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Cobalt(111) complexes with different 4,6-di-zert-butyl- N-(aryl)-o-iminobenzosemiquinone
ligands were synthesized. Four-, five-, or six-coordinate cobalt(111) derivatives can be prepared
using various starting metal compounds (CoCl,+6H,0, (acac),Co+2H,0) and varying sub-
stituents in the N-aryl moiety of the organic ligand. The structures of five synthesized compounds
were determined by X-ray diffraction. The electronic and spin states of the five-coordinate
cobalt(111) complexes were studied in detail by DFT quantum chemical calculations.
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Coordination and organometallic compounds contain-
ing redox-active ligands have attracted increasing attention
of researchers and represent a promising growth area of
modern chemistry.! This class of compounds has found
considerable interest due mainly to their unique chemical
and magnetic properties imparted by the introduction of
organic ligands capable of changing the oxidation state in
the coordination sphere of the metal center. A series of
recent studies showed that metal complexes with such
ligand systems hold promise in stoichiometric and catalytic
transformations of organic and inorganic substrates.2—10
o-Aminophenols (o-iminobenzoquinones) and their nu-
merous functionalized derivatives belong to the most
popular redox-active ligand systems.1l Among a plenty of
transition!! and main-group!2—15 metal compounds based
on this type of ligands, noteworthy are cobalt complexes
capable of catalyzing the Negishi cross-coupling reac-
tion.16 The first cobalt(i11) compound containing three
o-iminobenzosemiquinone radical-anion ligands was
synthesized in 1999 by the reaction of cobalt(i1) chloride
with 4,6-di-fert-butyl- N-phenyl-o-aminophenol in the
presence of atmospheric oxygen.!7 In subsequent years,
this procedure was successfully applied to the synthesis of
a number of four-coordinate cobalt derivatives containing
two o-iminobenzoquinone-type liagnds.13—20 However,
cobalt(i1) perchlorate is most commonly utilized as a source
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of cobalt ions in reactions with substituted o-aminophenols
used to synthesize homoleptic o-iminobenzoquinone
complexes.21—24 Tt should be noted that the reactions of
different cobalt(i1) salts with o-aminophenols functional-
ized by additional donor groups in the N-aryl moiety can
involve side processes, resulting in transformations of
redox-active ligands.25—28 Besides, recent studies dem-
onstrated that the reactions of some o-aminophenols with
cobalt(11) chloride can be accompanied by the forma-
tion of five-coordinate compounds of this metal contain-
ing a halide ion24 (pseudohalide ion2%) along with two
o-iminobenzoquinone-type ligands. The latter metal
complexes are of particular interest because they exhibit
catalytic properties in transformations of aryl isocyanates
into diaryl urea.24 Therefore, 0-iminobenzoquinone ligand
systems can impart additional redox and acid-base prop-
erties to the cobalt compounds, which is of great impor-
tance for the formation of new catalytic systems.30

In the present study, we tested new synthetic ap-
proaches to the preparation of cobalt(i11) complexes based
on three o-aminophenols containing substituents of dif-
ferent nature in the N-aryl moiety. Four-, five-, and six-
coordinate cobalt(11) bis-o-iminobenzosemiquinonates
were synthesized and characterized.

Results and Discussion

Synthesis of o-iminobenzoquinone complexes. According
to the literature data,17—29 the reaction of different cobalt

Published in Russian in Izvestiya Akademii Nauk. Seriya Khimicheskaya, No. 4, pp. 0757—0769, April, 2019.
1066-5285/19/6804-0757 © 2019 Springer Science+Business Media, Inc.



758 Russ. Chem. Bull., Int. Ed., Vol. 68, No. 4, April, 2019

Piskunov et al.

salts with o-aminophenols in the presence of atmospheric
oxygen and bases is the most commonly used synthetic
approach to the preparation of o-iminobenzoquinone
derivatives of this metal. Besides, it was recently shownZ2?
that this reaction with cobalt(i1) chloride performed in two
steps, including the reaction of the metal salt with an
organic ligand in the presence of triethylamine under
inert conditions followed by the treatment of the reaction
mixture with atmospheric oxygen, ensures higher yields
of the analytically pure target product. We tested this
modified procedure using the reactions of cobalt(11) chlor-
ide with 4,6-di-fert-butyl- N-(diphenyl)-o-aminophenol
(1), 4,6-di-tert-butyl- N-(2-methoxyphenyl)-o-amino-
phenol (2), and methyl 2-(3,5-di-zert-butyl-2-hydroxy-
phenylamino)benzoate (3) (Scheme 1). The reaction in
methanol (as applied to derivative 4) or acetonitrile (in the
case of compounds 5 and 6) followed by the treatment of
the reaction mixture with atmospheric oxygen is completed
overnight at room temperature and is accompanied by
the formation of intensely colored blue solutions, from
which five-coordinate complexes 4—6 of the composition

(ISQ),CoMICI (ISQ is the radical-anion of the correspond-
ing o-iminobenzoquinone) gradually crystallize.

The molecular formula analysis of the crystalline phase
isolated in the reaction showed that compounds 5 and 6
are analytically pure, whereas derivative 4, prepared by the
reaction of cobalt chloride with compound 1, contains an
impurity of four-coordinate complex 7. The presence of
compound 7 in the reaction products was established by
recording anisotropic ESR spectra?4 in the frozen dichlo-
romethane matrix. Since components of the reaction
mixture have a similar solubility in most organic solvents,
we failed to isolate the products of this reaction in the
individual state. This fact is in good agreement with the
results of the previous studies,24 and this procedure is
inapplicable to the targeted synthesis of complexes 4 and
7. Crystals of compounds 4—6 suitable for X-ray diffrac-
tion were obtained by slow crystallization directly from
the reaction mixtures. It should be noted that compound
4 was previously characterized by single-crystal X-ray dif-
fraction at 7= 293 K.24 We collected the X-ray diffraction
data set from single crystals of complex 4 at 7= 100 K.
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Measurements of the temperature dependences of mag-
netic susceptibility showed that complexes 5 and 6 possess
only residual paramagnetism at 300 K. The magnetic mo-
ment decreases to zero with decreasing temperature. For
compound 5, we succeeded in recording the well-resolved
solution NMR spectrum even at room temperature.

In order to exclude processes giving a mixture of five-
and four-coordinate cobalt o-iminobenzoquinone com-
plexes, we tested a new approach in the chemistry of this
class of compounds, including the employment of metal
acetylacetonate instead of its chloride. In this case, the
addition of NEt; to the reaction mixture is not required
for binding HCI. The reaction mixture of compound 1 and
(acac),Co+2H,0 was heated for a few hours on a water
bath, and then atmospheric oxygen was introduced into
the tube, resulting in intense blue coloration. Analytically
pure dark-blue crystalline complex 7 (see Scheme 1) was
isolated after overnight. The composition of 7 was con-
firmed by IR, ESR, and UV-Vis spectroscopy compared
to the parameters determined in the previous study?4 and
by elemental analysis. The molecular and crystal structure
of complex 7 was determined by X-ray diffraction.

The above-described synthetic approach is not univer-
sal. Thus, the crystalline phase isolated from the reaction
mixture after the similar reaction involving compound 2
is not an individual substance. The results of elemental
analysis of the reaction product are in satisfactory agree-
ment with the calculated contents of elements for com-
pound 8, whereas the X-ray diffraction study of the single
crystals obtained by slow crystallization from the reaction
mixture revealed the presence of six-coordinate complex 9
(see Scheme 1).

Molecular structure of 7. The cobalt atom in complex
7 exhibits a distorted square-planar coordination geometry
(t4 = 0.05).31 Like in the copper(11) derivative,32 the phenyl
moieties of biphenyl substituents of the ligands are cis-ori-

ented with respect to the N(1)O(1)N(2)O(2) plane (Fig. 1).
The dihedral angle between the planes of the ligands in
complex 7 (7.1(2)°) is somewhat smaller than that in the
copper(11) complex. In the crystal packing of complex 7,
there is a weak m—mn interaction between the biphenyl
moieties (Fig. 2). The shortest distance between the bi-
phenyl carbon atoms of adjacent molecules is 3.51(2) A.
The conjugation with the equidistant C—C bonds is
retained for the phenyl rings of the aniline moiety of the
ligands, while the quinoid distortion is observed for the
phenyl rings containing fert-butyl substituents (two short
and four long C—C distances), which is typical of the
radical-anion form of o-iminobenzoquinone-type ligands
(Table 1). The corresponding C—C bond lengths in these
phenyl groups are relatively averaged. However, note-
worthy is a considerable elongation of the C(5)—C(6)
(1.395(2) A) and C(31)—C(32) (1.391(2) A) bonds. Besides,
the short bond lengths (1.387(2) and 1.389(2) A) are
somewhat larger compared to the typical distribution
(~1.360—1.385 A) for the corresponding bonds in o-imino-
benzosemiquinones.33 The C—O (1.326(2)—1.331(2) A)
and C—N (1.370(2)—1.376(2) A) distances have interme-
diate values between those characteristic of the radical-
anion (C—O0, 1.30 A; C—N, 1.35 A)33 and deprotonated
o-amidophenolate (C—O0, 1.35 A; C—N, 1.38 A)33 forms
of o-iminobenzoquinone ligand systems. The calculated
metrical oxidation states (MOS)33 are —1.49£0.03 and
—1.45+0.05, which are also intermediate between those
expected for o-iminobenzosemiquinone and o-amido-
phenolate (with a closed shell) forms (—1 and —2, respec-
tively). The above facts hinder a definite determination of
the oxidation state of the ligands. Hence, the question
arises as to the oxidation state of the metal center.
Examples of planar four-coordinate cobalt derivatives
containing the metal ion in the oxidation state +3 and
differently charged ligands (one ligand in the radical-

Fig. 1. Molecular structure of complex 7 with displacement ellipsoids drawn at the 50% probability level. Hydrogen atoms are not shown.
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Fig. 2. Fragment of the crystal structure of complex 7 with displacement ellipsoids drawn at the 50% probability level. Hydrogen atoms
and tert-butyl groups are not shown.

anion form and another ligand in the deprotonated
o-amidophenolate oxidation state) were described in the
literature.19:21.24 The C—O distances and short C—C bond
lengths in these metal complexes are also larger than the
expected values33 for o-iminobenzosemiquinone ligands
and are in good agreement with those found in complex 7.
The trivalent state of the metal center is evidenced by
the cobalt—heteroatom bond lengths (Co—O, 1.819(2),

1.826(2) A; Co—N, 1.832(2), 1.845(2) A), which are
comparable with the Co—O and Co—N distances in the
planar Co!ll complexes described previously.19:21.24

The ESR spectroscopic data?4 for metal complex 7
indicate that the unpaired electron is localized on the metal
center and are in good agreement with the results of rel-
evant studies performed in the present work at 7= 150 K.
The doublet ground spin state (S = 1/2) of compound 7

Table 1. Selected bond lengths (d) for complexes 4 and 7

Bond d/A Bond d/A Bond d/A
Complex 4 Complex 4* Complex 7

Co(1)—ClI(1) 2.2687(7) Co(1)—ClI(1) 2.2661(9) Co(1)—0(1) 1.826(2)
Co(1)—0(1) 1.853(2) Co(1)—0(1) 1.855(2) Co(1)—N(1) 1.832(2)
Co(1)—N(1) 1.875(2) Co(1)—N(1) 1.873(2) Co(1)—0(2) 1.819(2)
Co(1)—0(2) 1.870(2) Co(1)—0(2) 1.869(2) Co(1)—N(2) 1.845(2)
Co(1)—N(2) 1.861(2) Co(1)—N(2) 1.865(2) O(1)—C(2) 1.331(2)
Oo(1)—C(1) 1.296(3) O(1)—C(2) 1.300(3) N(I)—C(1) 1.370(2)
N(1)—C(2) 1.346(3) N(1)—C(1) 1.341(3) 0(2)—C(27) 1.326(2)
0(2)—C(27) 1.297(3) 0(2)—C(28) 1.291(3) N(2)—C(28) 1.376(2)
N(2)—C(28) 1.340(3) N(Q2)—C(27) 1.337(3) C(1)—C(2) 1.423(2)
C(1)—C((2) 1.435(3) C(H—C(2) 1.434(4) C(1)—C@3) 1.409(2)
C(2)—C(3) 1.413(3) C(1)—C(6) 1.417(4) C(3)—C#4) 1.389(2)
C(3)—C4) 1.373(3) C(5)—C(6) 1.368(4) C(4)—C(5) 1.412(2)
C(4)—C(5) 1.434(3) C4)—C(5) 1.430(4) C(5)—C(6) 1.395(2)
C(5)—C(6) 1.372(3) C(3)—C(4) 1.370(4) C(2)—C(6) 1.411(2)
C(1)—C(6) 1.431(3) C(2)—C(3) 1.425(4) C(27)—C(28) 1.417(2)
C(27)—C(28) 1.435(3) C(27)—C(28) 1.443(4) C(28)—C(29) 1.409(2)
C(28)—C(29) 1.420(3) C(27)—C(32) 1.416(4) C(29)—C(30) 1.387(2)
C(29)—C(30) 1.363(3) C(31)—C(32) 1.358(4) C(30)—C(31) 1.414(2)
C(30)—C(31) 1.433(3) C(30)—C(31) 1.446(4) C(31)—C(32) 1.391(2)
C(31)—C(32) 1.371(3) C(29)—C(30) 1.368(4) C(27)—C(32) 1.414(2)
C(27)—C(32) 1.440(3) C(28)—C(29) 1.433(4)

* Literature data24 (X-ray diffraction study was performed at 7= 293 K).
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Fig. 3. Experimental (dots) and theoretical (curve) temperature
dependences p.q(7) for a polycrystalline sample of complex 7
(J < =300 cm™1).

is confirmed by the results of magnetochemical studies
(Fig. 3). The effective magnetic moment (u.g) at 300 K is
2.18 up, and it slightly changes with decreasing tempera-
ture. The pqq value in the temperature range of 2—300 K
is higher than the theoretical spin-only value (1.73 ug)
expected for a system containing one unpaired electron
with the g-factor equal to 2 and is well consistent with the
value of 2.141 pg taking into account that the g-tensor
values (1.980; 2.020; 3.215)24 are larger than the spin-only
value (g,, = 2.405). The observed character of the depen-
dence p.q(7) attests to the presence of strong antiferro-
magnetic exchange interactions between the spins of the
Co®* ion (Sco = 1) and the o-iminobenzosemiquinone
radical (Sg = 1/2) and the absence of significant inter-
molecular exchange interactions. An analysis of the ex-
perimental dependence p.q(7) for complex 7 in terms
of the exchange-coupled dimer model (Hamiltonian
H=—-2J+S5c,*Sr) provides an estimate of the metal—li-
gand magnetic exchange energy at J < —300 cm~ L.
Therefore, based on the analysis of the structural para-
meters of compound 7 and the results of magnetochemi-
cal studies and ESR spectroscopy,24 it can be concluded
that compound 7 contains a cobalt(ii1) ion and two

o-iminobenzoquinone ligands in different redox states
(radical-anion and dianion). The charge transfer between
differently charged redox-active ligands appears as a broad
absorption band in the near-IR region at 1150—2100 nm
with a maximum at A = ~1686 nm.

Molecular structures of complexes 4—6. The coordina-
tion environment of the cobalt atom in five-coordinate
complexes 4—6 is a distorted (t5(4) = 0.02, t5(5) = 0.13,
and 15(6) = 0.04)34 tetragonal pyramid (Figs 4 and 5). The
base of the pyramid is formed by O and N atoms of
o-iminobenzosemiquinone ligands, and the apical position
is occupied by the Cl atom. The dihedral angles between
the planes of o-iminobenzosemiquinone ligands in struc-
tures 4—6 are in the range of 9.1(2)—13.8(2)°. The devia-
tion of the Co atom from the plane formed by the N and
O atoms of the metallocycles is smaller than 0.29(2) A
(Table 2). The functional groups (Ph, OMe, C(O)OMe)
in the ortho positions of N-aryl moieties of the ligands are
on the same side of the base of the pyramid.

As in the four-coordinate Colll derivative (7), there
are weak n—rm interactions between the biphenyl moieties
(C...C, 3.57(2)—3.66(2) A) in complex 4. A comparative
analysis of the geometric characteristics of compound 5
and the four-coordinate Cu!! and Ni!! complexes con-
taining a similar ligand system35 suggests a continuing
tendency toward the existence of weak coordination to the
metal center of only one of the two OMe groups. This
is supported by the fact that the Co(1)—O(2) distance
(3.50(2) A) is consistent with the sum of the van der
Waals radii of the corresponding elements (3.5 A),36
whereas the Co(1)—O(4) distance (4.09(2) A) is substan-
tially larger than this value. In metal complex 6, weak
interactions between the Co3" ion and carbomethoxy
groups are absent, the spatial arrangement of these groups
being different. Thus, one C(O)OMe group forms a shorter
contact with the metal center via the methoxy oxygen atom

Fig. 4. Molecular structure of complex 4 with displacement ellipsoids drawn at the 50% probability level. Hydrogen atoms are not shown.
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Fig. 5. Molecular structures of complexes 5 (a) and 6 (b) with displacement ellipsoids drawn at the 50% probability level. Hydrogen

atoms are not shown.

(Co(1)...0(4), 3.52(2) A), whereas the carbonyl oxygen
atom of another group is involved in the shorter contact
with the metal (Co(1)...0(5), 3.60(2) A). For comparison,
the four-coordinate Cull and Ni!! derivatives are charac-
terized by the coordination of both potentially chemilabile
C(0O)OMe groups to the metal ion through the oxygen
atoms of C=0 groups.33

The geometric characteristics of complexes 4—6 de-
termined by X-ray diffraction are summarized in Tables 1—4.
In all these five-coordinate compounds, organic ligands
are in the radical-anion redox form, and the metal center
is in the trivalent state (Co!ll, d®). This is confirmed by
the fact that the calculated oxidation states of the ligands
in compounds 4—6 are very similar and have the follow-
ing values: MOS(4) = —0.96%0.05 and —0.92+0.07;
MOS(5) = —0.95£0.06 and —0.83£0.07; MOS(6) =
=—-0.90£0.04 and -0.90%0.05. The quinoid distortion of
the fert-butyl-substituted phenyl rings typical of o-imino-

Table 2. Selected bond angles (w) for complexes 4 and 7

Angle o/deg

4 4* 7
O(1)—Co(1)—N(2) 93.53(7) 93.64(9) 95.43(5)
O(1)—Co(1)—0(2) 168.67(7) 168.71(9) 175.28(5)
N(2)—Co(1)—0(2) 84.00(7) 83.70(9) 85.87(5)
O(1)—Co(1)—N(1) 83.97(7) 83.94(9) 86.18(5)
N(2)—Co(1)—N(1) 167.48(8) 167.3(2) 178.14(5)
0(2)—Co(1)—N(1) 96.05(7) 96.25(9) 92.46(5)
O(1)—Co(1)—CI(1) 92.22(5) 93.43(7) —
N(2)—Co(1)—CI(1) 97.41(6) 97.23(7) —
0(2)—Co(1)—CI(1) 99.06(5) 97.78(7) —
N(1)—Co(1)—CI(1) 94.94(6) 95.32(7) —

* Literature data?4 (X-ray diffraction study was performed at
T =293 K).

benzosemiquinones is characterized by the following
lengths of short C—C bonds: 1.363(3)—1.373(3) A for 4,
1.359(6)—1.373(6) A for 5, and 1.364(4)—1.375(4) A for
6. In turn, the long C—C distances are in the ranges of
1.420(3)—1.440(3) A (4), 1.422(6)—1.437(6) A (5), and
1.419(4)—1.439(4) A (6). Another well-known distinguish-
ing feature of the radical-anion oxidation state of the
o-iminobenzoquinone-type ligand systems is carbon—
heteroatom distances (C—O and C—N) of chelate rings
intermediate between those for single and double bonds.
This feature is observed also in compounds 4—6 (for 4,
C—0, 1.296(3), 1.297(3) A; C—N, 1.340(3), 1.346(3) A; for
5,C—0, 1.287(5), 1.296(5) A; C—N, 1.342(5), 1.346(5) A;
for 6, C—0, 1.291(3), 1.296(3) A; C—N, 1.342(3),
1.346(4) A). As mentioned above, the central cobalt ion
in compounds 4—6 is in the trivalent state, which is evi-
denced by the metal—heteroatom bond lengths (for 4,
Co—O0, 1.853(2), 1.870(2) A; Co—N, 1.861(2), 1.875(2)
A; for 5, Co—O0, 1.874(3), 1.878(3) A; Co—N, 1.858(3),
1.859(4) A; for 6, Co—O0, 1.860(2), 1.862(2) A; Co—N,
1.862(2), 1.869(2) A). These distances are comparable with
the corresponding bond lengths in related five-coordinate
Co! complexes having a tetragonal-pyramidal coordina-
tion and containing different anionic ligands as substitu-
ents.16.19,24,37—39

Molecular structure of complex 9. Complex 9 crystal-
lizes in space group C2/c. There is one molecule of the
complex per asymmetric unit (Fig. 6), which occupies
a special position on a twofold axis. The coordination
environment of the Co3" cation is a distorted octahedron.
The equatorial plane is formed by O atoms of the acetyl-
acetonate ligand and N atoms, and the apical positions
are occupied by O atoms of the o-iminobenzosemiquinone
ligands. The N—Co—O and N—Co—N bond angles are
close to 90°. The geometric characteristics of the redox-
active ligands are given in Tables 3 and 4 and unambigu-
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Table 3. Selected bond lengths (d) for complexes 5, 6, and 9

Bond d/A Bond d/A Bond d/A
Complex 6 C(25)—C(206) 1.364(4) C(5)—C(6) 1.370(6)
Co(1)—CI(1) 2.2960(8) C(26)—C(27) 1.435(4) C(1)—C(6) 1.434(6)
Co(1)—0(2) 1.860(2) C(27)—C(28) 1.372(4) C(22)—C(23) 1.436(6)
Co(1)—0(1) 1.862(2) C(23)—C(28) 1.435(4) C(23)—C(24) 1.422(6)
Co(1)—N(2) 1.869(2) Complex 5 C(24)—C(25) 1.359(6)
Co(1)—N(1) 1.862(2) Co(1)—CI(1) 2.262(2) C(25)—C(26) 1.437(6)
O(1)—C(1) 1.296(3) Co(1)—0(3) 1.878(3) C(26)—C(27) 1.365(6)
N(1)—C(2) 1.342(3) Co(1)—0(1) 1.874(3) C(22)—C(27) 1.441(6)
0(2)—C(23) 1.291(3) Co(1)—N(2) 1.859(4) Complex 9
N@2)—C(24) 1.346(4) Co(1)—N(1) 1.858(3) Co(1)—0(1) 1.874(2)
C(1)—C(() 1.439(4) Oo(1)—C(1) 1.296(5) Co(1)—N(1) 1.928(2)
C(2)—C(3) 1.417(4) N(1)—C(2) 1.346(5) 0(1)—C(2) 1.310(2)
C(3)—C4) 1.364(4) 0(3)—C(22) 1.287(5) N(1)—C(1) 1.390(2)
C4)—C(5) 1.435(4) N(2)—C(23) 1.342(5) C(1)—C(2) 1.408(3)
C(5)—C(6) 1.375(4) C(1)—C(2) 1.432(6) C(1)—C(6) 1.401(2)
C(1)—C(6) 1.429(4) C(2)—C(3) 1.432(6) C(5)—C(6) 1.380(3)
C(23)—C(24) 1.439(4) C(3)—C#) 1.373(6) C(4)—C(5) 1.399(3)
C(24)—C(25) 1.419(4) C(4)—C(5) 1.431(6) C(3)—C#) 1.375(3)
C(2)—C(3) 1.414(2)
Table 4. Selected bond angles (®) for complexes 5, 6, and 9
Angle w/deg Angle o/deg Angle w/deg
6 5
N(@2)—Co(1)—N(1) 166.1(2) 158.4(2) Complex 6 Complex 5
N(2)—Co(1)—0(1) 95.62(9) 92.9(2) N(2)—Co(1)—0(2) 83.86(9) O(1)—Co(1)—0(3) 166.1(2)
N(1)—Co(1)—0(1) 83.5909) 83.7(2) N(1)—Co(1)—0(2) 94.13(9) 0(3)—Co(1)—CI(1) 98.0(2)
N(@2)—Co(1)—CI(1)  97.61(7) 101.0(2) O(1)—Co(1)—0(2)  168.40(8) Complex 9
N(1)—Co(1)—CI(1)  96.27(7)  100.6(2) 0(2)—Co(1)—CI(1)  97.83(6) N(1A)—Co(1)—N(1) 90.7(2)
O(1)—Co(1)—CI(1)  93.72(6) 95.9(2) Complex 5 N(1A)—Co(1)—0O(1) 94.18(6)
N(1)—Co(1)—0(1) 83.7(2) N(1)—Co(1)—0(1) 85.18(6)
N(1)—Co(1)—0(3) 94.5(2) O(1)—Co(1)—0(1A) 179.08(8)

ously characterize their oxidation state as the radical-
anion one (the detailed analysis was performed for com-
plexes 4—7). The bond lengths and bond angles in the
acetylacetonate ligand are similar to those in cobalt(iir)
acetylacetonates.40

Study of the electronic and spin states of complex 5 by
the DFT method. It was suggested?? that five-coordinate
cobalt complexes can exhibit redox isomerism (Scheme 2).

Hence, a decrease in the temperature would be expected
to cause the formation of a cobalt(i1) compound containing
redox-active ligands in the neutral and radical-anion states.

This is a fairly unexpected statement because both the
spectroscopic and X-ray diffraction data for compounds
with the general formula (ISQ),CoX obtained previ-
ously16:19.24.37=39 srgyided no basis for this conclusion.
To determine the electronic structure of this type of com-

Scheme 2
But But But But
0 X o) o) o
<' \Clo”/ A A ( \Com >
But N TN But But N TN But
SPh PhS

[:i:T/SPh Phs\I:f:j
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Fig. 6. Molecular structure of complex 9 with displacement ellipsoids drawn at the 50% probability level. Hydrogen atoms are not shown.

pounds, we studied isomers of compound 5 by the DFT
method at the UB3LYP*/6-311++G(d,p) level of theory.
All calculations were carried our using model structures,
in which the tert-butyl groups were replaced by hydrogen
atoms. The geometry optimization of the complex on the
singlet PES using the unrestricted DFT method resulted
in the location of two structures. In one of them, the spin
density on the cobalt ion is absent, while the o-imino-
benzoquinone ligands each have a single unpaired electron
with an antiparallel spin alignment (Fig. 7, structure 5a).
Consequently, structure 5a represents the broken-symme-
try (BS) state of the electromer4! ISQ-; sCo!!I-ISQ. The
value of the operator S2, which is underestimated compared
to the expected value (Table 5), is due to strong antifer-
romagnetic exchange interactions.4? One unpaired electron
is present on each organic ligand of the second electromer
(5b). These electrons are antiferromagnetically coupled to
unpaired electrons of the trivalent cobalt ion in an inter-
mediate spin state (ISQ-;gCo"'-1SQ). Structure 5¢ having
three unpaired electrons on the metal ion corresponds to

Table 5. Total energy (o), Spin-squared operator S2, exchange
interaction parameter (J), and relative energy (AFE) of isomers of
model complex 5 calculated by the DFT method at the
UB3LYP*/6-311++G(d,p) level of theory

Struc- —Erotal $?  JisqusQ/co-1sQ  AE
ture* /au Jem™! /kcal mol~!
ao-5a 3256.65233  2.261 — —
Ba-5a 3256.66784  0.520 —1955 0.4
aao—5b  3256.64372  6.035 — —
Baa—5b  3256.66136 2.615 —1453/-1036 —
afa—5b  3256.66853  0.777 — 0.0
aa-5¢ 3256.65614  6.174 — —
Ba-5¢ 3256.66578  3.043 —676 1.7

* o is spin up, B is spin down.

another thermally accessible isomer. Taking into account
the delocalization of one unpaired electron over the ligand
system (see Fig. 7), the ISQ-ygCo!!-1Q state can be as-
signed to this structure. This state includes the high-spin
divalent metal ion and redox-active ligands in the neutral
and radical-anion oxidation states.

An insignificant energy difference between structures
5b and 5c (1.7 kcal mol~—1) attests to the possible valence
tautomerism in complex 5; however, the transition of the
isomer ISQ-15Co'!-1Q to the BS state involving two un-
paired electrons would not be expected taking into account
the diamagnetism of this compound.

Experimental

o-Aminophenols 1,322,943 and 3 (see Ref. 35) were synthesized
by known procedures. The commercial reagents CoCl,*6H,0
(Aldrich), (acac),Co-2H,0 (Aldrich), triethylamine (Aldrich),
and I, (special purity grade 20-3, TU 6-09-2545-77) were used
as received. The solvents used in experiments were purified and
dehydrated according to standard procedures.44

The IR spectra were recorded on a FSM-1201 Fourier-
transform infrared spectrometer (4000—450 cm™! region) as
Nujol mulls in KBr cells. Elemental analysis (C, H) was carried
out on a Euro EA 3000 elemental analyzer. The ESR spectra were
recorded on a Bruker EMX spectrometer operating at ~9.7 GHz.
The g-factors were determined using diphenylpicrylhydrazyl
(g =2.0037) as the standard. The NMR spectra were measured
on a Bruker DPX-200 spectrometer (200 MHz) with tetrameth-
ylsilane as the internal standard. Magnetic susceptibility measure-
ments for a polycrystalline sample of 7 were performed on
a Quantum Design MPMSXL SQUID magnetometer (mag-
netic field 0.5 T) in the temperature range of 2—300 K.

Computational methods. Calculations were carried out using
the Gaussian 09 package45 by the density functional theory (DFT)
method at the B3LYP*/6-311++G(d,p) level of theory,46 which
correctly reproduces the energy and magnetic characteristics of
cobalt complexes with redox-active liagands.47-48 Stationary
points were located on the potential energy surface (PES) by the
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1.373
1.423

1.427

5a, 1SQ- sCo!ll-1SQ

f”}lAw . /9

5b, 1SQ-;Co!!I-1SQ

S¥e

5C, ISQ-Hscoll-IQ

Fig. 7. Geometry of isomers 5a (a), 5b (b), and 5¢ (c¢) of the model complex calculated by the DFT method at the UB3LYP*/

6-311++G(d,p) level of theory.

full geometry optimization of molecular structures, with check-
ing the stability of DFT wave functions. Exchange interactions
between unpaired electrons of paramagnetic centers were evalu-
ated by the broken symmetry (BS) approach.4® Exchange inter-
action parameters (J/cm~!) were calculated using the Yamaguchi
formula.5® The molecular structures shown in Fig. 7 were visual-
ized using the ChemCraft program.5!

X-ray diffraction studies of compounds 4—7 and 9 were per-
formed on Aglilent Xcalibur E (for 4), Bruker Smart Apex (for 5
and 6), and Bruker D8 Quest (for 7 and 9) diffractometers
(m-scanning technique, Mo-Ka radiation, A = 0.71073 A,
T = 100 K). The intensity data were measured and integrated,
absorption corrections were applied, and the structures were
refined using the CrysAlis Pro,32 Smart,33 APEX2,54 SADABS,55
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and SHELX program packages.3® The structures were solved by
direct methods and refined by the full-matrix least squares based
on F2,,, with anisotropic displacement parameters for non-
hydrogen atoms. Hydrogen atoms of complexes 4—7 and 9 were
positioned geometrically and refined isotropically with fixed
thermal parameters U(H)is, = 1.2U(C)eq (U(H)i5o = 1.5U(C)¢q
for methyl groups). The crystallographic data and the X-ray dif-
fraction data collection and refinement statistics are given in
Tables 6 and 7. The structures were deposited with the Cambridge
Crystallographic Data Centre (CCDC 1486943 (4), 1589006 (5),
1589008 (6), 1589007 (7), 1589009 (9)) and are available at ccdc.
cam.ac.uk/structures.

Chlorobis[4,6-di-zert-butyl- N-(diphenyl)-o-iminobenzosemi-
quinonato]cobalt(iir) (4). A solution of CoCl,+6H,0 (0.06 g,
0.27 mmol) in methanol (10 mL) was added to a solution of
4,6-di-tert-butyl- N-(diphenyl)-o-aminophenol (1) (0.2 g,
0.54 mmol) in the same solvent (15 mL) placed in an evacuat-
ed tube. The reaction mixture was stirred for 10—15 min in the
presence of NEt; (0.15 mL) without contact with oxygen, result-
ing in the formation of a pale flocculent precipitate in the bright
blue solution. The forcing of atmospheric oxygen into the tube
for 10—15 min led to a change in the color of the reaction mix-
ture to intense dark-blue. The slow evaporation of the sol-
vent enabled the formation of a polycrystalline phase com-
posed of two types of crystals (dark-blue needle-like and violet
hexagonal). The latter crystals proved to be suitable for X-ray
diffraction and had the composition corresponding to com-
pound 4. Fractional crystallization did not produce analyti-
cally pure compound 4 without an impurity of complex 7.
This impurity was evident from the presence of a characteristic

signal in the ESR spectrum identical to that described in the
literature.24

Chlorobis[4,6-di-zerz-butyl- N-(2-methoxyphenyl)-o-imino-
benzosemiquinonato]cobalt(ii1) (5). A solution of 4,6-di-zert-
butyl- N-(2-methoxyphenyl)-o-aminophenol (2) (0.2 g, 0.61 mmol)
was added to a solution of CoCl,*6H,0 (0.07 g, 0.31 mmol) in
acetonitrile (15 mL) in an evacuated tube. Then NEt; (0.15 mL)
was added to the reaction mixture with vigorous stirring without
contact with oxygen for 5 min, resulting in the formation of
a pale-blue flocculent precipitate in the blue-green solution. The
passing of atmospheric oxygen into the tube followed by stirring
of the reaction mixture was accompanied by dissolution of the
resulting precipitate and a change in the color of the solution to
dark-blue. The slow evaporation of the solvent enabled the for-
mation of dark-blue single crystals suitable for X-ray diffraction.
The product yield was 0.14 g (61%). Found (%): C, 67.57; H, 7.27.
C4yHs4CICoN,0,. Calculated (%): C, 67.69; H, 7.30. 'H NMR
(200 MHz, CDCl;, 20 °C), 6: 1.08 (s, 18 H, Bu'); 1.16 (s, 18 H,
BuY); 3.62 (s, 6 H, CH3); 6.84 (m, 1 H, C=CH); 6.88 (m, 1 H,
C=CH); 7.09 (m, 2 H, C=CH); 7.45 (m, 2 H, C=CH);
7.55 (m, 2 H, C=CH); 8.54 (m, 4 H, C=CH). IR, v/cm™
466 w, 482 w, 507 m, 530 m, 553 w, 568 w, 610 m, 619 w, 627 w,
647 m, 665 m, 747 s, 789 m, 833 w, 8555, 890 m, 913 m, 936 m,
999 s, 1021 s, 1033 m, 1047 s, 1100 m, 1113 s, 1142 w, 1161 m,
1174 s, 1206 s, 1247 s, 1258 s, 1283 w, 1310 s, 1337 m, 1363 s,
1395 m, 1411 w, 1435 m, 1478 w, 1492 s, 1523 m, 1591 m, 1775 w,
3061 w, 3074 w.

Chlorobis[4,6-di-zert-butyl- N-(2-methylcarboxylatophenyl)-
o-iminobenzosemiquinonato]cobalt (i) (6). Triethylamine (0.15 mL)
was added to a solution of methyl 2-(3,5-di-fert-butyl-2-hydroxy-

Table 6. Crystallographic data and the X-ray data collection and structure refinement statistics for compounds 4—6

Compound 4+-CH;CN 5 6+2.5CH;CN
Molecular formula C54H61C1C0N302 C42H54C1CON204 C49H61_50C1CON4‘5006
Molecular weigh 878.43 745.25 903.90
Crystal system Triclinic Tetragonal Triclinic
Space group Pl P4, Pl
a/A 12.5150(3) 15.0634(9) 12.2404(8)
b/A 14.0269(4) 15.0634(9) 14.6340(9)
c/A 14.8994(4) 17.1132(10) 14.9869(9)
o/deg 79.329(2) 90 87.0590(10)
B/deg 78.962(2) 90 80.0320(10)
y/deg 69.409(3) 90 65.3630(10)
V/A3 2383.31(12) 3883.1(5) 2402.7(3)
A 2 4 2
Crystal size/mm 0.62120.33%20.10 0.08%20.08%20.08 0.45%20.23%20.11
dgyo/mg m—3 1.224 1.275 1.249
p/mm=! 0.459 0.554 0.464
Number of reflections

measured 48445 41317 12585

unique 14529 10018 8233

(Ript) 0.0994 0.0724 0.0192
Number of refined parameters 623 465 572
R /wRy (I > 25(1)) 0.0718/0.1062 0.0520/0.1017 0.0486,/0.1182
R,/wWR, (based on all data) 0.1261/0.1220 0.0809/0.1134 0.0677/0.1300
S(F?) 1.029 1.012 1.021
Residual electron density 0.83/—-0.69 0.54/-0.22 0.77/-0.39

(Pmax> Pmin)/€ A3




Cobalt(111) o-iminobenzosemiquinone complexes Russ. Chem. Bull., Int. Ed., Vol. 68, No. 4, April, 2019

767

Table 7. Crystallographic data and the X-ray data collection and structure refinement

statistics for compounds 7 and 9

Compound 7 9
Molecular formula C52H58CON202 C47H61C0N206
Molecular weight 801.93 808.90
Crystal system Triclinic Monoclinic
Space group Pl C2/c
a/A 12.1911(9) 30.373(4)
b/A 13.7898(11) 9.6687(12)
c/A 15.1838(12) 18.273(2)
o/deg 106.064(2) 90
B/deg 99.261(2) 125.980(2)
y/deg 112.0500(10) 90
V/A3 2170.7(3) 4342.309)
VA 2 4
Crystal size/mm 0.23%20.11%20.08 0.43%20.15%20.08
dgpe/ Mg M3 1.227 1.237
w/mm-™! 0.438 0.444
Number of reflections

measured 30787 23247

unique 12897 5499

(Rinp) 0.0328 0.0371
Number of refined parameters 526 275

Ry/wRy (I > 26(D))

R|/wR, (based on all data)

S(F?)

Residual electron density
(pmax/ pmin)/e A73

0.0445/0.1133
0.0578/0.1202
1.036
0.76/—0.28

0.0451/0.1161
0.0608/0.1263
1.036
0.61/—-0.29

phenylamino)benzoate (3) (0.2 g, 0.56 mmol) and CoCl,*6H,0
(0.07 g, 0.28 mmol) in acetonitrile (15 and 10 mL, respectively)
in an evacuated tube, which was accompanied by a change in the
color of the reaction mixture to dark-blue and the formation of
a white flocculent precipitate. The latter was dissolved by vigor-
ous stirring (5—10 min) of the resulting solution after passing of
atmospheric oxygen into the tube. Dark crystals of complex
6-2.5CH;CN suitable for X-ray diffraction were grown from the
resulting dark-blue mixture upon cooling. The product yield was
017g (67%) Found (%) C, 6528, H, 6.96. C49H61'50C1CON4_5006.
Calculated (%): C, 65.10; H, 6.87. IR, v/cm™1: 465 w, 502 w,
512 m, 541 m, 553 w, 613 w, 622 w, 650 m, 659 w, 669 w, 702 m,
747 s, 770 m, 784 m, 794 m, 815 w, 835 w, 858 m, 875 w, 891 w,
902 m, 915 m, 933 w, 966 m, 999 s, 10325, 1042 m, 1086 s, 1103 s,
1134 m, 1163 w, 1182 s, 1205 m, 1233 w, 1259 s, 1294 s, 1310 s,
1339 w, 1365 s, 1396 m, 1412 w, 1434 m, 1480 s, 1524 m, 1573 w,
1596 m, 1723 s, 1732 s, 1776 w, 3070 w.

[4,6-Di-zert-butyl- N-(diphenyl)-o-iminobenzosemiquinonato-
4,6-di-rert-butyl- N-(diphenyl)-o-amidophenoxido]cobalt (1) (7).
A'solution of (acac),Co*2H,0 (0.08 g, 0.27 mmol) in methanol
(10 mL) was added to a solution of 4,6-di-fert-butyl-N-
(diphenyl)-o-aminophenol (1) (0.2 g, 0.54 mmol) in the same
solvent (15 mL) in an evacuated tube. The resulting reac-
tion mixture immediately turned dark-blue after the mix-
ing of the starting reagents. After stirring for 10 min without
heating under aerobic conditions, the resulting solution turned
intense dark-blue followed by the gradual formation of a dark
blue-violet needle-like finely crystalline product. The precipitate

was filtered on a Schott glass filter no. 4 and washed with meth-
anol (10—15 mL). Dark-blue single crystals of the composition
of compound 7 were obtained by the recrystallization of the
polycrystalline product from toluene under reduced pressure
during the slow cooling of the hot solution (= 60—70 °C). The
product yield (from methanol) was 0.13 g (60%). The spectro-
scopic characteristics of complex 4 isolated from the reac-
tion mixture are completely identical to those described in the
literature.24

[4,6-Di-zert-butyl- N-(2-methoxyphenyl)-o-iminobenzosemi-
quinonato-4,6-di-zerz-butyl- N-(2-methoxyphenyl)-o-amidophen-
oxido]cobalt(111) (8) and acetylacetonato-bis[4,6-di-zerz-butyl- V-
(2-methoxyphenyl)-o-iminobenzosemiquinonato]cobalt(ii) (9).
A solution of (acac),Co*2H,0 (0.09 g, 0.31 mmol) in methanol
(10 mL) was added to a solution of 4,6-di-fert-butyl-N-(2-
methoxyphenyl)-o-aminophenol (2) (0.2 g, 0.61 mmol) in the
same solvent (15 mL) in an evacuated tube. After the mixing of
the resulting solutions, the reaction mixture turned pale-brown,
and the color of the solution immediately changed to intense
dark-blue on stirring in the presence of atmospheric oxygen. After
15—20 min, the dark crystalline precipitate began to form. Several
single crystals of the composition Cy4;Hg CoN,O¢ (Which cor-
responds to minor compound 9) proved to be suitable for X-ray
diffraction. The anisotropic ESR spectrum of the glassy solution
of the crystalline phase in dichloromethane shows a signal, which
is similar to that described for compound 724 and corresponds
to compound 8. Fractional crystallization did not produce ana-
lytically pure compounds 8 and 9.
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