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The binuclear ruthenium(Il) p-cymene complexes containing Schiff base ligands of general composition
[(Ru(p-cymene)Cl);L;_¢] (1-6) have been synthesized. The complexes were characterized by analytical
and spectral (FT—IR, UV—Vis & 'H NMR) methods. The molecular structure of the representative complex
[(Ru(p-cymene)Cl)2(Lg)] (6) was determined by single-crystal X-ray diffraction and density functional
theory (DFT) calculations. Further, these half-sandwich ruthenium complexes are active catalysts for the

mild hydrogenation of nitroarenes to aromatic anilines in the presence of NaBH4 in ethanol. The most
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efficient catalyst 6, was found be compatible with nitroarenes of various functional groups.
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1. Introduction

The arene ruthenium complexes play an important role in
organometallic chemistry. Synthesis of half-sandwich ruth-
enium(Il) complexes received a considerable attention owing to
their catalytic properties [1] and interesting anti-tumor activity [2].
The half-sandwich ruthenium units with three-legged, piano-stool
fragments are easy to prepare and are air-stable, where the piano-
stool legs can be variably connected with O, N donor ligands [3-12].
The majority of half-sandwich ruthenium complexes have been
prepared directly via reaction between various organic donors and
half-sandwich ruthenium dimer precursors. Schiff base compounds
are important O, N-based ligands which are readily modifiable to
allow fine tuning of steric and electronic properties of the metal
center [13].

The nG—arene-ruthenium(ll) complexes represent an important
class of compounds [14], well-known for promoting a great variety
of catalytic reactions, such as C—H activation [15], nitrile hydration
[16] or transfer hydrogenation processes [17]. Aromatic anilines are
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important intermediates and precursors in the preparation of dyes,
agrochemicals, pharmaceuticals, and pigments [18,19]. The most
commonly used method for the synthesis of aromatic anilines is the
reduction of nitroarenes. Catalytic hydrogenation using heteroge-
neous or homogeneous transition-metal catalysts is a well-
established technique and is often employed for the reduction of
nitroarenes to aromatic anilines [20—26]. There are many reports
on the hydrogenation reaction of nitroarenes using transition metal
catalysts in the presence of a reducing agent such as hydrogen gas,
sodium tetrahydroborate, hydrazine, and alcohol as the hydrogen
source. However, the use of well-defined half-sandwich ruthenium
complexes containing Schiff-base ligands as homogeneous cata-
lysts for hydrogenation of nitroarenes has rarely been reported. In
comparison with previously reported half-sandwich ruthenium
systems, ruthenium catalysts containing bulky naphthalene groups
may exhibit higher catalytic activity for nitroarene reduction. The
promising efficiency of these catalysts may be partially attributed
to the strong electron-donating ability of the nitrogen and oxygen
donors from Schiff base ligands.

We, prepare new half-sandwich binuclear ruthenium com-
plexes with Schiff base ligands and hope to exploit their chemistry
in catalytic reduction of nitroarenes. Preliminary results indicate
that these complexes can catalyze nitroarene reduction in the
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presence of NaBHy in ethanol. The electronic effects on their cata-
lytic behavior of nitroarene reduction are also discussed. Compu-
tational chemistry tools are being used routinely to get more
insight about the structural preferences and bonding nature of the
metal complexes. Density Functional Theory (DFT) calculations at
BP86/TZVP level are performed on the complex 6, as a model to
elucidate the electronic as well as geometrical structural features
and bonding nature of these complexes.

2. Result and discussion

The dark red half-sandwich binuclear ruthenium(Il) complexes
(1-6) were obtained by the reaction of [Ru(p-cymene)(u-Cl)Cl],
with an equivalent of the Schiff-base ligands in the presence of Et3N
in CH,Cl, under stirring at room temperature for 4 h (Scheme 1).
Ruthenium complexes were isolated as pure complexes by chro-
matography on silica gel using EtOAC as an eluent in yields of
60—80%. All complexes have been characterized by IR, UV—Vis, 'H
NMR and mass spectrometry. The half-sandwich ruthenium com-
plexes are air and moisture stable, soluble in CH,Cl,, CHCI3 and
CH3CN.

The IR spectra of the Schiff bases (HoLi—HzLs) showed strong
bands around 1619-1612cm™! region are assigned for —CH=N
stretching frequency. The C=N stretching frequencies displayed by
the ruthenium(II) Schiff base complexes are lower than that for the
uncomplexed ligands. This lowering of the C=N stretching fre-
quency observed at 1595-1604 cm~! for these ruthenium com-
plexes is attributed to coordination of C=N bonding in the chelate
ring to the metal center. The FT-IR spectra of complexes 1-6 are
given in Figs. S1-S6 (see supporting information).

Electronic spectra of all the complexes were recorded in chlo-
roform solution at room temperature showed three bands in the
region 200—800 nm. The UV—vis spectra of complexes 1-6 are
given in Figs. S7-S12 (see supporting information). The high in-
tensity bands in the 240—270 nm region were assigned to m— ©*
transitions of the ligands. The bands in the region 340—350 nm
have been designated as n—m* transition of the non-bonding
electron present on the nitrogen of the azomethine group [27]. In
all the complexes, the lowest energy band observed in the region
430—450 nm were attributed to the metal to ligand charge transfer
(MLCT) transitions [28—30].

The 'H NMR spectra of all the ligands and complexes were
recorded in CDCl3 to confirm the coordination mode of the Schiff
base ligand to the ruthenium(Il) ion. The presence of the

azomethine proton (—CH=N) attached to the phenyl ring was
confirmed by the singlet around 8.3—8.9 ppm. The 'H NMR spectra
of complexes 1-6 are given in Figs. S13-S18 (see supporting in-
formation)The aromatic protons of all these complexes are
observed as multiplets around 6.8—7.9 ppm. In all the complexes,
the aromatic hydrogen's of p-cymene protons appear in the region
of 0 4.4—5.5 ppm. Additionally, the methyl group of the p-cymene
comes as a singlet around the region of § 2.22—2.35 ppm. The iso-
propyl methyl protons of the p—cymene appeared as two sets of
doublets in the region of ¢ 1.12—1.29 ppm. The methylene (CH;)
proton bridging the two phenyl rings in the complexes 1 and 5 was
observed around 3.81 and 3.5 as a singlet. Additionally methoxy
protons are observed as singlet for complexes 3 and 4 at ¢ 3.5 and
3.84 ppm respectively. The electrospray ionization (ESI) mass
spectra of 4 and 5, obtained in positive mode, give peaks at m/
z=1008 and 1046 respectively. The loss of one chloride atom for
half-sandwich complexes is quite common under ESI-MS condi-
tions [31-33].

The molecular structure of complex 6 was confirmed by single
crystal X-ray diffraction and DFT methods. The crystals were grown
by slow diffusion of chloroform into a concentrated solution of the
complexes in pentane solution. The crystallographic data for
binuclear half-sandwich ruthenium complexes 6 is summarized in
Table 1. The molecular structure of 6 is shown in Fig. 1. The crystal
packing was solved with monoclinic C2/c space groups. Each
ruthenium is coordinated by one chlorine, one nitrogen and one
oxygen atom from the Schiff base ligand and one of the p—cymene
rings. The complex adopt the three legged piano stool geometry
with o-bonded Cl, N and O atoms as three legs and the arene ring of
the p-cymene group forming the seat.

The Ru—O distances (2.061(3) and 2.057(3) A and Ru—N dis-
tances (2.082(3) and 2.087(3) A are comparable to those of a half—
sandwich ruthenium complex containing [N, O] anionic bidentate
ligands [34-36]. The DFT (BP86/TZVP) computed Ru—O distance of
2.039 A and Ru—N distance of 2.088 A are very close to the values
obtained from experimental XRD method. The DFT (BP86/TZVP)
computed Ru—Cl distance [2.427 A] also very close to the experi-
mentally obtained value 2.4339(13) A. The metrical parameters
obtained from XRD and DFT (BP86/TZVP) methods are provide in
Table 2.

In the solid state, the complex exists as a solvate with chloro-
form. There are four molecules present in the asymmetric unit. The
Ru—O distances 2.038(3) A and Ru—N distances 2.073(4) A are
comparable to those of a half-sandwich ruthenium complex
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Scheme 1. Synthesis of Half-Sandwich Binuclear Ruthenium complexes (1-6).



Table 1

Selected crystal data and structure refinement summary of complex 6.
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6

Empirical formula

Css Hs1 N3 O3 ClsRuy

Formula weight 1166
Temperature 298
Wavelength/A 0.71073 A
Crystal system monoclinic
Space group C2/c

a/A 224292 (11) A
b/A 13.5674 (11) A
c/A 19.3384 (13) A
al° 920

Bl 107.202(5)

Y/ 90

Volume/A3 5621.6 (7)

z 4

Density (calculated )/Mg/m? 1.513
Absorption coefficient/mm™! 0.962

F(000) 2576

Theta range for data collection/® 1.777 to 29.110
Reflections collected 50476
Independent reflections 7556 [R(int) = 0.066]
Data/restraints/parameters 7521/0/333
Goodness-of-fit on F? 1.314

Final R indices [I > 2sigma(I)]
R indices (all data)

R1=0.062, wR2 =0.2141
R1=0.1284, wR2 =0.1831

containing [N, O] anionic bidentate ligands [37—39]. The DFT (BP86/
def2-TZVP) computed Ru—O distance of 2.039 A and Ru—N distance
of 2.088 A are very close to the values obtained from experimental
XRD method. The DFT (BP86/def2-TZVP) computed Ru—Cl distance

2427 A also very close to the experimentally obtained value
2.4339(13) A. The metrical parameters obtained from XRD and DFT
(BP86/def2-TZVP) methods are provided in Table 2 and the DFT
optimized geometry is shown in Fig. 2.

The Ru—N, Ru—0 and Ru—Cl bond lengths are close to the values
of the similar type of geometry in the complexes and the
geometrical features are important in deciding their structure-
activity towards cancer cells [40]. In the solid state, the packing
diagram of the compound 6 shows chain like array interconnected
through the chlorine atoms and Schiff bases (Fig. S1) (See sup-
porting information). Thus the presence of chlorine atom or
halogen atom as leaving group in this type of molecules, ie., piano-
stool ruthenium-arene complexes is already known, and which
stabilizes the binuclear complex significantly in both solution and
solid state.

In order to overcome the discrepancies experienced while
solving the crystal structure, we have performed DFT calculations at
BP86/def2-TZVP level, which helps to arrive the definite conclusion
about the molecular structures of the complexes obtained. The
charge on the metal atom is a crucial factor, which govern the
catalytic activity of the complex. The DFT (BP86/def2-TZVP)
computed charges on the two Ru atoms are +2 oxidation states. The
information about the stability of the metal complexes are usually
obtained by means computational methods. One of the best indi-
cator is the energy gap E;umo-nomo, as per Koopmanns’ theorm. The
significant Eyymo-Homo gap value of 2.03 eV is in support with the
stability of binuclear ruthenium complex 6 (Table 3). The DFT
(BP86/def2-TZVP) computed frontier molecular orbitals (FMO) are
highly useful in studying the stability of the bimetallic complex

Fig. 1. ORTEP diagram of the complex [ Ru,Cly(n®-p—-cymene),Cl(Lg)] (6).

Table 2
Selected bond lengths (A) and Bond Angles (°) for Ruthenium Complex.

Bond Length (A)

Bond Angle (°)

Ru;—Cl, 2.4339(13) [2.427]
Ru;—Ns 2.073(4) [2.088]
Ru;—0y4 2.038(3) [2.039]
Ru;—Csg 2.189(5) [2.197]
Ru;—Cso 2.176(5) [2.191]
Cs36—Cag 1.349(8) [1.438]
Ca1—Caa 1.432(8) [1.486]
C11—03 1.382(5) [1.398]

Ns—Ru;—04 87.21(14) [86.80]
Ns—Ru;—Cl, 85.90(10) [85.08]
04—Ru;—Cl, 83.37(11) [83.20]
Ns—Ru;—Ca 94.38(17) [95.23]
04—Ru;—Csg 90.58(19) [89.78]
04—Ru;—Cyp 155.5(2) [155.72]
Ns—Ru;—Csg 119.09(19) [120.46]
04—Ru;—Csg 115.95(19) [115.97]
Ns—Ru;—Ca 156.2(2) [156.40]
C36—Ru;—Cyy 67.7(2) [68.32]
C39—Ru;—Cl, 91.22(16) [91.29]
C*2—Ru;—Cl, 121.15(17) [121.08]

C11—03—Ces 118; 42 [117.87]
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Fig. 2. The DFT (BFP86/def2-TZVP) optimized geometry of the complex 6.

through the orbital energies and delocalization of electrons. The
molecular orbital pictures of the FMOs (HOMO, LUMO, HOMO-1
and LUMO+1) obtained from DFT computation is presented in
Fig. 3. From the HOMO picture of the complex, significant amount
electron localization on the Ru atoms and Cl atoms whereas in the
LUMO the no orbitals of the halogen atoms are involved. The
bonding interactions between one of the Ru atom with Cl and arene
ring is higher in HOMO, where as in HOMO-1 the interaction of
second Ru atom with Cl and arene ring is higher. The involvement
of the orbitals of O and N and the delocalization of electrons on the
ring stabilizes the LUMO and LUMO-+1orbitals. The DFT (BP86/
def2-TZVP) computed reactivity descriptors like, Chemical poten-
tial(n), Hardness (n), Softness(S), Electrophilicity (W), lonization
potential (IP) and Electron Affinity (EA) values are provided in
Table 3. The DFT computed hardness value is in line with the sta-
bility of complex 6, and the electron affinity and electrophilicity
values suggest the electrophilic nature of diruthenium-Schiff base
complex.

The catalytic performance of half-sandwich binuclear ruthe-
nium complexes 1-6 has been evaluated for reduction of nitro-
arenes with 1-chloro-4-nitrobenzene as a model substrate. As
shown in Table 4, the binuclear half-sandwich ruthenium complex
6 was very active towards reduction of nitro compounds. The
complex 6 was chosen as the optimal catalyst to screen various
solvents (Table 4, entries 1-16). A high yield of 95% of the desired
products was achieved in ethanol solvent. No desired products
were detected in water due to the poor solubility of the catalyst
(Table 4, entry 11). As expected, no reaction was observed in the
control experiment performed without both base and the catalyst
(Table 4, entry 14). From these studies, the optimal conditions for

Table 3

the reduction of nitroarenes were using 6 as catalyst (1 mol %) in
the presence of four equivalents of NaBH4 at room temperature.

With the optimal reaction condition in hand, we started to
expand the scope and efficiency of this methodology. Many func-
tionalized anilines were obtained in excellent yields (Table 5). As
shown in Table 4, the catalyst 6 was found to be very active toward
the reduction of various nitro compounds. Electron-withdrawing
and electron-donating substituents on the aromatic ring were
converted to the desired products in high yields. However, reduc-
tion of nitrotoluene generally takes a long time for an electron-
donating group such as —CH3 or —OCHj3 (Table 5, entries 8-10).
Chemoselective reduction of the nitro group in the presence of
other substituents such as —CHO, —COMe and —COOH was per-
formed (Table 5, entries 3-5). Overall, the present nitroarene
reduction protocol is simple to operate and gives the corresponding
aniline in good to excellent yields.

A possible reaction mechanism for the reduction of nitroarenes
is shown in Scheme 2. The proton signal at —10.18 ppm corresponds
to a hydride, which indicates the presence of a Ru—H intermediate.
Then, the reduction of the nitroarene may be proposed to occur via
the outer-sphere mechanism (intermediate B), which gives the
hydroxyl amine first and then the final aryl amine [41].

3. Conclusion

In summary, we have synthesized and characterized a series of
novel half-sandwich binuclear ruthenium(Il) complexes with
binucleating Schiff-base ligands and examined their ability as cat-
alysts in hydrogenation of nitroarenes using sodium tetrahy-
droborate as hydride source in ethanol solvent. The hydrogenation

DFT (BFP86/def2-TZVP) computed reactivity descriptors like, Chemical potential. (1), Hardness (n), Softness(S), Elec-
trophilicity (W), lonization potential (IP) and Electron Affinity (EA) values (eV).

Complex 6

HOMO —4.4496 eV
LUMO —2.4226eV
E Lumo - Homo 2.0270eV
Chemical potential (i) = ErumoHomo/2 —3.4361eV
Hardness (T]) =E LUMO ,HOMQ/Z 1.0135eV
Softness (S)=1/n 0.9867 eV
Electrophilicity (W) = p?/2n 5.8248 eV
Ionization potential (IP) (eV) 4.4496 eV
Electron Affinity (EA) (eV) 24226 eV
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Fig. 3. The DFT (BFP86/def2-TZVP) computed frontier molecular orbitals (FMOs) of the complex 6 with iso surface value of 0.03.

Table 4
Screening of half-sandwich ruthenium complexes catalysts for nitroarene Reduc-
tion®.
O NO, Ru catalyst /©/ NH:
a NaBHy/ EtOH/RT

Entry Catalyst Solvent Time (h) Yield (%)°

1 1 EtOH 3 60

2 2 EtOH 3 73

3 3 EtOH 3 70

4 4 EtOH 3 75

5 5 EtOH 3 83

6 6 EtOH 3 95

7 6 MeOH 6 30

8 6 DCM 5 55

9 6 Toluene 8 28

10 6 DMF 10 48

11 6 THF 12 10

12 6 MeCN 10 42

13 6 H,0 24 No Product

14 - EtOH 3 No Product

15 6 EtOH 3 92¢

16 6 EtOH 5 884

2 Reaction conditions: 0.3 mmol 1-chloro-4-nitrobenzene, 1.2 mmol NaBH,4, Ru
catalyst (3 mol%), solvent (2 mL), room temperature.

b Isolated yield.

€ 6 (1 mol%)

4 6 (0.5 mol%).

reaction offers varied functional group compatibility and broad
substrate scope and provides aromatic anilines in excellent yields
The advantages of these homogeneous half-sandwich ruthenium
catalyst systems include the case of catalyst synthesis and high
catalytic activities toward nitroarene reduction in the presence of
NaBH, in ethanol at room temperature. Moreover, a combination of
spectroscopic studies and X-ray crystallographic and DFT (BP86/
def2-TZVP) studies also confirmed the piano-stool geometry for the
molecular structure of the half-sandwich binuclear ruthenium
complexes. Molecular Orbital calculations and computation of
reactivity descriptors also confirm the stability and electrophilic
nature of these complexes.

4. Experimental methods
4.1. Materials and physical measurements

All the reagents used were chemically pure and of analytical
grade. The solvents were freshly distilled before use. RuCl3-3H,0
was purchased from Himedia Pvt. Ltd., and was used without
further purification. a-Phellandrene, 2-hydroxy -1- naph-
thaldehyde, O-vanillin and 4,4’-diaminophenyl methane, 4,4’-dia-
miniphenyl ether were purchased from Sigma-Aldrich. The Schiff
base ligands were prepared according to literature reports [42,43].
The starting materials [(1°-p-cymene),Ruy(Cl,);], were prepared
according to published methods [44]. The IR spectra of the com-
plexes were recorded on an agilent resolution pro model in
4000—400 cm™! range. Electronic spectra of the complexes were
recorded in CHCl3 solution in a Cary 300 Bio UV—Vis Varian spec-
trophotometer in the range 800—200 nm. The 'H NMR spectra were
recorded in CDCl3 with Bruker 300 MHz instrument using TMS as
internal reference.

4.2. Synthesis of Half-sandwich binuclear ruthenium complexes

(1-6)

A solution of the chloro bridged dimeric complex (0.06g;
0.1 mmol), Schiff base ligands (0.040—0.0501g; 0.1 mmol) and
triethylamine in dichloromethane (30 mL) was added and mixture
was stirred for 4 h at room temperature. A color change of the so-
lution from dark red was observed. The solution was concentrated
to 2mlL, and hexane was added to initiate precipitation of the
complex. The red-brown powder was filtered and washed with
hexane, and purified using column chromatography.

4.2.1. [(Ru(p-cymene)Cl);L;](1)

Red-brown solid. Yield: 70%. M.p. 180°C. Anal. Calcd for
C47H40N,Cl,02Ruy: C, 60.25; H, 4.27; N, 2.99. Found: C, 59.02; H,
412; N, 2.59. FT-IR cm™!): 1610 »(CH=N), 13251(C—0). UV—Vis
Amax (nm): 450,340, 270. 'H NMR (300MHz, CDCl3):
o(ppm) = 6.9—7.8 (m, Ar—H), 8.9 (s, HC=N), 3.8 (s, CHy), 4.4 (d 1H,
cymene Ar—H), 5.1 (d 1H, cymene Ar—H), 5.4 (d 1H, cymene Ar—H),
3.2 (m, 1H, CH of p—cymene), 2.3 (s,3H, CH3 of p—cymene), 1.2 (dd,
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Table 5

Screening of substrate for nitroarene reduction catalyzed by complex 6.%.
Entry Substrate Product Yield (%)°
1 88

NO,

Q

95

©/ -
2 NO, /@/ NH,
Cl
NO, /O/ NH, 94
HOH,C

NO, NH, 90
HO\'/©/
Me

vxe

q

Me
5 COOH HOOC 80
O,N NH, HoN NH,
6 /O/ NO, /©/ NH, 92
HO HO
96

7 /@/NOZ NH,
H,N I]ZNO/
8 NO, NH, 90
O: ()iCH3
9 NO, NH, 95
I]3C/©/

10 NO, NH,92
H,CO” :
11 NO, NH, 82
OH HOH,C ©/0H

2 Reaction conditions: 0.3 mmol nitroarene, 1.2 mmol NaBHy, catalyst (1 mol%),
solvent (2 mL), room temperature (3 h).
b Isolated yield.
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A Q)
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6H, 2CH3 of p—cymene).

4.2.2. [(Ru(p-cymene)Cl),L5](2)

Red-brown solid. Yield: 78%. M.p.200°C. Anal. Calcd for
C46H3gN2Cl,03Ruy: C, 58.8; H, 4.05; N, 2.98. Found: C, 58.02; H,
3.95; N, 2.86. FT-IR cm~!): 1607 »(CH=N), 1328»(C—0). UV—Vis
Jmax (nm): 440, 330, 250.'H NMR (300MHz, CDCls):
6(ppm)=71-79 (m, Ar—H), 8.5 (s, HC=N), 4.4 (d 1H, cymene
Ar—H), 5.1 (d 1H, cymene Ar—H), 5.3—5.5 (d 1H, cymene Ar—H), 3.2
(m, 1H, CH of p—cymene), 2.2 (s,3H, CH3 of p—cymene), 1.12 (dd, 6H,
2CHj3 of p—cymene).

4.2.3. [(Ru(p-cymene)Cl),L3](3)

Red solid. Yield: 75%. M.p.230°C. Anal. Calcd for
C49H46N2Clh04RUy: C, 58.44; H, 4.37; N, 2.80. Found: C, 58.39; H,
415; N, 2.76. FT-IR cm™"): 1595»(CH=N), 1330¥(C—0). UV—Vis
Jmax (nm): 450, 340, 270. 'H NMR (300MHz, CDCls):
6(ppm) = 6.9—7.9 (m, Ar—H), 8.3 (s, HC=N), 3.8 (s, CH3), 3.5 (s, 3H,

OCH3), 4.4 (d 1H, cymene Ar—H), 5.1 (d 1H, cymene Ar—H), 5.5 (d
1H, cymene Ar—H), 2.3 (s,3H, CH3 of p—cymene), 1.29 (dd, 6H, 2CHj3
of p—cymene).

4.24. [(Ru(p-cymene)Cl),L4](4)

Brown solid. Yield: 78%. M.p.190°C. Anal. Calcd for
C48H44N2Clr05Ruy: C, 57.14; H, 4.16; N, 2.8. Found: C, 57.06; H, 4.02;
N, 2.72. FT-IR cm™!): 1604 »(CH=N), 1330 »(C—0). UV—Vis Amax
(nm): 450, 320, 270. 'H NMR (300 MHz, CDCl3): §(ppm) = 6.8—7.8
(m, Ar—H), 8.4 (s, HC=N), 4.4 (d 1H, cymene Ar—H), 5.2 (d 1H,
cymene Ar—H), 5.4 (d 1H, cymene Ar—H), 3.84 (s, 3H, OCH3), 3.2 (m,
1H, CH of p—cymene), 2.3 (s,3H, CH3 of p—cymene), 1.2 (dd, 6H, 2CHj3
of p—cymene).

4.2.5. [(Ru(p-cymene)Cl),Ls](5)

Red-brown solid. Yield: 80%. M.p.210°C. Anal. Calcd for
Cs5Hs55N,ClL05Rup: C, 63.09; H, 4.97; N, 2.67. Found: C, 62.80; H,
4.90; N, 2.50. FT-IR cm™1): 1600 »(CH=N), 1340 »(C—0). UV—Vis
imax (nm): 460, 330, 270. 'H NMR (300MHz, CDCls):
6(ppm) =6.8—7.9 (m, Ar—H), 8.6 (s, HC=N), 3.8 (s, CH), 5.2 (d 1H,
cymene Ar—H), 3.1 (m, 1H, CH of p—cymene), 2.2 (s,3H, CH3 of p—
cymene), 1.21 (dd, 6H, 2CH3 of p—cymene).

4.2.6. [(Ru(p-cymene)Cl),Ls](6)

Red-brown solid. Yield: 78%. M.p.185°C. Anal. Calcd for
Cs4H50N2Clo03Ruy: C, 61.83; H, 4.77; N, 2.67. Found: C, 61.73; H,
4.65; N, 2.58. FT-IR cm™"): 1601 »(CH=N), 1340 »(C—0). UV—Vis
Amax (nm): 450, 320, 270. 'H NMR (300MHz, CDCls):
6(ppm)=6.8—7.9 (m, Ar—H), 8.7 (s, HC=N),4.4 (d 1H, cymene
Ar—H), 5.0 (d 1H, cymene Ar—H), 5.2 (d 1H, cymene Ar—H), 3.2 (m,
1H, CH of p—cymene), 1.29 (dd, 6H, 2CH3 of p—cymene).

4.3. General procedure for the reduction of nitroarenes to anilines
with half-sandwich

4.3.1. Binuclear ruthenium catalysts

A half-sandwich binuclear ruthenium complex (1 mol%) was
dissolved in EtOH (2.0mL); then appropriate nitroarenes
(0.3mmol) and NaBH4 (1.2 mmol) were added. The resulting
mixture was stirred at room temperature in a closed vessel. After
completion of the reaction (monitored by TLC), the crude reaction
mixture was extracted with ether (3 x 2 mL). After the solvents
were removed in vacuo from the combined organic extracts, the
crude products were loaded directly onto a column of silica gel and
purified by column chromatography using petroleum ether and
ethyl acetate (1:3) to get the corresponding products.

Aniline. Yellow oil, yield: 88%. '"H NMR (500 MHz, CDCl3): 6 7.32
(m, 2H), 6.94 (m, 1H), 6.48 (m, 2H), 3.6 (br, 2H).

4-Chloroaniline. Colorless solid, Yield: 95%. 'H NMR (300 MHz,
CDCl3): 6 7.1 (d, 2H), 6.62 (d, 2H), 3.62 (br, 2H).

(4-Aminophenyl)methanol. Pale yellow solid; yield: 94%. 'H NMR
(300 MHz, CDCl3): 6 712 (d, 2H), 6.69 (d, 2H), 4.4 (s, 2H), 3.4 (br, 2H).

1-(4-Aminophenyl)ethanol. Pale yellow solid; yield: 90%. "H NMR
(300 MHz, CDCl3): 6 7.2 (d, 2H), 6.65 (d, 2H), 4.73 (m, 1H), 3.2 (br,
2H), 1.45 (d,3H).

4-Aminophenol. Brown solid; yield: 92%. '"H NMR (300 MHz,
CDCl3): 6 6.51 (t, 4H), 4.35 (s, NHy).

1,4-Phenylenediamine. Red solid; yield: 96%. "H NMR (300 MHz,
CDCl3): 86.6 (s, 4H), 3.3 (br, 4H),

2-Toluidine. Yellow oil; yield: 90%.!H NMR (300 MHz, CDCls):
0 7.2 (t, 2H), 6.8 (t, 1H), 6.6 (d, 1H), 4.3 (br, 2H), 2.28 (s, 3H).

4-Toluidine. Colorless solid; yield: 95%. 'H NMR (300 MHz,
CDCl3): 6 7.1 (d, 2H), 6.55 (d, 2H), 3.48 (br, 2H), 2.35 (s, 3H).

p-Anisidine. Orange solid; yield: 92%. TH NMR (300 MHz, CDCl5):
0 6.6 (d, 2H), 6.51 (d, 2H), 3.9 (s, 3H), 3.2 (br, 2H).



R. Nandhini et al. / Journal of Organometallic Chemistry 903 (2019) 120984 7

e

'
u

R
I\ 1
(0]

NaBH4 I\ |

Complex (6)
RuH
NaBH, NO
@ NaBH,

H, ? cl a O
R N O ®
/\ ¥ ® o
O N:-H 0 \H NH O

N oo OO
o \@J@/ N e ) ) R— 1
sheas b

. _.H

N

\

(6]

Cl
Intermediate B

Intermediate A

NHOH NH,

NO, NO
A o S a || N_a
-H0 = Z  _H,0
cl cl
I

II

Cl Cl
I Product

Scheme 2. Probable Mechanism for Reduction of Nitroarenes Catalyzed by Half-Sandwich Binuclear Ruthenium Complexes.

4.4. X-ray structure determination

Diffraction data of (6) were collected on a Bruker AXS SMART
APEX diffractometer, equipped with a CCD area detector using Mo
Ko radiation (A =0.710 73 A). All the data were collected at 298 K,
and the structures were solved by direct methods and subsequently
refined on F2 by using full-matrix least-squares techniques
(SHELXL) [45], SADABS [46] absorption corrections were applied to
the data, all non-hydrogen atoms were refined anisotropically, and
hydrogen atoms were located at calculated positions. All calcula-
tions were performed using the Bruker Smart program.

4.5. Computational details

Computational chemistry tools like DFT methods are already
used successfully for the complete characterization of challenging
molecules [47a-47e]. In order to overcome the effect of solvation
and disorder resulted in the crystal structure of the molecule 6, DFT
calculations were used as a support for the predicted molecular
structure. DFT calculations were carried out using the software
ORCA developed by Frank Neese and co-workers [48a]. All calcu-
lations were performed using the BP86 density functional [48b-
48e] and def2-TZVP basis set [48f] included in the ORCA pro-
gramme, which is free for academic use. Molecular structure from
X-Ray diffraction method was taken as initial geometry for the DFT
calculations. Self-Consistent Field (SCF) calculations were

performed using the TIGHTSCF convergence criteria. The geometry
optimization was carried out and the resulting geometries are
confirmed as minima through the frequency calculations, which
show no imaginary frequencies. The reactivity descriptors like,
Chemical potential (i), Hardness (n), Softness(S), Electrophilicity
(W), lonization potential (IP) and Electron Affinity (EA) are also
calculated to predict the stability of the complexes. Pictures of the
optimized geometries and the frontier molecular orbitals are taken
using the graphics programme ChemCraft [48 g].
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