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Abstract—New complex [RuL(Dmdcbp),]PF4 (I) is synthesized by the consecutive reactions of [Ru-p-
cymene],Cl, with 3,3",5,5'-tetramethyl-1,1'-biphenyl-4,4'-bipyrazole (L) and 4,4'-dicarboxy-2,2'-bipyridine
in a methanol—chloroform medium. The composition of complex I is confirmed by NMR and elemental
analysis, and the optical and luminescence properties of the complex are studied. Ligand L is characterized
for the first time by X-ray diffraction (CIF file CCDC no. 2118676). Quantum chemical calculations in terms
of the density functional theory are performed for the interpretation of the absorption and emission spectra.

Complex I is promising for using as a photosensitizer.
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INTRODUCTION

Cyclometallated complexes of ruthenium(II) find
use as anticancer drugs [ 1], materials for the photocat-
alytic reduction of CO, [2] and reduction [3] and oxi-
dation [4] of water, and as dyes [5, 6] in dye-sensitized
solar cells (DSSC, Gritzel cells).

The complexes for DSSC should contain an
“anchor” ligand with acidic groups capable of cova-
lently binding with the surface of titanium dioxide
used in photoanodes of Gritzel cells and a “donor”
ligand responsible for efficient solar light absorption
[5, 6]. The ruthenium(II) thiocyanate complexes are
the most studied compounds for DSSC [7]. They con-
tain monodentate ligands leading to the lability of the
complexes. In order to enhance the thermodynamic
and kinetic lability of the complexes, it was proposed
to introduce a bidentate cyclometallated ligand
instead of monodentate ligands, which results in the
formation of a metal—carbon covalent bond [8]. How-
ever, when the complexes with the cyclometallated
fragment are used, the efficiency of operation of solar
cells decreases compared to the cells based on the
thiocyanate complexes.

We have previously studied the ruthenium(II)
complexes based on 2-arylbenzimidazoles. The influ-
ence of the substituent nature on the photophysical
and electrochemical properties of the complexes and
on the operation efficiency in the cell was studied
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using the modification of the aryl fragment by various
donor and acceptor substituents [9].

Phenylpyrazole ligands resemble benzimidazole
ligands, but they are poorly studied [10—19]. The
cyclometallated ruthenium complexes based on
the 1-phenyl- and 3-phenylpyrazole derivatives
were studied as anticancer drugs [13, 16, 17]; catalysts
of C—C alkylation [10], cyclotrimerization [14], and
reduction of ketones [12]; and photocatalysts of formic
acid reduction [11].

1-Phenylpyrazoles are synthesized in high yields by
the condensation of B-diketones with phenylhydra-
zine [20, 21]. The substituents can be varied by the
introduction of a substituent into both the starting
diketone [21, 22] and starting hydrazine [23]. In spite
of synthetic availability [24], only unsubstituted bipyr-
azoles are well studied among bipyrazole ligands,
whereas no complexes for N-phenyl-substituted
bipyrazoles were obtained within more than 40 years
since the publication of the synthesis procedure of the
ligand [25].

Ligand 3,3',5,5'-tetramethyl-1,1"'-biphenyl-4,4'-
bipyrazole (L) is potentially capable of forming both
mononuclear and binuclear complexes due to two
coordination sites. Mononuclear complexes with this
ligand should efficiently absorb solar radiation owing
to the presence of many electron-donor groups. The
mononuclear metal complexes have such drawbacks as
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the possibility of the backward electron transfer from
the conductivity band of TiO, and localization of the
electron transfer and reduction processes.

The use of the binuclear complexes in DSSC allows
one to provide the spatial separation of these processes
to diminish undesirable transitions [25]. Electron
transfer is possible in the binuclear complexes, which
occurs under the action of the long-wavelength light
with high molar absorption coefficients. This process
would compete with the backward transfer thus
decreasing its influence. In addition, the reduction
would occur on the metal atom arranged at a longer
distance from the TiO, surface, which prevents charge
recombination [25].

The purpose of the present work is to synthesize the
cyclometallated ruthenium(II) complex based on
ligands L and Dmdcbp and to study its photophysical
properties.

EXPERIMENTAL

The following commercially available reagents and
solvents were used: [Ru(p-cymene)Cl,],, I, (reagent
grade), KPF, (reagent grade), NaOH (special purity
grade), acetylacetone, phenylhydrazine, and dimethyl
ether of 4,4'-dicarboxy-2,2'-bipyridine (Dmdcbp).

Electronic absorption spectra were recorded in
CH;CN on an SF-2000 instrument in quartz 1-cm
cells in a range of 400—900 nm. Photoluminescence
spectra (PL) of solutions were measured on a Shimazu
RF-1501 luminescence spectrometer. The measure-
ments were carried out in quartz cells 1 cm in diameter
at room temperature. NMR spectra were recorded at
25°C on a Bruker Avance 400 instrument, and chemi-
cal shifts are presented in ppm relative to signals of the
solvent. High-resolution mass spectra (HRMS) were
detected on a Bruker maXis Q-TOF instrument
(Bruker Daltonik GmbH, Bremen, Germany).

Synthesis of sodium acetylacetonate (NaAcac).
Sodium hydroxide (3.7 g) was dissolved in water
(5 mL), and ethanol (18 mL) was added. The resulting
solution was added (with a rate of 1 mL/min) to ace-
tonitrile (9.16 g) with stirring in a conic 100-mL flask.
The formed yellowish precipitate was cooled, filtered
under reduced pressure on a glass filter, and washed
with a minor amount of ice-cold methanol. The yield
of Na(Acac)-2H,0 was 11.67 g (81%).

Synthesis of 3,4-diacetylhexane-2,5-dione [26]. A
solution of iodine (9.14 g) in dimethylformamide
(DMF) (40 mL) was added (with a rate of 3 mL/min)
to a solution of Na(Acac)-2H,O (11.67 g) in DMF
(58 mL) with vigorous stirring. The resulting red-
brown solution was poured into ice-cold water
(400 mL), the mixture was stirred for 15 min, and the
formed white precipitate was filtered off on a glass
porous filter and washed with water. The yield was
4.66 g (65%).
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'H NMR (400 MHz; CDCls; 6, ppm): 2.01 (s,
12 H). *C NMR (400 MHz; CDCls; 8, ppm): 23 (s),
108 (s), 192 (s).

Synthesis of 3,3',5,5'-tetramethyl-1,1'-biphenyl-
4,4'-bipyrazole (L) [27]. A solution of phenylhydrazine
(1.26 g) (or 1.15 mL for p = 1.01 g/mL) and diacetyl-
acetone (1.15 g) in ethanol (11.5 mL) was refluxed for
24 h. The solution turned transparent and orange on
reflux. The solution was evaporated to dryness, the dry
residue was recrystallized from cyclohexane, and col-
orless crystals precipitated on cooling. The obtained
precipitate was washed with cyclohexane (1 mL) and
dried. The yield was 1.85 g (93%).

'H NMR (400 MHz; CDCl;; 8, ppm): 2.21 (s,
6 H), 2.21 (s, 6 H), 7.33—7.39 (m, 2 H), 7.45—7.55 (m,
8 H). BC NMR (400 MHz; CDCls; 8, ppm): 11 (s),
12 (s), 112 (s), 124 (s), 127 (s), 129 (s), 137 (s), 139 (s),
148 (s).

Synthesis of [RuL(CH;CN),]PF,. A flask with a
tightly screwed top was filled with L (0.165 g,
0.48 mmol), NaOH (0.0094 g, 0.24 mmol), and
KPF, (0.089 g, 0.48 mmol). The mixture in the flask
was dissolved in acetonitrile (5 mL) preliminarily sat-
urated with argon, and argon was passed through the
mixture on heating. Compound [Ru(p-cymene)Cl,],
(0.0735 g, 0.12 mmol) was dissolved in dichlorometh-
ane (2 mL), and the resulting solution was added to
the reaction mixture. A dark red solution was formed.
The tube was maintained at 45°C for 72 h. The
obtained dark brown solution was evaporated to dry-
ness, and the residue was dissolved in methylene and
purified by column chromatography (silica gel, eluent
CH,Cl1,—CH;CN (10 : 1)). A yellow fraction was col-
lected. The precipitate was salted out with hexane and
evaporated to dryness. The yield was 0.15 g (83% based
on [Ru(p-cymene),Cl,],).

Synthesis of [RuL(Dmdcbp),]PF, (I). Compounds
[RuL(CH,CN),]PF (0.15 g, 0.2 mmol) and Dmdcbp
(0.109 g 0.4 mmol) in a mixture of MeOH (5 mL) and
CH,Cl, (5 mL) were refluxed under argon in the dark
for 24 h. The formed black solution was evaporated to
dryness. The obtained substance was purified by col-
umn chromatography (silica gel, eluent CH,Cl,—
CH;CN (85 : 1)). Elution was conducted slowly for
good separation. The colored fraction was collected.
Then recrystallization was carried out: the substance
was dissolved in a methylene—hexane (3 : 2 vol/vol)
mixture (10 mL), and the resulting mixture was left in
a refrigerator for 24 h. Black crystals precipitated from
the solution were separated on a glass porous filter,
washed with hexane, and dried in vacuo. The yield was
0.206 g (91%).

'H NMR (400 MHz; CDCly; 8, ppm): 1.96 (s,
3 H), 2.18 (m, 6 H), 2.65 (s, 3 H), 4.03 (m, 12 H), 6.80
(t, J = 6.85 Hz, 1 H), 7.00 (br.s, 1 H), 7.37—7.50 (m,
5 H), 7.56—7.60 (m, 1 H), 7.71—-7.75 (m, 1 H), 7.75—
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Table 1. Crystallographic data and experimental and structure refinement parameters for compound L

Parameter Structure

Empirical formula CyHjpNy

W 342.43

Recording temperature, K 293(2)

Crystal system Monoclinic

Space group P2,

a, A 10.258(2)

b, A 7.8910(16)

¢, A 11.334(2)

B, deg 99.02(3)

v, A3 906.1(3)

Z 2

Pealcs &/cm’ 1255

w(MoKk,), mm™! 0.076

F(000) 364

0 1in—0 max> deg 2.491-29.999

Total number of reflections 6872

Number of independent reflections (R;,,) 5087 (0.0253)

Number of reflections with 7> 26([) 4568

Number of parameters 240

R factors (for reflections with 1> 26(/)) R, =0.0500,
wR, = 0.1118

R factors (for all reflections) R, =0.0580,
wR, = 0.1151

GOOF 1.058

AP i/ AP mins> €/A3 0.342/—0.336

791 (m, 3 H), 7.95—7.99 (m, 1 H), 8.03—8.10 (m,
1 H), 8.26(d,J=7.89 Hz, 1 H), 8.28—8.38 (m, 1 H),
8.78 (t, J = 10.12 Hz, 2 H), 8.89—8.97 (m, 2 H).
HRMS, m/z: found 987.2393, calculated for
C5oHysNgOgRu™ 987.2412, the isotope peak distribu-
tion coincides with the calculated one.

X-ray diffraction (XRD) of a single crystal of com-
pound L was carried out on a Bruker D8 Quest diffrac-
tometer with a Photon III detector (MoK, radiation,
A=0.71073 A, o scan mode) at 293(2) K. The struc-
ture was solved by direct methods and refined by full-
matrix least squares for F? using the SHELXTL and
Olex2 program packages [28—30]. Hydrogen atoms
were placed in the calculated positions and refined
using the riding model. Ligand L crystallizes in the
chiral space group, but the absolute configuration of
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the structure was not determined because of anoma-
lously weak X-ray scattering caused by the absence of
heavy atoms in the structure. The crystallographic
data and experimental and structure refinement
parameters are presented in Table 1.

The atomic coordinates, bond lengths, bond
angles, and thermal shift parameters were deposited
with the Cambridge Crystallographic Data Centre
(CIF file CCDC no. 2118676; deposit@ ccdc.cam.ac.
uk or http://www.ccdc.cam.ac.uk).

Quantum chemical calculations were performed in
the FireFly program package [31] using the B3LYP
functional. The Stuttgart RSC 1997 basis set with the
pseudopotential was used for the ruthenium atom.
The 6-311G(d,p) basis set was used for other atoms (C,
N, H, and O). This combination of basis sets and

No.6 2022
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functional gives a good correlation with experiment
[32]. The initial coordinates of the molecule of ligand
L are based on its crystal structure, and the arrange-
ment of dimethyl ether of dicarboxybipyridine mole-
cules were taken from the structure of the complex
with another C*N-donor ligand [9]. The geometry of
the triplet state was optimized for the estimation of the
emission wavion using the time-dependent density
functional theory (TD-DFT) to obtain excitation ener-
gies for modeling the absorption spectrum of the com-
plex. Vibration frequencies were calculated for opti-
mum geometries, and no imaginary frequencies were
observed (low imaginary frequencies to —10 c¢cm™!
induced by inaccuracies in the integration network
were ignored). Visualization was performed using the
ChemCraft v. 1.8 software.

LAVROVA et al.

RESULTS AND DISCUSSION

The crystal structure of the ligand is shown in
Fig. 1. The crystals were prepared by cooling a solu-
tion of the ligand in hot dimethyl sulfoxide (DMSO),
but they contain no solvent molecules. Remarkably, in
the formed structure all aromatic fragments lie in dif-
ferent planes and, hence, they are not conjugated to
each other. The torsion angles between the planes of
the pyrazole fragment and phenyl substituent are as
follows: N(1)—N(2)—C(6)—C(5) 128.5(2)° and
N(@4)—N@3)—C(17)—C(18) 142.1(2)°. The C(10)—
C(9)—C(12)—C(15) angles between the pyrazole frag-
ments are 48.8(4)°. No m-stacking interactions are
observed for the packing of the molecules in the cell.

CH3 j+PF§
H3C_ C ,CHj3
’ C, Il ,C
Q CH;CN, Al \N\ /N
Cl H _CeNAr _N=C-
R/ o /Cl N NeOI. KPFe /Ru N=C-CHj;

PN N =N,

Cl Cl @ \ N
—

>

W‘(\
C\/\}Q\v
—‘+PF(§
COOMe | N COOMe
N~
+2

N/

COOMe |

N-">Co0Me
Scheme 1.

Complex [RuL(Dmdcbp),|PF, (I) is synthesized
in two stages (Scheme 1). Cyclometallation was car-
ried out at the first stage, and dimethyl 2,2'-bipyri-
dine-4,4'-dicarboxylate (Dmdcbp) was introduced at
the second stage. The first stage affords a product
readily oxidized in air and, therefore, the product was
used in the second stage without intermediate charac-
terization. The literature data [5] indicate that a com-
plex with four acetonitrile molecules is formed and,
hence, we assume a similar composition.
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Complex I synthesized at the second stage is
mononuclear; i.e., the bipyrazole ligand coordinates
to the metal by only one half, which is confirmed by
the number of ratio of signals in the NMR spectrum.
The signals in a range of 6.5—7.0 ppm indicate the
ruthenium—carbon covalent bond (Fig. 2). The most
intense signal in the mass spectrum corresponds to the
[RuL(Dmdcbp),]* cation, which is confirmed by the
isotope distribution data (Fig. 3).
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C(19)

Fig. 1. Molecular structure of L. Hydrogen atoms are omitted, and thermal ellipsoids are shown with 50% probability.
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Fig. 2. Aromatic fragment of the NMR spectrum of complex I.

The molar absorption coefficients were determined
for complex I. The resulting spectrum was expanded to
the Gaussian components using least squares (Fig. 4).
According to the data of TDDFT calculations, the
electron transitions in the visible range correspond to
metal-to-ligand charge-transfer (MLCT) transitions.

The complex efficiently absorbs in the visible
range: the long-wavelength band with the absorption
maximum at 735 nm is characterized by a fairly high
extinction (¢ = 1800 L mol~! cm~'), which exceeds the
value observed in this range for classical dyes N3 and
black dye [5].
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The PL spectra of complex I were measured for a
dilute solution in acetonitrile (Fig. 5). The energy of
the excitation state was estimated from the position of

the emission band as equal to 11500 cm™!.

The electronic structure of the complex was stud-
ied using the DFT method. The main contribution to
the highest occupied molecular orbitals (HOMO) is
made by the d-orbitals of the metal and m-orbitals of
the C*N-donor ligand (Table 2). In the complex con-
sidered, symmetric ligand L capable of performing the
bridging function is coordinated only via one coordi-
nation site. Interestingly, orbital H is localized on
ligand L, and orbitals H-1, H-2, and H-3 are localized

Vol. 48
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987.23932 W m/z, experiment
B m/z, calculated for
[RuL(Dmdcbp),]*
980 982 984 986 988 990 992
747.14995 m/z
799.08166 1139.25022
a b
1 i I I
800 1000 1200 1400
m/z

Fig. 3. HRMS spectrum of complex I. Inset: magnified fragment corresponding to the peak at m/z = 987.23932 and calculated

data for cation [RuL(Dmdcbp)2]+.

on the metal (Fig. 6). The lowest occupied molecular
orbitals (LUMO) are localized on the dicarboxybipyr-
idine ligands involving the d-orbitals of the metal.

The characteristics of 25 excited states were calcu-
lated for the TDDFT modeling of the absorption
spectra. The positions, intensities of the transitions,
and envelope at the fixed linewidth of the absorption
bands of particular transitions are shown in Fig. 3
(inset).

The emission wavelength (A, ;) was estimated from
the difference in energies of the triplet and singlet
states for the optimized geometry in the triplet state
(ASCF). The calculated value (930 nm) is shifted to
the long-wavelength range relative to experiment,

(a)
401

30 |

€% 103, Lmol!cm™!

0 1 L 1 -

which is consistent with published data [33]. The
HOMO of the triplet state is localized on the anchor
ligands containing the carboxyl groups (Fig. 7).

Thus, complex [RuL(Dmdcbp),|PF, satisfies the
main requirements [5S] imposed on photosensitizers
for DSSC: high absorption in the visible range,
HOMO orbitals localized on donor ligand L and
metal, and LUMO orbitals localized on the acceptor
anchor ligand Dmdcbp.
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Fig. 4. (a) Absorption spectrum of complex I in acetonitrile with expansion to the Gaussian components and (b) TDDFT calcu-

lation results of vertical transitions.
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Table 2. Selected calculated spectral characteristics of the [RuL(Dmdcbp),]" complex: excited states, wavelengths (A, nm),
oscillator forces, and assignment of electron transitions with contributions of the corresponding configurations

State A, nm Oscillator force Main contributions from MO transitions
S2 725 0.012 HOMO - LUMO + 1 73.7%
S3 553 0.13 HOMO-3 - LUMO 13.4%
HOMO-2 - LUMO 22.9%
HOMO-2 - LUMO + 1 15.5%
HOMO-1 - LUMO 32.1%
S6 516 0.035 HOMO-2 - LUMO + 1 36.4%
HOMO-1 - LUMO 11.3%
HOMO-1 - LUMO + 1 13.0%
HOMO - LUMO +3 12.4%
S8 487 0.028 HOMO-3 — LUMO 35.6%
HOMO - LUMO +2 39.1%
Sl2 447 0.064 HOMO-3 — LUMO + 1 33.5%
HOMO - LUMO +3 13.1%
HOMO - LUMO +4 22.3%

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY Vol.48 No. 6
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Fig. 6. Scheme of the molecular orbitals of the [ RuL( Dmdcbp)z]Jr complex and frontier orbitals.

HOMO T! ——

HOMO s

Fig. 7. HOMO of the singlet and lowest triplet states of the
[RuL(Dmdcbp)2]+ complex by the DFT calculation.
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