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S1. General Methods

The manipulations were performed under a dry Ar or N2 atmosphere by using Schlenk line and 
glovebox techniques. Organic solvents, such as toluene, n-hexane, tetrahydrofuran, and diethyl ether, 
were dried by refluxing with sodium/potassium benzophenone under N2 prior to use. The esters used 
for the catalytic test were distilled before use. 1H (500 MHz), 13C{1H} (125 MHz), and 31P{1H} (202 
MHz) NMR spectra were recorded using a Bruker Avance II 500 MHz spectrometer. Infrared spectra 
were obtained using a Nicolet FT-IR 330 spectrometer. Elemental analysis was performed using a 
Thermo Quest Italia SPA EA 1110 instrument. Commercial reagents were purchased from Aldrich, 
J&K, or Alfa-Aesar Chemical Co. and used as received. The compounds o-Ph2PC6H4NH2,1 o-
Ph2PC6H4NMe2,2 (PPh3)3RuCl2,3 (PPh3)3RuHCl,4 (PPh3)3RuHCl(CO),5 (Ph2P(CH2)2NH2)2RuCl2,6 
(Ph2P(CH2)3NH2)2RuCl2,7 (o-Ph2PC6H4CH2NH2)2RuCl2,8 and (PPh3)(o-PPh2C6H4NMe2)RuCl2 (8)9 
were prepared according to the literature procedure.

Hydrogenation was performed in a 100 mL Parr stainless steel autoclave with a Teflon lining. Ru 
complex, THF solvent, ester substrate, and/or NaOMe, and p-xylene (50 µL) as an internal standard 
were charged into the lining in a glovebox. The autoclave was sealed and retrieved. Afterwards, the 
autoclave was purged through three successive cycles of pressurization/venting with H2 (10 bar) by 
maintaining at ca. 5 °C in an ice-water bath. The autoclave was pressurized with H2 (50 bar), closed, 
and placed in a temperature-controlled heating mantle. After the reaction was completed, the autoclave 
was quickly cooled to ca. 5 °C and vented. The solution was analyzed using GC (FULI company, 
9790II) equipped with a KB-Wax column (60 m × 0.32 mm × 0.33 µm) after purification by going 
through a short, silica-filled column. 
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S2. Synthesis of Ruthenium(II) Complexes

[(PPh3)(o-Ph2PC6H4NH2)RuCl2]2 (1) A mixture of (PPh3)3RuCl2 (0.48 g, 0.5 mmol) and o-
Ph2PC6H4NH2 (0.14 g, 0.5 mmol) in toluene (40 mL) was stirred and allowed to heat to 100 °C. After 
12 h, the reaction mixture was cooled to room temperature; a large amount of orange solid of 1 was 
precipitated, collected, and washed with n-hexane (2 mL). Yield: 0.31 g for 1·toluene, 87%. The 
solution NMR (1H, 13C{1H}, and 31P{1H}) analysis showed two sets of the data, suggesting a partial 
dissociation into a monomeric (PPh3)(o-Ph2PC6H4NH2)RuCl2 (1a).10 This suggestion is confirmed by 
low-temperature 31P{1H} NMR studies (see Fig. S8, vide infra). A clear assignment of the resonances 
for the phenyl ring protons and carbons of these two species is not possible. 1H NMR (500 MHz, 
CDCl3, 298 k, ppm): δ = 3.28 (d, 2JHH = 15.0 Hz, 2 H, NH2, for 1), 3.45 (d, 2JHH = 15.0 Hz, 2 H, NH2, 
for 1a), 6.67–6.74 (m), 6.887.38 (m), 7.49 (s), 7.51 (s), 7.59 (t, 2JHH = 10.0 Hz), 7.70 (t, 2JHH = 10.0 
Hz), 7.94 (t, 2JHH = 10.0 Hz) (58 H, C6H4 and C6H5). 13C{1H} NMR (125 MHz, CDCl3, 298 k, ppm): δ 
= 125.60 (d, JPC = 5.3 Hz), 125.84 (d, JPC = 5.1 Hz), 126.57 (d, JPC = 9.0 Hz), 126.68 (d, JPC = 9.9 Hz), 
126.72 (JPC = 9.6 Hz), 127.05, 127.10 (d, JPC = 3.8 Hz), 127.17 (d, JPC = 2.4 Hz), 127.25 (d, JPC = 2.5 
Hz), 128.24 (d, JPC = 5.0 Hz), 128.61, 128.86, 129.94 (d, JPC = 12.6 Hz), 132.40 (d, JPC = 9.0 Hz), 
132.59, 132.77 (d, JPC = 9.1 Hz), 132.99, 133.15, 133.15, 133.27 (d, JPC = 9.3 Hz), 133.45 (d, JPC = 9.1 
Hz), 133.72 (d, JPC = 9.1 Hz), 134.45, 134.72 (d, JPC = 17.8 Hz), 134.80 (d, JPC = 9.1 Hz), 134.99, 
135.13 (d, JPC = 12.5 Hz), 135.47 (d, JPC = 8.9 Hz), 136.19, 136.56, 151. 82, 151.96 (C6H4 and C6H5). 
31P{1H} NMR (202 MHz, in CDCl3, 298 k, ppm): δ = 57.46 (d, 2JPP = 36.4 Hz, for 1a), 57.57 (d, 2JPP = 
36.4 Hz, for 1), 62.98 (d, 2JPP = 36.4 Hz, for 1), 64.68 (d, 2JPP = 36.4 Hz, for 1a). 31P NMR (162 MHz, 
for solid state of 1, 298 k, ppm): δ = 57.07 (br), 63.16 (br). IR (Nujol mull, KBr, cm-1): ν = 3046, 3110, 
3137, 3258 (NH2). Anal. Calcd (%) for Ru2Cl4C79H70N2P4 (1∙toluene, Mr = 1515.26): C 62.61, N 1.85, 
H 4.66; found: C 62.09, N 1.76, H 4.65. After the NMR data collection, the solution was top-layered 
with n-hexane (0.4 mL) and then kept at room temperature. Two days later, orange crystals of 1∙2 
CDCl3 were formed.

(o-Ph2PC6H4NH2)2RuCl2 (2) A mixture of (PPh3)3RuCl2 (0.48 g, 0.5 mmol) and o-PPh2C6H4NH2 
(0.28 g, 1.0 mmol) in toluene (40 mL) was stirred and allowed to heat to 100 °C. After 48 h, the 
reaction mixture was slowly cooled to room temperature; a large amount of green-yellow solid of 2 
was precipitated, collected, and washed with n-hexane (2 mL). Yield: 0.33 g, 92%. 1H NMR (500 
MHz, CDCl3, 298 k, ppm): δ = 3.23 (br, 2 H, NH2), 5.89 (br, 2 H, NH2), 6.16–7.65 (m), 7.85 (m), 8.16 
(m) (28 H, C6H4 and C6H5). 13C{1H} NMR (125 MHz, CDCl3, 298 k, ppm): δ = 125.28, 125.92 (d, JPC 
= 3.9 Hz), 126.31 (d, JPC = 5.5 Hz), 127.11 (d, JPC = 9.6 Hz), 127.36 (d, JPC = 9.3 Hz), 127.39 (d, JPC = 
9.9 Hz), 128.06 (d, JPC = 8.9 Hz), 128.20, 128.31, 128.75, 128.99 (d, JPC = 5.0 Hz), 130.26, 130.53, 
131.29 (d, JPC = 9.1 Hz), 131.62 (d, JPC = 9.9 Hz), 132.17, 132.52, 132.73, 133.05, 133.14, 133.51, 
133.86, 134.31 (d, JPC = 9.1 Hz), 135.36, 135.67, 137.22, 137.58, 137.84, 148.89 (d, JPC = 16.5 Hz), 
151.95 (d, JPC = 19.5 Hz) (C6H4 and C6H5). 31P{1H} NMR (202 MHz, CDCl3, 298 k, ppm): δ = 60.22 
(d, 2JPP = 34.1 Hz), 69.17 (d, 2JPP = 34.1 Hz). IR (Nujol mull, KBr, cm-1): ν = 3041, 3112, 3158, 3289 
(NH2). Anal. Calcd (%) for RuCl2C36H32N2P2 (Mr = 726.7): C 59.50, N 3.85, H 4.44; found: C 59.35, 
N 3.66, H 4.41. Yellow crystals of 2∙CHCl3 were obtained by recrystallization in CHCl3/n-hexane at –
20 °C for 2 d.

[(o-Ph2PC6H4NH2)2(o-PPh2C6H4NH)Ru]+Cl- (3) (PPh3)3RuHCl (0.46 g, 0.5 mmol) and o-
Ph2PC6H4NH2 (0.42 g, 1.5 mmol) were placed in a flask connected with a bubbler-equipped coiling 
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condenser and to it toluene (40 mL) was added. The mixture was stirred and allowed to heat to 100 °C. 
During the reaction, an evolution of H2 gas was observed. After 24 h, the reaction mixture was cooled 
to room temperature; a large amount of orange solid of 3 was precipitated, collected, and washed with 
n-hexane (2 mL). Yield: 0.37 g for 3∙toluene, 77%. 1H NMR (500 MHz, CD2Cl2, 298 k, ppm): δ = 
3.11 (s, 1 H, NH), 3.34 (d, 2JHH = 12.5 Hz, 2 H, NH2), 4.02 (d, 2JHH = 12.5 Hz, 2 H, NH2), 6.00 (m), 
6.08 (m), 8.28 (m), 6.41–7.76 (m), 8.19 (m), 8.28 (m) (42 H, C6H4 and C6H5). 13C{1H} NMR (125 
MHz, CD2Cl2, 298 k, ppm): δ = 110.68, 113.27 (d, JPC = 54.8 Hz), 117.15 (d, JPC = 9.0 Hz), 126.43 (d, 
JPC = 24.5 Hz), 126.88, 127.19, 127.91, 128.34 (d, JPC = 7.9 Hz), 128.94, 129.23, 129.96 (d, JPC = 54.5 
Hz), 130.12 (d, JPC = 44.4 Hz), 131.03, 131.57, 131.71, 132.16 (d, JPC = 6.4 Hz), 132.23, 132.38 (d, 
JPC = 5.6 Hz), 132.60, 132.93, 133.44 (d, JPC = 55.3 Hz), 133.59 (d, JPC = 6.8 Hz), 134.02 (d, JPC = 
10.3 Hz), 134.26 (d, JPC = 8.5 Hz), 134.73, 135.62 (d, JPC = 12.6 Hz), 147.83 (d, JPC = 18.8 Hz), 
148.18 (d, JPC = 17.3 Hz), 149.47 (C6H4 and C6H5). 31P{1H} NMR (202 MHz, CD2Cl2, 298 k, ppm): δ 
= 55.02 (dd, 2JPP = 23.2, 22.8 Hz), 62.10 (t, 2JPP = 22.6 Hz), 63.02 (dd, 2JPP = 23.2, 22.6 Hz). IR (Nujol, 
mull, KBr, cm-1): ν = 2911, 2962, 3048, 3261, 3284 (NH and NH2). Anal. Calcd (%) for 
RuClC54H47N3P3 (3∙toluene, Mr = 967.5): C 67.04, N 4.34, H 4.90; found: C 66.73, N 4.07, H 5.22.

Ph3P(η2-H2)Ru(μ-H)(μ-o-PPh2C6H4NH)2RuH(PPh3) (4) At –75 °C, K[HBsBu3] (0.8 mmol, 0.8 mL 
1 M THF solution) was added to a suspension of 1 (0.14 g, 0.2 mmol) in THF (10 mL). The mixture 
was stirred and warmed naturally to room temperature, during which a clear yellow solution was 
formed. After additional stirring for 9 h, the KCl salt was formed and filtered off. The filtrate was 
concentrated to ca. 1 mL, and to it n-hexane (5 mL) was added. A yellow precipitate of 4 was quickly 
formed, which was collected and washed with n-hexane (2 mL). Yield: 0.11 g for 4∙n-hexane, 85%. 1H 
NMR (500 MHz, C6D6, 298 k, ppm): δ = –12.27 (m, 1 H, Ru-μ-H), –8.38 (br, 2 H, Ru-η2-H2), –8.22 
(m, 1 H, RuH), 2.58 (br, 1 H, NH), 4.46 (br, 1 H, NH), 5.92 (br), 6.45–7.50 (m), 7.97 (m), 8.04(m) (58 
H, C6H4 and C6H5). 13C{1H} NMR (125 MHz, C6D6, 298 k, ppm): δ = 120.41 (d, JPC = 5.0 Hz), 121.22 
(d, JPC = 8.8 Hz), 121.93 (d, JPC = 5.0 Hz), 127.02, 127.10, 127.06 (d, JPC = 27.5 Hz), 125.58 (d, JPC = 
8.8 Hz), 129.98, 130.68, 131.18 (d, JPC = 10.0 Hz), 132.23 (d, JPC = 11.3 Hz), 132.30 (d, JPC = 7.5 Hz), 
132.89, 133.60 (d, JPC = 11.3 Hz), 134.38 (d, JPC = 11.3 Hz), 134.55, 136.90 (d, JPC = 36.3 Hz), 138.55 
(d, JPC = 31.3 Hz), 141.20 (d, JPC = 32.5 Hz), 141.39 (d, JPC = 32.5 Hz), 141.58 (d, JPC = 37.5 Hz) 
(C6H4 and C6H5). 31P{1H} NMR (202 MHz, C6D6, 298 k, ppm): δ = 59.01 (m), 69.60 (d, 2JPP = 12.3 
Hz), 71.94 (d, 2JPP = 29.9 Hz), 80.47 (d, 2JPP = 29.9 Hz).  IR (Nujol mull, KBr, cm-1): ν = 3041, 3112, 
3158, 3289 (NH), 2113, 1956, 1901 (RuH). Anal. Calcd (%) for RuCl2C36H32N2P2 (4∙n-hexane, Mr = 
726.7): C 67.38, N 2.18, H 5.04; found: C 66.92, N 2.32, H 4.87. After the NMR data collection, the 
solution was top-layered with n-hexane (0.4 mL) and kept at room temperature. Two days later, 
yellow crystals of 4∙2.5 C6D6 were formed.

(o-Ph2PC6H4NH2)(o-PPh2C6H4NH)RuCl(CO) (5) (PPh3)3RuHCl(CO) (0.48 g, 0.5 mmol) and o-
Ph2PC6H4NH2 (0.28 g, 1.0 mmol) were placed in a flask connected with a bubbler-equipped coiling 
condenser, and to it toluene (40 mL) was added. The mixture was stirred and allowed to heat to 100 °C. 
During the reaction, an evolution of H2 gas was observed. After 12 h, the reaction mixture was cooled 
to room temperature; a large amount of yellow solid of 5 was precipitated, collected, and washed with 
n-hexane (2 mL). Yield: 0.31 g, 86%. Compound 5 is insoluble in organic solvent, and the solution 
NMR data was not obtained. 31P NMR (162 MHz, in solid, 298 k, ppm): δ = 56.97 (br), 64.20 (br). IR 
(Nujol mull, KBr, cm-1): ν = 1933 (CO), 3048, 3308 (NH and NH2). Anal. Calcd (%) for 
RuClC37H31N2P2O (Mr = 718.1): C 61.88, N 3.90, H 4.31; found: C 61.89, N 3.62, H 4.14. Yellow 
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crystals of 5 were formed from an NMR-tube reaction of RuHCl(CO)(PPh3)3 and 2 equivalents of o-
Ph2PC6H4NH2 in toluene at 100 °C for 24 h without any stirring.

(o-Ph2PC6H4NH2)(o-PPh2C6H4NH)RuH(CO) (6) and [(o-PPh2C6H4NH)2Ru(CO)]2 (7) At –75 °C, 
K[HBsBu3] (0.05 mmol, 0.05 mL 1 M THF solution) was added to a suspension of 5 (0.036 g, 0.05 
mmol) in THF (10 mL). The mixture was stirred and warmed naturally to room temperature. After 
additional stirring for 12 h, the KCl salt was formed and filtered off. All the volatiles were removed 
under reduced pressure, and the residue was washed with n-hexane (2 mL) to give a yellow solid. The 
1H and 31P NMR analysis showed two sets of the data, indicative of a mixture of 6 and 7. By heat 
treatment of this mixture in toluene (10 mL) at 70 °C for 5 h pure compound 7 was obtained as a 
yellow solid after removal of all volatiles. Yield: 0.024 g for 7∙1.5 n-hexane, 73%. 1H NMR (500 MHz, 
CDCl3, 298 k, ppm): δ = 2.25 (br, 1 H, NH), 2.55 (br, 1 H, NH), 4.40 (br, 1 H, NH), 5.40 (m, 1 H, NH), 
5.97 (m), 6.07 (m), 6.32–7.41 (m), 8.05 (m), 8.26 (m) (56 H, C6H4 and C6H5). 13C{1H} NMR (125 
MHz, CDCl3, 298 k, ppm): δ = 108.54 (d, JPC = 5.2 Hz), 109.24 (d, JPC = 7.8 Hz), 115.83 (d, JPC = 7.1 
Hz), 116.65 (d, JPC = 12.3 Hz), 118.82 (d, JPC = 6.1 Hz), 122.59 (d, JPC = 6.9 Hz), 125.00 (d, JPC = 12.0 
Hz), 126.08 (d, JPC = 11.6 Hz), 127.26, 127.36 (d, JPC = 4.3 Hz), 127.45, 127.54 (d, JPC = 3.8 Hz), 
127.64, 127.81, 127.92 (d, JPC = 9.8 Hz), 128.34 (d, JPC = 9.4 Hz), 128.60 (d, JPC = 17.1 Hz), 128.75 (d, 
JPC = 21.5 Hz), 128.86 (d, JPC = 23.0 Hz), 129.05 (d, JPC = 8.9 Hz), 129.30, 130.10, 130.72, 130.94 (d, 
JPC = 10.0 Hz), 131.09, 131.51, 131.70 (d, JPC = 10.0 Hz), 136.83, 137.26, 137.38, 137.71, 138.16 (d, 
JPC = 9.9 Hz), 138.38, 138.61 (d, JPC = 7.3 Hz), 162.90 (d, JPC = 15.4 Hz) (C6H4 and C6H5), 167.76 (d, 
JPC = 29.0 Hz), 168.70 (d, JPC = 22.4 Hz) (CO). 31P{1H} NMR (202 MHz, CDCl3, 298 k, ppm): δ = 
53.25 (d, 2JPP = 20.2 Hz), 55.20 (d, 2JPP = 20.2 Hz), 58.48 (d, 2JPP = 18.2 Hz), 59.65 (d, 2JPP = 18.2 Hz). 
IR (Nujol mull, KBr, cm-1): ν = 1905 (CO), 2916, 2958, 2999, 3041 (NH). Anal. Calcd (%) for 
Ru2C74H60N4P4O2 (7∙1.5 n-hexane, Mr = 1363.4): C 65.04, N 4.10, H 4.39; found: C 64.32, N 4.06, H 
4.51. Yellow crystals of 7∙2.5 toluene were obtained by recrystallization in toluene/n-hexane at –20 °C 
for 4 d.

Reaction of 7 and H2 to 6 In an NMR tube was added 7 (6 mg, 4.3 µmol) followed by 0.5 mL C6D6. 
The atmosphere inside the tube was quickly exchanged from Ar into H2. The tube was kept at 10 °C 
with occasionally shaking. The 1H and 31P{1H} NMR spectra were recorded. After ca. 56 h, the 1H and 
31P{1H} NMR data indicated a complete conversion of 7 into 6. 1H NMR (500 MHz, C6D6, 298 k, 
ppm): δ = -12.14 (t, 2JHH = 20.0 Hz, 1 H, RuH), 2.77 (br, 1 H, NH), 3.21 (br, 2 H, NH2), 6.09–7.25 (m), 
7.80 (m), 8.20 (br) (28 H, C6H4 and C6H5). 31P{1H} NMR (202 MHz, C6D6, 298 k, ppm): δ = 53.2 (d, 
2JPP = 263.0 Hz), 64.0 (d, 2JPP = 263.0 Hz). The 13C{1H} NMR data acquired was not clear probably 
because of a low concentration. IR (Nujol mull, KBr, cm-1): ν = 3056, 2962, 2919, 2844 (NH), 2190 
(RuH), 1897 (CO). Yellow crystals of 6 were obtained by exposing an NMR-tube THF/n-hexane 
solution of 7 to H2 at 10 °C for 2 d.

Reaction of 7 and D2 The reaction of 7 and D2 was treated in a similar manner to that of 7 and H2. 
The related 1H and 31P{1H} NMR spectra were recorded to witness a processing of the reaction (see S9, 
vide infra).

(o-PPh2C6H4NMe2)2RuCl2 (9) A mixture of (PPh3)3RuCl2 (0.29 g, 0.3 mmol) and o-PPh2C6H4NMe2 
(0.23 g, 0.75 mmol) in toluene (40 mL) was stirred and allowed to heat to 100 °C. After 48 h, the 
reaction mixture was cooled to room temperature. By concentration (to ca. 1 mL), n-hexane (5 mL) 
was added to it; a large amount of brown-green solid was precipitated. The solid was collected and 
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subjected to recrystallization in THF/n-hexane (5 mL/2 mL) solvent mixture, giving brown crystals of 
9 after 3 d at 10 °C. Yield: 0.16 g, 68%. 1H NMR (500 MHz, CDCl3, 298 k, ppm): δ = 3.25 (s, 12 H, 
NMe2), 7.04-7.19 (m), 7.26 (m), 7.46 (m), 7.76 (d, 2JHH = 10.0 Hz) (28 H, C6H4 and C6H5). 13C{1H} 
NMR (125 MHz, CDCl3, 298 k, ppm): δ = 53.68 (CH3), 121.07 (d, JPC = 5.0 Hz), 121.11 (d, JPC = 5.0 
Hz), 125.58 (d, JPC = 2.5 Hz), 126.98 (d, JPC = 5.0 Hz), 127.02 (d, JPC = 5.0 Hz), 129.09, 131.08, 
133.21, 134.72 (d, JPC = 5.0 Hz), 134.76 (d, JPC = 5.0 Hz), 134.83, 135.03 (d, JPC = 2.5 Hz), 135.21, 
136.27, 136.44, 136.61, 161.72 (d, JPC = 6.5 Hz), 161.76 (d, JPC = 6.5 Hz) (C6H4 and C6H5). 31P{1H} 
NMR (202 MHz, CDCl3, 298 k, ppm): δ = 59.03. Anal. Calcd (%) for RuCl2C40H40N2P2 (Mr = 782.7): 
C 61.33, N 3.56, H 5.11; found: C 61.23, N 3.40, H 5.69.
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S3. X-Ray Crystallographic Analysis and Structure

I. X-ray Crystallographic Analysis

Crystallographic data for crystals of 1∙2 CDCl3, 2∙CHCl3, 4∙2.5 C6D6, 5, 6, and 7∙2.5 toluene were 
collected on an Oxford Gemini S Ultra system. During measurement a Cu-K radiation ( = 1.54178 
Å) was used for 1∙2 CDCl3 and 2∙CHCl3 and a graphite-monochromatic Mo-K radiation ( = 0.71073 
Å) for 4∙2.5 C6D6, 5, 6, and 7∙2.5 toluene. Absorption correction was applied using the spherical 
harmonics program (multi-scan type). All structures of the crystals were solved by direct methods 
(SHELXS-96)11 and refined against F2 using SHELXL-97 program.12 In general, the non-hydrogen 
atoms were located from different Fourier synthesis and refined anisotropically, and hydrogen atoms 
were included using a riding model with Uiso tied to the Uiso of the parent atoms unless otherwise 
specified. In 1∙2 CDCl3, one half moiety of 1 was disclosed and the whole molecule was obtained by 
symmetric operation. The NH2 protons in 1 were located from different Fourier synthesis. In 2∙CHCl3, 
the NH2 protons were located from different Fourier synthesis. The CHCl3 were disordered and treated 
in two parts with the respective occupations refined into 0.7829 and 0.2171. In 4∙2.5 C6D6, the C(56) 
atom was refined isotropically as the Ueq(max)/Ueq(min) value of this atom appeared at the A alert 
level once refined anisotropically even by means of the ShelX restraining. The H atoms at the 
respective Ru and N atoms were located from different Fourier synthesis. In 5, the NH2 protons were 
located from the different Fourier synthesis. In 6, the H atoms at the respective Ru and N atoms were 
located from different Fourier synthesis. In 7∙2.5 toluene, the H(1) at N(1) and H(3) at N(3) were 
located by different Fourier synthesis. One toluene molecule was seriously disordered and the H atoms 
were not able to be included. Cell parameters, data collection, and structure solution and refinement 
are given in Tables S1 and S2.
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II. Crystal Data Collection and Structural Refinement Details

Table S1  For compounds 1∙2 CDCl3, 2·CHCl3, and 4∙2.5 C6D6.a

1∙2 CDCl3 2∙CHCl3 4∙2.5 C6D6
formula C74H62Cl10N2P4Ru2

b C37H33Cl5N2P2Ru C87H79N2P4Ru2
b

fw 1661.79 845.91 1478.54
cryst syst Monoclinic Triclinic Monoclinic
space group C2/c P–1 P2(1)/n
a/Å 28.1421(11) 10.9600(5) 18.146(3)
b/Å 15.5660(5) 12.5092(5) 23.863(2)
c/Å 16.7390(9) 14.3745(7) 18.672(2)
α/deg 77.162(4)
β/deg 105.027(5) 70.923(4) 117.597(17)
γ/deg 87.593(4)
V/Å3 7081.9(5) 1814.96(14) 7165.2(15)
Z 4 2 4
ρcalcd/g∙cm-3 1.557 1.548 1.371
μ/mm-1 8.131 7.951 0.559
F(000) 3360 856 3052
crystal size/mm3 0.20 × 0.05 × 0.05 0.30 × 0.30 × 0.10 0.40 × 0.10 × 0.05
θ range/deg 3.27–62.07 3.34–65.60 2.87–25.00

–32 ≤ h ≤ 23 –10 ≤ h ≤ 12 –21 ≤ h ≤ 21
–17 ≤ k ≤ 15 –14 ≤ k ≤ 14 –25 ≤ k ≤ 28index ranges
–19 ≤ l ≤ 19 –12 ≤ l ≤ 16 –22 ≤ l ≤ 22

collected data 11208 11400 35010
unique data 5517 (Rint = 0.0324) 6063 (Rint = 0.0209) 12600 (Rint = 0.1611)
completeness to θ (%) 98.5 97.1 99.8
data/restraints/params 5517/186/461 6063/141/472 12600/225/869
GOF on F2 1.031 1.030 0.914
final R indices [I > 2 
(I)]

R1 = 0.0384
wR2 = 0.0947

R1 = 0.0360
wR2 = 0.0949

R1 = 0.0813
wR2 = 0.1076

R indices (all data) R1 = 0.0498
wR2 = 0.1010

R1 = 0.0369
wR2 = 0.0957

R1 = 0.1663
wR2 = 0.1325

Largest diff peak/hole 
(eÅ-3) 0.968/–0.677 1.904/–1.531 0.688/–0.687

a All data were collected at 173(2) K. R1 = ∑(||Fo| –|Fc||)/∑|Fo|, wR2 = [∑w(Fo
2 – Fc

2)2/∑w(Fo
2)]1/2, GOF 

= [∑w(Fo
2 – Fc

2)2/(No – Np)]1/2. b In the structural analysis, only H atom rather D atom was able to be 
included.
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Table S2  For compounds 5, 6, and 7∙2.5 toluene. a

5 6 7∙2.5 toluene
formula C37H31ClN2OP2Ru C37H32N2OP2Ru C91.50H80N4O2P4Ru2
fw 718.10 683.66 1593.62
cryst syst Monoclinic Triclinic Monoclinic
space group P2(1)/n P–1 P2(1)/n
a/Å 9.6626(2) 9.4756(5) 14.0553(4)
b/Å 18.7669(3) 12.3693(6) 21.4168(6)
c/Å 17.4652(3) 15.0544(8) 25.5830(7)
α/deg 102.681(4)
β/deg 92.018(2) 104.014(5) 99.946(2)
γ/deg 106.027(5)
V/Å3 3165.12(10) 1565.89(14) 7585.2(4)
Z 4 2 4
ρcalcd/g∙cm-3 1.507 1.450 1.395
μ/mm-1 0.715 0.636 0.536
F(000) 1464 700 3284
crystal size/mm3 0.25 × 0.20 × 0.15 0.40 × 0.20 × 0.10 0.20 × 0.10 × 0.10
θ range/deg 3.03–26.00 3.43–26.00 3.07–26.00
index ranges –7 ≤ h ≤ 11 –11 ≤ h ≤ 10 –17 ≤ h ≤ 17

–23 ≤ k ≤ 21 –14 ≤ k ≤ 15 –26 ≤ k ≤ 25
–20 ≤ l ≤ 21 –18 ≤ l ≤ 16 –31 ≤ l ≤ 31

collected data 13584 12060 40417
unique data 6060 (Rint = 0.0271) 6152 (Rint = 0.0314) 14900 (Rint = 0.0725)
completeness to θ (%) 97.6 99.7 99.8
data/restraints/params 6060/0/405 6152/0/392 14900/1285/1065
GOF on F2 1.070 1.070 1.027
final R indices [I>2 (I)] R1 = 0.0305

wR2 = 0.0619
R1 = 0.0315
wR2 = 0.0739

R1 = 0.0580
wR2 = 0.1009

R indices (all data) R1 = 0.0385
wR2 = 0.0643

R1 = 0.0398
wR2 = 0.0780

R1 = 0.0924
wR2 = 0.1114

Largest diff peak/hole 
(eÅ-3) 0.350/–0.354 0.759/–0.415 0.719/–0.651

a All data were collected at 173(2) K. R1 = ∑(||Fo| –|Fc||)/∑|Fo|, wR2 = [∑w(Fo
2 – Fc

2)2/∑w(Fo
2)]1/2, GOF 

= [∑w(Fo
2 – Fc

2)2/(No – Np)]1/2.
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III. X-Ray Crystal Structure

Fig. S1  X-ray crystal structure of 1 with the aryl ring H atoms omitted for clarity. Selected bond 
lengths [Å] and angles []: Ru(1)–P(1) 2.245(1), Ru(1)–P(2) 2.274(1), Ru(1)–N(1) 2.107(4), 
Ru(1)−Cl(1) 2.500(1), Ru(1)−Cl(2) 2.459(1), Ru(1)−Cl(3) 2.443(1); P(1)–Ru(1)–N(1) 84.40(11). 
Symmetry code (A): –x+1, y, –z+1/2.

Fig. S2  X-ray crystal structure of 2 with the aryl ring H atoms omitted for clarity. Selected bond 
lengths [Å] and angles []: Ru(1)–P(1) 2.2608(8), Ru(1)–P(2) 2.2483(8), Ru(1)–N(1) 2.172(3), 
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Ru(1)−N(2) 2.166(3), Ru(1)−Cl(1) 2.3923(8), Ru(1)−Cl(2) 2.4314(7); P(1)–Ru(1)–N(1) 82.83(8), 
P(2)–Ru(1)–N(2) 81.57(8).

Fig. S3  X-ray crystal structure of 4 with the aryl ring H atoms omitted for clarity. Selected bond 
lengths [Å] and angles []: Ru(1)–P(1) 2.318(2), Ru(1)–P(2) 2.279(2), Ru(1)–N(1) 2.087(7), 
Ru(1)−N(2) 2.183(7), Ru(1)−H(4) 1.71(5), Ru(1)−H(5) 1.58(7), Ru(1)−H(6) 1.77(7) (Ru(1)∙∙∙H2(centroid) 
1.67(7)), H(5)−H(6) 0.722, Ru(2)–P(3) 2.211(2), Ru(2)–P(4) 2.260(2), Ru(2)–N(1) 2.177(7), 
Ru(2)−N(2) 2.117(6), Ru(2)−H(4) 1.83(6), Ru(2)−H(3) 1.65(6); P(1)–Ru(1)–N(1) 82.90(18), P(3)–
Ru(2)–N(2) 83.95(18).
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Fig. S4  X-ray crystal structure of 5 with the aryl ring H atoms omitted for clarity. Selected bond 
lengths [Å] and angles []: Ru(1)–P(1) 2.300(1), Ru(1)–P(2) 2.288(1), Ru(1)–N(1) 2.089(2), 
Ru(1)−N(2) 2.176(2), Ru(1)−C(1) 1.865(2), C(1)−O(1) 1.152(3), Ru(1)−Cl(1) 2.457(1); P(1)–Ru(1)–
N(1) 81.68(6), P(2)–Ru(1)–N(2) 82.53(6).

Fig. S5  X-ray crystal structure of 6 with the aryl ring H atoms omitted for clarity. Selected bond 
lengths [Å] and angles []: Ru(1)–P(1) 2.331(1), Ru(1)–P(2) 2.294(1), Ru(1)–N(1) 2.276(2), 
Ru(1)−N(2) 2.111(2), Ru(1)−C(01) 1.834(3), C(01)−O(01) 1.171(3), Ru(1)−H(1) 1.67(2); P(1)–
Ru(1)–N(1) 77.71(6), P(2)–Ru(1)–N(2) 79.74(6).
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Fig. S6  X-ray crystal structure of 7 with the aryl ring H atoms omitted for clarity. Selected bond 
lengths [Å] and angles []: Ru(1)–P(2) 2.334(1), Ru(1)–P(3) 2.302(1), Ru(1)–N(1) 2.176(3), 
Ru(1)−N(2) 2.085(3), Ru(1)−N(3) 2.170(4), Ru(1)−C(02) 1.837(5), C(02)−O(2) 1.166(5), Ru(2)–P(1) 
2.287(1), Ru(1)–P(4) 2.312(1), Ru(2)–N(1) 2.158(4), Ru(2)−N(3) 2.241(3), Ru(2)−N(4) 2.082(3), 
Ru(2)−C(01) 1.856(4), C(01)−O(1) 1.164(4); P(2)–Ru(1)–N(2) 80.04(10), P(3)–Ru(1)–N(3) 81.37(9), 
P(1)–Ru(2)–N(1) 80.16(9), P(4)–Ru(1)–N(4) 81.12(10).
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S4. Table of Summarized Important Bond Parameters

Table S3  Summarized Ru–P, Ru–N, and Ru–H bond lengths (Å) for compounds 1–2 and 4–7.

Comp. Ru–P Ru–N Ru–H
Ru–NNH2 Ru–NNH Ru-μ–NNH Ru–H Ru-μ–H Ru–η2-HH2

1 2.245(1)c

2.274(1)b

2.107(4)

2 2.2608(8), 
2.2483(8)c

2.172(3)
2.166(3)

4 2.279(2), 2.260(2)b

2.211(2), 2.318(2)d

2.087(7), 2.183(7)
2.177(7), 2.117(6)

1.65(6) 1.71(5)
1.83(6)

1.58(7)a

1.77(7)a

5 2.288(1)c

2.300(1)d

2.176(2) 2.089(2)

6 2.331(1)c

2.294(1)d

2.276(2) 2.111(2) 1.67(2)

7 2.287(1), 2.312(1)c

2.334(1), 2.302(1)d

2.082(3)
2.085(3)

2.176(3), 2.158(4)
2.170(4), 2.241(3)

a Ru∙∙∙H2(centroid): 1.67(7). b Ru–PPPh3. c Ru–Po-PPh2C6H4NH2. d Ru–Po-PPh2C6H4NH.

The coordination geometric bond parameters around the Ru centers of 1–2 and 4–7 are listed in 
Table S3. The Ru–P bond lengths for Ru–PPPh3 (2.260(2)–2.279(2) Å), Ru–Po-PPh2C6H4NH2 (2.287(1)–
2.331(1) Å), and Ru–Po-PPh2C6H4NH (2.211(2)–2.334(1) Å) are comparable. The Ru–N bond lengths can 
be divided into three groups. Generally, the Ru–No-PPh2C6H4NH2 bond lengths (av. 2.170 Å) are longer by 
ca. 0.08 Å than those of the Ru–No-PPh2C6H4NH bond (av. 2.092 Å). The latter bond is thought to have a 
double bond character with respect to location of a lone pair of electrons at the N atom into an 
unoccupied orbitals of the Ru atom.13 The Ru-μ–No-PPh2C6H4NH bond lengths (av. 2.164 Å) are close to 
those of the former one due to a bridged bonding character.
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S5. Temperature-dependent Solution 31P{1H} NMR Study of Complex 1
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Fig. S7  Variable temperature (25 – –75 °C) 13P{1H} NMR spectroscopic studies of 1 recorded in 
CD2Cl2.

Liu and coworkers have reported on synthesis of compound (PPh3)( o-PPh2C6H4NH2)RuCl2 (1a) as 
a dark-green solid by refluxing a THF solution of (PPh3)3RuCl2 and one equivalent o-PPh2C6H4NH2 
for 6 h. They obtained a complicated NMR data for this compound probably due to isomeric structures 
formed with respect to different arrangements for the two Cl- and one PPh3 at the Ru towards the 
C2NPRu chelate ring in steric.10 We have proved a solid state dimer structure of 1. The solid state 31P 
NMR spectrum gave two broad resonances (57.07 and 63.16 ppm). The solution NMR (1H, 13C{1H}, 
31P{1H} and 31P) spectrum, however, appeared to exhibit two sets of the resonance data. We then 
performed the variable temperature (25 – –75 °C) 13P{1H} NMR study and observed a clear splitting 
of the two sets of the phosphorus resonances. Therefore, we thought that in solution 1 might partially 
dissociate into 1a and an equilibrium between 1 and 1a was then maintained. 
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S6. The 1H and 31P{1H} NMR Studies of Reaction of Complex 7 with H2
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Fig. S8  The 13P{1H} NMR kinetic studies of reaction of 7 with H2 to 6 in C6D6 at 10 °C.
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Fig. S9  The 1H NMR kinetic studies of reaction of 7 with H2 to 6 in C6D6 at 10 °C, in which the 
resonance changes of the RuH were herein enhanced.
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S7. Selected 1H NMR Spectral Data of the Reaction Product of 1 and K[HBsBu3] at D2 
Atmosphere
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Fig. S10  Comparison of selected 1H NMR spectral data (enhanced proton resonances for the NH , 
Ru-H , Ru-μ-H, and Ru-η2-H2) for reaction product of 1 and K[HBsBu3] at D2 atmosphere (Ia and Ib) 
and 4 (IIa and IIb).
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Reaction of 1 (0.14 g, 0.2 mmol) and K[HBsBu3] (0.8 mmol, 0.8 mL 1 M THF solution) in THF 
(10 mL) at D2 atmosphere was conducted from –75 °C to room temperature within 9 h. By removal of 
KCl, concentration (to ca. 1 mL), and precipitation (with 5 mL n-hexane), a yellow solid was formed, 
collected, and washed (with 2 mL n-hexane). After drying under vacuum for 3 h, this solid was 
subjected to the 1H and 31P{1H} NMR spectral analysis. As shown in Fig. S11 by comparison with the 
related data of 4, the proton resonances for the NH, Ru-H, Ru-η2-H2 and Ru-μ-H still present although 
in a lower integral intensity. This result suggests an occurring of the reaction via an alternative switch 
between 4 and 4a under the D2/DH addition/elimination in a similar manner to that for the reaction of 7 and 
D2 to 6 (Scheme S1, vide infra), leading to a partially D/H-exchanged formation of 4.
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S8. Suggested Scheme for Reaction of 7 with D2 to 6
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Scheme S1  Suggested functional group transformation reaction switched between 7 and 6 at D2 
resulted from the NMR data shown in Fig. 3 in the text.
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S9. NMR Spectra of Compounds
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Fig. S16-b  31P{1H} NMR spectrum of complex 6 in C6D6.



                                                  s36

-15-14-13-12-11-10-9-8-7-6-5-4-3-2-101234567891011121314
f1 (ppm)

2
.
2
4

2
.
5
3

4
.
3
7

6
.
6
1

6
.
6
9

6
.
7
1

6
.
7
4

6
.
7
5

6
.
7
6

6
.
7
8

6
.
8
0

6
.
8
1

6
.
8
3

6
.
9
5

6
.
9
6

6
.
9
9

7
.
0
3

7
.
1
3

7
.
1
4

7
.
1
7

7
.
2
8

7
.
2
9

7
.
4
0

7
.
4
1

7
.
4
3

8
.
0
5

7.27.47.67.88.08.28.4
f1 (ppm)

7
.
1
0

7
.
1
3

7
.
1
4

7
.
1
6

7
.
1
7

7
.
1
9

7
.
2
8

7
.
2
9

7
.
3
1

7
.
4
0

7
.
4
1

7
.
4
3

7
.
4
4

8
.
0
3

8
.
0
5

8
.
0
6

8
.
2
5

5.86.06.26.46.66.87.07.2
f1 (ppm)

6
.
3
0

6
.
3
2

6
.
6
1

6
.
6
9

6
.
7
1

6
.
7
4

6
.
7
5

6
.
7
6

6
.
7
8

6
.
8
0

6
.
8
1

6
.
8
3

6
.
9
5

6
.
9
6

6
.
9
9

7
.
0
3

7
.
0
4

7
.
1
3

7
.
1
4

7
.
1
6

7
.
1
7

7
.
1
9

5.25.45.65.86.06.26.4
f1 (ppm)

5
.
3
7

5
.
3
8

5
.
4
0

5
.
9
5

5
.
9
7

5
.
9
8

6
.
0
0

6
.
0
1

6
.
0
5

6
.
0
7

6
.
0
8

6
.
3
0

6
.
3
2

6
.
3
7

Ru

N
Ru

N

N

N

P

P

P

PPh
Ph

Ph
Ph H

H
Ph

Ph

Ph
Ph

H

H
CO

CO

NH

C6H4

C6H5

NH NHNH
THF-H

grease-H

n-hexane-H

THF-H

Fig. S17-a  1H NMR spectrum of complex 7 in CDCl3.
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Fig. S17-b  31P{1H} NMR spectrum of complex 7 in CDCl3.
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Fig. S17-c  13C{1H} NMR spectrum of complex 7 in CDCl3.
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Fig. S18-a  1H NMR spectrum of complex 9 in CDCl3.
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Fig. S18-c  13C{1H} NMR spectrum of complex 9 in CDCl3.
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S10. GC Analytic Figures of the Selected Catalytic Reactions

p-xylene

MeOH

THF

MG

DMO

Fig. S19  GC analysis result for H2-hydrogenation of DMO to MG by 1/20 NaOMe (entry 1).
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Fig. S20  GC analysis result for H2-hydrogenation of DMO to MG by 2/10 NaOMe (entry 2).
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Fig. S21  GC analysis result for H2-hydrogenation of DMO to MG by 4 (entry 4).
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Fig. S22  GC analysis result for H2-hydrogenation of DMO to MG by 4/20 NaOMe (entry 5).
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Fig. S23  GC analysis result for H2-hydrogenation of DMO to MG by 5/10 NaOMe (entry 6).
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Fig. S24  GC analysis result for H2-hydrogenation of DMO to MG by 7 (entry 7).
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Fig. S25  GC analysis result for H2-hydrogenation of DMO to MG by 7/20 NaOMe (entry 8).
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Fig. S26  GC analysis result for H2-hydrogenation of DMO to MG by 2/10 NaOMe (entry 12).
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Fig. S27  GC analysis result for H2-hydrogenation of DMO to MG by 2/10 NaOMe (entry 14).
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Fig. S28  GC analysis result for H2-hydrogenation of DMO to MG by 2/10 NaOMe (entry 17).
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Fig. S29  GC analysis result for H2-hydrogenation of DMO to MG by 2/10 NaOMe (entry 21).
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Fig. S30  GC analysis result for H2-hydrogenation of DMO to MG by 2/10 NaOMe (entry 22).
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Fig. S31  GC analysis result for H2-hydrogenation of DMO to EG by 1/40 NaOMe (entry 25).
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Fig. S32  GC analysis result for H2-hydrogenation of DMO to EG by 2/20 NaOMe (entry 29).
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Fig. S33  GC analysis result for H2-hydrogenation of MG to EG by 1/40 NaOMe (entry 30).
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Fig. S34  GC analysis result for H2-hydrogenation of MG to EG by 2/20 NaOMe (entry 40).
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Fig. S35  GC analysis result for H2-hydrogenation of methyl lactate to 1,2-propanediol by 1/40 NaOMe (entry 31).
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Fig. S36  GC analysis result for H2-hydrogenation of methyl lactate to 1,2-propanediol by 2/20 NaOMe (entry 41).
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Fig. S37  GC analysis result for H2-hydrogenation of methyl pyruvate to methyl lactate by 1/40 NaOMe (entry 32).
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Fig. S38  GC analysis result for H2-hydrogenation of methyl pyruvate to methyl lactate by 2/20 NaOMe (entry 42).
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Fig. S39  GC analysis result for H2-hydrogenation of methyl pyruvate to 1,2-propanediol by 1/40 NaOMe (entry 33).
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Fig. S40  GC analysis result for H2-hydrogenation of methyl pyruvate to 1,2-propanediol by 2/20 NaOMe (entry 43).
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Fig. S41  GC analysis result for H2-hydrogenation of 6-hexanolactone to 1,6-hexanediol by 1/40 NaOMe (entry 34).
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Fig. S42  GC analysis result for H2-hydrogenation of 6-hexanolactone to 1,6-hexanediol by 2/20 NaOMe (entry 44).



                                                  s66

p-xylene

THF

1,4-butanediol

γ-butyrolactone

Fig. S43  GC analysis result for H2-hydrogenation of γ-butyrolactone to 1,4-butanediol by 1/40 NaOMe (entry 35).
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Fig. S44  GC analysis result for H2-hydrogenation of γ-butyrolactone to 1,4-butanediol by 2/20 NaOMe (entry 45).
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Fig. S45  GC analysis result for H2-hydrogenation of γ-valerolactone to 1,4-pentanediol by 1/40 NaOMe (entry 36).



                                                  s69

p-xylene

THF

γ-valerolactone

1,4-pentanediol

Fig. S46  GC analysis result for H2-hydrogenation of γ-valerolactone to 1,4-pentanediol by 2/20 NaOMe (entry 46).
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Fig. S47  GC analysis result for H2-hydrogenation of 2-bromo-4-butanolide to 2-bromo-1,4-butanediol by 1/40 NaOMe (entry 37).
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Fig. S48  GC analysis result for H2-hydrogenation of 2-bromo-4-butanolide to 2-bromo-1,4-butanediol by 2/20 NaOMe (entry 47).



                                                  s72

p-xylene

MeOH

THF
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Fig. S49  GC analysis result for H2-hydrogenation of methyl phenylacetate to phenethyl alcohol by 1/40 NaOMe (entry 38).
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Fig. S50  GC analysis result for H2-hydrogenation of methyl phenylacetate to phenethyl alcohol by 2/20 NaOMe (entry 48).
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Fig. S51  GC analysis result for H2-hydrogenation of methyl benzoate to benzyl alcohol by 1/40 NaOMe (entry 39).
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Fig. S52  GC analysis result for H2-hydrogenation of methyl benzoate to benzyl alcohol by 2/20 NaOMe (entry 49).
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