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The nature of the O—O bond in hydroperoxides
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Quantum-chemical calculations of the H,O, and F, molecules using different computa-
tional schemes, basis sets, and procedures for the inclusion of electron correlation were
performed. High-resolution X-ray diffraction study of the electron density distribution in the
crystals of 2,5-dimethyl-2,5-dihydroperoxyhexane and 2,5-dimethyl-2,5-dihydroperoxy-
hex-3-yne was carried out. Joint analysis of the results obtained showed that the formally
covalent O—O and F—F bonds correspond to a specific type of interatomic interaction. This
type is intermediate between the shared and closed-shell interactions (the latter are typical of

the ionic systems and van der Waals molecules).
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X-Ray diffraction studies of the electron density
distribution, p(r), in crystals are among the most widely
used experimental methods of analysis of the nature of
the chemical bond. Early in the development of this
method, analysis of the difference maps, Ap(r), and, in
particular, the deformation electron density (DED) maps
was in fact the sole way of investigating the electron
density distribution in the region of a chemical bond.
The DED calculations include subtraction of the so-
called "promolecule” (a superposition of the electron
densities of spherically symmetric, noninteracting atoms
located at the same positions as those occupied by the
atoms in the real molecule or crystal) from the total
electron density. Therefore, the DED map shows how
the electron density is redistributed upon the formation
of a chemical bond between initially noninteracting
atoms.

By the early 1980s it was found that most of covalent
bonds are characterized by the DED maxima in the
interatomic space on the corresponding maps, while
ionic or highly polar bonds are characterized by low or
even zero DED in the interatomic space and that the
DED minima are often observed in such regions.1—3
This was in good agreement with the traditional opinion,
according to which the formation of a covalent bond is a
result of electron pair sharing. Such an approach has
found a wide use in studies of different types of chemical
bonds.1»2 Moreover, analysis of the experimental DED
maps became a nearly usual attribute of high-resolution
X-ray diffraction studies of single crystals, which re-
ceived then particularly wide acceptance. To some ex-
tent, this was due to the relative ease of constructing the
experimental DED maps, which could be done without
performing quantum-chemical calculations.
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However, the results of the studies of the O—O bond
in hydrogen peroxide4 and other molecules with single
N—O and N—N bonds and with M—M bonds in
binuclear complexes> soon violated such a promising
development of this approach and strongly shaked
chemist’s faith in the information obtained from
the DED analysis. In particular, low-temperature
high-resolution X-ray diffraction studies of hydrogen
peroxide4 and 1,2,7,8-tetraaza-4,5,10,11-tetraoxatri-
cyclo[6.4.1.127|tetradecane® containing single C—O,
N—O, and O—O bonds revealed a DED minimum
rather than maximum in the region of the homopolar
0O—O0 bond.4 In other words, it was found that for real
molecules the accumulation of the electron density in
the interatomic space is smaller than in the "pro-
molecule”. Mention should be made that the depletion
of p(r) for homopolar bonds was first experimentally
found taking the O—O bond as an example and the first
theoretical study’ on the subject concerned the F,
molecule.

It should be emphasized that such an anomaly for
the formally covalent, single bonds was observed only in
those cases where the atoms involved in the bonding
had more than half-filled valence shells. It is known3
that in this situation the DED minima observed in the
regions of the O—0O, F—F, efc. bonds are to some
extent artifacts associated with the "overresidue" of p(r)
in the corresponding "promolecules”. The models which
used either hybridized or "oriented" atoms (see below)
as the reference state allowed one to obtain the desired
maximum of Ap(r) in the interatomic space even for the
F, molecule. Nevertheless, the assumption of a specific
type of the interatomic interaction in these molecules
can appear to be realistic, especially taking into account
the peculiarities of the O—O and F—F bonds (their
anomalous lengthening and a decrease in energy as
compared to other homopolar bonds formed by the
second-row elements, see, e.g., Refs. 8§ and 9).

Initially, the O—O and F—F bonds were not placed
into a specific group. Their weakening was explained by
the Pitzer interatomic repulsionl®!! or, more recently,
by the intraatomic repulsion between the lone electron
pairs (LEP).12 The latter model implies that weakening
of a bond is due to the repulsion between the LEP of
the atom and the electron density in the interatomic
space; in other words, this effect is a characteristic of
the atom rather than of the bond.12

Calculations of the difference functions Ap(r) per-
formed using the reference functions that take into
account the polarization and orientation of the atom
lead to accumulation of the electron density in the
regions of O—O and F—F bonds.13—16 Undoubtedly,
the use of such a "specially derived" electron density!3 is
more correct, since the interactions, which can lead to
particular orientation of the electron density of the
atom involved in the formation of a chemical bond,
occur even at rather long interatomic distances.16 In
this case, the absence of the DED maxima in the region

of the O—O and F—F bonds results from overresidue of
the electron density at the midpoint of the bond and is
due to partial filling of the valence shell.3 For instance,
ignoring the linear combination of the components of
the ground-state 2P term of the F atom in the F,
molecule leads to subtraction of a total of 5/3 e instead
of 1 e at the midpoint of the F—F bond and to the
appearance of a "hole" on the DED maps.13

Discussion about the character of the F—F bond in
the F, molecule and the O—O bond in peroxides was
continued after the appearance of the theory of "atoms
in molecule" (AM) by R. Bader.17=20 This theory treats
the chemical bond in a molecule based on the results of
analysis of the values of the function p(r) and its
Laplacian, V2p(r), at the critical points (CT) at which
the gradient of p(r) equals zero.17 Taking into account
the topology of the function p(r) at the CT (3, —1)*, the
AM theory divides all interatomic interactions into co-
valent and closed-shell ones (the latter are typical of
ionic, strongly polar, and van der Waals bonds).17:20
Covalent interactions are characterized by negative V2p(r)
values and high p(r) at the CT (3, —1). In the case of
closed-shell interactions, the Laplacian V2p(r) at the
corresponding CT is positive while the electron density
is low.17—20 However, positive values of the Laplacian
V2p(r) cannot be considered as unambiguous criterion
for the closed-shell interaction.

In the framework of the AM theory, the positive
value of the local energy density E(r)

E(r) = V(r) + G(r), (1)

where G(r) and V(r) are the local densities of the kinetic
and potential energies, respectively, is the necessary
condition for the closed-shell interaction. Taking into
account that the Laplacian of p(r), V2p(r), appears in
the local expression of the virial theorem,17-19,20

(12/4m)V2p(r) = 2G(r) + N), 2
we get:
E(r) = V(r) + G(r) = (1*/4m)V?p(r) — G(¥). (3)

From expression (3) it follows that the positive value
of V2p(r) cannot ensure a positive local energy density,
since E(r) can remain negative if the density of the
potential energy (by definition, it has a negative value)
is higher in absolute value than the density of the kinetic
energy. The bonds characterized by a positive Laplacian
and a negative E(r) at the CT (3, —1) correspond to the
intermediate type of interatomic interactions.17—20 The
term "intermediate" seems to be due to the fact that in
this case the topology of the function p(r) at the

* The presence, in the interatomic space, of the critical points
(3, —1), which are characterized by non-zero eigenvalues of the
Hesse matrix and at which the algebraic sum of their signs
equals —1, is a necessary and sufficient criterion for the forma-
tion of a chemical bond.17-20
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CT (3, —1) has the same visual pattern as in the case of
the closed-shell interactions, while the ratio of the
contributions of the densities of the kinetic and poten-
tial energies corresponds to the covalent interaction.
The character of the interatomic interaction can also be
assessed from the ratio of the eigenvalues of the Hesse
matrix, (]A;/As]), and the G(r)/p(r) value, which for the
closed-shell interactions must be smaller and larger than
unity, respectively.15—18

It should be noted that classification of chemical
bonds based on analysis of the topology of the electron
density distribution becomes more and more popular.
Applications and advantages of this approach in the case
of the function p(r) obtained from X-ray diffraction
data have been the subject of a recent discussion.21—23
In this connection, it is of interest to perform a com-
parative study of the "anomalous" nature of the O—O
bond in hydrogen peroxide and other hydroperoxide
molecules and that of the F—F bond in the F, mol-
ecule. In this work, we present the results of a theoreti-
cal study of the F, and H,O, molecules carried out
using modern quantum-chemical methods and a
high-resolution, low-temperature X-ray diffraction
study of the crystals of 2,5-dimethyl-2,5-dihydroper-
oxyhexane (1) and 2,5-dimethyl-2,5-dihydroperoxy-
hex-3-yne (2).

Results and Discussion

The pioneering HF/6-31G* study!® of the topology
of p(r) in the F, molecule led to the following charac-
teristics at the CT (3, —1): p(r) = 2.335 ¢ A3,
V2p(r) = 2.908 e A=5, and E(r) = —0.302 au, which
points to the intermediate type of the interatomic inter-
action. One could also expect a similar picture for the
H,0, molecule; however, calculations performed in the
same study!® gave a negative value of —9.509 ¢ A=5 for
the Laplacian V2p(r) at the CT (3, —1) in the region of
the O—O bond. Based on this result and in contrast to
the F—F bond in the F, molecule, the O—O interaction
was assigned to the covalent type.

Notwithstanding the fact that the Hartree—Fock
calculations of both molecules, H,O, and F,, did not

reproduce their experimental geometries, numerous more
recent studies on the character of the chemical bond
were performed only for the latter molecule.24:25 It was
assumed that the inclusion of electron correlation in the
F, molecule can affect the character of the F—F inter-
action (the sign of V2p(r) at the CT (3, —1)); however,
the application of different procedures (see, e.g., Ref. 26)
did not change the character of the results obtained.
The sole exception are the results of a recent study,25
according to which the type of the interatomic interac-
tion in the F, molecule, determined in the framework of
the AM theory, changes if calculations are carried out
in the 6-311+G(3df) basis set augmented with polariza-
tion d- and f-functions. This conclusion was drawn
based on the change in the sign of V2p(r) at the CT
(3, —1) (—1.084 e A7),

Unfortunately, no topological characteristics of p(r)
in the F, molecule, obtained with inclusion of electron
correlation, were reported in the study cited.25 This
precludes correct estimation of the effect of polarization
f-functions and, hence, correctness of the results ob-
tained. Therefore, in this work we report the geometric
parameters of and the characteristics of the electron
density distributions in the H,0, and F, molecules
calculated using different basis sets and approximations.

Geometry and topology of p(r) in the F, molecule

To obtain a correct estimation of the effect of the
basis sets and computational methods employed on the
topology of p(r), we performed a comparative topologi-
cal analysis of the function p(r) for the F, molecule
calculated in the framework of different approximations.
These were the Hartree—Fock (HF) approximation,
density functional theory (DFT) with the B3LYP func-
tional, and calculations with inclusion of correlation
corrections at the fourth-order Mgller—Plesset level of
perturbation theory (MP4) and by the configuration
interaction method (QCISD). The 6-311G27 basis set
augmented with polarization 3d- and 3df-functions was
used. All calculations were carried out with the G94W
program package.2® The results obtained are listed in
Table 1.

Table 1. The F—F bond length (R) and topological characteristics of the electron density distribution at the CT (3, —1) in the F,
molecule calculated by different methods

Method R p(r) V2p(r) G(r) Mr) E(r) G)/p(r)  [A/A4]
/A /e A73 /e A75
au

HF/6-311+G(3d) 1.3288 2.436 5.805 0.388 —0.617 —0.279 1.07 0.44
HF/6-311+G(3df) 1.3246 2.591 0.713 0.361 —0.714 —0.353 0.94 0.49
B3LYP/6-311+G(3d) 1.4011 1.882 13.085 0.279 —0.421 —0.142 1.00 0.36
B3LYP/6-311+G(3df) 1.3947 1.997 10.555 0.293 —0.477 —0.183 0.98 0.39
QCISD/6-311+G(3d) 1.4095 1.802 14.917 0.295 —0.434 —0.139 1.10 0.31
QCISD/6-311+G(3df) 1.3919 2.000 11.688 0.329 —0.526 —0.202 1.11 0.38
MP4(full,SDQ)/6-311+G(3d) 1.4121 1.788 15.037 0.292 —0.428 —0.136 1.10 0.34
MP4(full,SDQ)/6-311+G(3df) 1.3942 1.991 11.856 0.321 —0.519 —0.199 1.08 0.38
Experiment 1.4165
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As can be seen from the data presented in Table 1,
calculations without inclusion of electron correlation
lead to substantial underestimation of the F—F bond
length (down to 1.3246 A), whereas in the MP4(SDQ)
approximation this parameter is close to the experimen-
tal value (1.4165 A). Augmentation of the basis set with
polarization f-functions leads to systematic shortening
of the interatomic distance irrespective of the approxi-
mation used.

In is known that analysis of the topology of the
electron density distribution by the HF/6-311G+(3df)
method leads to abnormally small value of the Laplacian
of p(r) at the CT (3, —1) in the F, molecule, whereas
the inclusion of electron correlation favors an increase
in the value of V2p(r).2 We found that in all our
calculations augmentation of the basis set with polariza-
tion f-functions leads to an insignificant decrease in the
V2p(r) value and to an increase in p(r) at the CT
(3, —1) and that the Laplacian has a positive value
irrespective of the type of the procedure for inclusion of
electron correlation. In spite of substantial increase in
V2p(r) in the case of more correct reproduction of the
molecular geometry, the local density energy FE(r) re-
mains negative. This is typical of covalent bonds and
analogous to the results of HF calculations. Thus, our
results show that the F—F bond corresponds to the
intermediate type of interatomic interaction.

Geometry and topology of p(r) in the H,0, molecule

Unlike the F, molecule, no detailed studies of the
character of the O—O bond in hydrogen peroxide mol-
ecule were carried out. We performed the topological
analysis of the electron density distribution in the H,O,
molecule based on the results of quantum-chemical
calculations.

As in the case of the F, molecule, correct reproduc-
tion of the experimental geometry of the H,O, molecule
requires the inclusion of electron correlation and the
use of extended basis sets.30:31 The lack of reliable
information on the molecular geometry of H,O, in the
gas phase31:32 additionally complicates the search for
the best basis set and computational method. Currently,
the parameters obtained3? using the microwave and IR
spectroscopy data33 and with consideration of torsional
motion of the molecule34 seem to be the most reliable.
The gas-phase geometric parameters of the H,O, mol-
ecule in the ground vibrational state are as follows: the
O—O0 and O—H bond lengths are 1.452(5) and 0.965(5)
A, respectively, the angle O—O—H is 100(1)°, and the
torsion angle H—O—O—H is 112(1)°.32 These values
are in good agreement with the results obtained in one
of the most precise quantum-chemical study of the
H,0, molecule carried out by the CCSD(T)/cc-pVQZ
coupled cluster method (1.452 and 0.963 A, 99.9°, and
112.5°, respectively).32 Unfortunately, widely used soft-
ware has some drawbacks which preclude the use of
both the CCSD(T) method and the cc-pVQZ basis set

for the topological analysis of p(r) in the hydrogen
peroxide molecule.*

On the other hand, DFT calculations (especially,
with the hybrid functional B3LYP) are characterized
not only by the lower computational cost, but also good
agreement between the calculated and experimental geo-
metric parameters and by the ability of rather correct
reproduction of the topology of the function p(r).26:31
Therefore, in this work we also performed the topologi-
cal analysis of p(r) by the DFT and MP2 methods using
(i) the cc-pVDZ and cc-pVTZ basis sets augmented
with polarization functions and (ii) the aug-cc-pVDZ
and aug-cc-pVTZ basis sets augmented with diffusion
functions. To estimate the effect of the basis set on the
specific features of the topology of p(r), the calculations
were also carried out in the 6-311++G basis set aug-
mented with both polarization d- and d,f-functions for
O atoms and with polarization p,d-functions for H
atoms.

The calculated geometric parameters of H,O, mol-
ecule are listed in Table 2. Analysis of the results
obtained showed that DFT calculations lead to very
good agreement with the experimental results irrespec-
tive of the basis set used. Augmentation of the basis sets
with polarization functions was found to have little
effect on the results of calculations. The use of the
6-311++G basis set led to an insignificant change in the
magnitude of the torsion angle. The results of MP2
calculations follow virtually the same pattern. As in the
case of the F, molecule (see Table 1), augmentation of
the 6-311G basis set with polarization f-functions leads
to an insignificant shortening of the O—OQO distance,
which was not observed in the calculations with the
cc-pVTZ basis set augmented with polarization f-func-
tions for O atoms (see Table 2). The fact that the
combination of the DFT approach with the cc-pVTZ
basis set provides better agreement with the experimen-
tal geometric parameters compared to the results of
CCSD(T) calculations32 should be pointed out.

Topological analysis of the electron density distribu-
tion in the H,0, molecule, based on the results of
quantum-chemical calculations, showed (see Table 3)
that, in contrast to the F, molecule, the character of the
0O—O0 interaction is strongly dependent on the basis set
used. All versions of our calculations revealed the same
type of the O—H interatomic bonding, which corre-
sponds to covalent interaction (V2p(r) < 0, E(r) < 0).
The value of p(r) at the CT (3, —1) in the region of the
O—H bond remains virtually unchanged, except for the
results of calculations with the cc-pVDZ basis set. In
this case, a decrease in the electron density was deter-
mined; however, this was found to be consistent with a
lengthening of the O—H bond by 0.01 A. For this bond,

*The G94W program package provides no means for calcula-
tions using the electron density obtained by the CCSD(T)
method, while the AIMPAC program cannot perform calcula-
tions with g-functions.
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Table 2. Geometric parameters of hydrogen peroxide molecule
calculated by different quantum-chemical methods

Method Bond, d/A Angle/deg
0—-0 O—H OOH HOOH

B3LYP/cc-pVDZ 1.453 0.973 99.9 117.8

B3LYP/aug-cc-pVDZ  1.451 0.970 100.7 113.2

B3LYP/cc-pVTZ 1.452 0.966 100.4 113.9

B3LYP/aug-cc-pVTZ  1.451 0.967 100.7 113.3

B3LYP/ 1.449  0.966 100.8 111.6
6-311++G(3d,3pd)

B3LYP/ 1.446  0.966 100.8 112.5
6-311++G(3df,3pd)

MP2(full)/cc-pVDZ 1.456 0.970 98.8 118.4

MP2(full)/ 1.467 0.971 99.1 113.9
aug-cc-pVDZ

MP2(full)/cc-pVTZ 1.446  0.963 99.4 114.0

MP2(full)/ 1.448 0.964 99.7 112.6
aug-cc-pVITZ

MP2(full)/ 1.452  0.962 99.7 110.5
6-311++G(3d,3pd)

MP2(full)/ 1.442 0.963 99.9 111.7
6-311++G(3df,3pd)

CCSD(T)/ 1.458 0.964 99.5 113.9
cc-pVTZ32

CCSD(T)/ 1.452  0.963 99.9 112.5
cc-pvVQZ32

Experiment32 1.452(5) 0.965(5) 100(1) 112(1)

the value of the Laplacian V2p(r) is more sensitive to
the basis set; its magnitude increases from —50.42 to
—74.35 ¢ A75 on going from the cc-pVDZ to the
6-311G basis set.

It can be assumed that changes in the V2p(r) values
are accompanied by changes in the local energy char-
acteristics (see Egs. (1)—(3)). Indeed, a change in
V2p(r) is first of all determined (see Table 3) by a
substantial increase in the density of the potential en-
ergy W(r), the magnitude of which increases from
—0.656 to —0.902 au (DFT) and from —0.686 to
—0.928 au (MP2) on going from the cc-pVDZ to the
6-311++G(3df,3pd) basis set.

We found that the topological characteristics of the
O—O0 bond depend not only on the basis set, but also on
the computational method employed. In particular,
the results of DFT calculations in the cc-pVDZ,
aug-cc-pVDZ, and 6-311++G(3df,3pd) basis sets show
that the O—O bond should be considered covalent, since
V2p(r) < 0 at the CT (3, —1). On the other hand, both
MP2/cc-pVDZ and MP2/6-311++G(3df,3pd) calcula-
tions indicate the covalent character of this bond. In
other cases, the nature of the O—O bond in the H,0,
molecule corresponds to the intermediate type of inter-
atomic interaction. It should be noted that the local
density of the potential energy W(r) changes in a rather
narrow range on going from one basis set to another,
namely, from —0.408 to —0.348 au (B3LYP) and from

Table 3. Topological characteristics of the electron density distribution at the CT (3, —1) in H,O, molecule obtained

from quantum-chemical calculations

Method p(r) V2p(r) G(r) Mr) Ex)  Gm)/pm)  IM/A
/e A73 /e A75
au
B3LYP/cc-pVDZ 1.854* —2.169 0.192 —0.407 —0.214 0.70 0.55
2.355 —50.417 0.066 —0.656 —0.589 0.19 1.23
B3LYP/aug-cc-pVDZ 1.880 —2.579 0.192 —0.411 —0.219 0.69 0.56
2.437 —51.116 0.065 —0.661 —0.595 0.18 1.18
B3LYP/cc-pVTZ 1.860 3.446 0.192 —0.348 —0.156 0.70 0.46
2.531 —65.538 0.073 —0.826 —0.753 0.20 1.91
B3LYP/aug-cc-pVTZ 1.860 3.446 0.192 —0.348 —0.156 0.70 0.46
2.525 —65.769 0.072 —0.826 —0.754 0.20 1.91
B3LYP/6-311++G(3d,3pd) 1.860 1.041 0.190 —0.370 —0.180 0.69 0.49
2.580 —71.726 0.076 —0.896 —0.821 0.20 2.22
B3LYP/6-311++G(3df,3pd) 1.921 —0.940 0.199 —0.408 —0.209 0.70 0.53
2.578 —74.349 0.075 —0.902 —0.827 0.20 2.15
MP2(full)/cc-pVDZ 1.806 —0.819 0.205 —0.418 —0.212 0.77 0.53
2.366 —51.02 0.078 —0.686 —0.607 0.22 1.24
MP2(full)/aug-cc-pVDZ 1.752 0.024 0.198 —0.396 —0.198 0.76 0.51
2.386 —50.803 0.075 —0.676 —0.602 0.21 1.20
MP2(full)/cc-pVTZ 1.874 3.856 0.214 —0.388 —0.174 0.77 0.45
2.507 —66.034 0.081 —0.848 —0.766 0.22 1.82
MP2(full)/aug-cc-pVTZ 1.873 3.856 0.213 —0.386 —0.173 0.77 0.45
2.487 —65.938 0.079 —0.843 —0.763 0.22 1.82
MP2(full)/6-311++G(3d,3pd) 1.822 2.048 0.204 —0.387 —0.183 0.76 0.47
2.547 —73.168 0.086 —0.930 —0.844 0.23 2.12
MP2(full)/6-311++G(3df,3pd) 1.950 —0.752 0.221 —0.450 —0.228 0.77 0.52
2.545 —73.197 0.084 —0.928 —0.843 0.22 2.12

* The upper and lower numerical values are given for the O—O and O—H bond, respectively.
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—0.450 to —0.396 au (MP2). The local density of the
kinetic energy G(r) also changes insignificantly, viz.,
from 0.190 to 0.199 au (B3LYP) and from 0.198 to
0.221 au (MP2). Nevertheless, this appears to be large
enough for the chemist to change the formal interpreta-
tion of the character of the O—O interatomic interaction
even provided virtually the same molecular geometry.

In the case of the F, molecule, the V2p(r) and E(r)
values obtained give an unambiguous proof of the inter-
mediate type of interatomic bonding. However, we can-
not draw an analogous conclusion based on the results
of the topological analysis of the electron density distri-
bution in the H,0, molecule, since the absolute values
of M(r) and G(r) are close to each other. Therefore, we
studied the distribution and performed the topological
analysis of the experimental electron density based on
the results of a low-temperature, high-resolution X-ray
diffraction study of the crystals of two organic hydroper-
oxides with electron-donor and electron-acceptor sub-
stituents at O atoms, namely, 2,5-dimethyl-2,5-di-
hydroperoxyhexane (1) and 2,5-dimethyl-2,5-dihydro-
peroxyhex-3-yne (2).

Molecular and crystal structures
of dihydroperoxides 1 and 2

Our study of dihydroperoxides 1 and 2 showed
(Table 4) that in the crystal each molecule occupies a

Table 4. Principal crystallographic parameters and characteristics
of the refinement of the crystal structure of compounds 1 and 2

Parameter 1 2
Empirical formula CgH 304 CgH 404
Molecular weight 178.22 174.19
T/K 153 193
Space group C2/c P4,2,2
Radiation Mo-Ka (A = 0.71072 A)
Scan type 0/20
Diffractometer Siemens P3 Syntex P2;
a/A 14.201(2) 10.080(2)
b/A 9.971(1)
c/A 9.493(1) 9.114(2)
B/deg 130.371(8)
V/A3 1024.1(3) 926.0(3)
Z 4 4
F(000) 392 376
p/cm™! 0.91 1.00
d/g cm™3 1.156 1.249
204x/deg 90 75
Number of measured 8470 4090
reflections
R 0.0295 0.0536
Number of independent 3311 1787
reflections
R calculated 0.0396 0.0361
using reflections (based on (based on
with 1> 20(1) 2505 reflections) 1164 reflections)
wR, 0.1162 0.0991
(based on (based on
3311 reflections) 1787 reflections)
GOF 1.031 0.834

Fig. 1. Overall view of molecule 1. The non-hydrogen atoms
are represented as probability ellipsoids (p = 50%) of thermal
vibrations. The second position of the H atom is shown by
dashed line.

Fig. 2. Overall view of molecule 2. The non-hydrogen atoms
are represented as probability ellipsoids (p = 50%) of thermal
vibrations.

position on a two-fold crystallographic axis passing
through the midpoint of the C(2)—C(2") central bond
(see Figs. 1 and 2). In both crystals, the molecules form
intermolecular hydrogen bonds of medium length
(0...0 = 2.73 A). These bonds are responsible for as-
sembling of the molecules in layers parallel to the ab
crystallographic plane in the structure of 1 and for the
formation of cylindrical helices along the screw axis ¢ in
the structure of 2. The principal geometric parameters
of molecules 1 and 2 (see Table 5) are in agreement
with the expectation. Analysis of the residual electron
density peaks in the region of the O(2) atom in the
crystal structure of 1 showed that the H atom involved
in the formation of the H-bond is statistically disor-
dered over two equally populated positions, H(20A)
and H(20B).

Analysis of the crystal structures retrieved from the
Cambridge Structural Database (CSD, Release 2000)
demonstrated that the O—O bond length in organic
hydroperoxides varies over a rather wide range (from
1.449 to 1.484 A, with the average value of 1.463 A);
introduction of electron-donor substituents into the



Electron density distribution in hydroperoxides

Russ.Chem.Bull., Int.Ed., Vol. 50, No. 9, September, 2001 1545

Table 5. Principal bond lengths (d) and bond angles (®) in
molecules 1 and 2 based on the X-ray diffraction data and
those in the model compounds 1A and 2A based on the results
of DFT calculations (B3LYP/6-311++G(d,p))

Parameter 1 2 1A* 2A%
Bond d/A

Oo(1)—0(() 1.470(1) 1.449(1) 1.459 1.446
Oo(1)—C(1) 1.454(1) 1.454(1) 1.453 1.452
C(2)—C(2A)** 1.526(1) 1.204(2) 1.529 1.202
C(1)—C(2) 1.534(1) 1.526(2) 1.531 1.473
C(1)—C(3) 1.526(1) 1.523(1) 1.504 1.535
C(1)—C(4) 1.524(1) 1.468(1) 1.531 1.533
Bond angle w/deg

C(1)—0(1)—0(2) 108.45(4) 107.70(7) 109.44 109.91
O(1)—C(1)—C(4) 110.73(4) 110.05(8) 109.87 110.65
O(1)—C(1)—C(3) 101.25(4) 102.32(9) 101.48 101.35
O(1)—C(1)—C(2) 110.48(4) 110.83(8) 109.43 109.61

* The atomic numbering schemes for the molecules 1A and 2A
are identical with those used for the molecules 1 and 2 (see
Figs. 1 and 2, respectively).

** The atom was generated from the basis atom by the symme-
try transformation (—x + 1/2, —y + 1/2, —z + 2) for 1 and
(—y+1,—x+1, z+ 1/2) for 2.

molecules results in some lengthening of the bond. For
instance, the O—O bond length in sterically strained
structures MeOOH, MeOOMe, and Bu',0, changes
from 1.443 to 1.478 A (see Refs. 30 and 35). On the
contrary, this bond in the F,0, molecule is abnormally
shortened to 1.200 A.36 A similar trend is also observed
for the structures of 1 and 2 (see Table 5). In particular,
replacement of the dimethylene bridge by acetylene one
leads to shortening of the O(1)—O(2) bond from 1.470(1)
to 1.449(1) A, whereas the lengths of the hydrogen
bonds in crystals 1 and 2 remain unchanged.

Both molecules are characterized by nearly equal
parameters of torsional motion (twisting about the O—O
bond), viz., the torsion angle H—O—0O—C is —111.3
and 118.4° in 1 (for two positions of the H atom) and
113.9° in 2. These values are close to one another,
which is typical of hydroperoxides3? and indicates that
substituents have little effect on the conformation of the
hydroperoxide group.

A distinguishing feature of the molecular geom-
etry of 1 and 2 is a decrease in the bond angle
O(1)—C(1)—C(3) as compared to the tetrahedral angle
down to 101.25(4)° and 102.32(9)°, respectively. Similar
distortions of the bond angles in the oxygen-containing
(broadly, heteroatom-containing) tetrahedral sites with
C; symmetry were reported in the literature.32 They are
called the d-effect.35

Our analysis of the O—C—C bond angle distribution
in the Bu'—O fragment (a total of 640 structures)*
showed that in all structures one O—C—C angle is
much smaller than the rest three angles (100—104° vs.

* Analysis was performed for ordered organic structures
with R < 0.1.

107—110°, respectively). The distribution of the O—C—C
bond angles in the Bu!O fragment is bimodal with
clearly defined maxima at 102° and 110°, the latter
being twice as high as the former. It should be empha-
sized that the decrease in the O—C—C bond angles is
observed only for those C atoms which occupy
antiperiplanar positions with respect to the substitu-
ent at the O atom and cannot be involved in the
n-c*-interaction with the LEP of the O (X) atom. In
particular, structures 1 and 2 are characterized by the
X—0O(1)—C(1)—C(3) torsion angles of ~60°, whereas
the X—O(1)—C(1)—C(4) and X—O(1)—C(1)—C(4)
angles are close to 180°.

Similar distortions of the O—C—C angles occur not
only in the crystalline state. Our B3LYP/6-311++G(d,p)
quantum-chemical calculations of model hydroperox-
ides Me,EtC—O—OH (1A) and (HC=C)Me,C—O—OH
(2A), which can be considered related to the experi-
mentally studied compounds, showed that structure pe-
culiarities observed in the crystals are also retained in
the isolated molecules (see Table 5). We found that this
computational method allows a rather correct reproduc-
tion of the experimental geometric parameters, except
for the O—O distance in molecule 1A. As in the crystal,
replacement of the Et group by the acetylide fragment
in molecules 1A and 2A leads to substantial (by 0.012 A)
shortening of the O—O bond. Both structures 1A and
2A are also characterized by distorted O—C—C bond
angles for the methyl group (the C(3) atom), which is in
the synclinal position with respect to the LEP of the
O(1) atom.

Electron density distribution in the crystals of 1 and 2

Analysis of the electron density distribution in the
crystals of 1 and 2 was carried out using the multipole
refinement and the XD program package3? in the frame-
work of the Hansen—Coppens model.38

Similarly to the previously studied compounds con-
taining the O—O bond, 4% the static DED maps con-
structed for molecules 1 and 2 show that the character
of the electron density distribution in the region of this
bond is essentially different from the character of all
other covalent bonds. The cross-sections of the DED in
the OOH plane in hydroperoxides 1 and 2 (Fig. 3)
demonstrate that, in contrast to homopolar C—C bonds
(Fig. 4, a), accumulation of the DED in this plane is
observed only in the regions of the LEP of O atoms and
in the regions of the O—H bonds, whereas the regions
of the O—O bond in both hydroperoxides is character-
ized by a depletion of the electron density (the so-called
negative DED).

If the last-named result obtained for molecules 1
and 2 is consistent with our expectation, the results of
the topological analysis of p(r) in the crystals are to be
clarified taking into account ambiguity of the determi-
nation of the character of interatomic O—O interaction
from the results of quantum-chemical calculations (see
Table 3).



1546  Russ.Chem.Bull., Int.Ed., Vol. 50, No. 9, September,

2001 Lysenko et al.

Fig. 3. Cross-sections of the static deformation electron density
in the crystals of hydroperoxides 1 (¢) and 2 (b) in the plane
passing through the O, O, and H atoms. The maps are con-
toured at an interval of 0.1 e A=3. The negative contours are
shown as dashed lines.

Analysis of the cross-sections of the Laplacian
—V2p(r)* in the plane passing through the O—O bonds
in hydroperoxides 1 and 2 (Fig. 5) shows that, similarly
to the corresponding DED maps, the regions of the
O—O0 bonds in the interatomic space are characterized
by positive values of —V2p(r). This corresponds to deple-
tion of p(r) and is typical of both closed-shell interac-
tions and intermediate type of interactions. On the
contrary, accumulation of p(r) is observed near the LEP
of the O atoms and in the regions of the O—H, O—C,
and C—C bonds (see Fig. 4, b and Fig. 5). Therefore,
the electron density distributions for the homopolar
bonds C—C and O—O in the crystals of 1 and 2 differ

* To put the regions of the electron density accumulation in the
DED and V2p(r) maps into correspondence with each other,
the function —V2p(r) is presented in the cross-sections.

-

,«,444,/@’}‘3‘\
e W)
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LT E .

Fig. 4. Cross-sections of the static deformation electron density
(a) and —V2p(r) (b) in the plane passing through the C(4),
C(1), and C(2) atoms. The isolines for the DED are drawn with
an increment of 0.1 e A=3, those for —V2p(r) are given in the
logarithmic scale. The negative contours are shown as
dashed lines.

not only in the DED maps, but also in the —V2p(r)
maps irrespective of the choice of the reference state.

Analysis of the CT of the p(r) in molecules 1 and 2
showed that the CT (3, —1) are located not only in the
regions of the C—C, O—C, and O—O bonds, but also
in the regions of intermolecular hydrogen bonds
O—H...O. The principal topological characteristics of
the electron density distribution at the CT (3, —1) in the
crystals of 1 and 2 are listed in Table 6. For compari-
son, we also performed the topological analysis of p(r)
in the molecules of model compounds 1A and 2A using
the results of DFT (B3LYP/6-311++G(d,p)) calcu-
lations.

As can be seen from the data listed in Table 6, all
bonds in molecules 1 and 2, except for the O—O and
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Fig. 5. Cross-sections of —Vzp(r) in the plane passing through
the O(1), O(2), and C(1) atoms in the crystal of 1 (a) and in
the plane passing through the O(1), O(2), and H(20) atoms in
the crystal of 2 (b). The isolines are drawn in the logarithmic
scale. The negative contours are shown as dashed lines.

intermolecular H-bonds, are characterized by negative
V2p(r) values and, hence, correspond to covalent inter-
actions. On the contrary, the O—O and O—H...O bonds
are characterized by positive V2p(r) values and, hence,
can belong either to the intermediate type of interac-
tions or to closed-shell interactions. However, the topo-
logical characteristics p(r) of these bonds are substan-
tially different. In particular, the V2p(r) and p(r) values
for the H-bonds are an order of magnitude lower than
for the O—O bonds (see Table 6). The [A;/A4| ratios for
the O—O bonds in 1 and 2 are also much larger than for
the H-bonds. On the other hand, they are close to the
[A{/A5| ratio at the CT (3, —1) in the region of the F—F
bond. In contrast to nearly zero theoretical value of the
Laplacian for the H,O, molecule, large positive values
of V2p(r) for crystals 1 and 2 at the CT (3, —1) in the
region of the O—O bond (18.75 and 17.73 e A~S,
respectively) should be emphasized. This allows unam-
biguous assignment of the O—O interaction in mol-
ecules 1 and 2 to the intermediate type.

Comparison of the topological characteristics of the
electron density distributions in hydroperoxides 1 and 2
and in model compounds 1A and 2A reveals retention of
qualitative features of the chemical bonding on going
from the crystal to the gas phase (see Table 6). For
instance, in the gas phase all bonds, except for the
0O—O bond, are characterized by negative values of the
Laplacian at the CT (3, —1), whereas V2p(r) > 0 in the
region of the O—O bonds in both molecules. However,
the absolute values of V2p(r), especially for the C—O
and O—O bonds, are substantially different (see Table 6).
Such differences between the V2p(r) values for isolated
molecules and crystals were reported in the litera-
ture.40—42 They are usually explained by an increase in
the bond polarity caused by the effect of the crystal
field.40 For instance, the value of V2p(r) at the CT
(3, —1) in the region of the N—O bond obtained from
calculations4? for an isolated molecule and a crystal of
p-nitroaniline changed from —35.1 to —12.4 ¢ A™3

Table 6. Principal topological characteristics of the electron density distribution at the CT (3, —1) in the crystals of 1 and 2 based on
the X-ray diffraction data and in molecules 1A and 2A based on the results of B3LYP/6-311++G(d,p) calculations

Bond 1 2 1A 2A
p(r)  V2(r)  [A/As p(r) V2p(r) /Al p()  V2(r) A/ p() V() A/

/e A73 Je AT /e A73 Je AT /e A3 Je AT /e A3 Je A3
O(1)—0(2) 1.99 18.75 0.30 1.79 17.73 0.31 1.82 1.67 0.48 1.87 1.03 0.48
O(1)—C(1) 1.70 —7.42 0.75 1.52 —1.49 0.71 1.61 —10.77 1.05 1.79 —12.34 1.10
C(1)—C(2) 1.59 —9.49 0.99 1.65 —6.40 1.08 1.66 —13.66 1.29 1.64 —16.59 1.52
C(1)—C(3) 167 —11.10 105 145 =372 103 165 —1363 129 162 —1320 128
C(1)—C#4) 1.71 —12.05 1.11 1.47 —4.55 1.02 1.66 —13.66 1.29 1.61 —13.19 1.28
C(2)—CRA)* 1.63 —9.64 1.01 2.54 —20.44 2.10 1.61 —11.86 1.60 270 —28.92 6.11
0(2)—H(20A) 1.89 —23.24 1.10 2.19 —26.78 1.3 248 —61.45 1.76 246 —61.12 1.75
O(2)—H(20B) 199 —26.13 115
H(20A)...02") 0.17 4.00 0.14 0.17 4.34 0.12
H(20B)...0(2”) 0.22 3.89 0.12

* The atom was generated from the basis atom by the symmetry transformation (—x + 1/2, —y + 1/2, —z + 2) for 1 and (—y + 1,

—x+ 1, z+ 1/2) for 2.
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(c¢f. —10.6 ¢ A3 obtained based on the results of X-ray
diffraction study of p-nitroaniline).

Thus, the results of our quantum-chemical and X-ray
diffraction studies of the nature of interatomic interac-
tions F—F (in the F, molecule) and O—O (in the
hydroperoxides containing both electron-donor and elec-
tron-acceptor substituents at the atoms) show that the
homopolar bonds F—F and O—O are essentially differ-
ent from conventional covalent bonds. On the one
hand, they are characterized by depletion of the elec-
tron density in the interatomic space, which is typical of
ionic and highly polar bonds. On the other hand, a
distinguishing feature of these bonds is domination of
the local density of the potential energy, which is typical
of covalent bonding. Our conclusion that the inter-
atomic interactions O—O and F—F belong to the inter-
mediate type is consistent with the results of a recent
theoretical study of the H,O, and F, molecules by the
valence bond method43 and with those of the topo-
logical analysis of the electron localization func-
tion (ELF) in 1,2,7,8-tetraaza-4,5,10,11-tetraoxatri-
cyclo[6.4.1.12.7]tetradecane.44

Experimental

The principal crystallographic data and refinement param-
eters for the structures of 1 and 2 are listed in Table 4. The
structures were solved by direct methods and refined by the
full-matrix least-squares method in the anisotropic-isotropic
approximation based on F2. Position of the hydrogen atoms
were located from the difference electron density maps and all
were included in the final refinement with isotropic thermal
parameters. All calculations were carried out on a personal
computer using the SHELXTL PLUS program package
(Version 5.0).

For all non-hydrogen atoms in molecules 1 and 2, the
coordinates, anisotropic thermal parameters, and the multipole
parameters up to the octupole level (/ = 3) were refined without
symmetry restrictions, except for the C(2) atom of molecule 2,
for which the spherical harmonics satisfying cylindrical symme-
try were also refined. Positions of the hydrogen atoms and their
isotropic thermal parameters were not refined. Before the re-
finement, the C—H and O—H distances were normalized to
the "ideal" neutron diffraction values of 1.07 and 0.988 A,
respectively. The H atoms were refined up to the dipole level
(I = 1) with consideration of cylindrical symmetry. Correctness
of the anisotropic parameters of atomic displacements was
evaluated using Hirshfeld’s test, 45 which was found to be at
most 7+ 1074 A2 for the C—C and O—C bonds. The multipole
refinement converged to R = 0.022, wR = 0.024, GOF = 1.35,
and Nyep/ Ny = 8.63 for the structure of 1 and to R = 0.028,
wR = 0.0214, GOF = 0.98, and Np.f/ Ny, = 7.44 for the
structure of 2. The electron density maxima in the residual
electron density maps (p(r)exp = P(F)iuiip) for the crystals of 1
and 2 were no higher than 0.13 ¢ A=5.
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