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Abstract

The systematic investigation of electronic effects on the coordination geometry of nickel(II) thiocyanate complexes with the

tridentate N,N,N 0,N 0-tetraethylpyridine-2,6-dithiocarboxamide (S-dept) and N,N,N 0,N 0-tetraethylpyridine-2,6-dicarboxamide

(O-deap) ligands shows a significant change in the geometry of the metallic site. Their complexes conform to composition

[Ni2(l-NCS)2(S-dept)2(NCS)2] (1), [Ni(NCS)2(O-deap)(CH3CN)] Æ CH3CN (2) and [Ni(NCS)2(O-deap)(C2H5OH)] (3), respectively.

X-ray crystallographic studies were done for 1–3. In the crystal lattice, complex 1 exists as a centrosymmetric dimer in which the

dinuclear core is bridged by two N-bonded thiocyanate groups. The near octahedral geometry of the nickel atom is achieved

through the two bridging N atoms of the thiocyanate groups, three SNS donor atoms of the ligand S-dept and through the terminal

nitrogen atom of a non-bridging thiocyanate moiety. To the best of our knowledge, complex 1 presents the first example in literature

with the highest asymmetry in N-bridging thiocyanato ligands. Ni ion is coordinated to ONO donor set of atoms of O-deap and two

N-bonded NCS terminal groups. The sixth coordination site is completed by the N atom of an acetonitrile molecule. The coordi-

nation around Ni atom in 3 is also distorted octahedral. The change in the sixth coordination position from acetonitrile in 2 to eth-

anol in 3 has a profound influence in the overall topology of the metal–ligand complex. The complex interplay of weak interactions

in stabilizing the 3-dimensional lattice of these molecules is well demonstrated.

� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Over the past few years, there has been a growing

interest in the development of coordination chemistry
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of tridentate 2,6-dicarboxamidopyridine ligands toward
transition metal [1–5] and lanthanide ions [6]. Most of

these studies have been focussed on recognising the

strong donor capacity of the deprotonated pyridine-

2,6-dicarboxamide moiety in transition metal complexes

[1–4]. Recently, we [7] and others [6,8,9] have developed

a number of tridentate ligands based on the fully substi-

tuted pyridine-2,6-dicarboxamide moiety. Our interest

mailto:rkapoor@pu.ac.in


1222 R. Kapoor et al. / Polyhedron 24 (2005) 1221–1231
in the study of N,N,N 0,N 0-tetraalkylpyridine-2,6-dicarb-

oxamide ligands has been twofold: firstly, to study the

effect of steric congestion brought by employing isopro-

pyl or phenyl groups at the terminal carboxamide side

arms, i.e., R = –CH(CH3)2 or –C6H5 and secondly to

investigate the effect of change in the donor set of atoms
in the two side arms on the coordination geometry

adopted by the complexes. In our recent studies, it

has been shown that substitution of the donor atoms

by atoms of different size and electronegativity is re-

flected by major changes in the coordination geometries

and solid state structures adopted by the corresponding

complexes [7]. Crystal structures of Cu2Cl4(S-dept) and

CuCl2(O-deap) have shown important differences be-
tween the two complexes. Cu2Cl4(S-dept) is a tetranu-

clear copper(II) complex, formed by a cationic

[Cu2Cl2{l-(S-dept)}2]
2+ and an anionic dinuclear com-

plex [Cu2Cl4(l-Cl)2]
2� [7c]. On the other hand, Cu-

Cl2(O-deap) is a five coordinated trigonally distorted

rectangular pyramidal complex [7a]. Similarly,

complexes of CoCl2 with S-dept and O-deap have re-

vealed different structures [7b]. This paper describes
the comparative X-ray diffraction, IR and visible spectra

and magnetic properties of the nickel(II) thiocyanate

complexes of tridentate SNS and ONO donor ligands

S-dept and O-deap. Stabilization of the metal–ligand

complexes of O-deap in the solid state critically depends

upon the solvent used for crystallization. The role of

coordinating solvents like acetonitrile and ethanol in

the lattice stabilization of the complex is discussed in
the paper. It was also of interest to investigate the differ-

ent thiocyanate bonding modes present in these com-

plexes.
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2. Experimental

2.1. Materials

All reactions were carried out in anhydrous solvents.

Solvents were dried using standard techniques. Absolute

ethanol (AR quality, Hayman Ltd.) and pyridine-2,6-
dicarboxylic acid (Fluka) were used as supplied. Anhy-

drous NiCl2 was prepared by boiling the hydrated salt

under reflux with freshly distilled SOCl2 for about 4 h.

The anhydrous NiCl2 was filtered, washed with dry ben-

zene and dried in vacuo.
2.2. Preparation of N,N,N 0,N 0-tetraethylpyridine-2,6-

dicarboxamide (O-deap) and N,N,N 0,N 0-

tetraethylpyridine-2,6-dithiocarboxamide (S-dept)

O-deap was prepared as described earlier [5]. S-dept

was obtained by refluxing a mixture of O-deap (8.26 g,
0.03 mol) and P2S5 (4.13 g, 0.018 mol) in benzene (50

mL) for 8 h. The reaction mixture was filtered to remove

unreacted P2S5. Crude sample of S-dept was recovered

by removal of the solvent under vacuum. Pure product

was obtained as shinning yellow crystals on crystalliza-

tion from hot ethanol (yield: 7.37 g, 80%). M.p. 130

�C. Anal. Calc. for C15H23N3S2: C, 58.25; H, 7.44; N,

13.59. Found: C, 58.10; H, 7.56; N, 13.48%.
2.3. Ni(S-dept)(NCS)2 (1)

A solution of 3 mmol of anhydrous NiCl2 in 20 mL

of ethanol was added to a solution of 6 mmol of

KSCN in 20 mL of ethanol. The filtrate after removal

of quantitative amount of KCl was refluxed with 3

mmol of S-dept for 4 h. Dark brown precipitates of
1 separated out at room temperature. Recrystallization

from ethanol gave dark-brown crystals. Yield: 1.26 g

(87%); m.p. 226 �C. Anal. Calc. for C34H46N10S8Ni2:

C, 42.17; H, 4.75; N, 14.47; S, 26.5; Ni, 12.1. Found:

C, 41.76; H, 5.03; N, 14.26; S, 26.1; Ni, 12.0%. Molar

conductance [KM, X cm2 mol�1]: 12.0 (CH3CN) (ex-

pected range for 1:1 electrolytes: 120–160 X cm2

mol�1). IR (KBr pellet, cm�1): 2087, 2007, 1602,
1581, 1518, 1469, 1450, 1388, 1360, 1316, 1282, 1260,

1186, 1145, 1094, 1017, 811, 722, 625, 474. Visible spec-

tral data [kmax, nm (e, M�1 cm�1)] in methanol: 406

(265), 661 (8.1), 727 sh (6.5), 1092 (7.6). FAB mass

[(m-nitrobenzyl alcohol): (M+, 966)], m/z: 734 [Ni2(S-

dept)2], 676 [Ni(S-dept)2]
+, 425 [Ni2(S-dept)]

+, 367

[Ni(S-dept)]+ (base peak), 338 [Ni(S-dept)-C2H5]
+,

310 [Ni(S-dept)-C2H5-C2H4]
+, 278 [Ni(S-dept)-C2H5-

C2H4-S]
+.
2.4. [Ni(NCS)2(O-deap)(CH3CN)] Æ CH3CN (2)

This was prepared by the procedure adopted for 1,

except CH3CN was used as the medium and O-deap

as ligand. Recrystallization from acetonitrile gave

green crystals. Yield: 1.47 g (91%); m.p. 220 �C. Anal.
Calc. for C21H29N7O2S2Ni: C, 47.19; H, 5.43; N,

18.35; S, 12.0; Ni, 11.0. Found: C, 47.58; H, 5.87;

N, 17.97; S, 11.7; Ni, 10.7%. Molar conductance

[KM, X cm2 mol�1]: 18 (CH3CN). IR (KBr pellet,

cm�1): 2315, 2287, 2092, 1600, 1561, 1315, 1270,

1198, 1098, 1069, 1046, 1030, 947, 829, 758, 723,

698, 656, 511, 447. Visible spectral data [kmax, nm

(e, M�1 cm�1)] in methanol: 390 (13.1), 670 (1.7),
742 (1.9), 1071 (1.4).
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2.5. [Ni(NCS)2(O-deap)(C2H5OH)] (3)

This complex was prepared by the same procedure

but anhydrous ethanol was used as the reaction med-

ium. Yield: 1.20 g (90%); m.p. 200 �C. Anal. Calc. for
C19H29N5O3S2Ni: C, 45.78; H, 5.82; N, 14.05; S, 12.8;
Ni, 11.8. Found: C, 45.24; H, 5.64; N, 14.02; S, 12.4;

Ni, 11.3%. Molar conductance [KM, X cm2 mol�1]: 6.0

(C2H5OH) (expected range for 1:1 electrolytes: 30–45

X cm2 mol�1). IR (KBr pellet, cm�1): 3196, 2100,

1600, 1562, 1316, 1272, 1198, 1098, 1070, 1049, 1030,

947, 830, 762, 722, 705, 657, 510, 442. Visible spectral

data [kmax, nm (e, M�1 cm�1)] in ethanol: 370 sh

(14.2), 664 (4.4), 728 (4.5), 1080 (4.8).

2.6. Physical methods

Elemental analysis (C, H, N) were performed on a

Perkin–Elmer Model 2400 CHN analyzer at RSIC, Pan-

jab university, Chandigarh. IR spectra were recorded as

Nujol/hcb mulls on KBr plates on a Perkin–Elmer RX-1

FTIR spectrophotometer. The UV–Vis spectra were re-
corded on a JASCO V-530 UV–Vis spectrophotometer.

Reflectance spectra were recorded on an integrating

sphere Hitachi model 330 using MgCO3. The FAB mass

spectra were recorded on a JEOL SX 102/DA-6000 Mass

Spectrometer/Data System using Argon/Xenon (6 kV,

10 mA) as the FAB gas. m-Nitrobenzyl alcohol (NBA)

was used as the matrix. Variable temperature (34–

300 K)1 solid state magnetic susceptibility measurements
were done using a locally built Faraday balance [2].

2.7. X-ray crystallography

The crystals of complexes 1 and 3 were grown from

ethanol and 2 from acetonitrile by a method of slow

evaporation at room temperature. The data were col-

lected on a Siemens P4 single crystal diffractometer
using graphite monochromatized Mo Ka radiation

(0.71073 Å). Table 1 shows the unit cell parameters

and data measurement details. Data collection and cell

refinement were done with XSCANS [10]. Data were cor-

rected for Lorentz and polarization effects but no
absorption correction was performed for 1. Structure

was solved by direct methods and refined anisotropically

by full matrix least squares methods. All the hydrogens

were fixed geometrically as riding atoms with a displace-

ment parameter equal to 1.2 (CH, CH2) or 1.5 (CH3)

times that of the parent atoms. Data reduction, struc-

ture solutions, refinement and molecular graphics were

performed using SHELXLTL-PC [11]. During refinement
the terminal ethyl groups of the dithioamide ligand
1 Due to lack of facilities measurements could not be extended below

34 K.
showed disorder in terms of abnormal bond lengths

and high thermal parameters. The disorder could be re-

solved successfully for C8, C10, C13, C15 methyl and

C9, C12 methylene carbon atoms. Each of their atomic

positions was split into two peaks with a total site occu-

pancy of 1.000. These atoms were refined isotropically
with restraints using fixed C–C (1.510 Å) and C–N

(1.456 Å) distances. All other atoms were refined aniso-

tropically. Torsion angles and least squares planes were

calculated by using PARST [12]. The data collection pro-

cedure,structure solution and refinement for 2 and 3

were as follows, 2: 40 reflections (9.685� < 2h <

29.236�) for accurate cell parameter determination, a to-

tal of 26.56 h of X-ray exposure time, R = 0.0307,
wR = 0.0780, a = 0.0471 and b = 0.22 [in the weighting

scheme]. 3: 40 reflections (10.207� < 2h < 29.936�) for

accurate cell parameter determination, a total of 39.65

h of X-ray exposure time, R = 0.0465, wR = 0.1178,

a = 0.0627 and b = 7.53 [in the weighting scheme].

CCDC numbers for the complexes 1, 2 and 3 are

261983, 261984 and 261985, respectively.
3. Results and discussion

Complexes 1–3 were obtained in good yield by reflux-

ing Ni(NCS)2 and the S-dept or O-deap ligand. These

complexes are air and moisture stable and readily dis-

solved in common organic solvents. Conductance values

in CH3CN and C2H5OH did not show dissociation into
ionic species [13]. No molecular ion peak corresponding

to the dinuclear nickel species [{Ni(S-dept)(SCN)2}2]

(m/z, 966) was observed in the FAB mass spectrum of

1. However, some structurally important nickel contain-

ing ions were observed (see Section 2). Instability of M+

ion may be attributed to the facile loss of 2 moles of

(NCS)2; the driving force for the formation of [Ni2(S-

dept)2] may be the formation of Ni–Ni bond. Thermal
analysis (TGA) of complex 1 in air shows that the

weight loss of 27.0% between 230 and 320 �C corre-

sponds to the removal of (SCN)2 and ethylene. On heat-

ing above 320 �C, it loses the entire organic mass to yield

NiO. TGA of 2 did not show the formation of any stable

intermediates. The complex on heating above 60 �C
loses all the organic components to yield a stable residue

of NiO at 680 �C. The leff values at 300 K for 1, 2 and 3
(per Ni atom) are 2.98, 2.82 and 2.88 lB, respectively.
The magnetic moment of 1 was measured over the tem-

perature range 300–34 K1 (Fig. 1). The vMT value is

almost constant (2.205 cm3 mol�1 K) in the range 300–

200 K. Below this temperature, vMT decreases slowly to

2.006 cm3 mol�1 K upto 100 K. Between 100 and 34 K,

it decreases to 1.326 cm3 mol�1 K. This behaviour sug-

gests the presence of weak antiferromagnetic interac-
tions. The equations for dimers with two S = 1 metal

ions (as is the case for dinuclear Ni compounds) is



Table 1

Crystal data and structure refinement for complexes 1–3

Complex 1 2 3

Empirical formula C17H23N5NiS4 C21H29N7NiO2S2 C19H29N5NiO3S2
Formula weight 484.35 534.34 498.30

T (K) 293(2) 293(2) 293(2)

Wavelength (Å) 0.71069 0.71073 0.71073

Crystal system monoclinic monoclinic monoclinic

Space group P21/c P21 C2/c

Unit cell dimensions

a (Å) 9.623(5) 8.327(1) 29.33(2)

b (Å) 14.361(5) 10.909(1) 13.286(1)

c (Å) 16.284(5) 15.136(1) 15.877(1)

a (�) 90.0 90 90

b (�) 95.4(5) 97.91(1) 121.63(1)

c (�) 90.0 90 90

V (Å3) 2240.4(16) 1361.9(2) 5267.9(6)

Z 4 2 8

Dcalc (Mg/m3) 1.436 1.303 1.257

Absorption coefficient (mm�1) 1.251 0.895 0.921

F(000) 1008 560 2096

Crystal size (mm) 0.15 · 0.12 · 0.10 0.21 · 0.19 · 0.16 0.27 · 0.24 · 0.17

h Range for data collection (�) 1.89–27.50 2.31–24.01 2.00–24.00

Scan type 2h–h 2h–h 2h–h
Scan speed variable, 2.0–60.0�/min in x variable, 2.0–60.0�/min in x variable, 2.0–60.0�/min in x
Limiting indices 0 6 h 6 12, 0 6 k 6 18,

�21 6 l 6 21

0 6 h 6 9, 0 6 k 6 12,

�17 6 l 6 17

0 6 h 6 33, 0 6 k 6 15,

�18 6 l 6 15

Reflections collected/unique (Rint) 5456/5152 (0.0691) 2447/2276 (0.0182) 4232/4144 (0.0147)

Refinement method full-matrix least-squares on F2 full-matrix least-squares on F2 full-matrix least-squares on F2

Data/restraints/parameters 5152/12/238 2276/1/299 4144/0/272

Goodness-of-fit on F2 0.995 1.027 1.013

Final R indices [I > 2r(I)] R1 = 0.0900, wR2 = 0.2015 R1 = 0.0307, wR2 = 0.0780 R1 = 0.0465, wR2 = 0.1178

R indices (all data) R1 = 0.2189, wR2 = 0.2727 R1 = 0.0344, wR2 = 0.0803 R1 = 0.0654, wR2 = 0.1262

Largest difference in peak and hole (e Å�3) 0.991 and �0.717 0.225 and �0.243 0.763 and �0.523
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Fig. 1. Showing the variation of vMT with T for complex 1.
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derived from Van Vleck�s equation and, by using

the spin hamiltonian, H = �JS1 · S2, it takes the

following form: vT = (Ng2b2/k)[(2exp(x) + 10 · exp
(3x))/(1 + 3exp(x) + 5exp(3x))], where x = J/kT, k being

the Boltzman�s constant, and J the magnetic coupling

constant (in cm�1). The results of the best fit, shown
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as the solid line in Fig. 1, were J = �13.203 ± 0.595

cm�1, g = 2.142 ± 0.009.

3.1. Spectroscopic properties

3.1.1. IR spectra

Complex 1 shows two distinct m(CN) modes for the

NCS� group, at 2087 and 2007 cm�1. The higher fre-

quency band is assigned to the N-bonded terminal thio-

cyanate group [14], and the lower frequency band at

2007 cm�1 strongly indicates the presence of N-bridging

thiocyanate ligand joining the two nickel centres. This

unusual bridging mode of thiocyanate ligand has been

observed for a very limited number of complexes which
are listed in Table 3 [15–19]. The position of the C–S

stretching frequency in the region 860–690 cm�1 is usu-

ally employed for differentiating S-bonded from

N-bonded terminal thiocyanates [14,20]. However, the

m(CS) modes are obscured by ligand bands in this region

which made assignment of the C–S stretches quite

uncertain. The peaks attributed to m(CN) are not per-

turbed in its solution spectrum thus suggesting that the
solid state structure is retained in CHCl3 solution. Com-

plexes 2 and 3 show a single band in the m(CN) region, at

2092 and 2100 cm�1, respectively, which are assigned to

the N-bonded terminal NCS ligands. The carbonyl

stretching frequency which appears at 1625 cm�1 in

the free ligand is shifted to 1600 cm�1 suggesting car-

bonyl coordination to metal centre.

3.1.2. Visible spectra

Complexes 1–3 show a close resemblance between

absorption in methanol and their reflectance spectra sug-

gesting that the same geometry is retained by themetal ion

on dissolution. Complex 1 exhibits three distinct absorp-

tion bands at 406, 661 and 1090 with a shoulder band at

738 nm. Similar spectra are observed for 2 and 3with

bands at 390, 670 (sh), 742 and 1080 and 370 (sh), 664,
728 and 1080 nm, respectively. Assuming Oh symmetry

for the Ni ions in these compounds, the bands may be as-

signed to the spin allowed d-d transitions 3T1g(P) 3A2g,
3T1g(F) 3A2g and

3T2g 3A2g, respectively. The band

at about 730 nm may be a consequence of the transition

to the 1Eg level gaining intensity through configurational

interaction with the 3T1g(F) level.

3.2. Crystal structures of complexes 1–3

3.2.1. Complex 1
Crystallization of 1 from ethanol or acetonitrile by

slow evaporation of its saturated solution at room

temperature afforded good single crystals of [Ni2
(l-NCS)2(S-dept)2(NCS)2]. The bond lengths and an-

gles are listed in Table 2. The complex is a centrosym-
metric dimer (Fig. 2). It consists of two distorted

octahedrons, one about each Ni2+, which share an
edge, formed by the N atoms of the bridging NCS

ions. The remaining sites are occupied by two S and

one N atoms from the tridentate chelating ligand and

from a N atom of the terminally bonded thiocyanate

ion. The bond angles around Ni2+ are close to that

of an ion in an octahedral environment. Both Ni–S
bonds are equal and trans to each other. The three

M–N bonds in the xy plane are equal with an average

M–N distance of 2.028(7) Å. The four nitrogens N1 N4

N5 and N4i (where i = �x, �y, �z + 1) are almost pla-

nar with a deviation of 0.016 Å from a least square

plane. The M–N bond lengths for the bridging NCS li-

gands are Ni–N4 2.022(7) and Ni–N4i 2.396(8) Å,

respectively. This shows that NCS is behaving as an
unsymmetrical bridging bidentate ligand through N.

The bridging NCS ligands are perpendicular to Ni–

Nii axis with Ni–N–Nii angle of 96.9� (3). Ni–Ni dis-

tance is 3.316(8) Å, which indicates the absence of

any metal–metal bond. Both bridging and terminal

NCS ligands are almost linear with small differences

in their respective bond distances and angles. The

bonding parameters of the terminal NCS ligand fall
well within the range generally observed in the litera-

ture [15–19,21]. The short N–C distance [N(5)–C(17),

1.151(12) Å] corresponds with structure I. The C–S

bond distance [C(17)–S(4), 1.631(12) Å] is shorter than

the C–S(sp3) bond distance (1.81 Å) but is close to

C@S bond distance (1.61 Å) as given by Pauling [22].

However, it falls well within the range 1.588(13)–

1.689(13) Å found for terminally bonded covalent
NCS group. The terminal M–NCS linkages in this

complex are bent with M–N–C angle 170.8� (8) which

fall in the range (141–174�) found for Ni2+ having bent

terminally bonded NCS anions [6b]. Ni–N5–C17–S4

torsion angle is 15.1�. This non-linearity has been

attributed to the steric effects [23] and indicates more

electron density localization on N so that II becomes

the major contributing resonance structure for NCS
anion [24].

N C SNi

I

N S

Ni

Ni
II

N C S

III
Ni

The C–S bond length [C(16)–S(3), 1.606(10) Å] of the

bridging NCS ion is more closer to C@S and is in con-

formity with structure II. As already known [14] this

also accounts for the two lone pairs on N atoms directed
at the metal ion and the linearity of the group, however,

N–C bond [N(4)–C(16), 1.145(10) Å] remains too short

to be a double bond. This short N–C bond may be due

to inductive effect, which results due to greater flow of

electron density from the C–S bond through the C–N

bond towards metal ion, as shown in III. Bridging

through N requires M–NCS linkages to be essentially



Table 2

Important bond lengths (Å) and bond angles (�) for complexes 1–3

Complex 1a

Ni–N(5) 2.018(9)

Ni–N(4) 2.022(7)

Ni–N(1) 2.043(6)

Ni–S(2) 2.384(3)

Ni–S(1) 2.388(3)

Ni–(N4)i 2.396(8)

S(1)–C(6) 1.651(9)

S(2)–C(11) 1.656(8)

S(3)–C(16) 1.606(10)

S(4)–C(17) 1.631(12)

N(4)–C(16) 1.145(10)

N(5)–C(17) 1.151(12)

N(5)–Ni–N(4) 95.7(3)

N(5)–Ni–N(1) 91.2(3)

N(4)–Ni–N(1) 173.0(3)

N(5)–Ni–S(2) 91.8(2)

N(4)–Ni–S(2) 95.8(2)

N(1)–Ni–S(2) 84.0(2)

N(5)–Ni–S(1) 93.9(2)

N(4)–Ni–S(1) 96.1(2)

C(16)–N(4)–Ni 149.2(8)

C(16)–N(4)–Nii 113.8(7)

N(1)–Ni–S(1) 83.3(2)

S(2)–Ni–S(1) 1666.19(10)

N(5)–Ni–N(4)i 178.0(3)

N(4)–Ni–N(4)i 83.1(3)

N(1)–Ni–N(4)i 90.0(3)

S(2)–Ni–N(4)i 86.79(19)

S(1)–Ni–N(4)i 87.81(19)

Ni–N(4)–Nii 96.9(3)

C(17)–N(5)–Ni 170.8(8)

Complex 2

Ni(1)–N(5) 1.995(3)

Ni(1)–N(6) 2.043(4)

Ni(1)–O(1) 2.098(4)

S(1)–C(18) 1.620(4)

O(1)–C(6) 1.252(5)

N(1)–C(5) 1.337(6)

N(2)–C(6) 1.341(6)

N(2)–C(7) 1.493(6)

N(3)–C(14) 1.470(6)

N(4)–C(16) 1.118(6)

N(6)–C(19) 1.146(7)

Ni(1)–N(1) 2.023(3)

Ni(1)–O(2) 2.085(3)

Ni(1)–N(4) 2.141(4)

S(2)–C(19) 1.632(6)

O(2)–C(11) 1.249(5)

N(1)–C(1) 1.347(6)

N(2)–C(9) 1.481(7)

N(3)–C(11) 1.331(5)

N(3)–C(12) 1.474(6)

N(5)–C(18) 1.155(4)

N(7)–C(20) 1.122(13)

N(5)–Ni(1)–N(1) 177.48(15)

N(1)–Ni(1)–N(6) 90.65(15)

N(1)–Ni(1)–O(2) 77.74(15)

N(5)–Ni(1)–O(1) 103.20(17)

N(6)–Ni(1)–O(1) 94.72(17)

N(5)–Ni(1)–N(4) 88.84(17)

N(6)–Ni(1)–N(4) 179.29(17)

Table 2 (continued)

Complex 2

O(1)–Ni(1)–N(4) 84.84(16)

C(11)–O(2)–Ni(1) 114.5(2)

C(5)–N(1)–Ni(1) 117.6(3)

C(6)–N(2)–C(9) 116.8(4)

C(9)–N(2)–C(7) 115.5(4)

C(11)–N(3)–C(12) 126.8(4)

C(16)–N(4)–Ni(1) 177.5(4)

C(19)–N(6)–Ni(1) 162.7(4)

N(1)–C(1)–C(6) 110.1(3)

N(5)–Ni(1)–N(6) 91.81(17)

N(5)–Ni(1)–O(2) 101.63(16)

N(6)–Ni(1)–O(2) 91.00(16)

N(1)–Ni(1)–O(1) 77.16(16)

O(2)–Ni(1)–O(1) 154.30(11)

N(1)–Ni(1)–N(4) 88.71(15)

O(2)–Ni(1)–N(4) 89.16(15)

C(6)–O(1)–Ni(1) 115.7(3)

C(5)–N(1)–C(1) 122.3(3)

C(1)–N(1)–Ni(1) 118.5(3)

C(6)–N(2)–C(7) 127.5(4)

C(11)–N(3)–C(14) 117.2(3)

C(14)–N(3)–C(12) 115.8(4)

C(18)–N(5)–Ni(1) 178.0(5)

N(1)–C(1)–C(2) 119.8(4)

C(2)–C(1)–C(6) 129.9(4)

Complex 3

Ni(1)–N(4) 1.980(3)

Ni(1)–N(5) 2.045(3)

Ni(1)–O(1) 2.123(2)

S(1)–C(16) 1.625(5)

O(1)–C(6) 1.256(4)

O(3)–C(18) 1.414(6)

Ni(1)–N(1) 2.030(3)

Ni(1)–O(3) 2.078(3)

NI(1)–O(2) 2.137(2)

S(2)–C(17) 1.634(4)

O(2)–C(11) 1.254(4)

N(4)–Ni(1)–N(1) 176.85(12)

N(1)–Ni(1)–N(5) 89.67(12)

N(1)–Ni(1)–O(3) 90.20(11)

N(4)–Ni(1)–O(1) 106.16(12)

N(5)–Ni(1)–O(1) 90.07(12)

N(4)–Ni(1)–O(2) 99.55(12)

N(5)–Ni(1)–O(2) 93.07(12)

O(1)–Ni(1)–O(2) 154.03(10)

C(11)–O(2)–Ni(1) 112.9(2)

C(1)–N(1)–Ni(1) 116.6(2)

N(4)–Ni(1)–N(5) 91.08(14)

N(4)–Ni(1)–O(3) 89.07(13)

N(5)–Ni(1)–O(3) 179.67(14)

N(1)–Ni(1)–O(1) 76.90(10)

O(3)–Ni(1)–O(1) 89.60(12)

N(1)–Ni(1)–O(2) 77.35(10)

O(3)–Ni(1)–O(2) 87.20(12)

C(6)–O(1)–Ni(1) 114.4(2)

C(18)–O(3)–Ni(1) 126.6(3)

a Symmetry i: �x, �y, �z + 1.
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angular with M–N–C being 149.2(8)� and 113.8(7)�. The
first example of an N-bonded NCS bridging ligand was

reported for a mixed valence ReIII/ReIV complex [15]. It



Table 3

Various bond lengths (Å) and bond angles (�) found in complexes of NCS anion having bidentate, N-bridging mode of coordination

S. no. Complex Type of bond M–N C–N C–S N–C–S M–N–C M–N–M M–M

1 [Re2(NCS)10]
3� (2) terminala 2.026(8) 1.16(1) 1.59(1) 178.8(9) 171.8(7) 77.4(3) 2.613(1)

bridginga 2.087(8),

2.095(8)

1.17(1) 1.57(1) 178.7(8) 141.5(7)

2 [Cd2(NCS)4(butrz)3]n (3) terminala 2.240(3) 100.83(9) 3.6912(4)

bridginga 2.352(3),

2.437(3)

3 Ni3(detrH)6(NCS)6 (7) terminala 2.04(1) 1.15(1) 1.64(1) 177.4(9) 163.3(9) 105.5(5) 3.39(1)

bridginga 2.09(1),

2.18(1)

1.18(1) 1.57(1) 178.8(9)

4 [Ni(L1)(NCS)2]2 (6) terminala 3.03(1)

bridginga

5 [Ni2(L
2)(AcO)2(NCS)2(MeOH)] (5) terminala 2.105(6) 88.1(2) 2.993(1)

bridginga 2.131(5),

2.172(5)

6 [Ni2(L
2)(NCS)3(MeOH)] (5) terminala 2.008(7) 3.142(2)

bridginga 2.039(7),

2.170(6)

7 [Ni(L2)(NCS)3(urea)] (5) terminala 2.002(6) 3.155(2)

bridginga 2.077(5),

2.197(5)

8 [Ni2(S-dept)2(NCS)4] (present work) terminala 2.018(9) 1.15(1) 1.63(1) 179.2(10) 170.8(8) 96.9(8) 3.316(5)

bridginga 2.022(7),

2.396(8)

1.14(1) 1.60(1) 176.1(9) 149.2(8), 113.8(7)

a Average value of M–N (terminal), C–N, C–S, NCS and MNC are given.
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had two equal Re–N bonds with Re–Re bond (Table 3).

However, CdII complex contained slightly different M–

N bond lengthsand no M–M bond [16]. In the case of

Ni2+ this type of bonding has been reported for five

complexes [17–19] all of them showed bidentate bridging

through N of the NCS anion with Ni–Ni distance rang-
ing between 2.993(1) and 3.39(1) Å. In the present com-

plex, the two M–N bond lengths are significantly

different from each other and the shorter Ni–N4 dis-

tance is comparable to Ni–N5 distance of the terminally

bonded NCS anion. Thus the present complex becomes

the first example to show maximum asymmetry in

bidentate bridging through N atom of the NCS anion.

No M–M bonding has been found in the case of any
of the Ni2+ complexes yet the M–M distance seems to

be dependent upon M–N–M (Table 3).

3.2.2. Complex 2
Crystallization of [Ni(NCS)2(O-deap)(CH3CN)] ÆCH3

CNby slow evaporation of its saturated solution in aceto-

nitrile at room temperature yields good single crystals.

Fig. 3 displays theORTEPdiagramof 2which crystallizes
in P21 space group with 2 molecules per unit cell. The

coordination around the Ni atom can be best described

as octahedral as can be ascertained from the bond lengths

and angles (Table 2). However, contrary to the expected

value in an octahedral geometry, one of the trans li-

gand–metal–ligand angle is not 180� but deviated to a va-
lue of 154.3� (O1–Ni1–O2). This apparent deviation from

the ideal value may be attributed to the geometrical con-

straints of O-deap acting as a tridentatemeridonal ligand.

The two thiocyanate ligands show a marked difference of

approach towards the metal coordination polyhedra.

While one of the SCN moiety (i.e., S1–C18–N5, Fig. 3)
that is placed parallel to O-deap, approaches the metal

almost in a nearly linear arrangement (C18–N5–Ni1 =

178�), the other thiocyanate ligand (i.e., S2–C19–N6,

Fig. 3) which is approaching orthogonal to the former is

substantially deviated from linearity, the C19–N6–Ni1

angle being 162.7�. Nevertheless, their coordinating

strengths are almost same as reflected from their almost

equal Ni–N bond lengths of 1.995 and 2.043 Å. It is also
noteworthy that this type of subtle deviations can modify

the geometry around the metal centre. For example, the

two five membered rings formed out of the two carbonyl

to the metal centre (�C@O1� � �Ni1 and �C@O2� � �Ni1,

Fig. 3) are not placed parallel, but have taken a wedge

shape with a wedge angle of 3.7� (angle between the least

square planes of these two five membered rings). Simi-

larly, the planar pyridyl moiety is also bent with respect
to these rings, the angle between the planes of aromatic

pyridyl moiety and the five membered ring involving O1

(i.e., N1, Ni1, O1, C6 and C1) is 11.6� and that with the

other ring containing O2 (i.e., N1, Ni1, O2, C11 and

C5) is 14.2�. These type of variations, most probably are

not only controlled by electronic effects alone, but also



Fig. 2. A perspective view of complex 1 with the atom numbering scheme (thermal ellipsoids are at 50% probability level).

Fig. 3. A perspective view of complex 2 with the atom numbering

scheme (thermal ellipsoids are at 50% probability level).
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by the subtle steric requirements that are needed for a sta-

ble lattice. Such effects which minimize the overall steric

congestion are reflected even in the �coordinating arms�
of the ligand. The symmetrically positioned ethyl part of

the arms on both sides are placed one �up� and one �down�
with respect to the meridonal plane of the ligand as evi-

denced from Fig. 3. The two terminal methyl groups

(C10 and C15) that are closer to the coordinating oxygen

atoms are �up�while the other two (C8 andC13) which are
away from these oxygen atoms are �down� (the sense of up
and down is with respect to the planar meridonal ligand

plane when viewed parallel to Ni(1)–N(1) vector). The

sixth coordination of the octahedral geometry is com-

pleted by the solvent of crystallization (CH3CN) itself

and its reduced Lewis basicity compared with SCN�

(and hence the weaker coordinating ability) is clear from

the higherNi–Nbond length of 2.141 Å.However, the ap-

proach towards themetal centre is almost linear, theNi1–
N4–C16 angle being 177.5�.

The role of solvent used for crystallization is twofold

in stabilizing the metal ligand complex. Firstly, it com-

pletes the coordination around the metal center and im-

parts stability and secondly, during the packing of

molecules in the lattice, the voids generated are filled

by these solvent molecules again providing overall sta-

bility to the three-dimensional lattice. Packing of this
acetonitrile lattice inclusion complex is shown in

Fig. 4. Two �arms� of the neighbouring ligand molecules

and the methyl group of the coordinating CH3CN to-

gether generates a cavity and the CH3CN molecules

are occupied in these centres. The stability to this

inclusion is imparted through two weak C–H� � �N inter-

actions of the nitrogen atom of CH3CN (N7� � �H12A–
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Cl2 = 2.704 and N7� � �H17C–Cl7 = 2.798 Å) and the

other is through a C–H� � �S interaction of the methyl

group of CH3CN (S1� � �H21A–C21 = 3.152 Å) and sul-

phur atom of the thiocyanate moiety. In effect a linear

CH3CN molecule is anchored from both of its terminal

ends to the center of the cavity through C–H� � �N and
C–H� � �S interactions involving the solvent and metal

ligand complex. In addition there are three lattice stabi-

lizing C–H� � �S interactions (involving sulphur atoms of

SCN� moiety) observed in the lattice, S2� � �H9A–

C9 = 2.885, S2� � �H7A–C7 = 2.922 and S1� � �H13A–

C13 = 3.080 Å.

3.2.3. Complex 3
The structure of 3 obtained after recrystallization in

ethanol, is presented in Fig. 5. The coordination

around the Ni atom in 3 is also distorted octahedral

(Table 2). The difference of 4.3� in the O–Ni–O angle

in 2 (154.3�) from 3 (150.0�) shows that O-deap ligand

can adopt to subtle geometrical requirements during

the complex formation. However, to meet the steric de-

mands, the pyridyl part of O-deap has to undergo a
substantial bend from the mean plane of the two five

membered rings formed out of the coordination to

Ni atom (Fig. 5), the angle being 21.8�. It is interesting
Fig. 4. Packing of complex 2 viewed perpendicular to the bc

plane.Note the occpancy of solvent acetonitrile (right to the middle

of unit cell) in the cavity formed from the arms of the ligand and the

methyl group of coordinated CH3CN. The lattice stabilizing C–H� � �S
interactions are shown by dotted lines.
that the same deviation in 2 is only 12.7 showing that

change in the coordination from acetonitrile to ethanol

can have profound influence in the overall topology of

the metal ligand complex. As in 2, the two five mem-

bered rings are also wedge shaped, infact the wedge an-

gle has increased to 5.5�. The approach of the two
thiocyanate ligands is very similar to that of 2, the

one in the plane of the ligand is linearly placed with re-

spect to the metal (C16–N4–Ni1 = 174.2�), whereas the
other orthogonally placed one makes an angle of

163.2� (C17–N5–Ni1). The coordinating arms of the

ligand have a very similar up and down conformation

as in 2.

Participation of the amide nitrogen in the coordina-
tion process through amide resonance is evident from

the very planar nature of N atoms of both 2 and 3

(sum of the angles around nitrogen is 359.8� (2) and

359.6� (3), respectively). This type of resonance would

facilitate more charge on the carbonyl oxygens for bet-

ter participation in metal–ligand coordination. It is

noteworthy that the major difference in the octahedral

coordination of Ni in 2 and 3 is that the acetonitrile in
2 is replaced by an ethanol molecule in 3. Out of the

six octahedral metal–ligand bonds in 2, it is the Ni–

N(acetonitrile) that is the longest (2.141 Å, Table 2).

However, since enhanced Lewis basicity can be ex-

pected for the oxygen atom of ethanol (than that of

the nitrogen atom of CH3CN), the Ni–O(ethanol) is

no longer the highest and is reduced to 2.078 Å. In fact

it is the shortest among the three Ni–O bonds in 3
(Table 2).

We hypothesised that the sixth coordination of com-

pound 2 can be replaced, if a solvent of similar size (but

with equal or higher Lewis basicity) can be used for crys-

tallization. Another motivation was to examine the role
Fig. 5. A perspective view of complex 3 with the atom numbering

scheme (thermal ellipsoids are at 50% probability level).
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of solvent in stabilizing the three-dimensional lattice,

after all, does the solvent play a deciding role in the lat-

tice formation? If so, the compound would display poly-

morphism, which is of contemporary interest [25].

Ethanol was conceived as appropriate solvent as it satis-

fies both the condition of size and Lewis basicity. Grat-
ifyingly, compound 3 was successfully crystallized from

absolute ethanol with an ethanol occupying the sixth po-

sition in the octahedral coordination. But interestingly

no solvent of crystallization was included in the lattice

and the molecular packing is significantly different from

that of 2. A packing diagram viewed down the ab plane

is shown in Fig. 6.

In the lattice, one of the thiocyanate groups (i.e.,
S1–C16–N4) is involved in a lattice stabilizing C–

H� � �S interaction (C10–H10A� � �S1 = 2.835 Å) whereas

the other one (i.e., S2–C17–N5) is hydrogen bonded to

the hydrogen atom of the coordinated ethanol (O3–

H3A� � �S2 = 2.431 Å) through a O–H� � �S hydrogen

bond. Thus, as in 2 both the thiocyanate groups are in-

volved in S–H� � �O/C interactions. In addition, the

hydrogen atom at the para position of the pyridyl moi-
ety also takes part in a C–H� � �O hydrogen bond with

one of the carbonyl oxygen atoms (C3–H3B� � �O2 =

2.448 Å). Thus, our initial hypothesis of obtaining a

complex in which the replacement of an acetonitrile

with ethanol was realized, but the lack of inclusion

of ethanol as a solvent of crystallization amply displays

the complex interplay of weak interactions in stabiliz-

ing the three-dimensional lattice of these molecules.
These observations show that, at molecular level cer-

tain predictability can be realized, but the nature of

molecular packing is still a complex process to compre-

hend and indeed it is one of the challenges in crystal

engineering [26].
Fig. 6. Packing of complex 3 viewed perpendicular to the ab plane.

The lattice stabilizing C–H� � �S interactions are shown by dotted lines.
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