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Spin State of the Cobalt(II) Complex with N,N'-Disubstituted
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Abstract—The reaction of a new N,N'-disubstituted 2,6-bis(pyrazol-3-yl)pyridine ligand (L) with
Co(ClO4)2·6H2O gave cobalt(II) complex [Co(L)2](ClO4)2 (I), which was characterized by elemental analy-
sis, mass spectrometry, NMR spectroscopy, and X-ray diffraction (CIF file CCDC no. 2121030). According
to the Evans methods, NMR spectroscopy, and analysis of the temperature dependence of the NMR spectra,
which are used to identify the spin state of paramagnetic compounds in solution, the cobalt(II) ion in complex
I occurs in the high-spin state and does not undergo temperature-induced spin transition in the 235–345 K
range.
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INTRODUCTION

Some complexes of 3d4–3d7 transition metals [1]
can exist in two spin states, low-spin (LS) and high-
spin (HS) states, and switching between them occurs
under the action of external impacts such as change in
the temperature [2] and pressure [3], application of a
magnetic field [4], or other physical stimuli [5]. The
differences between the magnetic, dielectric, optical,
and other properties [6] of these compounds in differ-
ent spin states underlie their use to design ultradense
data storage systems [7, 8], molecular switches, and
other devices [4]. Most often, the ability to switch
between the LS and HS states (so-called spin transi-
tion) is inherent in iron(II) and cobalt(II) complexes
in the (pseudo)octahedral environment of nitrogen-
containing heterocyclic ligands [1]. 2,6-Di(pyrazol-1-
yl)pyridines are among the most studied classes of
such ligands [9], which is due to the ease of their
chemical modification and synthetic accessibility
[10]. For example, these features made it possible to
reveal a clear relationship between the nature of sub-
stituents in various positions of 2,6-di(pyrazol-1-
yl)pyridine and spin transition temperature in the
iron(II) complexes [11].

The lack of a similar dependence for isomeric 2,6-
di(pyrazol-3-yl)pyridine ligands is due to the presence
of NH groups, capable of hydrogen bonding to solvent
molecules and/or counter-ions, in position 1 of the

pyrazolyl ring [12]. The formation of these hydrogen
bonds near metal-coordinated nitrogen atoms has an
unpredictable effect on the spin state of the metal [13].
However, until recently, all attempts to introduce sub-
stituents into this position of 2,6-di(pyrazol-3-yl)pyr-
idines resulted in metal complexes exclusively in the
HS state [13]; this precluded the molecular design
of compounds with spin transitions using this class of
N-heterocyclic ligands by analogy with isomeric 2,6-
di(pyrazol-1-yl)pyridines.

Recently, we proposed such a design of N-substit-
uent, namely, ortho-substituted aryl group, which does
not prevent the spin transition in iron(II) [14] and
cobalt(II) complexes [15] and, moreover, allows one
to control the spin transition temperature by introduc-
ing substituents into other positions of the 2,6-di(pyr-
azol-3-yl)pyridine ligand [16, 17].

In this study, we synthesized a new representative of
this series of N,N'-disubstituted ligands, 2,6-bis(1-
(2,6-dichlorophenyl)-5-methoxy-1H-pyrazol-3-yl)pyri-
dine (L), and the cobalt(II) complex [Co(L)2](ClO4)2

(I) of this ligand (Scheme 1). The spin state of the com-
plex was studied by X ray diffraction and NMR spec-
troscopy, which is traditionally used to search for new
compounds with a temperature-induced spin transition
[13].
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Scheme 1.

EXPERIMENTAL
All operations related to the synthesis of ligand L

and its complex were carried out in air using commer-
cially available organic solvents, which were distilled
under argon. Cobalt perchlorate hexahydrate
Co(ClO4)2·6H2O (Sigma-Aldrich) was used as
received. 3,3'-(Pyridine-2,6-diyl)bis(1-(2,6-dichloro-
phenyl)-1H-pyrazol-5-ol), which served as a precur-
sor for the synthesis of ligand L, was prepared by a
known procedure [14]. Analysis for carbon, nitrogen,
and hydrogen was performed on a Carlo Erba 1106
microanalyzer.

Synthesis of 2,6-bis(1-(2,6-dichlorophenyl)-5-me-
thoxy-1H-pyrazol-3-yl)pyridine (L). 3,3'-(Pyridine-
2,6-diyl)bis(1-(2,6-dichlorophenyl)-1H-pyrazol-5-ol)
(0.5 g, 0.937 mmol) was dissolved in DMF (20 mL) in a
50-mL flask. Cesium carbonate (0.763 g, 2.343 mmol)
and Me2SO4 (186 μL, 1.969 mmol) were added to the
solution. The resulting suspension was stirred at 70°C
for 8 h. Then the reaction mixture was cooled to room
temperature and poured into distilled water (70 mL).
The precipitate thus formed was collected on a filter,
washed with water, and dried in a high vacuum. The
product was used without further purification. The
yield was 448 mg (85%).

1H NMR (DMSO-d6; 400 MHz; δ, ppm): 3.97 (s,
6H, OMe), 6.59 (s, 2H, Pz–CH), 7.59 (t, 2H, 3JHH =
8.0 Hz, p-Ph), 7.70 (d, 4H, 3JHH = 8.0 Hz, m-Ph),
7.83 (s, 3H, p-Py + m-Py). 13C NMR (DMSO-d6;
101 MHz; δ, ppm): 59.97 (s, Me), 84.13 (s, 4-Pz),

118.80 (s, 3-Py), 129.49 (s, 4-Ph), 132.74 (s, 3-Ph),
133.25 (s, 2-Ph), 134.74 (s, 1-Ph), 137.89 (s, 4-Py),
151.47 (s, 3-Pz), 152.40 (s, 5-Pz), 157.32 (s, 2-Py).
HR-MS (ESI+). m/z: [C25H17Cl4N5O2]+, calcd.:
582.0029; found: 582.0014.

Synthesis [Co(L)2](ClO4)2 (I). A solution of
Co(ClO4)2·6H2O (0.0037 g, 0.01 mmol) in acetonitrile
(0.1 mL) was added to a solution of ligand L (0.0112 g,
0.02 mmol) in a mixture of dichloromethane (0.3 mL)
and acetonitrile (0.1 mL). The resulting mixture was
stirred at room temperature for 1 h, and then dichloro-
methane was distilled off on a rotatory evaporator. The
residue after evaporation was kept for 12 h at –18°C.
The resulting crystalline precipitate was separated
from the liquid phase by decantation and dried in air.
The yield was 11 mg (80%).

MS (ESI), m/z: [Co(L)2]2+, calcd. 590.5, found.
590.8; [Co(L)2(ClO4)]+, calcd. 1279.9, found. 1279.9.
1H NMR (acetonitrile-d3; 300 MHz; 292 K; δ, ppm):
–3.02 (br.s., 2H, p-Py), 1.47 (br.s., 8H, m-Ph), 2.06
(br.s., 4H, p-Ph), 13.88 (br.s., 12H, Me), 19.21 (br.s.,
4H, Pz), 56.66 (br.s., 4H, m-Py).

X-ray diffraction study of the single-crystals of
complex I, obtained by slow evaporation of the solvent
(an acetonitrile and dichloromethane mixture in 2 : 1
ratio (v/v)) in air, was carried out on a Bruker APEX2
DUO CCD diffractometer (MoKα radiation, graphite
monochromator, ω-scan mode). The structure was
solved using the ShelXT software [18] and refined in
the full-matrix least-squares method in the anisotro-
pic approximation on  using the Olex2 program
[19]. The positions of hydrogen atoms were calculated
geometrically and refined in the isotropic approxima-
tion by the riding model. The disordered solvent (ace-
tonitrile) molecules were described as a diffuse contri-
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Table 1. Crystallographic data, X-ray experiment details, and structure refinement parameters for complex I

Parameter Value

Molecular formula C50H34N10O12Cl10Co

M 1380.30
T, K 120
System Monoclinic
Space group P21/c

Z 4
a, Å 22.2478(14)
b, Å 24.8150(16)
c, Å 22.6356(16)
α, deg 90
β, deg 149.147(2)
γ, deg 90

V, Å3 6409(8)

ρ(calcd.), g cm‒3 1.431

μ, cm–1 7.47

F(000) 2788
2θmax, deg 56

Number of measured reflections 73821
Number of unique reflections 15457
Number of ref lections with I > 3σ(I) 11423
Number of refined parameters 772
R1 0.0598

wR2 0.1836

GOOF 1.036

Residual electron density (max/min), e Å‒3 1.336/‒1.664
bution to the total scattering using the Solvent Mask
option of the Olex2 program [19]. The main crystallo-
graphic data for I are summarized in Table 1.

The atom coordinates and other structural param-
eters of I were deposited with the Cambridge Crystal-
lographic Data Centre (CCDC no. 2121030;
http://www.ccdc.cam.ac.uk/).

The mass spectrometric analysis of complex I was
performed using an LCMS-2020 electrospray ioniza-
tion liquid chromatograph/mass spectrometer (Shi-
madzu, Japan) with a quadrupole detector (positive
and negative ion modes, m/z in the 50–2000 range).
The desolvation line and heating block temperatures
were 250 and 400°C, respectively. Nitrogen (99.5%)
was used as the spray and drying gas, and acetonitrile
(99.9+%, Chem-Lab) with a 0.4 mL/min flow rate
was used as the mobile phase. The sample volume was
3 μL (concentration of 0.2 mg/mL; acetonitrile as the
solvent).
RUSSIAN JOURNAL OF C
1H and 13C NMR spectra were recorded in acetoni-
trile-d3 and DMSO-d6 on Bruker Avance 300 and 400
spectrometers operating at 300.15 and 400 MHz for
protons, respectively. The chemical shifts (δ, ppm) in
the spectra were referred to the residual solvent signal
(1.94 ppm for 1H in acetonitrile-d3; 2.5 ppm for 1H
and 39.52 ppm for 13C in DMSO-d6) or to the signal of
1% Me4Si impurity (0.0 ppm for 1H). The 1H NMR
spectra of I were recorded using the following param-
eters: 250 ppm spectral range, 0.2 s recording time,
0.6 s relaxation delay, 9.5 μs pulse duration, and 64
acquisitions. The obtained free induction decays for
increasing the signal-to-noise ratio were processed
using exponential weighting with a factor of up to 3.

The temperature dependence of the magnetic sus-
ceptibility of complex I in acetonitrile-d3 was esti-
mated by the Evans method [20] in the temperature
range of 235–345 K using an NMR tube with a coaxial
insert. The inner (control) tube was filled with aceto-
OORDINATION CHEMISTRY  Vol. 48  No. 6  2022
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Table 2. Selected geometric parameters for complex I according to X-ray diffraction data at 120 K*

* θ is the dihedral angle between the root-mean-square planes of the 2,6-bis(pyrazol-3-yl)pyridine ligands, N(Py) and N(Pz) corre-
spond to the nitrogen atoms of the pyridine and pyrazol-3-yl moieties. S(TP-6) and S(OC-6) are deviations of the shape of CoN6 poly-
hedron from the ideal trigonal prism (TP-6) and ideal octahedron (OC-6), respectively.

Parameter I

Co–N(Py), Å 2.025(3)/2.030(3)
Co–N(Pz), Å 2.107(3)–2.131(3)
θ, deg 89.39(3)
N(Py)CoN(Py), deg 178.56(11)
S(TP-6) 11.244
S(OC-6) 3.325
nitrile-d3 with addition of 1% Me4Si, while the outer
tube contained a solution of a paramagnetic complex
(5.1 mg/cm3) in acetonitrile-d3 with the same Me4Si
concentration. The molar magnetic susceptibility was
calculated from the difference between the Me4Si
chemical shifts in pure acetonitrile-d3 and in the ace-
tonitrile-d3 solution of the complex (Δδ in Hz) using
the following equation:

where M is the molecular weight of the complex,
g/mol; ν0 is the spectrometer frequency, Hz; Sf is the
shape factor of the magnet (4π/3); c is the concentra-
tion of the complex, g/cm3;  is the molar diamag-

netic contribution to the paramagnetic susceptibility
calculated using the Pascal constants [21]. The con-
centration c was calculated for each temperature
according to the change in the solvent density ρ: cT =
msρ/msol, where msρ is the mass of the complex, msol is
the mass of the solution.

RESULTS AND DISCUSSION

2,6-Bis(1-(2,6-dichlorophenyl)-5-methoxy-1H-pyr-
azol-3-yl)pyridine (L) was synthesized (Scheme 1) from
3,3'-(pyridine-2,6-diyl)bis(1-(2,6-dichlorophenyl)-1H-
pyrazol-5-ol) prepared by a reported procedure [14],
which was methylated with dimethyl sulfate in the pres-
ence of cesium carbonate (Scheme 2).

Scheme 2.

Due to poor solubility of ligand L in pure acetoni-
trile, the subsequent reaction with cobalt(II) perchlo-
rate hexahydrate was carried out in a 3 : 2 (v/v) mixture
of dichloromethane and acetonitrile. The reaction
gave the homoleptic complex [Co(L)2](ClO4)2 (I)
(Scheme 1), which was characterized by mass spec-
trometry (Fig. 1), NMR spectroscopy (Fig. 2), and
single crystal X-ray diffraction (Fig. 3). The last-men-
tioned method made it possible to determine the spin
state of the cobalt(II) ion, which proved to be in the
high-spin state at a temperature of 120 K. The Co–N
distances to the nitrogen atoms of two bis(pyrazol-3-
yl)pyridine ligands (C.N. 6) (Table 2) were character-
istic of cobalt(II) complexes in the HS state (2.0–
2.2 Å [1]).

According to X-ray diffraction data, the coordina-
tion environment of the cobalt(II) ion in complex I
was close to octahedral (Fig. 4). The θ angle between
the root-mean-square planes of the two ligands and
the N(Py)CoN(Py) angle, which amount to 90° and
180° in the case of ideal octahedron, were 89.39(3)°
and 178.56(11)°, respectively. The shape of the CoN6
coordination polyhedron was characterized more
accurately by “shape measures” [22], which describe
its deviation from the ideal octahedron (OC-6). The
lower this value, the close the geometry to an ideal
polyhedron. In complex I, the octahedral shape mea-
sure S(OC-6), estimated from X-ray diffraction data
using the Shape 2.1 software program [22], was 3.325
(Table 2). For comparison, the shape measure charac-
terizing the deviation from one more ideal six-vertex
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Fig. 1. Electrospray ionization (ESI) mass spectrum of complex I (positive ion mode).
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polyhedron, trigonal prism (TP-6), which is tradition-
ally encountered in HS iron(II) complexes with N-
heterocyclic ligands [23], was much higher: 11.244
(Table 2).

The minor deviation of the shape of cobalt(II)
coordination polyhedron in complex I from ideal
octahedron is, first of all, due to the rigidity of the
bis(pyrazol-3-yl)pyridine ligand [24]. Similar “shape
measures” were previously found for HS cobalt(II)
complexes with other bis(pyrazol-3-yl)pyridines [25,
26]. The formation of this rigid structure is facilitated
by the intramolecular stacking interactions between
the aromatic pyridine moieties and N-aryl substitu-
ents, with the angle between them being 2.68(13)°–
5.17(12)° and the distance between their centroids
being 3.641(2)–3.725(2) Å. In addition, chlorine
atoms in the ortho-positions of these substituents par-
ticipate in pairs in the formation of intramolecular
halogen bonds (Cl…Cl, 3.1912(17)–3.2865(15) Å;
CClCl, 133.18(14)°–140.47(13)°) [27].

The chlorine atoms Cl(2A) and Cl(4A) also form an
intermolecular halogen bond (Cl…Cl, 3.3460(13) Å;
CClCl, 153.27(13)°), which combines [Co(L)2]2+ cations
into infinite chains along the diagonal of the ac crys-
RUSSIAN JOURNAL OF C
tallographic plane (Fig. 5). These chains are con-
nected into a dense three-dimensional framework by
weaker interactions, including Cl(1)…Cl(1A) and
Cl(4)…Cl(3A) halogen bonds (Cl…Cl, 3.5236(14),
4.756(2) Å; CClCl, 159.71(12)°, 168.51(14)°), C–
H…Cl contacts (C…Cl, 3.676(4) Å; CHCl, 145.0(2)°)
between the neighboring [Co(L)2]2+ cations, and C–
H…O contacts with the surrounding perchlorate
anions (C…O, 3.189(10)–3.432(3) Å; CHO,
133.4(3)°–165.2(3)°).

Thus, the cobalt(II) ion in complex I in the crystal
at 120 K occurs in the HS state, as unambiguously fol-
lows from its X-ray diffraction data at this tempera-
ture. Since crystal packing effects as the above-
described intermolecular interactions can, in some
cases, lead to the absence of spin transition [23, 28],
the spin state of this complex was studied in solution
using the Evans method of NMR spectroscopy tradi-
tionally used for this purpose [13]. In this experiment,
a special coaxial insert containing a solution of a stan-
dard compound, e.g., TMS, is inserted into an NMR
tube containing a solution of the paramagnetic com-
plex and TMS of a known concentration in the same
solvent. The difference between the TMS chemical
shifts in the NMR spectrum recorded simultaneously
OORDINATION CHEMISTRY  Vol. 48  No. 6  2022
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Fig. 2. 1H NMR spectrum of complex I in acetonitrile-d3 solution at room temperature. 
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for these two solutions can be used to calculate the
magnetic susceptibility of the solution of the studied
paramagnetic compound. Thus, it is possible to reli-
ably determine the spin state of the metal ion and its
possible change with temperature by recording the
spectra at different temperatures.

The χT value of complex I in acetonitrile-d3 calcu-
lated in this way (Fig. 6) deviates only insignificantly
from the value of 2.7 cm3 mol–1 K, corresponding to
the cobalt(II) ion in the HS state (S = 3/2) over the
whole temperature range of 235–345 K accessible for
the given solvent.

The data on the HS state of the cobalt(II) ion in
complex I obtained by the Evans method are addition-
ally confirmed by the linear dependence of the chem-
ical shifts of proton signals of the complex in the 1H
NMR spectra (recorded at different temperatures) on
the reciprocal temperature (Fig. 7, 8). The observed
chemical shifts δH in the 1H NMR spectra of com-
pounds that can exist in two spin states is the weighted
average of the chemical shifts of the same nuclei for
pure LS and HS states (ƞLS and ƞHS are the state pop-
ulations):
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
For the cobalt(II) complex in the paramagnetic LS
state, the observed chemical shift (δH) of each nucleus
can be represented as the sum of diamagnetic (δdia)
and paramagnetic (δpar) contributions [15]:

The diamagnetic contribution δdia, which is the
same for the LS and HS states, is approximately equal
to the chemical shift of the corresponding nucleus in
the free ligand.

In the case of paramagnetic metal complexes that
do not undergo the temperature-induced spin transi-
tion, the paramagnetic chemical shift depends linearly
on the reciprocal temperature (Curie’s law):

 Conversely, the spin transition
results in considerable deviations of chemical shifts of
some nuclear from linear dependence [15]. It can be
seen from our results that such deviations are not
observed in the case of complex I, which confirms that
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Fig. 3. General view of complex I. Here and below, the
perchlorate anions and hydrogen atoms are not shown, the
other atoms are presented as thermal ellipsoids (p = 30%).
The atom numbering is given only for the metal ion and
selected heteroatoms.
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Fig. 4. Projection of complex I in the perpendicular direc-
tion illustrating the nearly octahedral shape of the
cobalt(II) coordination polyhedron. The dotted lines show
intramolecular halogen bonds.

Co(1)

Fig. 5. Fragment of the crystal packing of complex I illustrating the formation of infinite chains in the crystal via halogen bonds
(indicated by dotted lines).
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no spin transition takes place in this complex over the
whole temperature range.

Thus, we synthesized and characterized a new
cobalt(II) complex with N,N'-disubstituted 2,6-
bis(pyrazol-3-yl)pyridine. According to the results of
RUSSIAN JOURNAL OF C
low-temperature X-ray diffraction study carried out
for the complex (first of all, Co–N bond lengths), the
cobalt(II) ion in this complex occurs in the HS state
even at 120 K. It also does not undergo a temperature-
induced spin transition in an acetonitrile solution in
OORDINATION CHEMISTRY  Vol. 48  No. 6  2022
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Fig. 6. Temperature dependence of the magnetic suscepti-
bility of complex I in acetonitrile-d3 according to NMR
spectroscopy data (Evans method). 
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the temperature range of 235–345 K, which is con-
firmed by the data of the Evans method traditionally
used for this purpose [13] and analysis of the tempera-
ture dependence of NMR chemical shifts [15]. How-
ever, presumably, the replacement of cobalt(II) ion by
the iron(II) ion, which can change its spin state with
temperature when surrounded by 2,6-bis(pyrazol-3-
yl)pyridine ligands with analogous N-aryl substituents
[14], would give a complex that undergoes a tempera-
ture-induced spin transition.
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