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A new non-planar tridentate ligand 2-[3-(2�-pyridyl)pyrazol-1-ylmethyl]pyridine (L6) and its mononuclear bis-ligand
complexes [M(L6)2][ClO4]2 [M = Fe (1), Co (2) and Ni (3)] have been synthesized. In the dications of six-co-ordinate
complexes of 2 and 3, each L6 is arranged in a meridional mode. Structural analyses reveal that the M–Npyrazole bond
length is appreciably shorter than the M–Npyridine bond lengths. Due to the weak field nature of L6 (absorption spectral
analyses) towards Fe(), Co() and Ni() the complexes are uniformly high-spin at room-temperature. Temperature-
dependent magnetic susceptibility measurements reveal that while Co() and Ni() complexes remain high-spin over
the entire range investigated (6–300 K for 2 and 63–300 K for 3), the Fe() complex exhibits a temperature-induced
(5.2–300 K) spin transition in going from the S = 2 state at 300 K to predominantly an S = 0 state below 80 K.
From the linear ln Keq [1A1 (ls) ↔ 5T2 (hs)] vs. 1/T relationship (190–250 K) the derived thermodyanamic parameters
are: ∆H = 9.7 ± 0.04 kJ mol�1 and ∆S = 56 ± 0.18 J K�1 mol�1. While complex 1 displays in MeCN an irreversible
MIII/MII redox process [anodic peak potential, Epa = 1.06 V vs. SCE], for complex 2 such a redox process is reversible
[E1/2 = 0.74 V vs. SCE and ∆Ep = 80 mV].

Introduction
Pyridine derivatives are among the most versatile and
thoroughly studied groups of ligands in co-ordination
chemistry. Pyrazoles are arguably the most easily derivatised
N-heterocycles and therefore readily afford a large variety of
pyrazolylpyridine-based chelating ligands.1–4 The co-ordination
chemistry of pyrazole-derived chelating ligands,1a in addition to
well known tris(pyrazolyl)borates,1b has vigorously developed.
During the past decade we have investigated the co-ordination
chemistry using non-planar bi- and tri-dentate heterocyclic
ligands (L1–L5) to control the stereochemistry at metal()
centres.5–9 The ligand 2,6-bis(pyrazol-1-ylmethyl)pyridine (L3)
forms co-ordination compounds with transition metal ions,
including bis-ligand iron() complex which undergoes tem-
perature-induced spin transition. In the bis-ligand complexes
the metal ion is surrounded by four pyrazole and two pyridyl
groups, with electronic communication between pyrazole and
pyridyl rings prevented due to the presence of methylene
spacers. Many of such complexes have been structurally char-
acterized by us 8 and others 10,11 to reveal that the ligand
molecules are not planar, the pyridyl and pyrazole rings being
twisted relative to each other. Following our investigations into
the co-ordination behaviour of the L1–L5 ligands, it became
clear that it would be valuable to extend this class of non-planar
heterocyclic ligands. As a first step in a search for new such
systems we have directed attention to the derivative of L1.

While the pyridine unit in the versatile mixed-heterocycle
synthon/ligand 3-(2-pyridyl)pyrazole 12–16 has strong π-accept-
ing ability and consequently provides a soft site for metal
co-ordination, the pyrazole unit is a better π donor and acts
as a hard donor site. Hence, owing to the presence of this com-
bination of soft and hard sites in a single heterocyclic system,

† Electronic supplementary information (ESI) available: Fig. S1–S6
discussed in the text. See http://www.rsc.org/suppdata/dt/b3/b305574d/

a fine tuning of the physical and chemical properties of the
metal complexes of such ligands might be attainable. Moreover,
if to this 3-(2-pyridyl)pyrazole unit conformational flexibility is
imposed, for instance by having a methylene spacer between
this unit and a pyridine moiety as in L6, such a ligand could
permit several different co-ordination modes. In this contri-
bution, we describe the synthesis and co-ordination behaviour
of a new non-planar ligand 2-(3-(2�-pyridyl)pyrazol-1-ylmeth-
yl)pyridine (L6), towards bivalent first-row transition-metal
ions (Fe, Co, Ni). Hoping that attachment of a pyridyl group to
the 3-position of the pyrazole ring of 2-(pyrazol-1-ylmethyl)-
pyridine (L1) would provide an additional pyridyl co-ordination
to the metal centre and in turn in its bis-ligand complexes metal
ion would experience the crystal field of four pyridyl and two
pyrazole groups. This situation is not simply the reverse of that
observed with bis-ligand complexes of L3–L5: in addition two
of the pyridyl rings and the two pyrazole rings are now capable
of communicating electronically. This is the first example of
such an endeavour and accordingly we were interested to see
whether this apparently small modification of the parent ligand
L1 would lead to significant differences in the molecular struc-
tural, absorption spectroscopic, spin-state and redox properties
of the resulting complexes. Here we describe results of such an
investigation. 
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Experimental

Reagents and materials

All chemicals were obtained from commercial sources and used
as received. Solvents were purified/dried following standard
procedures.5–7,9,17 Tetra-n-butylammonium perchlorate (TBAP),
was prepared/purified as before.17 3-(2-pyridyl)pyrazole was
synthesized following a reported procedure 12b

Syntheses

2-(3-(2�-pyridyl)pyrazol-1-ylmethyl)pyridine, L6. A mixture
of 2-picolyl chloride hydrochloride (0.985 g, 6.0 mmol), 3-(2-
pyridyl)pyrazole (0.87 g, 6.0 mmol), benzene (75 cm3), 40%
aqueous NaOH (15 cm3) and 40% aqueous tetra-n-butyl-
ammonium hydroxide (8 drops) was refluxed with stirring for
8 h and then stirred at room temperature overnight. The
organic layer was then separated, dried over anhydrous Na2SO4

and filtered. Then the solvent was evaporated in vacuo to obtain
a yellowish white solid (3.21 g, 97%). 1H NMR (80 MHz;
CDCl3): δ 5.40 (2 H, s, CH2), 6.89 (1 H, d, pyrazole H4), 7.04
(3 H, m, py H3,4,5), 7.57 (3 H, m, py H3�,4�,5�), 7.90 (1 H, d,
pyrazole H5), 8.53 (2 H, two overlapping doublets, pyridine H6

and H6�).

[Fe(L6)2][ClO4]2 (1). To a stirred solution of L6 (0.125 g,
0.520 mmol) in MeOH (4 cm3), solid [Fe(H2O)6][ClO4]2 (0.096 g,
0.264 mmol) was added in small portions. After 15 min the
bright yellow precipitate that formed was collected by filtration,
washed with the minimum amount of MeOH and dried
in vacuo (yield, 0.150 g, ca. 78%). Recrystallisation was achieved
by diffusion of diethyl ether (10 cm3) into an MeCN solution
(4 cm3) of the complex. Found: C, 46.77; H, 3.24; N, 15.92.
Calc. for C28H24N8O8Cl2Fe: C, 46.23; H, 3.30; N, 15.41%.
Molar conductance, ΛM (MeCN, 298 K) = 258 Ω�1 cm2 mol�1

(expected range 18 for 1 : 2 electrolyte: 220–300 Ω�1 cm2 mol�1).
UV/VIS (MeCN), λmax/nm (ε/dm3 mol�1 cm�1): 809 (13), 409
(1150), 288 (21 500), 243 (26 200).

[Co(L6)2][ClO4]2 (2). To a stirred solution of L6 (0.150 g,
0.635 mmol) in MeOH (4 cm3), solid [Co(H2O)6][ClO4]2

(0.116 g, 0.317 mmol) was added in small portions. After 5 min
the pink precipitate that appeared was collected by filtration,
washed with the minimum amount of MeOH and dried
in vacuo (yield, 0.120 g, ca. 52%). Diffraction quality single
crystals were grown by diffusion of diethyl ether (10 cm3) into
an MeCN solution (4 cm3) of the complex. Found: C, 45.94; H,
3.44; N, 14.95. Calc. for C28H24N4O4Cl2Co: C, 46.03; H, 3.29;
N, 15.34%. Molar conductance, ΛM (MeCN, 298 K) = 255 Ω�1

cm2 mol�1. UV/VIS (MeCN), λmax/nm (ε/dm3 mol�1 cm�1):
905 (12), 554 (sh) (26), 522 (30), 477 (34), 288 (21 100), 247
(27 800).

[Ni(L6)2] [ClO4]2 (3). To a stirred aqueous (1 cm3) solution
of [Ni(H2O)6][ClO4]2 (0.153 g, 0.418 mmol) a solution of L6

(0.200 g, 0.848 mmol) in MeOH (1 cm3) was added. After 15
min an additional amount of MeOH (1 cm3) was added and
kept in air for slow evaporation. Within 24 h light violet
coloured highly crystalline precipitate that formed was
collected by filtration, washed with a minimum amount of
MeOH and dried in vacuo (yield 0.2 g, ca. 65%). Single crystals
suitable for structural studies were obtained from the filtrate.
Found: C, 46.40; H, 3.40; N, 15.10. Calc. for C28H24N4O4Cl2Ni:
C, 46.02; H, 3.29; N, 15.34%. Molar conductance, ΛM (MeCN,
298 K) = 246 Ω�1 cm2 mol�1. UV/VIS (MeCN), λmax/nm (ε/dm3

mol�1 cm�1): 870 (38), 780 (sh) (22), 558 (23), 290 (19 100), 245
(25 400).

Caution: perchlorate salts of compounds containing organic
ligands are potentially explosive.

Physical measurements

Elemental analyses (C, H, N) were obtained at the Micro-
analysis Service Centre at this Department. Infrared spectra
were recorded on a Brüker Vector 22 spectrophotometer using
KBr discs. Electronic spectra were recorded either using a
Perkin Elmer Lambda 2 or Agilent 8453 diode-array spectro-
photometer. Solution electrical conductivity measurements
(25 �C) were carried out with an Elico (Hyderabad, India) Type
CM-82 T conductivity bridge.

Magnetism

For 1 and 2 variable temperature magnetic susceptibility
measurements were obtained in the solid state using a Quantum
Design (Model MPMSXL-5) SQUID magnetic susceptometer
operating at magnetic fields of 1.5 and 0.5 T, respectively.
Variable temperature (63–300 K) magnetic susceptibilities
measurements on 3 in the solid state were performed using a
locally-built Faraday balance 19 comprising an electromagnet
with constant gradient pole caps (Polytronic Corporation,
Mumbai, India), an ultravacuum Sartorius M25-D/S Balance
(Germany), a closed-cycle refrigerator and a Lake Shore tem-
perature controller (Cryo Industries, USA). All measurements
were made at a fixed main field strength of ∼0.6 T. Magnetic
susceptibility measurements in MeCN solution were obtained
by Evans’s method 20 using a PMX-60 JEOL (60 MHz) NMR
spectrometer. Susceptibilities were corrected for diamagnetic
contributions for the sample, by using literature values.21

Effective magnetic moments were calculated from µeff = 2.828
[χM T]1/2, where χM is the corrected molar susceptibility.

Cyclic voltammetry

Cyclic voltammograms were recorded at 298 K on PAR model
370 electrochemistry system consisting of a model 174A polaro-
graphic analyzer and a model 175 universal programmer. A
standard three-electrode cell was employed with a Beckman
M-39273 platinum-inlay working electrode, a platinum-wire
auxiliary electrode and a saturated calomel electrode (SCE) as
reference; no corrections were made for junction potentials.
Details of cell configuration and criterion for reversibility are as
reported previously.17

Crystallography

Crystal data on 2 and 3 were collected at 293(2) K on a Enraf
Nonius MACH2 diffractometer, equipped with graphite-
monochromated Mo Kα radiation (λ = 0.71073 Å). Data were
corrected for Lorentz and polarization effects. The structures
were solved with SIR-92 and refined with the SHELXL-97
package incorporated in the WINGX 1.64 crystallographic
collective package.22 Anisotropic refinements were performed
by full-matrix least-squares procedure on F 2. The positions of
the hydrogen atoms were calculated assuming ideal geometries,
but not refined. All non-hydrogen atoms were refined with
anisotropic thermal parameters. The quality of crystals
obtained was not very good (high Rint values), which could be
the reason for higher R values observed. Unfortunately, we
could not grow single crystals of 2 and 3 better than the ones
used for the present study, as they were the best we could have.
Crystal data, data collection, and refinement parameters for
2 and 3 are listed in Table 1.

CCDC reference numbers 209232 (2) and 209231 (3).
See http://www.rsc.org/suppdata/dt/b3/b305574d/ for crystal-

lographic data in CIF or other electronic format.

Results and discussion

Syntheses

The ligand L6 was synthesized in high yield by phase-transfer
catalysed reactions of 3-(2-pyridyl)pyrazole and 2-chloro-
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methylpyridine hydrochloride under basic conditions. The
purity of the ligand was checked by its 1H NMR spectra. The
bis-ligand complexes of composition [M(L6)2][ClO4]2 (M = Fe,
Co and Ni) were prepared by the straightforward stoichio-
metric reactions in methanol (in the case of nickel complex the
medium was aqueous methanolic) between metal() perchlor-
ate hexahydrate and the ligand L6. In their IR spectra all the
complexes display ionic perchlorate bands at ∼1100 and ∼620
cm�1. In MeCN solution, complexes 1–3 behave as 1 : 2 electro-
lytes. The elemental analyses, IR spectra and solution electrical
conductivity data are in good agreement with the proposed
formulations. Complexes 2 and 3 have been structurally char-
acterized. Unfortunately, all our attempts to grow single
crystals of 1 suitable for crystallographic analysis have been
unsuccessful so far. Complexes 1 and 2 are isomorphous by
X-ray (see below). Complexes 1–3 display closely similar IR
spectra (Fig. S1–S3).†

Crystal structures

In order to confirm the structure and mode of co-ordination of
the ligand L6 as well as to determine the chelate ring conform-
ations of the co-ordinated ligands, single crystal X-ray structure
determinations of [Co(L6)2][ClO4]2 (2) and [Ni(L6)2][ClO4]2 (3)
were carried out. For both compounds the asymmetric unit
contains two crystallographically independent molecules. Both
molecules have essentially identical co-ordination geometries,
but the corresponding bond lengths and bond angles are
slightly different (Table 2). Since the compounds 2 and 3 are
essentially isomorphous to get a generalised picture a perspec-
tive view of the discrete complex cation in 2 is shown in Fig. 1.
The structure of the ligand and its tridentate chelation to the
metal are thus confirmed. The non-planar ligand L6 adopts a
mer configuration and the two ligands provide a distorted MN6

octahedron about the metal atom. Selected metric parameters
associated with the M() centre are given in Table 2. Gross
distortions from octahedral symmetry are evident in the MN6

core geometry with M–N bond distances and angular deviations
from octahedral values (Table 2). There are three types of
heterocyclic nitrogen donor atoms; two pyrazole nitrogens
[N(2a) and N(6a)], two pyridine rings directly linked with
pyrazole rings [N(1a) and N(5a)] and two pyridine rings separ-
ated by methylene spacers [N(4a) and N(8a)]. The M–Npyrazole

bond lengths [2.003(8) and 2.010(9) Å for 2; 1.928(12) and
1.977(13) Å for 3] are appreciably shorter than the M–Npyridine

bond lengths [pyridine ring directly attached to pyrazole ring:
2.152(9) and 2.191(9) for 2; 2.130(11) and 2.157(15) Å for 3;

Table 1 Data collection and structure refinement parameters for
[Co(L6)2][ClO4]2 (2) and [Ni(L6)2][ClO4]2 (3)

2 3

Chemical formula C28H24Cl2CoN8O8 C28H24Cl2NiN8O8

M 730.38 730.16
Crystal system Triclinic Triclinic
a/Å 11.875(5) 11.930(6)
b/Å 14.540(5) 14.639(8)
c/Å 19.271(5) 19.008(12)
α/� 94.01(5) 93.43(5)
β/� 93.00(5) 92.68(5)
γ/� 112.22(5) 112.07(5)
U/Å3 3083.3(19) 3062(3)
T/K 293(2) 293(2)
Space group P1̄ (no. 2) P1̄ (no. 2)
Z 4 4
µ(Mo-Kα)/mm�1 0.794 0.872
Unique reflections [R(int)] 8023 [0.1551] 8005 [0.2011]
R a [I > 2σ(I )] 0.0745 0.0775
R� b [I > 2σ(I )] 0.1445 0.1447
a R = Σ(| |Fo| � |Fc| |)/Σ|Fo|. b R� = {Σ[w(Fo

2 � Fc
2)2]/Σ[w(Fo

2)2}1/2. 

pyridine ring separated by a methylene spacer: 2.258(9) and
2.183(9) for 2; 2.220(11) and 2.124(13) Å for 3]. Thus we note
for 2 and 3, the M–Npyridine (the pyridine ring directly attached
to the pyrazole ring) distance is shorter than that of M–Npyridine

(separated by a methylene spacer) distance by ∼0.11 /∼0.01 Å
(2) and ∼0.09/∼0.03 Å (3). For [Ni(L3)2][ClO4]2 a similar trend
of Ni–Npyrazole bond distance considerably shorter than that of
Ni–Npyridine was observed.4a

For a given ligand the directly attached pyrazole–pyridine
unit is almost planar [∼3.9� (∼ 10.1�) for 2 and ∼5.2� (∼8.1�) for
3] and the angles between the pyrazole ring of the pyrazole–
pyridine unit and the pyridine ring with a methylene spacer are
∼39.8� (∼46.9�) for 2 and ∼36.7� (∼45.2�) for 3. For a given
ligand the pyridine ring of the pyrazole–pyridine unit makes
with other pyridine ring an angle of ∼39.0� (∼39.2�) for 2 and
∼35.9� (∼38.3�) for 3, respectively. Thus the six-membered
chelate rings exist in boat conformations. Similar chelate ring
conformation was observed in the crystal structures of com-
pounds with this class of non-planar ligands.4,8,10,11

Fig. 1 Perspective view of one crystallographically independent
dication in the crystal of [Co(L6)2][ClO4]2 (2), showing the atom
numbering. Atoms are drawn at the 20% probability level. Hydrogen
atoms are omitted for clarity.

Table 2 Selected bond lengths (Å) and angles (�) for [Co(L6)2]-
[ClO4]2 (2) and [Ni(L6)2][ClO4]2 (3)

2 3

Co(1)–N(1a) 2.157(8) Ni(1)–N(1a) 2.129(11)
Co(1)–N(2a) 2.000(8) Ni(1)–N(2a) 1.938(11)
Co(1)–N(4a) 2.270(9) Ni(1)–N(4a) 2.224(11)
Co(1)–N(5a) 2.147(9) Ni(1)–N(5a) 2.130(11)
Co(1)–N(6a) 2.006(8) Ni(1)–N(6a) 1.917(12)
Co(1)–N(8a) 2.245(9) Ni(1)–N(8a) 2.216(11)
Co(2)–N(1b) 2.212(10) Ni(2)–N(1b) 2.166(18)
Co(2)–N(2b) 2.017(9) Ni(2)–N(2b) 1.969(13)
Co(2)–N(4b) 2.175(10) Ni(2)–N(4b) 2.087(14)
Co(2)–N(5b) 2.169(8) Ni(2)–N(5b) 2.148(11)
Co(2)–N(6b) 2.002(9) Ni(2)–N(6b) 1.985(13)
Co(2)–N(8b) 2.190(8) Ni(2)–N(8b) 2.160(11)

N(1a)–Co(1)-(2a) 75.4(4) N(1a)–Ni(1)–N(2a) 75.0(6)
N(1a)–Co(1)-(4a) 156.8(4) N(1a)–Ni(1)–N(4a) 160.1(5)
N(2a)–Co(1)-(4a) 84.3(4) N(2a)–Ni(1)–N(4a) 87.0(5)
N(5a)–Co(1)-(6a) 76.8(4) N(5a)–Ni(1)–N(6a) 78.1(5)
N(5a)–Co(1)-(8a) 159.1(3) N(5a)–Ni(1)–N(8a) 161.6(5)
N(6a)–Co(1)-(8a) 85.6(4) N(6a)–Ni(1)–N(8a) 86.3(6)
N(2a)–Co(1)-(6a) 173.4(4) N(2a)–Ni(1)–N(6a) 172.8(5)
N(1b)–Co(2)-(2b) 74.4(4) N(1b)–Ni(2)–N(2b) 74.8(8)
N(1b)–Co(2)-(4b) 158.0(4) N(1b)–Ni(2)–N(4b) 161.8(7)
N(2b)–Co(2)-(4b) 86.9(4) N(2b)–Ni(2)–N(4b) 88.9(8)
N(5b)–Co(2)-(6b) 77.1(4) N(5b)–Ni(2)–N(6b) 77.0(7)
N(6b)–Co(2)-(8b) 83.1(4) N(6b)–Ni(2)–N(8b) 85.8(6)
N(2b)–Co(2)-(6b) 170.5(5) N(2b)–Ni(2)–N(6b) 170.7(8)
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Absorption spectra

The absorption spectrum of 1 in MeCN at 298 K (Fig. 2) shows
a weak absorption at 12 361 cm�1, that is assigned to 5T2g  5Eg

transition of an S = 2 Fe() ion in octahedral symmetry.7,23

This band is clearly split into two components (the tail of an
additional low-intensity absorption in the 10 000–9090 cm�1

region could clearly be noticed, which could not be located due
to instrumental limitation), due to a combination of a dynamic
Jahn–Teller effect in the electronic excited states and a lowering
of metal site symmetry.7,23 It is worth mentioning here that for
[Fe(L3)2][ClO4]2�H2O these bands were observed at 10 741 cm�1

and 12 804 cm�1.7 The band at 24 450 cm�1 is due to a MLCT
transition, as observed in related systems. Intraligand trans-
itions are seen at still higher energies.

The visible spectrum of cobalt() complex 2 (Fig. 2) has been
assigned 5a,23 and analysed 24 in order to compare the co-
ordinating behaviour of L6 toward six-co-ordinate cobalt().
Three spin-allowed d–d transitions are expected for octahedral
cobalt() unless the field strength of the ligands is such that the
4A2g and 4T1g (P) terms have the same energy. This occurs when
the two states cross. The assignment of ν1 (11 087 cm�1) to the
4T1g (F)  4T2g (F) transition is unequivocal; however, depend-
ing upon the Dq/B ratio, ν2 (20 964 cm�1) may be either 4T1g (F)

 4T1g (P) or 4T1g (F)  4A2g. If ν2 is assigned to 4T1g (F) 
4A2g, then Dq = ν2 � ν1/10; however, the Dq value obtained in this
manner (988 cm�1) does not compare well with the nickel()
value (vide infra). If the alternative arrangement is made, then
spectral parameters can be calculated by using appropriate
equations. The Dq value thus obtained is 1228 cm�1, in reason-
able agreement with that obtained with the nickel() value
of 1149 cm�1. This indicates the correctness of the band
assignments and confirms that ν2 is the transition between the
4T1g states. Intraligand transitions are seen at still higher
energies.

The electronic spectrum of nickel() complex 3 (Fig. S4)
displays 3A2g  3T1g (F) (ν2) transition at 17 921 cm�1.5a,7a,9c,23

Fig. 2 Electronic spectra of (a) [Fe(L6)2][ClO4]2 (1), and (b)
[Co(L6)2][ClO4]2 (2), in MeCN at 298 K.

The Dq value 1149 cm�1 has been obtained from 3A2g  3T2g

(ν1) transition. A spin-forbidden transition 3A2g  1Eg (D) (ν�)
is located at 12 820 cm�1. Following the equations of Dou,24 the
B�av value was calculated as 784 cm�1, which is approximately
70% of the free-ion value (1120 cm�1). This indicates ∼30%
covalent character in the metal–ligand bonds, which is a sig-
nificant increase in electron delocalization as compared to the
nickel() complexes of bidentate ligand L1 and tridentate
ligands L3 and L5. It is worth noting here that the Dq values for
[Ni(L1)3][ClO4]2, [Ni(L3)2][ClO4]2 and [Ni(L5)2][ClO4]2 were
determined to be as 1027, 1152 and 1073 cm�1, respectively; the
B�av values were calculated to be 896, 976 and 853 cm�1, respec-
tively.7a,9c Intraligand transitions are seen at still higher energies,
as expected. Thus we note that the crystal field strength of
L6 towards six-co-ordinate nickel() is comparable to the
previously reported tridentate ligand L3 but is appreciably
greater than that with complexes with ligands L1/L5. Interest-
ingly, the extent of metal–ligand covalency has increased
substantially in going from L1/L3/L5 to L6.

Magnetism

To confirm the spin-state of the iron(), cobalt() and nickel()
bis-ligand complexes variable temperature magnetic susceptibil-
ity measurements were performed on powdered samples using a
SQUID magnetometer (complexes 1 and 2) and the Faraday
(complex 3) method. Thus the temperature-dependence (6–300
K for 1 and 2 and 80–300 K for 3) of the magnetic susceptibility
of solid samples of 1, 2 and 3 have been measured. The room-
temperature values were found to be 5.18, 4.45 and 3.07 µB,
respectively. These magnetic data clearly establish the high-spin
electronic configuration S = 2, 3/2 and 1, respectively, of com-
plexes 1–3.5a,7a,9e The data for 2 (Fig. S5) 9e and 3 (Fig. S6) were
found to adhere closely to the Curie–Weiss law [χM = C/(T � θ)].
The Curie constants thus obtained [2.56 for 2 and 1.37 for 3; C
= 1.875 when g = 2 (for S = 3/2) and C = 1 when g = 2 (for S = 1)]
are in good agreement with that for S = 3/2 and 1, respectively.
Measurements of magnetic susceptibilities on MeCN solutions
at 298 K (Evans’s method 20) of complexes 1–3 gave effective
magnetic moments, 4.97, 4.65 and 3.05 µB, respectively. These
values are in reasonable agreement with the corresponding
solid-state values.

Six-co-ordinate iron() complexes may be diamagnetic, low-
spin (1A1, LS), paramagnetic, high spin (5T2, HS), or exhibit a
temperature-induced LS ↔ HS transition that depends on
the relative magnitude of crystal-field strength of the ligand
and the mean electron-pairing energy.3a,25,26 We described
that [Fe(L3)2]

2� shows a temperature-dependent spin-transition,
which was identified by variable-temperature magnetic
susceptibility and Mössbauer spectral measurements.7b We were
interested to extend such studies with a new system, and
particularly to [Fe(L6)2]

2�, as it is expected that if a nickel()
complex has a 10 Dq value in the range 11 300–11 900 cm�1 (in
fact for 3 it is 11 490 cm�1) then the corresponding iron()
complex such as complex 1 is expected to be a spin-equilibrium
complex.25c This is remarkably well fulfilled in the case of
complex 1. From this background the variable-temperature
(5.2–300 K) magnetic susceptibility studies on 1 were
performed using a SQUID magnetometer.

The magnetic property of 1 is presented in Fig. 3, in the form
of χMT vs. T plot, χM being the molar magnetic susceptibility
and T the temperature. The data were recorded in both the
cooling and warming modes in order to detect a possible
hysteresis effect. Both modes gave identical behaviour, without
any hysteresis loop. The temperature dependence of the χMT
product obtained in the cooling mode is shown here. The mag-
netic behaviour (Fig. 3) is indicative of the occurrence of a
temperature-induced singlet ↔ quintet transition in the
[Fe(L6)2]

2� cation. The χMT value is equal to 3.36 cm3 mol�1 K
(a value which corresponds to an effective magnetic moment of
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5.18 µB) at 300 K and it decreases when cooling to reach a value
of 0.59 cm3 mol�1 K (µeff = 2.18 µB) at 70 K and remains almost
constant down to 30 K [χMT = 0.57 cm3 mol�1 K (µeff = 2.14 µB)].
Thereafter, it decreases slowly down to 5.2 K [χMT = 0.38 cm3

mol�1 K (µeff = 1.74 µB)]. The magnetic moment value deter-
mined at 300 K clearly indicates that the attainment of high-
spin (quintet 5T2) state is complete at the highest temperature.
The data at the lowest temperature is significantly higher than
the temperature-independent paramagnetic value (0.6 µB; vide
infra) 26a expected for low-spin iron() complexes. The µeff value
at 5.2 K provides evidence for the existence of residual amount
of high-spin molecules in the predominantly low-spin form at
low temperatures. The χMT value indicates the presence of
∼10% of paramagnetic high-spin species in the low-spin matrix.

The equilibrium between the two electronic states is analysed
with the equilibrium constant determination Keq for the
equilibrium [1A1 (ls) ↔ 5T2 (hs)]. The high-spin to low-spin
fraction ratio Keq is determined from eqn (1),26b

where µexptl is the experimentally determined magnetic moment
at a given temperature, mls is the mole fraction of the low-spin
form and mhs is that of the high-spin form, µls and µhs are the
effective magnetic moments for the low-spin and high-spin
forms. In these calculations µhs was taken as 5.2 µB and µls was
taken as 0.6 µB to take account of the temperature-independent
paramagnetism. In fact for a closely related complex [Fe(L3)2]-
[ClO4]2 which displayed temperature-induced spin transition
the experimentally determined value was 0.6 µB at 10 K and for
[Fe(L5)2][ClO4]2 the value of µhs at 300 K was determined to be
5.2 µB.7b The ln Keq vs. 1/T relationship is linear to a good
approximation over the temperature range 190–250 K (Fig. 4).
In this case, it is possible to get an estimate of ∆H and ∆S
(which include electronic and molecular vibrational contri-
butions).25 The thermodyanamic parameters derived from this
straight line were ∆H = 9.7 kJ mol�1 and ∆S = 56 J K�1 mol�1.
These values are in reasonable agreement with those obtained
other six-co-ordinate Fe() compounds.25a The source of the
∆H is the Fe–N bond length increase, which accompanies
the transition from low to high spin, i.e., reorganization of the
inner co-ordination sphere.25a,b The entropy term cannot be
explained solely by the spin multiplicity change.25a,26a Measured
values of the entropy changes at high-spin ↔ low-spin trans-
itions for complexes of iron() vary between about 48 and 86 J
K�1 mol�1.25a This is considerably more than the value expected
for a change in spin state alone (R ln 5 = 13.4 J K�1 mol�1).25,26

The excess no doubt mainly arises from the changes in
the vibrational characteristics of the co-ordination core and the

Fig. 3 Temperature dependence of the χMT product for powdered
samples of [Fe(L6)2][ClO4]2 (1).

Keq = mhs/mls = (µexptl
2 � µls

2)/(µhs
2 � µexptl

2) (1)

lattice. It should be noted here that for [Fe(L3)2][ClO4]2�H2O the
thermodynamic parameters obtained were ∆H = 13 kJ mol�1

and ∆S = 56 J K�1 mol�1.7b

Redox properties

The redox behaviour of complexes 1–3 has been studied by
cyclic voltammetry (CV). We consider first the behaviour of
iron() complex 1. The CV scan at a scan rate of 100 mV s�1

(Fig. 5) displays a small inflection at 0.62 V and an oxidative
response at 1.06 V vs. SCE. During the reverse (cathodic) scan
an ill-defined wave is clearly observable at 0.88 V, with an
additional reductive wave at 0.26 V vs. SCE. The nature of the
response remains invariant to increase in the scan rate (200 and
500 mV s�1) and repetitive scanning between this potential
window (0.0 to 1.6 V). We believe that change in the spin-state
properties of Fe() and Fe() is the reason for the observed
effect. It is reasonable to assume, due to presence of directly
attached pyrazole–pyridine moiety, that L6 would stabilize
low-spin state of Fe(). It is worth noting here that, where such
a possibility does not exist, the complex [Fe(L3)2][ClO4]2�H2O
exhibited a reversible FeIII/FeII redox process: E1/2 = 1.06 V vs.
SCE and ∆Ep = 80 mV.7a Further studies are on to underpin the
cause of irreversible redox behaviour of 1. The behaviour of

Fig. 4 Plot of ln Keq [1A1 (ls)↔ 5T2 (hs)] vs. 1/T between 190–250 K
for [Fe(L6)2][ClO4]2 (1).

Fig. 5 Cyclic voltammograms of (a) [Fe(L6)2][ClO4]2 (1), and
(b) [Co(L6)2][ClO4]2 (2), in MeCN. Experimental conditions:
supporting electrolyte, 0.1 mol dm�3 [NBun

4][ClO4]; working electrode:
platinum; [complex] ≈ 10�3 mol dm�3; temperature 25 �C.
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cobalt() complex 2 is displayed in Fig. 5. The one-electron
nature of the redox response of 2 has been confirmed by
comparison of current height with the response of samples
of [Co(L3)2][ClO4]2�2H2O, under the same experimental con-
ditions.9e The reversible wave (∆Ep = 80 mV) 17 is ascribed to the
CoIII/CoII couple. The E1/2 value is 0.02 V more anodic than that
of [Co(L3)2][ClO4]2�2H2O, indicating that the L6 stabilizes the
cobalt() toward oxidation. We are not in a position to provide
an explanation for the observed reversible redox behaviour of 2,
as it is expected to cause more structural changes in going from
a high-spin cobalt() to a low-spin cobalt(). Interestingly,
[Co(L3)2][ClO4]2�2H2O exhibited a reversible CoIII/CoII redox
process: E1/2 = 0.74 V vs. SCE and ∆Ep = 80 mV.9e Complex 3 is
electro-inactive in the potential range �1.0 to 1.0 V vs. SCE.

Conclusion
This research has resulted in the synthesis of a new ligand based
on condensation between 3-(2-pyridyl)pyrazole and 2-picolyl
chloride. This new tridentate ligand L6 co-ordinates to iron(),
cobalt() and nickel() forming distorted octahedral bis-ligand
complexes, the cobalt() and nickel() complexes are struc-
turally characterized. Due to the weak field nature of this new
ligand, as revealed by the analysis of crystal field transitions,
these complexes are uniformly high-spin at room temperature
(300 K). Interestingly, the iron() complex displays in the solid-
state anomalous magnetic properties which are associated with
a thermally driven singlet (1A1) ↔ quintet (5T2) transition.
From the linear ln Keq [1A1 (ls) ↔ 5T2 (hs)] vs. 1/T relationship
(190–250 K), thermodyanamic parameters were then derived.
While iron() displays in MeCN an irreversible MIII/MII redox
process for cobalt() complex such a redox process is reversible.

A detailed study of the redox behaviour, in conjunction with
EPR spectral observations, of complexes 1 and 2 and iron()
and cobalt() complexes of L3 is planned. Our efforts are being
employed to develop the interesting co-ordination chemistry
of L6 towards other metal ions and to the design of new non-
planar pyrazolylmethylpyridine heterocyclic ligands.
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