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Abstract: The mechanism of the ozonation of isopropyl alcohol was investigated for the gas and the solution
phase using second-order many body perturbation theory and density functional theory (DFT) with the
hybrid functional B3LYP and a 6-311+-+G(3df,3pd) basis set. A careful analysis of calculated energies
(considering thermochemical corrections, solvation energies, BSSE corrections, the self-interaction error
of DFT, etc.) reveals that the gas-phase mechanism of the reaction is dominated by radical or biradical
intermediates while the solution-phase mechanism is characterized by hydride transfer and the formation
of an intermediate ion pair that includes the HOOO~ anion. The product distribution observed for the
ozonation in acetone solution can be explained on the basis of the properties of the HOOO™ anion. General
conclusions for the ozonation of alcohols and the toxicity of ozone (inhaled or administered into the blood)

can be drawn.

1. Introduction

Reactions of ozone with saturated organic materials have bee
at the focus of organic research for many dechdesl is
experiencing at the moment a renaissahéeOne topic of this

with alcohols than with ozon¥.It is now considered to be a
fact that, in the ozonation reaction, hydrogen trioxide,

HOOOH-19 jts radical HOOG,2° and its anion HOOO?>6

are formed as important intermediates and that these species

research is the ozonation of alcohols and ethers, which is (11) (a) Munoz, F.; Mvula, E.; Braslavsky, S. E.; von SonntagJCChem.

important for chemical synthesid;® soil, groundwater, and
wastewater purificatiok; bleaching of polysaccharides (starch,
cellulose, wood, pulp}? drinking water processing, toxicity
studies of ozone, and activity studies of medical 0z8n&.In

the polluted atmosphere, reactions with alcohols and ozone only

Soc., Perkin Trans. 2001, 1109. (b) Munoz, F.; von Sonntag, .Chem.
Soc., Perkin Trans. 200Q 2029. (c) Dowideit, P.; von Sonntag, Exviron.
Sci. Technol1998 32, 1112.

12) (a) Pietsch, J.; Sacher, F.; Schmidt, W.; Brauch, HVdter Res2001,
35, 3537. (b) Pietsch, J.; Schmidt, W.; Brauch, H. J.; WorchQEone:
Sci. Eng.1999 21, 23.

(13) Kang, J. W.; Park, H. S.; Wang, R. Y.; Koga, M.; Kadokami, K.; Kim, H.
Y.; Lee, E. T Oh, S. MWater Sci. Technotl997 36, 299.

occur in the absence of OH radicals, which react much faster (14 Hufgék' L; Croue, J. P.; Legube, B.; Dore, Kzone: Sci. EngL998

T Giteborg University.
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1982; Vol. Il
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So0c.2002 124, 11260.
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1988; Vol. E13, p 971.

(8) Kaufman, M.; Sherwell, JProg. React. Kinet1983 12, 1.

(9) Razumovskii, S. D.; Zaikov, G. EDzone and its Reaction with Organic
Compounds, Studies in Organic Chemistry EBevier: New York, 1984.

(10) (a) Eden, J.; Kasica, J.; Walsh, L.; Rutenberg, M. W.; Lacourse, N.; Solarek,

D.; Koubek, T. G. Purification of polysaccharides. U.S. Patent, 1998. (b)
Morozov, L. A.; Nikiforov, Y. N.; Lomova, G. P.; Nikiforova, V. N.;
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Flnlayson Pltts B. J,; Pltts 3. mmosphenc Chemistry: Fundamentals

and Experlmental TechnlquerIey New York, 1986.

For theoretical studies on HOOOH, see: (a) Cremer).CChem. Phys.

1978 69, 4456. (b) Jackels, C. RI. Chem. Phys1993 99, 5768. (c)

Speranza, MInorg. Chem.1996 35, 6140. (d) McKay, D. J.; Wright, J.

S.J. Am. Chem. S0d.998 120, 1003. (e) Fuijii, T.; Yashiro, M.; Tokiwa,

H. J. Am. Chem. S0d.997 119 12280.

(18) For experimental studies on HOOOH, see: (a) Giguere, P. A.; Herman,
K. Can. J. Chem197Q 48, 3473. (b) Bielski, B. H. J.; Schwartz, H. A.
Phys. Chem1968 72, 3836. (c) Plesnar, B.; Cerkovnik, J.; Koller, J.;
Kovac, F.J. Am. Chem. So0d991, 113 4946. (d) Cerkovnik, J.; Plestag
B. J. Am. Chem. S0d.993 115 12169. (e) Pleshar, B.; Cerkovnik, J
Tekavec, T.; Koller, JJ. Am. Chem. Sod.998 120, 8005.

(19) (a) Xu, X.; Goddard, W. AProc. Natl. Acad. Sci. U.S.R£002 99, 15308.
(b) Engdahl, A.; Nelander, BScience2002 295, 482.

(20) For theoretical studies, see: (a) Blint, R. J.; Newton, MJ.BChem Phys.

1973 59, 6220. (b) Mathisen, K. B.; Siegbahn, P. E. ®hem. Phys1984

90, 225. (c) Dupuis, M.; Fitzgerald, G.; Hammond, B.; Lester, W. A.;

Schaefer, H. F., l11J. Chem. Phys1986 84, 2691. (d) Vincent, M. A,;

Hillier, I. H. J. Phys. Chem1995 99, 3109. (e) Jungkamp, T. P. W,;

Seinfeld, J. HChem. Phys. Lettl996 257, 15. (f) Yu, H. G.; Varandas,

A. J. C.Chem. Phys. Let001, 334, 173. (g) Denis, P. A,; Kieninger, M.;

Ventura, O. N.; Cachau, R. E.; Diercksen, G. HChem. Phys. Let2002

365 440. For experimental studies, see: (h) Cacace, F.; de Petris, G.; Pepi,

F.; Troiani, A. Sciencel999 285 81. (i) Nelander, B.; Engdahl, A;

Svensson, TChem. Phys. LetR00Q 332 403. (j) See also: Speranza, M.

J. Phys. Chem. A998 102, 7535.
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also play a role in ozonation reactions of biochemical com- ozonation in the gas phase nor ozonation in the solution phase
pounds. A recent paper showed that hydrogen trioxide can alsogenerates the ozonésopropyl alcohol complex in the way that
be an intermediate in the @, production from singlet oxygen it can be experimentally detected or become decisive for the
and water by antibodieZ. reaction. The important intermediate for the reaction in solution

Because of the interest in the ozonation of alcohols, various is the HOOO anion®® which strongly influences the product
reaction mechanisms have been proposed to rationalize thevariety observed experimentally. We will show that our results
observed products of the ozonation reaction, peroxides, HOOH, are relevant for a better understanding of the ozonation of
HOOOH, and ROOOH, ketones and aldehydes, as well asorganic substrates in general and that of alcohols with activated
acids!? Bailey!2? suggested a 1,3-dipolar insertion of ozone C—H bond in specific. The mechanistic role of intermediate
into an activated €H bond (as in RC(OH)—H) to yield alkyl trioxides will be described, in particular, their meaning for the
hydrotrioxide ROOOH. The second mechanistic possibility toxicity of ozone when inhaled or administered as medical
included H abstraction by ozone and the formation of the radical ozone.
pair R-OOOH that can combine to form again ROOGH.
Nangia and Bens@h suggested that hydride abstraction by
ozone could lead to an ion pair, which collapses to give  |n this work, second-order many body perturbation theory with the
ROOOH. Pryor and co-worketsconsidered H abstraction and  Mgller—Plesset perturbation operator (MBP2)nd density functional
hydride abstraction as two extremes between which the realtheory (DFT¥ were used with Pople’s 6-31G(d,p) basig%eo explore
reaction complex could choose according to solvent, tempera-the potential energy surface (PES) of the reaction system. Peroxides
ture, and other reaction factors. require an extended basis set of at least tripterality to obtain reliable

In a recent study, Plestic and co-workefs ozonated descriptions of their properties. Diffuse functions are necessary to

isopropy! alcohol at-78 °C in acetoneds and identified with describe the interactions of the oxygen lone-pairs, while f-type
the help of 70 NMR spectroscopy for the first time the polarization functions are needed for a correct assessment of the strength

N . of the O-0 bond? For this reason, the 6-331-G(3df,3pd) basis s&
hydrotrioxide of isopropyl alcohol, MgHO)COOOH, and was employed, which is known to lead to reasonable results in the

hydrogen trioxide, HOOOH (apart from acetone, acetic acid, case of polyoxide®

hydrogen peroxide, and water), in the reaction mixture. In for the DFT calculations, the hybrid functional B3LYPB, Becke
addition, the authors carried out DFT (density functional theory) exchange functionak LYP, Lee-Young—Parr correlation function)
calculations to analyze the reaction mechanism. Combining was employed. Results of the MBPT2 calculations turned out to be
experimental and theoretical results, they came to the conclusionless reliable in general, although they were needed as an independent
that the reaction starts from an ozerisopropyl alcohol test of the structure and stability of the van der Waals complexes
complex, which directs the reaction into a radical channel and investigated. DFT descriptions of dispersion-bounded van der Waals
a radical pair intermediate. Collapse of the radical pair leads to Complexes are notoriously batiand deficiencies of DFT have also

the observed reaction produétaccording to their mechanism, been found when H-bonded complexes are described with basis sets

ity 34
the enol rather than the keto form of acetone is first formed, of doubleg qual_'ty' L -
which then rearranges. The geometries of all structures shown in Figure 1 were optimized

. fth ial hanisti a2 both at the MBPT2 and at the B3LYP levels of theory. The DFT
In view of the controversial mechanistic suggesttor description was always tested for internal or external stal§flily.the

and in view of the importance of the ozonation of alcohols, we ¢ase of instability (for example, the restricted DFT (RDFT) solution
report in this work a more complete mechanistic study of the of transition state (TSB turns out to be unstable, which was not
ozonation of isopropyl alcohol. We will show that the quantum observed in the previous investigation), a broken-symmetry (BS)-
chemical description of the reaction mechanism faces variousunrestricted DFT (UDFT} solution of the problem in question was
problems reaching from the dangers of small basis set descrip-considered. DFT as a density theory is not as sensitive to spin
tions for peroxide reactions to the necessity of basis set
superposition error (BSSE) corrections for van der Waals (26) For rﬁisrter;esnéhrlg‘)’/fr"’vﬁev‘?:R‘_fr%‘l‘iﬁae'f””,f}_’c'f_’f’%‘I’;?k?fT?Oé"aPsfé?éiggaj_’
complexes, the importance of thermochemical corrections to get  Kollman, P. A, "Schaefer, H. F., lll, Schreiner, P. R., Eds.; Wiley:
energy quantities relevant for the experimental situation, the gg‘fg‘;ﬁggg?go" 3,p 1706. See also: Maller, C.; Plesset, Fh.
testing of the stability of the DFT solutions, the problems of (27) Kohn, W.; Sham, LPhys. Re. A 1965 140, 1133.

broken-spin descriptions, the complications brought about by * {8 A, B oD, 3 o e Sonie, 3.

the self-interaction error (SIE) of DFT, or the decisive role of Chem. Phys198Q 72, 4244,

. . (29) (a) Kim, S. J.; Schaefer, H. F., lll; Kraka, E.; CremerNol. Phys.1996
solvation effects. Most of these problems were not considered ™ gg' 93 (i) Kraka. E.. Konkoli, Z.; Cremer, D.; Fowler, J.; Schaefer, H. F.,

2. Computational Methods

in previous investigations on ozonation reactions and polyoxide lll. J. Am. Chem. S0d.996 118 10595.
d . (30) Becke, A. DJ. Chem. Phys1993 98, 5648.
escriptions. (31) Becke, A. D.Phys. Re. A 1988 38, 3098.

r Iculations will show th here i n important (32) Lee, C; Yang, W.; Parr, R. Phys. Re. B 1988 37, 785.
. Our - calculations sho t at there is a portant {33) (a) Kristyan, S.; Pulay, -Chem. Phys. Lettl994 229 175. (b) Perez-
difference between the mechanism for the gas phase and that ~ Jjorda, J. M.: Becke, A. DChem. Phys. Lettl995 233 134. (c) Hobza,

i i i P.; Sponer, J.; Reschel, J. Comput. Chen995 16, 1315. (d) Ruiz, E.;
for the solution phase. Furthermore, we will show that neither Salanub. D R Vela, AJ. Am. Chem. Soci995 117 1141 (e)
Wesolowski, T. A.; Parisel, O.; Ellinger, Y.; Weber,J.Phys. Chem. A

(21) Wentworth, P., Jr.; Jones, L. H.; Wentworth, A. D.; Zhu, X.; Larsen, N. 1997 101, 7818.

A.; Wilson, I. A.; Xu, X.; Goddard, W. A., lll; Janda, K. D.; Eschenmoser,  (34) (a) Christen, D.; Coudert, L. H.; Larsson, J. A.; Cremer,JD.Mol.

A.; Lerner, R. A.Science2001, 293 1806. Spectrosc200Q 205, 185. (b) Sosa, C. P.; Carpenter, J. E.; Novoa, J. J. In
(22) Bailey, P. S.; Lerdal, D. AJ. Am. Chem. Sod.978 100, 5826. ACS Symposium Series 629, Chemical Applications of Density-Functional
(23) Whiting, M. C.; Bolt, A. J. N.; Parish, J. HAdv. Chem. Serl968 77, 4. Theory Laird, B. B., Ross, R. B., Ziegler, T., Eds.; American Chemical
(24) Nangia, P. S.; Benson, S. \l.. Am. Chem. S0d.98Q 102 3105. Society: Washington, DC, 1996; p 131. (c) For a recent review, see: Koch,
(25) (a) Giamalva, D. H.; Church, D. F.; Pryor, W. A.Am. Chem. S0d.986 W.; Holthausen, M. CA Chemist's Guide to Density Functional Thepry

108 7678. (b) Giamalva, D. H.; Church, D. F.; Pryor, W.A.Org. Chem. Wiley: New York, 2000; Chapter 12.

1988 53, 3429. For older work, see: (c) Hamilton, G. A.; Ribner, B. S.;  (35) (a) Seeger, R.; Pople, J. A. Chem. Phys1977, 66, 3045. (b) Bauern-

Hellman, T. M.Adv. Chem. Serl968 77, 15. schmitt, R.; Ahlrichs, RJ. Chem. Phys1996 104, 9047.
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Figure 1. Proposed reaction mechanism for the ozonation of isopropyl alcohol. Encircled compounds are experimentally observed. Structures in brackets
correspond to transition states (TS).

contamination as MBPT2. In previous work, it was shown that a BS- recalculated the energy with self-interaction corrected DFT as described
UDFT solution, despite a relatively large deviation of the calculated by Grdenstein and co-workers.

[$0from its ideal value, yields reliable information in the case of The topology of the PES was determined by following the reaction
biradicals or structures with biradical character, provided the singlet path from a TS to reactants and products using the intrinsic reaction
triplet excitation of the structure investigated is not larger thaid 3 coordinate (IRC calculationg}.The stationary points found on the PES
kcal/mol3® For UMBPT2, the spin projection method was applied to were characterized by vibrational frequencies, which were then also
obtain a PMBPT2 (projected MBPT2) description with the corf&#i) used to determine thermochemical corrections and entropies needed to
value?6-:37 obtain enthalpy differenceAH(298) and free enthalpy differences

Another problem encountered in connection with the DFT calcula- AG(298). For this purpose, B3LYP/6-31G(d,p) was used. _
tions is the SIE of the Becke exchange functional in B3LYP (the Lyp ~ Binding energies of the van der Waals complexes investigated in
correlation functional is SIE-freé}. The SIE becomes significant for ~ this work were corrected for BSSEs using the counterpoise method of

3 H .
odd-electron problemi.The H-transfer from a closed-shell system to  BOYS and Bernardf: The BSSE. corrections for.the 6-31G(p,p) basis
a radical, which involves the breaking ofbabond and the formation @€ substantialX 2.85 kcal/mol$, 2.24 kcal/mol:12, 1.97 kcal/mol),
of a newo-bond involving the single electron of the radical, is as a While they are relatively small for the 6-3%1G(3df,3pd) basis set
three-electron problem and, accordingly, has a strong SIE leading, for (& 0-35 kcal/mol6, 0.27 kcal/mol;12, 0.08 kcal/mol).

example, to an underestimation of the reaction baffi@herefore, we ~ The influence of a solvent on the energetics of the ozonation was
investigated by using a reaction field with the self-consistent isodensity

polarized continuum (SCIPCM) approatwhich provides an estimate

(36) (a) Cremer, DMol. Phys.2001, 99, 1899. (b) Giéenstein, J.; Hjerpe, A.

M.; Kraka, E., Cremer, D.J. Phys. Chem. 42000 104 1748. (c) of electrostatic solvent effects. In this approach, an isodensity surface
Gréenstein, J.; Kraka, E.; Filatov, M.; Cremer, Dit. J. Mol. Sci.2002 defined by a value of 0.0004 au of the total electron density distribution
3, 360. is calculated at the level of theory employed. Such an isodensity surface

(37) (a) Schlegel, H. BJ. Chem. Phys1986 84, 4530. (b) Schlegel, H. BI. .
Phys. Chem1988 92, 3075. (c) McDouall, J. J. W.; Schlegel, H. B. has been found to define rather accurately the volume of a mol&cule,

%&nigfységgﬂ 90, 2363. (d) Chen, W.; Schlegel, H. B. Chem. Phys. and, therefore, it should also define a reasonable cavity for the dissolved

(38) (@) Polo, V.; Kraka, E.; Cremer, Dlol. Phys.2002 100, 1771. (b) Polo, molecule within the polarizable continuum where the cavity can
V.; Kraka, E.; Cremer, DTheor. Chem. Ac002 107, 291. (c) Polo, V.; iteratively be adjusted when improving wave function and electron
ffjgdﬁgféek?'-J'G;f-';éﬁ'é?e‘iE* cremer. Déh?”&e'?:]‘gf- GowL002 352 469 density distribution during a self-consistent field (SCF) calculation at
2003 109, 22. T t ' ' T the DFT level, as was done in this work. DFT/SCIPCM energies for

(39) (a) Noodleman, L.; Post, D.; Baerends,JEChem. Phys1982 64, 159. the dielectric constartof acetone (204 were determined by utilizing

(b) Merkle, R.; Savin, A.; Preuss, H. Chem. Phys1992 97, 9216. (c) . )
Bally, T.; Sastry, G. NJ. Phys. Chem. A997, 101, 7923. (d) Chermette, MBPT2 or DFT geometries obtained for the gas phase.
H.; Ciofini, I.; Mariotti, F.; Daul, C.J. Chem. Phys2001, 114, 1447. (e)

Sodupe, M.; Bertran, J.; Roduez-Santiago, L.; Baerends, E.JJPhys. (41) (a) Gidenstein, J.; Polo, V.; Kraka, E.; Cremer, D.Chem. Phys2003

Chem.1999 103 166. submitted. (b) Perdew, J. P.; Zunger, Phys. Re. B 1981, 23, 5048. (c)
(40) (a) Gill, P. M. W.; Johnson, B. G.; Gonzales, C. A.; Pople, JCAem. Pederson, M. R.; Lin, C. Cl. Chem. Phys1988 88, 1807.

Phys. Lett1994 221, 100. (b) Csonka, G. I.; Johnson, B. Theor. Chem. (42) (a) Fukui, K.J. Phys. Chem197Q 74, 4161. (b) Fukui, K.Acc. Chem.

Acc.1998 99, 158. (c) See also: Baker, J.; Muir, M.; Andzelm, J.; Scheiner, Res.1981, 14, 363.

A. In ACS Symposium Series 629, Chemical Applications of Density- (43) Boys, F.; Bernardi, AMol. Phys.197Q 19, 553.

Functional TheoryLaird, B. B., Ross, R. B., Ziegler, T., Eds.; American (44) Foresman, J. B.; Keith, T. A.; Wiberg, K. B.; Snoonian, J.; Frisch, M. J.
Chemical Society: Washington, DC, 1996; p 343. (d) Porezag, D.; Phys. Chem1996 100, 16098.

Pederson, M. RJ. Chem. Phys1995 102 9345. (45) Gough, K. M.J. Chem. Phys1989 91, 2424,
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Figure 2. Energy diagram for the ozonation of isopropyl alcohol in the gas phase. As a reference, the energy/enthalpy of the reactants isoprdgyl alcohol
and ozonelb is used. Numbers in normal print correspond to energy differeA&eis the gas phase, in bold print to enthalpy differenaeeH(298) at 298

K in the gas phase, and in italics to energy differences in acetone solution. Dashed lines indicate the change in the reaction mechanism catised by solva
of ion-pair 8 in acetone solution. Stationary points indicated by question marks could not be found. B3LYR/6-G{3df,3pd) calculations (solvation

effects at B3LYP/6-31G(d,p)).

The electronic structure of the molecules studied was investigated
by (a) determining atomic charges with the natural bond orbital (NBO)

Table 1. Energetics of the Ozonation of Isopropyl Alcohol As
Calculated at the B3LYP Level of Theory?

analysis of Weinholtl and (b) analyzing the electron density distribu- 6-31G(d,p) 6-311++G(3df,3pd)
tion with the help of bond critical point and difference density type molecule  AE(gas) A(sol) AE(gas) AE(sol) AAH°(298) AG(298)
distributions. All calculations were carried out with the program (eactants 1a+ 1b 000 -3.80 0.00 0.00 0.00 0.00
packages COLOGNE 20¢2and Gaussian 98. complex 2 -1.19 -2.18 -1.02 0.60 0.31 8.26
TS 3, RDFT 12.08 —3.92 12.86 12.74 9.97 21.48
3. Results and Discussion 3,BS-UDFT 4.92 —-3.09 574 6.45 273 13.49
o o comple® 4 239 -375 059 0.64 —219 9.62
The mechanistic scheme shown in Figure 1 was explored radical pair5a-+ 5b 525 -560 277 098 121 -1.36
i complex 6 —55.80 —6.12 —58.10 —60.42 —57.02 —49.54
using MBPTZ_and DFT/B.BLYP theqry. In Tat_)le 1, calculated product 7a+7b —47.74 —9.05 —50.09 —49.76 —50.59 —52.49
rglatlve energies, gnthalples, solvation energies, and free eneri, pair  ga+8b 129.80 -123.30 111.22 —8.27 109.80 107.18
gies are listed using the energy (enthalpy) of the reactantsTs 9 -15.19 -5.78 -16.03 -18.01 -18.70 -8.52
; product 10 —57.83 —5.73 —56.83 —62.08 —54.92 —42.46
|sopropyl_alcoh(fjl 1d) and ozone 1b) as a reference (heats ” 1381 —860 —1621-2100 —1739 584
of formation AH,(298): 34.1 and-76.02 kcal/molP! Reac- complex 12 —35.87 —6.68 —41.38 —44.26 —40.24 —32.49
13a+7b —31.05 —9.50 —37.13 —42.82 —37.39 —38.24

tion energies and reaction enthalpies obtained at the B3LYP/product

(46) CRC Handbook of Chemistry and Physics on CD-ROM, 2000 Version;
Lide, D. R., Ed.; CRC Press LLC, 2000.

(47) (a) Carpenter, J. E.; Weinhold, F.Mol. Struct. (THEOCHEM}.988 169,

41. (b) Reed, A. E.; Weinhold, B. Chem. Physl983 78, 4066. (c) Reed,
A. E.; Curtiss, L. A.; Weinhold, FChem. Re. 1988 88, 899.

(48) (a) Kraka, E.; Cremer, D. litheoretical Models of the Chemical Bond,
Part 2: The Concept of the Chemical Bodaksic, Z. B., Ed.; Springer,
1990; p 453. (b) Cremer, D.; Kraka, Engew. Chem., Int. Ed. Endl984
23, 627. (c) Cremer, D.; Kraka, ECroat. Chem. Actd 984 57, 1259.

(49) Kraka, E.; Gitenstein, J.; Filatov, M.; He, Y.; Gauss, J.; Wu, A.; Polo,

V.; Olsson, L.; Konkoli, Z.; He, Z.; Cremer, D. COLOGNE 2002;t€loorg

University, Gaeborg, 2002.

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.

A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,

R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,

K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,

R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;

Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;

Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,

J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;

Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,

C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_;

Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-

Gordon, M.; Replogle, E. S.; Pople, J. &aussian 98 revision A3;

Pittsburgh, PA: Gaussian, Inc., 1998.

(50)

9398 J. AM. CHEM. SOC. = VOL. 125, NO. 31, 2003

a All energies are in kcal/mol. B3LYP/6-3#1+(3df,3pd) energies were
obtained at B3LYP/6-31G(d,p) geometries. Complex energies are given with
BSSE correctionsA(sol) denotes the electrostatic part of the solvation
energies calculated at SCIPCM/B3LYP/6-31G(d,p). For acetone, a dielectric
constant of 20.7 was use®iThe MBPT2/6-31G(d,p) geometry was used.

6-311++G(3df,3pd) level of theory are shown in the energy
diagram of Figure 2. Calculated geometries are summarized in
Figure 3.

B3LYP/6-311+G(3df,3pd) calculations suggest that iso-
propyl alcohol forms with ozone a van der Waals compex
the stability of which is just 1.4 kcal/mol, which is reduced to
1.0 kcal/mol when BSSE corrections are included. If thermo-

(51) (a) Cox, J. D.; Pilcher, G:hermochemistry of Organic and Organometallic
CompoundsAcademic Press: London, 1970. (b) NIST Standard Reference
Database 25, Version 2.02, National Institute of Standards and Technology,
Gaithersburg, MD 20899, 1994. (c) Pedley, J. B.; Naylor, R. D.; Kirby, S.
P.Thermochemical Data of Organic Compoun@hapman and Hall: New
York, 1986.
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chemical corrections are addetlis no longer stable (destabi-
lized by 0.3 kcal/mol relative tdl, Table 1), so that an
experimental detection df can be excluded. Entropy is also
more favorable for the separated reaction partners rathe2than
(AG(298)= 8.3 kcal/mol, see Table 1). In an acetone solution,

between the HOOO and the alcohol radical is more pronounced
than that in TS3, but still weak. Single point BS-UB3LYP
calculations at the UMBPT2 geometry suggest thiat3.4 kcal/

mol more stable than the separated radi&asnd5b. In the

gas phaset is an important intermediate, which by dissociation

a complex of the reaction partners does not exist, as was clearlyleads to the separated radic&lsor, alternatively, reacts via
revealed by the solvation corrections (Table 1) and the fact thatinternal H-migration to yield the H-bonded HOOGdzone

in acetone solution more stable aceteepropanol complexes

are formed. Hence, the previous claim (based on calculations

complex®é.
It was not possible to find the TS leading frofnto 6 at

with a small basis set not including BSSE corrections) that there ejther the DFT or the MBPT2 level of theory. This could mean

is an ozone-isopropyl alcohol complex in the entry channel of
the reactiof has to be rejected. An ozorevater complex was
observed both experimentally and theoretic&flyyowever, in
this complex, one water H atom interacts with both terminal O

that the corresponding barrier is rather small (as is typical of a
strongly exothermic reaction;54.8 kcal/mol, see Figure 2) or
that it is elusive to the theoretical methods applied in this work.
For example, the TS leading frodhto 6 represents another

atoms, and the dipole moments of water and ozone are arrangegdd-electron problem (again, three electrons are involved in the

in an antiparallel fashion to lead to maximal dipelipole
attraction. Such a complex configuration in the cas2 wbuld

second H-transfer), which implies a SIE and a serious under-
estimation of the reaction barrier. An early TS would also

not be the starting point for a H-transfer reaction, and therefore possess large biradical character, which UMBPT2 is unable to

an ozone-isopropyl alcohol complex should not play any role
in the gas-phase mechanism. In acetone solufi@n,any other
ozone-alcohol complex can be excluded anyway.

Although 2 has no experimental relevance, it indicates on
the PES the starting point for the migration of the activated
(C—)H atom from isopropyl alcohol to ozone. At RDFT, the
transition state geometry for this reaction (¥Swas found to
describe a double H-transfer leading directly@d@Figures 1
and 3). However, this description is flawed by the fact that
RDFT enforces an incorrect pairing of electrons. A stability test
reveals that the RDFT solution for T&is internally unstable
(not observed in previous investigations), which simply has to
do with the large biradical character of Bfsee Figures 1 and
3). The BS-UDFT description of TSleads to an unreasonably
small activation enthalpy of just 2.7 kcal/mol (Table 1), although

the calculated geometry of the TS (Figure 3), suggesting a single

describe. We refrained from searching for the TS because of
the fact that the reaction observed by Pléanand co-workefs
actually takes place in acetone solution and that in this medium
electrostatic interactions with the medium reduce the energy
difference between the separated radicaland the radical
complex 4 to just 0.3 kcal/mol (Table 1). Considering, in
addition, the entropy factor, which is in favor of the radical
pair, then5 is characterized by a free energys(298), which

is 11 kcal/mol lower than that of.

These results indicate thdtno longer plays a role in the
solution phase and th& may be directly formed froni via
TS 3. Furthermore, the polarity of the solvent acetone is
sufficient to support an electron transfer from radiéal to
radical 5b or alternatively a heteropolar-€H bond cleavage
in TS 3 so that the ion-pai8 is formed. In the gas phase, this
ion pair would have a relative energy of 111.2 kcal/mol

H-transfer supported by some weak H-bonding between the OH (A Ap(298): 109.8 kcal/mol, Table 1), while in acetone, solution

group and the other terminal O atom of ozone, seems to be
reasonable. Obviously, the reaction barrier is underestimated

at the BS-UB3LYP level of theory, which has to do with the
fact that H-migration fromlato 1b represents a three-electron
problem; that is, one of the-electrons of ozone and the two
bonding electrons of the-€H bond to be broken are involved.

Odd-electron problems are known to lead to a notorious failure

of DFT:3%41 The self-interaction error (SIE) of the B-exchange

functional (LYP does not possess a SIE error) leads to an
underestimation of the TS energy as is amply discussed in the

literature38-41 Applying the SIE-corrected theof§**an activa-
tion enthalpyAH(298) of 9.7 kcal/mol is found.

IRC calculations at the BS-UB3LYP level of theory reveal
that H-migration leads to a H-bonded compkevetween the

two radicals formed in the H-migration process (as was already

indicated in the BS-UDFT geometry of T§ see Figure 3).
H-bonding involving radicals was observed befetand it was
found that DFT/B3LYP fails to describe these complexes in an
appropriate way. Hence, the BS-UB3LYP structuredofvas
reoptimized at the UMBPT2 level of theory, which led to the

geometry shown in Figure 3. These calculations reveal that for

4 the H-migration process is finished and that H-bonding

(52) Gillies, J. Z.; Gillies, C. W.; Suenram, R. D.; Lovas, F. J.; Schmidt, T.;
Cremer, D.J. Mol. Spectrosc1991, 146, 493.

(53) Wrobel, R.; Sander, W.; Kraka, E.; Cremer, D.Phys. Chem. A999
103 3693.

9400 J. AM. CHEM. SOC. = VOL. 125, NO. 31, 2003

solvation reduces this energy by 123.3 kcal/mot®.3 kcal/

mol; that is, in acetone solution, the ion-p&rin a solvent
separated form) is 8.3 kcal/mol more stable than the reactants
1 and 9.3 kcal/mol more stable than radic&ls

The existence of the HOOOanion was recently confirmed
by a combination of experimental and quantum chemical
investigations$:® Theory predicts that the anion possesses a
triplet ground state of little stability typical of a van der Waals
complex between HOand Q33 4~). Chemically more relevant
is a singlet state, which is 9.8 kcal/mol above the triplet 8tate
and which has a strong-d0OH bond with some double bond
character and a weakly covalent ©0OH bond (1.80 A)
according to CCSD(T)/6-3H+G(3df,3pd) calculations (the
longest G-O bond ever found for a peroxide). In aqueous
solution, the singlet adopts a geometry closely related to that
of HOOOH (00(0), 1.388; (0)OO(H), 1.509 A(OOOH),
78.3%), justifying that the singlet state can be considered as
the anion of HOOOH. Dissociation into the HO anion angd O
(*Ag) requires 15.44H(298): 14.3) kcal/mo? thus giving the
ion-pair 8 some finite lifetime in acetone solution.

These results clearly indicate that the mechanism of the
reaction in the gas phase differs from that in solution. The gas-
phase mechanism involves molecules with radical character and
is characterized by the intermediaryZfrom where the reaction
bifurcates either to radicals, which can recombine to yield
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Figure 4. The central role of ion-pai8 for the mechanism of the ozonation of isopropyl in acetone solution.

the alkyl hydrotrioxidel0 (Figures 1 and 2), or via a methyl
H-bonded intermediate (not found in this work) and I5to
the eno-HOOOH complexi2. If a second HOOOH molecule
forms a H-bond to the O atom of the enol, H-migration will
yield the HOOOH-complexed acetoge This rearrangement
has a lower activation enthalgfythan is needed for the direct
tautomerization from the uncomplexed ed@ to the uncom-
plexed aceton@ (Figures 1 and 2).

Results are in line with known thermochemical data: The
heat of formation of HOOOH was estimated to be betwe28
and—29 kcal/mol®® Utilizing the heat of formation for acetone
(—51.9 kcal/mat?), we obtained a reaction enthalpy— 7 from
—44 to—50 kcal/mol, which comes close to the calculated value
of —50.6 kcal/mol. The enol of acetone is known to be 1-8.9
2 kcal/mol less stable in the gas phase than the keto ¥orm.
The enthalpy difference obtained in this work is 13.2 kcal/mol

the acetone comple&is generated, it should be stable enough
to be observed experimentally at low temperatures. The complex
binding enthalpy (BSSE corrected) is 6.4 kcal/mol, typical of
the binding energy of a H-bonded ketensater complex’
Solvation effects reduce the binding energy by 1.6 kcal/mol,
while entropy effects destabilize compléxrelative to the
separated moleculeZa and 7b (see AG(298) values in
Table 1).

Depending on the structure of the ion-pdrin acetone
solution (solvent separated ion pair; tight ion pair with the
anionic charge opposite to the cationic charge; H-bonded ion-
pair R"—OH:--"O00H), a charge neutralizing reaction to
alkylhydrotrioxide10 or alternatively a proton transfer to yield
6 is possible, as indicated by the dashed lines in Figure 2. The
formation of the enol complek2, which would imply a proton
migration from the methyl group of cati@dato the terminal O

(Table 1). Hence, the data listed in Table 1 can be consideredof anion8b, cannot be excluded. The enol could then rearrange

reliable.

In the gas phasd is formed with an excess energy of more
than 60 kcal/mol, which is sufficient to react via BSo alkyl
hydrotrioxide 10. However, in solution, energy dissipation is

to give acetone via a second path.

4. Chemical Relevance of Results

In a sufficiently polar solvent such as acetone, the ozonation

fast, and a barrier of 38 kcal/mol (the solvent effect on the barrier of secondary alcohols (e.g., isopropyl alcohol) leads in a fast
is small; see Table 1) can no longer be surmounted by the hydride abstraction reaction (activation enthalpy of 7.5 kcal/
reaction complex. (All attempts to detect by NMR spectroscopic mo|, Figure 2) to the ion-paiB that is 8 kcal/mol more stable

techniques the hydrotrioxide of isopropyl alcohol in solutions than 1. Similar results can be expected for less polar solvents

of HOOOH in acetone at temperatures below °ID failed.

such as methyl acetate 6.68'), dimethyl ether{ = 5.02),

Hydrogen trioxide was generated independently for this purpose o, methyltert-butyl ether ¢ = ca. 4) due to the fact that a larger

by the low-temperature ozonation of hydrazobenZéhg Once

(54) (a) Hall, R. J.; Burton, N. A,; Hillier, I. H.; Young, P. Ehem. Phys. Lett.
1994 220, 129. (b) Woodcock, S.; Green, D. V. S.; Vincent, M. A,; Hillier,
I. H.; Guest, M. F.; Sherwood, B. Chem. Soc., Perkin Trans.1®92
2151.

(55) Speranza, MJ. Phys. Chem. A998 102 7535.

(56) Pollack, S. K.; Hehre, W. 3. Am. Chem. S0d.977, 99, 4845.

amount of isopropyl alcohol (0:30.5 M2 ¢ = 18.3%) is in the
reaction mixture and, in addition, a considerable amount of water
(e = 78.5% Figure 4) is formed in the reaction (see point b
below). This is in line with the fact that, for the solvents

(57) Dimitrova, Y.; Peyerimhoff, S. DJ. Phys. Chem1993 97, 12731.
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mentioned, about the same product ratios were observedand the cation HOO®O 14b shown in Figure 3. lon-paii4
experimentally. would be destabilized relative to ion-pa@rby 134 kcal/mol
According to the calculations carried out in this work, the (difference in enthalpies) and, therefore, can be truly excluded
ion-pair8 should play a central role for the reaction mechanism: from the reaction mechanism.
~ (&) Collapse of the ion pair yields hydrotrioxidt0 of All solution-phase products of the ozonation of isopropyl
isopropyl alcohol (see Figure 4, possibility a) in a strongly 4icohol can be explained with the help of the ion-pairAn
exothermic reactionAE(solv) = —54.3 kcal/mol, Figure 2).  o70ne-alcohol complex such a2 does not play any role in
Even when con5|der!ng dissipation, a sufficient amount of o <qjution phase. NBO chardésand an analysis of the
energy should be ava}llable to cleave the (emOH) bpnd to electron density distributid® reveal that TS3 in acetone
yield an alkoxy radical and the HOOradical, .Wh'ch by solution obtains more polar, although not ionic, character.
absiraction of an H atom forms hydrogen peroxide (I_:|gur_e 4)- Nevertheless, it facilitates the ion-pair formation. The formation
If the alkoxy radical abstrasta H atom from OOH radical (in f the radical paib should be largely suppressed in the solution-
the solvent cage), a diol and molecular oxyged,(f0,) could © pa 9ely suppr )

. phase mechanism of the alcohol ozonation. However, it cannot
be formect* Although singlet oxygen was actually detected be excluded that in the course of the alkyl hydrotrioxide
among the decomposition products by typia4 acceptors (1,3- q ition f dical d Tz' Y Id invol
diphenylisobenzofuran, 9,10-dimethylanthracene, and tetraphen- ecomp_osmon ree radicals are generated. This would involve
yleyclopentadienor@®) and by chemiluminescence in the homolytic cleavage of the RGOQH bond as the weakest bond
infrared regiorP8 the diol was not detectele Loss of a methyl (see ref 3 and references therein).
radical would convert the alkoxy! radi;lal into acetic acid (Figure « (zzone) aCCh?ﬁr{iteSI thel confve;siop of a|90h0t|§ t(i alqihydfes
4), which was observed experimentally/. etones), which is clearly a factor increasing the toxicity o

)(b) The HOOO anion CarF]J decompoZe into hydroxy anions ©0zone. Alcohol consumption during the time of an increase of
and singlet oxygen, provided its excess energy of 18.5  0zone concentrations in industrial areas during the summer is
8.3 = 21.8 kcal/mol (Figure 2) is not dissipated and suffices known to lead to considerable health risks, and the reactions
for the dissociation reaction, which requires 14.3 kcal/Pidl. discussed in this work are relevant in this connection. Also,
this is the case for acetone plus water, its enol tautomer plusthe administration of medical ozone may be accompanied by
water or a diol (see Figure 4) could be formed. Singlet oxygen unwanted side effects if alcohol is consumed.

O4(*Ag) has been observéd;*8 thus suggesting that path b is . . .
likely. This is confirmed by the generation of6 an appreciable . Qgggfévlssgtwsnéwzgliss ﬁvﬁr{i :::IS ngzzgflgeztér;r;g:%ﬂosa 9
amount of water in the reaction (also see abave).
(c) If the HOOO™ anion abstracts a proton from the OH group (NFR). Calculations were done on the supercomputers of the
of 8a, acetone and HOOOH will be generated (path c, Figure Nationellt Superdatorcentrum (NSC), Liifkag, Sweden. D.C.
4). The anion could also abstract a proton from one of the methyl thanks the NSC for a generous allotment of computer time. B.P.
groups to give the enol, which then rearranges to acetone. thanks the Ministry of Education, Science, and Sport of the
We also considered the possibility that a proton is abstracted Republic of Slovenia for financial support.
from the alcohol group by ozone, although such a reaction would _ _ _ .
be in contradiction with the known electrophilic character of ~ Supporting Information Available: Geometries and energy

ozone. Proton abstraction would lead to an alkoxy arida data (PDF) This material is available free of Charge via the
Internet at http://pubs.acs.org.

(58) Khursan, S. L.; Khalizov, A. F.; Avzyanova, E. V.; Yakupov, M. Z;
Shereshovets, V. VRuss. J. Phys. Cher2001, 75, 1107. JA030245M
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