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Abstract: The complete evolution of ethylene oxide by monomolecular processes is theoretically simulated according to the re
active scheme designed in the preceding paper. Various pathways are examined describing the most usual fragmentations: for
mation of ethylene and atomic oxygen in one- and two-step processes; formation of carbene and formaldehyde by direct two-
bond scission or from evolution of intermediates I and II by CC and CO bond ruptures, respectively; acetaldehyde formation 
by hydrogen migration from intermediate I. A semiquantitative rationale is proposed for the overall thermal reactivity and the 
photochemical behavior in the first accessible singlet and triplet valence excited states. 

In the preceding paper,1 we have first outlined the main 
experimental results concerning the photochemical behavior 
of oxirane derivatives. Then the primary processes of oxirane 
ring opening by CO or CC bond rupture have been theoreti
cally studied by an ab initio SCF-CI method.3 These ruptures 
lead to the formation of two open intermediates, I and II, re
spectively (Figure 1), which can either be trapped by 1,3-
dipolar cycloadditions on unsaturated system4 or evolve by 
further fragmentations or rearrangements to yield various 
species such as ethylene, atomic oxygen, carbenic entities, 
acetaldehyde, carbon monoxide, methyl radical, etc.5 

Since our general purpose is to provide a basis for a ration
alization of oxirane monomolecular reactivity, we must now 
examine the complete evolution of the system from its initial 
structure to the most commonly formed fragments. 

In order to get some new theoretical information on these 
transformations, we have simulated the following reaction 
paths: (1) direct extrusion of oxygen from oxirane by a si
multaneous two-bond scission process (path 3); (2) fragmen
tation of the intermediate I into atomic oxygen and ethylene 
by a CO bond rupture (path 8); (3) direct extrusion of carbene 
from oxirane by a simultaneous two-bond scission (path 4); (4) 
fragmentation of the intermediate I into a carbenic entity 
(CH2) and a formaldehyde molecule by CC bond rupture 
(path 6); (5) fragmentation of intermediate II into the same 
two products by CC bond rupture (path 5); (6) formation of 
acetaldehyde from intermediate I by migration of a hydrogen 
atom from one carbon to the other (path 7). 

In our semiquantitative perspective, we have used the al
ready well documented method which consists in minimal basis 
STO-3G6 calculations and CI treatment.7 To link the initial 
and final structures, we have assumed linear variations of the 
different geometrical parameters. All these points were de
veloped in the preceding paper.1 

This procedure, associated with the minimal basis and the 
limited CI calculations, provides semiquantitative results which 
allow us to carry out qualitative conclusions of chemical sig
nificance, as already shown.1,3a-8 

We will now examine the various paths in detail. 

Fragmentation into Ethylene Plus Atomic Oxygen 
(1) Simultaneous Two-Bond Scission: Path 3. The simulated 

process was achieved assuming that a Civ symmetry is pre
served all through the reaction path. The final distance between 
the oxygen atom and the ethylene molecule was taken equal 
to 2.5 A. 

Let us first consider the behavior of the MOs (Figure 2). The 
three MOs nz, nx, and WA, mainly concentrated on oxygen, 
tend to correlate respectively with the pz, px, and py oxygen 
atomic orbitals. WA* naturally correlates with TTCC* and Ws* 
with 7TCC; a HOMO-LUMO crossing results, which is avoided 

for symmetry reasons (dotted lines). Before drawing the sub
sequent correlation state diagram, it is necessary to define the 
electronic states of the final system: C2H4 + 0. 

The first ones correspond to ethylene in its ground state and 
to atomic oxygen in its 15 different configurations 3P5

1D5
1S. 

The following states are the familiar1-3 7T7T* excited states of 
ethylene associated with atomic oxygen in various electronic 
states (Figure 3). 

According to the MO scheme, oxirane ground state (GS) 
correlates directly to C2H4 (GS) + 0 (1D) while the ''3nz WA* 
states tend to correlate with high-lying charge transfer states: 
C2H4- + O+, the >'3nzWs* states with C2H4 (GS) + 0 (3P), 
and the 1^nxWA* states with C2H4 (^TTTT*) + O (1D). 

At the end of the path, the degenerate oxygen states—which 
are only slightly splitted by residual interaction with the eth-
ylenic system—correspond, at the CI level, to complex wave 
functions whose natural counterparts in the initial oxirane are 
nonrealistic high-lying polyexcitations. Consequently, several 
crossings occur, such as along the li3nzWA* or 1^nxWA* 
correlations, but they are masked by the fast descent of the 
potential energy curves (PECs) and do not appear to be of 
chemical importance. 

The calculated PECs confirm this analysis (Figure 4). There 
is no maximum on the GS PEC, but its convex shape is due to 
the avoided crossing solved at the MO level.8 The energy dif
ference between initial and final systems (AE =* 106 kcal/mol) 
prevents this thermal fragmentation from occurring under 
usual reactive conditions. 

On the other hand, the reverse reaction (formation of oxi
rane from atomic oxygen in its 1D state and ethylene (GS)) 
seems very easy, in agreement with the experimental works 
dealing with this oxygen singlet state.9 

All the excited states PECs are sharply descending, and thus, 
whatever the populated excited state, the fragmentation is very 
easy, yielding the stable O (3P) + C2H4 (GS) system. The 
crossing of the triplet and GS PECs (points B, C, and D) can 
reduce the efficiency of the process since intersystem crossing 
allows the reclosure to oxirane. 

Conversely, atomic oxygen in its triplet 3P state can add to 
C2H4 (GS), after overcoming an energy barrier (c~23 kcal/ 
mol) and an intersystem crossing (point B or C). The oxirane 
formation in this process is thus more difficult in the triplet 
than in the singlet state. 

(2) Two-Step Oxygen Extrusion: Path 1 -I- Path 8. To sim
ulate this process, we have assumed that the ring opening by 
CO cleavage leading to intermediate I (path I) is followed by 
elongation of the remaining CO bond, up to a final CO distance 
of 3.2 A (path 8) along its valence axis. 

The part corresponding to path 1 has already been studied 
in the preceding paper.1 Let us first consider the behavior of 
the molecular orbitals during path 8: p+ tends to correlate 
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C-CH, 

Figure 1. Scheme presenting the different reaction paths of the oxirane 
and related systems presently studied. 

Figure 2. MO correlation diagram in the simultaneous two-bond scission 
of oxirane to ethylene plus atomic oxygen (path 3). The symmetry symbols 
S or A refer to the two symmetry planes conserved in the process. 

naturally with px, p_ with 7r*cc> <T*CH2 with TTCC- All these 
orbitals have the same symmetry characteristics and all the 
crossings are avoided, as shown in Figure 5. The state corre
lations which then follow are complex. Indeed, the four low-
lying ' ' 3 D 0 0 and ''3D11x states mix various configurations, the 
ones intending to correlate with high-lying charge transfer 
states, the others to C2H4 (GS) + O (1D or 3P). Then, at state 
level, the same reasons as in the preceding case (see Figure 3) 
add to the consequences of the avoided crossing of the MO 
pattern. As a result, the calculated PECs shapes (Figure 6) 
reflect these different kinds of avoided crossings. Various 
conclusions can, however, be carried out. 

Thermally, this fragmentation appears very unlikely. The 
overall process—which in fact does not involve the formation 
of an intermediate—would need the overcoming of an im
portant activation barrier (105 kcal/mol), very similar to that 
of the one-step process. 

The reverse reaction, addition of oxygen O (1D) to ethylene 
(GS), is easier in the one-step process (AE =* 0 kcal/mol) than 
in the present two-step reaction (AE m 8 kcal/mol). However, 
the calculations allow us to predict that, at any rate, no dis-

= C2H4(An) 

atomic oxygen 
oxirane + ethylene 

Figure 3. State correlation diagram in the simultaneous two-bond scission 
of oxirane to ethylene plus atomic oxygen (path 3). The circles on the 
correlation lines mean an avoided crossing for symmetry reasons. 

C,H£«8 
' ofo 

path 3 
Figure 4. Calculated potential energy curves in the simultaneous two-bond 
scission of oxirane to ethylene plus atomic oxygen (path 3). The dotted 
lines are relative to the triplets and the full lines to the singlets, d represents 
the distance between oxygen atom and the CC bond middle. 

tinction can be experimentally made between these two 
possibilities, since no stable intermediate is formed during the 
singlet addition. 

Photochemically, we have already seen that path 1 is spon
taneous either in the triplet or singlet states. It leads to the 
1 '3D0-,. or '-3D0-O- states of I, which appears to be a quite stable 
intermediate. The sharp decrease of their corresponding PECs 
(AE =* 160 kcal/mol) allows the system to accumulate suffi
cient internal energy for overcoming the energy barrier of the 
second step (AE a* kcal/mol for 3 D 0 0 or 3Djx-, AE ca. 80 
kcal/mol for 1D 1 x) . 

Let us note that, since intermediate I can have a nonnegli-
gible lifetime in its ''3D17x or 3 D 0 0 states, another channel must 
be considered. This is decay, by internal conversion to 1D110 

state and spontaneous reclosure to oxirane (GS). 
The reverse addition of triplet atomic oxygen to C2H4 in-
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Figure 5. MO correlation diagram in formation of atomic oxygen plus 
ethylene from intermediate I (path 8). 
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Figure 6. Calculated potential energy curves in the two-step rupture of 
oxirane to ethylene plus atomic oxygen (path I + path 8). The left part 
of the figure is relative to path 1 and the right one to path 8.8 represents 
the OCC angle and d the CO distance. The dotted lines are relative to the 
triplets and the full lines to the singlets. 

volves the overcoming of a barrier (18 kcal/mol) comparable 
to the one found in the one-step approach. However, in the 
two-step process, there is no need of intersystem crossing to 
reach the stable intermediate which can easily decay to oxirane 
GS. This situation appears more favorable, in good agreement 
with experimental evidence since the intermediate I has already 
been detected in the addition reaction of oxygen to ethylene9-10 

Moreover, a sufficient stability of the triplet intermediate al
lows us to predict a stereochemical randomization during this 
addition process. 

Carbene Formation 

Following Figure 1, three different reactive paths can be 
considered. The first one is a synchronous two-bond rupture 
(path 4). The second and third ones are two-step processes 
involving first ring opening (path 1 or path 2) followed by 
fragmentation of the resulting intermediates (paths 6 and 5, 
respectively). 

(1) Simultaneous Two-Bond Scission: Path 4. To simulate 
this reaction, we have assumed that the CH2 group moves 
along a direction perpendicular to the CO bond. The final 
distance between the CH2 entity and the middle of the CO 

be H2C 
-CH, 

Figure 7. MO correlation diagram in the simultaneous two-bond scission 
of oxirane to formaldehyde plus methylene (path 4). 

formaldehyde 
+ methylene 

oxirane 
Figure 8. State correlation diagram in the simultaneous two-bond scission 
of oxirane to formaldehyde plus methylene (path 4). The circles on the 
correlation lines mean an avoided crossing. 

bond is 3.0 A. The HCH angle of the methylene group was kept 
constant at its initial value: 115.5°. It is an intermediate value 
between the optimal values of 102.4° for the 1A] state and 
134.0° for the 3B, state of methylene.11 

The MO correlation diagram (Figure 7) exhibits various 
avoided crossings. They come from the fact that all considered 
MOs, except nz, have the same symmetry characteristics. 
Naturally, nx would tend to correlate with 7r*co, WA* with 
Py, and Ws* with p^ (dotted lines). Once solved in the SCF 
step of the calculations, the full line correlations are ob
served. 

As in the case of oxygen extrusion, the state correlation di
agram (Figure 8) is rather complex. In agreement with the MO 
pattern, the oxirane GS correlates with H2CO (GS) + CH2 
(1Ai), the u n z W A * states with high-lying charge transfer 
states (H2CO+ -I- CH2

-), the 1 JnzW s* states with H2CO 
('•3n7r*) + CH2 (1A1), and the 1 ^ W A * states with H2CO 
(GS) + CH2 (''

3Bi). Two avoided crossings result, concerning 
the 13nzWA* and 13nzWs* states. 

The calculated PECs, although qualitatively in fair agree
ment with the preceding analysis, exhibit typical features which 
deserve some more comments (see Figure 9). First, on the GS 
PEC, a neat maximum appears in relation with a deep mini
mum on the ' n* WA* ** ' B1 curve. It is a remnant of the strong 
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path 4 

Figure 9. Calculated potential energy curves in the simultaneous two-bond 
scission of oxirane to formaldehyde plus methylene (path 4). The dotted 
lines are relative to the triplets and the full lines to the singlets, d represents 
the distance between the methylene carbon atom and the CO bond. 

Figure 10. (Above) MO correlation diagram in the formation of methylene 
plus formaldehyde from intermediate I (path 6). (Below) MO correlation 
diagram in the formation of methylene plus formaldehyde from inter
mediate Il (path 5). The dashed lines are relative to the natural correlations 
and the full lines to the SCF correlation. 

avoided crossing found at the MO level.8 On the other hand, 
the minima on the ' - 3 D 2 W A * PEC are unexpected since no 
potentially repelling states are found at lower energy, and the 
state diagram rather allows us to foresee maxima. The reason 
is again found at the MO natural correlation level: at the be
ginning of the motion, W A * is strongly stabilized and the 
' '3n :WA* states go down; but soon, the fragmentation into two 
distinct groups induces a charge transfer situation and the 
corresponding PECs go up. 

The following conclusions derive from Figure 9. 
(1) Thermally the fragmentation reaction into H2CO (GS) 

and CH2 (1Ai) is impossible, the corresponding activation 
energy being 140 kcal/mol. The reciprocal addition of meth-
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Figure 11. Calculated potential energy curves in the two-step rupture of 
oxirane to formaldehyde plus methylene (path 1 + path 6). The left part 
of the figure is relative to path 1 and the right one to path 6. $ represents 
the OCC angle and d the CC distance. The dotted lines are relative to the 
triplets and the full lines to the singlets. 

ylene (1A]) to formaldehyde involves the overcoming of a 22 
kcal/mol energy barrier. We will later compare this value to 
the ones encountered in the two-step processes. 

(2) Photochemically, different reactive channels must be 
examined. The easiest would consist in populating, if possible, 
the 3nx WA* state leading directly to CH2 (

3B,) + H2CO (GS). 
An intersystem crossing (point B, Figure 9) can reduce the 
efficiency of the process by providing a leak to reclosure into 
oxirane. 

The population of the '-3nz WA* states either leads directly 
to CH2 (1A1) + H2CO (un7r*) or induces the formation of 
an exciplex-like species in the vicinity of their PEC minimum. 
The first occurrence is more likely in the singlet state, and the 
second in the triplet. The "exciplex" can decay either to oxirane 
GS or to the reactive, near-touching, PEC 3nArWA* which leads 
to CH 2 (3B1). 

Addition of CH2 (3B1) to formaldehyde requires an acti-
viation barrier (12 kcal/mol) to reach point B, where an ef
fective intersystem crossing can occur.12 

Let us examine now the two-step procedures. 
(2) Two-Step Procedures. Two reaction paths can be con

sidered. The first one is the ring opening by CO rupture (path 
1) and subsequent CC rupture (path 6). In the second one, the 
chronological bond rupture order is inverted (path 2 + path 
5). 

The MO correlation diagrams have the same features in the 
two cases and are very similar to that of path 8 already studied 
(Figure 5). They are represented in Figure 10. These two re
action paths (6 and 5) lead to the same type of complex state 
correlation diagrams as in path 8. 

The corresponding calculated PECs are drawn in Figures 
11 and 12. Let us first examine Figure 11. 

Thermally the fragmentation reaction appears quite un
likely, the necessary activation energy being 136 kcal/mol. 
Photochemically, two reaction paths seems to be possible. The 
first one is to populate the 3 n x W A * state. Spontaneously, the 
CO rupture occurrs and leads to the formation of intermediate 
I in the stable 3Dffff state. During this process, the system stores 
sufficient internal energy (AE =* 160 kcal/mol) for over
coming the energy barrier of the second step (78 kcal/mol) 
leading to CH2 (3Bi) + H2CO (GS). The second one is to 
populate the ' '3n zWA* states which here again lead sponta
neously to the formation of intermediate I. The resulting 
electronic states ' ' 3 D ^ are not directly reactive, but, by internal 
conversion, the system can reach the 3D171, state and fragment 
into CH2 (3Bi) + H2CO (GS). An ultimate way consists in the 
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Figure 12. Calculated potential energy curves in the two-step rupture of 
oxirane to formaldehyde plus methylene (path 2 + path 5). The left part 
of the figure is relative to path 2 and the right one to path 5. 8 represents 
the COC angle and d the CO distance. The dotted lines are relative to the 
triplets and the full lines to the singlets. 

conversion into the 'Daff and the reclosure into oxirane, which 
lowers the efficiency of the process. 

Let us examine now Figure 12. 
Thermal fragmentation appears here again quite unlikely. 

The necessary activation energy is 142 kcal/mol, 6 kcal/mol 
more than in the preceding case. Photochemically, the 3D1717 
diradical intermediate II can be easily reached as already seen 
in the study of the CC rupture ring opening.1 It will normally 
possess sufficient internal energy to overcome the 41 kcal/mol 
energy barrier which leads to CH2 (

3B1) + H2CO (GS). 
To conclude this part, we will now examine the addition of 

CH2 to formaldehyde. Let us consider first the singlet addition. 
Energetically, it is not possible to distinguish between the three 
procedures, since the energy barriers are in each case in the 20 
kcal/mol range. 

In the triplet addition, the one-step process implies an ac
tivation energy of 12 kcal/mol and an unfavorable intersystem 
crossing (point B, Figure 10). The two-step processes are easier; 
in both cases, an activation energy of 10 kcal/mol must be 
overcome. The intermediates I and II are then directly formed. 
After intersystem crossing to the lDaa state, they reclose to 
oxirane. The intermediates I and II have certainly sufficient 
lifetime for allowing stereochemical scrambling. 

Acetaldehyde Formation: Path 1 + Path 7 
To simulate this complex rearrangement, we had to choose 

between several possibilities. We then assumed a motion se
quence which allows a close connection with preceding reactive 
channels. 

The corresponding geometrical transformations can be 
decomposed into two steps. The first one is the CO rupture ring 
opening (path 1) and the second is the migration of one hy
drogen from the central carbon to the extremal one. This step 
has been optimized since no clear geometrical constraints can 
a priori be proposed as a guide. 

The resulting calculated PECs are drawn in Figure 13. The 
left part of the drawing corresponds to the now familiar ring 
opening and the right part to hydrogen migration. 

The absence of any symmetry element implies that there are 
no crossings between PECs of the same spin multiplicity. Thus 
the lDaa state of intermediate I correlates with the ground state 
of acetaldehyde, ''3D1771. with ''3mr*, and 3D1717 with 37T7r*. 

Thermally, this intramolecular reaction is difficult since it 
requires the overcoming of a 92 kcal/mol energy barrier. 
Nevertheless, the activation energy necessary to cleave in a first 
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Figure 13. Calculated potential energy curves in the two-step process of 
formation of acetaldehyde from oxirane (path 1 + path 7). The left part 
of the figure is relative to path 1 and the right part to the hydrogen mi
gration (path 7). The abscissa of the second step is relative to the migrating 
hydrogen normal projection on the CC bond. The dotted lines are relative 
to the triplets and the full lines to the singlets. 

step the CO linkage (45 kcal/mol) lies satisfactorily within the 
range of experimental findings. The overall process (experi
mental activation energy 57 kcal/mol)5d-g is not properly de
scribed by our simulation, thus comforting the assumption that 
an intermolecular radical chain process is likely to take place 
once the CO bond is broken. 

The related photochemical process is easier. The population 
of U I I Z WA* or 3H1WA* leads to the formation of intermediate 
I ('-3D177T, 3D1717). The migration in the ]'3DaT or 3D1717 states 
involves energy barriers in the 110 kcal/mol range, and appears 
nonrealistic, even if the system has conserved, as internal en
ergy, a large part of the 160 kcal/mol corresponding to the 
potential energy variation during the first process. However, 
owing to the energetic degeneracy of the different states of 
intermediate I, the system can reach the 1D1717 state and either 
reclose to oxirane or evolve to acetaldehyde. In this case, the 
40 kcal/mol barrier involved in the migration can easily be 
overcome, considering the internal energy accumulated during 
the ring opening. 

The resulting acetaldehyde molecule is in its ground state, 
but certainly possesses an important amount of internal energy. 
This is a "hot species" which can undergo further evolution 
such as CC breaking to yield the fragments HCO- + CH3% 
which are indeed experimentally detected.5 

Conclusion 
Various competing processes are involved in oxirane reac

tivity. Starting from the initial molecule, formaldehyde for
mation is exothermal (-19 kcal/mol, calculated14 —27 
kcal/mol), while the other processes are endothermal: for
mation of ethylene plus oxygen (75 kcal/mol, calculated 84 
kcal/mol), formation of formaldehyde plus carbene (88 
kcal/mol, calculated 70-80 kcal/mol).14 These results illus
trate the accuracy of minimal basis set calculations which are 
known to slightly favor too much compact structures over 
separated fragments. 

Thermally, all reactive paths seem hard to reach. Either the 
activation energy is too high (96 kcal/mol for disrotatory CC 
opening, 90 kcal/mol for the conrotatory mode, 92 kcal/mol 
for the formation of acetaldehyde, 106 kcal/mol for oxygen 
extrusion in a two-step process, 140 kcal/mol for expulsion of 
carbene whatever the considered path), or no minimum is 
found along the corresponding PECs (face to face CC ring 
opening, CO opening, one-step oxygen extrusion). 

All these results clearly reflect the exceptional thermal 
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stability of the oxirane ring. Keeping in mind that our results 
are only semiquantiative, it is difficult to compare the calcu
lated values to the available experimental ones5g which refer 
to the GS thermal reactivity. Moreover, most of the experi
mental activation energies are given for overall processes and 
do not allow us to depict each step of a given reaction path (see 
the preceding remark relative to acetaldehyde formation). For 
these reasons, a comparison of the relative reaction facilities 
from our calculations may only afford a scale which is thus an 
upper limit to the real behavior of the system. 

Photochemically, the analysis is much more complex. Let 
us first sum up the possibilities in the case of the population of 
'n-WA*. 

The easiest primary reaction is the ring opening by CO 
rupture. Two other possible, but less probable, primary reac
tions are the expulsion in one step of carbene or of atomic 
oxygen. In these two cases, the final system is not in its more 
stable state (CH2 (

1A1) + CH2O (1TTTr*) and O (3P) + C2H4 
(GS), respectively). Thus it can undergo various evolutions 
which can reduce the efficiency of such processes. 

At last, we find the various modes of CC opening. They in
volve an effective intersystem crossing with the reactive 
3HZWA* PEC (face to face or conrotatory mode) or lead di
rectly to the high-lying zwitterionic Z\ state (disrotatory 
mode). 

From the CO rupture ring opening, already considered, 
various reactive channels appear, keeping in mind that the 
resulting intermediate (I) possesses a great amount of internal 
energy. 

If the system remains in its 1D17,,. state, all evolutions are 
difficult: the oxygen departure in its 3P singlet state requires 
70 kcal/mol, the hydrogen migration to form acetaldehyde 
('mr*), 106 kcal/mol, and the carbene departure, 140 kcal/ 
mol. 

If, by internal conversion, the system converts to the de
generate 1D1717 state, four channels must be considered. The 
reclosure to oxirane involves no energy barrier, the formation 
of acetaldehyde requires 42 kcal/mol, the oxygen departure 
(O (1D)), 56 kcal/mol, and the carbene expulsion (CH2 
(1Ai)), 86 kcal/mol. 

If, by intersystem crossing, the degenerate 3DfflT state is 
populated, the oxygen departure (O (3P)) involves only 33 
kcal/mol. 

Now let us consider the case of population of 3nz WA* . Three 
primary processes will compete: the CO opening, the CC dis
rotatory mode opening, and the one-step oxygen expulsion. The 
first one can easily evolve toward oxygen expulsion (33 kcal/ 
mol), less easily toward carbene formation (82 kcal/mol) or 
toward acetaldehyde formation (100 kcal/mol). The second 
can evolve toward carbene expulsion (46 kcal/mol). The 
one-step fragmentation into C2H4 (GS) + O (3P) involves no 
energy barrier. 

The last possibility to be considered is the population of 
3nxWA*. The CO opening remains as easy as in the case of 
3nz WA* population and leads to the same possible evolutions. 
The CC rupture ring opening, either face to face or in the 
disrotatory mode, are competitive as well as the direct expul
sion of carbene (CH2 (

3Bi)) or atomic oxygen (O (3P)). This 
is the least selective excited pathway. 

In conclusion, these results clearly illustrate the following 
experimental facts. For oxirane derivatives bearing substituents 
which do not stabilize zwitterionic forms, CO bond rupture is 
the most effective primary process. The major secondary 
processes are either oxygen departure or acetaldehyde for
mation, which are in strong competition with the noneffective 
reclosure of the cycle. 

For the other oxirane derivatives, CC bond rupture competes 
and leads to products less susceptible to reclose. They can either 
be trapped by 1,3-dipolar cycloaddition or fragment into a 
carbenic entity and carbonyl compounds. 
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