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GRAPHICAL ABSTRACT

Ruthenium carbonyl complex of a redox non-innocent ONS donor azophenol
ligand: Electrochemistry, photophysical property, electronic structure and

catalytic activity towar ds oxidation of alcohols

Puspendu Roy, Apurba Sau Mondal, Ajoy Kumar Pramanik and Tapan Kumar Mondal”

A ruthenium carbonyl complex, [Ru(CO),(L)(Cl);] (1) of a redox non-innocent thioether-
containing azo-phenol ligand has been synthesized and characterized. Cyclic voltammogram of 1
exhibits Ru(ll)/Ru(lll) quasireversible oxidation (Ei» = 1.22 V) aong with ligand based
reductions. DFT calculations have been used to interpret the electronic structure of the complex.

Catalytic activities towards oxidation of alcohols have been studied.
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Ruthenium carbonyl complex of a redox non-innocent ONS donor azophenol
ligand: Electrochemistry, photophysical property, electronic structure and

catalytic activity towar ds oxidation of alcohols

Puspendu Roy, Apurba Sau Mondal, Ajoy Kumar Pramanik and Tapan Kumar Mondal®
Inorganic Chemistry Section, Department of Chemistadavpur University, Kolkata-700032,

India

Abstract

A ruthenium carbonyl complex, [Ru(C@))(Cl),] (1) with a redox non-innocent thioether-
containing azo-phenol ligand has been synthesineldcharacterized by various spectroscopic
techniques, along with X-ray structure determinmati€yclic voltammogram ofl exhibits
Ru(ll)/Ru(lll) quasireversible oxidation (k= 1.22 V) along with ligand based two successive
reductions. Theoretical calculations using DFT/BBL¥hethod have been used to interpret the
electronic structure of the complex. Synthesizetlemium(ll) complex efficiently catalyzed the

oxidation of alcohols in presence of N-methylmorpiesN-oxide.

Key words: Ruthenium carbonyl complex; ONS donor azophdigand; X-ray structure;

Electronic structure; Electrochemistry; Catalytatiaty.
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1. Introduction

Chelating behavior of ONS donor ligands with tréinsi metals has been studied with the aim of
gaining more information about their nature of coation, structural and spectral features [1-
5]. They can stabilize metal ion in uncommon oxmatstates [6, 7], to generate uncommon
coordination numbers in the resultant complexes8][@&nd to participate in a variety of
interesting redox reactions. The chemistry of agards has been widely explored due to their
interesting physical, chemical, photophysical ahdtpchemical, catalytic properties especially
in the low valent transition metal coordination amganometallic compounds [9-16]. Besides,
the study of compounds containing S and N atom#teresting due to their significant
antifungal, antibacterial and anticancer activifies-24].

There has been considerable interest in transitiial ions catalyzed biological
oxidation events including hydroxylation, epoxidati dehalogenation, sulfoxidation,
dehydrogenation, alcohol and aldehyde oxidatiorti@as [25-29]. The oxidation of alcohols
plays an important role in organic synthesis amrdetffiorts are continuing for the development of
new oxidative processes to avoid the traditionathods for oxidation using stoichiometric
amount of inorganic oxidants [30-32]. Inspite ofes@l proposed mechanism, the formation of
metal oxo moieties (M=0) have been well accepted for late transitionainebmplexes as
active intermediates in most of the oxidation reest [27-29, 33]. Ruthenium carbonyl
complexes have been widely used as catalysts fiolatian of organic compounds [34-36]. In
the past few decades there has been a growingshtertransition metal-catalyzed oxidation of
alcohols, which take place at milder conditionsngsoxidants such as molecular oxygen,

hydrogen peroxiddert-butyl hydroperoxide and N-methylmorpholine-N-oxi@MVO) [37-42].



45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

Herein, we have synthesized a new ONS donor tigoetontaining azophenol ligand, 4-
chloro-2-((2-(ethylthio)phenyl)diazenyl)phenol (HLand its ruthenium carbonyl complex,
[Ru(COXL(L)(CD2] (1). An array of tools including X-ray diffractometrglectrochemistry, and
electronic absorption and emission spectroscopyteabavith DFT calculations were used to
characterize the compounds. The catalytic actofitthe ruthenium(ll) complex for the oxidation
of primary and secondary alcohols to the respedctgehyde and ketones were studied using N-
methylmorpholine-N-oxide (NMO) as oxidizing agent.

2. Experimental

2.1. Materials and methods

RuCk.3H,O was purchased from Arrora Matthey, Kolkata, InfiRu(CO)(Cl),], was prepared
following the reported method [43]. 2-(Ethylthiojinamine was synthesized by published
procedure [44]. All other chemicals and solventsenaf reagent grade and were used without
further purification.

Microanalyses (C, H, N and S) were performed usinBerkinElmer 2400 CHNS/O
elemental analyzer. HRMS mass spectra were obtained Waters (Xevo G2 Q-TOF) mass
spectrometer. The electronic spectra were taken anlLambda 750 PerkinElmer
spectrophotometer. IR spectra were recorded on RR&rkinElmer spectrophotometer in the
spectral range 4000-400 ¢nwith the samples in the form of KBr pellets. Luescence
property was measured using LS-55 PerkinElmer @scgnce spectrophotometer at room
temperature (298 K) in acetonitrile by 1 cm patigkd quartz cell. Fluorescence lifetimes were
measured using a time-resolved spectrofluorometan fIBH, UK. The instrument uses a
picoseconds diode laser (NanoLed-03, 370 nm) aseiogtation source and works on the

principle of time-correlated single photon countjd§]. The goodness of fit was evaluatedyBy
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criterion and visual inspection of the residualstié fitted function to the data. NMR spectra
were recorded in CDgbn a Bruker (AC) 300 MHz FT-NMR spectrometer in firesence of
TMS as internal standard. Cyclic voltammetric measients were carried out using a CHI
Electrochemical workstation. A platinum wire worgirelectrode, a platinum wire auxiliary
electrode and Ag/AgCl reference electrode were usedstandard three-electrode configuration.
Bu,NPFR; was used as the supporting electrolyte in acetienénd the scan rate used was 50 mV
s ! under nitrogen atmosphere.

Luminescence quantum yield was determined usingazate as reference with a known
¢r of 0.42 in MeCN. The complex and the reference wgee excited at the same wavelength,
maintaining nearly equal absorbance (~0.1), ancthission spectra were recorded. The area of
the emission spectrum was integrated using thevaodt available in the instrument and the
guantum vyield is calculated according to the follogvequation:

@/ = [As/ Ar] X [(Abs) /(Abs)k ] x [ns’/ng’]

Here, @s and@r are the luminescence quantum yield of the sammieraference, respectively.
As and A are the area under the emission spectra of thplsaand the reference respectively,
(Abs)sand (Absy are the respective optical densities of the saraptethe reference solution at
the wavelength of excitation, am@ and nr are the values of refractive index for the regpect
solvent used for the sample and reference.

2.2. Synthesis

2.2.1. Synthesis of 4-chloro-2-((2-(ethylthio)phenyl)diazenyl)phenol (HL)

A solution of 2-(ethylthio)benzenamine (3.06 g,r@ol) in 1:1 HCI (10 mL) was cooled in an
ice bath and an ice cold solution of NajN@.0 g in 10 mL water) was added to it under isityr

Then it was added to an ice cold solution o@&; (6 g in 25 mL) and 4-chlorophenol (2.56 g,
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0.02 mol) with vigorous stirring and an orange-peecipitate was obtained. The precipitate was
filtered and washed with cold water, then driedra®aC}h. The product was purified by using a
silica gel (mesh 60-120) column. An orange-red bahdiL was eluted by 30% (v/v) ethyl
acetate-petroleum ether mixture. Evaporation ofesdl under reduced pressure yielded the pure
HL. Yield, 3.7 g (72%).

Anal. Calc.G4H13CIN2OS (HL): C, 57.43; H, 4.48; N, 9.57; S, 10.95%. RauC, 57.24;
H, 4.43; N, 9.48:; S, 10.83%. IR data (KBr, tm3434u(0O-H), 14210(N=N). 'H NMR (CDCl,
300 MHz): & (ppm): 12.67 (1H, s), 7.95 (1H, s), 7.85 (1H, & 8.0 Hz), 7.28-7.45 (4H, m),
7.02 (1H, d, J = 8.8 Hz), 3.04 (2H, g, J = 7.2 Hz}%0 (3H, t, J = 7.3):*C NMR (CDCE, 75
MHz): & (ppm): 14.02 (-S-CHCHs), 26.79 (-S€H»-CHs), 116.49 (Ar-C), 119.75 (Ar-C),
124.36 (Ar-C), 125.97 (Ar-C), 127.95 (Ar-C), 131.98r-C), 132.09 (Ar-C), 132.87 (Ar-C),
137.72 (Ar-C), 138.62 (Ar-C), 147.75 (Ar-C), 150.08-C). HRMS m/z, 293.6234 (calculated
for [C14H1aCIN,OS + HJ': 293.8053).
2.2.2. Synthesis of ruthenium complex (1)
To a suspension of [Ru(C&l,], (0.228 g, 1.0 mmol) in acetonitrile (30 mL), HLZ67 g, 1.0
mmol) was added and the reaction mixture was retluor 8 h under Natmosphere to yield a
dark red solution. The solvent was then removedeumeduced pressure. The dried crude
product was purified by using a silica gel (mesh1@0) column. The red band tfwas eluted
by 50% (v/v) ethyl acetate-petroleum ether mixtua removal of the solvent under reduced
pressure the pure compléxvas obtained as a red solid which was furtherdduieder vacuum.
Yield, 0.305 g (63%).

Anal. Calc. for GeH12CIoN2OsRUS: C, 39.68; H, 2.50; N, 5.78; S, 6.62%. Found: C

39.36; H, 2.42; N, 5.70; S, 6.52%. IR data (KBr,§n2061, 19970(CO); 1387u(N=N).'H
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NMR data (CDCJ, ppm): 8.51 (1H, d, J = 7.2), 7.95 (1H, s), 7.4677(4H, m), 7.05 (1H, d, J =
8.4 Hz), 3.32 (2H, q, J = 7.3 Hz), 1.45 (3H, t, J7.4).°C NMR (CDC}, 75 MHz): & (ppm):
14.37 (-S-CH-CHg), 26.59 (-S€H,-CHs), 115.27 (Ar-C), 122.72 (Ar-C), 126.41 (Ar-C), 1238
(Ar-C), 129.63 (Ar-C), 132.53 (Ar-C), 134.65 (Ar-C)37.22 (Ar-C), 138.62 (Ar-C), 143.13
(Ar-C), 146.65 (Ar-C), 150.67 (Ar-C), 197.45 (CO)03.21 (CO). HRMSWz, 507.4636 (M-
Na': 507.3360). b2 (RU'/RU"): 1.22 V AE = 110 mV); Ex(L/L™): -0.47 V AE = 50 mV) and
Evo(L'/L%): -1.18 V AE = 120 mV).

2.3. Crystal structure determination and refinement

Single crystals ofl were obtained by slow diffusion ofhexane into dichloromethane solution
of the complex. X-ray data were collected using@atomated Bruker AXS Kappa smart Apex-Il
diffractometer equipped with an Apex-Il CCD aregedéor using a fine focus sealed tube as the
radiation source of graphite monochromated Morkdiation A = 0.71073 A). Details of crystal
analyses, data collection and structure refineraeatsummarized in Table 1. Reflection data
were recorded using the scan technique. The structure was solved andectfiry full-matrix
least-squares techniques Bhusing the SHELX-97 [46]. The absorption correcsiavere done
by multi-scan (SHELXTL program package) and all th&ta were corrected for Lorentz,
polarization effect. Hydrogen atoms were includedhe refinement process as per the riding
model.

2.4. Computational method

Full geometry optimization was carried out by dgnsunctional theory (DFT) method using
B3LYP hybrid exchange correlation functional foetbomplex [47, 48]. All elements except
ruthenium were assigned the 6-31G(d) basis setstmie LanL2DZ basis set with effective

core potential was employed for ruthenium atom $49- Vibrational frequency calculations
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were performed to ensure that the optimized geoesetrere local minima on the potential
energy surface and only positive Eigen values vaétained. All calculations were performed
with Gaussian09 program package [52] with the dithe GaussView, Version 5 visualization
program [53]. Natural bond orbital analyses werefggmed using the NBO 3.1 module of
Gaussian09 [54, 55]. Vertical electronic excitasidrased on B3LYP optimized geometry were
computed using the time-dependent density functittreery (TDDFT) formalism [56-58] using
conductor-like polarizable continuum model (CPCNP{61] in acetonitrile to simulate the
solvent. GaussSum [62] was used to calculate #idnal contributions of various groups to
each molecular orbital.

2.5. Procedure for catalytic oxidation of alcohols

Catalytic oxidation of primary alcohols to correadong aldehydes and secondary alcohols to
ketones by ruthenium(ll) complexes were studiethepresence of NMO as oxidant. A typical
reaction using the complex as a catalyst and pyiraasecondary alcohol, as substrate at 1:100
molar ratio was described as follows. A solutiorcomplex1 (0.01 mmol) in CHCI, (25 mL)
was added to the mixture containing PROH (1 mmol), NMO (3 mmol) and molecular sieves.
The reaction mixture was refluxed and conversionPbCHOH to PhCHO was monitored
taking the reaction mixture at 10 minutes timervaé The solvent of the reaction mixture was
evaporated under reduced pressure. The residue theas extracted with diethyl ether,
concentrated te 1 mL. Conversions were determined by GC instrunegplipped with a flame
ionization detector (FID) using a HP-5 column ofr8dength, 0.53 mm diameter and 506
film thickness. The column, injector and detectemperatures were 200, 250 and %50
respectively. The carrier gas was (WHP grade) at a flow rate of 30 mL/min. The injent

volume of sample was @L. The oxidation products were identified by GCingection with
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authentic samples. No significant conversion waseoled after 50 minutes. All other alcohols
were oxidized by refluxing the reaction mixture forh and conversions were monitored

following the identical protocol.
3. Resultsand discussion

3.1. Synthesis and formulation

The thioether-containing ONS donor azo-phenol lelhédL) was synthesized by diazo-coupling
reaction between 2-(ethylthio)benzenamine and drophenol. It was characterized by
elemental analysis along with various spectroscopitiniquesH NMR spectrum of HL in
CDCl; showed a singlet peak at 12.67 ppm correspondinthe phenolic-OH proton. The
aromatic protons are appeared at 7.02-7.95 ppm S¥GeLCH; protons are observed as triplet
and quartet at 1.40 and 3.04 ppm (Fig. S1). IR tspecof HL exhibits characteristic(N=N)
peaks at 1421 cthalong with broadu(O-H) peak at 3434 cth(Fig. S3). The ruthenium
carbonyl complex, [Ru(CQ)L)(Cl);] (1) was synthesized by the reaction of HL and
[Ru(COXCly], in acetonitrile under reflux (Scheme 1). Both Hhdacomplex 1l exhibit
satisfactory microanalytical and mass spectral dat@H;CN (see the Experimental Section).
The IR spectrum ol exhibits stretching at387 cni correspond tw(N=N). It is appeared at
lower frequency region compared to free ligand,clhis supported the coordination of azo-N.
In addition, two sharp peaks are observed at 19@72861 crit correspond tw(CO) with cis
configuration in the complex (Fig. S5H NMR spectrum ofl exhibits slight downfield shifting
of aromatic protons. A sharp downfield shift of theartet signal is observed for S-gHH;
protons (3.32 ppm), which is indicated the coortiamaof S atom to ruthenium in the complex

(Fig. S6).
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Scheme 1. Synthesis of ruthenium carbonyl compRx(COY(L)(Cl)2] (1)
3.2. Crystal structure
The X-ray crystallographic data collection andmefnent parameters afare given in Table 1.
Selected bond lengths and bond angles are giveralole 2. ORTEP plot of the molecular
structure with the atomic numbering schemelfas shown in Fig. 1. The ruthenium atom adopts
a distorted octahedral geometry and is coordinbyetivo carbonyl ligands in es arrangement,
along with the coordination of azo-N and O atomghef ligand, while thérans positions are
occupied by thiether-S and chlorine atoms. Theat®n of the ruthenium coordination sphere
from the ideal octahedron is because of the snit@ldngles of the chelate rings (Rul-O1-C1-
C6-N2-N1) [80.76(14)°] and (Rul-N1-C7-C12-S1) (®(IL)°). The Ru-C(CO) (Rul-C13,
1.936(3) and Rul-C14, 1.942(4) A) and C-O (C13-D245(5) and C14-03, 1.161(6) A) bond
distances are found as expected for similar ruthergarbonyl complexes [63, 64]. The N1-N2
bond length, 1.315(4) A is quite elongated as caogpéo the expected free ligand azo distance
[65], supporting the strondt(Ru)— 7 (N=N) back donation in the complex.

3.3. Absorption and emission spectra
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The solution spectrum of HL in acetonitrile exhsbitvo sharp intense peaks at 4£3-(22539
M™ cm?) and 321 nmg = 35442 M' cm?), along with a shoulder at 446 nm. In ruthenium
complex, the high energy intense band appears Gn8Y € = 24246 M' cm™) along with a
shoulder at 342 nm, while the low energy band @ shkifted compared to free ligand and
observed at 555 nng € 11535 M'cm?) (Fig. 2).

The free ligand (HL) does not exhibit any emisgigon excitation in both the absorption
bands at 413 nm and 321 nm. However, upon exdaitatid370 nm for compleg, emission is
observed with emission maxima at 480 nm along witshoulder at 440 nm (Fig. 3). The
emission quantum yieldgy of the complex is 0.018. Lifetime data of the ssion decay curve
was deconvoluted with respect to the lamp profilee observed emission decay fits with bi-
exponential profile with? = 1.123 (Fig. 4). We have used mean fluorescefetere (t; = a1 +
a&T,, Where aand a are relative amplitude of decay process) to sthdyexcited state stability
of the complex. The emission lifetime of the compkefound to be 3.66 ns.

3.4. DFT computation and electronic structure

The geometry of HL and compléxwere optimized by DFT method in singlet groundestasing
the B3LYP correlation functional. The optimized kdoparameters for complek are given in
Table 2. The calculated bond distances and angésvall correlated with the X-ray crystal
structure data.

The contour plots of selected molecular orbitdlslb are given in Fig. 5. The HOMO is
concentrated on phenol moiety andrisharacter; the HOMO-1 and HOMO-2 are non-bonding
in character and concentrated on S atom and azetynmspectively. The LUMO has (L)
character with major contribution af (N=N) orbital. The energy and compositions of some

selected molecular orbitals of compléxare summarized in Table 3. Contour plots of some
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selected molecular orbitals bfare given in Fig. 6. The HOMO is 85#1) character along with
reduced contribution adiz(Ru) in the complex. The HOMO-1 and HOMO-2 are rdixie(Ru)
(22-26%) andpn(Cl) (62-67%) character. Other high energy occupmadlecular orbitals
(HOMO-3 to HOMO-10) have mixedr(Ru) andzn(L) character. The low energy unoccupied
molecular orbital (LUMO) has 97% (L) character with major contribution af(N=N) orbital.
The significant contribution ofir(Ru) orbitals along witht (L) and = (CO) in LUMO+1 to
LUMO+5, indicative of the mixing of metadl-orbitals with ligand group of orbitals in the
complex.

To understand the nature of Ru-CO bonding, natuwad orbitals (NBOs) calculations
were performed on the optimized geometry of themlern The occupancies and hybridizations
of the calculated Ru—C and C-O natural bond ol BOs) are summarized in Table 4. For
each carbonyl group three natural bond orbitalsdatected for the C-O bond, and one orbital
for the Ru—C bond. The NBOs of Ru—C bonds have ~Blfand ~69% C character (bond order
Rul-C13, 1.1990 and Rul-C14, 1.0115). $prehybridized NBOs of C—O bonds have ~30% C
and ~70% O character, while the NBOs, mostly hayulparacter, have reduced contribution
(~25%) of C and 75% character of O in the compleon{l order C13-02, 2.1683 and C14-03,
2.2056).

The bonding between CO ligands and Ru atom is@tgub by the resonance structure

M—JCrEOZ from the calculated atomic charges (TableThg calculated natural charges
on the carbon atoms of the carbonyl ligands ardtipes whereas the oxygen atoms are
negatively charged. The calculated charge on theenium atom (-0.726 a.u.) is considerably
lower than the formal charge (+2). The populatiohshe 4, 4d,, 4d,, 4d,* and 41 of the

ruthenium atom are 1.7273, 1.8137, 1.7497, 1.18091:0913.
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3.4. TDDFT calculation and electronic spectra

To interpret the electronic spectra singlet-singkatiical electronic excitations were carried out
by TDDFT/CPCM method in acetonitrile. The sharpeige peaks of HL at 413 and 321 nm
correspond to HOMQ. LUMO and HOMO-3- LUMO transitions and have — © character.
The HOMO-3 - LUMO transition (n— = ) corresponds to the shoulder peak at 446 nm (Table
5). In complexl, the low energy band at 555 nm corresponds to HOMQUMO transition
having intra-ligand charge transfer (ILCT) charaakng with minor contribution of metal to
ligand charge transfer (MLCT) transition. The baatd370 nm has mixed halogen to ligand
charge transfer (XLCT) and MLCT character. In aiddit ligand centered transition (HOMO-3
- LUMO) is observed at 344 nm.

3.5. Electrochemistry

The electrochemical behavior of the complex wasstigated by cyclic voltammetry (CV) in
presence of BINPF; in MeCN at scan rate 50 mV*SComplex1 exhibits one quasireversible
oxidation couple at 1.22 VAE = 110 mV) along with one reversible reductionmeuat -0.47 V
(AE = 50 mV) and a quasireversible reduction wit»,E1.18 V AE = 120 mV), positive and
negative to reference electrode respectively (A@Wan the potential range 2.0 2.0 V (Fig.

7). The oxidation is assigned as Ru(ll) to Ru(@Xidation, while the two successive reduction
couples correspond to the reduction of azo ligaitd the formation of [~ and > respectively.
3.6. Catalytic oxidation

The catalytic activities of our synthesized rutlwemi complex {) towards the oxidation of
primary and secondary alcohols were tested in diohhethane in the presence of NMO oxidant.
In order to optimize the reaction conditions, difiet substrate:catalyst ratios in presence of

NMO were carried out and the results are summaitizéichble 6. For these initial experiments
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benazyl alcohol was selected as a test-substrdtallmved it to react with catalytic quantities of

complex in dichloromethane in presence of NMOhie €:S ratio 1:50 and 1:100 the conversion
of benzyl alcohol to benzaldehyde is almost santenith increasing the C:S ratio to 1:200 or

1:300, the reaction still proceeds smoothly accorigzh by a moderate drop in conversions
while in C:S ratio 1:500 sharp drop in conversisnobserved. Thus, it was concluded that
catalyst:substrate ratio is 1:100 in presence ofONd the best compromise between optimal
conversion in dichloromethane. Other alcohols I&kdyutanol, 1-phenylethanol, cyclopentanol,
cyclohexanol, cycloheptanol and cycloctanol seletyi converted into corresponding carbonyl
compounds with 1 mol% of catalyst in presence ofIM series of reactions were carried out
with either the ruthenium complex or NMO only unddentical condition but there was no

detectable oxidation in absence ruthenium comptdXMO.

Complex (1) oxidizes primary alcohols to corresiog aldehydes and secondary
alcohols to ketones with moderate to high conver§iy-88%) (Table 7). The isolated yield for
the oxidation of 2-butanol to 2-butanone is reduted5% may be due to the loss of volatitle 2-
butanone. Results of the investigations suggesthlearuthenium complex efficiently reacts with
NMO to yield a high valent rutheniuroxo species [66, 67], which is capable of oxygemat
transfer to alcohols. This is further supportedty appearance of a new stretching band at 858
cm* (Fig. S9), characteristic of Ru(IV)=0 species lie iR spectrum of the solid mass of the
reaction mixture obtained by evaporation of theultest solution to dryness [68-70]. Further
support in favour of the formation such speciesiiied by the appearance of a new peak at 398
nm corresponds to the formation of Ru(lV)=O [71] the UV-Vis spectrum of a
dichloromethane solution of the complex in presasfddMO (Fig. 8). The appearance of a new

peak at 398 nm corresponds to the formation of Re(D species [71]. The complex catalyzes
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the oxidation of benzyl alcohol to benzaldehydehwi7% conversion. In case of cyclohexanol
the oxidation product cyclohexanone is 88%. Thealgat efficiency of our synthesized
complex is less when we compared to the catalyfficiency of some reported ruthenium
complexes reported earlier [72-74]. However, thespnt complex shows catalytic activity
comparable to our previously reported ruthenium gemes [16, 27, 28] and even shows better

catalytic activity than the other ruthenium(ll) cplaxes reported earlier [75].

4. Conclusion

We have synthesized and characterized a ruthenamnowyl complex X) of ONS donor
thioether ligand (HL). X-ray structure df confirmed the pseudo-octahedral geometry around
ruthenium centre. The metal based oxidation arehtigpased reduction processes were studied
by cyclic voltammetric studies. The electronic stue of the complex was interpreted by DFT
calculations. The ruthenium(ll) catalyzed oxidatioh alcohols was studied and showed

moderate to high yield.
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439  Table 1. Crystallographic data and refinement patars of [Ru(CQ)L)(Cl);] (1)

440
Formula GeH12ClN2O3RUS
Formula Weight 484.31 .
Crystal System Triclinic 442
Space group P1 443
a, b, c[A] 10.155(5), 10.431(5), 11.691(3)4
a 85.132(5) at
B 67.245(5)
Y 65.176(6) <
V[ A3 1003.6(8) jall
Z 2 448
D(calc) [g/cn] 1.603 449
Mu(MoKa) [ /mm] 1.167 450
F(000) 480
Absorption Correction multi-scan 451
Temperature (K) 293(2) 452
Radiation [A] 0.71073 453
8(Min-Max) [°] 1.92-26.37 454
Dataset (h; k; I) -12t0 12; -12to 12; -14to 14
Total, Unique Data, R(int) 14616, 4061, 0.0262 >
Observed data [I >dl)] 3815 456
Nref, Npar 4061, 217 457
R, wR, 0.0707,0.1791 458
Aq(max) andAq(min) [e/A]] 0.245 and -0.124 250
Goodness of fit(S) 1.088

460

461
462

463



464

Table 2. Selected X-ray and calculated bond digsmaad angles of [Ru(C&0)(Cl)2] (1)

465

Bonds(A) X-ray Calc.

466
Rul-Cl2 2.3900(17) 2.422
Rul-S1 2.3965(17) 2431 7
Ru1-01 2.125(4) 2.112 468
Ru1l-N1 2.081(2) 2.130 466
Ru1-C13 1.936(3) 1.927 v
Rul-C14 1.942(4) 1.919
02-C13 1.145(5) 1.149 &
03-C14 1.161(6) 1.152 472
N1- N2 1.315(4) 1.296 473

474
Angles() X-ray Calc.
01-Ru1-C13 94.51(12) ore7
O1-Rul-C14 172.55(11) 17355 476
01-Ru1-Cl2 91.36(11) 89.57 477
O1-Rul-S1 92.92(11) 94.88 4
01-Ru1-N1 80.76(14) 80.46
02-C13-Rul 178.6(4) 177.82
03-C14-Rul 175.7(4) 17667 4O
N1-Rul-C13 171.77(18) 171.75 481
N1-Rul-C14 92.24(16) 94.85 g
N1-Rul-CI2 94.95(10) 93.02 ..
N1-Rul-S1 80.08(11) 78.71
S1-Ru1-C13 93.53(15) 9%6.63
S1-Rul-C14 88.35(15) 90.30 485
S1-Rul1-Cl2 172.83(4) 169.85 486
Cl2-Ru1-C13 91.88(15) 90.12 g,
Cl2-Rul-C14 86.68(15) 86.66
C13-Rul-C14 92.7(2) o121 °




489

490

491

492

493

Table 3. Energy and compositions of some selectddaular orbitals ol

MO Energy % Composition
Ru Cl CcO L

LUMO+5 -0.44 17 0 59 24
LUMO+4 -0.77 25 03 37 35
LUMO+3 -0.90 24 01 70 05
LUMO+2 -1.16 18 0 08 74
LUMO+1 -1.41 53 07 10 20
LUMO -2.59 02 0 01 97
HOMO -5.47 11 03 01 85
HOMO-1 -6.31 26 62 03 09
HOMO-2 -6.37 22 67 03 08
HOMO-3 -6.60 04 05 01 90
HOMO-4 -6.84 30 04 06 60
HOMO-5 -7.31 09 04 03 84
HOMO-6 -7.63 36 20 05 39
HOMO-7 -7.70 22 06 03 69
HOMO-8 -7.70 19 39 08 34
HOMO-9 -7.89 19 16 05 60
HOMO-10 -8.27 50 10 12 28
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494  Table 4. Hybridization and Occupancy of@(CO), CG-O(CO) and N=N(azo) bonds and NBO

495  atomic charges df obtained from NBO analysis

Bond NBO charges
Bonds Occupancy order  Contribution Hybridization atoms charge
Rul-C13 1.8929(0.0912) 1.1990 31.32%Ru + 68.68%C (sfRtfd"®) + C(sp™>) Rul -0.7258
Rul-C14 1.8905(0.0970) 1.0115 29.32%Ru + 70.68%C (sfRfd'*) + C(sp™) CI2 -0.3923
Rul-N1 ~ 1.9052(0.1618) 0.5420 19.07%Ru + 80.93%N  spd{d**®) + N(sp*) S1 0.5824
C13-02  1.9973(0.1364) 2.1683 25.54%C + 74.46%0 Epr O(sp®) N1 -0.1530
1.9974(0.1497) 25.23%C + 74.77%0 C&tsh + O(sp”%) N2 -0.1417
1.9955(0.0168) 30.42%C + 69.58%0 Cp+ O(sp?) C13 0.7913
C14-03  1.9977(0.1183) 2.2056 25.24%C + 74.76%0 LWYpr O(sp”) C14 0.8096
1.9970(0.1090) 25.59%C + 74.41%0 &tdp + O(sp°>H) 02 -0.4259
1.9906(0.0153) 30.07%C + 69.93%0 GEp+ O(sp™) 03 -0.4177

N1-N2 1.9861(0.0162) 1.0975 51.48%N1 +48.52%N2 sNT() + N2(sp?

1.9045(0.4742) 59.54%N1 + 40.46%N2  N2{Sph + N2(sp*%)

496

497

498

499

500

501

502

503

504

505

506
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508

509

510

511

512

513

514

515

516

517

518

519

520
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Table 5. Vertical electronic transition calculategd TDDFT/CPCM method of HL and complex

1
Compd. A(nm) E(eV) Osc. Key excitations Character Aexpt.(NM)
Strength (f) (e, Mem?)
486.63 25478 0.0030  (71%)HOMO-1-LUMO nox 446 (sh.)
HL 42493 29178 0.1656  (72%)HOMO- LUMO ToT 413 (22539)
330.06 3.7564 0.4865  (69%)HOMO-3-LUMO n-= 321 (35442)
547.2 2.2658  0.1002  (95%)HOMO- LUMO n(L)/dn(Ru)~= (L) 555 (11535)
401.6 3.0873  0.0064  (84%)HOMO-LUMO+1  =(L) - dn(Ru)
1
367.4 3.3744  0.2355 (49%)HOMO-2-.LUMO  dn(Ru)pr(Cl) = (L) 370 (24246)
(45%)HOMO-1 LUMO

343.7 3.6073  0.0863  (69%)HOMO-3-LUMO  n(L) - (L) 342 (sh.)
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532

533

534

535

536

537

Table 6. Optimization of oxidation reaction by PryCHH with 1%

Entry C:S ratio Conversion (%)
1 1:50 77
2 1:100 77
3 1:200 73
4 1:300 65
5 1:500 52

25

@Substrate (1 mmol); NMO (3 mmol); complex (0.01 niynsolvent dichloromethane; temp.

40°C.

P Conversions determined by GC
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538  Table 7. Catalytic oxidation of alcohols by Ru@dmplex1 using NMO as oxidant

Substrate Product Conversion (%) Isolated yield (%)
Benzyl alcohol Benzaldehyde 77 71
2-Butanol 2-Butanone 79 45
1-Phenylethanol Acetophenone 83 76
Cyclopentanol Cyclopentanone 81 68
Cyclohexanol Cyclohexanone 88 75
Cycloheptanol Cycloheptanone 85 80
Cycloctanol Cycloctanone 79 75

539

540 2 Substrate (1 mmol); NMO (3 mmol); complex (0.01 nfynsolvent dichloromethane;Temp.
541  40°C; Conversions determined by GC instrument gmpdpwith a flame ionization detector
542  (FID) using a HP-5 column of 30 m length, 0.53 mianteter and 5.0QAm film thickness.

543
544
545
546
547
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550

551
552
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Figure captions

Fig. 1. ORTEP plot o1 with 35% ellipsoidal probability

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

2.

3.

UV-Vis spectra of HL-f) and1 (—) in acetonitrile

Emission spectrum of 1 in acetonitrd@xitaion= 370 nm)

. Exponential decay profiles of promgig) andl (¢ ¢)in acetonitrile Rexcitation= 370 nm)
. Contour plots of selected molecular orkital HL

. Contour plots of selected molecular orbitafl

. Cyclic voltammogram df in acetonitrile

. UV-Vis spectra of (—) and [L + NMO] (=) in dichloromethane
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HIGHLIGHTS

Ruthenium carbonyl complex of a redox non-innocent ONS donor azophenol
ligand: Electrochemistry, photophysical property, electronic structure and

catalytic activity towar ds oxidation of alcohols

Puspendu Roy, Apurba Sau Mondal, Ajoy Kumar Pramanik and Tapan Kumar Mondal’

« A ruthenium carbonyl complex of a redox non-innocent thioether-containing azo-phenol
ligand has been synthesized and characterized.

« Cyclic voltammetric study has been used to interpret the redox properties.

» Absorption and emission properties have been studied.

» Catalytic oxidation of alcohols has been studied in presence of NMO.

» DFT calculations have been used to interpret the el ectronic structure.



