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a b s t r a c t

A new potentially tridentate ligand HL11 consisting of 2-pyridinecarboxamide unit and azo functionality
has been used, in its deprotonated form, to prepare a nickel(II) complex which has been structurally char-
acterized. The ligand L11(�) affords a bis-complex [NiII(L11)2] (1). In 1, the two L11(�) ligands bind to the
NiII center in a mer configuration. The relative orientations within the pairs of pyridyl-N, deprotonated
amido-N, and azo-N atoms are cis, trans, and cis, respectively. The NiIIN2(pyridyl)N02(amide)N002(azo) coor-
dination environment is severely distorted from ideal octahedral geometry. The Ni–Nam (am = amide)
bond lengths are the shortest and the Ni–Nazo bond lengths are the longest. Complex 1 exhibits a quasi-
reversible NiIII/NiII redox process. Moreover, the complex displays two ligand-centered (azo group) quasi-
reversible redox processes. Spectroscopic (absorption and EPR) properties have been studied on
coulometrically-generated nickel(III) species. To understand the nature of metal-ligand bonding interac-
tions Density Functional Theory (DFT) calculations have been performed on 1 at the B3LYP level of theory.
Calculations have also been done for closely related nickel(II) complexes of deprotonated pyridine amide
ligands and comparative discussion has been made using observed results.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Amide bonds are ubiquitous in biochemistry, because they pro-
vide the linkages that held together two of the most important types
of biopolymers, nucleic acids and proteins. The interest in the study
of amide complexes [1] derives from their ability to model active
sites present in some metallo-proteins [2], to act as effective cata-
lysts for important organic transformations [1,3], and the search
for a better understanding of the physicochemical properties of such
complexes, especially to modulate the structural, stereochemical,
and electronic properties of transition metal centers [1,4–10]. From
this perspective, the ligand systems based upon 2-pyridinecarboxa-
mide [1,4–7] and 2,6-pyridinecarboxamide [1,8–10] are notewor-
thy. Using electronically/sterically demanding pyridine/pyrazine
amide ligands HL1–H2L10 (Fig. 1), in their deprotonated form, we
have developed interesting coordination chemistry of a variety of
transition metal ions to demonstrate noteworthy molecular struc-
tural, electronic structural, and redox properties [4,8].

In pursuit of designing new pyridine amide ligands that will
incorporate azo functionality (well known group as p-acceptors
ll rights reserved.

: +91 512 2597436.
[11,12] to stabilize low oxidation state of metal ions) in this work
we have directed our attention to a new ligand HL11. In order to
evaluate the ability of this new potentially tridentate 2-pyridine-
carboxamide ligand, appended with azo functionality, to modulate
the structural and electronic properties of transition metal ions, we
have chosen nickel(II) as a test case. To reveal the stereochemical
changes around the nickel(II) center caused by ligand-structure
modification of deprotonated pyridine/pyrazine amide ligands
upon changing from L4(2�) [8c]/L5(2�) [6o]/L9(2�) [6n]/L9*(2�)
[4d] to L11(�) (Fig. 1), we have determined the crystal structure
of the new complex [NiII(L11)2] (1), revealing NiII(Npyridine)2-
(Namide)2(Nazo)2 coordination environment. Room-temperature
magnetic and spectroscopic properties of 1 have also been investi-
gated. Given the strong r-donating properties of amide ligands
[1,13] and encouraged by our previous experience [4c,8c] of gener-
ating/isolating nickel(III) and nickel(IV) complexes [14] we wished
to investigate whether or not for the present complex such a pos-
sibility exists. Cyclic voltammetric experiments reveal that stabil-
ization of nickel(III) state could be achieved with new
deprotonated ligand L11(�). We report the characterization of cou-
lometrically-generated one-electron oxidized form of 1 and con-
firm that the oxidation process is metal-centered (EPR spectra).
Moreover, as it has been demonstrated that pyridine amide ligands
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Fig. 1. The ligands of our concern.
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are non-innocent [4e,6b,7,8a,15] we have investigated the nature
of metal–ligand bonding interactions in 1 and two reported six-
coordinate nickel(II) complexes with NiII(Npyridine)2(Namide)4 [8c]
and NiII(Npyridine)2(Namide)2(Sthioether)2 [4d] coordination sphere.
This analysis has given us an opportunity to rationalize the trend
in E1/2 values of the NiIII/NiII redox process for the chosen group
of complexes.
2. Experimental

2.1. Materials

All reagents were obtained from commercial sources and used
as received. Solvents were dried and purified according to reported
procedures [4,8]. Tetra-n-butylammonium perchlorate (TBAP) was



Table 1
Data collection and structure refinement parameters for [NiII(L11)2] (1).

Compound 1

Chemical formula C40H36NiN8O4

Formula weight 751.48
Crystal color, habit Brown, block
Crystal size (mm) 0.10 � 0.10 � 0.09
T (K) 100(2)
k (Å) 0.71073
Crystal system Monoclinic
Space group P21/n (#14)
a (Å) 12.563(2)
b (Å) 18.544(3)
c (Å) 15.212(3)
a (�) 90
b (�) 94.409(4)
c (�) 90
V (Å3) 3533.3(11)
Z 4
qcalc (g cm�3) 1.413
l (mm�1) 0.604
F(0 0 0) 1568
Total reflections 22 992
Unique reflections [Rint] 8636 [Rint = 0.0931]
Observed reflections [I > 2r(I)] 4743
Number of parameters 480
Final R indices [I > 2r(I)] R1 = 0.0678a

wR2 = 0.1585b

R indices (all data) R1 = 0.1344a

wRi = 0.2188b

Goodness-of-fit on F2 1.003

a R1 =
P

(|Fo| � |Fc|)/
P

|Fo|.
b wR2 = {

P
[w(|Fo|2 � |Fc|2)2]/

P
[w(|Fo|2)2]}1/2.
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prepared and purified as before. 2-(phenylazo)aniline was synthe-
sized following a reported methodology [16].

2.2. Synthesis of the ligand and the complex

2.2.1. Synthesis of 2-[N-(2-phenylazo)carbamoyl]pyridine
A solution of 2-(phenylazo)aniline (1.5 g, 7.6 mmol) in dry THF

(50 mL) was taken in a 100 mL two-necked round bottom flask. To
it pyridine-2-carbonylchloride (1.4 g, 7.85 mmol) and triethyl-
amine (0.8 g 7.85 mmol) was added and the mixture was stirred
for 24 h in N2 atmosphere. It was then filtered and the residue
was washed with chloroform. The filtrate was concentrated under
reduced pressure. An oily compound thus obtained was subjected
to column chromatography [ethyl acetate and n-hexane (2:98), as
mobile phase] over silica gel (100–200 mesh). After solvent re-
moval the purified compound was obtained as orange-yellow crys-
talline solid. Yield: 1.46 g (64%). IR (KBr, cm�1): 3309 m(N–H)str,
1524 m(N–H)bend; 1685 m(C@O)str. 1H NMR (in CDCl3, 400 MHz): d
(in ppm) 8.91 (1H, d, py-H1), 8.39 (1H, d, py-H4), , 8.34 (1H, d,
py-H3), 8.13 (2H, d, Ph-H9 and H13); 7.9411 (2H, t, Ph-H5 and Ph-
H8); 7.506–7.605 (3H, m, Ph-H10, Ph-H11, Ph-H12 and 1H, m, py-
H2); 7.211–7.288 (2H, q, Ph-H7 and Ph-H6).

2.2.2. Synthesis of [NiII(L11)2] (1)
The ligand (0.1 g, 0.34 mmol) was dissolved in MeOH (10 mL)

and to it was added NiII(O2CMe)2�4H2O (0.041 g, 0.17 mmol) in
portions. The color of the solution changed from light-orange to
dark brown. The mixture was stirred for 2 h. After removal of sol-
vent a black solid was obtained, which was recrystallized from
MeOH/Et2O affording black shining crystals. Yield: 0.08 g (�73%).
IR (KBr, cm�1, selected peaks): 1620 m(C@O str). Absorption spec-
trum [kmax/nm (e/M�1 cm�1)] (in CH2Cl2): 900 (10), 480 (10 200),
330 (21 700), 260 (24 100).

2.3. Measurements

Elemental analyses were obtained using a Thermo Quest EA
1110 CHNS-O, Italy. Spectroscopic measurements were made using
the following instruments: IR (KBr, 4000–600 cm�1), Bruker Vector
22; electronic, Agilent 8453 diode-array spectrophotometer. 1H
NMR spectra (CDCl3 solution) were obtained on a JEOL JNM LA
400 (400 MHz) spectrophotometer. Chemical shifts are reported
in ppm referenced to TMS and/or deuterated solvent peaks. X-band
EPR spectral measurements were obtained using Bruker EMX 1444
spectrometer (fitted with a quartz Dewar for measurement at
120 K). The EPR spectra were calibrated with diph-
enylpicrylhydrazyl, DPPH (g = 2.0037). Spectra were treated by
using the Bruker WINEPR software and simulated using the Bruker
SIMFONIA software.

Cyclic voltammetric measurements were performed by using a
CH Instruments Electrochemical Analyzer/Workstation Model
600B Series. A standard three-electrode cell was employed with a
Beckman (M-39273) platinum-inlay working electrode, a plati-
num-wire auxiliary electrode, and a saturated calomel electrode
(SCE) as reference; no correction was made for liquid junction poten-
tial. Potentials were recorded at 298 K. Uncompensated solution
resistance in the cell configuration was minimized by placing the
reference electrode tip as close to the working electrode as possible
and using an approximately constant ratio of TBAP and solute
concentration (�1.0 mM and 0.1 M, respectively). Coulometric
oxidation was achieved at 298 K using a platinum mesh. Spectro-
electrochemical measurements were performed using a custom-
made cell (Model EF-1350) from Bioanalytical Systems Inc., USA.

Room-temperature magnetic susceptibility measurements
were made on polycrystalline samples (powder form) of 1 by Far-
aday method using a locally-built magnetometer. The details of the
setup are described elsewhere [8d]. Effective magnetic moment
was calculated from leff = 2.828[vMT]1/2, where vM is the corrected
molar susceptibility. The diamagnetic corrections [17] were ap-
plied to the susceptibility data.

Density Functional Theory (DFT) calculations were performed
with Becke’s three-parameter hybrid exchange functional [18],
and the Lee–Yang–Parr correlation functional (B3LYP) [19]. The
atomic coordinates of all the complexes were taken from their
X-ray structures. The 6-311G(d) basis set was used for the metal
center. For H, C, N, and O atoms 6-31G-(d) basis set was used. All
calculations were performed with the GAUSSIAN 03 (G03) suite of
programs [20]. Orbital diagrams were generated at isosurface of
0.02 using GAUSSVIEW 3.0 [21].

2.4. Crystal structure determination

Single-crystal of suitable dimension was used for data collec-
tion. Diffraction intensities were collected on a Bruker SMART
APEX CCD diffractometer, with graphite-monochromated Mo Ka
(k = 0.71073 Å) radiation at 100(2) K. For data reduction ‘Bruker
Saint Plus’ program was used. The data were corrected for Lorentz
and polarization effects; empirical absorption correction (SADABS)
was applied. Structure was solved by SIR-97 and refined by full-
matrix least-squares methods based on F2 using SHELXL-97, incorpo-
rated in WinGX 1.64 crystallographic collective package [22]. The
position of the hydrogen atoms were calculated by assuming ideal
geometries, but not refined. For 1 all non-hydrogen atoms were re-
fined anisotropically. Pertinent crystallographic parameters are
summarized in Table 1.
3. Results and discussion

3.1. Synthesis and properties

Our general familiarity with pyridine/pyrazine amide ligands
[4,8] has prompted us, for viable azo group coordination, to employ



Fig. 3. Perspective view of [NiII(L11)2] (1). Carbon atoms are not labelled and
hydrogen atoms are omitted for clarity.

Table 2
Selected bond lengths (Å) and angles (�) in 1.

Ni–N(1) 2.087(3) N(1)–Ni–N(2) 80.01(14)
Ni–N(2) 1.994(3) N(1)–Ni–N(3) 157.35(14)
Ni–N(3) 2.196(3) N(1)–Ni–N(5) 93.65(13)
Ni–N(5) 2.087(3) N(1)–Ni–N(6) 93.28(14)
Ni–N(6) 2.008(3) N(1)–Ni–N(7) 94.05(13)
Ni–N(7) 2.189(3) N(2)–Ni–N(3) 78.48(14)
N(3)–C(12) 1.417(5) N(2)–Ni–N(5) 94.53(14)
N(4)–C(13) 1.412(5) N(2)–Ni–N(6) 171.17(14)
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an interesting combination of both pyridine amide and azo func-
tionality in a single ligand system. In pursuit of such a ligand we
set out a reaction between 2-(phenylazo)aniline [16] and pyri-
dine-2-carbonylchloride in 1:1 molar ratio in presence of triethyl-
amine. The outcome of such an endeavor is the successful
synthesis of 2-[N-(2-phenylazo)carbamoyl]pyridine (HL11). The
new ligand was characterized by its 1H NMR spectrum [Fig. S1
(Supporting material)]. The ligand in its deprotonated form
L11(�) offers three very different kinds of N-donor atoms, viz., a
pyridyl-N, a deprotonated amido-N, and an azo-N. Notably, pyri-
dyl-N and azo-N are p-accepting and amido-N is strongly r-
donating.

Reaction of HL11 with Ni(O2CMe)2�4H2O in 2:1 molar ratio in
MeOH after usual workup gave [NiII(L11)2] (1) as shining black crys-
talline compound. The N–H stretching frequency of the free ligand
(3309 cm�1) is absent in the IR spectrum of the nickel(II) complex,
confirming that the ligand is coordinated in the deprotonated form.
Coordination of the deprotonated carboxamido nitrogen to the
nickel(II) center results in a red shift in the carbonyl stretching fre-
quency from 1685 cm�1 in the free ligand (HL11) to 1620 cm�1 in
the complex.

The complex 1 is soluble in common organic solvents such as
MeOH, CH2Cl2, CHCl3, and MeCN to give deep brownish red solu-
tions. The color arises from two strong ligand-to-metal charge-
transfer (LMCT) band at 330 nm and 480 nm. A low intensity
crystal field transition is observed at 900 nm, which is assigned
as due to 3A2g ?

3T2g transition (in octahedral parentage) [4d,8c].
Still higher energy transition at 260 nm is due to metal-perturbed
intraligand charge-transfer. The absorption spectrum is displayed
in Fig. 2.

The effective magnetic moment of 1 is 2.98 lB (300 K), corre-
sponding to an S = 1 state, with an appreciable orbital contribution
[4d,8c].
N(5)–C(19) 1.335(5) N(2)–Ni–N(7) 107.65(13)
N(5)–C(23) 1.352(5) N(3)–Ni–N(5) 95.04(13)
N(6)–C(24) 1.340(5) N(3)–Ni–N(6) 108.80(13)
N(6)–C(25) 1.396(5) N(3)–Ni–N(7) 85.79(12)
N(2)–C(6) 1.348(5) N(5)–Ni–N(6) 80.08(13)
N(2)–C(7) 1.398(5) N(5)–Ni–N(7) 157.47(13)
N(1)–C(1) 1.341(5) N(6)–Ni–N(7) 78.37(13)
N(1)–C(5) 1.355(5)
N(7)–C(30) 1.426(5)
N(8)–C(31) 1.426(5)
N(3)–N(4) 1.266(5)
N(7)–N(8) 1.262(4)
C(25)–C(30) 1.411(5)
C(7)–C(8) 1.417(6)
3.2. Description of the structure

A perspective view of the metal coordination environment in 1
is shown in Fig. 3. Table 2 contains selected bond length and bond
angles. The nickel(II) ion is coordinated to two potentially triden-
tate L11(�) ligands. Thus HL11, in its deprotonated form, utilizes
all its donor sites for metal coordination and the arrangement of
two L11(�) ligands are in meridional form. The Ni(II) center is coor-
dinated by two pyridyl nitrogens [N(1) and N(5)], two deproto-
nated amide nitrogens [N(2) and N(6)], and two azo nitrogens
[N(3) and N(7)]. The relative orientations within the pairs of pyri-
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Fig. 2. Absorption spectrum (250–700 nm) of [NiII(L11)2] (1) in CH2Cl2.
dyl-N, deprotonated amido-N, and azo-N atoms are cis, trans, and
cis, respectively. The chelate bite angles of two L11(�) ligands are
closely similar but are considerably less than the ideal octahedral
value (90�). As a consequence, the NiIIN2(pyridyl)N02(amide)N002(azo)
coordination environment is severely distorted from ideal octahe-
dral geometry. The cis angles span a wide range, 78.37(13)–
108.80(13)�. The angles between trans atoms are in the range,
157.35(14)–171.17(14)�. The Ni–Nam (am = amide) bond lengths
[1.994(3) and 2.008(3) Å] are the shortest and the Ni–Nazo bond
lengths [2.189(3) and 2.196(3) Å] are the longest. The two Ni–Npy

(py = pyridine) bonds are, however, identical [2.087(3) Å]. The
Ni–Npy bond distances are appreciably longer than that observed
for tetradentate ligand system [L5(2�); 1.948(2)–1.960(7) Å;
four-coordinate complex) [6o] and comparable to hexadentate li-
gand systems [L9(2�), L9*(2�), L10(2�), and L10*(2�); 2.060(2)–
2.096(3) Å] [4d,6n] or longer than (�0.1 Å) that encountered with
tridentate ligand system [L4(2�); 1.994(7) Å] [8c]. The Ni–Nam dis-
tances observed here are appreciably longer (�0.15 Å) than that
encountered with tetradentate ligand system (four-coordinate
complex) [1.847(2)–1.854(2) Å] [6o]. However, the distances are
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slightly shorter [2.021(3)–2.036(3) Å] than that observed with
hexadentate ligand systems [4d,6n]. Notably, the observed Ni–
Nam distances are appreciably shorter than that observed with tri-
dentate ligand [2.127(8) and 2.135(8) Å] [8c]. Extensive electron
delocalization along the ligand backbone is implicated.

It is notable that compared to literature reports [22] the ob-
served Ni–Nazo bond distances are quite long (�0.28 Å). Average
N@N distance in 1 is 1.264(5) Å. This value is identical to that of
free N@N distance [1.264(2) Å] [23a] of a closely similar ligand. It
is worth mentioning here that in the reported structures of nicke-
l(II) of similar ligands the observed N@N distance is 1.304(2) Å.
Thus it is obvious that in 1 the azo groups coordinate very weakly
to the nickel(II) center, implying absence of back-bonding through
azo functionality.
3.3. Redox properties

Azo groups undergo facile reduction in free as well as metal-
coordinated state, owing to the low-lying nature of the azo p*

orbital [11,12,23]. Due to the presence of azo group in HL11, we
examined its electrochemical behavior. The cyclic voltammogram
(CVgram) of HL11 in CH2Cl2 (containing 0.1 M TBAP as supporting
electrolyte) at a platinum working electrode is displayed in
Fig. S2 (Supporting material). A quasireversible reductive response
is observed at E1/2 = �1.18 V (DEp = 100 mV), assignable to azo-
based reduction [11,12,23].

To investigate (i) the extent of stabilization of the nickel(II) state
towards oxidation and whether a possibility corresponding to the
accessibility of nickel(III) state could be achieved and (ii) the effect
of a coordinated metal ion on azo group reduction of L11(�), CV
studies on 1 were performed. Complex 1 exhibits an oxidative re-
sponse and two reductive responses. The oxidative response at E1/2

value of 0.96 V versus SCE (DEp = 100 mV) is assigned as metal-
centered (NiIII/NiII) oxidation (Fig. 4). The reductive responses
are at E1/2 values of �1.13 V (DEp = 130 mV) and �1.48 V (DEp =
270 mV), assignable to nickel(II)-coordinated azo group reduc-
tions. Similar observation was encountered before [23].

The following discussion on the E1/2 values of NiIII/NiII redox
process for complexes of deprotonated pyridine amide ligands de-
serves attention. The E1/2 values (versus SCE) in CH2Cl2 for
[NiII(L11)2] (1) and [NiII(L9)] [6n] complexes are 0.96 and 0.84 V
[4d], respectively. The corresponding value for the complex
[Et4N]2[NiII(L4)2]�2H2O in CH3CN is 0.05 V [8c], which is the lowest.
However, the effect of charge on the redox process cannot be ig-
-1.35

-1.63

-1.09

-1.21

0.99

0.89

Fig. 4. Cyclic voltammogram (100 mV/s) of �1 mM solution of [NiII(L11)2] (1) in
CH2Cl2 (0.1 M in TBAP) at a platinum working electrode. Indicated potentials (in V)
are vs. SCE.
nored. Compared to [NiIII(L4)2]�/[NiII(L4)2]2– redox process involv-
ing 2– ? 1– change in charge during oxidation, the [NiIII(L9)]+/
[NiII(L9)] and [NiIIIL11)2]+/[NiII(L11)2] redox processes involve
0 ? 1+ change in charge. The lowest E1/2 value of [NiII(L4)2]2� is
thus understandable. Within this selected family of complexes
the present NiIII/NiII potential (0.96 V) is on the higher side [4d,8c].
3.4. Coulometric generation of [NiIII(L11)2]+ and the properties of such a
species

In order to get information about the stability of 1e� oxidized
form of [NiII(L11)2], we generated blackish red solutions of
[NiIII(L11)2]+ (see below) by coulometric oxidation (CH2Cl2 contain-
ing 0.1 M TBAP; 298 K) of brownish red solutions of [NiII(L11)2] at
1.2 V versus SCE. Such solutions display the CV response as that
of 1 [Fig. S3 (Supporting material)], attesting the stability of the
oxidized species. However, now all the responses are reductive in
nature. Spectroelectrochemical experiments (298 K) were carried
out to monitor the change in the absorption spectral feature as a
result of redox interconversion [Fig. S4 (Supporting material)]. In
fact, the intensity of the peak at 480 nm decreases and the spec-
trum approaches to reveal two broad absorptions at 470 nm
(e = 11 700 M�1 cm�1) and at 325 nm (e = 30 700 M�1 cm�1).
Absorption spectrum of the final solution (298 K), supposedly con-
taining [NiIII(L11)2]+ species, is displayed in [Fig. S5 (Supporting
material)]. The band at 470 nm is assigned as due to ligand-to-me-
tal charge-transfer transition. A similar situation was encountered
before [4d,8c].

X-band EPR spectral measurements were performed on coulo-
metrically-generated one-electron oxidized form of 1 to ascertain
the locus of oxidation ([NiII(L)2] ? [NiIII(L)2]+ or [NiII(L)2] ?
[NiII(L(�)(L)]+). The spectrum in CH2Cl2 (containing 0.1 M TBAP)
at 300 K exhibits an isotropic and unresolved signal centered at
giso = 2.13 [Fig. S6 (Supporting material)], corresponding to a
S = 1/2 state. This giso value is close to that of typical nickel(III)
complexes (g � 2.13–2.17) [14,24]. The EPR spectrum of such solu-
tions (CH2Cl2, containing 0.1 M TBAP) at 120 K contrasts sharply
with that recorded at 298 K. The signal (Fig. 5) is predominantly
rhombic (S = 1/2), with g values at 2.210. 2.087, and 2.001
(gav = 2.10; considering only two resolved signals at g = 2.210 and
2.087, gav = 2.13). In general, d7 low-spin nickel(III) (S = 1/2) com-
plexes show anisotropic signals at g\ = 2.2 and gll = 2.0 for tetrago-
nally elongated octahedral distortion [14,24]. The pattern of g
values [gx (2.210) � gy (2.087) > gz (2.001) � ge] is indicative of a
Fig. 5. EPR spectra of coulometrically-generated [NiIII(L11)2]+ species in CH2Cl2

(containing 0.1 M TBAP) at 120 K (m = 9.433 GHz; power = 0.201 mW; receiver
gain = 1 � 103; modulation frequency = 100 kHz; modulation amplitude = 10 G),
and its simulated spectrum. Simulation parameters are described in the text.
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dz2 ground state, where the z-axis is perpendicular to the plane of
the molecule. We could reasonably simulate the spectrum ob-
served at 120 K (Fig. 5). The parameters are: gxx = 2.200,
gyy = 2.090, gzz = 2.001, Wx = 56 G, Wy = 16 G, Wz = 106 G (S = 1/2).

3.5. Computational results

From the crystallographic analysis it is obvious that in the nick-
el(II) complex [NiII(L11)2] (1) with NiIIN2(pyridyl)N02(amide)N002(azo)
coordination sphere the two pyridyl-N and two deprotonated ami-
do-N efficiently interact with the nickel(II) center, as expected.
However, the azo nitrogens do not act as p-acceptors (see above),
as anticipated. To extract information about the nature of metal–li-
gand bonding interactions, spin-unrestricted single-point DFT cal-
culations at the B3LYP level of theory were performed on 1,
[NiII(L4)2]2� [8c], and [NiII(L9)] [4d] using their X-ray crystallo-
graphic coordinates. An attempt has also been made to rationalize
the observed trend in the NiIII/NiII redox potential values of 1,
[NiII(L4)2]2�, and [NiII(L9)]. Gross electron population on different
Table 3
Gross electron population on different fragments of selected nickel(II) pyridine amide com

[NiII(L11)2] (1) [NiII(L

Gross electron population Ni s,p Ni d Ligand Ni s,p

a-spin 8.9982 5.0787 157.9231 8.997
b-spin 8.9977 3.4327 157.5696 8.997
a–b 0.0005 1.6460 0.3535 0.000
Total 17.9959 8.5114 315.4900 17.99

Table 4
a-Spin frontier molecular orbitals of selected nickel(II) pyridine amide complexes from DF

[NiII(L11)2] [NiII(L4)2]2� [NiII(L9)] [NiII(L1

Molecular
Orbital

Energy
(kcal/mol)

Ni
(s,p,d)

LUMO+1 �48.07 95.63 �30.87
LUMO �52.84 95.32 �33.01 0.44
HOMO �117.09 31.94 �118.54 14.74
HOMO�1 �120.42 28.36 �122.99 10.51

Fig. 6. Contour surfaces of HOMO (left)
fragments is in Table 3. Quantitative evaluations of the composi-
tions of the highest-occupied molecular orbitals (HOMOs; actually,
singly-occupied molecular orbitals SOMOs) and lowest-unoccu-
pied molecular orbitals LUMOs, and the energy of the HOMOs,
HOMO�1, LUMO, and LUMO+1 are summarized in Table 4.

Both the a-spin HOMO and LUMO of the nickel(II) complexes
are anti-bonding orbitals. The contour surface plots of the HOMO,
HOMO�1, LUMO, and LUMO+1 for [NiII(L11)2] (1), [NiII(L4)2]2�, and
[NiII(L9)] are displayed in Fig. 6 and [Fig. S7 (Supporting material)]
for 1, [Fig. S8 (Supporting material)] for [NiII(L4)2]2�, and [Fig. S9
(Supporting material)] for [NiII(L9)]. If the metal–ligand bonding
in the complex were purely ionic with no covalent bond contribu-
tions, the two HOMOs would be 100% metal-based. The one-
electron oxidation will lead to loss of electron from the a-spin
HOMO. Because of the anti-bonding nature of the HOMOs, it can
be expected that oxidation of the nickel(II) complexes can lead to
significant changes in metal–ligand bonding and the redox process
will involve both the metal and the ligand. This is corroborated by
the electron population analysis of molecular fragments (Table 3).
plexes from Natural Bond Order (NBO) calculations.

4)2]2� [NiII(L9)]

Ni d Ligand Ni s,p Ni d Ligand

6 5.0473 165.9551 8.9985 5.1135 126.8880
3 3.4237 165.5790 8.9982 3.4878 126.5140
3 1.6236 0.3761 0.0003 1.6257 0.3740
49 8.4710 331.5341 17.9967 8.6013 253.4020

T calculations.

1)2] [NiII(L4)2]2� [NiII(L9)]

Orbital contributions from fragments (%)

Ligand Ni
(s,p,d)

Ligand Ni
(s,p,d)

Ligand

Not calculated
99.56 0.67 99.37 0.56 99.44
85.26 20.58 79.42 19.21 80.79
89.49 20.32 79.68 2.80 97.20

and LUMO (right) of [NiII(L11)] (1).
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The Mulliken Population Analysis (MPA)-derived electron popula-
tion of the Ni atoms in 1, [NiII(L4)2]2� and [NiII(L9)] are is 26.51,
26.47, and 26.60 electrons, respectively. For the pure ionic bonding
situation the electron population of the Ni atom would be 26 elec-
trons. This electron population results indicate that the chosen
complexes are covalently coupled metal–ligand system. Higher
metal–ligand covalency reduces the higher atomic charge on the
metal ion. Such strong electronic coupling between the metal ion
and the deprotonated amide ligands implies that the pyridine
amide ligands are redox non-innocent [4e,6b,7,8a,15] and the
properties of the corresponding species will strongly depend on
the metal-ligand covalency. Consequently, the NPA-derived Ni
atomic charges (qNPA) in 1, [NiII(L4)2]2� and [NiII(L9)] are 1.481,
1.523, and 1.391, respectively. The Natural Population Analysis
(NPA)-derived Ni spin-densities (SDNPA) in 1, [NiII(L4)2]2� and
[NiII(L9)] are 1.647, 1.624, and 1.626, respectively.

For 1 the molecular orbital (MO) representations show the
HOMO is formed by a combination of metal orbitals (�15%) and li-
gand orbitals (�85%). The corresponding values for [NiII(L4)2]2� are
�20% and �80% and for [NiII(L9)] are �19% and �81%. For 1 both
HOMO and HOMO�1 have Ni dz2 orbital in anti-bonding interac-
tion with ligand orbitals. For [NiII(L4)2]2� the HOMO and HOMO�1
have Ni dx2 � y2 and dz2 orbital (anti-bonding interaction with li-
gand orbitals), respectively. For [NiII(L9)] the HOMO and HOMO�1
have Ni dz2 and dx2 � y2 (also dxy) (anti-bonding interaction with
ligand orbitals), respectively. Specifically, in 1 the ligand contribu-
tion in HOMOs is distributed over three components: �22%
(amide), �6% (pyridyl), and �14% (azo). For [NiII(L4)2]2� the corre-
sponding values are �39% (amide) and �6% (pyridyl) and for
[NiII(L9)] the values are �23% (amide), �10% (pyridyl), and �11%
(thioether).

For 1 the half-occupied HOMO�1 level is formed by a combina-
tion of metal (�11%) and ligand (�89%) orbitals. Thus the HOMO
and HOMO�1 levels are to a large extent delocalized over the li-
gands. For [NiII(L4)2]2� and [NiII(L9)] a similar pattern is observed.
However, in these cases the contribution of metal orbitals to
HOMO and HOMO�1 levels is higher (about 5%) than that in 1.
The above results point toward a considerable amount of ligand-
character, due to strong metal–ligand covalency [25,26], in one-
electron oxidized form of these nickel(II) complexes. However,
the significant metal character of HOMOs ensures a metal-medi-
ated pathway (partial delocalization of the spin density between
a metal orbital and a ligand orbital (with ligand character)).
Clearly, electronic communication is mediated by N-phenyl-car-
boxamide/o-phenylene moiety on oxidation of nickel(II) center
with an appreciable amount of ligand contribution to predomi-
nantly metal-centered spin character (cf. EPR spectra) [24].

Given the energies of HOMOs (Table 4) why the E1/2 value of
NiIII/NiII redox process for [NiII(L4)2]2� is appreciably cathodic than
that of [NiII(L11)2] (1) and [NiII(L9)] is thus understandable. How-
ever, given the energies of HOMOs we are not in a position to com-
ment on why the E1/2 value of NiIII/NiII redox process for 1 is more
anodic than that of [NiII(L9)]. Inclusion of solvent effect in the cal-
culation did not alter the trend. Notably, the LUMO and LUMO+1
levels are predominantly ligand in character. The LUMO of 1 has
�51% azo character. The LUMOs of [NiII(L4)2]2� and [NiII(L9)] have
�82% and �79% pyridyl character. The assignment of observed
reductions for 1 as azo-based (see above) is thus justifiable.
4. Summary and conclusions

This work reports the synthesis, structural characterization, and
properties of a new six-coordinate nickel(II) complex coordinated
by an azo-containing deprotonated pyridine amide ligand provid-
ing two pyridyl-N, two amido-N, and two azo-N coordination.
The Ni–Nam (am = amide) bond lengths [1.994(3) and 2.008(3) Å]
are the shortest and the Ni–Nazo bond lengths [2.189(3) and
2.196(3) Å] are the longest. Structural analysis reveals that the 2-
pyridinecarboxamido unit effectively interact with the nickel(II)
center through pyridine and strongly r-donating amido nitrogens.
Notably, the azo nitrogens remain weakly coordinated to the nick-
el(II) center. The present investigation provides notable informa-
tion on the coordination ability of an azo group. As a
consequence of being a part of a deprotonated pyridine amide li-
gand, it does not act as a p-accepting ligand, as one would have ex-
pected. The complex displays a facile electron-transfer series
[metal-centered and ligand (azo)-centered]. Coulometric genera-
tion of one-electron oxidized form of nickel(II) complex has been
achieved. We have shown (EPR spectral measurements) that the
locus of oxidation in the present nickel(II) complex is best formu-
lated as metal-centered, with delocalization of unpaired electron
onto the ligand orbitals. DFT calculations at the B3LYP level of the-
ory of the present complex and two previously reported nickel(II)
complexes of solely pyridine amide ligands and along with thioe-
ther donor sites have been performed to get information about
the nature of metal–ligand bonding in this class of nickel(II) com-
plexes. We are currently probing how subtle changes to pyridine
amide ligand electronics, due to incorporation of other donor
groups, influence the locus of oxidation in nickel(II) complexes of
such ligands of varying denticity.
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