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Abstract: This article documented synthesis of a Schiff bas&-(benzylthio)-N-{(2-methoxynaphthalene-1-
yl)methylene}benzenamine (HL) by the treatment -@h@yhoxynaphthaldehyde and 2-(benzylthio)anilinea®ion

of this synthesized Schiff base with JRACl, has been investigated, which gave a novel six neeatbPd(Il)
complex (PdLCI) through C,N,S-donor atom of ScHifise. These two newly synthesized compounds were
characterized byH-NMR, FTIR and UV-Vis spectra and structure of #e(ll) complex was confirmed by X-ray
crystallography. The catalyst (PdLCI) displayedsidarable reactivity (up to 99% selectivity and 99r#d) in the
selective oxidation of terminal C=C bond in arybstituted olefin to aldehyde. The method shows dgoodtional
groups compatibility, no ketone byproducts and perationally simple. Time dependent density funwiostudy
(TD-DFT) of representative cyclopalladated comphes been undertaken. The simulated optical speabfutine

complex is in good agreement with the experimeptaiserved spectrum.

1. Introduction

The Schiff base derived C,N,S-palladacycles aredadrtbe interesting classes of palladacycles
due to their relevance as precatalyst in C-C anldet@roatom bond forming reactions [1].
Besides, palladacycles are also utile in opticaohkgion [2] and design of advanced

metallomesogenes [3]. The vast majority of thesmplexes possess anionic four-electron



(bidentate) or six-electron (tridentate) donor ids, with five-membered nitrogen-containing
rings being the most common due to their thermodyoastability [4]. The studies on
cyclopalladation reported till date, reveals thaajonty of palladacyclic species are five-
membered [5]. A scant literature is accessiblehenstynthetic details of C,N,S-palladacycles that
possess a six membered ring.

The Pd(I)/Cu(l) lead oxidation of alkenes to ketzaor aldehyde is a continuation of the
traditional Wacker method, also known as Tsuji-Wackiethod [6]. The Pd(ll) catalyst have
been substantially used till date on oxidationlkéaes and usually they give ketone as the prime
product [7]. Formation of aldehyde is overturnedkieyone, yet in some cases aldehydes are the
major products [8]. Nonetheless, higher selectidtyd yield always have been a matter of
concern. Original Wacker method entails a transitieetal catalyzed oxidation of ethylene to
acetaldehyde in a solvent system eOHum HCI. However, aromatic and high carbon number
alkenes show poor solubility in water and in pregeof HCI, carry out many side reactions [9].
Thus, in current scenario, microwave-assisted ocgaynthesis (MAOS) has received a
considerable recognition with its ability to lesgawssible side reactions and improves the yield
of its outcome. It also minimizes chemical reactiome from hours to minutes. MAOS are more
effective in ionic liquids [10], as ionic liquidsiteract very efficiently in microwaves through
ionic conduction mechanism [11]. Moreover, ioniquilds are excellent substitute to various
possible “green” solvents in catalytic and othesgible reactions.

In this study, details on synthesis of a Schiffeb@dL) from 2-methoxynaphthaldehyde
and 2-(benzylthio)aniline and its cyclopalladatesmplex (PdLCI) from Pd(ll) ions has been
reported. The overall study reveals formation déss common six membered cyclopalladated

complex. This complex was used as a catalyst imawiave-promoted selective oxidation of



substituted styrenes to aldehydes. The reactions pexformed in [omim]BFH,O medium and
ammonium peroxosulfate was used as an oxidant,hwdnoids the use of Cu(l). The reaction

offers excellent yield, and useful in terms of stiaty towards aldehyde, up to 99¢6cheme

1).
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>99% selectivity
upto 90% vyield

Scheme 1: Oxidation of terminal alkene

2. Results and Discussion

The synthesis of ligand, HL involves the condemsabf 2-(Benzylthio)aniline and 2-
meyhoxynaphthaldehyde in absolute methanol as tegban theScheme 2. The ligand, HL is a

yellow solid, stable in air and soluble in mostamig solvents.
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Scheme 2. Synthesis of ligand, HL

The reported Pd(Il) complex was achieved from thetlesized ligand by reaction
between NgPdCl, and HL in a 1:1 molar ratidcStheme 3), obtained as an orange crystal. Both
these synthesized compounds were characterized\byig] FT-IR, 'H-NMR, and elemental
analysis. Molecular structure of the Pd(ll) compleas established by the single crystal X-ray

diffraction technique.
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Scheme 3. Synthesis of Pd(ll) complex, PdLCI

The FT-IR spectrum for this ligand shows a peala dtequency of 1618 chmand it
confirms the formation of an azomethine group (>6=Nhe strong peaks at 1462 ¢and 749
cm® are attributed to C=C and C-S respectively. Theesum of the complex however, exhibits
a band at 1601 cfnfor U(C=N) and shifted by 17 chcompared to corresponding band of the
ligand, indicating the co-ordination via nitrogetora of azomethine moiety. Moreover, C-S
band is also shifted from 741 €nsompared to the ligand and gives evidence ofdtsdination
via sulfur atoms [12].

The 'H-NMR spectra of the ligand and complex disclodes formation of Pd-N, Pd-S
and Pd-C bonds. The ligand exhibits a singlet @&k9.24 ppm for the imine proton (N=CH).
The aromatic (Ar—H) protons appearsat.2—7.9 ppm, the benzylic protons (PhHppear as a
singlet ats 4.19 ppm and methoxy protons (O-§JHive a singlet aé 4.0 ppm. However, the
'H-NMR spectra of Pd(ll) complex shows an up fiehiftsof the singlet peak for the imine
proton. The shift occurs due to the N-coordinatbpalladium (Pd-N) and appearsée®.6 ppm.
Besides, one doublet peak néat.6 ppm, correspond to aromatic (Ar—H) protonsissing and
a slightly downfield shift of benzylic protons (PHE) atd 4.2 ppm reveals the coordination of

palladium through C (Pd-C) and S (Pd-S) [13].



The electronic spectra of the ligand and the complere investigated in acetonitrile
solution at 18 M concentration. The spectral observation of thard, HL shows bands at 254,
320, 345, and 376 nm. We ascribe these bands as-tfidransitions in phenyl ring and n*
transitions of the imine moiety. The Pd(ll) compkhows peaks at 230, 280, 321, 367, 451, and
473 nm. For the complex, the bands that appedrendgion 230-376 nm are attributed to-a
7* and n-* transition within the ligand, and the other bamrgpeared in 451-473 nm are due to

the fusion of LMCT and ILCT transition [14].
2.1. X-ray crystallography

The crystal of Pd(ll) complex was collected by gsthiffusion recrystallization technique
through slow diffusion of hexane into DCM solutidtrospective view of the molecular structure

of the complex is shown iRigure 1.

Figure 1. Molecular structure of the Pd(ll) complex, showith 30% probability ellipsoids

The Pd(Il) complex crystallizes in the orthorhombgace group P2(1)2(1)2(1) and it
contains one molecule in the asymmetric unit. Thestallographic evidence substantiate the
spectroscopic results. It reveals that, the comgasiconsisted of a Pd(Il) metal ion arranged in

a distorted square-planar environment. The metahas surrounded by N, S, and C atom from



the Schiff base ligand (HL) and one -Cl atom. Coragao our earlier reported Pd(ll) complex
[12], the 2-position of the naphthalene ring isdiled by one methoxy group, leading to the
coordination of Pd metal center via C-H activatimn8" position. As a result, the complex
formed is a six member palladacycle, which is rarease of N containing ligand. In general, the
metallated CY-type palladacycles (anionic four-gfmet donor) are preferably stable five
member rings. Reports on other six-member palladasyfrom the Schiff bases are very few,
and in most cases, the metallated carbondsis@ CH group. Only two previous cases verify
the presence of a metallated aromatic)(sarbon atom, included in a polyaromatic systems,
such as perylene [15] as well as, an endocycliem@rmbered cyclopalladated imine derived
from anthracene [16]. The formation of a six memideg via tail of the ligand is usual where
the ligand has electronegative atoms like phosghooxygen etc. But, formation of a six
membered ring by C-H activation at peri positioraafaphthalene ring including C=N within the
ring is not explored. Presence of a softer sulfuthie co-ordination sphere may strengthen the
binding of the ligand to the palladium center, tesg in the formation of a stable six membered
ring. All important bond lengths and bond angleshaf complex are given ihable 1. The Pd—

S, Pd—N, and Pd—C bond lengths are 2.013(4), 2(33%3and 2.3444(12). The bite angles
C(51)—Pd(1)—N(1), C(51)—Pd(1)—CI(1), N(1)—Pd(1)—$(and CI(1)—Pd(1)—S(2) are
90.89(19), 94.36(15), 85.24(11) and 89.49(5) rebypedy. The Pd, N, S, and C (coordinated)
atoms lie in same plane. Again, angles for N(1)-2pe{CI(1) and C(51)—Pd(1)—S(2) are
171.51(12) and 176.5(13) confirms that geometrsiightly distorted square planner. It should,

however, be noted that the benzyl moiety of thari@lies perpendicular to the plane.

Table 1. Selected bond lengths (A) and bond angles (Pét{tl) complex, PdLCI

Bond lengths Expt Calc Bond angles Expt Calc

Pd(I—N(1) 2.013(4) 2.08 C(51—Pd(1—N(1) _ 90.89(19) 92.1¢




Pd(1—S(2) 2.3893(13] 2.47 C(51—Pd(I—CI(1)  94.36(15 95.17
Pd(1—CI(1) 2.344412) 2.3¢ N(1)—Pd(1—ClI(1) 171.51(12 169.0:
Pd(1—C(51) 2.000(5 2.01 C(51—Pd(1—S(2]  176.13(16 175.4¢
S(2—C(1) 1.766(5 1.7¢ N(1)—Pd(1—S(2) 85.24(11 84.0(
S(2—C(17) 1.841(5 1.87 Cl(1)—Pd(1—S(2) 89.49(5 88.9¢
O(1}—C(9) 1.357(6 1.3€ C(1—S(2—C(17 101.0(2 104.3¢
o(1}—C(24 1.444(6 1.4z C(17—S(2—Pd(1  104.40(18 107.1;
N(1)—C(7) 1.302(6 1.3¢

N(1)—C(6) 1.439(6) 1.42

C(6)—C(1) 1.399(7 1.41

C(7)—C(8) 1.426(7 1.4z

C(13—C(8) 1.432(7 1.44

C(13—C(51 1.447(7 1.4z

2.2. Computational Study

The molecular geometry of the palladium complexuity optimized in the gas phase
employing DFT based B3LYP method along with thel&3 basis set for lighter atoms (H, C,
N, O, S and CI) and LanL2DZ for heavier atom (Rd). The calculated bond distances and bond
angles along with the corresponding experimenttd dee listed inTable 1 and the optimized
structure of the complex is shownhkigure 2. The theoretically calculated structural parameters
of the Pd(Il) complex are very similar to thoseridun crystal, indicating a substantial stability
of the complex even inside the crystal lattice. TiH2-DFT method is used to calculate the

electronic absorption spectra of the complex uridersame basis set. The charge distribution

analysis is carried out by Natural Bond OrbitalB@®) analysis.

Figure 2. Optimized structure of the Pd(Il) complex, PdLCI



2.3. Chargedistribution

The charge distribution analysis is an importandl tto elucidate the pattern of electron
delocalization from ligand to complex. In the ligaHL, the charges on N and S are obtained as -
0.454 e and 0.241 e respectively. However, on cemfidrmation, the negative charge on N
reduces to -0.449 e and the positive charge orrg@ases to 0.429 e. The charge on Pd is found
to be 0.212 e which is much lower than its forntedrge of +2. All these results confirm that, the
ligand transfers its negative charge to the Pd Innetaomplex formation. In free Pd(ll) state, the
population of 4¢, 4d, 4d,,, 4d>,”and 4d”orbitals are 1.999, 1.999, 1.999, 1.4986 and 0e499
respectively. But on complex formation, the popolaton 4dy, 4d., 4d, 4d’,” and 4¢°
orbitals changes and attains a value of 1.97651.9806, 1.268 and 1.941 e respectively. It is
clearly visible that the population is slightly teetd in 4¢%,* orbital and it has increased in 2d
orbital upon complex formation. The population loé remaining three orbitals are less affected

on interacting with the metal (Pd).
2.4. Absorption spectraand Frontier Molecular Orbital

The electronic absorption spectrum was calculateshguthe TD-DFT method in
acetonitrile solvent employing the PCM model aslengented in the Gaussian 09W programs.
The calculated and the experimental absorption, dd@MO-LUMO energy gaps, and the
character of electronic transitions are listed able 2. The HOMO-LUMO transition for the
complex is found to possess ILCT character. Two Nllifansitions at around 412 and 374 nm
has been observed which correspondsd@d—n*(L) transfer. A few LLCT transitions for
PdLCI complex at around 360 and 358 nm can be regitp the R(Cl)—n*(L) transition. This
is however in good agreement with the experimetiddh. The high energy absorptions of the

complex that occur in a range between 228-279 mmespond to the ILCT character, ile>n*



transitions. The UV-Vis spectra based on TD-DFTcalations is seen to be in good agreement
with the experimental graph (Figure 14 ir).SI

Table 2. Electronic transitions calculated by the TD-DFTIB® method and experimental absorption bands of

Pd(Il) complex, PdLCI

The most important A(nm) E (eV) f Character Experimental
orbital excitations A (nm)
HOMO—LUMO 461.11 3.02 0.1912 LigaréLigand(ILCT) 473,451
HOMO-1-LUMO 412.45 3.13 0.0112 PdfelLigand(MLCT/LLCT)

HOMO-1-LUMO+1 374.03 4.55 0.0191 Pd/SlLigand(MLCT/LLCT)

HOMO-3—-LUMO 360.35 3.60 0.0276 €lLigand (LLCT) 367
HOMO-2—LUMO 358.31 3.60 0.0819 ¢€lLigand (LLCT)

HOMO-6—LUMO 320.86 4.37 0.0265 LigandLigand(ILCT) 321
HOMO—LUMO+2 315.98 4.33 0.0258 LigarelLigand(ILCT)
HOMO-10—LUMO 28485 494 0.0017 Pd/LiganeLigand(MLCT/ILCT) 280

HOMO-1-LUMO+2 283.26 4.73 0.0036  Pd/Lligane_igand(MLCT/ILCT)
HOMO—LUMO+3 279.37 4.73 0.0203 LigareLigand(ILCT)
HOMO-14-LUMO 230.31 5.72 0.0132  LiganrdLigand(ILCT) 230
HOMO-5-LUMO+3 228.04 5.83 0.0930 Ligandligand(ILCT)

The HOMO-LUMO energy gap is known to be a good meador the chemical
reactivity and kinetic stability of a molecule. Malle with a lower HOMO-LUMO gap can be
excited easily and thereby enhances the reactifithe molecule. The higher energy gap leads
to kinetic stability but less reactivity. The prasework reports the comparison of our
synthesized complex PdLCI with the earlier repofelcomplexes? and3 (Figure 3). Thus,
we would like to compare its kinetic stability acldemical reactivity in terms of HOMO-LUMO
energy gap and to further compare their composititbmolecular orbitals. The structure of
complex2 and3 is almost similar; hence we compare PdLCI with ¢benplex2. The HOMO-

LUMO energy gap for PALCI and compl&are found to be 3.02 and 3.23 eV respectively



(Figure 4). It is evident that the energy gap is slightlgddor PdLCI complex indicating its
enhanced reactivity over the compxrom the % contribution of molecular orbital aysa¢ as
shown in Table 1 of Supplementary Information,sitciearly visible that for compleR and
PdLCI, most percentage of HOMO as well as LUMOadsalted on the ligand itself. But for
HOMO-1 level in PdALCI, the maximum percentage (ab#lfo) of molecular orbital is located

on the metal, whereas similar pattern has not beeauntered for the compl&x

Figure 3. Structure of three Pd cataly&t(PdLCl),2 (Ref.12) andB (Ref.17)
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Figure 4. HOMO-LUMO energy gap comparison of PdLCI and corre

2.5. Catalytic Activity study

The PdLCI complex mediated transformation of teahwiefin to aldehyde is performed
on various substituted styrene in microwaVvel{le 3). The reaction condition is standardized by
performing a series of experiments with various/aols, oxidant and catalysts. The optimized
reaction conditions and the results for oxidatiérstyrene are shown ifable 4. TheTable 5

however monitors the optimum microwave parametettfe reaction.

Table 3. Oxidation of terminal olefin to aldehyde catalyzsdPd(ll) complex in [bmim]BEH,0-(NH4),S,0q
system

Pd(Il) complex,
X Ammonium peroxosulfate A
V&~ [bmim][BF,4]-H,O I F
R MW, 15 min R




Entry Substrat Produc Yield
1 X 0 90
o T
2 /@/\ o 86
Cl CI/©/\H’//
3 X 0 86
¢ R
Cl cl
4 @\ o 82
5 /@/\ o} 82
6 /@/\ o] 91
7 /@/\ o 85
H3CO Hscom
86

)
/§
E/

: @]

Table 4. Optimized reaction condition for conversion ofretye to 2-phenyl acetaldehyde

A Catalyst,Oxidant 20
Solvent, MW +



Sl. Catalyst Oxidant Solvent Yield (%) Yield (%)
No. a b
1 PdLCI (NH,),S;0s DMF 35 10
2 PdLCI (NH,)>S0s CH;CN 38 25
3 PdLCI (NH,),S;0s NMP 48 40
4 PdLCI (NH,),S;0s DMSO 55 32
5 PdLCI (NH),S,04 [bmim]BF4-H,O 90 Trace
6 2 (NH,)2S,04 [bmim]BF,-H,O 83 10
7 3 (NH,),S,05 [bmim]BF,-H,O 81 12°
8 PdLCI (NH,),S,0¢ [bmim]BF, 70 25
9 PdLCI (NH,)2S;0s [bmim]Br 58 32
10 None (NH),S,0g [obmim]BF,-H,O - -
11 PdC} (NH,)2S0s [bmim]BF,-H,0O 50 30
12 Pd complex Benzoquinone [bmim]BH,O 40 56
13 Pd complex K0, [bmim]BF,-H,O 35 31

3hsolated yield.Reaction condition: 1 mmol styrene, 0.5 mol% Pd¢mplex, 10 ml [bmim]BEH,0, 1.5 mmol ammonium
persulfate80 W,70C, 15 min.The significance of bold values shows the optimizsattion conditions for styrene.

Table 5. Optimized microwave parameter for conversion ofestg to 2-phenyl acetaldehyde

Entry MW (W) T (C) Time (min) Yield (%)

80 70 5 45

2 80 70 10 67

3 80 70 15 90

4 80 100 15 82

5 80 50 15 75

6 10C 70 15 89

7 4 70 24h 73

Plsolated yield ‘Conventional heating (open vessel reflux condition)

The reported reaction was performed depending ghehiloss factors [11] for some
common organic solvents that follows the trend foigiF,> DMSO> NMP> DMF> CHCN.
The solvent screening showed that, DMF and aceitienieads to an incomplete conversion of
olefin and the outcome obtained is a mixture okehidle and ketone. When treated in NMP
solvent, the styrene showed good conversion hoffets the aldehyde and ketone in almost 1:1

ratio. DMSO however gives approx. 3:2 ratio of algde and ketone. Then we performed the



same reaction with ionic liquid, [omim]BFand we observed that a pure [bmim}Bsolvent
increases the selectivity towards aldehyde with iaimum amount of ketone. However,
increasing the water content in the solvent, atti@ 10f 6:1 subsequently led to higher selectivity
towards aldehyde formation. The maximum selectighgerved is ~99% when [bmim]BH,0
ratio is 2:1.

The miscibility of ionic liquid with water is strgty dependent upon the nature of
counter anion. [bmim]BFwas selected for this study since it has an eswelniscibility with
H,O. The method avoids the use of any acid as antiegldiontrary to the classical Wacker
process. This may be due to the hydrolysis of Bferating HF during the reaction, which may

act as the acid source [9]. The chemical struatifebmim]BF, is presented ifigure5.

Figure5. Structure of [bomim|BE

The optimization of a suitable oxidant in this @t shows that, ammonium persulfate
in presence of a transition metal is a very googher source. Presence of ammonium persulfate
led to avoid the use of Cu(l) necessitate to cotepiee catalytic cycle. The reaction remained
incomplete when performed with,8,. However, benzoquinone showed a very good cororersi
of styrene although discarded due to equivalenturexof aldehyde and ketone.

The Pd center has a notable effect on this catatgtnversion as the reaction stops in its
absence. The use of the salt, Bd€ihances the reaction significantly, accompangingure of
keto derivatives. However, the Pd metal complexseésmed to be extremely selective. The

synthesized Pd complex, PdLCI trigger the progreésthe reaction unlike Pdgl The



accumulation of electrons surrounding the Pd-ceintim S, N atom of the ligand increases the
efficiency of the complex as a catalyst. The highctivity and selective nature of this complex
leads to the significant yield of aldehyde in alin®8%. To understand, whether this selective
nature is solely the property of our synthesizeahglex, PdLCI, or all pd-complexes follow the
same behavior, we performed the reaction with agavipusly reported Pd Complexes[12]
and3 [17] (Figure 3) maintaining others parameters as constant. Teereation showed that,
other two complexes are also effective towards itgahoxidation, though leads to a significantly
lower vyield along with ketone as minimum by-produ€he anomaly in reactivity of these
complexes has been established by FMO, HOMO-LUME&rgngap. One of those structurally
variant complexes was taken as a model and congnaainvestigation was compared with our
newly reported complex, PdLCI. The lower energy gapomplex PdLCI leads to lower kinetic
stability enhancing its reactivity. Moreover, Pdhtte of the complex, PALCI| accumulates more
electron cloud (41%) in HOMO-1 level compared te tither one (11%) which is another reason
of higher reactivity.

Table 3 explains that the reaction is tolerant to a raofysubstituent from donating to
highly withdrawing (-NQ) group. However, there is a little effect of suognt towards isolated
yield, except highly withdrawing -N£Osubstituent lowers the yield substantially. Oxigiatof 1-
phenyl-1,3-butadiene was also performed to exantie selectivity of the catalyst toward
oxidation of terminal double bonds.

The plausible mechanisnSgheme 4) involves PdLCI as a catalyst. T nature of
styrene acts as a pseudo-diene to formmthealladium intermediate followed by nucleophilic
attack of HO [18]. This n*-interaction between the palladium and substratpam@mtly

contributes to the anti-Markovnikov behavior. Th&palladium intermediate offer desired



aldehyde and releases HPdL to the solution. Thie &dectivity towards aldehyde formation is
probably due to the favorable path A. The catalgtcle of Pd is completed in presence of

oxygen from ammonium persulfate; Hom hydrolysis of BE, and HCI from the solution.

=
H,0
LPdCI
+
HCl + 1,0, + H
(NH,4S,0g) (Hydrolysis .
of BF,) HO < _
PdL PdL | ¢l
HPdL <
B e
B
0 oH A H,0
H (<PdL
HCI

Scheme 4. Plausible reaction mechanism

Thus, we have seen that our synthesized palladadydLCl is more selective compared
to readily available Pd-complexes. Many synthetacpsses accompany limitations of moderate
aldehyde selectivity, requirement of hetero polgami stoichiometric palladium [18a]. In some
cases, they are restricted to activated olefirad, i) olefins containing a chelating group located
at an appropriate position, such as a heteroatoraneaturation, in order to result in the
regioselectivity [7c]. The advantage of our methedit minimizes these limitations under a
greener approach which avoids use of any acid. Mewaeise of catalytic amount of Pd (0.5

mol%) limits toxic metal wastes with enhanced reglectivity towards aldehyde.



3. Conclusions

Here, we have reported a new cyclometalated conipleactivating the inert C-H bond,
and presented a combined experimental and thealrsticdy. We have validated the DFT results
of Pd complex through crystallographic confirmatiohstructural calculations. The complex
formed is a new six membered palladacycle, haviigiptyy distorted square planar geometry.
TD-DFT calculation is used to elaborate the elegtrstructure and to provide band assignments
in UV-Vis spectra of the complex. The Pd(ll) complshows effective catalytic behavior
towards selective oxidation of terminal alkenesaldehyde by a microwave assisted Wacker
oxidation method. The reaction is efficient in termon-hazardous solvent selection, high yield

and selective conversion to aldehyde almost u®%.9

4. Experimental Section

4.1. Experimental Details

41.1. Materials

All chemicals were used without further purificatio2-Methoxynaphthaldehyde and
Sodium tetrachloropalladate were purchased froma AMesar. 2-(Benzylthio)aniline were
prepared by reported method [19]. Solvent used w&tea pure grade purchased from Merck

India and were dried according to the reported galace [20].

4.1.2. Methods



The infrared spectra of the ligand and complexesewecorded with FT-IR-3000
Hyperion Microscope (Bruker, Germany). Elementadlgses were performed on a Flash 2000
Thermo Scientific instrumentH NMR spectra of the ligand, Pd(ll) complex and stithted 2-
phenylacetaldehyde were performed on Mercury-4080 3NM-ECS400 spectrometer using
CDCl; as solvent. The electronic spectra of the compowete carried out with Cary 100 Bio

UV-visible spectrometer in acetonitrile solvent.

4.2. Synthesisof Ligand, HL

2-(Benzylthio)aniline (0.215 g, 1 mmol) and 2-meyioaphthaldehyde (0.186 g, 1
mmol) was dissolved in methanol separately. Thenthe methanolic solution of 2-
(Benzylthio)aniline, solution of 2-meyhoxynaphthathyde was added drop wise with continuous
stirring. The resulting solution was stirred undeftux (60 °C) condition for 2 h. Color of the
solution changed to dark yellow. Progress of tlactien was monitored by TLC. The solution
was kept in 0 °C; after 2-3 days a yellow crystalproduct was formed. Filtered off the product
and washed with 25% methanol and dried in vacuudif {drr). Yield was almost quantitative.
M. P: 190 °C. Elemental analysis calculated fogsKz:NOS): %C 78.3, %H 5.52, %N 3.65, %S
8.36, %0 4.17; found: %C 77.98, %H 5.81, %N 3.75 8644, %0 4.30. FT-IR (KBr, cf):
1618, 1531, 1432, 1315, 1158, 1062, 748NMR (CDCls, 400 MHz):8 9.24 (1H, s, CH=N),
7.07-7.96 (15H, m, Ar-H), 4.189 (2H, s, -SEH 4.00 (3H, s, -OCH). UV-Vis [CHsCN, Ama

NM Emax LMol em™)]: 254 (36231), 320 (18720), 345 (16450), 376 @h)nm.

4.3. Synthesisof Pd(I1) complex, PdLCI



A solution of ligand (0.191 g, 0.5 mmol) in 10 mE methanol was slowly added in a
dropwise manner to a solution of RaCl, (0.147 g, 0.5 mmol) in 10 mL of methanol. The
resulting reaction mixture was stirred under refaondition for 1 h, and kept at 0 °C. After a
couple of days, an orange precipitate formed werdid off and recrystallized from DCM and
hexane. The orange red needle like crystals seit@inlsingle crystal X-ray diffraction analysis
was washed with 25% methanol-water solution feess times to remove impurities and dried
under vacuum (Idtorr) (Purity was checked by TLC). Yield 72%; MP:380 °C. Elemental
analysis calculated for ggH2CINOPdS): %C 57.26, %H 3.84, %N 2.67, %S 6.11, %0%;3
found: %C 57.36, %H 3.60, %N 2.55, %S 5.96, %0 3EH4IR (KBr, cni’): 1601, 1516, 1447,
1378, 1158, 1062, 741H-NMR (CDCl;, 400 MHz):5 8.61 (1H, s, CH=N), 7.01-8.40 (14H, m,
Ar-H), 4.27 (2H, s, -SCH), 4.14 (3H, s, -OCK). UV-Vis [CHsCN, Amax NM Emax, Lmolcm

]: 230 (38450), 280 (18750), 321 (6723), 367 (34261 (7891), 473 (9750).

4.4. Crystallography

X-ray diffraction experiment was carried out witlBeuker APEX-Il CCD diffractometer
for the Pd(ll) complex using graphite monochromatmtKalpha radiation (I ¥4 0.71073_A, u-
scans) at 100 K temperature. Structure was detedhby using SHELXS-97 program [21]. Cell
measurement and data reduction were done by Br&&dNT [22]. Multi-scan method
(SADABS) was used for absorption corrections [2RJl matrix least-squares on’ Rere
performed using the SHELXS-97 program. All non-Hormat were refined in anisotropic
approximation using reflector with 152(1). Crystal data and structure refinements ofllpd(

Complex are given imable6.

Table 6. Crystal structure and structure refinement detdithe Pd(Il) complex , (PdLCI)



Compound

Pd(Il) complex

CCDC entry no. 1428239

Empirical formula Cys Hy o CINOPd S

Formula weight 524.33

T (K) 100(2)

A (A) 0.71073

Crystal system Orthorhombic

Space group P2(1)2(1)2(2)

Unit cell dimensions

a@) 9.5822(3)

b (A) 11.3805(3)

c A) 18.9062(5)

a (®) 90.00

B () 90.00

v 90.00

V (A% 2061.73(10)

z 4

Dearc (Mg/n?) 1.689

u (mm?) 1.149

F(0O00) 1056.0

Crystal size (mr) 0.36 x 0.14 x 0.13

0(°) 2.38-26.02

Index ranges -10<h<11
-14<k<14
-21<1<22

Reflections collected 8880

Independent reflections (B 4069(0.0407)

Completeness (%) 1.72/0.98

Absorption correctio

Max and min transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on ¥

Final R indices [1>8(1)]

R indices (all data)

multi-scan(SADABS)

0.8199 and 0.6825

Full matrix least-squares orf F
4069/0/272

1.138

R1=0.0347, wR2=0.0826
R1=0.0402, wR2=0.1053

Largest difference in peak and hole(®A 0.631/-1.253

4.4. Computational method

All computational studies were performed by usingu&sian 09W [23]. Full geometry
optimizations of the ligand and palladium complexrevcarried out using the density functional
theory based B3LYP method and with basis set 6-81%(for all 2° row elements and
hydrogen and LanL2DZ basis set for Pd. TD-DFT dalkon for singlet-excitations in

acetonitrile and the calculation of vibrational sfpem of the complex in the gas phase were



performed by using the same basis set. The chasgebdtion analysis was carried out by
Natural Bond Orbital (NBO) analysis [24]. The pertage composition of the molecular orbital

analysis was done by Chemissian software packdge [2

4.5. Catalytic activity studies

45.1. Microwave assisted palladium complex catalyzed selective oxidation of terminal

olefin to aldehyde

To a homogeneous solution of Pd(ll) complex (0.9%)oin 10 ml [bomim]BR-H,O
(2:1), substituted styrene (1 mmol) was addedptadid by ammonium persulfate (1.5 mmol) as
oxidant were taken in glass tubes, sealed and gliacthe cavity of microwave apparatus. Then
set parameters are as follows: microwave irradigtiower 80 W, increasing time 5 min, target
temperature 70 °C, standing time 15 min, standamgperature 70 °C. A maximum irradiation
power of 80 W and 70 °C were applied for 15 minteAfthe temperature reached 70 °C, the
instrument was automatically adjusted to maintasoastant temperature. After completion of
the reaction (monitored through TLC), the reactimmture was cooled to room temperature then
diluted with 2x10 ml water, then extracted with ydtlacetate and dried over p&Oy. The
resulting solution was concentrated under vacuumodit was further purified by

chromatographic separation with a mixture of ethgdtate:hexane (1:10).

Acknowledgements

The authors gratefully acknowledge Tezpur Univgrsitezpur and |IT Bombay,

Mumbai, IIT Guwahati, Guwahati for spectral and lgtieal data. Also, thanks to Director of



NIT, Silchar, for financial assistance (K. S andDy. A. K. Chandra thanks Computer center

NEHU, for computational facilities.

Keywords: Schiff Base * Six membered Palladacycle « TD-DFUd$te Olefin Oxidation e

MAOS

References

[1] (a) K. Karami, N. Rahimi, C. Rizzoli, Polyhedron $2013) 133-137; (bH.X. Wang, H.F. Wu, X.L.
Yang, N. Ma, L. Wan, Polyhedron 26 (2007) 3857-3862) K. Gopi, P. Saxena, M. Nethaji, N.
Thirupathi, Polyhedron 52 (2013) 1041-1052; (d)Sthha, D. Bandyopadhyay, A. Chakravorty, Inorg.
Chem. 27 (1988) 1173-1178; (e) P. Wadhwani, D. Bapddhyay, Organometallics 19 (2000) 4435-
4436; (f) A. McNally, B. Haffemayer, B.S.L. Collingv.J. Gaunt, Nature 510 (2014) 129-133; (g) J.
Dupont, C.S. Consorti, J. Spencer, Chem. Rev. ZOBY) 2527-2571; (h) J. Dupont, M. Pfeffer, J.
Spencer, Eur. J. Inorg. Chem. 2001 (2001) 1917-1927

[2] J.S.L. Yap, H.J. Chen, Y. Li, S.A. Pullarkat, Pll¢ung, Organometallics 33 (2014) 930-940.

[3] M. Curic, D. Babic, A. Visnjevac, K. Molcanov, InprChem. 44 (2005) 5975-5977.

[4] (@) X. Riera, C. Lopez, A. Caubet, V. Moreno, X.&8ws, M.J. Font-Bardia, Inorg. Chem. 2001 (2001)
2135-2141; (b) F. Raoof, M. Boostanizadeh, A.R. &silbbeig, S.M. Nabavizadeh, R.B. Aghakhanpour,
K.B. Ghiassi, M.M. Olmstead, A.L. Balch, RSC Adv.(8015) 85111-85121; (c) C.S. Consorti, G.
Ebeling, F. Rodembusch, V. Stefani, P.R. LivottoReminger, F.H. Quina, C. Yihwa, J. Dupont, Inorg.
Chem. 43 (2004) 530-536.

[5] M.T Chen, C.A Huang, C.T Chen, Eur. J. Inorg. Ch2608 (2008) 3142-3150.

[6] (&) J. Tsuji, Synthesis 1984 (1984) 369-384; (H).CCornell, M.S. Sigman, Org. Lett. 8 (2006) 4117-
4120; (c) K.M. Gligorich, M.S. Sigman, Chem. Commw@®09 (2009) 3854-3867; (d) P. Teo, Z.K.
Wickens, G. Dong, R.H. Grubbs, Org. Lett. 14 (203237-3239.

[7] (a) Q. Cao, D.S. Balilie, R. Fu, M.J. Muldoon, Greggmem. 17 (2015) 2750-2757; (b) G. Zhang, X. Xie,

Y. Wang, X. Wen, Y. Zhao, C. Ding, Org. Biomol. Ghe 11 (2013) 2947-2950; (c¢) J. Muzart



Tetrahedron 63 (2007) 7505-7521; (d) R.J. DeLudda,Edwards, L.D. Steffens, B.W. Michel, X. Qiao,
C. Zhu, S.P. Cook, M.S. Sigman, J. Org. Chem. T332 1682-1686; (e) M.G. Kulkarni, S.M. Bagale,
M.P. Shinde, D.D. Gaikwad, A.S. Borhade, A.P. DhgedS.W. Chavhan, Y.B. Shaikh, V.B. Ningdale,
M.P. Desai, D.R. Birhade, Tetrahedron Lett. 50 @08893-2894; (f) G.J. ten Brink, I.W.C.E. Arends,
G. Papadogianakis, R.A. Sheldon, Chem. Commun. 19988) 2359-2360; (g) B. Morandi, Z.K.
Wickens, R.H. Grubbs, Angew. Chem. Int. Ed. 52 @01-5.

[8] J. Guoa, P. Teo, Dalton Trans. 43 (2014) 6952-6964.

[9] ILA. Ansari, S. Joyasawal, M.K. Gupta, J.S. YadavGree, Tetrahedron Lett. 46 (2005) 7507-7510.

[10] (a) R. Singh, D.S. Raghuvanshi, K.N. Singh, Orgtt.L£5 (2013) 4202-4205; (b) N. Singh, R. Singh,
D.S. Raghuvanshi, K.N. Singh, Org. Lett. 15 (20948y4-5877.

[11] C.O. Kappe, Angew. Chem. Int. Ed. 43 (2004) 625842

[12] K. Sarma, N. Devi, M. Kalita, B. Sarma, P. BarmanCoord. Chem. 68 (2015) 3685-3700.

[13] T. Bhattacharjee, M. Kalita, D. Chakravarty, P. Ban, V.G. Puranik, J. Coord. Chem. 67 (2014) 1702-
1714.

[14] M.S. Jana, A.K. Pramanik, T.K. Mondal, Polyhedrd@(2014) 29-35.

[15] S. Lentijo, J.A. Miguel, P. Espinet, Dalton Tran§.(2011) 7602-7609.

[16] J. Zhou, Q. Wang, H. Sun, Acta Crystallogr. SectStuct. Rep. Online 64 (2008) m688-m688.

[17] M. Kalita, P. Gogoi, P. Barman, B. Sarma, A.K. Byohain, R.D. Kalita, Polyhedron 74 (2014) 93-98.

[18] (a) J.A. Wright, M.J. Gaunt, J.B. Spencer, Chemr.-Bu 12 (2006) 949-955; (b) J. Guo, P. Teo, Dalton
Trans.43 (2014) 6952—6964.

[19] Q.X. Shi, R.W. Lu, Z.X. Zhang, D.F. Zhao, Chin. @helLett. 17 (2006) 1045-1047.

[20] D.D. Perrin, W.L.F. Armarego, Purification of laladory Chemicals, 3rd ed., Pergamon, New York,
1988.

[21] (@) G.M. Sheldrick, Acta Crystallogr. A. 64 (200&8)12-122; (b) G.M. Sheldrick, SHELXS-97 and
SHELXL-97, Fortran Programs for Crystal Structuduiion and Refinement, University of Gottingen,
Gottingen, Germany, 1997.

[22] SMART, SAINT and SADABS; Bruker AXS Inc., Madisowisconsin, USA 2007.



[23] (a) M.J. Frisch et al., GAUSSIAN 09, Revision C.@aussian, Inc., Walling-ford, CT 2009; (b) A.D.
Becke, J. Chem. Phys. 98 (1993) 5648-5652; (c)€e, W. Yang, R.G. Parr, Phys. Rev. B37 (1998) 785-
789; (d) E. Cances, B. Mennucci, J. Tomasi, J. CHeimys. 107 (1997) 3032-3041.

[24] A.E. Reed, L.A. Curtiss, F. Weinhold, Chem. Rev.(8888) 899-926.

[25] L. Skripnikov, Chemissian v4. 36, A computer prograo analyse and visualize quantum-chemical

calculations, 2015.



Highlights

* The complex formed is a new six membered palladacycle, having slightly distorted
square planar geometry.
* The eectronic absorption spectrum of the complex was calculated using the TD-DFT

method in acetonitrile solvent employing the PCM model as implemented in the Gaussian
09W programs.

e The Pd(Il) complex shows effective catalytic behavior towards selective oxidation of
terminal alkenes to aldehyde by a microwave assisted Wacker oxidation method.

* The reaction is efficient in terms non-hazardous solvent selection, high yield and
selective conversion to adehyde almost up to 99%.



