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Ruthenium Complexes with N-Functionalized Secondary Amino 
Ligands: A New Class of Catalysts toward Efficient Hydrogenation 
of Esters‡
Xiaolong Fang,*ab Bin Li,†a Jianwei Zheng,a Xiaoping Wang,a Hongping Zhu,*a and Youzhu Yuan*a

A series of ruthenium complexes (o-PPh2C6H4NHR)2RuCl2 (R = Me, 
3; Et, 4; CH2Ph, 5) and (o-PPh2C6H4NH2)[(CH2NHR)2]RuCl2 (R = Me, 
7; Et, 8; iPr, 9) modulated with mono-N-functionalized secondary 
amino ligand were synthesized and demonstrated as efficient 
catalysts in hydrogenation of esters into alcohols. The catalytic 
performances of these new complexes are much better than their 
corresponding primary amino ligand constituted complexes (o-
PPh2C6H4NH2)2RuCl2 (2) and (o-PPh2C6H4NH2)[(CH2NH2)2]RuCl2 (6). 
The significant improvement is attributed to the increased 
electron density of the secondary amino ligand in comparison with 
that of the primary amino ligand.

Catalytic hydrogenation of esters into alcohols is one of the 
most important chemical processes in organic synthesis, and 
has been attracting extensive attentions.1 Typically, Metal-NH 
ligand bifunctional catalysis in homogeneous hydrogenation 
has achieved significant progress,2  since the discovery 
reported by Noyori and co-workers in 1995.3 The authors 
discovered that the catalytic activity of phosphine-Ru(II) in 
aromatic ketones hydrogenation was significantly improved 
with the addition of 1 equiv. of 1,2-diamino ligand into the 
system, which they owed to the interaction between amino 
hydrogen and metal hydride. Recently, we reported that the o-
PPh2C6H4NH2  l igand coordinated ruthenium complexes 
[(PPh3)(o-PPh2C6H4NH2)RuCl2]2 (1) and (o-PPh2C6H4NH2)2RuCl2 
(2) could effectively catalyze the selective hydrogenation of 
dimethyl oxalate (DMO) into methyl glycolate (MG).4 The 
mechanistic and dynamic studies indicate that the cooperation 
between the ruthenium hydride and the amino hydrogen is
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Scheme 1  Substitution of amino hydrogen by alkali metal cation.

responsible for the improved hydrogenation activity.5

In 2013, Bergens et al. proposed that the amino hydrogen 
was substituted by alkali metal cation to form the 
intermediate of catalyst trans-[((R)-BINAP)((R,R)-dpen)RuH2] in 
hydrogenation of amide and imide carbonyls at low 
temperatures (Scheme 1).6 The metal hydride in the in-situ 
formed active intermediate has higher nucleophilicity to 
activate the C=O bond of carbonyl derivatives, resulting in 
promoting the catalytic activity. Recent mechanistic studies 
also indicated the positive correlation between the catalytic 
activity of metal-NH catalyst and the nucleophilicity of the 
metal hydride.5a,e,7 The nucleophilicity of the metal hydride can 
be strengthened by increasing the electron density of the 
central metal, which has been well demonstrated in systems of 
Ru-MACHO complex [NH(CH2CH2PPh2)2]RuHCl(CO) and 
bipyridine-based pincer complex (6-CH2PtBu2-bipy)RuHCl(CO). 
When the CO ligand is replaced with more electron-rich 
monodentate N-heterocyclic carbene and hemilable Et2N 
group, respectively, these complexes behaves much more 
active in catalysis.8

Inspired by these, we synthesize Ru-H catalysts coordinated 
with N-functionalized secondary amino ligand, aiming to 
enhance the nulecophilicity by introducing electron donating 
substituent on proximal N atoms. Herein, 
bis(aminophosphine)-ruthenium complexes containing 
secondary amino groups were designed based on our previous 
work. In addition, N,N’-substituted 1,2-diamino ligand was also 
introduced in this system, since diamino ligands were well 
known in Noyori-type catalysts.9 Although 1,2-diamino ligand 
constituted ruthenium catalysts have been widely used in the 
catalytic hydrogenation of ketones and aldehydes, but the 
application in esters hydrogenation is rarely studied, with the 
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only example reported by Kuriyama et al. in hydrogenation of 
optically active esters into alcohols.10 Delightedly, these new 
species exhibit excellent activity in hydrogenation of esters.

The preparation of secondary amino ligand constituted 
complexes 3-5 and 6-9 is outlined in Schemes 2 and 3, 
respectively. Similar to the preparation of 2,4 complexes 3-5 
were successfully isolated by reaction of RuCl2(PPh3)3 with two 
equivalents of o-PPh2C6H4NHR in toluene at 65 to 100 °C. The 
31P{1H} NMR spectra of 3, 4, and 5 exhibit two singlets at 
57.61, 61.86; 56.67, 60.03; and 57.66, 59.30 ppm, respectively, 
revealing that there are two conformational isomers in 
solution state for each species, and the two o-PPh2C6H4NHR 
ligands bear same chemical environments. This is different 
from the corresponding primary amine complex 2, which 
exhibits only one configuration in solution. Interestingly, the 
solid state 31P NMR spectrum of 3 merely exhibits one broad 
peak (Fig. S7‡), suggesting that this complex transformed into 
one configuration during precipitation. Similar phenomena 
were also observed in 4 and 5. Complex 3 has been 
crystallographically characterized and the molecular structure 
is presented in Fig. 1.

The ruthenium complexes 6-9, in which the metal centers 
were simultaneously coordinated with a o-PPh2C6H4NH2 ligand 
and a 1,2-diamino ligand, were prepared by using complex 1 as 
synthetic precursor. As shown in Scheme 3, the reaction of 1 
with two equivalents of (CH2NHR)2  (R = H, Me, Et, iPr)
produced complexes 6-9 with yields of 45-88%, respectively. 
The 31P{1H} NMR spectra of 7, 8, and 9 exhibit singlets at 71.35, 
70.75, and 66.45 ppm, respectively, demonstrating that no 
PPh3 ligands coordinated to the ruthenium center. Due to the 
insolubility of 6, solid state 31P NMR was measured and only 
one peak at 69.41 ppm was observed, suggesting the similar 
structure with 7 (or 8, 9). The geometry structure of 8 was 
established by X-ray diffraction analysis, which reveals the 
coordination interaction between diamino ligand and the 
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Fig. 1  X-ray crystal structures of (a) 3 and (b) 8 with thermal ellipsoids at 30% 
probability level. Most hydrogen atoms have been omitted for clarity.
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ruthenium center (Fig. 1b). In addition, the two Cl atoms are 
located in a cis-configuration.

To study the catalytic activity of these ruthenium species 
armed with different secondary amino ligands, we evaluated 
the performance of complexes 2-9 in hydrogenation of DMO 
into MG under 100 °C with 0.05 mol% ruthenium catalyst, 0.5 
mol% NaOMe, and 50 bar H2 for 1 h. As shown in Fig. 2, to 
various extents, the activities of complexes 3-5 were improved 
in comparison with 2, among which 3 gave the best result with 
a DMO conversion of 77%. The corresponding turnover 
frequency (TOF) value is 1520 h-1, much higher than that of 2 
(160 h-1). In addition, complexes 4 and 5 also showed better 
activities than 2, while worse than 3 under the same reaction 
conditions, which realized DMO conversions of 27% (TOF = 540 
h-1) and 24% (TOF = 480 h-1), respectively.

Interestingly, the diamino ligand constituted complexes 
performed differently in DMO hydrogenation. Complex 6 
binding to ethylenediamine showed no catalytic activity. In 
contrast, N,N'-dimethyl-1,2-ethanediamine and N,N'-diethyl-
1,2-ethanediamine coordinated complexes 7 and 8 behaved 
distinctly different activities, which achieved DMO conversions 
of 36% and 100%, respectively. In addition, small amount of 
ethylene glycol (EG) (1% yield) was concomitantly produced 
over 8. Actually, almost quantitive conversion of DMO has 
been realized by 8 within 0.5 h (vide infra, entry 2, Table 1), 
and the TOF value is 3920 h-1. This value is nearly 27 and 24 
times higher than those of 1 and 2, respectively. To the best of 
o u r  k n o w l e d g e ,  t h i s  i s  t h e  b e s t  r e s u l t  i n  s e l e c t i v e  
hydrogenation of DMO into MG so far. Because of the 
relatively lower electron-donating ability of methyl group in 
comparison with ethyl group, the activity of 7 is inferior to 8. 
According to the catalytic activit ies of 6-8 ,  a positive 
corre lat ion  between the  hydrogenat ion  act iv i ty  o f  
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Fig. 2  Catalytic performance of complexes 2-9 for hydrogenation of DMO into MG 
(and/or EG). Reaction condition: 11.35 mmol DMO, 0.05 mol% ruthenium, 0.5 mol% 
NaOMe, 10 mL THF, 50 bar H2, 100 °C, 1 h. The conversion of DMO and yield of alcohols 
were analyzed by gas chromatograph (GC) using p-xylene as an internal standard.
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ruthenium-NH catalyst and the electron density of the amino 
ligand was provided. Surprisingly, although isopropyl group has 
better electron-donating ability than methyl and ethyl groups, 
the activity of N,N'-diisopropyl-1,2-ethanediamine coordinated 
complex 9 is significantly lower than 7 and 8, merely 
completed a DMO conversion of 6%, which is probably 
attributed to the steric hindrance.

Obviously, the prominent catalytic performances of 3 and 8 
in DMO hydrogenation verify the feasibility of improving the 
activity of ruthenium-NH catalyst through replacing the 
primary amine with a more electron-donating secondary 
amine. We also evaluated the catalytic performances of 2-9 in 
hydrogenation of acetophenone into 1-phenylethanol and 
benzaldehyde into benzyl alcohol, which are the typical 
examples of ketone and aldehyde. As shown in Fig. S3‡ and S4
‡ , the activity trend is similar to that in DMO hydrogenation, 
indicating that suitable alkyl group substitution could 
remarkably improve the catalytic efficiency. These results 
clearly show the significant role of the electronic effect in 
determining the catalytic efficiency. In addition, the steric 
effect can also inflict the catalytic activity.11 Recently, we have 
systemically elaborated this effect in determining the 
hydrogenation activity of 2 in terms of density functional 
theory calculations and molecular dynamic simulations.12 
Similarly, in this work, due to the steric hindrance of the two 
isopropyl groups, complex 9 exhibited poor performances in 
DMO catalytic hydrogenation (Fig. 2). To some extent, it can 
also explain the difference between the activities of 3 and 4 (or 
5).

Furthermore, the most prominent complex 8 was employed 
to investigate the effect of reaction conditions in the DMO 
hydrogenation, and representative results were tabulated in 
Table 1. According to the amount of base, the reaction 
efficiency evolved in a volcanic trend (entries 1-5), passing 
through the summit by 10 equivalent of NaOMe over 8. 
Although this trend is comparable with the reported catalyst 
systems,7b,13 but the required amount of base for satisfactory 
result was significantly decreased.9d,14 In a general trend, 
decreasing the H2 pressure or reaction temperature would 

lead to lower catalytic activity. Gratifyingly, complex 8 
smoothly catalyzed the hydrogenation of DMO into MG at 
lower H2 pressure and/or reaction temperature (entries 6-9). 
Especially, 95% yield of MG was afforded at room temperature 
(RT) after an extended reaction time (20 h, entry 7). The TOF is 
24 h-1, much higher than that of Ru-Macho catalyst RuH(η1-
BH4)(CO)[NH(CH2CH2PPh2)2] in hydrogenation of diethyl 
oxalate under similar reaction conditions.11a

After the mono hydrogenation of DMO into MG, we also 
investigated the catalytic hydrogenation of DMO into EG by 8. 
Under the conditions of 100 °C and 50 bar H2 with 0.2 mol% 
ruthenium for 4 h, MG and EG were obtained by yield of 83% 
and 16%, respectively (entry 10). EG was formed via 
hydrogenation of the mono-hydrogenated product MG.15 Due 
to the electron-withdrawing character of ester moiety, DMO is 
more active than MG to be hydrogenated.16 The 
hydrogenation of DMO into EG always requires harsher 
reaction conditions than that of MG.16b As expected, EG was 
produced as the main product with 97% (entry 11) and 99% 
yields (entry 13), respectively, after raising the reaction 
temperature to 120 °C or increasing the amount of 8 to 0.5 
mol%. 

Finally, the substrate scope of catalytic hydrogenation with 8 
was further explored (Table 2). Lactones with different 
member rings and substituent groups were employed and all 
smoothly converted into the corresponding diols in yields of 
56-96% (entries 1-5). Similarly, MG and methyl lactate both 
containing hydroxyl group at α–position were also 
hydrogenated into the diols EG and 1,2-propylene glycol in 
good yields of 99% and 95%, respectively (entries 6 and 7). 
However, when aromatic substituents were incorporated, the 
catalytic activity was obviously inhibited. The hydrogenation of 
the aliphatic ester methyl phenylacetate yielded a phenethyl 
alcohol of 67% (entry 8). In the case of methyl benzoate, the 
performance became worse with merely 11% yield of benzyl 
alcohol (entry 9). The negative effect of phenyl substituents on 
the reduction of the adjacent ester moiety is probably due to 
the steric hindrance between the catalyst and the ester 
substrate.

Table 1  Hydrogenation of DMO into MG (and/or EG) by 8 under different reaction conditions.

Entry Ru
(%)

NaOMe
/Rua

T
(°C)

p(H2)
(bar)

time
(h)

Conv.
(%)b

Yield of
MG (%)b

Yield of
EG (%)b

TOF (h-1)

1 0.05 5 100 50 1 87 86 0 1720
2 0.05 10 100 50 0.5 99 98 0 3920
3 0.05 10 100 50 1 100 98 1 2000
4 0.05 15 100 50 1 87 86 0 1720
5 0.05 20 100 50 1 68 67 0 1340
6 0.2 10 100 10 1.5 100 99 0 330
7 0.2 10 RT 50 20 96 95 0 24
8 0.2 10 40 50 2 100 99 0 247
9 0.2 10 40 10 16 95 94 0 29
10 0.2 10 100 50 4 100 83 16 144
11 0.2 10 120 50 4 100 0 97 242
12 0.5 10 100 50 1 100 25 75 350
13 0.5 10 100 50 4 100 0 99 99

[a] Molar ratio. [b] Analyzed by GC using p-xylene as an internal standard.
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Table 2  Scope of the hydrogenation of esters into alcohols by 8.

Entry Ester Alcohol Conv.
(Yield) (%)

1
O O HO

OH 86 (85)

2
O O HO

OH 82 (80)

3
O O OH OH

97 (96)

4 O O OH OH 71 (71)

5 O
O

OH
OH

93 (56)

6 HO

O

OMe
HO

OH 100 (99)

7 HO

O

OMe

HO
OH 96 (95)

8
OMe

O

OH

69 (67)

9
OMe

O OH
14 (11)

Reaction conditions: 3.7 mmol ester, 0.5 mol% ruthenium, 5 mol% NaOMe, 10 
mL THF, 50 bar H2, 100 °C, 4 h. The conversion of ester and yield of alcohol 
were analyzed by GC using p-xylene as an internal standard.

Conclusions
In summary, a series of ruthenium complexes 3-5 and 7-9 
bearing mono-N-functionalized secondary amino ligands o-
PPh2C6H4NHR or (CH2NHR)2 were synthesized, which exhibit 
good catalytic activities in hydrogenation of DMO into MG/EG. 
Remarkable improvement in hydrogenation activity was 
achieved in comparison with the corresponding primary amino 
ligand constituted complexes 2 and 6. Complexes 3 and 8 give 
the optimal catalytic results by achieving TOF as high as 1520 
h-1 and 3920 h-1, respectively. Moreover, complex 8 also 
displays satisfactory activities in the hydrogenation of some 
other aliphatic esters and lactones. This paves a new route to 
the design of efficient homogeneous hydrogenation catalysts.

Conflicts of interest
There are no conflicts to declare.

Acknowledgements
We acknowledge the financial support from the Natural 
Science Foundation of China (Nos. 21473145, 91545115, 
21802010), the Program for Innovative Research Team in 

Chinese Universities (No. IRT_14R31), and the Starting Grants 
for Young Teachers of Chizhou University (No. 2018YJRC001).

Notes and references
1 (a) H. Adkins and K. Folkers, J. Am. Chem. Soc., 1931, 53, 1095-

1097; (b) Handbook of Homogeneous Hydrogenation (Eds.: J. G. 
de Vries, C. J. Elsevier), Wiley-VCH, Weinheim, 2007; (c) P. G. 
Andersson and I. J. Munslow, Modern Reduction Methods, 
Wiley, New York, 2008; (d) J. Pritchard, G. A. Filonenko, R. van 
Putten, E. J. M. Hensen and E. A. Pidko, Chem. Soc. Rev. 2015, 
44, 3808-3833.

2 (a) C. Gunanathan and D. Milstein, Acc. Chem. Res. 2011, 44, 
588-602; (b) P. A. Dub and T. Ikariya, ACS Catal. 2012, 2, 1718-
1741; (c) S. Werkmeister, K. Junge and M. Beller, Org. Process 
Res. Dev. 2014, 18, 289-302.

3 T. Ohkuma, H. Ooka, S. Hashiguchi, T. Ikariya and R. Noyori, J. 
Am. Chem. Soc. 1995, 117, 2675-2676.

4 X. Fang, C. Zhang, J. Chen, H. Zhu and Y. Yuan, RSC Adv. 2016, 6, 
45512-45518.

5 (a) K. Abdur-Rashid, S. E. Clapham, A. Hadzovic, J. N. Harvey, A. J. 
Lough and R. H. Morris, J. Am. Chem. Soc. 2002, 124, 15104-
15118; (b) S. E. Clapham, A. Hadzovic and R. H. Morris, Coord. 
Chem. Rev. 2004, 248, 2201-2237; (c) R. J. Hamilton and S. H. 
Bergens, J. Am. Chem. Soc. 2008, 130, 11979-11987; (d) A. A. 
Mikhailine, M. I. Maishan, A. J. Lough and R. H. Morris, J. Am. 
Chem. Soc. 2012, 134, 12266-12280; (e) P. A. Dub, N. J. Henson, 
R. L. Martin and J. C. Gordon, J. Am. Chem. Soc. 2014, 136, 
3505-3521.

6 J. M. John, S. Takebayashi, N. Dabral, M. Miskolzie and S. H. 
Bergens, J. Am. Chem. Soc. 2013, 135, 8578-8584.

7 (a) R. Hartmann and P. Chen, Angew. Chem. Int. Ed. 2001, 40, 
3581-3585; (b) C. A. Sandoval, T. Ohkuma, K. Muñiz and R. 
Noyori, J. Am. Chem. Soc. 2003, 125, 13490-13503.

8 (a) O. Ogata, Y. Nakayama, H. Nara, M. Fujiwhara and Y. Kayaki, 
Org. Lett. 2016, 18, 3894-3897; (b) W. Li, J. H. Xie, M. L. Yuan 
and Q. L. Zhou, Green Chem. 2014, 16, 4081-4085.

9 (a) H. Doucet, T. Ohkuma, K. Murata, T. Yokozawa, M. Kozawa, E. 
Katayama, A. F. England, T. Ikariya and R. Noyori, Angew. Chem. 
Int. Ed. 1998, 37, 1703-1707; (b) T. Ohkuma, M. Koizumi, K. 
Muñiz, G. Hilt, C. Kabuto and R. Noyori, J. Am. Chem. Soc. 2002, 
124, 6508-6509; (c) R. Guo, X. Chen, C. Elpelt, D. Song and R. H. 
Morris, Org. Lett. 2005, 7, 1757-1759; (d) T. Ohkuma, C. A. 
Sandoval, R. Srinivasan, Q. Lin, Y. Wei, K. Muñiz and R. Noyori, J. 
Am. Chem. Soc. 2005, 127, 8288-8289.

10 W. Kuriyama, Y. Ino, O. Ogata, N. Sayo and T. Saito, Adv. Synth. 
Catal. 2010, 352, 92-96.

11 (a) C. Ziebart, R. Jackstell and M. Beller, ChemCatChem 2013, 5, 
3228-3231; (b) S. Elangovan, M. Garbe, H. Jiao, A. Spannenberg, 
K. Junge and M. Beller, Angew. Chem. Int. Ed. 2016, 55, 15364-
15368; (c) S. Elangovan, B. Wendt, C. Topf, S. Bachmann, M. 
Scalone, A. Spannenberg, H. Jiao, W. Baumann, K. Junge and M. 
Beller, Adv. Synth. Catal. 2016, 358, 820-825.

12 X. Fang, M. Sun, J. Zheng, B. Li, L. Ye, X. Wang, Z. Cao, H. Zhu 
and Y. Yuan, Sci. Rep. 2017, 7, 3961.

13 J. L. Drake, C. M. Manna and J. A. Byers, Organometallics 2013, 
32, 6891-6894.

14 (a) Y. Li, S. Yu, X. Wu, J. Xiao, W. Shen, Z. Dong and J. Gao, J. Am. 
Chem. Soc. 2014, 136, 4031-4039; (b) J. A. Fuentes, S. M. Smith, 
M. T. Scharbert, I. Carpenter, D. B. Cordes, A. M. Z. Slawin and 
M. L. Clarke, Chem. Eur. J. 2015, 21, 10851-10860.

15 Z. He, H. Lin, P. He and Y. Yuan, J. Catal. 2011, 277, 54-63.
16 (a) R. A. Grey, G. P. Pez and A. Wallo, J. Am. Chem. Soc. 1981, 

103, 7536-7542; (b) H. T. Teunissen and C. J. Elsevier, Chem. 
Commun. 1997, 667-668; (c) E. Balaraman, E. Fogler and D. 
Milstein, Chem. Commun. 2012, 48, 1111-1113.

Page 4 of 4Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
7 

Ja
nu

ar
y 

20
19

. D
ow

nl
oa

de
d 

on
 1

/2
1/

20
19

 1
:1

8:
17

 A
M

. 

View Article Online
DOI: 10.1039/C8DT04957B

http://dx.doi.org/10.1039/c8dt04957b

