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A new series of azo dye ligands 4-(4-hydroxy-5-(aryldiazenyl)-2-thioxothiazol-3(2H)-yl)benzenesulfonamide
(HL,) were synthesized by the coupling of 3-sulfamoylphenylrhodanine with aniline and its p-derivatives.
These ligands and their Ru(Ill) complexes of the type trans-[Ru(L,),(bipy)]Cl were characterized by elemental
analysis, IR, "H NMR and UV-Visible spectra as well as magnetic and thermal measurements. The molar conduc-
tance measurements proved that all the complexes are electrolytes. IR spectra show that the ligands (HL,) actas a
monobasic bidentate ligand by coordinating via the nitrogen atom of the azo group (—N=N-) and oxygen atom
of the deprotonated —OH group of the rhodanine moiety, thereby forming a six-membered chelating ring and
concomitant formation of an intramolecular hydrogen bond. The molecular and electronic structures of the
ligands (HL,,) were also studied using quantum chemical calculations. The calf thymus DNA binding activity of
the ligands (HL,,) was studied by absorption spectra measurements. The Ru(Ill) complexes were tested as a cat-
alysts for the dehydrogenation of benzylamine to benzonitrile with N-methylmorpholine-N-oxide as co-oxidant

Keywords:

Ru(Ill) complexes
Molecular structure
DNA binding
Catalytic activities

at room temperature.
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1. Introduction

Rhodanine (2-thioxothiazolidine-4-one) derivatives are a good
series of ligands capable of binding metal ions leading to metal com-
plexes with increasing properties. Efforts have been made to carry out
detailed studies to synthesize and to elucidate the chemical structural
and electronic properties of novel families of complexes with rhodanine
derivatives as a novel chelating bidentate azo dye models [1-4].
Azo compounds consist of at least a conjugated chromophore azo
(—N=N-) group in association with one or more aromatic or heterocy-
clic system. Commercially, these colorants are the largest and most
versatile class of organic dyestuffs [5]. The design, synthesis and struc-
tural characterization of azo dye complexes are a subject of current
interest due to their structural, magnetic and spectral properties [6].
The widest usage of the azo dyes is due to the number of the variations
in the chemical structure and the methods of application which are gen-
erally not complex. Aryl azo pyridine dyes generally have a high molar
extinction coefficient, medium to high light and wash fastness proper-
ties [7]. In recent years, azo dyes have attracted wide interest and
found many uses in various fields such as dyeing of textile fibers, color-
ing of different materials, biological-medical studies, organic synthesis
and advanced applications including optical storage capacity, optical
switching, holography and non-linear optical properties [8,9]. Azo
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compounds and their metal complexes are known to be involved in a
number of biological reactions, such as inhibition of DNA, RNA, and pro-
tein synthesis, nitrogen fixation and carcinogenesis [10].

The chemistry of ruthenium complexes is of significant importance
[11,12], because of the fascinating reactivities exhibited by the resultant
complexes and the nature of the ligands that dictates the property of
those complexes. Ruthenium compounds have been the subject of
great interest and impressive development in the last decades for
many reasons, especially due to their catalytic [13,14] and anticancer
activities [15-17]. Ruthenium generally demonstrates affinity towards
N-donor molecules such as proteins and DNA. The mechanism of the ac-
tion of antitumor-active ruthenium compounds is not entirely known.
Closely, it is thought that the complexes containing chlorides, or other
easily leaving group, can hydrolyze in vivo, allowing the covalent bind-
ing of the nucleobases from DNA to ruthenium [18]. The Ruthenium
complexes have applications in the fields of biochemistry, photochem-
istry and photophysics [19]. The last few decades have seen an increased
interest in ruthenium(Il) polypyridyl complexes as building blocks in
supramolecular devices due to their favorable excited state and redox
properties as well as structural probes for DNA. Ruthenium complexes
are also showing promising results in anti-tumor activity and they
target a broad spectrum of cancers [20].

Herein, we report the synthesis and characterization of 4-(4-hydroxy-
5-(aryldiazenyl)-2-thioxothiazol-3(2H)-yl)benzenesulfonamide (HL;)
and their Ru(Ill) complexes by different spectroscopic techniques. IR
spectra show that the ligands (HL,) act as a monobasic bidentate ligand
by coordinating via the nitrogen atom of the azo group (—N=N-) and
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Fig. 2. The proposed structure of the complexes [Ru(L;,

)2(bipy)]Cl (1-4).

Fig. 1. The formation mechanism of ligands (HL,,).

oxygen atom of the deprotonated —OH group of the rhodanine moiety.
— The calf thymus DNA binding activity of the ligands (HL,) was studied

by absorption spectra measurements. The optimized bond lengths,
Table 1
Physical properties and elemental analysis data of the ligands (HL,,) and their Ru(Ill) com-
plexes (1-4).
Compound Yield M.P. % Calcd. (found)
Cl % (O C H N

HL, 67.07 228 4548 (45.73) 3.33(3.12) 13.26 (13.45)
[Ru(Ly)2(bipy)ICl (1) 67.41 >300 47.27 (47.70) 3.47 (3.60) 13.47 (13.40)
HL, 68.41 233 4727 (47.54) 3.47(3.64) 13.42(13.80)
[Ru(Ly),(bipy)ICl (2) 6871 >300 56.55(55.90) 3.80 (3.66)  6.60 (6.80)
HL, 7159 218 4589 (45.81) 3.03(3.15) 14.27 (14.65)

] [Ru(Ls)»(bipy)]Cl (3) 71.90 >300 45.58 (45.01) 3.26 (3.49) 12.66 (12.5)
HL, 7635 238  41.17 (4127) 2.54(2.34) 16.00 (16.24)
[Ru(Ly)»(bipy)ICl (4) 7657 >300 41.11(41.19) 257 (2.54) 14.38 (14.73)
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bond angles and calculated quantum chemical parameters for the ligands
(HL,) were investigated. The ligands considering that the phenolic —OH
group may enhance their affinity towards DNA binding through forma-
tion of hydrogen bonding. The Ru(lll) complexes were tested as a
catalysts for the dehydrogenation of benzylamine to benzonitrile with
N-methylmorpholine-N-oxide as co-oxidant at room temperature.

2. Materials and methods
2.1. Materials and apparatus

All reagents were purchased from Aldrich, Fluka and Merck and were
used without any further purification. CT-DNA was purchased from SRL
(India). Double distilled water was used to prepare all buffer solutions.

Microanalytical data (C, H and N) were collected on Automatic
Analyzer CHNS Vario ELIIl, Germany. Spectroscopic data were
obtained using the following instruments: FTIR spectra (KBr discs,
4000-400 cm™ ') by Jasco FTIR-4100 spectrophotometer; the '"H NMR
spectra by Bruker WP 300 MHz using DMSO-dg as a solvent containing
TMS as the internal standard. UV-Visible spectra by Perkin-Elmer
AA800 spectrophotometer Model AAS. The molecular structures of the in-
vestigated compounds were optimized by HF method with 3-21G basis
set. The molecules were built with the Perkin Elmer ChemBio Draw and
optimized using Perkin Elmer ChemBio3D software [21,22]. Thermal
analysis of the ligands and their Ru(Ill) complexes was carried out using
a Shimadzu thermogravimetric analyzer under a nitrogen atmosphere
with heating rate of 10 °C/min over a temperature range from room
temperature up to 800 °C. Magnetic susceptibility measurements were
determined at room temperature on a Johnson Matthey magnetic suscep-
tibility balance using Hg[Co(SCN)4] as calibrant. Conductivity measure-
ments of the complexes at 25 4+ 1 °C were determined in DMF
(10~3 M) using conductivity/TDS meter model Lutron YK-22CT.

2.2. Synthesis of azo dye ligands (HL,)

The azo dye ligands (Fig. 1), 4-(4-hydroxy-5-(aryldiazenyl)-2-
thioxothiazol-3(2H)-yl)benzenesulfonamide (HL,) were prepared [1]
by coupling of 3-sulfamoylphenylrhodanine with aniline and its
p-derivatives. A stoichiometric amount of aniline or its p-derivatives
(0.01 mol) in 25 mL of hydrochloric acid (0.01 mol) was added
dropwise to a solution of sodium nitrite (0.01 mol) in 20 mL of water
at —5 °C. The formed diazonium chloride was consecutively coupled
with an alkaline solution of 3-sulfamoylphenylrhodanine (0.01 mol).
The colored precipitate, which was formed immediately, was filtered
through a sintered glass crucible, washed several times with water
and ethanol and dried in a vacuum desiccator over anhydrous CaCl,.
The products were purified by recrystallization from ethanol.

The resulting formed ligands are:

HL, = 4-(4-hydroxy-5-((4-methoxyphenyl)diazenyl)-2-
thioxothiazol-3(2H)-yl)benzenesulfonamide.

HL, = 4-(4-hydroxy-5-((4-methylphenyl)diazenyl)-2-
thioxothiazol-3(2H)-yl)benzenesulfonamide.

HL; = 4-(4-hydroxy-5-(phenyldiazenyl)-2-thioxothiazol-3(2H)-
yl)benzenesulfonamide.

HL; = 4-(4-hydroxy-5-((4-nitrophenyl)diazenyl)-2-thioxothiazol-
3(2H)-yl)benzenesulfonamide.

2.3. Synthesis of Ru(lll) complexes (1-4)

Ruthenium(III) complexes (Fig. 2) were synthesized according to
the general procedure [23]: a stoichiometric amount of the desired
ligand (0.02 mol) in ethanol (20 cm®) was added dropwise to a hot
ethanol solution (20 cm?) of [RuCl;(bipy)] (0.01 mol) with stirring
and the reaction mixture was refluxed for 3 h. The solution was

concentrated to half of its original volume by evaporation and allowed
cooling at room temperature. During this, a microcrystalline solid was
separated, which was isolated by filtration, washed with hot ethanol,
ether and dried in a vacuum desiccator over anhydrous CaCls.

[RuCls(bipy)] + 2HL,— [Ru(L,), (bipy)]Cl.

24. DNA binding experiments

The binding properties of the ligands to CT-DNA have been studied
using electronic absorption spectroscopy. The stock solution of CT-
DNA was prepared in 5 mM Tris-HCI/50 mM NaCl buffer (pH = 7.2),
which a ratio of UV absorbances at 260 and 280 nm (A,g0/A2g0) of ca.
1.8-1.9, indicating that the DNA was sufficiently free of protein
[24], and the concentration was determined by UV absorbance at
260 nm (¢ = 6600 M~! cm™) [25]. Electronic absorption spectra
(200-700 nm) were carried out using 1 cm quartz cuvettes at 25 °C
by fixing the concentration of ligand (1.00 x 1073 mol L™1)
while gradually increasing the concentration of CT-DNA (0.00 to
1.30 x 10~* mol L™ ). An equal amount of CT-DNA was added to both
the compound solutions and the reference buffer solution to eliminate
the absorbance of CT-DNA itself. The intrinsic binding constant Ky, of
the compound with CT-DNA was determined using the following
Eq. (1) [26]:

[DNA] / (ea—ef) = [DNAJ/ (ep—€f) + 1/ Kp(ea—€r) (1)

where [DNA] is the concentration of CT-DNA in base pairs, e, is the
extinction coefficient observed for the A,ps/[compound] at the given
DNA concentration, e is the extinction coefficient of the free compound
in solution and ey, is the extinction coefficient of the compound when
fully bond to DNA. In plots of [DNA]/(es—¢f) versus [DNA], Ky, is given
by the ratio of the slope to the intercept.

2.5. Catalytic oxidation of benzylamine by trans-[Ru(L,)»(bipy)]Cl /NMO

To a solution of the catalyst trans-[Ru(Ly)>(bipy)]Cl (0.01 mmol) in
5 cm® dimethyl formamide, benzylamine (2 mmol) was added with
stirring. N-methylmorpholine-N-oxide (NMO) (10 mmol) was then
dissolved in DMF and the reaction mixture was further stirred for 3 h
atroom temperature. The mixture was reduced in vacuo and the residues
were collected in diethylether, filtered through a bed of silica gel and
dried over anhydrous MgSO,. The produced benzonitrile was isolated
and weighed [27].
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Fig. 3. The relation between Hammett's substitution coefficient (o%) vs. yield (%) of ligands
(HLy).
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Fig. 4. The calculated molecular structures of the ligands (HL;).

3. Results and discussion

The results of physical properties of the prepared ligands (HL,) and
their Ru(Ill) complexes (1-4) along with their elemental analysis are
collected in Table 1. The analytical data of Ru(Ill) complexes indicated
that the complexes have 1:2 (metal:ligand) stoichiometry. The Ru(III)
complexes are stable in air and soluble in most common organic
solvents. The molar conductance values for the ruthenium(IIl)
complexes (103 M) are measured in DMF and these values are
(50-75 O~ ' cm? mol~ ) range indicating the electrolytic nature of
the complexes (presence of C1™ ion) [10,28]. The room temperature
magnetic moment values (L) per ruthenium ion for the complexes
were in 1.69-2.10 BM range. These values lie within the range of the
spin only value of one unpaired electron [29], which corresponds to
Ru3™ state (low spin).

As shown in Table 1, the values of yield (%) and/or melting point are
related to the nature of the p-substituent as they increase according to

the following order p-(NO, > H > CH3 > OCH3). This can be attributed
to the fact that the effective charge increased due to the electron
withdrawing p-substituent (HL,) while it decreased by the electrons
donating character of (HL; and HL;). This is in accordance with that
expected from Hammett's constant (o%) as shown in Fig. 3, correlate
the yield (%) values with o® it is clear that all these values increase
with increasing o,

3.1. IR spectra

The FTIR spectra provide valuable information regarding the nature
of the functional group attached to the metal atom. By comparing the IR
spectra of ligands with those of their Ru(Ill) complexes, the following
features can be pointed out:

(1) The broad and strong intensity band due to v(OH) group which
appears in the 3344-3350 cm™ ! region arises from the strong intra and
intermolecular hydrogen bonding (Fig. 1C) of the free ligands [2].
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HOMO

LUMO

Fig. 5. The highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of compounds (HL,).

(2) The two bands corresponding to v,s(NH,) and vs(NH;) of
the sulfonamide and v(C=S) of the rhodanine moiety which appeared
in the spectra of the ligands at 3253-3259, 2970-2978 and
908-914 cm™ ! regions, respectively, appeared almost at the same
position in the spectra of their Ru(lll) complexes [2], which can be
taken as evidence that —NH, and C=S groups are not taking part in the
coordination to the Ru center.

(3) The bands due to v(N=N) group which appeared in the spectra
of the ligands at 1552-1558 cm™ ' region were shifted to lower
wavenumbers by 13-17 cm™ ! indicating their coordination to the Ru
center [3,11]. In the spectra of the ligands, the peak of the region
1693-1697 cm™ ! could be assigned to C=C stretching vibration and
the absorbance at 1552-1556 cm™' region was ascribed to C=N
stretching vibration of the synthesized ligands.

(4) Furthermore, the medium band corresponding to v(C—O) of the
rhodanine moiety which appeared in the spectra of the ligands at
1225-1242 cm™ ! disappears for all the complexes indicating that, the
ligands coordinate through their deprotonated form and formation of
metal-oxygen bonds [2,11]. This can be taken as an indication for the
complete removal of hydrogen of OH group by the Ru(Ill) ion reacting
with the ligands.

(5) The two bands corresponding to v,5(SO,) and v5(SO;) of the
sulfonamide moiety which appeared in the spectra of the ligands at
1326-1336 and 1225-1242 cm™! regions, respectively, appeared
almost at the same position in the spectra of their Ru(Ill) complexes

[1], which can be taken as evidence that —SO, group not taking part
in the coordination to the Ru center.

(6) In addition, new bands were observed in the regions 600-634
and 538-551 cm™ ! which were assigned to the formation of Ru-0
and Ru-N bonds, respectively [30]. This further supports the coordi-
nation of the oxygen atom of the deprotonated —OH of the
rhodanine moiety (Fig. 1A) and nitrogen atom of the azo group
(—N==N-).

(6) The bands at 3050-3100 and 3850-2910 cm ™! regions are
assigned to v(C—H) vibrations of the aromatic system in the spectra
of the ligands and their complexes, respectively [31-33].

Intramolecular hydrogen bonds in the ligands involving OH group
with the —N=N- group increased their stabilities through ring struc-
ture (Fig. 1C) [34-36]. The strength of the hydrogen bond of compounds
depends on the nature of substituents present in the coupling compo-
nent from the arylazo group.

3.2. Electronic spectra

The electronic spectra of all complexes (1-4) were recorded in
dimethylformamide solvent in the range of 300-700 nm. The ground
state of ruthenium(Ill) ion (t3,-configuration) is T, ¢ and the first excited
doublet levels, in order of increasing energy, are Ay, and T arising
from t3, eg configuration. Bands that were observed in 586-605 nm
region have been assigned to d-d transitions, while bands in the
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488-515 nm region have been assigned to charge transfer transitions.
These features indicate a low-spin octahedral geometry around Ru(III)
ion [37].

3.3. "H NMR spectra

The 'H NMR spectra of all the ligands (HL,,) were recorded in DMSO-
de at room temperature. In the aromatic region, a few doublets and in
few cases some overlapping doublets/multiblets are observed in the
range of 6 ~7.60-8.00 ppm due to the protons of benzene ring. Another
singlet corresponding to one proton for all compounds is observed in
the range of 6 ~10.60-11.70 ppm. This signal disappeared when a D,0
exchange experiment was carried out. It can be assigned either to OH
or NH, in either case it is strongly deshielded because of hydrogen bond-
ing with the other atom (N/O). It may be noted that the integration of
this signal perfectly matches with one proton and there is no other
fragment(s) of this signal, which suggests that only one tautomeric
form of the ligand exists in solution under the experimental conditions.
Comparing with the solid state study, we prefer to assign this signal to

Table 2
The bond lengths and bond angles of HL;.

OH, however, assignment of this peak to NH cannot be ruled out provid-
ed that solid state structural evidence is not considered [29]. As reported
in a previous study [1,2], this hydrogen bonding leads to a large
deshielding of these protons. The signal due to NH, protons appeared
as singlet in the range of 7.10-7.42 ppm. The 'H NMR spectral data
that are reported along with the possible assignments were found as
to be in their expected region [3,4].

3.4. Molecular structure

The calculated molecular structures for ligands (HL,) are shown in
Fig. 4. Primary calculations reveal that the azo form (B) is more stable
and reactive than azo form (A) (Fig. 1). Molecular structures (HOMO
& LUMO) are presented in Fig. 5 for ligands (HL,) [azo form (B)]. Select-
ed geometric parameter bond lengths and bond angles are tabulated in
Tables 2-5 for ligands (HL,) [azo form (B)]. The HOMO-LUMO energy
gap (AE) is an important stability index which is applied to develop
theoretical models for explaining the structure and conformation
barriers in many molecular systems. The smaller is the value of AE, the

Bond lengths (A)

Bond angles (°)

)
C(27)-H(41) 1113 H(41)-C(27)-H(40)
C(27)-H(40) 1113 H(41)-C(27)-H(39)
C(27)-H(39) 1113 H(41)-C(27)-0(26)
N(25)-H(38) 1.019 H(40)-C(27)-H(39)
N(25)-H(37) 1.019 H(40)-C(27)-0(26)
C(21)-H(36) 1.1 H(39)-C(27)-0(26)
C(20)-H(35) 1.104 H(38)-N(25)-H(37)
C(18)-H(34) 1.104 H(38)-N(25)-5(22)
C(17)-H(33) 1.098 H(37)-N(25)-5(22)
C(15)-H(32) 1.102 N(25)-5(22)-0(24)
C(14)-H(31) 1.103 N(25)-5(22)-0(23)
€(12)-H(30) 1.104 N(25)-S(22)-C(19)
C(11)-H(29) 1.104 0(24)-5(22)-0(23)
0(7)-H(28) 0.971 0(24)-5(22)-C(19)
C(16)-C(21) 1353 0(23)-5(22)-C(19)
€(20)-C(21) 1.343 H(35)-C(20)-C(21)
C(19)-C(20) 1339 H(35)-C(20)-C(19)
C(18)-C(19) 1.339 C(21)-C(20)-C(19)
C(17)-C(18) 1.343 €(20)-C(19)-C(18)
C(16)-C(17) 1.352 €(20)-C(19)-5(22)
C(10)-C(15) 1348 C(18)-C(19)-5(22)
C(14)-C(15) 1343 H(34)-C(18)-C(19)
C(13)-C(14) 1.346 H(34)-C(18)-C(17)
C(12)-C(13) 1.345 €(19)-C(18)-C(17)
C(11)-C(12) 1341 H(36)-C(21)-C(16)
C(10)-C(11) 1.347 H(36)-C(21)-C(20)
C(3)-S(2) 1.788 C(16)-C(21)-C(20)
C(6)-5(2) 1.481 H(33)-C(17)-C(18)
C(5)-C(6) 136 H(33)-C(17)-C(16)
N(4)-C(5) 129 C(18)-C(17)-C(16)
C(3)-N(4) 1276 €(10)-0(26)-C(27)
S(22)-N(25) 1.701 H(32)-C(15)-C(10)
S(22)-0(24) 1.466 H(32)-C(15)-C(14)
S(22)-0(23) 1.466 C(10)-C(15)-C(14)
C(19)-5(22) 1.786 C(15)-C(10)-C(11)
N(4)-C(16) 1.288 C(15)-C(10)-0(26)
C(13)-N(1) 1.268 C(11)-C(10)-0(26)
C(10)-0(26) 1375 H(29)-C(11)-C(12)
C(6)-N(9) 1.269 H(29)-C(11)-C(10)
N(1)-N(9) 1252 €(12)-C(11)-C(10)
C(3)-5(8) 1.58 H(31)-C(14)-C(15)
C(5)-0(7) 1.368 H(31)-C(14)-C(13)
0(26)-C(27) 1.409 C(15)-C(14)-C(13)
H(30)-C(12)-C(13)
H(30)-C(12)-C(11)
C(13)-C(12)-C(11)
€(21)-C(16)-C(17)
C(21)-C(16)-N(4)
C(17)-C(16)-N(4)

107.825
118.62
128715
110.869
106.002
127.888
126.09
88.432
) 117.385
) 118.011
) 122276
(12) 116.861
1) 126.058
1) 117.081
-C(6)-C(5) 110.655
C(

111.884 S(2)-C(3)-N(4)
108.162 S(2)-C(3)-5(8)
110357 N(4)-C(3)-S(8)
108.172 H(28)-0(7)-C(5)
11035 C(5)-N(4)-C(3)
107.776 C(5)-N(4)-C(16)
105.76 C
110214 C
110215 C
88.368 C
88.187
115.159 C
121.845 C
116.691 C
117.031 s
119.524 S ) 131.135
C ) 118.195
C ) 119.486
C 9) 119.468

119.976
120.492
117.637
121.176
121.171
119.859
119.515
120.617
122.516
113.552
123.917
113.174
123.022
123.797
118.782
120.733
116917
122.349
115.599
125.602
118.798
118.69

118.683
122.627
117.125
121.534
121.341
120.335
118.443
121.222
113.456
122.44

124.025
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Table 3
The bond lengths and bond angles of HL,.

Bond lengths (A) Bond angles (°) Bond angles (°)
N(26)-H(40) 1.019 40)-N(26)-H(39) 105.758 S(2)-C(3)-5(8) 118.626
N(26)-H(39) 1.019 ( 0)-N(26)-5(23) 110.222 N(4)-C(3)-S(8) 128.731
C(22)-H(38) 1.1 H(39)-N(26)- 5(23) 110.215 H(27)-0(7)-C(5) 110.887
C(21)-H(37) 1.104 N(26)-5(23)-0(25) 88.401 C(5)-N(4)-C(3) 106.001
C(19)-H(36) 1.104 N(26)-5(23)-0(24) 88.196 C(5)-N(4)-C(17) 127.872
C(18)-H(35) 1.098 N(26)-5(23)- C(20) 115.093 C(3)-N(4)-C(17) 126.108
C(16)-H(34) 1.114 0(25)-5(23)-0(24) 121.822 C(3)-5(2)-C(6) 88.436
C(16)-H(33) 1.114 0(25)-5(23)-C(20) 116.691 C(6)-C(5)-N(4) 117.39
C(16)-H(32) 1.113 0(24)-5(23)-C(20) 117.06 C(6)-C(5)-0(7) 118.01
C(15)-H(31) 1.103 H(3 ) C(21)-C(22) 119.52 N(4)-C(5)-0(7) 122.267
C(14)-H(30) 1.103 H(37)-C(21)-C(20) 119.975 C(14)-C(13)-C(12) 117.453
C(12)-H(29) 1.105 C(22)-C(21)- C(20) 120.498 C(14)-C(13)-N(1) 125.753
C(11)-H(28) 1.103 C(21)-C(20)-C(19) 117.633 C(12)-C(13)-N(1) 116.794
0(7)-H(27) 0.971 C(21)-C(20)-5(23) 121.174 S(2)-C(6)-C(5) 110.65
C(17)-C(22) 1.353 €(19)-C(20)-5(23) 121.178 S(2)-C(6)-N(9) 131.161
C(21)-C(22) 1.343 H(36)-C(19)-C(20) 119.867 C(5)-C(6)-N(9) 118.175
C(20)-C(21) 1.339 H(36)-C(19)-C(18) 119.508 C(6)-N(9)-N(1) 119.503
€(19)-C(20) 1339 C(20)-C(19)-C(18) 120.616 C(13)-N(1)-N(9) 119.504
C(18)-C(19) 1.343 H(38)-C(22)-C(17) 122,517
C(17)-C(18) 1.352 H(38)-C(22)-C(21) 113.554
C(10)-C(15) 1344 C(17)-C(22)-C(21) 123.914
C(14)-C(15) 1.343 H(35)-C(18)-C(19) 113.172
C(13)-C(14) 1.348 H(35)-C(18)-C(17) 123.017
C(12)-C(13) 1347 C(19)-C(18)-C(17) 123.804
C(11)-C(12) 1.342 H(34)-C(16)-H(33) 108.464
€(10)-C(11) 1.343 H(34)-C(16)-H(32) 107.225
C(3)-S(2) 1.788 H(34)-C(16)-C(10) 110.63
C(6)-S(2) 1.481 H(33)-C(16)-H(32) 107.775
C(5)-C(6) 136 H(33)-C(16)-C(10) 110.032
N(4)-C(5) 1.29 H(32)-C(16)-C(10) 112.567
C(3)-N(4) 1276 H(31)-C(15)-C(10) 119.33
S(23)-N(26) 1.701 H(31)-C(15)-C(14) 119.412
S(23)-0(25) 1.466 C(10)-C(15)-C(14) 121.258
S(23)-0(24) 1.466 C(15)-C(10)-C(11) 117.935
€(20)-5(23) 1.786 C(15)-C(10)-C(16) 120.418
N(4)-C(17) 1.288 C(11)-C(10)-C(16) 121.646
C(13)-N(1) 1.268 H(28)-C(11)-C(1 ) 119.203
C(10)-C(16) 1.51 H(28)-C(11)-C(10 119.963
C(6)-N(9) 1.269 C(12)-C(11)- C(lO) 120.834
N(1)-N(9) 1.252 H(30)-C(14)-C(1 ) 117.054
C(3)-S(8) 1.58 H(30)-C(14)-C(1 121.918
C(5)-0(7) 1.368 C(15)-C(14)- C(13) 121.028
H(29)-C(12)-C(13) 120.269
H(29)-C(12)-C(11) 118.239
C(13)-C(12)-C(11) 121.492
C(22)-C(17)-C(18) 113.452
C(22)-C(17)-N(4) 122.453
C(18)-C(17)-N(4) 124.015
S(2)-C(3)-N(4) 107.821
more is the reactivity of the compound has [1,2]. The calculated quantum S 1 7
chemical parameters are given in Table 6. Additional parameters such as 21 @)
separation energies, AE, absolute electronegativities, x, chemical poten-
tials, Pi, absolute hardness, 1, absolute softness, o, global electrophilicity, o = Pi?/2n (8)
, global softness, S and additional electronic charge, and AN,.x, have
been calculated according to the following Egs. (2-9) [3,38]: ANpmax = —Pi/n). (9)

AE = Epyno —Enomo (2)
y= _(EH0M02+ Erumo) 3)
_ Erumo—Enomo
-2 )
o=1/n (5)
Pi=—y (6)

3.5. Thermal analyses

The thermal properties of ligands (HL,, HL; and HL4) and their
Ru(Ill) complexes (2, 3 and 4) were characterized on the basis of
thermogravimetric analysis (TGA). The temperature intervals and the
percentage of loss of masses of the ligands are listed in Table 7. It is
clear that the change of substituent affects the thermal properties of
the ligands (Fig. 6).

HL;, ligand shows four decomposition steps, the first stage occurs in
the temperature range of 50-200 °C is attributed to loss of CsH; (Found
19.01% and calc. 19.43%). The second stage in the temperature range of



642 A.Z. El-Sonbati et al. / Journal of Molecular Liquids 209 (2015) 635-647

Table 4
The bond lengths and bond angles of HL;.

Bond lengths (A) Bond angles (°)

Bond angles (°)

N(25)-H(37) 1.019 H(37)-N(25)-H(36)
N(25)-H(36) 1.019 H(37)-N(25)-5(22)
C(21)-H(35) 1.1 H(36)-N(25)-5(22)
C(20)-H(34) 1.104 N(25)-5(22)-0(24)
C(18)-H(33) 1.104 N(25)-5(22)-0(23)
C(17)-H(32) 1.098 N(25)-5(22)-C(19)
C(15)-H(31) 1.103 0(24)-5(22)-0(23)
C(14)-H(30) 1.103 0(24)-5(22)-C(19)
C(12)-H(29) 1.105 0(23)-5(22)-C(19)
C(11)-H(28) 1.103 H(34)-C(20)-C(21)
C(10)-H(27) 1.103 H(34)-C(20)-C(19)
0(7)-H(26) 0.971 €(21)-C(20)-C(19)
C(16)-C(21) 1.353 €(20)-C(19)-C(18)
€(20)-C(21) 1.343 €(20)-C(19)-5(22)
€(19)-C(20) 1339 C(18)-C(19)-5(22)
C(18)-C(19) 1339 H(33)-C(18)-C(19)
C(17)-C(18) 1.343 H(33)-C(18)-C(17)
C(16)-C(17) 1352 €(19)-C(18)-C(17)
€(10)-C(15) 1341 H(35)-C(21)-C(16)
C(14)-C(15) 1343 H(35)-C(21)-C(20)
C(13)-C(14) 1.348 C(16)-C(21)-C(20)
€(12)-C(13) 1.348 H(32)-C(17)-C(18)
C(11)-C(12) 1342 H(32)-C(17)-C(16)
C(10)-C(11) 1.341 C(18)-C(17)-C(16)
C(3)-S(2) 1.788 H(31)-C(15)-C(10)
C(6)-S(2) 1.481 H(31)-C(15)-C(14)
C(5)-C(6) 136 C(10)-C(15)-C(14)
N(4)-C(5) 1.29 H(27)-C(10)-C(15)
C(3)-N(4) 1276 H(27)-C(10)-C(11)
S(22)-N(25) 1.701 C(15)-C(10)-C(11)
S(22)-0(24) 1.466 H(28)-C(11)-C(12)
$(22)-0(23) 1.466 H(28)-C(11)-C(10)
€(19)-5(22) 1.786 C(12)-C(11)-C(10)
N(4)-C(16) 1.288 H(30)-C(14)-C(15)
C(13)-N(1) 1.268 H(30)-C(14)-C(13)
C(6)-N(9) 1.269 C(15)-C(14)-C(13)
N(1)-N(9) 1252 H(29)-C(12)-C(13)
C(3)-S(8) 1581 H(29)-C(12)-C(11)
C(5)-0(7) 1.368 C(13)-C(12)-C(11)
€(21)-C(16)-C(17)
€(21)-C(16)-N(4)
C(17)-C(16)-N(4)
S(2)-C(3)-N(4)
S(2)-C(3)-5(8)
N(4)-C(3)-S(8)
H(26)-0(7)-C(5)
C(5)-N(4)-C(3)
C(5)-N(4)-C(16)
C(3)-N(4)-C(16)

105.757
110.226
110.213
88.386
88.218
115.068
121.82
116.691
117.069
119.519
119.98
120.494
117.635
121.151
121.199
119.864
119.509
120.618
122.518
113.55
123.918
113.179
123.016
123.798
119.645
120.033
120.322
120.311
120.289
119.399
120.117
119.895
119.988
116.99
121.944
121.066
120.367
118.178
121.455
113.454
122.433
124.034
107.818
118.617
128.725
110.884
106
127.896
126.085

6) 88.428
) 117.383
) 118.021
) 122.269
(12) 117.769
(1) 125.638
(1) 116,593
—C(5) 110.647
) 131.121
) 118217
) 119.465
9) 119.59

nNnNnNNOhwvwuunnnnNnz0Oo0On

200-300 °C corresponding to loss of a part of the ligand (CgHgN, SO;)
(Found 38.58%, calc. 38.87%). The third stage in the temperature range
of 300-600 °C corresponding to loss of a part of the ligand (SO,NH,)
(Found 19.23%, calc. 19.68%). The fourth stage in the temperature ranges
>600 °C corresponding to loss of carbon atoms (Found 22.1%, calc.
22.00%).

HL; ligand shows loss of (Found 19.95%, calc. 19.62%) in the
temperature range of 50-200 °C corresponding to loss of CgHs
while the weight loss in the temperature range of 200-300 °C
(Found 43.02%, calc. 43.31%), which is attributed to loss of a part
of the ligand (CgHgN, SO,) and at 300-600 °C corresponding to
loss of (SO,NH,) (Found 21.00%, calc. 20.38%). Finally, the residue
is carbon atoms.

TG curve of the HL4 ligand shows two steps of decomposition. The
first stage of decomposition occurs in the temperature range of
50-200 °C and is associated with the loss of a part of the ligand
(NO;) with an estimated weight loss of 10.27% (calcd. 10.51%). The
second stage of decomposition occurs in the temperature range of
200-300 °C and is associated with the loss of C;,H;1{N3SO3 molecule
and with an estimated weight loss of 70.03% (calcd. 70.63%). The

third stage of decomposition occurs in the temperature range of
300-600 °C and is associated with the loss of nitrogen and sulfur
molecules and with an estimated weight loss of 11.00% (calcd.
10.51%). There after the weight of the residue corresponds to carbon
atoms.

All Ru(Ill) complexes (2, 3 and 4) showed TG curves in the tempera-
ture range of ~100-220 °C loss of bipy + 1/2 Cl, molecules. The second
stage is related to loss of the part of ligand. The final weight losses are
due to the decomposition of the rest of the ligand and metal oxide residue
(Table 8).

3.6. Calculation of activation thermodynamic parameters

The thermodynamic activation parameters of decomposition pro-
cesses of the ligands (HL,, HL; and HL,4) and their Ru(Ill) complexes
(2, 3 and 4) namely activation energy (E,), enthalpy (AH"), entropy
(AS"), and Gibbs free energy change of the decomposition (AG") are
evaluated graphically by employing the Coats-Redfern [39] and
Horowitz-Metzger [40] methods.
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Table 5
The bond lengths and bond angles of HL,.
Bond lengths (A) Bond angles (°) Bond angles (°)
N(25)-H(39) 1.019 39)-N(25)-H(38) 105.738 H(29)-0(7)-C(5) 111.178
N(25)-H(38) 1.019 ( 9)-N(25)-5(22) 110.197 C(5)-N(4)-C(3) 105.793
C(21)-H(37) 1.099 H(38)-N(25)- 5(22) 110.202 C(5)-N(4)-C(16) 127.859
C(20)-H(36) 1.104 N(25)-5(22)-0(24) 88.311 C(3)-N(4)-C(16) 126.326
C(18)-H(35) 1.104 N(25)-5(22)- 0(23) 88.136 C(3)-5(2)-C(6) 88.408
C(17)-H(34) 1.098 N(25)-5(22)-C(19) 115.26 C(6)-C(5)-N(4) 117.516
C(15)-H(33) 1.104 0(24)-5(22)-0(23) 121.832 C(6)-C(5)-0(7) 117.996
C(14)-H(32) 1.103 0(24)-5(22)-C(19) 116.625 N(4)-C(5)-0(7) 122.149
C(12)-H(31) 1.105 0(23)-5(22)-C(19) 117.112 C(14)-C(13)-C(12) 117.12
C(11)-H(30) 1.104 H(3 )C(ZO)—C( ) 119.514 C(14)-C(13)-N(1) 125219
0(7)-H(29) 0.971 H(36)-C(20)-C(1 119.986 C(12)-C(13)-N(1) 117.661
C(16)-C(21) 1353 c(21)- C(20)—C(19) 120.492 S(2)-C(6)-C(5) 110.624
C(20)-C(21) 1343 C(20)-C(19)-C(18) 117.628 S(2)-C(6)-N(9) 131.176
C(19)-C(20) 1339 C(20)-C(19)-5(22) 121.173 C(5)-C(6)-N(9) 118.181
C(18)-C(19) 1339 C(18)-C(19)-5(22) 121.179 C(6)-N(9)-N(1) 119.433
C(17)-C(18) 1343 H(35)-C(18)-C(19) 119.852 C(13)-N(1)-N(9) 119.109
C(16)-C(17) 1352 H(35)-C(18)-C(17) 119.525
€(10)-C(15) 1347 C(19)-C(18)-C(17) 120,614
C(14)-C(15) 1342 H(37)-C(21)-C(16) 122.552
C(13)-C(14) 1.347 H(37)-C(21)-C(20) 113.484
C(12)-C(13) 1.345 C(16)-C(21)-C(20) 123.948
C(11)-C(12) 1343 H(34)-C(17)-C(18) 113.136
C(10)-C(11) 1.347 H(34)-C(17)-C(16) 123.03
C(3)-S(2) 1.788 C(18)-C(17)-C(16) 123.826
C(6)-S(2) 1.481 C(10)-N(26)-0(28) 122.771
C(5)-C(6) 1.361 C(10)-N(26)-0(27) 123.008
N(4)-C(5) 1.29 0(28) N(26)-0(27) 114.221
C(3)-N(4) 1276 H(33)-C(15)-C(10) 121.178
S(22)-N(25) 1.701 H(3 ) C(15)-C(14) 117.147
S(22)-0(24) 1.466 C(10)-C(15)-C(14) 121.675
S(22)-0(23) 1.466 C(15)-C(10)-C(11) 116.841
C(19)-5(22) 1.786 C(15)-C(10)-N(26) 12124
N(4)-C(16) 1.289 C(11)-C(10)-N(26) 121.919
C(13)-N(1) 1.268 H(30)-C(11)-C(12) 117.231
C(10)-N(26) 1257 H(30)-C(11)-C(10) 121.202
C(6)-N(9) 1.269 C(12)-C(11)-C(10) 121.567
N(1)-N(9) 1.252 H(32)-C(14)-C(15) 116.735
C(3)-5(8) 158 H(32)-C(14)-C(13) 121.915
C(5)-0(7) 1.368 C(15)-C(14)-C(13) 121.35
N(26)-0(28) 1313 H(31)-C(12)-C(1 ) 120.015
N(26)-0(27) 1314 H(31)-C(12)-C(1 118.539
C(13)-C(12)~ C(l]) 121.446
C(21)-C(16)-C(17) 113.409
C(21)-C(16)-N(4) 122.494
C(17)-C(16)-N(4) 124.014
S(2)-C(3)-N(4) 107.978
S(2)-C(3)-S(8) 118.851
N(4)-C(3)-5(8) 128.835
3.6.1. Coats-Redfern equation For convenience of integration, the lower limit T; is usually taken as
The Coats-Redfern equation, which is a typical integral method, can zero. This equation on integration gives:
represent as:
a Eq ln(l—a)] Eq [ AR }
/ (1 T (p/ exp( RT)dt (10) ln{ - S It (11)
Table 6
The calculated quantum chemical properties for the ligands (HL,,).
Compound Enomo (a.u.) Erumo (a.u.) AE (a.u.) ¥ (a.u.) M (a.u.) o(au)! Pi (a.u.) S (au)! o (a.u.) ANpax (a.u.)
HL,
(A) —0.1235 —0.0895 0.0341 0.1065 0.0170 58.719 —0.1065 29.359 0.3329 6.253
(B) —0.0840 —0.0698 0.0142 0.0769 0.0071 140.944 —0.0769 70.472 0.4169 10.841
HL,
(A) —0.1236 —0.1014 0.0222 0.1125 0.0111 90.131 —0.1125 45.065 0.5706 10.142
(B) —0.0844 —0.0741 0.0103 0.0793 0.0052 194.364 —0.0793 97.182 0.6106 15.406
HLs
(A) —0.1239 —0.1089 0.0151 0.1164 0.0075 132.714 —0.1164 66.3572 0.8988 15.446
(B) —0.0849 —0.0765 0.0084 0.0807 0.0042 238.664 —0.0807 119.332 0.7771 19.260
HL,
(A) —0.2145 —0.1219 0.0925 0.1682 0.0463 21.615 —0.1682 10.807 0.3059 3.637

(B) —0.1353 —0.0839 0.0514 0.1096 0.0257 38.880 —0.1096 19.440 0.23369 4.262
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Table 8
Thermal analyses data for Ru(IIl) complexes (2, 3 and 4).

Table 7
Thermal analyses data for the ligands (HL,).
Compound Temp. range Calc. mass loss Assignment
(°C) (found) %
HL, 50-200 19.43 (19.01) Loss of CgH5
200-300 38.87 (38.58) Loss of CgHgN2SO,
300-600 19.68 (19.23) Loss of SO, NH,
>600 22.00 (22.10) Loss of carbon atoms
HL; 50-200 19.62 (19.95) Loss of CgHs
200-300 43.31 (43.02) Loss of CgHgN2SO,
300-600 20.38 (21.00) Loss of SO, NH,
>600 16.67 (16.00) Loss of carbon atoms
HL4 50-200 10.51 (10.27) Loss of NO,
200-300 70.63 (69.03) Loss of
300-600 10.51 (11.00) C12H11N305S
Loss of nitrogen and sulfur
>600 8.35(10.05) Loss of carbon atoms

Aplot of left-hand side (LHS) against 1/T was drawn (Fig. 7). E, is the
energy of activation in ] mol~! and calculated from the slope and A in
(s—1) from the intercept value. The entropy of activation (AS") in
(Jmol™' K~ 1) calculated by using the equation:

_2303{log<lA}Tl>}R (12)

where kg is the Boltzmann constant, h is the Plank's constant and T is
the TG peak temperature.

3.6.2. Horowitz-Metzger equation
The Horowitz-Metzger equation is an illustrative of the approxima-
tion methods. These authors derived the relation:
(111
log 1-(1—a) _ kb .
2.303RT?

- for#1 (13)

when n = 1, the LHS of Eq. (13) would be log[ —log(1-a)] (Fig. 8). For a
first order kinetic process, the Horowitz-Metzger equation may write in
the form:

Wq Eq.0
log {log <Wy)} W log2.303 (14)

where 6 = T-T,, wy = Wo-W, W, = mass loss at the completion reac-
tion; w = mass loss up to time t. The plot of log [log (wq/w,)] vs. 6

| HL,
0.16 L

0.14 4

0.124

AE (a.u.)

0.10+

0.08 4

0.06 T T T T T T T T T T T T
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8

R
c

Fig. 6. The relation between Hammett's substitution coefficients (0%) vs. energy gap (AE).

Complex® Temp. range (°C) Found mass loss (calc.) % Assignment

(2) 100-220 17.52 (17.50) Loss of bipy + 1/2Cl,
220-800 70.44 (70.50) Loss of C32H26N1204S6
>800 12.04 (12.00) RuO,

(3) 100-220 17.97 (18.03) Loss of bipy + 1/2Cl,
200-800 69.68 (70.00) Loss of C30H20N1204 S
>800 12.35 (12.05) Loss of RuO,

(4) 100-220 16.68 (16.50) Loss of bipy + 1/2Cl,
220-800 72.02 (72.00) Loss of C30H0N1405S6
>800 11.39 (11.50) Loss of RuO,

¢ Numbers as given in Table 1.

was drawn and found to be linear from the slope of which E, was calcu-
lated. The pre-exponential factor, A, calculated from equation:

E, A

oA
e oo
S

The entropy of activation, AS", is calculated from Eq. (12). The en-
thalpy activation, AH", and Gibbs free energy, AG”, calculated from:

(15)

AH* = E,—RT (16)
AG" = AH'—T AS". (17)

The calculated values of E,, A, AS*, AH* and AG" for the decomposi-
tion steps for ligands (HL,, HL3; and HL4) and their Ru(Ill) complexes
(2,3 and 4) are summarized in Table 9.

3.7. DNA binding studies

Absorption titration is one of the most universally employed
methods to study the binding modes and binding extent of compounds
to DNA. Absorption titration experiments were performed with fixed
concentrations of the ligands (HL,-HL,) (40 uM) while gradually in-
creasing the concentration of DNA (10 mM) at 25 °C. While measuring
the absorption spectra, an equal amount of DNA was added to both
the compound solution and the reference solution to eliminate the ab-
sorbance of DNA itself. We have determine the intrinsic binding con-
stant to CT-DNA by monitoring the absorption intensity of the charge
transfer spectral bands near 298,298, 299 and 293 nm for the ligands
HL,, HL,, HL3 and HLy, respectively. Upon the addition of increasing
amount of CT-DNA, a significant “hyperchromic” effect was observed
accompanied by a moderate red shift of 2-3 nm, indicative of stabiliza-
tion of the DNA helix. These spectral characteristic suggests that the
ligands bind either to the external contact (electrostatic binding) or to
the major and minor grooves of DNA. Moreover, this “hyperchromic
effect” can be explained on the basis of two phenomena. The large sur-
face area of the ligand as well as the presence of planar aromatic chro-
mophore facilitates a strong binding interaction of the ligands with
CT-DNA. This groove binding results in structural reorganization of CT-
DNA which entails partial unwinding or damage of the double helix at
the exterior phosphate backbone leading to the formation of a cavity
to accommodate the compound [41]. The intrinsic binding constants
(Kp) of all the ligands (HL;-HL,;) with CT-DNA were determined
(Eq. (1)) [42]. The K}, values obtained from the absorption spectral tech-
nique for ligands HL;, HL,, HL3 and HL, were calculated as 2.86 x 10%,
5.85 x 104, 7.44 x 10* and 2.32 x 106 M~ !, respectively. The higher
values of the binding constant of the ligands HL, are due to the presence
of electron withdrawing group NO,.
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Fig. 7. Coats-Redfern (CR) of the ligands (HL,, HL; and HL,) and their Ru(Ill) complexes (2, 3 and 4).

3.8. Catalytic oxidation of benzylamine to benzonitrile

Many ruthenium(Ill) complexes [43,44] have been used as catalysts
for dehydrogenation of benzylamine to benzonitrile with N-
methylmorpholine-N-oxide (NMO). However, catalytic methods based
on transition metals need stringent reaction conditions and high cost
of the ligand, or have the disadvantages like long reaction time and
high temperature. Therefore, the development of practical, inexpensive,
simple and green chemical process for dehydrogenation is still needed.
We are interested in the use of NMO, since it is soluble in organic sol-
vents [23].

Herein, we present a simple protocol that adopts three fold excess of
NMO as a co-oxidant and the prepared ruthenium(IIl) complexes as a

catalysts for dehydrogenation of benzylamine to benzonitrile in 65 to
80% yield. The catalytic dehydrogenation reactions were carried out at
room temperature, in the presence of catalytic amount of the com-
plexes, [Ru(L,),(bipy)]Cl and an excess of NMO as a co-oxidant, accord-
ing to the following: benzylamine (2 mmol) was added to the solution
of the complex (5% mol in 5 cm® DMF) and NMO (3 mmol) was dis-
solved in 5 mL DMF. The reaction mixture was stirred at room temper-
ature for 3 h, then benzonitrile was then isolated and weighed. The
results for the catalytic dehydrogenation of benzylamine by the pre-
pared complexes are summarized in Table 10. The yields and turnover
frequency (TOF) are calculated.

A blank experiment was also carried out which revealed that in the
absence of the complex, benzonitrile was not detected, suggesting that
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Fig. 8. Horowitz-Metzger (HM) of the ligands (HL,, HL; and HL,) and their Ru(IIl) complexes (2, 3 and 4).

in the absence of the ruthenium complex, NMO itself is not able to dehy-
drogenate benzylamine, while in the presence of the ruthenium complex,
NMO is able to trigger a recycling of the active species which expected to
be ruthenium-oxo species (Ru"Y = 0). Recently, we reported the catalytic
dehydrogenation of benzylamine to benzonitrile by [Ru®Cl(8-hq),H,0]/
NMO and suggested the formation of ruthenium-oxo species (Ru" = 0)
[23]. However, upon comparing our catalyst system with other systems in
the literature [27,45], it was found that the catalyst systems, Au/CeO-
direct anionic exchange/O, [43] and HNOs-promoted/nanotubes (CNTs/
0,) [44] dehydrogenate benzylamine to benzonitrile in 89% and the reac-
tionis 5 h.

It was noticed that our reaction times are shorter and yields of ob-
tained benzonitrile by our catalysts systems are nearly comparable
with those reported in the previously mentioned catalyst systems [46,
47] in addition reactions were carried out at room temperature. The
catalytic oxidation of benzylamine under the same conditions has

been repeated in the presence of some other co-oxidants like NalOy,
K,S,0g, NaBrOs; and NaOCl instead of H,0, and gave very low yield of
benzonitrile (less than 5%). This is probably due to the formation of
the solid precipitates NalOs, K,SO4, NaBr and NaCl, which are all insolu-
ble in DMF and remain at the end of the reaction and make the work up
is difficult. We conclude that the use of NMO is preferred co-oxidant for
oxidation of benzylamine in the presence of these complexes. In sum-
mary, these complexes catalytically oxidize benzylamine to benzonitrile
in good yields at room temperature and in the presence of excess
NMO as co-oxidant as well as this procedure is safe and simple for
benzylamine.

4. Conclusions

The structure of Ru(Ill) complexes of the ligands (HL,) were con-
firmed by elemental analyses, IR, 'H NMR spectra, molar conductance



A.Z. El-Sonbati et al. / Journal of Molecular Liquids 209 (2015) 635-647 647

Table 9
Kinetic parameters of the ligands (HL,) and their Ru(Ill) complexes (2, 3 and 4).
Compound? Decomposition Method Parameters Correlation
temperature (°C) coefficient ®
E, A AS' AH' AG"
(k] mol—1) (s7hH (Jmol 'K~ 1) (k] mol—1) (k] mol—1)
HL, 125-442 CR 2838 1.21 —249 24.0 168 0.9956
HM 38.1 6.5 —235 333 169 0.9972
HL;3 142-372 CR 25.7 0.4 —258 241 165 0.9911
HM 338 3.21 —240 29.1 163 0.9916
HLy4 202-358 CR 40 191 —225 35.6 155 0.9955
HM 48.5 207 —205 441 153 0.9906
2 175-315 CR 55.8 788 —194 51.3 152 0.9912
HM 65 175 —168 60.7 148 0.9932
3 175-315 CR 38.9 13.2 —228 34.6 153 0.9939
HM 46.3 162 —207 42.0 149 0.9959
4 191-331 CR 69.1 2.94 x 10* —164 64.7 152 0.9878
HM 75.8 1.39 x 10° —151 714 152 0.9881

2 Numbers as given in Table 1.

Table 10

Catalytic oxidation of benzylamine by the prepared ruthenium(Ill) complexes.
Complex? Yield TOF, h~!
1 80 4.44
2 73 4.05
3 75 4.16
4 77 427

Reaction conditions: Reactions were carried out at room temperature: benzylamine
(2 mmol), the complex (in 5 cm® DMF) and NMO (3 mmol), reaction time = 3 h.
(TOF = turnover frequency = moles of product/moles of catalyst/time).

2 Numbers as given in Table 1.

and thermal analysis data. Therefore, from IR spectrum, it is concluded
that HL,, binds to the Ru(IIl) as a monobasic bidentate ligand by coordi-
nating via the nitrogen atom of the azo group (—N=N-) and oxygen
atom of the deprotonated —OH group of the rhodanine moiety. The op-
timized bond lengths, bond angles and calculated quantum chemical
parameters for the ligands (HL,,) were investigated. The thermogravi-
metric analysis of the compounds shows that the values of activation
energies of decomposition (E,) are found to be 28.8, 25.7 and 40.0 kJ/
mol for the ligands HL,, HL; and HL,, respectively, and the values of E,
are found to be 55.8, 38.9 and 69.1 kJ/mol for the complexes 2, 3 and
4, respectively. The calf thymus DNA binding activity of the ligands
(HL,) was studied by absorption spectra measurements. The ligands
considering that the —OH group may enhance their affinity towards
DNA binding through formation of hydrogen bonding. The mechanism
and the catalytic oxidation of benzylamine, and by trans-
[Ru(Ly)2(bipy)]Cl with hydrogen peroxide as co-oxidant were
described.
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