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The structure of the peroxyacetic acid (PAA) molecule and its conformational mobility
under rotation about the peroxide bond was studied by ab initio and density functional meth-
ods. The free rotation is hindered by the frans-barrier of height 22.3 kJ mol~!. The equilibrium
molecular structure of AcOOH (C; symmetry) is a result of intramolecular hydrogen bond. The
high energy of hydrogen bonding (~46 kJ mol~! according to natural bonding orbital analysis)
hampers formation of intermolecular associates of AcOOH in the gas and liquid phases. The
standard enthalpies of formation for AcOOH (—353.2 kJ mol~!) and products of radical de-
composition of the peroxide — AcO" (—190.2 kJ mol~!) and AcOO" (—153.4kJ mol~!) —
were determined by the G2 and G2(MP2) composite methods. The O—H and O—O bonds in
the PAA molecule (bond energies are 417.8 and 202.3 kJ mol~!, respectively) are much stron-
ger than in alkyl hydroperoxide molecules. This provides an explanation for substantial contri-
bution of non-radical channels of the decomposition of peroxyacetic acid. The electron density
distribution and gas-phase acidity of PAA were determined. The transition states of the ethyl-
ene and cyclohexene epoxidation reactions were located (E, = 71.7 and 50.9 kJ mol~! respec-
tively).
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Peroxy acids, RC(O)OOH, are one of the main classes
of organic peroxides. They are widely used as oxidants.!»2
Reactions of peroxy acids with olefins result in o-oxides
(Prilezhaev reaction), which are then transformed into
glycols or esters.

Under the action of peroxy acids, carbonyl compounds
are converted into esters via a-hydroxy peroxy ethers
(Bayer—Williger reaction). Peroxy acids oxidize various
sulfurous and nitrogen-containing compounds. A remark-
able feature of peroxy acids is strong intramolecular hydro-
gen bond with an energy of 25—30 kJ mol~!.

The structures of organic peroxy acids were experimen-
tally studied by microwave spectroscopy and dielcometry
in the gas phase (lower homologs) and by X-ray analysis
(higher peroxy acids).3 In this work we report on the ab
initio and density functional quantum-chemical calcula-
tions of the molecular structure, conformational mobil-

T Deceased.

ity, vibrational spectra, and thermochemistry of peroxy
acids in the free state taking peroxyacetic acid AcOOH
(1, PAA) as an example, because experimental studies
were mainly carried out in the condensed state while gas-
phase studies of peroxy acids are complicated by their
thermal instability.

Calculation Procedure

The ab initio and density functional (DFT) quantum-chemi-
cal calculations were carried out using the GAMESS4 and
GAUSSIAN-983 programs. Ab initio calculations were carried
out by the restricted Hartree—Fock method, RHF (for radicals,
the unrestricted Hartree—Fock approximation, UHF, was em-
ployed), while the DFT calculations were performed using the
B3LYP hybrid functional.® The RHF calculations were carried
out with inclusion of electron correlation effects at the second
and fourth order levels of Mgller—Plesset perturbation theory
(MP2 and MP4, respectively). All calculations of the molecular
geometry and conformational mobility and the vibrational spec-
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trum of 1 were performed with the 6-31G(d,p) basis set (the
6-31G split valence basis set augmented with polarization d-func-
tions for the non-hydrogen atoms and p-functions for H atoms).
Intermolecular association of PAA was studied using the
6-311++G(d,p) extended basis set.

The ground-state geometries of the molecules of the com-
pounds under study were determined by full geometry optimiza-
tion. The potential curves of internal rotation about the perox-
ide bond were obtained by calculations with the constant value
of the dihedral, or torsion, angle ¢, which characterizes the
mutual arrangement of the atoms in the C—O—O—H fragment,
and full optimization of the remaining geometric parameters.
These calculations were carried out with a ¢ increment of 10° in
the range 0—180° with allowance for symmetry considerations.

The relative energies of conformers were calculated as the
total energy differences between the given state and the ground
state of the peroxide molecule. In performing MP2 optimiza-
tions the relative energies of different molecular states were also
estimated at the MP4 level with inclusion of the single, double,
and quadruple excitations (MP4-SDQ) by carrying out single-
point calculations with fixed geometric parameters in the same
basis set. MPn optimizations were carried in the "frozen core”
approximation.

Calculations of the ground states of the molecules under
study included the solution to the vibrational problem and de-
termination of the force constants, vibrational frequencies (v),
and zero-point vibrational energy corrections (ZPE). In com-
paring the results of calculations with the published data, the
calculated v and ZPE values were corrected by multiplying them
by the corresponding scale factor.”

To interpret structural peculiarities of the PAA molecule
using the bonding orbital populations and the molecule-stabiliz-
ing orbital effects, the natural bonding orbital (NBO) approach®
was employed in the framework of the B3LYP/6-31G(d,p) ap-
proximation.

The enthalpies of formation of PAA and products of
its decomposition were calculated using the isodesmic ap-
proach.® The enthalpies of the compounds and radicals
involved in the isodesmic reactions were calculated in the
MP4//MP2/6-31G(d,p) and B3LYP/6-31G(d,p) approxima-
tions and using two composite computational schemes, G210
and G2(MP2).11

Results and Discussion

Molecular structure of PAA. Calculations with full op-
timization of the molecular geometry of PAA gave the
equilibrium structure with C; symmetry. The main geo-
metric parameters (bond lengths and bond angles) in the
AcOOH molecule are shown in Fig. 1, a and listed in
Table 1 (for comparison, here we also present the experi-
mental data on the structure of the peroxide fragment).
The results obtained by the main computational methods
are in good agreement, while extension of the basis set has
little effect on the calculated values of geometric param-
eters. For clarity from this point on we will use the results
obtained from B3LYP/6-31G(d,p) calculations. The per-
oxide bond length in the PAA molecule (» = 1.442 A) is

Table 1. Geometric parameters and energy characteristics of the equilibrium structure of the peroxyacetic acid molecule
calculated using different methods in the 6-31G(d,p) and 6-311++G(d,p) basis sets

Parameter 6-31G(d,p) 6-311++G(d,p) Experiment*
RHF MP4//MP2 B3LYP MP2 B3LYP
Bond r/A
C(1)—0(2) 1.3275 1.3598 1.3541 1.3569 1.3547 1.33
0(2)—0(3) 1.3884 1.4561 1.4422 1.4372 1.4392 1.47
0O(3)—H(9) 0.9553 0.9849 0.9886 0.9813 0.9841 1.0
C(1)=0(4) 1.1898 1.2209 1.2155 1.2120 1.2088 1.22
C(1)—C(5) 1.4997 1.4982 1.5026 1.4994 1.5000 —
0(4)...H9) 1.9266 1.8524 1.8516 1.8673 1.8886 —
Bond angle 0/deg
C(1)—0(2)—0(3) 113.1 110.2 110.9 110.8 111.6 112.9
0(2)—0(3)—H(9) 103.3 99.4 99.7 100.4 101.0 96.0
0(4)=C(1)—0(2) 122.1 122.5 121.9 122.3 121.8 —
0(4)=C(1)—C(5) 126.0 127.1 127.0 127.3 127.2 —
C(1)=0(4)...H(9) 83.6 83.9 84.3 84.0 84.7 —
0(4)...H(9)—0(3) 117.9 124.1 123.2 122.6 121.0 —
Torsion angle ¢/deg
C(1)—0(2)—0(3)—H(9) 0.0 0.0 0.0 0.0 0.0 —
0(4)=C(1)—0(2)—0(3) 0.0 0.0 0.0 0.0 0.0 —
u/D 2.28 2.60 2.34 2.67 2.50 —
E,/hartree —302.571638 —303.415411 —304.217686 —303.555569 —304.312075 —
AE,4s/XJ mol~! 16.0 17.6 22.3 — — —
ZPE/kJ mol~! 185.0 174.7 171.0 171.4 169.7 —

* Data taken from Ref. 3.
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Fig. 1. Molecular structures of peroxyacetic acid (1) (a), its dimers 2a () and 2b (c), and complex AcOOH - H,O (3) (d) obtained from B3LYP/6-311++G(d,p) calculations. The
interatomic distances are given in A and the bond angles are given in degrees. The symmetries of the structures are given in parentheses.
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typical of peroxide compounds, whereas the C—O bond
is much shorter than in the alkylperoxide molecules,
namely, 1.354 A vs. 1.417 A in MeOOH.? The reason for
the decrease in H(C—O) is clear; this is the effect of the
carbonyl group. The orbital interactions, which describe
this effect, are considered below. The O—O—H bond
angle (99.7°) is close to that in hydroperoxides (99.8° for
MeOOH molecule), whereas the C—O—O angle is some-
what larger (110.9° and 106.1°, respectively), which is
also associated with the effect of the carbonyl oxygen
atom. The most remarkable feature of the molecular struc-
ture of AcOOH, which strongly differs peroxy acids from
alkylhydroperoxides ROOH, is the magnitude of the
C—0O—0O—H torsion angle (¢). If alkylhydroperoxides
adopt a gauche-conformation (¢ = 90—110° depending
on the nature of R), the AcOOH molecule is character-
ized by ¢ = 0, which corresponds to planar arrangement
of the atoms in the carboperoxyl fragment. The results
obtained confirm that peroxy acids are compounds with
strong intramolecular hydrogen bond (IHB). The equi-
librium distance between the atoms participating in
the hydrogen bond is 1.852 A while the C=0...H and
0...H—O angles are 84.3 and 123.2°, respectively. In the
gas phase and even in the liquid phase, peroxy acids exist
almost without exception in the monomeric form.2 In the
solid state, they undergo dimerization!3 (the proposed
structure of the dimer is shown below).

/P10

R—C\ (I)-Il-l //C—R
o~ "0

We calculated intermolecular complexes of PAA taking its
dimers and the AcOOH + H,O complex as examples. The
calculations were carried out in the B3LYP/6-31G(d,p)
approximation. Then, the equilibrium structure of the
complex was refined by the B3LYP/6-311++G(d,p)
method. The results of energy calculations for various
tentative structures of the complexes clearly indicate that
the roles of hydrogen bond acceptor and donor in the
PAA molecule are played by the H atom of the hydroper-
oxide group and the carbonyl O atom, respectively. Inter-
actions with O atoms of the peroxy group are much weaker
or do not manifest themselves at all.

In calculating the AcOOH dimers we located two
structures (2a,b) belonging to the C; point symmetry group
(see Fig. 1, b, ¢). Complex 2a proposed by Swern!3 is
energetically less favorable (AH° = —3.8 kJ mol~!), be-
cause the hydrogen bond is formed involving the OB atom
of the peroxy group. The intermolecular H-bond is rather
long (2.480 A). The molecular structure of PAA in com-
plex 2a remains virtually unchanged as compared to the
AcOOH monomer. Complex 2b is somewhat stronger
(AH° = —16.1 kJ mol~!), because the H-bond is formed
involving the carbonyl O atom. Here, the length of the

intermolecular H-bond is 1.862 A. Nonplanar structure
of the C(O)OOH fragment (¢ = 99.0°) is a structure-
destabilizing factor.

The equilibrium structure of the complex
AcOOH - H,0 (3) is shown in Fig. 1, d. Both molecules
simultaneously act as the hydrogen bond donor and ac-
ceptor. The shorter H,O...H bond is somewhat stronger,
the O...H—O angle (160.8°) is close to 180°, which is
typical of strong hydrogen bonds. The torsion angle ¢ in
complex 3 is 61.1°; other geometric parameters vary only
slightly compared to those of the free PAA molecule. The
change in the enthalpy upon the formation of complex 3
(—16.8 kJ mol™!) is fully compensated by the low entropy
of its formation (—126.4 J mol~! K~1), so that the change
in the Gibbs free energy at 298 K is positive (AG°® =
20.9 kJ mol~!). Calculations of normal vibrational fre-
quencies of all the associates studied in this work revealed
the absence of imaginary frequencies, which permitted
the structures located to be identified as stable intermo-
lecular complexes.

Efficient dimerization of PAA is precluded by low
entropy of complexation (—127.7 and —137.4 J mol~! K~!
for 2a and 2b, respectively). Thus, the results of quantum-
chemical calculations confirm the conclusions drawn ear-
lier? that PAA mainly exists in the monomeric form even
in the liquid phase.

According to the results of an X-ray study of solid
peroxy acids C,H,,; ;C(O)OOH (n = 9—16),13 the effec-
tive size of their dimers (in A) can be evaluated using the
relationship 3.307 + 2.126n, where n is the number of
C atoms in the peroxy acid molecule. Hence, the most
distant C atoms of the Me groups in the AcOOH mol-
ecule are separated by 7.56 A, which is in good agreement
with the available data for dimer 2b: H(Me...Me) = 7.70 A.
For structure 2a, this distance is much longer (r = 9.44 A).
These results, as well as the energy characteristics, suggest
that the most probable structure of solid AcOOH is
dimer 2b, which undergoes irreversible dissociation on
going to the liquid or gaseous state.

Vibrational spectrum. Table 2 lists the calculated and
experimental!4 vibrational spectra of PAA. The main dif-
ference of these spectra from those of alkylperoxides stud-
ied earlier!’ is considerable mixing of the vibrations of the
peroxide bond with the vibrations of adjacent bonds.

The Raman lines corresponding to the stretching vi-
bration of the O—O bond in peroxide molecules are known
to be strong.1® In the PAA molecule, this vibration is less
characteristic and localized as compared to the hydroper-
oxide molecules. Namely, calculations of the potential
energy distribution estimate the v(OO) contribution at
44% (cf. more than 60% for alkylperoxides!5). This vibra-
tion is mixed with the C—C (21%) and C—0O (24%)
stretching vibrations and manifests itself in the IR
(Raman) spectra of peroxy acids as a band (line) of me-
dium intensity.
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Table 2. Experimental and calculated vibrational spectra of peroxyacetic acid

Calculations? Experiment!4
V/Cm_l [IRb [Ramanc p PED VIR/CFH_1 Id VRamam/CIn_1 I p
86 0.01 0.12 0.75 961(CC) 219 — 224 2 dp
207 0.00 0.29 0.75 821(CO) — m 139 1 dp
302 0.38 0.33 0.20 518(CCO), 363(CO0) 325 S 323 10 0.3
402 2.03 3.28 0.75 971(00) 450 s — 30 0.3
410 0.28 1.25 0.36 358(CCO0), 258(C0O0), 225(0CO) 425 w 432 — —
584 0.85 0.29 0.75 781(0=CO0) 618 S 610 sh dp
619 0.26 6.96 0.36 395(0CO0), 35v(CC) 648 m 640 80 0.2
832 0.80 4.76 0.14 38v(00), 42v(CO), 158(CO0) 866 m 860 12 0.6
924 0.06 2.17 0.67 44v(00), 24v(CO), 21v(CC) 940 s 936 60 0.15
990 0.13 6.07 0.24 558(CCH), 13v(CC), 10t(CC) 1010 vw 1004 40 0.1
1020 0.21 0.37 0.75 648(CCH), 191(CC), 101(0=COO0) 1040 m — — —
1223 4.65 1.49 0.45 39v(CO), 18v(CC), 176(0CO) 1233 s 1225 3 0.66
1360 0.42 2.77 0.75 858(CCH) 1369 m 1370 3 0.7
1404 3.67 7.39 0.71 945(0O0H) 1439 — 1438 2 dp
1436 0.19 13.27 0.75 79t(CC), 218(CCH) — m 1410 — —
1443 0.30 11.52 0.75 721(CC), 248(CCH) 1429 S — 6 dp
1720 3.93 9.90 0.20 82v(C=0) 1750 m 1750 20 0.2
2955 0.00 108.3 0.00 100v(CH) 2940 — 2945 — —
3042 0.02 59.97 0.75 100v(CH) 2990 w2988 150 p
3084 0.04 46.50 0.75 100v(CH) — w — 40 dp
3323 1.52 22.79 0.13 100v(OH) 3340 S — — —

Note. PED is potential energy distribution and p is the depolarization degree.

4 This work; obtained from MP2/6-31G(d,p) calculations.

IR intensity/D? a.m.u.~! A=2,

¢ Raman intensity/A% a.m.u.~!.

4 Experimental intensity/rel. units.

The bands (lines) characteristic of peroxy acids are as
follows: v(OH) (3370), v(C=0) (1750), v(OO) (870),
p(C=0) (600), and 3(CO0O) (330 cm™1).2 The results of
our calculations are by and large in agreement with these
values: the corresponding vibrational frequencies for the
AcOOH molecule are 3323 (3340), 1720 (1750), 924
(940), 584 (618), and 302 (325) cm~!. Here, figures in
parentheses are the experimental data.

A comparison of the results of calculations and ex-
perimental data (see Table 2) points to high reliability of
theoretical estimates of the vibrational frequencies of per-
oxide compounds, which allows the intense IR band at
1404 cm™! corresponding to the deformation vibration of
the O—O—H angle to be recommended for determina-
tion of the concentration of PAA in solution. The IR
monitoring of AcOOH is favored by the low ability of
PAA to form intermolecular associates (see above). At the
same time, the 8(OOH) vibration in the IR spectra of
higher peroxy acids can be masked by intense bending
vibrations of C—H bonds.

Thermochemistry of peroxyacetic acid and products of
its decomposition. Taking into account the small size of
the AcOOH molecule, the enthalpies of formation of PAA

and radical products of its decomposition can be esti-
mated using composite computational methods G2 and
G2(MP2),10:11 which provide a high accuracy of calcula-
tions. To demonstrate the potentialities of these methods,
we calculated the enthalpies of formation (ApH°gg) of
AcOOH and some related compounds using the following
relationship

AfH"zgg(CxHyOZ) = x®(C) + y®o(H) + z@(0) +
+ H°3(C,H,0,), (1)

where ® are the enthalpy functions of the corresponding
atoms (differences between the experimental standard en-
thalpy of formation of an atom and the enthalpy of the
same atom obtained from G2 or G2(MP2) calculations)
and H°g3(C,H,0,) is the enthalpy of the compound un-
der study, calculated using the G2 or G2(MP2) proce-
dure. The results of AgH°,qg calculations are listed in
Table 3. The mean error of calculations is about 3 kJ mol~!
for the G2 procedure and nearly twice as large for the
G2(MP2) method, which somewhat underestimates the
ApHP9g values.

The remaining error of calculations seems to be sys-
tematic and can be included using, e.g., the isodesmic
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Table 3. Enthalpies of formation (A¢H°ygs/kJ mol~!) and enthalpies (H°,9g/hartree) of various peroxides
and related compounds calculated by the G2 or G2(MP2) methods

Com- G2 G2(MP2) AHC y05*
pound ApHC59g He9g ApH%598 Hey9g

HO® 38.4 —75.640603 37.5 —75.637619 39.3
H,0 —242.5 —76.328277 —245.9 —76.326233 —241.8
HOO* 15.0 —150.724117 10.9 —150.718973 14.6
HOOH —134.2 —151.361600 —140.1 —151.357145 —136.1
MeO* 20.8 —114.863562 21.6 —114.859521 17.2
MeOH —-205.9 —115.530607 -207.7 —115.527527 —-201.7
MeOO* 10.5 —189.942080 7.5 —189.936101 18.8
MeOOH —132.2 —190.577107 —137.0 —190.571794 —131.0
AcO* —191.0 —228.073707 —193.2 —228.067025 —
AcOH —437.5 —288.748274 —440.9 —228.742055 —432.2
AcOO* —160.2 —303.136555 —164.6 —303.127367 —
AcOOH** —355.5 —303.791627 —362.0 —303.783199 —

* Data taken from Ref. 17.

** The zero-point vibrational energies were calculated by the B3LYP/6-31G(d,p) method because the
HF/6-31G(d) approximation employed in the G2 and G2(MP2) procedures gives one negative vibra-
tional frequency for the ground state of the AcOOH molecule.

approach. For instance, the following two isodesmic re-
actions (IDR) were constructed for acetic acid

AcOH + HCHO — MeCHO + HCOOH, )
ACOH +2 CH, — C,Hg+ MeOH + HCHO.  (3)

The calculated thermal effects of these reactions and
the corresponding experimental data are listed in Table 4.
A comparison shows that the isodesmic approach permits
good agreement between theory and experiment, espe-
cially when using the G2 computational procedure. The
results obtained by the MP2 and B3LYP methods are
somewhat worse.

Thus, the joint use of the isodesmic approach and
calculations by the composite methods G2 and G2(MP2)
allows reliable determination of the enthalpies of forma-
tion and energies of chemical bonds in the molecules of
PAA and related compounds.

To this end, we constructed some IDR for AcOOH
(Egs. (4) and (5)), AcO" (Egs. (6) and (7)), and AcOO"
(Egs. (8) and (9)).

AcOOH + H,0 — AcOH + HOOH 4)
AcOOH + MeOH — AcOH + MeOOH (5)
AcO’ + H,0 — AcOH + HO® (6)
AcO’ + MeOH — AcOH + MeO" 7)
AcOO* + HOOH — AcOOH + HOO" 8)
AcOO* + MeOOH — AcOOH + MeOO* )

Using the G2 and G2(MP2) methods, we determined
the thermal effects of the reactions (4)—(9). Then, the
enthalpies of formation for PAA (reactions (4) and (5))
and for acetyloxy (reactions (6) and (7)), and acetylperoxy
radicals (reactions (8) and (9)) were calculated using the
known experimental AgH%g¢ values for the compounds

Table 4. Thermal effects (kJ mol~!) of isodesmic reactions con-
structed for acetic acid

Computational method Reaction (2) Reaction (3)

MP2/6-31G(d,p) —58 193.0
B3LYP/6-31G(d,p) 96 192.2
G2(MP2) -2.3 183.1
G2 -2.4 185.2
Ref. datal? -3.4 186.6

involved in the IDR (see Table 3). The results obtained
are presented in Table 5.

A comparison of the data for AcOOH, AcO°, and
AcOO" (see Tables 3 and 5) demonstrates reproducibility
of the ApH°,9g values. Based on the results obtained, we
determined the dissociation energies (D) of the O—O
and O—H bonds in the PAA molecule. These are
D(AcOO—H) = 417.8 kJ mol~! and D(AcO—OH) =
202.3 kJ mol~!, which is appreciably higher than the cor-
responding values for alkylhydroperoxides. The strength
of the O—O bond approaches the value known for hydro-
gen peroxide molecule. This provides an explanation for
substantial contribution of non-radical channels of the
decomposition of AcOOH.18:19 [t is appropriate to re-
mind that the D value corresponds to the energy change
in the case of homolytic dissociation of the O—O bond
after the molecular fragments moved apart to infinity.
Real homolytic reactions are complicated by homo- and
heteromolecular association of AcOOH and products of
its decomposition, which is responsible for significant dif-
ference between the activation energies of homolysis of
peroxy acids (125—142 kJ mol~!) and the peroxide bond
strength calculated here.
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Table 5. Thermal effects of reactions (kJ mol~') and enthalpies of formation (AH°59g/kJ mol~") of peroxyacetic
acid and acetyloxy and acetylperoxy radicals obtained from G2 and G2(MP2) calculations

Com- Thermal effect AeHC9g

pound Reaction (4), (6), (8) Reaction (5), (7), (9) Reaction (4), (6), (8) Reaction (5), (7), (9) Average
G2 G2(MP2) G2 G2(MP2) G2 G2(MP2) G2 G2(MP2) value

AcOOH 26.3 26.9 -8.3 -8.2 —352.8 —353.4 —353.2 —353.3 —353.2

AcO* 344 35.7 —-19.7 —18.4 —185.5 —186.8 —193.6 —194.9 —190.2

AcOO*  —46.2 —46.4 —52.6 -52.9 —156.3 —156.1 —150.8 —150.5 —153.4

Conformational mobility. The molecular structure of
peroxyacetic acid permits rotation about three axes
(C(1)—C(5), C(1)—0(2), and O(2)—0O(3) bonds, see
Fig. 1); however, only rotation about the last-named bond
is significant for realization of different conformations of
the peroxide fragment. Rotation about the C—O bond is
essentially hindered by strong orbital interactions in the
molecule (see below); therefore, in all the conformations
studied the C(5), C(1), O(4), O(2), and O(3) atoms can
be treated as lying in nearly the same plane. High barrier
to rotation about the C—O bond was also reported for
acetylperoxy nitrate.20-21

Variation of the energy of the AcOOH molecule upon
rotation about the O—O bond is shown in Fig. 2. In
contrast to other classes of peroxide compounds, which
have two reflection symmetric stable states, in this case
the potential curve has one minimum at ¢ = 0° corre-
sponding to the cis-structure of the AcOOH molecule
and one maximum at ¢ = 180° corresponding to the
trans-barrier. According to B3LYP/6-31G(d,p) calcula-
tions, AE,,,,s = 22.3 kJ mol~!, which is much higher than
the trans-barriers for alkylperoxides and alkylhydro-
peroxides, peroxy esters and diacylperoxides (AE,,,,, =
0.1—8.1 kJ mol=1).12 The cis-conformations of these mol-
ecules correspond to the most unstable structures; how-

AE/KJ mol~!

20}

15+

10 -

s

0° 60 120 180 240 300 /deg

Fig. 2. Potential curves of internal rotation about the O—O
bond in the peroxyacetic acid molecule, obtained from
B3LYP (1), MP2 (2), MP4//MP2 (3), and RHF calculations (4)
in the 6-31G(d,p) basis set.

ever, the energy of the strong IHB in the AcOOH mol-
ecule is much higher than the cis-barrier.

Rotation of hydroxyl group about the O—O bond is
accompanied by regular variations of the geometric pa-
rameters of the peroxide fragment. Figures 3 and 4 present
the dependences of the O—O and C—O bond lengths and
the C—0O—O0 (8) and O—O—H (y) bond angles on the

r(0—0)/A r(C—0)/A

1.47
1.38

60 120 180 240 300  @/deg

Fig. 3. Variation of the C—O (7, 2) and O—O (3, 4) bond
lengths upon internal rotation about the O—O bond in the
peroxyacetic acid molecule according to MP2 (/, 3) and
B3LYP (2, 4) calculations.

60 120 180

o/deg

Fig. 4. Variation of the C—0O—O0 (6) (/, 2) and O—O—H (vy)
(3, 4) bond angles upon internal rotation about the O—O bond
in the peroxyacetic acid molecule according to B3LYP (7, 3)
and MP2 (2, 4) calculations.
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torsion angle ¢. The interval —60° < ¢ < 60° corresponds
to manifestation of the IHB, which "stretches" the per-
oxide fragment of the AcOOH molecule, thus resulting in
relative decrease in both the bond lengths and bond angles.
Beyond this range, the patterns of the changes in the
geometric parameters of the peroxide fragment are identi-
cal to the patterns found for alkylperoxides and alkyl-
hydroperoxides!? (monotonic changes in bond angles with
minima at 180° and the presence of a minimum (maxi-
mum) for the O—O (C—O) bond length at ¢ = £80°).

These regularities of the changes in the molecular
structure of AcOOH are due to a complex pattern of
structure-stabilizing orbital interactions. The predomi-
nant electronic effects and their energy characteristics
were studied using the NBO approach.® The most impor-
tant orbital interactions and their energies at different
¢ values are listed in Table 6. These electronic effects can
be divided into three groups.

The first group comprises the interactions, which de-
scribe the hydrogen bond. The overlap of the lone elec-
tron pairs (LEP) of the carbonyl O atom and the anti-

bonding orbital of the O—H bond provides a consider-
able energy gain (45.9 kJ mol~! for the equilibrium struc-
ture of the PAA molecule) and a full suppression of the
cis-barrier. Two LEPs of the O atom are represented
by the nonbonding n- and c-orbitals and the largest
contribution to the hydrogen bond comes from the
n(0(4)) - 0*(0(3)—H(9)) interaction. The orbital over-
lap energy monotonically decreases as ¢ increases and
becomes infinitesimally small (less than the threshold
value, 2 kJ mol~!) at ¢ = 60°. Indeed, the O(4)—H(9)
distance in the conformer with ¢ = 60° becomes longer
than the sum of the van der Waals radii of oxygen and
hydrogen.

The second group comprises the interactions involv-
ing the anomeric effect. The interaction between the LEPs
and the vacant orbitals of adjacent polar bonds, which
stabilizes the gauche-conformation of organic molecule,
is basic to the anomeric effect.?? It is known!215 that the
n, - ¢*(C—0) and n, —» 6*(O—H) interactions stabilize
various peroxide molecules. The PAA molecule is also no
exception (see Table 6). However, the energy of the IHB

Table 6. Energies of orbital interactions in peroxyacetic acid molecule, calculated using the NBO approach at different values of the

torsion angle ()

Interaction Energies of orbital interactions (kJ mol*l) at
¢/deg

0 10 20 30 40 50 60 70 80
ns(0(3)) — o*(C(1)—0(2)) 14.2 14.0 13.4 11.9 9.0 5.8 3.8 2.8 2.2
ns(0(2)) — o*(0(3)—H(9)) 7.4 7.3 7.0 6.6 5.9 5.1 4.2 3.3 2.5
n(0(3)) - o*(C(1)—0(2)) — — — 3.3 7.7 11.8 13.7 14.2 14.1
n.(0(2)) - ¢*(0(3)—H(9)) — — — — — — 3.6 4.2 4.5
ns(0(2)) — o*(C(1)=0(4)) 22.6 22.3 21.5 21.2 21.1 21.2 214 21.7 22.0
n(0(2)) -» a*(C(1)=0(4)) 207.4 197.2 179.0 169.7 164.5 161.2 159.5 158.4 156.9
ns(0(4)) - o*(0(3)—H(9)) 9.1 8.4 6.5 4.2 2.3 — — — —
ns(0(4)) — o*(C(1)—0(2)) 9.5 9.2 8.5 7.5 6.7 6.1 5.8 5.7 5.7
ns(0(4)) - o*(C(1)—C(5)) 7.7 7.9 8.6 9.5 10.5 11.3 11.8 12.2 12.4
n(0(4)) - o*(C(1)—0(2)) 132.6 134.1 138.2 143.9 149.7 155.5 160.2 163.9 166.7
n(0(4)) - o*(C(1)—C(5)) 75.4 75.6 75.9 76.4 76.7 77.3 77.9 78.4 78.8
n.(0(4)) - o*(0(3)—H(9)) 36.8 33.7 26.0 17.0 9.5 4.4 — — —

¢/deg

90 100 110 120 130 140 150 160 170 180
n(0Q3) »c*C(H—02) - - - - = = = — — —
1,(0(2)) - 6*(0(3)—H(©O))  — - - - - - - - - -
n(0(3)) - o*(C(1)—0(2)) 13.3 9.2 10.8 8.6 6.5 4.5 2.6 — — —
n.(0(2)) - o*(0(3)—H(9)) 4.5 4.1 3.5 2.7 — — — — — —
ns(0(2)) — o*(C(1)=0(4)) 22.2 22.3 22.5 22.6 22.5 22.4 22.3 22.3 22.2 22.3
n(0(2)) -» a*(C(1)=0(4)) 155.7 155.0 155.5 157.1 158.7 161.3 164.3 167.5 170.3 173.5
n5(0(4)) — ¢*(0(3)—H(9)) — — — — — — — — — —
ns(0(4)) — o*(C(1)—0(2)) 5.8 5.9 6.0 6.1 6.1 6.2 6.2 6.2 6.2 6.2
ns(0(4)) — o*(C(1)—C(5)) 12.5 12.6 12.6 12.6 12.6 12.5 12.5 12.4 12.4 12.4
n(0(4)) - o*(C(1)—0(2)) 168.7 170.0 170.7 170.6 170.5 169.9 169.3 168.7 168.2 168.1
n(0(4)) —» c*(C(1)—C(5)) 79.2 79.5 79.8 79.9 80.2 80.3 80.5 80.5 80.6 80.7

n,(0(4)) — 6*(0(3)—H(9)) -
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is higher than the energy of these interactions; therefore,
the anomeric effect manifests itself only as shortening of
the peroxide bond and lengthening of the C—O bond at
¢ values, which correspond to the maximum energies of
the n; — o* interactions. Other nonbonding orbitals (n)
of O atoms of the peroxide bridge can be overlapped with
the o*-orbitals of the C—O and O—H bonds at small ¢
values. These interactions act in line with the hydrogen
bonding and decrease the energy of the stable cis-con-
former, thus increasing the frans-barrier.

The third group of interactions is responsible for stabi-
lization of the carboperoxyl fragment. Here, we deal
with the following orbital interactions: the overlap of
both LEPs of the O(4) atom with the antibonding
o*-orbitals of the C(1)—0(2) and C(1)—C(5) bonds
and the n (0(2)) - n*(C(1)=0(4)) and n,(0(2)) —
— o*(C(1)=0(4)) interactions (see Table 6). Their ener-
gies are virtually independent of the angle ¢. These inter-
actions are the strongest ones in the AcOOH molecule.
They stabilize the carboperoxyl fragment and restrict its
conformational mobility. For instance, the n (O*(2)) —
— ©*(C(1)=0(4)) overlap produces steric hindrances to
free rotation about the C—O bond and is responsible for
planarity of the C(5)—C(1)(0(4))—0(2)—0(3) fragment
in all the conformations of the AcOOH molecule studied
in this work (the maximum deviation from planar struc-
ture is 12.6°). Stabilization of the carboperoxyl fragment
causes shortening of the C(1)—C(5), C(1)=0(4), and
C(1)—0(2) bonds, the last-named bond being affected to
the greatest extent.

Electron density distribution and acidic properties. The
electron density distribution (in units of electron charge;
population analysis according to Mulliken) in the PAA
molecule points to significant molecular polarization.
A comparison of the effective atomic charges of oxygens
in the peroxide bridges (Table 7) in various hydroper-
oxides shows that a decrease in the electron density on the
O atoms correlates with the increase in the strength of the
O—O0 bond. NBO analysis revealed that the presence of
electron-acceptor substituents R (MeC(O), CF3) in the
hydroperoxide molecule, ROOH, causes an increase in

Table 7. Effective atomic charges (g/e) and O—O bond strengths
(D/kJ mol~!) in the peroxyacetic acid and hydroperoxide mol-
ecules calculated by the B3LYP/6-31G(d,p) method

Compound q D(0—-0)
0(2) 0(3) H(9)
MeC(O)OOH* —0.248 —0.306 +0.347 202.3
CF3OOH15 —0.304 —0.295 +0.350 215.0
MeOOH!5 —-0.297 —0.329 +0.332 190.6
Me3COOH15 —-0.322 -0.328 +0.331 188.0

* This work.

the energy of the n(O(3)) — o*(R—O0(2)) interaction and
in the extent of the LEP delocalization into an antibonding
orbital. On the one hand, this leads to a decrease in the
electron density on the O atom. On the other hand, it also
causes weakening of repulsion the between the LEPs and
an increase in D(0—O0).

Yet another important factor responsible for the
strength of the peroxide bond is stability of the newly
formed radical RO". It seems likely that stabilization of
the acetoxy radical due to delocalization of the unpaired
electron over the carboxylic fragment is responsible for
the decrease in D(O—Q) compared to trifluoromethyl-
hydroperoxide (see Table 7).

One can assume that the acidity of MeC(O)OH and
other hydroperoxides depends on the degree of polariza-
tion of the O—H bond. The data in Table 8 show that, in
spite of monotonic change in the acidic properties of
compounds ROH, ROOH, and ROOOH with an increase
in the effective atomic charge of H, the polarity of the
O—H bond is not the main factor. The only, but remark-
able, exception is acetic acid. Indeed, the acidic proper-
ties are governed by the ease of proton abstraction in the
reaction

RO,H === RO, +H*,

i.e., by the relative stability of the compound and its
deprotonated form. In solution, this equilibrium is strongly
affected by the solvation of the molecule and anion.

Correlation with the acidic properties of the O—H
bond is expected to be more natural if we take the total
energy difference between the anion and molecule (i.e.,
gas-phase acidity) as the reactivity index. The data in
Table 8 exhibit a satisfactory correlation between the AE,
and pK, values for compounds ROH and ROOH. Unfor-
tunately, it is impossible to supplement this series with
hydrotrioxides, because the hydrotrioxide anion is unstable
and barrierlessly decomposes into RO~ and dioxygen
molecule.23

Table 8. Acidic properties of compounds of general formula
RO, H (calculated by the B3LYP/6-31G(d,p) method)

Compound q%/e Gas-phase pK,©
acidity? (H,0,
(¢] H /kJ mol~! 25°C)
MeOH —0.532 +0.306 1700.0 15.5
MeOOH —-0.329 +0.332 1670.8 11.2
MeOOOH —0.297 +0.336 — 9—10
MeC(O)OOH —0.306 +0.347 1603.4 8.2
MeC(O)OOOH -0.273 +0.350 — —
MeC(O)OH —0.474 +0.322 1547.2 4.76

@ Effective atomic charge.
b Difference FE(RO,”) — E,,(RO,H).
¢ Data taken from Refs. 23 and 24.
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Alkene epoxidation. The high strength of the peroxide
bond precludes homolytic decomposition of PAA, while
the IHB favors rearrangement of AcOOH into acetic acid
and transfer of the peroxide O atom to the oxidation
substrate. In particular, this is the case of the Prilezhaev
reaction (alkene epoxidation by peroxy acids). It is as-
sumed that the process involves the formation of a spiro-
type transition state25:26 (Scheme 1).

Scheme 1

— Eo +  RC(O)OH

The 1,3-dipolar mechanism of formation of a-oxides2’
(Scheme 2) is also considered, which involves transfer of
a proton from the peroxide oxygen atom to the carbonyl
O atom and intermediate formation of a-hydroxycarbo-
nyl oxide.

Scheme 2
0. OH >=<
R\C// H - R\C+/ >
\ / \
0-0 0—0-
OH
R\ / 7
C~
/ —
I 0 I I jgo + RC(O)OH
\\ _Cc—
o~ \

Both reaction mechanisms were quantum-chemically
simulated in the B3LYP/6-311++G(d,p) approximation.
We studied the possibility of formation of the syn- and
anti-isomers of a-hydroxycarbonyl oxide (PAA can be
treated as precursor of this compound,?’ see Scheme 3).

The syn-structure was found to be unstable. It does
not correspond to the stationary point on the potential
energy surface (PES); this means that syn-carbonyloxide
undergoes spontaneous isomerization into PAA. The
anti-isomer does correspond to a minimum on the PES
but its energy is 185.5 kJ mol~! higher than that of
AcOOH. Since the activation energy of alkene epoxidation
is much lower than this value, the probability for the
anti-isomer of a-hydroxycarbonyl oxide to be formed in

Scheme 3
(0]
P2y
Me\C 7 H
\ /
0-0
/ \ .
\
O—H
/ Ve
Me—C+ Me—C\+
\
0—0- 0—0-
syn-Isomer anti-Isomer

the reaction under study is negligible. Thus, the 1,3-dipo-
lar mechanism contradicts experimental observations.
An alternative to this mechanism is provided by the
Bartlett mechanism,25 which was studied taking the reac-
tions of AcOOH with ethylene and cyclohexene as ex-
amples. The energies of all reactants and transition states
(TS) are listed in Table 9. The geometry of the activated
complex is shown in Fig. 5. The transition state is charac-
terized by appreciable lengthening of the peroxide bond.
The distance between the carbonyl O atom and the H
atom is shorter than in the starting AcOOH molecule but
the O—H bond is still to be formed. The O atom of the
reaction center is nearly equidistant from carbon atoms of
the C=C bond. The plane of the carboperoxyl fragment is
perpendicular to the plane of the alkene multiple bond,
while the peroxide group and the attacked carbon—carbon
bond can be treated as lying in virtually the same plane.
The transition states were characterized by the only
imaginary vibrational frequency. The thermal effects of
the reactions (AH°,9g) were calculated with inclusion of
zero-point vibrational energy correction and reduced
to 298 K by calculating the temperature correction,
H°y93 — H°. The thermal effects of the reactions of both

Table 9. Energy characteristics of reactants and transition states
(TS) of alkene epoxidation by peroxyacetic acid

Com- Eo  ZPE?  Hejy 8°295” ApH® 98¢
popund /hartree /hartree

AcOOH  —304.312075 169.7 —304.240859 314.8 —353.2
AcOH —229.164827 161.5 —229.097782 288.1 —432.2
C,Hy —78.615539 133.3 —78.560773 2189 52.3
C,H,0 —153.836095 149.9 —153.774901 242.5 —-52.7
TS(C,H,) —382.900242 304.6 —382.774316 399.8 —
Ce¢Hyg —234.713213 382.4 —234.561101 303.2 —4.6
C¢H,(O —309.937358 396.4 —309.779428 321.9 —125.5
TS(CgH,g) —539.005708 551.3 —538.782582 471.1  —
@ 1n kJ mol~1.

5InJ mol~! K1

¢ Data taken from Ref. 17.
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¢(C=C...0...0) = 175.91° (170.55°)

1.3708
(1.3662)

2.0912 ,
(2.0355) ,*

Il'

0.9979 ¢

’

.0094),’
’

.

Fig. 5. Transition state of the reaction of cyclohexene (RR = —(CH,),—) epoxidation by peroxyacetic acid. The interatomic distances
are given in A and the angles are given in degrees. Figures in parentheses are the corresponding values for the transition state of the
reaction of peroxyacetic acid with ethylene (R = H). Calculated by the B3LYP/6-311++G(d,p) method.

olefins are in good agreement with the AH° values ob-
tained from calculations of the enthalpies of formation of
the reactants!” and the A;H°(AcOOH) values (see above).

Reaction AH°595/kJ mol~!
calculated Ref. 17
AcOOH + C,H, - AcOH + C,H,0  —186.5 —184.0

AcOOH + C¢H g — AcOH + C4H,,0 —197.6 ~199.9

The activation energy for the reaction of PAA with
ethylene is 71.7 kJ mol~!. The activation energy of
cyclohexene oxidation is much lower (50.9 kJ mol~?).
Our results are in good agreement with the experimen-
tal28:29 values of activation parameters of the reactions of
AcOOH with cyclohexene in different solvents (the range
of changes in the activation energy is 35.6—75.8 kJ mol~!,
pre-exponential factors Ig4 — 3.88—9.29). The activation
energy of the reaction in toluene (the solvent of the lowest
polarity) is 51.0 kJ mol~!, which coincides with the cal-
culated value. Small 1gA4 values are also consistent with
the entropy of activation (AS*); according to calculations,
AS* = —134.0 (C,H,) and —146.9 J mol~! K~! (cyclo-
hexene). The reaction in toluene is characterized by
AS* = —132.1 I mol~! K~128

Thus, good agreement between the results of calcula-
tions and the experimental data unambiguously supports
the Bartlett mechanism.25:26

In this work we determined the gas-phase molecular
structures of PAA, its dimers, and the complex of AcOOH
with water. It was shown that PAA molecules most prob-
ably exist in the gas phase and in solution in the mono-

meric form with intramolecular hydrogen bond, whereas
in the solid state the most stable is the dimer with two
intermolecular hydrogen bonds, in which the carbonyl
O atom acts as the electron density donor. The conforma-
tional mobility of the PAA molecule was studied and
three types of nonvalent interactions responsible for pe-
culiar features of conformational behavior of this mol-
ecule were characterized. These are the intramolecular
hydrogen bond, the anomeric effect (stabilization due to
the interaction of the LEPs of the peroxide O atoms with
the orbitals of adjacent polar bonds), and stabilization of
the carboperoxyl fragment. The vibrational spectrum of
PAA was calculated (the characteristic bands are those of
the O—H, C=0, and O—O stretching vibrations and of
the deformation vibrations of the COO, OOH, and car-
boxyl fragments of the molecule). Using the isodesmic
approach and G2 computational procedure, the enthalp-
ies of formation of AcOOH and the acetoxy and acetyl-
peroxy radicals were calculated. High strengths of the
O—O0 and O—H bonds make radical processes involv-
ing PAA less probable. Possible mechanisms of alkene
epoxidation were analyzed using the results obtained in
this work. Transition states of the reactions of AcOOH
with ethylene and cyclohexene were located; the energy
characteristics of the reactions were found to be in good
agreement with the experimental data.
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