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Abstract: The lowest singlet and triplet potential energy surfaces of formaldehyde carbonyl oxide (1) and acetaldehyde
carbonyl oxide (2) have been investigated in the regions concerning the most relevant unimolecular reactions by
means of CASSCF and MRDCI ab initio quantum-chemical calculations. The questions related to the mechanism
of O-atom loss from carbonyl oxides, as well as the competition between the cyclization to dioxirane and the
tautomerization to hydroperoxide in methyl-substituted carbonyl oxides are addressed in this investigation. The
theoretical predictions are consistent with experimental findings obtained from stopped-flow studies of the gas-
phase ozonation of bothtrans-butene and tetramethylethylene. An unexpected result is that the most reasonable
pathway for O-atom loss from “hot” singlet carbonyl oxides1 and2 involves internal rotation about the CO bond
axis, followed by intersystem crossing to the lowest triplet state and subsequent scission of the OO bond.

I. Introduction

Formaldehyde carbonyl oxide (1) and acetaldehyde carbonyl
oxide (2) are prototypical carbonyl oxides. Carbonyl oxides
are established reactive intermediates in many oxidation reac-
tions. Although carbonyl oxides were first postulated as
intermediates in the ozonolysis of olefins by Criege in 1949,1

direct experimental detection of a carbonyl oxide was not
achieved until 1983 by means of time-resolved laser spectros-
copy.2 In the last few years, several groups have reported direct
observations of carbonyl oxides.3-7 The most important
techniques for a direct spectroscopic characterization of carbonyl
oxides have been matrix isolation3,5 and laser photolysis.2,6,7

The involvement of carbonyl oxides and their cyclic isomers,
the dioxiranes (e.g.,1c and2c), as short-lived reaction inter-

mediates has been discussed in many oxidation reactions (e.g.,
ozonolysis, Baeyer-Villinger reaction)8-10 and enzymatic pro-

cesses.11 Furthermore, carbonyl oxides are currently of interest
because of their importance in the chemistry of urban air
pollution,12 and as chemical mimics of biological oxygen
transfer systems.13 The spectroscopic characterization, structure,
and reactivity of carbonyl oxides has been the subject of recent
reviews.9,10b,14

Carbonyl oxides are also interesting species from a theoretical
point of view. Thus, quite a large number of theoretical studies
of the electronic nature and structure of carbonyl oxides have
been reported over the past 21 years.15-26 High-level ab initio
calculations have demonstrated that the inclusion of electron
correlation effects into the quantum-chemical method employed
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is essential for a reliable description of the electronic nature of
carbonyl oxides.20b,21g,i,26b Because of the large computational
effort involved, most of these high-level ab initio calculations
have been restricted to the equilibrium structure of the electronic
ground state (singlet) of the parent compound1 and its cyclic
isomer1c, as well as their interconversion. However, to our
knowledge, no reliable ab initio calculations have been devoted
yet to other potentially important unimolecular reactions of
carbonyl oxides.
Recent experimental studies27,28 aimed at understanding the

mechanism of the photochemical smog production in polluted
urban air have suggested that1 and2, which are intermediates
of the ozone reactions of ethylene, propylene, and 2-butene
under atmospheric conditions, decay unimolecularly via numer-
ous thermochemically accessible isomerization and dissociation
channels. At present, mechanistic details of these unimolecular
processes are not well established because of the lack of reliable
kinetic data. Among the potentially important reaction channels
suggested by early theoretical10a and experimental29 studies is
the unimolecular oxygen atom loss to produce the corresponding
carbonyl compound (eq 1). There is some evidence that the

oxygen atoms are ejected in the O (3P) electronic state.30 This
decomposition mode, designated the O-atom channel, competes
with isomerization to the corresponding dioxirane (eq 2), which

is sometimes the dominant reaction. For example, the gas-phase
(1 atm) reaction of triplet methylene with O2 leads to “hot”1
(the reaction is estimated to be exothermic by 60 kcal/mol14a);
among the decomposition products are ozone and formalde-
hyde.31 These are formed by fragmentation of1 to form

formaldehyde plus an oxygen atom, which recombines with O2

to provide ozone. In this system, the O-atom channel amounts
to an estimated14a 1-5% of the total 1 consumption. A
substantial energy barrier is indicated by the fact that1 produced
in the less-energetic ethylene ozonolysis does not produce
oxygen atoms at a detectable level.32

For carbonyl oxides withR-hydrogens, tautomerization to the
corresponding hydroperoxide (eq 3) involving a 1,4 H-atom

migration from carbon to oxygen appears to be a competitive
isomerization pathway. For instance, kinetic modeling of the
results obtained in stopped-flow studies of gas-phase ozonation
of trans-butene suggests that at least 10% of the total carbonyl
oxide 2 formed decomposes via this hydroperoxide channel,
while the O-atom channel contributes on the order ofe5% to
its decomposition.28b In this system, kinetic modeling also leads
to an estimate that at least 10% of2 follows the isomerization
to2cpathway. In clear contrast, similar kinetic modeling studies
on the mechanisms of gas-phase ozonolysis of tetramethyleth-
ylene indicate that 80% of the acetone carbonyl oxide (3) formed
follows tautomerization to the corresponding hydroperoxide,
while isomerization to dimethyldioxirane (3c) is negligible.28a

Another issue of considerable interest in connection with
potential unimolecular isomerization reactions of methyl-
substituted carbonyl oxides is thesyn/antiinterconversion. For
instance, two stereoisomerssynandanti (2d and2e, respec-
tively) are possible for carbonyl oxide2. Ab initio calculations

accounting for electron correlation through second-order Møller-
Plesset perturbation theory (MP2) indicate that2d is 3.3 kcal/
mol more stable than2e and that they are separated by an
interconversional energy barrier of 35.6 kcal/mol.21a Therefore,
it is reasonable to expect configurational stability of thesyn
and anti stereoisomers, which then might display different
reactivities.
For the purposes of atmospheric modeling, it is of consider-

able interest to know the energy barriers and the energies of
reaction for the above unimolecular processes. In this spirit
we have investigated the CH2O2 and C2H4O2 singlet and triplet
potential energy surfaces (PESs) in the regions concerning the
most relevant unimolecular reactions of1 and2 by means of
high-level ab initio quantum-chemical calculations. In particular
we address the questions related to the mechanism of oxygen
atom loss from carbonyl oxides, as well as the competition
between the cyclization to dioxirane and the tautomerization to
hydroperoxide in methyl-substituted carbonyl oxides. We
present here the results of this theoretical investigation. Fur-
thermore, we also report in this paper the harmonic vibrational
frequencies and infrared (IR) intensities calculated for the
equilibrium structures on the aforementioned PESs, as well as
the vertical electronic excitation energies calculated for the
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singlet ground state of1 and 2. It is hoped that these
spectroscopic data will prove to be helpful in aiding the
identification of1, 2, or their isomerization products in future
matrix-isolation and time-resolved laser spectroscopy experi-
ments.

II. Methods and Computational Details

Two basis sets have been used in this study. The basis set designated
A is the split-valence d-polarized 6-31G* basis.33 The other basis set,
designated B, is the standard Huzinaga-Dunning double-ú basis ((9s5p/
4s2p) contractions for C and O, (4s/2s) for H),34,35 augmented by a
diffuse p-type function on C and O (orbital exponentsRp(C)) 0.03436

andRp(O) ) 0.0537), two d-type polarization functions on C and O
(orbital exponentsRd(C) ) 1.097 and 0.318 andRd(O) ) 2.314 and
0.64538), and a p-type polarization function on H (orbital exponentRp-
(H) ) 1.039).
The molecular geometries of the stationary points located on the

aforementioned PESs were optimized by use of multiconfiguration SCF
(MCSCF) wave functions of the complete active space (CAS) SCF
class40 employing analytical gradient procedures.41,42 The CASs were
selected following the procedure recently suggested by Anglada and
Bofill, 43 based on the fractional occupation of the natural orbitals (NOs)
generated from the first-order density matrix calculated from an initial
multireference single- and double-excitation configuration interaction
(MRDCI) wave function correlating all valence electrons. Thus, for
the singlet state of1 (Csmolecular symmetry) the fractional occupancies
of the NOs indicated that there are eightactiVe orbitals. These are
four molecular orbitals (MOs) of a′ symmetry, which correspond to
the bonding and antibonding orbitals of the CO and OOσ bonds, and
four MOs of a′′ symmetry. The latter MOs are the threeπ orbitals
formally generated within the framework of a minimum basis set, and
one (CO bonding) of the additional threeπ orbitals arising from the
utilization of a split-valence basis set. Distribution of the corresponding
eightactiVe electrons, namely, fourσ electrons and fourπ electrons,
among these eightactiVeorbitals leads to CASSCF(8,8) wave functions
formed as a linear combination of 1764 and 2352 spin-adapted
configuration state functions (CSFs) for the singlet and triplet states,
respectively, inC1 symmetry. For the singlet state of1c (C2V molecular
symmetry), the aforementioned active space selection procedure led
to a CAS formed by three MOs of a1 symmetry (the linear combinations
of the bonding orbitals of the two CO and the OOσ bonds), three
MOs of b2 symmetry (the linear combinations of the antibonding orbitals
of the two CO and the OOσ bonds), and threeπ MOs (two of b1
symmetry and one of a2 symmetry). Distribution of the corresponding
tenactiVeelectrons, namely, sixσ electrons and fourπ electrons, among
these nineactiVeorbitals leads to CASSCF(10,9) wave functions formed
as a linear combination of 5292 CSFs inC1 symmetry. Regarding the
other stationary points located on the PESs, the active space selection
procedure used led to a CASSCF(8,8) wave function similar to that
employed in the geometry optimization of both the singlet and triplet
states of1.
The normal modes and harmonic vibrational frequencies of the

equilibrium and transition structures optimized at the CASSCF level
of theory were obtained by diagonalizing the mass-weighted Cartesian
force constant matrix calculated numerically by finite differences of
analytical gradients.44a The dipole moment derivatives which determine
the IR intensities were determined by numerically differentiating the
dipole moments with respect to the nuclear coordinates and transforming

them to normal coordinates.44b The zero-point vibrational energies
(ZPVEs) were determined from the harmonic vibrational frequencies
scaled by 0.8929 (the reciprocal of 1.12).45 The A basis set was used
for the CASSCF calculations of all the stationary points on the singlet
and triplet PESs of both1 and 2. To establish that our results are
converged with respect to the basis set, additional CASSCF calculations
with the B basis set were performed for the stationary points concerning
the isomerization of singlet1 to 1c. All CASSCF calculations were
carried out by using the GAMESS system of programs.46

To incorporate the effect of dynamical valence-electron correlation
on the relative energy ordering of the calculated stationary points, as
well as the vertical electronic transition energies, MRDCI calculations
were carried out at the CASSCF optimum geometries using the program
package of Buenker and Peyerimhoff,47 which includes a table CI
algorithm and extrapolation techniques. In this MRDCI treatment the
reference set consists of all configurations which appear in the final
CI expansion with a coefficient of roughlyc2 g 0.02. The SCF MOs
for the respective states are employed to construct the configurations;
all nonvalence MOs are frozen. Configuration selection is undertaken
at a thresholdT in a standard manner,47a and the resulting secular
equation is solved directly. Next, the first-order density matrix
corresponding to this MRDCI calculation employing SCF MOs is
simply diagonalized for obtaining the NOs, which are subsequently
employed in a final MRDCI calculation. The effect of the remaining
configurations of the total MRDCI space on the energy of the system
is accounted for by a self-correcting perturbation-type (extrapolation)
procedure.47b,c Finally, the energy corresponding to the full CI space
of the given basis set, designatedE(MRDCI+Q), is estimated in analogy
to the formula given by Langhoff and Davidson48 as

where the sum is taken over all CSFs in the reference set, and
E(MRDCI) andE(ref) are the total energies of the MRDCI and reference
set wave functions.49

The MRDCI calculations of the stationary points on the CH2O2

singlet and triplet PESs were carried out with both the A (T ) 2
µhartrees) and B (T) 3 µhartrees) basis sets, while those of the C2H4O2

singlet and triplet PESs were carried out only with the A basis (T ) 4
µhartrees). The size of the generated MRDCI spaces varied roughly
from 6 × 105 to 22× 106, while the size of the selected subspaces,
namely, the dimensions of the secular equations actually solved, was
on the order of 17000-32000.

III. Results

A. Nomenclature. The calculated structures are named as
follows. The structures of the stationary points on the CH2O2

singlet and triplet PESs are designated bySA and TA ,
respectively, while those on the C2H4O2 singlet and triplet PESs
are designated bySB andTB, respectively. The label of the
structures corresponding to transition states are followed by the
lettersTS. The structures are distinguished from each other
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by appending the numbers1, 2, etc., as they are introduced.
For example, structureSA2 is the second equilibrium structure
on the CH2O2 singlet PES, while structureTBTS3 is the third
transition structure on the C2H4O2 triplet PES.
B. Molecular Geometries. The Cartesian coordinates of

all structures reported in this paper are available as supporting
information. The most relevant geometrical parameters of the
CASSCF/basis A optimized structures for the stationary points
located on the CH2O2 singlet and triplet PESs are given in
Figures 1 and 2, respectively. For comparison, the geometrical
parameters obtained with the B basis set for structuresSA1,
SA2, andSATS1are shown in parentheses. The most relevant

geometrical parameters of the CASSCF/basis A optimized
structures of the stationary points located on the C2H4O2 singlet
and triplet PESs are given in Figures 3 and 4, respectively.
C. Energies, Dipole Moments, and Dissociation Energies.

The total energies, ZPVEs, and dipole moments calculated at
the CASSCF level of theory with the A basis set for the
stationary points located on the CH2O2 singlet and triplet PESs
are collected in Table 1 of the supporting information, together
with the total energies calculated at the MRDCI and MRDCI+Q
levels with the A and B basis sets. The MRDCI and
MRDCI+Q relative energies are given in Table 1. The last
column of Table 1 also gives the relative energies calculated at

Figure 1. Selected geometrical parameters of the CASSCF/basis A optimized structures for the stationary points located on the CH2O2 singlet
ground-state potential energy surface. Distances are given in angstroms and angles in degrees. The values calculated with the B basis set are given
in parentheses.

Figure 2. Selected geometrical parameters of the CASSCF/basis A optimized structures for the stationary points located on the CH2O2 lowest
triplet state potential energy surface. Distances are given in angstroms and angles in degrees.
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the MRDCI+Q level with the B basis set including the ZPVE
correction. All calculations were performed using the CASSCF/
basis A optimized geometries.
The CASSCF/basis A total energies, ZPVEs, and dipole

moments of the stationary points located on the C2H4O2 singlet
and triplet PESs are collected in Table 2 of the supporting
information, along with the total energies calculated at the
MRDCI and MRDCI+Q levels of theory with the A basis set.
The MRDCI and MRDCI+Q relative energies are given in
Table 2. The last column of Table 2 also gives the relative
energies calculated at the MRDCI+Q level including the ZPVE
correction. Figures 5 and 6 provide schematic potential energy
diagrams for the stationary points on the singlet and triplet PESs,
respectively, based on the relative energies calculated at the latter
level of theory.

Finally, the MRDCI+Q dissociation energies of the lowest
singlet and triplet states of1 and2 for oxygen atom loss, either
in its ground (3P) or lowest singlet (1D) state, are given in Table
3. The ZPVE corrected values are given in parentheses.
Unless otherwise noted, the relative energies and the dis-

sociation energies of the stationary points on the CH2O2 singlet
and triplet PESs given hereafter in the text refer to the
MRDCI+Q/basis B plus ZPVE correction values, while those
of the stationary points on the C2H4O2 singlet and triplet PESs
refer to the MRDCI+Q/basis A plus ZPVE correction values.
D. Vibrational Frequencies. The harmonic vibrational

frequencies calculated for the equilibrium structures of the
CH2O2 singlet (SA1 andSA2) and triplet (TA1 andTA2) and
C2H4O2 singlet (SB1, SB2, SB3, andSB4) and triplet (TB1,
TB2, andTB3) PESs are given in Tables 3-10 of the supporting

Figure 3. Selected geometrical parameters of the CASSCF/basis A optimized structures for the stationary points located on the C2H4O2 singlet
ground-state potential energy surface. Distances are given in angstroms and angles in degrees.
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information. Along with the frequencies, the symmetry, ap-
proximate description, and IR intensity of each normal mode
are indicated in these tables.

E. Vertical Electronic Excitation Energies. The MRDCI+Q
vertical excitation energies calculated for the singlet ground state
of 1 and thesynandanti stereoisomers of2 are given in Table
11 of the supporting information. Approximate descriptions of

the main electronic transition leading to the excitated state
associated with each vertical excitation are also given in this
table.

IV. Discussion

A. Formaldehyde Carbonyl Oxide. 1. Singlet and
Triplet Equilibrium Structures. Overall, the geometrical

Figure 4. Selected geometrical parameters of the CASSCF/basis A optimized structures for the stationary points located on the C2H4O2 lowest
triplet state potential energy surface. Distances are given in angstroms and angles in degrees.

Table 1. Relative Energies (kcal/mol) for CASSCF/basis A Optimized Structures of the Stationary Points on the Singlet and Triplet CH2O2

Potential Energy Surfaces

structure MRDCI/basis A MRDCI+Q/basis A MRDCI/basis B MRDCI+Q/basis B MRDCI+Q/basis B+ ZPVE

Singlet Potential Energy Surface
SA1 0.0 0.0 0.0 0.0 0.0
SA2 -33.5 -31.1 -30.2 -29.9 -28.5
SATS1 25.9 25.8 26.2 24.9 24.0
SATS2 27.8 29.0 29.0 27.5 26.0
SATS3 27.9 28.8 28.6 27.1 25.7
SATS4 37.6 40.5 38.5 37.8

Triplet Potential Energy Surface

TA1 2.3 1.9 4.4 5.6 5.7
TA2 0.0 0.0 0.0 0.0 0.0
TATS1 3.2 1.8 3.6 1.8 1.4
TATS 4.4 2.9 4.0 2.2 2.3
TATS3 5.7 3.9 5.3 4.7 3.7
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parameters calculated for the singlet ground state of1 (SA1)
and1c (SA2) using the A basis set are similar to those calculated
with the larger B basis set. Thus, the bond distance differs by
up to 0.013 Å (OO bond ofSA1), while the bond angle differs
by up to 0.7° (HCH angle ofSA2). Unless otherwise noted,
the geometries discussed in the following sections refer to the
geometries calculated with the A basis set. As mentioned in
the Introduction, the calculated equilibrium structure of singlet
1 is particularly sensitive to the method used to account for the
electron correlation. Therefore, it is gratifying that the predicted
relevant geometrical parameters ofSA1are in good agreement
with the values (i.e.,R(OO) ) 1.355 Å,R(CO) ) 1.290 Å,
∠(COO)) 117.8°,∠(OCHsyn) ) 118.7°,∠(OCHanti) ) 115.1°)
obtained from coupled cluster (CC) calculations including all
single and double excitations together with a perturbative
estimation of the triple excitations (CCSD(T)) employing the
A basis set.43 As pointed out by Cremeret al.21i CCSD(T)
theory has proven to yield reliable results in cases where the
correlation energy plays a crucial role in determining the
molecular geometry.50 Hence, our CASSCF calculations appear
to provide a suitable description of1. An interesting aspect of
the equilibrium structure predicted for1 is that the CO and OO
distances ofSA1 suggest a significant double bond character
of these bonds. This reveals that the electronic structure of
singlet1 possesses more zwitterionic character than expected

in the grounds of previous generalized valence bond (GVB)
and MP2 calculations.
Regarding1c, the reliability of our calculations can be

assessed by comparing the relevant geometrical parameters of
SA2with the reported experimental data obtained from micro-
wave spectroscopy (i.e.,R(OO)) 1.516 Å,R(CO)) 1.388 Å,
∠(COO)) 66.2°, ∠(HCH) ) 117.3°).51 Except the OO bond
distance, which is 0.025 Å too long, the calculated geometrical
parameters are in good agreement with these data. Furthermore,
the calculated dipole moment of 2.71 D is reasonably close to
the experimental value of 2.48 D.51

The most remarkable geometrical feature of the lowest triplet
state of1 is the strong pyramidalization at the carbon atom.
Earlier ab initio calculations16,21a,25have assumed for this state
a twistedCs structure in which the plane of the carbon atom
(sp2 hybridization) has been rotated 90° with respect to the

(50) (a) Rendell, A. P.; Lee, T. L.; Taylor, P. R.J. Chem. Phys. 1990,
92, 7050. (b) Lee, T. L.; Scuseria, G. E.J. Chem. Phys. 1990, 93, 489. (c)
Scuseria, G. E.; Lee, T. L.J. Chem. Phys. 1990, 93, 5851. (d) Watts, J.
D.; Cernusak, I.; Noga, J.; Bartlett, R. J.; Bauschlicher, C. W.; Lee, T. J.;
Rendell, A.; Taylor, P. R.J. Chem. Phys. 1990, 93, 8875. (e) Watts, J. D.;
Stanton, J. F.; Bartlett, R. J.Chem. Phys. Lett. 1991, 178, 471. (f) Bentley,
J. A.; Bowman, J. M.; Gadzy, B.; Lee, T. L.; Dateo, C. E.Chem. Phys.
Lett. 1992, 198, 563. (g) Watts, J. D.; Gauss, J.; Stanton, J. F.; Bartlett, R.
J. J. Chem. Phys. 1992, 97, 8372.

(51) (a) Lovas, F. J.; Suenram, R. D.Chem. Phys. Lett. 1977, 51, 453.
(b) Suenram, R. D.; Lovas, F. J.J. Am. Chem. Soc. 1978, 100, 5117.

Table 2. Relative Energies (kcal/mol) for CASSCF/basis A Optimized Structures of the Stationary Points on the Singlet and Triplet C2H4O2

Potential Energy Surfaces

structure MRDCI/basis A MRDCI+Q/basis A MRDCI+Q/basis A+ ZPVE

Singlet Potential Energy Surface
SB1 0.0 0.0 0.0
SB2 3.7 2.5 2.2
SB3 -29.4 -29.1 -28.2
SBTS1 30.8 29.2 28.4
SBTS2 25.8 23.9 22.8
SBTS3 35.9 34.3 33.0
SBTS4 34.1 31.9 30.5
SBTS5 25.4 22.0 21.2
SB4 -17.2 -19.4 -20.2

Triplet Potential Energy Surface

TB1 0.0 0.0 0.0
TB2 1.8 3.0 3.0
TB3 -1.5 0.0 0.0
TBTS1 3.3 3.8 3.3
TBTS2 6.5 7.2 7.1
TBTS3 4.2 3.5 3.3
TBTS4 1.7 1.9 0.5

Figure 5. Schematic potential energy diagram showing the relative energies of the stationary points located on the C2H4O2 singlet ground-state
potential energy surface. Energy values were obtained from the ZPVE-corrected MRDCI+Q/basis A energies relative to that ofSB1.
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planar equilibrium geometry of the singlet ground state, making
the HCH plane perpendicular to the COO plane. For an OO
bond distance ranging from 1.374 to 1.387 Å and a CO bond
distance ranging from 1.406 to 1.427 Å, we have found four
stationary points on the PES of the lowest triplet state. The
corresponding optimized structures, namely,TA1, TA2, TATS1,
andTATS2, differentiate in the OOCH dihedral angles, which
determine the rotation angle between the HCH and COO planes
and the pyramidalization at the carbon atom.TA1 andTA2
are true local minima on the CASSCF PES, whileTATS1 and
TATS2 correspond to rotational transition states connecting
these minima. However, at the highest level of theory employed
in this study, namely, MRDCI+Q/basis B with ZPVE correc-
tion, the local minimumTA1 lies higher in energy than the
transition structuresTATS1 andTATS2. Therefore, it appears
thatTA2 is the lowest energy equilibrium structure of triplet1.
A comparison of the structures calculated for the lowest singlet
and triplet states of1 (i.e.,SA1andTA2) reveals that in passing
from SA1 to TA2 the CO bond distance lengthens from 1.293
to 1.406 Å, while the OO bond distance is lengthened only by
0.034 Å. These geometrical changes indicate that the two
unpaired electrons of the lowest triplet state essentially cor-
respond to the electrons forming the COπ bond in the singlet
ground state. The dominant electronic configuration of the
MRDCI wave function of this triplet state can be written as ...
10a′1 3a′′1, so it turns out to be of A′′ symmetry. Finally, it is
worthy mentioning that the 10a′ MO is localized on the carbon
atom, while the 3a′′ MO is mainly localized on the terminal
oxygen atom.
2. Cyclization to Dioxirane. As noted in earlier theoretical

studies,20b,21f,i,26the geometry of the transition structure (SATS1)

calculated for the isomerization of singlet ground-state1 to 1c
more closely resemblesSA1 thanSA2, with the exception of
the OO bond distance (1.467 Å) which is 0.114 Å longer at the
transition structure. This is also suggested by the long CO
distance of 2.026 Å, which is closer to that (2.281 Å) inSA1
than that (1.399 Å) inSA2. Furthermore, despite the rotation
of the CH2 group with respect to the OOC plane inSATS1
(47.4°), the pyramidalization at the carbon atom is negligible.
The 1 f 1c isomerization is calculated to be exothermic by
28.5 kcal/mol with an energy barrier of 24.0 kcal/mol. These
values are somewhat high as compared with the exothermicity
of 24.2 kcal/mol and the energy barrier of 20.3 kcal/mol
predicted at the CCSD(T)/DZ+P level of theory.21i The
calculated energy barrier should be sufficiently small that the
reaction will occur readily in the gas phase, where relaxation
of the vibrationally excited molecules of1 is slow. In the liquid
phase where the internal excess energy of the molecules is
dissipated more efficiently (via collisional deactivation), it is
likely that most1 will relax before isomerization to1c. It is
worth noting that the calculated dipole moment ofSATS1(3.27
D) is smaller than that ofSA1 (3.86 D). Therefore, it seems
reasonable to conclude that the1 f 1c isomerization will not
be favored in polar solvents, due to less effective dielectric
stabilization of the less polar transition state.
3. Internal Rotation about the CO Bond. Previous ab

initio calculations have assumed that the formalsyn/anti
isomerization of singlet1 via twisting of the CH2 group about
the CO bond axis takes place via a perpendicular transition
structure ofCs symmetry in which the plane of the carbon atom
(sp2 hybridization) has been rotated 90° with respect to the
planar equilibrium geometry of singlet1. In contrast, we have

Figure 6. Schematic potential energy diagram showing the relative energies of the stationary points located on the C2H4O2 lowest triplet state
potential energy surface. Energy values were obtained from the ZPVE-corrected MRDCI+Q/basis A energies relative to that ofTB1.

Table 3. MRDCI+Q Dissociation Energies (kca/mol) of the Lowest Singlet and Triplet States of Formaldehyde and Acetaldehyde Carbonyl
Oxides for Oxygen Atom Lossa,b

dissociation channel basis set A basis set B

H2COO(1A′)fH2CO(1A1) + O(1D) 37.7 (35.5) 34.6 (32.4)
H2COO(3A′′)fH2CO(1A1) + O(3P) -38.9 (-39.7) -40.0 (-40.8)
CH3(H)COO(syn)(1A′)fCH3(H)CO(1A) + O(1D) 34.1 (32.0)
CH3(H)COO(anti)(1A′)fCH3(H)CO (1A) + O(1D) 31.6 (29.8)
CH3(H)COO(3A)fCH3(H)CO(1A) + O(3P) -45.7 (-46.9)

aMRDCI+Q energies of the dissociation products (hartrees):-114.18800 (H2CO (1A1), basis A),-114.25783 (H2CO (1A1), basis B),-153.36549
(CH3(H)CO (1A)), -74.89773 (O (3P), basis A),-74.93865 (O (3P), basis B),-74.81809 (O (1D), basis A), and-74.86038 (O (1D), basis B).
b ZPVE corrected values are given in parentheses.
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found that the rotation of the HCH plane about the CO bond
leads to a substantial pyramidalization at the carbon atom. As
a consequence, depending on the orientation of the HCH plane
with respect to the OO bond, there are two possible conforma-
tions of the transition state. In fact, we have located theSATS2
and SATS3 transition structures ofCs symmetry on the
conformational PES of singlet1. Both transition structures
correspond to the same electronic state (1A′′) and have nearly
identical geometrical parameters except that inSATS3the CH2
group is directed toward the OO bond, while inSATS2 it is
directed outward. At all levels of theorySATS3 is predicted
to be somewhat less energetic thanSATS2. As anticipated from
the significant double bond character predicted for the CO bond
of 1, the rotation of the CH2 group about the CO bond involves
a high energy barrier. This is calculated to be at least 25.7
kcal/mol (viaSATS3). Therefore, the formalsyn/antiisomer-
ization by rotation of the CH2 group about the CO bond should
be slow in the gas phase compared to other reactions of singlet
1. Again it is worth noting that the calculated dipole moments
of SATS2 (2.41 D) andSATS3 (2.23 D) are smaller than that
of SA1 (3.86 D). Consequently, it seems reasonable to conclude
that the rotation of the CH2 group about the CO bond will not
be favored in polar solvents.

At this point it is noteworthy that the geometry ofSATS3 is
very similar to that calculated forTA2. This result can be
rationalized by noting that these structures belong to electronic
states of the same symmetry (A′′) and that the corresponding
MRDCI wave functions have the same dominant electronic
configuration (... 10a′1 3a′′1). The different spatial localization
of the singly occupied orbitals 10a′ and 3a′′ noted above suggests
that the exchange integral, causing most of the1A′′-3A′′ energy
splitting, should be small. In fact, from the MRDCI+Q/basis
A energies (Table 1 of the supporting information),SATS3 is
calculated to lie only 1.6 kcal/molaboVeTA2. We will discuss
the implications of these features in a following section.

4. Inversion at the Central Oxygen Atom. Earlier
theoretical studies have reported a COO linearC2V structure to
be the transition state for the formalsyn/antiisomerization of
singlet1 via opening of the OOC bond angle.18,21a It should
be pointed out that the nature (minimum or saddle point) of
this structure was not determined in those studies. We have
located a stationary point on the singlet PES of1 which
corresponds to thisC2V structure. The OO and CO bond
distances of its optimized geometry, labeledSATS4, are 0.140
Å longer and 0.089 Å shorter, respectively, than those inSA1.
The harmonic vibrational analysis ofSATS4 showed two
imaginary frequencies (5650i and 705i cm-1), indicating that
this structure is not a true transition state. Furthermore, at the
MRDCI+Q/basis B level,SATS4 is calculated to lie about 10
kcal/mol higher than theSATS2 andSATS3 transition struc-
tures. Consequently, the importance of the degenerate pathway
leading to inversion about the CO bond axis is lessened, as
compared with the formalsyn/anti isomerization via twisting
of the CH2 group about the CO bond axis.

5. Oxygen Atom Loss. The dissociation of singlet1 into
the singlet ground state of formaldehyde (1A1) and the lowest
singlet state of the oxygen atom (1D) is predicted to be highly
endothermic. The calculated dissociation energy of 32.1 kcal/
mol (see Table 3) for this process is about 30% lower than the
value of 47 kcal/mol estimated by Cremeret al.21i from CCSD-
(T)/TZ+2P calculations combined with thermochemical data.
In clear contrast, the dissociation of the lowest triplet state of1
(3A′′) into ground-state formaldehyde and the triplet ground state
of the oxygen atom (3P) is predicted to be exothermic by 40.7

kcal/mol.52,53 GVB-CI calculations using a DZ basis set have
predicted a dissociation energy of-53.8 kcal/mol.16a This result
led Wadt and Goddard to conclude that the twisted3A′′ state
of 1 should fall apart, since a significant barrier for scission of
the OO bond is not expected. Our calculations give strong
support to this conjecture. Thus, we have found on the triplet
PES of1 a transition structure (TATS3) interconnectingTA2
and the ground-state formaldehyde plus O (3P), lying 3.7 kcal/
mol aboveTA2. This transition structure closely resembles
TA2, with the exception of the OO and CO bond distances
which are 0.155 and 0.060 Å longer and shorter, respectively,
and the pyramidalization at the carbon atom, which is negligible
at the transition structure.
As indicated in section I, the O-atom channel amounts to an

estimated 1-5% of the total decomposition of the hot1
generated in the gas-phase reaction of triplet methylene with
O2. On the basis that1 generated in the less-energetic ethylene
ozonolysis does not produce oxygen atoms at a detectable level,
a substantial energy barrier is expected for the OO bond scission.
Furthermore, since there is some evidence that the oxygen atoms
are ejected in the triplet ground state, it is of interest to inquire
about the mechanism of the oxygen atom loss from singlet1.
In this regard we return to the point concerning the great
similarity found between the geometries ofSATS3 andTA2,
as well as the small energy difference (1.6 kcal/mol) between
such structures. These features suggest a possible surface
crossing between the lowest singlet and triplet states of1 at
some molecular geometries close to those ofSATS3 or TA2.
In fact, an extensive CASSCF search using the dihedral angle
(φ) between the OOC and HCH planes as a reaction coordinate
led to the location of a structure (φ ) 77.5°), labeledSTAC in
Figure 7, where the singlet-triplet energy gap was calculated
to be zero.54 Consequently, this structure corresponds to a
crossing point on the singlet-triplet crossing surface, or seam.
In view of this, we propose thatthe most reasonable pathway
for the O-atom channel decomposition of hot singlet1 inVolVes
rotation of the CH2 group about the CO bond axis, followed by
intersystem crossing (ISC) to the lowest triplet state and
subsequent scission of the OO bondVia the transition structure
TATS3.
It is worth mentioning thatSTAC is just one arbitrary point

on the singlet-triplet crossing seam and not necessarily
anywhere near the lowest energy crossing point. However, it
is likely that this point lies energetically close toSTAC since
the overall triplet PES is nearly flat, the highest and lowest points

(52) At the MRDCI+Q/basis B level, the1D-3P energy splitting in the
oxygen atom is calculated (see footnotea in Table 3) to be 49.1 kcal/mol,
compared with the experimental1D2-3P2 energy splitting of 45.4 kcal/
mol.53

(53) Moore, C. E.Atomic Energy LeVels; National Bureau of Standards
Circular 467; U.S. Department of Commerce: Washington, DC, 1949.

(54) Calculated CASSCF(8,8)/basis A energies (hartrees):-188.67167
(singlet) and-188.67168 (triplet).

Figure 7. Selected geometrical parameters of the CASSCF/basis A
calculated structure of a crossing point on the singlet-triplet crossing
surface of formaldehyde carbonyl oxide. Distances are given in
angstroms and angles in degrees.
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(i.e., TA1 andTATS3) differing only by 2.4 kcal/mol at the
CASSCF/basis A level. At this level of theory,STAC is
calculated to lie 24.8 kcal/mol aboveSA1, that is, 2.2 kcal/mol
above the transition structure for the cyclization of1 to 1c,
SATS1. Thus, under conditions where the initially formed
singlet1 retains enough of the excess internal energy, the loss
of oxygen atom should compete with isomerization to1c.
It is also useful to consider the relative efficiency with which

ISC leads the ground-state singlet to the lowest triplet state.
The probability of ISC induced by the spin-orbit coupling
mechanism depends on the magnitude of the spin-orbit
coupling matrix elementsHIJ

SO between the singlet and triplet
wave functions near the singlet-triplet crossing seam.55 The
HIJ

SO matrix elements were computed56 (in a one-electron
approximation using the effective nuclear charges of C (3.6)
and O (5.6) optimized by Koseki et al.57) atSTAC. The results
were very small: 0.4 cm-1 for the parallel coupling (theHIJ

SO

matrix element connecting the singlet state and theMS ) 0
component of the triplet state) and 5 cm-1 for the perpendicular
coupling (theHIJ

SOmatrix elements connecting the singlet state
and theMS) -1 and+1 components of the triplet state). Thus,
while the ISC induced by the spin-orbit coupling mechanism
is operative, it will not be efficient. Both the fact that singlet-
triplet intersection is predicted to occur at very high energy and
the low efficiency of the ISC (spin-orbit coupling) suggest that
the O atom channel decomposition mode of singlet1 is not
easily accessible. This suggestion is in good agreement with
the experimental observation that the O atom channel contributes
to an estimated 1-5% of the total carbonyl oxide consumption.14a

B. Acetaldehyde Carbonyl Oxide. 1. Singlet and Triplet
Equilibrium Structures. As far as we know, there are neither
experimental data nor geometrical results from high-level ab
initio calculations to judge the reliability of our structural
predictions regarding the equilibrium structures of2 and2c. In
comparing the geometrical parameters of the OOC moiety of
the structures optimized for thesyn (SB1) and anti (SB2)
stereoisomers of singlet2 with those ofSA1, it is found that
the substitution of a hydrogen atom by a methyl group in the
parent carbonyl oxide1 causes a small elongation (about 0.03
Å) of the OO bond distance and a slight shortening (about 0.01
Å) of the CO bond distance. However, such a substitution
increases the dipole moment by 0.45 (SB1) and 1.08 (SB2) D.
On the other hand, it is interesting to note that inSB1a methyl
hydrogen atom eclipses the adjacent methylene hydrogen atom,
while in SB2 these atoms are staggered. These results are in
good agreement with early MP2 calculations with the 6-31G*
basis set.21a Also in qualitative agreement with these calcula-
tions, we found thesynisomer to be 2.2 kcal/mol less energetic
than theanti isomer. As regards the equilibrium structure
calculated for2c (SB3), it is noteworthy that the plane defined
by a CH bond of the methyl group and the CC bonds bisects
the plane of the OCO ring. A comparison of geometrical
parameters ofSB3 andSA2 reveals that the substitution of a
hydrogen atom by a methyl group in the parent dioxirane1c
does not cause any significant change in the geometry of the
three-membered ring. Furthermore, this substitution increases
the dipole moment by only 0.18 D. The most remarkable

geometrical feature of the equilibrium structure calculated for
singlet hydroperoxyethylene (SB4) is the nearly planarcis
conformation arrangement of the four heavy atoms. It is also
worth mentioning that the calculated OO bond distance of 1.478
Å is somewhat longer than the experimental OO bond distance
(1.452 Å) in hydrogen peroxide.
Regarding the lowest triplet state of2, the equilibrium

structuresTB1, TB2, andTB3 can be envisaged as derived from
those of the parent triplet1 (TA1 andTA2) by substituting a
hydrogen atom by a methyl group. Since the two hydrogen
atoms inTA1 are not equivalent, such a substitution leads to
the different conformationsTB1 and TB2, the latter being
predicted to be 3.0 kcal/mol more energetic than the former.
TB3, the structure formally derived from the lowest equilibrium
structure of triplet1, TA2, by the aforementioned substitution,
is energetically nearly degenerate withTB1. The common
feature of the equilibrium structuresTB1, TB2, andTB3 is that
the OO bond distances and the OOC bond angles are nearly
identical to those of the corresponding unsubstituted equilibrium
structures (TA1 andTA2), while the CO bond distances are
slightly longer (about 0.01 Å). Analogously, the rotational
transition structuresTBTS1, TBTS2, andTBTS3 connecting
theTB1, TB2, andTB3 minima can be formally derived from
the rotational transition structuresTATS1 andTATS2 of triplet
1 by substituting a hydrogen atom by a methyl group. Thus,
the OO bond distances and the OOC bond angles ofTBTS1,
TBTS2, andTBTS3 are nearly identical to those ofTATS1
andTATS2, while the CO bond distances are somewhat longer.
Therefore, it can be concluded that the substitution of a hydrogen
atom by a methyl group in the lowest triplet state of1 does not
cause any significant change in the geometry of the COOmoiety
of the structures calculated for the stationary points on its PES.
2. Syn/Anti Interconversion. Thesyn(SB1) andanti (SB2)

equilibrium structures of2 are connected by the transition
structuresSBTS3andSBTS4, which can be formally derived
from the transition structuresSATS3andSATS2, respectively,
of the parent carbonyl oxide1 by substituting a hydrogen atom
by a methyl group.SBTS3 is calculated to be 2.5 kcal/mol
less energetic thanSBTS4. As anticipated from the results
found for the rotation of the CH2 group about the CO bond in
singlet1, the conversion of thesyn isomer of2 into theanti
isomer involves an energy barrier of at least 30.5 kcal/mol (via
SBTS4). Analogously, the conversion of theanti isomer into
thesyn isomer involves an energy barrier of at least 28.3 kcal/
mol. Consequently, thesyn/antiisomerization might be slow
in the gas phase compared to other reactions of singlet2.
Furthermore, it is worth noting that the calculated dipole
moments ofSBTS3(2.40 D) andSBTS4(2.61 D) are smaller
than those of bothSB1 (4.31 D) andSB2 (4.94 D). Conse-
quently, it is likely that the interconversion of thesynandanti
isomers of2 will not be favored either in polar solvents. It is
reasonable, therefore, to expect different reactivities for thesyn
andanti stereoisomers of2.
As found for1, theSBTS3andSBTS4structure on the singlet

PES of2 are very similar to theTB3 andTBTS1 structures
located on the PES of the lowest triplet state of2. These results
again can be rationalized in terms of the dominant electronic
configuration of the MRDCI wave function of these structures,
which turns out to be the same, and the fact that the singly
occupied orbitals of such a configuration are localized on
different atoms. The energy separation between the open shell
singlet and triplet states arising from this configuration is
expected to be small. In fact, from the MRDCI+Q/basis A
energies (Table 2 of the supporting information),SBTS3 is
calculated to lie 4.4 kcal/mol aboveTB3, andSBTS41.7 kcal/
mol belowTBTS1.

(55) Yarkony, D. R.J. Am. Chem. Soc. 1992, 114, 5406.
(56) By using the one-electron terms of the Breit-Pauli Hamiltonian,57

at the CAS-CI level with the A basis set employing two sets of orbitals.
The core orbitals obtained from the CASSCF(8,8) calculation of the triplet
state were used for the singlet state (the frozen core approximation),58 and
the active orbitals of the singlet state were reoptimized in a separate
CASSCF(8,8) calculation. All calculations were accomplished using the
GAMESS code.

(57) Koseki, S.; Schmidt, M. W.; Gordon, M. S.J. Phys. Chem. 1992,
96, 10768.

(58) Lengsfield, B. H., III; Jafri, J. A.; Philips, D. H.J. Chem. Phys.
1981, 74, 6489.

Unimolecular Isomerizations and Oxygen Atom Loss J. Am. Chem. Soc., Vol. 118, No. 19, 19964645



3. Cyclization to Methyldioxirane. As a consequence of
the predicted configurational stability of thesyn and anti
stereoisomers of2, there are two different transition structures
for its isomerization to2c. One (SBTS1) connects the equi-
librium structure of thesynisomer (SB1) with that of2c (SB3),
while the other (SBTS2) connects the equilibrium structure of
the anti isomer (SB2) with SB3. A comparison of these
transition structures with that calculated for the cyclization of
the parent carbonyl oxide1 (SATS1) indicates that the methyl
substituent causes a small elongation (about 0.04 Å) of the OO
bond distance and a slight shortening (about 0.02 Å) of the CO
bond distance. These geometrical changes are roughly the same
noted above for the equilibrium structuresSB1 andSB2. In
contrast to the small geometrical changes caused on both the
reactant and transition state of the1 f 1c cyclization, the
substitution of a hydrogen atom by a methyl group in1 has a
significant effect on the corresponding energy barrier. Thus,
the energy barriers for the cyclization of thesynandanti isomers
of 2 are calculated to be 28.4 and 20.6 kcal/mol, respectively,
while that of 1 is 24.0 kcal/mol. On the other hand, the
exothermicity of 28.2 kcal/mol calculated for the cyclization
of the syn isomer of2 is only 0.3 kcal/mol lower than that
calculated for the cyclization of1. Assuming the same
preexponential factor of the thermal Arrhenius expression of
the rate constant for the1 f 1c and2 f 2c isomerizations,it
can be concluded that in the gas phase the cyclization of the
anti isomer of2 into 2cshould be faster than that of the parent
carbonyl oxide1 into 1c,while the cyclization of the syn isomer
should be slower than the latter.
Regarding the cyclization in the liquid phase, it is worth

noting that the calculated dipole moment ofSB1 (4.31 D) is
larger than that ofSBTS1 (3.96 D), and that ofSB2 (4.94 D)
is also larger than the dipole moment ofSBTS2 (4.42 D).
Therefore, it is plausible that the cyclization of either thesyn
or anti isomer of2 into 2cwill not be favored in polar solvents.
4. Oxygen Atom Loss. The dissociation of singlet2 into

the singlet ground state of acetaldehyde (1A) and O (1D) is
predicted to be a highly endothermic process (see Table 3). Thus,
for the syn and anti isomers of2 the dissociation energy is
calculated to be 31.8 and 29.6 kcal/mol, respectively. On the
other hand, the dissociation of the lowest triplet state of2 (i.e.,
TB1) into the ground state of acetaldehyde and O (3P) is
predicted to be exothermic by 47.0 kcal/mol. As in the case of
the parent carbonyl oxide1, this suggests a low energy barrier
in the lowest triplet state of2 for scission of the OO bond. In
fact, we have found a transition structure (TBTS4) intercon-
nectingTB3 and the ground-state acetaldehyde plus O (3P) lying
only 0.5 kcal/mol aboveTB3. This transition structure closely
resemblesTB3, with the exception of the OO and CO bond
distances which are 0.151 and 0.063 Å longer and shorter,
respectively, at the transition structure.
The greater similarity found between the geometries of

SBTS3andTB3, as well as the small energy difference (4.4
kcal/mol) between such structures, again suggests a surface
crossing between the lowest singlet and triplet states of2 at
some molecular geometries close to those ofSBTS3or TB3.
We have not attempted the location of any structure corre-
sponding to a crossing point on the singlet-triplet crossing
surface. However, as in the case of1, it is likely that the most
reasonable pathway for the O-atom channel decomposition of
hot singlet2 involves the rotation of the CHCH3 moiety about
the CO bond axis, followed by ISC to the lowest triplet state
and subsequent scission of the OO bond via theTBTS4
transition structure. From the MRDCI+Q plus ZPVE correction
energies (Table 2 of the supporting information),TB3 is
calculated to lie 28.9 and 26.7 kcal/mol aboveSB1 andSB2,

respectively. It can be concluded, therefore, that the O-atom
channel decomposition mode of singlet2 is not easily accessible.
This conclusion is consistent with the results obtained in
stopped-flow studies of gas-phase ozonation oftrans-butene
suggesting that the O-atom channel contributes on the order of
e5% to the decomposition of2.28b

5. Tautomerization to Hydroperoxyethylene. The tau-
tomerization of thesyn isomer of singlet2 to hydroperoxyeth-
ylene is predicted to be exothermic by 20.2 kcal/mol with an
energy barrier of 21.2 kcal/mol. The transition structure
calculated for this isomerization (SBTS5) shows a nearly planar
five-membered ring where the migrating H atoms is linked to
the terminal carbon and oxygen atoms through long bond
distances (i.e.,R(CH) ) 1.382 Å,R(OH) ) 1.322 Å). This
indicates, no unexpectedly, that only thesyn isomer of singlet
2 has the adequate spatial arrangement of the four heavy atoms
to undergo tautomerization to hydroperoxyethylene. Since the
conversion of theanti isomer into thesynisomer has an energy
barrier of at least 28.3 kcal/mol (viaSBTS4), the tautomerization
of the anti isomer to hydroperoxyethylene should be slow in
the gas phase compared to other reactions such as its cyclization
to 2c, which has a lower energy barrier of 20.6 kcal/mol. In
contrast, the tautomerization of thesynisomer to hydroperoxy-
ethylene, involving an energy barrier of 21.2 kcal/mol, should
be faster than its isomerization to2c, which has an energy barrier
of 28.4 kcal/mol. Therefore, if one assumes that thesynand
anti isomers of singlet2 are formed in comparable amounts in
the gas-phase ozonation oftrans-butene, one can make the
prediction thatthe fraction of2 decomposedVia tautomerization
to hydroperoxyethylene should be on the same order as the
fraction of2 decomposedVia cyclization to2c. This prediction
is consistent with experimental results on the gas-phase ozo-
nation oftrans-butene suggesting that at least 10% of the total
carbonyl oxide2 formed decomposes via the hydroperoxide
channel and also at least 10% of it decomposes via the
isomerization to2c pathway.28b Furthermore, on the basis of
the significantly lower energy barrier calculated for the hydro-
peroxide channel of thesyn isomer of2, as compared to the
energy barrier calculated for its isomerization to2c, it is
reasonable to predict for methyl-substituted carbonyl oxides with
a methyl group adjacent (syn) to the terminal oxygen that the
tautomerization to the corresponding hydroperoxide should
clearly dominate over the isomerization to the corresponding
dioxirane. Once again this prediction agrees with experimental
results on the gas-phase ozonation of tetramethylethylene
suggesting that 80% of the acetone carbonyl oxide formed
follows tautomerization to 2-hydroperoxypropylene, while
isomerization to dimethyldioxirane is negligible.28a

V. Conclusions

Our theoretical investigation of the CH2O2 and C2H4O2 singlet
and triplet potential energy surfaces in the regions concerning
the most relevant unimolecular reactions of formaldehyde and
acetaldehyde carbonyl oxides reveals several important points.
(1) Thesynstereoisomer of acetaldehyde carbonyl oxide is

predicted to be 2.2 kcal/mol less energetic than itsanti
stereoisomer. The interconversional energy barriers of these
stereoisomers are calculated to be at least 30.5 kcal/mol (syn)
and 28.3 kcal/mol (anti). It is reasonable, therefore, to expect
different reactivities for thesyn and anti stereoisomers of
acetaldehyde carbonyl oxide.
(2) The isomerization of formaldehyde carbonyl oxide to

dioxirane is calculated to be exothermic by 28.5 kcal/mol with
an energy barrier of 24.0 kcal/mol. The substitution of a
hydrogen atom by a methyl group in this carbonyl oxide has a
significant effect on the corresponding energy barrier, while such
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a substitution has little effect on the energy of reaction. Thus,
the energy barriers for the cyclization of thesyn and anti
stereoisomers of acetaldehyde carbonyl oxide into methyldiox-
irane are predicted to be 28.4 and 20.6 kcal/mol, respectively.
The cyclization in the gas phase of theanti isomer of
acetaldehyde carbonyl oxide should be faster than that of the
parent carbonyl oxide, while the cyclization of thesyn isomer
should be slower than the latter.
(3) The dissociation of the singlet ground state of both

formaldehyde and acetaldehyde carbonyl oxides into the singlet
ground state of the corresponding carbonyl compound and the
lowest singlet state of the oxygen atom (1D) is predicted to be
highly endothermic. In contrast, the dissociation of the lowest
triplet state of both carbonyl oxides into the singlet ground state
of the corresponding carbonyl compound and triple ground state
of the oxygen atom (3P) is predicted to be highly exothermic
with a low energy barrier (i.e., 3.7 and 0.5 kcal/mol for
formaldehyde and acetaldehyde carbonyl oxides, respectively).
For the parent carbonyl oxide, a surface crossing between the
lowest singlet and triplet states is found at twisted geometries
of the singlet state close to that calculated for the equilibrium
structure of the triplet state. Therefore, a reasonable pathway
for the oxygen atom loss from hot singlet carbonyl oxides
involves an internal rotation about the CO bond axis, followed
by ISC to the lowest triplet state and subsequent scission of the
OO bond. Since the surface crossing between the lowest singlet
and triplet states is predicted to occur at very high energy, the
oxygen atom loss from carbonyl oxides competes with the
cyclization to the corresponding dioxirane. Moreover, the
efficiency of the ISC (spin-orbit coupling) is predicted to be
low, so the O-atom channel decomposition mode of singlet
carbonyl oxides is not easily accessible.
(4) The tautomerization of thesynstereoisomer of acetalde-

hyde carbonyl oxide to hydroperoxyethylene is predicted to be
exothermic by 20.2 kcal/mol with an energy barrier of 21.2 kcal/
mol. Therefore, this isomerization competes favorably with the

cyclization to methyldioxirane. In contrast, since the tautomer-
ization of theanti stereoisomer requires a previousanti f syn
conversion, which involves an energy barrier 7.7 kcal/mol higher
than that calculated for its cyclization, the tautomerization of
the anti stereoisomer of acetaldehyde carbonyl oxide cannot
compete with its cyclization to methyldioxirane. For methyl-
substituted carbonyl oxides with a methyl group adjacent (syn)
to the terminal oxygen atom, it is predicted, in general, that the
tautomerization to the corresponding hydroperoxide should
clearly dominate over the isomerization to the corresponding
dioxirane.
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