi, Y. Uchida, J. Chem. Soc., 
Perkin Trans. 1 1990, 1441. 
17 A. Rumbero, I. Borreguero, J. V. Sinisterra, A. R. Alcántara, Tetrahedron 1999, 55, 14947. 
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N-Pivaloylalaninol (2k) 

 
This compound was identified by the 1H NMR spectrum of reaction mixture and whose yield was 

calculated based on the signal at 3.53 ppm (dd, 2J = 10.7 Hz, 3J = 6.3 Hz, 1H) and 3.68 ppm (dd, 2J = 

10.7 Hz, 3J = 2.9 Hz, 1H). 

The authentic (S)-isomer was synthesized by the following procedure: To a mixture of 

(S)-(+)-2-amino-1-propanol (TCI A1085, 1.17 g, 15.6 mmol) and anhydrous CH2Cl2 (22 mL) and 

triethylamine (4.4 mL, 31 mmol) was added a mixture of pivaloyl chloride (TCI P0677,1.87 g, 15.5 

mmol) and anhydrous CH2Cl2 (10 mL) as dropwise at 0 °C. After the resulting mixture was stirred 

for 1 h 20 min, the suspension was washed with water, sat. NH4Cl aq., and brine. The organic layer 

was dried over Na2SO4, filtered through a plug of cotton, and concentrated in vacuo to give the title 

compound (0.97 g, 39% yield). Analytically pure sample was obtained by bulb-to-bulb distillation. 
1H NMR (297.60 MHz, CDCl3)  1.18 (d, J = 6.8 Hz, 3H), 1.21 (s, 9H), 2.00 (brs, 1H), 3.53 (dd, 2J 

= 10.7 Hz, 3J = 6.3 Hz, 1H), 3.68 (dd, 2J = 10.7 Hz, 3J = 2.9 Hz, 1H), 4.04 4.08 (m, 1H), 5.74 (brs, 

1H). 
13C{1H} NMR (100.53 MHz, CDCl3) 17.0, 27.4, 38.6, 47.5, 66.9, 179.4. 

Enantiomeric excess was determined by GLC (Varian CP-Chirasil-Dex CB column (df = 0.25 mm 

i.d. × 25 m; column temperature was increased from 80 °C to 130 °C with a rate of 1.0 °C/min), Rt = 

42.4 min for the (R)-isomer and Rt = 42.8 min for the (S)-isomer.). 

 

N-Pivaloylalanine isopropyl ester (1l) [331755-13-6] 

 
This compound was identified by the 1H NMR spectrum of reaction mixture and whose yield was 

calculated based on the signal at 5.04 ppm (sept, J = 6.3 Hz, 1H). 
1H NMR (297.60 MHz, CDCl3)  1.21 (s, 9H), 1.25 (d, J = 6.3 Hz, 3H), 1.26 (d, J = 6.3 Hz, 3H), 

1.38 (d, J = 7.1 Hz, 3H), 4.50 (quint, J = 7.1 Hz, 1H), 5.04 (sept, J = 6.3 Hz, 1H), 6.20 (brs, 1H). 

Spectral data for 1l were identical to those reported.18 
  

 
18 R. Mazurkiewicz, A. W. Pierwocha, A. Brachaczek, I. Mitrus, Phosphorus, Sulfur and Silicon 
2000, 165, 43. 
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Chapter 3 

Preparation of Ligands 

1-(2-Aminoethyl)-3-tert-butylimidazolium bromide (5o) 

 
 To a solution of N-(2-bromoethyl)phthalimide (3.00 g, 11.8 mmol) in toluene (5 mL) was added 

1-tert-butylimidazole (1.47 g, 11.8 mmol) at room temperature; the resulting solution was heated 

overnight under reflux conditions. The imidazolium product was insoluble in toluene and 

precipitated as a white solid as the reaction proceeded. After cooling the reaction mixture to room 

temperature, the resulting microcrystals were collected by filtration, washed with THF, and dried in 

vacuo. To a suspension of the obtained white crystals in ethanol (50 mL) was added hydrazine 

hydrate (1.00 g, 20 mmol). The resulting solution was stirred overnight under reflux conditions. 

After cooling the reaction mixture to 0 °C, the resulting white insoluble material was collected by 

filtration and subsequently washed with cold ethanol (3 × 10 mL). The filtrate was evaporated to 

afford a white solid. The subsequent extraction with CH2Cl2 (3 × 15 mL) followed by evaporation 

gave a yellow liquid in 81% yield. 
1H NMR (399.8 MHz, CD3OD)  1.67 (s, 9 H), 3.10 (t, J = 6.0 Hz, 2 H), 4.28 (t, J = 6.0 Hz, 2 H), 

7.66 (d, J = 1.9 Hz, 1 H), 7.84 (d, J = 2.2 Hz, 1 H), 9.14 (s, 1 H). 

 

1-(2-Aminoethyl)-3-methylimidazolium bromide (5p) 

 
 5p was obtained from 1-methylimidazole in a similar manner to 5o (81% yield). 
1H NMR (399.8 MHz, CD3OD)  3.07 (t, J = 6.0 Hz, 2 H), 3.93 (s, 3 H), 4.24 (t, J = 6.0 Hz, 2 H), 

7.56 (d, J = 1.9 Hz, 1 H), 7.62 (d, J = 1.8 Hz, 1 H), 8.96 (s, 1 H). 

Spectral data for 5p were identical to those reported.19 

 

1-(2’-Aminoethyl)-3-tert-butylimidazolium hexafluorophosphate (5q) 

 
 To a solution of 5o (3.78 g, 10.0 mmol) in water (60 mL) at 60 °C was added aqueous HPF6 at 

60 °C, and the reaction mixture was stirred for 10 min. After a white powder was formed, the 

 
19 X. Zhou, T. Wu, K. Ding, B. Hu, M. Hou, B. Han, Chem. Commun. 2009, 1897. 
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mixture was stirred at room temperature for 30 min. The resulting white precipitate was collected by 

filtration and subsequently washed with cold water (3 × 10 mL). The filtrate was dried under 

reduced pressure to give a white powder as a title compound in 89% yield. 
1H NMR (399.8 MHz, CD2Cl2) δ1.64 (s, 9H), 3.10 (t, J = 6.0 Hz, 2H), 4.16 (t, J = 6.0 Hz, 2H), 7.34 

(d, J = 2.2 Hz, 1H), 7.42 (d, J = 2.1 Hz, 1H), 8.65 (s, 1H). 
13C{1H} NMR (100.5 MHz, CD2Cl2) δ 29.5, 41.2, 52.6, 60.4, 119.3, 123.1, 133.7. 

Anal. Calcd for C9H18F6N3P: C, 34.51; H, 5.79; N, 13.42. Found: C, 34.64; H, 5.66; N, 13.34. 

 

Preparation of Ru Complexes 

Cp*RuCl[2-(diphenylphosphino)ethylamine] (Cp*RuCl(PNH)) [660398-78-7] 20 , 

Cp*RuBr(isoprene) 21 , and [(p-cymene)RuCl2]2 [52462-29-0] 22  were prepared according to 

reported procedure, respectively. 

 

Cp*RuBr[1-(2’-aminoethyl)-3-methylimidazol-2-ylidene] (Cp*RuBr(CNH)) 

 
 To a solution of 5o (107.2 mg, 0.52 mmol) in CH3CN (8 mL) under argon in the presence of 3 Å 

molecular sieves was added silver(I) oxide (66.3 mg, 0.286 mmol) in the dark and with stirring for 

several minutes at room temperature. To the resulting mixture was added [Cp*RuBr(isoprene)] 

(180.6 mg, 0.47 mmol) and stirring at room temperature was undertaken for 18 h. The resulting 

mixture was filtered to give a red-orange solution. After removal of the solvent under reduced 

pressure, the resulting red-orange solid was extracted with THF (2 × 50 mL) and the extract was 

filtered through a pad of Celite. The filtrate was dried under reduced pressure. The desired product 

was obtained as a red-orange solid in 74% yield (153.1 mg). 
1H NMR (399.8 MHz, CD3CN) δ 1.56 (s, 15 H), 1.98 (br, 1 H), 2.86 (m, 1 H), 3.10 (br, 1 H), 3.41 

(m, 1 H), 3.49 (m, 1 H), 3.78 (s, 3 H), 3.86 (m, 1 H), 7.04 (d, J = 1.8 Hz, 1 H), 7.08 (d, J = 1.8 Hz, 1 

H). 
13C NMR (100.5 MHz, CD3CN) δ 9.4, 36.8, 41.5, 49.8, 80.7, 121.1, 121.9, 191.5. 

Anal. Calcd for C52H86Br3N9ORu3 [3(Cp*RuBr(CNH)·THF)]: C, 44.73; H, 6.21; N, 9.03. Found: C, 

44.40; H, 6.08; N, 8.95. 

 

 
20 M. Ito, M. Hirakawa, A. Osaku, T. Ikariya, Organometallics 2003, 22, 4190. 
21 C. Gemel, K. Mereiter, R. Schmid, K. Kirchner, Organometallics 1995, 14, 1405. 
22 M. A. Bennett, A. K. Smith, J. Chem. Soc., Dalton Trans. 1974, 233. 
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[Cp*Ru(CO)(CNH)][OTf]  

 

 To a solution of Cp*RuBr(CNH) (81.5 mg, 0.19 mmol) in THF (10 mL) under argon was added 

NaOTf (33.0 mg, 0.19 mmol) at room temperature. The resulting mixture was purged with an 

atmospheric pressure of CO and stirred overnight. After removal of the solvent under reduced 

pressure, the remaining yellow solid was extracted with CH2Cl2 (2 × 2 mL) and the extract was 

filtered through a pad of Celite. The filtrate was dried under reduced pressure. The desired product 

was obtained as an orange-yellow solid in 99% yield (98.4 mg). 
1H NMR (399.8 MHz, CD2Cl2) δ 1.75 (s, 15 H), 2.13 (m, 1 H), 3.25 (br, 1 H), 3.50 (m, 2 H), 3.60 (m, 

1 H), 3.65 (s, 3 H), 4.03 (m, 1 H), 7.04 (d, J = 1.8 Hz, 1 H), 7.06 (d, J = 2.1 Hz, 1 H). 
13C NMR (100.5 MHz, CD2Cl2) δ 9.7, 37.7, 42.8, 50.2, 94.3, 120.8 (q, J = 319 Hz), 122.4, 123.5, 

178.0, 204.1. 

IR (ATR/cm-1): 1928(s), 1263(s), 1166(m), 1032(m), 804(w). 

 

(p-cymene)RuCl[1-(2’-aminoethyl)-3-tert-butylimidazol-2-ylidene][PF6] (Ru-5) 

 
 To a mixture of Ag2O (Nacalai 31022-02, 144 mg, 0.62 mmol) and [(p-cymene)RuCl2]2 (129 mg, 

0.21 mmol) in acetonitrile (6 mL) in the presence of molecular sieve (3 Å) was added a solution of 

the 5q (162.9 mg, 0.52 mmol) in DMSO (2 mL) under dark and stirred for 18 h at room temperature. 

The resulting mixture was filtered through a pad of Celite to give an orange oil. This oil was washed 

with toluene (3 × 10 mL) and diethyl ether (2 × 5 mL). The oil was subsequently dissolved in 

dichloromethane (6 mL) and AgPF6 (Aldlich 227722, 52 mg, 0.21 mmol) was added. After stirring 

for 1 h, the reaction mixture was filtered through a pad of Celite, and the solvent was removed to 

afford a crude orange solid. The product was obtained by extraction with THF and the following 

precipitation by a slow addition of pentane. The title compound was obtained as orange crystals in 

48% yield. 
1H NMR (399.8 MHz, CD2Cl2)  1.06 (d, 3H, 3JHH = 7.0 Hz), 1.22 (d, 3H, 3JHH = 7.0 Hz), 1.76 (s, 

9H), 1.95 (s, 3H), 2.23 (m, 1H), 2.73 (sept, 1H, 3JHH = 6.7 Hz), 2.90 (br, 1H), 3.29 (m, 1H), 3.72 (m, 
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1H), 4.00 (m, 1H), 5.34, 5.41, 5.43, 5.70 (d, 1H), 5.65 (br, 1H), 7.10 (d, 1H, 3JHH = 2.1 Hz), 7.33 (d, 

1H, 3JHH = 2.2 Hz). 

 

Preparation of Substrates 

N-Methylbenzanilide (8b)23 and N-ethyl-N-phenylbenzamide (8p)24 were prepared according to 

reported procedures, respectively. 

 

6a, 8a, 8c, 8d, 8h, and 8i were commercially available and stored according to general procedure. 

1-Phenyl-2-pyrrolidinone (6a) [4641-57-0]: Aldrich 307041, N,N-Dimethylbenzamide (8a) 

[611-74-5]: TCI D0256, Benzanilide (8c) [93-98-1]: TCI B0016, Benzamide (8d) [55-21-0]: TCI 

B1418, N-Methylformanilide (8h) [93-61-8]: TCI M0552, N,N-Dimethylformamide (8i) 
[68-12-2]: TCI D0722. 

 

N-Benzoylpyrrolidine (8e) [3389-54-6] 

 
8e was prepared from pyrrolidine (TCI P0576, 765.3 mg, 10.8 mmol) and benzoyl chloride (TCI 

B0105, 726.5 mg, 5.17 mmol) by the similar method to the preparation of 8f (832.7 mg, 92%yield). 

This compound was used without further purification. 
1H NMR (399.78 MHz, CDCl3) 1.83 1.90 (m, 2H), 1.92 1.99 (m, 2H), 3.41 (t, J = 6.4 Hz, 2H), 

3.64 (t, J = 7.0 Hz, 2H), 7.35 7.41 (m, 3H), 7.42 7.52 (m, 2H). 
13C{1H} NMR (100.53 MHz, CDCl3)  24.4, 26.4, 46.1, 49.5, 127.0, 128.2, 129.7, 137.3, 169.7. 

Spectral data for 8e were identical to those reported.19 

 

N-Benzoylpiperidine (8f) 

 
To a solution of piperidine (TCI P0453, 980.2 mg, 11.5 mmol) in anhydrous diethyl ether (20 ml) 

was added benzoyl chloride (TCI B0105, 755.7 mg, 5.38 mmol) at room temperature. After stirring 

for 30 min, the resulting residue was filtered through a plug of Celite and washed with diethyl ether. 

Then the filtrate was concentrated in vacuo to give the title compound (987.0 mg, 97, %yield). This 

compound was used without further purification. 

 
23 S. Zhou, K. Junge, D. Addis, S. Das, M. Beller, Angew. Chem., Int. Ed. 2009, 48, 9507. 
24 M. Lei, X.-L. Tao, Y.-G. Wang, Helv. Chim. Acta 2006, 89, 532. 
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1H NMR (399.78 MHz, CDCl3)  1.51 (brs, 2H), 1.67 (brs, 4H), 3.33 (brs, 2H), 3.71 (brs, 2H), 

7.31 7.40 (m, 5H). 
13C{1H} NMR (100.53 MHz, CDCl3)  24.5, 25.6, 26.5, 43.0, 48.7, 126.7, 128.3, 129.3, 136.5, 

170.2. 

Spectral data for 8f were identical to those reported.25 

 

N-Methyl-N-phenylnonanamide (8g) 

 
 To a solution of nonanoyl chloride (Aldrich 156833, 1.22 g, 6.93 mmol) in anhydrous diethyl ether 

(15 mL) was added N-methylaniline (TCI M0147, 1.6 mL, 14.8 mmol) at 0 °C. Then the reaction 

mixture was allowed to room temperature and stirred for 2 h. After removal of the residue by 

filtration, the filtrate was washed with 1 M HCl aq., distilled water and brine. Then the organic layer 

was dried over Na2SO4, filtered through a plug of cotton and distilled by bulb-to-bulb distillation to 

give the title compound (1.00 g, 58% yield). 
1H NMR (399.78 MHz, CDCl3) 0.85 (t, J = 6.9 Hz, 3H), 1.12 1.27 (m, 10H), 1.52 1.60 (m, 2H), 

2.06 (t, J = 7.2 Hz, 2H), 3.26 (s, 3H), 7.15 7.18 (m, 2H), 7.31 7.35 (m, 1H), 7.39 7.43 (m, 2H). 
13C{1H} NMR (100.53 MHz, CDCl3) 14.1, 22.6, 25.5, 29.1, 29.3, 29.3, 31.8, 34.1, 37.3, 127.3, 

127.6, 129.7, 144.3, 173.3.

HRMS (EI) calcd for C16H25NO 247.1936, found 247.1936. 

 

General procedure for the preparation of aryl-substituted N-methylbenzanilides (8j–o, 8q–s) 

 

 The preparation of N-(4-fluorophenyl)-N-methylbenzamide (8j) is illustrative: A mixture of benzoyl 

chloride (2.11 g, 15.0 mmol) and pyridine (2.0 mL) was added to a solution of 4-fluoroaniline (15.0 

mmol) in CH2Cl2 (20 mL) at 0 °C. After stirring for 2 h at room temperature, the reaction mixture 

was washed with 2 M HCl aq. and brine. Then the organic layer was dried over Na2SO4, filtered 

through a plug of cotton, and concentrated in vacuo. NaH (0.46 g, 19.0 mmol), which was washed 

twice with n-hexane at 0 °C prior to use, was treated with the resulting residue dissolved in THF (40 

mL). After stirring for 10 min, CH3I (12 mL) was added, and then the mixture was stirred at room 

 
25 T. Ohshima, T. Iwasaki, Y. Maegawa, A. Yoshiyama, K. Mashima, J. Am. Chem. Soc. 2008, 130, 
2944. 
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temperature overnight. After concentrated in vacuo, the product was extracted with ethyl acetate and 

washed with water and brine. The organic layer was dried over Na2SO4, filtered through a plug of 

cotton, and concentrated in vacuo to give 8j. Further purification was performed by recrystallization 

from diethyl ether to obtain 72% yield. 
1H NMR (399.8 MHz, CDCl3) δ 3.46 (s, 3H), 6.87–6.92 (m, 2H), 6.98–7.01 (m, 2H), 7.15–7.22 (m, 

2H), 7.22–7.32 (m, 3H). 

Spectral data for 8j were identical to those reported.26 

 

N-(4-Chlorophenyl)-N-methylbenzamide (8k) 

 

 Following the general procedure, this compound was prepared by the reaction of 4-chloroaniline 

with benzoyl chloride followed by addition of CH3I and purified by column chromatography with 

ethyl acetate/n-hexane as eluents to obtain 90% yield. 
1H NMR (399.8 MHz, CDCl3) δ 3.46 (s, 3H), 6.95–6.97 (m, 2H), 7.16–7.20 (m, 4H), 7.23–7.30 (m, 

3H). 

Spectral data for 8k were identical to those reported.27 

 

N-(4-Bromophenyl)-N-methylbenzamide (8l) 

 

 Following the general procedure, this compound was prepared by the reaction of 4-bromoaniline 

with benzoyl chloride followed by addition of CH3I and purified by recrystallization from diethyl 

ether to obtain 84% yield. 
1H NMR (399.8 MHz, CDCl3) δ 3.46 (s, 3H), 6.89–6.91 (m, 2H), 7.17–7.20 (m, 2H), 7.25–7.35 (m, 

5H). 

Spectral data for 8l were identical to those reported.28 

 

 

 
26 S. Wang, J. Wang, R. Guo, G. Wang, S.-Y. Chen, X.-Q. Yu, Tetrahedron Lett. 2013, 54, 6233. 
27 Z. Wang, Y. Kuninobu, M. Kanai, Synlett 2014, 25, 1869. 
28 Y. Li, F. Jia, Z. Li, Chem. Eur. J. 2013, 19, 82. 
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N-Methyl-N-(4-(trifluoromethyl)phenyl)benzamide (8m) 

 

 Following the general procedure, this compound was prepared by the reaction of 

4-(trifluoromethyl)aniline with benzoyl chloride followed by addition of CH3I and purified by 

column chromatography with ethyl acetate/n-hexane as eluents to obtain 79% yield. 
1H NMR (399.8 MHz, CDCl3) δ 3.51 (s, 3H), 7.13–7.15 (m, 2H), 7.16–7.22 (m, 2H), 7.26–7.31 (m, 

3H), 7.47–7.49 (m, 2H). 

Spectral data for 8m were identical to those reported.29 

 

N-(4-Methoxyphenyl)-N-methylbenzamide (8n) 

 

 Following the general procedure, this compound was prepared by the reaction of 4-methoxyaniline 

with benzoyl chloride followed by addition of CH3I and purified by column chromatography with 

ethyl acetate/n-hexane as eluents to obtain 70% yield. 
1H NMR (399.8 MHz, CDCl3) δ 3.43 (s, 3H), 3.72 (s, 3H), 6.71–6.74 (m, 2H), 6.93–6.95 (m, 2H), 

7.13–7.33 (m, 5H). 

Spectral data for 8n were identical to those reported.30 

 

N-Methyl-N-(3,4-methylenedioxyphenyl)benzamide (8o) 

 

 Following the general procedure, this compound was prepared by the reaction of 

3,4-methylenedioxyaniline with benzoyl chloride followed by addition of CH3I and purified by 

recrystallization from ethyl acetate to obtain 60% yield. 
1H NMR (399.8 MHz, CD2Cl2) δ 3.38 (s, 3H), 5.90 (s, 2H), 6.48–6.51 (m, 3H), 7.18–7.33 (m, 5H). 

 

 
29 J. Symes, T. A. Modro, Phosphorus and Sulfur 1988, 39, 113. 
30 L. Ran, Z.-H. Ren, Y.-Y. Wang, Z.-H. Guan, Chem. Asian J. 2014, 9, 577. 
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N-Cyclohexyl-N-phenylbenzamide (8q) 

 

 8q was prepared from N-cyclohexylaniline with benzoyl chloride and purified by recrystallization 

from diethyl ether to obtain 96% yield. 
1H NMR (399.8 MHz, CDCl3) δ 0.99–2.07 (m, 10H), 4.79 (m 1H), 7.07–7.11 (m, 2H), 7.18–7.34 (m, 

8H). 
13C{1H} NMR (100.5 MHz, CDCl3) δ 25.5, 26.0, 31.8, 55.6, 127.4, 127.6, 128.1, 128.6, 128.9, 130.9, 

137.5, 140.1, 170.7. 

 

N-Methyl-N-(o-tolyl)benzamide (8r) 

 
 8r was prepared from o-toluidine (Kanto 40197-30) with benzoyl chloride. Recrystallization of the 

products from diethyl ether to obtain 81% yield as a mixture of two isomers. 

Major isomer 
1H NMR (399.8 MHz, CDCl3) δ 2.20 (s, 3H), 3.37 (s, 3H), 7.01–7.13 (m, 6H), 7.16–7.22 (m, 1H), 

7.25–7.26 (m, 2H). 

Minor isomer 
1H NMR (399.8 MHz, CDCl3) δ 2.33 (s, 6H), 3.23 (s, 3H), 7.40–7.50 (m, 3H), 7.53–7.60 (m, 2H), 

and other signals were overlapped with those of the major isomer. 

 

N-Methyl-N-phenylnicotinamide (8s) 

 

 8s was prepared from N-methylaniline with nicotinoyl chloride and purified by column 

chromatography with ethyl acetate/n-hexane as eluents. 
1H NMR (399.8 MHz, CD2Cl2) δ 3.50 (s, 3H), 7.00–7.28 (m, 6H), 7.58–7.61 (m, 1H), 8.43–8.48 (m, 

2H). 
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Experiments of Catalytic Reaction 

General procedure for hydrogenation of carboxamides 

 To a mixture of a substrate (1.00 mmol) and a Cp*RuBr(CNH) (4.4 mg, 0.01 mmol) placed in a 

50-mL stainless autoclave was added 0.05 M KOt-Bu in distilled 2-propanol (1.0 mL, 0.05 mmol) 

under argon. After the argon atmosphere was replaced with H2 by fill–release cycles, H2 (25 atm) 

was introduced into the autoclave at room temperature. The mixture was stirred vigorously at 50 or 

90 °C for 24 h. Then, the autoclave was cooled in an ice bath and the pressure was carefully vented. 

An aliquot of the resulting mixture was measured by 1H NMR spectroscopy in CDCl3 to determine 

the yield of alcohol and amine products based on the relative integration ratios to the signal at 3.76 

ppm due to the methoxy groups of 1,3,5-trimethoxybenzene used as internal standard. 

 

Spectral data of products 

2, 9b, 9j–n, and 9p–r are commercially available. 

Benzyl alcohol (2) [100-51-6], 1-Nonanol [143-08-8], Methanol [67-56-1], 3-Pyridinemethanol 

[100-55-0], N-Methylaniline (9b) [100-61-8], 4-Fluoro-N-methylaniline (9j) [459-59-6], 

4-Chloro-N-methylaniline (9k) [932-96-7], 4-Bromo-N-methylaniline (9l) [6911-87-1], 

4-(Trifluoromethyl)-N-methylaniline (9m) [22864-65-9], N-Methyl-p-anisidine (9n) [5961-59-1], 

N-Ethylaniline (9p) [103-69-5], N-Cyclohexylaniline (9q) [1821-36-9], N-Methyl-o-toluidine 

(9r) [611-21-2]. 

 

4-(Phenylamino)butan-1-ol (7a) 

 
1H NMR (399.78 MHz, CDCl3) δ 1.58–1.73 (m, 4H), 2.62 (brs, 2H), 3.15–3.20 (m, 2H), 3.70 (t, J = 

5.9 Hz, 2H), 6.61–6.63 (m, 2H), 6.71–6.73 (m, 1H), 7.18–7.19 (m, 2H). 
13C{1H} NMR (100.53 MHz, CDCl3) δ 26.1, 30.4, 43.9, 62.6, 112.9, 117.5, 129.2, 148.3. 

Spectral data for 7a were identical to those reported.31 

 

3,4-Methylenedioxy-N-methylaniline (9o) 

 
1H NMR (399.78 MHz, CDCl3) δ 3.06 (s, 3H), 3.15 (brs, 1H), 5.79 (s, 2H), 3.70 (t, J = 5.9 Hz, 2H), 

6.00–6.62 (m, 3H). 

 
31 R. A. T. M. Abbenhuis, J. Boersma, G. J. van Koten, Org. Chem. 1998, 63, 4282. 
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13C{1H} NMR (100.53 MHz, CDCl3) δ 39.4, 95.9, 100.5, 104.3, 108.6, 139.4, 144.3, 148.3. 

Spectral data for 9o were identical to those reported.32 

  

 
32 Y. Li, I. Sorribes, T. Yan, K. Junge, M. Beller, Angew. Chem. Int. Ed. 2013, 52, 12156. 
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Chapter 4 

Materials 

Metal salts, ligands, and organic bases were commercially available and used without further 

purification. 

Cu(OAc)2·H2O: Aldrich 229601, Cu(OAc)2: Aldrich 517453, Cu(OAc): Strem 93-2989, 

Cu(NO3)2·2.4H2O: Aldrich 229636, Cu(OCH3)2: Aldrich 332666, Cu(OTf)2: Aldrich 283673, 

CuCl: Aldrich 229628, CuBr: Aldrich 212865, CuI: Aldrich 205540, Cu(OBz)2·1.8H2O: Acros 

Organics 401910100, Mn(OAc)2: Aldrich 330825, Fe(OAc)2: Strem 93-2678, Co(OAc)2: Alfa 

Aesar B23218, Ni(OAc)2·4H2O: Strem 28-1100, Ag(OAc): Strem 93-4701, 

1,2-Bis(diphenylphosphino)benzene (dppbz): Aldrich 460273, 

1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU): TCI D1270, 1,5-Diazabicyclo[4.3.0]non-5-ene 

(DBN): TCI D1313, 7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene (MTBD): Aldrich 359505, 

1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD): Aldrich 345571, Triethylamine: Kanto 40271-00, 

Quinuclidine: Aldrich 197602, 4-(Dimethylamino)pyridine (DMAP): TCI D1450. 

 

Preparation of Cu Complexes 

(IPr)Cu(OtBu) was prepared according to reported procedure.33 

 

(dbu)2CuI 

 
 A solution of distilled DBU (609 mg, 4.0 mmol) in distilled CH3CN (20 mL) was added dropwise 

over 20 min to a mixture of CuI (248 mg, 1.3 mmol) and distilled CH3CN (20 mL) at room 

temperature. The resulting solution was stirred for additional 15 h and concentrated in vacuo. The 

residue was washed with distilled diethyl ether (5 mL) to give a pale-yellow powder. Single crystals 

of the title compound were obtained by slow diffusion of distilled diethyl ether into a distilled THF 

solution at room temperature to give colorless prism crystals (564 mg, 1.14 mmol, 88% yield). 1H 

NMR (399.78 MHz, C6D6) δ 1.05–1.10 (m, 2H), 1.23–1.29 (m, 2H), 1.43–1.49 (m, 2H), 1.55–1.61 

(m, 2H), 2.55–2.58 (m, 4H), 2.72–2.75 (m, 2H), 3.55 (t, J = 4.9 Hz, 2H). 
13C{1H} NMR (100.53 MHz, C6D6) δ 22.5, 25.8, 28.2, 29.5, 38.4, 46.6, 48.2, 52.9, 163.0. 

Anal. Calcd for C18H32CuIN4: C, 43.68; H, 6.52; N, 11.32. Found: C, 43.65; H, 6.41; N, 11.21. 

 

 
33 N. P. Mankad, D. S. Laitar, J. P. Sadighi, Organometallics 2004, 23, 3369. 
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[(dbu)CuI]2 

 

 A solution of (dbu)2CuI (35 mg, 0.07 mmol) in CH3OH (3 mL) was stirred until white precipitate 

began to form. The resulting mixture was stored under –20 °C to obtain [(dbu)CuI]2 as colorless 

prism crystals in 67% yield (16 mg, 0.02 mmol). 

Anal. Calcd for C18H32Cu2I2N4: C, 31.54; H, 4.71; N, 8.17. Found: C, 31.16; H, 4.85; N, 8.00. 

 

(dbu)2Cu(OBz)2 

 

 A solution of distilled DBU (61 mg, 0.40 mmol) in distilled CH3CN (20 mL) was added dropwise 

over 20 min to a solution of Cu(OBz)2·1.8H2O (44 mg, 0.13 mmol) in distilled CH3CN (20 mL) at 

room temperature. The resulting solution was stirred for additional 15 h and concentrated in vacuo. 

The residue was washed with distilled diethyl ether (5 mL) to give a purple powder. Single crystals 

of the title compound were obtained by slow diffusion of distilled diethyl ether into a distilled THF 

solution at room temperature to give purple prism crystals (48 mg, 0.08 mmol, 61% yield). 

Anal. Calcd for C32H42CuN4O4·1/2H2O: C, 62.07; H, 7.00; N, 9.05. Found: C, 62.41; H, 6.85; N, 

8.98. 

 

Experiments of Catalytic Reaction 

General procedure for hydrogenation 

 Distilled 1,4-dioxane (2.0 mL) was added to Cu(OAc)2·H2O (4.0 mg, 0.02 mmol) in an oven-dried 

20-mL Schlenk tube under an argon atmosphere and ultrasonically agitated for 20 min to form a blue 

solution. Distilled DBU (1.52 g, 10 mmol) was added to the resulting solution. The solution was 

transferred into a 50-mL autoclave equipped with a glass insert and a magnetic stirring bar under 
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argon, followed by addition of distilled 1,4-dioxane (3.0 mL). The autoclave was filled with CO2 (30 

atm) and H2 (30 atm) at room temperature, then warmed to 100 °C and stirred vigorously for 21 h. 

After the reaction, the autoclave was cooled in an ice bath and the pressure was carefully vented. An 

aliquot of the resulting pale yellow solution was measured by 1H NMR at a relaxation delay of 10 s 

in CD3OD to confirm the formation of [DBU–H]+[HCO2]–. The yield was determined based on the 

relative integration of the signal at 8.56 ppm (1H) to that at 1.15 ppm due to the methyl groups of 

2-propanol used as an internal standard. The analytically pure product was isolated by crystallization 

from the reaction mixture at room temperature and washed with distilled THF (3 mL×3) under an 

argon atmosphere to give hygroscopic white platelet crystals. 1H NMR (399.78 MHz, CDCl3): δ 

1.56–1.63 (m, 6H), 1.89 (quint, J = 5.8 Hz, 2H), 2.71–2.72 (m, 2H), 3.29–3.37 (m, 6H), 8.65 (s, 1H), 

12.06 (brs, 1H); 13C{1H} NMR (100.53 MHz, CDCl3): δ 19.7, 24.1, 27.0, 29.0, 32.1, 38.2, 48.5, 54.0, 

165.6, 168.6.  

 These spectral data are identical to those of an authentic sample prepared by the following 

procedure: In a glovebox, a mixture of distilled formic acid (1.0 g, 22 mmol) and distilled diethyl 

ether (5 mL) was added dropwise to a mixture of distilled DBU (3.2 g, 21 mmol) and distilled 

diethyl ether (20 mL), to form a white precipitate. After stirring for 1 h, the resulting mixture was 

filtered and the residue was washed with distilled diethyl ether (20 mL), then dried under vacuum to 

give [DBU–H]+[HCO2]– as a white hygroscopic solid; yield: 4.1 g (21 mmol, 98%). 
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Chapter 5 

Materials 

Metal salts and organic bases were commercially available and used without further purification. 

Cu(OAc)2·H2O: Aldrich 229601, CuI: Aldrich 205540, MnBr(CO)5: Aldrich 341622, 

1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU): TCI D1270, 

2-tert-Butyl-1,1,3,3-tetramethylguanidine (BTMG): Aldrich 20615, 

1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD): Aldrich 345571, triethylamine: Kanto 40271-00. 

 

Preparation of Ligands 

2,2’-Isopropylidenebis(2-oxazoline) (5y) 34  and 2,3,4,6,7,9,10,11-Octahydropyrimido- 

[2',1':3,4]pyrazino[1,2-a]pyrimidine (5z) 35  were prepared according to reported procedures, 

respectively. 

 

5s–x were commercially available and used without further purification. 

1,10-Phenanthroline (5s): Aldrich 131377, 3,4,7,8-Tetramethyl-1,10-phenanthroline (5t): 
Aldrich 162884, 4,7-Diphenyl-1,10-phenanthroline (5u): Aldrich 133159, 

2,9-Dimethyl-1,10-phenanthroline (5v): TCI D0771, 2,2’-Bis(2-oxazoline) (5w): TCI B1226, 

2,2’-Isopropylidenebis[(4R)-4-benzyl-2-oxazoline] (5x): Aldrich 495301. 

 

2,2'-(Propane-2,2-diyl)bis(1-methyl-4,5-dihydro-1H-imidazole) (5aa) 

 

 This compound was prepared according to the reported method 36  as follows: 

N-Methylethylenediamine (1.48 g, 20 mmol) was slowly added to a mixture of TsOH·H2O (3.80 g, 

20 mmol) in CH3OH (10 mL) at 0 °C. The resulting solution was concentrated in vacuo and dried in 

order to remove hydrated H2O. Dimethylmalononitrile (0.94 g, 10 mmol) was added to the residue 

under argon atmosphere and heated at 160 °C. The heating was remained 1 h with vigorous stirring 

after the mixture became homogeneous and evolved NH3 simultaneously. The resulting residue was 

resolved in CH3OH (20 mL), then 1.0 M KOtBu in CH3OH (20 mL) was slowly added to the 

solution at 0 °C. After the precipitate was filtered off, the filtrate was concentrated in vacuo and the 

resulting residue was served to hot filtration by toluene (150 mL) at 120 °C. The filtrate was 

concentrated in vacuo and purified by GPC to give the title compound as a faint yellow solid (0.69 g, 

 
34 L. Miao, I. Haque, M. R. Manzoni, W. S. Tham, S. R. Chemler, Org. Lett. 2010, 12, 4739. 
35 J. Li, D. W. Widlicka, K. Fichter, D. P. Reed, G. R. Weisman, E. H. Wong, A. DiPasquale, K. J. 
Heroux, J. A. Golen, A. L. Rheingold, Inorg. Chim. Acta 2010, 364, 185. 
36 P. Oxley, W. F. Short, J. Chem. Soc. 1947, 497. 
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3.3 mmol, 33% yield). 
1H NMR (399.78 MHz, CDCl3) δ 1.48 (s, 6H), 2.78 (s, 6H), 3.28 (t, J = 9.8 Hz, 4H), 3.63 (t, J = 9.8 

Hz, 4H). 
13C{1H} NMR (100.53 MHz, CDCl3) δ 26.3, 34.2, 38.4, 51.8, 54.7, 169.3. 

HRMS (TOF) calcd for [C11H21N4]+ ([M+H]+) 209.1761, found 209.1760. 

 

Bis[(1-methyl-4,5-dihydro-1H-imidazol-2-yl)methyl]amine (5ab) 

 

 N-Methylethylenediamine (1.48 g, 20 mmol) was slowly added to a mixture of TsOH·H2O (3.80 g, 

20 mmol) in CH3OH (10 mL) at 0 °C. The resulting solution was concentrated in vacuo and dried in 

order to remove hydrated H2O. Iminodiacetonitrile (0.95 g, 10 mmol) was added to the residue under 

argon atmosphere and heated at 140 °C. The heating was remained 1 h with vigorous stirring after 

the mixture became homogeneous and evolved NH3 simultaneously. The resulting residue was 

resolved in CH3OH (20 mL), then 1.0 M KOtBu in CH3OH (20 mL) was slowly added to the 

solution at 0 °C. After the precipitate was filtered off, the filtrate was concentrated in vacuo and the 

resulting residue was served to hot filtration by toluene (150 mL) at 120 °C. The filtrate was 

concentrated in vacuo and purified by GPC to give the title compound as a brown oil (0.84 g, 4.0 

mmol, 40% yield). 
1H NMR (399.78 MHz, CDCl3) δ 2.22–2.48 (br, 1H), 2.79 (s, 6H), 3.27, (t, J = 9.5 Hz, 4H), 3.43 (s, 

4H), 3.66, (t, J = 9.5 Hz, 4H).  
13C{1H} NMR (100.53 MHz, CDCl3) δ 33.7, 46.1, 52.5, 53.7, 166.2.  

HRMS (TOF) calcd for [C10H20N5]+ ([M+H]+) 210.1713, found 210.1719. 

 

2,6-Bis(1-methyl-4,5-dihydro-1H-imidazol-2-yl)pyridine (5ac) 

 
 This compound was prepared according to the reported method37 as follows: Sodium (35 mg, 1.5 

mmol) was added to 2,6-pyridinedicarbonitrile (1.29 g, 10 mmol) dissolved in CH3OH (25 mL). 

After stirring 40 h, acetic acid (75 μl) was slowly added to the resulting solution and concentrated in 

vacuo. N-Methylethylenediamine (20 mmol, 1.48 g) was added to the residue dissolved in CH2Cl2 

(50 mL) and refluxed in 48 h. After washing the reaction mixture with H2O (10 mL), the organic 

 
37 S. Bhor, G. Anilkumar, M. K. Tse, M. Klawonn, C. Döbler, B. Bitterlich, A. Grotevendt, M. Beller, 
Org. Lett. 2005, 7, 3393. 
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layer was dried over Na2SO4 and filtered through a pad of cotton. The concentrated residue in vacuo 

was purified by bulb-to-bulb distillation to obtain the title compound as a pale yellow oil (1.40 g, 

58% yield). 
1H NMR (399.78 MHz, CDCl3) δ 3.06 (s, 6H), 3.49 (t, J = 10.1 Hz, 4H), 3.88, (t, J = 10.1 Hz, 4H), 

7.77–7.81 (m, 1H), 7.89-–.91, (m, 2H).  
13C{1H} NMR (100.53 MHz, CDCl3) δ 36.1, 53.1, 54.7, 125.1, 137.4, 149.7, 165.3.  

HRMS (TOF) calcd for [C13H18N5]+ ([M+H]+) 244.1557, found 244.1562. 

 

Preparation of Complexes 

(2,3,4,6,7,9,10,11-Octahydropyrimido[2',1':3,4]pyrazino[1,2-a]pyrimidine)Cu(OAc)2 (Cu-1) 

 

 2,3,4,6,7,9,10,11-Octahydropyrimido[2',1':3,4]pyrazino[1,2-a]pyrimidine (19.2 mg, 0.10 mmol) 

was added to a mixture of Cu(OAc)2·H2O (20.0 mg, 0.10 mmol) in CH3CN (5 mL) in argon 

atmosphere and stirred vigorously in 30 min at room temperature. The resulting solution was 

concentrated in vacuo. The residue was washed with distilled Et2O (2 mL) and purified by 

recrystallization from distilled CH2Cl2 (0.5 mL) and distilled Et2O (3 mL) to give the title compound 

as blue/prism crystals (24.3 mg, 0.065 mmol, 65% yield). 

Anal. Calcd for C14H22CuN4O4: C, 44.97; H, 5.93; N, 14.98. Found: C, 44.62; H, 6.07; N, 15.21. 

 

[2,2'-(Propane-2,2-diyl)bis(1-methyl-4,5-dihydro-1H-imidazole)]Cu(OAc)2 (Cu-2) 

 
 2,2'-(Propane-2,2-diyl)bis(1-methyl-4,5-dihydro-1H-imidazole) (146 mg, 0.70 mmol) was added to 

a mixture of Cu(OAc)2·H2O (140 mg, 0.70 mmol) in CH3CN (10 mL) in argon atmosphere and 

stirred vigorously in 90 min at room temperature. The resulting solution was concentrated in vacuo. 

The residue was washed with distilled Et2O (3 mL) and purified by recrystallization from distilled 

CH2Cl2 (1.5 mL) and distilled Et2O (4.5 mL) to give the title compound as blue/prism crystals (0.52 

mmol, 74% yield). 

HRMS (TOF) calcd for [C13H23CuN4O2]+ ([M–OAc]+) 330.1117, found 330.1110. 
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[(NNHN)Cu]2[I]2 (Cu-3) 

 
 A solution of bis[(1-methyl-4,5-dihydro-1H-imidazol-2-yl)methyl]amine (5ab; 178 mg, 0.85 

mmol) in distilled CH3CN (12 mL) was added dropwise over 20 min to a mixture of CuI (162 mg, 

0.85 mmol) and distilled CH3CN (12 mL) at room temperature under argon atmosphere. The 

resulting mixture was stirred for additional 1 h and concentrated in vacuo until the volume halves. 

The solution was recrystallized by slow diffusion of distilled diethyl ether (12 mL) to give the title 

compound as quasi transparent prism crystals in low yield, accompanied by unidentified materials as 

an insoluble dark brown powder. 

 

[(NNN)CuI]2·CH2Cl2 (Cu-4) 

 
 A solution of 2,6-bis(1-methyl-4,5-dihydro-1H-imidazol-2-yl)pyridine (5ac; 122 mg, 0.50 mmol) 

in distilled CH3CN (7.5 mL) was added dropwise over 20 min to a mixture of CuI (95 mg, 0.50 

mmol) and distilled CH3CN (7.5 mL) at room temperature under argon atmosphere. The resulting 

mixture was stirred for additional 1 h and concentrated in vacuo. The residue was recrystallized by 

slow diffusion of distilled diethyl ether into a distilled CH2Cl2 at room temperature to give the title 

compound as dark red prism crystals (112 mg, 0.12 mmol, 47% yield), accompanied by unidentified 

materials as insoluble yellow powder. 
1H NMR (399.78 MHz, CD2Cl2) δ 2.99 (s, 6H), 3.67 (br, 4H), 4.22 (br, 4H), 7.44 (t, J = 6.7 Hz, 1H), 

7.57 (br, 2H). 

Anal. Calcd for C27H36Cl2Cu2I2N10: C, 34.05; H, 3.81; N, 14.71. Found: C, 33.97; H, 3.97; N, 14.50. 
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[(NNHN)Mn(CO)3]+[Br]– (Mn-1) 

 
 A solution of bis[(1-methyl-4,5-dihydro-1H-imidazol-2-yl)methyl]amine (5ab; 167 mg, 0.80 

mmol) in distilled EtOH (3 mL) was added dropwise over 10 min to a mixture of MnBr(CO)5 (220 

mg, 0.80 mmol) and distilled EtOH (12 mL) at room temperature under argon atmosphere. The 

resulting mixture was stirred for additional 2 h and concentrated in vacuo to ca. 2 mL. The solution 

was recrystallized by cooling at –20 °C to give the title compound as white/prism crystals (253 mg, 

0.59 mmol, 74% yield). 
1H NMR (399.78 MHz, CD2Cl2) δ 2.85 (s, 6H), 3.36–3.43 (brd, 2H), 3.57–3.86 (m, 8H), 4.15–4.23 

(brd, 2H), 7.83 (br, 1H). 

Anal. Calcd for C13H19BrMnN5O3: C, 36.47; H, 4.47; N, 16.36. Found: C, 36.32; H, 4.32; N, 15.99. 

IR-ATR (solid) [cm-1]: 2022 (s, CO), 1914 (s, CO), 1883 (s, CO). 

 

Experiments of Catalytic Reaction 

General procedure for hydrogenation 

 Distilled 1,4-dioxane (5.0 mL) was added to Cu-2 (7.8 mg, 0.02 mmol) in an oven-dried 50-mL 

autoclave equipped with a glass insert and a magnetic stirring bar under argon. Distilled DBU (1.52 

g, 10 mmol) was added to the resulting solution. The solution was filled with CO2 (20 atm) and H2 

(40 atm) at room temperature, then warmed to 100 °C and stirred vigorously for 21 h. After the 

reaction, the autoclave was cooled in an ice bath and the pressure was carefully vented. An aliquot of 

the resulting pale yellow solution was measured by 1H NMR at a relaxation delay of 10 s in CD3OD 

to confirm the formation of [DBU–H]+[HCO2]–. The yield was determined based on the relative 

integration of the signal at 8.56 ppm (1H) to that at 1.15 ppm due to the methyl groups of 

1,3,5-trimethylbenzene used as an internal standard. The analytically pure product was isolated by 

crystallization from the reaction mixture at room temperature and washed with distilled THF (3 

mL×3) under an argon atmosphere to give hygroscopic white platelet crystals. 1H NMR (399.78 

MHz, CDCl3): δ 1.56–1.63 (m, 6H), 1.89 (quint, J = 5.8 Hz, 2H), 2.71–2.72 (m, 2H), 3.29–3.37 (m, 

6H), 8.65 (s, 1H), 12.06 (brs, 1H); 13C{1H} NMR (100.53 MHz, CDCl3): δ 19.7, 24.1, 27.0, 29.0, 

32.1, 38.2, 48.5, 54.0, 165.6, 168.6.   
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Chapter 6 

Materials 

Metal salts, ligands, and substrates were commercially available and used without further 

purification. 

Cu(OAc)2: Aldrich 517453, Cu(OAc): Strem 93-2989, CuCl2: Aldrich 451665, CuCl: Wako 

033-12482, Cu(OTf)2: Aldrich 283673, Cu(OTf)(toluene)0.5: Aldrich 513512, Cu(acac)2: Aldrich 

514365, 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU): TCI D1270, Polystyrene-bound 

1,8-diazabicyclo[5.4.0]undec-7-ene (PS-DBU); 100–200 mesh, 1% cross-linked with 

divinylbenzene: Aldrich 595128, Lot No. BCBL9633V, Polystyrene (PS); 100–200 mesh, 1% 

cross-linked with divinylbenzene: TCI P1432, Polystyrene-bound 

1,3,4,6,7,8-hexahydro-2Hpyrimido[1,2-a]pyrimidine (PS-TBD); 200–400 mesh, 2% cross-linked 

with divinylbenzene: Aldrich, 358754, Lot No. 1453093V, Acetophenone (10a): TCI A0061, 

2,2-Dimethylpropiophenone (10b): Aldrich 280925, Cyclopropyl phenyl ketone (10c): Aldrich 

125512, 2’-Methylacetophenone (10d): TCI M0172), 3’-Methylacetophenone (10e): TCI M0191, 

4’-Methylacetophenone (10f): TCI M0135, 4’-Chloroacetophenone (10g): TCI C0033, 

4’-Methoxyacetophenone (10h): TCI M0105, 4’-Aminoacetophenone (10i): Acros Organics 

103090100, Cyclohexanone (10j): Aldrich 398241, Benzaldehyde (10k): Aldrich 418099, 

4-Dimethylaminobenzaldehyde (10l): TCI D0645, 5-Hydroxymethyl-2-furaldehyde (10m): 

Aldrich H40807. 

A hydrophilic PTFE membrane filter (ADVANTEC H050A025A, pore size: 0.50 μm) was used for 

separation of polymer catalysts from the reaction mixture after hydrogenation and catalyst 

preparation. 

 

Preparation of Catalysts 

General procedures for the preparation of Cu/PS-DBU B 

 Distilled methanol (5.0 mL) was added to Cu(acac)2 (130.9 mg, 0.50 mmol) and PS-DBU (555.6 

mg, 1.00 mmol-DBU units) in an oven-dried 50-mL autoclave equipped with a glass insert and a 

magnetic stirring bar under Ar atmosphere. The autoclave was filled with H2 (10 atm) at room 

temperature and subsequently heated at 130 °C for 4 h with a stirring rate of 300 rpm. After the 

reaction, the autoclave was cooled in an ice bath and the pressure was carefully vented. The reaction 

mixture was decanted under Ar atmosphere to separate the polymeric materials and liquid reaction 

mixture. The resulting dark red-brown polymer residue was washed with distilled methanol (10 mL) 

and dried in vacuo overnight, affording the title compound. The Cu content in Cu/PS-DBU was 

determined as 0.83 mmol-Cu/g by ICP-AES analysis. 
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Experiments of Catalytic Reaction 

General procedures for hydrogenation 

 Distilled methanol (2.0 mL) was added to Cu(acac)2 (5.2 mg, 0.02 mmol) and PS-DBU (22.2 mg, 

0.04 mmol-DBU units) in an oven-dried 30-mL autoclave equipped with a glass insert and a 

magnetic stirring bar under Ar atmosphere. Degassed 10a (240.3 mg, 2.0 mmol) was added to the 

resulting mixture. The autoclave was filled with H2 to 10 atm at room temperature and then heated at 

90 °C for 20 h with a stirring rate of 300 rpm. After the reaction, the autoclave was cooled in an ice 

bath and the pressure was carefully vented. An aliquot of the resulting colorless mixture was 

measured by 1H NMR spectroscopy in CDCl3 to confirm the formation of 1-phenylethanol (11a). 

The yield was determined based on the relative integration ratios of the signal at 1.38 ppm (d, 3 H) 

of the product and that at 2.09 ppm due to the methyl groups of 1,2,4,5-tetramethylbenzene used as 

internal standard. The analytically pure product was isolated by filtration from the reaction mixture 

at room temperature, washed with methanol (6 mL), and concentrated in vacuo to afford an almost 

colorless oil. 

 

Spectral data of products 

1-Phenylethanol (11a) 

 
1H NMR (399.78 MHz, CDCl3): δ 1.50 (d, 3 H, 3J = 6.4 Hz), 1.91 (brs, 1 H), 4.90 (q, 1 H, 3J = 6.4 

Hz), 7.26–7.30 (m, 1 H), 7.34–7.40 (m, 4 H). 
13C{1H} NMR (100.53 MHz, CDCl3): δ 25.3, 70.5, 125.5, 127.6, 128.6, 145.9. 

Spectral data for 11a were identical to those reported.38 

 

2,2-Dimethyl-1-phenyl-1-propanol (11b) 

 
1H NMR (399.78 MHz, CDCl3): δ 0.93 (s, 9 H), 1.86 (brd, 1 H, 3J = 2.8 Hz), 4.40 (d, 1 H, 3J = 2.8 

Hz), 7.25–7.33 (m, 5 H). 
13C{1H} NMR (100.53 MHz, CDCl3): δ 26.1, 35.8, 82.5, 127.4, 127.7, 127.8, 142.3. 

Spectral data for 11b were identical to those reported.39 

 

 
38 T. Wdowik, C. Samojłowicz, M. Jawiczuk, M. Malińska, K. Woźniak K. Grela, Chem. Commun. 
2013, 49, 674. 
39 F. Jiang, K. Yuan, M. Achard, C. Bruneau, Chem. Eur. J. 2013, 19, 10343. 
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-Cyclopropylbenzyl alcohol (11c) 

 
1H NMR (399.78 MHz, CDCl3): δ 0.35–0.41 (m, 1 H), 0.45–0.51 (m, 1 H), 0.53–0.59 (m, 1 H), 

0.61–0.68 (m, 1 H), 1.18–1.27 (m, 1 H), 2.01 (brs, 1 H), 4.02 (d, 1 H, 3J = 8.3 Hz), 7.27–7.31 (m, 1 

H), 7.34–7.38 (m, 2 H), 7.42–7.45 (m, 2 H). 
13C{1H} NMR (100.53 MHz, CDCl3): δ 3.0, 3.7, 19.3, 78.7, 126.1, 127.7, 128.5, 143.9. 

Spectral data for 11c were identical to those reported.40 

 

1-(2-Methylphenyl)ethanol (11d) 

 
1H NMR (399.78 MHz, CDCl3): δ 1.47 (d, 3 H, 3J = 6.4 Hz), 1.80 (brd, 1 H, 3J = 3.7 Hz), 2.35 (s, 3 

H), 5.13 (quartet of doublet, 1 H, 3J = 6.4 Hz, 3J = 3.7 Hz), 7.13–7.20 (m, 2 H), 7.22–7.26 (m, 1 H), 

7.52 (d, 1 H, 3J = 7.6 Hz). 
13C{1H} NMR (100.53 MHz, CDCl3): δ 19.0, 24.1, 66.9, 124.6, 126.5, 127.3, 130.5, 134.3, 144.0. 

Spectral data for 11d were identical to those reported.33 

 

1-(3-Methylphenyl)ethanol (11e) 

 
1H NMR (399.78 MHz, CDCl3): δ 1.49 (d, 3 H, 3J = 6.4 Hz), 1.86 (brs, 1 H), 2.37 (s, 3 H), 4.87 (q, 1 

H, 3J = 6.4 Hz), 7.09–7.27 (m, 4 H). 
13C{1H} NMR (100.53 MHz, CDCl3): δ 21.6, 25.3, 70.6, 122.6, 126.2, 128.3, 128.6, 138.3, 145.9. 

Spectral data for 11e were identical to those reported.41 

 

1-(4-Methylphenyl)ethanol (11f) 

 
1H NMR (399.78 MHz, CDCl3): δ 1.49 (d, 3 H, 3J = 6.7 Hz), 1.83 (brd, 1 H, 3J = 3.4 Hz), 2.35 (s, 3 

 
40 S. R. Mothe, P. Kothandaraman, W. Rao, P. W. H. Chan, J. Org. Chem. 2011, 76, 2521. 
41 Y. Yang, J. Guo, H. Ng, Z. Chen, P. Teo, Chem. Commun. 2014, 50, 2608. 
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H), 4.87 (quartet of doublet, 1 H, 3J = 6.5 Hz, 3J = 3.4 Hz), 7.17 (d, 2 H, 3J = 7.9 Hz), 7.27 (d, 2 H, 
3J = 7.9 Hz). 
13C{1H} NMR (100.53 MHz, CDCl3): δ 21.2, 25.2. 70.4, 125.5, 129.3, 137.3, 143.0. 

Spectral data for 11f were identical to those reported.33 

 

1-(4-Chlorophenyl)ethanol (11g) 

 

1H NMR (399.78 MHz, CDCl3): δ 1.47 (d, 3 H, 3J = 6.4 Hz), 1.94 (brs, 1 H), 4.87 (q, 1 H, 3J = 6.4 

Hz), 7.28–7.33 (m, 4 H). 
13C{1H} NMR (100.53 MHz, CDCl3): δ 25.4, 69.9, 126.9, 128.7, 133.2, 144.4. 

Spectral data for 11g were identical to those reported.42 

 

1-(4-Methoxyphenyl)ethanol (11h) 

 
1H NMR (399.78 MHz, CDCl3): δ 1.48 (d, 3 H, 3J = 6.7 Hz), 1.86 (brd, 1 H, 3J = 3.4 Hz), 3.80 (s, 3 

H), 4.85 (quartet of doublet, 1 H, 3J = 6.4 Hz, 3J = 3.7 Hz), 6.86–6.90 (m, 2 H), 7.28–7.32 (m, 2 H). 
13C{1H} NMR (100.53 MHz, CDCl3): δ 25.1, 55.4, 70.1, 114.0, 126.8, 138.1, 159.1. 

Spectral data for 11h were identical to those reported.33 

 

1-(4-Aminophenyl)ethanol (11i) 

 
1H NMR (399.78 MHz, CDCl3): δ 1.45 (d, 3 H, 3J = 6.4 Hz), 1.89 (brd, 1 H, 3J = 3.4 Hz), 3.65 (brs, 

2 H), 4.78 (quartet of doublet, 1 H, 3J = 6.4 Hz, 3J = 3.4 Hz), 6.64–6.67 (m, 2 H), 7.14–7.18 (m, 2 

H). 
13C{1H} NMR (100.53 MHz, CDCl3): δ 24.9, 70.2, 115.2, 126.8, 136.1, 145.9. 

Spectral data for 11i were identical to those reported.43 

 
42 M. V. Rojo, L. Guetzoyana, I. R. Baxendale, Org. Biomol. Chem. 2015, 13, 1768. 
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Cyclohexanol (11j) 

 
1H NMR (399.78 MHz, CDCl3): δ 1.09–1.32 (m, 5 H), 1.49 –1.55 (m, 1H), 1.67 (brs, 1 H), 

1.69–1.75 (m, 2 H), 1.85–1.91 (m, 2 H), 3.56–3.62 (m, 1 H). 
13C{1H} NMR (100.53 MHz, CDCl3): δ 24.3, 25.6, 35.6, 70.4. 

Spectral data for 11j were identical to those reported.44 

 

Benzyl alcohol (11k) 

 
1H NMR (399.78 MHz, CDCl3): δ 1.93 (brs, 1 H), 4.68 (s, 2 H), 7.29–7.32 (m, 1 H), 7.35–7.38 (m, 4 

H). 
13C{1H} NMR (100.53 MHz, CDCl3): δ 65.4, 127.1, 127.8, 128.7, 141.0. 

Spectral data for 11k were identical to those reported.45 

 

4-(Dimethylamino)benzyl alcohol (11l) 

 
1H NMR (399.78 MHz, CDCl3): δ 1.61 (brt, 1 H, 3J = 5.2 Hz), 2.95 (s, 6 H), 4.56 (d, 2 H, 3J = 4.8 

Hz), 6.71–6.75 (m, 2 H), 7.23–7.26 (m, 2 H). 
13C{1H} NMR (100.53 MHz, CDCl3): δ 40.8, 65.5, 112.7, 128.8, 129.0, 150.5. 

Spectral data for 11l were identical to those reported.46 

 

2,5-Bis(hydroxymethyl)furan (11m) 

 
1H NMR (399.78 MHz, DMSO-d6): δ 4.35 (d, 4 H, 3J = 5.8 Hz), 5.16 (brt, 2 H, 3J = 5.8 Hz), 6.18 (s, 

 
43 M. Takasaki, Y. Motoyama, K. Higashi, S.-H. Yoon, I. Mochida, H. Nagashima, Org. Lett. 2008, 
10, 1601. 
44 H. Jiang, L. Lykke, S. U. Pedersen, W.-J. Xiao, K. A. Jørgensen, Chem. Commun. 2012, 48, 7203. 
45 C. Battilocchio, J. M. Hawkins, S. V. Ley, Org. Lett. 2013, 15, 2278. 
46 M. Zhao, W. Xie, C. Cui, Chem. Eur. J. 2014, 20, 9259. 
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2 H). 
13C{1H} NMR (100.53 MHz, DMSO-d6): δ 55.7, 107.4, 154.6. 

Spectral data for 11m were identical to those reported.47 

  

 
47 S. Elangovan, M. Garbe, H. Jiao, A. Spannenberg, K. Junge, M. Beller, Angew. Chem. Int. Ed. 
2016, 55, 15364. 
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Crystallographic Data 

 

Complex: Cp*RuCl(2-picolylamine) (Cp*RuCl(NNH)) 

formula C16H23ClN2Ru 

fw 379.89 
crystal syst monoclinic 
space group P21/c (#14) 

a (Å) 10.665(3) 

b (Å) 14.107(4) 

c (Å) 11.108(3) 

 (°) 100.732(3) 

V (Å3) 1641.9(7) 

Z 4 

Dcalc (g/cm3) 1.537 

F000 776.00 

 (cm–1) 11.100 

no. of reflns collected 13269 

no. of independent reflns 3754 

no. of variables 204 

R1 [I > 2  (I)] 0.0356 

wR2 (all data) 0.0932 

GOF 1.000 
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Complex: Cp*RuCl[(1S,2S)-N,N’-dimethylcyclohexane-1,2-diamine] (Ru-1) 

formula C18H33ClN2Ru 

fw 414.00 
crystal syst orthorhombic 
space group P212121 (#19) 

a (Å) 9.001(2) 

b (Å) 10.809(3) 

c (Å) 19.636(4) 

V (Å3) 1910.4(7) 

Z 4 

Dcalc (g/cm3) 1.439 

F000 864.00 
 (cm–1) 9.601 

no. of reflns collected 15750 

no. of independent reflns 4376 

no. of variables 233 

R1 [I > 2  (I)] 0.0220 

wR2 (all data) 0.0705 

GOF 1.000 
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Complex: Cp*RuCl[(1S,2S)-2-(diphenylphosphino)-1-aminocyclohexane] (Ru-2) 

formula C28H37ClNPRu 

fw 555.10 
crystal syst monoclinic 
space group P21 (#4) 

a (Å) 10.9274(10) 

b (Å) 12.7869(11) 

c (Å) 19.117(2) 

 (°) 94.715(2) 

V (Å3) 2662.1(5) 

Z 4 

Dcalc (g/cm3) 1.385 

F000 1152.00 

 (cm–1) 7.652 

no. of reflns collected 22032 

no. of independent reflns 12118 

no. of variables 652 

R1 [I > 2  (I)] 0.0260 

wR2 (all data) 0.0767 

GOF 1.000 
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Complex: Cp*RuCl[(1S,2S)-N-methyl-2-(diphenylphosphino)-1-aminocyclohexane] (Ru-3) 

formula C29H39ClNPRu 

fw 569.13 
crystal syst monoclinic 
space group P21 (#4) 

a (Å) 10.977(2) 

b (Å) 12.587(2) 

c (Å) 19.248(3) 

 (°) 94.216(2) 

V (Å3) 2652.3(7) 

Z 4 

Dcalc (g/cm3) 1.425 

F000 1184.00 

 (cm–1) 7.700 

no. of reflns collected 22023 

no. of independent reflns 9773 

no. of variables 674 

R1 [I > 2  (I)] 0.0426 

wR2 (all data) 0.1047 

GOF 1.000 
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Complex: RuCl(p-cymene)[1-(2’-aminoethyl)-3-tert-butylimidazol-2-ylidene]PF6 

([(p-cymene)RuCl(CNH)][PF6]) (Ru-5) 

formula C23H39ClF6N3OPRu 

fw 655.07 
crystal syst orthorhombic 

space group Pna21 (#33) 

a (Å) 10.0316(5) 

b (Å) 17.4855 (8) 

c (Å) 15.2815(5) 

V (Å3) 2680.5(2) 

Z 4 

Dcalc (g/cm3) 1.623 

F000 1344.00 

 (cm–1) 8.083 

no. of reflns collected 21165 

no. of independent reflns 6120 

no. of variables 364 

R1 [I > 2  (I)] 0.0271 

wR2 (all data) 0.0807 

GOF 1.000 
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Complex: Cp*RuBr[1-(2’-aminoethyl)-3-methylimidazol-2-ylidene] (Cp*RuBr(CNH)) 

formula C16H26BrN3Ru 

fw 441.38 
crystal syst orthorhombic 

space group Pbcn (#60) 

a (Å) 20.093(4) 

b (Å) 11.841(2) 

c (Å) 14.632(3) 

V (Å3) 3481.1(11) 

Z 8 

Dcalc (g/cm3) 1.684 

F000 1776.00 

 (cm–1) 32.015 

no. of reflns collected 24615 

no. of independent reflns 3994 

no. of variables 216 

R1 [I > 2  (I)] 0.0553 

wR2 (all data) 0.1244 

GOF 1.000 
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Complex: (dbu)2CuI 

formula C18H32CuIN4 

fw 494.93 
crystal syst monoclinic 

space group P21 (# 4) 

a (Å) 8.660(7) 

b (Å) 9.091(7) 

c (Å) 25.61(2) 

 (°) 93.491(11) 

V (Å3) 2012(3) 

Z 4 

Dcalc (g/cm3) 1.634 

F000 1000.00 

 (cm–1) 26.281 

no. of reflns collected 10645 

no. of independent reflns 6430 

no. of variables 242 

R1 [I > 2  (I)] 0.0864 

wR2 (all data) 0.2322 

GOF 1.000 
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Complex: [(dbu)CuI]2 

formula C18H32Cu2I2N4 

fw 685.38 
crystal syst orthorhombic 

space group Pbca (#61) 

a (Å) 8.6989(11) 

b (Å) 15.956(2) 

c (Å) 16.143(3) 

V (Å3) 2240.6(5) 

Z 8 

Dcalc (g/cm3) 4.063 

F000 2656.00 

 (cm–1) 93.306 

no. of reflns collected 17164 

no. of independent reflns 2564 

no. of variables 134 

R1 [I > 2  (I)] 0.0223 

wR2 (all data) 0.0806 

GOF 1.000 
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Complex: (dbu)2Cu(OBz)2 

formula C32H42CuN4O4 

fw 610.25 
crystal syst monoclinic 

space group P21/n (#14) 

a (Å) 10.381(3) 

b (Å) 9.714(3) 

c (Å) 15.179(4) 

 (°) 107.352(4) 

V (Å3) 1461.0(7) 

Z 2 

Dcalc (g/cm3) 1.387 

F000 646.00 

 (cm–1) 7.916 

no. of reflns collected 11780 

no. of independent reflns 3277 

no. of variables 208 

R1 [I > 2  (I)] 0.0572 

wR2 (all data) 0.1290 

GOF 1.000 
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Complex: (2,3,4,6,7,9,10,11-octahydropyrimido[2',1':3,4]pyrazino[1,2-a]pyrimidine)Cu(OAc)2 

(Cu-1) 

formula C14H22CuN4O4 

fw 373.90 
crystal syst monoclinic 

space group C2 (#5) 

a (Å) 12.840(6) 

b (Å) 9.613(4) 

c (Å) 8.910(4) 

 (°) 133.547(4) 

V (Å3) 797.1(6) 

Z 2 

Dcalc (g/cm3) 1.558 

F000 390.00 

 (cm–1) 13.959 

no. of reflns collected 3327 

no. of independent reflns 1780 

no. of variables 117 

R1 [I > 2  (I)] 0.0347 

wR2 (all data) 0.0755 

GOF 1.000 

Flack parameter –0.005(18) 
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Complex: [2,2'-(propane-2,2-diyl)bis(1-methyl-4,5-dihydro-1H-imidazole)]Cu(OAc)2 (Cu-2) 

formula C15H26CuN4O4 

fw 389.94 
crystal syst monoclinic 

space group P21/n (#14) 

a (Å) 8.638(3) 

b (Å) 16.695(5) 

c (Å) 12.795(5) 

 (°) 109.180(4) 

V (Å3) 1742.8(11) 

Z 4 

Dcalc (g/cm3) 1.486 

F000 820.00 

 (cm–1) 12.801 

no. of reflns collected 13796 

no. of independent reflns 3946 

no. of variables 243 

R1 [I > 2  (I)] 0.0919 

wR2 (all data) 0.2215 

GOF 1.101 
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Complex: [(NNHN)Cu]2[I]2 (Cu-3) 

formula C20H38Cu2I2N10 

fw 799.49 
crystal syst monoclinic 

space group C2/c (#15) 

a (Å) 35.63580 

b (Å) 10.11570 

c (Å) 24.88830 

 (°) 93.44800 

V (Å3) 8955.52005 

Z 24 

Dcalc (g/cm3) 1.779 

F000 4704.00 

 (cm–1) 35.211 

no. of reflns collected 25324 

no. of independent reflns 6958 

no. of variables 514 

R1 [I > 2  (I)] 0.3631 

wR2 (all data) 0.3873 

GOF 59.667 
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Complex: [(NNN)CuI]2·CH2Cl2 (Cu-4) 

formula C27H36Cl2Cu2I2N10 

fw 952.46 
crystal syst monoclinic 

space group P21/n (#14) 

a (Å) 10.131(3) 

b (Å) 24.294(5) 

c (Å) 14.457(4) 

 (°) 105.784(4) 

V (Å3) 3424.0(13) 

Z 4 

Dcalc (g/cm3) 1.847 

F000 1864.00 

 (cm–1) 32.372 

no. of reflns collected 28062 

no. of independent reflns 7784 

no. of variables 424 

R1 [I > 2  (I)] 0.0628 

wR2 (all data) 0.1455 

GOF 1.000 
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Complex: [(NNHN)Mn(CO)3][Br] (Mn-1) 

formula C13H19BrMnN5O3 

fw 428.17 
crystal syst monoclinic 

space group P21/c (#14) 

a (Å) 10.695(2) 

b (Å) 16.189(3) 

c (Å) 9.994(2) 

 (°) 93.985(2) 

V (Å3) 1726.2(6) 

Z 4 

Dcalc (g/cm3) 1.647 

F000 864.00 

 (cm–1) 31.064 

no. of reflns collected 14084 

no. of independent reflns 3933 

no. of variables 227 

R1 [I > 2  (I)] 0.0406 

wR2 (all data) 0.0973 

GOF 1.000 
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