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Abstract—Heterometallic chromium(III) CrIII[(SQ-Cat)SbPh3]3 (I), copper(II) CuII[(SQ-Cat)SbPh3]2
(II), and zinc I2Zn(Q-Cat)SbPh3 (III) and IZn(SQ-Cat)SbPh3 (IV) complexes, where SQ is the correspond-
ing o-semiquinone radical anion, and Cat is the catecholate dianion (mono- and direduced forms of the qui-
none fragment), are synthesized on the basis of the mononuclear triphenylantimony(V) quinone-catecholate
complex (Q-Cat)SbPh3, which was derived from 4,4'-di-(6-tert-butyl-3-methylbenzo-1,2-quinone) (Q-Q).
The one-electron oxidation and one-electron reduction of chromium complex I afford the paramagnetic
derivatives [CrIII[(Q-Cat)SbPh3][(SQ-Cat)SbPh3]2]+ (I+) and [CrIII[(Cat-Cat)SbPh3][(SQ-Cat)SbPh3]2]–

(I–), respectively, which are easily detected by EPR spectroscopy. The EPR spectroscopy data and measure-
ments of the temperature dependence of the magnetic susceptibility of copper complex II indicate in favor of
the localization of the lone electron on the organic ligand, which can be explained by the antiferromagnetic
metal–ligand exchange in this complex (J(SQ-Cu) = –157 cm–1, J(SQ-SQ) = –10.0 cm–1). The coordina-
tion of (Q-Cat)SbPh3 as neutral o-quinone to zinc iodide with the formation of complex III increases signifi-
cantly the oxidation ability of the quinone fragment in this complex (ERed1 = 0.43 V for III and –0.45 V for
(Q-Cat)SbPh3 vs. Ag/AgCl/KCl(sat.)), and the complex can oxidize the iodide anion to iodine with the for-
mation of paramagnetic derivative IV, whose EPR spectrum is characteristic of complexes of the M(SQ-Cat)
type. The redox properties of complexes I and III are studied by cyclic voltammetry.
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INTRODUCTION

Numerous attempts to imitate both the structure
and function of some enzymes for the use in diverse
areas from catalytic synthesis of fuel cells to solar
energy capture and storage are evoked due to high
interest in many chemical and biochemical processes
mediated by the heterometallic compounds and
enzymes [1–7]. Significant attention is given to the
interaction between various metals and metal-con-
taining organic fragments in the synthetic heterome-
tallic complexes and the influence of these interac-
tions on the electronic structures, redox-active prop-
erties, electron transfer, and reactivity. The complexes
based on bis-o-quinones which are able to bind two
and more different metallic centers and being redox-
active ligands capable of reversible adding one or sev-
eral electrons represent an interesting area of research.
This considerably extends the range of redox proper-
ties of the formed compounds and also results in the
possibility of obtaining combinations of oxidation
states of the metal(s) and reduction states of the redox-
active ligands [8–16].

EPR spectroscopy is an important and informative
method for studying paramagnetic coordination com-
pounds containing paramagnetic metal ions and radi-
cal species, since EPR provides a useful information
about the structure of the coordination node and
mutual arrangement of the ligands in the coordination
sphere of the metal and also allows one to study the
dynamic processes occurring with a change in the
geometry of the complexes. Since in the redox series of
o-quinones one of the reduced forms, namely,
o-semiquinone, is paramagnetic, EPR spectroscopy
can provide an important information about the struc-
tures and chemical properties of the o-semiquinone
and related complexes in many cases [17–21]. The
EPR method is also informative for the bis-o-benzo-
quinone derivatives [12–26]. We have previously syn-
thesized the triphenylantimony(V) catecholate com-
plex (Q-Cat)SbPh3 based on 4,4'-di-(6-tert-butyl-3-
methylbenzo-1,2-quinone) (Q-Q) [27]. The complex
of Q-Q was shown to be capable of forming o-semiqui-
none derivatives of the M(SQ-Cat)SbPh3 type [24].

The heterometallic o-semiquinone complexes of
chromium(III) CrIII[(SQ-Cat)SbPh3]3 (I) and cop-
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per(II) CuII[(SQ-Cat)SbPh3]2 (II), as well as zinc
derivatives of the I2Zn(Q-Cat)SbPh3 (III) type
with the neutral coordinated o-quinone fragment and
its o-semiquinone derivative IZn(SQ-Cat)SbPh3 (IV)
were studied in this work.

EXPERIMENTAL

Synthesis, isolation, and study of the properties of
the complexes were carried out in evacuated ampules
without oxygen. The organic solvents used in the work
were purified using standard procedures [28]. The
starting (Q-Cat)SbPh3 was synthesized using a
described method [27].

Synthesis of tris[(4-(3-methyl-6-tert-butylben-
zosemiquinolate-1,2)-3-methyl-6-tert-butylcatecho-
lato)triphenylantimony(V)]chromium(III) CrIII[(SQ-
Cat)SbPh3]3 (I). A solution of (Q-Cat)SbPh3 (100 mg,
0.14 mmol) in THF (25 mL) was stirred for 20 min
with thallium amalgam excess. The color of the solu-
tion changed from cherry to yellow-green. The solu-
tion was carefully decanted from the amalgam, and the
second portion of (Q-Cat)SbPh3 (100 mg, 0.14 mmol)
in THF (20 mL) was added to the solution with vigor-
ous stirring. In 10 min, the obtained solution of thal-
lium(I) semiquinolate Tl(SQ-Cat)SbPh3 was mixed
with a solution of chromium(III) chloride tetrahydro-
furanate (35 mg, 0.093 mmol) in THF (20 mL). The
formed precipitate of TlCl was filtered off from the
reaction mixture. Then THF was removed, and the
residue was dissolved in toluene. The resulting solu-
tion was again filtered and concentrated. The formed
finely crystalline violet product I was separated by fil-
tration, washed with cold toluene, and dried in vacuo.
The yield of complex I was 79%.

IR (ν, cm–1): 1658 w, 1642 w, 1565 s, 1407 s,
1340 m, 1316 m, 1277 s, 1246 s, 1180 m, 1102 w, 1069 s,
997 m, 960 s, 891 w, 864 w, 821 w, 778 w, 730 s, 694 s,
629 w, 540 m, 455 m.

Bis[(4-(3-methyl-6-tert-butylbenzosemiquinolate-
1,2)-3-methyl-6-tert-butyl-catecholato)triphenylanti-
mony(V)]copper(II) CuII[(SQ-Cat)SbPh3]2 (II) was
synthesized by a method similar to that for complex I
using СuCl2 (19 mg, 0.14 mmol) and (Q-Cat)SbPh3
(200 mg). The yield of finely crystalline complex II
was 75%.

For C120H123O12CrSb3

Anal. calcd., % C, 66.27 H, 5.66 Sb, 16.84
Found, % C, 66.25 H, 5.65 Sb, 16.73

For C80H82O8CuSb2

Anal. calcd., % C, 64.97 H, 5.55 Sb, 16.51
Found, % C, 65.00 H, 5.61 Sb, 16.53
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IR (ν, cm–1): 1403 m, 1303 m, 1244 w, 1213 w,
1169 w, 1139 w, 1062 m, 1039 m, 960 m, 893 w, 863 w,
820 w, 771 w, 727 w, 694 w, 676 m, 626 w, 560 w, 512 w.

Synthesis of O,O'-[4-(2-methyl-5-tert-butylcyclo-
hexadiene-1,5-dion-3,4-yl)-3-methyl-6-tert-butyl-cate-
cholato)triphenylantimony(V)-diiodozinc I2Zn(Q-
Cat)SbPh3 (III). A freshly prepared solution of zinc
iodide (44.6 mg, 0.14 mmol) in toluene was poured to a
toluene solution of (Q-Cat)SbPh3 (100 mg, 0.14 mmol).
The color of the solution immediately changed from
cherry to violet. After the solution was concentrated and
kept at room temperature for 3 h, a violet finely crystal-
line product was formed, which was filtered off and dried
under reduced pressure. The yield of complex III
was 65%.

IR (ν, cm–1): 1363 s, 1291 s, 1274 s, 1246 m, 1212 s,
1140 s, 1050 s, 963 s, 929 w, 866 w, 818 w, 730 s, 671 s,
622 w, 560 w, 511 w, 484 w, 468 w.

Synthesis of [(4-(3-methyl-6-tert-butylben-
zosemiquinolate-1,2)-3-methyl-6-tert-butyl-catecho-
lato)triphenylantimony(V)]iodozinc IZn(SQ-
Cat)SbPh3 (IV). A blue-violet finely crystalline prod-
uct was obtained from the mother liquor remained
after the isolation of complex III, which was cooled
and kept at 0°С for 2 days. The yield of complex IV
was 15%.

IR (ν, cm–1): 1612 m, 1591 m, 1575 m, 1500 m,
1336 s, 1298 s, 1278 s, 1242 s, 1217 m, 1184 m, 1141 m,
1063 m, 996 m, 963 m, 862 w, 819 w, 735 s, 689 s,
624 w, 562 w, 521 w, 504 w, 454 s.

IR spectra were recorded on an FSM 1201 FT-IR
spectrometer in Nujol. The electronic absorption
spectra of the complexes were detected on Perkin
Elmer UV/VIS Lambda 25 spectrophotometers in a
range of 280–1100 nm (quartz cells, absorbing layer
thickness 10 mm) at 298 K. Elemental analysis was
carried out on a Euro EA 3000 C,H,N analyzer and
also by the pyrolytic decomposition method in an oxy-
gen flow. Quantum chemical calculations were per-
formed using the Gaussian09 program package [29]
with the B3LYP/def2tzvp calculation procedure. The
static magnetic susceptibility of the samples was mea-
sured on an MPMS-5S SQUID magnetometer (mag-
netic field intensity 0.5 T) in a temperature range of 2–
330 K at the International Tomography Center (Sibe-
rian Branch, Russian Academy of Sciences, Novosi-
birsk, Russia). The magnetic properties of the com-

For C40H41O4I2SbZn
Anal. calcd., % C, 46.78 H, 4.00 Sb, 11.89
Found, % C, 46.75 H, 4.05 Sb, 11.90

For C40H41O4IZnSb
Anal. calcd., % C, 53.39 H, 4.56 Sb, 13.57
Found, % C, 53.35 H, 4.55 Sb, 13.59
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plexes were simulated and the exchange interaction
parameters between the paramagnetic centers were
determined using the Mjollnir program [30]. EPR
spectra were recorded on a Bruker EMX EPR spec-
trometer (working frequency ~9.7 GHz). Diphen-
ylpicrylhydrazyl (DPPH, g = 2.0037) was used as a
standard when determining the g factor. EPR spectra
were simulated using the WinEPR SimFonia program
(Bruker). Oxidation potentials were measured by
cyclic voltammetry (CV) in a three-electrode cell on
an IPC-pro potentiostat in argon. A stationary
glassy carbon (GC) electrode with a diameter of 2 mm
served as the working electrode, a platinum plate (S =
18  mm2) was the auxiliary electrode, and Ag/
AgCl/KCl(sat.) with a water-proof membrane was
used as the reference electrode. The potential sweep
rate was 0.2 V/s. Electron ionization mass spectra were
measured using a MALDI-Toff time-of-flight mass
spectrometer with the DCTB matrix.

RESULTS AND DISCUSSION

The quinone-catecholate complex (Q-Cat)SbPh3

[27], being a convenient basis for the preparation of
the heterometallic compounds [24], has previously
been synthesized at the Razuvaev Institute of Organo-
metallic Chemistry (Russian Academy of Sciences)
[27]. The exchange reaction between the o-semiqui-
none derivative M(SQ-Cat)SbPh3 (М = Na, K, and
Tl) and chromium(III) chloride should afford the cor-
responding chromium(III) tris-o-semiquinone deriv-
ative. Indeed, the reaction of the chromium(III) chlo-
ride tetrahydrofuranate in a THF solution with thal-
lium o-semiquinolate based on (Q-Cat)SbPh3, which
was synthesized in situ, is accompanied by the instant
change in the color of the reaction mixture
(Scheme 1).

Scheme 1.

The product of the exchange reaction was a com-
plex identified using elemental analysis, IR spectros-
copy, and mass spectroscopy as tris(ligand) chromium
derivative I.

The formation of complex I containing the ligand
in the catecholate and semiquinone forms is con-
firmed by the characteristic set of bands in the IR
spectrum in a range of 700–1600 cm–1. The intense
bands of stretching vibrations of the sesquialteral C–O
bonds are observed in a range of 1350–1450 cm–1,
whereas stretching vibrations of the C–O ordinary
bond are observed in a range of 1200–1300 cm–1, con-
firming the mixed nature of the organoantimony frag-
ment. The signals from the fragmentation (the major
route of which is the cleavage of the C–C bond con-
necting two aryl rings) products are also observed in
the mass spectrum of complex I along with the peak
corresponding to the [I]+ molecular ion. Unfortu-
nately, all attempts to isolate the crystals suitable for
X-ray diffraction analysis were unsuccessful.

The oxidation of complex I with silver trif late in a
molar ratio of 1 : 1 in a THF solution results in the
one-electron oxidation of the complex to form the
[CrIII[(Q-Cat)SbPh3][(SQ-Cat)SbPh3]2]+ cation (I+).

The initial complex has the singlet ground spin state
due to the antiferromagnetic metal–ligand exchange
between high-spin chromium(III) (d3, S = 3/2) and
three radical-anionic o-semiquinone centers (S =
1/2). A similar magnetic behavior was earlier demon-
strated several times for other chromium(III) tris-o-
benzosemiquinone complexes [31–33]. The one-elec-
tron oxidation results in the formation of paramag-
netic derivative I+ with S = 1/2, whose isotropic EPR
spectrum in a THF solution represents the signal with
giso = 1.9700 and satellite splitting on the magnetic iso-
tope of the chromium atom (53Cr, I = 3/2, 9.5%) with
the hyperfine coupling (HFC) constant ai(53Cr) =
27.6 G (Fig. 1a). These parameters are close to the
parameters of the EPR spectrum of the chromium
complex [Cr(Cl4BQ)(Cl4SQ)2]+[SbF6]– (giso = 1.969,
ai(53Cr) = 27.5 G) [34].

The EPR spectra of similar electron-transfer com-
plexes based on chromium tris(tetrachloro(bromo)-o-
semiuinolates and cobaltocene, tetrathiafulvalene
have close characteristics [35].

The one-electron reduction of chromium
complex I by metallic sodium in a THF solution
results in the reduction of one of the o-benzosemiqui-
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Fig. 1. EPR spectra of (a) [CrIII[(Q-Cat)SbPh3][(SQ-
Cat)SbPh3]2]+[OTf]– (I+[OTf]–) and (b) Na+[CrIII[(Cat-
Cat)SbPh3][(SQ-Cat)SbPh3]2]– (Na+I–): exp. is experi-
mental (THF, 293 K), and sim. is computer simulation
(WINEPR SimFonia 1.26). 
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none ligands to the catecholate ligand due to which
the paramagnetic derivative Na+[CrIII[(Cat-Cat)-
SbPh3][(SQ-Cat)SbPh3]2]– (Na+I–) containing one
lone electron is formed. The EPR spectrum of this
derivative have somewhat different characteristics:
giso = 1.9725 and ai(53Cr) = 24.9 G (Fig. 1b). A similar
anionic chromium complex based on the 3,5-di-tert-
butyl-o-benzosemiquinone ligands K+[CrIII(3,5-
DBCat)(3,5-DBSQ)2]– has the EPR spectrum with
resembling characteristics: giso = 1.972 and ai(53Cr) =
24.3 G [36]. No additional hyperfine structure is
observed on the magnetic nuclei of the ligands. The
EPR spectral parameters indicate that the lone elec-
tron is localized on the orbital having a significantly
metallic character (considerable contribution of the
metal orbitals).

According to the CV data, three redox transitions
are observed in the cathodic range for chromium
derivative I: the first two transitions are quasi-revers-
ible and one-electron, and the third peak is irrevers-
ible (Table 1).

The redox transitions detected in the cathodic
range characterize the electroreduction of the
o-semiquinone fragment of the ligand. Two irrevers-
ible multielectron oxidation peaks are detected for
complex I in the anodic range at 1.00 and 1.29 V. The
observed pattern can be explained by close potentials
of the redox transitions Cat/SQ in the catecholate
fragment of the [(SQ-Cat)SbPh3]– ligand with
the SQ/Q redox transition in the o-semiquinolate
fragment of the ligand. The CV results of the initial
(Q-Cat)SbPh3 complex, where two irreversible reduc-
tion steps are observed at –0.45 and –0.62 V, are pre-
sented for comparison. The oxidation potentials of
(Q-Cat)SbPh3 and complex I are well consistent.

Copper complex II with the similar antimony-con-
taining ligand was synthesized via a similar procedure
(Scheme 2).
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 46  No. 11  2020

Table 1. Redox potentials of complex I according to the CV data (CH2Cl2, GC electrode, 0.15 М Bu4NClO4, с =
0.002–0.003 mol/L, V = 0.2 V/s, vs. Ag/AgCl/KCl(sat.))

*  is the peak potential of the first cathodic process,  is the peak potential of the second cathodic process, and  is the peak

potential of the third cathodic process;  is the peak potential of the first anodic process, and  is the peak potential of the second
anodic process.

Complex , V* , V* , V* , V* , V*

I –0.09 –0.74 –1.15 1.00 1.29

III 0.43 –0.49 0.85 0.96

(Q-Cat)SbPh3 –0.45 –0.62 1.10 1.40
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Scheme 2.
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Complex II was isolated as a finely crystalline pow- three noninteracting electrons (one electron on the

der characterized by the data of IR spectroscopy, EPR
spectroscopy, and elemental analysis. The IR spec-
trum of complex II exhibits absorption bands of
stretching vibrations of the ordinary and one-and-half
С–О bonds (1245, 1302, and 1450 cm–1) and has no
bands corresponding to the С=О vibrations of the car-
bonyl groups (1660 cm–1).

The static magnetic susceptibility was measured for
the obtained sample of complex II. The temperature
dependence of μeff of the copper complex is shown in
Fig. 2.

The effective magnetic moment at 300 K is 2.28 μB
and decreases smoothly with decreasing temperature
to 1.79 μB at 180 K. For the further temperature
decrease to 25 K, μeff remains almost unchanged and
equal to 1.68–1.78 μB. In the low-temperature range,
complex II demonstrates a sharp decrease in μeff
caused by a weak intermolecular exchange of the anti-
ferromagnetic character. It follows from an analysis
that the high-temperature value is substantially lower
than the value expected for the system containing
RUSSIAN JOURNAL OF CO

Fig. 2. Temperature dependence of the effective magnetic
moment for complex II (μcalc is shown by solid line). 
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copper atom and one on each SQ ligand), and the low-
temperature values insignificantly differ from μeff for
one unpaired electron [37].

The exchange interaction parameters in copper
complex II were determined using the model for the
system containing three exchange-bound spin centers
(Scheme 3) using the Hamiltonian H = –2J(S1S2 +
S2S3) × 2J1S1S3, where S1 = S3 = 1/2 are the spins of
the semiquinone ligands, and S2 is the spin of the
paramagnetic metal ion (S2 = 1/2 for Сu2+ ion) with
allowance for the intermolecular exchange interaction
(zJ) in the molecular field approximation.

Scheme 3.
A satisfactory reproduction of the experimental

data μeff(Т) was obtained at the following parameters:
gSQ = 2.0 (fixed), gCu = 2.01, J(SQ-Cu) = –157 cm–1,
J(SQ-SQ) = J1 = –10.0 cm–1, zJ = –1.8 cm–1, TIP =
0.0, and R2 = 7.7 × 10–4.

The theoretical curve μeff(Т) corresponding to
these parameters is presented in Fig. 2 (solid line).

The obtained results are well consistent with the
data of EPR spectroscopy. The EPR spectrum of
complex II in the solid state is presented in Fig. 3.
Thus, the spectral data suggest that the unpaired elec-
tron is localized on the organic ligand rather than on
the copper(II) atom.

Similar examples of changing the magnetic and
spectral properties of the copper(II) complexes with
the redox-active radical ligands are known from the
literature. For example, copper(II) bis-o-imino-
semiquinolate based on 4,6-di-tert-butyl-2-(2-meth-
ylselenophenyl)aminophenol Cu(ISQ-SeMe)2 was
described [38]. The spectral and magnetic measure-
ments showed that this complex has the doublet spin
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Fig. 3. EPR spectrum of copper complex II in a THF solu-
tion (298 K). 

20 G
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state (S = 1/2) with the unpaired electron on the
organic ligand. The EPR spectral parameters in the
solid state at a lowered temperature for this complex
are as follows: g1 = 2.012, g2 = 2.006, and g3 = 1.998 (gav
= 2.005). The excited state with the spin S = 3/2 (qua-
druplet state) is observed for the complex with increas-
ing temperature. These features of the magnetic and
EPR spectral behavior of the copper(II) complex are
explained by the distortion of the coordination sphere
of the copper atom due to weak interactions between
the selenium-containing lateral group and central
copper atom. Owing to this, a certain angle is formed
between the planes of the o-iminosemiquinone
ligands and the character and value of the exchange
metal–ligand and ligand–ligand magnetic interac-
tions change. A similar situation is also observed for
the PhSe-containing analogue CuII(ISQ-SePh)2 [39].
The magnetic exchange parameters calculated for this
copper complex are J = −64.0 cm–1 and J' = −23.0
cm–1 (gCu(II) = 2.03, gR = 2.00). The EPR spectrum of
the complex is characterized by a weaker anisotropy
and the values of the g factor lower than 2 (1.964,
1.992, 1.992, gav = 1.983). The authors concluded
about the ligand-centered character of the unpaired
electron in the doublet ground spin state of this com-
plex. Later [40, 41] these research groups studied a
series of similar copper(II) complexes for which differ-
ent values of magnetic exchanges were observed
depending on the molecular structure and the pres-
ence or absence of additional interactions with the
central copper atom. In some cases, the distortions of
the coordination node of copper(II) in the complexes
are not related to additional interactions of the func-
tional groups in the lateral units of the ligands with the
copper atom but are determined by steric reasons, the
bent structure of the ligands, etc. [42].
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
As mentioned above, a specific feature of o-qui-
nones is their possibility to form several stable forms in
complexes with metals. In the recent time, a tendency
to study the complexes, where o-quinones act as neu-
tral ligands, is observed in the coordination chemistry
[43]. Similar complexes make it possible to obtain new
properties in reactions of activating complexation
[44]. The synthesis of the stable o-quinone complex
with zinc iodide was described [43]. For the targeted
preparation of the zinc complex with the neutral anti-
mony-containing ligand (Q-Cat)SbPh3, the reaction
of the latter with zinc iodide in a toluene solution was
performed (Scheme 4).
Scheme 4.
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This reaction is accompanied by a sharp change in intense bands corresponding to vibrations of the one-

the color from vinous to violet and precipitation of
finely crystalline product III. The IR spectrum of the
isolated product exhibits the bands characteristic of
the metal catecholate complexes in a range of 1200–
1300 cm–1, and the band corresponding to the ν(С=О)
vibrations is observed at 1605 cm–1. However, the
and-half С–О bonds are observed in a range of 1450–
1480 cm–1. The 1Н NMR spectrum contains signals
from the protons of two tert-butyl groups with different
linewidths and from the protons of the phenyl substit-
uents at the antimony atom, but the signals from the
protons in position 5 and the methyl groups are sig-
  Vol. 46  No. 11  2020
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nificantly broadened. The synthesized sample also
exhibits an impurity anisotropic EPR spectrum in the
solid state. It was assumed by an analysis of the
obtained results that the formation of molecular com-
RUSSIAN JOURNAL OF CO

Fig. 4. Isotropic EPR spectrum of complex IV in THF
(298 K). 
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plex III enhanced the acceptor properties of o-qui-
none, which allowed the further redox transforma-
tions to occur (Scheme 5). This reaction occurs more
efficiently in polar solvents.
Scheme 5.
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Complex IV was isolated from the mother liquor According to the calculation data, the highest occu-

after the separation of complex III. The isotropic EPR
spectrum of complex IV detected in a THF solution at
room temperature (Fig. 4) represents a triplet of mul-
tiplets with gi = 2.0039.

The EPR spectrum was simulated using the Easys-
pin 5.2.25 program package. The hyperfine structure
is caused by the hyperfine interaction of the unpaired
electron with the proton in position 5 of the aromatic
ring of the o-benzosemiquinone fragment with the
HFC constant ai(11H) = 3.23 G and with the protons
of two nonequivalent methyl groups (one CH3 group
in the o-semiquinone fragment, and the second CH3
group in the catecholate fragment) with the HFC con-
stants ai(31H) = 0.64 G and ai(31H) = 0.29 G, respec-
tively. The parameters of this spectrum are close to the
EPR parameters of similar complexes of the general
type M(SQ-Cat)SbPh3 described previously [24].

The electronic structure of complex III was addi-
tionally studied by quantum chemical calculations
using the density functional theory (DFT). The calcu-
lations were performed at the B3LYP/DGDZVP level.
pied molecular orbital (HOMO –5.8 eV) is mainly
localized on the iodide anions (Fig. 5), and the lowly-
lying HOMO-1 (–6.07 eV) is predominantly localized
on the catecholate ligand (Fig. 5).

The lowest unoccupied molecular orbital (LUMO
–4.32 eV) is predominantly localized on the quinone
fragment (Fig. 5). A comparison of the frontier orbitals
of complex III and initial antimony quinone-catecho-
late (HOMO –5.49 eV, LUMO –3.13 eV) has shown
that the coordination with zinc iodide insignificantly
decreases the HOMO but substantially increases the
oxidative ability of the complex strongly decreasing
the LUMO. The obtained data are well consistent with
the data of UV spectroscopy, according to which the
intense absorption band with a maximum at 910 nm
and a molar absorption coefficient of 1 × 104 L/mol
cm is observed in the near-IR range (Fig. 6).

The electronic transition energy at the absorption
band maximum corresponds to ~30 kcal/mol. The
dependences of the spectra on the concentration and
temperature were additionally studied. It is shown that
the Bouguer–Lambert–Beer law is fulfilled at room
temperature in a range of the applied concentrations in
dichloromethane with the consecutive dilution of the
solution by two and three times, indicating the absorp-
tion of a single molecular system. As the temperature
of the sample decreased from 20 to –30°С, the inten-
sity of the band with a maximum at 910 nm increased
by 30% (from 0.4 to 0.6 A) with the simultaneous shift
of the maximum to 930 nm, which is characteristic of
charge-transfer bands. It should be mentioned that
this absorption band intensity decreases insignifi-
cantly and significantly when the spectra are recorded
in dibromomethane and carbon tetrachloride, respec-
tively, while this band is absent in such solvents as
THF, acetonitrile, toluene, and chloroform at the
same concentrations.

The electrochemical behavior of complex III is
rather diverse (Fig. 7), and its transformations proceed
as shown in Scheme 6.
ORDINATION CHEMISTRY  Vol. 46  No. 11  2020
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Scheme 6

I2Zn(Q-Cat)SbPh3I2Zn(SQ-Cat)SbPh3
+e−

− e−

I2Zn(Cat-Cat)SbPh3

I2Zn(Q-SQ)SbPh3

2+2− I2Zn(Q-Q)SbPh3

(III)

−

+e−
− e− +

+e− − e− − e−

The electrochemical behavior of compound III is the Lewis acid to the o-quinoid group results in a sig-

characterized by the presence of two quasi-reversible
reduction peaks at +0.43 and –0.49 V (Table 1) corre-
sponding to the transformation of the SQ/Q and
SQ/Cat fragments of the ligand. The coordination of
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY

Fig. 5. Frontier orbitals in complex III calculated by the
DFT method. 

LUMO (–4.32 eV)

HOMO (–5.80 eV)

HOMO-1 (–6.07 eV) 
nificant shift of the first reduction potential to the
anodic range, which is due to the acceptor influence of
ZnI2. A similar behavior has previously been observed
for the 3,6-di-tert-butyl-o-benzoquinone derivatives
bearing coordinated ZnBr2 [44], and the potentials of
the redox transitions SQ/Q and SQ/Cat were fixed at
positive values. In this case, the presence of the donor
catecholate metallocycle partially compensates the
acceptor influence of ZnI2 and, hence, the first redox
potential is observed at 0.43 V. The anodic range con-
tains two weakly separated oxidation peaks (  =

0.85 and  = 0.96 V), which can be assigned to the
transformation of the catecholate fragment into the
corresponding o-quinone. It is most likely that no
decoordination of ZnI2 occurs, since the oxidation
potentials would be identical to those obtained earlier
form (Q-Cat)SbPh3 (1.10 and 1.40 V).

Thus, the following heterometallic complexes were
synthesized on the basis of triphenylantimony(V) qui-
none-catecholate: chromium(III) tris-o-semiquino-
late CrIII[(SQ-Cat)SbPh3]3, copper(II) bis-o-semi-
quinolate CuII[(SQ-Cat)SbPh3]2, zinc complexes
with the neutral coordinated o-quinone ligand

ox1
рЕ

ox2
рЕ
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Fig. 6. Electronic absorption spectra of solutions of com-
plex III in (1) СH2Cl2, (2) CHCl3, (3) СH2Br2, and
(4) СCl4; с = 1 × 10–4 mol/L, l = 1 cm. 
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Fig. 7. CV curve of complex III at the potential sweep from
–0.8 to 1.2 V (CH2Cl2, GC anode, с = 0.002–0.003 mol/L,
0.15 M NBu4ClO4, Ag/AgCl/KCl(sat.)). 
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I2Zn(Q-Cat)SbPh3, and iodozinc mono-o-semi-
quinolate IZn(SQ-Cat)SbPh3. The formation of the
monoreduced and monooxidized forms of the chro-
mium(III) complex was detected by EPR spectros-
copy: chromium(III) bis-o-semiquinolate catecholate
[CrIII[(Cat-Cat)SbPh3][(SQ-Cat)SbPh3]2]– and chro-
mium(III) o-quinone-bis-o-semiquinolate [CrIII[(Q-
Cat)SbPh3][(SQ-Cat)SbPh3]2]+, respectively. The
copper(II) complex CuII[(SQ-Cat)SbPh3]2 has the
doublet ground spin state with the unpaired electron
on the ligand caused by the antiferromagnetic metal–
ligand exchange (J(SQ-Cu) = –157 cm–1, J(SQ-SQ) =
–10.0 cm–1). The oxidation ability of triphenylanti-
mony(V) o-quinone-catecholate in the neutral com-
plex with zinc iodide increases considerably (the first
oxidation potential of Q/SQ increases from –0.45 V
for (Q-Cat)SbPh3) to 0.43 V (vs. Ag/AgCl/KCl(sat.)),
and this complex can oxidize the iodide anion in the
complex to elemental iodine with the formation of the
paramagnetic o-semiquinone complex IZn(SQ-
Cat)SbPh3.
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