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Abstract

Two mononuclear nickel(Il) complexes [Ni(dodmp)(NCS),] (1) and
[Ni(dbp)(NCS),] (2) and two azido bridged binuclear nickel(ll1) complexes
[Ni2(L'1)2(N3)2(U-N3)2] (3) and [Niz(L'2)2(Ns)2(U-Ns)2] (4), where dbdmp, dbp, L'y and
L', ae N,N-diethyl-N',N'-bis((3,5-dimethyl-1H-pyrazol-1-yl)methyl)ethane-1,2-
diamine (dbdmp), N,N-bis((1H-pyrazol-1-yl)methyl)-N',N'-diethylethane-1,2-diamine
(dbp), N,N-diethyl-N'-((3,5-dimethyl-1H-pyrazol-1-yl)methyl)ethane-1,2-diamine
(L'y)) and N-((1H-pyrazol-1-yl)methyl)-N',N'-diethylethane-1,2-diamine (L';) have
been synthesized and characterized by microanalyses and physico-chemical methods.
Single crysta X-ray diffraction analyses revealed that complexes 1 and 2 are
mononuclear NCS containing Ni(ll) complexes with octahedral geometry and
complexes 3 and 4 are end-on (u-1,1) azido bridged binuclear Ni(Il) complexes with
distorted octahedral geometry. Variable temperature magnetic studies of the
complexes 3 and 4 display ferromagnetic interaction with J values 19 and 32 cm’,

respectively.
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2.1. Introduction

The pseudohalides like NCS and N3 are ambidentate ligands that can
coordinate to metal ions in different modes. In addition to their monodentate behavior
and formation of corresponding mononuclear complexes, the two ions can act as
bridging ligand and form di- or polynuclear complexes. Generaly, the azide ion
displays more bridging modes in polynuclear transition metal complexes in
comparison to thiocyanate ion and it can bind metal ions either in the end-to-end (u-
1,3) or in the end-on (u-1,1) modes [1-29]. A wide range of magnetic behaviours are
observed when azide ion binds to transition meta complexes in the different
coordination modes. Normally, the end-to-end (u-1,3) mode of the azido bridge shows
antiferromagnetic (AF) interaction and the end-on (u-1,1) mode produces
ferromagnetic (F) coupling. Moreover, the magnitude of magnetic exchange depends
on the metal-metal separation, the dihedral angle between the planes containing the
metal ion and the metal bridging ligand bond lengths.

The study of coordination chemistry of transition metal complexes with
pyrazole based ligands have been of significant interest as they are involved in
bioactivities [30-31]. The azido bridged binuclear nickel complexes have received
more attention in the area of research owing to the magnetic interactions as well as

development of magnetic materials [32-36].

In the present chapter, we report on the syntheses, characterization, structure
and magnetic studies of two new tetradentate ligands N,N-diethyl-N',N'-bis((3,5-
dimethyl-1H-pyrazol-1-yl)methyl)ethane-1,2-diamine (dbdmp), N,N-bis((1H-pyrazol-
1-yl)methyl)-N',N'-diethylethane-1,2-diamine (dbp) and their NCS containing
nickel(I1) complexes [Ni(dbdmp)(NCS),] (1) and [Ni(dbp)(NCS),] (2) and two new
azido bridged binuclear nickel(l1) complexes [Niz(L'1)2(Ns)2(u-Ns)2] (3) and
[Ni2(L"2)2(N3)2(U-N3)2] (4), where L'y and L', are N,N-diethyl-N'-((3,5-dimethyl-1H-
pyrazol-1-yl)methyl) ethane-1,2-diamine (L';)) and N-((1H-pyrazol-1-yl)methyl)-
N',N'-diethylethane-1,2-diamine (L';). The ligands L'y, and L', are produced from
ligands dbdmp and dbp, respectively during reaction.

30



Chapter-2

2.2. Experimental
2.2.1. Materials

The chemicals and solvents were of analytica grade and purchased from
commercia sources. Acetyl acetone (GR, Loba, India), paraformaldehyde (GR, Loba,
India), hydrazine hydrate (GR, Loba, India), KSCN, NaN3; (Qualigens, India), N,N-
diethylethylenediamine (Aldrich), pyrazole (Aldrich), CH3CN (AR, Merck) were of
reagent grade and used as received. Ni(ClOy),. 6H,0O was prepared by reaction of
nickel carbonate with dilute HCIO,4 acid and followed by slow evaporation of the
solution. 1-hydroxymethyl-3,5-dimethylpyrazole and 1-hydroxymethylpyrazole was
synthesized according to the reported method [37].

2.2.2. Syntheses of Ligands

2221 Synthesis of N,N-diethyl-N',N'-bis((3,5-dimethyl-1H-pyrazol-1-yl)
methyl)ethane-1,2-diamine (dbdmp)

To a stirring solution of N,N-diethylethylenediamine (0.232 g, 2 mmol) in
acetonitrile (10 ml), 1-hydroxymethyl-3,5-dimethylpyrazole (0.504 g, 4 mmol) in
acetonitrile (10 ml) was added drop by drop. This mixture was stirred at 80° C for
72 h and dried over anhydrous sodium sulphate. The solvent was removed on a
vacuum rotary evaporator and finally the compound was obtained as yellow liquid.
Yield. 0.53 g (80 %). IR (Neat) cm™; v(CoHs +CHs), 2969 s, 2929 s, 2872 s, 2808 s,
v(C = C) + Vv (C = N)/pz ring, 1555 s, 1459 s; *H NMR (400 MHz, CDCl3, 20°C),
d/ppm: 0.919-0.955 (t, 6H, -CH,-CH3), 2.188-2.194 (s, 12H, 4 -CH; of pz), 2.312-
2.349 (t, 2H, -CH; of ethylenediamine), 2.397-2.432(q, 4H, -CH,-CH3), 2.734-2.771
(t, 2H, -CH; of ethylenediamine), 4.918 (s, 4H, N-CH>-N), 5.822 (s, 2H, -CH of pz
ring). **C NMR (400 MHz, CDCls, 20 °C), &/ppm: 10.86, 11.40, 13.41, 46.84, 47.03,
50.45, 65.70, 105.75, 139.60 and 147.43.

2.2.2.2. N,N-bis((1H-pyrazol-1-yl)methyl)-N',N'-diethylethane-1,2-diamine (dbp)

This compound was synthesized using 1-hydroxymethylpyrazole (4 mmol)
instead of 1-hydroxymethyl-3,5-dimethylpyrazole following an analogous procedure
to that mentioned for ligand dbdmp. Yield. 0.370 g (78 %). IR (Neat) cm™; v(C = C) +
v (C = N)/pz ring, 1559 s, 1458 s; W(C,Hs +CHsg), 2951 s, 2920 s, 2864 s; *H NMR
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(400 MHz, CDCl3, 20 °C), 3/ppm: 0.989-1.025 (t, 6H, -CH,-CHs3), 2.312-2.349 (t, 2H,
-CH, of ethylenediamine), 2.490-2571(g, 6H, -CH,-CH; and -CH, of
ethylenediamine), 2.799-2.833 (t, 2H, -CH, of ethylenediamine), 5.079 (s, 4H,
N-CH>-N), 6.294 (s, 2H, -CH of pz ring), 7.558-7.624 (dd, 2H, -CH, of pz ring).
3C NMR (400 MHz, CDCls, 20 °C), d/ppm: 11.38, 46.96, 47.80, 51.01, 68.03,
105.91, 129.84 and 139.65.

2.2.3. Syntheses of Complexes
2.2.3.1. [Ni(dbdmp)(NCS);] (1)

To a methanol solution of Ni(ClQg4),.6H,0 (0.183 g, 0.5 mmol) was added a
solution of ligand dbdmp (0.166 g, 0.5 mmol) in methanol. The colour of the solution
changed to green immediately. Finally, an agueous solution of KSCN (0.097 g,
1 mmol) was added slowly to the resulting solution. The resulting blue solution was
stirred for 2-3 h at room temperature. Slow evaporation of the solution yielded blue
coloured needle shape crystals. Yield. 0.190 g (75 %). Found C = 47.69, H = 6.69,
N = 2243 %. Anal cac for CyxH3NgNiS;: C = 47.35, H = 6.36, N = 22.09 %.
IR (KBr pellet) cm™; v(NCS’), 2100 vs; V(C,Hs +CHs), 2972 s, 2925 s, 2869 s,
VC = C) + v (C = N)pz ring, 1554 s, 1466 s. UV-Vis spectra Ampg/nNm
(emax/mol em™). 673 (17), 418 (36), 339 (471). P = 2.89 BM.

2.2.3.2. [Ni(dbp)(NCS),] (2)

This compound was prepared following an analogous procedure to that
mentioned above for 1 using ligand dbp. Yield. 0.140 g (62 %). Found C = 42.39,
H = 530, N = 24.63 %. Ana calc for CigHoNgNiS;: C = 4259, H = 5.36,
N = 24.83 %. IR (KBr pellet) cm™; v(NCS’), 2098 vs; v(C2Hs +CHsz), 3098, 2980 s,
2940 s, 2881 s, v(C = C) + v (C = N)/pz ring, 1518 s, 1470 s. UV-Vis spectra:
AmexdNM (Ema/mol tem™). 672 (21), 418 (35), 340 (435). pet = 2.88 BM.

Caution! Transition metal complex with azide ion and organic ligands are potentialy
explosive. Only a small amount of material should be synthesized and it should be

handled with care.
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2.2.3.3. [Nia(L"1)2(N3)2(4-N3)7] (3)

To a methanol solution of Ni(ClO,).6H,0O (0.185 g, 0.5 mmol) was added
ligand dbdmp (0.166 g, 0.5 mmol) in methanol (10 ml). The colour of the solution
was changed to green immediately. Finally, an agueous solution of NaN3 (0.065 g,
1 mmol) was added in to the solution and resulting light green solution was stirred for
3 h a room temperature. Slow evaporation of the solution yielded a light green
colored crystal after five days. Yield. 0.100 g (54 %). Found C = 39.38, H = 6.65,
N = 38.33 %. Anal calc for CysHagN2Nio: C=39.25, H = 6.54, N = 38.16 %. IR (KBr
pellet) cm™: v(N3), 2061 vs; v(NH), 3183 vs; v(C = C) + v (C = N)/pz ring, 1553 s,
1468 s.

2.2.3.4. [Nio(L"2)2(N3)2(1-N3)s] (4)

This compound was prepared following an analogous procedure to that
mentioned above for 3 using ligand dbp. Yield. 0.087 g (51%). Found C = 35.38,
H = 583, N = 41.39 %. Anal cac for CyHspNxNix: C = 3541, H = 5.90,
N = 41.31 %. IR (KBr pelet) cm™; v(NH), 3233 vs; v(N3), 2042 vs; v(C = C) +
V(C =N)/pzring, 1560 s, 1464 s.

2.2.4. Physical M easur ements

The IR spectra were recorded on a Perkin-Elmer FT-IR spectrometer RX1
spectrum using KBr pellets. The micro analyses (C, H and N) were carried out using a
Perkin-Elmer 1A 2400 series elemental analyzer. 'H and *C NMR spectra were
recorded on Bruker NMR AV400 spectrometer in CDCl3. UV-Vis spectra (900 - 190
nm) were recorded on a Perkin-Elmer spectrophotometer model Lambda 35 in
acetonitrile solution. Solution conductivity were measured in acetonitrile solution
(10° M) using Equip-Tronics conductivity meter (model no. EQ-660A). Room
temperature magnetic susceptibilities of powder samples were measured using a
Faraday magnetic balance equipped with a Mettler UMX 5 balance, OMEGA
temperature controller with a field strength of 0.8 Tesla using Hg[Co(SCN),] as the
reference.

Variable temperature magnetic measurements were carried out in the “Servei
de Magnetoquimica (Universitat de Barcelona)” on polycrystalline samples (30 mg)
with a Quantum Design SQUID MPMS-XL magnetometer working in the 2-300 K
range. The magnetic field was 0.1 T. The diamagnetic corrections were evauated
from Pascal’s constants.
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2.3. X-ray Crystallography

The crystalographic data, details of data collection and some important
features of the refinement for the compounds 1, 2, 3 and 4 are given in Table 2.1.
Selected bond lengths and angles are given in Table 2.2. Crystals of suitable size of
complexes 1, 2, 3 and 4 were obtained by slow evaporation of methanol solution.
Data were collected with Mo-K,, radiation (A = 0.71073A) at 110 K for complex 1and
3 and at 293 K for complex 4 respectively, on a Bruker SMART APEX diffractometer
equipped with CCD area detector. For complex 2 Data were collected with Cu-K
radiation (L = 1.54184A) at 293 K on Oxford X-CALIBUR-S CCD diffractometer.
The data interpretation were processed with SAINT software [38] and empirical
absorption correction was applied with SADABS [39] software programs. All
structures were solved by direct methods using SHELXTL [40] and refined by the
full-matrix least-square based on F? technique using SHELXL-97 [41] program
package. All non-hydrogen atoms were refined anisotropically. The positions of the

hydrogen atoms were cal culated from the difference Fourier map.
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Table 2.1. Crystal parameters of complexes 1, 2, 3 and 4.
[Ni(dbdmp)(NCS)]

Empirical formula
Formulaweight
Temperature (K)
Wavelength (A)
Crystal system
Space group

a(A)
b (A)
c(A)
a(®)
b(°)
o°)

Volume (A%

Z

Density (gm/m®)

(1)

CooH22NgNIS,

507.37
110(2)
0.71073
Monoclinic
P2,/C
13.739(3)
9.8884(19)
19.492(4)
90
110.198(3)
90
2485.3(8)
4
1.356

[Ni(dbp)(NCS),]

(2)

Ci6H24NgNi1S,

451.26
293(2)
1.54184

Monoclinic

P2./n
13.324(3)
11.249(3)
14.836(5)

90
110.02(3)
90
2089.3(10)
4
1311

[Ni2(L"1)2(N3)2(H-Na)2]

3)

C2aHagN2oNi>

734.20
110(2)
0.71073
Monoclinic
P2,/n
9.3897(7)
14.5969(11)
12.3030(10)
90
97.1590(10)
90
1673.1(2)
2
1457

[Ni2(L"2)2(N3)2(H-N3)2]

(4)

CaoHaoN20Ni>

678.10
293(2)
0.71073
Monoclinic
P2,/C
8.8057(4)
12.2656(6)
13.9102(7)
90
96.2220(10)
90
1493.55(12)
2
1.508
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Absorption coefficient (mm™)

F(000)

8 range for data collection (°)

Index ranges

Reflections collected
Independent reflections
Max. and min. transmission
Data/ restraints / parameters
Goodness-of-fit on F?

Final Rindices[l >2sigma(l)]

Rindices (all data)

Largest diff. peak and hole (eA™®)

CCDC

0.972
1072
1.58t0 25.00
11<h<16,
8< k<11,
-23<1 <23
9917
4350 [Riy = 0.0286]
0.8293 and 0.6526
4350/ 0/ 308
1.103
R1 = 0.0636,
WR2 = 0.1389
R1 = 0.0701,
WR2 = 0.1425
0.554 and -0.750
895758

0.783
864
3.85t0 71.91
-16<h<14,
-13< k< 13,
-18<1<15
6007
3636 [Ri = 0.0413]
1.0000 and 0.37060
3636/ 0/ 245
1.244
R1=0.0713,
WR2 = 0.2030
R1=0.1102,
WR2 = 0.2926
1.247 and -1.335
946791

1.176
776
2.17t0 28.15
12<h<9,
7<k<19,
-16<1<15
8274
3789 [Rp = 0.0172]
0.8162 and 0.5199
3789/ 0/ 216
1.053
R1 = 0.0267,
WR2 = 0.0688
R1=0.0282,
WR2 = 0.0696
0.402 and -0.469
895759

1.309
716
2.221024.36
-10< h< 10,
14<k< 14,
-16<1<16
13261
2443 R = 0.0407]
0.7970 and 0.6478
244310/ 196
0.801
R1=0.0291,
WR2 = 0.0923
R1 = 0.0379,
WR2 = 0.1046
0.215 and -0.303
917544
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Table 2.2. Bond lengths (&) and bond angles (°) of Complexes 1, 2, 3 and 4.
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Bond Lengths (A)

[Ni(dbdmp)(NCS)7] (1) [Ni(dbp)(NCS)2] (2) [Ni2(L"1)2(N3)2(H-Ns)2] (3) [Nia(L"2)2(N3)2(u-N3)] (4)
Ni(1) - N(7) 1.992(4) Ni(1) - N(7) 2.079(6) Ni(1) - N(5) 2.0670(13) Ni(1) - N(5) 2.069(2)
Ni(1) - N(8) 2.052(4) Ni(1) - N(8) 1.968(6) Ni(1) - N(1) 2.0756(12) Ni(1) - N(1) 2.068(2)
Ni(1) - N(5) 2.090(4) Ni(1) - N(5) 2.060(7) Ni(1) - N(8) 2.0964(12) Ni(1) - N(8) 2.087(2)
Ni(1) - N(1) 2.103(4) Ni(1) - N(2) 2.096(7) Ni(1) - N(3) 2.1115(12) Ni(1) - N(3) 2.125(2)
Ni(1) - N(3) 2.144(3) Ni(1) - N(3) 2.137(6) Ni(1) - N(8) 2.1598(12) Ni(1) - N(8) 2.192(2)
Ni(1) - N(6) 2.260(4) Ni(1) — N(6) 2.250(6) Ni(1) - N(4) 2.2068(12) Ni(1) - N(4) 2.228(2)

Ni(1)---Ni(1) 3.2362(3) Ni(1)---Ni(1) 3.2394(4)
Bond Angles (°)

N(D) - Ni(1)-N(3)  78.55(14)
N(7) - Ni(1) - N(6)  99.28(16)
N(8) — Ni(1) - N(6)  90.96(17)
N(5) - Ni(1) - N(6)  89.65(18)
N(7) - Ni(1) - N(8)  90.32(18)
N(7) - Ni(1) - N(5)  97.26(18)
N(8) - Ni(1) - N(5)  172.20(15)
N(7) - Ni(1) - N(1)  99.07(15)
N(8) - Ni(1) - N(1)  87.48(14)
N(5) - Ni(1) - N(1)  89.48(16)
N(7) - Ni(1) - N(3)  176.88(16)
N(8) - Ni(1) - N(3)  91.59(15)
N(5) - Ni(1) - N(3)  80.76(14)
N(1) - Ni(1) - N(6)  161.59(14)
N(3) - Ni(1)- N(6)  83.16(15)

N(D) - Ni()-N@) 78.7(3)
N(7) = Ni(1) - N(6)  173.3(3)
N(8) - Ni(1) - N(6)  94.1(2)
N(5) - Ni(1) - N(6)  89.4(2)
N(7) - Ni(1) - N(8)  92.4(3)
N(7) - Ni(1) -N(5)  87.7(3)
N(8) - Ni(1) - N(5)  100.2(3)
N(7) - Ni(1)-N(1) 87.2(3)
N(8) - Ni(1) - N(1) 101.3(3)
N(5) - Ni(1) - N(1) 158.1(3)
N(7) = Ni(1)-N(3)  90.5(2)
N(8) - Ni(1) -N@)  177.1(2)
N(5) - Ni(1) -N(3)  80.1(2)
N(1) - Ni(1) - N(6)  93.2(2)
N(@3) - Ni(1) - N(6)  82.9(2)

N(5) — Ni(1) - N(1) 99.74(5)
N(5) - Ni(1) - N(8)  89.18(5)
N(1) - Ni(1) - N(8) 163.75(5)
N(5) - Ni(1) - N(3)  175.01(5)
N(1) - Ni(1) - N(3)  80.80(5)
N(8) - Ni(1) - N(3)  89.16(5)
N(5) - Ni(1) - N(8)  87.47(5)
N(1) - Ni(1) - N(8)  85.80(5)
N(8) — Ni(1) - N(8)  81.02(5)
N(3) - Ni(1) - N(8)  87.63(5)
N(5) - Ni(1) - N(4)  101.35(5)
N(1) - Ni(1) - N(4)  92.66(4)
N(8) - Ni(1) - N(4)  98.91(5)
N(3) - Ni(1) - N(4)  83.55(5)
N(8) - Ni(1) - N(4) 171.18(5)

N(5) = Ni(1) - N(1)  98.27(9)
N(5) — Ni(1) - N(8)  89.32(10)
N(1) - Ni(1) - N(8)  165.19(9)
N(5) - Ni(1) - N(3)  177.21(9)
N(1) - Ni(1) - N(3)  80.16(9)
N(8) — Ni(1) - N(3) 91.71(10)
N(5) — Ni(1) - N(8)  89.12(9)
N(1) - Ni(1) - N(8)  85.76(8)
N(8) — Ni(1) - N(8)  81.64(9)
N(3) - Ni(1) - N(8)  88.46(9)
N(5) — Ni(1) - N(4)  99.23(9)
N(1) - Ni(1) - N(4)  91.56(9)
N(8) — Ni(1) - N(4)  99.79(8)
N(3) - Ni(1) - N(4)  83.15(9)
N(8) — Ni(1) - N(4) 171.53(8)
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2.4. Results and Discussion
2.4.1. Syntheses

The ligands N,N-diethyl-N',N'-bis((3,5-dimethyl-1H-pyrazol-1-yl) methyl)
ethane-1,2-diamine (dbdmp) and N,N-bis((1H-pyrazol-1-yl)methyl)-N',N'-diethyl
ethane-1,2-diamine (dbp) were synthesized by condensation of two equivalents of
1-hydroxymethyl-3,5-dimethylpyrazole or 1-hydroxymethylpyrazole and one
equivalent of N,N-diethylethylenediamine for three days at 80°C in acetonitrile
[scheme 2.1]. The ligands were obtained as viscous liquid with excellent yield (80 %)
and characterized by various spectroscopic techniques like IR, *H and *C NMR
spectroscopy. The ligands are tetradentate with N4-coordination sites.

Ry V4 Rs
NH; R1WR2 80°C \N(—?/
( + 2\ <N g

N—N H.C
CH3;CN N
N g | P
/\
Et  Et Ho R,
N

For dbdmp R, R, = CH,4 Et Et
Fordbp R, R, =H

Scheme 2.1. Syntheses of ligands dbdmp and dbp.

Mononuclear octahedral complexes 1 and 2 were synthesized by the reaction of
Ni(ClQOg4),.6H0, ligand dodmp or dbp and NCS ion in 1:1:2 mole ratio in methanol at
room temperature [ Scheme 2.2]. Coordination behavior of the ligands and geometry of
the complexes 1 and 2 were obtained from crystal structure determination of the
complexes [Fig.2.1]. When the same reactions were carried out with 1:1:1 of metal,
ligand and thiocyanate ion, we always obtained sticky mass. We are also unable to
isolate any product with NCO™ ion under the same reaction condition. The elemental
anayses are consistent with the formula of the complexes. Both the complexes are

soluble in common organic solvents like methanol, dichloromethane and acetonitrile.
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\(Y BN INi(dbdmp)(NCS),] (1) and
MeOH Ni(dbp)(NCS),] (2)
E\/“ . + N!(C104)2 61‘]3 RT [ 1 : ]
[Niy(L'})2(N3)a(4-N3),] (3) and
R = CH;, H [Niy(L'2)2(N3)o(1-N3), ] (4)

Scheme 2.2. Syntheses of complexes.

The azido bridged binuclear Ni(ll) complexes 3 and 4 were synthesized by the
reaction of Ni(ClOg),.6H20, ligand dodmp/dbp and N3 ion in 1:1:2 mole ratio in
methanol at room temperature [ Scheme 2.2]. The important point of the reaction was
that both the tetradentate N4-coordinated ligands dodmp and dbp were transformed into
tridentate Ns-coordinated L," and Ly’ respectively, during reaction medium with the
removal of pyrazole ring and double end-on azido bridged octahedral complexes were
always formed [Scheme 2.3]. This was proved by single crystal X-ray diffraction
studies.

] N
M MeOH \l/ \ HN> :RWR
+ Y
E“w \J’ + Ni(C10,),.6H,0 + NaN; T” ( /\\ A \\ ; N

N
k/N\ E N S\J
! Et N R

/
B E

R=CH;, H

Scheme 2.3. Syntheses of complexes 3 and 4.

As ligands were same for both NCS and N3 containing complexes and
transformation of ligands had taken place in the azide complexes only, it can be
assumed that additional azide ion in presence of methanol was responsible for removal
of pyrazole. Similar type of ligand transformations with pyrazole based ligands are
already reported in the literature [42-45]. When ligand and azide ion were added to
nickel salt in presence of methanol, octahedral nickel(Il1) complex was formed - the
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three coordination sites, two sites by two end-on bridged and one by terminal, were
occupied by azide ions and remaining three coordination sites occupied by three
nitrogen atoms of the ligand, leaving one uncoordinated arm in the ligand. The pendant
arm of tetradentate ligand was removed by cleaving two C-N bonds i.e. N(pyrazole)-
CH, and CH-N(amine) of the N(pyrazole)-CH~N(amine) arm and the ligands were
transformed into tridentate Ns-coordinated ligands through the mechanism involving
metal-mediated cleavage of the pyrazole nitrogen-carbon bond [44]. Isolation of
pyrazole molecule from solution further supported our evidence. The probable reasons
of the cleaving are the followings. (i) The energy required to break NH,-CH, bond is

lower than CH,-pyrazole bond in NH2-CH,-pyrazole arm. (ii). Due to tautomerism,

——
Y =
(N-—---..N , N-»«-._N/
xC
N
~7OS T

the proton on the nitrogen atom of the pyrazole ring interchange its position between
the two nitrogen and bond attached with amine nitrogen with methyl-pyrazole arm
become unstable [45].

L

N——-NH HN——N

Another important aspect is that when this reaction was carried out in 1:1:1
mole ratio of Ni(ClQ,4),.6H,0, ligand dodmp/dbp and NaN3, unstable compound were
formed.
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In the study reported here, the present Ng-coordinated tetradentate N,N-
diethylethylenediamine based pyrazole containing ligand form double end-on (u-1,1)
azido bridged complexes with the loss of pyrazole aalm and coordination of an
additional azide ion. In comparison, tetradentate N4-coordinated pyridylpyrazole based
ligand form double end-to-end (u-1,3) azide bridged complex without losing any
pyrazole arm [46] and with no additional coordination of azide ion. Since the
difference between the two ligands were the coordination of pyridine nitrogen or
nitrogen from N,N-diethylethylenediamine, different coordination mode of the azide
ions in the two complexes may be due to different steric effect of the two ligands and

additional coordination of azide ion.
2.4.2. Description of Crystal Structures
2.4.2.1. [Ni(dbdmp)(NCS),] (1) and [Ni(dbp)(NCS);] (2)

An ORTEP view with coordination atmosphere of the mononuclear complexes
1 and 2 are shown in the Fig.2.1. Selected bond lengths and angles related to the metal
coordination sphere for the structure are given in Table 2.2. For both the complexes,
the coordination sphere around the nickel (I1) center can be described as distorted
octahedral, having a NiNg chromophore, comprises of four nitrogen atoms from ligand
dbdmp/dbp — two pyrazole ring nitrogen atoms N(1) and N(5), two tertiary amine
nitrogen atoms N(3) and N(6) and two terminal nitrogen atoms N(7) and N(8) from
two thiocyanate ions.

For the complex 1, the equatorial positions are occupied by the four nitrogen
atoms N(3), N(5), N(7) and N(8) while axial positions are occupied by N(1) and N(6).
The bond distances in the equatorial planes Ni-N(3), Ni—-N(5), Ni—-N(7), Ni(1)-N(8)
are 2.144(4) A, 2.090(4) A, 1.992(4) A and 2.052(4) A, respectively. The axial bond
lengths Ni-N(1) and Ni-N(6) are 2.103(4) A and 2.250(4) A, respectively. The bond
angles N(8)-Ni(1)-N(5), N(7)-Ni(1)-N(3) and N(1)-Ni(1)-N(6) are 172.20(15)°,
176.88(16)° and 161.59(14)°, respectively.

For the complex 2, the equatorial positions are occupied by the four nitrogen
atoms N(3), N(6), N(7) and N(8), while axial positions are occupied by N(1) and N(5).
The distances of four equatorial bonds Ni—N(3), Ni-N(6), Ni-N(7), Ni(1)-N(8) are
2.137(6) A, 2.250(6) A, 2.079(6) A and 1.968(6) A, respectively. The axial bond
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lengths Ni-N(1) and Ni-N(5) are 2.096(7) A and 2.060(7) A, respectively and both are
equal to each other. The bond angles N(3)-Ni(1)-N(8), N(6)-Ni(1)-N(7) and
N(L1)-Ni(1)-N(5) are 177.1(2)°, 173.3(3)° and 158.1(3)°, respectively.

(@ [Ni(dbdmp)(NCS)7] (1)

(b) [Ni(dbp)(NCS)7] (2)

Fig.2.1. ORTEP diagram of the complexes (a) [Ni(dbdmp)(NCS),] (1) and (b)
[Ni(dbp)(NCS),] (2) (30% probability factor for the thermal ellipsoids, H-atoms are

omitted for clarity).
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2.4.2.2. [Niz(L"1)2(N3)2(M-N3)2] (3) and [Niz(L"2)2(Nz)2(H-N3)2] (4)

The molecular structures of the binuclear moiety of complexes 3 and 4 with

coordination atmosphere are shown in Fig.2.2.

(b) [Niz(L'2)2(N3)2(-N3)2] (4)

Fig.2.2. ORTEP diagram of the dimeric complexes (a) [Ni2(L'1)2(N3)2(u-N3)2] (3) and
(b) [Ni2(L"2)2(N3)2(M-N3)2] (4) with atom numbering scheme (30% probability for the
thermal ellipsoids, H-atoms are omitted for clarity).
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The complexes 3 and 4 are crystallized in P2;/n and P2,/C space group
respectively with two molecules per unit cell. In both cases each half of binuclear
complexes, the tridentate ligand L'y or L', is ligated facialy and the other sites are
occupied by one terminal and two bridging azide group. In the distorted NiNg
octahedral environment, each nickel atom is six coordinated and bounded to four
nitrogen atoms - one pyrazole ring’s nitrogen N(1), one tertiary amine’s nitrogen N(4)
and two bridging azide’s nitrogen atoms N(8) and N(8a) at the basal position-plus one
secondary amine N(3) and one terminal azide’s nitrogen N(5) at the axial positions.
The distances between two nickel centers Ni(1)----Ni(1) is 3.2362(3) and 3.2394(4) A
for complexes 3 and 4, respectively and they are equal. The angle of terminal azido
group N-N-N is 178.10° for 3 and 178.6° for 4 and the corresponding angle of p-11
bridging azido is 178.31° for 3 and 177.9° for 4. For complex 3, the distances of four
equatorial bonds Ni(1)-N(1), Ni(1)-N(4), Ni(1)-N(8) and Ni(1)-N(8a) are 2.0756(12)
A, 2.2068(12) A, 2.1598(12) A and 2.0964(12) A, respectively. The axial bond lengths
Ni(1)-N(3) [2.1115(12) A] and Ni(1)-N(5) [2.0670(13) A] are amost same and the
N(8)-Ni(1)-N(8a) angle is 81.02(5) A. The bond angles Ni(1)-N(8)-Ni(1),
N(8a)-Ni(1)-N(4), N(8)-Ni(1)-N(4), N(9-N(8)-Ni(1) and N(9)-N(8a)-Ni(1) are
98.98(5)°, 98.91(5)°, 171.18(5)°, 115.75(9)° and 135.84(10)°, respectively.

For complex 4, in the equatorial plane, the bond distances of Ni(1)-N(1),
Ni(1)-N(4), Ni(1)-N(8) and Ni(1)-N(8a) are 2.068(2) A, 2.228(2) A, 2.192(2) A,
2.087(2) A and axia bond lengths Ni(1)-N(3), Ni(1)-N(5) are 2.125(2) and 2.069(2)
A, respectively. The bond angles Ni(1)-N(8)-Ni(1), N(8a)-Ni(1)-N(4),
N(8)-Ni(1)-N(4), N(9)-N(8)-Ni(1) and N(9)-N(8a)-Ni(1) are 98.36(9)°, 171.53(8)°,
99.79(8)°, 115.37(18)° and 130.28(19)°, respectively.

2.4.3. Spectral Data and Magnetic Susceptibility
24.3.1. IR Spectra

The IR spectra of free ligands show strong bands in the region 2969-2808 cm™*
indicates the presence of akyl group. IR spectra of ligands and complexes 1-4 show
two strong bands at 1560 and 1455 cm™ indicating the presence of pyrazole group. A
sharp band at ~3235 cm™ for complexes 3 and 4 and absence of same band for
complexes 1 and 2 indicate the presence of -NH group which were generated during
the complex formation. The strong absorption band at 2100 and 2098 cm™ for
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complexes 1 and 2 due to NCS and at 2061 and 2042 cm™ for complexes 3 and 4
respectively due to N3 ion confirm the coordination of the respective group in the
complexes. The ligands and all complexes show one strong band at 1576 cm™
indicating the presence of v(C=N) (azomethine) group in the complexes. All other
bands of ligands are also observed in the complexes.
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Fig.2.3. IR spectrum of ligand N,N-diethyl-N’,N'-bis((3,5-dimethyl-1H-pyrazol-1-
yl)methyl)ethane-1,2-diamine (dbdmp).
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Fig.2.4. IR spectrum of ligand N,N-bis((1H-pyrazol-1-yl)methyl)-N',N'-diethyl
ethane-1,2-diamine (dbp).
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Fig.2.6. IR spectrum of [Ni(dbp)(NCS),] (2).
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Fig.2.7. IR spectrum of [Niz(L'1)2(N3)2(u-N3)2] (3).
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2.4.3.2."H NMR and **C NMR Spectra of Ligands

The *H NMR spectra of ligands dbdmp and dbp are in good agreement with
the proposed structures of the ligands. The *H NMR spectrum of ligand dbdmp
[Fig.2.9] shows peak at 2.188-2.198 & ppm which confirm the presence of four methyl
group of pyrazolering. Thetriplet and quartet appear at 0.919-0.955 and 2.397-2.432
d ppm confirms the presence of CH,-CH3 group of ethylenediamine moity. Two
triplets appear at 2.312-2.349 and 2.734-2.771 d ppm confirm the presence of two
ethyl group of ethylenediamine. A singlet appear at 4.918 6 ppm confirm the presence
of -CH>- which is connected with pyrazole and ethylenediamine moiety. The aromatic

protons of pyrazole ring appear at 5.822 6 ppm.

o ppm
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Fig.2.9. 'H NMR spectrum of N,N-diethyl- N',N'-bis((3,5-dimethyl-1H-pyrazol-1-
yl)methyl)ethane -1,2-diamine (dbdmp).
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In the *C NMR spectrum of ligand dbdmp [Fig.2.10], 10 singnals are
observed which are corresponds to the presence of 10 carbons with different chemical
environment. The spectrum shows three peak at 10.86, 11.40, 13.41 & ppm for methyl
carbons of pyrazole group and ethyl group. Three peaks at 46.84, 47.03 and 50.45 6
ppm are appeared due to methylene carbons of ethyl group and ethylenediamine. A
peak at 65.70 d ppm is due to methylene group which is connected with pyrazole and
ethylenediamine moiety. In the spectrum, three peaks at 105.75, 139.60, and 147.43 6
ppm are corresponds to C3, C2 and C4 of pyrazolering.
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Fig.2.10. *C NMR spectrum of N,N-diethyl-N’,N'-bis((3,5-dimethyl-1H-pyrazol-1-
yl)methyl)ethane -1,2-diamine (dbdmp).

In the *H NMR spectra of ligand dbp [Fig.2.11], triplet and quartet appear at
0.989-1.025 and 2.490-2.536 & ppm confirms the presence of CH,-CHs group of
ethylenediamine moiety. The quartet of CH,-CH3 group is merged with the triplet of
ethylenediamine’s triplet protons which is observed at 2.536-2.573 & ppm and another
triplet is observed at 2.799-2.833 & ppm. A singlet of -CH»- group which is connected
with pyrazole and ethylenediamine moiety is observed at 5.079 & ppm confirm the
formation of ligand dbp. A triplet and doublet of pyrazole ring’s proton appear at
6.294-6.304 6 ppm and 7.554-7.619 & ppm.
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Fig.2.11. *H NMR spectrum of N,N-bis((1H-pyrazol-1-yl)methyl)-N',N'-diethyl
ethane-1,2-diamine (dbp).
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Fig.2.12. 3C NMR spectrum of N,N-bis((1H-pyrazol-1-yl)methyl)-N',N'-diethyl
ethane-1,2-diamine (dbp).
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In the 3C NMR spectrum of ligand dbp [Fig.2.12], eight signals are observed
which are corresponds to the presence of eight carbons with different chemical
environment. The spectrum shows a peak at 11.38 & ppm for methyl carbon of ethyl
group. Three peaks at 46.96, 47.80 and 51.01 6 ppm are due to methylene carbons of
ethyl group and ethylene diamine. A peak at 68.03 & ppm is due to methylene group
which is connected with pyrazole and ethylenediamine moiety. In the spectrum, three

peaks at 105.91, 129.84, and 139.65 & ppm are due to C2, C1 and C3 of pyrazole ring.
2.4.3.3. Electronic Spectra and M agnetic Properties of Complexes 1 and 2

The electronic spectra of complexes 1 and 2 in acetonitrile solution [Fig.2.13]
show two absorption bands at ~ 672 and ~ 417 nm and these are attributed to d-d
transition or metal-to-ligand charge transfer transition. Spectral bands below 400 nm
are due to intraligand charge transfer. Room temperature magnetic susceptibilities of
complexes 1 and 2 show two electrons paramagnetism (Uer - 2.88 BM) indicating
octahedral geometry of the complexes.
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Fig.2.13. Electronic spectra of [Ni(dbdmp)(NCS);] (1) and [Ni(dbp)(NCS),] (2).
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2.4.4. Magnetic Properties of Complexes3 and 4

The magnetic properties of complexes 3 and 4 as xuT vs T plot (xu is the
molar magnetic susceptibility for two Ni' ions) are shown in Fig. 14. The value of
xvm T a 300 K is 2.5 cm®mol™K for 3 and 2.7 cm®mol™K for 4 and which is as
expected for two magnetically spin triplets (g > 2.00). Starting from room temperature
XmT values increase to 3.44 at 15 K for 3 and to 3.63 at 20 K for 4 and below this
temperature xw T decreases quickly to 2.81 and 3.13 cm®mol * K respectability at 2 K.

This feature indicates the presence of ferromagnetic exchange interaction
within the Ni(I1) dimer together with the presence of both D ( a zero field splitting of
the resulting S = 2 spin ground state) and z'J' (intermolecular antiferromagnetic
interactions). Both D and J' are strongly correlated and show same results at low
temperature. Thus, it was not possible to separate them in any attempt to fit the
experimental data [47]. So two different approaches have been used to fit the
experimental data: either considering the z'J' parameter (by means of molecular-field
approximation) [48] or the D (zero-field-splitting parameter) by the full-
diagonalization MAGPACK program that uses the -2J(S;.S;) Hamiltonian [49].
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Fig.2.14. Temperature Dependence of the magnetic moment (xu T vs T) of the
complexes 3 and 4. The solid lines represent the best fit of the data.
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The best-fit parameters obtained with the first approach is J = 18.61 + 0.5
cm?, J'=-021cm?,g=220+ 0.0l and R=2.7 x 10* for 3and J = 31.87 + 0.4
em?, J'=-012 cm?, g=222+0.01and R = 3.6 x 10*for 4. Slightly different
J values were obtained by using the D parameter. In this case, the best-fit parameters
obtained are J = 24.12 + 0.5cm™, D =39+ 0.6 cm™*, g = 2.15+ 0.01 and R = 9.8 x
103 for 3and J=39.34+05cm™, D=3.02+05cm™, g=2.19+ 0.01and R=3.2 x
10* for 4. As occurs through this calculation, the D parameter is overestimated,
because the logical J ' parameter is not considered. As a consequence, we can
postulate that the best model is the first one and consequently the J value is closer to
19 cm™ for 3 and 32 cm for 4; J ' could be of the order of -0.2 cm™ and D will be,
likely, less than 4 cm™ (the standard value for isolated nickel(11) complexes is close to
6 cm™) [49].

The J values are perfectly correlated with those values reported in the
literature for similar complexes. Indeed, all these complexes show ferromagnetic
coupling. The number of Ni?* dinuclear complexes reported with two EO azido
bridging ligands has increased considerably over the past 15 years. The formula of the
core is [Niz(H11-N3)2]*. A review of these (and other) complexes was made by Ribas
et a in 1999 [1]. J values lie between 20 cm™ and 70 cm™ approximately. All

dinuclear complexes have a Ni-N-Ni angle close to 100°.

Ruiz et a carried out a theoretical study of these bis(u-azido) complexes. The
interaction is predicted to be ferromagnetic or all range of Ni-N-Ni angles, with J
increasing upon increasing this angle, yielding a maximum at 104° approximately.
They aso studied the influence of the out-of-plane displacement of the azido group,
being its effect on the exchange coupling very small. The influence of the Ni-N
distance was also investigated, indicating a poorer ferromagnetic coupling as the bond
distance increases, though in this case, the experimental data does not seem to follow
the predicted trend [49]. The J value of both compound are included in the range for
all reported values [51], which seems consistent with the Ni-N-Ni angle (99°).
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2.5. Conclusion

In this chapter, we have reported synthesis and characterization of two new
ligands N,N-diethyl-N’,N'-bis((3,5-dimethyl- 1H-pyrazol - 1-yl )methyl)ethane-1,2-
diamine (dbdmp), N,N-bis((1H-pyrazol-1-yl)methyl)-N’,N'-diethylethane-1,2-diamine
(dbp), two mononuclear octahedral nickel(11) complexes [Ni(dbdmp)(NCS),] (1) and
[Ni(dbp)(NCS),] (2) and two azido bridged binuclear nickel(ll) complexes
[Nia(L'1)2(N3)2(u-N3)2] (3) and [Ni(L'2)2(N3)2(p-N3)2] (4). Crystal structures of the
complexes 1, 2, 3 and 4 show that complex 1 and 2 are mononuclear with octahedral
geometry and complexes 3 and 4 are double end-on azido bridged octahedra
binuclear nickel(I1) complexes. L', and L', are formed from ligands dbdmp and dbp
during the reaction. Both the nickel complexes 3 and 4 show predominantly
ferromagnetic interaction at variable temperature magnetic studies with the J values
19 and 32 cm™ respectively. Change of coordination sites of the ligand from pyridine
to N,N-diethylethylenediamine, coordination mode of azide changes from end-to-end

to end-on in the bridged complexes.
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