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Ruthenium(II) nitrosyl complexes with polypyrazolylmethanes, [(Bpm)Ru(NO)Cl3] [Bpm = bis(1-pyrazolyl)
methane, 1], [(Bpm*)Ru(NO)Cl3] [Bpm* = bis(3,5-dimethyl-1-pyrazolyl)methane, 2], [(Tpm)Ru(NO)Cl2][PF6]
[Tpm = tris(1-pyrazolyl)methane, 3], and [(Tpm*)Ru(NO)Cl2][PF6] [Tpm* = tris(3,5-dimethyl-1-pyrazolyl)
methane, 4], have been synthesized and characterized. The solid-state structures of [(Bpm*)Ru(NO)Cl3] (2)
and [(Tpm*)Ru(NO)Cl2][PF6] (4) were determined by single-crystal X-ray crystallographic analyses. These
complexes have been tested as catalysts in the transfer hydrogenation of several ketones under mild
conditions.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Metal nitrosyl complexes have attracted much research interest
due to the specific interactions between metal ions and the nitrosyl
ligand [1–6]. As a family of important metal nitrosyls, ruthenium
nitrosyl complexes have been extensively studied over the years
for their novel reactivities and biological and environmental
significance [7]. Recently some ruthenium nitrosyl complexes have
been found to be catalyst precursors in hydrogenation of
cyclohexene [8], hydrogenation of carbon dioxide and dicarbonate
[9], isomerization of olefin [10], and methylenation of aldehydes
[11].

Catalytic transfer hydrogenation employing hydrogen donors,
e.g. 2-propanol is safer, highly selective, economic, and eco-
friendly. A broad range of alcohols are accessible by transfer
hydrogenation under mild reactions in the presence of various
metal catalysts [12,13]. A large number of ruthenium complexes
have been reported as catalyst precursors for transfer hydrogena-
tion of ketones and shown high activity [12–16]. Most of the re-
ported ruthenium catalysts are based on phosphine-containing
ligands. Recently ruthenium complexes supported by polydentate
nitrogen ligands have been found to be very effective transfer
All rights reserved.
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hydrogenation catalyst to reduction of ketone [17–21]. To the best
of our knowledge, there has been no report of ruthenium nitrosyl
complexes used in this particular transformation to date.

Polypyrazolyborate ligands have proved to be versatile ligands
used in coordination and organometallic chemistry [22,23]. Ruthe-
nium complexes bearing bis(pyrazolyl)borate (Bp) and tris(pyraz-
olyl)borate (Tp) ligands have attracted considerable research
attentions [24–27]. However, only a limited number of ruthenium
nitrosyl complexes with polypyrazolyborate ligands have been re-
ported [28–35]. Onishi et al. have reported the preparation and no-
vel reactivities of the ruthenium nitrosyls bearing Tp ligand and
their alkynyl derivatives [28–35]. Polypyrazolylmethanes, such as
bis(3,5-dimethyl-1-pyrazolylmethane) (Bpm*) and tris(1-pyrazol-
yl)methane (Tpm), are the neutral analogues of the Bp and Tp li-
gands [36,37], which are isosteric and isoelectronic with the
anionic polypyrazolyborates. Ruthenium complexes with Bpm
and Tpm and their derivatives have also been prepared [38–43].
However ruthenium nitrosyl complexes of polypyrazolylmethanes
are scarcely studied. To the best of our knowledge, only two such
complexes have been reported [28,44]. Onishi has reported the
synthesis of {(Pz2CMe2)RuCl3(NO)} {Pz2CMe2 = 2,2-bis(1-pyrazol-
yl)propane} [28]. Olabe et al. [44] have prepared a novel ruthenium
nitrosyl complex with Tpm and bippyridine and studied the reac-
tivities of the bound NO ligand. In this paper, we report the synthe-
sis and characterization of ruthenium(II) nitrosyl complexes with
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polypyrazolylmethanes, [(Bpm)Ru(NO)Cl3] (1), [(Bpm*)Ru(NO)Cl3]
(2), [(Tpm)Ru(NO)Cl2][PF6] (3) and [(Tpm*)Ru(NO)Cl2][PF6] (4).
These complexes have been found to be catalysts for hydrogena-
tion transfer of ketones in a basic 2-propanol solution
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2. Experimental

2.1. Reagents and general techniques

All manipulations were performed under an inert atmosphere
of dry nitrogen using standard Schlenk techniques. Solvents
were purified by standard methods and stored under nitrogen.
Bpm [45], Bpm* [45], Tpm [46], Tpm* [46], and Ru(NO)Cl3 � 5H2O
[47] were prepared as described in the literature. All other
reagents were obtained commercially and used without further
purification.
2.2. Physical measurements

The analysis of carbon, hydrogen and nitrogen were made on
a Perkin–Elmer 240C element analyzer. Infrared (IR) spectra
were recorded on a Bruker Vetor 22 Fourier Transform (FT)-IR
spectrophotometer by using KBr disks in the range 4000–
400 cm�1. NMR spectra at room temperature were recorded
either on a Bruker DRX500 at 500 MHz (1H) and 125 MHz (13C)
or on a Bruker AMX-400 spectrometer at 400 MHz (1H) and
100 MHz (13C). Variable-temperature 1H NMR spectra were re-
corded on the Bruker AMX-400 spectrometer. The NMR spectra
were referenced to SiMe4 or solvent (residual protons in the
1H spectra). Electrochemical measurements were made on a
273A Potentiostat/Gawanostat (EG&G) using a glassy carbon
working electrode, a platinum wire counter electrode, and Bu4N-
ClO4 (TBAP) as Supporting electrolyte. All the potentials were
referenced to SSCE electrode and the solutions were purged with
N2 before each set of experiments.
2.3. Synthesis of [(L1)Ru(NO)Cl3] [L1 = Bpm (1), Bpm* = (2)]

A solution of Bpm or Bpm* (0.55 mmol) and Ru(NO)Cl3 � 5H2O
(0.164 g, 0.5 mmol) in methanol (15 ml) was heated under reflux
for 1 h. The resultant pale pink solids were filtered from the cooled
solution and washed with hot methanol and then diethyl ether,
and dried under reduced pressure. A reaction between Bpm* and
Ru(NO)Cl3 � 5H2O at 80 �C gave the suitable crystals of 2.

1: Yield: 0.170 g, 88% based on Ru(NO)Cl3 � 5H2O. Anal. Calc. for
RuC7H8Cl3N5O: C, 21.80; H, 2.09; N, 18.16. Found: C, 21.88; H, 2.03;
N, 18.23%. IR (KBr, cm�1): m(NO) = 1870. 1H NMR (DMSO-d6,
298 K): d 6.63 (d, 1H, 2JH–H = 14.75 Hz, CH2), 6.73 (pseudo-t, 2H,
4-H), 7.14 (d, 1H, 2JH–H = 14.8 Hz, CH2), 8.24 (d, 2H, 3 or 5-H),
8.36 (d, 2H, 3 or 5-H).

2: Yield: 0.154 g, 70% based on Ru(NO)Cl3 � 5H2O. Anal. Calc. for
RuC11H16Cl3N5O: C, 29.91; H, 3.65; N, 15.86. Found: C, 30.01; H,
3.69; N, 15.69%. IR (KBr, cm�1): m(NO) = 1875. 1H NMR (DMF-d7,
298 K): d 2.64 (s, 3H, 3 or 5-CH3), 2.76 (s, 3H, 3 or 5-CH3), 6.32
(s, 2H, 4-H), 6.57 (d, 1H, 2JH–H = 16.55 Hz, CH2), 6.85 (br, 1H, CH2).
13C{H} NMR (DMF-d7, 298 K): d 157.35 (C3), 144.80 (C5), 110.22
(C4), 58.37 (CH2), 15.08 (3-CH3), 11.40 (5-CH3).

2.4. Synthesis of [(Tpm)Ru(NO)Cl2][PF6] (3)

Tpm (0.235 g, 1.1 mmol) was added to a solution of Ru(NO)Cl3 �
5H2O (0.328 g, 1.0 mmol) in C2H5OH–H2O (3:1 v/v; 30 ml). This
mixture was refluxed for 2 h to give a reddish-brown solution,
which was then cooled to room temperature. NH4PF6 (0.40 g,
2.5 mmol) was added to the solution. The brick-red product was
collected by filtration, washed with methanol and diethyl ether
and dried in vacuo.

3: Yield: 0.449 g, 80% based on Ru(NO)Cl3�5H2O. Anal. Calcd. for
RuC10H10Cl2F6N7OP: C, 21.40; H, 1.80; N, 17.47. Found: C, 21.50; H,
1.88; N, 17.34%. IR (KBr, cm�1): m(NO) = 1910. 1H NMR (DMSO-d6,
298 K): d 6.81 (pseudo-t,1H, 4-CBH), 6.92 (pseudo-t, 2H, 4-CAH),
8.28 (d, 3JH–H = 2 Hz, 1H, 3 or 5-CBH), 8.46 (d, 3JH–H = 2 Hz, 2H, 3
or 5-CAH), 8.91 (d, 3JH–H = 2 Hz, 1H, 3 or 5-CBH), 9.00 (d, 3JH–H =
2.5 Hz, 2H, 3 or 5-CAH), 10.25 (s, 1H, CH). 13C{H} NMR (DMSO-d6,
298 K): d 76.37 (CH), 109.44 (4-CBH), 110.29 (4-CAH), 137.38 (3
or 5-CBH), 138.49 (3 or 5-CAH), 147.51 (3 or 5-CBH), 148.01 (3 or
5-CAH).

2.5. Synthesis of [(Tpm*)Ru(NO)Cl2][PF6] (4)

A procedure similar to that described for the preparation of 3
was used, except that during reflux of the solution, a fine pink pre-
cipitate formed. It was isolated by filtration and was identified by
IR spectrum and NMR as [(dmpz)2Ru(NO)Cl3] (dmpz = 3,5-dimeth-
ylpyrazole) (5) [28,48] (0.043 g, yield: 10%). NH4PF6 (0.400 g,
2.5 mmol) was then added to the filtrate to give a brown solid,
which was collected by filtration, washed with ether and dried in
vacuo. Suitable crystals for X-ray diffraction were grown by slow
evaporation of an ethanol solution of 4.

4: Yield: 0.193 g, 30% based on Ru(NO)Cl3 � 5H2O. Anal. Calc. for
RuC16H22Cl2F6N7OP: C, 29.78; H, 3.44; N, 15.19. Found: C, 30.11; H,
3.66; N, 14.88%. IR (KBr, cm�1): m(NO) = 1928. 1H NMR (DMSO-d6,
298 K): d 2.69 (s,6H, 3- or 5-CAH3), 2.76 (s,3H, 3- or 5-CBH3), 2.78
(s,6H, 3- or 5-CAH3), 2.80 (s,3H, 3- or 5-CBH3), 6.59 (s, 1H, 4-CBH),
6.65 (s, 2H, 4-CAH), 8.08 (s, 1H, CH). 13C{H} NMR (DMSO-d6,
298 K): d 11.28 (3- or 5-CAH3), 12.05 (3- or 5- CBH3), 14.67 (3- or
5-CAH3), 15.83 (3- or 5- CBH3), 69.18 (CH), 110.86 (4-CBH), 110.99
(4-CAH), 146.10 (3- or 5-CBCH3), 146.56 (3- or 5-CACH3), 157.88
(3- or 5-CACH3), 159.23 (3- or 5-CBCH3).

2.6. X-ray crystallography

Suitable single crystals of 2 and 4 were mounted on the top of
glass fiber for X-ray structure analysis. Diffraction data were col-
lected on a Bruker SMART APEX CCD diffractometer using graph-
ite-monochromatized Mo Ka radiation (k = 0.71073 ÅA

0

) at room
temperature and corrected for absorption using SADABS program
[49]. The structures were solved by direct methods and refined
on F2 against all reflections by full-matrix least-squares methods
with SHELXTL program [50]. Anisotropy thermal parameters were as-
signed to all non-hydrogen atoms.
2.7. Catalytic hydrogen transfer experiments

Under inert atmosphere, the tested complex (0.008 mmol) and
KOH (10 mL, 0.02 M in i-PrOH), were introduced into a Schlenk
tube. The solution was heated to 82 �C for 30 min. Subsequently,
ketone (2 mmol) was added. The reaction progress was monitored
by GC analysis.
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Fig. 1. Variable-temperature 1H NMR spectra of [(Bpm*)Ru(NO)Cl3] (2) in DMF-d7.
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3. Results and discussion

3.1. Synthesis and characterization

The synthetic procedures for the new, 18-electron ruthe-
nium(II) nitrosyl complexes [(L1)Ru(NO)Cl3] (L1 = Bpm, 1; Bpm*,
2) and [(L2)Ru(NO)Cl2][PF6] (L2 = Tpm, 3; Tpm*, 4) are shown in
Schemes 1 and 2, respectively.

Complexes 1 and 2 were obtained by the reaction between Ru
(NO)Cl3 � 5H2O and ligands Bpm and Bpm*, respectively, in a 1:1
molar ratio. Complexes 4 and 5 were synthesized via the reaction
of the ligands Tpm or Tpm*, in a 1:1 molar ratio with Ru
(NO)Cl3 � 5H2O, in the presence of 2.5 equiv. of NH4PF6. However,
besides 4, the reaction of Ru(NO)Cl3 � 5H2O with Tpm*, also affor-
ded another compound [(dmpz)2Ru(NO)Cl3] (dmpz = 3,5-dimeth-
ylpyrazole, 5), which has been previously reported [28,48]. These
findings showed that a cleavage of C–N bond occurred in Tpm* to
a considerable degree during the reaction of Tpm* with Ru
(NO)Cl3 � 5H2O, affording the carbon-free di-pyrazole complex 5.
The occurrence of the similar cleavage of C–B bond has been
observed in the reaction of RuCl3(NO) and Tp* [28].

The new ruthenium(II) nitrosyl complexes 1–4 are colored and
stable in air. 1 and 2 are insoluble in most solvents, while 3 and 4
are soluble in polar organic solvents (DMSO, DMF, CH3CN). They
are diamagnetic, characteristic of the low spin d6 ruthenium(II)
centers in the complexes. The analytical data supported the pro-
posed formulations. In the reactions to yield the complexes, the li-
gands behave as basic sp2 N-donors replacing two water molecules
and/or one chloride in the ruthenium precursor Ru(NO)Cl3 � 5H2O.

All four new complexes have been fully characterized by NMR
and IR spectra. Only one set of 1H resonance for the two pyrazolyl
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rings is observed in 1 or 2, indicating the two pyrazolyl rings in the
complexes are in the same chemical environment, in agreement
with the Cs plane of symmetry bisecting the bidentate pyrazolyl li-
gands. The corresponding resonances due to the methylene back-
bone protons of the Bpm and Bpm* ligands in 1 and 2 are cleanly
split into an AB system at room temperature, indicating that the
Ru(Bpm) and Ru(Bpm*) metallacycle in 1 and 2 adopts a rigid con-
formation [51–53]. It should be noted that variable-temperature
1H NMR studies show that one hydrogen atom of methylenic CH2

in 2 at 6.7 ppm is broad at 25 �C and higher temperatures. At lower
temperatures, this broad peak graduately changed into a doublet at
�10 �C (Fig. 1). This doublet and the doublet at 6.57 ppm for the
other H atom in the CH2 group form an AB system. As noted below,
there is an intramolecular hydrogen bond between the nitrogen of
nitrosyl group and one hydrogen atom of the CH2 group, as the X-
ray crystal structure of 2 reveals. Since this hydrogen bond is very
weak, a possible equilibrium between H-bonded and not H-bonded
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Fig. 3. The ORTEP diagram of [(Tpm*)Ru(NO)Cl2]+ ([4]+).
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species could be involved, which can explain the observed vari-
able-temperature 1H NMR spectra. In the low temperature, the
non-bonded species is predominant, which gave a doublet at
�10 �C. With the temperature increasing, the equilibrium rate be-
comes very fast. It is quite possible that with the increasing of tem-
perature, the equilibrium will move to the hydrogen-bonded
species. The reason for this equilibrium shift should be due to
the thermal motion, which will promote one hydrogen atom of
the CH2 group approach of the nitrogen of nitrosyl group in 2. In
contrast, the same thing did not happen in compound 1. This
may be due to the steric effect of the substituents in pyrazolyl
groups. The methyl groups in 2 would promote one hydrogen atom
of the CH2 group approach of the nitrogen of nitrosyl group in 2,
which makes the equilibrium between H-bonded and non H-
bonded species possible.

The 1H and 13C NMR spectra clearly show that there are two dif-
ferent chemical environments adopted by the three pyrazolyl rings
in 3 and 4, indicating that two complexes possess mirror symme-
try. This observation is consistent with tridentate coordination of
Tpm and Tpm* ligands. IR spectra of 1–4 gave a sharp, intense band
in the range 1870–1928 cm�1, which can be assigned as m(NO),
indicating a linear coordination configuration of the nitrosyl group
to Ru [5]. The m(NO) frequency has been extensively employed to
analyze the degree of electronic interaction between the NO ligand
and the metal center [1–7]. In nitrosyl complexes with high m(NO)
wavenumbers, the NO+ character is well preserved in a [RuII–NO+]
electronic distribution [6].

3.2. Molecular structures of 2 and 4

The solid-state structures of 2 and 4 were determined by
single-crystal X-ray crystallographic analyses. 4 consists of a
well-separated [(Tpm*)Ru(NO)Cl2]+ (4+) cation and a PF�6 anion.
The solid-state structures of 2 and the [(Tpm*)Ru(NO)Cl2]+ cation
4+ are shown in Figs. 2 and 3, respectively. Crystallographic data
for 2 and 4 are presented in Table 1 and selected bond lezngths
and angles are given in Table 2.

The coordination geometry of ruthenium in 2 is octahedral with
two nitrogen atoms from Bpm*, three chlorine atoms and the nitro-
gen atom of the NO ligand as the six ligating atoms. The three chlo-
rine atoms adopt the facial configuration and the NO ligand is trans
to one chlorine atom. The ruthenium is located within the coordi-
nation plane defined by Cl(1), Cl(3), N(2), and N(5), as it is situated
only 0.035 Å from this plane. The pyrazolyl rings are planar and the
Fig. 2. The ORTEP diagrams of [(Bpm*)Ru(NO)Cl3] (2).
six-membered metallocycle [Ru(N–N)2C] units of the structurally
bound Bpm* ligand adopted a pseudo-boat conformation. The
Ru–N(ring) bond lengths in 2 [2.117(6) and 2.112(7) Å] are in the
range of the reported values [54,55]. The length of the Ru1–Cl2
[2.325(2) Å] bond, the chloride trans to NO, is shorter than the
other two Ru–Cl bond lengths [2.355(2) and 2.361(2) Å], suggest-
ing a higher degree of covalency of the Ru–Cl bond trans to NO
group. The Ru1–N(nitrosyl) and N–O bond distances are
1.766(8) Å and 1.050(8) Å, respectively, that are comparable with
those in other six-coordinate Ru–NO+ type complexes [56,57].
The Ru–N–O angle of 169.4(8)� indicates that the NO group is for-
mally bound as NO+, and this is consistent with the low NO stretch-
ing vibration band at 1875 cm�1. There is an intramolecular
hydrogen bond between the nitrogen of nitrosyl group and one
hydrogen atom of methylene protons of Bpm* ligand [HC–H. . .NO
with H2C. . .N(O) 3.077(11) Å] in the solid state in 2.

[(Tpm*)Ru(NO)Cl2]+ (4+) cation exhibits a 6-coordinate octahe-
dral configuration around the ruthenium atom with three nitrogen
atoms from Tpm*, two chlorine atoms and one nitrogen atom from
nitrosyl ligand. There is a crystallographically imposed mirror
plane that includes one pyrazolate ring (trans to the NO+), the Ru
center and the NO+ ligand. The pyrazolyl rings within the Tpm* li-
gand are essentially planar. The N(ring)–Ru–N(ring) angles (from
83.51 to 86.26�) deviate from the values expected for a regular
octahedron. Ru–N (ring) bond lengths of av. 2.089 Å are in the
range of reported complexes [58–60]. The Ru–Cl1 and Ru–Cl2 bond
lengths are 2.3541(18) and 2.3505(19) Å, respectively. The Ru–
N(ring) bond (trans to NO) (2.099 Å) is slightly longer than two
remaining Ru–N(ring) bonds (2.076 and 2.092 Å). The Ru–N(O)
and N(O)–O bond lengths are 1.745(6) Å and 1.076(6) Å, respec-
tively. The Ru–N–O angle of 168.8(6)� is nearly linear.

3.3. Electrochemical study

The cyclic voltammograms of complexes 1–4 were carried out at
room temperature in DMF solutions at a scan rate of 100 mV s�1.
The cyclic voltammograms of 2 and 4 are shown in Fig. 4. The elec-
trochemical behaviors of 1–4 are typical for the {RuII–NO+} com-
plexes [61–64] and the potentials of the redox processes are
shown in Table 3. There are two successive reductions waves cen-
tered at the coordinated nitrosyl group. The first at the less negative
potential (vs. SSCE) is reversible and attributed to the pair RuII–NO+/
RuII–NO0. The more negative potential which is irreversible



Table 1
Crystallographic data for [(Bpm*)Ru(NO)Cl3] (2) and [(Tpm*)Ru(NO)Cl2](PF6) (4)

2 4

Empirical formula C11H16Cl3N5ORu C16H22Cl2F6N7OPRu
Formula weight 441.71 645.35
T (K) 291(2) 291(2)
k (ÅA

0

) 0.71073 0.71073
Crystal system Monoclinic Monoclinic,
Space group P 21/n P 21/n
a (ÅA

0

) 9.985(3) 13.0211(9)
b (ÅA

0

) 13.802(4) 10.4571(7)
c (ÅA

0

) 13.127(4) 18.2153(13)
a (�) 90 90.
b (�) 112.3540(10) 104.6650(10)
c (�) 90 90
Volume (ÅA

0
3) 1673.1(9) 2399.4(3)

Z 4 4
Dcalc (g/cm3) 1.754 1.786
Absorption coefficient (mm�1) 1.420 1.014
F(000) 880 1288
Crystal size (mm3) 0.30 � 0.26 � 0.24 0.28 � 0.24 � 0.19
h Range for data collection (�) 2.21–26.00 2.21–25.99
Index ranges �11 6 h 6 12, �17 6 k 6 9, �15 6 l 6 16 �16 6 h 6 15, �12 6 k 6 12, �13 6 l 6 22
Reflections collected 8627 12917
Independent reflections (Rint) 3288 [Rint = 0.0767] 4714 [Rint = 0.0681]
Completeness to h = 26.00 (%) 99.8 99.8
Max. and min. transmission 0.705 and 0.654 0.8307 and 0.7644
Data/restraints/parameters 3288/10/194 4714/2/313
GOF 1.016 1.001
Final R indices [I > 2r(I)]a R1 = 0.0400, wR2 = 0.0544 R1 = 0.0482, wR2 = 0.0936
R indices (all data) R1 = 0.0723, wR2 = 0.0584 R1 = 0.0938, wR2 = 0.1230
Largest differences in peak and hole (e ÅA

0
�3) 0.554 and �0.636 0.591 and �0.665

a R1 = R||Fo| � |Fc||/R|Fo|; wR2 = [Rw(|Fo| � |Fc|)2/Rw|Fo|2]1/2; GOF = [Rw(|Fo| � |Fc|)2/(no�nv)]1/2.

Table 2
Selected bond distances (Å) and angles (�) for [(Bpm*)Ru(NO)Cl3] (2) and [(Tpm*)Ru
(NO)Cl2][PF6] (4)

2

Ru1–Cl1 2.355(2) Ru1–N2 2.117(6)
Ru1–Cl2 2.325(2) Ru1–N5 2.112(7)
Ru1–Cl3 2.361(2) N1–O1 1.050(8)
Ru1–N1 1.766(8)
N1–Ru1–N5 97.6(3) N5–Ru1–N2 87.3(3)
N1–Ru1–N2 94.3(3) N5–Ru1–Cl1 93.23(19)
N1–Ru1–Cl1 86.3(2) N5–Ru1–Cl2 87.9(2)
N1–Ru1–Cl2 174.0(3) N5–Ru1–Cl3 177.0(2)
N1–Ru1–Cl3 85.4(3) Cl1–Ru1–Cl2 91.02(8)
N2–Ru1–Cl1 179.2(2) Cl1–Ru1–Cl3 86.93(9)
N2–Ru1–Cl2 88.41(18) Cl2–Ru1–Cl3 89.12(9)
N2–Ru1–Cl3 92.46(19) O1–N1–Ru1 169.4(8)

4
Ru1–N1 2.076(5) Ru1–Cl1 2.3541(18)
Ru1–N3 2.098(5) Ru1–Cl2 2.3505(19)
Ru1–N5 2.093(5) N7–O1 1.076(6)
Ru1–N7 1.745(6)
N1–Ru1–N3 83.5(2) N3–Ru1–Cl2 88.59(15)
N1–Ru1–N5 86.2(2) N5–Ru1–Cl1 91.77(14)
N1–Ru1–N7 94.0(2) N5–Ru1–Cl2 173.89(14)
N1–Ru1–Cl1 174.09(15) N7–Ru1–N5 95.2(2)
N1–Ru1–Cl2 90.98(15) N7–Ru1–Cl1 91.8(2)
N3–Ru1–N5 85.69(19) N7–Ru1–Cl2 90.45(19)
N3–Ru1–N7 177.3(2) Cl1–Ru1–Cl2 90.45(7)
N3–Ru1–Cl1 90.79(15) O1–N7–Ru1 168.8(6)
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Fig. 4. Cyclic voltammograms of complexs [(Bpm*)Ru(NO)Cl3] (2) and [(Tpm*)Ru(-
NO)Cl2][PF6] (4).

Table 3
Infrared data and redox potentials for 1–4

Complex m(NO) cm�1 E1/2(1)a Epc(2)b

[Ru(NO)(Bpm)Cl3] (1) 1870 �0.37 �0.91
[Ru(NO)(Bpm*)Cl3(2) 1875 �0.03 �1.08
[Ru(NO)(Tpm][PF6] (3) 1911 �0.07 �0.86
[Ru(NO)(Tpm*)Cl2][PF6] (4) 1928 �0.04 �1.05

a E1/2(1) is the first nitrosyl-based reduction and is electrochemically reversible
(RuII–NO+/RuII–NO0).

b Epc(2) is the peak potential for the second nitrosyl-based reduction ((RuII–NO0/
RuII–NO�1). The process is electrochemically irreversible.
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corresponds to the RuII–NO0/RuII–NO� process. It is well-known
that the nitrosyl ligand shows a strong interaction with the ligand
at the trans position by sharing the same d orbital in the coordina-
tion sphere, so that the E(RuII–NO+/RuII–NO0) redox potentials span
a broad range and are very sensitive to the degree of d p–p p* back-
bonding between the metal and the nitrosyl group [65]. For com-
plexes 1–4, as with the IR m(NO) frequencies (Table 3), redox poten-
tials provide information about the electronic nature of the



Table 4
Catalytic transfer hydrogenation of ketones using 2a

Entry Substrate Product Time (h) Conversion%b

1
O OH

1 43
6 86

2
O

Cl

OH

Cl

1 45
6 83

3
O

OCH3

OH

OCH3

1 37
6 67

4
O OH

1 44
6 78

5
O OH

1 3
6 11

6
O OH

1 69
6 95

7
O OH

1 58
6 94

a Conditions: reactions were carried out at 82 �C, ketone 0.2 M in 2-propanol,
ketone/Ru/KOH = 1000/4/100.
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compound. High redox potentials correlate with high NO stretch-
ing frequencies and reflect a smaller degree of metal-to-nitrosyl
back-bonding. Compared with the reduction potential for the
[RuCl(NO)(bipy)2][PF6]2 (E1/2 = �0.20 V) [52], our complexes
(E1/2 = �0.37 � �0.03 V) shows some degree of d p–p p*(NO)
back-donation. The degree order is 2 > 4 > 3 > [RuCl(NO)(bipy)2]-
[PF6]2 > 1.

3.4. Catalytic hydrogenation of ketones

The classical transfer hydrogenation of acetophenone by iso-
propanol was used as a model reaction to explore the catalytic
behavior of complexes 1–4 in transfer hydrogenation. The catalytic
tests were carried out using the ruthenium catalyst precursors 1–4
(0.4 mol%), KOH (10 mol%) and acetophenone (2 mmol) in 10 mL
iPrOH at 82 �C (Eq. (1)). The reaction was monitored by gas chro-
matography. The conversion vs. time plots for the four precursor
catalysts 1–4 are shown in Fig. 5. The following features deserve
comments: (i) There is a strong influence of the methyl substitu-
ents in the pyrazolyl groups on the catalytic activity, increasing
in the order 2 > 1, 4 > 3, and 2 is the most efficient in the transfer
hydrogenation of acetophenone to 1-phenylethanol. The relative
activity order suggests that sterically bulky ligand is superior.
Noyori and co-workers [66] have shown that the true catalyst in
the hydrogenation reaction is formally a 16-e intermediate species.
It is possible that the bulky ligands help the formation of stable of
16-e intermediates, thus increasing the activities of this hydroge-
nation process [67,68]. (ii) The catalytic performances shown by
complexes 1–2 containing bidentate L1 ligands (Scheme 1) are, in
all cases, better than those of counterparts 3–4 with tridentate L2

ligands (Scheme 2). The lower activities of 3 and 4 may be due to
the presence of anion PF�6 in the complexes [69,70]. The underly-
ing reasons of these differences remain to be elucidated.

O OH
OH O

Ru Catalyst

KOHreflux
+ +

ð1Þ

The most active complex 2 has also been tested in the transfer
hydrogenation of other ketones (Table 4). As in the case of aceto-
phenone (entry 1 and Fig. 5), 2 exhibits a considerable efficiency
for transfer hydrogenation of 4’-chloroacetophenone (83% conver-
sion after 6 h, entry 2), 4’-methoxyacetophenone (67% conversion
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Fig. 5. Conversion vs. reaction time for conditions given in Section 2. Precursor
catalyst systems shown are for 1–4.

b The conversion was determined by GC.
after 6 h, entry 3), and diphenyketone (78% conversion after 6 h,
entry 4). 2 was found to be a particularly efficient catalyst in the
reduction of diakyl ketones. The conversions of cyclohexanone
and 2-heptanone are as high as 95 and 94% after 6 h of reaction
(entries 6 and 7). But the catalytic activity is significantly low in
the case of 2,4,6-trimethyl-acetophenone (conversion 11% after
6 h, entry 5). This may be due to steric effect of this substrate,
which restricts the formation of the catalytic 16-e intermediate.

4. Conclusions

New ruthenium nitrosyl complexes 1–4 bearing poly-
pyrazolylmethane ligands such as Bpm, Bpm*, Tpm, and Tpm* li-
gands have been prepared and characterized. Molecular
structures of 2 and 4 show that the bidentate and tridentate coor-
dination of the Bpm* and Tpm* ligands to ruthenium atom, respec-
tively. The study of the transfer hydrogenation of acetophenone
indicated that 2 is the most efficient, suggesting that bulky substit-
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uents are superior. The role of nitrosyl ligand in this catalytic con-
version is not clear yet, which need to be studied in future.
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