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Abstract 

At room temperature disodium tetrachloropalladate activates the C2(naphthyi)-H, 

C3(naphthyl)-H and C8(naphthyl)-H bonds present in the group of naphthylazo-i

hydroxyarenes (H2L) in aqueous ethanol medium. In presence of neutral Lewis bases 

(B) monomeric cyclopatladates [PdL(B)] were isolated. Activation of both C2(naphthyl)-
, I 

H and C8(naphthyl)-H bonds of l-(2 -hydroxynaphthylazo )naphthalene (H2L ) has been 

realized. Structures of both the cyclopalladates have been determined by single crystal X

ray diffraction method. In both the isomers the naphthylazonaphtholate is coordinated to 

palladium(II) as a dianionic terdentate C,N,O-donor and Lewis base B occupies the 

fourth position in the coordination sphere. In the peri-palladate a five-membered 

carbopalladacycle and six-membered azonaphtholato chelate rings are present whereas 

the ortho-palladate contains five-membered carbopalladacycle and azonaphtholato 

chelate rings. Regiospecific C2(naphthyl)-H bond activation has been achieved in the 
' 2 case of 1-(2 -methoxynaphthylazo )naphthalene (HL ) at room temperature. 

Cyclopalladate [Pd2(e)2Cb] has been isolated and its structure has been determined by 

single crystal X-ray diffraction. Cyclopalladate [Pd2(L2)zCI2] reacts with thallium(!) 

cyclopentadienide and yields [Pde(Cp)], where both a- and n- palladium(ll)-carbon 

bonds exist. On the other hand, only C3(naphthyl)-H bonds of 2-(i

hydroxyarylazo )naphthalenes (H2e and H2L 4) have been found to be activated by 

palladium(II). All the cyclopalladates have been isolated in pure form and characterized 

on the basis of their spectral data. All of the cyclopalladates absorb strongly in the 

ultraviolet and visible region. The Time-dependent density functional theory (TDDFT) 

calculation has been undertaken for better understanding of the electronic structure and 

nature of the spectral transitions. The TDDFT calculations reveal that the high energy 

and low energy absorptions are predominantly due to intraligand 1t-1t* and metal-to

ligand charge-transfer transitions. The simulated spectra of cyclopalladates are m 

agreement with the experimental electronic spectra. 
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11.1 Introduction 

Transition metal mediated organic transformations via activation of C-H bond have 

been an active area of chemical research 1
• Synthesis of new organometallic 

complexes is of significant importance, particularly with regards to reactions of 

metal-carbon bonds. In this regard the chemistry of cyclopalladated compounds2 have 

been explored greatly and many of these compounds have found their use in organic 

synthesis3
, catalysis4

, photochemistry5 and metallomesogen chemistrl. Selective 

intramolecular C-H activation 7 of an aryl ring following the cyclometallation route 

and subsequent functionalization at the metallated carbon is of great importance. 

Many interesting compounds, synthesized following this route, have diverse redox 

and spectroscopic behaviour8
• The C(naphthyi)-H bond activation by palladium(II) 

following cyclometallation route has received much less attention in contrast to the 

C(phenyi)-H bond activation 1 in spite of the fact that the naphthalene ring is more 

reactive towards electrophilic metal ions9
• The naphthalene with donor bearing 

substituent like diazene function at C I can offer the C2 (A) and C8 (B) positions for 

metallation, similarly C3 (C) and the C 1 (D) are probable sites for metallation where 

diazene group is at C2. 
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P. Rys et a/. 10 have thoroughly studied the cyclopalladation reaction of 1-

(phenylazo )naphthalene and established that the palladium-carbon bond formation 

occurs at C2 (naphthyl) exclusively. The peri-position (C8) of 1-

(phenylazo)naphthalene was palladated by disodium tetracloropalladate, only when 

all the ortho-positions of both naphthyl and phenyl rings were blocked by methyl 

groups toe. 

Here we have tried to develop a strategy to influence the selectivity of C(naphthyl)-H 

bond activation of arylazonaphthalenes using palladium(II) by introducing different

types of auxiliary donor on the aryl group. The effect of the position of the diazene 

group (primary donor) on the selectivity of C(naphthyl)-H activation has also been 

examined. Earlier results showed that the presence of phenolic group at z·-position of 
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l-(phenylazo)naphthalene led to exclusi\e palladation at C8-position of naphthyl 

ring 11
• This chapter presents the regiospecific activation of C2(naphthyl)-H bond as 

well as C3(naphthyl)-H bond by palladium(Il) at room temperature. The 

regioselective activation of C8(naphthyi)-H & C2(naphthyi)-H bonds has also been 

described. The isolation and characterization of the resulting cyclopalladates and 

rationalization of their structural and spectroscopic properties have been discussed. 

The experimental results are complemented by theoretical calculations related to 

their electronic structures. 

11.2 Results and discussion 

11.2.1 Isolation and characterization of the cyclopalladates 

At room temperature disodium tetrachloropalladate reacts with 1-(i-hydroxy

naphthylazo)naphthalene (H2L
1
) in ethanol medium and gradually starts to produce solid 

precipitate, which reacts with neutral Lewis bases (B) and affords a mixture of two 

cyclopalladates with distinctly different colours (viz. pink and green) (Scheme ll.l ). 

9) 
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(iv) 

+ 

3a: B=PPh3 3b: B=PPh3 
4a: B=4-picoline 4b: B=4-picoline 

(v) 

Scheme ILl (i) Mel, K2C03, 2-butanone, reflux, 3 h; (ii) Naz[PdCl4] (l equivalent),EtOH, 
room temperature, 2h; (iii) PPh3 Or 4-picoline 0.5 h; (iv) Naz[PdCl4] (I equivalent), EtOH, 
room temperature, 2h; (v) TlCp, benzene, room temperature. 

Structure of representative members from each isomeric cyclopalladates viz. pink (4a) 

and green (3b and 4b) obtained from the reactions, has been determined by X-ray 

crystallography. The ortep diagrams of 4a, 4b and 3b are shown in Figures II.l-11.3. 
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Figure ll.l Molecular structurt: of 4a with dlipsoids drawn at tht: 50% probability level. 

• 

• 
Figure 11.2 Molecular structure of 4b with ellipsoids drawn at the 50% probability level. 
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• 31 

Figure 11.3 Molecular structure of3b \\ ith dlipsoids drawn at the 50°Al prohahilit~ levt:l. 
Solvent molecule has been omitted for darity. 

Relevant bond parameters art· listed in I able II. I. rhe palladium( II) ~entre 111 4a is 

found to be bonded to C8 (peri position of 1-azonapthyl fragment). N I of diazo group. 

0 I of the naphtholato function and N3 of pi~.:oline. Therefore 1-( 2-

hydroxynaphthylazo)naphthalene binds palladium(ll) as a dianionic terdentate IC. N. 01 
ligand. The tetra-coordination around palladium is essentially planar and coplanar v. ith 

pen-palladated naphthyl ring but deviates fmm square-planar geumctr~. The maximum 

deviation is represented by the ·bitt:" angh: C(lH-Pd( I )-N(3) ol 95.66(9)'". This type of 

deviation is observed for C) clopalladah:s 1'. The structurl' of green compound 

[PdL1(PPh:-)l (3b) shows that the palladium is lwnded to C2 (ortho- position of 1-

azonaphthyl fragment), N2 of diazene group. 0 I of naptholato function and P( I) Clf 

triphenylphosphine. Here also 1-(2-hydw:\~ naphthy lazo )naphthaknl' binds palladium(! I) 

as a dianionic terdentate I C. N. 0 J ligand. Both the isoml'rs ha\ ~ fi\1.'-ml'mi:'lt•ro.·d 

carbopalladacycle but differ in the azonaphtholato chelate ring si,rcs Th~ Pd

C(naphthyl). Pd-N(diazene). Pd-0. Pd-N (..J.-picolinel and Pd-P are all quite nnrmal 1 1
. 
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Table 11.1 Selected bond distances and angles in 4a and 3b. 

(4a) 
Bond lengths/ A Bond angle~/ o 

Pd( 1)-N( l) 1.967(2) C(8)-Pd( l )-N(3) 95.66(9) 

Pd(l)-C(8) 1.983(3) N(3)-Pd(I)-O(l) 90.27(8) 

Pd(l)-N(3) 2.058(2) N( l )-Pd( 1 )-0( 1) 90.84(7) 

Pd(l)-0(1) 2.0605(18) N( 1 )-Pd( 1 )-C( 8) 83.23(9) 

N(J)-N(2) 1.284(3) 

N(l)-C(l) 1.426(3) 

C(l L)-N(2) 1.353(3) 

C(l2)-0(1) 1.290(3) 

(3b) 

Bond lengths/ A Bond angles/ o 

Pd(l)-N(2) 2.002(2) C(2)-Pd( 1)-P( 1) 100.89(10) 

Pd(l)-C(2) 2.001(3) P( 1)-Pd( 1)-0( I) 99.03(7) 

Pd(l)-P(l) 2.2690(8) N(2)-Pd( l )-0(1) 80.23(10) 

Pd(l)-0(1) 2.094(2) N(2)-Pd(l)-C(2) 79.85(12) 

N(1)-N(2) 1.290(4) 

N(l)-C(1) 1.412(4) 

C(ll)-N(2) 1.385(5) 

C(l2)-0(l) 1.305(5) 

The lengthening of Pd-N(diazene) bond length 2.002(2) A in (3b) with respect to Pd

N(diazene) bond length 1.967(2) A of (4a) originates from the strong trans-influence of 

phosphine. The shortening of C(ll)-N(2) bond length 1.353(3) & 1.385(5) A with 

respect to the C(l )-N( 1) bond 1.426(3) & 1.412(5) A reveals the presence of more n

electron density in azonaphtholato chelate ring than that present in the five membered 

carbopalladacycles. In contrast, C(li)-N(2) bond length 1.438(3) A of (4a) is longer 

than C(l)-N(l) bond 1.392(3) A, which is part of carbopalladacyle. The C-0 bond 

lengths in 4a 1.290(3) A & 3b 1.305( 1 0) A are shorter than the C-0 bond length found in 

naphthols (1.385 A)15
• The shortening of the C-0 bond length in azonaphtholato chelate 

ring may be ascribed to favourable conjugation of a lone-pair p orbital on the naphtholate 

oxygen atom with the 1t system ofthe chelate ring 16
• The Pd-C8 bond length of 1.987(4) 

A is in agreement with the reported palladium(II)-C8(naphthyl) bond lengths 14
b. 

The mechanism behind the formation of two isomeric cyclopalladates (3 and 4) is not 

completely clear to us. However the sequence shown in Scheme 11.2 seems probable. 

Arylazonaphthols are known 18 to exist as a mixture of azoenol (la) and hydrazoketo (lb) 

forms in ethanolic medium. It is generally accepted 19 that cyclopalladation is initiated by 
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3 4 

Scheme 11.2 Probable steps in the formation of isomeric cyclopalladates, 3 and 4. 

coordination of a hetroatom to the metal, which is followed by ligand dissociation from 

the square planar species giving rise to highly reactive intermediate which activates a C

H bond in kinetically controlled electrophilic step with a marked preference for the 

formation a five-membered palladacycle. The azoenol form (la) is known20 to form six-
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membered chelate ring with transition metal ions rapidly leaving only one option of 

palladation at C8 of the pendant naphthyl ring which is observed in the case of (3). The 

hydrazoketo form (lb) can only offer N2 for metal binding which leads to the formation 

of a five-membered palladacycle (C2, N2) followed by chelation with naphtholato 

function forming five membered chelate ring in (4). There is precedence for such 

cycopalladation of hydrazoketo form followed by enolisation subsequently palladium

oxo bond formation21
• Recently Fernandez et a/.22 reported cyclopalladation reactions of 

some Schiff base ligands derived from 2-aminophenol and showed the formation of 

tetranuclear compounds with P<404 core. However, in the case of Schiff base ligands 

five membered ring metallacycles were preferred over six membered ones; in the present 

case formation of both six membered (3) and five membered (4) ring metallacycles were 

realized supporting the consequences of azo-hydrazo tautomerism in arylazonaphthols. 

In this context, it may be suggested that the presence of a weak auxiliary donor 

would prevent the formation of six membered N,O-chelate ring at first step and would 

lead to exclusive C2(naphthyl)-H bond activation. Driven by this anticipation, we 

replaced the naphtholato function in H2L 1 with the neutral methoxy group and found 1-

(2'-methoxynaphthylazo )naphthalene (HL 2) also undergoes facile cyclopalladation 

reaction with disodium tetrachloropalladate in ethanol and yields deep red coloured 

cyclopalladate [PdzL22Clz] (5). The structure of [Pd2L
2
2C)z] (5), has been determined by 

X-ray crystallography. The structure is shown in Figure 11.4 and some relevant bond 

parameters are listed in Table Il.2. Expectedly in this ligand where the -OH function of 

H2L1 is replaced by -OMe group, palladium(II) regiospecifically exclusively C(2)-H 

bond of HL 2 under the same mild reaction condition. Here the diazene function being a 

stronger donor than alkoxy group towards electrophilic metal ions, preferentially binds 

palladium(Il), followed by palladation at ortho-position of the naphthyl ring resulting in 

the formation of five-membered palladacycle like palladates of other 

arylazonaphthalenes. Cyclopalladate 5 contains two palladium atoms bridged by two 

chloride atoms and the azonaphthalene ligand acting as a double chelating C,N donor. 

Consequently two five membered chelate rings are formed. The bond lengths and angles 

are within the range of values observed in analogues compounds23
• In contrast to other 

cyclopalladates, 5 has Ci symmetry, the crystallographic inversion center lies at the 

midpoint of the line joining the two palladium atoms. For steric reasons, the 

azonaphthalene moiety can no longer be planar with the non-metallated naphthalene ring 

turning out of the plane formed by the cyclopalladated fragment by an angle of 70.78°. 
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Figure 114 Molecular structure of 5 \\ ith dlipsoids drawn at tht' 50% probability lc\ cl 

Table 11.2 Selected bond distances and angles in 5. 

Bond lengths r\ 
Pd( I l-NI2) 

Pdl I )-021 

Pd( I >-CI( I l 

N( I )-N(2l 

'(2)-C( I I l 

~.001(2} 

1.956(3) 

::'.-l484(9) 

I 27613) 

I Xl8(3 l 

Bond angks/ " 

( '(2)-Pd( l )-N(2) 

< .t2)-Pd( I I-t'll I) 

'\t2 )-Pth I i-CH I l 

78.74( 10) 

95.65(8) 

W.6016i 

------------------

It is important to note that the cyclopalladatc I Pd2(L: )z(CI)2] (5) shows solvent dependent 

dectronic spectra (Figure 11.5. Tahk 11.3). In non-t·oordinating sol\ents likt: 

dichloromethane and chlorot(>rm. it sho\\ s strong absorpti~m above 600 nm which is 

similar to the absorption profile of palladium( II) bound terdentate [C2(naphthyl). N(azo ). 

OJ naphthylazonaphthol. This observation suggests that Pd(II)-OCH3 bond remains intact 

in non-coordinating solvents and monoanionic L: behaves as a terdentate ligand. In 

coordinating solvents like acetonitrile. dimcthylformamide and pyridine. the absorption 

band of (5) shifts to 500-520 nm. which is characteristic of cyclopalladated [C2,N I 

naphthylazobenzene 111
'. Excess donor soh~nts opt'n the lahik Pd(II)-OCil; hond and 

coordinate to the metal centre in the solution. 
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Figure 11.5 Electronic spectra of(Pd2(L:)2(CI):d (5) in cyan(dichloromethane). 
pink(chloroform), yellow (acetonitrile). hlm:k (dimethylformamide) and green (pyridine). 

Table 11.3 Electronic spectral data of[Pd2<Lh~(Cih] (5) in different solvents 

Solvent 

Dichloromethane 

Chloroform 

Acetonitrile 

622 (4,200), 582 (3.900), 540sh (2,700). 416 (5.075) 

628 (3,500). 5{)() (3.350), 534sh (2,650). 416 (5.200) 

510 (2.400). 402 (3.900) 

Dimethylformamide 508 (2.300). 40X (4.200) 

Pyridine 516 (2,450). -l06 (4.650) 

Cyclopalladate [Pd2(L 2}2(CI)2] (5) reads v. ith thallium( I) cyclopentadienide and yields 

red violet [PdL2(Cp)] (6). where palladium(ll) is hound to carbon by both cr- and 1t

bonds. Attempts to grow single crystals of 6 suitable for X-ray crystallography met with 

failure. The proposed compositions of all the cyclopalladates are consistent with the 

observed elemental analysis data (see section 11.3). 

The results encouraged us to extend our study to 2-(i-hydroxyarylazo)naphthalenes 

(HzL3 and HzL 4) where the primary diazene function is attached to the C2 atom of the 

naphthyl ring and thus giving two potential sitt:s for metallation. viz. C I and C3. The 

reactions between the ligand H2l} IH2L \ Na2[PdCLd in aqueous ethanol in presence of 

the Lewis base (triphenylphosphine or 4-picoline) were f(,und to be regiospecific in 

nature and green cyclopalladates (7-10) were isolated (Scheme 11.3). 
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HO 
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7: B=PPh3 

8: B=4-picoline 

9: B=PPh3 
10: B=4-picoline 

Scheme 11.3 (i) Na2[PdCI4] (i equivaient), EtOH, room temperature, 2h; (ii) PPh3 Or 4-

picoline 0.5h. 

X-ray crystalJographic analyses of two compounds (viz. 8 and 10) revealed exclusive 

activation ofC3(naphthyl)-H bonds. The molecular structures of the isomers 8 and 10 are 

shown in Figure 11.6 and Figure 11.7 respectively. The structure of green cyclopalladate 8 

(Figure II.6) shows that the palladium is bonded to C3 (of 1-azonaphthyl fragment), N2 

of diazene group, 01 of phenolato function and N(3) of 4-picoline. Thus 2-(i-hydroxy

phenylazo)naphthalene binds palladium(II) as a dianionic terdentate [C, N, 0] ligand. 

Similarly the structure of green compound 10 (Figure IL7) shows that the palladium is 

bonded to C3 (of 1-azonaphthyl fragment), N2 of diazene group, 01 of naphtholato 

function and N(3) of 4-picoline. Thus in case of H2L3 cyclopalladation is found to occur 

in a regiospecific manner leading to the C3(naphthyi)-H bond activated products 7 and 8. 

On the other hand the reaction between H2 L 4 and Na2[PdCl4] afforded the C3(naphthyi)

H bond activated products (9 and 10) along with a dirty blue fraction which, could not be 

isolated in pure form. That impure fraction cannot be characterized. Thus the formation 

of C 1 (naphthyl)-H bond activated products in this particular case can not be ruled out. 
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Figure 11.6 Molecular structure of8 with dlipsoids drawn at the 50% probability level. 

Figure 11.7 Molecular structure of 10 with ellipsoids drawn at the 50% probability level. 
Possible intramolecular hydrogen bond C 18-H 18 · · · N I 2.28 A. 

Table 11.4 Selected bond distances and angles in 8 and I 0. 

(8) 
Bond lengths/ A Bond angles.' o 

Pd(I)-N(2) 1.983(16) ('(] )-Pd( I )-N(3) 102.8( 10) 

Pd( I )-C(3) 1.97(2) N(] )-Pd( I )-0( I ) 96.2(8) 

Pd( I )-N(3) 2.027( IS) N( 2 )-Pd( I )-0( I ) 82.7(9) 

Pd( I )-0(1) 2.124(14) N(2)-Pd(l)-C(3) 78.4(11) 

N( I )-N(2) 1.26(2) 

N( I )-C(2) 1.47(3) 
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Table II.4 (Continued) 
(10) 

Bond lengths/ A Bond angles/ 0 

Pd(l)-N(2) 1.971(5) C(3 )-Pd( l)-N(3) I 0 I. 7(2) 

Pd(l)-C(3) !. 990(7) N(3)-Pd( 1)-0( l) 95.3(2) 

Pd(l)-N(3) 2.057(4) N(2)-Pd( I )-0( 1) 81. 73(19) 

Pd(l)-0(1) 2.109(5) N(2)-Pd( l )-C(3) 81.3(2) 

N(l)-N(2) 1.285(6) 

N(I)-C(2) 1.401(8} 

However, preferential activation C3-H bond over C 1-H in these two molecules (H2L3 and 

HzL 4) by palladium(II) calls for an explanation and we tried to explain the same in terms 

of the 'Fukui function' .24 Francisco Mendez and Jose L. Gazquez discussed chemical 

reactivity in terms of hard-soft-acid-base theory.25 They stated "the regions of a molecule 

where the fukui function is large are chemically softer than the regions where the Fukui 

function is small, and by invoking the HSAB principle in a local sense, one may establish 

the behaviour of the different sites with respect to hard and soft reagents". They defined, 

using a finite difference approximation, the Fukui function: 

rk- = [ qk(N)-qk(N -1) 1 
fk + = [ qk(N + 1 )-qk(N)] 

fk0= 1/2 [qk(N+l)-qk(N-1)] 

for e lectrophilic attack ........................ ( l) 

for nucleophilic attack ......................... (2) 

for radical attack ............................... (3) 

Where qk(N) is the Mulliken charge on atom k and N is the electronic population at the 

concerned site. Thus N corresponds to the number of electrons in the molecule. N+ 1 

correponds to an anion, with an electron added to the LUMO of the neutral molecule. N-l 

corresponds to a cation, with an electron removed from the HOMO of the neutral 

molecule. Table II.5 shows the condensed Fukui function (fk-) values for the molecules 

H2L3 calculated by Mulliken Population Analysis (MPA) gross charges at BL YP/DZP 

level of theory (computational detail have been given in the Experimental Section of this 

chapter). The condensed Fukui function (fk-) value at C3(naphthyl) (0.03) is considerably 

greater than that at C3(naphthyl) (0.012). Since higher values of Fukui function are 

associated with soft regions of the molecule, we can conclude that C3 is softer than C 1 in 

the molecule H2L3
• Thus bearing in mind the 'softness' of palladium(II), it seems 

reasonable to expect that palladium(II) should preferentially bind C3 rather than C 1 in the 

molecule HzL3
. 
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Table II.S Values of the condensed Fukui function (fk-) at C l and C3 atoms for the 

molecule H2L3 calculated through equation I with a Mulliken Gross Population Analysis. 

Molecule 
' 3 2-(2 -hydroxyphenylazo )naphthalene (HzL ) 

11.2.2 Spectral Properties 

(a) IR Spectra: 

0.012 0.030 

The infrared spectral data of the compounds are collected in solid state as KBr disc. 

Absorption in the region of 1420-1450 cm-1 for all the compounds show the presence of 

diazene (-N=N-) function21
• The cyclopalladates, 3a, 3b, 7 and 9 show absorption in the 

range of 1090-1100 cm-1 due to palladium(II) bound triphenylphosphine26
• The IR 

spectrum of the cyclopalladate 6, on the other hand, displays a strong absorption around 

771 cm-1
, which is characteristic of n-bonded cyclopentadienyl ring of palladium 

compounds27
• 

(b) NMR Spectra: 
1H NMR data of all the synthesized compounds is provided in the Experimental Section. 

The 1H and 13C NMR spectra of some representative compounds are presented in Figure 

11.8-11.11. The 1H NMR spectra of the ligands H2L 1, H2e and H2L 4 show a singlet in the 

range of 16.3-17.2 <5 confirming the presence ofthe hydroxy group. Whereas the presence 

of the methoxy group (-OMe) in HL2 is apparent from the presence of a singlet at 4.04 <5 

in the 1H NMR spectrum of the same. All the other signals appeared in the aromatic 

region and their integration supported the expected structure. 

The methyl group attached to the phenyl ring attached with the aryl group in 

cyclopalladates 7 and 8 appear as singlet in the range of 2.18-2.26 <5. The methyl group of 

metal bound picoline present in cyclopalladates 4a. 4b, 8 and 10 resonates as singlet in 

the region 2.42-2.52 <5. The signal for palladium(Il) bound methoxy group in 

cyclopalladate 5 appears as singlet at 4.07 8. In cyclopalladate 6, the signal for the same 

group shifts to higher field at 3.95 <5 demonstrating the opening of Pd(Il)-OMe bond in 

presence of cyclopentadienyl (Cp) group. The spectrum also shows a sharp signal at 5.62 

<5 due to the presence of five equivalent protons of the cyclopentadienyl ring 27
b, 

28
• For all 

the cyclopalladates the signals for aromatic protons appear as complex pattern in the 

region 5.9-9.2 <5 with expected integration ratio. The 13CeH} NMR spectra of this 

compound show the signals for the methoxy carbon at 57.08 <5. The signal for the five 
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carbon atoms of the cyclopentadienyl moiety appears at 96.16 o indicating their 

equivalence27
b (Figure II. II). 

'-' 

I ,-- i ' i i I 

ppm 17.5 
' ' • , , ' • I ; I ' I ' I I I I ' i I I ' i • I j I i I • i 

15.0 12.5 10.0 7.5 5.0 2.5 0.0 

Figure II.8 1H NMR spectra ofthe ligand H2L1 inCDCl3• Inset: Expanded aromatic 
region. 
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Figure II.9 1H NMR spectra of the ligand HL2 in CDCb. Inset: Expanded aromatic 
reg1on. 
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Figure II.IO 1H NMR spectra ofthe cyclopalladate 6 in CDCi]. 
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Figure 11.11 13C NMR spectra ofthe cyclopalladate 6 in CDCh. 

11.2.3 Crystallographic Analysis: 

In the present case, it was possible to grow single crystals of the representative 

compounds (viz. 4a, 3b, 4b, 5, 8 and 10) and detailed analysis revealed several 

interesting 'soft-soft' interactions in the solid state structures of the cyclopalladates. 

Geometrical parameters of all these interactions are compiled in Tables 11.6- II.8. 

Structure of 4a & intra-/intermolecular interaction in solid state 

The molecular structure of 4a has been presented in Figure II. I with atom numbering 

scheme and the crystallographic parameters are compiled in Table II.l and Table 11.18 
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(Experimental section). The packing arrangement in 4a is shown in Figure 11.12. The 

crystal packing has been found to be stabilized by several intermolecular rr- 1t interactions 

(Figure 11.13. Table 11.6 ). In addition to these interactions C-H .. · Pd interactions are 

found in 4a. having C .. Pd distances of 3.3 7-3.51 A. It is noteworthy in this respect that 

electron-rich metal ions with a low coordination number (most typically Po can act as 

proton acceptors in a weak hydrogen bomf'~. but only a few such bonds with palladium 

as an acceptor have been documented so far 30
. 

Figure.ll.l2 Packing arrangement in 4u. 

Figure 11.13 Intermolecular rr· · ·rr interactions in 4a. ( 'K{-1) and ( 'g(5) are the <.:entroids of 
C 1- C I 0 and C5-C9 rings respectively. Symmetry operators are (i) -x. - y .I - z: (ii) -112 

+X, 1/2- y. -J/2 + z: (iii) J/2 +X. J/2- y. J/2 + Z. 

Structure of Jb & intra-/intermolecular interaction in solid .~·tate 

The crystal structure of the cyclopalladah: 3b reveals two dimensional or three 

dimensional supramolecular assemblies with molecular components self organized by C

H · · ·rr and n· · ·rr interactions. In particular there is a C-H · · ·n interaction. C30-H30· · · Cgl) 
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[Where Cg9 is the centroid of the C33-C38 ring at l+x, y. z] and the crystal packing is 

further stabilized by three intermolecular n· · ·n interactions (Table 11.6). The centroid

centroid distances are 3.533(3). 3.920(3) and 3.933(3) A; the corresponding 

perpendicular distances are 3.524. 3.326 and 3.369 A with no slippages. 

Stru<.·ture of 4b & intra-lintermoleculttr interaction in so/itl.'lttlte 

The ortep diagram of 4b is presented in Figure 11.3. The packing diagram of 4b is 

presented in Figure 11.14. The crystal structure reveals supramolecular assemblies with 

molecular components self organized by C-H· · · 1t and C-H· ··0 interactions 

(Figures.ll.l5a & ll.lSb). 

Figure 11.14 Packing arrangement in 4b. 

(a) (b) 

Figure 11.15 (a) C -H .. · 1t interactions in 4b. Cg5 and Cg7 arc the centroids of C5-C9 and 
C 15-C 19 rings respectively. Symmetry operators are (i) x. 5/'2- y. -1/2 + z: (ii) x. 3/2- y. 

1/2 + z. (b) C-H ... 0 interactions in 4b. Possible hydrogen honds C(3)-H(3)· · ·01 2.56 
A. 3.261 (14) A. 132 A. Symmetry operator is -x. I /2 + y. I /2 - z. 
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Structure of J & intra-lintermoleculur interaction in ~·ofid ~·tate 

Cyclopalladate 5 crystallized with an independent molecule in the asymmetric unit. The 

packing arrangement in 5 is shown in F igun: ILI6. The crystal structure of 5 also reveals 

20 and 3D supramolecular assemblies with molecular components self organized by C

H .. ·Pd. C-H· .. rr and rr· .. rr interactions (Taole 11.6-11.8). In particular there are two C

H .. ·rr interactions, CI6-HI6 ... Cg4 and l'21-H21B ... Cg6 !where Cg4 and Cg6 are the 

centroids of C5-C9 and C 15-C 19 rings at 1- x. -: . 1- z and V2 - x. 1!2 4 :. I /2 - z 

respectively (Figure 11.17). rhere are intermolet·ular rr· · ·rr interactions forming a ladder

like assembly in the solid state (Figure II.IX). 

Figure 11.16 Packing arrangement in 5. Viev.cd along the normal of the plane II 00 J. 

"' ... 

Figure 11.17 C-H· · · rr interactions in 5. Cg4 and Cg6 are the centroids ofC:'-C9 and 
CI5-CI9 rings respectively. Symmetr) operators an: (i) 1- x. -y. 1- z: (ii) 312- x. 1/2 + 

:. I /2 - L 
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Figure 11.18 Intermolecular n· · ·n interactions in 5. CK(3). ( 'K(5) and ( 'K(6) are the 
centroids of C 1-C I O,C II-C20 and C 15-C 19 rings n:spectively. Symmetry operators are 

(i) -1/2 + x. 1/2- y.- l/2 +z: (ii) 1/2 +x. 1/2- y. 1/2 + z. 

Structure of 8 & intra-/intermolecular interaction in .~·o/id state 

The crystal packing diagram of the cyclopalladate 8 is presented in Figure 11.19. The 

crystal packing is found to be stabilized by intermokcular C -H · · · n. n· · ·n and C -H · · ·0 

interactions (Table 11.6-11.8). The cyclopalladatc H displays intramolecular C-H .. · Pd 

hydrogen bonds (Table 11.2). The intermolecular C-H· .. n interactions involve the 

centroids of the naphthyl rings CJ--)>('1() (Cg4) and ('5--)>('9 (Cg5) [symmetry code:

I +x, y. z] with the methyl hydrogen H 17 !\ (Figure 11.20); the H · · ·Cg bond distances are 

2.93 and 2.96 A respectively (Table 11.7). The pairs of molecules related by the center of 

inversion are arranged in a parallel manner and form a layer like assembly in which weak 

1t · "1t interactions exist in between the centroids of the aryl rings N3-C22 (Cg 3) and 

C 1-C I 0 (Cg 4) rings (Figure 11.21 ). 

Figure 11.19. Crystal packing diagram of 8 viewed along normal to the plane (00 I) 
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Figiur~ 11.20 Intermolecular C-H n interactions in 8. ( 'g(-1-) and Cg(5) are the 
centroids of C l-C I 0 and C5-C9 rings n:spectiH:Iy. Symmetry Code: -I ~ .x. \. L 

Figure 11.21 Intermolecular 1t ··7t interm:tions in 8. Cg(3) and Cg(4) are th~: 1.:entroids of 
N3-C22 and CI-CIO rings respective!~. S~mmetr)- Code: !i) 1- \..-112 + y. 1-7.: (ii)l- x. 

I 2 · ~. 1- z. 

Structure of lO & intra- /intermolecular interaction in solid .~tute 

The crystal packing of tO is also found to bt• stabilized by intermolecular C-H .. · Pd. C-

H .. · 1t 7t" ·n and C-H .. ·O interactions as in the case of the its structurally rdatt:d 

cyclopalladate 8 (Table 11.6-11.8 ). 
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Table 11.6 Geometric parameters of the rr· · ·rr interactions 

n···n Cg ··Cg/A Cgl Perp/A CgJ Perp/A Slippage/A Symm. Op. 
Cg(4)->Cg(4) 3.6916 3.417 3.417 1.396 -x,-y,l-z 
Cg(4)->Cg(5) 3.8772 3.423 3.479 -x,-y,I-z 

3b3 Cg(5)->Cg(4) 3.8772 3.479 3.423 -x,-y,l-z 
Cg(l)->Cg(4) 3.5486 3.409 3.429 -x,-y,l-z. 
Cg(2)-+Cg(3) 3.8886 3.386 3.422 -l/2+x,l/2-y,-l/2+z 
Cg(l)-+Cg(4) 3.533(3) 3.524 3.500 1-x,-y,I-z 

4ab Cg(2)-+Cg(3) 3.920(3) 3.326 3.484 1-x,-y,l-z 
Cg(2)-+Cg(6) 3.933(3) 3.369 3.470 -x,-y,1-z 

4
bc Cg(l)-+Cg(3) 3.575(8) 3.552 3.559 -x,l/2+y,l/2-z 

Cg(2)-+Cg(3) 3.592(8) 3.448 3.477 -x,-1/2+y,l/2-z 
Cg(3)-+Cg(5) 3.7907 3.553 3.454 -l/2+x,l/2-y,-l/2+z 

5ct Cg(3)--+Cg(6) 3.7483 3.555 3.590 -1/2+x,l/2-y,-112+z 
Cg(5)-+Cg(3) 3.7907 3.454 3.553 l/2+x,l/2-y,J/2+z 
Cg(6)--+Cg(3) 3.7483 3.590 3.555 l/2+x,l/2-y,1/2+z 
Cg(2)-+Cg(5) 3.9670 3.258 3.430 -l/2+x, l/2-y,-l/2+z 
Cg(3)--+Cg(4) 3.662(13) 3.392 3.302 I-x,l/2+y,1-z 

s• Cg(4)-+Cg(3) 3.662(13) 3.302 3.393 I-x,-1/2+y,1-z 
Cg(l)-+Cg(3) 3.648(14) 3.560 3.583 1-x,I/2+y,l-z 
Cg(2)-+Cg(3) 3.698(17) 3.473 3.393 l-x,-112+y,l-z 

10
r Cg(I)-+Cg(3) 3.454(4) 3.451 3.444 l/2+x,1/2-y,-z 

Cg(2)-+Cg(3) 3.725(4) 3.533 3.520 -l/2+x,l/2-y,-z 

• Cg (1), Cg(2), Cg(3), Cg(4) and Cg(S) are the centroids ofPd1-C8, Pdi-NI, N3-C25, CI-CIO and CS-C9 
rings respectively. 
b Cg(l). Cg(2), Cg(3), Cg(4) and Cg(6) are the centroids ofPdi-N2, Pdi-C2, CI-CIO, C5-C9 and CI5-CI9 
rings respectively. 
c Cg (I), Cg(2) and Cg(3) are the centroids ofPdi-N2, Pdi-C2 and N3-C25 rings respectively. 
d Cg(2), Cg(3), Cg(S) and Cg(6) are the centroids of Pdl-C2, CI-CIO, Cli-C20 and C 15-C 19 rings 
respectively. 
• Cg(l), Cg(2), Cg(3) and Cg(4) are the centroids ofPdi-N2, Pdi-C3, N3-C22 and CI-CIO rings 
respectively. 
r Cg(l ), Cg(2) andCg(3) are the centroids ofPd I-N2, Pdi-C3 and N3-C22 rings respectively. 

Table 11.7 Geometric parameters of the C-H · · ·n interactions 

H- .. Cg/A y• C-H .. ·Cg/ 0 H- .. Cg/A Symm.Operationon 
Cg 

4a6 C30-H30 .. ·Cg(9) 2.96 16.59 136 3.683(5) l+x, y, z 
C5-H5 .. ·Cg(7) 2.91 10.84 129 3.568(16) x,l/2-y,-1/2+z 

4bc Cl5-Hl5 .. ·Cg(5) 2.97 22.40 117 3.493(16) x,3/2-y,ll2+z 
C26-H26C .. ·Cg(7) 2.78 13.69 162 3.71(2) -x,-l/2+y,l/2-z 

5
ct CI6-H16 .. ·Cg(4) 2.84 12.22 139 3.5927 1-x,-y,1-z 

C21-H21B .. ·Cg(6) 2.93 13.73 118 3.4749 3/2-x,l/2+y,I/2-z 
s• Cl7-Hl7A .. ·Cg(4) 2.93 22.81 172 3.88(3) -l+x, y, z 

Cl7-Hl7A .. ·Cg(5) 2.96 24.17 128 3.64(3) -l+x,y,z 

10r Cl5-HI5 .. ·Cg(5) 2.95 10.81 120 3.505(9) l/2-x,-y,l/2+z 
C26-H26C .. ·Cg(7) 2.96 19.30 160 3.877(10) -1/2+x,l/2-y,-z 

y• angle defined by a line connecting center of gravity of the aromatic ring with H atom and the normal to 
the aromatic ring. 
b Cg(9) is the centroid of the ring C33-C38. 
c Cg(5) and Cg(7) are the centroids ofC5-C9 and CI5-Cl9 rings respectively. 
d Cg(4) and Cg(6) are the centroids ofC5-C9 and C 15-C19 rings respectively. 
• Cg(4) and Cg(5) are the centroids ofC1-CIO and C5-C9 rings respectively. 
r Cg(5) and Cg(7) are the centroids ofC5-C9 and C15-Cl9 rings respectively. 
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Table II.8 Geometric parameters ofthe hydrogen bonding interactions 

*Cl8-Hl8· ··N2 
C4-H4·· ·Pdl 

3
b C26-H26A·· ·Pdl 

C26-H26C · · Pd I 

4a 

4b 

5 

8 

10 

*C8-H8···Nl 
*Cl8-Hl8 .. ·Nl 
*C34-H34· · ·0 I 
C8-H8 .. ·Pdl 
C 17-Hl7· .. Pdl 
C3-H3 .. ·01 
*C8-H8···NI 
*Cl8-Hl8· · ·N1 
C3-H3 .. ·Cll 
CI4-Hl4 .. ·01 
*Cl8-Hl8 .. ·Nl 
CI3-Hl3· · ·Pdl 
Cl4-Hl4· · ·Pdl 
C4-H4 .. ·01 
C22-H22 · · · Pd 1 
C17-HI7· .. 01 
*Cl8-HI8· · ·N l 
C21-H21· · ·Pdl 

d(D-H)/ A d(H . A)/ A d(D'" A)/ A 

0.93 

0.99 
0.93 
0.93 

0.93 
0.93 
0.93 
0.93 
0.93 
0.93 

0.93 

0.93 
0.93 

2.40 
3.51 
3.46 
3.37 

2.43( 6) 
2.32 
2.46 
3.56 
3.69 
2.58 
2.50 
2.29 
2.77 
2.49 
2.61 
3.53 
3.18 
2.54 
3.64 
2.59 
2.28 
3.41 

2.7258 
3.693 

2.813(6) 
2.926(6) 
2.942(5) 

3.29(2) 
2.83(2) 

2.916(19) 
3.3111 
3.3612 
3.1205 

3.299(19) 

3.363( 10) 
2.905(10) 

* Intramolecular hydrogen bond 

D-H· AfD 

100 
109 
103 
129 

103(4) 
123 
113 

105.74(8) 
109 
133 
101 
124 
118 
156 
115 
118 

139 
100 
141 
124 

II. 2. 4. UV-vis Spectra and Excited Singlet State Calculations 

Symm. Operation 
on A 
x,y,z 

-x,-y,l-z 
-1/2+x, l/2-y,-l/2+z 
-I /2+x, I /2-y,-1 /2+z 

x,y,z 
x,y,z 
x,y, z 

l-x,-y,1-z 
-x,-y,l-z 

-x,-l/2+y, 1/2-z 
X, y, Z 

-x,-l/2+y,l/2-z 
1-x,-y,-z 

l/2+x, l/2-y,I/2+z 
x,y,z 

-1/2+x, 1/2-y,-l/2+z 
-l/2+x,1/2-y,-l/2+z 

1-x, -l/2 + y, 1-z 
1-x, -1/2 + y, 1-z 
-x,-l/2+y, 1/2-z 

X, y, Z 

l/2+x,l/2-y,-z 

All the cyclopalladates are soluble m common organic solvents. The electronic 

spectra of all cyclopalladates, recorded m dichloromethane, show several intense 

absorptions in the visible and ultraviolet regions (Table Il.8). The bands observed in 

the ultraviolet region with high molar extinction co-efficient are generally thought to 

be arisen from intraligand charge transfer transition and those in the visible region are 

due to metal-to-ligand charge-transfer transition 31
• To confirm the nature of the 

absorptions we proceeded to perform the time-dependent DFT (TDDFT) calculations 

of the representative cyclopalladates, viz .. 4a, 4h, 5, 8 and 10 in dichloromethane. 

The coordinates of these cyclopalladates are directly imported from their crystal data. 

It is well known that an experimentally used model of an excited state corresponds to 

excitation of an electron from an occupied orbital to a virtual orbital. Assignment of 

the character of each excited states are based on the compositions of the occupied and 

virtual orbitals of the dominant configurations for that excited state. The TDDFT 

results do not provide information on triplet-singlet absorption intensities since spin

orbit coupling effects are not included in the current TDDFT methods. Thus we have 

only calculated the singlet excited states and only the singlet states with oscillator 

strengths grater than 0.05 are listed. The frontier molecular orbital compositions, 
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excitation energies and oscillator strengths for the vanous absorption bands are 

reported in Table 11.9-11.17, together with the composition of the solution vectors in 

terms of most relevant transitions. The simulated spectra of Jb and 4b has been 

presented in Figure 11.22. The electronk spectra of 3b. 4b and 5 have been presented 

in Figure 11.23. 

Table 11.8. Electronic spectral data ofthe cyclopalladates 

Compound • 1 ( /M-1 -l).t Am~t,. nm E em 
Ja 265 (38, I 50). 366 (5,650). 429511 (4.900), 455sfi (6.400), 518 (16.600), 

549 (20,300). 

Jb 

4a 

4b 

s 
6 

275 (53,000), 402 (II ,300). 672 ( 11.050), 733 (II ,500) 

267 (10,300), 475 (2100), 571 (2,850) 

272 (39,500). 400 (8.800). 664 (7.950). 725 (8,200) 

416 (5,075). 540sh (2.700), 582 (3,900). 622 (4,200) 

268 (45,600). 466 (6,900). 551 (7.800) 

7 238 (45,600). 282sh ( 18.000). 292 ( J 7.800). 336 (20.650). 482 (7.350). 
625 (8,900). 665 (7.850) 

8 280 (21.650). 334 ( 13,000). 482 (5.250). 615 (5. 700) 

9 241 (38,500), 275 ( 15,600). 330 (21.1 00). 620 (5.200), 652 (6.300). 
10 242 (40,500), 285 (19,700). 455 (4,900). 630 (7.400), 665 (5,900). 

a In dichloromethane: sfiShoulder 

0.35 

0.30 

0.25 
s 
~ 0.20 c 
!l 
rn 

~ 0.15 

~ 0.10 

0.05 

0.00 
200 300 400 600 800 

Wavdent,rth (nm) 

Figure 11.22 Spectrum of 4a (pink) and 4b (green) computed in dichloromethane. 
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Figure 11.::!3 UV-vis spectra of4a (blue). 4b (green) and 5 (red) in dichlowmc-thane. 

11.2.4.1 Electronic Structure and Optical Ahsurption ,\'pee/rum ul4a. 

A detailed analysis of the highest occupied and lo\\est unoccupied molecular (•rhitals t,f 

4a is presented in Tabk 11.9. where orbital energies and composition in terms of atomi( 

contributions are reported. In case of HOMO (77a). the largest orbital contributions arisl' 

from the naphtholato orbitals with a small percentage of metal d orbitals. HOMO-I. 

HOM0-2 and HOM0-3 show a sizeable Pd-d character (23%. 66% and 34~1n 

respectively). The lov.est unoccupied molecular orbital (78al is mostly concentrated on 

the Lewis base. 4-picoline resulting from the combination of the p orbitals llf nitrogen 

and carbon. which mix in an antibonding fashion. The other LUMO·s have predominant 

ligand character. Jsodensity surface plot of the relevant MO"s is presented in Figun.· 

11.24. The HOMO-LUMO gap is computt'd to be - 1.76 eV. For 4a. the first absorption 

band at ca. 532 nm has a multitransition character and involves excitation from the 

highest occupied to the lowest unoccupied molecular orbitals. The absorption band. with 

an onset at 2.33 eV. involves multitransitions from 77a (HOMO) and 76a (HOMO-I) to 

the lowest unoccupied x* orbital delocali?t~d on the ligand. The transition has dominant 

intraligand x-x* character and small admixture of MLCT. The other absorptions in the 

visible region in 3b have common density redistribution features with a significant 

amount of metal to ligand charge transt't:r and more or less rr-x* intraligand densit) 

redistribution. The most intense transition ~'bserved in 4a in UV region (ca. 265 nm) 

involves excitation from 74a (HOM0-3). 7la (HOM0-6). 64a (HOMO-II) and 70a 

(HOM0-7) to 83a (LUM0+5). 80a lLliM0+2). 78a (LlJMO) and 80a (LUM0+2) 

respectively with predominantly intraligand rr-rr* character (Table: II. I 0). 
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Table 11.9 Energies and Percentage Composition of the Lowest unoccupied and Highest 
Occupied Kohn-Sham Orbitals of 4a in Terms of Pd and the I igand fragment3 

MO occ E(eV) Pd Ligand Donor 
83a 0 -1.712 17.66(dx2-y2); 11.54(d,z}; 1.18 (d,y). 22.86(C); 11.74(azo );4.12(0). 8.12(N) 
82a 0 -1.881 76.04 
8Ja 0 -1.937 85.77 
80a 0 -2.067 89.48 
79a 0 -3.315 1.02 (dxz)· 41.11 (N); 

54.23(C) 
78a 0 
77a 2 
76a 2 

-3.465 
-5.221 
-5.458 

2.0(du). 
3.30 ( dx2-y2); 2.48 ( dyz); 1.17( dxz)· 
9.83(d><2-y2); 5.88(dyz); 3.27(dz2); 
3.04(dxz); 1.27(dxy)· 

38.14 (C); 37.33 (azo); 8.12(0). 
50.64 (C) 12.56 (0), 10.57 (azo) 
53.5 (naphthyl) 

75a 2 

74a 2 

-5.656 23 (dx.z); 19.35(s), 17.72 (dyz); 
4.97(dxy); 1.18 (dz2). 

-5.992 20.08(dxy); 8.96(du}; 3.27 (du); 
1. 98 ( dx2-y2) 

8.14(azo) 

29.73(0); 10.51 (azo) 

73a 2 -6.117 10.23(pz); 1.46(dxy) 67.64(naphtholato) 
72a 2 -6.459 9.8(dz2); 1.6 (dxv) 77.15 (naphthyl) 

Bold characters are used for the HOMO (77a) and the LUMO (78a). 

Table 11.10 Selected TDDFT calculations of excitation energies, wavelengths (A.), 
oscillator strengths (f) and compositions of the low-lying singlet states in 
dichloromethane solution for cyclopalladate 4a. 

State Energy (eV) A cal Aexp f Composition Character (nm) (nm) 
SJ 2.3298 532 571 0.274 HOMO->LUMO (81.7%) ILCT+MLCT 
Ss 2.8288 438 475 0.044 HOM0-4->LUMO (92.3%) ILCT 

HOM0-1->LUM0+4 (28.0%) 
Sza 3.9163 316 0.068 HOM0-1->LUM0+5 (12.5%) LLCT+MLCT 

HOM0-1->LUM0+2 (12.4%) 

SsJ 4.6532 266 267 0.206 
HOM0-3->LUM0+5 (21.8%) MLCT+LLCT 
HOM0-6->LUM0+2 (16.4%) 
HOM0-9->LUM0+2 (38.9%) 

S1o 5.0117 248 0.060 HOM0-8->LUM0+5 (12.2%) MLCT+LLCT 
HOMO->LUM0+9 (10.5%) 

11.2.4.2 Electronic Structure and Optical Absorption Spectrum of 4b. 

The electronic structure of the cyclopalladate 4b shows that here again the HOMO (77a) 

is largely based on the naphtholato fragment of the ligand with a small contribution 

(9.53%) from the Pd-d orbitals. The HOMO-I (76a) orbital, ~0.82 eV lower than 77a, is 

localized mostly on palladium (65%). The next four lowest highest occupied molecular 

orbitals (75a, 74a, 73a and 72a) have 8.59%, 34%, 19% and 16% metal character 

respectively. LUMO+l (79a) orbital is largely based on 4-picoline. Isodensity surface 

plot of the relevant MO's is presented in Figure II.25. The HOMO-LUMO gap is 

computed to be -1.27 eV, i.e. 0.49 eV smaller than the corresponding computed value 

for the ortho-isomer (4a). Interestingly, this value nicely corresponds to the experimental 

red shift observed for the first visible absorption band in 4b (725 nm in 4b versus 571 nm 

in 4a). The reduction ofthe HOMO-LUMO gap in 4b is due to the raising of the HOMO 
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74a (HOM0-3) 8la 

Figure II.24. Molecular orbital plots for the FMO' s of the cyclopalladate 4a. 
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Figure II.25. Molecular orbital plots for the FMO's of the cyclopalladate 4b. 
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energy computed in the ortho-isomer ( 4b) with respect to the peri-isomer (3b) ( -4.885 

eV versus -5.221 eV). In this case, the lowest energy band having an onset at 1.67 eV, 

mainly involves transition from 77a (HOMO) to 78a (LUMO). This transition has 

predominant intraligand n-n* character. 

Table Il.ll Energies and Percentage Composition ofthe Lowest Unoccupied and 
Highest Occupied Kohn-Sham Orbitals of 4b in terms of Pd and the ligand fragmenta 

MO occ E(eV2 Pd Ligand Donor 
83a 0 -1.799 90 
82a 0 -1.973 6.86(<1,...). 68.57 
8la 0 -2.128 27.4 (d,.J; 1.5 (dxy)- 49.04 3.5 
80a 0 -2.211 89.48 
79a 0 -2:276 88.98 
78a 0 -3.617 2.5 (dxy); l.4l(py)· 87.72. 
77a 2 -4.885 4.48 (dy.); 2.61 (dX) ); 2.44(dz2). 76.12 
76a 2 -5.703 33.44(dxz-y2); 19.01 (s); 8.3(dyJ; 2.29(dz:2); l.96(dxy)· 27 
75a 2 -5.905 5.49 (dz:l); 3.1 (dyz). 76 
74a 2 -5.988 20.97(da);2.30(dxy); 10.63 (dx2-y2) 59.05 
73a 2 ..{).059 14.31(dy.); 3.3l(dz:); 1.43 (dxz.y2)· 61.08 
72a 2 -6.340 11.85 (dxv); 2.3l(d,.); 1.64 {dxz)· 63.52 

Bold characters are used for the HOMO (77a) and the LUMO (78a). 

Table II.l2 Selected TDDFT calculations of excitation energies, wavelengths (A.), 
oscillator strengths (f) and compositions of the low-lying singlet states in 
dichloromethane solution for cyclopalladate 4b. 

State Energy (eV) A. cal A. 
f Composition Character 

(nm) (n:) 
s, 1.6720 742 725 0.098 HOMO-LUMO (93.5%) ILCT+MLCT 

s6 2.6800 463 0.174 
HOM0-4-LUMO (53.5%) 

ILCT+MLCT 
HOM0-3-+LUMO (15.3%) 

Ss 2.8919 428 400 0.032 HOM0-5-+LUM0+2 (80.4%) ILCT+MLCT 

S,9 3.6747 336 0.116 
HOMO-+LUM0+6 (56.8%) 

ILCT+MLCT+LLCT 
HOM0-2-LUM0+2i 14.6%) 
HOM0..{)-+LUM0+2 (13.8%) 

s42 4.3192 287 272 0.112 
HOM0-5-+LUMO+S (12.2%) 

MLCT +LLCT 
HOM0-5-+LUM0+4 (11.7%) 
HOM0-2-+LUM0+6 (10 .8%) 
HOM0-6-+LUMO+S (28.2%) 

s63 4.8059 257 0.079 HOM0-8-+LUM0+2 (16.8%) MLCT+LLCT 
HOM0-2-+LUM0+6 (9.1%) 

ll.2.4.3 Electronic Structure and Optical Absorption Spectrum of 5. 

The electronic structure of the cyclopalladate 5 shows that the HOMO (66 a.g) and 

HOMO-I (66 a.u) orbitals are a set of quasi degenerate orbitals. The largest orbital 

contributions arise from 2'-methoxynaphthalene fragment. The HOM0-2 (65 a.g) 

orbital, ~0.28 eV lower than 66 a.g, has moderate palladium-d character (25%). The next 

two lowest highest occupied. molecular orbitals (65 a.u and 64 a.u) have 17% and 52% 

metal character respectively. The largest orbital contribution in LUMO (67 a.g) arises 

from the diazene orbitals, resulting from the non bonding combination of the nitrogen p 
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orbitals. Molecular orbital plot for the relevant FMO's is presented in Figure ll.26. As 

shown in Table Jl.14, the low-lying absorption band at 695 nm corresponding to the 

electronic transitions from HOMO and HOMO-I to LUMO+J and LUMO respectively 

and has mixed character of ILCT and MLCT. The calculated most intense absorption 

peak is at 289 nm and this has dominant MLCT character. The assignment of the 

characters of all other excited states are present in Table II.l4. 

Table II.l3 Energies and Percentage Composition ofthe Lowest Unoccupied and Highest 
Occupied Kohn-S~am Orbitals of 5 in terms of Pd and the ligand fragmene 

MO occ E{eV~ Pd Ligand 
69a.g 0, -2.248 · 2.25(du); 1.81(d,a.y2); 1.24 (dyJ· · 83 .92 
69au 0 -2.247 2.7 1(du); l.81(d,a.y2); 1.24 (dyJ· 84.26 
68 a.g 0 -2.894 10.6(du); 9.92(d,a.y2); 5.65 (dyJ; 1.28(d><Y). 49; 14 (Cl). 
68 a.u 0 -2.91 I 10.6(du); 9.92(d,a.y2); 5.79 (dyJ; l.54(d><Y). 47; 12.12 (CI). 
67 a.u 0 -3.846 2.55(d.a.y2); 1.68 (dz:?); l.l7(d>a). 81.09(52.79 azo) 
67 a.g 0 -3.906 1.82(d.a-yz); 1.68 (du)· 82.38 (53 .1 I azo) 
66a.g ') -5.487 4.89(dxy)· 70.93 ... 
66 a.u 2 -5.545 4.02(d"Y). 75.15 
65 a.g 2 -5.764 8.8l(d"Y); 7.96 (du); 5.79 (dyJ; 2.03(dxz). 45.57; 8.96 (CI) 
65 a.u 2 -5.875 17.07 61.80 
64 a.u 2 -5.992 51 .82 30.15 

Bold characters are used for the HOMO (66 a.g) and the LUMO (67 a.g). 

Table II.l4 Selected TDDFT calculations of excitation energies, wavelengths (/...), 
oscillator strengths (f) and compositions of the low-lying singlet states in 
dichloromethane solution for cyclopalladate 5. 

State Energy (eV) A cal Aexp f Composition Character 
(nm) (nm) 

S2Au 1.7815 695 622 0.062 
HOMO-+LUMO+I (46.9%) 

ILCTIMLCT HOMO-J-+LUMO (45.8%) 

SsAu 24285 510 582 0.069 
HOM0-5-+LUMO (68.8%) MLCT/LLCT 
HOM0-7-+LUMO (10.3%) 

SJOA.u 2.5915 478 - 0.068 
HOM0-9- LUMO+ l (33.0%) LLCTIMLCT 
HOM0-10-+LUMO (28.8%) 

SnAu 2.781 9 445 - 0.109 
HOMO-l-+LUM0+3 (58.7%) 

ILCT 
HOM0-1-+LUM0+2 (23.6%) 

s, 6A. u 2.9486 420 416 0.106 
HOM0-12-+LUMO (35 .0%) ILCTIMLCT 
HOM0-11-+LUMO+l (30.3%) 

SnA.u 3.5476 349 - 0.074 HOM0-16-+LUM0+1 (62.7%) 
ILCT/MLCT 

HOM0-18- LUMO (18.6%) 
HOM0-10-+LUM0+4 (24.7%) 

S65A.u 4.2812 289 . 0.081 HOM0-14-LUM0+2 (21.4%) MLCT 
HOMO-J3- LUM0+3{12.4%) 

11.2.4.3 Electronic Structure and Optical Absorption Spectrum of8 and 10. 

The frontier molecular orbital compositions of 8 is presented in Table II. IS . Molecular 

orbital plots for the relevant FMO's of these two cyclopaJiadates are presented in Figure 

II.27 and 11.28. The calculated absorption spectra associated with their oscillator 

strengths, assignment, excitation energies are listed in Table II.16 and II.l7. The FMO 

compositions of the cyclopalladates 8 and 10 are similar to that of 3b and 4b. HOMO's 



66 a.g (HOMO) 67 a.g (LUMO) 

66 a.u (HOMO-I) 67 a.u (LUMO+l) 

65 a.g (HOM0-2) 68 a.u (LUM0+2) 

65 a.u (HOM0-3) 
68 a. (LUM0+3) 

Figure 11.26. Molecular orbital plots for the FMO's of the cyclopalladate 5. 
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.. 

70a (HOMO-!) 73a (LUMO+ l) 

69a (HOM0-2) 74a (LUM0+2) 

\ 

Figure II.27. Molecular orbital plots for the FMO's of the cyclopalladate 8. 



77a(HOMO) 78a (LUMO) 

76a (HOMO-I) 79a (LUMO+ I) 

75a (HOM0-2) 80a (LUM0+2) 

74a (HOM0-3) 
8la (LUM0+3 

Figure II.28. Molecular orbital plots for the FMO's of the cyclopalladate 10. 
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are almost entirely ligand based whereas sizable Pd-d contributions can be seen in 

HOMO-I and HOM0-2. LUMO+J 's are predominantly based on 4-picoline. As shown 

in Table II.l6-II.l7, the lowest lying singlet absorptions of8 and 10 are calculated at 657 

and 618 nm respectively. The lowest lying transition for 8 is a pure HOMO~LUMO 

transition whereas for 10 the same corresponds to single electron transition from HOMO 

and HOMO-I to LUMO. In both the cases, the absorption bands, with onsets at 1.87 eV 

(for 7b) and 2.00 eV, has dominant intraligand 1t-1t* character and small admixture of 

MLCT. The most intense transition observed in 8 in UV region (ca. 285 nm) involve 

multi excitations from HOM0-2 to LUM0+5 (26.7%), HOM0-3 to LUM0+3 (14.3%) 

and HOM0-3 io LUM0+2 (12.8%). The transition has a mixed character of MLCT and 

ILCT. The same absorption band in 10 (275 nm) is slightly blue shifted compared with 

that of8. 

Table 11.15 Energies and Percentage Composition of the Lowest unoccupied and Highest 
Occupied Kohn-Sham Orbitals of8 in Terms ofPd and the ligand fragmenta 

MO occ E~eV} 
77a 0 -1.475 
76a 0 -1.801 
75a 0 -2.014 
74a 0 -2.109 
73a 0 -2.411 
72a 0 -3.553 
7Ia 2 -5.163 
69a 2 -5.806 
68a 2 -6.045 
67a 2 -6.101 
66a 2 -6.622 
65a 2 -6.673 

Pd 

4.66 (dxz); 2.60 (dyz); 1.17 (py)· 
26. 95( dxz); 2.15( d:a). 

1.79 (dyz); l.08(py)· 
3.16(dxy); 3.12(dxz-y2): 2.39(dyz). 
22.0I(dzZ); 16.78(s); 15.47 (dxz.y2); 2.17 (dyz)· 
16.43(dxy); l3.12(dxz_,.2); 1.24 (du); 2.74 (dxz); 2.86 (s). 
8.18 ( dx2-y2); 1.68(dxy ). 
24.75(d"Y); 9.87 (dyz); 2.84(dxz-yz); l.ll(dzz). 
6.40(dxz_y2); 3.86 (da); 1.20 (dxy); l.82(d¥). 

Ligand 
91.78 

74.78 
47.55 

85.74. 
76.75 
28.26 
16.69 
75.91 
38.90 
62.87 

Donor 

97.33 

4.58 
91.22 

2.76 
6.83 

Bold characters are used for the HOMO (7la) and the LUMO (72a). 

Table 11.16 Selected TDDFT calculations of excitation energies, wavelengths (A-), 
oscillator strengths (f) and compositions of the low-lying singlet states in 
dichloromethane solution for cyclopalladate 8. 

,_ 

State Energy (eV) A cal Aexp f Composition Character (nm) (nm) 
SJ 1.8870 657 615 O.o31 HOMO--->LUMO (89.3%) LLCTIMLCT 

SJ 2.3906 518 482 0.075 HOM0-1--->LUMO (52.5%) 
ILCT/MLCT 

HOM0-2--->LUMO (31.5%) 
s6 2.8753 431 - 0.109 HOM0-4--+LUMO (70.9%} MLCTILLCT 

S,z 3.4062 364 334 0.167 
HOM0-5--->LUMO (49.5%) 

LLCTIMLCT 
HOM0-6---.LUMO (30.9%) 

SzJ 3.9698 312 - 0.057 HOMO--->LUM0+5 (66.9%) LLCTIMLCT 

HOM0-2-+LUM0+5 (26.7%) 
S3s 4.3496 285 280 0.194 HOM0-3-+LUM0+3 (14.3%) MLCT/ILCT 

HOM0-3-+LUM0+2 (12.8%) 
HOM0-6-+LUM0+3(19.6%) 

s64 4.9353 250 - 0.081 HOMO-l-+LUM0+6(15.9%) LLCTIMLCT 
HOM0-6-+LUM0+2(15.6%) 
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Table II.l7 Selected TDDFT calculations of excitation energies, wavelengths (/..), 
osciHator strengths (f) and compositions of the low-lying singlet states in 
dichloromethane solution for cyclopalladate 10. 

State Energy (eV) A cal Aexp f Composition Character 
(nm) (nm) 

sl 2.0044 618 630 0.057 
HOMO-+LUMO (64.3%) 

LLCTIMLCT 
HOM0-1-+LUMO (3 I .5%) 

s3 2.4059 515 - 0.253 
HOM0-1-+LUMO (52.8%) 

LLCTIMLCT 
HOMO-+LUMO (24.5%) 

s1 2.9303 423 455 0.105 HOM0-5-+LUMO (83.4%) MLCTIILCT 

sll 3.2778 379 - 0.126 
HOMO-+LUM0+2 (50.2%) 

LLCTIMLCT 
HOM0-6-+LUMO (I 6.8%) 
HOM0-4-+LUM0+3 (25.3%) 

S3o 4.0132 309 - 0.069 
HOMO-+LUM0+6 ( 19.0%) 

ILCT/LLCTIMLCT 
HOM0-5-+LUMO+I (15.7%) 
HOM0-3-+LUM0+3 (11.8%)_ 
HOM0-3-+LUM0+3 (19.4%) 

s47 4.5034 275 285 0.261 HOM0-6-+LUMO+I (12.6%) MLCT/LLCT 
HOMO-+LUM0+7 (8.4%)_ 
HOM0-6-+LUM0+5(35.2%) 

s64 4.9118 252 242 0.042 HOM0-6-+LUM0+4( 16.8%) ILCT/MLCT 
HOM0-5-+LUMO+ 3( 16.1 %) 

11.2.5 Conclusions 

In this study we have explored how the C(naphthyl)-H bonds can be selectively activated 

by palladium(ll) at room temperature using diazene group as primary donor with 

variation of auxiliary donors (substituents at 2'-position of aryl ring). 

l. Regioselective activation of C2(naphthyl)-H and C8(naphthyl)-H bonds has been 

achieved by palladium(II) where the primary donor is at Cl and the auxiliary donor is 2'

naphthol. The C,N-cyclopalladation with the keto form of l-(2'-hydroxynaphthylazo)

naphthalene followed by five membered N,O-chelation can explain the formation of 

isomer having C2-palladium(II) bond. The six membered N,O-chelation with the enol 

form of l-(2'-hydroxynaphthylazo )naphthalene followed by C,N-cyclopalladation 

results in the formation of isomer having C8-palladium(II) bond. 

2. The regiospecific activation of C2(naphthyl)-H bond by palladium(Il) has been 

realized with the change of auxiliary donor naphthol by neutral donor alkoxy group. Due 

to poor donor ability of the alkoxy group, formation of six membered N,O-chelate at first 

step is least probable, which prevents formation of peri-palladate. Therefore, only C,N

cyclometallation is operative resulting in C2(naphthyl)-palladium(II) bond formation: 

Thus exclusive product is ortho-palladate. 

3. Regiospecific C3(naphthyl)-H bond activation by palladium(II) has been achieved, 

when the primary diazene donor is at C2 of the naphthyl group with phenol or naphthol 
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as auxiliary donor. Here, C I and C3 are the potential sites for metallation. The 

preferential activation of C3(naphthyi)-H over C I (naphthyi)-H bond by palladium(II) 

arises from the enhanced softness ofC3(naphthyl) than that ofC !(naphthyl). 

4. Single crystal X-ray crystallography has been employed for the molecular structure 

elucidation and also to know the details of their structural aspects in the solid sate. 

Several non-covalent interactions, notably C-H · · ·n interactions and n stacking 

interactions between adjacent aromatic rings, have been found to stabilize the crystal 

packing in all the cyclopalladates. 

5. The simulated electronic spectra of the cyclopalladates using time-dependent density 

function theory' (TO-OFT) are in close agreement with the experimental spectra. 

6. The low energy absorptions are attributed to intraligand n-n* transitions & metal-to

ligand charge-transfer transitions whereas the high energy absorptions are due to 

intraligand n-n* transitions. 

11.3 Experimental 

11.3.1 Preparation of compounds 

a. Chemicals 

All reagents were obtained from commercial sources and used without purification, 

unless otherwise stated. The ligands (H2L 1, H2L3 and H2L 4) was prepared following 

the reported method32
• 1-(i-methoxynaphthylazo)naphthalene (H2L2

) was prepared 

by methylation of 1-(i-hydroxynaphthylazo )naphthalene33
• Thallium(I)cyclopenta

dieneide was prepared following a reported method34
. 

b. Synthesis of the ligands 
' . I (i) 1-(2 -hydroxynaphthylazo)naphthalene (H2L ) 

Yield: 65%. Anal. Calc.: C, 80.52; H, 4.73; N, 9.39. Found: C, 79.95; H, 4.52; N, 

9.31. 1H NMR (300 MHz; COCi]; standard SiMe4): & 6.90 (d, lH, J=9.4 Hz), 7.40 (t, 

lH), 7.55-7.66 (m, 5H), 7.73-7.82 (m, 2H), 7.90 (d, lH, J=8.l Hz), 8.19 (d, lH, J=7.5 

Hz), 8.32 (d, lH, J=8.3 Hz), 8.62 (d, IH, J=8.1 Hz), 17.23 (s, lH, -OH). 

(il) 1-(i-methoxynaphthylazo)naphthalene (H2L2) 

Yield: 75%. Anal. Calc.: C, 80.75; H, 5.16; N, 8.97. Found: C, 81.26; H, 4.92; N, 

9.01. 1H NMR (300 MHz; CDCh; standard SiMe4): & 4.04 (s, 3H, -OClh), 6.89 (d, 

lH, J:=9.4 Hz), 7.40 (t, 2H), 7.51-7.62 (m, 4H), 7.77-8.00 (m, 6H), 7.90 (d, lH, J=8.l 

Hz), 8.58 (d, lH, J=8.6 Hz), 8.87 (d, JH, J=8.1 Hz). 
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(iii) 2-(i-hydroxyphenylazo)naphthalene (H2L
3
) 

Yield: 55%. Anal. Calc.: C. 77.84; H. 5.38; N, I 0.68. Found: C, 78.02; H, 5.51; N, 

10.41. 1H NMR (300 MHz; CDC13; standard SiMe4): 8 1.54 {s, 3H, 5'-Me) 6.90 (d, 

IH, J=8.6 Hz), 7.26 (d, lH, J=8.1 Hz), 7.40-7.65 (m, 6H), 8.25 (d, lH, J=8.1 Hz), 

8.81 ( d, l H, J=8.6 Hz), 16.30 (s, I H, -OH). 

(iv) 2-(2'-hydroxynaphthylazo)naphthalene (H2L4
) 

Yield: 45%. AnaL Calc.: C, 80.52; H, 4.73; N, 9.39. Found: C, 80.25; H, 4.52; N, 

9.47. 1H NMR (300 MHz; CDCb; standard SiMe4): o 6.89 (d, lH, J=9.3 Hz), 7.37-

7.62 (m, 5H), 7.70 (d, 1H, J=9.3 Hz). 7.83-8.06 (m, 5H), 8.62 (d, lH, J=8.0), 16.34 

(s, IH, -OH). 

c. Isolation of the cyclopalladates 

Isolation of [PdL 1 (PPh3)} (3a and 3b) 

An ethanolic solution (10 cm3) of sodium tetrachloropalladate (0.05 g, 0.170 mmol) was 

slowly added to H2L 1 (0.04 g, 0.134 mmol) in ethanol (10 em\ The mixture was stirred 

for 8 h at room temperature and the colour of the mixture gradually changed to deep 

brownish red. A solution of triphenyl phosphine (0.05 g, 0.191 mmol) in benzene (5 

cm3
) was slowly added to the above mixture. The mixture was further stirred for 2 h at 

room temperature and deep pink red colour appeared. The mixture was kept for 

overnight. The solid residue was collected after the removal of solvent followed by 

washing with water and ethanoL The residue was dissolved in dichloromethane and 

chromatographed on silica gel (60-120 mesh size). A red violet band ofH2L
1 followed by 

a pink red band of (3a) were eluted by mixtures of petroleum ether and benzene in 9:1 

(v/v) and 3: l (v/v) respectively. Finally a green band of (3b) was eluted by pure benzene. 

Red colored compound (3a) and green coloured isomeric compound (3b) were collected 

from the pink red band and green band respectively. 

3a, Yield: 0.025 g, 30%. Anal. Calc.: C, 68.63; H, 4.09; N, 4.21. Found: C, 68.82; H, 

4.20; N, 4.11. 1H NMR (300 MHz; CDCb; standard SiMe4): o 6.41 (d, lH, J=9.0 Hz), 

6.78 (m, 2H), 7.37 (m, 2H), 7.43-7.53 (m, ISH, PPh3), 7.73-7.80 (m, 6H), 8.45 (d, IH, 

J=9.0 Hz), 8.81 (d, lH, J=9.0 Hz). 

3b, Yield: 0.015 g, 17%. Anal. Calc.: C, 68.63; H, 4.09; N, 4.21. Found: C, 68.71; H, 

4.15; N, 4.09. 1H NMR (300 MHz; CDCl3; standard SiMe4): o 6.17 (s, 1H), 6.55 (d, 2H, 
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1=9.1 Hz), 6.84 (d, IH, 1=8.0 Hz), 7.25-7.67 (m, PPh3 and other naphthyl ring protons). 

8.48 (d, IH, 1=7.8 Hz), 9.18 (d, IH, 1=8.0 Hz). 

Isolation of [PdL 1 (Pic)] (4a and 4b) 

Compounds (4a) and (4b) were isolated following the above procedure for 

compounds (3a) and (3b) respectively. 4-Methylpyridine was used instead of 

triphenylphosphine. The amounts of H2L 1 and sodium tetrachloropalladate used were 

0.04g (0.134 mmol) and 0.05g (0.170 mmol) respectively. The pink red band of 

compound ( 4a) was eluted by a mixture of petroleum ether and benzene (I: l, v/v) and 

then the isolation of green band of compound ( 4b) was made by benzene. 

4a. Yield: 0.017g, 25 %. Anal. Calc.: C, 62.98; H,3.86; N, 8.47. Found: C, 63.23; H, 

4.23; N, 7.55. 1H NMR (300 MHz; CDCI3; standard SiMe4): 5 2.52 (s, 3H, 5'-Me), 

6.84 (d, lH), 7.05 (d, lH, J=9.24 Hz), 7.22-7.55 (m, 5H), 7.57-7.74 (m, 7H), 8.38 (d, 

lH, J=7.4l Hz), 8.78 (d, lH), 8.90 (d, 2H). 

4b. Yield: O.OlOg, 15%. Anal. Calc.: C, 62.98; H;3.86; N, 8.47. Found: C, 62.75; H, 

3.62; N, 7.98. 1H NMR (300 MHz; CDCI 3; standard SiMe4): 5 2.39 (s, 3H, 5'-Me), 

6.56 (d, lH, 1=8.22 Hz), 6.69 (d, lH. J=9.ll Hz), 7.21-7.36 (m, 7H), 7.43-7.57 (m, 

4H), 7.64 (d, lH, 1=8.23), 8.44 (d, IH. 1=8.49), 9.17 (d, IH, 1=8.34 Hz). 

Synthesis of Di( p-chloro )bis(l-(1 '-napthylazo )-2-methoxy-C (2),N p)dipalladium(Il), 

[Pd(L2)Cl}, (5) 

An ethanolic solution (10 cm3
) of 1-(1'-napthylazo)-2-methoxynapthalene (0.075 g, 0.24 

mmol) was added to an ethanolic solution (20 cm3
) of sodium tetrachloropalladate 

(0.070 g, 0.24 mmol).The solution was stirred magnetically at room temperature for six 

hours. The resulting precipitate was filtered, washed with aqueous ethanol ( 4 X 5 cm3
) 

and dried and recrystallized from dichloromethane/ethanol. Yield: 0.095 g 82%. Anal. 

Calc.: C, 55.65; H, 3.34; N, 6.18. Found: C, 55.86; H, 3.52; N, 5.97. 1H NMR (300 MHz; 

CDCh; standard SiMe4): 5: 4.07 (s, 3H, OMe), 7.25 (m, 4H), 7.43-7.61 (m, 6H), 7.87-

7.94 (m, 2H). 

Isolation of ( rf -Cyclopentadienyl)(J-(1 '-napthylazo )-2-methoxy-C (2),N p)dipalladium(Il) 

{Pd(L 2)Clj, (6) 

To a suspension of [Pd(L2)CI] (5) (0.05 g, 0.055 mmol) in benzene(25 cm3
) was added 

solid TICp ( 0.036 g, 0.1 mmol) with stirring. The mixture was further stirred for four 

hours at room temperature. The colour of the solution became dark red. The precipitate 
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of TlCl was removed by filtration through a glass sintered (G-4 frit) funnel. The filtrate 

was evaporated under reduced pressure. The solid residue was dissolved in CH2Cb and 

chromatographed on a cellulose column. The compound (6) was eluted as deep red band 

using benzene as eluant. Removal of the solvent afforded the compound as dark red 

microcrystals. Yield: 0.04 g, 75%. Anal. Calc.: C, 65.26; H, 4.46; N, 5.64. Found: C, 

64.90; H, 4.58; N, 5.21. 1H NMR (300 MHz; CDCh; standard SiMe4): o: 4.06 (s, 3H, 

OMe), 5.62 (s, 5H, Cp- protons), 7.39 (s, 6H), 7.81 (s, 6H), 8.13 (s, 1H), 8.73 (s, 1H). 13C 

NMR (300 MHz; CDCb; standard SiMe4): o 57.08 (OMe). 96.16 (Cp), 114.18 (C2), 

122.48-138.61 (other aromatic carbons) 

Isolation of [PdL3(PPh3)] (7) 

Compound (7) was synthesized following the procedure outlined previously using 2-(i

hydroxyphenylazo)naphthalene as the ligand and triphenyl phosphine as the donor 

molecule. 

Yield: 42%. Anal. Calc.: C, 66.83; H, 4.33; N, 4.45. Found: C, 67.03; H, 4.26; N, 4.85. 
1H NMR (300 MHz; CDCh; standard SiMe4): o 2.26 (s, 3H, 5'-Me), 5.97 (d,lH), 6.53 

{d, lH, J==8.78 Hz), 6.71 (d, lH, J== 7.64 Hz), 6.95 (d, 1H, 1==8.79), 7.11-7.21 (m, 2H), 

7.39-7.48 (m, PPh3 signals), 7.87 (s, I H), 8.46 (d, I H), 9.19 (d. I H, J==9.00 Hz). 

Isolation of [PdL3(Pic)j (8) 

Compound (7b) was isolated following the procedure outlined previously using 2-(i

hydroxyphenylazo )naphthalene as the ligand and 4-picoline as the donor molecule. 

Yield: 52%. Anal. Calc.: C, 60.07; H, 4.16; N, 9.14. Found: C, 60.27; H, 4.22; N, 8.85. 
1H NMR (300 MHz; CDCh; standard SiMe4): o 2.18 (s, 3H, 5'-Me), 2.49 (s, 3H, Me 

protons of 4-picoline), 6.50-8.80 (aromatic protons). 

Isolation of [PdL4(PPh3)] (9) 

Compound (9) was isolated following the procedure outlined previously using 2-(i

hydroxynaphthylazo)naphthalene as the ligand and triphenyl phosphine as the donor 

molecule. 

Yield: 15%. Anal. Calc.: C, 68.63; H, 4.09; N, 4.21. Found: C, 68.54; H, 3.97; N, 4.55. 
1H NMR (300 MHz; CDCh; standard SiMe4): o 6.70 (d, lH), 7.10 (d, 1H, J=9.24 Hz), 

7.22-7.95 {m, 15H), 8.10-8.25 (m, 7H), 8.42 (d, lH, J=7.41 Hz), 8.80 (d, lH), 9.10 (d, 

2H). 
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Isolation of [PdL 4 (Pic)} (10) 

Compound (10) was isolated following the procedure outlined previously using 2-(i

hydroxyphenylazo)naphthalene as the ligand and 4-picoline as the donor molecule. 

Yield: 18%. Anal. Calc.: C, 62.98; H, 3.86; N, 8.47. Found: C, 63.23; H, 4.23; N, 8.15. 
1H NMR (300 MHz; CDCb; standard SiMe4): & 2.52 (s, 3H, Me protons of 4-picoline), 

6.25-8.90 (aromatic protons). 

11.3.2 Physical Measurements 

Elemental microanalyses (C, H and N) were done by either Perkin-Elmer (Model 240C) 

or Heraeus Ca.r;lo Erba 11 08 elemental analyzer. The IR and Electronic spectra were 

recorded on Jasco 5300 FT -IR spectrophotometer and JASCO V -500 spectrophotometer 

respectively. NMR spectra were obtained by using Bruker DPX 300 NMR Spectrometer. 

11.3.3 Crystal Structure Determination 

Single crystals were grown by slow diffusion of hexane into dichloromethane solutions 

of the cyclometallates 4a, 3b, 4b, 5, 8 and 10. Selected crystal data and data collection 

parameters are given in Table Il.l8. Data on the crystals were collected on a Bruker 

SMART 1000 CCD area-detector diffractometer using graphite monochromated MoKa 

(A = 0. 71073 A) radiation by w scan. The structure was solved by direct methods using 

SHELXS-9i2 and difference Fourier syntheses and refined with SHELXL97 package 

incorporated in WinGX 1.64 crystallographic collective package35
. All the hydrogen 

positions for the compound were initially located in the difference Fourier map, and for 

the final refinement, the hydrogen atoms were placed geometrically and held in the 

riding mode. The last cycles of refinement included atomic positions for all the atoms, 

anisotropic thermal parameters for all non-hydrogen atoms and isotropic thermal 

parameters for all the hydrogen atoms. FuJI-matrix-least-squares structure refinement 

against I F2 I . Molecular geometry calculations were performed with PLA TON 36
, and 

molecular graphics were prepared using ORTEP-3 37
. 
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Table II.l8. Crystal data and data collection parameters ofthe cyclopalladates 

Identification code 3b 4a 4b 5 8 10 

Empirical formula C26H19N30Pd CJs Hz9 Nz Oz P Pd Cz6H19N30 Pd C42 H1o Cu N4 Oz Pd2 Ch C2l H19 N1 0 Pd Cz6HI9 N1 0 Pd 

Formula weight 495.86 683.06 495.84 906.40 459.85 495.84 

Temperature 298(2) K 293(2) K 293(2) K 298(2) K 298(2) K 298(2) K 

Ccystal system, space group Monoclinic, P2(1Yn Triclinic, P-1 Monoclinic, P2(1 Yc Monoclinic, P2(1Yn Monoclinic, P2(1) Orthorhombic, P212121 

a= 10.880(3) A a= 9.0278(12) A a= 15246(4)A a=I3.148(3)A a= 10.2088(7)A a"' 7.3923(14) A 

b=l7.184(4)A b = 12.6561(17)A b=7.451(2)A b = 12.008(3) A b = 7.4438(4)A b"' 13 848(3) A 

Unit cell dimensions 
c = 11.164(3))A c= 144336(19)A c= 18.482(5)A c= 13.215(3)A c = 13.2692(9)A c=20.149(4)A 

u=90" u=77.426(2)" a=90" a= 90" a= 90" a=90" 

13 = I 00.375(4)" 13 = 82.567(2)" p = 101615(6)0 p = 119.245(3) 0 p = I 02.436(2)• )3=90" 

y=9o• y = 74.423(2)0 y=90· 1 = 90" y=90· y=90· 

Volume 2053.1(9) A3 1546.0(4) A1 2056 6(10) A1 1820.5(7) A1 984.70(11) A3 2062.6(7) A3 

Z, Calculated density (Mglm 1
) 4, 1.604 2, 1.467 4, 1.601 2, 1.654 2, 1.551 4, 1.597 

Absorption coetllcient 0.928 nmf1 0.689 mm·' 0.926 mm·' 1.178 mm·' 0.960mm·1 0.924 mm·' 
I 

F(OOO) 1000 696 1000 904 464 1000 
I 

Crystal size 0.40 x 0.22 x 0.10 mm 0.35 x 0.26 x 0.12 mm 0.25 x 0.12 x 0.10 mm 033 x 0.22 x 0.11 mm 0.21 x0.16x0.08mm 0.22 x 0.18 x 0.09 mm 
I 

Theta range for data collection 
2.24 to 25.02 deg. 

2.66 to 25.01 deg. 136 to25.00 deg. 1.79 to 25.13 deg. 1.57 to 20.99 deg. I 2.50 to 24.98 deg. 
I 

I 

Limiting indices 
-12 :OS h :OS 12, -20 :5 k 5 20 -IO:Sh:SIO, -155k515 -18Sh:S15,-85kS8 -155h515,-l45k514 -9:5 h s 10,-7:5 k:::: 7 -8 5 h :::: 8, -16 5 k 5 16 

-13 515 13 -17:51517 -2051521 -15:51:515 -1351:511 -23 :5 I :5 23 
I 

19095 I 3622 13925 I 5230 14245 I 3607 16063/3212 331012004 18902/3504 I 
Reflections collected I unique 

[R(int) = 0 0264) [R(int) = 0.0277) [R(int) = 0.0%3) [R(int) = 0.0276) [R(int)=0.1221] [R(int) =0.0685] ! 

Data I restraints I parameters 3622/0/281 5230 I 01411 3607101281 3212/0/236 2004111255 350410/281 I 

Goodness-of-fit on F' 1.156 1.140 1.000 1.213 0.878 l.l89 

Final R indices [I>2sigma(l)] R1= 0.0293, wR2= 0.0744 R1= 0.0399, wR2= 0.1009 R1= 0 0941, wR2=0.2173 Rl= 0 0249, wR2= 0 06% Rl=0.0714, wR2=0.1662 Rl= 0.0556, wR2= 0 1072 1 

R indices (all data) Rl= 0.0312, wR2= 0.0755 Rl=0.0419, wR2=0.1024 Rl=O.l381, wR2=0.2523 Rl= 0.0277, wR2= 0.0813 RI=O.II87, wR2=0.1873 Rl=0.0592, wR2:0.J087 

Largest diff. peak and hole 0.406 and -0.267 eA"3 1.143 and -0.371 eA"1 1.301 and -0.601 e.A"3 0337 and -0.382 e.A"1 0.725 and -0.609 e.A"3 0.559 and -1087 eA"' 
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11.3.4 Method and Computational Details 

The calculations have been performed within the TDDFT formalism as implemented 

in ADF200738
• Two approximations are generally made: one for the XC potential, 

and one for the XC kernel, which is the functional derivative of the time-dependent 

XC potential with respect to density. We used LOA (local density approximation) 

including the VWN parametrization39 in the SCF step and Becke40 and Perdew

Wang41 gradient corrections to the exchange and correlation respectively and 

Adiabatic local Density Approximation (ALOA) for the XC kernel, in the post-SCF 

step. TD-DFT. calculations have been performed with the uncontracted triple-STO 

basis set with a polarization function for all atoms. In the calculation of the optical 

spectra, 70 lowest spin-allowed singlet-singlet transitions have been taken into 

account. Transition energies and oscitlator strengths have been interpolated by a 

Gaussian convolution with a cr of 0.2 eV. Solvent effects were modelled by the 

"Conductor-like Screening Model" (COSM0)42 of solvation as implemented in AOF. 

Regioselectivity for subsequent palladation at different C(naphthy)-H bonds 

were ascertained through evaluation of Fukui function 24
. For the calculation of 

condensed Fukui function (FF) values, gradient corrected BL YP with LOA VWN 

correlation potential method for the computations. All the structures have been 

optimized at the gradient corrected BL YP method, with LDA VWN 39 correlation 

functionals. The Huzinaga double-zeta basis set43 with polarization (OZP) is used. 

Single point energy calculations have been performed at the above level of theory for 

the cations of the conformers using the ground state optimized structures. The 

individual atomic charges (gross charge) calculated by Mulliken Population Analysis 

(MPA) have been used to calculated the condensed Fukui functions (fk-) using AOF. 
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