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Three ruthenium(II) complex catalysts bearing 2,6-bis(tetrazolyl)pyridine were synthesized, struc-
turally characterized, and applied in the transfer hydrogenation of ketones. Their different catalytic
activities were attributed to the different phosphine ligands on the 4-chloro-2,6-bis(1-(p-tolyl)-1H-
tetrazol-5-yl)pyridine ruthenium(II) complexes, with that based on 1,4-bis(diphenylphosphino)

butane exhibiting better catalytic activity. A variety of ketones were reduced to their corresponding
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alcohols with >95% conversion.
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1. Introduction

Nitrogen-containing ligands have been widely used in coor-
dination chemistry and homogeneous catalysis owing to ease of
manipulation and the high catalytic activity of their transition
metal complexes [1-5]. Many pyridyl-based symmetric ligands,
such as 2,2":6',2"-terpyridines [6-10], 2,6-bis(oxazolinyl)pyri-
dines [11-15], 2,6-bis(imino)pyridines [16-20], and 2,6-
bis(pyrazoyl) pyridines [21-25] have been reported and ap-
plied in organic synthesis and homogeneous catalysis.

2,6-Bis(tetrazolyl)pyridines are pyridyl-based multidentate
chelating agents containing nine N atoms, and their metal com-
plexes have been applied in functional materials fabrication,
coordination chemistry, and catalysis. These ligands can be
used in the synthesis of luminescent materials using a self-as-
sembly strategy. Both visible and near-infrared (IR) lumines-
cence emissions of lanthanide cations (Pr, Nd, Sm, Eu, Tb, Dy,

Ho, Er, Tm, and Yb) can be efficiently sensitized using
2,6-bis(tetrazole)pyridine [26,27]. Furthermore, platinum(II)
complexes bearing 2,6-bis(tetrazole)pyridine can be used as
luminescent films, dopants for OLEDs, and to form supramo-
lecular polymeric nanofibers [28-31]. Ruthenium complexes
based on mixed ligands 2,2":6'2"-terpyridine and 2,6-
bis(tetrazole)pyridine have been reported and used in
dye-sensitized solar cells to afford novel ruthenium dyes
[32-34]. These ligands can also be coordinated with other met-
als, such as a reported series of homoleptic complexes of
2,6-bis(tetrazole)pyridine with Col, Ni!, Cul!, and Zn! [35].
Furthermore, 2,6-bis(tetrazolyl)pyridine ligands can recover
trivalent minor actinides effectively and selectively from HNO3
media, while exhibiting weak or almost no extraction of triva-
lent lanthanides with similar chemical properties [36,37].
However, 2,6-bis(tetrazolyl)pyridine ligands have rarely been
applied in catalytic reactions. In 2016, zinc polymers based on
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2,6-bis(tetrazole)pyridine with different morphologies and
particle sizes were obtained and used in the cyclization of aro-
matic dinitriles with S-aminoalcohols as heterogeneous cata-
lysts [38].

The transfer hydrogenation (TH) of unsaturated substrates
catalyzed by transition metal complexes has attracted much
attention owing to its capacity for reliable reduction using sim-
ple procedures with mild conditions and is considered a pro-
spective alternative to direct hydrogenation [39-43]. Versatile
ruthenium(II) 2-aminomethylpyridine (ampy) complexes have
been reported by Baratta et al. [44-49] and demonstrated very
high catalytic activity in the TH and asymmetric TH (ATH) of
ketones. Moreover, Noyori ruthenium(II) complexes, contain-
ing N-sulfonylated 1,2-diamines as chiral ligands, have been
used as efficient catalysts for the ATH of ketones and imines
[50-55]. Furthermore, transition-metal complexes bearing a
ligand with NH functionality also exhibit high catalytic activity
in transfer hydrogenation reactions [56-59]. Although various
ligands and their transition-metal complexes have been syn-
thesized for TH, the development of efficient catalytic systems
is still needed. We have been interested in developing
N-heterocyclic ligands and the corresponding highly effective
catalyst system for application in homogeneous catalysis. Var-
ious pyridyl-based N-containing ligands and their rutheni-
um(II) complexes have been reported and applied to the TH of
ketones [60-65]. Herein, we describe the synthesis and struc-
tural characterization of ruthenium(II) complexes of 4-chloro-
2,6-bis(1-(p-tolyl)-1H-tetrazol-5-yl)pyridine ~ with different
phosphorus ligands and their catalytic behavior in TH reactions
of ketones.

2. Experimental
2.1. General considerations

All manipulation of air- and moisture-sensitive compounds
was carried out under a nitrogen atmosphere using standard
Schlenk techniques. Solvents were dried and distilled prior to
use according to literature methods. 1H and 13C{1H} NMR spec-
tra were recorded on a Bruker DRX-400 spectrometer (Bruker,
Germany) and all chemical shift values are referenced to drms=
0.00 ppm or CDCls (J(tH), 7.26 ppm and J(13C), 77.16 ppm).
HRMS analysis was performed by the Analysis Center, Dalian
University of Technology. All melting points are uncorrected.
Thin-layer chromatography (TLC) analysis was performed
using glass-backed plates coated with silica gel (0.2 mm). Flash
column chromatography was performed on silica gel (200-300
mesh). All chemical reagents were purchased from commercial
suppliers and used as received unless otherwise indicated.

2.2.  Preparation of ligand and ruthenium complexes

4-Chloro-2,6-bis(1-(p-tolyl)-1H-tetrazol-5-yl)pyridine (2). A
mixture of N2 N6-di-p-tolylpyridine-2,6-dicarboxamide (1)
(20.0 g, 58 mmol), PCls (24.2 g, 116 mmol), and SOCIz (120 mL)
were heated at 80 °C for 3 h. Excess SOCl2 was removed under
reduced pressure and the resulting imidoyl chloride was dis-

solved in CH2Clz (100 mL). This solution was then added drop-
wise to a stirred suspension of NaN3 (13.6 g, 209 mmol) in DMF
(100 mL). After addition was completed, stirring was continued
for 16 h at room temperature. The reaction mixture was then
treated with water, the organic layer was separated and
washed with water (3x200 mL), and all volatiles were removed
under reduced pressure. The resultant residue was purified by
column chromatography on silica gel (eluent: petroleum ether
(60-90 °C)/CH2Cl2= 2:1, v/v) to afford 2 as a white solid (8.7 g,
35%). m.p. 247-248 °C. 1H NMR (CDCl3,400 MHz, 25 °C) 6 8.28
(s, 2 H, pyridyl CH), 7.11 (d, 4 H,/=8.2 Hz) and 6.92 (d, 4 H, ] =
8.3 Hz) (both p-tolyl CH), 2.38 (s, 6 H, p-tolyl CHs). 13C{tH} NMR
(CDCls, 100 MHz, 25 °C) 6 150.7, 147.1, 145.8, 140.6, 131.8,
129.8, 127.2, 124.8, 21.4. HRMS Calcd. for Cz1Hi16CINo:
429.1217; Found: 429.1212.

Ruthenium complex 3a. Under a nitrogen atmosphere, a
mixture of 4-chloro-2,6-bis(1-(p-tolyl)-1H-tetrazol-5-yl)pyri-
dine 2 (215 mg, 0.5 mmol), RuClz(PPhs)s (480 mg, 0.5 mmol),
and CH2Clz (40 mL) was stirred at 40 °C for 4 h. After cooling to
ambient temperature, all volatiles were evaporated under re-
duced pressure. The resultant residue was purified by flash
chromatography on silica gel (eluent: CH2Cl2/CH30H = 10:1,
v/v). Recrystallization in hexane-CHzCl2 (3:1, v/v) at room
temperature gave ruthenium(Il) complex 3a as a reddish
brown solid (479 mg, 85%). m.p. >155 °C dec. 'H NMR (CDCls,
400 MHz, 25 °C) 6§ 7.56, 7.40, 7.33,7.27, 7.13, and 6.72 (each m,
10:9:3:6:6:6 H, aromatic CH), 2.56 (s, 6 H, p-tolyl CHs). 13C{1H}
NMR (CDCl3, 100 MHz, 25 °C) § 153.25, 153.22, 146.8, 145.1,
144.2, 134.8, 134.7, 134.2, 133.7, 133.3, 133.2, 131.6, 130.8,
1299, 129.8, 129.3, 128.7, 128.6, 128.5, 127.8, 127.7, 125.5,
125.3,21.5.31P{1H} NMR (CDCls, 162 MHz, 25 °C) § 40.4, 35.0.

Ruthenium complex 3b. Under a nitrogen atmosphere, a
mixture of 1,4-bis(diphenylphosphino)butane (512 mg, 1.2
mmol), RuClz2(PPh3)s (959 mg, 1.0 mmol), and CHzClz (50 mL)
was stirred at room temperature for 2 h. Then, 4-chloro-2,6-
bis(1-(p-tolyl)-1H-tetrazol-5-yl)pyridine 2 (429 mg, 1.0 mmol)
was added and the mixture was stirred at 40 °C for 4 h. After
cooling to ambient temperature, all volatiles were evaporated
under reduced pressure. The resultant residue was purified by
flash chromatography on silica gel (eluent: AcOEt/CH30H = 5:1,
v/v). Recrystallization in hexane-CHzCl2 (3:1, v/v) at room
temperature gave ruthenium(Il) complex 3b as a reddish
brown solid (754 mg, 71%). m.p. >180 °C dec. 'H NMR (CDCls,
400 MHz, 25 °C) 6§ 7.95, 7.62, 7.45, 7.36, 7.28, 7.07 and 6.86
(each m, 4:8:6:2:4:2:4 H, aromatic CH), 2.83, 2.37,2.11 and 1.79
(each m, 4xCHz2), 2.57 (s, 6 H, p-tolyl CHs). 13C{tH} NMR (CDCl;,
100 MHz, 25 °C) § 153.2, 145.7, 144.8, 144.4, 136.4, 136.0,
134.0, 133.9, 132.7, 132.2, 131.8, 131.6, 131.5, 131.0, 130.2,
129.3,129.2,129.1, 128.1, 128.0, 125.6, 124.3, 33.0, 32.7, 29.3,
29.1, 26.1, 21.7, 20.1. 31P{1H} NMR (CDCl3, 162 MHz, 25 °C) §
40.4,33.9.

Ruthenium complex 3c. Under a nitrogen atmosphere, a
mixture of 1,5-bis(diphenylphosphino)pentane (106 mg, 0.24
mmol), RuClz(PPhs)s3 (193 mg, 0.2 mmol), and CH2Clz (10 mL)
was stirred at room temperature for 2 h. Then 4-chloro-2,6-
bis(1-(p-tolyl)-1H-tetrazol-5-yl)pyridine 2 (86 mg, 0.2 mmol)
was added and the mixture was stirred at 40 °C for 4 h. After
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cooling to ambient temperature, all volatiles were evaporated
under reduced pressure. The resultant residue was purified by
flash chromatography on silica gel (eluent: CH2Cl2/AcOEt/
CH30H = 5:5:1, v/v). Recrystallization in hexane-CHzClz (3:1,
v/v) at room temperature gave ruthenium(II) complex 3c as a
reddish brown solid (154 mg, 74%). m.p. >193 °C dec. 1H NMR
(CDCl3,400 MHz, 25 °C) 6 7.87, 7.58, 7.44, 7.38, 7.30, 7.23, 6.96,
and 6.74 (each m, 4:8:2:4:2:4:2:4 H, aromatic CH), 2.52 (s, 6 H,
p-tolyl CHz), 2.44, 2.17, 1.92, 1.66, and 1.46 (each m, 5xCH2).
13C{tH} NMR (CDCls, 100 MHz, 25 °C) § 153.1, 145.3, 145.0,
144.3, 136.0, 135.6, 133.9, 133.8, 131.7, 130.8, 130.0, 129.0,
128.9,128.8,127.9, 127.8, 125.4, 123.9, 27.6, 27.3, 26.5, 26.33,
26.26, 26.2, 21.5, 19.85, 19.79, 19.7. 31P{1H} NMR (CDCls, 162
MHz, 25 °C) 6 41.8,32.2.

2.3.  General procedure for TH of ketones catalyzed by 3

Under a nitrogen atmosphere, a mixture of ketone (2 mmol),
catalyst 3 (0.01 mmol), and 2-propanol (18 mL) was stirred at
82 °C for 10 min. Then, iPrOK solution in 2-propanol (2.0 mL,
0.1 mol/L, 0.2 mmol) was introduced to initiate the reaction.
The reaction mixture was stirred at reflux. After the stated
time, 0.1 mL of the reaction mixture was sampled and immedi-
ately diluted with 0.5 mL of 2-propanol precooled to 0 °C, and
filtered through a short pad of celite to quench the reaction by
removing the complex catalyst. The resultant filtrate was used
for GC analysis. After the reaction was finished, the mixture was
condensed under reduced pressure and subjected to flash silica
gel column chromatography to afford the alcohol product. The
alcohol products were identified by comparison with authentic
samples using NMR and GC analyses.

3. Results and discussion

A mixture of N2,Né-di-p-tolylpyridine-2,6-dicarboxamide 1,
PCls, and SOCl; were heated to afford an imidoyl chloride. The
ligand, 4-chloro-2,6-bis(1-(p-tolyl)-1H-tetraz-ol-5-yl)pyridine
2, was then obtained by cycloaddition of the imidoyl chloride to
NaNs3 in DMF. Treatment of ligand 2 with ruthenium com-
pounds in CH2Cl; gave complexes 3a-c under reaction condi-
tions (iii) or (iv) (Scheme 1). Due to cyclic tension, complexes 3
with 2, 3, or 6-carbon alkyl chains between the two phosphorus
ligands were not obtained under the same conditions. Com-
plexes 3a-c were stable when exposed to air at ambient tem-
perature.

The structures of complexes 3 were supported by NMR
analysis in solution. The chemical shifts of the pyridyl CH hy-
drogen atoms in complexes 3 were shifted upfield by 0.3-0.7
ppm in the proton NMR spectrum compared with those of lig-
and precursor 2. Complexes 3a-c showed two signals in the
31P{1H} NMR spectra, suggesting that the two phosphorous
groups were positioned in different environments. Single crys-
tals of 3b suitable for X-ray crystallographic study were ob-
tained to further validate the complex structure [66]. In the
solid state, the cationic metal center of complex 3b was sur-
rounded by tridentate NNN ligand 2, two PPh: ligands, and a
chloride anion, with another dissociated chloride anion in the
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Scheme 1. Synthesis of ligand 2 and complexes 3a-c. Conditions: (i)
PCls, SOClz, 80 °C, 3 h; (ii) NaNs, CH2Clz, DMF, rt, 16 h; (iii) RuClz(PPhs)s,
CHzClz, N2 (0.1 MPa), 40 °C, 4 h; (iv) RuClz(PPhs)s, dppb or dpppe,
CH2Clz, N2 (0.1 MPa), 40 °C, 4 h.

vicinity (Fig. 1). The P(1)-Ru-P(2) angle in 3b was 92.54(3)°,
suggesting that the two PPhz ligands were almost orthogonal to
each other. P(1) and ClI(1) were almost linear to each other
(P(1)-Ru-Cl(1), 171.32(3)°) and positioned on two sides of the
ligand plane. The presence of three Ru-N bonds (2.058(2),
2.079(2), and 2.096(2) A), two Ru-P bonds (2.3186(8) and
2.3467(9) A), an Ru-Cl bond (2.4538(8) A), a N(5)-Ru-P(2)
angle of 171.79(6)°, and a P(1)-Ru-Cl(1) angle of 171.32(3)°

Fig. 1. Molecular structure of 3b with a H20 molecule and chloride
anion omitted for clarity.
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identified a six-coordinate metal center in complex 3b with a
distorted bipyramidal environment.

Ruthenium(Il) complexes 3a-c were tested as catalysts in
the TH of ketones (Table 1). Using 0.5 mol% of 3 as catalyst,
with a molar ratio of 200/20/1 for ketone/base/catalyst and
iPrOK as the base promoter, transfer hydrogenation of aceto-
phenone was conducted in 2-propanol at 82 °C. To achieve
>96% yield, corresponding complexes 3a, 3b and 3c were re-
acted for 1, 1, and 2 h, respectively (Table 1, entries 1-3). Fur-
ther research into the catalyst activities was performed using
3a and 3b. For o-methylacetophenone, both catalysts required
3 h to reach 97% conversion (Table 1, entries 4 and 5). When
o-chloroacetophenone was tested, 3b showed better catalytic
activity, with only 20 min needed to reach 97% conversion
(Table 1, entries 6 and 7). Furthermore, for cyclohexanone, 3b
showed better catalytic activity than 3a (Table 1, entries 8 and
9). Next, 0.5 mol% 3b as catalyst was used in typical reactions,
exhibiting very good catalytic activity for the transfer hydro-
genation of o-, m-, and p-chloroacetophenone and achieving

>97% conversions for these ketones in 20-40 min (Table 1,
entries 7, 12, and 13). Electron-donating substituent-bearing
aromatic ketones o-, m-, and p-methylacetophenone required a
longer time to be transformed into the target reduction prod-
ucts (Table 1, entries 5, 10, and 11). Propiophenone, 2-ace-
tonaphthone, 2-benzoylpyridine, and benzophenone were also
smoothly reduced to their corresponding alcohols in 93%-96%
conversions within 1-2 h (Table 1, entries 14-17). Due to the
rigidity of the carbonyl rings, 1-tetralone and 9-fluorenone
proceeded with the poorest reaction activity affording 70% and
83% conversion after 2 and 0.5 h, respectively, with extended
reaction times producing no improvement (Table 1, entries 18
and 19). For the reduction of aliphatic ketones, cyclohexanone
and linear 2-heptanone achieved >95% conversions in 40 min
and 3 h, respectively (Table 1, entries 9 and 21), while cyclo-
pentanone was reduced to its desired alcohol in 90% conver-
sion in 2 h, with no further transformation taking place when
the reaction time was extended (Table 1, entry 20). The differ-
ence between the catalytic activity of complexes 3a-c in the TH

Table 1
Transfer hydrogenation of ketones catalyzed by complexes 3a-c.
9 OH  0.5mol% 3 OH o
IO TVRY o +
R1)I\R2 + L ok, s2°c R1)\R2 M
Entry Ru(II) cat. Ketone Time (h) Yield2 (%) Entry Ru(Il) cat. Ketone Time (h) Yield? (%)
(o] (o]
1 3a ©)LMe 1 97 12 3b c'\©)LMe 2/3 98
o o
2 3b ©)LMe 1 97 13 3b /@* Me 1/2 97
Cl
o o
3 3c @Am 2 96 14 3b @J\Et 2 93
Me O (0]
4 3a @*Me 3 97 15 3b Me 1 95
Me O (0]
5 3b @*Me 3 97 16 3b 7 e 1 96
=
Cl O (o]
6 3a @*Me 1 97 17 3b 2 94
Cl O [e]
7 3b @*Me 1/3 97 18 3b @ij 2 70
o o
8 3a g 1 98 19 3b O‘O 1/2 83
0 o}
9 3b g 2/3 98 20 3b Q‘ 2 90
Q o
Me
10 3b \©)LMe 2 95 21 3b Hyve 3 97
o
11 3b /©)L Me 2 93

=
@,

Conditions: Ketone, 2.0 mmol (0.1 mol/L in 20 mL of iPrOH); catalyst, 0.5 mol% 3; ketone/iPrOK/catalyst = 200:20:1; 0.1 MPa N3, 82 °C.

aDetermined by GC analysis.
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Scheme 2. A proposed mechanism.

of ketones was presumably attributed to the phosphorus lig-
ands. These results suggested that dppb in 3b was more favor-
able for stabilizing the active catalytic species.

In the ruthenium-catalyzed transfer hydrogenation reaction
of ketones, the catalytically active species is usually a Ru(Il)H
complex generated in situ from a Ru(I[)Cl complex catalyst
precursor [49,62,64,67-70]. To confirm the reaction mecha-
nism, complex 3b was treated with iPrOK or K2COs3 in refluxing
2-propanol under a nitrogen atmosphere. The 1H NMR spec-
trum of the inseparable product mixture showed a doublet of
doublets at -6.00 ppm with 2J(H,P) = 107.9 and 24.4 Hz, which
suggested the presence of Ru-H functionality. These results
implied that complexes 3 could readily generated Ru(II)H spe-
cies in situ under the stated conditions. This Ru(I)H species
then catalyzes the ketone reduction via a possible inner-sphere
pathway (Scheme 2). Unfortunately, expected Ru(II)H complex
4b was not successfully isolated.

4. Conclusions

Ruthenium(II) complexes based on 2,6-bis(tetrazolyl)pyri-
dine have been successfully synthesized, characterized by NMR
and X-ray crystallographic analysis, and applied in the transfer
hydrogenation of ketones. The ruthenium(II) complex based on
1,4-bis(diphenylphosphino)butane exhibited better catalytic
activity, smoothly reducing various types of ketones to the cor-
responding alcohols with good catalytic efficiency. The present
work demonstrates an efficient pyridyl-based symmetrical

Ru(II) catalyst for the transfer hydrogenation of ketones.
References

[1] W. H. Zhao, V. Ferro, M. V. Baker, Coord. Chem. Rev., 2017, 339,
1-16.

[2] S. Raoufmoghaddam, Y. P. Zhou, Y. W. Wang, M. Driess, J. Organ-
omet. Chem., 2017, 829, 2-10.

[3] T.Ochiai, D. Franz, S. Inoue, Chem. Soc. Rev., 2016, 45, 6327-6344.

[4] X.Wang, A.X. Tian, X. L. Wang, RSC Adv., 2015, 5,41155-41168.

[5] M.P.Carroll, P.]. Guiry, Chem. Soc. Rev., 2014, 43, 819-833.

[6] A.Arrigo, A. Santoro, F. Puntoriero, P. P. Lainé, S. Campagna, Coord.
Chem. Rev., 2015, 304-305, 109-116.

[7] P.C.Dhar, P. Mohanty, Res. J. Chem. Sci., 2014, 4, 85-89.

[8] Y. Gao, D. Rajwar, A. C. Grimsdale, Macromol. Rapid Commun.,
2014, 35,1727-1740.

[9]1 R.Sakamoto, S. Katagiri, H. Maeda, H. Nishihara, Coord. Chem. Rev.,
2013, 257, 1493-1506.

[10] A. Wild, A. Winter, F. Schliitter, U. S. Schubert, Chem. Soc. Rev.,
2011, 40, 1459-1511.

[11] S.Rout, A. Das, V. K. Singh, Chem. Commun., 2017, 53, 5143-5146.

[12] K. E. Burrows, S. E. McGrath, R. Kulmaczewski, O. Cespedes, S. A.
Barrett, M. A. Halcrow, Chem. Eur. J., 2017, 23,9067-9075.

[13] A.Suneja, V. Bisai, V. K. Singh, J. Org. Chem., 2016, 81, 4779-4788.

[14] Z.H.Li, Z.].]Jiang, W. K. Su, Green Chem., 2015, 17, 2330-2334.

[15] Y.F.Liang, G. C. Fu, Angew. Chem. Int. Ed., 2015, 54,9047-9051.

[16] P.].Chirik, Angew. Chem. Int. Ed., 2017, 56,5170-5181.

[17] B. Minaev, A. Baryshnikova, W. H. Sun, J. Organomet. Chem., 2016,
811, 48-65.

[18] B.L.Small, Acc. Chem. Res., 2015, 48, 2599-2611.

[19] A. Boudier, P. A. R. Breuil, L. Magna, H. Olivier-Bourbigou, P
Braunstein, Chem. Commun., 2014, 50, 1398-1407.

[20] K.G. Caulton, Eur. J. Inorg. Chem., 2012, 2012, 435-443.

[21] M.N. Magubane, G. S. Nyamato, S. 0. Ojwach, O. Q. Munro, RSC Adv.,
2016, 6,65205-65221.

[22] Y. S. L. V. Narayana, M. Baumgarten, K. Miillen, R. Chandrasekar,
Macromolecules, 2015, 48, 4801-4812.

[23] G. A. Craig, O. Roubeau, G. Aromi, Coord. Chem. Rev., 2014, 269,
13-31.

[24] T.D.Roberts, M. A. Little, L. ]. Kershaw Cook, M. A. Halcrow, Dalton
Trans., 2014, 43,7577-7588.

[25] Y. G. Li, E. S. H. Lam, A. Y. Y. Tam, K. M. C. Wong, W. H. Lam, L. X.
Wu, V.W. W. Yam, Chem. Eur. J., 2013, 19, 9987-9994.

[26] N. Wartenberg, O. Raccurt, E. Bourgeat-Lami, D. Imbert, M. Maz-
zanti, Chem. Eur. J., 2013, 19, 3477-3482.

[27] E.S. Andreiadis, D. Imbert, J. Pécaut, R. Demadrille, M. Mazzanti,
Dalton Trans., 2012, 41, 1268-1277.

[28] M. E. Robinson, D. J. Lunn, A. Nazemi, G. R. Whittell, L. De Cola, I.
Manners, Chem. Commun., 2015, 51, 15921-15924.

[29] D. K. Bhowmick, L. Stegemann, M. Bartsch, N. K. Allampally, C. A.
Strassert, H. Zacharias, J. Phys. Chem. C, 2015, 119, 5551-5561.

[30] N.K. Allampally, C. A. Strassert, L. De Cola, Dalton Trans., 2012, 41,
13132-13137.

[31] C. A. Strassert, C. H. Chien, M. D. Galvez Lopez, D. Kourkoulos, D.
Hertel, K. Meerholz, L. De Cola, Angew. Chem. Int. Ed., 2011, 50,
946-950.

[32] M. Duati, S. Tasca, F. C. Lynch, H. Bohlen, ]. G. Vos, S. Stagni, M. D.
Ward, Inorg. Chem., 2003, 42, 8377-8384.

[33] G.H.Wu, R. Kaneko, K. Sugawa, A. Islam, . Bedja, R. K. Gupta, L. Y.
Han, J. Otsuki, Dyes Pigment., 2017, 140, 354-362.

[34] G.H.Wu, R. Kaneko, Y. H. Zhang, Y. Shinozaki, K. Sugawa, A. Islam,
L. Y. Han, 1. Bedja, R. K. Gupta, Q. Shen, J. Otsuki, J. Power Sources,



332 Liandi Wang et al. / Chinese Journal of Catalysis 39 (2018) 327-333

Graphical Abstract
Chin. ]. Catal,, 2018, 39: 327-333  doi: 10.1016/S1872-2067(17)62994-2
Ruthenium(II) complex catalysts bearing a 2,6-bis(tetrazolyl)pyridine ligand for the transfer hydrogenation of ketones

Liandi Wang *, Tingting Liu
Dalian Institute of Chemical Physics, Chinese Academy of Sciences; University of Chinese Academy of Sciences

O OH O
J\ + )\ : Ru(ll) cat. + )J\
R!” OR2 iProK, 82 °C

ci ci
® ®
p-Tol, W/KI/ p-Tol p-Tol, j/ﬁj\r p-Tol
N Z N N Z N
Rul)cat: N | TCI N CI® N TCI T w o c®
N R//N‘N ‘N’N\RU//N\N'

-N—_
u

<N\
PhsP PPh PhyP( ) PPh
3 3 2 \% 2

=4,5

Three ruthenium(II) complex catalysts bearing 2,6-bis(tetrazolyl)pyridine were synthesized and applied in the transfer hydrogenation of
ketones. Their different catalytic activities were attributed to the phosphine ligands in the 4-chloro-2,6-bis(1-(p-tolyl)-1H-te-
trazol-5-yl)pyridine ruthenium(Il) complexes. The ruthenium(II) complex based on 1,4-bis(diphenylphosphino)butane exhibited better

catalytic activity, reducing a variety of ketones to their corresponding alcohols with >95% conversion.

[35]

[36]

[37]

[38]

[39]

[40]
[41]

[42]

[43]
[44]

[45]
[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

2016,307,416-425.

A. Klein, A. Krest, S. Nitsche, K. Stirnat, M. Valldor, Eur. J. Inorg.
Chem., 2013, 2013, 2757-2767.

S. Usuda, Y. Z. Wei, R. Q. Liu, Z. Li, Y. L. Xu, Y. Wu, S. Kim, Sci. China
Chem., 2012, 55,1732-1738.

L. V. Smirnov, A. V. Chirkov, V. A. Babain, E. Y. Pokrovskaya, T. A.
Artamonova, Radiochim. Acta., 2009, 97, 593-601.

C. Huang, H. R. Wang, X. L. Wang, K. Gao, J. Wu, H. W. Hou, Y. T. Fan,
Chem. Eur. J., 2016, 22, 6389-6396.

A. M. Faisca Phillips, A. ]. L. Pombeiro, Org. Biomol. Chem., 2017,
15, 2307-2340.

D. Wang, D. Astruc, Chem. Rev., 2015, 115, 6621-6686.

Y. Y. Li, S. L. Yu, W. Y. Shen, J. X. Gao, Acc. Chem. Res., 2015, 48,
2587-2598.

A. Bartoszewicz, N. Ahlsten, B. Martin-Matute, Chem. Eur. J., 2013,
19,7274-7302.

F. Alonso, P. Riente, M. Yus, Acc. Chem. Res., 2011, 44, 379-391.

G. Chelucci, S. Baldino, W. Baratta, Acc. Chem. Res., 2015, 48,
363-379.

S. M. Zhang, W. Baratta, Organometallics, 2013, 32, 3339-3342.

W. Baratta, C. Barbato, S. Magnolia, K. Siega, P. Rigo, Chem. Eur. J.,
2010, 16,3201-3206.

W. Baratta, M. Ballico, G. Chelucci, K. Siega, P. Rigo, Angew. Chem.
Int. Ed., 2008, 47, 4362-4365.

W. Baratta, G. Chelucci, E. Herdtweck, S. Magnolia, K. Siega, P. Rigo,
Angew. Chem. Int. Ed., 2007, 46, 7651-7654.

W. Baratta, G. Chelucci, S. Gladiali, K. Siega, M. Toniutti, M. Zanette,
E. Zangrando, P. Rigo, Angew. Chem. Int. Ed., 2005, 44, 6214-6219.
B. G. Wang, H. F. Zhou, G. R. Ly, Q. X. Liu, X. L. Jiang, Org. Lett,, 2017,
19,2094-2097.

T. Touge, H. Nara, M. Fujiwhara, Y. Kayaki, T. Ikariya, J. Am. Chem.
Soc.,2016,138,10084-10087.

M. Wy, T. Y. Cheng, M. Ji, G. H. Liu, J. Org. Chem., 2015, 80,
3708-3713.

T. Touge, T. Hakamata, H. Nara, T. Kobayashi, N. Sayo, T. Saito, Y.

[54]

[55]
[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Kayaki, T. Ikariya, . Am. Chem. Soc., 2011, 133, 14960-14963.

T. Ohkuma, N. Utsumi, K. Tsutsumi, K. Murata, C. Sandoval, R.
Noyori, J. Am. Chem. Soc., 2006, 128, 8724-8725.

R. Noyori, S. Hashiguchi, Acc. Chem. Res., 1997, 30, 97-102.

B. G. Zhao, Z. B. Han, K. L. Ding, Angew. Chem. Int. Ed., 2013, 52,
4744-4788.

V. Bizet, X. Pannecoucke, J. L. Renaud, D. Cahard, Angew. Chem. Int.
Ed.,2012,51, 6467-6470.

N. A. Strotman, C. A. Baxter, K. M. . Brands, E. Cleator, S. W. Krska,
R. A. Reamer, D. J. Wallace, T. J. Wright, J. Am. Chem. Soc., 2011,
133,8362-8371.

F.L.Zeng, Z. K. Yu, Organometallics, 2008, 27, 2898-2901.

T. T. Liu, H. N. Chai, L. D. Wang, Z. K. Yu, Organometallics, 2017, 36,
2914-2921.

H. N. Chai, Q. F. Wang, T. T. Liu, Z. K. Yu, Dalton Trans., 2016, 45,
17843-17849.

H. N. Chai, T. T. Liu, Q. F. Wang, Z. K. Yu, Organometallics, 2015, 34,
5278-5284.

W. M. Du, Q. F. Wang, L. D. Wang, Z. K. Yu, Organometallics,
2014, 33,974-982.

W. M. Du, L. D. Wang, P. Wu, Z. K. Yu, Chem. Eur. ., 2012, 18,
11550-11554.

W. W. Jin, L. D. Wang, Z. K. Yu, Organometallics, 2012, 31,
5664-5667.

CCDC 1007204 contained the supplementary crystallographic
data for 3b. Copies of this information could be obtained free of
charge from the Cambridge Crystallographic Data Centre.

A. Pavlova, E. Rosler, E. ]. Meijer, ACS Catal.,, 2016, 6, 5350-5358.
W. Baratta, S. Baldino, M. ]. Calhorda, P. ]. Costa, G. Esposito, E.
Herdtweck, S. Magnolia, C. Mealli, A. Messaoudi, S. A. Mason, L. F.
Veiros, Chem. Eur. J., 2014, 20, 13603-13617.

C. del Pozo, M. Iglesias, F. Sanchez, Organometallics, 2011, 30,
2180-2188.

]. Bosson, A. Poater, L. Cavallo, S. P. Nolan, J. Am. Chem. Soc., 2010,
132,13146-13149.




Liandi Wang et al. / Chinese Journal of Catalysis 39 (2018) 327-333 333

AEOE ECAT BRI U 5T (ID BC & YME L B V32 R L I 2

FE %Y, q|EEt
fop [ RL o I K AL FE AT BT, T K% 116023
P E R R A, 100049

WE: SHREARARENLT. 5T 60, T BILSE SR SR I Bm 1 i v, i 7E BL Az 40 = 3548
EALSERIT AL AZ B 12 0. TR B 2200 = i NNNES R B A B WEC AL fe A& ime Ao =,  aombue e
IFRELAR2,2":6",2"- = IHEIE | 2,6- RULEREIHRIEIEIE | 2,6- UV Jlig ML E 12,6 XUt e 3 nbE g S 70 A AL A5 B S B & 0 ke A 751 ) 2%
SSITTAS B Z R, 2,6- X0 DY MRk i 12 Ttk e ) 22 R e AR, a6 s R AR Bl AR SO R ot R A, R
R AT A A ) B 38D

& R A A B AL S I R S R BB AT OS2 AR . A BT B AR A, BRI 52 Bk 2 1 ¢
. — R WA K B A TR #6 A2 S A N A BN, anskd B ORGSR 2-H R e AT A AR
HFEANHE G i & B A, JA TR T UL ZEAr e 0 & ZUEC A R AT &4, 0 A T A0 B 1 3 4%
SRR RS b, AR SCE R T =R AN R BEECAAR 12,6- X0 DU i S ntk e £T BE 54, I F TR AL R 1 i R A Ak I R

MNZ N~ 506 F 2R 562 6- Mt e — R (1) HE R, 8 AR B 25 N7 & B4 G i R WL DU M Ak 540 (2), B A2 5
RuCly(PPhy)s 755 B I s 87 2% 14 T il 45 = F 4G AN [R] BB O Ak 114 2,6- XY P S LG g 467 T 5 0(3), L 43 T 45w il i A% i L FR 9%
TR XS 24 5 i i S 5 A W S A9 BB I R axX = FhET TS S 0 SR T e A T ) e R A OB, A kAR TR 0.5 mol% i,
TEREERITR AT, BGEA A R BEEC AR 1 2,6- X0 Y e ZL b mg &7 BL A M A TE R, BEECAAR R 1 4- 00 (2R B ) T he %y
e & 43b 3R L H B = I ATE 12, B W =R B AT L & 4 3alll R I H S5 3bAH A BB AR N A iE 1, &8 1,5- Rk dk
B AT LA I3eiE Y 22, A3b MM IR 17— R 5B e, B 5 4 B DR ERAR 1) i 107 il 40 T LA s R gt
S5, DR 53 T JEC A LA>95% (14 i A 2250 i RS A I PR . 2 AR R 2R 2 DT s 82 B R R IS4 s 2 I (1] B
AR . BT BRER K I, 1-IUEZENH -5 9-27 i 4 10 R I

ShG SIR g5 RS AHOCOUHR, SR T — 2 T Ru-HIE 1 (R 4 )2 SOBIHLEE: £7HC & Y0LEPrOKAE A T A4 iRu(IT)-4%
SHIE AR, B 5 & A p-H I b SO i 2 — 20 F A 45 2Ru-HAL A4, Ru-HIE &) 5 HEYIE S ESIAE S — 401
Ru(1D)-Je S 3 (AL, Fif 5 5 DA 5 b 4 R R AR A8 4 A B H BRI A ol TRIAAS L 58 A AL IR B8
KHEIR): 2,6- XU VUM LIk g, £7; AL, B, ¥WAHAEIL
A B #: 2017-11-01. ¥ B #1: 2017-12-01. ¥ A B #1: 2018-02-05.

*E I R AL HIE: (0411)84379551; ¥ ¥ 1 45: wangliandi@dicp.ac.cn
A SCH T B4 X dElsevier iU 72 ScienceDirect E ) 1 (http:/www.sciencedirect.com/science/journal/18722067).



	Ruthenium(II) complex catalysts bearing a 2,6-bis(tetrazolyl)pyridine ligand for the transfer hydrogenation of ketones
	1. Introduction
	2. Experimental
	2.1. General considerations
	2.2. Preparation of ligand and ruthenium complexes
	2.3. General procedure for TH of ketones catalyzed by 3

	3. Results and discussion
	4. Conclusions
	References




