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Abstract—New heteroligand cobalt(III) bis-3,6-di-tert-butyl-o-benzosemiquinone complexes with 1-(p-X-
phenyl)-3,5-diphenylformazan ligands Co(3,6-SQ)2LX (Х is f luorine (I), chlorine (II), bromine (III), iodine
(IV), and methyl (V)) are synthesized. The molecular structures of compounds I, II, and IV are determined
by X-ray structure analysis (CIF files CCDC nos. 2060727 (I), 2052592 (II), and 2060728 (IV)). The coor-
dination environment of the central cobalt ion in the studied complexes is a weakly distorted octahedron, and
the degree of distortion insignificantly changes depending on the substituent. According to the X-ray struc-
ture data and results of magnetic and spectral studies, compounds I–V are low-spin complexes of cobalt(III)
bound to two radical anion o-semiquinone ligands and one formazan anion. The magnetic behavior of com-
plexes I–V in a temperature range of 50–300 K is characterized by the predomination of intramolecular
exchange interactions of the antiferromagnetic type, whereas in the range lower than 50 K complexes II–V
exhibit ferromagnetic ordering caused by intermolecular exchange interactions between the paramagnetic
ligands.
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INTRODUCTION
The development and design of heterospin systems

based on coordination compounds of transition met-
als with stable organic radicals are among the urgent
trends of the modern chemistry. The presence of sev-
eral paramagnetic centers in the molecules induces
increased interest in their magnetic properties, since
these compounds are convenient objects for studying
fine exchange interactions, whose character can be
controlled by the molecular geometry, nature of sub-
stituents, steric factors, and other factors [1–10]. The
transition metal complexes with radical organic
ligands are actively studied as potential structural units
for the construction of molecular magnetics. The
coordination compounds bearing the redox-active
ligands based on o-quinone are among the perspective
classes of compounds in this field of research. The
o-semiquinone complexes of transition metals well
recommended themselves as model systems for study-
ing metal–ligand and ligand–ligand fine magnetic
interactions. Such phenomena as redox isomerism
(intramolecular electron transfer) and spin crossover
were found for these complexes [11, 12]. The unique
properties of complexes of this type are determined by

the delocalization or transfer of electron (charge)
between the metal and paramagnetic organic ligand
along with the possibility of affecting the charge distri-
bution in the system by the variation of the metal ion
nature and redox potential of the o-quinone ligand or
by the introduction of additional ligands in the coordi-
nation sphere of the metal [13–19]. The N-donor
neutral ligands, for example, aromatic diimines (2,2'-
bipyridyl [11], 1,10-phenanthroline [20, 21], and their
analogs [19]), aliphatic diamines [18, 22], and pyri-
dine derivatives [23–25] are used, as a rule, as addi-
tional ligands in these complexes. In this work, the
chelating anionic ligands of the formazan class serve as
N-donor ligands. It has recently been established that,
on the one hand, formazans incorporated in the coor-
dination sphere of the metal are capable of reversible
reducing to form the stable radical dianion species
and, on the other hand, can undergo oxidation to the
formazanyl radical [26, 27]. Thus, formazans can act
as redox-active ligands similarly to o-quinones, which
provides new possibilities for their application in the
coordination chemistry and design of magnetically
active compounds [28]. In our previously published
studies, we described the procedure for the synthesis
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of the formazanate derivatives of the transition metals
from the corresponding carbonyls, presented the first
examples for the heteroligand mono- and bis-o-
semiquinoneformazanate cobalt complexes based on
the 1,3,5-triphenylformazan ligands, and studied their
structures and magnetic and electrochemical proper-
ties [29, 30].

The results of the synthesis and spectral, magnetic,
and structural studies of five new cobalt(III) bis-o-
semiquinone complexes with the 1-(p-X-phenyl)-3,5-
diphenylformazan ligands (Х is f luorine, chlorine,
bromine, iodine, and methyl) are presented in this
work.

EXPERIMENTAL

3,6-Di-tert-butyl-o-benzoquinone [31], 1,3,5-tri-
arylformazan ligands [32], and cobalt(III) tris-(3,6-
di-tert-butyl-o-benzosemiquinolate [33] used in this
work were synthesized according to known proce-
dures. The solvents necessary for experiments were
purified and dehydrated using standard procedures
[34]. Commercially available cobalt carbonyl (≥90%
Co, Sigma-Aldrich) was used as received.

IR spectra were recorded on an FSM-1201 FT-IR
spectrometer (400–4000 cm–1, Nujol). Elemental
analysis (C, H, N) was carried out on an Elementar
Vario EL cube elemental analyzer. Magnetochemical
measurements were carried out at the International
Tomography Center (Russian Academy of Sciences)
on an MPMSXL SQUID magnetometer (Quantum
Design) in the 2 to 2–310 K range in a magnetic field
of 5 kOe. The paramagnetic components of the mag-
netic susceptibility (χ) were determined taking into
account the diamagnetic contribution estimated from
Pascal’s constants. The effective magnetic moment
(μeff) was calculated by the equation μeff =

[3kχT/(NA )]1/2, where NA, μB, and k are Avogadro’s
number, Bohr magneton, and Bolzmann constant,
respectively.

Synthesis of complex Co(3,6-SQ)2LF (I). A solution
of 1-(p-fluorophenyl)-3,5-diphenylformazan (0.060 g,
0.18 mmol) in toluene (5 mL) was poured to a solution
of tris-(3,6-di-tert-butyl-o-benzosemiquinolateco-
balt(III) (0.136 g, 0.1 mmol) in toluene (10 mL). The
reaction mixture was stirred at 50°С for 24 h. The solu-
tion turned dark blue. After this, the solvent was
removed completely and the remained dark precipi-
tate was recrystallized from diethyl ether at 4°С. As a
result, blue-violet rhombic crystals were formed and
dried in vacuo (85% yield).

For C47H54N4O4FCo
Anal. calcd., % С, 69.10 Н, 6.66 N, 6.86
Found, % С, 68.85 Н, 6.70 N, 6.63

2
Bμ
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IR (ν, cm–1): 1597 w, 1551 w, 1500 s, 1428 s, 1414 s,
1356 m, 1343 m, 1331 m, 1308 s, 1279 s, 1233 m, 1198 s,
1150 m, 1026 w, 993 m, 976 m, 957 m, 916 w, 831 w,
806 w, 756 s, 721 m, 692 s, 679 m, 652 s, 598 w, 563 m,
528 s, 484 w.

Complexes Co(3,6-SQ)2LCl (II), Co(3,6-SQ)2LBr

(III), and Co(3,6-SQ)2LI (IV) were synthesized from
cobalt carbonyl using a described procedure [29]. 

Complex II: fine dark blue prismatic crystals were
recrystallized from a hexane–CH2Cl2 (5 : 1) mixture
(81% yield).

IR (ν, cm–1): 1657 w, 1601 m, 1551 m, 1480 m,
1424 m, 1414 m, 1366 m, 1358 m, 1343 m, 1329 m,
1306 s, 1280 s, 1196 s, 1090 m, 1026 w, 1015 w, 991 w,
976 m, 957 m, 914 w, 829 s, 762 s, 721 s, 694 s, 677 m,
652 m, 636 w, 567 w, 547 w, 505 w, 482 w.

Complex III: fine dark blue prismatic crystals were
recrystallized from pentane (83% yield).

IR (ν, cm–1): 1601 w, 1551 w, 1424 s, 1358 m,
1345 m, 1331 m, 1308 s, 1281 s, 1194 s, 1071 w, 1026 w,
1013 w, 991 w, 976 m, 959 m, 914 w, 897 w, 827 s,
810 w, 760 s, 721 w, 694 s, 675 w, 652 m, 632 w, 565 w,
544 w, 503 w, 484 m.

Complex IV: blue-violet needle-like crystals were
recrystallized from a hexane–pentane (1 : 1) mixture
(85% yield).

IR (ν, cm–1): 1601 m, 1565 w, 1551 s, 1424 s, 1358 s,
1348 s, 1331 s, 1279 s, 1198 s, 1171 w, 1155 w, 1101 w,
1078 w, 1055 w, 1028 m, 1007 s, 991 s, 976 s, 957 s,
914 m, 897 w, 827 s, 810 m, 760 s, 719 m, 694 s, 683 s,
673 m, 652 s, 632 w, 574 w, 563 w, 542 m, 528 w,
503 m, 482 m.

Complex Co(3,6-SQ)2LMe (V) was synthesized
using the procedure similar to that for complex I.

For C47H54N4O4ClCo
Anal. calcd., % С, 67.74 Н, 6.53 N, 6.72
Found, % С, 67.78 Н, 6.61 N, 6.70

For C47H54N4O4BrCo
Anal. calcd., % С, 64.31 Н, 6.20 N, 6.38
Found, % С, 64.47 Н, 6.31 N, 6.18

For C47H54N4O4ICo
Anal. calcd., % С, 61.04 Н, 5.89 N, 6.06
Found, % С, 61.15 Н, 6.06 N, 5.86
ORDINATION CHEMISTRY  Vol. 47  No. 10  2021
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Complex V: fine dark violet cubic crystals were
recrystallized from a toluene–hexane (1 : 1) mixture
(86% yield).

IR (ν, cm–1): 1680 w, 1657 m, 1603 w, 1551 m,
1503 w, 1424 s, 1358 s, 1345 s, 1329 m, 1306 s, 1280 s,
1269 s, 1198 s, 1169 w, 1111 w, 1080 w, 1072 w, 1026 w,
993 m, 978 m, 959 s, 939 w, 918 w, 827 s, 760 s, 721 w,
695 s, 679 s, 652 s, 563 w, 530 w, 503 w, 480 m.

X-ray structure analysis (XSA). Diffraction data for
crystals of compounds I and IV were collected on an
Oxford Xcalibur Eos single-crystal X-ray diffractome-
ter (ω scan mode, graphite monochromator, MoKα
radiation, λ = 0.71073 Å). Experimental sets of inten-
sities for complexes I and IV were integrated using the
CrysAlisPro software [35]. An absorption correction
was applied using the SCALE3 ABSPACK algorithm
[35]. The structures of compounds I and IV were
solved using the SHELXT software [36] and refined
by full-matrix least squares for F 2 in the anisotropic
approximation for all non-hydrogen atoms using the
SHELXL software [37]. All hydrogen atoms in com-
pounds I and IV, except for H(1SA) and H(1SB) in
complex IV, were placed in the geometrically calcu-
lated positions and refined isotropically. In turn, the
H(1SA) and H(1SB) in complex IV were localized
objectively from the difference Fourier synthesis and
refined in the isotropic approximation. In the crystal
of compound IV, 0.2 water molecule falls onto each
molecule of the complex. The EADP, ISOR, and
DFIX instructions were used to refine disordered frag-
ments in complexes I and IV.

Diffraction data for crystals of compound II were
collected on a Bruker D8 Venture Photon diffractom-
eter in the ϕ and ω scan modes at the Center for Col-

lective Use “Physical Methods of Investigation” at the
Kurnakov Institute of General and Inorganic Chemis-
try (Russian Academy of Sciences) at 150 K (λ =
0.71073 Å, Incoatec IμS 3.0 microfocus X-ray source).
The primary indexing, unit cell parameter refinement,
and reflection integration were performed using the
Bruker APEX3 program package [38]. An absorption
correction to reflection intensities was applied using
the SADABS program [38]. The structure of com-
pound II was solved by direct methods and refined by
full-matrix least squares for F2 in the anisotropic
approximation for all non-hydrogen atoms, except for
the strongly disordered moiety of the molecule of
compound II, carbon atoms of which were refined in
the isotropic approximation. The EADP, FLAT, and
SADI instructions were applied to construct an ade-
quate model for disordering in structure refinement of
compound II. Hydrogen atoms were placed in the cal-
culated positions and refined by the riding model with
Uiso(H) = 1.5Uequiv(C) for the hydrogen atoms of the
methyl groups and 1.2Uequiv(C) for other hydrogen
atoms. Calculations were performed using the
SHELXTL software [37] in the OLEX2 medium of
structural data visualization and processing [39].

The crystallographic data and structure refinement
parameters for compounds I, II, and IV are given in
Table 1. Selected bond lengths are listed in Table 2.
The structural data were deposited with the Cam-
bridge Crystallographic Data Centre (CIF files
CCDC nos. 2060727 (I), 2052592 (II), and 2060728
(IV); https://www.ccdc.cam.ac.uk/structures/).

RESULTS AND DISCUSSION
The series of the heteroligand hexacoordinate

cobalt(III) bis-o-semiquinoneformazanate complexes
was synthesized by the reactions shown in Scheme 1.
Synthesized complexes I–V in the crystalline form are
resistant to air oxygen and moisture and are easily sol-
uble in the most part of organic solvents.

Scheme 1.

For C48H57N4O4Co
Anal. calcd., % С, 70.92 Н, 7.07 N, 6.89
Found, % С, 71.03 Н, 7.15 N, 6.67

Co2(CO)8

Ph

NN

N NPh

Co

t-Bu

O

O t-Bu

t-Bu

O

Ot-Bu

+   4

X

Co(3,6-SQ)3

Co(3,6-SQ)2LX

  I: X = F (85%)

 II: X = Cl (81%)

II: X = Br (83%)

IV: X = I (85%)

 V: X = CH3 (86%)

Ph

NN

NH NPh
X

LXH   =

O

O

t-Bu

t-Bu

+ 2LXH

+  LXH
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 47  No. 10  2021



690 PROTASENKO et al.

Table 1. Crystallographic data and structure refinement parameters for complexes I, II, and IV

Complex I II IV

T, K 100(2) 150(2) 100(2)

Crystal system Triclinic Triclinic Triclinic

Space group P1 P1 P1

а, Å 11.40191(19) 11.2996(10) 11.49220(10)

b, Å 12.3023(2) 14.3044(13) 12.31140(10)

c, Å 16.3713(3) 14.7495(13) 17.3415(2)

α, deg 80.5542(15) 80.230(4) 107.5340(10)

β, deg 79.0584(14) 76.916(3) 103.2140(10)

γ, deg 72.9732(16) 71.776(3) 97.4910(10)

V, Å3 2141.38(7) 2193.0(3) 2224.54(4)

Z 2 2 2

ρcalc, mg/m3 1.267 1.262 1.386

μ, mm–1 0.452 0.499 1.126

θ, deg 2.938–28.000 2.083–27.157 2.968–27.999

Number of observed reflections 39595 22028 40151

Number of independent reflections 10326 9623 10706

Rint 0.0435 0.0452 0.0395

S(F 2) 1.026 1.040 1.044

R1, wR2 (I > 2σ(I)) 0.0403, 0.0930 0.0589, 0.1122 0.0339, 0.0851

R1, wR2 (for all parameters) 0.0579, 0.0994 0.0924, 0.1239 0.0454, 0.0897

Δρmax/Δρmin, e Å–3 0.354/–0.391 0.469/–0.504 1.128/–0.566
The compositions and structures of compounds I–V
were determined from the IR spectroscopic and ele-
mental analysis data. The IR spectra of the synthe-
sized compounds exhibit a set of bands characteristic
of the ligands of the complexes. For example, the IR
spectra of complexes I–V contain bands at 1610–
1540 cm–1 corresponding to stretching vibrations of
the С=N and N=N bonds of the coordinated for-
mazan ligands along with the intense bands caused
by stretching vibrations of the С–О bonds of the
o-semiquinone ligands (1350–1450 cm–1).

The molecular structures of complexes I, II, and IV
in the crystalline state were determined by the XSA
method. As shown in Fig. 1, the molecular structures
of all the three compounds are similar, and the envi-
ronment of the central cobalt atom is a weakly dis-
torted octahedron. The geometric characteristics of
the О,О'-chelating dioxolene ligands are typical of the
radical anion o-benzosemiquinone species: the С–О
bond lengths range from 1.291(2) to 1.323(3) Å
(Table 2), and the quinoid type of distortion is
observed for the С–С bonds of the phenyl ring [40,
RUSSIAN JOURNAL OF CO
41]. The Со–О bond lengths in complexes I, II,
and IV range from 1.8738(19) to 1.9198(12) Å, which
are consistent with similar values for the known hex-
acoordinate o-semiquinone complexes of low-
spin cobalt(III) (1.8–1.9 Å, [33, 42]) and are by ~0.1–
0.2 Å shorter than similar bonds in the o-semiquinone
complexes of high-spin cobalt(II) (2.0–2.1 Å) [42–
44].

The dihedral angle between the planes of o-semiqui-
none ligands decreases in the series of compounds I,
II, and IV and equals 80.47°, 77.91°, and 74.24°,
respectively. The analogous angle in the bis-o-
semiquinone complex with unsubstituted formazan is
77.90°.

The N–N and N–C bonds inside the chelate cycle
of the formazanate ligand are delocalized, indicating
the anionic form of the ligand [29, 45–47]. The N–N
bond lengths range from 1.282(3) to 1.296(2) Å, and
the N–C bond lengths lie in a range of 1.344(2)–
1.352(3) Å (Table 2). The N(1)N(2)C(35)N(3)-
N(4)Co(1) chelate cycle itself is not planar and bent
along the N(1)…N(4) line in the same way as in the
ORDINATION CHEMISTRY  Vol. 47  No. 10  2021
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Table 2. Selected bond lengths (Å) and angles (deg) in complexes I, II, and IV

Bond I II IV

Co(1)–O(1) 1.8923(11) 1.8738(19) 1.8804(14)

Co(1)–O(2) 1.9066(12) 1.909(2) 1.9015(15)

Co(1)–O(3) 1.9198(12) 1.9039(19) 1.9024(15)

Co(1)–O(4) 1.9024(11) 1.8981(19) 1.9143(14)

Co(1)–N(1) 1.9021(14) 1.898(2) 1.9145(17)

Co(1)–N(4) 1.9084(14) 1.911(2) 1.8969(18)

O(1)–C(1) 1.3058(19) 1.302(3) 1.323(3)

O(2)–C(2) 1.2958(19) 1.292(3) 1.293(3)

O(3)–C(15) 1.2909(19) 1.293(3) 1.297(3)

O(4)–C(16) 1.302(2) 1.298(3) 1.313(3)

N(1)–N(2) 1.2924(19) 1.292(3) 1.296(2)

N(2)–C(35) 1.344(2) 1.346(3) 1.345(3)

N(3)–C(35) 1.345(2) 1.347(3) 1.352(3)

N(3)–N(4) 1.2895(19) 1.282(3) 1.282(2)

F(1)–C(32) 1.333(3)

Cl(1)–C(32) 1.733(3)

I(1)–C(32) 2.103(2)

Angle I II IV

O(1)Co(1)O(2) 85.33(5) 85.48(8) 85.80(6)

O(3)Co(1)O(4) 84.52(5) 84.73(8) 84.88(6)

N(1)Co(1)N(4) 85.69(6) 85.24(10) 85.26(8)

N(1)Co(1)O(3) 177.48(6) 177.52(9) 175.11(7)

O(1)Co(1)O(4) 171.95(5) 171.02(9) 169.73(7)

O(2)Co(1)N(4) 175.15(5) 173.09(9) 175.37(7)
cobalt bis-o-semiquinone complex with unsubstituted
1,3,5-triphenylformazan [29]. Note that owing to the
mutual repulsion of the substituents the bent angle of
the metallocycle in complexes I, II, and IV with 1-(p-
X-phenyl)-3,5-diphenylformazan ligands is by several
degrees higher than that in analogous complex with
unsubstituted formazan, being 37.73° for I, 39.88° for
II, and 39.89° for IV, respectively. The phenyl substit-
uents at the N(1) and N(5) atoms of the formazan
ligand in complexes I and II are turned relative to the
plane of the azohydrazone chain by an angle of ~45°.
Asymmetry in the arrangement of the indicated sub-
stituents is observed for compound IV: for example,
the unsubstituted phenyl ring at the N(4) atom is
arranged at an angle of 46.64° to the plane of the for-
mazanate carcass, whereas the phenyl ring at the N(1)
atom with the iodine substituent in the para position is
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
turned by 33.01°, which can be associated with the
crystal packing of the molecules and intermolecular
interactions between the iodine atoms of the adjacent
molecules of the complex. The corresponding I–I dis-
tance is 4.334 Å (Fig. 2), which only insignificantly
exceeds the sum of van der Waals radii of two iodine
atoms (4.2 Å [48]).

Thus, the introduction of the halogen atom in the
para position of the phenyl substituent at the N(1)
atom of the formazanate ligand insignificantly affects
the molecular structures and geometry of the formed
mixed-ligand complexes.

The magnetic properties of complexes I–V in the 2
to 300 K temperature range were studied. The tem-
perature dependences of the effective magnetic
moment for these complexes are shown in Fig. 3. The
high-temperature value of μeff for complex I is 2.68 μB
  Vol. 47  No. 10  2021
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Fig. 1. Molecular structures of complexes I, II, and IV according to the XSA data. The methyls of the tert-butyl groups and hydro-
gen atoms are omitted.
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(300 K), which is insignificantly higher than the spin-
only value equal to 2.45 μB calculated for the system
consisting of two radical centers with S = 1/2 for each
center. This state of the system is possible for the
Co(III) complex bound to two radical anion
o-semiquinone ligands and one formazanate anion.
As the temperature decreases, the magnetic moment
first decreases smoothly in a range of 300–100 K and
then decreases more sharply to 0.66 μB at 2 K, which
indicates the antiferromagnetic character of the
exchange between the radical centers. A similar behav-
ior is observed for the cobalt(III) bis-o-semiquinone
complex with unsubstituted 1,3,5-triphenylfor-
mazanate [29].

The high-temperature value of the effective mag-
netic moment (300 K) for complexes II–V is also close
to the value for the spin system consisting of two radi-
cal centers with S = 1/2. The value of μeff for these
complexes decreases smoothly with decreasing tem-
perature in a range of 300–50 K. This behavior is char-
acteristic of the biradical systems with the antiferro-
magnetic type of intramolecular exchange interac-
tions. Unlike complex I, some increase in μeff is
observed with the further decrease in temperature. For
example, some increase in the effective magnetic
moment is observed only at the temperatures lower
than 25 K for complexes II and III, whereas for com-
pounds IV and V the increase starts already after 50 K.
The maximum jump of μeff is observed for complex IV
(Fig. 3, curve .). In this case, μeff decreases smoothly
with decreasing temperature from 2.37 μB at 300 K to
1.31 μB at 50 K, then increases to 1.9 μB at 25 K, and
on further cooling decreases sharply 0.48 μB at 2 K.
This behavior of the complexes at low temperatures
can probably be related to the ferromagnetic spin
ordering in the radical o-semiquinone ligands of the
RUSSIAN JOURNAL OF CO
adjacent molecules in the crystal packing of the com-
plex. An analysis of the structural data available at the
moment shows that in crystals the molecules of these
complexes are packed in beveled stacks, and the para-
magnetic o-semiquinone ligands from the adjacent
stacks are facing to each other and parallel (Fig. 2). For
complex IV with the highest jump of the magnetic
moment, the least distance between the o-semiqui-
none ligands of the adjacent molecules is the shortest
and equal to 4.170 Å, whereas this distance is the lon-
gest and equal to 4.661 Å for complex I in which no
jump is observed. This value is 4.299 Å in complex II
in which an insignificant increase in the magnetic
moment is observed at low temperatures, and this dis-
tance is 4.556 Å for the previously published complex
with unsubstituted 1,3,5-triphenylformazan [29],
where no ferromagnetic ordering occurs.

To conclude, the results of the present study show
that the introduction of the substituent in the para-
position of the phenyl ring at the N(1) atom of the for-
mazanate ligand in the cobalt(III) bis-o-semiqui-
noneformazanate complexes affects the crystal pack-
ing of the molecules of the complex, which in turn
affects the character of the intermolecular exchange
interactions and magnetic behavior of the complexes
at low temperatures. The magnetic properties of simi-
lar complexes will be studied in more detail elsewhere.
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Fig. 2. Fragment of the crystal packing of complex IV. The methyls of the tert-butyl groups and hydrogen atoms are omitted.
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