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Abstract: Part of the ozonolysis reaction has been investigated by means of an ab initio SCF MO theory. Several possible pri
mary ozonides have been tested and the 1,2,3-trioxolane, with an O-envelope conformation, is retained as being slightly more 
stable than the C-C half-chair and planar forms. Two state correlation diagrams show that the planar cleavage is thermally 
forbidden and that the envelope 1,2,3-trioxolane can collapse, by a symmetry allowed 1,3 dipolar cycloreversion, to the Criegee 
zwitterion. The activation energy of this process has been estimated by a CI calculation and is consistent with the instability 
of the primary ozonide. 

I. Introduction 

The mechanism of the ozonolysis of olefins, both in liquid 
and gaseous phase, has been a subject of wide interest. Many 
proposals have been put forward, but all of them involve a more 
or less modified Criegee2 mechanism, at least as a competing 
pathway. In its original form, it is simply suggested that the 
ozone molecule adds to the olefin to form a 1,2,3-trioxolane 
ring (1), which cleaves to give a zwitterionic methylene per
oxide and an aldehyde. These two products react further to give 
the final ozonide (2). But some facts are not explained by this 

*K >c=o 
polyperoxide 

hydroperoxide 

• > c ^ c < 

simple scheme; in particular, it is known that the cis/trans ratio 
of the final cross ozonide depends on olefin geometry.3 This 
led Story, Murray, and Youssefyeh to propose a so-called 
"aldehyde interchange" mechanism,4 in which an aldehyde 
can be incorporated in the 1,2,3-trioxolane ring. In addition, 
they suggest a more direct pathway for sterically hindered cis 
olefins, via the a complex (3), to account for the high cis/trans 

= \ + ° J • <~y 
>-Z^.A x -k 

o—o 

ozonide ratio4 obtained with bulky cis olefins, as well as the 
high yields of ozonides.3a-b On the other hand, Bauld, Bailey, 
and co-workers proposed a revised version of the Criegee 
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mechanism.5 Assuming a C-C half-chair conformation for the 
1,2,3-trioxolane, they suggested a disrotatory cleavage of this 
molozonide to give a carbonyl compound and a syn or anti 
zwitterionic carbonyl oxide: 

— 1 X 
The final ozonide was assumed to have a C-O half-chair 
conformation, and three rules were stated concerning the 
stereochemistry of the reaction. Later,6 some of these rules 
were modified to account for the observed conformation of the 
final ozonide (O-O half-chair instead of C-O half-chair), for 
reactions with ethylene,7 propylene, and trans-2-butene.6 

Experiments have been realized in the presence of 18O-
labeled aldehyde to test the relative importance of the aldehyde 
interchange mechanism and the Bauld-Bailey mechanism. The 
former predicts that 18O can be incorporated only at the 
peroxidic site of the final ozonide, while the latter is coherent 
with ' 8O only at the ether site. The results seem to depend on 
the olefin. In some cases, 18O has been detected in the peroxidic 
bridge,8,l0"M while it is present only at the ether site in a 
number of other cases.15"19 The original Bauld-Bailey 
mechanism was consistent with the cis/trans ratio of ozonides 
obtained from bulky olefins but inadequate for reactions with 
small olefins. This, together with the new data concerning the 
final ozonide conformation, led Lattimer et al. to propose two 
revisions of the Bauld-Bailey rules, which are abundantly 
discussed in a recent paper.6b The major assumption (first 
"rule") remains that there is a disrotatory cleavage of the 
1,2,3-trioxolane ring in its C-C half-chair conformation. But 
this geometry has never been experimentally determined, due 
to the great instability of the primary ozonide, and is supported 
only by extended Hiickel calculations.20 Moreover, the ade
quacy of the EHT method for heterocycles with adjacent 
heteroatoms has been criticized by Rouse.21 On the other hand, 
the cleavage of the primary ozonide can be considered a 1,3 
cycloreversion, the reverse of a V4S + V2S addition. The orbital 
correlation diagram of a similar system22 (allyl anion reacting 
with ethylene) shows that this reaction should be symmetry 
allowed. According then to the view of Lattimer et al., the 
transition state is likely to resemble an exaggerated envelope 
(4). This reaction process involves a nonrotatory cleavage, and 

Q, O 

—cr 
\ 
4 

the steric constraints on the transition state differ from that 
suggested by Bauld and Bailey. The stereochemical conse
quences of this mechanistic scheme have been discussed in 
detail.6b 

An additional intermediate, the Staudinger molozonide (5), 
has also been proposed.23-25 This four-membered ring, formed 

via 3 or directly through a 1,2 cycloaddition of ozone to the 
olefin, is assumed to collapse to the 1,2,3-trioxolane, or to 
cleave to the Criegee zwitterion, or even to rearrange intra-
molecularly to the final ozonide.25 This interpretation has been 

contested by Bailey26 et al. Finally, to account for the chemi-
luminescence and the radical intermediates observed in gas 
phase,27-29 one must add the O'Neal and Blumstein mecha
nism,30 which rationalizes the experimental data in terms of 
a-H and 0-H abstraction from the primary diradical formed 
by breaking the 0 - 0 bond of the 1,2,3-trioxolane. This com
peting series of reactions is discussed in a recent paper.29 

The aim of the present work is, on the one hand, to rule out 
some of the proposed intermediates for the ozonolysis reaction 
and, on the other hand, to support a concerted nonrotatory 
cleavage of the primary ozonide, as suggested by Lattimer et 
al.,6b without ruling out the O'Neal and Blumstein mechanism 
nor a nonconcerted cleavage as competing pathways. Two 
reaction paths have been calculated, corresponding respectively 
to the cleavage of a planar primary ozonide and to that of its 
envelope conformer. The calculations are ab initio and use the 
GAUSSIAN 70 series of programs.31-32 A minimal STO-3G 
basis set32a has been used for the geometry optimizations, and 
the relative energies of the various molecules taking part in the 
reaction have been calculated with the 4-31 G basis set.32b In 
all calculations, a limited configuration interaction (CI) has 
been performed, to take into account the correlation of tt 
electrons. 

II. Relative Energies of the Products, Intermediates, and 
Reactants 

A. Ozone. Ozone has already been described by Goddard 
et al.33 with a GVB method, and by Grimbert34 with an ab 
initio Hartree-Fock calculation using Stevens' program.35 In 
our calculation, we used the equilibrium geometry optimized 
by Grimbert34 at the closed shell SCF stage (r = 1.298 A and 
8 = 117°). A limited configuration interaction, involving both 
single and double excitations from the TT nonbonding to the ir* 
antibonding orbital, was performed to take into account the 
correlation of ir electrons. This limited CI includes the most 
important configurations necessary to describe the ground state 
of ozone, as shown by the larger CI calculation of Grimbert.34 

The energy obtained, calculated in the extended basis set 
(4-31G energy), is -223.971 66 hartrees. 

B. Ethylene. The energy of ethylene has already been cal
culated in a previous work,36 with a 3 X 3 CI involving the 
doubly occupied (T, x*)2 configuration. The geometry, opti
mized within this procedure, was r - 1.341 A and ZHCH = 
116.2°, and the ground state 4-31G energy is -77.945 03 
hartrees. 

C. Formaldehyde. The 3 X 3 CI used for ethylene has been 
applied to H2CO. Similarly, the ground state configuration 
is mixed with the doubly excited (w, TT*)2 configuration. We 
took a standard geometry, r = 1.22 A and /HCH = 120°. The 
ground state 4-3IG energy is —113.722 12 hartrees. 

D. Methylene Peroxide. Both perpendicular (6) and planar 
(7) methylene peroxide have already been calculated by 

> 
-O 

> 
H 

-ex 

Goddard37 with an ab initio GVB method. Our own Hartree-
Fock calculations, carried out to obtain relative energies 
comparable with the other products, are in good agreement 
with Goddard's calculations. In particular the symmetries of 
the states are the same with both methods. 

As for ozone, the calculated ground configuration of planar 
methylene peroxide is a singlet. The ordering of frontier or-
bitals is shown in Figure la. A 6 X 6 CI, involving the two 
highest occupied and the lowest unoccupied molecular orbitals, 
has been necessary to describe properly the first excited state. 
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Figure 1. Molecular orbitals of the planar methylene peroxide (a) and the 
perpendicular methylene peroxide (b). 

The result is a (1A', 4x) ground state having as major com
ponents the ground configuration (n2, 7r2) mixed with the 
doubly excited (x2, x3*)2 configuration and, to a lesser extent, 
the singly excited (x2, X3*) configuration. The geometry op
timization gave the following values: rco = 1 -367 A, roo = 
1.269 A, /COO = 117.5°, 4-31G energy = -188.271 81 
hartrees. The ZHCO angles were fixed at 120°. The first ex
cited state, in our calculations, is of (1A", 5x) type and is de
scribed by two configurations: the singly excited (n, x3*) and 
the doubly excited (n, x3*)(x2, x3*). Although we think that 
the (4x) ground state is sufficiently well described by our 
limited CI, we realize that the first excited state could be im
proved by a larger CI and the use of diffuse orbitals and that 
the 2.64 eV gap between these states could be reduced. Nev
ertheless, contrary to the ground state, the first excited state 
need not be calculated accurately since we use it solely to plot 
a qualitative state correlation diagram. The same 6 X 6 CI has 
been applied to the perpendicular conformer (see the ordering 
of frontier orbitals in Figure lb); its ground state is essentially 
described by the open shell component (x*, <r*), mixed with 
the doubly excited (x*, O*){<J, a*) one. This is a ('A", 3x) 
state, while the first excited state is ('A', 47r), involving mainly 
the ground configuration mixed with the (<r, a*) and (a, a*)2 

configurations, and lying 1.56 eV above the 3x ground state. 
The geometry optimization of this ground state gave the fol
lowing parameters: rco = 1.433 A, roo = 1 -269 A, ZCOO = 
117.2°, ZHCO being chosen equal to 120°. Due to the lack of 
resonance in the x system, the perpendicular methylene per
oxide is less stable than its planar conformer by 12.4 kc/mol, 
with a 4-3IG energy of — 188.251 99 hartrees. This energy has 
been obtained with Nesbet's restricted open shell procedure,38 

which gives a better value than the closed shell method for this 
molecule. 

E. 1,2,3-Trioxolane. We optimized the geometry of two 
conformations: C-C half-chair (8) and oxygen (adjacent to 
carbon) envelope (9). For these calculations, no CI was nec
essary since it concerned saturated compounds. 

r\ 
O-OV-p 

A: <?1 

O, 

(a) C-C Half-Chair Conformation (8). This is the confor
mation assumed by Bauld, Bailey, et al.5 to support their re
action scheme. We optimized five parameters, and the re
maining ones were fixed as follows: rcH — 1.09 A, ZHCO = 
109°, ZHCC = 109°. The C2 symmetry has been kept in the 
optimization procedure. We found the following equilibrium 
geometry: rCc = 1-543 A, rCo = 1.442 A, r 0o = 1.419 A, 
ZOOO = 109.3°. Lastly, the angle between the C-C axis and 
the 0 0 0 plane is 19.0°. 

(b) Envelope Conformation (9). This conformation is sug
gested by Lattimer et al.6b in their orbital symmetry analysis. 
As in the previous geometry optimization, we chose Z-CH = I -09 
A, ZHCO = 109°, ZHCC = 109°, r a C 2 = 1-543 A. All the 
remaining parameters were optimized and have the following 
values: r02o3 = 1-419 A, /"C2O3 = 1-451 A, r02o, = 1.408 A, 
'CO, =1-447 A, ZCiC2O3 = 104.9°, ZO2O3C2 = 107.3°, 
puckering angle39 = 142.9°. Table I shows that this confor
mation is slightly more stable than the previous one, which 
argues in favor of Lattimer's suggestion. 

(c) Planar Conformation. We did not carry out the full ge
ometry optimization of this conformer, since it is not involved 
in the best reaction process, as shown by the state correlation 
diagram (Figure 2). Therefore, we simply took, for the planar 
form, the geometry of the envelope form with a zero-puckering 
angle. The ground state energy of this conformer is shown in 
Table I. 

F. Other Possible Conformations of the Primary Ozonide. 
These conformers involve a four-membered ring (5), a three-
membered ring (10), and an open complex (11). Although they 

\ . 
\ 

A 0 - V 
V" "7 C C< 

are not supported unambiguously by any experiment, we made 
a rough calculation of their ground state energies. Because of 
the abnormal conformations of these compounds, the con
vergence to the SCF wave functions was not easy to obtain, and 
therefore we contented ourselves with ST0-3G energies and 
reasonable geometries, without optimization. A 3 X 3 CI, in
volving the highest occupied and lowest unoccupied molecular 
orbitals, was performed in the case of the open complex (11), 
to account for its strong diradical character, due to the presence 
of a trivalent carbon and a monovalent oxygen. This is not true, 
of course for 5 and 10 and for these conformers the CI was not 
judged necessary. We chose rcc = 1 -56 A, rco - 1 -43 A, ro+o 
= 1.50 A, ro+o- = 1.37 A, /-CH = 1 09 A, ZHCC = ZHCO = 
117.5° for structure 5; rcc = 1-50 A, rco+ = 1-615 A, ro+o 
= 1.48 A, r 0 0 - = 1.32 A, rCH = 1.09 A, ZHCC = 119.8°, 
ZHCO= 110.4° for structure 10; r c c + = 1.50 A, r c o = 1-43 
A, r 0 0 = 1 -42 A, r 0 0 - = 1 -269 A, rCH = 1 -09 A, rc+H = 1 -09 
A, ZO-OO = 117.5°, ZOOC = 108°, ZOCC+ = ZHCC+ = 
ZHCO= 109.5°, ZHC+C= 120° for structure 11. Although 
no firm conclusion can be based only upon STO-3G energies, 
Table I suggests that these conformers are unlikely to be pos
sible intermediates in the route to ozonide, having ground state 
energies far above that of both the 1,2,3-trioxolane and the 
olefin + ozone system. 
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Table I. Calculated Ground State Relative Energies of the Possible Primary Adducts of Ozonolysis, with Respect to the Reactants" 

Compound 
Energy STO-3G, 

kcal/mol (hartrees) 
Energy 4-3IG, 

kcal/mol (hartrees) 

Ozone + ethylene 
Half-chair 1,2,3-trioxolane 
Envelope 1,2,3-trioxolane 
Planar 1,2,3-trioxolane 
Four-membered ring (5) 
Three-membered ring (10) 
Open complex (11) 

0 (-298.507 29) 
-53.5 (-298.592 61) 
-56.3 (-298.597 07) 
-52.0 (-298.590 18) 

67.1 (-298.400 35) 
104.5 (-298.340 79) 
56.0(-298.418 21) 

0 (-301.916 69) 
-39.7 (-301.980 02) 
-40.7 (-301.981 54) 
-34.8 (-301.972 16) 

Relative energies are in kcal/mol. In parentheses are reported the total energies in hartrees. 

Table II. Optimized Parameters of the Intermediate Points in the 
Symmetry Allowed 1,3 Dipolar Cycloreversion 

AR(A) 

Figure 2. (a) State correlation diagram for the cleavage of the planar 
methylene peroxide to the perpendicular methylene peroxide (reaction 
coordinate = Ai?)- (b) Rotation of the planar methylene peroxide to its 
planar conformer (reaction coordinate = 6). Energies are in kcal/mol and 
are calculated in the 4-3IG basis set. 

III. Cleavage of the Primary Ozonide 

In a first step we considered a simplified two-step reaction 
process, where first the planar primary ozonide cleaves and 
collapses to an aldehyde and a perpendicular methylene per
oxide, and second this diradical rotates to its planar conformer. 
Next we calculated a more realistic one-step pathway, where 
the envelope primary ozonide cleaves directly to the planar 
methylene peroxide. In both cases a concerted cleavage of the 
primary ozonide has been assumed, and the reaction coordinate 
R is defined as follows: R is the distance from C2 to the C1O2. 
For the rotation of methylene peroxide, 6 is the twisting angle 
of the CH2 group; 0 = 0° for the perpendicular form and 90° 
for the planar form. 

A. Cleavage of the Planar Primary Ozonide. We kept the 
plane of the 1,2,3-trioxolane molecule as plane of symmetry 
throughout the reaction path. The HOMO (T type) and 
LUMO (d type) of the primary ozonide are antisymmetric and 
symmetric, respectively, relatively to this symmetry plane. The 
ground state has the 1A' symmetry, and the first excited singlet 
state, which involves exclusively the singly excited configu
ration (HOMO, LUMO), has the 1A" symmetry. Since the 
ordering of singlet states in the perpendicular methylene per
oxide is precisely the opposite, there must be a surface cross
ing40 between the two singlets along the reaction coordinate. 
This is shown schematically in Figure 2. We may conclude that 
this pathway, if it occurs, must lead to excited products (per
pendicular or planar excited methylene peroxide). However, 
H?COO has not been identified as a chemiluminescing 
species.41 This is not surprising since the system formed with 
the 1A' state of the perpendicular methylene peroxide and the 
formaldehyde lies 34.7 kcal/mol above the planar trioxolane, 

Ai?, A 
''C2O3, A 
/•ciOpA 
Z-OiO2. A 
ZCiC2O3, deg 
ZO2O3C2, deg 
Puckering, deg 
ZHiCiC2 , deg 
ZH2CiC2 , deg 

0.3 
1.419 

50.4 
103.4 
105.5 

0.6 
1.308 

0.9 
1.238 
1.382 
1.288 
100.3 
104.5 
71.2 
89.8 
112.4 

1.2 
1.226 

which is itself less stable than its envelope conformer by 5.9 
kcal/mol. On the other hand, a cleavage to the 1A" state of the 
perpendicular methylene peroxide, which could then rotate to 
its planar form, would necessitate an internal conversion. 

B. Cleavage of the Envelope Form of the Primary Ozonide. 
This cleavage leads directly to the coplanar methylene peroxide 
via a strongly bent envelope-looking transition state. Between 
the initial 1,2,3-trioxolane and the planar methylene peroxide 
+ aldehyde system, we calculated four intermediate points, 
corresponding to the values 0.3,0.6,0.9, and 1.2 A for Ai?. We 
optimized the C2-O3 bond length for each point and the most 
important remaining parameters for the first and third points, 
corresponding to A/? = 0.3 and 0.9 A, respectively (see Table 
II). The nonoptimized parameters have been deduced by ex
trapolation. As expected, since no symmetry element exists 
throughout the reaction, our STO-3G curve exhibits no state 
crossing. To estimate the activation energy corresponding to 
this process, we calculated the four previous intermediate 
points in 4-3IG basis set. Unfortunately, the number of atomic 
orbitals is too large, with this basis set, to allow a large CI 
calculation with our program. Only a limited 3 X 3 CI, in
volving the HOMO and the LUMO, was possible. The corre
sponding energy curve is shown in Figure 3, and the calculated 
activation energy is 33.1 kcal/mol. This value is, of course, 
exaggerated by the lack of CI. To evaluate the stabilization 
brought by a more accurate description, we recalculated this 
potential curve, in STO-3G, with both a 3 X 3 CI and a larger 
CI taking into account the correlation of the TT electrons of 
formaldehyde and the a electrons of the breaking 0 - 0 and 
C-C bonds and describing correctly the twisted methylene 
peroxide. From these calculations one can deduce the stabili
zation brought by the large CI with respect to the 3 X 3 CI. 
Assuming the stabilization due to the additional CI not to 
depend too strongly on the basis set, we can carry it over from 
curve I and obtain the more realistic curve II. Then the acti
vation energy is reduced to 11 kcal/mol, which could account 
for the great instability of the primary ozonide.42 The transition 
state corresponds to Ai? = 0.6 A, and its geometry can be de
duced from Table II. In particular, the puckering angle is 
60.8°, which supports the model of an exaggerated envelope 
conformation of the transition state and its stereochemical 
consequences. 
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Figure 3. Ground state potential curves, in kcal/mol, of the symmetry 
allowed 1,3 cycloreversion, calculated in the 4-3IG basis set. Dotted lines 
correspond to energies calculated with 3 X 3 CI, and full lines correspond 
to the estimated large CI energies. 
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Figure 4. Relative calculated 4-3IG energies, in kcal/mol, of the ozone 
+ olefin system, the O-envelope 1,2,3-trioxolane, the transition state, and 
the planar methylene peroxide + formaldehyde system. 

The relative energies of the ozone + olefin system, the O-
envelope 1,2,3-trioxolane, the transition state, and the form
aldehyde + planar methylene peroxide system, calculated with 
the extended basis set, are shown in Figure 4. 

IV. Conclusion 
These results suggest that the ozonolysis reaction does not 

occur via intermediates of type 5,10, and 11. The initial adduct 
is a 1,2,3-trioxolane, and its planar cleavage to a perpendicular 
methylene peroxide would lead to excited products. Emission 
of such products, however, has not been observed. Lattimer's 
suggestion of an envelope-looking transition state is supported 
by a favorable state correlation diagram, the conformation of 
our calculated transition state, the low activation energy cor
responding to this process, and the fact that the O-envelope 
trioxolane is at least as stable as its CC half-chair conformer. 
The stereochemical consequences of this mechanistic scheme, 
a symmetry allowed 1,3 dipolar cycloreversion, are abundantly 
discussed in ref 6b and will not be developed here. In brief, it 
rationalizes most of the stereochemical data, with a model 
more physically appealing than the phenomenological revisions 
of the Bauld-Bailey mechanism. 
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