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be arranged in the order of a progressive change, for exam-
ple, as Figures 4b, 4c (or 5a), and 5d, from a very qualita-
tive point of view. It is possible that this progressive change
in line shape may be coherently interpreted in terms of the
relative energy values of zero-field splitting (D) and interdi-
mer spin-exchange interaction (J'); namely, |[D| > |J/| in
Figure 4b, |D| ~ || in Figure 4c, and | D| « |J’| in Figure
5d, where | D| is of the order of 0.1-0.05 cm™! for the pres-
ent complexes. The types of powder ESR line shapes for the
other green complexes are summarized in Table I using
these spectra as standards for comparison. No correlations
between the line shape and N-alkyl group, however, can be
detected in this table. From the fact that all the green com-
plexes show various ESR line shapes, in spite of their struc-
tures being almost the same, it is suggested that drastic
changes in ESR line shape for this series of complexes are
brought about by small changes in crystal structure, and
that these complexes are interesting samples suitable for the
investigation of intermolecular spin-exchange interaction in
crystals. More quantitative investigations on these problems
are now in progress, with the help of crystal structural de-
terminations and single-crystal ESR studies.
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MINDO/3 Study of Reactions of Singlet (!Ag) Oxygen with
Carbon-Carbon Double Bonds!:2
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Abstract: The reactions of singlet (1As) oxygen with carbon-carbon double bonds have been studied using MINDO/3. The
compounds examined were ethylene, propene, vinylamine, and 2,3-dihydropyran. The reactions are predicted to take place in
steps via peroxirane or zwitterionic intermediates. The results are consistent with the available experimental evidence.

During the past decade, it has been established that sin-
glet (*Ag) oxygen is the reactive intermediate in the pho-
tooxygenation of alkenes as well as in oxidations brought
about by the hypochlorite-hydrogen peroxide system.?-3

Three modes of reaction have been observed with alk-
enes:®-10 1, 2-cycloadditions to yield dioxetanes; the ene
reaction to form allylic hydroperoxides; and 1,4-cycloaddi-
tions with dienes leading to endoperoxides. The mechanisms
of these reactions are the subject of much current contro-
versy, the main question being whether the reactions are
concerted or involve intermediates.

For a concerted 1,2-cycloaddition, both a (25 + »2;) and
a (725 + r2.) process have been considered theoretical-
ly.8.11-13 State correlation diagrams®11:12 and orbital-phase
continuity arguments!'3 suggest that the (,2s + »2) ap-
proach should be “forbidden”, although it has been pro-
posed? that this process might occur in the case of alkenes
with particularly low ionization potentials. The (»2s + 2,)
approach is classified as symmetry allowed®!3 and has

therefore been considered a likely pathway for dioxetane
formation, 1314

Stepwise 1,2-cycloaddition could occur via peroxir-
anes®!12 or zwitterionic species.!4-16¢ Experimental evidence
for the intermediacy of peroxiranes in the photooxygenation
of 2,5-dimethyl-2,4-hexadiene!” and of 2,2’-biadamantyli-
dene!® has recently been reported. Correlation diagrams®12
and consideration of frontier orbital interactions!? indicate
that peroxirane formation is an allowed process. Zwitter-
ionic intermediates should be important only in the case of
electron-rich alkenes such as enamines!é or enol ethers.!413
A recent theoretical study has described the photooxygena-
tion of 2-aminopropene as a “symmetry-forbidden concert-
ed” reaction proceeding via an essentially zwitterionic tran-
sition state.!3

For the ene reaction, most authors favor a concerted
mechanism in which the characteristic bond shifts take
place via a cyclic transition state with a six-membered
ring.6-20 Others have proposed peroxiranes?!?? or dioxe-
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tanes!!:23 as intermediates. The pathway via dioxetanes,
however, was later ruled out by the observation that dioxe-
tanes cleave to carbonyl compounds rather than rearrange
to hydroperoxides.?*

An experimental distinction between the two remaining
possible mechanisms is difficult. The stereospecifity of the
ene reaction,57-20 the lack of substituent and solvent effects
on product distribution,>%25 and the futility of attempts to
detect peroxirane intermediates?6 are usually taken as evi-
dence for the concerted mechanism. Recently indirect evi-
dence for a peroxirane intermediate has been obtained from
a stereochemical study of the photooxygenation of (R)-
(—)-cis-2-deuterio-5-methyl-3-hexene.?’

Serious problems have clearly arisen in attempts to deter-
mine the mechanisms of these reactions by experimental
studies because of the likely presence of intermediates that
are too transient to be easily detected. This is the kind of
situation where theoretical calculations should be of espe-
cial value, provided that they are carried out by a procedure
accurate enough and reliable enough to be chemically sig-
nificant. However, apart from some rather crude and incon-
clusive CNDO/2 calculations,'? no theoretical investigation
of the ene reaction has as yet been reported.

Recent work here has shown that the latest version
(MINDO/3)?® of the MINDO semiempirical SCF MO
treatment?®-3! comes close to meeting these requirements,
having given good results for a wide variety of molecules.
We therefore decided to use it to study the reactions of 'A,
O, with olefins.

Theoretical Procedure

The MINDO/3 method has been discussed in detail in
earlier papers of this series.2® The calculations reported
here were carried out using the parameters listed in Part
XXV.2 Geometries of molecules were found by minimizing
their total energy with respect to all geometrical variables,
using a program3? based on the Davidon-Fletcher-Powell
algorithm.3? Structures of transition states were determined
by the method of Mclver and Komornicki**-3¢ in which sta-
tionary points on the potential surface are found by mini-
mizing the norm of the gradient. Transition states can be
distinguished from other stationary points by the fact that
they have only one negative eigenvalue of the force constant
matrix and that their transition vector corresponds to the vi-
bration which transforms the reactants into the products.
By diagonalizing the force constant matrix, we confirmed
that all the transition states reported here met these two
conditions.3’

A successful search for a transition state by gradient
minimization requires a starting geometry close to the tran-
sition state. In order to generate such a starting point, we
first investigated each reaction by the usual reaction coordi-
nate procedure. In this, some coordinate (g) which varies
monotonically during the reaction is taken as a reaction
coordinate, the energy of the system being minimized with
respect to all other coordinates for successive values of gq.
The maximum in the plot of energy vs. ¢ usually approxi-
mates the transition state quite well and can be used as the
starting point in the search program. Sometimes, however,
especially in the case of “forbidden” reactions, this method
fails. We then chose a reactant-like and a product-like
structure from a reaction path described above and generat-
ed (V — 1) intermediate points by varying all internal coor-
dinates linearly in /V steps from their initial (reactant-like)
to their final (product-like) values. The norm of the gradi-
ent was calculated for each of these geometries, and the in-
termediate point which showed a minimum in the plot of
the scalar gradient vs. N was taken as the starting point in
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Figure 1. Calculated transition states (bond lengths in A; formal charg-
esine) for (a) 1 + 2 — 3 (i.e.,, 5); (b) 3 — 4 (ie., 6).

the search program.3¢ Finally, if there was no such mini-
mum, the starting point was determined by a two-dimen-
sional grid search using two different reaction coordi-
nates.?®

Results

Calculations were carried out for the reactions of !A; O3
with ethylene, propene, vinylamine, and dihydropyran. The
calculated heats of formation and other properties of the
reactants, products, stable intermediates, and transition
states are given in Schemes I-1V and Figures 1-4.

Since there is a possibility that some of the reactions
might involve biradicaloid intermediates,’® we repeated the
calculations for the species studied, including configuration
interaction with the lowest doubly excited configuration.*
The corresponding decreases in energy were small, usually
2-3 kcal/mol,*! implying that the species studied can be de-
scribed by single-configuration wave functions for which
MINDO/3 has been parametrized. All present results
therefore refer to single-determinantal ground state calcu-
lations.

Since MINDOQO/3 gives a value for the heat of formation
of oxirane that is too negative by 14 kcal/mol, it is likely
that a similar error applies to the calculated heats of forma-
tion of peroxiranes. The calculated heats of formation of
dioxetanes may also be too negative; here, however, no data
for appropriate model compounds are available.

A. Reaction of 1A, O, with Ethylene. The reaction of sin-
glet oxygen with ethylene (see Scheme 1), although not yet
experimentally observed, is of special interest, because it
provides the simplest example of a 1,2 cycloaddition of oxy-
gen with no competing side reactions.

According to MINDO/3, the lowest energy approach of
singlet oxygen (1) to ethylene (2) leads to the formation of
peroxirane (3) with an activation energy of 11.4 kcal/mol.
The transition state (8) for this addition has a reactant-like

Scheme 12

0 0~

0 |+
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H,C====CH, H,C—CH,

(22.8) (192) (53.4) (25.9)
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H,C===CH, H,C—CH, H,C—CH,

(902) (—235) (60.0)
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@ Calculated heats of formation (kcal/mol) in parentheses.

C; structure (Figure 1a). The CC and OO bond lengths are
increased by only 0.012 and 0.015 A, respectively, relative
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Figure 2. Calculated transition states (bond lengths in A; formal charg-
es in e) for (a) 1 + 8 — 9a (i.e., 10a; the structure of 10b is similar);
(b) 9a — 11 (i.e., 12a; the structure of 12b is similar); (c) 9a — 14
(ie., 13); (d) 11 — 14 (i.e, 15).

to their values in free ethylene and singlet oxygen. The elec-
tronic interaction between the ethylene and oxygen moieties
in § is seen to be very weak both from the low CO two-cen-
ter energy*? of —0.8 eV and from the small amount of net
charge (—0.08 e) transferred to O,.

Peroxirane (3) also assumes a symmetrical Cs structure,
with an angle of 127° between the OO bond and the plane
of the ring. It is a very polar molecule with a dipole moment
of 4.26 D, the external oxygen atom carrying a large nega-
tive charge (—0.48 e). Peroxirane rearranges to 1,2-dioxe-
tane (4) via a very unsymmetrical transition state (6) (Fig-
ure 1b) which still contains the three-membered ring and
indeed resembles peroxirane. In 6, the two-center energy*?
of the breaking CO bond (Eco = —9.2 eV) is only slightly
lower than that for the remaining CO bond (Eco = —11.1
eV). Evidently 6 is a dipolar species because the carbon and
oxygen atom which form the new bond bear large opposite
charges (+0.49 and —0.53 e, respectively). In the 1,2 cy-
cloaddition, 6 is the rate-determining transition state, be-
cause it lies 6.6 kcal/mol above 5 in energy.

These results established the feasibility of a two-step
pathway for the formation of 1,2-dioxetane. Next we looked
to see whether there might be a competing concerted pro-
cess. We first investigated symmetrical approaches of ethyl-
ene to oxygen, taking the distance between the midpoints of
the CC and OO bonds as the reaction coordinate. Imposing
Cyy symmetry [(x2s + 2s) approach], no continuous trans-
formation between reactants and products took place. This
reaction is “forbidden”, because the mcc a:1-HOMO in eth-
ylene does not correlate with the m*og a;-HOMO in 1,2-
dioxetane. Reducing the symmetry to the C; point group
[(+2s + »2.) approach], the reaction becomes formally al-
lowed, because both relevant MQ’s are symmetrical with
respect to the C; axis. In the reaction path under C; sym-
metry, the carbon and oxygen atoms assumed a planar C»,
configuration for values of the reaction coordinate R below
1.8 A and above 2.0 A. Between 1.8 and 2.0 A, the OO
bond was twisted relative to the CC bond, allowing an ef-
fective mixing of the wcc. and 7*00-MO's. A stationary
point 7 with C; symmetry was indeed found on the potential
surface, with R = 1.829 A and a dihedral angle of 29° be-
tween the CC and OO bonds. This structure, however, had
two negative eigenvalues of the force constant matrix and
therefore does not qualify for a transition state.3

While these results rule out a symmetrical concerted cy-
cloaddition, there might still be an unsymmetrical concert-
ed pathway. The heat of formation for our system was
therefore calculated as a function of the bond lengths R,
and R; of both forming CO bonds (R; varied between 1.4
and 2.2 A; R, varied between R; and R, + 1.2 A, intervals
of 0.1 A), all other variables being optimized. In this grid
search, no evidence for a one-step cycloaddition could be
detected. In the region of interaction (R, = 1.8 A and R, =
1.8 A), structures which are geometrically and electronical-
ly similar to peroxirane were always more stable than diox-
etane-like structures. Therefore we have to conclude that,
according to MINDO/3, the cycloaddition of singlet oxy-
gen to ethylene proceeds exclusively by formation of a
peroxirane intermediate which rearranges to 1,2-dioxetane.

B. Reaction of ‘A O, with Propene. As in the case of eth-
ylene, the approach of 1A, O3 to propene (8) yields methyl-
peroxirane as the first product This can be formed in cis
(9a) or trans (9b) geometries. The structures of the corre-
sponding transition states (10a and 10b; Figure 2a) are al-
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a Calculated heats of formation (kcal/mol) in parentheses.

most identical, apart from the relative positions of the
methyl and exocyclic oxygen. Both are weakly polar and
reactant like in structure, and their calculated heats of for-
mation are almost identical. Note also that the CO dis-
tances in 10a and 10b are dissimilar because of polarization
of the double bond in 8 by the methyl substituent.

cis- and trans-Methylperoxirane (9a) and (9b) are simi-
lar in energy. The calculated barrier to their interconver-
sion, by inversion at the tricoordinated oxygen atom, is 23.2
kcal/mol. The barrier to inversion in the 1-isopropyloxiran-
ium ion has been estimated (NMR) to be 10 £+ 2 kcal/
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mol.** The higher value for methylperoxirane is reasonable,
because introduction of electronegative substituents is
known to increase inversion barriers appreciably.*4

Both 9a and 9b can rearrange, like 3, to the correspond-
ing dioxetane 11 via very unsymmetrical and quite highly
polar transition states 12a and 12b (Figure 2b). The rear-
rangement takes place most easily in the manner indicated,
the exocyclic oxygen becoming attached to the unsubsti-
tuted carbon. If it moves to the substituted carbon, the cor-
responding transition states are higher in energy by 1.2
(trans) and 3.0 kcal/mol (cis), probably because of an in-
crease in nonbonded interactions.

The presence of the methyl group in cis-methylperoxir-
ane (9a) allows an alternative mode of rearrangement via
the cyclic transition state 13 (Figure 2c) to form the “ene”
product, propene-3-hydroperoxide (14). In 13 the breaking
CH bond is still rather strong (bond length 1.243 A; two-
center energy —8.2 eV) and the forming OH bond still very
weak (bond length 1.352 A; two-center energy —4.1 eV).
Comparing the calculated heats of formation for the various
transition states, 13 is lower in energy than 10a or 12a by
5.9 and 12.7 kcal/mol, respectively. Thus MINDO/3 pre-
dicts that the intermediate methylperoxirane should rear-
range more easily to the hydroperoxide (ene reaction) than
decompose or rearrange to the dioxetane (1,2 cycloaddi-
tion).

Hydrogen migration in methyl-1,2-dioxetane (11) could
provide another pathway to the hydroperoxide (14). The
corresponding transition state (15; Figure 2d) has a distort-
ed boat-like structure in which the four-membered ring is
still preserved. In contrast to the hydrogen migration in 9a,
the breaking of the CH bond and the forming of the OH
bond are far advanced in 15, as can be seen from the calcu-
lated bond lengths (CH, 1.583 A; OH, 1.064 A) and two-
center energies*? (CH, —3.7 eV; OH, —-7.3 eV). The
MINDO/3 results imply that hydrogen migration in the
dioxetane cannot play any role in the ene reaction between
propene and singlet oxygen for the following reasons. First,
the rate-determining transition state for the ene reaction
has a heat of formation of 40.8 kcal/mol via the peroxirane
route but 47.6 kcal/mol via the dioxetane route. Secondly,
even if the dioxetane were formed, the hydrogen migration
in 11 requires a calculated activation energy of 59.5 keal/
mol. On the other hand, MINDO/3 predicts*’ that 1,2-
dioxetane decomposes into two molecules of formaldehyde,
one of which is produced in the triplet state, with an activa-
tion energy of 38.3 kcal/mol. A similar value is expected for
11 so, if it is formed, it should decompose rather than rear-
range to 13.

MINDO/3 thus describes the ene reaction as a two-step
process via a peroxirane intermediate. In attempts to find a
competing one-step process, a two-dimensional potential
surface for the reaction was calculated. The bond lengths
Rco and Roy of the forming CO and OH bonds were
taken as independent variables, all other internal coordi-
nates being optimized (Rco varied between 1.4 and 3.0 A,
Rou between 1.4 and 2.4 A, intervals of 0.2 A). In this grid
search, no path for a one-step ene reaction was found. The
only valleys in the surface corresponded to the two-step
mechanism described above.

The rate-determining transition state 10a for the ene
reaction is predicted to be 11.5 kcal/mol higher in energy
than the reactants. Experimental data are not yet available
for the reaction between propene and singlet oxygen. The
calculated activation energy, however, is in excellent agree-
ment with the experimental value for cis-butene?® (10.0 +
1.0 kcal/mol), considering that the substitution of one
methyl group by a hydrogen atom should slightly increase
the activation energy.
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Figure 3. Calculated transition states (bond lengths in A)for(a) 1 +
16 — 17;(b) 17 — 18;(c) 17 — 19,

C. Reaction of 1A; O, with Vinylamine. Vinylamine (16)
and its tautomer iminoethane (HN=CHCH3) are unstable
species with regard to polymerization. Naturally this does
not prevent us from using vinylamine as a model substrate
for the 1,2 cycloaddition of singlet oxygen to tertiary enam-
ines.16:47

According to MINDO/3, singlet oxygen adds to vinyla-
mine to form the zwitterion 17 rather than a peroxirane.
The transition state for this process is very similar to the
reactants in structure and only weakly polar (Figure 3a).
The zwitterion occupies a very shallow minimum in the po-
tential surface from which it can escape in several ways.

Scheme 1114

0—0
(411) +
HN—CH=CH, + 1 —> HN=CH—CH,
(9.5) (22.9)
16 17
58 (23.gl/ %,s)
o-
Y HOO
| %
/ \ HN=CH—CH,
HN—CH—CH, + H—C—CH, (—216)
(=324) N 20
18 (158)
19

a Calculated heats of formation (kcal/mol) of compounds, and of
transition states for reactions, in parentheses.

First, it can undergo cyclization to the dioxetane (18)
with an activation energy of 3.9 kcal/mol via a highly polar
transition state (Figure 3b). Secondly, it can undergo cycli-
zation to the cis-peroxirane (19) with an activation energy
of 1.0 kcal/mol; the corresponding transition state is shown
in Figure 3c. Thirdly, hydrogen migration from the amino
group to oxygen can lead to the hydroperoxide 20; this last
reaction is not of much interest since enamines are not usu-
ally stable unless tertiary. It is predicted to be the most fac-
ile of the three (AE™, 0.7 kcal/mol).

The activation energy for rearrangement of 19 to 18 is
predicted to be much higher than that for formation of 18
from 16 via 17, Apart from the trivial formation of 20, the
peroxirane has therefore no escape. According to our calcu-
lations, 19 should be more stable than the zwitterion (17)
by 7.1 kcal/mol. Since, however, MINDO/3 seems to over-
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Figure 4. Calculated transition states (bond lengths in A) for (a) 22 —
24; (b) 23 — 25,

estimate the stability of oxiranes by more than this, it seems
likely that the conversion of 17 to 19 is in fact endothermic.
If so, the peroxirane will play no role in the reaction, for,
even if it is formed, it will simply revert to the zwitterion
and end up as the dioxetane (18). Since the transition state
for cyclization of 17 to 18 lies below that for formation of
17, the latter should be the rate-determining step.

D. Reaction of 'A; Oz with Dihydropyran. Dihydropyran
(21) is interesting in that it has been reported*® to give both
a dioxetane and an ene product on reaction with !A; Os.
Scheme IV summarizes our MINDO/3 studies.

Dihydropyran, like vinylamine, reacts with TA; O3 to
form a zwitterion (22), again via a reactant-like transition
state of low polarity. The zwitterion can likewise undergo
cyclization to a peroxirane (23) or a dioxetane (24), and the
rearrangement of the peroxirane (23) to the dioxetane (24)
is again a high-energy process; 24 is therefore formed only
by cyclization of 22, The transition state for this (Figure
4a), like that for formation of 18 from 17, has an “open”
zwitterionic structure with a very high dipole moment (8.59
D).

There is, however, an important difference between this
system and vinylamine in that the peroxirane (23) now has
a methylene group adjacent to the peroxirane ring. It can
therefore undergo rearrangement to the ene product 28.
The corresponding transition state (Figure 4b) resembles
that (13) for the analogous rearrangement of cis-methyl-
peroxirane, having a chair-like structure and a relatively
low dipole moment (2.94 D).

Thus 22, can undergo conversion to two different stable
products, either directly to 24 or indirectly to 25. The acti-
vation energies for these two processes are almost identical
(5.1 and 4.7 kecal/mol, respectively) so 24 and 25 should be

Scheme IVa
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23
@ Calculated heats of formation (kcal/mol) of compounds, and of
transition states for these interconversions in parentheses.

formed in comparable amounts, as appears to be the case.*®

Note also that the rate-determining step for the overall
reaction is again the formation of the zwitterion. Since the
transition state for this is relatively nonpolar, changes in the
solvent should have little effect on the overall rate of con-

version of 21. However, the relative amounts of 24 and 25
in the product should vary markedly with polarity of the
solvent since the transition states for their formation have
widely different dipole moments (8.59 and 2.94 D, respec-
tively).

E. Summary of Theoretical Results. The calculations re-
ported here lead to the following conclusions concerning the
course of the reactions of 1Ag O, with olefins:

(a) All such reactions appear to be nonconcerted, involv-
ing peroxiranes or zwitterions as intermediates which occu-
py shallow minima on the potential surface. Most authors
had previously assumed, on the basis of apparently good an-
alogies, that these reactions are concerted pericyclic pro-
cesses.

(b) In the initial step of the reaction, 'Ag O, adds to the
olefin to form a peroxirane, unless —E substituents are at-
tached to the double bond: in this case, a zwitterion is
formed as the first intermediate.

(c) Peroxiranes undergo rearrangement to ene products
extremely easily, rearrangement to dioxetanes requiring far
more activation. Indeed, in the case of ethylene and pro-
pene, reversion of the peroxirane to (olefin + Q) is easier
than rearrangement to the dioxetane.

(d) The zwitterions differ from peroxiranes in undergo-
ing facile ring closure to dioxetanes. They can also form
peroxiranes with equal ease. If the resulting peroxiranes can
in turn rearrange to the ene products, there should then be a
competition between the ene reaction and formation of a
dioxetane.

(e) Since the rearrangements of peroxiranes to ene prod-
ucts, and of zwitterions to dioxetanes, require very little ac-
tivation, the lifetimes of these intermediates should usually
be very short and they should therefore be hard to detect.
The best hope of detecting or trapping such an intermediate
should be in the case of an olefin that forms a peroxirane
rather than a zwitterion and in which the peroxirane is un-
able to rearrange to an ene product.

Discussion

A. Comparison with Experiment. The conclusions reached
in the previous section seem to provide a very satisfactory
interpretation of the available experimental evidence.

Thus attempts to detect intermediates in these reactions
have mostly been unsuccessful, the most notable exception
being the photosensitized oxidation of 2,2’-biadamantyli-
dene!® (26), a tetraalkylethylene which cannot undergo the
ene reaction (Bredt’s rule). Oxidation in pinacolone 27
yielded not only the dioxetane 28 but also the oxirane 29
and tert-butyl acetate 30, a result attributed to a Baeyer-
Villiger type oxidation of 27 by an intermediate peroxirane
31. A somewhat similar result has been reported*® in the
case of 7,7’-binorbornylidene (32), photooxidation of which
gave the oxirane 33 in appreciable yields. In this case, how-
ever, the oxirane was alsc formed in solvents (e.g., methy-
lene chloride and benzene) which are incapable of Baeyer-
Villiger type reactions. If 33 was formed via the peroxirane
34, reduction of the latter must have taken place in some
other way.30

Further experimental evidence for peroxirane intermedi-
ates has been claimed?’ in the reaction of 'A; Oz with the
rather unreactive olefin (R)-(—)-cis-2-deuterio-5-methyl-
3-hexene (35). Studies of the stereochemistry of the result-
ing ene products and of their deuterium content seemed to
support a stepwise mechanism via peroxiranes. Finally, we
note that the predicted behavior of the peroxiranes is com-
pletely analogous to the observed reactions of alkyl-substi-
tuted aziridine N-oxides®! which rearrange on heating to
give allylhydroxylamines, not 1,2-oxazetanes.
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Next let us consider reactions between !'A; O, and olefins
where there is at least one hydrogen a to the C=C double
bond. As predicted by our calculations, the ene reaction is
always found to be favored over the 1,2 cycloaddition when-
ever the ene reaction is possible. If the ene reaction cannot
take place, most olefins (except tetraalkyl-substituted ones)
do not react at all, because the activation energy for the
peroxirane-dioxetane rearrangement is too high. A particu-
larly interesting example is norbornene which fails to react
with 'A; 0,.3% Since norbornene is rather susceptible to
electrophilic attack, it seems quite likely that the peroxirane
is formed. The ene reaction, however, is again barred by
Bredt’s rule; the peroxirane therefore reverts to the reac-
tants, because this is easier than rearrangement to the diox-
etane.

In cases where the peroxirane can rearrange to different
ene products by abstraction of different hydrogen atoms,
substituent effects seem to play no significant role in deter-
mining the product ratios.>>2> This has been put forward
as an argument against a stepwise mechanism, although it
is not clear why it should not apply equally to a concerted
pericyclic one. It will be seen that our calculated transition
state 13 for the ene rearrangement of methylperoxirane
strongly resembles methylperoxirane itself in structure, the
breaking CH and CO bonds still being very strong and the
nascent OH bond still very weak. Since the transition states
for ene rearrangements are so similar to the reactant in
structure, substituents should have little effect on their
energies and hence on the relative rates of different modes
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of rearrangements. Our calculations are therefore entirely
consistent with the experimental evidence.

Similar remarks apply to the known stereospecifity of the
ene reaction®~720 since the two-step mechanism must lead
to the same product as a concerted pericyclic process. In-
deed, the calculated transition state 13 differs from that ex-
pected for a concerted reaction only in that the CO bond is
already fully formed and by the presence of an additional
CO interaction. Otherwise 13 has the same chair-type ge-
ometry that would be expected for the pericyclic transition
state.

The measured intramolecular deuterium isotope effects
for the photooxygenation of partly deuterated 2,3-dimethyl-
2-butene33-%* and bicyclohexylidene®? are low, in the range
between 1.2 and 2.0. These results are clearly to be expect-
ed on the basis of our calculations since, in the transition
state for the peroxirane-hydroperoxide rearrangement
(e.g., 13), the breaking CH bond is still almost intact.

On the other hand, virtually no intermolecular deuterium
isotope effect should be observed in a competitive photooxy-
genation of an olefin and its completely deuterated analog
because, according to our calculations, the rate-determining
step in the ene reaction is the formation of the peroxirane.
This can be subject only to secondary deuterium isotope ef-
fects, which should moreover be unusually small, because
the transition state for the addition of 'Ag O to the double
bond resembles the reactants in structure. Such a competi-
tion experiment has been reported4 for cis- and trans-stil-
bene, the measured intermolecular deuterium isotope effect
being 1.1 in both cases, with an estimated accuracy of 10%.
Since 2,3-dimethyl-2-butene, which reacts much faster with
'A; Oy than the stilbenes do, shows an intramolecular iso-
tope effect of 1.4 under similar conditions, these results
seem to support the two-step mechanism that is predicted
by MINDO/3.53

Turning now to the reactions of —E substituted olefins,
these, as predicted, react very easily with 1A, O, to form
dioxetanes which can subsequently cleave to carbonyl deriv-
atives. Such reactions have, for example, been observed
with enamines,'®47 enol ethers,12:14.15.56.57 and thioenol
ethers.’®5% The 1,2 cycloaddition of 'A, O, to enol ethers
has been shown to be stereospecifically cis. A good example
is provided by cis- and trans-1,2-diethoxyethylene!* which
give two different dioxetanes with 'A; O On the other
hand, while cis-ethoxyphenoxyethylene gives exclusively cis
addition, the trans isomer gives only 75-90% of cis ad-
duct.’? Our calculations account well for these results for,
although the CC bond in the intermediate zwitterion is sin-
gle, MINDO/3 predicts a high barrier to rotation because
of Coulombic attraction between the positive and negative
centers. The barrier to rotation is indeed higher than that
for collapse to the dioxetane, which should therefore be
formed stereospecifically or almost stereospecifically.

Initial formation of a zwitterionic intermediate should
generally be considered in the photooxygenation of —E sub-
stituted olefins. In a recent study on the photosensitized oxi-
dation of the enaminoketone 36,%° the first intermediate in
the mechanism suggested is the dioxetane 37 which, how-

MeO
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ever, might be expected to cleave in the usual way. This dif-
ficulty does not of course arise if the zwitterion 38 is formed

initially. Moreover, the zwitterion should undergo the sec-
ond step of the transformation®® much more easily than the
dioxetane.

The reported effects of solvents on the rates of these reac-
tions are also easily interpreted in terms of our calculations.
The rate-determining step in the ene reaction, and in the 1,2
cycloaddition to —E-substituted olefins, is the initial addi-
tion of oxygen to the olefin, and the calculated transition
states have low dipole moments. One would therefore ex-
pect the overall rates to be little affected by changes in sol-
vent, as indeed seems to be the case.®® One would also ex-
pect the relative rates of reaction of two different olefins to
be much the same in different solvents; this again is true, a
particularly striking example being the pair 2,3-dimethyl-
2-butene and 1,2-diethoxyethylene!* which give quite dif-
ferent products (ene reaction and 1,2-cycloaddition, respec-
tively).

The calculated transition state for rearrangement of a
peroxirane to an ene product is predicted to resemble the
peroxirane both in structure and in polarity. Therefore in
cases where different ene products can arise from a given
olefin, their proportions should be similar in different sol-
vents. This again appears to be the case, a-good example
being provided by a very detailed study of 2-methyl-2-pen-
tene.?’

The situation should, however, be quite different in the
case of dihydropyran 21 which can give either the ene prod-
uct 25 via a peroxirane 23 or the dioxetane 24 via a zwitter-
ion 22. Here the two product-forming transition states dif-
fer greatly in polarity, their calculated dipole moments
being 2.9 and 8.6 D, respectively. An increase in the polari-
ty of the solvent should now greatly alter the product ratio,
favoring formation of the dioxetane 24, The ratio 24:25 in
fact increases by a factor of 58 on changing the solvent
from benzene to acetonitrile.*®

B. Peroxiranes in Related Reactions. 3-Halohydroperox-
ides derived from tetraalkyl-substituted ethylenes are con-
verted by base to allylic hydroperoxides, providing an alter-
native synthetic route to the products of the ene reac-
tion.’*6! The proposed mechanism for this conversion’4 in-
volves an intramolecular substitution yielding a tetraalkyl-
‘substituted peroxirane which then rearranges by hydrogen
migration to the hydroperoxide. The peroxirane intermedi-
ate was postulated, because partial migration of the hydro-
peroxy group was observed, and because other mechanisms
accounting for this migration could be ruled out. Different
kinetic isotope effects were measured for the formation of
the allylic hydroperoxide via the 8-halohydroperoxide and
via direct photooxygenation. It was therefore concluded
that 515>tv.=,roxiranc:s cannot be intermediates in the ene reac-
tion.

This argument would hold if the B-halohydroperoxide
reaction took place entirely by a single mechanism. This,
however, has not been established unambiguously,®? and
there is indeed a very reasonable alternative route from the

bromohydroperoxide to the allyl hydroperoxide, i.e., an in-
tramolecular EN2 elimination. Scheme V shows the possi-

Scheme V
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bility for the reactions in question. In the direct photooxida-
tion, the product ratio B:C was found to be 1.4. If the reac-
tion proceeds via the peroxirane, this implies that

Kop/Kpe = 14 (1)
If we assume the stationary concentration of the peroxirane

to be small, as must certainly be the case, then the ratio of
B to C formed by reaction of A is given by eq 2. The ratio

K K
K + ADI*DB
[B] _ %  Kpp * Kpc @)
[cT Koo + KanKpe
A KDB + KDC

Kag/Kac is the isotope effect for a EN2 elimination. If we
assume for this a value of 6, which is reasonable, and use eq
1 and 2, we obtain eq 3. Equating this to the observed ratio

[B] _ %(Kap + Kag) + YoKap
e = ? (3)
[C] ~ ViKas + Kng) + "hoKap
(2.1), we can find the proportions of A reacting by the EN2
and peroxirane routes, these being in the ratio (Kap +
Kac):Kap. The result is almost exactly 1:2. Therefore it
seems reasonable to assume that both the ene reaction and
the conversion of the bromohydroperoxy anion involve
peroxirane intermediates, the latter reaction following in
part a different course which explains the difference in the
measured isotope effects.

C. Symmetry of Transition States. Until recently it was
generally assumed that ““allowed” pericyclic reactions in
general, and “allowed” = cycloadditions in particular, take
place in a symmetrical concerted manner. The discussion of
such reactions in terms of conservation of state®? or orbit-
al®* symmetry is indeed based on the assumption that ele-
ments of symmetry present in both reactant and product are
retained during these interconversions. Recently, however,
Mclver®® has shown that this cannot as a rule be the case
for = cycloadditions; for the symmetrical structure, in
which the lengths (R, R») of the two new & bonds are
equal, will have two negative eigenvalues of the force con-
stant matrix so long as the force constants (K11 and K2»)
for stretching of the two bonds in question are numerically
greater than the corresponding cross constant K, a condi-
tion which will usually be fulfilled.

It has indeed recently been shown®® here that some typi-
cal Diels-Alder reactions, according to MINDOQ/3, take
place via very unsymmetrical transition states in which one
of the new bonds is almost completely formed, the other
hardly at all. The calculated structure 6 of the dioxetane-
forming transition state in the 1,2 cycloaddition of 'A, O
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Figure 5. Formation of = complexes from ethylene (a—c) with a Lewis acid M* and (d-f) with 1A, Oa; (g) unsymmetrical attachment of ethylene to
144 Oqinthe complex; (h) formation of ozone from 1A, Oy + D O; (i, j) unsymmetrical “allowed” approach of singlet carbene to ethylene.

to ethylene is likewise unsymmetrical, while the stationary
point 7 for the “allowed” (525 + r2a) approach does not
represent a transition state, because it has two negative ei-
genvalues of the force constant matrix and is higher in ener-
gy by 30.2 kcal/mol than the MINDO/3 transition state 6.

It is therefore somewhat surprising that our calculated
transition state 5 for peroxirane formation is symmetrical,®’
particularly since the apparently analogous “allowed” addi-
tion of carbene to ethylene involves an unsymmetrical ap-
proach.68:69 This behavior can, however, be easily under-
stood if we regard these reactions as electrophilic additions
to olefins and discuss them in terms of the = complex theo-
ry. 7071

According to this, olefins can act as Lewis bases, using
the filled bonding # MO to form a dative bond to any
species with an empty valence orbital. If the acceptor also
has a filled p, =, or d orbital at the atom through which it is
attached to the olefin, this can be used for back-coordina-
tion by interaction with the empty antibonding = MO. This
structure is illustrated in Figure 5a-c, the last using the
notation suggested’! for coordination and back-coordina-
tion. Typical apical groups are Br*, CH,=~CH?™, and tran-
sition metal cations, back-coordination involving filled p, =,
or d orbitals, respectively.

Now the 7 complex theory is based on the idea that ei-
ther or both of the AQ’s used in forming a two-center bond
can be replaced by MO’s. Indeed, the original example was
one where both AO’s are so replaced.”? In 1A, O, the
HOMO and LUMO are a pair of degenerate antibonding =
MO’s. These can clearly be used to form a = complex with
ethylene, the filled bonding MO of ethylene interacting
with the empty Oz # MO and the filled O; # MO with the
empty antibonding # MO of the ethylene; see Figure 5d-f.
Both interactions will be greatest at all C,-O> distances
when the oxygen molecule lies on the perpendicular bisector
of the CC bond. On the other hand, the ethylene must ap-
proach O3 in an oblique manner, because the relevant MO’s
of O3 are antibonding and so have nodes bisecting the OO
bond (Figure 5g). The structure of the resulting = complex
is indeed analogous to that of ozone, as can be seen by con-
sidering the formation of the latter by combination of 1A,
O> with a 'D oxygen atom (Figure 5h).

This MO picture of a = complex in which the apical

group is affected by a twofold interaction is equivalent’®.7!
to a VB description with a three-membered ring. Presum-
ably the force constants satisfy the Mclver-Komornicki cri-
terion for a symmetrical transition state; this, however, is
not at all apparent in the VB description.

Singlet carbene has an empty 2p AO and a filled hybrid
AO. The former can be used as an acceptor in forming a =
bond to ethylene and the latter as donor for back-coordina-
tion. Since, however, the filled AO is not symmetrical, the
best orbital overlap will no longer correspond to a situation
where the carbene carbon lies on the perpendicular bisector
of the C==C bond. The resulting = complex will therefore
have a skew structure (Figures 5i,j), accounting for the un-
symmetrical approach of singlet carbene to ethylene.

This argument can be extended to chelotropic reactions.
A typical chelotropic reagent is one in which the central
atom has a filled hybrid AO and an empty p AO, these
being used to form the two new bonds to the polyene sub-
strate. In the preferred mode of approach, the filled hybrid
AO interacts in ¢ fashion with the terminal 2p AO’s of the
polyene, while the empty p AO interacts in = fashion, for

example:

o7
C>5<D

(coniugated chain}

If the resulting transition state is aromatic, i.e., if the reac-
tion is ““allowed”, then the interactions will be bonding with
both ends of the polyene. The transition state should then
be symmetrical, the interactions in it being precisely analo-
gous to those in an olefin-O, 7 complex. It is, however, pos-
sible in principle for a chelotropic reaction to take place by
an alternative “allowed” path in which the p AO of the re-
agent is used for o-type bonding and the hybrid AO for
w-type bonding. In that case the transition state will be un-
symmetrical, like that for addition of singlet carbene to eth-
ylene and for the same reason.
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Conclusions

Previous applications of MINDO/3 to organic reactions
have been mainly concerned with cases when the mecha-
nisms were known, or thought to be known. The primary
purpose was as much to test MINDO/3 as to obtain mecha-
nistic information, although in fact our calculations led to a
number of surprising conclusions which were either subse-
quently confirmed by experiment or could be shown to ac-
count for experimental results that had been largely ig-
nored,” Here we have studied a reaction where no mecha-
nism has been definitely established in the hope of providing
information that cannot easily be derived from experiment.

The results of our calculations seem indeed to lead to a
unifying mechanistic scheme for the reactions of !A; O;
with olefins which is consistent with all the available experi-
mental evidence. It seems that none of these reactions are
concerted. The reaction of !Ag Oy with olefins invariably
leads initially to an intermediate peroxirane or zwitterion
which subsequently rearranges to the observed product or
products. In view of the very extensive tests to which
MINDO/3 has by now been subjected and which it has sur-
vived, we feel that this prediction is a very strong one and
can certainly be accepted as a working basis by organic
chemists. It is true that the energies we calculate are
subject to error, given the large difference (14 kcal/mol)
between the calculated and observed heats of formation of
oxirane; however, such an error would not invalidate our
conclusions.

These results, and studies of numerous other reactions,
seem to suggest that MINDO/3 can provide information
concerning the mechanisms of reactions which is at least as
reliable as that available from current experimental tech-
niques. Our theoretical approach has the further advantage
of providing detailed information concerning the geometries
and other properties of transition states, information which
can be inferred from experiment only very indirectly and
with much uncertainty. While better semiempirical proce-
dures will undoubtedly be developed, MINDO/3 already
seems to be sufficiently accurate and reliable to serve as a
useful chemical tool.
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