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The transfer hydrogenation of ketones catalyzed by transition metal complexes has attracted much atten-
tion. A series of ruthenium(II) complexes bearing 2,6-bis(5,6-dialkyl-1,2,4-triazin-3-yl)pyridine ligands
(R-BTPs) were synthesized and characterized by NMR analysis and X-ray diffraction. These ruthenium
(II) complexes were applied in the transfer hydrogenation of ketones. Their different catalytic activity
were attributed to the alkyl arms on the 2,6-bis(5,6-dialkyl-1,2,4-triazin-3-yl)pyridine. As the length of
the alkyl arms rising, the catalytic activities of the complex catalysts decreased. By means of 0.4 mol %
catalyst RuCl2(PPh3)(3-methylbutyl-BTP) in refluxing 2-propanol, a variety of ketones were reduced to
their corresponding alcohols with >95% conversion over a period of 3 h.� 2019 Elsevier Science. All rights
reserved.

� 2019 Elsevier Ltd. All rights reserved.
Introduction

Alcohols, especially secondary alcohols, are a class of important
organic compounds and have been extensively utilized in organic
synthesis and fine chemicals [1]. Among the many methods for
the synthesis of alcohols, the transfer hydrogenation (TH) of
carbonyl compounds is one of the most effective strategies and
has been considered to be a useful alternative method to the
widely used catalytic hydrogenation by molecular hydrogen [2].
Transition-metal-catalyzed TH reactions of ketones have made
great success over the past few decades and ruthenium(II)
complexes are usually used as the most useful potential catalysts.
Much research work has been devoted to the exploration of new
ligands for construction of ruthenium(II) catalysts. For example,
the versatile ruthenium(II) 2-aminomethylpyridine (ampy)
complexes reported by Baratta et al. have been used in TH and
ATH of ketones as efficient catalysts [3]; Noyori’s ruthenium(II)
complexes containing N-sulfonylated 1,2-diamines chiral ligands
have demonstrated very high catalytic activity in the ATHof ketones
[4];Moreover, theNH functions have possessed beneficial effects on
catalytic transformation, ligand assembly, and/or catalyst formation
in TH of ketones [5]. Although various ruthenium(II) complex cata-
lysts have been synthesized for TH, chemists are still committed to
the development of new and efficient catalytic systems.
2,6-Bis(triazinyl)pyridines (BTPs) are a kind of pyridyl-based
tridentate NNN ligands and have been reported as effective extrac-
tants to separate trivalent minor actinides (americium and curium)
from trivalent lanthanides, which represents a challenging goal for
the definition of newmethods in the disposal of nuclear wastes [6].
In addition, other metals such as Pd(II), Co(II), Ni(II) and Ca(II) etc.
could also be extracted from the highly active liquid wastes with
the BTP ligands [7]. We have been interested in developing N-hete-
rocyclic ruthenium(II) complex catalysts for a long time. Various
pyridyl-based NNN ruthenium(II) complexes have been synthe-
sized and applied in the TH of ketones [8]. Our group have also
reported ruthenium(II) complex based on iBu-BTP ligand, exhibit-
ing moderate to excellent catalytic efficiency in TH of ketones
[9]. As different alkyl-substituted BTPs displayed diverse stability
towards acidic hydrolysis and radiolytic degradation in the extrac-
tion of An(III) from acidic solutions [10], in this paper, we synthe-
sized a series of ruthenium(II) complexes bearing 2,6-bis(triazinyl)
pyridine ligands with diverse substituted alkyl groups (R-BTPs),
and their catalytic behaviors in the transfer hydrogenation reac-
tions of ketones were investigated.
Results and discussions

Ligands 3a–d were prepared by means of a modified literature
procedure (Scheme 1). Dehydrated by heating, pyridine-2,6-dicar-
bohydrazide imide 1 reacted with 1,2-diketones 2a–d to afford
2,6-bis(5,6-dialkyl-1,2,4-triazin-3-yl)pyridines 3a–d. Then, the

http://crossmark.crossref.org/dialog/?doi=10.1016/j.tetlet.2019.150993&domain=pdf
https://doi.org/10.1016/j.tetlet.2019.150993
mailto:wangliandi@dicp.ac.cn
https://doi.org/10.1016/j.tetlet.2019.150993
http://www.sciencedirect.com/science/journal/00404039
http://www.elsevier.com/locate/tetlet


Scheme 1. Synthesis of ligands 3a–d and complexes 4a–d. Conditions: (i) 4 Å MS,
toluene, N2 (0.1 MPa), 110 �C, 23 h; (ii) RuCl2(PPh3)3, toluene, N2 (0.1 MPa), 110 �C,
3 h.

Table 1
Selected bond distances (Å) and angles (�) for complexes 4d and RuCl2(PPh3)
(iBu-BTP).

Selected bond 4d RuCl2(PPh3)(iBu-BTP)

Ru–N(1) 1.980(7) 1.982(3)
Ru–N(2) 2.029(6) 2.032(3)
Ru–N(5) 2.047(6) 2.058(3)
Ru–P 2.347(2) 2.3631(11)
Ru–Cl(1) 2.3798(19) 2.3919(13)
Ru–Cl(2) 2.4103(19) 2.4110(13)
N(5)–N(6) 1.341(9) 1.341(4)
Cl(1)–Ru–Cl(2) 172.83(7) 174.91(3)
N(1)–Ru–N(2) 78.8(3) 78.85(12)
N(1)–Ru–N(5) 78.7(3) 78.67(12)
N(2)–Ru–N(5) 157.2(3) 156.03(12)
N(1)–Ru–P 176.45(19) 175.80(8)
N(1)–Ru–Cl(1) 89.43(19) 90.05(8)
N(1)–Ru–Cl(2) 85.32(19) 84.96(8)
N(2)–Ru–Cl(2) 95.31(19) 93.88(8)
P–Ru–Cl(1) 93.18(7) 93.83(4)
N(2)–Ru–P 98.81(19) 99.77(9)

Table 2
Optimizing of reaction conditions for transfer hydrogenation.

O
OH

OH
O

Ru(II) cat.
base, 82 oC

Entry Ru(II) cat. Base Ketone/base/
cat.(molar ratio)

Time (h) Yield (%)a

1 4a NaOH 500/30/1 2 65
2 4a NaOH 250/30/1 2 97
3 4a NaOH 250/12.5/1 2 73
4 4a NaOH 250/25/1 2 94
5 4a NaOH 250/40/1 2 97
6 4a iPrOK 250/30/1 2 97
7 4a tBuOK 250/30/1 2 98
8 4a KOH 250/30/1 2 95
9 4b NaOH 250/30/1 3 97
10 4c NaOH 250/30/1 8 96
11 4d NaOH 250/30/1 9 95
12 A NaOH 250/30/1 1.5 97

Conditions: ketone, 2.0 mmol (0.1 M in 20 mL iPrOH); 0.1 MPa, 82 �C; a GC yield of
the corresponding alcohol.
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reaction of 3a–d with 1.0 equiv of RuCl2(PPh3)3 [11] in refluxing
toluene afforded complexes RuCl2(PPh3)(R-BTP) 4a–d. Complexes
4a–d were stable when exposed to air at ambient temperature.

The NMR spectra of 4a–d reveal 3a–d to be the coordinating
ligands. The chemical shifts of the pyridyl CH hydrogen atoms in
complexes 4a–d were shifted upfield by 0.2–0.3 ppm in the proton
NMR spectrum compared with the ligand precursors 3a–d. The
31P{1H} NMR signals of ruthenium(II) complexes 4a–d reveal a
singlet at 41.9, 41.8, 41.7, 41.9 ppm, respectively, suggesting one
PPh3 ligand is presented in the complex.

We chose complex 4d with cyclopentylethyl as the side arms to
further investigate the structure of the ruthenium(II) complex by
X-ray crystallographic study. In the solid state, complex 4d exhibits
a neutral molecular structure and acts as a planar pseudo-N3 ligand,
and the metal center is surrounded by the tridentate pseudo-N3

ligand, two chlorides, and one PPh3 ligand. The two chlorides in
4d are closely linear to each other (Cl(1)–Ru–Cl(2), 172.83(7)�)
and positioned on the two sides of the pseudo-NNN ligand plane
(Fig. 1). The three Ru–N, two Ru–Cl and Ru–P bond distances are
1.980(7), 2.029(6), 2.047(6), 2.3798(19), 2.4103(19) and 2.347
(2) Å respectively, with 0.0007–0.0161 Å shortened by comparing
with RuCl2(PPh3)(iBu-BTP) [40] (Table 1), revealing that the metal
center in 4d was in a much tighter environment than the metal
center in RuCl2(PPh3)(iBu-BTP). These data suggest that the
complex 4d may act as a less catalytically active catalyst than
RuCl2(PPh3)(iBu-BTP).

Ruthenium(II) complexes 4a–d have been used as the potential
catalysts for TH of ketones. Using 4a as the catalyst, TH of ace-
tophenone was carried out in 2-propanol at 82 �C (Table 2). When
NaOH was used as the base, the best molar ratio for ketone/base/
catalyst is 250/30/1 (Table 2, entries 1–5). iPrOK, tBuOK and KOH
Fig. 1. Molecular structure of complex 4d.
were also tested as the bases. Over a period of 2 h, the correspond-
ing alcohol product from acetophenone reached 97%, 97%, 98%, and
95% yields by GC analysis in the reactions using NaOH, iPrOK,
tBuOK and KOH as the base, respectively (Table 2, entries 2 and
6–8). Thus, NaOH was selected as the reaction promoter. Under
optimized conditions, complexes RuCl2(PPh3)(R-BTP) with diverse
alkyl groups were used as the catalysts in the transfer hydrogena-
tion of acetophenone. To reach > 95% yield by GC analysis, the cor-
responding complexes 4a, 4b, 4c, 4d and RuCl2(PPh3)(iBu-BTP) (A)
required 2 h, 3 h, 8 h, 9 h and 1.5 h, respectively (Table 2, entries 2
and 9–12). For a better understanding of the catalytic activity dif-
ferences between complexes A and 4a–d, the TH reaction kinetics
were monitored by means of the reaction of acetophenone (Fig. 2).
It is clear that as the length of alkyl arms rising, the catalytic activ-
ity of complexes A and 4a–c in transfer hydrogenation of ketones
reduced. When complex 4d was used as the catalyst under the sta-
ted conditions, 9 h was needed to reach 95% conversion. The differ-
ence between the catalytic activities of these complexes was
presumably attributed to the steric effect of alkyl arms as 4c and
4d have the same number of alkyl carbons. The experimental data
further confirms to the result of X-ray crystallographic test. It
should be noted that complexes 4a–d could be stored at room tem-
perature over half a year and did not lose their catalytic activity.



Table 3 (continued)

Entry Ketone Time (h) Yield (%)a
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Complex 4a was chosed as the catalyst for TH reactions of var-
ious ketone compounds. When 0.4 mol % 4awas used in the typical
TH reactions (Table 3), most of the ketone substrates were reduced
Fig. 2. Representative reaction kinetics profiles.

Table 3
Transfer hydrogenation reactions catalyzed by Ru(II) complex 4a.

R1 R2

O OH

R1 R2

OH O

NaOH, 82 oC
0.4 mol% 4a

Entry Ketone Time (h) Yield (%)a

1

Me

O 2 97 (95)

2

Et

O 2 98 (95)

3

Me

OCl 10 97 (94)

4

Me

O
Cl

1.5 98 (95)

5

Me

O

Cl

3 97 (95)

6

Me

OBr 24 96 (92)

7

Me

O
Br

2 97 (95)

8

Me

O

Br

6 96 (94)

9

Me

OMe 18 91 (90)

10

Me

O
Me

3 97 (96)

11

Me

O

Me

3 96 (96)

12

Me

OOMe 3 95 (93)

13

Me

O
MeO

2 97 (96)

14

Me

O 5 96 (96)

15

N
Ph

O 7 96 (96)

16 O 5 84 (83)

17 O 3 88 (88)

18 O 1.5 98 (97)

19 O 1.5 >99 (90)

20 O 1 97 (84)

21

Me
O

4

2 97 (92)

Conditions: ketone/NaOH/cat. = 250/30/1. ketone, 2.0 mmol (0.1 M in 20 mL
iPrOH); 0.1 MPa, 82 �C; a GC yield of the corresponding alcohol. Data in parentheses
are yields refer to the isolated products.
to their corresponding alcohols with >95% conversion over a period
of 3 h (Table 3, entries 1, 2, 4, 5, 7, 10–13 and 18–21). When ace-
tophenone is ortho-substituted, the reaction rate will be slowed
down because of the steric effect of ortho-position (Table 3, entries
3, 6, 9 and 12). For 2-acetonaphthone and 2-benzoylpyridine, the
reaction rates were a little slower under the same conditions,
affording the alcohol products at 96% yield in 5 h and 7 h, respec-
tively (Table 3, entries 14 and 15). For 1-tetralone and 9-fluo-
renone, their corresponding alcohol products were formed in 84%
(5 h) and 88% (3 h) yields. The reaction reaches equilibrium and
the conversion rate was no significant increase as the time pro-
longed (Table 3, entries 16 and 17). Benzophenone, cyclic ketones
and aliphatic ketones could be efficiently reduced to the corre-
sponding alcohols within 2 h (Table 3, entries 18–21).

This ruthenium catalyst has a poor reactivity for the a,b-unsat-
urated ketones. No alcohol product was obtained when chalcone
was used as the substrate. The reaction was complicated and
1,3-diphenylpropan-1-one was isolated in 15% yield accompanying
by 51% raw material recovery (Eq. (1)). For further application, a
scale-up experiment was conducted in the presence of 0.2 mol %
4a. By means of 90 mmol acetophenone as the substrate, 1-pheny-
lethanol was obtained in 95% yield within 12 h (Eq. (2)), which
implicating a potential application of the protocol for the reduction
of ketones.
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Ph Ph

O OH O

NaOH, 82 oC
12 h

0.4 mol% 4a
Ph Ph

O

Yield: 15%

ð1Þ

OH O

NaOH, 82 oC
12 h

0.2 mol% 4a

10.5 g, 95%

Me

O

Me

OH

10.8 g (90 mmol, 0.5 M)

ð2Þ
Conclusions

In summary, we have reported a series of ruthenium(II) com-
plexes RuCl2(PPh3)(R-BTP) bearing 2,6-bis(5,6-dialkyl-1,2,4-tri-
azin-3-yl)-pyridine ligands. The ruthenium complexes were
successfully synthesized, characterized by NMR and X-ray crystal-
lographic analysis, and applied in the transfer hydrogenation of
ketones. Their different catalytic activities were attributed to the
alkyl groups in the 2,6-bis(triazinyl)pyridine ligands. As the length
of the alkyl arms rising, the catalytic activity of the complex cata-
lysts decreased. Various types of ketones were smoothly reduced
to the corresponding alcohols as sole products with good catalytic
efficiency by 0.4 mol% loading of complex RuCl2(PPh3)(3-methyl-
butyl-BTP) in refluxing iPrOH.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.tetlet.2019.150993.
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