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Abstract : The reaction of Pd(a/I}-NaiR)Cl2 (1-alkyl-2-(naphthyl-a/!l-azo)imidazoles, a-NaiR (1) and !}-NaiR (2)) with 

m-aminopyridine (m-NHz-Py) and o-aminopyrimidine (o-NHz-Pym) in acetonitrile solution has synthesized a C-N coupled 

product, chloro[1-alkyl-2-{ (7-imidophenyl)pyridyl-a/1}-azo }imidazole-N ,N' ,N"]palladium(II), Pd(a/1}-NaiR-N-Py-m)Cl (3, 

4) and Pd(a/13-NaiR-Nz-Py-o)Cl (5, 6). The structural confirmation has been carried out by X-ray diffraction study. 

The solution electronic spectra of C-N fused products, 3-6, show transitions within 600-900 nm those are absent in 

Pd(a/I}-NaiR)Cl2• Cyclic voltammogram shows four successive redox couples, one of them (positive to SCE) is oxidative 

in nature and others (negative to SCE) are ligand reductions. Emission is observed from ligand centred orbitals and 

has been ascribed to 1t-1t* excitation process. The excited state decays following radiative and nonradiative biexponential 

routes. Absorption and fluorescence spectra of pyridylamine fusion product show H+ and metal ion (Zn2+, Cd2+) sensitivity. 

Keywords : Pd-naphthylazoimidazoles, C-N coupling reaction, LLCT, electrochemistry, luminescence, H +-sensitivity. 

Introduction 

The C-H activation is highly acclaimed in the syn
thetic chemistry. A significant progress has been achieved 
in this area by using metal catalysed route. Facile C-H 

activation and formation of organometallic compounds, 

and the subsequent reactions of the metal-carbon bonded 
motif which could not be observed otherwise6-8 is a fas

cinating field of chemical research. The transition metal 

complex of azo ligands is a field of research interest for 

fascinating electron transfer1-4 , photophysical5 behaviour 

of delocalised metallated chelates of bi- and tridentate 

ligands and metal assisted organic transformation of che
lated ligand to a new molecule which is otherwise impos

sible to synthesise7- 10. It is observed that the pendant 

aromatic ring in metallated azo-heterocycles does not fit 

to chelate with central metal ion because of ring strain (in 
four member ring) but efficiently activate ortho C-H bond 

followed by hydroxylation9, thiolation10 or amine cou

pling reaction7•8 . Free ligands do not show such chemi-

cal reactions. The N(1)-substituted 2-(arylazo)imidazole 

ligands have been extensively investigated in our labora
tory in recent years3•11- 15 . In particular, we have re
ported the synthesis, spectroscopic studies and structural 
characterisation of Pd11 compounds with N(l)-alkyl-2-
(arylazo)imidazoles15. These classes of molecules carry 

azoimine, -N =N-C=N-, group. They are rr-deficient and 

stabilize low valent metal redox state. The coordination 
of ligand(s) with metal ion can offer suitable orientations 

and electronic requirement for participation in chemical 
reactions. In the metal promoted organic reactions 7- 10 

the transition metal ions serve as effective template. 

We have initiated a research programme on palla
dium(II)-mediated C-N coupling reaction of coordinated 
1-alkyl-2-(naphthyl-a/~-azo )imidazoles by using aromatic 

and heterocyclic amines 16. In this work we will report 

the C-N fusion of Pd(a/~-NaiR)Cl2 (a-NaiR = 1-alkyl-
2-(naphthyl-a-azo)imidazoles); ~-NaiR= 1-alkyl-2-(naph

thyl-~-azo)imidazoles)) with m-aminopyridine (m-NH2Py) 

tin honour of Professor K. B. Pandey a on the occasion of his 70th Birth Anniversary. 
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and o-aminopyrimidine (o-NH2Pym). The complexes have 
been characterized by the spectral, electrochemical and 
luminescence data. The structural confirmation has been 
established by single crystal X-ray diffraction studies. 
These complexes show polarity dependent absorption and 
emission properties in different solvents. The spectral and 
redox properties are explained by DFT and TD-DFT cal
culations. 

Results and discussion 

Synthesis and formulation : 

Dichloro-( 1-alky 1-2-(naphthyl-a./~-azo )imidazole)
palladium(ll) complexes, Pd(a.-NaiR)Cl2 (1), Pd(~-NaiR)Cl2 
(2) are used in this work. The reaction between Pd( a./~
NaiR)Cl2, m-NH2Py or o-NH2Pym (1 : 1.4 molar ratio) 
in presence of Et3N in MeCN solution under stirring and 
refluxing for 10 h has yielded green product ( eq. (1)). 

This has been identified as amine coupled product [Pd( a./ 
~-NaiR-N-C5H4N-m)Cl] (3, 4) and [Pd(a./~-NaiR-N
C5H3Nro)Cl] (S, 6) [where, R = CH3 (a), CH2CH3 
(b), CH2Ph (c); a.-derivatives are 3, S and ~-derivatives 
are 4, 6)]. 

The C-N coupling takes place by the C-H activation 
of ortho C(6)-H bond to the azo function in the pendant 
naphthyl ring (B-ring) of NaiR and forms palladium(n) 
complex of tridentate N ,N' ,N" -chelating ligand (N, N', 
N" refer to N(imidazole), N(azo) and N(pyridylamine) 
respectively). Microanalytical data support the composi
tion of the complexes (see Experimental section). There 
is a feasibility of C(8)-H activation; the proximate posi
tion of C(9)-H may prevent the fusion at C(8) position. 

Molecular structures : 

The molecular structures of Pd(a.-NaiEt-N-C5H4N
m)Cl (3b) and Pd(a.-NaiMe-N-C4H3N2-o)Cl (Sa) are 
shown in Figs. 1 and 2. The selected bond parameters are 
listed in Table 1. The asymmetric unit of 3b crystal lat
tice consists of one molecule while that of Sa is consti
tuted of two molecules. Each molecular unit of the struc
ture shows tridendate N(imidazole) (N), N(azo) (N'), 
N(amine) (N") coordination of the chelating ligand and 
fourth coordination site of the square plane is occupied 
by -Cl· · · There are two chelate rings; the atomic groups 
Pd(l), N(1), C(2), N(6), N(7) and Pd(l), N(7), C(8), 

MeCN, reflux, E~N 

(1) 

11 MeCN, reflux, Et3N 

Scheme 1. C-N fusion reaction. Pd(a.-NaiR)Cl2 (1), Pd(f3-NaiR)Cl2 (2); Pd(a.-NaiR-N-C5H4N-m)Cl (3); Pd(f3-NaiR-N-C5H4N-m)Cl (4); 
[Pd(a.-NaiR-N-C5H3Nro)Cl] (5); [Pd(f3-NaiR-N-C5H3Nro)Cl] (6) and R = CH3 (a), CH2CH3 (b), CH2Ph (c). 
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Cl231 

(a) 

(b) 

Fig. 1. Molecular structure of (a) Pd(a-NaiEt-N-C5H4N-m)Cl (3b) 
and (b) Pd(a-Na1Me-N-C4H3NTo)Cl (Sa). 

C(9), N(l9) [Pd(31), N(31), C(32), N(36), N(37) and 

Pd(31), N(37), C(38), C(39), N(49)] constitute two che

late planes (mean deviation, < 0.04 A) and they are nearly 

planar (dihedral angle 4 °). The chelate bite angles are 
N(1)-Pd(l)-N(7), 80.1(2) 0 (3b), 79.5(3), (N(37)-Pd(31)

N(31), 80.9(4) 0 ) (Sa) and N(7)-Pd(l)-N(19), 80.6(2) 0 (3b) 

and 81.2(3) (N(37)-Pd(31)-N(49), 81.6(4) 0 ) (Sa). The Pd 

atom lies within the square plane defined by N 3Cl donor 

centers (deviation, < 0.01). The pendant heterocycle ring 

is inclined at an angle of 22.14° (3b) and 23.18° (Sa) 

with the principal plane. There are three types of Pd-N 

bonds : Pd-N(imidazole) [Pd(1)-N(l)], 2.030(6) (3b), 

2.009(7) (Sa) and Pd(31)-N(31), 2.030(9) A (isomer of 

Sa)]; Pd-N(azo) [Pd(1)-N(7)], 1.939(6) (3b), 1.954(7) 

(Sa) and Pd(31)-N(37), 1.934(9) A (isomer of Sa)] and 

Pd-N(heterocycle), Pd(l)-N(19), 2.026(6) (3b), 1.998(8) 

(Sa) and Pd(31)-N(49), 2.009(9) A (isomer of Sa). These 

distances are within limits of reported data 15 . The N = N 

bond lengths are N(6)-N(7), 1.328(7) (3b); 1.309(9) (Sa) 

and N(36)-N(37), 1.331(12) A (isomer of Sa). The free 

ligand value of N = N bond is 1.267(3) A available for 1-
ethyl-2-(naphthyl-a-azo)imidazolium hexafluorophos

phate27. The elongation of N = N distance is consistent 

with electron delocalization from metal to ligand frag

ment. The difference in N(azo)-C(naphthyl-B/imidazole

A) may be due to backbone conjugation in the coordi

nated anionic ligand. The N(azo)-C(imidazole-A) (N(6)
C(2)), 1.386(10) (3b), 1.363(12) (Sa) and 1.388(14) A 
(isomer Sa); N(azo)-C(naphthyl-B) (N(7)-C(8)) 1.364(8) 

Table 1. Selected bond length (A) and angles ( 0 ) of Pd(a-NaiEt-N-C5H4N-m)Cl (3b) 

Pd(a-NaiMe-N-C4H3N2-o)Cl (Sa) 

Pd(l)-N(l) 2.009(7) N(7)-Pd(l)-N(1) 79.5(3) 

Pd(l)-N(7) 1.954(7) N(7)-Pd(1)-N(19) 81.2(3) 

Pd(1)-N(19) 1.998(8) N(19)-Pd(l)-N(1) 160 6(3) 

Pd(l)-Cl(1) 2.298(3) N(7)-Pd(l)-Cl(l) 177.7(2) 

N(6)-N(7) 1.309(9) N(19)-Pd(l)-Cl(l) 100.8(2) 

N(7)-C(8) 1.369(11) N(l)-Pd(1)-CI(l) 98.6(3) 

C(9)-N(19) 1.338(13) C(2)-N(l)-Pd(1) 108.3(7) 

N(19)-C(20) 1.405(14) C(5)-N(1)-Pd(l) 144.2(7) 

C(2)-N(6) 1.363(12) N(6)-N(7)-Pd(1) 1197(6) 

C(2)-N(6) 1.363(12) N(6)-N(7)-Pd(l) 119.7(6) 

C(8)-C(9) 1.441(12) C(8)-N (7)-Pd( 1) 116.3(6) 
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Table-] (contd.) 

Pd(a-NaiEt-N-C5H4N-m)Cl (3b) 

Pd(1)-N(1) 

Pd(1)-N(7) 

Pd(1)-N(19) 

Pd(l )-Cl( 1) 

N(6)-N(7) 

N(7)-C(8) 

C(9)-N(19) 

N ( 19)-C(20) 

C(2)-N(6) 

C(8)-C(9) 

2. 030( 6) N (7)-Pd( 1 )-N ( 1) 80.1(2) 

80.6(2) 

160.6(2) 

175.45(16) 

102.83(18) 

96.60(18) 

107.0(5) 

145.2(6) 

120.1(4) 

118.2(4) 

1.939(6) 

2.026(6) 

2.304(2) 

1.328(7) 

1.364(8) 

1.336(9) 

1.430(9) 

1.386(10) 

1.444(9) 

(a) 

(b) 

Fig. 2. Hydrogen bonding network in (a) 3b and (b) Sa. 

(3b), 1.369(11) (Sa) and 1.392(14) A (isomer of Sa) are 

noticeably shorter than that of N(imino)-C(heterocycle) 
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N (7)-Pd( 1 )-N ( 19) 

N(19)-Pd(1)-N(l) 

N (7)-Pd( 1 )-Cl( 1) 

N ( 19)-Pd( 1 )-C1( 1) 

N(1)-Pd(1)-Cl(1) 

C(2)-N(1)-Pd(1) 

C(5)-N(l)-Pd(l) 

N(6)-N(7)-Pd(1) 

C(8)-N (7)-Pd(l) 

(N(19)-C(20)), 1.430(9) in 3b, 1.405(14) (Sa) and N(49)
C(50), 1.447(15) A. 

Hydrogen bonded 1D chain is observed in 3b through 
C(10)-H(10)---N(22A) (C(10)-H(10), 0.95 A; H(10)--

N(22A), 2.69(4) A; C(10)---N(22A), 3.45(3) A and 
LC(10)-H(10)---N(22A), 137.3(6) 0 ) and C(24)-H(24)--

Cl(1) (C(24)-H(24), 0.95 A; H(24)---Cl(1A), 2.75(9) A; 
C(24)---Cl(1A), 3.61(5) A and LC(24)-H(24)---Cl(1A), 

150.3(2) 0 ) (Fig. 2a). In Sa the Cl of Pd-Cl bond shows 

bifurcated hydrogen bonds (Fig. 2b) with naphthyl-H 
(C(41)-H(41A)---Cl(31): C---CI, 3.64(2); H---Cl, 2.75(7); 

LC(41)-H(41A)---Cl(31), 155.2(8) 0 ) and pyrimidyl-H 

(C(23)-H(23A)---Cl(31): C---Cl, 3.48(7); H---Cl, 2.63(7); 

LC(23)-H(23A)---Cl(31), 48.9(6) 0 ). Pyrimidine-N of one 
molecule contacts neighbouring molecules through hy
drogen bonds with C-H of pyrimidine-H (C(24)-H(24A)--

N(55): C---N, 3.59(8); H---N, 2.68(3); LC(24)-H(24A)--

N(55), 161.7(3) 0 ) and H of N-CH3 in imidazolyl motif 
(C(18)-H(18A)---N(21): C---N, 3.49(5); H---N, 2.57(5); 

LC(18)-H(18A)---N(21), 156.2(1) 0 ). 

Spectral studies : 

IR spectra : 

Main difference in infra-red spectra is the presence of 

one v(Pd-Cl) stretch at 320 cm-1 in Pd(a/~-NaiR-N

C5H4N-m)Cl (3, 4) and Pd(a/~-NaiR-N-C4H3N2-o)Cl 

(S, 6) compared to two v(Pd-Cl) stretches at 330 and 310 
cm-1 9, 15 of precursor Pd(a/~-NaiR)Cl2 . The sharp single 

band at 1335-1350 cm-1 in 3-6 is referred to v(N=N) 
which has been shifted to lower frequency by 15-20 cm-1 

compared to free ligand data and by 10-15 cm-1 from that 

of Pd(a/~-NaiR)Cl2 . This supports the coordination of 



Pratihar et al. : The reaction of heterocyclic amine with pendant naphthyl group etc. 

Table 2. UV-Vis and emission spectral data of Pd(a/[3-NaiR-N-C5H4N-m)CI and Pd(a/[3-NaiR-N-C4H 3Nro)CI in MeCN 

Complexes Amax/nm oo-3 E [dm3 mol- 1 cm-1])" Aex/nmb Ae111/nm" <I>r 

Pd(a-NaiMe-N-C5H4N-m)CI (3a) 220(10.01), 241(8.20), 306(4.98), 397(8.21), 306 349 0.04 

417(8.62), 704(0.20), 776(0.15), 851(0.11) 

Pd(a-NaiEt-N-C5H4N-m)CI (3b) 253(10.88), 308(5.23), 349(4.83), 415(2.11), 253 372 0.02 

474(1.39), 713(1.88), 773(2.36), 852(1.68) 

Pd(a-NaiBz-N-C5H4N-m)CI (3c) 240(12.14), 333(8.45), 399(14.41), 418(13.68), 333 361 0.01 

644(0.23), 711(0.38), 775(0.43), 852(0.29) 

Pd([l-NaiMe-N-C5H4N-m)C1 (4a) 287(10.24), 298(9.55), 376(5.83), 395(3.38). 298 365 0.02 

641(0.71), 701(0.12), 807(0.21), 850(0.15) 

Pd([l-NaiEt-N-C5H4N-m)CI (4b) 286(4.19), 300(4.05), 380(9.54), 396(7.46), 423(3.97), 300 360 O.Q3 

479(1.38), 639(0.21), 703(0.46), 807(0.56), 842(0.43) 

Pd([l-NaiBz-N-C5H4N-m)C1 (4c) 293(4.20), 370(4.06), 642(0.19), 698(0.28), 293 405 0.06 

801(0.21), 855(0.17) 

Pd(a-NaiMe-N-C4H3Nro)CI (Sa) 259(11.12), 409(8.19), 573(1.67), 540(0.61), 259 368 0.14 

699(0.84), 749(0.80), 828(0.60) 

Pd(a-NaiEt-N-C4H3Nro)C1 (Sb) 273(6.45), 332(4.92), 399(7.97), 415(7.55), 332 431 0.09 

448(4.29), 503(1.68), 708(0.13), 820(0.30) 

Pd(a-NaiBz-N-C4H3Nro)CI (Sc) 269(7.75), 402(11.03), 418(10.67), 644(0.33), 269 339 0.11 

707(0.34), 816(0.34) 

Pd([l-NaiMe-N-C4H3N2-o)CI (6a) 253(10.02), 395(6.72), 540(1.54), 642(0.50), 253 371 0.11 

675(0.75), 740(0.89), 832(0.40) 

Pd([l-NaiEt-N-C4H3N2-o)CI (6b) 282(5.43), 340(5.21), 381(6.01), 470(3.25), 282 375 0.13 

514(2.03), 712(0.11), 825(0.25) 

Pd([l-NaiBz-N-C4H3Nro)CI (6c) 215(10.97), 265(14.12), 285(10.68), 297(9.01), 285 378 0.16 

381(23.26), 512(4.09), 654(0.15), 718(0.11), 821(0.21) 

asolvent : MeCN; bA_ex- excitation wavelength; cAem- emission wavelength; <I>r- fluorescence quantum yield. 

azo-N to Pdn and significant charge delocalization from 

N-CsH4N-m/N-C5H3N2-o fragment (ring-C) to the azo 
function intramolecularly. 

Absorption and emission spectra : 

The solution spectra of Pd(a./P-NaiR-N-C5H4N-m)Cl 
(3, 4) and Pd(a./P-NaiR-N-C4H3N2-o)Cl (5, 6) in aceto

nitrile is entirely different from Pd(a./P-NaiR)Cl2. The 
complexes 3-6 show multiple transitions in the visible to 
NIR region (450-850 nm). The acetonitrile solution of 

Pd(a./P-NaiR)Cl2 exhibit absorption bands at 240-550 
nm. The spectral data are collected in Table 2 and a 
representative figure is shown in Fig. 3. On comparison 

with the absorption spectra of the free ligand 18 we con
clude that transitions < 400 nm are intraligand charge 
transfer transitions. The transitions in visible to NIR re

gion are characteristic to C-N fused system. We have 
attempted to explain the origin of these transitions from 

DFT computation data (vide supra). 

The photoluminescence properties of the complexes 

3-6 were studied at room temperature (298 K) in MeCN 
solution (Fig. 3). Pd(a./p-NaiR-N-C5H4N-m)Cl and Pd(a./ 

P-NaiR-N-C4H3Nz-o)Cl exhibit emission at 340-450 nm 

(Table 2). The emission is assigned to the intraligand 

fluorescence (1t-1t* state). Longer wavelength (A. > 500 

nm) excitation does not show emission20. 

JICS-15 

The effect of solvent polarity on the absorption is in

significant while the fluorescence spectra of the complexes 

(3~6) show sufficient shifting of emission band when re

corded in a series of non-hydroxylic and hydroxylic sol

vents. Fig. 4 shows emission behaviour of Pd(a.-NaiEt

N-C5H4N-m)Cl in different solvents. Excitation is car

ried out.at 253 nm. In general, the absorption band shifts 

to shorter wavelength with increasing solvent polarity 

which means better stabilization of ground state HOMO 

compared to LUMO with increasing polarity; while in

crease in solvent polarity shifts emission to longer wave-
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3. The signals were compared with free ligand and Pd(a/ 

~-NaiR)Cl2 and have been assigned 15 . The imidazole-H 

(4 and 5-H) (A-ring) appear at 7.00 to 7.35 ppm. m
Pyridyl (C-ring) protons show singlet for15-H at 8.55-

8.80 ppm, which is due to proximity of pyridine-N and 

metal a ted amine-N centre. Other protons (17-H and 18-

H) appear at 8.00 to 8.10 ppm. ~-Naphthyl shows (9-H 

to 13-H) protons at up-field region relative to m-pyridyl 

protons. 

Electrochemistry : 

The results of cyclic voltammetry of Pd(a/~-NaiR-N

C5H4N-m)Cl (3, 4) and Pd(a/~-NaiR-N-C4H3Nro)Cl (5, 

6) are given in Table 4 and a representative voltammogram 

is shown in Fig. 5. Pd(~-NaiR)Cl 2 exhibit two 

quasireversible (!1EP > 100 mV) reduction couples at 

negative to SCE and have been assigned to reduction of 

azo group 13- 15 . The complexes 3-6 show three succes

sive redox couples. One redox couple appears at positive 

side to SCE in the potential range 0.8-1.2 V and is oxi

dative in nature. This redox response is quasirevesible in 

nature which is supported from !1EP ~ 100 mV (!1EP = 
[Epa- EpcL peak-to-peak separation). One electron na

ture of the redox couple is supported from ipa/ipc (=d .0) 

and differential pulse voltammetry (DPV). Palladium(ll) 

is hard to oxidize, so this oxidative response is referred 

to the ligand oxidation at the easily oxidisable chelate 

ring 2, eq. (4). Because of better n-acidity of pyrimidine 

[-N=N-C=N-1 

[-N=N-C~N-1 
2-

[-N~N-c~N-1 

+e 

+e 

+e 

-e 

+e 

+e 
3-

[-N-N-c~N-1 ==== 

1.1 . 0.7 0.3 -0.1 -0.5 -0.9 -1.3 -1.5 

E vs SCE (V) 

Fig. 5. Cyclic voltammogram of Pd(a-NaiEt-N-C5H4N-m)Cl (3b) 
in acetonitrile solution using Pt-working electrode, SCE 
reference and Pt-wire auxiliary electrode in presence of 
[n-Bu14N](Cl04) as supporting electrolyte. 

base than pyridine the complexes 5 and 6 may show higher 

oxidation potential than the complexes 3 and 4 (Table 4). 

Two redox responses appear at negative to SCE at -0.2 

to -0.3 and -0.7 to -0.9 V are reductive in nature. The 

reduction is regarded as the electron accommodation in 

the LUMO characterized by azoimine function. There 

are four successive redox accessible levels in -N = N

C =N- group. However, up to -1.5 V of electrochemical 
scales we found two quasireversible reductions that are 

defined in eqs. (5) and (6). Further accommodation of 

electrons as per eqs. (7) and (8) may experience strong 
electronic repulsion and may not be observable in the 
cyclicvoltammetric experiment within operating scale. 

[-N=N-C~N-1 
2-

[-N~N-c~N-1 

3-
[-N-N-c~N-1 

4· 
[-N-N-C-N-] 

(5) 

(6) 

(7) 

(8) 
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Table 4. Cyclic voltammetric dataa of Pd(a/f3-NaiR-N-C5H4N
m)Cl (3, 4) and Pd(a/f3-NaiR-N-C4H3N2-o)Cl (5, 6) in MeCN 

Com pd. Oxidation Reduction 

ElY (!l.EP/mV) -ElY (!l.EP/m V) 

3a 0.94(180) -0.24(150), -0.82(180) 

3b 1.01(180) -0.23(170), -0:78(150) 

3c 1.09(170) -0.24(150), -0.80(130) 

4a 0.92(180) -0.29(140), -0.82(180) 

4b 1.00(170) -0.25(150), -0.83(190) 

4c 1.05(160) -0.25(140), -0. 78(180) 

Sa 1.00(150) -0.24(130), -0.81(160) 

Sb 1.08(170) -0.22(150), -0.87(180) 

Sc 1.14(160) -0.20(170), -0.82(170) 

6a 1.02(180) -0.22(180), -0.88(170) 

6b 1.06(170) -0.21(170), -0.78(175) 

6c 1.19(180) -0.20(160), -0.81(170) 

"Solvent MeCN, Supporting electrolyte [Bu4N](Cl04), Pt-disk milli 
working electrode, Pt-wire auxiliary electrode, Reference electrode 
SCE, at 298 K, E = 0.5 (Epa + Epc) where Epa is anodic peak 
potential and Epc is cathodic peak potential, !':.EP = I Epa - Epc I ; 
b£pc Scan rate- 100 mV/s. 

DFT and TD-DFT calculation : 

The optimized geometry ofPd(a-NaiEt-N-C5H4N-m)Cl 

(3b) is generated by using 83L YP-DFT calculations of 

G03 programme in solution phase (MeCN). The calcu

lated structures well reproduce the experimental struc

tures. The calculated Pd-N distances are about 0.01-0.03 

A longer than that of experimental data. The observed 

Pd-Cl distances are shorter by 0.01-0.02 A than theo

retical data. The orbital energies along with contributions 

from the ligands and metal are given in Table 5. Fig. 6 

depicts the features of the selected occupied and unoccu

pied frontier orbitals. The energy difference between 

HOMO and LUMO, 2.26 eV is lower than the difference 

between HOM0-1 and LUMO, 3.22 eV. There are three 

significant parts in MOs : contribution from Pd, Cl and 

N,N',N"-ligand. The chelated ligand N,N',N" has two 

parts : m-Pyridyl-N (N-Py-m), naphthylazoimidazole (a

NaiEt) units. The HOMO has 8% Pd, 27% N-Py-m and 

65% a-NaiEt contribution. The HOM0-1 and HOM0-2 

have major contribution from Cl ( 69% and 73% respec

tively). The LUMO is made up of 7% Pd, 12% N-Py-m 

and 79% a-NaiEt characters while LUMO+ 1 shares 47% 

Pd, 16% N-Py-m and 25% a-NaiEt and LUM0+2 has 

92% a-NaiEt. 
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Table 5. Selected orbital energies and orbital compositions (%) 

for Pd(a-NaiEt-N-C5H4N-m)Cl (3b) in MeCN solution phase 

MOs E, eV % Pd % Amine % a-NaiEt % Cl 

L+IO 1.36 94 1 5 0 

L+9 1.07 98 0 2 0 

L+8 0.95 95 3 1 

L+7 0.70 I 2 97 0 

L+6 0.44 2 0 98 0 

L+5 0.15 6 69 25 0 

L+4 -0.48 2 31 67 0 

L+3 -0.58 2 87 11 0 

L+2 -1.09 7 92 0 

L+l -1.62 47 16 25 12 

L -3.06 7 12 79 2 

H -5.32 8 27 65 0 

H-1 -6.28 21 0 10 69 

H-2 -6.31 15 9 4 73 

H-3 -6.54 2 23 74 1 

H-4 -6.68 19 70 3 8 

H-5 -6.89 53 27 16 3 

H-6 -7.27 17 47 33 3 

H-7 -7.29 16 0 75 8 

H-8 -7.51 33 6 53 8 

H-9 -7.54 8 21 40 31 

H-10 -7.69 10 79 9 2 

H = HOMO; H-1 = HOMO-I etc. L = LUMO; L+ I = LUMO 
+ 1 etc. 

To gain detailed insight into the charge transitions, 

the TD-DFT calculations were performed. Calculated 

absorption spectra of the complexes are shown in Fig. 7; 

theoretical excitation wavelength and their assignment are 

given in Table 6. Intense (oscillator strength f, 0.122) 

transition at 679 nm followed by a band at 411 nm (f, 
0.136) are characteristics to HOMO~LUMO and HOM0-

3~LUMO those are significantly ILCT (intraligand charge 

transfer) transitions. Two major transitions in UV region 

are at 329 (j, 0.187) and 291 (j, 0.192) mixture of ILCT 

and XLCT (X = Cl). The experimental spectra show 

structured absorption in visible to NIR region, 600-900 

nm which is in agreement with the theoretically derived 

spectrum (Fig. 7). 

Redox properties of the complexes are also corrobo

rated by the electronic structure of the molecules. Oxida

tion is the electron abstraction from HOMO which is 

contributed -92% from chelated ligand. Thus, the oxi

dation is ligand centred and description in eq. (2) is jus-
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HOM0-2 
HOMO-I E = -6.31 eV, Pd, 15%; N-Py, 

HOMO E = -6.28 eV, Pd, 21%; Ligand-
9%; Ligand-4%; Cl-73% 

E = -5.32 eV, Pd, 8%; N-Py, 
10%; Cl, 69% 

27%; Ligand-65% 

LUMO LUM0+2 
E = -3.06eV, Pd, 7%; N-Py, LUMO+l E = -1.09 eV, N-Py, 7%; 

12%; Ligand-79% E = -1.62 eV, Pd, 47%; N-Py, 
16%; Ligand-25%; Cl, 12% Ligand-92% 

Fig. 6. Some selected molecular orbital pictures of Pd(a-NaiEt-N-C5H4N-m)Cl. 

tified. The LUMO is also 91% from chelated ligand and 
thus reduction is also ligand centred. 

Experimental 

Materials: 1-Alkyl-2-(naphthyl-a/~-azo)imidazoles (a
NaiR and ~-NaiR, R = CH3 (a), CH2CH3 (b), CH2Ph 
(c)) and Pd(a/~-NaiR)Cl2 (a-NaiR (1), ~-NaiR (2)) were 
prepared by reported procedure15 . m-Aminopyridine and 
o-aminopyrimidine were received from Sisco Research 
Lab (SRL). The purification of acetonitrile and prepara
tion of n-tetra butylammonium perchlorate [n-Bu4N][Cl04] 

for electrochemical work were done as before 12 . 

Dinitrogen was purified by bubbling through an alkaline 
pyrogallol solution. Solvents used for solvatochromic study 
were purified by reported procedure 17. All other chemi
cals and solvents were of reagent grade and were used 

JICS-16 

without further purification. Commercially available SRL 
silica gel (60-120 mesh) was used for column chroma
tography. 

Measurements : Microanalytical data (C, H, N) were 

collected on Perkin-Elmer 2400 CHNS/0 elemental ana

lyzer. Spectroscopic data were obtained using the follow

ing instruments : UV-Vis spectra, Lambda 25, Perkin

Elmer; IR spectra (KBr disk, 4000-450 cm-1), FTIR RX 

1, Perkin-Elmer; 1 H NMR spectra, Bruker (A C) 300 MHz 

FTNMR spectrometer. Emission was examined by LS 55 

Perkin-Elmer spectrofluorimeter at room temperature (298 

K) in MeCN under degassed condition. Electrochemical 

measurements were performed using computer-controlled 

PAR model 270 VERSAST AT electrochemical instruments 

with Pt-disk electrodes. All measurements were carried 
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Fig. 7. Theoretically computed UV-Visible spectrum of Pd(a-NaiEt-N-C5H
4
N-m)Cl (Jb). 

Table 6. Selected list of excited energies of Pd(a-NaiEt-N-C5H4N-m)Cl 

Oscillator strength 
Major transitions 

if X 103) 

0.1224 
HOMO~LUM0(60%) 

0.136 
H-3--?LUM0(64%) 

0.0292 
H-8~LUM0(27%) 

H-6--?LUM0(50%) 
0.045 

H-7--?LUM0(23%) 

H-6~L+ 1(16%) 

H-5--?L+ 1(41 %) 

H-4--?L+ 1(30%) 
0.1868 

HOM0--7L+2(58%) 

HOMO~L+4(19%) 
0.0577 

H-8~LUM0(52%) 

H-7~LUM0(33%) 
0.1924 

HOMO~L+4(58%) 
0.0394 

H-8--?L+ 1(22 %) 

H-3--?L+ 1(37%) 

HOMO~L+4(23%) 
0.0417 

H-7~L+1(10%) 

H-~L+1(44%) 

(Jb) in acetonitrile phase 

Assignment 

ILCT 

-
ILCT T 
ILCT(major) + MLC 

ILCT 

XLCT+ILCT 

MMCT 

XMCT 

ILCT(major) + XLCT 

ILCT(major) + XLCT 

ILCT 

ILCT 

ILCT(major) + XLCT 

LMCT+MMCT 

LMCT+ILCT 

ILCT T 
LMCT(major) + ILC 

XMCT 



Pratihar et al. : The reaction of heterocyclic amine with pendant naphthyl group etc. 

Table-6 (contd.) 

259 0.0384 H-7~L+1(35%) 

H-6~L+ 1(24%) 

HOMO~L+5(18%) 

LMCT(major) + ILCT 

XLCT+ILCT 

LXCT 
(MLCT : Metal-to-ligand charge transfer; XMCT : Amine-to-metal charge transfer; XLCT : Ligand-to-ligand charge transfer; ILCT : 
Intraligand charge transfer; H = HOMO; L = LUMO). 

Table 7. Crystallographic data of Pd(a-NaiEt-N-C5H4N-m}Cl 
(3b) and Pd(a-NaiMe-N-C4H3Nz-o)Cl (Sa) 

3b Sa 
Formula C20H17ClN6Pd C18H14ClN7Pd 
Formula weight 

Crystal colour 

483.25 470.21 

Green Red 
Crystal size (mm3) 0.20 X 0.05 X 0.05 0.10 X 0.01 x 0.01 
Crystal system 
Space group 

a (A) 

b cA) 
c (A) 

13 (0) 

V(A3) 

z 
T(K) 

I. (A) ···.; 

29 range (0 } 

hkl range 

Monoclinic 
Pl(1)/c 

18.780(8) 

12.675(5) 

7.860(3) 

90.229(7) 

1870.9(13) 

4 

93(2) 

0.71073 

5.4 :s; 29 :s; 50.72 

-21 :s; h :s; 22, 

-14 :s; k :s; 15, 
-9 :s; I :s; 9 

Peale (g cm-3) 1.716 
Jl (Mo Ka) (mm-1 ) 1.154 

Reflection collected 18093 

Unique reflections 3413 

~ 0.0743 

Monoclinic 
Pl(l}/n 

14.592(4) 

14.193(3) 

17.802(3) 

107.344(7) 

3519.1(13) 

8 

93(2) 

0.71073 

3.18 :s; 29 :s; 50.66 
-14 :s; h :s; 17, 

-16 :s; k :s; 16, 

-21 :s; I :s; 16 

1.775 

1.226 
22498 

3347 

0.0816 
wRb 0.1659 0.1492 

Goodness-of-fit 1.150 1.003 
0 R1 = EIF0 -Fci/EF0 . bwR2 =[I: w(F0 2 -Fc2)/I: wF0

4] 112, w = 1/ 
[cr2(F)+(0.0655P)2 + 1.2687P] for (3b). w = l/[cr2(F2}+(0.0482P)2 

+ O.OOOP] for (Sa). 

out under a nitrogen environment at 298 K with refer

ence to saturated calomel electrode (SCE) in acetonitrile 

using [n-Bu4N][Cl04] as supporting electrolyte. The re

ported potentials are uncorrected for junction potential. 

Luminescence property was measured using LS-55 

Perkin-Elmer fluorescence spectrophotometer at room tem

perature (298 K) in CH3CN solution by 1 em path length 

quartz cell. The fluorescence quantum yield of the com-

plexes was determined using naphthalene laser dye as a 

reference with a known <I>R (fluorescence quantum yield 

of reference) of 0.21 in MeCN18. The complex and the 

reference dye were excited at 250-310 nm for Pd(a/~

NaiR-N-C5H4N-m)Cl and Pd(a/~-NaiR-N-C4H3Nz-o)Cl 
maintaining nearly equal absorbance (- 0.1) and the emis

sion spectra were recorded from 300-500 nm for 3-6. 

The area of the emission spectrum was integrated using 

the software available in the instrument and the quantum 

yields were calculated according to the following equa

tion: 

<!>sf<I>R = [As/AR] X [(Abs)R/(Abs)s] X [11s2111R2] 

Here <l>s and <I>R are the fluorescence quantum yield of the 

sample and the reference, respectively; As and AR are 

the area under the fluorescence spectra of the sample and 

the reference respectively, (Abs)s and (Abs)R are there

spective optical densities of the sample and the reference 

solution at the wavelength of excitation, and 11s and 11R 

are the values of refractive index for the respective sol

vent used for the sample and the reference. 

Preparation of complexes : 

Chloro[l-ethyl-2-{(7-imidopyridyl-m)naphthyl-a
azo}imidazole-N,N,N']palladium(ll), Pd(a-NaiEt-N
C5H,N-m)Cl, (3b) : 

To an acetonitrile solution (20 ml) of Pd(a-NaiEt)Cl2 
(0.076 g, 0.18 mmol) was added slowly m-Py-NH2 (0.025 

g, 0.26 mmol) in the same solvent (10 ml). And 0.4 ml 

triethylamine was added to this solution. The reaction 

mixture was stirred and refluxed for 10 h. The colour of 

the solution changed gradually from orange-red to green. 

The solution was evaporated in air, and the residue was 

washed thoroughly first with water (2 x 5 ml) and then 

with 50% aqueous-ethanol (3 x 5 ml). The residue was 

dissolved in dichloromethane (1 0 ml) and the solution 

was chromatographed over silica gel column (60-120 

mesh). A green band was eluted by MeCN. The eluted 

solution on evaporation in vacuo gave pure compound. 
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Green compound was isolated in 53% yield. This product 
is the coupled product, Pd(a-NaiEt-N-C5H4N-m)Cl (3b). 
A red band was also eluted by acetonitrile and had re

mained uncharacterized till date. 

All other complexes were prepared similarly; yield, 

45-55%. Calcd. for C19H15N6ClPd (3a): C, 48.66; H, 
3.20; N, 17.93. Found: C, 48.60; H, 3.19; N, 17.88%. 
Calcd. for C20H17N6ClPd (3b) : C, 49.74; H, 3.52; N, 
17.41. Found : C, 49.66; H, 3.50; N, 17.39%. Calcd. 
for C25H19N6ClPd (3c) : C, 55.09; H, 3.49; N, 15.43. 
Found : C, 55.01; H, 3.44; N, 15.41%. Calcd. for 
C1gH15N6C1Pd (4a): C, 48.66; H, 3.20; N, 17.93. Found: 

C, 48.62; H, 3.18; N, 17.85%. Calcd. for C2oH17N6ClPd 
(4b): C, 49.74; H, 3.52; N, 17.41. Found: C, 49.68; 
H, 3.51; N, 17.37%. Calcd. for C25H19N6ClPd (4c): C, 
55.09; H, 3.49; N, 15.43. Found: C, 55.03; H, 3.42; N, 
15.40%. Calcd. for C18H14N7ClPd (Sa) : C, 46.00; H, 

2.98; N, 20.87. Found: C, 46.10; H, 2.99; N, 20.88%. 
Calcd. for C20H17N6ClPd (Sb): C, 47.15; H, 3.31; N, 
20.27. Found: C, 47.16; H, 3.30; N, 20.29%. Calcd. 
for C25H19N6ClPd (Sc) : C, 52.79; H, 3.29; N, 17.96. 

Found : C, 52.71; H, 3.24; N, 15.91%. Calcd. for 
C1gH15N6ClPd (6a): C, 46.00; H, 2.98; N, 20.87. Found: 
C, 46.02; H, 2.88; N, 20.85%. Calcd. for C20H17N6ClPd 
(6b) : C, 47.15; H, 3.31; N, 20.27. Found: C, 47.18; 
H, 3.33; N, 20.37%. Calcd. for C25H19N6ClPd (6c): C, 
52.79; H, 3.29; N, 17.96. Found: C, 52.73; H, 3.22; N, 

17.90%. 

X-Ray structure determination : 

The X-ray quality single crystal of Pd(a-NaiEt-N
C5H4N-m)Cl (3b) (dimension 0.20 X 0.05 x 0.05 mm) 
and Pd(a-NaiMe-N-C4H3N2-o)Cl (Sa) (dimension 0.10 

X 0.01 X 0.01 nm) were grown by slow diffusion of 
benzene into dichloromethane solution of the complex at 
93(2) K. A summary of the crystallographic data and 
structure refinement parameters are given in Table 7. 
Data were collected with the Broker SMART CCD using 
graphite-monochromatized MoKa radiation (A = 0.71073 
A). Unit cell parameters were determined from least
squares refinement of setting angles with 28 in the range 
5.4 ~ 28 $ 50.72° of -21 $ h $ 22; -14 ~ k ~ 15; -9 $ l 

$ 9 for 3b and 3.18 $ 28 ~ 50.66 of -14 ~ h $ 17; 
-16 $ k $ 16; -21 ~I~ 16 for 5a. Data were corrected 
for LP effects and for linear decay. Semi-empirical ab-
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sorption corrections based on multi-scans were applied. 

The structure was solved by direct method and refined by 

full-matrix least-squares refinement based on F02 using 

SHELXL-9719 and successive difference Fourier synthe

ses. Out of total reflections 18093 unique data were 3413 

used for structure determination. Data reduction and re

finement were carried out by Crystalclear of Rigaku Cor

poration using the programme of SHELEXL-97. All non

hydrogen atoms were refined anisotropically. The hydro

gen atoms were fixed geometrically and refined using 

riding model. Hydrogen atoms were constrained to ride 

on the respective carbon or nitrogen atoms with an iso

tropic displacement parameters equal to 1.2 times the 

equivalent isotropic displacement of their parent atom in 

all cases. Maximum electron density is 0.842 and mini

mum electron density is -0.602. All calculations were 

carried out using SHELXL-9719, ORTEP-3220, PLATON-
9921. 

Computational methods : 

All computations were performed using the Gaussian03 

(G03)22 software package running under Windows. The 

Becke's three-parameter hybrid exchange functional and 

the Lee-Yang-Parr nonlocal correlation functional23 

(B3L YP) was used throughout. Elements except ruthe

nium were assigned a 6-31G* basis set in our calcula

tions. For ruthenium the Los Alamos effective core po

tential plus double zeta (LanL2DZ)24 basis set was em

ployed. Gas and solution-phase optimization was carried 

out from the geometry obtained from the crystal structure 

without any symmetry constraints. In all cases, vibra

tional frequencies were calculated to ensure that optimised 

geometries represented local minima. The excitation en

ergies were calculated by the TDDFT approach. To check 

the effect of solvation on the calculated optical absorption 

spectra, we performed TDDFT calculations of the low 

lying excitation at the singlet optimized geometry, in

cluding solvation effect by means of the nonequilibrium 

implementation of the polarizable continuum model25 ; as 

in the experimental conditions, the chosen solvent is ace

tonitrile. GaussSum26 was used to calculate the fractional 

contributions of various groups to each molecular or

bital. This is done using Mulliken population analysis. 
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Conclusion : 

Pd(naphthylazoimidazole)Cl2 have been reacted with 

3-aminopyridine and 2-aminopyrimidine. The coupled 

products have been characterized by X-ray crystallogra

phy, other spectroscopic and electrochemical studies. The 

complexes are potentially fluorescent in solution. The 

emission process is dependent on polarity of the solvent. 

DFT calculation has determined electronic configuration 

and has explained the spectral and electrochemical pro
perties. 

Supplementary Information 

Crystallographic data for the structures of Pd(a.-NaiEt

N-C5H4N-m)Cl (3b) and Pd(a.-NaiMe-N-C4H3Nz-o)Cl 

(Sa) have been deposited with the Cambridge Crystallo

graphic Data Center, CCDC No. 844053 and 8445054 
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