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Abstract—The experimental and theoretical electron densities in complexes [6-(2,6-di-iso-propylphenyl)imino-
2,4-di-tert-butylcyclohexa-2,4-diene-1-peroxo-1-olato-N,O,O']tris(p-chlorophenyl)antimony(V), (p-Cl–
C6H4)3Sb(2,6-iso-Pr–Ph–AP) ⋅ O2 (I), and [6-(2,6-dimethylphenyl)imino-2,4-di-tert-butylcyclohexa-2,4-
diene-1-peroxo-1-olato-N,O,O']tris(p-chlorophenyl)antimony(V), (p-Cl–C6H4)3Sb(2,6-Me–Ph–AP) ⋅ O2 (II),
where AP is 4,6-di-tert-butyl-N-o-iminobenzoquinone dianion, are studied on the basis of high-resolution X-ray
diffraction data and theoretical calculations using the density functional theory (B3LYP/DGDZVP). The nature
of chemical bonds and the charge distribution on atoms are studied, and the energy of molecular oxygen addition
to the Sb(V) o-aminophenolate complexes is estimated. The structures are deposited with the Cambridge Crystal-
lographic Data Centre (CIF files CCDC nos. 1560600 (spherical refinement) and 1560601 (multipole refine-
ment) for complex I; 1560602 (spherical) and 1560603 (multipole) for complex II).

Keywords: spiroendoperoxide complexes of Sb(V), high-resolution X-ray diffraction studies, DFT calcula-
tions, R. Bader’s theory “Atoms in Molecules”
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INTRODUCTION

The spiroendoperoxide complexes of antimony(V)
are the addition products of molecular oxygen to the
Sb(V) catecholate and amidophenolate complexes [1,
2]. The addition is reversible. The electronic (energies
of higher occupied molecular orbitals and ionizations)
and steric criteria were found for the Sb(V) catecholate
and o-amidophenolate complexes [3–5], and they
allow one to explain reasonably this phenomenon and
predict the activity (inertness) of these complexes
toward O2. In addition, the electron density topology
was studied for a series of the catecholate [3] and
o-amidophenolate [6] complexes of antimony(V). In
turn, these data are absent for the spiroendoperoxide
complexes. Therefore, it seems important to study the
electron density topology, the nature of chemical
bonds, and the charge distribution in the Sb(V) spiro-
endoperoxide complexes and to find changes in the
topological characteristics of the electron density
compared to those of the antimony(V) o-amidophe-
nolate complexes.

EXPERIMENTAL

The spiroendoperoxide complexes of Sb(V), (p-Cl–
C6H4)3Sb(2,6-iPr–Ph–AP) ⋅ O2 (I) and (p-Cl–

C6H4)3Sb(2,6-Me–Ph–AP) ⋅ O2 (II), were synthe-
sized using known procedures [1, 2].

High-resolution X-ray diffraction studies for com-
plexes I and II were carried out on a SMART APEX I
automated diffractometer (graphite monochromator,
MoKα radiation, λ = 0.71073 Å) at 100 K. Experimen-
tal data of intensities were integrated using the SAINT
program [7]. Absorption corrections were applied
using the SADABS program [8]. The structures were
solved by a direct method and refined by full-matrix
least squares for F 2 (SHELXTL) [9]. All non-hydro-
gen atoms were refined anisotropically. Hydrogen
atoms were placed in the geometrically calculated
positions and refined in the riding model. The solvate
acetone molecule in the common position was found
in complex I. The site occupancies of the atoms of this
molecule are 0.125.

The multiple refinement was carried out within the
Hansen–Coppens formalism [10] using the MoPro
program package [11]. Before the refinement C–H
bond distances in the high-resolution X-ray diffrac-
tion studies were normalized to the values obtained in
neutron diffraction analyses. [12]. The level of the
multipole expansion was hexadecapole for antimony
atoms, octupole for all other non-hydrogen atoms and
one dipole for hydrogen atoms. The solvate acetone
molecule was not involved in the multipole refine-
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ment. All bonded pairs of atoms satisfy the Hirshfeld
rigid-bond criteria [13]. The topological analysis of
the experimental function ρ(r) was performed using
the WINXPRO program package [14].

Quantum-chemical calculations were performed
by the B3LYP/DGDZVP (functional/basis set) den-
sity functional method using the Gaussian 03W pro-
gram [15]. The absence of imaginary frequencies indi-
cates that the molecules are at the potential energy
minimum. The topological analysis of the theoretical
function ρ(r) was performed using the AIMALL pro-
gram package [16].

The main crystallographic characteristics and
X-ray diffraction experimental parameters for com-
plexes I and II are presented in Table 1. The structures
were deposited with the Cambridge Crystallographic
Data Centre (CIF files CCDC nos. 1560 600 (spheri-
cal refinement) and 1560 601 (multipole) for
complex I, 1560 602 (spherical refinement) and
1560 603 (multipole) for complex II; deposit@ccdc.
cam.ac.uk or http://www.ccdc.cam.ac.uk/data_re-
quest/cif).

RESULTS AND DISCUSSION

The final products of molecular oxygen addition to
the antimony catecholate and o-amidophenolate
complexes are the spiroendoperoxide derivatives [1,
2]. The reversible addition of molecular oxygen to the
Sb(V) catecholate (X = O) and o-amidophenolate
(X = N–Ar) complexes is presented in the scheme.

According to the X-ray diffraction data, the coor-
dination environment of the Sb(V) atoms in spiroen-
doperoxide complexes I and II are a distorted octahe-
dron (Fig. 1). The Sb(1)–O(1) and Sb(1)–O(2) bond
lengths are 2.0237(1), 2.0624(2) Å in complex I and
2.0257(6), 2.0678(6) Å in complex II. The Sb(1)–
N(1) distances (2.4776(6) Å in I and 2.5539(6) Å in II)
differ noticeably. Note that the Sb(1)–N(1) bond
lengths also differ noticeably according to the earlier
published data [1, 2] on the structures of the Sb(V)

X

O
Sb

Ph

Ph

PhR X
Sb

Ph

Ph

PhR
O2 O

O O

Table 1. Selected crystallographic characteristics and the high-resolution X-ray diffraction experimental parameters for
complexes I and II

Parameter
Value

I II

Empirical formula C44.4H49.8Cl3NO3.1Sb C40H41Cl3NO3Sb

FW 875.211 811.847

Т, K 100(2) 100(2)

Crystal system Monoclinic Monoclinic

Space group С2/с С2/с

а, Å 28.2093(3) 34.9557(5)

b, Å 15.5003(2) 12.8592(2)

c, Å 23.0621(3) 17.8266(3)

β, deg 118.536(1) 111.253(1)

V, Å3 8858.93(19) 7468.1(2)

Z 8 8

ρcalc, g cm–3 1.313 1.445

μ, mm–1 0.841 0.992

F(000) 3600 3312

Crystal size, mm 0.39 × 0.28 × 0.28 0.41 × 0.21 × 0.17

Range of θ, deg 1.55–51.42 1.70–51.43

Number of collected/independent reflections 368074/38797 399238/30 655

R1, wR2 (I > 2σ(I)) 0.0293, 0.0213 0.0272, 0.0200

Goodness-of-fit 0.991 0.991

Δρmax/Δρmin, e Å–3 1.115/–0.387 0.379/–0.187
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spiroendoperoxide complexes (2.425(3) Å in
(C6H5)3Sb(2,6-iPr–Ph–AP) ⋅ O2 and 2.4802(14) Å in
(C6H5)3Sb(2,6-Me–Ph–AP) ⋅ O2). The Sb(1)–C(Ph)
distances (2.1345(8)–2.1382(7) Å in I and 2.1330(8)–
2.1426(8) Å in II) are close to each other. The O(2)–
O(3) distances in the added oxygen molecule are
1.4590(9) Å in complex I and 1.4603(9) Å in complex
II and are close to similar bond lengths in the earlier
reported complexes (1.461(3)–1.475(2) Å) [1, 2].
On the whole, the geometric characteristics of com-
plexes I and II are consistent with similar characteris-
tics for the antimony catecholate ((C6H5)3Sb(3,6-tBu-
4-OMe–Cat) ⋅ O2 and (C6H5)3Sb(3,6-tBu–4,5-
OMe–Cat) ⋅ O2), where Сat is o-benzoquinone dian-
ion, and о-amidophenolate ((C6H5)3Sb(2,6-iPr–Ph–
AP) ⋅ O2, (C6H5)3Sb(2,6-Me–Ph–AP) ⋅ O2) spiroen-
doperoxide compounds [1, 2]. It is important that a
noticeable shortening of the Sb(1)–O(1) bond is
observed in spiroendoperoxide complexes I (to
2.0237(5) Å), II (to 2.0257(6) Å), (C6H5)3Sb(2,6-iPr–
Ph–AP) ⋅ O2 (to 2.032(2) Å), and (C6H5)3Sb(2,6-
Me–Ph–AP) ⋅ O2 (to 2.024(1) Å) compared to the
o-amidophenolate complexes (сyclohex)3Sb(2,6-iPr–
Ph–AP) (2.1162(5) Å) and (p-F−Ph)3Sb(2,6-Me–
Ph–AP) (2.0685(13) Å) [6].

The distribution of the deformation electron den-
sity around the Sb atom in spiroendoperoxide com-
plexes I and II is shown in Fig. 2. The maxima of the
deformation electron density on the Sb(1)–O(1) and
Sb(1)–N(1) bonds are appreciably shifted to the О(1)
and N(1) atoms. The maxima of the deformation elec-
tron density on N(1)–C(2) and O(1)–C(1) bonds are
located almost at the middle of the bonds in com-
plexes I and II. Interestingly, a substantial depletion of
the deformation electron density between the
oxygen atoms is observed on the O(2)–O(3) bond
(Figs. 3b, 3d).

According to Bader’s theory [17], the Sb–O, Sb–
С, О–О, and Sb–N bonds are classified as intermedi-
ate interactions (∇2ρ(r) > 0, he(r) < 0), whereas О–С,
N–C, and C–C are shared (∇2ρ(r) < 0, he(r) < 0)
(Table 2). The quantum-chemical calculations of the
isolated molecules adequately reproduce the geomet-
ric and topological characteristics of complexes I and
II in the crystalline state. It should be mentioned that
the values of ρ(r) at the critical point (3, –1) (CP(3,
‒1)) at the Sb(1)–N(1) bond in spiroendoperoxide
complexes I (0.057 a.u.) and II (0.045 a.u.) decrease
almost two times compared to those for the o-ami-
dophenolate complexes (сyclohex)3Sb(2,6-iPr–Ph–
AP) (0.117 a.u.) and (p-F–Ph)3Sb(2,6-Me–Ph–AP)
(0.112 a.u.) [6]. However, no changes in the chemical
binding type occur. The values of ρ(r) at the CP(3, –1)
on the Sb(1)–O(1) and O(1)–C(1) bonds in com-
plexes I and II are 0.115, 0.291 and 0.110, 0.325 a.u.,
respectively. This is comparable with similar values of

ρ(r) for the Sb(1)–O(1) and O(1)–C(1) bonds in the
(сyclohex)3Sb(2,6-iPr–Ph–AP) (0.103 and 0.325 a.u.,
respectively) and (p-F–Ph)3Sb(2,6-Me–Ph–AP)
(0.077 and 0.308 a.u., respectively) complexes [6]. The
values of ρ(r) at the CP(3, –1) for the Sb–C(Ph)
bonds are similar (0.094–0.117 a.u. for I and II) and
comparable with those in the antimony(V) o-ami-
dophenolate complexes (0.094–0.108 a.u.). In spite of

Fig. 1. Molecular structures of complexes (a) I and (b) II.
Thermal ellipsoids are presented with 30% probability.
Hydrogen atoms and solvent molecules are omitted. 
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the fact that the deformation electron density distribu-
tion indicates a substantial depletion of the electron
density on the О(2)–О(3) bond (added oxygen mole-
cule) in complexes I and II, the values of ρ(r) at the
CP(3, –1) (0.247 and 0.230 a.u., respectively) on these
bonds are close to similar characteristics for the shared
О(3)–С(1) interactions (0.241 and 0.230 a.u., respec-
tively).

The energies for the Sb(1)–O(1) and Sb(1)–O(2)
bonds were estimated according to the Espinosa

equation [18]. The energies of these bonds are
‒57.73, ‒51.77 kcal/mol in complex I and –55.53,
‒49.26 kcal/mol in complex II. Note that they
appreciably exceed the energies of the Sb(1)–N(1)
bonds in complexes I (–16.63 kcal/mol) and II
(‒11.92 kcal/mol). The difference between the total
energies of the final spiroendoperoxide complexes I
and II and the starting substances (o-amidopheno-
late complex and molecular oxygen) was determined
by the DFT calculations (B3LYP/DGDZVP) of the

Fig. 2.  Sections of the deformation electron density in complexes (a, b) I and (c, d) II in the planes (a, c) C(2)C(4)C(6) and (b,
d) Sb(1)O(1)O(3). Solid isolines show the concentration of the deformation electron density, and dashed lines show depletion
(±0.05 е Å–3). 
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Table 2. Selected bond lengths and topological parameters at the CP(3, –1) for the (p-Cl–C6H4)3Sb(2,6-iPr–Ph–AP) ⋅ O2 (I)
and (p-Cl–C6H4)3Sb(2,6-Me–Ph–AP) ⋅ O2 (II) complexes according to the high-resolution data and DFT calculations*

* The distances and topological parameters given without parentheses were obtained from the high-resolution experimental data, and
the values in parentheses were obtained from the DFT calculations.

Bond Distance, Å ν(r), a.u. ρ(r), a.u. ∇2ρ(r), a.u. he(r), a.u.

I

Sb(1)–O(1) 2.0237(5)
(2.08247)

–0.184
(–0.137)

0.115
(0.094)

0.311
(0.294)

–0.053
(–0.032)

Sb(1)–O(2) 2.0624(6)
(2.12211)

–0.165
(–0.121)

0.109
(0.089)

0.270
(0.254)

–0.049
(–0.030)

Sb(1)…N(1)
2.4776(6)
(2.52978)

–0.053
(–0.037)

0.057
(0.044)

0.058
(0.092)

–0.019
(–0.007)

Sb(1)–C(27) 2.1345(8)
(2.17178)

–0.150
(–0.113)

0.109
(0.106)

0.091
(0.062)

–0.064
(–0.049)

Sb(1)–C(33) 2.1370(7)
(2.18173)

–0.162
(–0.109)

0.112
(0.104)

0.136
(0.063)

–0.064
(–0.047)

Sb(1)–C(39) 2.1382(7)
(2.17568)

–0.148
(–0.110)

0.107
(0.105)

0.100
(0.063)

–0.061
(–0.047)

O(1)–C(1) 1.3651(9)
(1.37269)

–0.682
(–0.610)

0.291
(0.289)

–0.702
(–0.562)

–0.426
(–0.375)

O(3)–C(1) 1.4704(9)
(1.47703)

–0.516
(–0.390)

0.241
(0.236)

–0.250
(–0.446)

–0.289
(–0.251)

O(2)–O(3) 1.4590(9)
(1.45420)

–0.618
(–0.345)

0.247
(0.265)

0.710
(0.231)

–0.220
(–0.144)

N(1)–C(2) 1.2927(9)
(1.30035)

–0.988
(–0.824)

0.368
(0.351)

–1.147
(–0.685)

–0.637
(–0.497)

N(1)–C(15) 1.4313(10)
(1.44040)

–0.651
(–0.434)

0.282
(0.268)

–0.535
(–0.636)

–0.392
(–0.297)

C(1)–C(2) 1.5362(10)
(1.54325)

–0.529
(–0.263)

0.250
(0.249)

–0.502
(–0.632)

–0.327
(–0.211)

II

Sb(1)–O(1) 2.0257(6)
(2.08552)

–0.177
(–0.136)

0.110
(0.094)

0.375
(0.290)

–0.042
(–0.032)

Sb(1)–O(2) 2.0678(6)
(2.12090)

–0.157
(–0.122)

0.106
(0.089)

0.237
(0.255)

–0.049
(–0.029)

Sb(1)…N(1)
2.5539(7)
(2.52354)

–0.038
(–0.037)

0.045
(0.044)

0.063
(0.094)

–0.011
(–0.007)

Sb(1)–C(23) 2.1384(8)
(2.17109)

–0.133
(–0.113)

0.100
(0.106)

0.124
(0.062)

–0.051
(–0.049)

Sb(1)–C(29) 2.1426(8)
(2.17740)

–0.162
(–0.111)

0.117
(0.104)

0.010
(0.064)

–0.080
(–0.047)

Sb(1)–C(35) 2.1330(8)
(2.17463)

–0.129
(–0.111)

0.094
(0.105)

0.210
(0.063)

–0.038
(–0.048)

O(1)–C(1) 1.3678(9)
(1.37339)

–0.826
(–0.609)

0.325
(0.289)

–0.675
(–0.564)

–0.498
(–0.374)

O(3)–C(1) 1.469(1)
(1.47680)

–0.482
(–0.390)

0.230
(0.236)

–0.190
(–0.446)

–0.265
(–0.251)

O(2)–O(3) 1.4603(9)
(1.45352)

–0.640
(–0.346)

0.254
(0.265)

0.657
(0.230)

–0.238
(–0.144)

N(1)–C(2) 1.2945(9)
(1.29926)

–1.196
(–0.828)

0.416
(0.352)

–1.640
(–0.682)

–0.803
(–0.499)

N(1)–C(15) 1.4246(9)
(1.43552)

–0.659
(–0.444)

0.289
(0.270)

–0.800
(–0.641)

–0.429
(–0.302)

C(1)–C(2) 1.5292(9)
(1.54296)

–0.603
(–0.263)

0.272
(0.250)

–0.630
(–0.632)

–0.380
(–0.211)
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isolated molecules. These values are the energies of
molecular oxygen addition to the corresponding
Sb(V) o-amidophenolate complexes and are equal to
–10.06 kcal/mol for complex I and –8.60 kcal/mol
in complex II. It is important that the obtained values
of energy are well consistent with the experimental
values of enthalpy of molecular oxygen elimination
for the related (C6H5)3Sb(2,6–iPr–Ph–AP) · O2 (9.1 ±
0.5 kcal/mol) and (C6H5)3Sb(2,6-Me–Ph–AP) ·
O2 (9.6 ± 0.5 kcal/mol) spiroendoperoxide com-
plexes [19].

The experimental charges on the Sb(1) atoms are
1.39е and 1.57е in complexes I and II, respectively
(Table 3), which are substantially lower than those in
the o-amidophenolate complex (p-F–Ph)3Sb(2,6-
Me–Ph–AP) (2.46е), where the f luorine atom is
located as halogen in the p-position of the phenyl ring
[6]. A comparison of the charges in spiroendoperoxide
(I and II) and o-amidophenolate ((сyclohex)3Sb(2,6-
iPr–Ph–AP) and (p-F–Ph)3Sb(2,6-Me–Ph–AP))
complexes [6] shows that the addition of O2 substan-
tially changes the charges on the С(2) atoms. The
experimental charges on the C(2) atoms in the o-ami-
dophenolate complexes are 0.16е and 0.35е and are
substantially less positive than similar charges in spiro-
endoperoxide complexes I and II. Evidently, the addi-
tion of molecular O2 to the Sb(1) and O(1) atoms does
not change the atomic environment around the C(2)
atoms but exerts a substantial effect on the surround-
ing distances compared to those in the Sb(V) o-ami-
dophenolate complexes. This results in a change in the
multiplicities (orders) of the bonds around the C(2)
atoms and, as a consequence, decreases the electron
density in the corresponding atomic basin.
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Translated by E. Yablonskaya

Table 3. Atomic charges in complexes I and II*

* The charges presented without parentheses were obtained from the high-resolution experimental data, and the charges in parentheses were
obtained from the DFT calculations. The charges were calculated in terms of R. Bader’s theory “Atoms in Molecules.”

Complex
AIM charges, е

Sb(1) O(1) O(2) O(3) N(1) C(1) C(2)

I
1.39

(2.30)
–0.89

(–1.16)
–0.60

(–0.61)
–0.46

(–0.50)
–0.95

(–1.19)
0.89

(0.95)
0.61

(0.60)

II
1.57

(2.30)
–1.06

(–1.16)
–0.59

(–0.62)
–0.38

(–0.50)
–1.19

(–1.20)
0.72

(0.95)
0.79

(0.61)


