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ABSTRACT
Treatment of [RuG(DMSO),] with 1-(arylazo)naphthol ligands in benzene uneiux

afford the air-stable new ruthenium(lll) complexesth general composition [Ru(L-H)
(L= bidentate O, N donor; R = H, GHOCH;, Br, NO,) in good yield. The 1-(arylazo)naphthol
ligands behave as tris-bidentate O, N donors viphtilic proton and azo nitrogen. The
molecular and electronic structure of the complehase been established by elemental analysis
and spectral (FT-IR, UV-vis & EPR) methods. DFTccdditions were also carried out on the
complexesl and 3 along with X-ray crystallized geometry of compl&xThese complexes in
dichloromethane solution show intense ligand-toamnetarge transfer (LMCT) transitions in the
visible region. The absorption and g-tensor valfidhese complexesl(3 & 5) were also
computed and compared along with the available raxeatal results. The redox behavior of the
complexes has been investigated by cyclic voltamynahd the potentials are observed with
respect to the electronic nature of substituendsiiRthe 1-(arylazo)naphthol ligands. These
complexes have shown great promise as catalystthéoconversion of aldehydes to primary

amides in good vyield.

Key words: Ruthenium(lll); Arylazo ligands; Crystal structuiRedox properties; Catalytic
activity; DFT study



1. INTRODUCTION

The coordination chemistry of the arylazo ligandsetaining oxygen and nitrogen donors
with transition metal atom is of particular inter@sth reference to their role in biological [1, 2]
and catalaytic processes [3-Bhe interest for these ligands is mainly basedhanfollowing
reasons, i.e., the azo group can stabilize thelragten in lower oxidation states due to its
acidic character and because of this propertyligheds are able to form metal-carbon bonds [7]
and being a hard base, the oxygen donors stabiheesigher oxidation states of the metal atom.
The arylazo ligands prepared frg@anaphthol provide more steric crowd compared topteny!
group and these have not been used very oftergasds, only a few reports are available as
co-ligands [4, 6, 8, 9The selected ligands (Hk) are known bind to metal atom either as mono

anionic O, N donors Fig. @, I1) or O, N, C donors Fig. 11() by cyclometalation.

Fig.1.

Further the complexation of ruthenium by these tlfgands is of significant interest,
largely because of their fascinating redox, phoyspial, photochemical properties [10] and
catalytic applications [11]. It has been found lwe fiterature that the arylazo phenol/naphthol
ligands are known to coordinate metal ion usuailyaibidentate fashion with O, N donor or
tridentate mode with C, N, O donor forming eithmefor six-membered chelate rings [6, 12].
Furthermore, transition metal complexes of ruthemhave proved to be useful catalysts in many
reactions, such as oxidation, hydrogenation, caflation, hydroformylation and isomerization,
by virtue of the accessibility of ruthenium in difent oxidation states and ease of coordination

with different ligands.



Amides are an important class of chemicals thatehaidely been used as chemical
intermediates in organic synthesis. The conversiooarbonyl compounds such as aldehydes,
ketones, and oximes is a good candidate for théhegis of amides. The rearrangement of
aldoximes into amides has been reported usingiti@msnetal catalysts containing Ni, Cu, Pd,
Ir and Rh [13]. Crabtreet al reported the ruthenium precursor complex [R(IIVMSO)] was
used as catalyst for the conversion aldehydesitoapy amides [14]. As reported in the earlier
literature, ruthenium azo complexes have been sitely used as catalysts for transfer
hydrogenation reactions [2]. To the best of ourvideodlge, only one report is available on
ruthenium(ll) complexes containing thiazolylazo aligls catalyzing aldehyde to amide
conversions. As the source of ruthenium, we havectl the [RuG(DMSQO), precursor
complex, because of its demonstrated ability tooacoodate more than one or two bidentate
ligands through the displacement of dimethylsulfiexand chlorides.

In view of rich interest to understand the coortiora mode of arylazo ligands towards
ruthenium, we have synthesized a number of rutimefii) complexes containing 1-(arylazo)
naphtholate ligands. The molecular and electrotriecgire of the ruthenium(lll) complexes is
established with help of spectral methods, X-rafyratition analysis and DFT calculations.
Further, the catalytic efficiency of these ruthen{Ul) complexes have been examined for the

conversion of aldehydes to primary amides.

2. EXPERIMENTAL PROCEDURES

2.1. Materials

Commercial RuGI3H,O was purchased from Himedia. All the used reagevese

chemically pure or analytical reagent grade. Sdkvemere purified and dried according to



standard procedureg-naphthol and primary amines were purchased from &iBe-Chem
Limited, India. The supporting electrolyte tetradtammonium perchlorateBus;NCIO,) was
dried in vacuum prior to use. [RuWIDMSO),] was synthesized by a reported procedure [15].
The azo naphthol ligands were prepared by coupliagotized aniline ang-substituted aniline
with g-naphthol [16].

The analysis of carbon, hydrogen, and nitrogen vpendormed in Carlo Erba 1106-
model 240 Perkin Elmer analyzer at Sophisticatedt Bad Instrumentation Centre (STIC),
Cochin University, Kochi, India. FT-IR spectra weszorded in KBr Pellets with a JASCO 400
plus spectrophotometer. JASCO V- 630 UV-visible i&arspectrophotometer was used to
record the electronic spectra. ESR spectra wererded in the X-band frequency on a ESR-
JEOL/82 ESR spectrometer with a microwave powet ofW and a modulation amplitude of
160.00. Electrochemical measurements were madeg uaim instrument model CHIG08E
electrochemical analyzer. A three electrode celk eaployed with glassy carbon working
electrode, a platinum wire counter electrode andAgfAgCl reference electrode were used in
the cyclic voltammetry experiments. All electrochieah experiments were performed under a
dinitrogen atmosphere. All electrochemical dataenellected at 298 K and are uncorrected for

junction potentials.

2.2. Synthesis of ruthenium(l11)1-(arylazo)naphtholate complexes
The complexes [Ru(lLs)s] were synthesized from the reactions of [RUBMSO),] with
the ligands L—Ls by following a general procedure under anhydramigions.
1-(arylazo)naphtholsL(-Ls) (0.256-0.328g; 1.0 mmol) was dissolved in ethaf#tl

mL), and to it was added triethylamine (100 mg0Inmol). Then, [RuG(DMSO)] (0.1g, 0.20



mmol) was added to it. The mixture was then reftluker 6h to yield a brown solution. The
solvent was evaporated, and the solid mass thasnelot was subjected to purification by thin-
layer chromatography on a silica plate. With beezas eluant, a brown band separated, which
was extracted with same eluant. On evaporationnoélaant, brown coloured complexes are

obtained as solid form of >80% yield.

2.3. Typical procedurefor the conversion of aldehydeto amides

Under an inert atmosphere a mixture containing laide (1 mmol), NHOH.HCI
(2 mmol), NaHCQ (1 mmol) and ruthenium catalyst (0.01 mmol) arel rtixture was heated to
reflux in toluene for appropriate period of timemsntioned. On completion of the reaction, 2—-3
mL methanol was added to the mixture followed Hyrdiion through Celite to remove the
catalyst and NaHC{ The crude product was then purified by columnoamatography

(MeOH/CH,CI,) and the formation of pure amide was obtained.

2.4. X-ray crystallography

Single crystal of the ruthenium compléx (R= NQG,) suitable for X—ray diffraction
analysis were obtained by slow diffusion of hexané& chloroform solution of the complex at
room temperature. The X-ray diffraction data wafiected on a Rigaku Saturn 724+ CCD
diffractometer with a Mo-k radiation source (I = 0.71075 A) at 120 K. Theadategration and
indexing were performed using Rigaku Crystalclezftvgare [17] and numerical method was
employed to correct for absorption. All the cal¢idias were carried out using the programs in
WinGX module [18] and the structure solution walved by direct methods using SIR-92 [19].

The final refinement of the structure was carrietl wsing full least-square methods B2 using



SHELX-2014 [20]. All non-hydrogen atoms were refingnisotropically. The hydrogen atoms

were refined isotropically as rigid atoms in thdealized locations.

2.5. Computational modeling and TD-DFT calculations

Quantum chemical calculations were performed udBwussian 09 program [21]
Unrestricted B3LYP [22, 23] functional with a Lodafnos effective core potential double zeta
valence basis set (LANL2DZ) [24, 25] on Ru was uaerd 6-31G(d) basis set was used for rest
of the atoms. G-tensor values of all the complexese obtained from the ORCA package [26]
with B3LYP functional. Time dependent density fuonal theory (TDDFT) implemented in the

Gaussian 09 program was used for the calculati@xatation energies for first 100 states.

3. RESULTSAND DISCUSSION

A series of ruthenium (Ill) complexes of the gehei@mula [Ru(L))s] (n =1-5)
incorporating 1-(arylazo)naphthol ligands have b&garthesized conveniently (scheme 1). These
ruthenium complexes were obtained as brown col@ells with up to 80% vyield. The
elemental analysis (CHN) data of the complexes leen found to be in good agreement with
this general formula. All the ruthenium (lll) conegles are found to be air-stable in both solid
and liquid states at room temperature is non-hygnos. It follows that all ligands act as
bidentate ligands via loss of naphtholic proton aad nitrogen forming six membered chelate
rings. To observe the influence of the differenbsituents (R) in phenyl ring on the redox
potentials of the complexes, five 1-(arylazo)naplth{L;5) have been used. It is interesting to
note here that during the course of this synthesteenium undergoes a one-electron oxidation

and aerial oxygen seems to have served as themgdigent.



Scheme. 1.

The 1-(arylazo)naphthols usually bind to a metal ia dissociation of the naphtholic
proton, as bidentate O, N donors forming eithee fivemberedl) or six-memberedi 1) chelate
rings [6, 8]. These ligands are also known to coatg ruthenium metal ion as dianionic
tridentate C, N, O-donor@l1) affording interesting cyclometallated complexel & Halderet
al reported that in 2-(arylazo)phenol liganfl®/) the carbon-carbon coupling was occurred
between these two ligands linking the twaho carbon atoms on the two phenyl rings in
ruthenium complexes is very unusual and unpreceddap].

We were expecting to have similar carbon-carborpliog may occur between twartho
carbon atom of phenyl ring in the 1-(arylazo)napldate ligand in these ruthenium(lll)
complexes, and we end up with tris-bidentate mddeoordination with O, N donors in these
ligands. It may be due to the bulky nature or stedngestion of naphthol group and prevents

from the carbon- carbon coupling betweetho-carbon of phenyl ring in these ligands.

3.1. Characterization

Infrared spectra of all the complexes show mudtiphnds of varying intensities within
the 4000400 cm'. No attempt has been made to assign each indivishrad to a specific
vibration. However, the infrared spectra of all thands exhibit bands around 1427-1438%cm
and 1272-1280 cthcorresponding to aze (N=N-) and phenolio(C—O) stretching frequencies
respectively. On complexatiarfN=N-) appears at lower frequency in the range +3865 crit
and this red shift supports the coordination of zdfato ruthenium ion [27]. This supports the

assumption that the coordination of the nitrogemmatan reduce the electron density in the azo



frequency due to the (@ RU"-x" (L) back bonding effect [27bIThe band corresponding to
phenolicv(C—0) stretching is shifted to higher frequencytia range 1279-1293 ¢hin all the
complexes confirming that the other coordinaticie $ the phenolic oxygen [4, 6]. This was
further supported by disappearancev¢®H) band in the range 3430-3450 trin all the
complexes.

Electronic spectra of these complexes have bemrded in dichloromethane solution.
Each complex shows intense absorptions in thevidiet and visible region. The absorptions in
the ultraviolet region are believed to be due émsitions within the ligand orbitals. The selected
electronic spectrum is shown in Figdl-S5and spectral data are displaced in Table S6. The
absorption observed in the region 450- 470 nm Meen assigned to charge transfer LMCT
transitions taking place from the highest occupredecular orbital (HOMO) of the ligand to the
singly lowest unoccupied molecular orbital (LOMO)rathenium. The bands in the regions at
370-385 nm are due to xtransition of non-bonding electrons present oa tiitrogen of the
arylazo group in the ruthenium(lll) complexes. Thand observed around 220-230 nm is
assigned tar —* transitions of the ligand. The pattern of thec#lenic spectra of all the
complexes indicate the presence of an octahedvaloement around ruthenium(lll) ion similar
to that of other ruthenium(lll) octahedral complgex28, 30].

The solid state EPR spectra of all the complexa® wecorded in X-band frequencies at
room temperature. All the complexes exhibit welfhged single isotropic feature negg.g 2.0
complexes 1-5; = 2.02-2.06). Such isotropic lineswsually the results of either intermolecular
spin exchange, which can broaden the lines or @mp of the unpaired electron in a
degenerate orbital. However the EPR spectra ofetltesnplexes have been recorded in 1:1

dichloromethane / toluene solution at 77 K. Eacmglex shows a rhombic spectrum with three



distinct ‘g’ values (g # gy # @;). A selected spectrum is shown in Fig. 2 (Figs-S34) and
spectral data for all the complexes are given ibl§d. The rhombicity of the spectra reflects
asymmetry of the electronic environment around emitthm in these complexes [3Mhese

complexes are significantly distorted from the idsztahedral geometry.

Fig. 2.

Table 1
3.2. X-ray structure

In order to determine the coordination mode andngdry of the complexes, the

crystallization of the complex [Rué)s] (5) was performed by slow diffusion of hexane into
chloroform. The summary of single crystal X-rayustures and refinement is shown in Table 2
and selected bond lengths and bond angles are giviEable 3. The Ball and Stick model of the
complex5) is shown in Fig. 3. The molecular structure shdlzt the 1-(arylazo)naphtholate
ligands are coordinated to ruthenium Ma dissociation of the phenolic proton of the naphthy
ring in the arylazo fragment as a bidentate O,0Nad ligand forming six membered chelating
rings with bite angle of 87.73(8)O(7)-Ru(1)-N(1), 122.63(18) Ru(1)-O(7)-C(8) and
124.54(199 N(1)-Ru(1)-N(2) and bond lengths of 1.9934(2) A(RuO(7), 2.0800(3) A Ru(1)-
N(1) and 1.3054(1) A O(7)-C(8). The N-N distanceli2909(1) A and is longer than the free
azo bond length (1.25 A) [32]. The increase in bdedgth is undoubtedly because of
coordination of N(azo) that can lead to a decréasbe N—N bond order due to both and=-
acceptor character of the ligands, the latter ctardaving a more pronounced effect and may
be the reason for elongation [33]. This is an iatan of metal-ligana-interaction localized in

the M-azo fragment. A six membered ring planar @i naphtholate ligand which is generated



by the two carbon atom from the naphtholate grtiuptwo nitrogen atoms from the coordinated
diazo group, the oxygen atom from the phenolic grand ruthenium. Comparing the crystal
data with the one reported by S. Haldeal [12] most of the bond angles of the crystal [R4]

were larger due to the increased congestion arthenduthenium center. This is further supports
why carbon-carbon coupling was not takes place éatwthe phenyl rings of the two ligand
fragment in these complexes. As all the complexgglaly similar spectral properties, the other

four complexes are assumed to have similar stredtuthat of comples.

Fig. 3.
Table 2

Table 3

3.3. Redox behavior

To get an idea regarding the oxidation and redngirocess, the complexes have been
studied by cyclic voltammetry in acetonitrile satut All the complexes (1xIM) are
electroactive with respect to the metal centeseathibited two redox processes in the potential
range +1.5 V to -1.5 V (0.05 M tetrabutyl ammoniperchlorate as supporting electrolyte at
298 K). Each complex shows an oxidative respomsthe positive side of SCE and a reductive
response on the negative side. The complexes gisplaversible oxidative (Rl Ru") and
reversible reductive (Rl RU') responses on the positive and negative side & &3pectively
at the scan rate of 100 mVsAll the complexes showed well-defined wa¥gs lies at +0.39 to
+0.67V (RU'/ RU") and -0.65 to -0.22V (RU RU"). The potentials are summarized in Table 4
and a representative voltammogram is shown in4righich remains unchanged upon changing

the scan rate, and thg is almost equal to thig. as is expected for a reversible electron-transfer



process. Potential of the BRURUY oxidation and Rl/ Ru' reduction in all the complexes has
been found to be sensitive to the nature of thetgubnt (R) in the phenyl ring of the arylazo
fragment. The potential increases with increasigcteon-withdrawing character of the
substituent (R). The half-wave potentials ;) moves to negative value with electron donating
substituent(s) in the aryl ring and reverse movdrgeabserved for electron withdrawing group.
The plot of formal potential&;,, versusc [34] (c =Hammettpara substituent constant of R;
OCHz; =-0.27, CH =-0.17, H = 0.00, Br = 0.23, and N& 0.78) is found to be linear for both
the couples Fig. 5. This linear correlation of tadox potentials with the electronic natueg ¢f
the substituents (R) with reasonable slog@sdearly shows that a single substituent on the
1-(arylazo)naphtholate ligand, which is severaldsoaway from the electro active metal center,
can still influence the metal-centered redox paddsitin a predictable manner. Hence, it is
inferred from the electrochemical data that thespné 1-(arylazo)naphtholate ligand system is
suitable for stabilizing higher oxidation state rathenium and the electron transfer reaction
takes place without gross changes in the steremtislry of the complexes.

Fig. 4.

Fig. 5.

Table 4

3.4. Electronic Structureof 1,3& 5

To probe the influence of different substituentstlom phenyl arylazo fragment, detailed
electronic structural calculations were carried ontthe ruthenium (lll) 1-(arylazo)naphtholate
complex () with the substitution of OMe and N©On thepara position of phenyl ring of arylazo
fragment 8 & 5). Preliminary geometrical information of compl&xis obtained from X-ray

crystallized coordinates Fig. 3. Ruthenium (Il darylazo)naphtholate complexes is found to



possess the doublet spin ground state with theafuedtal (¢,)%(c.dy.)*(d;*)%(dkz.y2)° electronic
configuration [35].This is also consistent with the spin density @btl, 3 & 5 Fig. 6 which
shows that the presence of one unpaired electrsinasgly delocalized on the ruthenium center
especially on thegorbital and slightly on the coordinated nitrogew @xygen atoms. From the
same values of Mulliken spin density bf3 & 5, these complexes were found to have similar
kind of electronic properties irrespective of thegence of different substituents on frera

position of the phenyl group of arylazo fragments.

Fig. 6.

Notable structural parameters obtained from X-raystallographic coordinates &
along with DFT optimized geometries &f 3 & 5 were collected in Table 5. It is clearly
envisaged from the table, there is a progressiaa@h in the specific structural parameters upon
substituting the electron donating B@roup in5 and the electron withdrawing OMe group3n
From the Table 5, the bond length of (Rul-N8, Ri);@nd the bond angles (O2-Rul-O4, N8-
Rul-03) of comple¥ is largely deviated from the other two completend3. This shows that
influence of strong electron withdrawing M@roup on the phenyl group of arylazo fragment.
Further, structural parameters ®fobtained from the DFT calculations are in closesament
with the X-ray crystal geometrical parameters amarsarized in Table S11. Upon comparison
of both DFT structural parameters hf3 and5 along with available X-ray structural parameters
of 5, the Ru-N(-O) bond lengths and the bond anglesdakgated from the ideal octahedral
geometrical parameters. This is clearly indicales &ll the three complexes, @ & 5) possess a

distorted octahedral coordination sphere.



Further, we would like to emphasis the bonding reatif three complexes with a view to
understand the stabilization of their metal orlitalth respect to different substituents on the on
the para position of phenyl ring of arylazo fragment. Th®und state electronic configuration
of these complexes is found to befd(dxzy(dyz)' (d,2)° (k*,?)° Key metal-ligand orbitals of
3 and5 along with left and right side of the compl&are presented in Fig. 7. The relative eigen-
values are presented in eV with respect to lowestgy g, orbital. Complexl is found to have
energy gap between singly occupigg molecular orbital (SOMO) and lowest unoccupiedahet
orbital (d?, LUMO) is about 4.72V whereas complexe®and5 possess 4.68V and 4.86eV
respectively. The stabilization of all the metabitals with respect to complex is also provided in
the Fig. 7. The stabilization of all the metal ¢als in5 with respect td is in the range of 0.17
to 0.31eV whereas comple possess 0.07 to 0.2V. From this one can understand the
influence of electron donating nature of substitume which reduces the energy gap between
SOMO and LUMO thereby destabilizing all the metahiered orbitals. Whereas in the case of
5, strong electron withdrawing nature of nitro grosgabilizes all the metal center orbitals
eventually increases the energy gap between SOMQ.EMO orbitals. This will dramatically
influence in the reactivity of the particular cormpés. Hence compleXis found to have better
catalytic ability whereas complexis found to have a moderate reactivity upon cosieer of

aldehydes to amides.

Fig. 7.



3.5. Spectroscopic Propertiesof 1, 3and 5

To facilitate the interpretation of the experimérgpectroscopic data and gain further
insight into the electronic structure @f 3 & 5, absorption spectra and the spin Hamiltonian

parameters for these complexes were computed.

3.5.1. TD-DFT and g-tensor analysis

In order to rationalize the electronic structurésand also to facilitate the interpretation
of the experimental spectroscopic data, the TD-BSorption spectra fat, 3 and5 were
computed TD-DFT computed absorption bands along with odaitlatrength f) and nature of
electronic transitions of all the three complexesbl& 5 were found to exhibits a set of
absorption bands ranging from the 420 nm to 521 Timse most intense computed absorption
bands are largely derives from the ligands to metalge transfer transition (LMCT). This is in
good agreement with the experimental absorptioctsp® of 5 where an intense LMCT band
appears in the region of 450-470 nm. Analysis ofuNd Transition Orbitals (NTO) of most
intense transition bands of three complexes in Biglearly shows that these transitions

originated from the LMCT.

Fig. 8.

Table 5

The calculated g-tensor values of three complesesallected in Table 5. Complexgs
3 and>5 found to possess a three distinct ‘g’ values. Bhisws that all the three complexes said

to have a rhombic spectrum. Distorted octahedrahggry of these complexes clearly envisaged



from the rhombicity of the g-tensor values. Thecaldted g-tensor values are in good agreement

with experimental values.

3.6. Catalytic conversion of aldehydes to amides

The scope of our catalytic system is applicablartamatic, conjugated and heterocyclic
aromatic aldehydes. These aldehydes were convertbeir corresponding amides in good yield
at one pot process and the results are summarizedable 6. On screening different
catalyst/substrate ratios (1:100, 1:500, 1:10000Q was found to be the optimum ratio of
catalyst/substrate, with the maximum vyield of 8@B&nzaldehyde was used as substrate and
complex1) was used as catalyst for the optimization in tres@nce of NbDH.HCI /NaHCQ.
The effect of solvents (toluene, benzene, dichl@ityane and methanol etc.,) was studied for the
optimization, and toluene is found to be the bestent for the conversion of benzaldehyde to

benzamide.

Comparison of the catalysts reveal that catalys(l[§s](3) has a better performance for
both benzaldehyde and furan-2-aldehyde, implicaBngood yield of 84% and 87%. The
conversion obtained by using catalgsaind5 was lower to the other catalysts indicating that t
substituent (R) in the phenyl ring of arylazo fragrh may play a significant role in these
conversions. The catalytic activity of the catadys83 is similar (81-87%) for the conversion of
furan-2-aldehyde to furan-2-amide. The conjugatel¢teyyde such as, cinnamaldehyde which

was converted to the corresponding amide in goeld ¥B1-83%).

Table 6



All the substrate aldehydes were smoothly convedete corresponding amides in good
yields. Our observation in this catalytic aldehydemide conversion is comparable with that of
a recent observation using [Ru@MSO)] complex as catalyst [14]}. is interesting to note that
this ruthenium(lll) 1-(arylazo)naphtholate complsyefficient by catalyze the aldehyde to amide
up to 87% vyield. The obtained results revealed ti@amnaphthol group plays a significant role in
the aldehyde to amide conversion depends on the& sied electronic environment of the
ruthenium. So, the prospective of these complezasatalysts in the field of aldehydes to amide
conversion can be further improved by fine-tunifigh ligand environment on ruthenium. As
for as we know only few catalytic system on rutlemi[3, 36]nave been reported to support the
aldehyde to amide conversion, catalyst like ruthenglll) 1-(arylazo)naphtholate complexes is

new and novel for its tris-bidentate O, N-donoriemrvment.

4. Conclusion

The present work describes the simple and conmeroete to synthesize a new family of
ruthenium(lll) complexes incorporating O, N donaoifsl-(arylazo)naphtholate ligands. The X-
ray crystal structure of the compleX) (reveals on octahedral environment around rutimeniu
The influence of substituents (R) present in thenyhring of 1-(arylazo)naphtholate ligand on
metal center is studied by cyclic voltammetry. Bhectronic structure and bonding bhf3 and
crystallized geometry of complex were investigated by DFT calculations. These rutiman
complexes have been tested as catalyst for theecsion of aldehyde to amides. The obtained
results imply that the present catalyst systemakgy a promising application of new family of

ruthenium(lll)1-(arylazo)naphtholate complexes. &hson the computed energy levels of



occupied and unoccupied metal orbitals of theseethtomplexes, the effects of different

substituents on the catalytic activity of these ptaxes were also illustrated.
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Appendix A. Supplementary material
UV-vis spectra of complexes (Figs. S1-S5), repriedee EPR spectra of the complexes
(Figs. S7-S11) and optimized structure of compiekTable. S6). CCDC reference number

1438173 for comples.
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Table 1 EPR data of ruthenium(lll) 1-(arylazo)naphtholedenplexes.

Complexes xJ Oy 0;
1 2.20 2.08 1.91
2 2.19 2.06 1.92
3 2.23 2.09 1.96
4 2.21 2.04 1.92

5 2.19 2.09 1.93




Table 2 Crystal data and structure refinement for complex

Empirical formula
Formula weight

Temperature (K)
Wavelength (A)
Crystal system
Space group

a (A)

b (A)

c (A)

a ()

B ()

v ()

Volume (A%

Z

Density Cacld. (g cit)
u (mm)

F(000)

Crystal size (mr)

0 range (°)
Reflections collected

R indices (all data)

Data/restraints/parameters

Goodness-of-fit o2

Largest difference in peak and hole

48830N9OgR U
977.88

120
0.71075
Triclinic
P-1
11.8392(13)
14.199(2)
14.286(2)
85.758(12)
68.297(9)
66.961(8)
2046 B(5
2
1.587
487
994.0
0.12 X 0.16 X 0.28
2.882 to 24.999
171
R1=0.0315
wWR2 = 0.0355
65684

1.0201

0.306 AnEB6 (eA”d)




Table 3 Selected bond length (A%) and angle (°) for compie

Bond Length (A")

Bond angle (°)

Rul-0O7
Rul-08
Rul-09
Rul-N1
Rul-N4
Rul-N6
O1-N7
0O2-N7
0O3-N8
0O4-N8
O5-N9
06-N9
O7-C8
08-C48
09-C32
N1-N2

1.9934(2)
2.0136(3)
1.9901(2)
2.0800(3)
2.0164(3)
2.0403(3)
1.2309(1)
1.2245(2)
1.2239(2)
1.2249(2)
1.2319(1)
1.2257(1)
1.3054(1)
1.2919(2)
1.3076(1)
1.2909(1)

O7- Rul- O8
O7- Rul- 09
O7- Rul- N1
O7- Rul- N4
O7- Rul- N6
08- Rul- 09
08- Rul- N1
0O8- Rul- N4
0O8- Rul- N6
09- Rul- N1
09- Rul- N4
09- Rul- N6
N1- Rul- N4
N1- Rul- N6
N4- Rul- N6
Rul- O7-C8
Rul- O8C-48
Rul- O9C-32
Rul- N1- N2
Rul- N1-C1
N2- N1- C1

91.81
176.12
87.73
93.62
91.99
86.13
81.66
174.57
88.38
95.22
88.44
84.66
98.65
170.03
91.32
122.63
122.88
120.34
124.54
123.78
110.52




Table 4 Electrochemical data of the ruthenium(lll)1-(amgnaphtholate complexes.

Complexes RIRU" RU"/RU"

Epa (V) Epc(V) E2(V) AE,(MV)  Epa(V) Epc(V) Ewz(V) AE(MV)

1 +0.532 +0.453 +0.492 79 -0.633 -0.556 -0.594 77
2 +0.456 +0.374 +0.415 82 -0.678 -0.585 -0.632 93
3 +0.431 +0.359 +0.395 72 -0.683 -0.625 -0.654 58
4 +0.585 +0.500 +0.54285 —0.495 -0.429 -0.462 66
5 +0.703 +0.637 +0.670 66 -0.250 -0.192 -0.221 58

Supporting electrolyte: NBCIO4 (0.005 M); complex: 0.001 M; solvent: GEIN; AEp = Epa-
Epc where Epa and Epc are anodic and cathodic fdgerespectively; k.= 0.5(Epa + Epc);
scan rate: 100 mV’s



Table5 TD-DFT (B3LYP/SCRF-PCM/DCM) Calculated Electrofiicansitions fois.

Mnm | f | Transitions
Complex 1

515.7 0.025| HOMO-2o) »> LUMO+2 (0) (69%)
HOMO-2 (3) > LUMO+3 (B) (54%)
500.9 0.058) HOMO-3o) > LUMO (o) (45%)
HOMO (o) > LUMO+4 (o) (22%)
487.8 0.095 HOMO-1o) > LUMO (o) (23%)
HOMO-3 (@) 2 LUMO+2 (o) (19%)
HOMO-1 (8) > LUMO+2 (B) (17%)
485.3 0.050, HOMO-1o) > LUMO (o) (23%)
HOMO-2 (8) > LUMO+2 (B) (26%)
HOMO-5 (3) > LUMO+1 (B) (17%)

Complex 3
506.7 0.086] HOMO-11p) > LUMO (B) (42%)
HOMO-3 (8) > LUMO+1 (B) (42%)
486.9 0.097] HOMO-2o) - LUMO (a) (34%)
HOMO-3 (8) > LUMO+1 (B) (37%)
477.9 0.056] HOMOd) > LUMO+1 () (20%)
HOMO-11 @) > LUMO (B) (35%)
445.8 0.184] HOMO-2o) > LUMO+2 (o) (79%)
420.9 0.141] HOMO-23) - LUMO+3 (B) (95%)
Complex 5
520.6 0.198) HOMO-1o) > LUMO+1 (o) (46%)
HOMO-1 (8) > LUMO+2 (B) (41%)
462.1 0.094| HOMO-2o) > LUMO+2 (0) (69%)
HOMO-2 (3) 2 LUMO+3 (B) (54%)
457.4 0.082] HOMO-3o) > LUMO (o) (44%)
HOMO (o) > LUMO+4 (o) (22%)
447.5 0.075| HOMO-4f) > LUMO+1 (B)
(58%)HOMO-10 g) > LUMO (B)
(18%)
443.9 0.096)] HOMO-3do) > LUMO+1 (o) (17%)
HOMO-4 (@) 2> LUMO+2 (o) (37%)

g-tensor & Oy o
1
3 2.17 2.07 1.99
5 2.16 2.08 1.99




Table 6 One pot conversion of aldehyde to amide using[Ru) (1-5).

Complexes Aldehydes Amides Yiefgso)
1 Benzaldehyde Benzamide 77
Furan2-carbaldehyyd Furan2-amide 86
Cinnamaldehyde Cinnamide 81
2 Benzaldehyde Benzamide 66
Furan2-carbaldehyde Furan2-amide 81
Cinnamaldehyde Cinnamide 80
3 Benzaldehyde Benzamide 84
Furan2-carbaldehyde Furan2-amide 87
Cinnamaldehyde Cinnamide 83
4 Benzaldehyde Benzamide 76
Furan2-carbaldehyde Furan2-amide 65
Cinnamaldehyde Cinnamide 77
5 Benzaldehyde Benzamide 69
Furan2-carbaldehyde Furan2-amide 78
Cinnamaldehyde Cinnamide 75

& Aldehyde 1 mmol, NBOH.HCI (1 mmol) and catalyst (1 mol%) were refluxed
forl8 h in toluene.

b |solated yield after column chromatography
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Fig. 2. EPR spectrum of the ruthenium comp(&xin CH,Cl,/ Toluene.



Fig. 3. The ball and stick diagram of the complex [Rg)¢].(5).
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Synthesis, Structure, Redox Behavior, Catalytic Activity and DFT Study of a
New Family of Ruthenium(l11)-1-(arylazo)Naphtholate Complexes

Madhan Ramesh?, M ani K alidass®, Madhavan Jaccob*®, Dhananjayan K aleeswaran®,

Galmari Venkatachalam*?

* New Family of ruthenium(ll1)1-(arylazo)naphtholate complexes containing
tris-bidentate O,N donors of ligands have been synthesized and characterized.

» DFT calculations are also carried out.

* The effects of substituents on the phenyl ring present in the complexes are
studied.

» Catalytic activities of the complexes are evaluated.



