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Abstract: The reaction of carbonyl oxide (CH200) and ethylene has been investigated by ab initio techniques. According 
to theoretical results, carbonyl oxide can act as an oxygen-transfer agent, thus leading to epoxide and aldehyde: C2H4 + C H 2 0 0  - CH20CH2 + CH20. The calculated transition-state energies of the various epoxidation modes are 4-8 kcal/mol, which 
are comparable to activation energies of cycloaddition (cycloreversion) reactions encountered in the ozonolysis of alkenes. 
Epoxidation of alkene by carbonyl oxide is best described as a SN2 reaction on the terminal oxygen atom of carbonyl oxide. 
The preferred collision mode of the 0-transfer reaction can be rationalized on the basis of frontier orbital interactions. Apart 
from epoxidation, carbonyl oxide can add to ethylene, yielding 1,2-dioxolane. The energy requirements of the cycloaddition 
are equivalent to those of the epoxidation. However, 1,2-dioxolanes will only be observed under normal ozonolysis conditions 
if the excess energy generated in the cycloaddition reaction is readily dissipated. Otherwise, 1,2-dioxolanes will immediately 
decompose, again yielding, among other products, epoxides. 

1 

Epoxides are  known to be “partial cleavage“ products of the 
ozonolysis of alkenes, olefins with various other functional groups, 
and related compounds such as allenes and ketenes.’ Epoxide 
formation does not conform with the Criegee mechanism of 
ozonolysis, which proceeds via 1,2,3-trioxoIane (primary ozonide, 
PO) formation, decomposition of PO to carbonyl oxide and al- 
dehyde, and subsequent recombination of the decomposition 
products to 1,2,4-trioxolane (final ozonide, FO).I4 In principle, 
ozone, PO, and carbonyl oxide can act as oxygen-transfer agents 
since all three coexist under normal ozonolysis conditions. 

There are many cases where ozone is likely to be the epoxidation 
agent.’ Ozone can form a ?r-complex with (electron-rich) alkenes 
which then may decompose via transition state (TS) 1 or zwitterion 
2 to epoxide and oxygen (reaction 1) rather than leading to PO.5 

Reaction 1 is probably valid in those cases where molecular oxygen 
is observed as a product in comparable molar quantities with the 
epoxide. For sterically hindered alkenes epoxidation is stereo- 
specific, suggesting that 1 is an intermediate. For alkenes with 
substituents that stabilize the positive carbon atom in 2, a non 
stereospecific (stereoselective) reaction can be e x p e ~ t e d . ’ ~ ~  
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Apart from ozone, PO may be considered as a potential ep- 
oxidation agent. The oxygen transfer could occur via TS 3 or by 
cleavage of PO to the diradical (zwitterion) 4a (4b) which then 
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acts as the actual 0 transmitter. A TS such as 3 has recently 
been discussed for the degenerate oxygen-transfer reaction between 
oxirane and ethylene on the basis of ab  initio calculations.6 
However, the activation energy of such a reaction seems to be far 
too high (-35 kcal/mo16) to be accessible during the ozonation 
of alkenes. Also, the decomposition of PO to 4a or 4b is ener- 
getically unfavorable compared to PO cleavage to carbonyl oxide 
and aldehyde.’ 

Finally, epoxide formation can be the result of a reaction be- 
tween carbonyl oxide, the PO cleavage product, and unreacted 
alkene.*-I3 Since equal amounts of carbonyl oxide and alkene 
are required for the reaction, the epoxide yield will be less than 
50% in this case. Also, molecular oxygen will not be obtained 
in equal amounts with epoxide. 

Murray and co-workers12 have shown that carbonyl oxide, 
produced via singlet oxygen oxidation of diazo compounds, can 
epoxidize alkenes. Their results confirm an earlier suggestion by 
Kwart and HoffmanI4 that carbonyl oxide obtained under non- 
ozonolysis conditions will act as an epoxidizing agent. Also, 
decomposition of ozone-free samples of the trioxolane of trans- 
di-teri-butylethylene has provided evidence that epoxidation can 
be caused by carbonyl oxide.” 

Various modes of attack of carbonyl oxide a t  an alkene double 
bond are  shown in Figure 1, Sa-Sf. Sa-Sd are analogous to TS 
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Plesset (MP2) perturbation the0ry.I’ Therefore, we have used Pople’s 
6-31G* basisI8 in conjunction with MP2 theory in order to obtain rea- 
sonable energy differences of reactions involving carbonyl oxide. Due to 
calculational limitations we could not employ this level of theory for the 
search of TSs Sa-Sf. Various attempts to explore the relevant reaction 
paths with smaller basis sets of DZ quality failed since either an unrea- 
sonable TS geometry or no TS at all was found. This has to do with the 
fact that the MP2/DZ (as well as the HF/DZ) 00 bond length of 
carbonyl oxide is unreasonably long (e.g., MP2/4-31G: R(O0)  = 1.659 
A, R ( C 0 )  = 1.212 AI6). Accordingly, 00 bond rupture requires only 
a negligible amount of energy at these levels of theory. 

In order to get at least a qualitative insight into the TS structures in 
question, we carried out Hartree-Fock (HF) STO-3G  calculation^,'^ 
which provide better geometries and relative energies than either HF/ 
DZ, HF/DZ+P, or MP2/DZ calculations. In previous investigations on 
peroxy compounds, it was shown that this is due to a fortuitous cancel- 
lation of basis set and correlation errors.Is 

Geometries of reactants and TSs have been determined by applying 
gradient techniques. In the case of the TSs, it has explicitly been checked 
whether the Hessian matrix of the function E ( R )  possesses one and only 
one negative eigenvalue.20 Geometrical parameters have been optimized 
within the following symmetry constraints. Sa, 5b, Sc, 5e: starting 
symmetry is C,, attack of the terminal 0 atom of carbonyl oxide is at the 
midpoint of the CC bond (sa-5c) or at C, (k), hydrogens are allowed 
to move out of the planes shown in Figure 1, and a total of 18 parameters 
has been optimized. 5d: symmetry is Cl, attack of the terminal 0 atom 
of carbonyl oxide is at the midpoint of the CC bond, the heavy atoms of 
carbonyl oxide and ethylene are in planes parallel to each other, hydro- 
gens are allowed to move out of these planes, and a total of 23 parameters 
has been optimized. 5 f  symmetry is C1, in the beginning of the cyclo- 
addition reaction atoms of carbonyl oxide and ethylene are in planes 
parallel to each other, upon approach all atoms are allowed to move out 
of reference planes, and 25 parameters have been optimized. 

Results and Discussions 
In Table I energies of reactants and products of reactions 1, 

2, and 3 are listed together with known or derived heats of for- 
mations and reaction enthalpies.2’ Calculated TS energies and 
geometries are given in Table 11; Mulliken charges are given in 
Table 111. 

Epoxidation by Carbonyl Oxide. Of the four “edge-directed” 
collision modes between carbonyl oxide and ethylene shown in 
Figure 1, only the first two lead to genuine TSs (Sa and 5b) with 
one imaginary frequency. TSs Sa and 5b possess the same energy, 
8.2 kcal/mol a t  the HF/STO-3G level and 4.7 kcal/mol a t  the 
HF/6-31G* level (Table 11), with a marginal preference for 5a. 
This should, however, change as soon as either alkene or C O  bear 
bulky substituents. In this case, 5b rather than 5a should be 
energetically more favorable since steric repulsion between the 
two reaction partners is minimized in this collision mode. 
Therefore, we will primarily consider TS 5b in the following 
discussion. 

For collision modes 5c and 5d no TS was found. At an 
ethylene-carbonyl oxide distance equivalent to that of 5b (5a), 
the relative energies of 5c and 5d are 30-40 kcal/mol higher than 
those of TS 5b (5a) (Table 11); that is, collision modes 5c and 
5d are not energetically accessible under normal ozonolysis con- 
ditions. 

The increase in energy when going from 5b to either 5c or 5d 
becomes readily apparent when considering interactions between 
the frontier orbitals of ethylene and carbonyl oxide (Figure 2).  
In 5b, the H O M O  of carbonyl oxide (T2(a”)) can overlap with 
the LUMO of ethylene (**(a”)) to yield the asymmetrical Walsh 
M O  of oxirane and the T-MO of formaldehyde.(interaction 1, 
Figure 2a). This interaction is enhanced by electron-acceptor 

- 
Sa 5b 

5c Sd 

- 
5e 51 

Figure 1. Different modes of attack of carbonyl oxide at the ethylene 
double bond. Reference planes and numbering of atoms (Sa) are shown. 

1 and should lead stereospecifically to epoxide and aldehyde 
(reaction 2). If, however, 5e is traversed, epoxidation will be 

CHzOz + CH2=CH2 - C H z - 0 - k H 2  + CHzO (2) 
nonstereospecific for the same reason as discussed in the case of 
reaction 1. Alternatively, carbonyl oxide and alkene may react 
in a concerted fashion via 5f to yield 1,Zdioxolane (6) (reaction 
3). 6, in turn, may decompose to epoxide. 

C H 2 0 2  t CH2=CH2 - 0 (3 )  

6 

In this work we will investigate the various reactions between 
carbonyl oxide and ethylene by a b  initio techniques. Our work 
is part of a larger p r 0 j e c t ~ 3 ~ ~ J ~  aimed a t  an elucidation of the 
ozonolysis mechanism where particular emphasis is given to a 
description of carbonyl oxides,I6 peroxy intermediates, which have 
not been described by experimental methods so far. 

Numerical Methods 
In an earlier investigation,I6 it has been demonstrated that carbonyl 

oxides are satisfactorily described with augmented (DZ+P) basis sets 
estimating correlation corrections with the aid of second-order Maller- 

(15) Cremer, D. J. Chem. Phys. 1978.69.4440-4455,4456-4471; 1979, 
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carbonyl oxide, see ref 4b. 
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Table I. Calculated Energies and Experimental Heats of Formation" 
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molecule HFISTO-3Gb HF/6-31G*b MP2/6-31G*' MP2/6-31GZ e Mor(298)d 
-149.634 17 -149.613 21 -149.953 33 -149.954 30 0 

-224.876 IO -224.876 83 34.8 
-78.293 62 -78.294 31 12.5 H 2 C 4 H Z  -77.073 95 

H~COCH~ -150.928 50 -152.86452 -153.315 13 -153.315 56 -12.6 
CHzO -122.354 35 -1 13.863 70 -1 14.173 75 -114.17494 -25.9 

0 Z C  
0 3  f f 

-78.030 37 
CHZOO -186.057 39 -188.552 19 -189.043 94 -189.052 83 38 

-263.37075 -266.697 26 -267.468 21 -13.88 0 
0-0 (61 

-39.0 -39.4 -37.4 
-95.0 -90.0 -89.0 reaction 2 -95.1 

reaction 3 -150.2 -72.0 -82.0 -64.3 

f 
-91.4 

reaction 1 f 

"Absolute energies in hartree, reaction energies and enthalpies in kcal/mol. The following HF/STO-3G geometries have been used. Oz, CzH4, 
CH20: Lathan, W. A,; Curtiss, L. A.; Hehre, W. J.; Lisle, J. B.; Pople, J. A. Prog. Phys. Org. Chem. 1974, 2,  175-261. CHzOCH2: Lathan, W. 
A.; Radom, L.; Hariharan, P. C.; Hehre, W. J.; Pople, J. A. Top. Curr. Chem. 1973, 40, 1-45. 03: R(O0) = 1.287 A, LOO0 = 116.3'. CH200:  
R(C0) = 1.256 A, R(O0) = 1.429 A, R(CH,) = 1.094 A, R(CH,) = 1.094 A, L O W  = 120.0°, LOCH, = 121.2O, LOCH, = 118.9O. MP2/6-31G* 
geometries: 0,: R(O0) = 1.247 A. 03: R(O0) = 1.301 A, LOOO = 117.4'. C2H4: R(CC) = 1.336 A, R(CH) = 1.084 A, LCCH = 121.7O. 
CHzOO: ref 15. CH20CHz: ref 30. CH20: R(C0) = 1.220 A, R(CH) = 1.104 A, LOCH = 122.2O. For 6 the geometry specified in ref 35 has 
been used. bHF/STO-3G geometry. eMP2/6-31G* geometry. dFrom refs 4b and 21. eEnergy (enthalpy) of the 32; ground state. The '$ excited 
state formed in reaction 1 is 22.5 kcal/mol above 3Zg-.22 Energy (enthalpy) of reaction 1 has been obtained by considering the 32; - 'A8 energy 
difference. f H F  yields the wrong ground state for 03. IDetermined by using the calculated energy difference between 1,3-dioxolane and 1,2-d1- 
ox~lane. '~ 

. 
. 

Table 11. Calculated Energies and Geometries of Sa-SP 
Darameter Sa Sb Se sd 5e Sf 

-263.118 27 
8.2 
-266.574 94 
4.8 
Yes 
2.048 
1.320 
1.752 
1.225 
1.082 
1.100 
179.7 

-263.118 19 
8.3 
-266.575 14 
4.7 
Yes 
2.046 
1.320 
1.756 
1.224 
1.082 
1.100 
179.5 

-263.071 37 
37.6 

no 
2.0Sd 
1.310 
1.437 
1.251 
1.081 
1.095 
9od 

-263.06241 
43.3 

no 
2.0Sd 
1.314 
1.367 
1.271 
1.080 
1.089 
9od 

-263.109 75 
13.5 

Yes 
1.874 
1.326 
1.898 
1.221 
1.082 
1.101 
153.9 

-263.122 21 
5.7 
-266.564 94 
11.1 
Yes 
2.342 
1.327 
1.371 
1.279 
1.08 1 
1.090 
114.P' 

~3,4,5 116.9 116.8 119.5 120.0 117.3 116.1 
f 1 .2.6' 122.0 122.0 122.2 122.2 121.5 121.8 
L4;5;10 122.2 122.2 121.2 121.2 122.5 120.8 
L4,5,11 121.6 121.6 119.1 117.7 122.1 117.6 
T(CCH)' 1.6-2.1 1.6-2.0 12.1-1 3.1 8.6-13.4 1.2-9.6 3.5-1 1.1 
T(OCH)I 0 0 0 0 0 21.9, 173.4 

"Absolute energies in hartree, relative energies in kcal/mol, distances in A, and angles in deg. * A  transition state (TS) is encountered if the 
Hessian matrix possesses one and only one negative eigenvalue. '(1,2) is the midpoint of the CC bond. In the case of Se the angle L1,3,4 is given. 
dAssumed values, see text. cOnly averaged values are given. The actual parameters differ by less than 0.003 A and lo,  respectively. 'Angle between 
COO, CCH, and OCH, respectively, and corresponding reference plane shown in Figure 1. 

Table 111. Mulliken Charges Calculated for Transition States Sa and 
Sb4 

Sa Sb 
atom total P u total P 0 

CS 5.843 0.613 5.842 0.617 
0 4  8.367 1.359 1.649 8.367 1.359 1.651 
0 3  8.262 1.986 0.346 8.263 1.936 0.346 
C1 6.322 0.948 6.314 
C2 6.307 0.925 6.314 

,, HF/6-31G* values. "u-charges" correspond to calculated Pu pop- 
ulations where the y-direction is roughly parallel to the 00 axis. 
Compare with Figure 1. 

substituents like C N  groups in TCNE which lower the energy of 
the ethylene LUMO. As for the H O M O  of ethylene (*(a')), this 
can overlap with a low-lying u*(a')-MO of carbonyl oxide (in- 
teraction 2, Figure 2). Since the latter is 00 antibonding, a charge 
transfer from ethylene weakens the 00 bond and accelerates 0 
transfer. This is also evidenced by the fact that interaction 2 yields 
the symmetrical all-bonding Walsh M O  of oxirane and the u- 
(C0) -MO of formaldehyde. Thus interactions 1 and 2 lower the 
energy of TS 5b and facilitate O C  bond formation and 00 bond 
rupture. Similar considerations apply to TS Sa, only that the 

highest lone-pair (n) M O  rather than the highest T-MO of car- 
bonyl oxide has to be considered. 

In the case of %I, frontier orbital interactions comprise a 
four-electron destabilizing one, namely, the interaction between 
the T-MO of ethylene and the x2-MO of carbonyl oxide, which 
is shown in Figure 2b. Accordingly, the relative energy of 5d is 
significantly higher than that of 9. C O  bond formation and 00 
bond rupture will no longer be supported by frontier orbital in- 
teractions if carbonyl oxide and ethylene approach each other in 
parallel planes. The same holds for 5c. There, the four-elec- 
tron-destabilizing interaction results from overlap between the 
T-MO of the alkene and one of the n orbitals a t  the terminal 0 
atom of carbonyl oxide. 

On first sight, one may designate epoxidation reaction 2 via 
TS 5b as a simple SN2 displacement on oxygen leading to oxirane 
and formaldehyde in their ground states (GS). More careful 
considerations, however, reveal that excited states of H2C0 may 
also be formed. To prove this point we describe the electron 
configuration of 5 by just considering the occupation of oxygen 
2p orbitals and ignoring low-lying and doubly occupied s orbitals.22 

(22) Cremer, D. In The Chemistry of Functional Groups, Peroxides; 
Patai, S., Ed.; Wiley: New York, 1983; p 1. 
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Figure 2. Frontier orbital interactions in the case of TSs 5b (a) and 5d 
(b), respectively. 

5b 

0 ’*& c 

A 
Figure 3. Schematic representation of the electron configuration of Sb 
and 5c. Only p (sp) orbitals are shown. Electrons are denoted by dots. 
(a) Homolytic 00 cleavage; (b) heterolytic 00 cleavage accompanied 
by charge transfer from 0 3  to 0 4 .  

In this way, the schematic representations of the electron con- 
figuration of 5b and 5c given in Figure 3a are  obtained. They 
clearly reveal the biradical character of carbonyl o ~ i d e . ’ ~ , ~ ~  As 
a consequence of this biradical character, 00 bond rupture should 
lead to H2C0 either in its 3Arr or ‘A” excited state. 

Alternatively, a polarization of the ?r-cloud toward the terminal 
0 atom of carbonyl oxide may occur in TSs 5, thus lending the 
carbonyl oxide entity some zwitterionic character as indicated in 
Figure 3b. It is very well-known that appropriate electron-releasing 
substituents a t  the carbon atom and or polar solvents lead to a 

configuration shown in Figure 3b applies to TS 5b (Sc), then 
aldehyde will be formed in its GS. In this case, reaction 2 can 
be described as a SN2 reaction on 0 with an heterolytic cleavage 
of the 00 bond. 

The electron distribution calculated for TS 5b is in line with 
the latter possibility.” While the central oxygen atom bears the 

zwitterionic GS of carbonyl oxide.2 ! If the polarized electron 

(23) (a) Harding, L. B. K.; Goddard, W. A., 111. J.  Am. Chem. Soc. 1978, 
100, 7180-7188. (b) Hiberty, P. C. Isr. J .  Chem. 1983, 23, 10-20. (c) See 
also ref 22, Table 8. 

(24) A caveat, however, is appropriate since the single-determinant de- 
scription used in this work may artificially favor a polarized or zwitterionic 
electron structure. 

Figure 4. Contour line diagrams of the calculated (HF/6-31G8) Laplace 
concentrations, -V2p(r), of H 2 0  (a) and TS Sb (b). Molecular regions 
with charge concentration are indicated by dashed contour lines, those 
with charge depletion by (weak) solid contour lines. Heavy solid lines 
denote paths of maximum electron density linking atomic nuclei. The 
reference plane in (b) contains the C atoms of ethylene and the 00 
atoms of carbonyl oxide (compare with Figure 1). Arrows indicate 
directions of nucleophilic attack. 

highest gross atomic charge (Table 111), the highest pr-population, 
however, is found for the terminal oxygen atom. This is true for 
both TSs Sa and 5b. 

One might ask how a nucleophilic attack on an electron-rich 
atom like oxygen is possible. An electrophilic attack should be 
much more likely. We have investigated this question by calcu- 
lating the Laplace field V2p(r) of the one-electron density dis- 
tribution p(r) for collision modes 5a and 5b. The Laplacion of 
p(r) indicates in which regions of a molecule the electron density 
is concentrated (V2p(r) < 0) or depleted (V2p(r) > O).zS*26 On 
the basis of simple models, concentration lumps can be assigned 
to bonding and nonbonding electrons.26 In the case of a divalent 
oxygen atom, two bonding and two nonbonding concentrations 
surround the nucleus, shielding it in all directions against a nu- 
cleophilic attack (Figure 4a). This is no longer true in the case 
of the terminal 0 atom of carbonyl oxide in TS 5b (5a). Figure 
4 shows a contour line diagram of the Laplace concentration of 
TS 5b calculated for the plane containing the C atoms of ethylene 
and the 0 atoms of carbonyl oxide. In the direction of the 00 
axis, there are  two concentration holes in the valence sphere of 
the terminal 0 atom of carbonyl oxide. A quantitative analysis 
of V2p(r) reveals that the bonding concentration of ethylene as 
well as the nonbonding concentration a t  0 4  of carbonyl oxide 
(Figure 4b) is polarized toward these concentration holes. The 
nonbonding concentration a t  0 4  can be considered as the result 
of an heterolytic cleavage of the 00 bond,withdrawing “a-” 
concentrationz7 from the terminal 0 atom and leading to the two 
concentration holes. 

There are concentration lumps a t  the terminal 0 atom in the 
direction of the pr-orbital. These are indicative of the polarization 
of the r-density of carbonyl oxide upon reaction with ethylene.28 
In the way that the distance to ethylene decreases, these “r-” lumps 
distort toward the concentration holes a t  the ethylene C atoms 
(indicated by arrows in Figure 4) and form the CO bonding 
concentrations of oxirane. This process can be thought of as the 
result of orbital interaction 1 depicted in Figure 2a. 

Also shown in Figure 4 are the paths of maximum electron 
density29 linking the various atoms. The terminal 0 atom of 

(25) Cremer, D.; Kraka, E. Croar. Chem. Acta 1984.54, 1259-1281 and 
references cited therein. 

(26) (a) Bader, R. F. W.; MacDougall, P. J.; Lau, C. D. H. J.  Am. Chem. 
Soc. 1984,106, 1594-1605. (b) Cremer, D.; Kraka, E. Angew. Chem., Inr. 
Ed. Engl. 1984, 23, 627-628. 

(27) If the total one-electron density distribution p(r) is considered, there 
will be, of course, no difference between -u-” and “r-” density. The term “u-” 
concentration is only used to draw a connection between Figures 3b and 4b. 

(28) Alternatively, carbonyl oxide can already be in a zwitterionic state 
due to substituent or solvent  effect^.^^^*^ 



Formation of Epoxides during Ozonolysis of Alkenes 

carbonyl oxide is connected by such a path to the midpoint of the 
C C  bond of ethylene. This is typical for an alkene ?r-complex as 
was recently shown by Cremer and Kraka.’O In summary, both 
electron density and concentration of TS 5b (Sa) are in line with 
a SN2 reaction of 0 or an  ”oxene” transfer (Figure 4b) leading 
directly to oxirane and the GS of H2C0. 

Reaction 2 is about 50 kcal/mol more exothermic than e p  
oxidation of ethylene by O3 (reaction 1, Table I). The calculated 
reaction energy of -90 kcal/mol (MP2/6-31G*//MP2/6-31GS) 
is in a m r d  with the reaction enthalpy based on a theoretical AH? 
value of carbonyl oxide given by Cremer.4b The 3A’’ and lA” 
excited states of H2C0 are 72.0 and 80.6 kcal/mol above the ‘A’ 
G S  of H2CO;31 that is, their formation via reaction 2 would still 
be exothermic, namely, by 18 and 10 kcal/mol. The formation 
of HzCO (‘A”) in the gas-phase ozonolysis has been proven by 
chemiluminescence?2 Therefore, this work does not fully exclude 
homolytic 00 cleavage (Figure 3) and formation of **3A’‘ form- 
aldehyde.33 

The 0 transfer via TS 5b should be stereospecific. If, however, 
the alkene participating in reaction 2 possesses a strongly polarized 
double bond due to substituent effects, then the formation of 
epoxide may occur via 5e. The calculated energy of TS 5e is only 
5 kcal/mol higher than that of TS 5b (Table 11). If 5e is traversed, 
then rotation a t  the CC bond will be possible and the epoxidation 
will be no longer stereospecific. 

Formation of 1,ZDioxolanes. Apart from an  0 transfer via 
reaction 2, carbonyl oxide can react with ethylene in a concerted 
fashion according to reaction 3. The TS of the cycloaddition 
reaction is shown in Figure 1,W, its energy and geometry are given 
in Table 11. Calculated activation energies are 5.7 (HF/STO-3G) 
and 12.4 kcal/mol (HF/6-31G*). Even if one considers these 
results only of qualitative value, the fact that the energies of 5b 
and 5f are quite similar provides sufficient evidence for a possible 
competition of cycloaddition 3 and 0-transfer reaction 2. 

The best value for the theoretical reaction energy is close to 
-64  kcal/mol; that is, cycloaddition 3 is also very exothermic and 
6 is formed as a hot molecule with an excess energy of 78-85 
kcal/mol. On the other hand, the dissociation energy of the 00 
bond in 6 is less than 38 k ~ a l / m o l . ~ ~ * ~ ~  This means that in the 

* 

n 
0-0 ‘b\ 

6 () - O C H - C ~ C H 2 0 H  
om.0 

gas phase, 6 will immediately decompose, whereas the cydo- 
reversion path a probably requires less energy than a hydrogen 
transfer yielding a y-hydroxy aldehyde.36 

In solution phase, however, energy dissipation will be possible, 
in particular if 6 bears one or more substituents. For example, 
in the oxonolysis POs are formed with an excess energy of about 

(29) Any lateral displacement from the path of maximum electron density 
leads to a decrease in p(r). It has been shown that the necessary condition 
for a covalent bond between two atoms is a path of maximum electron density 
linking the corresponding nuclei.2s 

(30) Cremer, D.; Kraka, E. J. Am. Chem. Sac. 1985, 107, 3800-3810, 
3811-3819. 

(31) Herzberg, G. Molecular Spectra and Molecular Structure, III .  
Electronic Spectra and Electronic Structure of Polyatomic Molecules; Van 
Nostrand: New York, 1966. 

(32) Atkinson, R.; Finlayson, B. J.; Pitts, J. N. J.  Am. Chem. Sac. 1973, 
95, 7592-7599 and references cited therein. 

(33) Murray, R. W.; Ramachandran, V. J.  Org. Chem. 1983,48,813-816. 
These authors have observed chemiluminescencc in the condensed phase upon 
heating poly(carbony1 oxide). 

(34) The dissociation energy of the 00 bond of 6 can be estimated from 
that of M m M e  (38 kcal/mol) and the strain of the five-membered ring (-5 
kcal/mol) to be about 33 kcal/mol. See ref 22, Chapter 1V.C. 

(35) Cremer, D. Isr. J. Chem. 1983, 23, 72-84. 
(36) Hydrogen or alkyl migration at the stage of the 1,3-diradical can lead 

to another aldehyde (ketone). 
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50 k ~ a l / m o l . ~ ~  Nevertheless, they possess a lifetime in solution 
phase sufficient for detection by N M R  spec t ro~copy. ’~~ In this 
connection it is interesting to note that Keul and Kuczkowski have 
recently synthesized the first 1,2-dioxolane via ozonolysis of methyl 
vinyl ether.37 These authors assume a competition between 
unreacted enol ether and methyl formate for cycloaddition with 
carbonyl oxide where both methyl formate and carbonyl oxide 
are the cleavage products of the corresponding PO. Since the enol 
ether possesses a greater dipolarophilicity than the ester, 1,2- 
dioxolane is formed. 

Another experimental result relevant to a possible involvement 
of carbonyl oxides in the formation of 1,2-dioxolanes has been 
reported by Nojima and c o - w ~ r k e r s . ~ ~  These authors discovered 
tht 1,2-dioxolanes are formed when boron trifluoride-diethyl ether 
is added to a solution of an alkene and a FO. The reaction most 
likely proceeds via acid-mediated decomposition of FO to carbonyl 
oxide and aldehyde and subsequent addition of carbonyl oxide 
to alkene. The reaction conditions, however, are such that only 
BF3-coordinated carbonyl oxide will be formed in the decompo- 
sition step. Accordingly, the addition reaction should be non- 
concerted, as outlined by N ~ j i m a . ’ ~  

Conclusions 
(1) Carbonyl oxides can epoxidize alkenes via TS 5a or 5b. The 

calculated activation energies are comparable to those encountered 
in the ozonolysis reactions4 Since cycloaddition reactions of 
carbonyl oxide with either aldehydes or alkenes bearing bulky 
substituents are  energetically demanding, reaction 2 (besides 
reaction 1) should become in this case the main source of epoxide 
formation. 

(2) In solution phase the 0 transfer from carbonyl oxide to 
alkene is best described as a SN2 reaction on oxygen. The analysis 
of p(r) and V2p(r) in TSs Sa and 5b suggests an heterolytic 
cleavage of the 00 bond. However, a homolytic cleavage of this 
bond leading to either the ‘A” or 3A’f excited state of aldehyde 
cannot fully be excluded, in particular, if epoxidation takes place 
in the gas phase. 

(3) 1.2-Dioxolane formation as recently observed by Keul and 
K u c z k ~ w s k i ~ ~  in the ozonolysis of methyl vinyl ether is a result 
of a cycloaddition of carbonyl oxide to unreacted alkene. The 
energy barrier of this reaction is comparable to that of the ex- 
poxidation reaction but will strongly depend on the nature of the 
alkene substituents. 1,2-Dioxolane is formed as a hot molecule 
and, therefore, will decompose in the gas phase immediately. In 
solution phase, energy dissipation becomes possible. Accordingly, 
1 ,Zdioxoianes are expected to be more frequently byproducts of 
the ozonolysis than is generally assumed. 

(4) While this work provides evidence that carbonyl oxides can 
act as 0-transfer agents during the ozonolysis of alkenes, it cannot 
exclude that carbonyl oxide related compounds play also an im- 
portant role in epoxidation reactions. For example, Murray and 
R a m a ~ h a n d r a n ~ ~  have elegantly shown that cyclic poly(carbony1 
oxides) epoxidize alkenes. Furthermore, dioxiranes may lead to 
epoxides. In both cases, however, the actual epoxidation agent 
may be carbonyl oxide, formed by oligomer decomposition or ring 
opening. Work is in progress to investigate these possibilities. 
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