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Abstract—Treatment of 5,5′-di(trif luoromethyl)-3,3′-bipyrazole (BipzH2) with cis-[RuCl2(Bipy)2]·2H2O
(Bipy = 2,2′-bipyridine) or cis-[RuCl2(Dmbipy)2]·2H2O (Dmbpy = 4,4′-dimethyl-2,2′-bipyridine) afforded
two charge-neutral ruthenium(II) complexes [Ru(Bipz)(Bipy)2] (I) and [Ru(Bipz)(Dmbipy)2] (II), respec-
tively. Reactions of 3-trif luoromethyl-5-(2-pyridyl)pyrazole (PypzH) and cis-[RuCl2(Bipy)2]·2H2O or cis-
[RuCl2(Dmbipy)2]·2H2O in the presence of NH4PF6 produced two cationic ruthenium(II) complexes
[Ru(Pypz)(Bipy)2](PF6) (III) and [Ru(Pypz)(Dmbipy)2](PF6) (IV), respectively. Four complexes were
spectroscopically characterized by FTIR, UV-Vis and luminescence. The structures of I·H2O, III·H2O and
IV have been also determined by single-crystal X-ray diffraction (CIF files CCDC nos. 1935282–1935284,
respectively).
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INTRODUCTION

It is well known that ruthenium(II) complexes of
the [Ru(Bipy)3]2+ (Bipy = 2,2′-bipyridine) family are
especially interesting due to systematic modifications
in the bulky backbone and their possible applications
in energy conversion and photo induced electron
transfer processes [1–3]. In comparison to the poly-
pyridyl systems, study on ruthenium-Bipy complexes
with the other N-containing heterocycles, e.g., imid-
azole, pyrazole, pyrazine is limited [4–6]. Actually,
coordination of such heterocycles to ruthenium center
could alter the electron transfer and optical properties
of the afforded ruthenium complexes due to the differ-
ent electron donor/acceptor properties of the coordi-
nating nitrogen atoms [7]. In the past decade, the
dianionic chelate ligand Bipz (BipzH2 = 5,5′-di(tri-
fluoromethyl)-3,3′-bipyrazole) have been employed
to synthesize ruthenium(II), osmium(II), plati-
num(II) and iridium(III) complexes with unique
properties [8–11]. For examples, ruthenium(II) com-
plexes incorporating dianionic bipyrazolate ancillaries
are suited for high performance dye sensitized solar
cells (DSCs) [11]; iridium(III) complexes with dian-
ionic Bipz chelate can serve as decent dopant emitters
in organic light-emitting diode (OLED) devices [12].

On the other hand, the strong σ-donor property of
the pyrazolate unit, together with the good π-accept-
ing ability of the second pyridyl fragment, provides a
synergism of the electron delocalization over the
whole ligand π conjugation as well as the metal dπ
orbitals [13]. It has been noted that ruthenium(II)-ter-
pyridine complexes bearing pyridine pyrazolate che-
lates have shown their superior dye-sensitized solar
cell performance [14]. Moreover, it has showed in [15]
substituents of carboxy groups on Bipy unit is detri-
mental to the fabrication of very high efficiency DSC
devices. Recently, we have reported the syntheses and
phosphorescent properties of several heteroleptic
ruthenium(II)/(III) polypyridine complexes with a
series of substituted 2,2′-bipyridine ligands, Schiff
base N,O-ligands and N,C-phenylphthalazine ligands
[16–18]. In this paper, we report the synthesis, struc-
ture and electronic properties of four heteroleptic
ruthenium(II)-Bipy/Dmbipy (Bipy = 2,2′-bipyridine;
Dmbipy = 4,4′-dimethyl-2,2′-bipyridine) complexes:
[Ru(Bipz)(Bipy)2]·H2O (I·H2O), [Ru(Bipz)(Dmbipy)2]
(II), [Ru(Pypz)(Bipy)2](PF6) (III·H2O) and
[Ru(Pypz)(Dmbipy)2](PF6) (IV) with bipyrazolate
(Bipz2‒) and 2-pyridyl pyrazolate (Pypz‒). Chelating
ligands with varying electronic character are below:
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EXPERIMENTAL
Materials and methods. All synthetic manipulations

were carried out under dry nitrogen by standard
Schlenk techniques. RuCl3·3H2O was used as pur-
chased from Pressure Chemical Co. Ltd. cis-
[RuCl2(Bipy)2]·2H2O [19], cis-[RuCl2(Dmbipy)2]·
2H2O [20], BipzH2 [21] and 3-trif luoromethyl-5-(2-
pyridyl)pyrazole (PypzH) [11] were prepared accord-
ing to the literature methods. Infrared spectra were
recorded in KBr pellets on a Perkin-Elmer 16 PC
FTIR spectrophotometer. NMR spectra were
recorded on a Bruker ALX 400 spectrometer operating
at 400 MHz for 1H, 376 MHz for 19F, and 162 MHz for
31P. Electronic absorption spectra were obtained on a
Shimadzu UV-3000 spectrophotometer. Photolumi-
nescence (PL) spectra were measured with a Shi-
madzu RF-5301PC fluorescence spectrophoto-
meter. Positive-ion ESI mass spectra were recorded on
a Perkin Elmer Sciex API 365 mass spectrometer. Ele-
mental analyses were carried out using a Perkin-Elmer
2400 CHN analyzer.

Synthesis of [Ru(Bipz)(Bipy)2]·H2O (I·H2O). A
mixture of BipzH2 (27 mg, 0.10 mmol) and cis-
[Ru(Bipy)2Cl2]·2H2O (52 mg, 0.10 mmol) was stirred
in 20 mL ethanol–H2O (v : v = 1 : 1) at 85°C for 3 h,
during which the color of the solution turned to red-
dish brown. After removing the solvent, the solid
product was washed with diethyl ether (5 mL × 3)
to give the desired product. Recrystallization from
CH2Cl2–n-hexane (v : v = 1 : 3) gave dark red block
crystals of I·H2O in a week. The yield was 33 mg (49%
based on Ru).

IR (KBr; v, cm–1): ν(C=C) 1617, ν(N–N) 1384,
ν(C–F) 1129. 1H NMR (D6[DMSO]; δ, ppm): 8.64
(d., J = 7.8 Hz, 2H), 8.57 (d., J = 7.7 Hz, 2H), 7.99
(dt., J = 16.1, 7.6 Hz, 8H), 7.58–7.48 (m., 2H), 7.38–
7.29 (m., 2H), 7.14–6.98 (m., 2H). 19F NMR
(D6[DMSO]; δ, ppm: ‒57.17 (s., CF3), ‒59.08 (s.,
CF3). MS (FAB): m/z 681 [M]+.

Synthesis of [Ru(Bipz)(Dmbipy)2] (II). A mixture of
BipzH2 (27 mg, 0.10 mmol) and cis-
[Ru(Dmbpy)2Cl2]·2H2O (55 mg, 0.10 mmol) was
stirred in 25 mL ethanol–H2O (v : v = 1 : 1) at 85°C
for 2 h, during which the color of the solution turned

to orange reddish. After removing the solvent, the
solid product was washed with diethyl ether (5 mL ×
3) to give the desired product. Recrystallization from
CH2Cl2–n-hexane (v : v = 1 : 3) gave dark red block
crystals of II in five days. The yield was 34 mg (46%
based on Ru).

IR (KBr; ν, cm–1): 1616 ν(C=C), 1384 ν(N–N),
1126 ν(C–F). 1H NMR (D6(DMSO]; δ, ppm): 8.62
(d., J = 7.8 Hz, 2H), 8.57 (d., J = 7.7 Hz, 2H), 7.96
(dt., J = 16.1, 7.6 Hz, 6H), 7.58–7.49 (m., 2H), 7.21–
6.96 (m., 2H), 2.62 (s., 3H, CH3), 2.56 (s., 3H, CH3),
2.46 (s., 3H, CH3) 2.41 (s., 3H, CH3). 19F NMR
(D6[DMSO]; δ, ppm): ‒57.01 (s., CF3), ‒60.78 (s.,
CF3). MS (FAB): m/z 738 [M]+.

Synthesis of [Ru(Pypz)(Bipy)2](PF6) (III·H2O). A
mixture of PypzH (21 mg, 0.10 mmol) and cis-
[Ru(Bipy)2Cl2]·2H2O (52 mg, 0.10 mmol) was stirred
in 20 mL ethanol–H2O (v : v = 1 : 1) at 80°C for 2.5 h,
during which the color of the solution turned to dark
red. After filtering the solution, an excess of an ammo-
nium hexafluorophosphate (0.30 mmol, 49 mg) solu-
tion in ethanol (5 mL) was added, and the mixture was
further stirred at room temperature for 15 min. The
suspension was filtered and the precipitate was washed
with diethyl ether (7 mL × 3) to give the desired
orange-yellow product. Recrystallization of the crude
product from acetone–n-hexane (v : v = 1 : 3) gave
orange-red block crystals of III·H2O in a week. The
yield was 39 mg (50% based on Ru).

IR (KBr; ν, cm‒1): 1620 ν(C=C), 1385 ν(N–N),
1128 ν(C–F). 1H NMR (D6[DMSO]; δ, ppm): 8.41
(m., 3H), 8.27 (m., 3H), 7.96–7.80 (m., 5H), 7.74 (m.,
5H), 7.48 (m., 2H), 7.42–7.34 (m., 2H), 7.04 (s., 1H);
19F NMR (D6[DMSO]; δ, ppm): ‒58.14 (s., CF3),
‒70.14 (d., J = 711 Hz, PF6). 31P NMR (D6[DMSO];
δ, ppm): ‒144.22 (m., PF6). MS (FAB): m/z 626 [M
− PF6]+.

N N N N

H3C CH3

N N N
N

F3C
CF3

N N

F3C

N

 2,2'-Bipyridine (Bipy) 4,4'-Dimethyl-2,2'-bipyridine (Dmbpy) Bipyrazolate (Bipz2) 2-Pyridyl pyrazolate (Pypz −)

For C28H18N8F6Ru·H2O
Anal. calcd., % C, 48.07 H, 2.88 N, 16.02
Found, % C, 48.03 H, 2.86 N ,16.05

For C32H26N8F6Ru
Anal. calcd., % C, 52.10 H, 3.55 N, 15.19
Found, % C, 52.07 H, 3.56 N, 15.21

For C29H21N7F9PRu·H2O
Anal. calcd., % C, 44.17 H, 2.94 N, 12.43
Found, % C, 44.14 H, 2.96 N, 12.45
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Synthesis of [Ru(Pypz)(Dmbipy)2](PF6) (IV). A

mixture of PypzH (21 mg, 0.10 mmol) and cis-
[Ru(Dmbipy)2Cl2]·2H2O (58 mg, 0.10 mmol) was

stirred in 20 mL ethanol–H2O (v : v =1 : 1) at 80°C for

3 h, during which the color of the solution turned red.
After filtering the solution, an excess of an ammonium
hexafluorophosphate (0.30 mmol, 49 mg) solution in
ethanol (5 mL) was added, and the mixture was fur-
ther stirred at room temperature for 15 min. The sus-
pension was filtered and the precipitate was washed
with diethyl ether (7 mL × 3) to give the desired red
product. Recrystallization with dichloromethane–n-
hexane (v : v = 1 : 4) gave red block crystals of IV in six
days. The yield was 39 mg (48% based on Ru).

8.22 (m., 2H), 8.02 (m., 2H), 7.72 (m., 2H), 7.65
(d., J = 5.7 Hz, 1H), 7.58–7.51 (m., 2H), 7.47 (d., J =
5.5 Hz, 2H), 7.24 (s., 1H), 7.13 (m., 2H), 7.05 (m.,
2H), 7.00 (s., 1H), 2.57 (s × 2, 6H, CH3), 2.48 (s., 3H,

CH3) 2.36 (s., 3H, CH3); 19F NMR (D6[DMSO]; δ,

ppm): ‒57.99 (s., CF3), ‒70.20 (d., J = 680 Hz, PF6).
31P NMR (D6[DMSO]; δ, ppm): ‒144.21 (m., PF6).

MS (FAB): m/z 682 [M]+.

X-ray crystallography. Intensity data were collected
on a Bruker SMART APEX 2000 CCD diffractometer
using graphite-monochromated MoKα radiation (λ =

0.71073 Å) at 296(2) K. The collected frames were

processed with the software SAINT [22]. The data was
corrected for absorption using the program SADABS
[23]. Structures were solved by the direct methods and

refined by full-matrix least-squares on F 2 using the
SHELXTL software package [24]. All non-hydrogen
atoms were refined anisotropically. The positions of all
hydrogen atoms were generated geometrically
(Csp3−H = 0.97 and Csp2−H = 0.93 Å), assigned iso-

tropic thermal parameters, and allowed to ride on
their respective parent carbon atoms before the final
cycle of least-squares refinement. A summary of crys-
tallographic data and experimental details for I·H2O,

III·H2O, and IV are summarized in Table 1. Selected

bond lengths and bond angles are given in the figure
captions (Figs. 1−3). The hydrogen-bond characteris-
tics and geometric parameters for the three complexes
are listed in Table 2.

Supplementary material for structures has been
deposited with the Cambridge Crystallographic Data
Centre (CCDC nos. 1935282 (I·H2O), 1935283

(III·H2O), and 1935284 (IV); deposit@ccdc.

cam.ac.uk or http://www.ccdc.cam.ac.uk).

RESULTS AND DISCUSSION

It is noted that the first ruthenium(II) complexes

with two 2,2'-bipyridine-type ligands and Bipz2‒

ligand have already been reported in [11]. With this
research in mind, we tried the syntheses of heterolep-
tic ruthenium(II)-Bipy/Dmbipy complexes I−IV, as
shown in Scheme 1.

For C33H29N7F9PRu

Anal. calcd., % C, 47.88 H, 3.53 N, 11.85

Found, % C, 47.84 H, 3.55 N, 11.88
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Table 1. Crystallographic data and experimental details for I·H2O, III·H2O), and IV

a R1 = Σ∣|Fo|– |Fc|∣/Σ|Fo|.

b wR2 = [Σw(| | – | |)2/Σw|Fo
2|2]1/2.

c GOOF = [Σw(|Fo| – |Fc|)2/(Nobs – Nparam)]1/2.

Parameter
Value

I·H2O III·H2O IV

Empirical formula C28H20N8OF6Ru C29H23N7OF9PRu C33H29N7F9PRu

Formula weight 699.59 788.58 826.67

Crystal system Tetragonal Triclinic Monoclinic

Space group P41212 P P21/n

a, Å 10.455(5) 9.911(3) 11.369(7)

b, Å 10.455(5) 13.468(4) 17.653(10)

c, Å 28.42(3) 13.823(5) 17.823(10)

α, deg 90 78.870(4) 90

β, deg 90 69.862(4) 98.675(11)

γ, deg 90 88.757(5) 90

V, Å3 3107(4) 1697.6(10) 3536(3)

Z 4 2 4

ρcalcd, g cm−3 1.496 1.543 1.553

Temperature, K 296(2) 296(2) 296(2)

F(000) 1400 788 1664

μ(MoKα), mm−1 0.576 0.593 0.571

Total reflections 9056 8409 22120

Independent reflections 3574 6902 8151

Rint 0.0805 0.0385 0.1281

R1
a, wR2

b (I > 2σ(I)) 0.0890, 0.2212 0.0838, 0.2096 0.0750, 0.1638

R1, wR2 (all data) 0.1640, 0.2756 0.1391, 0.2410 0.1871, 0.2276

GOOFc

Final max/min diff. peaks, e Å−3

0.966

0.912/−0.564

1.077

0.987/−1.020

0.905

0.804/−0.594

1

2
oF 2

cF
Scheme 1.

Reaction of BipzH2 and equal equivalent of cis-

[Ru(Bipy)2Cl2]·2H2O or cis-[Ru(Dmbipy)2Cl2]·2H2O

in the ethanol−water mixed solvent at reflux afforded
the heteroleptic ruthenium(II) complexes
[Ru(Bipz)(Bipy)2] (I) and [Ru(Bipz)(Dmbipy)2] (II),

respectively. The two chloro ligands in cis-
[Ru(Bipy)2Cl2]·2H2O or cis-[Ru(Dmbipy)2Cl2]·2H2O

were substituted by dianionic bipyrazolate ligand

(Bipz2−) to form the neutral heteroleptic polypyridyl
ruthenium(II) complexes I and II in moderate yields.
Interaction of PypzH with equivalent of cis-
[Ru(Bipy)2Cl2]·2H2O or cis-[Ru(Dmbipy)2Cl2]·2H2O

in the presence of NH4PF6 led to isolation of ruthe-

nium(II) complexes [Ru(Pypz)(Bipy)2](PF6) (III)

and [Ru(Pypz)(Dmbipy)2](PF6) (IV), respectively.

Obviously, the two chloro ligands in cis-

[Ru(Bipy)2Cl2]·2H2O or cis-[Ru(Dmbipy)2Cl2]·2H2O

were replaced by the monoanionic bidentate 2-pyridyl

pyrazolate ligand (Pypz−) to obtain the cationic heter-

oleptic polypyridyl ruthenium(II) complexes III and

IV with  as the counter anion. The 1H NMR spec-

tra of ruthenium(II) complexes II and IV display the

methyl protons attached to Dmbpy ligands at around

2.5 ppm. The 19F NMR spectra of ruthenium(II)

complexes I‒IV display the signals of −CF3 groups on

pyrazole ring at around −58 ppm, which are similar to

those in related complexes (ca. −60 ppm) [12, 15].

Moreover, the 31P and 19F NMR spectra of complexes

III and IV exhibit the phosphorous signals at about

−144 ppm and fluorine signals at about −70 ppm,

which are typical of  anion. All the synthesized

6PF
−

6PF
−
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Fig. 1. Molecular structure of I·H2O. Thermal ellipsoids are shown at the 40% probability level. The water molecule and hydrogen

atoms were omitted for clarity. Selected bond lengths and angles: Ru(1)–N(1) 2.063(12), Ru(1)–N(3) 1.959(10), Ru(1)–N(4)
2.016(11), N(1)–N(2) 1.316(17), N(1)Ru(1)N(1A) 79.6(6) Å and N(3)Ru(1)N(4) 80.2(3)°, N(1)Ru(1)N(3A) 171.0(4)°,

N(4)Ru(1)N(4A) 176.3(6)°. (A) y, x, –z + 1.

F(1A)

F(3A)

F(2A)

N(2A)

N(2)

N(1A)

N(1)

N(4A)

N(4)

N(3A)

N(3)

C(14A)

C(13A)

C(12A)

C(11A)

C(11)

C(12)

C(13)

C(14)

C(10)

C(6)

C(7)

C(4)

C(1)

C(2)

C(3)

C(5)
C(9)

C(8)

F(2)

F(1)

F(3)

C(9A)

C(8A)
C(7A)

C(5A)

C(4A)

C(6A)
C(3A)

C(2A)

C(1A)
C(10A)

Ru(1)
complexes have relatively good solubility in common
organic solvents and are stable in solid for a relatively
long time and also stable in solution for several months
as deduced from spectroscopic studies.

Molecular structures of complexes I·H2O, III·H2O

and IV have been established by X-ray crystallography.
Structures of these neutral and cationic heteroleptic
ruthenium(II)-Bipy/Dmbipy complexes are shown in
Figs. 1−3. The central ruthenium atoms of three com-
plexes are in an octahedral coordination environment,
the ruthenium(II) complexes contain two Bipy or

Dmbpy units and one bidentate Bipz2‒ or Pypz‒

ligand. The Ru−N(Bipy/Dmbipy) bond lengths in
I·H2O, III·H2O and IV range from 1.959(10) to

2.066(6) Å, which are slightly shorter than the
Ru−N(Py) bond lengths in III·H2O and IV
(2.084(7)−2.087(6) Å). The Ru−N(Pz) bond length
of 2.063(12) Å in complex I·H2O are a little longer

than those in complexes III·H2O (2.030(6) Å) and IV
(2.029(6) Å), possibly due to the existance of two elec-
tron-withdrawing trif luoromethyl substituents on

Bipz2‒ ligand, which decreases the electron density of
pyrazolate nitrogen. The similar Ru−N(Pz) bond
lengths in III·H2O (2.030(6) Å) and IV (2.029(6) Å)

indicate the substituents of methyl groups on Bipy
RUSSIAN JOURNAL OF C
units having little effect on the bond parameters of
Ru−N(Pz). As expected, the Ru−N(Pz) bond length
gives the shortest Ru−N distances within the entire
molecules of III·H2O and IV [14]. Meanwhile, a ten-

dency for increased ruthenium–nitrogen bond lengths
in the trans position with respect to the Ru–N(Pz)
bond is observed in III·H2O (2.050(6) Å vs 2.032(7) Å)

and IV (2.065(6) Å vs 2.041(6) Å), which is identical

with related [Ru(Bipy)2(C^N)]+ complexes [22]. The

chelate bond angles of N(Py)RuN(Pz) in III·H2O and

IV are 78.7(3)° and 78.8(2)°, respectively, which are
compared with few ruthenium(II) complexes with

Pypz− ligand (77.5(6)o‒78.0(4)°) [14, 25]. The
N(Pz)RuN(Pz) bond angle in I·H2O is 79.6(6)°, a lit-

tle larger than those in iridium(III) and platinum(II)

complexes with Bipz2‒ ligand (77.0(6)°‒78.1(6)°) [26,
27]. Moreover, the three complexes have similar
N(Bipy)RuN(Bipy) bond angles (78.5(2)°‒78.8(2)°),
a suggestive of the stable rigid structure of Bipy units.

Crystal packing in molecules I·H2O, III·H2O and IV
are all governed by the weak intermolecular C–H⋅⋅⋅N
hydrogen-bonding interactions (see Table 2). Besides,

C–H⋅⋅⋅F hydrogen-bonding interactions between PF6
‒

and [Ru(Pypz)(Bipy)2]
+ or [Ru(Pypz)(Dmbipy)2]

+ exist
OORDINATION CHEMISTRY  Vol. 47  No. 5  2021
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Table 2. Geometric parameters of hydrogen-bond for complexes I·H2O, III·H2O, and IV*

* Symmetry codes: i y, x, –z + 1; ii x + 1, y, z; iii –x + 2, –y + 1, –z + 2; iv –x, –y, –z + 2; v –x + 1/2, y + 1/2, –z + 3/2.

D–H⋅⋅⋅A

Distance, Å

∠(DHA, deg

D–H H⋅⋅⋅A D⋅⋅⋅A

I·H2O

C(10)–H(10)⋅⋅⋅N(1)i 0.93 2.55 3.124(18) 120.0

III·H2O

C(24)–H(24)⋅⋅⋅F(5)ii

C(10)–H(10)⋅⋅⋅N(7)iii

C(13)–H(13)⋅⋅⋅N(7)iii

C(8)–H(8)⋅⋅⋅N(1)

C(15)–H(15)⋅⋅⋅N(6)

0.93

0.93

0.93

0.93

0.93

2.53

2.57

2.53

2.62

2.66

3.204(14)

3.498(13)

3.461(12)

3.168(11)

3.211(11)

130.0

175.9

176.6

118.1

118.5

IV

C(10)–H(10)⋅⋅⋅F(4)

C(31)–H(31)⋅⋅⋅N(1)

C(22)–H(22)⋅⋅⋅N(5)

C(5)–H(5)⋅⋅⋅N(7)iv

C(28)–H(28)⋅⋅⋅F(1)v

0.93

0.93

0.93

0.93

0.93

2.50

2.67

2.61

2.50

2.61

3.150(11)

3.191(11)

3.130(9)

3.397(10)

3.530(11)

126.8

116.0

116.2

162.9

170.7
in cationic complexes III ⋅ H2O and IV. The separations

of H⋅⋅⋅N in the three molecules are in the range of
2.50‒2.67 Å, similar to the H⋅⋅⋅F distances in complexes
III·H2O (2.53 Å) and IV (2.50, 2.61 Å). The hydrogen-

bond angles of C–H⋅⋅⋅N are 120.0° for complex I·2H2O,

118.3° and 176.0° for complex III·H2O, together with

116.1° and 162.9° for complex IV. Moreover, the C–H⋅⋅⋅F
bond angles are 130.0° in complex III·H2O, 126.8° and

170.7° in molecule of complex IV. Such rich hydrogen-
bond interactions of C–H⋅⋅⋅N and C–H⋅⋅⋅F all contrib-
ute to the stabilization of the three crystal structures.

The UV-Vis absorption spectra of new heteroleptic
ruthenium(II) complexes I‒IV, together with the par-
ent complex [Ru(Bipy)3](PF6)2, in CH2Cl2 at room

temperature are shown in Fig. 4. At the first glance,
spectra for complexes I‒IV are grossly similar and
reveal three intense transitions located at 240‒280,
340‒390 and 470‒550 nm. The strong absorption
bands around 260 nm are assigned to a typical spin-

allowed 1π‒π* transition of the ligands, and the com-
paratively less intense broad bands around 370 and
530 nm are ascribed to the metal-to-ligand charge
transfer (MLCT) transitions. These spectra are similar
to that of [Ru(Bipy)3](PF6)2 and related ruthe-

nium(II)-Bipy complexes with additional N,N- or
N,O-donors [11, 16, 17]. For example, ruthenium

Bipy/Bipz2‒ derivative with the 2,2'-Bipy ligand sub-
stituted by two carboxylates showed three absorption
bands at around 308, 391 and 547 nm [11]. Cationic
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
complexes III and IV with Pypz‒ ligands, which bear
one electron-withdrawing ‒CF3 group, have identical

UV-Vis absorption properties. The difference of low-
lying MLCT bands in the spectra of I and II with

Bipz2‒ ligands bearing two electron-withdrawing
‒CF3 groups, possibly arises from the existence of

four methyl substituents on two Bipy units, which
affords a more electron-rich ruthenium center in com-
plex II than that in complex I. It is interesting to note
that there is a red-shift of about 50 nm observed for the
low-lying transition depending on the presence of

coordination of the Bipz2‒ and Pypz‒ ligands. This
considerable shift suggests that the low-energy transi-
tion is the main signature of the charge transfer arising
between the ruthenium atom and Bipy or Dmbipy
ligand [28].

The room temperature photoluminescence spectra
of the heteroleptic ruthenium(II) complexes I‒IV and
[Ru(Bipy)3](PF6)2 in CH2Cl2 solution are illustrated

in Fig. 5. These neutral and cationic ruthenium(II)
complexes show similar orange emission due to their
structural similarity. But there are still faint differences
among them. Complexes I‒IV all emit weak lumines-
cence with emission wavelengths at 644, 651, 632, and
655 nm, respectively, red shifted compared to that of
[Ru(Bipy)3](PF6)2 (598 nm). This result possibly

reflects the better electron-donor ability of anionic
auxiliary ligands of bipyrazolate and 2-pyridylpyra-
zolate than the neutral Bipy donor [16]. Complexes II
  Vol. 47  No. 5  2021
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Fig. 2. Molecular structure of cationic [Ru(Pypz)(Bipy)2]+ in III·H2O. Thermal ellipsoids are shown at the 40% probability level.
The counter anion and hydrogen atoms were omitted for clarity. Selected bond lengths and angles: Ru(1)‒N(1) 2.030(6),
Ru(1)‒N(2) 2.084(7), Ru(1)‒N(3) 2.032(7), Ru(1)‒N(4) 2.036(7), Ru(1)‒N(5) 2.050(6), Ru(1)‒N(6) 2.061(6), N(1)‒N(7)
1.327(9) Å and N(1)Ru(1)N(2) 78.7(3)°, N(3)Ru(1)N(4) 78.5(3)°, N(5)Ru(1)N(6) 78.5(2)°, N(1)Ru(1)N(5) 170.7(2)°,
N(2)Ru(1)N(3) 172.4(2)°, N(4)Ru(1)N(6) 173.4(3)°.
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Fig. 3. Molecular structure of cationic [Ru(Pypz)(Dmbipy)2]+ in IV. Thermal ellipsoids are shown at the 40% probability level.
The counter anion and hydrogen atoms were omitted for clarity. Selected bond lengths and angles: Ru(1)‒N(1) 2.052(6),
Ru(1)‒N(2) 2.041(6), Ru(1)‒N(3) 2.065(6), Ru(1)‒N(4) 2.056(6), Ru(1)‒N(5) 2.029(6), Ru(1)‒N(6) 2.087(6), N(5)‒N(7)
1.348(7) Å and N(1)Ru(1)N(2) 78.6(2)°, N(3)Ru(1)N(4) 78.8(2)°, N(5)Ru(1)N(6) 78.8(2)°, N(1)Ru(1)N(5) 171.5(2)°,
N(2)Ru(1)N(4) 171.6(2)°, N(3)Ru(1)N(6) 173.1(2)°.
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Fig. 4. The UV-Vis absorption spectra of complexes I‒IV and [Ru(Bipy)3](PF6)2 in CH2Cl2 solution. 
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and IV with Me-Bipy units are red shifted compared to
their corresponding H-Bipy analogues I and III (651
vs. 644 nm; 655 vs. 632 nm) since methyl substituents
are electron-donating groups [29].

In summary, four new heteroleptic ruthenium(II)-
Bipy/Dmbipy complexes incorporating bipyrazolate
and 2-pyridyl pyrazolate ancillaries were synthesized
by reaction of cis-[RuCl2(Bipy)2]·2H2O or cis-

[RuCl2(Dmbipy)2]·2H2O with BipzH2 and/or PypzH

ligand in moderate yields. According to a CCDC
search, only iridium and platinum complexes with
bipyrazolate ligands were available [26, 27], isolation
of the two bipyrazolate-based ruthenium(II) com-
plexes confirm that bipyrazolate could also coordinate
to ruthenium(II) [11]. Meanwhile, the two new com-
plexes with 2-pyridyl pyrazolate ligands enriched the
structures of limited Pypz-based ruthenium com-
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY

Fig. 5. Photoluminescence spectra of complexes I‒I
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plexes [14, 25]. An X-ray study highlighted the specific

features of the Ru–N(Pz) and the trans-Ru–N(Py)

bonds for Pypz-based ruthenium complexes III·H2O

and IV. The three structures may be probably stabi-

lized by C–H⋅⋅⋅N and C–H⋅⋅⋅F hydrogen-bonding

interactions. An enhanced MLCT effect occurred in

the presented heteroleptic ruthenium(II) complexes

compared to the parent [Ru(Py)3](PF6)2 molecule.

This information is of interest and importance for the

design and synthesis of a new heteroleptic ruthe-

nium(II)‒Bipy system.
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V (a) and [Ru(Bipy)3](PF6)2 (b) in CH2Cl2 solution. 
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