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Abstract—The reaction of cobalt pivalate [Co(Piv)2]n and in situ generated N-heterocyclic carbene IPrPh
(1,3-bis(2,6-diisopropylphenyl)-2-phenylimidazol-4-ylidene) affords heteroligand complexes [Co2(Piv)4-
(IPrPh)2] (I), [Co2(Piv)2.8(OtBu)1.2(IPrPh)2] (II), and [Co3(μ3-O)(Piv)4(IPrPh)2] (III). The structures of
complexes II·C6H14 and III are determined by X-ray diffraction (XRD) (CIF files CCDC nos. 2216724 and
2216725, respectively). Exchange spin-spin interactions between the magnetic Со2+ ions in the synthesized
compounds are estimated by quantum chemical calculations.
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INTRODUCTION

The organic ligands belonging to the class of N-het-
erocyclic carbenes (NHC) have recently become a
powerful tool that makes it possible to synthesize
organometallic compounds of the very diverse struc-
tural types primarily possessing nontrivial catalytic
properties [1, 2]. Just this feature of the carbene com-
plexes predetermines a relevance of the development
of new convenient methods for the synthesis of these
compounds. It should be mentioned that the com-
plexes of cobalt (in different oxidation states) with
NHC are studied to a considerably less extent com-
pared to the carbene derivatives of noble metals. How-
ever, among the known representatives of compounds
of this type, the magnetically active cobalt complexes
are characterized by very nontrivial geometries and
electronic structures [3–8]. This leads to a high reac-
tivity of the cobalt complexes with respect to small
molecules [9, 10] and the appearance of a series of var-
ious useful functional properties [11–18]. In addition,
the adducts of cobalt(II) imides with N-heterocyclic
carbenes have the properties of single molecule mag-
nets (SMM) and demonstrate one of the presently
known highest reversal magnetization barriers among
the 3d-metal complexes [19].

A specific feature of N-heterocyclic carbenes of the
imidazoline series is a possibility of coordination to
the complexing ion via two modes: via the normal
(through the C(2) atom) and abnormal (through the
C(4) atom) types (Scheme 1a, 1b). Abnormally coor-
dinated carbenes are considered as stronger σ-donors,
which can potentially affect substantially the magnetic
properties of their complexes. The imidazole deriva-
tives can be coordinated exclusively via the abnormal
type upon the introduction of the aryl substituent into
position 2 of the heterocycle [20]. Carbene with the
phenyl substituent (IPrPh) was not obtained in the
individual form, whereas the carbene with the biphe-
nyl substituent (IPrBp) was isolated and characterized
by XRD [21] (Scheme 1).

This work continues the cycle of studies on the
development of synthetic approaches to the homo-
and heterometallic carboxylate complexes with N-het-
erocyclic carbenes [22–24] and is devoted to the
search for methods of the synthesis of adducts of
cobalt(II) pivalate with abnormally coordinated
N-heterocyclic carbene IPrPh. The electronic struc-
tures, geometric characteristics, and magnetic proper-
ties of the synthesized complexes were studied using
quantum chemical simulation.
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Scheme 1.

EXPERIMENTAL
The synthesis was carried out in an inert atmo-

sphere using the standard Schlenk technique. Solvents
were dehydrated and degassed by boiling and distilla-
tion in an argon atmosphere using the corresponding
drying agents [25]. Proligand IPrPh·HI was synthe-
sized using a published procedure [20]. IR spectra in
KBr pellets were recorded on a SCIMITAR FTS 2000
instrument. Elemental analysis was conducted at the
Analytical Laboratory of the Nikolaev Institute of
Inorganic Chemistry (Siberian Branch, Russian
Academy of Sciences).

Synthesis of [Co2(Piv)4(IPrPh)2] (I). A mixture of
[Co(Piv)2]n (95 mg, 0.364 mmol), IPrPh·HI (216 mg,
0.364 mmol), and KN(SiMe3)2 (75 mg, 0.357 mmol)
was placed in a Schlenk tube, and THF (~20 mL) was
condensed to the tube under reduced pressure using
cooling with liquid nitrogen. After the spontaneous
warming of the mixture from –196°C to room tem-
perature, the resulting blue solution was heated at
60°C for 18 h, cooled, and evaporated to dryness. The
solid residue was extracted with hexane (15 mL), and
the blue extract was filtered through a glass filter (G4)
and sealed in an evacuated L-shaped ampule. Dark
blue crystals of I·C6H14 were formed after the slow
evaporation of the solvent to the empty section of the
ampule. (The standard crystallization procedure in a
L-shaped ampule was described in detail [26] and
demonstrated clearly in the supplemental material to
the paper.) The yield was 90 mg (34%).

IR (KBr; ν, cm–1): 3086 w, 2963 s, 2929 m, 2870 m,
1606 s, 1574 s, 1481 m, 1469 m, 1418 m, 1356 m,
1223 m, 1133 m, 1058 w, 915 m, 891 m, 837 m, 778 m,
760 m, 718 w, 691 m, 609 m.

Synthesis of [Co2(Piv)2.8(OtBu)1.2(IPrPh)2] (II). A
mixture of [Co(Piv)2]n (132 mg, 0.505 mmol), IPrPh·

HI (302 mg, 0.509 mmol), and KOtBu (62 mg,
0.521 mmol) was placed in a Schlenk tube, and THF
(~20 mL) was condensed to the vessel under reduced
pressure using cooling with liquid nitrogen. After the
spontaneous warming of the mixture from –196°C to
room temperature, the resulting blue solution was
heated at 60°C for 18 h, cooled, and evaporated to dry-
ness. The residue was extracted with hexane (15 mL),
and the blue extract was filtered through a glass filter
(G4) and sealed in an evacuated L-shaped ampule.
Dark blue crystals of II·C6H14 suitable for XRD were
formed after the slow evaporation of the solvent into
the empty section of the ampule. The yield was 120 mg
(32%).

IR (KBr; ν, cm–1): 3083 m, 2964 s, 2929 m,
2871 m, 1610 s, 1597 s, 1574 s, 1492 m, 1480 m,
1469 m, 1417 m, 1395 m, 1354 m, 1255 w, 1221 m,
1104 m, 1059 w, 935 m, 887 m, 803 m, 778 m, 761 m,
717 w, 692 m, 608 m, 554 w.

Synthesis of [Co3(µ3-O)(Piv)4(IPrPh)2] (III). A
mixture of [Co(Piv)2]n (88 mg, 0.337 mmol), IPrPh·
HI (200 mg, 0.337 mmol), and KH (15 mg,
0.374 mmol) was placed in a Schlenk tube, and Et2O
(~15 mL) was condensed into the vessel under a
reduced pressure using cooling with liquid nitrogen.
After the spontaneous warming of the mixture, the
formed suspension was stirred at room temperature for
7 days until the end of gas evolution. The solution
was filtered through a glass filter (G4) and sealed in a
L-shaped ampule. Dark blue crystals of compound III
suitable for XRD were formed after the slow evapora-
tion of the solvent in the empty section of the ampule.
The yield was 45 mg (26%).

IR (KB; ν, cm–1): 2964 s, 2929 m, 2870 m, 1560 s,
1481 m, 1465 m, 1459 m, 1414 m, 1400 m, 1356 m,
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For C86H116N4O8Co2

Anal. calcd., % C, 71.15 H, 8.05 N, 3.86
Found, % C, 70.85 H, 8.00 N, 3.65

For C90.8H130N4O6.8Co2

Anal. calcd., % C, 72.50 H, 8.71 N, 3.72
Found, % C, 72.85 H, 8.50 N, 3.55
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Table 1. Crystallographic data and structure refinement parameters for compounds II·C6H14 and III

Parameter
Value

II·C6H14 III

Empirical formula C90.8H130N4O6.8Co2 C86H116N4O9Co3

FW 1504.24 1526.61
Crystal system, space group Monoclinic, Pn Orthorhombic, Pca21

a, Å 12.6011(10) 24.3085(13)
b, Å 18.9011(13) 15.0124(10)
c, Å 19.0367(17) 23.4046(16)
α, deg 90 90
β, deg 101.764(3) 90
γ, deg 90 90

V, Å3 4438.8(6) 8541.0(9)

Z 2 4

μ, mm–1 0.426 0.630

F(000) 1622 3252
Crystal size, mm 0.19 × 0.11 × 0.09 0.16 × 0.12 × 0.12
Range of data collection over 2θ, deg 3.568–54.206 4.312–49.424
Range of indices h, k, l –16 ≤ h ≤ 16, –28 ≤ h ≤ 28, 

–24 ≤ k ≤ 24, –16 ≤ k ≤ 17,
–18 ≤ l ≤ 24 –27 ≤ l ≤ 27

Number of measured, independent, 
and observed (I > 2σ(I)) reflections

34926, 16304, 13259 76367, 14547, 12634

Rint 0.0251 0.0656

Number of refined parameters 1022 964
Number of restraints 55 25
GOOF 1.021 1.040
R1, wR2 (I > 2σ(I)) 0.0382, 0.0900 0.0409, 0.0943

R1, wR2 (all reflections) 0.0520, 0.0975 0.0514, 0.1002

Δρmax/Δρmin, e Å–3 0.34/–0.28 0.32/–0.50
1222 m, 1059 w, 887 w, 803 w, 780 w, 761 w, 720 w,
695 w, 608 m, 597 w.

XRD. All single-crystal structural studies of com-
pounds II·C6H14 and III were carried out using a stan-
dard procedure on a Bruker D8 Venture automated
diffractometer equipped with a CMOS PHOTON III
detector and an IμS 3.0 microfocus source (MoKα
radiation, λ = 0.71073 Å, focusing Montel mirrors).
Reflection intensities were measured by the ω scan-
ning of narrow (0.5°) frames. The data were reduced

For C86H116N4OCo3

Anal. calcd., % C, 67.66 H, 7.66 N, 3.67
Found, % C, 67.45 H, 7.35 N, 3.70
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
using the Apex3 software [27]. The structures were
solved using the SHELXT program [28] and refined
using the SHELXL program [29] in the anisotropic
approximation for non-hydrogen atoms using the
Olex2 program [30]. Hydrogen atoms were localized
geometrically and refined in the rigid body approxi-
mation. The crystallographic characteristics of the
complex and details of the diffraction experiment are
given in Table 1.

Crystallographic data for II·C6H14 and III was
deposited with the Cambridge Crystallographic Data
Centre (CIF files CCDC nos. 2216724 and 2216725,
respectively and are available at http://www.
ccdc.cam.ac.uk/ conts/retrieving.html).

Quantum chemical calculations. The calculations
were performed using the Gaussian 16 program [31] by
  Vol. 49  No. 7  2023
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the density functional theory (DFT) method using the
B3LYP functional [32] and Def2-SVP basis set. Dis-
persion interactions were taken into account applying
the D3BJ empirical correction [33], the use of which
makes it possible to correctly reproduce the geometric
parameters obtained by XRD [34, 35]. Stationary
points were localized on the potential energy surface
(PES) by the full optimization of the geometries of the
molecular structures with checking stability of the
DFT wave function. Parameters of the exchange spin-
spin interaction (J, cm–1) were calculated in terms of
the broken symmetry (BS) formalism [36] using the
Yamaguchi generalized spin projection method [37].
The graphical images of the optimized molecular
structures were constructed using the ChemCraft pro-
gram [38].

RESULTS AND DISCUSSION
Three approaches based on the interaction of the

carbene precursor IPrPh·HI with bases KN(SiMe3)2,
KOtBu, and KH were used to synthesize the cobalt
pivalate complexes [Co(Piv)2]n with N-heterocyclic
carbene IPrPh, since the target carbene is restrictedly
stable. In the first case, the crystallization of the reac-
tion product from hexane gave crystals of the
[Co2(Piv)4(IPrPh)2]·C6H14 complex (I·C6H14). How-
ever, the quality of the isolated single crystals turned
out to be very low and allowed us to determine the
structural model only. The attempts to obtain qualita-
tive single crystals from other solvents were unsuccess-
ful. The file of crystallographic information contain-
ing the structural model of I·C6H14 was deposited with
the Cambridge Structural Database (no. 2216723) and
is not associated with this paper.

Scheme 2.

Complex [Co2(Piv)2.8(OtBu)1.2(IPrPh)2] (II) bear-
ing different anionic ligands was isolated from the
reaction of [Co(Piv)2]n, IPrPh·HI, and potassium tert-
butylate. A molecule of complex II represents a cen-
trosymmetric dimer in which two bridging positions
are occupied by the pivalate and tert-butylate anions in
a ratio of 2 : 3 (Fig. 1). The coordination sphere of the
Co atoms is supplemented by the terminal κ1-coordi-
nated pivalate anions and the IPrPh carbene mole-
cules. The structure of compound II·C6H14 also con-
tains hydrogen bonds between the CH groups of the
carbene ligands and free O atoms of the terminal piva-
late anions (C(21)···O(6) 3.156(7) Å,
∠C(21)H(21)O(6) 171.4°; C(54)···O(2) 3.217(8) Å,
∠C(54)H(54)O(2) 173.3°). The Co···Co distance is
3.223(3) Å.

Trinuclear complex [Co3(μ3-O)(Piv)4(IPrPh)2]
(III) was isolated from the reaction of [Co(Piv)2]n,
IPrPh·HI, and potassium hydride. In the structure of
complex III, three cobalt atoms are connected by the
bridging μ3-O atom and three bridging pivalate anions
binding in pairs the cobalt atoms (Fig. 2). The Co(1)
and Co(2) atoms are additionally coordinated by the
carbene ligands, whereas the Co(3) atom is addition-
ally coordinated by the fourth pivalate anion. The
Co–O distances in the fragment with the terminal piv-
alate anion (Co(3)–O(7) 1.951(4), Co(3)–O(8)
2.721(5) Å) and C–O bond lengths (1.286(7) and

1.238(7) Å) can hardly allow one to consider this anion
as coordinated via the chelate mode. This conclusion
is consistent with the results of DFT calculations that
gave the model with a similar alternation of the Co–O
and C–O bonds (Fig. 3). The Co–C distances in com-
plex III (2.007(5) and 2.014(5) Å) are somewhat
shorter than those in complex II but are close to the
bond lengths for other coordination Co compounds
with abnormally coordinated carbenes [39]. The sum
of angles at the capped O(9) oxygen atom is 328.9°.
The distances to the capped O atom in the Co3O frag-
ment vary from 1.864(3) to 1.905(4) Å, and the short-
est bond lengths correspond to the cobalt atoms with
the coordinated carbene ligand. The structure of com-
plex III also contains a weak hydrogen bond between
the CH group of one of the carbene ligands and the
free O atom of the terminal pivalate anion
(C(22)···O(8) 3.413(7) Å, ∠C(22)H(22)O(8) 173.1°).

According to the quantum chemical calculation
results (Table 2, Fig. 3), in considered complexes II
and III, the Co2+ ions exist in the high-spin state,
which is indicated by the values of the spin density on
the metal centers (  ≈ 2.8). The geometry of the
binuclear fragment and the Co···Co distance in com-
plex II (being 3.21 Å) favor the appearance of a weak
antiferromagnetic coupling of unpaired electron spins
of the cobalt(II) ions (J = –11 cm–1). The exchange
between the Co2+ ions enhances (J1 = –52 cm–1, J2 =

N

N+

Dipp

Dipp

Ph I�

[Co(Piv)2]n, KN(SiMe3)2

[Co(Piv)2]n, KOtBu

[Co(Piv)2]n, KH

[Co2(Piv)4(IPrPh)2] (I)

[Co2(Piv)2.8(OtBu)1.2(IPrPh)2] (II)

[Co3O(Piv)4(IPrPh)2] (III)
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Fig. 1. Molecular structure of complex II. Thermal ellipsoids with 20% probability are shown; bridging pivalate anions and hydro-
gen atoms are omitted.
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Fig. 2. Molecular structure of complex III. Thermal ellipsoids with 30% probability are shown; hydrogen atoms are omitted.
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Fig. 3. Optimized geometries of complexes II and III calculated by the B3LYP/Def2-SVP + D3BJ method. Hydrogen atoms are
omitted; bond lengths are given in Å.
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–32 cm–1) on going to compound III. Possibly, its
antiferromagnetic character is determined by both the
presence of bridging groups with a high electron den-
sity delocalization on the Co–O–Co and Co–O–C–
O–Co bridging fragments and the absence of a serious
spin-orbital contribution.

Thus, we found new approaches to the synthesis of
the heteroligand cobalt complexes with abnormal
RUSSIAN JOURNAL OF C
N-heterocyclic carbene, whose composition is deter-
mined by efficient in situ carbene generation. In addi-
tion, the use of the DFT method for the simulation of
the magnetic properties of the synthesized compounds
made it possible to reveal antiferromagnetic channels
of the spin-spin exchange between the paramagnetic
cobalt(II) ions.
OORDINATION CHEMISTRY  Vol. 49  No. 7  2023
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Table 2. Spin (S), total energy (Е), and spin-squared oper-
ator (S2) in complexes II and III calculated by the
B3LYP/Def2-SVP + D3BJ method

Complex S Е, a.u. S2

II 3 –6817.156449 12.012
II BS 0 –6817.156917 2.999
III 9/2 –8388.343681 24.769
III BS1 3/2 –8388.346291 6.720
III BS2 3/2 –8388.347142 6.708
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