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The studies concerning coordination compounds of various salts of iron(II) with tris(pyrazol-
1-yl)methane derivatives (HC(pz)3) are discussed. The results of a number of studies on the 
synthesis and investigation of the homo- and heteroligand iron(II) complexes with tris(3,5-
dimethylpyrazol-1-yl)methane (HC(3,5-Me2pz)3) are considered. The study of the temperature 
dependence eff (T) showed that the spin crossover (SCO) 1A15T2 observed in a series of the 
compounds discussed is accompanied by thermochromism (color change pink (purple)  
colorless). Specifi c features of the SCO and their dependence on the outer-sphere anion in the 
iron(II) complexes are discussed. The data of the recently published work devoted to the syn-
thesis of the iron(II) complexes with three N-substituted HC(pz)3 derivatives (general formula 
xL, where x = H, CH2C6H5 (Bn) and p-SO3C6H4CH3 (Ts)) are considered. 

Key words: magnetic properties, spin crossover, coordination compounds, iron(II), 
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Introduction

Spin crossover (spin transition) is observed in coordi-
nation compounds of 3d-metals with the electron con-
fi guration d4—d7 having an octahedral or pseudo-octahe-
dral structure of the coordination polyhedron. Spin 
crossover is one of the most interesting phenomena in 
coordination chemistry and being attracted rapt attention 
of researchers for several years.1—8 Spin multiplicity 
changes in response to external conditions: temperature, 
pressure, or irradiation with the light of a certain wave-
length. The synthesis and investigation of new complexes 
exhibiting SCO are necessary for both the development of 
the theory of this remarkable phenomenon and practical 
use of compounds of this class. The iron(II) compounds 
with polynitrogen ligands are of special interest because 
in many of them the spin transition is accompanied by a 
well discernible change in the color of the compounds, 
which substantially extends possibilities of their practical 
application. These complexes can be used for the develop-
ment of systems of information recording and storage, 
thermochromic indicators and labels, electroluminescent 
devices, thermosensitive materials in magnetic resonance 
tomography, etc.9—15

Tris(pyrazol-1-yl)methane and its derivatives represent 
a promising class of compounds for the synthesis of new 
magnetically active coordination compounds of iron(II) 
with polynitrogen heterocyclic ligands in which the SCO 
1А15Т2 and (or) exchange interactions between para-
magnetic FeII ions are observed.6,16—28 It is revealed that 
tris(pyrazol-1-yl)methanes coordinate to metal ions by 
three N(2) atoms of the pyrazole cycle via the tridentate 
cyclic mode16 (Fig. 1).

The SCO 1А15Т2 observed in these compounds 
is accompanied by thermochromism: color change 
"purple colorless." The temperature of the SCO (Tc) 
depends substantially on the composition of the complex, 
in particular, on the outer-sphere anion. For example, in 
the complexes with the unsubstituted ligand [Fe{HC(pz)3}2]-
Am•nH2O (A is anion, m = 1, 2, n = 0—7) the temperature 
of the transition (Тс) ranges from 310 to 470 K depending 
on the composition.16

In this review, we present the results of the works con-
cerning the synthesis and investigation of the homo- and 
heteroligand coordination compounds of various iron(II) 
salts with the tris(pyrazol-1-yl)methane derivatives 
(HC(pz)3), which have been published during the recent 
fi ve years. Here we do not deal with the results of studies 
on the spin crossover in the FeII complexes with unsub-
stituted HC(pz)3, since this representative data body needs 
special analysis. 

*  Based on the materials of the XXVII International Chugaev 
Conference on Coordination Chemistry (October 2—6, 2017, 
Nizhny Novgorod, Russia).  
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Fig. 1. Complex of tris(pyrazol-1-yl)methane with metal.

The results on the synthesis and investigation of the 
homo- and heteroligand complexes of various iron(II) salts 
with tris(3,5-dimethylpyrazol-1-yl)methane (HC(3,5-
Me2pz)3) were considered most completely. The study of 
the dependence eff (T) showed that the spin crossover 
1A15T2 accompanied by thermochromism is observed 
in a number of compounds with (HC(3,5-Me2pz)3).23—28

The complexes of iron(II) tetrafl uoroborate [Fe(bnL)2]-
(BF4)2, [Fe(TsL)2](BF4)2, and [Fe(HL)2](BF4)2 were 
obtained with new ligands having the substituent at one 
of the nitrogen atoms of the pyrazole cycle (xL).29 Spin 
crossover was observed in complex [Fe(HL)2](BF4)2 and 
solvate Fe(BnL)2](BF4)2•2CH3CN. These are the fi rst 
examples of the iron(II) compounds with substituted on 
the nitrogen atom HC(pz)3 derivatives exhibiting SCO. 

Synthesis and properties of iron(II) complexes
with tris(3,5-dimethylpyrazol-1-yl)methane 

Tris(3,5-dimethylpyrazol-1-yl)methane (HC(3,5-
Me2Pz)3) was used for the synthesis of a series of iron(II) 
complexes of the general formula [FeL2]An (A = BF4

−, 
I–, NO3

−, Cl–, ClO4
−, SO4

2−; n = 1, 2). The spin cross-
over 1А15Т2 was observed in the series of these com-
pounds. For example, the sharp and complete SCO with 
hysteresis in the curves of the eff (Т) dependence is ob-
served in single-crystal [Fe(HC(3,5-Me2pz)3)2]I2

18 and 
in the polycrystalline phase of [Fe(HC(3,5-Me2pz)3)2]-
(NO3)2.24 The sharp but incomplete spin crossover appears 
in complexes [Fe(HC(3,5-Me2pz)3)2](BF4)2

6,17 and 
[Fe(HC(3,5-Me2pz)3)2](ClO4)2.23 In these compounds, 
spin crossover is observed only for single crystals, whereas 
SCO is absent in the polycrystalline phases. It should be 
mentioned that two polymorphous modifi cations were 

found in [Fe(HC(3,5-Me2pz)3)2](ClO4)2, and the SCO 
is observed only in one of the phases: isostructural to 
[Fe(HC(3,5-Me2pz)3)2](BF4)2.

This series of compounds was extended owing to the 
synthesis of both homo- and heteroligand iron(II) com-
plexes with HC(3,5-Me2pz)3. The work was carried out 
to study the infl uence of the second ligand (or the third 
ligand in the cases where the nitrogen-containing anion 
coordinates to FeII) on the manifestation and character-
istics of SCO. 

Homoligand iron(II) complexes
with tris(3,5-dimethylpyrazol-1-yl)methane 

The properties of the series of the homoligand iron(II) 
compounds with tris(3,5-dimethylpyrazol-1-yl)methane 
and various outer-sphere anions were considered. The 
compounds were identifi ed and characterized by the meth-
ods of elemental (CHN) analysis, X-ray diff ractometry 
and X-ray diff raction analysis, electronic (diff use refl ec-
tance spectra, DRS) and IR spectroscopy, and static 
magnetic susceptibility. 

Structure and magnetic and thermodynamic properties 
of complex [Fe(HC(3,5-Me2pz)3)2](NO3)2

Coordination compound [Fe(HC(3,5-Me2pz)3)2]
(NO3)2 was isolated from an aqueous-acetone solution 
from the reaction of a freshly prepared aqueous solution 
of iron(II) nitrate and an acetone solution of HC(3,5-
Me2pz)3 at the molar ratio of the reactants equal to 1 : 3.24 
A solution of iron(II) nitrate was obtained by the exchange 
reaction between aqueous solutions of iron(II) sulfate and 
barium nitrate. The crystal structure of [Fe(HC(3,5-
Me2pz)3)2](NO3)2 was determined at two temperatures: 
below (T = 240 K) and above (T = 123 K) the spin transi-
tion. It is revealed that at T = 240 K iron(II) exists in the 
high-spin (HS) and at T = 123 K in the low-spin (LS) 
states. The Fe—N distances are 2.14—2.18 Å (FeHS—N) 
and 1.97—1.99 Å (FeLS—N). The complex has a distorted 
octahedral structure of the coordination polyhedron with 
the FeN6 mode (Fig. 2). The conclusion about the spin 
state of FeII can be made on the basis of the data on the 
Fe—N distances (dHS > 2.1 and dLS < 2.0 Å) or integral 
values of F and  that characterize the degree of distortion 
of the FeN6 octahedron.30 For the ideal octahedron, the 
F and  values are equal to zero. The more noticeable the 
distortion of the octahedron, the higher the F and  values. 
The typical high-spin state of Fe2+ is observed at F > 3 
and  > 60, whereas the low-spin state is characterized 
by F < 2 and  < 35.30 According to the X-ray diff raction 
data, in complex  [Fe(HC(3,5-Mepz)3)2](NO3)2 at 240 K 
FeII exists in the HS state.  

In the high-frequency range of the IR spectrum of 
[Fe(HC(3,5-Me2pz)3)2](NO3)2, the absorption bands in 
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a range of 2922—3120 cm–1 correspond to the (CH) 
vibrations. The stretching and bending vibrations of the 
pyrazole ring sensitive to coordination appear at 1593 and 
1561 cm–1.17,20 The presence of the band at 1561 cm–1 in 
the spectrum of the complex indicates the coordination 
of pyrazole to the iron(II) ion by the N(2) atom of the 
pyrazole ring. The band at 1350 cm–1 in the spectrum of 
[Fe(HC(3,5-Me2pz)3)2](NO3)2 was assigned to the 
3(NO3

–) vibration and indicates the outer-sphere position 
of the nitrate ion. 

The study of the magnetic properties of [Fe(HC(3,5-
Me2pz)3)2](NO3)2 showed that the complex exhibited the 
thermally induced sharp and complete SCO 1A15T2 with 
the hysteresis of the eff (Т) dependence (Fig. 3). The 
temperatures of the forward (on heating, Tc) and back-
ward (on cooling, Tc) transitions are 231 and 227 K, 
respectively. The spin crossover is accompanied by ther-
mochromism: the change in color "colorless  dark pink" 
is observed (Fig. 4). 

The diff usion refl ectance spectrum of  [Fe(HC(3,5-
Me2pz)3)2](NO3)2 obtained at ambient temperature con-
tains the band at 685 nm assigned to the d—d-transition 
5T2  5E, which indicates the high-spin form of the com-
plex. It should be mentioned that this wavelength is typi-
cal of the HS forms of the octahedral iron(II) complexes 
with the FeN6 coordination mode but is shifted to the 
high-frequency range compared to the spectra of the ear-
lier studied FeII complexes with 1,2,4-triazoles.31 

The temperature dependence of the heat capacity of 
complex [Fe(HC(3,5-Me2pz)3)2](NO3)2 was studies in 
the 100—300 K range by adiabatic calorimetry.25 An 

anomaly of the heat capacity (Fig. 5) was found in the 
temperature range corresponding to spin crossover. The 
temperatures of the forward (Тс = 233 K) and backward 
(Тс = 223 K) transitions, which were obtained from the 
thermodynamic data, are well consistent with the values 
detected by the method of static magnetic susceptibility.24 
The average deviation of the experimental heat capacity 
values from the smoothened curve Сp(T) below 220 K and 
above 240 K was ~3%. The enthalpy of the SCO was cal-
culated from the obtained data: trsH = 5.53 kJ  mol–1. 
The entropy of the SCO was calculated by the equation 
trsS = trsH/Ttrs — 5530/229.7 = 24.1 J (mol K)–1, since 
overheating/overcooling with the temperature hysteresis 
of 4.6 K characteristic of the phase transition of the fi rst 
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Fig. 2. Complex cation [Fe(HC(3,5-Mepz)3)2]2+ in the HS (а) and LS (b) forms.
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Fig. 3. Dependence eff (Т) for complex [Fe(HC(3,5-Me2pz)3)2]-
(NO3)2.
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order were observed during DSC measurements. It should 
be mentioned that the excessive entropy is higher than the 
value corresponding to the electronic contribution 
(13.4 J (mol K)–1). This fact and the hysteresis phenom-
ena indicate the presence of strong cooperative interactions 
in the solid phase of the complex. Two SCO models were 
used for the quantitative estimation of cooperative eff ects: 
the Slichter—Drickamer (SD)32 and Sorai—Seki (SS)33 
models. The SCO temperatures and cooperative interaction 
parameters calculated using these models were as follows: 
T1/2 = 231.8 K, Γ = 4.38 kJ mol–1, and n = 96, where T1/2 
is the temperature at which the number of domains in the 
HS and LS forms coincide, Г is the cooperative interaction 
parameter, and n is the number of molecules of the 
complex in a domain. The Г values exceeds the value of 
2RТtrs = 3.85 kJ mol–1, which is characteristic of com-

pounds with strong cooperative interactions. In this case, 
the fraction of FeII ions in the HS state and the Fe—N 
distance vary jumpwise. Thus, the massif of the obtained 
experimental data (the value of trsS exceeding the value 
of the electronic contribution, the presence of hysteresis 
phenomena on heating/cooling, and the value of coop-
erative interaction parameter Г) allows one to conclude 
that the discovered anomaly of heat capacity at Ttrs = 229.7 K 
in complex [Fe(HC(3,5-Me2pz)3)2](NO3)2 is the phase 
transition of the fi rst kind. 

Iron(II) thiocyanate complexes 
with tris(3,5-dimethylpyrazol-1-yl)methane 

The compounds of iron(II) thiocyanate with tris(3,5-
dimethylpyrazol-1-yl)methane [Fe(HC(3,5-Me2pz)3)2]-
(NCS)2 and [Fe(HC(3,5-Me2pz)3)2][Fe(HC(3,5-Me2pz)3)-
(NCS)3]2 were synthesized.27 Complex [Fe(HC(3,5-
Me2pz)3)2](NCS)2 was isolated from an aqueous-acetone 
solution upon the reaction of iron(II) thiocyanate with 
HC(3,5-Me2pz)3. An aqueous solution of Fe(NO3)2 was 
obtained in the fi rst step of the synthesis by the exchange 
reaction between FeSO4 and Ba(NO3)2. Iron(II) thiocya-
nate was obtained in a solution containing Fe(NO3)2 and 
KNCS in a threefold excess and was used without isolation 
from the solution. To avoid FeII oxidation and for weak 
acidifi cation, ascorbic acid (pH ~ 2) was added to the 
solution. Single crystals of compound [Fe(HC(3,5-
Me2pz)3)2][Fe(HC(3,5-Me2pz)3)(NCS)3]2 were obtained 
during an attempt to grow crystals of complex [Fe(HC(3,5-
Me2pz)3)2](NCS)2. The structure of compound 
[Fe(HC(3,5-Me2pz)3)2][Fe(HC(3,5-Me2pz)3)(NCS)3]2 
consists of discrete complex ions: centrosymmetric cation 
[Fe(HC(3,5-Me2pz)3)2]2+ (Fig. 6, а) and noncentrosym-
metric anion [Fe(HC(3,5-Me2Pz)3)(NCS)3]– (Fig. 6, b). 
In both cases, the FeII ion has the octahedral coordination 
mode. 

a b

Fig. 4. Thermochromism of crystals [Fe(HC(3,5-Me2pz)3)2](NO3)2 observed on a Gemini R Ultra diff ractometer at 237 K (а) and 
123 K (b).
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Fig. 5. Dependence Ср(Т) for complex [Fe(HC(3,5-Me2pz)3)2]-
(NO3)2.
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The coordination mode in the cation is formed by six 
N atoms of two coordinated HC(3,5-Me2pz)3 molecules, 
and that in the anion is formed by three N atoms of the 
HC(3,5-Me2pz)3 molecule and three N atoms of three 
isocyanate groups. In both the cation and anion, tris(3,5-
dimethylpyrazol-1-yl)methane coordinates via the triden-
tate cyclic mode to form three six-membered metallocy-
cles—Fe—N—N—C—N—N— with two common atoms 
of iron and carbon of the CH group. 

The bands of metal—ligand stretching vibrations appear 
in the low-frequency range (600—100 cm–1) of the IR 
spectrum of [Fe(HC(3,5-Me2pz)3)2](NCS)2. The new 
bands in the spectrum of the complex in a range of 
270—235 cm–1, which are absent from the spectrum of 
HC(3,5-Me2pz)3 can be attributed to the (Fe—N) vibra-
tions, indicating the addition of the ligand to the metal. 
The coordination of NCS groups in 3d-metal complexes 
is performed most frequently by nitrogen atoms, and the 
(СN) vibration band in the spectra of these complexes 
lies near 2050 cm–1.13 The split (СN) vibration band in 
the spectrum of [Fe(HC(3,5-Me2pz)3)2](NCS)2 with the 
center at 2057 cm–1 indicates the outer-sphere arrangement 
of the isocyanate ion. 

The eff (Т) dependence for complex [Fe(HC(3,5-
Me2pz)3)2](NCS)2 is presented in Fig 7. At 300 K the eff  
value is 5.37 B and almost does not change with tem-
perature decreasing to 40 K. The eff  values decrease below 
40 K reaching 4.04 B, which indicates exchange interac-
tions of the antiferromagnetic character. 

Iron(II) closo-borate complexes 
with tris(3,5-dimethylpyrazol-1-yl)methane 

The complexes of iron(II) closo-borates with tris(3,5-
dimethylpyrazol-1-yl)methane) [Fe(HC(3,5-Me2pz)3)2]-
B10H10•H2O and [Fe(HC(3,5-Me2pz3)2]B12H12•H2O 
were synthesized and studied.26 The compounds were 
prepared by the reaction of an aqueous solution of iron(II) 
closo-borate with a solution of the ligand in acetone at the 
ratio (Fe : HC(3,5-Me2pz)3) = 1 : 4. Iron(II) closo-borates 
were synthesized by the reactions of aqueous solutions of 
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Fig. 6. Structures of the complex cation [Fe(HC(3,5-Me2pz)3)2]2+ (а) and anion [Fe(HC(3,5-Me2pz)3)(NCS)3]– (b) in compound 
[Fe(HC(3,5-Me2pz)3)2][Fe(HC(3,5-Me2pz)3)(NCS)3]2 (thermal ellipsoids are given with 50% probability). 
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Fig. 7. Dependence eff (Т) for complex [Fe(HC(3,5-Me2pz)3)2]-
(NCS)2.
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FeSO4 with a 1.5-fold excess of K2В10H10 or K2В12H12. 
Ascorbic acid was used in all syntheses as a reducing and 
weakly acidifying agent. The compounds were identifi ed 
and examined using the methods of elemental analysis, 
electronic (diff use refl ectance spectra, DRS) and IR spec-
troscopy, and static magnetic susceptibility. 

A broad band at 3600—3300 cm–1 corresponding to 
the (OН) vibration of water of crystallization is observed 
in the high-frequency range of the IR spectra. The bands 
sensitive to coordination and corresponding to stretching 
and bending vibrations of pyrazole rings are arranged in 
the spectrum of ligand HC(3,5-Me2pz)3 in a range of 
1600—1550 cm–1. The shift and change in the intensity of 
the absorption bands in the spectra of the complexes in-
dicates the coordination of the nitrogen atoms of the 
pyrazole rings to the metal. In addition, the spectra of the 
complexes in this range resemble the spectra of compounds 
[Fe(HC(3,5-Me2pz)3)2](ClO4)2, [Fe(HC(3,5-Me2pz)3)2]-
(NO3)2, and [Fe(HC(3,5-Me2pz)3)2]I2•H2O, the struc-
tures of which were determined by X-ray diff raction 
analysis.18,23,24 

The vibration bands of the BH bonds of B10H10
2– and 

B12H12
2– at 2470 cm–1 ((BH)) in the spectra of the com-

plexes are not almost shifted compared to those in the 
spectra of the starting salts, indicating the outer-sphere 
position of these anions. The shift of the  (BBH) vibration 
band at 1075 cm–1 in the complexes with the low-frequency 
range by 5 cm–1 is caused by a weak В—H···H—OH in-
teraction.

A broad band with a maximum at 802 and 825 nm is 
observed in the DRS of [Fe(HC(3,5-Me2pz)3)2]-
B10H10•H2O and [Fe(HC(3,5-Me2pz3)2]B12H12•H2O, 
respectively. These bands can be assigned to the 5Т25Е 
transition in the weak distorted octahedral fi eld of the 
ligands. The positions of these bands are typical of the 
spectra of the high-spin octahedral iron(II) complexes.34 
The values of the splitting parameters indicate that SCO 
in complexes [Fe(HC(3,5-Me2pz)3)2]B10H10•H2O and 
[Fe(HC(3,5-Me2pz3)2]B12H12•H2O is theoretically pos-
sible on cooling, because ВС  12 500 cm–1.35

Based on the obtained results and comparison of them 
with literature data, the tridentate cyclic coordination 
mode of the ligand and the distorted coordination struc-
tures of the coordination polyhedral in complexes 
[Fe(HC(3,5-Me2pz)3)2]B10H10•H2O and [Fe(HC(3,5-
Me2pz3)2]B12H12•H2O are concluded. 

The temperature dependences of eff  for [Fe(HC(3,5-
Me2pz3)2]B10H10•H2O and Fe(HC(3,5Me2pz3)2]-
B12H12•H2O are presented in Figs 8 and 9. The sharp 
decrease in eff  for [Fe(HC(3,5-Me2pz3)2]B10H10•H2O 
in the temperature range 300—80 K is caused by the SCO. 
The eff  value on the plateau corresponds to the transition 
of only 50% FeII ions from the HS to LS state. 

For [Fe(HC(3,5-Me2pz3)2]B12H12•H2O, the eff  value 
at 325 K is equal to 4.40 B and decreases with the tem-
perature fi rst gradually and more sharply when 30 K is 

reached and achieves 2.20 B at 2  K. The shape of the 
eff (Т) dependence for this complex indicates exchange 
interactions of the antiferromagnetic character between 
the iron(II) ions. 

The range of complexes of various iron(II) salts with 
tris(3,5-dimethylpyrazol-1-yl)methane having the spin 
crossover 1A15T2 is much narrower than that for the FeII 

compounds with unsubstituted tris(pyrazol-1-yl)methane. 
It was repeatedly mentioned that the temperature and 
character of the SCO depend substantially on the outer-
sphere anion.1—3,16,31 A representative series of the com-
plexes containing outer-sphere anions of various nature, 
including cluster anions, was obtained for HC(pz)3. These 
compounds are characterized by SCO with very high 
transition temperatures (depending on the anion, Тс var-
ies from 340 to 470 K).16 It is most likely that such a strong 
dependence of Тс on the outer-sphere anion is explained 
by its infl uence on the strength of the ligand fi eld. The 
introduction of methyl groups substantially decreases Тс. 
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Fig. 8. Dependence eff(Т) for [Fe(HC(3,5-Me2pz3)2]-
B10H10•H2O.
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Fig. 9. Dependence eff(Т) for [Fe(HC(3,5-Me2pz3)2]-
B12H12•H2O.
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In authors´ opinion,36 this is related to steric hindrances 
for the coordination to the metal of the HC(pz)3 derivatives 
bearing a substituent in position 3 of the pyrazole cycles. 
For the FeII compounds with tris(3,5-dimethylpyrazol-
1-yl)methane, the Тс values vary in a range of 150—
233 K. Among the complexes studied, the lowest SCO 
temperature is observed for [Fe(HC(3,5-Me2pz3)2]-
B10H10•H2O (150 K, gradual transition without hysteresis) 
and the highest temperature is observed for complex 
[Fe(HC(3,5-Me2pz)3)2](NO3)2 (sharp transition with a 
slight hysteresis, Тс= 231 K and Тс = 227 K).

Heteroligand iron(II) complexes 
with tris(3,5-dimethylpyrazol-1-yl)methane 

The heteroligand iron(II) complexes containing in the 
internal sphere other nitrogen-containing heterocycles, in 
particular, tetrazole (Tz), pyrazole (Pz), 3,5-dimethylpyr-
azole (3,5-Me2pz)3, 3-amino-4-ethoxycarbonylpyrazole 
(Ametcpz), and phthalazine (Phz), as well as anions NCS– 

or N(CN)2–, along with tris(3,5-dimethylpyrazol-1-yl)
methane were synthesized and studied.26,27 The infl uence 
of the second ligand (or the third ligand in the cases where 
the internal sphere of the complex contains the nitrogen-
containing anion) on the possibility of manifestation and 
character of SCO is discussed. 

Heteroligand compounds [Fe(HC(3,5-Me2pz)3)(Tz)3]-
(NO3)2 (1), [Fe(HC(3,5-Me2pz)3)(Tz)3](ClO4)2 (2), 
[Fe(HC(3,5-Me2pz)3)(Pz)3](NO3)2 (3), [Fe(HC(3,5-
Me2pz)3)(Aecpz)(NCS)2] (4), [Fe(HC(3,5-Me2pz)3)-
(3,5-Me2pz)(N(CN)2)2]•0.5H2O (5),26 and [Fe(HC(3,5-
Me2pz)3)(Рhz)(NCS)2]•H2O (6)27 were synthesized. The 
study of the temperature dependence eff (T) in the tem-
perature range 2—350 K showed the spin crossover 
1A15T2 accompanied by thermochromism (color change 
"colorless  pink") in complexes 1, 2, and 4. The single 
crystals were obtained and the molecular and crystal 
structures of complexes 5 and 6 were determined.

Heteroligand complexes 1—6 containing HC(3,5-
Me2pz)3 and other nitrogen-containing ligands were 
isolated from aqueous-acetone solutions of the reactions 
of the corresponding iron(II) salts, ligand HC(3,5-Me2pz)3, 
and L, where L is tetrazole, pyrazole, 3-amino-4-ethoxy-
carbonylpyrazole, or phthalazine. Iron(II) nitrate and 
perchlorate were prepared by the exchange reaction mix-
ing solutions of FeSO4 and the corresponding barium salt. 
Iron(II) thiocyanate and dicyanamide were synthesized in 
a solution containing FeSO4 and an excess of the corre-
sponding salt (KSCN or NaN(CN)2) and used without 
isolation from the solution. Ascorbic acid was applied as 
a reducing and weakly acidifying agent to prevent the 
oxidation of iron(II). The single crystals of compound 5 
suitable for X-ray diff raction analysis were obtained from 
the mother liquor aftet the solid phase was separated by 
slow crystallization. The crystals of complex 6 were grown 
in a U-like tube by the reaction of an aqueous solution of 

Fe(NCS)2 and an acetone solution of a mixture of ligands 
HC(3,5-Me2pz)3 and Рhz. 

According to the X-ray diff raction data for compound 
5, the HC(3,5-Me2pz)3 ligand coordinates via the triden-
tate cyclic mode to form three six-membered metallocycles 
Fe—N—N—C—N—N with two common atoms: iron and 
carbon of the CH group (Fig. 10). The coordination poly-
hedron of the iron(II) ion is supplemented to a distorted 
octahedron by the nitrogen atom of ligand 3,5-Me2pz and 
two nitrogen atoms of the N(CN)2

– ions coordinated via 
the monodentate mode. The Fe—N bonds have the lengths 
characteristic of the high-spin Fe2+ cation. Note that 
dicyanamide can coordinate to the metal via both the 
monodentate and bidentate bridging mode. The synthesis 
of the binuclear heteroligand iron(II) complex with 
tris(pyrazol-1-yl)methane and N(CN)2

–, in which this 
anion perform a dual function, is described.37  In this 
complex, the distorted octahedral polyhedron is formed 
due to HC(pz)3, which, as HC(3,5-Me2pz)3, coordinates 
via the tridentate cyclic mode by three nitrogen atoms: of 
monodentate N(CN)2

– and two bidentate bridging 
N(CN)2

– linking the iron(II) ions into the binuclear com-
plex. In our case, the dicyanamide ions coordinate via the 
monodentate mode. 

In addition to the elemental analysis results, the forma-
tion of individual compound 5 is also confi rmed by the 
data of X-ray diff ractometry of polycrystals. The diff raction 
pattern of the polycrystalline sample is consistent with the 
theoretical one calculated for compound 5 by the X-ray 
diff raction data taking into account a slight shift of the 
lines toward high values of 2 angles. The shift is caused 
by a decrease in the unit cell parameters with the tem-
perature change from 100 K (X-ray diff raction analysis) 
to ambient temperature. In compound 5, 3,5-dimethyl-
pyrazole is formed during the synthesis of the complex 
from the iron(II) salt and HC(3,5-Me2pz)3 molecules. It 
is known that the elimination of amines, including a pyr-
azole molecule, is preceded by the protonation of the 
substrate. For example, the rearrangement of the proton-
ated form of bis(pyrazol-1-yl)methane to bis(pyrazol-4-
yl)methane including the elimination of the neutral pyr-
azole molecule is described.38 A similar elimination of the 
3,5-Me2pz molecule during the thermal rearrangement of 
the cis-(3,5-dimethylpyrazol-4-yl)methane salt was 
found.39 It can be assumed that this process is favored by 
the presence of ascorbic acid in the reaction mixture re-
sulting in a fairly low pH ~ 2. It is most likely that the 
elimination of the 3,5-Me2pz molecule is preceded by the 
protonation of the nitrogen atom of the pyrazole cycle in 
the ligand. The concurrent shift of electrons (formation 
of some bonds and cleavage of other bonds) occurs in the 
formed quaternary ammonium salt due to which the neu-
tral 3,5-Me2pz molecule (well leaving group) is detached. 
The remained carbocation is captured by either the ascor-
bic acid residue or any anion from the reaction mixture 
(Scheme 1).
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Since this process is observed only for the synthesis of 
compound 5, is can be assumed that the presence of the 
N(CN)2

– anion with pronounced donor properties in the 
system plays a certain role. Owing to this, the coordination 
mode FeN3NN2 is formed in compound 5 due to three 
nitrogen atoms of one HC(3,5-Me2pz)3 molecule, one 
nitrogen atom of 3,5-Me2pz, and two nitrogen atoms of 
two dicyanamide ions. 

The bands of stretching vibrations of OH groups are 
observed at 3590—3302 cm–1 in the high-frequency range 
of the IR spectra of complexes 2, 4, and 5 containing 
water molecules. The sensitive to coordination bands of 
stretching and bending vibrations of the ring are manifested 
in a range of 1590—1500 cm–1. The spectrum of HC(3,5-
Me2pz)3 contains the intense band of Rring at 1561 cm–1, 
which is shifted by 4—6 cm–1 to the high-frequency range 
in the spectra of complexes 1—5. This indicates the coor-
dination of the nitrogen atoms of the pyrazole rings to FeII. 
The bands of Rring are also observed in a range of 1589—
1501 cm–1 in the spectra of the ligands, viz., tetrazole, 
pyrazole, 3,5-dimethylpyrazole, 3-amino-4-ethoxycarbo-
nylpyrazole, and phthalazine. The change in the number 
and position of these bands on going to the spectra of the 
complexes indicates the coordination of the above listed 
ligands to FeII. The change in the spectrum of compound 

5 in a range of 2287—2169 cm–1 compared to the spectrum 
of N(CN)2

– is associated with the coordination of this 
anion to FeII, which is confi rmed by the X-ray diff raction 
data for complex 5. The position of the (NCS–) vibration 
band also suggests the coordination of the thiocyanate ion 
to FeII.40 On the contrary, the positions of the 3(NO3

–) 
bands, as well as 3(ClO4

–) and 4(ClO4
–) bands, in the 

spectra of complexes 1—3 indicates the outer-sphere po-
sition of these anions. New bands characteristic of the 
(Fe—Nring) vibration were found in the low-frequency 
range of the spectra of complexes 1—5 in a range of 
270—220 cm–1.

Figures 11 and 12 show the curves of the eff (Т) de-
pendence of complexes 1 and 2. It is seen that gradual and 
incomplete crossover is observed in these complexes. The 
high magnetic moment at low temperatures indicates a 
signifi cant residual fraction of the high-spin forms in 
complexes 1 and 2. The estimation of the latter showed 
that only 50% iron(II) ions transform into the high-spin 
form. This can be due to the initial presence of complexes 
of two types in the crystal, of which only one type under-
goes SCO. Another possible mechanism is related to a 
decrease in the symmetry of the crystal during SCO, re-
sulting in the appearance of two crystallographically in-
dependent molecules of the complex in the HS and LS 
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Fig. 10. Molecular structure of complex 5 (atomic shift ellipsoids of 50% probability). 
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forms. This situation was observed6,17 for complex 
[Fe(HC(3,5-Me2pz)3)2](BF4)2 and for the single crystals 
of isostructural [Fe(HC(3,5-Me2pz)3)2](ClO4)2.23 The 
eff  value of complex 3 remains almost unchanged with a 
change in temperature. This indicates that no spin transi-
tion occurs upon the introduction of pyrazole (ligand of 
a weaker fi eld compared to HC(3,5-Me2pz)3 and tetrazole) 
into the coordination sphere of the complex. 

The eff  value of complex 4 equal to 5.37 B at 300 K 
decreases smoothly with a temperature decrease and 
reaches a plateau at ~4.7 B in the temperature 190—45 K 

(see Fig. 13). Below 45 K, eff  decreases to 3.69 B at 5 K. 
The high-temperature value of eff  is higher than the 
theoretical spin-only value of 4.90 B for one paramagnetic 
center with the spin S = 2 at the g-factor equal to 2. It is 
likely that the decrease in eff  in the temperature range 
from 300 to 200 K is caused by SCO. The decrease in eff  
to ~4.7 B corresponds to the transformation of only ~24% 
FeII ions from FeII

HS (S = 2) into FeII
LS (S = 0). The 

exchange interactions between spins of the FeII ions are 
weak and appear at the temperatures below 45 K. The 
study of the eff (T) dependences for complexes 5 and 6 
showed that they have no SCO, whereas exchange interac-
tions of the antiferromagnetic character are observed in 
these complexes at the temperatures below 50 K. 

Scheme 1

АscН is ascorbic acid.
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Fig. 11. Dependence eff (Т) for complex [Fe(HC(3,5-Me2pz)3)-
(Tz)3](NO3)2.
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Fig. 12. Dependence eff (Т) for complex [Fe(HC(3,5-Me2pz)3)-
(Tz)3](СlO4)2•2H2O.
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It is mentioned23 that no SCO is observed in the poly-
crystalline phase of the iron(II) perchlorate complex 
HC(3,5-Me2pz)3 [Fe(HC(3,5-Me2pz)3)2](СlO4)2, whereas 
the spin crossover (Тс = 200 K) is observed in the synthe-
sized by us heteroligand complex [Fe(HC(3,5-Me2pz)3)-
(tz)3](СlO4)2•2H2O. Thus, the introduction of tetrazole 
into the coordination sphere of the iron(II) ion resulted in 
the spin crossover in the polycrystalline phase. 

Iron(II) tetrafl uoroborate complexes 
with N-substituted tris(pyrazol-1-yl)methane derivatives 

The authors developed29 procedures for the synthesis 
of three new N-substituted derivatives of tris(pyrazol-1-yl)
methane (xL): x = H, CH2C6H5 (Bn) and p-SO3C6H4CH3 
(Ts). The ligands obtained represent the fi rst examples of 
the class of N-substituted HC(pz)3 and were used for the 
synthesis and study of the structures and magnetic prop-
erties of the iron(II) tetrafl uoroborate complexes. The 
formulas of N-substituted HC(pz)3 and standard 
tris(pyrazole-1-yl)methane are presented below.

Complexes [Fe(xL)2](BF4)2 (x = Bn, Ts, H) were iso-
lated from THF or acetone in the reaction of [Fe(H2O)6]-
(BF4)2 with xL at the ratio Fe  :  хL = 1  :  2. The formed 
precipitates [Fe(BnL)2](BF4)2, [Fe(TsL)2](BF4)2, and 
[Fe(HL)2](BF4)2 were dried in vacuo  to remove the sol-
vents. The polycrystalline phases of complexes [Fe(BnL)2]-
(BF4)2 and [Fe(TsL)2](BF4)2 are colorless and, according 
to the data of magnetochemical measurements, paramag-

netic. At ambient and lower temperatures, the solid phase 
of [Fe(HL)2](BF4)2 exhibits a pink color characteristic of 
the LS form of the FeII complexes having the FeN6 coor-
dination mode. The complex becomes colorless on heating 
to temperatures higher than 150 C. The color transition 
is reversible: on cooling the complex again gains a pink 
color. The single crystals of this complex were obtained 
on the slow evaporation of an aqueous solution, and its 
structure was determined at 100 K. It follows from the 
X-ray diff raction data that N-substituted tris(pyrazol-1-yl)-
methanes coordinate via the same mode as standard de-
rivatives: by three nitrogen atoms of the pyrazole cycles, 
so that two ligand molecules form a weakly distorted oc-
tahedral polyhedron. 

The magnetochemical study in a temperature range of 
100—400 K showed the gradual SCO in [Fe(HL)2](BF4)2. 
The complex transforms completely into the LS form at 
the temperature about 200 K, and the incompleteness of 
the transition into the HS form at 400 K (curve of the 
eff (Т) dependence does not reach a plateau) is explained 
by instrumental restrictions. The transition temperature 
T1/2 (50% HS form) was estimated:  360 K.

The authors isolated the crystals of disolvates [Fe(BnL)2]-
(BF4)2•2CH3CN and [Fe(TsL)2](BF4)2•2CH3CN suitable 
for X-ray diff raction analysis from acetonitrile solutions 
of [Fe(BnL)2](BF4)2 and [Fe(TsL)2](BF4)2. On the whole, 
at 100 K the structures are similar to that for complex 
[Fe(HL)2](BF4)2. The average Fe—N distance in [Fe(BnL)2]
(BF4)2•2CH3CN is 1.985(1) Å, which corresponds to the 
LS form of the complex. By contrast, the average Fe–N 
distance in [Fe(TsL)2](BF4)2•2CH3CN at 100 K is 2.214(1) 
Å, indicating the high-spin form of this complex. 

The magnetochemical study in a temperature range of 
2—300 K showed the SCO of the solvate [Fe(BnL)2]-
(BF4)2•2CH3CN, unlike the initial complex. In the 
temperature range from 300 to 175 K, μeff  is 5.1 B. At the 
temperatures below 175 K, eff  gradually decreases to 1.7 B 
(at 60 K). The question about the solvent eff ect on the 
temperature and character of SCO was repeatedly dis-
cussed.41—44 In particular, it was mentioned43 that the 
hydration of the complex can result in both an increase 
and decrease in the spin transition temperature. There is 
an example of the formation of solvate of the starting 
complex resulting in the manifestation of the SCO, which 
was absent from the starting compound.  

To conclude, the results of studying the magnetically 
active coordination compounds of iron(II) with the 
tris(pyrazol-1-yl)methane derivatives, which were pub-
lished during the recent fi ve years, are reviewed. In par-
ticular, the works considered concern the synthesis and 
investigation of the homo- and heteroligand iron(II) com-
plexes with tris(3,5-dimethylpyrazol-1-yl)methane and 
various anions (both coordinated to the metal and outer-
sphere). The study of the temperature dependence eff (T) 
showed the spin crossover 1A15T2 accompanied by ther-
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mochromism in the series of the synthesized complexes. 
The results of the work on the synthesis of three new li-
gands of the "scorpionate" class, N-substituent derivatives 
of HC(pz)3, xL, where x = H, CH2C6H5 (Bn), and p-
SO3C6H4CH3 (Ts), and the related iron(II) tetrafl uorobo-
rate complexes, are presented. The magnetochemical study 
revealed spin crossover in complexes [Fe(HL)2](BF4)2 and 
[Fe(BnL)2](BF4)2•2CH3CN These compounds are char-
acterized by thermochromism (color change "pink  
colorless"). 

This work was fi nancially supported by the Russian 
Foundation for Basic Research (Project No. 16-53-00020 
Bel_a).
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