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The equilibrium structures, total energies, and harmonic frequencies of peroxides ROOR
and ROOH (R = Me, But, CF3) were calculated using the perturbation theory (MP4//MP2
method) and density functional approach (B3LYP) in the 6�31G(d,p) basis set. The conforma�
tional flexibility of peroxides under rotation about the O�O bond was investigated. It was found
that the stable conformation of a peroxide molecule is determined by superposition of the
destabilizing effects (repulsion between the lone electron pairs, steric hindrances) and the
interaction of the nonbonding orbitals of oxygen atoms with the antibonding orbitals of the
adjacent polar bonds. The latter effect stabilizes the nonplanar structure of the peroxide
molecule. The role of orbital interactions in manifestation of the d�effect (distortion of the
tetrahedral configuration of the X3CO fragment of peroxide molecule) was revealed. The
vibrational spectra of peroxides were calculated and compared with the experimental data. The
potential energy distribution over normal vibrations was analyzed. The enthalpies of formation
and the bond strengths in the molecules of compounds examined were calculated in the
framework of the isodesmic reaction approach.
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conformational analysis, vibrational spectra, enthalpies of formation.

Compounds containing the O—O group and originat�
ing from dioxygen, the major active component of the
Earth atmosphere, play an important role in many natural
processes. Involvement of these compounds in the com�
bustion, oxidation, radical polymerization, and other re�
actions that use their oxidizing property, as well as the
ability to undergo a ready decomposition into free radi�
cals, have predetermined a broad spectrum of scientific
and industrial applications of organic peroxides. The vari�
ety of structures and high reactivity have permitted the
use of peroxides as model objects for investigations of
many fundamental problems of chemistry.1—7 Relatively
high lability of peroxide compounds, which readily de�
compose via homolysis of the peroxide bond, precludes
investigations of their structure, physicochemical proper�
ties as well as the spectral and thermodynamic character�
istics (in particular, enthalpies of formation and bond
dissociation energies). Experimental data on the structure
of organic peroxides were collected in a review8 from
which it follows that the structure and conformational
behavior of peroxides have been studied rather poorly.

Besides, investigations of the structure of peroxide mol�
ecules by gas�phase electron diffraction and X�ray dif�
fraction analysis revealed some peculiar features that are
common to all peroxides and require theoretical substan�
tiation. The vibrational spectra of organic peroxides also
have not been adequately studied. Different authors have
reported different band assignments to particular types of
vibrations (see, e.g., Ref. 9). The enthalpies of formation
of organic peroxides have been determined mainly in the
condensed phase.10 Information on the peroxides with
relatively simple structures (alkyl peroxides, alkyl hydro�
peroxides, peroxy acids, peroxy esters, etc.), which are
the first members of the corresponding homologous se�
ries, is rather scarce. In this connection quantum�chemi�
cal calculations based on modern theoretical concepts
can be used as supplementary to the experimental investi�
gations on the chemical nature of peroxides. Such calcu�
lations provide an efficient tool for the determination of
many physicochemical characteristics with the accuracy
comparable to that achieved in the experiments. Earlier,
we have studied the conformational flexibility of a num�
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ber of peroxy nitrates11—14 and calculated the O—O and
O—H bond strengths in various peroxides15 as well as in
trioxides and hydrotrioxides.16,17 We plan to perform
quantum�chemical studies of the properties of the most
important classes of peroxides. In this work (for prelimi�
nary communication, see Ref. 18) we report on the study
of physicochemical parameters of alkyl peroxides and
hydroperoxides. To reveal the characteristic features of
the molecular structure and the effect of substituents on
the properties of peroxides, compounds ROOH (1—3)
and ROOR (4—6) containing the electron�donor (R =
Me (1, 4), But (2, 5)) and electron�acceptor (R =
CF3 (3, 6)) substituents were studied.

Calculation Procedure

Procedure for quantum�chemical calculations. The ab initio
and density functional (DFT) quantum�chemical calculations
were carried out using the GAMESS 19 and GAUSSIAN�98 20

programs. Molecules and radicals were calculated by the re�
stricted (RHF) and unrestricted (UHF) Hartree—Fock method,
respectively. Density functional calculations were performed
using the B3LYP hybrid functional.21 The RHF calculations
were carried out with inclusion of electron correlation at the
second (MP2) and fourth order (MP4) Møller—Plesset level of
perturbation theory. All calculations were performed with the
6�31G(d,p) basis set (6�31G split�valence basis set augmented
with polarization d�functions for the non�hydrogen atoms and
p�functions for H atoms).

The ground�state geometries of molecules 1 and 4 were de�
termined by the RHF/6�31G(d,p), MP2/6�31G(d,p), and
B3LYP/6�31G(d,p) methods with full optimization of all geo�
metric parameters. In other cases, the MP2/6�31G(d,p) and
B3LYP/6�31G(d,p) approximations were employed. The po�
tential curves of internal rotation about the peroxide bond for
the compounds under study were obtained from calculations
with the constant value of the dihedral, or torsion, angle ϕ,
which characterizes the mutual arrangement of the atoms in the
C—O—O—H (or C—O—O—C) fragment (Fig. 1), and full op�
timization of the remaining geometric parameters. These calcu�
lations were carried out with a ϕ increment of 10 or 15° in the
range 0—180° with allowance for symmetry considerations. The

geometry of the dialkyl peroxide molecules was optimized as�
suming C2 symmetry, which permitted, especially in the case of
molecule 5, a substantial reduction of the computational cost.

The relative energy of a particular conformer was calculated
as the energy difference between the given state and the ground
state of the molecule. In performing MP2 optimization, the
relative energies of different molecular states were also esti�
mated at the MP4�SDQ level of perturbation theory by carrying
out single�point calculations for fixed geometry with the
6�31G(d,p) basis set in the "frozen core" approximation.

Calculations of the ground states of the peroxide molecules
and peroxy radicals included the solution to the vibrational prob�
lem and determination of the force constants, vibrational fre�
quencies (ν), and zero�point vibrational energy corrections
(ZPE). When comparing the results of calculations with the
published data, the calculated ν and ZPE values were corrected
by multiplying them by the corresponding scale factor.22

To interpret structural peculiarities of the compounds under
study using the bonding orbital populations and the mol�
ecule�stabilizing orbital effects, the natural bonding orbital
(NBO) approach23 was employed in the framework of the
B3LYP/6�31G(d,p) approximation.

Choice of computational method. The quantum�chemical
methods were chosen using the following assessment criteria:

— correct calculations of geometric parameters;
— correct and reliable calculations of the energy of the mol�

ecules;
— good cost/efficiency ratio.
The results of the RHF/6�31G(d,p) and DFT/6�31G(d,p)

calculations of the equilibrium structures of the methyl peroxide
and dimethyl peroxide molecules are listed in Table 1. Compari�
son with the experiment shows that the RHF method underesti�
mates the O—O and C—O interatomic distances by 0.05—0.06
and 0.02—0.04 Å, respectively. The O—H distance in molecule 1
is also underestimated by 0.02 Å. In contrast to this, the C—O—O
and O—O—H bond angles are somewhat overestimated. The
inclusion of electron correlation allows one to achieve much
better agreement between the theory and experiment, thus pro�
viding a way for correct reproduction of all geometric param�
eters, except for the O—O bond length overestimated by
0.015—0.028 Å (according to MP2 calculations). Augmentation
of the basis set with polarization p�functions improves agree�
ment between the results of calculations and experimental data,
though the corresponding effect is insignificant.

Among the most important geometric characteristic perox�
ide molecules is the torsion angle ϕ between the planes passing
through the C, O, O atoms and the O, O, C/H atoms (see
Fig. 1). For molecule 1 all the computational methods em�
ployed predict the gauche�conformation with the ϕ angle lying
in the range 115.2—122.1°, which is in reasonable agreement
with the experimental value (114°). In the case of molecule 4 the
situation becomes more complicated. Experiments showed27 that
the dimethyl peroxide molecule mainly adopts the anti�clinal
conformation (ϕ = 119°). However, the RHF calculations pre�
dict the trans�arrangement of the Me groups relative to the
O—O bond. The inclusion of electron correlation by the MP2
method leads to a strongly flattened Etot(ϕ) dependence with
two minima. According to calculations with the 6�31G(d) basis
set, the deeper energy minimum corresponds to the structure
with ϕ = 180°, while ϕ = 124.3° corresponds to the local en�
ergy minimum. The inclusion of electron correlation at the

Fig. 1. Schematic representation of the peroxide molecule and
the most important angles in its structure: ϕ is the torsion angle
between the COO and OOR planes, θ(Xt) is the transoid bond
angle, and θ(Xs) and θ(Xa) are the gauche�angles for the syn� and
anti�oriented atoms (with respect to the substituent R).
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Table 1. Geometric parameters and energy characteristics of the stable conformations of peroxide molecules

Computational –Etot ZPE ∆Etrans ∆Ecis Bond length/Å Angle/deg
method /hartree

kJ mol–1 O—O C—O O—H C—O—O O—O—H C—O—O—X

MeOOH (1)
RHF/6�31G(d,p) 189.807567 156.4 1.48 31.5 1.3939 1.3993 0.9460 107.3 102.3 118.6
MP4//MP2/ 190.350155 147.5 1.35 30.1 1.4695 1.4203 0.9696 104.5 98.4 122.1

6�31G(d,p)
B3LYP/6�31G(d,p) 190.856305 143.8 1.58 27.3 1.4565 1.4168 0.9713 106.1 99.8 115.2
Experiment (gas)24 — — 1.05 — 1.443 1.437 0.967 105.7 99.6 114

ButOOH (2)
MP4//MP2/ 307.948581 376.1 3.80 33.4 1.4730 1.4464 0.9699 107.7 98.1 115.3

6�31G(d,p)
B3LYP/6�31G(d,p) 308.819981 365.3 4.24 30.1 1.4576 1.4503 0.9705 109.2 99.9 110.9
Experiment — — — — 1.472 1.463 1.01 109.6 100 100

(crystal)25

CF3OOH (3)
MP4//MP2/ 487.416576 86.6 7.91 30.3 1.4580 1.3791 0.9718 105.6 99.2 101.3

6�31G(d,p)
B3LYP/6�31G(d,p) 488.582798 84.9 7.61 26.5 1.4480 1.3778 0.9739 107.1 100.3 98.6
Experiment (gas)26 — — — — 1.447 1.376 0.974 107.6 ∼100 ∼95

MeOOMe (4)
RHF/6�31G(d,p) 228.838203 235.4 — — 1.3987 1.3968 — 106.0 — 180.0
MP4//MP2/ 229.536419 224.3 0.35 52.0 1.4723 1.4210 — 104.3 — 120.1

6�31G(d,p)
MP2/6�311+G(d,p) 229.618849 220.9 — — 1.4591 1.4155 — 104.4 148.1
B3LYP/6�31G(d,p) 230.169083 218.3 0.10 47.0 1.4633 1.4150 — 105.4 — 131.2
Experiment (gas)27 — — 1.05 — 1.457 1.420 — 105.2 — 119

ButOOBut (5)
MP4//MP2/ 464.733247 678.2 1.03 138 1.4881 1.4441 — 106.1 — 152.0

6�31G(d,p)
B3LYP/6�31G(d,p) 466.093920 660.0 0.10 124 1.4728 1.4431 — 107.5 — 161.2
Experiment — — — — 1.478 1.439 — 106.7 — 164

(crystal)28

CF3OOCF3 (6)
MP4//MP2/ 823.662216 100.79 8.97 72.5 1.4625 1.3931 — 105.0 — 122.0

6�31G(d,p)
B3LYP/6�31G(d,p) 825.615302 98.8 8.05 62.6 1.4511 1.3924 — 106.7 — 120.2
Experiment (gas)29 — — — — 1.419 1.399 — 107.2 — 123.3

MP4�SDQ level of theory makes the "correct" minimum more
distinct. In the MP2/6�31G(d,p) approximation the minimum
Etot value was obtained at ϕ = 120.1°, though the transoid ar�
rangement of the Me groups also corresponds to a minimum in
the conformational curve, which virtually disappears when cal�
culating the energy of molecule 4 by the MP4//MP2/6�31G(d,p)
method. Finally, the B3LYP calculations correctly reproduce
all geometric parameters except for the C—O—O—C angle,
which appears to be unexpectedly strongly overestimated (∼131°).
Nevertheless, trans�dimethyl peroxide corresponds to the top of
the barrier to interconversion between the reflection symmetric
stable conformations of molecule 4. Further extension of the
basis set provides no significant improvement of the results ob�
tained. In particular, the MP2/6�311+G(d,p) method excel�
lently reproduces the bond lengths and bond angles, but predicts
a ϕ value of 148.1°.

Correctness and reliability of calculations of the energy char�
acteristics were assessed taking the height of the trans�barrier as
an example. This parameter was calculated as the difference

between the total energy of the trans�conformation of the perox�
ide molecule and the energy of the most stable molecular state.
For molecule 1 the results of calculations by all the methods
employed agree well with the experimental value. In the case of
molecule 4 the calculated ∆Etrans value is strongly underesti�
mated (see Table 1). It should be noted that the inclusion of
zero�point vibrational energy correction for both the ground
and transition states of the interconversion has virtually no ef�
fect on the ∆Etrans value.

Another evaluation procedure involved calculations of
the standard enthalpies of formation of compounds 1 and 4
using the isodesmic reaction (IDR) approach.30 The results
of calculations are listed in Table 2. As can be seen, the RHF
method reproduces the experimental data poorer than the
MP2 and B3LYP methods which seem to provide more reli�
able and close results. It should be noted that an important
condition for correct calculations of the enthalpies of formation
is the correct choice of the IDR. The best results, which nearly
coincide with the experimental data, were obtained for the IDR



Peroxides ROOR and hydroperoxides ROOH Russ.Chem.Bull., Int.Ed., Vol. 52, No. 6, June, 2003 1315

with balance of Benson´s groups (see Table 2, the reac�
tions with HOO• and HOOH for the peroxides 1 and 4, respec�
tively).

Calculations with the 6�31G(d,p) basis set and inclusion of
electron correlation in the framework of the perturbation theory
as well as the DFT calculations correctly reproduce the vibra�
tional spectra of peroxides 1 and 4. Almost all vibrations are well
localized and the results of calculations are in good agreement
with the experiment data.35,36 For instance, the vibrational fre�
quency of the O—O bond in molecule 1 is 821 cm–1 (cf. a value
of 815 cm–1 found from MP2/6�31G(d,p) calculations) and
that of the C—O bond is 1026 cm–1 (cf. a calculated value of
1009 cm–1). Molecule 4 belongs to the C2 point symmetry group;
therefore, the IR spectrum exhibits mainly more intense bands
of the asymmetrical vibrations. The peroxide bond vibration at
779 cm–1 (772 cm–1 according to calculations) is of low inten�
sity in the IR spectrum. In contrast to the assignment37 based on
the experimental data,36 our quantum�chemical calculations
predict that the frequency of the most intense asymmetrical
vibration of the C—O bond (999 cm–1) is less than that of the
symmetrical vibration of this bond (1016 cm–1). This is probably
due to a strong mixing of the νs(C—O) vibration with the ν(O—O)
vibration, which makes a 16% contribution to the potential en�
ergy distribution (PED). Positions of the remaining absorption
bands active in the IR spectrum are well reproduced by calcu�
lations.

Thus, comparison of the results of calculations of mol�
ecules 1 and 4 with the experimental data suggests that the
MP4//MP2/6�31G(d,p) and B3LYP/6�31G(d,p) methods meet
the criteria listed above. These approximations give close re�
sults, which can be treated as an indirect evidence for reliability

of the calculated data, and were employed for the study of the
remaining peroxide compounds.

Results and Discussion

Structure of molecules 1—6. The calculated values of
the main geometric parameters of the peroxide molecules
under study are listed in Table 1. They are in reasonable
agreement with the experimental data obtained by gas�
phase electron diffraction24,26,27,29 and X�ray diffraction
analysis.25,28 According to calculations, the length of the
peroxide bond is virtually independent of the structure of
a particular peroxide molecule and lies between 1.45 and
1.49 Å. The largest difference between the results of cal�
culations and experimental data was found for molecule 6
for which dexp(O—O) = 1.419±0.020 Å.29 The calculated
C—O and O—H bond lengths coincide with the corre�
sponding experimental values within the limits of experi�
mental error.

The B3LYP method excellently reproduces the
C—O—O and O—O—H bond angles (the calculated val�
ues differs from the experimental ones by at most 1°). The
MP2 approximation provides a somewhat lower accu�
racy, though in this case the maximum discrepancy be�
tween the predicted values and experimental data is
only 2.2°.

The error of determination of the torsion angle ϕ is
also small. The largest deviation from the experimental

Table 2. Thermal effects of isodesmic reactions (∆H°/kJ mol–1) and the standard enthalpies of formation
(∆Hf°/kJ mol–1) of the starting peroxides 1—6

Isodesmic reaction ∆H° (–∆Hf°)

HF MP4//MP2 B3LYP Experiment
6�31G(d,p)

MeOOH + H2O → HOOH + MeOH 24.1 28.9 27.6 —
1 (120.1) (124.9) (123.6) (131.0)31

MeOOH + HOO• → HOOH + MeOO• 1.5 –1.9 –4.0 —
1 (133.4) (130.0) (127.9) (131.0)31

MeOOMe + 2 H2O → HOOH + 2 MeOH 48.4 60.4 54.3 —
4 (104.3) (116.3) (110.2) (125.5)32

MeOOMe + HOOH → 2 MeOOH 0.2 2.5 –0.9 —
4 1 (126.1 (128.4) (125.0) (125.5)32

ButOOH + HOO• → HOOH + ButOO• — –7.2 –11.3 —
2 — (248.9) (244.8) (244.1)33,34

ButOOH + MeOO• → MeOOH + ButOO• — –5.2 –7.3 —
2 1 — (244.4) (242.4) (244.1)33,34

ButOOBut + HOOH → 2 ButOOH — –5.6 –6.2 —
5 2 — (361.5) (349.7) (344.6)32,34

CF3OOH + HOO• → HOOH + CF3OO• — 24.9 26.1 —
3

CF3OOH + MeOO• → MeOOH + CF3OO• — 26.7 30.1 —
3 1

CF3OOCF3 + HOOH → 2 CF3OOH — –14.3 –17.0 —
6 3
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value (10—15°) was obtained for molecule 2. The most
reasonable explanation for this discrepancy is that the
experimental geometric parameters of the ButOOH mol�
ecule (2) were determined in the solid phase. It seems
likely that intermolecular interactions in the crystal lat�
tice of this hydroperoxide cause the ϕ angle to decrease.
Indeed, the H—O—O—H dihedral angle in the hydrogen
peroxide molecule (112±1° in the gas phase38) decreases
down to 90.2° in the crystal.8

The torsion angle is strongly dependent on the nature
of the substituent at the Cα atom. Apparently, steric re�
pulsion between bulky But groups dominates in mol�
ecule 5, being responsible for the increase in the ϕ angle
up to ∼160°. At the same time the torsion angle in mol�
ecule 3 decreases down to ∼100° due to electron�acceptor
properties of the F atoms. These examples demonstrate
that nonvalent interactions contribute largely to the equi�
librium structure of the peroxide molecule. High accu�
racy of quantum�chemical calculations allows them to be
used as an independent method for determination of the
structure of organic peroxides and for elucidation of the
nature and strength of nonvalent electron interactions
(see below).

Thermochemistry of peroxides. Quantum�chemical cal�
culations of the thermal effects of the IDR with balance
of Benson´s groups permit reliable theoretical estimation
of the thermodynamic characteristics (enthalpy of forma�
tion, bond strength) of peroxide compounds.15 Table 2
lists the thermal effects of some IDR constructed in this
manner for the peroxides under study. If no nonvalent
interactions occur in the molecules participating in such
IDR or if these interactions are mutually cancelled out,
the thermal effect the IDR thus constructed must be equal
to zero, which holds for 1 and 4 (see Table 2). The non�
zero thermal effect, ∆H°, points to stabilization (∆H° > 0)
or destabilization (∆H° < 0) of reagents as compared to
the IDR products.

The ∆Hf° value for 5 was determined using the calcu�
lated enthalpy of formation of 2 (–245.1±3.0 kJ mol–1),
which is in excellent agreement with the experimental
data (see Table 2). The results of our calculations of the
enthalpy of formation for di�tert�butyl peroxide (5) are
appreciably different, namely, –361.5 (MP4//MP2) and
–349.7 (B3LYP) kJ mol–1. The latter value looks more
realistic. First, the IDR for 5 must be exothermic taking
into account steric repulsion between the bulky But

radicals. B3LYP�Calculations confirmed this assump�
tion; however, the estimate of ∆H° obtained by the
MP4//MP2/6�31G(d,p) method is 5.6 kJ mol–1. Second,
using the known value ∆Hf°(ButO•) = –95.4 kJ mol–1 39

and the results of B3LYP/6�31G(d,p) calculations of the
enthalpy of formation for compound 5, we found that the
strength of the peroxide bond, D(O—O), in molecule 5 is
158.9 kJ mol–1. This coincides with the recommended40

D(O—O) value chosen based on analysis of the studies on

the kinetics of gas�phase thermolysis of 5. Therefore,
∆Hf°(5) = –349.7 kJ mol–1.

Thermochemistry of the fluorine�containing perox�
ides and corresponding radicals has been the subject of
recent research.41—44 Nevertheless, the data reported by
different authors are often contradictory or exhibit a wide
scatter of numerical values. For instance, the enthalpy of
formation of compound 3 was reported to lie between
–1427 and –1507 kJ mol–1.44,45 Since the absolute values
of the enthalpy of formation of the F,O�containing com�
pounds seem to be unreliable, thermochemical analysis
was carried out using the relative values, namely, the ther�
mal effects of the reactions and the bond strengths. For
instance, from the data listed in Table 2 it follows that

∆Hf°(CF3OO•) – ∆Hf°(3) = 177.1±2.6 kJ mol–1, (1)

2∆Hf°(3) – ∆Hf°(6) = –154.0±3.4 kJ mol–1. (2)

The O—O bond strength in the molecule of trifluoro�
methyl peroxide (3) is 195.8 kJ mol–1 40 (cf. a close value
of 198.7 kJ mol–1 obtained in a recent experimental
study44). Using the average value, one gets

2∆Hf°(CF3O•) – ∆Hf°(6) = 197.3±1.6 kJ mol–1. (3)

Gas�phase decomposition of compound 6 proceeds
by the following reaction equation

CF3OOCF3    CF3OF + CF2O.

6

The thermal effect of this reaction was measured earlier.46

From this it follows

∆Hf°(CF3OF) + ∆Hf°(CF2O) – ∆Hf°(6) =

= 102.5±5.0 kJ mol–1. (4)

The bond strength, D(CF3O—F), was calculated us�
ing the experimental rate constant for gas�phase ther�
molysis of CF3OF 46 corrected for the normal pre�expo�
nent value. The recommended value, D(CF3O—F) =
200.8±4.2 kJ mol–1, is consistent with the results of vari�
ous versions of DFT calculations.44 Therefore, we get

∆Hf°(CF3O•) – ∆Hf°(CF3OF) = 121.3±4.2 kJ mol–1. (5)

Finally, from the IDR constructed44 for CF3OH we
determined the O—H bond strength in the trifluoro�
methanol molecule (497.1±4.2 kJ mol–1), which is in
agreement with an independent theoretical estimate.47

This allows one to derive yet another relation:

∆Hf°(CF3O•) – ∆Hf°(CF3OH) = 279.1±4.2 kJ mol–1. (6)

Equations (1)—(6) contain seven unknowns; there�
fore, we solved them using the ∆Hf°(CF2O) value as a
reference. A survey of the published data revealed a wide
scatter of the ∆Hf°(CF2O) values, namely, –600.8,48
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–623.8,49 and –638.9 kJ mol–1.45 High�level quantum�
chemical calculations in the framework of the G2 50 and
G2MP2 51 computational schemes (in the latter case with
the data taken from Ref. 52) gave for ∆Hf°(CF2O) the
values of –620.0 and –625.4 kJ mol–1, respectively, which
supports the result obtained in Ref. 49. The thermal ef�
fects, ∆Hf° (in kJ mol–1), determined in this work are
listed below (error in calculations was ±7.3 kJ mol–1; the
value for CF2O is a reference).

Com� CF2O CF3O•CF3OO•CF3OH CF3OF 3 6
pound

–∆Hf° 623.8±6.0 650.3 648.9 929.4 771.6 826.0 1497.9

Taking into account the above�mentioned wide scat�
ter of the ∆Hf° values, it is an easy matter to find some
data which will "coincide" with the results obtained in this
work. However, comparison of the relative values seems
to be more correct. For instance, from our results it fol�
lows that the O—H bond strength in molecule 3 is
395.1 kJ mol–1. Indeed, it is known15,53,54 that introduc�
tion of an electron�acceptor substituent into the hydrop�
eroxide molecule causes an increase in the O—H bond
strength and enhancement of the acid properties of the
ROOH compounds. Compound 3 is well known55 to be a
weak acid, which readily forms peroxides CF3OOR with
various reagents. The O—O bond strength in the CF3OOH
molecule calculated using the ∆Hf° values obtained in this
work is 215.0 kJ mol–1, which is in agreement with the
known stability of 3.

Vibrational spectra. Taking peroxides 1 and 4 as ex�
amples, we showed that the computational methods em�
ployed in this study predict close values of the vibrational
frequencies. Therefore, we present the vibrational spectra
of peroxides 2 and 5 obtained from MP2 calculations only
(Tables 3 and 4, respectively). In the calculated spectra
the vibrations with frequencies higher than 1300 cm–1

correspond to the stretching and bending vibrations of the
C—H bonds, except for the ν(OH) vibration in molecule 2.

Two bands correspond to the stretching vibrations of
the O—O bond. The ν(OO) vibration makes the predomi�
nant contribution to the vibrations with frequencies of
832 (2) and 827 cm–1 (5), which permits the assignment
of the corresponding bands to the peroxide bond vibra�
tion. The intensities of these bands in the IR spectrum
are low, which is in agreement with the experimental
data.9,56,57 The bands at 881 (2) and 890 cm–1 (5) corre�
spond to the vibrations of the C—O bond with the contri�
butions from the ν(OO) vibration of 28 and 10%, respec�
tively.

The band at 1276 cm–1 corresponds to the vibrations
of the O—O—H bond angle. This band in the IR spec�
trum is of rather high intensity; however, its practical use
as a "fingerprint" and for analytical purposes is precluded

by the intense bands of the bending vibrations of adjacent
bonds, which appear in the same spectral region.

The calculated frequencies of the stretching vibrations
of the C—O bond are 881 cm–1 for tert�butyl hydroperox�
ide and 872 (asymmetrical) and 890 cm–1 (symmetrical)
for di�tert�butyl peroxide. The contribution of ν(CO) to
the other bands in the vibrational spectra of the perox�
ides 2 (722, 832, and 1202 cm–1) and 5 (728, 1192, and
1205 cm–1) varies from nearly 10 to 18%. It is remarkable
that, similarly to molecule 4, the asymmetrical vibration
of the C—O bond in molecule 5 appears at a lower fre�
quency.

The frequency of the torsional vibration associated
with rotation about the peroxide bond in molecule 2 is
282 cm–1. The frequency of the corresponding vibration
in molecule 5 is apparently determined with a large ab�
solute error (calculations give a τ(OO) frequency of
15 cm–1). The reason is the substantially flattened depen�
dence of the energy of this molecule on the C—O—O—C
dihedral angle. The assignments of other bands of perox�
ides 2 and 5 are listed in Tables 3 and 4, respectively.

Table 3. Vibrational spectrum of tert�butyl hydroperoxide 2 ob�
tained from MP2 calculations

Vibra� I* ν**/cm–1 PED
tion

1 0.09 137 99τ(CO)
2 0.03 216 86τ(CC)
3 0.86 250 98τ(CC)
4 0.76 260 99τ(CC)
5 0.26 268 66τ(OO), 15δ(CCC)
6 1.19 282 39δ(COO), 39δ(CCO)
7 0.10 330 35δ(CCO), 24δ(CCC)
8 0.03 346 59δ(CCC), 35δ(CCO)
9 0.01 389 68δ(CCC), 15δ(CCO)
10 0.19 443 52δ(CCO), 29δ(CCC)
11 0.12 504 38δ(COO), 20δ(CCO)
12 0.05 722 69ν(CC), 11ν(CO)
13 0.20 832 68ν(OO), 13ν(CC)
14 0.13 881 41ν(CC), 32δ(CCH)
15 0.00 899 63ν(CC), 33δ(CCH)
16 0.00 907 36δ(CCH), 30ν(CO)
17 0.00 929 90δ(CCH)
18 0.01 1010 82δ(CCH)
19 0.02 1016 82δ(CCH)
20 0.69 1202 47δ(CCH), 40ν(CC)
21 0.38 1238 51δ(CCH), 28ν(CC)
22 0.98 1242 41ν(CO), 26δ(CCH)
23 1.00 1276 92δ(OOH)
42 0.77 3601 99ν(OH)

* Intensity of the corresponding vibration/D2 a.m.u.–1 Å–2.
** The remaining frequencies are as follows: 1352, 1355, 1376,
1434, 1449, 1451, 1458, 1461, 1483, 2939, 2942, 2951, 3029,
3033, 3037, 3043, 3046, and 3051 cm–1.
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The results obtained are by and large in good agree�
ment with the literature data,9,56,57 according to which
characteristic of the peroxide molecules are the bands at
3600 (ν(OH)) and 840 cm–1 (ν(OO)) in the IR spectra
and the lines at 3600, 880 (ν(CC)), 840, 720 (ν(CC)),

520—590, and 230—280 cm–1 in the Raman spectra. Dis�
crepancies between the assignments were found only for
the stretching vibration of the C—O bond, which corre�
sponds9,56,57 to the IR bands and Raman lines in the
range 1209—1246 cm–1.

Table 5 lists the results of MP2 calculations of the
vibrational spectra of the fluorine�containing peroxides 3

Table 4. Vibrational spectrum of di�tert�butyl peroxide 5 calcu�
lated by the MP2 method

Vibra� I* ν**/cm–1 PED
tion

1 0.01 15 57τ(OO), 40τ(CO)
2 0.03 58 59τ(CO), 45τ(OO)
3 0.03 105 46τ(CO), 41δ(COO)
4 0.01 167 57τ(CC), 20δ(COO)
5 0.00 183 97τ(CC)
6 0.01 199 57τ(CC), 25τ(CO)
7 0.00 228 42δ(CCO), 35δ(COO)
8 0.00 243 91τ(CC)
9 0.00 252 85τ(CC), 10δ(CCO)
10 0.00 254 86τ(CC)
11 0.01 262 93τ(CC)
12 0.00 270 56δ(CCO), 15τ(CC)
13 0.01 324 51τ(CO), 39δ(CCO)
14 0.05 334 55τ(CO), 35δ(CCO)
15 0.01 338 67τ(CO), 18δ(CCO)
16 0.00 386 66τ(CO), 16δ(CCO)
17 0.03 404 81δ(CCO)
18 0.19 441 54δ(CCO), 30τ(CO)
19 0.05 443 45δ(CCO), 38τ(CO)
20 0.02 487 37δ(CCO), 22δ(COO)
21 0.14 508 39δ(CCO), 22δ(COO)
22 0.23 728 79ν(CC), 19ν(CO)
23 0.00 747 79ν(CC)
24 0.00 827 63ν(OO), 11δ(COO)
25 0.88 872 64ν(CO), 23δ(CCH)
26 0.01 890 46ν(CO), 20δ(CCH)
27 0.00 894 49δ(CCH), 40ν(CC)
28 0.00 894 52δ(CCH), 41ν(CC)
29 0.03 905 55δ(CCH), 37ν(CC)
30 0.00 907 52δ(CCH), 30ν(CC)
31 0.00 924 84δ(CCH), 16τ(CC)
32 0.00 924 84δ(CCH), 16τ(CC)
33 0.02 1007 71δ(CCH), 12τ(CC)
34 0.01 1008 70δ(CCH), 12τ(CC)
35 0.04 1009 71δ(CCH), 12τ(CC)
36 0.00 1021 69δ(CCH), 12τ(CC)
37 3.70 1192 43δ(CCH), 20τ(CC)
38 0.03 1205 44δ(CCH), 20τ(CC)
39 0.05 1232 35δ(CCH), 33ν(CC)
40 0.54 1233 34δ(CCH), 33ν(CC)
41 0.38 1241 33ν(CC), 32δ(CCH)
42 0.01 1261 32δ(CCH), 28ν(CC)

* See note* to Table 3.
** The remaining frequencies are as follows: 1349, 1350, 1351,
1352, 1372, 1373, 1431, 1431, 1443, 1446, 1446, 1449, 1454,
1455, 1458, 1458, 1477, 1479, 2920, 2920, 2924, 2924, 2929,
2930, 3008, 3008, 3014, 3015, 3018, 3020, 3033, 3033, 3037,
3037, 3044, and 3045 cm–1.

Table 5. Vibrational spectra of the fluorine�containing perox�
ides 3 and 6 obtained from MP2 calculations

Ia 0.937(ν/cm–1) PED Reference
data

CF3OOH (3)b

0.22 131 90τ(CO) 142c

2.44 221 77τ(OO) 246c

0.54 265 51δ(COO), 36δ(FCO) 290c

0.09 406 63δ(FCO), 33τ(CO)
0.04 419 45δ(FCO), 29τ(CO)
0.08 549 31δ(FCO), 42τ(CO)
0.16 577 53τ(CO), 23δ(FCO) 613 w
0.25 638 46δ(FCO), 21ν(CF) 675 m
0.02 827 52ν(CF), 21ν(CO)
0.24 919 67ν(OO), 19ν(CF) 945 m
8.25 1196 48ν(CF), 25ν(CO) 1140 w
9.06 1223 52ν(CF), 26ν(CO) 1238 vs
7.96 1257 73ν(CF), 15τ(CO) 1268 s
1.90 1324 91δ(OOH) 1382 m
1.06 3595 100ν(OH) 3580 m

CF3OOCF3 (6)d

0.00 55 89τ(CO) 67
0.00 87 75τ(CO), 20δ(COO) 85
0.00 93 96τ(OO) 92
0.02 207 42δ(COO), 40δ(FCO) 215
0.00 218 58δ(COO), 31δ(FCO) 232
0.00 323 75δ(FCO), 14ν(OO) 344
0.00 404 73δ(FCO), 27τ(CO)
0.00 414 61δ(FCO), 32τ(CO) 445
0.08 458 56τ(CO), 30δ(FCO) 490
0.02 527 71τ(CO), 12ν(CF) 559
0.16 570 59τ(CO), 22δ(FCO) 610
0.14 576 54τ(CO), 25δ(FCO) 627
0.36 586 74δ(FCO), 15ν(CO) 634
0.12 642 30τ(CO), 27δ(FCO) 673
0.20 662 52δ(FCO), 23ν(CF) 711
0.01 834 41ν(CF), 20ν(OO) 890
0.05 843 66ν(CF), 34ν(CO)
0.04 933 58ν(OO), 23ν(CF) 975
17.36 1137 49ν(CO), 29ν(CF) 1125
5.91 1211 80ν(CF), 14τ(CO) 1166
1.66 1224 42ν(OO), 33ν(CF) 1240
10.54 1242 79ν(CF), 15τ(CO) 1252
14.14 1263 78ν(CF), 16τ(CO) 1265
2.86 1279 67ν(CF), 13τ(CO) 1303

a See note* to Table 1.
b The experimental data were taken from Ref. 55.
c See Ref. 58.
d The experimental data were taken from Refs. 59—61.
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and 6, which predict a strong intensity for the torsional
vibration of the O—O bond at 221 cm–1 in the IR spec�
trum of 3. Indeed, it was reported58 that the intensity of
the τ(OO) vibration is so high that this absorption covers
the spectral region 200—300 cm–1. The ν(OH) and
δ(OOH) vibrations are well�localized and have rather high
intensities in the IR spectrum; however, they were char�
acterized55 as vibrations of medium intensity against the
background of the very intense absorption of the C—F
bonds. Noteworthy is that the spectrum of molecule 3
exhibits no band which could be formally attributed to the
ν(CO) vibration because of the strong mixing with the
vibrations of the C—F bonds.

In addition to the intense C—F absorption bands in
the region 1211—1279 cm–1 the IR spectrum of molecule 6
contains vibrations of the C—O bond at 1224 cm–1 (νs)
and 1137 cm–1 (νas). The last�named vibration is the most
intense in the IR spectrum and, similarly to other dialkyl
peroxides (see above), has the lower frequency.

The stretching vibrations of the O—O bond in the
molecules of fluorine�containing peroxides are of low in�
tensity in the IR spectra analogously to the other mol�
ecules. In contrast to this, the corresponding bands in the
Raman spectra are the strongest ones, which permits the
ν(OO) values to be used for identification of peroxides.62

A feature of the spectra of molecules 3 and 6 is shift of
the frequency of the ν(OO) vibration to the region
919—933 cm–1 as compared to the spectra of molecules
2, 5 (827—832 cm–1) and 1, 4 (772—815 cm–1). This is
due to the mixing of the vibrations of the O—O and C—F
bonds (see Table 5).

Conformational flexibility under rotation about the
O—O bond. According to calculations, all the compounds
under study have stable structures characterized by the
gauche�arrangement of substituents with respect to the
peroxide bond (see Fig. 1). The potential curves of inter�
nal rotation about the peroxide bond (Fig. 2) exhibit two
barriers, of which the higher, cis�barrier, corresponds to
the planar configuration of the C—O—O—C/H fragment
in which the substituents are arranged on one side with
respect to the O—O bond. The heights of the cis� and
trans�barriers are listed in Table 1.

As the ϕ angle changes from 0 to 180°, the C—O—O
bond angles monotonically decrease. For instance, the
C—O—O angle in molecule 2 changes in the range
113.3—107.4°, while the O—O—H angle changes from
104.3 to 97.6°. The most reasonable explanation for this
effect is a decrease in the energy of steric repulsion be�
tween substituents at the peroxide fragment with an in�
crease in the torsion angle ϕ.

The C—O and O—O bond lengths change in a more
complex way (Fig. 3). In all the peroxides under study the
C—O bond is lengthened in a regular manner at a nearly
orthogonal arrangement of the planes passing through the
C, O, O atoms and the O, O, C/H atoms. The d(C—O)

value depends on the nearest bonding environment and
the maximum C—O bond length corresponds to ϕ =
95±20°. The O—O bond length changes in antiparallel
manner, namely, the minimum d(O—O) value corre�
sponds to ϕ = 85±20°.

A minimum in the d(O—O) plot in Fig. 3 points to
stabilization of the peroxide bond at virtually orthogonal
arrangement of substituents at this bond. Since the low
strength of the O—O bond is determined by repulsion
between the lone electron pairs (LEP) of O atoms, short�
ening of the O—O bond indicates that the LEP are in�
volved in the orbital interactions with transfer of the elec�
tron density to adjacent atoms. This reduces the popula�
tions of the nonbonding orbitals of the O atoms and,
hence, weakens repulsion between the LEP, thus stabiliz�
ing the gauche�conformation of the molecule.

The orbital interactions in the peroxide molecules were
analyzed in the framework of the natural bonding orbital
(NBO) approach.23 The energies of the most important
interactions occurring in the stable conformations of the
peroxide molecules under study, as well as the popula�
tions of the occupied and unoccupied orbitals are listed in
Table 6. Changes in the ϕ angle affects the mutual orien�
tation of the LEP of the O atoms and the adjacent polar
bonds, the energy of hyperconjugation between the
nπ�orbitals and the antibonding orbitals of the adjacent
C—O (and O—H) bonds being changed parallel to the
change in the C—O bond lengths and antiparrallel to the
change in the d(O—O) value (see Fig. 3).

The determining role of the interaction between the
nπ�orbitals and the orbitals of the adjacent polar bonds in
stabilization of the gauche�conformation of the peroxide
molecule is illustrated by the plot of the energy of the
nπ → σ*(C—O) interaction vs. the torsion angle ϕ for the
stable conformations of all the molecules under study
(Fig. 4). As can be seen in Fig. 4, the stabilizing effects
counteract some other interactions, which provide a broad
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Fig. 2. Potential curves of internal rotation of alkyl groups about
the O—O bond in molecules 1—6 (curves 1—6, respectively)
obtained from B3LYP/6�31G(d,p) calculations. From symmetry
considerations the curves are presented for the 180° interval.
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Fig. 3. Changes in the C—O bond lengths (1—6, black symbols) and O—O bond lengths (1´—6´, white symbols) under internal
rotation of alkyl groups about the O—O bond in the molecules 1 (1, 1´), 2 (2, 2´), 3 (3, 3´), 4 (4, 4´), 5 (5, 5´), and 6 (6, 6´). Calculated
by the B3LYP/6�31G(d,p) method. From symmetry considerations the curves are presented for the 180° interval.
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Table 6. Energies of the orbital interactions (in kJ mol–1) and the populations of the interacting orbitals (in e units)

Parameter MeOOH (1), ButOOH (2), CF3OOH (3), MeOOMe (4), ButOOBut (5), CF3OOCF3 (6),
X = H, R = H X = C, R = H X = F, R = H X = H, R = C X = C, R = C X = F, R = C

Interaction energy
nπ(Oα) → σ*(Oβ—R) 3.5 3.8 4.4 2.1 ∼0 4.5
nπ(Oβ) → σ*(Oα—C) 5.4 5.5 9.0 2.1 ∼0 4.5
nπ(Oα) → σ*(C—Xa) 22.4 20.8 56.0 24.0 24.5 51.2
nπ(Oα) → σ*(C—Xs) 27.5 25.2 61.0 26.6 23.3 54.3
σ(Oα—Oβ) → σ*(C—Xt) 8.0 7.0 18.7 7.9 7.3 15.6
σ(C—Xt) → σ*(Oα—Oβ) 22.0 17.2 8.8 21.0 16.8 9.1

Population
σ(Oα—Oβ) 1.9919 1.9921 1.9837 1.9864 1.9863 1.9749
σ(C—Xt) 1.9784 1.9682 1.9910 1.9783 1.9681 1.9906
nπ(Oα) 1.9590 1.9606 1.9143 1.9564 1.9588 1.9206
nπ(Oβ) 1.9907 1.9869 1.9869 1.9564 1.9588 1.9206
σ*(Oα—Oβ) 0.0240 0.0246 0.0185 0.0442 0.0453 0.0379
σ*(Oβ—R) 0.0040 0.0041 0.0052 0.0052 0.0488 0.1142
σ*(Oα—C) 0.0062 0.0540 0.1069 0.0052 0.0488 0.1142
σ*(C—Xa) 0.0199 0.0309 0.1269 0.0208 0.0322 0.1248
σ*(C—Xs) 0.0216 0.0320 0.1340 0.0212 0.0325 0.1262
σ*(C—Xt) 0.0088 0.0222 0.1110 0.0082 0.0216 0.1099

range of the ϕ values. Let us consider qualitatively
the main orbital interactions at different values of the
C—O—O—R torsion angle assuming that the LEP is the
nσ, nπ pair.

The LEP orientation in the cisoid conformation of the
molecule is the least favorable (Scheme 1).

Repulsion between the LEP is maximum, while the
orientation of the nπ�orbitals makes their interaction

with the adjacent bonds impossible. The peroxide mol�
ecule can be to some extent stabilized only due to the
nσ → σ*(O—R) interaction.

In addition, a feature of the cis�conformer is steric
repulsion between the C and R atoms, which substantially
increases for the bulky substituents. Therefore, the above�
mentioned factors are responsible for instability of the
cis�conformer. Repulsion between the LEP causes an in�
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crease in the O—O bond length, which reaches its maxi�
mum value in the cis�conformer (see Fig. 3).

The other top of the potential barrier corresponds to
the trans�conformation of the peroxide molecule. Simi�
larly to the preceding case, the reason is that the LEP of
the O atoms cannot be involved in the interactions with
the orbitals of adjacent bonds (Scheme 2).

Scheme 2

At the same time the trans�orientation of the peroxide
fragment is optimum from the standpoint of minimiza�

tion of the steric effects of substituents. The mutual ar�
rangement of the LEP is also favorable. Taken altogether,
these reasons provide an explanation for the low energy of
the trans�barrier.

In the case of orthogonal arrangement of the C and
R substituents the energy of repulsion between the LEP
takes an intermediate value because of the nπ—nσ pair
interaction. However, the gauche�conformation is favor�
able for involvement of both nπ�orbitals in the overlap
with the σ*�orbitals of adjacent bonds (Scheme 3).

Scheme 3

The plots of d(O—O) vs. the C—O—O—X torsion
angle (see Fig. 3) exhibit clearly seen minima at ϕ ∼90°.
Due to hyperconjugation and electron density transfer
from the LEP to other orbitals the O—O bond order in�
creases and repulsion between the LEP weakens, thus
causing the O—O bond to shorten. At the same time the
effective nπ → σ*(C—O) interaction leads to an increase
in the population of the antibonding orbital and destabi�
lizes the C—O bond via its elongation. Indeed, Fig. 3
demonstrates that at ϕ ∼90° the d(C—O) values increase
by about 0.01—0.02 Å.

However, orthogonal arrangement of the C and R
substituents is not optimum from the standpoint of the
interaction between the LEP of adjacent O atoms. If we
assume that steric repulsion between the But group and
the H atom in molecule 2 is minimum, an increase in the
ϕ value to 110.9° is due to the repulsion between the LEP.
Mutual repulsion between the bulky substituents in mol�
ecule 5 leads to even greater increase in the ϕ angle.

Thus, the conformational potential of peroxide com�
pounds with different structure is determined by three
main factors:

Scheme 1
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Fig. 4. Correlation between the torsion angle ϕ in the stable
conformations of peroxide molecules and the energy of the
nπ(Oβ) → σ*(Oα—C) interaction.
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1) hyperconjugation between the LEP of the atoms of
the peroxide bridge and the antibonding σ*�orbitals of the
adjacent C—O (or O—H) bonds,

2) Coulomb repulsion between the LEP,
3) steric interaction of substituents at the perox�

ide bond.
The first effect is responsible for the stability of the

gauche�structure of the peroxide fragment. It is maximum
at ϕ ∼80° irrespective of the nature of the peroxide com�
pound. The second and third effects cause destabilization
of the peroxide molecule, thus leading to an increase in
the ϕ angle.

The key role of the LEP of O atoms in the formation
of the conformational potential of peroxide molecules
points to a great importance of taking into account
nonvalent interactions. The orbital effects, as well as the
interaction between the O—O group and the electron
shells of the α�, β�, and even γ�C atoms (as detected in
the NMR spectra) show3 that homolysis of the O—O
bond in the course of decomposition of the peroxide com�
pounds is a process, which also involves the electron or�
bitals of adjacent atoms and functional groups, rather
than an elementary act. It is the orbital interactions that
are responsible for the variety of thermal decomposition
mechanisms and for a broad range of changes in the O—O
bond strength.

The d�effect. A peculiar feature of the structure of
alkyl peroxide molecules is distortion of the tetrahedral
configuration of the X3CO fragment (the so�called distor�
tion effect, or d�effect).28 The d�effect is typical of all

alkyl peroxides and alkylaryl peroxides8 and also mani�
fests itself in alcohols and esters, which points to the
determining role of the O atom nearest to the X3C group
(Oα atom).

The most characteristic manifestation of the d�effect
is a substantial decrease in the X—C—O bond angle for
the Xt atom in the transoid position with respect to the Oβ
atom of the peroxide group (see Fig. 1). For instance, if
the θ(Xa) and θ(Xs) angles in molecule 1 are close to the
tetrahedral angle (110.01 and 111.38°, respectively), the
θ(Xt) angle is much smaller (104.32°). Even more pro�
nounced is the d�effect in molecule 4; according to MP2
calculations, θ(Xt) = 101.48°, θ(Xa) = 109.89°, and
θ(Xs) = 110.60°. The X—C—O bond angles in these and
other peroxides are listed in Table 7.

To elucidate the nature of the d�effect, we used the
results of the NBO analysis of the peroxide molecules. It
was found that free rotation about the O—O bond does
not influence the d�effect. The H—C—O bond angles in
molecule 1 change only slightly (by 0.5—0.6°). The larg�
est contribution to the d�effect comes from the occu�
pied orbitals σ(C—Ht) (1.9784), σ(O—O) (1.9919), and
nπ(Oα) (1.9590), which interact with the σ*(C—Ht)
(0.0088), σ*(C—Ha) (0.0199), σ*(C—Hs) (0.0216), and
σ*(O—O) (0.0240) antibonding orbitals (the populations
of the corresponding orbitals are given in parentheses).
Analogous trends were also found for the remaining per�
oxides (see Table 6).

From this it follows that the d�effect is due to the
orbital interactions involving the transoid X atom (the

Table 7. Influence of substituents on the magnitude of the d�effect (change in the bond angle (deg)) in the compounds of general
formula X3CZY according to the results of MP2/6�31G(d,p) calculations

Compound* Xt Xa Xs Z Y Z—C—Ht Z—C—Ha Z—C—Hs C—Z—Y

CF3OOCF3 F F F O CF3O 104.0 111.7 112.4 105.0
ButOOBut C C C O ButO 101.5 109.9 110.6 106.1
CF3OOH F F F O OH 105.1 112.8 111.8 105.6
ButOOH C C C O OH 101.5 110.0 110.3 107.7
Me2CHOOH 52 C H C O OH 103.7 108.0 111.5 106.1
CCl3OOH 63 Cl Cl Cl O OH 102.3 111.0 112.0 107.6
CHCl2OOH 63 H Cl Cl O OH 103.4 113.3 112.1 108.3
CH2ClOOH 63 H H Cl O OH 104.9 111.4 112.7 106.2
MeONO2 H H H O NO2 102.9 110.1 110.1 112.3
MeOF H H H O F 103.2 111.0 111.0 103.2
MeOCl H H H O Cl 103.6 111.5 111.5 109.3
MeOOC(O)Me H H H O MeC(O)O 103.5 110.9 111.1 106.1
MeONO H H H O NO 104.0 110.7 110.7 114.4
MeOOMe H H H O MeO 104.4 111.0 111.4 104.3
MeOOH H H H O OH 104.3 111.0 111.4 104.5
MeOH H H H O H 106.5 112.4 112.4 107.3
MeOMe H H H O Me 107.0 111.5 111.5 110.9
MeSSMe H H H S MeS 106.7 110.8 110.5 102.0
MeSH H H H S H 106.7 111.6 111.6 96.5
MeSMe H H H S Me 107.7 111.3 111.3 98.5

* The data were obtained in this study unless otherwise stated.
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σ(C—Xt) → σ*(O—O) and σ(O—O) → σ*(C—Xt) inter�
actions) and the gauche�atoms (the nπ(Oα) → σ*(C—Xa)
and nπ(Oα) → σ*(C—Xs interactions). The energies of
these interactions are listed in Table 6, from which it
follows that the d�effect originates from the interactions
of the Oα atom.

The role of the Oβ atom can be illustrated by the data
listed in Table 7. Here we compare the bond angles in the
compounds of general formula H3COY, where Y is an
atom or radical with different electron�acceptor ability.
For the sake of comparison Table 7 also presents the
geometric parameters of the sulfur�containing compounds.
The data listed in Table 7 were obtained by the authors of
this work using the results of MP2/6�31G(d,p) calcula�
tions and from the NIST quantum�chemical database.52

As the electron�acceptor properties of the Y substitu�
ent become stronger, the O—C—Ht angle regularly de�
creases (Fig. 5). This effect can be explained with ease
taking into account a decrease in the energy of the
σ*(O—Y) orbital with an increase in the electronegativity
of the Y substituent. As a result, the energy differ�
ence between the σ(C—Ht) and σ*(O—Y) orbitals de�
creases, which makes the interaction of these orbitals
more efficient. The energy of the other interaction,
nπ → σ*(C—Hg), does not change in this series of com�
pounds. Indeed, the O—C—Hg angle in all the H3COY
molecules has a nearly constant value (111.4±1°), whereas
the O—C—Ht angle changes from 102.9° (Y = NO2) to
107.0° (Y = Me).

Noteworthy is that the σ(C—Ht) → σ*(O—Y) and
σ(O—Y) → σ*(C—Ht) interactions can be efficient only if
the O—Y and C—Ht bonds are aligned. Indeed, this holds
for the molecules characterized by the weakest steric in�
teraction between Hg and Y (Y = H, F, OH, OMe) and
manifests itself as the nearly equal values of the O—C—Ht
and C—O—Y bond angles (see Table 7), which differ by
less than 1°.

Replacement of the Oα atom by S atom leads to ap�
preciable weakening of the d�effect (see Table 7), which
is due to the lower donor ability of the LEP of S atom.

The influence of the X atom in the gauche�position on
the strength of the d�effect is ambiguous. On the one
hand, an increase in the electronegativity of X causes an
increase in the energy of the nπ → σ*(C—Xg) interaction
(see Table 6), which manifests itself as an increase in the
O—C—Xg angle (see Table 7). On the other hand, bulky
substituents in the gauche�position with respect to the Oβ
atom produce steric strain in the molecule, which is mainly
manifested as an increase in the C—O—O angle.

If substituents at the Cα atom are different, the
gauche�position relative to the Oβ atom is occupied by the
substituents with greater electronegativity while the
transoid position is occupied by the electron�donor atom
or radical (see Table 7, Me2CHOOH, ClCH2OOH, and
Cl2CHOOH). This trend becomes understandable in the
light of the above�mentioned results and is associ�
ated with the overall effect of the nπ → σ*(C—Xg) and
σ(C—Xt) → σ*(O—O) interactions under rotation of the
X3C fragment about the C—O bond.

The results obtained in this work are in agreement
with the data collected in the experimental studies of
the structure of peroxides. X�Ray diffraction studies
of the structure of diphenylmethyl hydroperoxide,
Ph2CHOOH,64 and dicumyl peroxide,
PhMe2COOCMe2Ph,65 pointed out that in both com�
pounds the Ph rings are in the gauche�position with re�
spect to the Oβ atom despite obvious unfavorableness of
this spatial orientation.

According to our calculations, the alkoxy radicals
X3CO• (products of peroxide homolysis at the O—O
bond) must correspond to the Cs rather than C3v point
symmetry group owing to the nπ → σ*(C—X) interaction.
Analysis of the published data43,45,47,52 taking MeO•,
ButO•, CF3O•, and other alkoxy radicals as examples
shows that this does occur.

Thus, the structure of the most stable conformers of
the peroxide and alkyl hydroperoxide molecules, ROOR´,
is determined by superposition of several effects. These
are repulsion between the LEP, stabilization of substitu�
ents at the peroxide group in the gauche�conformation
(the anomeric effect), steric repulsion between the R and
R´ substituents, and the d�effect. The nature of the R and
R´ substituents influences the relative contribution of each
factor. As the electronegativity of the X atom increases,
the energy of the σ*(C—X) orbital decreases, the overlap
with the nπ�orbital becomes more efficient and, hence,
the population of the nπ�orbital decreases. The energy of
repulsion between the LEP of O atoms also decreases.
This effect correlates with the change in the O—O bond
lengths (see Fig. 3). Namely, as the electron�acceptor
properties of the X substituent in hydroperoxides X3COOH
become stronger (Me < H < F), the d(O—O) values cor�

Fig. 5. Plot of the bond angle, θ(Ht), vs. the Taft inductive
constants, σ*, of the substituent Y in the compounds of general
formula H3COY.
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respondingly decrease: 1.458 > 1.456 > 1.448 Å. An analo�
gous trend can also be followed for the C—O bond (see
Fig. 3). Weakening of repulsion between the LEP, which
destabilizes the peroxide molecule, also manifests itself as
a decrease in the torsion angle ϕ.

The authors express their gratitude to A. F. Khalizov
and A. B. Ryzhkov for valuable help.
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