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2-(Biphenylazo)phenol ligands with various functional groups at the para-position of the phenol moiety
(R = CHs, H,Lq; R = OCH3, HLy; R = (CHs)3C, HLs; R = Cl, HyLy) readily undergo, upon reaction with [RuHCI
(CO)(EPh3)3] (E =P, As) in toluene, cyclometalation via a C—H bond activation at the ortho-position to
afford complexes of general formula [Ru(L)(CO)(EPh3),] (E=P, L=L;, 1; E=P,L=1,, 2; E=P, L=13, 3;
E=P,L=14,4;E=As,L=L,,5;E=As,L=1,,6; E=As,L=1Ls, 7; E = As, L = L4, 8). The molecular structure
of five complexes has been determined by single-crystal X-ray structure analysis. In each complexes, the
2-(biphenylazo)phenol ligand is coordinated to the metal center as a di-anionic tridentate CNO-ligand
with two triphenylphosphine/triphenylarsine in the axial positions along with one carbonyl group in
the plane of the CNO- ligand. These new cyclometalated 2-(biphenylazo)phenolate complexes show
intense absorption in the visible and ultraviolet regions and the nature of these transitions has been ana-
lyzed by TD-DFT calculations. The redox behavior of the complexes was also studied by cyclic voltamme-
try, revealing an irreversible reduction of the metallic center. The cyclometalated ruthenium(ll)
complexes were used as catalysts for oxidation and transfer hydrogenation reactions and they were
found to be active catalysts.
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1. Introduction

The chemistry of ruthenium metal complexes and its favorable
property of ortho-Ciromatic-H activation have been reported over
the last three decades [1,2]. Cyclometalated complexes containing
CN- donors of unsymmetrical ligands have been mainly utilized as
phosphorescent materials in organic light emitting devices and as
chemo-sensors [3]. Ruthenium complexes have been used as cata-
lysts precursors for variety of purposes including hydrogenation,
oxidation, polymerization and carbon-carbon bond formations
[4]. Oxidation of primary and secondary alcohols into their corre-
sponding aldehydes and ketones plays a central role in organic
synthesis [5]. Ishii and co-workers successfully achieved aerobic
oxidation using Ru(PPhs)sCl, as the catalyst in the presence of
hydroquinone without diminishing chemoselectivity [6]. Several
ruthenium catalytic systems have been reported with a wide range

* Corresponding author.
E-mail address: gvchem@gmail.com (G. Venkatachalam).

https://doi.org/10.1016/j.ica.2018.02.023
0020-1693/© 2018 Elsevier B.V. All rights reserved.

of oxidants viz., tert-butyl hydroperoxide [7], hydrogen peroxide
[8], molecular oxygen [9], iodosylbenzene [10], sodium periodate
[11] and N-methylmorpholine-N-oxide [12]. More recently, transi-
tion metal catalyzed transfer hydrogenation reaction using iso-
propanol as a hydrogen source, has become an efficient method
in organic synthesis [13]. Noyori et al., [14] reported that ruthe-
nium(Il) complexes in the presence of a base and isopropanol,
proved to be excellent catalysts for the transfer hydrogenation of
ketones under mild conditions. In addition, the NN- and ON-
donors of the ligands play an important role in catalytic reactions
[15,16].

It is well known from the literature that most of the cyclomet-
alated ruthenium(Il) complexes [17] containing different types of
ligand including arylazo groups have been successfully used as
effective catalysts for transfer hydrogenation of ketones [18]. The
highly active cyclometalated ruthenium(Il) catalysts (A & B) with
CNN- donor atoms (see Fig. 1) as an accelerating functionality in
the ligands for transfer hydrogenation reactions have been studied
[19,20]. Moreover, PPhs ligands are known to be m-acceptor
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Fig. 1. Models of Ru-complexes.

ligands, which may become more labile in these complexes during
a catalytic cycle. Further, the azo (N = N) group due to its strong 7-
acidic character stabilizes the ruthenium in lower oxidation states,
while the phenolate oxygen, being a hard base, stabilizes the
higher oxidation states of the metal ion [21]. Particularly, the azo
function in azo-aromatics is responsible for the rich redox events
in the complexes, and the design of suitable ligands containing
azo functions is a natural choice for optimizations.

We herein describe the four para-substituted 2-(biphenylazo)
phenols have been synthesized by diazotization of different para-
substituted phenols with 2-aminobiphenyl. Then, these tridentate
ligands were used to prepare a new family of cyclometalated
ruthenium(II) carbonyl complexes via C-H activation. The interest
behind the choice of this 2-(biphenylazo)phenol is that it can also
act as di-anionic tridentate CNO- donor which generates five-
membered metallacycles. The reaction of selected biphenylazo
ligands (H,L;-H,L,) with ruthenium(Il) precursors is expected to
yield the corresponding cyclometalated complexes containing the
chelate motif (I) and possible modes of coordination (II & III)
Fig. 2. P. Gupta et al. [21b] reported that the reaction of [Ru
(PPh3),(C0O),(Cl),] with 2-(arylazo) ligands leads to the formation
of cyclometalated complexes via C-H activation.

In the present work, [Ru(H)CI(CO)(PPhs)3] has been chosen as
starting material to accommodate 2-(biphenylazo)phenol ligands
leading to the formation of cyclometalated ruthenium complexes
via C-H activation by the replacement of one H and one PPh; mole-
cule. The [Ru(H)CI(CO)(PPhs)3] can successfully mediate the C-H
activation of 2-(biphenylazo) ligands. To the best of our knowl-
edge, the present catalytic system is new for its oxidation and
transfer hydrogenation reactions. The molecular and electronic
structures of the complexes are probed with the help of X-ray crys-
tal structure, in combination with FT-IR, electronic TD-DFT study
and 'H NMR spectra. The relative stabilities of oxidation and reduc-
tion states are monitored electrochemically. Further, some of the
complexes have been employed as versatile catalysts for hydro-
genation of ketones in the presence of i-PrOH/KOH and oxidation
of alcohols in the presence of NMO as a more viable oxidant with
moderate to high conversions.
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Fig. 2. Types of coordination modes for tridentate 2-(biphenylazo)phenolate
ligands.

2. Results and discussion

Cyclometalated ruthenium(IlI) complexes of the general compo-
sition [Ru(L)(CO)(EPhs);] (E = P, As); L = 2-(biphenylazo)phenolate
ligand) were synthesized by the reaction of ruthenium precursor
complexes [RuHCI(CO)(PPhs);] and [RuHCI(CO)(AsPhs);] with
equimolar amount of the corresponding 2-(biphenylazo)phenolate
ligands under reflux in toluene. The 2-(biphenylazo)phenolate
ligands were observed to undergo C-H activation at one ortho-posi-
tion of the phenyl ring in the biphenylazo fragment leading to the
formation of five-membered cyclometalated rings, Scheme 1. All
complexes are green in colour and found to be air stable in both
the solid and liquid states at room temperature, and they are
non-hygroscopic in nature. The complexes are highly soluble in
common solvents such as chloroform, dichloromethane, toluene
and benzene. Elemental analyses (C, H and N) were consistent with
the composition proposed for all the complexes.

2.1. Mechanism of C-H activation

The proposed mechanism of C-H bond activation is depicted in
Scheme 2. During the reaction of [RuHCI(CO)(EPhs)3] (E =P, As)
with 2-(biphenylazo)phenolate ligands, we observed that biden-
tate ligands having azo and phenolate functions become tridentate,
such that cyclometalated ruthenium complexes are obtained via
orthometallation [22]. Bidentate ligands can stabilize Ru(Il) or Ru
(1) depending upon the nature of the donor atoms. In the first step
(I), the hydrido and PPh3/AsPhs ligands are replaced by O and N-
donor of 2-(biphenylazo)phenolate fragment [23]. The C-H bond
to be cyclometalated in the biphenyl ring is considerably weak-
ened by the interaction of the proton with CI-Ru bond and may
be envisaged as an activated bond in the second step (II). In the
next step, the presence of a properly oriented C-H bond close to
the metal center could lead to an electrophilic attack on the carbon
atom of the phenyl ring with concomitant formation of a Wheland
intermediate (II) [22]. The proposed electrophilic substitution is
supported by the elimination of HCI during the cyclometalation,
which is unique feature of the electrophilic pathway [24].

2.2. Characterization of the complexes

The infrared spectra of all ligands and ruthenium complexes
have been recorded. The ligands exhibit significant bands around
1439-1427 and 1278-1267 cm~! which are tentatively assigned
to vn-ny and phenolic vy stretching modes, respectively. On
complexation, vn-n) appears at 1395-1385 cm ! and this red shift
supports the coordination of azo-N to the metal center [25]. The
coordination of metal ion to phenolic oxygen is confirmed by the
increase of v(c.oy in the region 1308-1281 cm ™! when compared
to free ligand. The positive shift is further supported by the disap-
pearance of the von)y band in the range 3450-3430 cm~! in all
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Scheme 1. Synthesis of cyclometalated Ru(ll) 2-(biphenylazo)phenolate complexes 1-8.
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Scheme 2. Proposed mechanism for C-H activation.

complexes. The spectrum of each complexes shows a strong band
in the region 1931-1924 cm™! due to the coordinated carbonyl
group [26,27]. The representative FT-IR spectra of complexes 1-8
are given in Figs. S1-S8 (ESIt). Further, these complexes show a
strong band near 690, 740 and 1555 cm~' indicating the presence
of coordinated PPh; or AsPhs ligands [27].

In order to ascertain the nature of coordination mode of the
crystallized complexes, we have computed the vibrational fre-
quencies of five complexes using B3LYP functional. All the com-
puted vibrational frequencies reported here are scaled with the
scaling factor of 0.931. Particularly, our computed symmetric
stretching carbonyl bands are consistent with the experimental
vibrational frequency which appears in the region of 1929.9-
1935.7 cm~! in Table S9 (ESIt). For complex 4, symmetric stretch-
ing frequencies of phenolic Cp,—O group was observed at 1281
cm™~'. This particular vibration is affected by changing the para-
substituent on the phenolate group. This vibration band is blue

shifted upon introduction of the electron donating substituents
such as methyl and tert-butyl. This effect is predominant for com-
plex 1 which possess Cp—0 band at 1333.2 cm ™. The symmetric
stretching vibration of Ru-PPhs bond vg,.x of triphenylphosphine
containing complexes such as 1, 3 and 4 were observed between
503.8cm™! and 515.8 cm~'. On the other hand, this particular
vibrational frequency appears at 320.3 cm™' and 313.4cm™! for
the arsine containing complexes 5 and 7.

The 'H NMR spectra of the ruthenium(II) complexes have been
recorded in CDCl; solution. All the complexes show multiplets
around § = 7.1-7.5 ppm due to the coordinated PPh3/AsPhs ligands.
Most of the expected aromatic proton signals for the coordinated
2-(biphenylazo)phenolate ligand, could not be detected due to
their overlap with the PPhs/AsPhs signals. The distinct methyl res-
onance is displayed for the complexes 1 and 5 at near é = 1.80 and
6 =1.78 ppm respectively for para-cresol fragment of 2-(bipheny-
lazo)phenolate ligands. A sharp singlet corresponding to the
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methoxy protons is observed for complexes 2 and 6 at § = 3.90 and
6 =3.89 ppm, respectively. The tert-butyl signals are also observed
as singlets for complexes 3 and 7 at 6 = 1.00 and 6 = 0.99 ppm. Fur-
ther, a sharp singlet appeared for the hydroxyl proton of all 2-
(biphenylazo)phenol derivatives in the region around ¢é=11.9-
11.7 ppm, which is absent in all ruthenium complexes. In the 3'P
NMR spectra of the complexes (1-4), a sharp singlet peak was
observed in the region § =29.61-24.35 which confirm that the
two triphenylphosphine group is coordinated to ruthenium in
the complexes. Relevant 'H NMR and 3'P NMR spectral data are
collected in the experimental section and all spectra are provided
in Figs. S10-S25 (ESIt). The '"H NMR and FT-IR spectral data of
the complexes are therefore consistent with the proposed struc-
tures (Scheme 1).

The UV-Vis spectra of all complexes in chloroform solutions
exhibit characteristic absorptions in the region 200-800 nm. The
representative UV-Vis spectra of complexes 1-8 are given in
Figs. S26-S33 (ESIt). The absorption bands around 457-450 nm
for all the complexes are assigned to Ru(dm)-to-L(7t+) metal-to-
ligand charge transfer (MLCT) transitions [28]. The lowest energy
electronic spectral bands at around 760-740 nm are assigned to
d-d transitions. The high intensity bands around 330-320 nm
and 270-250 nm has been designated as n-m+ and m-7* transi-
tions respectively for the 2-(biphenylazo)phenolate ligands in
these complexes. The obtained electronic spectral pattern of all
complexes clearly shows the presence of an octahedral environ-
ment around the ruthenium(Il) ion which is consistent with other
reported ruthenium octahedral complexes [29,30].

2.3. X-ray structures

The molecular structure of complexes [Ru(L,)(CO)(PPhs),] (1),
[Ru(L;)(CO)(PPh3)2] (3), [Ru(Ls)(CO)(PPhs):] (4), [Ru(L;)(CO)
(AsPhs),] (5) and [Ru(L3)(CO)(AsPhs),] (7) was confirmed by sin-
gle-crystal X-ray structure analysis. Despite the presence of ace-
tonitrile molecules in the crystal packing of complexes 3 and 7,

which are therefore isolated as solvated compounds, all complexes
are isostructural, showing the same arrangement of the ligands
around the metal center. As expected, the triphenylphosphine/
triphenylarsine ligands are axial in all complexes, while the C=0
and 2-(biphenylazo)phenolate ligands are coplanar. The molecular
structures of the complexes are presented in Fig. 3. The crystallo-
graphic data and structural refinement parameters are given in
Table S34 (ESIt). The formation of five-membered chelate rings
upon coordination of the CNO- donor ligand imposes important
distortions around the ruthenium atoms. The O-Ru-N (~78°) and
C-Ru-N (~77°) angles are significantly smaller than 90°. Similarly,
all C-Ru-0 angles are comprised between 154.3(2) in 4 and 155.5
(1) in 7, being far from the expected 180° of an ideal octahedral
geometry. In all complexes, the equatorial plane formed by the
phenylazophenolate moiety, the ruthenium atom, and the C=0
ligand is planar, with very small average deviations from an ideal
plane (0.045 A in 1, 0.083 in 3, 0.046 in 4, 0.050 in 5, 0.061 in 7).
In the crystal packing of 3 CH3CN and 7 CH3CN, there is no mean-
ingful interaction between the complex and the acetonitrile
molecule.

2.4. Redox properties

The electron transfer property of complexes 1, 2, 3 and 4 were
studied in dichloromethane solutions by cyclic voltammetry tech-
niques under N, atmosphere using a glassy-carbon working elec-
trode and the redox potentials are expressed with reference to
SCE. All these complexes (1 x 1073 M) are electro-active with
respect to the metal centers and exhibited three redox process in
the potential range +1.6 V to —1.6 V. These complexes display a
two quasi-reversible oxidative (Ru"/Ru™); (Ru™/Ru") and one
quasi-reversible reductive (Ru'/Ru') response on the positive and
negative side of SCE respectively, at the scan rate of 100 mV s~'.
The potentials are summarized in Table 1 and the cyclic voltammo-
gram of representative complexes is shown in Fig. 4. The compar-
ison of its current height (i) with that of the standard

Fig. 3. X-ray structures of complexes 1, 3, 4, 5, and 7, with hydrogen atoms and solvent molecules being omitted for clarity.
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Table 1
Electrochemical data of ruthenium(II) 2-(biphenylazo)phenolate complexes 1-4.
Complexes Ru"/Ru' Ru"/Ru" Ru'/Ru’
Epa (V) Epc (V) E1/2 (V) AEp (mV) Epa (V) Epc (V) E1/2 (V) AEp (mV) Epc (V) Epa (V) E1/2 (V) AEp (mV)
1 1.01 0.83 0.92 181 0.78 0.48 0.63 298 —0.60 —0.50 —0.55 107
2 1.19 0.98 1.14 211 0.73 0.38 0.56 349 —-0.63 -0.44 -0.53 187
3 1.06 0.83 0.94 230 0.80 0.44 0.62 353 —0.64 —0.45 —0.55 195
4 1.15 0.95 1.05 199 0.82 0.55 0.69 262 —0.56 -0.39 —0.47 162

Supporting electrolyte: NBu,ClO4 (0.005 M); complex: 0.001 M; solvent: CH,Cl,; AE, = E,, — Ejc where E,,, and E,c are anodic and cathodic potentials respectively; E;/; = 0.5

(Epa + Epc); scan rate: 100 mV s~ .
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Fig. 4. Cyclic voltammogram of the complexes 1-4 in CH,Cl, solutions (0.005 M
TBAP) at the scan rate of 100 mV s

ferrocene/ferrocenium couple under identical conditions, reveals
the one electron redox process [31,32]. The well-defined reduction
waves with E; ; in the range of —0.47 to —0.55 V is assigned to Ru"
— Ru' reduction [33,34]. The redox processes are quasi-reversible
in nature, characterized by a rather large peak-to-peak separation
(AEp) of 107-195 mV. The reduction potentials for the Ru(II)/Ru(I)
couples are expected to respond to both () donor and () acceptor
properties of the ligands. The acceptor properties are important in
terms of stabilization of Ru(I) while donor properties of ligands
probably lead to stabilization of Ru(II).

The second quasi-reversible oxidation couple Ru(IV)/Ru(III)
observed in these complexes which could be due to phosphine
localized oxidation. The first irreversible oxidative response with
Eij in the range + 0.56 to + 0.69 V was assigned to Ru" — Ru"" oxi-
dation, whereas the second irreversible oxidation response with
Eyj2 in the range +0.92 to 1.14 V was assigned to Ru™ — Ru" oxida-
tion state. The potentials are comparable with Ru" — Ru™ and Ru'™
— Ru' oxidation potentials of other ruthenium complexes [35,36].
The irreversibility observed for the oxidative response may be due
to the fast dissociation of PPhs/AsPhs from these ruthenium(Il)
complexes [37,38].

2.5. Electronic structure calculations

Detailed quantum chemical calculations were performed on the
effect of methyl, methoxy, tert-butyl and chloro groups on the 2-
(biphenylazo)phenolate ligand of cyclometalated ruthenium(Il)
complexes with triphenylphosphine and triphenylarsine ligands.
Among the eight complexes, three triphenylphosphine containing
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Fig. 5. B3LYP computed absorption spectrum of the complexes 1, 3, 4, 5 and 7.

cyclometalated ruthenium(Il) complexes 1, 3, and 4 and two triph-
enylarsine containing cyclometalated ruthenium(Il) complexes 5
and 7 were crystallized. Preliminary geometrical information of
all the five complexes were obtained from X-ray crystallized coor-
dinates. Cyclometalated ruthenium(Il) complexes are found to pos-
sess the singlet spin ground state with the fundamental (dyy)? (dx,)?
(dy,)? (d2)°(d2-2)° electronic configuration. All the five complexes
were attributed with similar kind of electronic configurations.

Notable geometrical parameters obtained from DFT and X-ray
crystallographic methods are given in Table S35 (ESIf). In this
work, we have used B3LYP functional for calculating structural
and spectroscopic aspects of the five different complexes under
investigation. The reliability of B3LYP functional is already well
documented from earlier reports [25,55] on predicting the struc-
tural parameters. Our computed structural parameters are in good
agreement with the X-ray crystallized bond parameters. The pres-
ence of ancillary ligands such as PPh; and AsPhs; were found to
have significant role on stabilizing the Ru-C(Ar) bond. Upon ana-
lyzing structural parameters of all the five complexes, they were
found to have distorted octahedral sphere.

2.6. TD-DFT calculations

In order to understand the nature of electronic excitations, time
dependent density functional theory (TD-DFT) calculations were
performed for the five crystallized complexes (1, 3, 4, 5 and 7)
using SCRF-PCM chloroform continuum. The calculated wave-
length of maxima, excitation energies, oscillator strength along
with nature of electronic transition and simulated absorption spec-
tra are provided in Fig. 5 and Table S36 (ESIf). Among the many
possible transitions, only those absorption bands with oscillator
strength (f) > 0.1 would be considered for the present discussion.
As similar to the experimental observations, TD-DFT calculations
also predict the similar absorption bands for the five complexes
studied here. All the five complexes were found to have four major
absorption bands. Among the five complexes, triphenylphosphine
containing ruthenium complexes such as 1, 3 and 4 were found



M. Ramesh et al./Inorganica Chimica Acta 477 (2018) 40-50 45

to have most intense absorption bands in the region of 283.7 nm,
284.5nm and 279.2 nm with the oscillator strength of 0.214,
0.194 and 0.214 respectively. While the triphenylarsine containing
complexes such as 5 and 7 were found to have less intense absorp-
tion bands of 293.5 nm and 293.9 nm with low oscillator strength
of 0.030 and 0.029. This is clearly inferred from the frontier molec-
ular orbitals (See Figs. 6 and 7) involving four major absorption
bands of complex 4 and 7. This particular absorption bands could
be helpful to distinguish the role of PPh; and AsPhs ligands in
the ruthenium complexes [25a,b].

Upon investigation of NTO orbitals of relevant transitions of
complexes 4 and 7 (Fig. 8 and Table S36 (ESI{) the nature of the
electronic transition is purely different and it is mainly originated
from the excitation of electron from the 2-(biphenylazo)phenolate
ligand to triphenylphosphine ligand along with the small contribu-
tion from Ru-d? orbital in complex 4. In contrast, the excitation in
complex 7 occurs from the filled ty, orbital of ruthenium with
some contribution from 2-(biphenylazo)phenolate ligand to triph-
enyarsine ligands. The lowest energy with less intense transition
for complex 4 was observed at 619.5 nm with oscillator strength
of 0.107. This absorption bands is slightly blue shifted by changing
the different substituents on the para-position of the phenolate
group. Similarly, other two transitions lies at 437.2 nm and
328.6 nm were MLCT in nature. All the other complexes were
found to have similar kind of trend.

2.7. Catalytic activity

Ruthenium mediated oxidation reactions are finding increasing
application due to the unique properties of this extremely versatile
transition metal, whose oxidation state can vary from —2 to +8 and
prompted us to carry out this type of reaction. The catalytic oxida-
tion of secondary alcohols into ketones was performed by using the

279.2 nm
n-n*

f=0.214

LUMO+1

complexes [Ru(L;—4)(CO)(PPhs),] (14) (1 mol%) as catalysts. These
complexes effectively catalyze the oxidation of aromatic and ali-
phatic secondary alcohols such as benzhydrol, cyclohexanol and
1-phenylethanol into their corresponding ketones with high con-
version up to 99%, the results are listed in Table 2.

It has been observed that the ruthenium complexes show high
catalytic efficiency in low catalyst loading and yield is good when
compared to other ruthenium complexes as catalysts in the pres-
ence of N-methylmorpholine-N-oxide/tert-butyl hydroperoxide as
reported earlier [12,39-42]. The present ligand system in the com-
plexes stabilizes the higher oxidation state which is inferred from
the electrochemical studies. Moreover, the ligand system plays a
significant role due to steric and electronic environment at the
ruthenium metal center. It is also noted that the substituents on
phenolic group does not have influence in the catalytic conversion.
The probable mechanism for the observed oxidation of alcohols to
ketones follows the classical pathway as in Scheme 3.

Transfer hydrogenation of acetophenone in the presence of
cyclometalated ruthenium(Il) 2-(biphenylazo)phenolate com-
plexes as catalysts have been studied in i-PrOH/KOH medium.
The reactions were conducted at a catalyst, substrate and base
(C/S/base) in 1:500:2.5 M ratios. In order to optimize the reaction
conditions, different catalyst: substrate (C/S) mole ratios (1:500;
1:1000 & 1:1500) were tested and the results summarized in
Table 3. For this initial experiments, acetophenone was selected
as a test substrate and allowed to react with catalytic quantity of
[Ru(L;)(CO)(PPh3),] (1) in the presence of i-PrOH/KOH. When
increasing the C/S ratio to 1:1000, 1:1500 in i-PrOH, the reaction
still proceeds with reasonable conversions. It was concluded that
the catalyst: substrate ratio of 1:500 was the best compromise
between optimum reaction rate and C/S ratio. It was also observed
that these complexes did not result in the transfer hydrogenation
of acetophenone in the absence of base.

LUMO+1

Fig. 6. Frontier molecular orbitals of four major absorption bands of complex 4.
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LUMO Complex 7 HOMO-4

293.9 nm
n-n*

—_—
£=0.029

HOMO-2 LUMO+2

Fig. 7. Frontier molecular orbitals of four major absorption bands of complex 7.

Complex Anax f NTO Hole NTO Particle

4 279.2nm 0.214

7 424.6nm 0.136

Fig. 8. Natural transition orbitals (NTOs) of intense absorption band for complexes 4, and 7 shown on occupied (holes) and unoccupied (electrons) NTO pairs.

The catalysts performed efficiently for aromatic and aliphatic ing alcohol up to 99%. Similarly, cyclohexanone was converted to
ketones with high conversion and the results are shown in Table 4. cyclohexanol up to 92%. The conversion of acetophenone into 1-
In most cases, the ketone substrate was converted into correspond- phenylethanol was completed with 99%. Low catalyst loading
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Table 2
Catalytic oxidation of alcohols using complexes 1-4°.
Ruthenium
OH (0)
)\ complexes (1-4) )]\
R E—
R Rl R R' + Hzo
NMO/ CH,Cl,

Complex Substrate Product Conv. (%) TON®
1 Benzhydrol Benzophenone 929 929

1-Phenylethanol Acetophenone 87 87

Cyclohexanol Cyclohexanone 93 93
2 Benzhydrol Benzophenone 98 98

1-Phenylethanol Acetophenone 89 89

Cyclohexanol Cyclohexanone 91 91
3 Benzhydrol Benzophenone 97 97

1-Phenylethanol Acetophenone 93 93

Cyclohexanol Cyclohexanone 96 96
4 Benzhydrol Benzophenone 95 95

1-Phenylethanol Acetophenone 92 92

Cyclohexanol Cyclohexanone 89 89

Conversion was determined by GC analysis with authentic samples.

@ Substrate (1 mmol); N-methylmorpholine-N-oxide (NMO) (3 mmol); complex (0.01 mmol); solvent: dichloromethane; Temp. 40 °C; Reaction after 2 h.

b TON = ratio of moles of product obtained to the moles of the catalyst used.

(o)
mo + M Ru" NMO
R R'
OH
R/K R RuV=0 NM
R, R' = alkyl (or) aryl

Scheme 3. Proposed catalytic cycle for the oxidation of alcohols by ruthenium(II)
complexes.

Table 3

Catalytic transfer hydrogenation of acetophenone using complex 1°.
Entry C/S Time (h) Conversion (%) TONP
1 1:1500 2 75 1125
2 1:1000 2 84 840
3 1:500 2 99 495

Conversion was determined by GC analysis with authentic samples.
2 Conditions: reactions were carried out at 80 °C using acetophenone (5-15
mmol), catalyst (0.002 mmol) in 10 mL of i-PrOH and KOH (0.005 mmol) for 2 h.
b TON = ratio of moles of product obtained to the moles of the catalyst used.

was enough to achieve up to 99%. The present catalytic loading,
temperature adopted was quite low and the yield was also good
when compared with other catalytic systems [16]. The base facili-
tated the formation of the ruthenium alkoxide by abstracting the
proton from alcohol and subsequently, the alkoxide underwent
B-elimination to give a ruthenium hydride which is the active spe-
cies in this reaction [19]. Although several catalytic systems have
been reported to support transfer hydrogenation reaction of
ketones, catalysts of this type are new for its CNO- donor, PPhs
and CO ligand environment. The unsymmetrical environment
around the metal center in the complexes is crucial to the good cat-
alytic activity of the complexes due to the precise control of their

electronic and geometric properties. The presence of two bulky
triphenylphosphine ligands in these complexes results in labile
molecular structures and thus leads to a higher catalytic activity
for the transfer hydrogenation of ketones. The electronic nature
of the substituents in the 2-(biphenylazo)phenol ligands has no
measurable influence on the catalytic activity of these ruthenium
complexes.

3. Conclusions

Reactions between para-substituted 2-(biphenylazo)phenol
ligands with ruthenium(Il) precursors have been carried out to pre-
pare a family of cyclometalated ruthenium(Il) carbonyl complexes.
The structure of these complexes were elucidated by spectral and
X-ray diffraction studies. The redox behavior of the complexes
was also studied by cyclic voltammetry techniques. Our computed
results are in good agreement with experimental data. TD-DFT cal-
culations clearly pinpoint the nature of electronic transitions
involved in these cyclometalated ruthenium(Il) complexes. These
ruthenium complexes turned out to be versatile catalysts for both,
the oxidation of alcohols and the transfer hydrogenation of
ketones.

4. Experimental procedure
4.1. Materials and reagents

All the reagents used were chemically pure and of analytical
grade. The solvents were freshly distilled before use. RuClz-3H,0
was purchased from Himedia Pvt. Ltd., and was used without fur-
ther purification. The 2-aminobiphenyl was purchased from
Aldrich. The starting precursor complexes [RuHCI(CO)(PPhs)s]
[43] and [RuHCI(CO)(AsPhs)s;] [44] were prepared according to
the literature reports. The 2-(biphenylazo)phenol ligands [45] were
prepared by diazotization reaction of 2-aminobiphenyl with corre-
sponding para-substituted phenols.

4.2. Physical measurements

* The microanalysis of carbon, hydrogen and nitrogen was car-
ried out using a Vario EL IIl Elemental analyzer at SAIF — Cochin,
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Table 4
Catalytic transfer hydrogenation of ketones using complexes 1-4°.

O Ruthenium OH

: Il )O\H complexes (1-4)
+ F— .
i-PrOH/KOH

Complex Substrate Product Conv. (%) TON"
1 Benzophenone Benzhydrol 99 495
Acetophenone 1-Phenylethanol 929 495
Cyclohexanone Cyclohexanol 90 450
2 Benzophenone Benzhydrol 93 465
Acetophenone 1-Phenylethanol 98 490
Cyclohexanone Cyclohexanol 89 445
3 Benzophenone Benzhydrol 97 485
Acetophenone 1-Phenylethanol 89 445
Cyclohexanol Cyclohexanol 92 460
4 Benzophenone Benzhydrol 97 485
Acetophenone 1-Phenylethanol 86 430
Cyclohexanone Cyclohexanol 99 495

Conversion was determined by GC analysis with authentic samples.

¢ Conditions: reactions were carried out at 80 °C using 1 mmol of ketone (5 mL i-PrOH); catalyst/ketone/KOH ratio is 1:500: 2.5 for 2 h.

b TON = ratio of moles of product obtained to the moles of the catalyst used.

India. The IR spectra of the complexes were recorded on an agilent
resolution pro model in 4000-400 cm~! range. Electronic spectra
of the complexes were recorded in CHCI; solution in a Cary 300
Bio UV-Vis Varian spectrophotometer in the range 800-200 nm.
The "H NMR spectra were recorded in CDCl; with Bruker 300
MHz instrument using TMS as internal reference. Electrochemical
measurements were made using CHI6G08E electrochemical ana-
lyzer. A three electrode cell was employed with glassy carbon
working electrode, a platinum wire counter electrode and an Ag/
AgCl reference electrode in the cyclic voltammetry experiments.
All electrochemical experiments were performed under N, atmo-
sphere. All electrochemical data were collected at 298 K and uncor-
rected for junction potentials. Melting point was recorded in the
Boeties micro heating table and uncorrected.

4.3. General procedure for the synthesis of complexes 1-8

To a toluene solution of [RuHCI(CO)(EPhs)s] (E = P, As) (100 mg;
0.1 mmol) were added the appropriate ligands (H,L;-H,L4) (0.1
mmol) and the mixtures were refluxed for 12 h. The color of the
reaction mixtures changed gradually and the reactions were mon-
itored by TLC. The solution was concentrated to about 3 mL and 10
mL of petroleum ether (60-80 °C) was added to precipitate green
colored solids, which were isolated by filtration. The crude prod-
ucts were purified by column chromatography using chloroform
as eluent. On evaporation of the solution, the pure ruthenium com-
plexes were obtained as crystalline solids with good yields.

4.3.1. [Ru(L;) (CO)(PPhs)5] (1)

Yield: 65%; green solid; M.p. 202 °C, Anal. Calc. for CsgH44N,0,-
P,Ru: C, 71.33; H, 4.67; N, 2.97; Found: C, 71.02; H. 4.22; N, 2.83.
FT-IR (cm™'): 1929 v(c—0) 1392 v(n=n) 1301 v(c.0). 'H NMR (300
MHz, CDCl;): & (ppm)=7.1-7.95 (m, Ar-H), 1.80 (s, CHs). 3'P
NMR 6 =29.13. UV-Vis Jnax (nm): 745, 450, 325, 250.

4.3.2. [Ru(L,)(CO)(PPhs),] (2)

Yield: 68%; green solid; M.p. 206 °C, Anal. Calc. for CsgH44N,05-
P,Ru: C, 70.14; H, 4.59; N, 2.92; Found: C, 70.01; H. 4.06; N, 2.63.
FT-IR (Cmil)l 1929 V(czo), 1394 V(N=N) 1318 V(C—O)- 1H NMR (300
MHz, CDCl3): & (ppm)=7.2-7.50 (m, Ar-H), 3.90 (s, OCH3). 3'P
NMR 6 = 24.35. UV-Vis /max (nm): 750, 450, 325, 255.

4.3.3. [Ru(L3)(CO)(PPhs)5] (3)

Yield: 62%; green solid; M.p. 201 °C, Anal. Calc. for CsgHsoN,0,-
P,Ru: C, 71.88; H, 5.07; N, 2.84; Found: C, 71.47; H. 4.98; N, 2.79.
FT-IR (cm™1): 1931 Vic=oy 1390 vn-ny, 1308 V(o). 'H NMR (300
MHz, CDCl5): 6 (ppm)=7.1-7.55 (m, Ar-H), 1.00 (s, (CH3)3C). 3'P
NMR 6§ = 24.35. UV-Vis inax (nm): 750, 455, 330, 260.

4.3.4. [Ru(L4)(CO)(PPh3),] (4)

Yield: 60%; green solid; M.p. 190 °C, Anal. Calc. for Cs5H4;Cl{No-
0,P,Ru: C, 68.51; H, 4.25; N, 2.90; Found: C, 68.12; H. 4.06; N, 2.73.
FT-IR (cm™1): 1930 v(c—oy, 1391 v(n=ny, 1311 v(c.0). 'H NMR (300
MHz, CDCl5): 6 (ppm)=7.0-7.50 (m, Ar-H). >'P NMR 6 = 29.61.
UV-Vis /max (nm): 745, 455, 320, 260.

4.3.5. [Ru(L;)(CO)(AsPhs)] (5)

Yield: 70%; green solid; M.p. 195 °C, Anal. Calc. for CsgH44N;0,-
As,Ru: C, 65.42; H, 4.28; N, 2.72; Found: C, 65.13; H. 4.03; N, 2.59.
FT-IR (cm™'): 1924 v(c—0), 1391 V(n=ny, 1300 v(c.0). 'H NMR (300
MHz, CDCl3): 6 (ppm)=7.1-7.60 (m, Ar-H), 1.85 (s, CH3). UV-Vis
Jmax (nm): 750, 455, 330, 270.

4.3.6. [Ru(L,)(CO)(AsPhs),] (6)

Yield: 75%; green solid; M.p. 203 °C, Anal. Calc. for CsgH44N,05-
AsyRu: C, 64.42; H, 4.21; N, 2.68; Found: C, 63.97; H. 4.05; N, 2.22.
FT-IR (cm™): 1930 v(c—oy, 1395 v(n=ny 1319 V(c.0)- 'H NMR (300
MHz, CDCl3): § (ppm) = 7.0-7.65 (m, Ar-H), 3.91 (s, OCH3). UV /ax
(nm): 750, 455, 330, 265.

4.3.7. [Ru(L3)(CO)(AsPhs),] (7)

Yield: 69%; green solid; M.p. 187 °C, Anal. Calc. for CsgH5¢oN,0,-
AsyRu: C, 66.22; H, 4.67; N, 2.61; found: C, 65.98; H. 4.09; N, 2.21.
FT-IR (cm™1): 1928 v(c—o), 1385 V(nony, 1306 v(c.0). 'H NMR (300
MHz, CDCl3): § (ppm) = 7.1-7.40 (m, Ar-H), 0.99 (s, (CH3)3C). UV-
Vis Amax (nm): 760, 450, 320, 270.

4.3.8. [Ru(Ly4) (CO)(AsPhs),] (8)

Yield: 60%; green solid; M.p. 196 °C, Anal. Calc. for Cs5H4,Cl;N»-
0,AsyRu: C, 63.00; H, 3.91; N, 2.67; found: C, 62.87; H. 3.19; N,
2.13. FT-IR (cm™1): 1925 v(c—0) 1388 vV(n-n) 1299 V(o). TH NMR
(300 MHz, CDCls): ¢ (ppm)=7.1-7.48 (m, Ar-H). UV-Vis /pax
(nm): 755, 450, 330, 270.
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4.4. Catalytic oxidation

The catalytic oxidation of primary alcohols to corresponding
aldehydes and secondary alcohols to ketones by cyclometalated
ruthenium(Il) complexes was studied in the presence of NMO as
co-oxidant. A typical reaction using the complexes [Ru(L;.4)(CO)
(PPhs);] (1-4) as a catalysts and primary or secondary alcohol as
substrates at a 1:100 M ratio was conducted as follows. A solution
of ruthenium complexes (0.01 mmol) in 20 mL CH,Cl, was added
to the solution of substrate (1 mmol) and N-methylmorpholine-
N-oxide (NMO) (3 mmol). The reaction mixture was refluxed for
2 h and the solvent was then evaporated from the mother liquor
under reduced pressure. The residue was then extracted with pet-
roleum ether (60-80 °C) (20 mL) and was analyzed by GC. The oxi-
dation products were identified by GC co-injection with authentic
samples.

4.5. Catalytic transfer hydrogenation of ketones

The catalytic transfer hydrogenation reactions were also stud-
ied using ruthenium(Il) 2-(biphenylazo)phenolate complexes as a
catalyst, ketone as substrate and KOH as base at 1:500:2.5 M ratio.
The procedure adopted was as follows. A mixture containing
ketone (1 mmol), the ruthenium complex (0.002 mmol) and KOH
(0.03 mmol) was heated to reflux in 5 mL of i-PrOH for 2 h. After
completion of the reaction, the catalyst was removed from the
reaction mixture by the addition of petroleum ether (60-80 °C) fol-
lowed by filtration and subsequent neutralization with 1 M HCI.
The ether layer was filtered through a short path of silica gel by
column chromatography. The filtrate was subjected to GC analysis
and the hydrogenated product was identified and determined with
authentic samples.

4.6. X-ray crystallography

Single crystals of the ruthenium complexes (1, 3 CH3CN, 4, 5,
and 7 CH3CN) were obtained by slow diffusion at room tempera-
ture of acetonitrile in-to chloroform solutions of the corresponding
complexes. Crystals were mounted on a Stoe Mark II-Image Plate
Diffraction System, and analyzed using Mo-Ka graphite monochro-
mated radiation, image plate distance 135 mm, 26 range from 2.4
to 51.3°, Dynax-Dmin = 16.029-0.836 A. The structures were solved
by direct methods using the program SHELXS-97. [46] Refinement
and all further calculations were carried out using SHELXL-97. The
H-atoms were included in calculated positions and treated as rid-
ing atoms using the SHELXL default parameters. The non-H atoms
were refined anisotropically, using weighted full-matrix least-
square on F? [47].

4.7. Computational details

Quantum chemical calculations were performed using Gaussian
09 program [48] Unrestricted B3LYP [49,50] functional with a Los
Alamos effective core potential double zeta valence basis set
(LANL2DZ) [51,52] on Ru was used and 6-31G(d) basis set was used
for rest of the atoms. The reliability of B3LYP functional in predict-
ing electronic structure, absorption properties were already wit-
nessed from earlier reports [53,54]. Time dependent density
functional theory (TDDFT) implemented in the Gaussian 09 pro-
gram was used for the calculation of excitation energies for first
50 states.
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