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Ab initio multiconfigurational CASSCF and CASPT2 methods were employed in studying the reaction
mechanisms and kinetics of the gas-phase ozone additions to ethene, fluoroethene, and chloroethene up to
the formation of the primary addition products (primary ozonides). Reactants, transition-state structures, and
products were optimized, and harmonic vibrational frequencies were calculated at the CASSCF/cc-pVTZ
level. For kinetic calculations, the electron energies of all the stationary points were further refined by utilizing
the CASPT2 method with the optimized CASSCF/cc-pVTZ wave functions taken as the zeroth order. The
rate constants and Arrhenius kinetic parameters were finally calculated in terms of the conventional transition-
state theory. The favorable conformations of the ozone approach to the two asymmetrically substituted
haloalkenes are at first governed by the electrostatic repulsion in the transition-state structures and later by
the gradually predominating anomeric effect. The bond formation in the primary haloozonides was analyzed
by monitoring the changes in the occupation numbers of the active orbitals in the course of the optimizations.
For all the reactions thus studied, close agreement is found with the experimental kinetics, which makes the

future use of the same approach very promising.

Introduction SCHEME 1: Initial Steps in the Ozonolysis of the

It is nowadays generally recognized that ozone represents One(Han)aIkenes, (X=H, F, Cl)
of the most important reactive species in the lower parts of the PN
atmospheré.For this reason, evaluation of the reactivity of N, N °\ /° W
alkenes and haloalkenes toward ozone is a substantial part of ~N o S G
determining the half-life of these compounds in the atmosphere H x
and, consequently, their impact on the global environment. It POz
is highly desirable that all these compounds be depleted before
they reach the upper parts, where they could participate in the N o 0\
destruction of the stratospheric ozone. Simple haloalkenes such ¢ o I P
as fluoro- and chloroethene are especially dangerous because H/\C_C/\ PN * /C\ @)
of their widespread use as solvents and refrigerants. These are % HooRw W H®
the pollutants of major concern, notably in industrial and urban
areas. In organic synthesis, on the other hand, the ozonolytic
reactions (ozonolyses) have long found their common applica- 0
tion. Here, ozone is often used for cleaving carboarbon (T /\o 0—o0
double bonds, whereby two carbonyl moieties result. c + & - C/ \C

. . VRN /N P AN 3)
Because ozonolyses of alkenes are reactions of great practicalt ~ H® Ho HX H H/ o \H A

and theoretical interest, numerous experimental and theoretical
studies have been carried out to elucidate their detailed kinetics
and mechanistic aspecsSpecial attention was paid to these Philic addition of ozone to the double bond of alkenes, producing
reactions as a possible alternative source of OH radicals, thel.2,3-trioxolane, the primary ozonidOZ, in a highly stereo-
most important reactive species and the principal consumer inspecific manner (Scheme 1, step (1)). This step is very exo-
the lower parts of the atmosphéralthough theoretical studies  thermic/ roughly by 50 kcal mott, as was also theoretically
of the ozonolysis of the simplest alkene, ethene, conducted confirmed*5¢ Hence, POZ is produced as a rather “hot”
recently by Olzmann et &land Anglada et &.seem to leave molecule vulnerable to further cleavage. The calculated height
only a little space at present for further improvements and ©f the first potential barrier determines the Arrhenius parameters
conclusions about this mechanism, very few theoretical studies@nd the reaction rate constant, which can be directly compared
have dealt with the ozon0|yses of Simp|e ha|0a|ke'fﬁ§§]usy to the experimental kinetics. EtheR®Z was SUCCESSfU”y
to the best of our knowledge, no theoretical investigation of isolated, and the puckering modes of its five-membered trioxo-
the ozonolysis of chloroethene has been carried out thus far.lane ring were analyzed both experimentally and theoretigzfy.
The initial step of the ozonolysis of simple alkenes and In the case of ethene, the electrophilic attack proceeds with

haloalkenes is a thermally allowed {4 2] concerted electro- ~ CsSymmetry, with the favorable conformation along the reaction
path governed mainly by the dipeténduced dipole interac-
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hand, breaks any symmetry, which makes necessary a conforto any problem in electron structure thedfyApart from its
mational analysis of the trend of the ozone approach with regard consistency of not mixing multiconfigurational optimizations
to the position of the halogen. Thus, the two pairs of transition with afterward single-referent energy refinements, applying the
structures and conformational minima of the monohalogenated purely multiconfigurational computational approach provides
POZs exist with the apical O atom residing either on the side us with the possibility of some great time savings. Once a
of (syn or opposite to gnti) the halogen atom (Scheme 2.) satisfying zeroth-order wave function is obtained, which com-
These conformational minima are presumably separated by aprises all of the orbitals involved in the near-degeneracy effects,
low potential barrier for interchange of conformations. the CASPT2 approach with a large enough basis set turns out
to be immensely cheaper than elaborate post-HF methods such
SCHEME 2 Synand Anti Conformations of the Primary as QCISD(T), CCSD(T), and MP4. Some of these were used
(Halo)ozonides, (X= F, Cl) in refs 5 and 6 to obtain acceptable energy differences for the

O//o <o first reaction barrier, which solely determines the kinetic
| o ~0 parameters of ozonolysis. To achieve as much consistency as
¢ D — ¢ possible, our geometry optimizations and subsequent CASPT2
H7C H7 ‘c\ single-point calculations were carried out using the same large
Ho [Ny H |!| X active space and basis set. Thus, the wave functions obtained
in the course of the geometry optimizations that pertain to the
Syn- anti- stationary points on the PESs were used as the zeroth-order wave
functions for CASPT2.
The reaction proceeds further by cleavageP@Z, which The reaction steps analyzed include the formation of the

yields an aldehyde and a carbonyl oxide. The latter remarkable primary ozonides with discussion of the two basic distinct
intermediate was named after Crieege, who was the first to positions of the apical O atom in the case of the haloalkenes as
postulate this sequence of ozonolytic reacti8tibhe possibili-  well as the possibilities of the subsequent Criegee cleavages.
ties of both mechanisms, stepwise and concerted, were proposedthe kinetic Arrhenius parameters and rate constants were then
for this cleavagé.After that, the two products can rearrange in - cajculated in terms of the conventional transition-state tH@ory
yet another electrophilic addition to form 1,2,4-trioxolane, the znq compared to the experimental vali@gcause the CASSCF
secondary ozonideSOZ) (Scheme 1, steps 2 and 3). High method was conceived as a full configuration interaction (FCI)
stereoselectivity was observed in the course of the rearrangemeni 3 limited subspace of active orbitals, which are supposed to
to SOZ, the explanation of which was attempted in terms of pe chosen as the most important ones for the process of interest,
the most favorable conformation for the cleavage to 08etr.  \ve pelieve that valuable information can be extracted from

The aldehydecarbonyl oxide-vdW complex was proposed  analysis of the electronic structure in terms of these “best
recently to account for the stereoselectivity effects in solufi®hs.  gescribed” orbitals.

Again, in the case of monohalogenated primary addition
products, two types of cleavage must be considered. As a result
the halogen atom is bonded either to the C atom of the carbonyl
compound or to the Criegee intermediaté. The geometries of reactants, transition states, and products
When choosing a correct theoretical method for describing were optimized, and harmonic vibrational frequencies were
an ozonolysis, one should bear in mind that the principal calculated at the CASSCF(10,9)/cc-pVTZ level of theory. This
reactant, ozone, is a common example of a molecule in which wave function is constructed of configurations made by all
near-degeneracy effects are very pronourié&ar this reason, possible occupancies of 10 active electrons in the subspace of
ozone has long been considered to be an exceptionally demand9 active orbitals that when spin-adapted span the space of 5292
ing test case for quantum chemical methods. Nowadays, it is configuration state functions (CSFs). The same active-space size
known that a high-quality description of the dynamical correla- was used for all transition states and addition products and was
tion and near-degeneracy effects is needed to obtain accuratehosen on the basis of the empirical prescription of Anglada
enough geometry and a correct ordering of the vibrational and Bofill1® However, consistent active spaces for the inde-
frequencies. Nevertheless, in many studies, a reliable descriptionpendent reactants, which ensure a proper scaling of the energy,
of the ozone potential energy surface (PES) was attemptedare determined by the choice made for the transition states.
without employing any kind of multireference approach. The Hence, they must be (2,2) on the alkeneskionding and
alternative to compensate for the near-degeneracy effects is toantibonding, 3 CSFs) and (8,7) on ozone (490 CSFs) without
employ very elaborate post-HF methdélsshose use in studying  introducing any symmetry constraints. It must be noted that this
reactions of ozone would obviously be prohibitively time way of partitioning the common active space between the
consuming. As for the correlated multireference (MR) -based independent reactants is different from the procedure described
approaches, recently there have been increasingly efficientin ref 6. There, the optimal active spaces for all species were
algorithms and well-formulated methods, some of which were constructed from a diagonalized MRCI density matrix by
also utilized in investigating the ozone PES. including all the natural orbitals having occupancies between
Logically, the general necessity for a multireference approach 0.02 and 1.98. Such a procedure led to a (2,2) active space on
in describing ozone must also exist for any reaction involving ethene and a (12,9) active space on oZow further refined
it. Therefore, our aim in this work is to give a reliable and our CASSCF electron energies by accounting for the dynamical
consistent theoretical description of the initial steps of the correlation via the CASPT2(10,9)/cc-pVTZ method using the
ozonolyses of ethene, fluoroethene, and chloroethene basedvave functions from the optimized geometries as the zeroth
entirely on the multiconfigurational CASSCF wave function and order. The obtained geometries, vibrational frequencies, and
multireferent CASPT2 approach as formulated by Roos ¥t al. electron energies corrected by the zero-point energies (ZPEs)
Although the CASPT2 method has proven to be particularly were used in the calculations of the Arrhenius activation
successful in studies of excited states and transition-metalenergies, preexponential factors, and reaction rate constants in
complexes, its generally validity extends its area of application terms of the conventional transition-state thebtifor all these

‘Theoretical Calculations
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TABLE 1: Geometric Parameters (deg and A) and Harmonic Vibrational Wavenumbers (cnT2)? for Reactants Ozone, Ethene,
Fluoroethene, and Chloroethene Calculated at the CASSCF(8,7)/cc-pVTZ (Ozone) and CASSCF(2,2)/cc-PVTZ (All Remaining
Reactants) Level of Theory

115.7
(116.8 )

modes calc. exp. modes calc. exp. modes cale. exp. modes cale. exp.
o 715 701 p(CHa) 856 825 p(CH>) 518 483 p(CH;) 419 395
Ve 1081 1103 I'(CH,), 883 943 I'(CH.) 683 711 ['(CH,) 589 620
Va 1243 1042 I(CHa) 939 949 I'(CH.) 814 363 I'(CHz) 759 896
T(CH.) 1088 995 p(CH,) 944 929 p(CHz) 863 720
p(CH2) 1335 1050 | f(CH2) 1017 940 ©(CH,) 968 941
3(CH,) 1429 1342 | v(CF) 1270 1156 | w(CCl) 1124 1030
(CH2) 1586 1443 S(CH,) 1420 1306 | 6(CHa) 1394 1279
w(CC) 1752 1623 &(CH;) 1532 1380 8(CH;) 1501 13649
V(CH,), 3268 2989 | W(CO) 1782 1654 | v(CC) 1726 1608
v(CHa), 3285 3019 | w(CH,), 3305 3080 | v(CHy), 3294 3030
v(CHa), 3340 3105 v(CH) 3366 3115 v(CH) 3369 3086
V(CH,), 3370 3273 | w(CH,), 3402 3150 | w(CH,), 3390 3121

2 y-stretching,o-scissoring 0-bending,p-rocking, I'-piramidal distortionz-torsion.” Experimental values are given in parentheses.

calculations, the basis set used was Dunning’s polarized The following expression based on the single study can be
correlation consistent valence triplefcc-pVTZ), whose con- deduced for fluoroethene:

tractions are of the (4s3p2d1f) quality on O, C, and F atoms,

(3s2p1d) on the H atom, and (5s4p2dif) on the Cl atdm. Kk(fluoroetheney=

Because of the inadequacy of this basis set to account for the 1.49x 10 3 exp[-7200 calRT] cm® molecule *s*
core-valence and corecore correlation properly, core electrons

were left uncorrelated in all cases (i.e., they were kept frozen). The rate constant at 298 K is

All electronic structure calculations were carried out with the

program packages MOLCASZ%and MOLCAS5.® The  k(fluoroethene, 298 Ky 7.81x 10 **cm® molecule *s™*
POLYRATE package, version 728was utilized in the calcula-
tions involving reaction kinetics and thermodynamics. The
calculations were done on IBM RISC/6000, DEC-Alpha500,
and HP-kayak600 workstations.

with unknown uncertainties. No recommendation can be given
for the rate constant of chloroethene ozonolysis. All available
kinetic data together with the calculated values are displayed
in Figures 7, 8, and 9 of the Reaction Kinetics section.

Experimental Results Results and Discussion

The kinetic stud|e§ of ozonplyses of many organic compounds p Optimized Structures and Vibrational Frequencies
and the corresponding reaction rates and Arrhenius parameters

are collected and evaluated in the review by Atkinson and 1. Reactants.Geometric parameters of the fully optimized
Carter! Whereas the results for the ethene ozonolysis are really reactants and the calculated harmonic vibrational wavenumbers
abundan®3 quite the opposite can be said of the data involving are given in Table 1. The geometric parameters of the alkenes
fluoro- and chloroethene. Thus, only a single gas-phase studyare in somewhat poorer agreement with the experimental
at two temperatures exists for fluoroethéf®and three single-  values®than those optimized at the MP2/6-31G(2d,p) leveF®
temperature gas-phase studies exist for chloroetHéhewever, especially concerning the length of the-Galogen bond, which

the discrepancy between the latter three is very large. It wasis 0.022 A shorter in fluoroethene and 0.012 A longer in
noted that considerable difficulties and uncertainties in studies chloroethene. The reasons for this difference lie in the fact that
of gas-phase haloalkene ozonolyses are due to complicated®ASSCF(2,2) is just a small step away from the simple HF,
secondary reactions; therefore, taking the obtained rate constant§king under explicit consideration only theelectron density

as upper limits was recommended. The following Arrhenius Of C—C double bond. Thus, a closer approach of CASSCF to

expression was obtained for ethene ozonolysis: the experimental values and a better performance over HF is
expected only in the case of the double-C bond, whereas
k(ethene)= (1.2 78'31 « the C—halogen bond is stays approximately the same length.

14 3 1 This is exactly what happens, for the sake of comparison, when
10 " exp[—(5232+ 117) calRT] cm” molecule * s HF/cc-pVTZ optimization of fluoroethene yields 1.306 A (0.023
A short of experiment!) for the double bond and 1.321 A for
the C—F bond. The correlation coefficients between experi-
mentat’ and theoretical harmonic wavenumbers range from
k(ethene, 298 K= (1.75+ 0.52) x 0.996 for ethene to 0.999 for fluoroethene. The scaling factors

10 *®cm® molecule *s* of 0.9312, 0.9349, and 0.9270 minimize the squares of the

The rate constant at 298 K is
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TABLE 2: Geometric Parameters (deg and A) and Harmonic Vibrational Wavenumbers (cnt?) for Transition State TS and
Primary Addition Product POZ Formed in the Ozonolysis of Ethene Calculated at the CASSCF(10,9)/cc-pVTZ Level of
Theory?

Vibrational wavenumbers/ cm’ Vibrational wavenumbers/ em”'

1664, 149, 231, 429, 442, 663, 726, 876, 883, 1005, | 147, 437, 765, 784, 887, 954, 994, 1008, 1129, 1155, 1214,
1040, 1049, 1092, 1291, 1325, 1581, 1660, 3291, 3302, | 1274, 1289, 1420, 1421, 1583, 1598, 2987, 3002, 3263,
3378, 3404 3278

a Experimental values obtained from the microwave spéetra given in parentheses.

differences, and the largest deviations remaind@H,)ethene
(193 le), r(CH2)f|uoroethene(:|-02 le), andr(CHZ)chlomethene
(192 cnl). It can be seen that the substitution of fluorine on
ethene leads to an increase in the € stretching frequency
and a decrease in the torsion around theGCbond, which
indicates weakening of the bond and strengthening of tlee
bond in fluoroethene. In chloroethene, both of these frequencies
are decreased. Experimentally determined ionization poteiitials
reveal that the fluoroethene HOMO is stabilized and the
chloroethene HOMO is destabilized compared to those of
ethene. All the net effects result from the resonanti¢nor) Figure 1. Conformation of the transition stafes between ozone and
and inductive capabilities of the halogen atoms, and the ethene characterized by the two obtuse angles 125 andg = 93°
consequent net distribution of charge has a decisive impact onand designatesynain ref 9. (@ = 111° andf = 107 in the prereaction

the rates of fluoroethene and chloroethene ozonolysis. vdW complex).

The incorrect ordering of the calculated wavenumbers of
ozone is a well-known occurrence involving methods that are sides of the &C—O—-0—-O envelope, (XC2-03-01)
deficient in their descriptions of either dynamical or nondy- dihedral greater than Sp
namical correlation. It was shown only receftithat accurate The analysis of the transition vectors in all transition states
and correctly ordered frequencies can be obtained by means ofconfirms that along these vectors the primary addition products
the reduced MR coupled cluster method with inclusion of all (POZs) are to be formed. All transition states can be character-
three possible spin-adapted references of the (2,2) active spaceized as a rather early type because they are much more reactant-
which unconstrains the symmetry adaptation. Because ourlike. For instance, the €C bond is on average only 4% longer
CASSCF(8,7)/cc-pVTZ calculation includes only a small frac- than in the independent (halo)alkenes. Hence, the Hammond
tion of the dynamical correlation, it also incorrectly puts the postulate suggests a small reaction barrier and a highly
asymmetric mode above the symmetric one, thus overestimatingexothermic reaction. Consequently, primary ozonides are formed
the experimental vald&by 201 cntl. The increase in active  as rather hot and under tropospheric conditions, unstable
space up to the full outer valence (12%joes not resultina  molecules.
convincing approach of the calculated geometric parameters TS possesse€s symmetry with the most favorable confor-
toward the experimental valuésStill, the parameters are ina  mation governed by the dipotenduced dipole interactions
fairly good agreement with the experiment for the (8,7) ozone analogous to those in the prereaction vdW complex, as was put
active space used throughout this work (Table 1). forward by C. W. Gillies et af. This conformation is character-

2. Transition-State Structures. The geometric parameters ized by the anglest andj that are both obtuse as shown in
and harmonic vibrational wavenumbers for the transition states Figure 1. The calculated bond distances can be compared to
and addition products for the ozonolyses of ethene, fluoroethene the other theoretical findings The largest differences between
and chloroethene are given in Tables 2, 3, and 4, respectivelyour values and those of CASSCF(10,9)/6-31G(d) is in the
(TS, TSF, TSCI, POZ, POZF, andPOZCI). 0O—0—0 angle (6.2), the O-0 bond length£0.011 A), and

Hereafter, C bonded to any of the halogen atoms (X) and the C-O distance £0.012 A). The B3LYP method is unsuc-
the terminal O attacking this C are labeled C2 and O3, cessful in the search for a reasonable geometryT&f
respectively, and the remaining C and terminal O are labeled In the two pairs of ozonehaloalkene transition statesy
C1 and 02, respectively. The two conformations will be referred andanti-TSFs andTSCIs), a geometrical trend different from
to assyn(apical O (O1) and halogen atoms on the same side of that in TS is observed for the haloalkene moieties. Namely,
the C-C—0O—0—0 envelope, (XC2—03—01) dihedral less whereas inTS the cis vicinal H atoms are perfectly eclipsed
than 90) and anti (apical O and halogen atoms on different throughout the reaction path and the whole structure undergoes
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TABLE 3: Geometric Parameters (deg and A) and Harmonic Vibrational Wavenumbers (cnt?) for Transition States TSFs and
Primary Addition Products POZFs Formed in the Ozonolysis of Fluoroethene and Calculated at the CASSCF(10,9)/cc-pVTZ

Level of Theory

syn-TS ozone-fluoroethene

HO2-01-03)=108.3"
HH3-C2-F)y=113.4"
H(F-C2-03-01)=76.7"

3 (H2-C1-C2-H3 =11.3"

Vibrational wavenumbers/cm™
1736, 121, 193, 233, 419, 516, 583, 732, 775, 877, 963,
1008, 1042, 1084, 1274, 1329, 1516, 1633, 3318, 3385,

3428

3423

anti-TS ozone-fluoroethene

H02-01-03)=108.6
#H3-C2-F=113.2"
HF-C2-03-01)=142.9"
AH2-C1-C2-H3)=7.8"

Vibrational wavenumbers/cm’
i732, 122, 200, 279, 431, 481, 536, 718, 813, 879, 967,
1001, 1037, 1086, 1274, 1342, 1527, 1637, 3315, 3380,

syn-primary fluorozonide
M02-01-03)=100.6"
HC1-02-01)=101.0°
A(C1-C2-03)=105.17
#HC2-03-01)=102.3"
AH3-C2-F)=108.1
#(02-C1-C2-03)=1.8"
A(H2-C1-C2-H3)=-0.2"
A(F-C2-03-01)=90.6"

Vibrational wavenumbers/cm™'
114, 332, 457, 568, 691, 756, B09,
835, 946. 1040, 1100, 1165, 1229,
1330, 1451, 1466, 1527, 1623, 3233,
3284, 3301

TS between conformations
HO2-01-03)=106.1"
HC1-02-01)=105.3"
MC1-C2-03)=103.7°
NC2-03-01)=104.6
MH3-C2-F=109.0"
H(02-C1-C2-03)=40.2"
d(H2-C1-C2-H3)=37.5"
H(F-C2-03-01)=81.8

Vibrational wavenumbers/cm™
1137, 189, 428, 524, 673, 754, 814,
890, 962, 1051, 1064, 1159, 1228,

1329, 1452, 1487, 1517, 1623, 3217,
3285,3295

anti-primary fluorozonide

HO2-01-03)=104.1°
AHC1-02-01)=100.5"
HC1-C2-03)=105.0°
HC2-03-01)=105.7"
(H3-C2-F)=108.1"
§(02-C1-C2-03)=35.5"
d(H2-C1-C2-H3)=36.5"
d(F-C2-03-01)=109.3"

Vibrational wavenumbers/cm”
106, 283, 460, 491, 665, 757, 825,
BS8, 967, 1032, 1042, 1150, 1237,
1337, 1443, 1480, 1528, 1610, 3224,
3279, 3308

an expected symmetry-consistent descentR@&, in all TSXs, ment insynTSF in view of the corresponding geometry trend
the H atoms are always staggered, sometimes considerably ain synPOZF, where the vicinal H atoms are once again
in synTSF where 6(H2—C1—-C2—H3) = 11°. Furthermore, eclipsed.

such a torsion around the—<C bond is quite uneven as, for Interestingly enough, the transition states involving the two
example, insynTSF where6(H2—C1-C2—-F) = 2°. An in- asymmetrically substituted alkenes are characterized by the
spection of orbital coefficients of HOMOs and (HOMOs-1) in  different trends of the ozone approach. NamelyTBF, the
TSXs reveals that the haloalkene moieties are distorted in suchO3—C2 distance is substantially less than the-@2 distance,

a way as to retain a significantoverlap between the C atoms whereas inTSCI, the opposite is the case (Tables 3 and 4).
and the halogen, which suggests an importance of the prolongedThe Mulliken population analysis, Figure 2, reveals that the
stabilization inTSXs via the haloger donor activity. It should charge excesses on the terminal O atoms are of a different trend
be noted that the described torsion is an “unnecessary” move-as well. INTSCI, these charges are almost balanced, with O2
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TABLE 4: Geometric Parameters (deg and A) and Harmonic Vibrational Wavenumbers (cnt?) for Transition States TSCls
and Primary Addition Products POZCls Formed in the Ozonolysis of Chloroethene and Calculated at the CASSCF(10,9)/
cc-pVTZ Level of Theory

anti-TS ozone-chloroethene
H02-01-03)=108.4"
HH2-C2-Cl)=113.7"
§(CI1-C2-03-01)=145.1"
HH2-C1-C2-H3)=2.0"
Vibrational wavenumbers/cm”
1713, 107, 161, 253, 389, 445, 502, 715, 774, 809, 883,

986, 1055, 1083, 1140, 1308, 1448, 1615, 3305, 3389,
3411

syn-TS ozone-chloroethene
H02-01-03)=108.1"
G(H2-C2-Cl)=113.8"
A(Cl-C2-03-01)=80.8"
4 (H2-C2-C1-H3 }=5.4"
Vibrational wavenumbers/cm™'
1724, 105, 174, 218, 391, 478, 538, 730, 749, 797, 894,

085, 1044, 1082, 1143, 1304, 1436, 1618, 3316, 3397,
3420

syn-primary chlorozonide TS between conformations anti-primary chlorozonide

HO2-01-03=100.6"
HC1-02-01)=1004"
HC1-C2-03)=105.00
AC2-03-01)=102.9°
HH3-C2-Cl)=106.4"
HO2-C1-C2-03)=7.8"
d(H2-C1-C2-H3)=-6.4"
SC1-C2-03-01)=98.1
Vibrational wavenumbers/em™

87, 305, 363, 448, 660, 736, 774,
816, 834, 995, 1041, 1089, 1159,

1316, 1406, 1427, 1480, 1626, 3242,
3300, 3318

AHO2-01-03=106.2"
HC1-02-01)=105.1"
HC1-C2-03)=102.9"
HC2-03-01)=104.7
AH3-C2-Cl)=107.4°
d(02-C1-C2-03)=41.9
d(H2-C1-C2-H3)=39.0"
J(C1-C2-03-01) =83.5
Vibrational wavenumbers/cm™

i107, 165, 355, 422, 659, 712, 751,
806, 880, 1010, 1022, 1103, 1164,
1304, 1402, 1418, 1481, 1623, 3208,

3305, 3315

HO2-01-03=103.5"
HC1-02-01)=105.3"
HC1-C2-03)=102.4"
HC2-03-01)=100.0°
HH3-C2-Cl)=106.6"
HO2-C1-C2-03)=31.0¢
d(H2-C1-C2-H3)=33.0°
S(CI-C2-03-01)=118.3"

Vibrational wavenumbers/cm™
60, 274, 356, 419, 661, 739, 747,
818, 824, 993, 1016, 1093, 1167,
1319, 1404, 1423, 1479, 1614, 3219,
3303, 3319

being only slightly more negative. [RSF, on the other hand,

the C-C bond. The main difference in charge on independent

O3 has a larger excess of negative charge, and the polarizatiorhaloalkenes and on those in the transition states is found to be
between the terminal O atoms is much more pronounced.on C1. From here, some excess of negative charge-(Q.0Q5
Meanwhile, the differences in charges on C atoms in transition for anti-TSF—synTSF and 0.08-0.11 for anti-TSCl—syn
structures are comparable to the ones found for independentTSCI) is displaced on the ozone molecule and almost evenly
haloalkenes. distributed between the two terminal O atoms, whereas the apical
Thus, significant polarization is preserved in the fluoroethene O atom always gains somewhat more charge. Such a charge
moiety because of the high electronegativity of the F atom. In displacement formally confirms the electrophilic character of
this case, the inductive effects are predominant over the the ozone moiety. Although the overall occurrences weaken the
resonancer-donor ability of the F atom. In chloroethene, near- polarization of the €&C double bond infSFs as compared to
balance between the inductive effect and resonance activity ofthat in the independent fluoroethene, the polarization is still
the Cl atom results in only a small excess of negative charge strong enough for the substantial dipeldipole interactions to
on both C atoms and therefore much weaker polarization of govern the geometry trends TSF. Hence, the scarcity of the
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Figure 2. Mulliken population analysis of the (@ynand (b)anti conformations of the ozor€luoroethene and ozorehloroethene transition
states at the CASSCF(10,9)/cc-pVTZ level. Values for the independent reactants are given in parentheses.

electron density on C2 and the prevalence of electrostatic effects The anti conformations of the ozoréhaloethene transition
cause shortening of the ©&2 distance below O2C1. Thus, states are slightly more stable than th&incounterparts. The
according to our calculations and despite the larger net stabiliza-energy difference is 0.32 kcal mdlfor TSFs and 0.23 kcal

tion of the fluorethene HOMOTSF becomes stable enough mol~! for TSCls. This difference is surprising, as one would
for the rate of ozonolysis of fluoroethene to be approximately not expect it merely from considerations concerning the
equal to that of chloroethene. The experiments even indicatealignment of the ozone and haloethene permanent dipoles.
that chlorine substitution decreases the rate to a larger extentNamely, in thesynconformation, this alignment is antiparallel
than does fluorine substitutidnAnother consequence of the and hence should be more favorable than that of ghg
shorter O3-C2 distance will be shortened and enhanced-O3 conformation (i.e., thesyn approach of the ozone is the one
C2 and 0102 bonds in the primary fluorozonide, which gives that should be more favorable). The analyses of the ozone and
rise to the preferred rupture of the ©03 bond so that the  haloethenes alone, in the geometries that they possess in the
formation of the formylfluoride and Criegee intermediate is what transition structures, show that the dipole moment vectors make
would primarily be expected. ITSCls, both C atoms are  an angle of 155in thesynbut only 47 in theanti conformation.
negatively charged, and the polarization between them is muchNevertheless, such a large difference in the alignments does
weaker, which leads to the possibility of stronger orbital not manifest itself in large differences in dipole moments in
interactions between O2 and C1 that gains additional importancethe case of the complete transition structures. The expectation
over purely electrostatic interactions. The geometrical conse- value of the dipole moment operator feynTSF is 2.04 D,
guences are just the opposite of those discussed previously: thevhich is somewhat smaller than 2.34 D found for tueti.
02—-C1 distance is now shortened to about the same extent asConsiderations of the two dipole alignments, however, would
03-C2 was inTSF. However, as will be seen later, this be more appropriate for prereaction ozefraloethene van der
geometry trend will not be preserved in the primary chlorozo- Waals complexes and would presumably lead to correct
nide. In the course of descending into the addition product, the conclusions about stabilization trends if these complexes were
prevalence of the interactions between O3 and C2 will be due to be analogous to the ozonethene compléXin that no charge

to the increasing importance of the anomeric effect and transfer has yet occurred. Regarding this stabilization, we believe
increasing polarization by means of the gradual charge transferthatsynprereaction vdW complexes would be more stable than
along the reaction path. Consequently, the overall expectationsanti complexes, although we were unable to find any such
as to which of the two ©0 bonds is more likely to rupture  complex at the CASSCF(10,9)/cc-pVTZ level (see Kinetics
further in POZCI will be the same as that iROZF. section). However, it was already mentioned that in all ozone
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haloalkene transition structures the charge transfer from ha-
loalkene to the ozone moiety occurs by leaving the latter
negatively charged. Consequently, ozone tries to avoid the
negative region of the haloalkenes and favorsathgtransition-
state conformations over theyn Indeed,anti conformations
have smaller norms of both nuclear (heavy nuclei are more apart)
and electronic (the aforementioned reason) contributions to the
dipole moment, but isynconformations, these two oppose each
other better, hence the smaller total dipole moment.

3. Primary Addition Products. 3a. Primary Ozonide. At
the CASSCF(10,9)/cc-pVTZ (Table 1) level of theory, t©Z
conformation with the lowest energy is an oxygen envelope of
Cs symmetry, in agreement with the experimental findibgée

calculated geometric parameters are also in a reasonably good
agreement with the experiment. The largest deviations are found

in the G-0 bonds, which are 0.027 A too long, and theC
bond, which is 0.018 A too short. Electronic density in the region
of the two C-O bonds is completely included in tiROZ active
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Figure 3. Active orbital (19-23) occupation number dependency upon
the C102 distance (A) in the course of the optimization of
synfluorozonide at the CASSCF(10,9)/cc-pVTZ level.
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space and can be considered to stem dominantly from the 0zongjn 1y enabled us to establish a clear one-to-one correspondence

LUMO —ethene HOMO and the ozone HOM@thene LUMO
interactions with respective occupation numbers of 1.9742 and

1.9696. Hence, a considerably better agreement with the experi-

between the active orbitals of transition states and primary
addition products. For this reason, the initial geometries for
optimization were constructed by only slightly distorting the

ment in this respect cannot be expected by enlarging the activeyansition structures toward products, and the corresponding TS

space or basis set but only by utilizing multireference-based
correlated methods. Thebond between C atoms is too low in
energy and is therefore absent from the (10,9) active space.

The lowest vibrational wavenumber (147 thcorresponds
to the pseudorotational ring-twisting mode and can be compared
to the spectral assignment of 98 tinThis movement leads to
the half-chair conformation o€, symmetry whereby the ring
undergoes an inversion without ever becoming planar. The half-
chair calculated at the CASPT2(10,9)/cc-pVTZ level is a saddle-
point 5.2 kcal mot? (1810 cnt?) above the oxygen envelope,
in good agreement with some other theoretical findi#g42
The second lowest wavenumber (437 émwhich is believed
to be above 200 cmi according to ref 8, corresponds to the
ring-bending mode and inverts the oxygen envelope by passing
through the planar conformation &, symmetry, actually a
saddle point of order 2. Along the first transition vector, the
envelope is inverted, and along the second, the half-chair
conformation is formed. The planar conformation suffers too
high a ring strain, as can be seen by inspection of the bond
lengths (for instanced(O—0) = 1.473 A). For this reason, it
is somewhat higher in energy, 8.2 kcal mb(2870 cnt?),
above the oxygen envelope, which compares well to the 2700
cm~1value calculated by Cremét® Another quantity that can

density matrices were taken as the starting points. By utilizing
such similar geometries, we completely avoided large initial
rotations in the active orbitals and their consequently large
modifications and thus managed to preserve the same overall
structure of the wave functions. The price to pay was, of course,
the many iterations required to reach the optimized product
geometries. Nevertheless, such a procedure has an advantage
in that an analysis of the “destiny” of all orbitals (i.e., their
role in the gradual forming of the bonds) is made possible by
following the changes in the occupation numbers throughout
the many iteration optimizations such as those along an
approximate minimum energy path (Figures 3 and 4). The
orbitals are labeled from 19 to 23 in descending order of occu-
pation numbers as they are in the transition states (Figure 5).
Two courses of optimization are given, one feynTSF
descending inteynPOZF and the other for the corresponding
pair of anti structures. The C10O2 distance is given as an
approximate reaction coordinate and is enough to describe the
wholesynand the first stage of thenti optimization. The second
stage of theanti optimization is found to be best described by
the changes in thé(H1-C1-C2—F) dihedral angle. Com-
pletely analogous trends were observed duringR2F and
POZCI optimizations. The resulting one-to-one correspondence

be directly compared to the experiment is the dipole moment. petween orbitals in the transition states &@ZFs can easily
The moment calculated as the expectation of the dipole momentpe established, as shown in the orbital correlation diagram for

operator is 3.54 D, and the experimentally determined value is
3.43 D8 In connection to that value, the Mulliken population
analysis shows that the apical oxygen is @1&ss negative
than the oxygens bonded to the carbons, which is contrary to
the conclusion from the dipole components analysis in ref 8.
3b. Primary Fluorozonide and Chlorozonide. We found
two conformational minima of the primary fluoro- and chloro-
zonide POZF and POZCI): one 6yn results from descent
along the reaction path starting from tegn TS, and the other
(anti), starting from theanti-TS. It should be noted here that
the synand anti labels are retained only in connection to the
“parent” transition states and are not meant to reflect the actual
properties of the XC2—-03—01 dihedrals, as these are now
somewhat changed (Tables 3 and 4).

The optimizations were carried out with the aim of preserving

the fluoroethene ozonolysis (Figure 5).

Thus, throughout the optimization, the orbital with the largest
occupation number in all transition states (19), once responsible
for the partial double character of the bonds in ozone, quickly
becomes nonbonding and occupies the region of the lone pairs
on O atoms. Judging from its high occupation number, already
around 1.9 A for the C202 distance, the orbital completely
lost its significance in describing the near-degeneracy effects.
Consequently, the four remaining bonding (“occupied”) active
orbitals are from this point on almost exactly complemented
by their antibonding (“virtual”) partners, with the sum of each
pair of occupation numbers being 2.00. A measure of the bond
order can be calculated as the difference between the bonding
and corresponding antibonding occupation divided B§wo
almost equally important bonding interactions of thigpe stem

the same active spaces as those in the transition states, whiclirom the dominant contributions of the ozone LUM{Chalo)-
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Figure 4. Active orbital occupation number (¥23) dependency upon
(a) the C+02 distance (A) and (b) the HIC1—C2—F dihedral angle
(deg) in the course of the optimization ahti-fluorozonide at the
CASSCF(10,9)/cc-pVTZ level.

alkene HOMO (22) and the ozone HOM(halo)alkene LUMO
(23). Their respective bond orders fb&Fs are 0.91(0.91) and
0.77(0.79) forsyr(anti) and 0.98 and 0.97 iROZFs, equal for
synandanti. The former stronger interaction is typical for the
C2—-03 pair inTSFs and for the C+02 pair inTSCls. The
forming of the bonds happens in nearly the same uniform
monotonic manner and ends near the 1.5 A-OP distance,
with a shallow minimum. Unlike in the transition states, the

10.0 15.0 30.0
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fluoroethene POZF

%, &
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Figure 5. Orbital correlation diagram and occupation numbers at the
CASSCF(10,9)/cc-pVTZ level for theyn and anti ozonolyses of
fluoroethene. The whole active space of fluoroethene and a part of the
spaces of ozone, the transition state, and the primary addition product
are shown. Beneath each orbital, its occupation number is given as
syn(ant).

below). At first, the effect seems to stabilize the-O bonds
as well, but their weakening at the end, as revealed by the
gradual diminishing of their occupations, is presumably a
consequence of simultaneous enlarging of the ring strain.
Very similar geometrical trends are observed for the two pairs
of syn andanti-POZF and POZCI conformations. However,
unlike the situation in th&Ss, thesynconformations are more
stable in both cases. The stability gain of #ymconformations
over theanti is 2.3 kcal mot? for POZF and 1.7 kcal mol*
for POZCI. As mentioned previously, the geometry trend from
TSCls characterized by the shorter €02 distance is not
preserved ifPOZCls. Thus, analogously to that for tROZF,

orbitals describing an interaction between the apical O and thethe shortening and enhancing of the-823 bond inPOZCI
03 and 02 atoms (20 and 21) gain an increased importance forindicates a preferred cleavage to a formylchloride and a Criegee
the near-degeneracy effects, and in the final product, their intermediate. Theynconformations, especialgynPOZF, are

occupations are less than that of orbitals describing th©C
interactions. This switch happens nearly in the :8®5 A

characterized by a pronounced eclipsing of the vicinal pairs of
H atoms as well as of H and halogen atoms, the dihedral angles

region and is a reflection of the charge transfer from haloalkenes §(H2—C1—-C2—-H3) and §(H1—-C1—-C2-X) equaling—0.2°-
to ozone along the reaction path. The transfer gradually causeq6.4°) and 2.3(10.8) for POZF(POZCI). Unlike them, theanti
both O-O bonds to become less polarized, whereas the conformations are significantly staggered(H{2—C1—C2—H3)

polarization in the €O bonds simultaneously increases. In the
aforementioned region, the-@D bonds finally become weaker
than the C-O bonds. The final @O bond orders are 0.93-

= 36.5(33.0°) ando(H1—-C1-C2— X) = 33.(°(28.3)). Their
overall method of distortion closely resembles that of the
transition-state structure, label&@&Xcons, for the inversion and

(0.93) and 0.93(0.92). The difference in lengths and therefore interchange between the two conformations. It was seen in the

in strengths of the final ©0 bonds is best depicted in the
(HOMOs-1) where a shift of the electron density from the-O1

case ofPOZ how the oxygen envelope of the trioxolane ring
represents its most stable conformation. If it does not persist,

O3 region to the Ot0O2 region can be observed in each however, there must be a good reason. An electronegative atom,
haloozonide. The countereffect always observed in the HOMOSs such as fluorine or chlorine, bonded to a carbon that is adjacent
seems inadequate to completely compensate for this loss. Into another atom possessing lone electron pairs results in the
the second stage of ttamti optimization, which pertains to the  well-known and well-understood anomeric effétThe distor-
changes in the H1C1—-C2—F dihedral angle, the occupations tion trends of thenti conformations can be explained in terms
of the C-0O bonds are only mildly increased, which reflects of the anomeric effect, which involves the lone pairs on the O3
their strengthening due to the increasing anomeric effect (seeatom and the C2 halogen bond. The two must have a near-
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Figure 7. Experimental data and the Arrhenius plot calculated at the
Figure 6. Newman representation along the 623 bond in the CASPT2(10,9)/cc-pVTZ level for the ozonolysis of ethene.
analysis of the anomeric effect in fluoroethene.

1.00E-18 1000*KIT
parallel mutual alignment to maximize this type of stabilization als 37 5 36 37 18
(the corresponding dihedral equalingd@ 18C). However, as "
the ring strain is simultaneously enlarged, as revealed by a sub-= kiom® s = 14910 Pexp(-7.2 keallRT)
stantial prolonging of the G203 bond, the final geometry of 1.00E-19

theanti-halozonides reflects a balance between the two effects,
one stabilizing and the other destabilizing. In #yaconforma-
tions, on the other hand, qualitative analysis of the orientation
of the lone pairs with regard to the-alogen bond revealed
that the alignment is already favorable enough with the oxygen
envelope retained. In this analysis, the-€@23 and O+03
bonds insynfluorozonide were observed as approximate edges 1.00E-21 -
of a tetrahedron (the deviation in the €23—01 angle from Figure 8. Experimental data and the Arrhenius plot calculated at the
the tetrahedral is only°J, and the O3 lone pairs were taken as CASPT2(10,9)/cc-pVTZ level for the ozonolysis of fluoroethene.
stretching along the remaining two edges. Then the analytically .
derived orientation of the O3 lone pairs proved that the 1 00E-18 1000°K/T
alignment of both these pairs is already favorable enough with 2.76 2.96 3.16 3.36 3.56
the C2-F bond but is not so for the C2H3 bond (Figure 6).
As a consequence, the geometry of trei conformation
cannot be simply analogous to tegnand be derived from it
just by switching the positions of the F and H atoms. An
inspection of the active orbital coefficients pertaining to the p
functions on the O3 atom and thus determining their spatial kicm® s = 8.85*10"exp(-6.1 keall
orientations completely confirmed these qualitative predictions. « v anti-TSCI

kfom® s = 1.10*10%exp(-6.0 kcal/RT)
1.00E-20 :T\SF.\\‘\-

wsyn-TSF kfom® s = 1.20*10"%exp(-6.4 kcal/RT)

k/cm® molecule

4 Adeniji et al.

® o

kicm® s = 9.18*10"%exp(-5.8 kcal/RT)
1.00E-19

molecule™ s

As a result and regarding the destabilization due to any § 1.008-20 .
deflection from the oxygen envelope, no further distortion can = " syn-TSCl
significantly improve the stability of theynconformations so 4 Sanhueza et al.
that the oxygen envelope is nearly retained. Besides that, it can o Zhang et al.

be shown that the anomeric alignment is more favorable than 90821 ————————— [ o1al

that in theanti conformations. As another usual consequence
of the anomeric effect is shortening of the ©23 bond and
prolonging of the C2-halogen bond, the same can be concluded
by inspection of the C203 bond length, which is shorter for pjike pefore, formaldehyde and halogen Criegee intermediates
synPOZF andsynPOZCIl. The net result is more stabsyn will primarily result.
conformations.

The path to the transition-state structlii®Xqons Starting from B. Reaction Kinetics
the syn conformation can be described as a mutual counter-
rotation of approximately fixed C¥D and CHXO moieties. In
the meantime, the apical O undergoes a peculiar movement, a

Figure 9. Experimental data and the Arrhenius plot calculated at the
CASPT2(10,9)/cc-pVTZ level for the ozonolysis of chloroethene.

The experimental and calculated Arrhenius plots for the
pzonolyses of ethene, fluoro-, and chloroethene are shown in

asymmetric stretch, whereby theXC2—03-01 dihedral is ~ Fi9ures 7, 8, and 9, respectively, and the corresponding
reduced by about 20 The consequences are very interesting; POtential-energy diagrams, in Figures 10, 11, and 12. The
the O1-02 bond is elongated by 0.3 A but ©D3, by only reaction rates are calculategl in terms of t_he conventional
0.1 Al This occurrence switches their relative strengths for a ransition-state theory according to the equation

moment, which can be seen as a shift in electron density in the KT\ of

(HOMOs-1) from one G-O bond region to the other. The k(T) = (—)Qexp[—AEf)lR'l]

described trends are shown to be governed mainly by the h/Q

anomeric effect and simultaneous mutual repulsion between lone

pairs on the O-atoms due to a serious deflection from the oxygenwhere theQ's are the partition functions of the activated
envelope. Finally, it can be concluded that if the Criegee complex §) and the reactants (r), arzkE?, is the height of the
cleavage is to happen near th8Xcons region of the PES, then, reaction barrier corrected for the differences in ZPEs.
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Figure 10. One-dimensional potential-energy diagram for the ozo- Figure 12. One-dimensional potential-energy diagram for the ozo-
nolysis of ethene calculated at the CASPT2(10,9)/cc-pVTZ level. Al nolysis of chloroethene calculated at the CASPT2(10,9)/cc-pVTZ level.
electronic energies are corrected for the zero-point vibrational energies.All electronic energies are corrected for the zero-point vibrational
energies.

A _ _
Efkeal mol” fluoroethene, the Arrhenius parameters were derived from only

two experimental points, and the experimental value was found

57 6.0 to be 78.1x 10 2°cm® molecule* s at 298 K. The calculated

, - TSF rate constants are 4.03 10720 cm® molecule® s71 for theanti
anti-TSE V! .
/ and 2.62x 102° cm?® molecule s~ for the synreaction at
00 / 298 K. The three available data points for chloroethene display

O+CHF \ such large scatter that no recommendation of the reaction rate
and Arrhenius parameters is possibl€he plot based on our
calculated values passes somewhere through the “middle” of
the experimental scatter, and the rate constant at 298 K is 5.03
x 10720 cm?® molecule* s7* for anti and 3.02x 10720 cm?®
molecule’! s for synreaction energies. Thus, according to
our calculations, the ozonolysis of chlororethene should be only
slightly faster than that of fluoroethene.

The reaction enthalpy 48.9 kcal mél for the ethene
ozonolysis is in good agreement with some recent theoretical
estimates and the experimental vadlaé 45 £+ 6 kcal mol™.

The latest theoretical result at the CASSCF(10,9)/6-31G(d)

-53.2 leveP predicts 49.2 kcal mak, and the other estimaf@s®range

syn-POZF from 43.7 to 57.3 kcal mot. As to the haloalkenes’ ozonolyses,

Figure 11. One-dimensional potential-energy diagram for the 0zo- th'e exothermicity order iq the reaction en’FhaIpies is in agreement

nolysis of fluoroethene calculated at the CASPT2(10,9)/cc-pVTZ level. With some earlier predictions concerning influences of the

All electronic energies are corrected for the zero-point vibrational halogen substituent on the trioxolane riffgAlthough the

energies. absolute reaction enthalpies for the ozonolyses of ethene and

fluoroethene at the RHF/6-31G* leveFfare far too high, their

A great abundance of experimental work was done on ethene,relative difference of—5.1 kcal mot? is still acceptable

and we report the most reliable and reproducible results compared to ours 6f4.3 kcal mot™. From the three calculated
characterized by a relatively small amount of scatter. Although thermally corrected (298 K) enthalpies of the ozonolyses and

our calculated reaction barrier is 0.6 kcal miobmaller than  the experimental gaseous enthalpies of formation of ozone (34.1

the experimental value, the overall rate values for the plotted kcal mot1), ethene (12.5 kcal mo?), fluoroethene+32.5 kcal

temperature range are closer than what is expected from thismol~1), and chloroethene (6.9 kcal mé)3* at 298 K, the
difference. This result is due to the order-of-magnitude flaw in standard enthalpies of formation of ozonide, fluorozonide, and
the calculated preexponential factor. Thus, the calculated ratechlorozonide at 298 K are calculated to b2.9 kcal mot?,

A\
-51.5
anti-POZF

TSF,

cont

constant at 298 K is 1.02 10718 cm® molecule* s71, in very —51.9 kcal mot?, and—8.1 kcal mot?, respectively. To bring
good agreement with the experimental valu€he overall these three enthalpies onto approximately the same footing, one-
agreement in rates is better for lower temperatures, which arehalf of the difference between the-HH bond strength (104.2
typical for higher altitudes of the troposphere. kcal mol1)3* and the FF (37.5 kcal mott) and CHCI (58.0

The scarcity of experimental data for ozonolyses of fluoro- kcal mol) bond strengths, respectively, 80ZF andPOZCI
ethene and chloroethene diminishes the relevance of comparingvere added to the respective enthalpies. As a result, the fluorine
the calculated and experimental values. Thus, in case of substitution stabilizes the trioxolane ring by about 16 kcalthol
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which is comparable to the 12 kcal mélvalue given by kinetics of ozonolysis of the three simple alkenes. Moreover,
Cremer3¢ However, chlorine substitution destabilizes the ring these results are quite comparable to incomparably more
by about 18 kcal mott, which should make the primary expensive and elaborate post-HF treatments. Whereas CASPT2
chlorozonide very difficult to isolate. corrections can be obtained in a reasonably short amount of
It must be noted that prereaction van der Waals complexestime after the optimizations, a single-point CCSD(T)/cc-pVTZ
are likely to exist for ozonolyses of the haloethenes analogous calculation, for instance, on any of the systems of interest turned
to that between ozone and ethene, which was successfullyout to be prohibitively large for our computational resources.
isolated and analyzetHowever, the theoretical approach used The two calculated reaction barriers of ozonolysis are within
in the present study does not allow us to draw definite the limits of chemical accuracy~&1 kcal mol?) when
conclusions as to their existence. Their effect on the kinetics compared to the experimental reaction studies of ethene and
would be in raising all the barriers, and thus the calculated valuesthe one available study for fluoroethene. The lack of coherent
would more closely approach the experimental ones. Consider-and reliable experimental data for chloroethene prevents us from
ing the type of interaction, which is either dipeldipole or drawing a similar conclusion for this case. However, our
dipole—induced dipole, the amount of stabilization is presum- calculated values lie somewhere between the scattered experi-
ably fluoroethene> chloroethene> ethene. Nevertheless, we mental points, so we believe that the methods utilized in this
were not able to find any reasonable structure for the supposedwork are reasonably reliable in the case of the ozonolysis of
ozone-haloethene prereaction complexes. It is known that the chloroethene as well. The two basic ways of ozone approach
necessary conditions for a reliable description of weak com- to the haloalkenes were considered, and the obtained trends in
plexes include at least the use of F2 basis sets and especially ~Stationary energies differ for the transition states and the final
a method that largely covers the effects of dynamic correldtion. addition products. While theyn conformations of TSs are
However, the absence of the complexes from our PESs isslightly destabilized as compared to those of &mi, the syn
presumably not only due to the inefficient amount of dynamic products are considerably more stabilized. We conclude that
correlation comprised by the CASSCF method but also due to the trends in energy are at first governed by the electrostatic
the expected very shallow minima. Thus, an approximate repulsion and later by the anomeric effect. The latter effect also
structure of the ozoneethene complex was obtained at the plays animportant role in the course of the interchange between
CASSCF(10,9)/cc-pVTZ level by adopting the Baker conver- the two primary addition product conformations. Although
gence criteriZf and by significantly reducing the value that 0zone-haloalkene vdW complexes are likely to exist prior to
defines the largest change in the internal coordinates duringthe transition states, none of them was found for either
optimization. Unfortunately, here the CASPT2 and CASSCF conformation at the CASSCF(10,9)/cc-pVTZ level. Considering
stationary geometries do not coincide well, and consequently the strengths and types of interactions, an increasingly sophis-
the CASSCF geometry does not have the necessary stabilizatiorticated correlated method would presumably show the stabiliza-
at the CASPT2 level, as it is not close enough to what would tion in thesyncomplexes to be larger than that in teti (more
be the CASPT2 minimum. Another problem is posed by the favorable alignment of the permanent dipole moments) and the
basis set superposition error (BSSE) estimate because ndluoroethene complex to be more stabilized than the corre-
prescription exists of how the counterpoise (CP) correéfion sponding chloroethene complexes (stronger dipdipole
should be best applied if multireference methods are used.interactions). Both are expected to be more stable than the
Namely, it is not clear what the active space size of the two prereaction ozoneethene vdW complex. Further work aimed
fragments should be in the ghost basis of their partners. Withoutat shedding more light on the subsequent steps of the ozonolyses
the CP correction, the stabilization of 0.51 kcal molvas of the two haloalkenes is currently in progress.
obtained for the prereaction vdW complex of ozone and ethene
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