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The mechanism of the chloride ion-induced catalytic decomposition of methyl(trifluoro-
methyl)dioxirane in trifluoroacetone was studied at the MP4//MP2/6-31+G(d) level of theory.
The solvated chloride ion interacts with dioxirane to form an ion-dipole pair, which is trans-
formed into the key intermediate CIO—C(Me)(CF3;)—O~ acting as a chain carrier in the
catalytic decomposition of dioxirane. The generation of singlet oxygen occurs during the trans-
formations of this intermediate on the singlet potential energy surface.
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methods.

The generation of singlet oxygen (10,) in reactions of
three-membered cyclic peroxides, viz., dioxiranes,!—3 was
reported for the first time in the study,? in which the chemi-
luminescence characteristic of 'O, was observed in the IR
spectral region’ in the course of oxidation of 4-(dimethyl-
amino)pyridine with dimethyldioxirane (DMD). The re-
sulting N-oxide caused the rapid decomposition of per-
oxide. Some other N-oxides also cause the decomposition
of DMD and methyl(trifluoromethyl)dioxirane (TFD, 1)
accompanied by IR chemiluminescence of singlet oxygen.

The scheme of the generation of 102 was proposed in
the studies.4® According to this scheme, the nucleophilic
attack of the negatively charged oxygen atom of N-oxide
on the peroxide bond of dioxirane giving the peroxide in-
termediate, viz., the adduct of dioxirane and R;N*—0~,
is responsible for the decomposition of dioxiranes and the

generation of singlet oxygen. More recently, based on the
available experimental data, the similar mechanism of the
catalysis was proposed for the anion-induced decomposi-
tion of dioxiranes,”? which are new efficient systems for
the generation of 102 (Scheme 1).

Unlike the reactions of dioxiranes with tertiary amines,
the anion-induced catalytic decomposition of peroxides is
characterized by high yields of '0,. In the case of chloride
ions, the yield of 10, is 97 and 69% for DMD and TFD,
respectively.?

Taking into account the high yields of singlet oxygen
and the important role of dioxiranes in organic synthe-
sisl—3 and chemiluminescence of oxidation reactions,2-10—12
detailed data on the mechanism of the reactions of di-
oxiranes with anions are of considerable interest. These
data can provide deeper insight into the generation of ex-
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cited states in reactions of peroxides, can help in under-
standing the factors having an effect on the stability of
dioxiranes in solutions, and can be useful in the examina-
tion of the possibility of the practical application of these
reactions, for example, as a source of 102 in chemical
lasers or in organic synthesis.

In our previous study, we have investigated the mecha-
nism of the chloride ion-induced decomposition of DMD
by ab initio methods and proposed the scheme explaining
the generation of singlet oxygen.13 In the present study,
we investigated the mechanism of the reaction of TFD,
which is the most reactive dioxirane, with CI~ ions by
quantum chemical methods and performed the compara-
tive analysis of the results to reveal the influence of the
nature of dioxirane on the catalytic decomposition and
the efficiency of the generation of '0,.

Calculation procedures

The full optimization of all structures, the solution of the
vibration problem, and the thorough investigation of the poten-
tial energy surface of the reaction, including the relaxed scan
and the intrinsic reaction coordinate (IRC) scan, have been per-
formed as described in the previous study!? by the second- and
fourth-order Moller—Plesset perturbation theory (MP2 and
MP4, respectively), the quadratic configuration interaction with
single and double excitation (QCISD), and the coupled cluster
(CC) methods. The wave-functions of all compounds, except for
the oxygen molecule, were constructed by the restricted Har-
tree—Fock method. The basis set superposition error was esti-
mated by the counterpoise method. The energy parameters for
the chloride ion-induced decomposition of TFD were reduced
to 298 K in the calculations of the zero-point vibrational energy
and thermal corrections for all the compounds under study. The
transition states are marked with the sign "#"; the other station-
ary points, which are not marked with this sign, correspond to
equilibrium structures.

The choice of the methods of investigations was explained in
detail in the earlier study of the related reaction of DMD with
chloride ions.!3 The examination of different quantum chemical
levels of theory for the reliability and reproducibility of the geo-
metric and energy characteristics of the reaction under study
confirmed the previous conclusions that the extension of the
basis set (starting with 6-31+G(d)) has virtually no effect on the
results of calculations and that it is reasonable to use the QCISD
and MP2 methods for the optimization of the structures and the
electron correlation correction. Hence, we chose the MP2 per-
turbation theory method, which is less time-consuming than the
QCISD method, as the main method of investigations. The en-
ergies of the structures were improved by the MP4 method
(SDTQ).

The adiabatic electron affinity was calculated by the G3MP2B3
method! as the difference between the standard enthalpies of
formation of the neutral species and its coupled anion. The elec-
tron density analysis was performed by the natural bond orbital
(NBO)!5 and Bader's Atoms in Molecules (AIM)1¢ methods. All
calculations were carried out with the use of the Gaussian 03
Revision-D02 program package.!”

Results and Discussion

Geometric parameters. The thorough scan of the po-
tential energy surface for the reaction of compound 1 with
chloride ions in trifluoroacetone (TFA) revealed com-
pounds 2, 3 (Fig. 1), 7, and 8,* transition states 4* and 9%,
and intermediates 5 (its protonated form 6), 10, and 11.
The main geometric parameters of all these structures are
presented in Tables 1 and 2. Structures 4* and 9* are char-
acterized by imaginary vibrational frequencies of —63 and
—135 cm™!, respectively, reflecting the displacements of
the nuclei along the reaction coordinate. The presence of
the single imaginary frequency and the energy profile de-
termined by IRC calculations confirmed that the transi-
tion states do occur.

Energies of ion-dipole interactions and the enthalpies of
formation of compounds 2, 3, 7, and 8. Structures 2, 3, 7,
and 8 deserve more detailed analysis. These structures con-
sist of an ion (chloride anion or intermediate 5) and
a molecule (TFA or dioxirane 1), the anion being oriented
in the direction opposite to the oxygen atoms of the mole-
cule (see Fig. 1). The following three hypotheses were
made: the observed structure is (1) an artefact due to the
basis set superposition error, (2) a C—H...X~-type hydro-
gen-bonded complex, or (3) an electrostatically stabilized
pair of chemically unbound species.

The validation of the first hypothesis by the counter-
poise method showed that our calculations are affected by
the basis set superposition error. However, this error is not
sufficiently high (3—5 kcal mol~!) to explain the relatively
strong interaction between the reagents. Thus, the calcu-
lated binding energies of structures 2, 3, 7, and 8 are in the
range of 13—15 kcal mol~!.

To examine the second hypothesis, the topological
analysis of the electron densities in these structures was
performed by the AIM method.16:18 The principal results
given in Table 3 provide convincing evidence for the for-
mation of a C—H...X~ hydrogen bond (X is the Cl or O
atom in intermediate 5). The AIM analysis of all the struc-
tures under consideration revealed the H...X bond path
and the corresponding critical point. The electron densi-
ties p and the Laplacians V2p (see Table 3) are character-
istic of typical hydrogen bonds.!8 The hydrogen bond for-
mation is evidenced also by the characteristic interatomic
H.. X contacts, an increase in the positive charge on the H
atom, an elongation (by 0.006—0.015 A) of the C—H bond,
and a decrease in the stretching frequency of this bond.

However, the high binding energy in the complexes under
study, which is absolutely untypical of weak C—H...X
hydrogen bonds,1%:2% should be taken into account. Even

* Structural isomers, which differ in the mutual arrangement of
the trifluoromethyl groups of the anion and dioxirane, are possi-
ble for compounds 7 and 8. The most stable (by ~0.5 kcal mol~!)
structures are shown in Fig. 1.
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Fig. 1. Structures of dioxirane 1, complexes 2, 3, 7, and 8, intermediates 5, 6, 10, 11, and 12, and transition states 4* and 9* located on
the singlet potential energy surface by the MP2/6-31+G(d) method for the reaction of dioxirane with chloride ions. The dipole
moment vectors of complexes 2 and 3 are indicated by arrows.
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Table 1. Geometric parameters of structures 1—3, 5—8, 10—12, 4#, and 9* optimized by the MP2/6-31+G(d) method

Struc- Distance r/A Angle ¢/deg
ture

Struc- Distance r/A Angle ¢/deg
ture

1 C()—CQ2) 1496 C@2)—C(1)—C@3) 1164
C(1)—O(1) 1398 O(1)—C(1)—0(2)  67.1
0(1)—0(2)  1.547
C(2)—H(1)  1.091
C(3)—F() 1.338

2 C()—C(Q2) 1485 C(1)—C@2)—C@3) 116.1
C(2)—0 1227  0—C(2)—Cl 117.5
c@)—cl 3.875

3 C(1)—C(2) 1487 C@Q)—C(1)—C@3) 1166
o(1)—C(1) 1400 O(1)—C(1)—Cl 97.2
0(1)—0(2) 1546 O(1)—C(1)—0(2)  66.8
c(1)—Cl 4.205

#  C()—O0(l) 1377 CQ)—C(1)—C@3) 115.1
C(1)—0(2) 1407 C(1)—0(1)—Cl 95.3
C()—C(Q2) 1497 O(1)—C(1)—0(2)  70.7
0(1)—0(2) 1610
o(1)—Cl 2.724

5 C()—O(l) 1599 C@2)—C()—C@3) 1111
C(1)—0(2) 1280 C(1)—0(1)—Cl 120.9
C()—C@2) 1532 0(1)—C(1)—0(2) 103.6
0(1)—0(2) 2271
0o(1)—Cl 1.746

6 C(1)—O(1) 1449 C(@2)—C(1)—C@3) 113.0
C(1)—0(2) 1392 C(1)—0(1)—Cl 115.8
C()—C@2) 1508 O(1)—C(1)—0(2) 103.0
0(1)—0(2) 2224 H(#)—0(2)—C(1) 108.6
o(1)—Cl 1.725
H(4)—0(2)  0.980

7 Cl—0(1) 1.745  C(2)—C(1)—C(3) 111.4
o(1)—C(1) 1571 C(1)—0(1)—Cl 120.6
C()—C@E) 1551 0O(1)—C(1)—0(2)  103.1
C(1)—0(2) 1291 C(5)—C@4)—C(6) 116.7
0(1)—0(2) 2247 C(1)—0(2)—C(4) 113.7
0(2)—C@4) 3911 0(2)—C(4)—0(3) 131.8
C(4)—C(5)  1.550
C(4)—0(3) 1.229

8 Cl—0(1) 1.744  C()—C(1)—C@3) 1115
o(1)—C() 1582 C(1)—0(1)—Cl 120.8
C()—C@3) 1551 0O(1)—C(1)—0(2)  103.2

C(1)—0(2) 1288 C(5)—C@)—C(6) 117.1
0(1)—0(2) 2257 0O@B)—C#)—0®14)  66.6
0(2)—0@3) 4.765 C(1)—0(2)—0(3) 126.2
0(3)—0(4) 1545 0(2)—0(3)—0(4) 106.2
C(4)—0(3)  1.405
C(4)—C(5)  1.487

9+ Cl—0(1) 1745 C2)—C(1)—C@3) 110.7
o(1)—C(1) 1505 C(1)—0(1)—Cl 117.4
C(1)—C(3) 1559 O(1)—C(1)—0(2) 103.0
C(1)—0(2) 1324 C(5)—C@4)—C(6) 1129
0(1)=0(2) 2217 0@3)—C(4)—0(4)  80.4
0(2)—0@3) 1972 C(1)—0(2)—0(3) 112.3
0(3)—0(4) 1775 0(2)—0(3)—C(4) 106.6
0(3)—C(4)  1.365
C(4)—0(4)  1.385

10 Cl—O(1) 1.728  C(2)—C(1)—C@3) 1117
o(1)—C(l) 1456 C(1)—0(1)—Cl 115.7
C()—C@3) 1541 0O(1)—C(1)—0(2) 103.8
C(1)—0(2) 1385 C(5)—C(4)—C(6) 110.8
0(1)=0(2) 2236 0O(3)—C#)—0®4) 103.3
0(2)—0@3) 1505 C(1)—0(2)—0(3) 106.4
0(3)—0(4) 2255 0(2)—0(3)—C®4) 1152
0(3)—C(4) 1.584
C(4)—0(4)  1.283

11 Cl—0(1) 1.723  C)—C(1)—C@3) 111.4
o(1)—C(l) 1464 C(1)—0O(1)—Cl 115.9
C()—C@3) 1555 0O(1)—C(1)—0(2)  98.3
C(1)—0(2) 1381 C(5)—C@)—C(6) 1154
0(1)—0(2) 2.153  C(1)—0(2)—0(3)  104.0
0(2)—0(3) 1488 0O(2)—0(3)—H(4)  88.1
O(3)—H(4) 1.843
C(4)—C(5) 1477
C(4)—04)  1.230

12 C()—O0(l) 1482 C@Q)—C(1)—C@3) 111.4
C(1)—0(2) 1348  C(1)—O(1)—Cl 115.9
C()—CQ2) 1522 0O(1)—C(1)—0(2) 104.4
0(1)—0(2) 2238 0O(3)—0(2)—C(1) 110.0
0(2)—0(3)  1.480
0o(1)—Cl 1.735

Table 2. Torsion angles in structures 6, 8, 9%,
and 10—12 optimized by the MP2/6-31+G(d)

method
Structure Angle 0/deg
6 H(4)—0(2)—C(1)—0(1) 54.5
8 C(1)—0(2)—0(3)—C(4) 24.7
9* C(1)—0(2)—0(3)—C(4) 120.3
10 C(1)—0(2)—0(3)—C(4) —140.2
11 C(1)—0(2)—0(3)—H(4) —128.4
0(3)—0(12)—C(1)—0(1) 167.1
12 0(3)—0(12)—C(1)—0(1) 76.4

in cyclic dimers of carboxylic acids, the hydrogen bond energy
for strong O—H...O hydrogen bonds is ~7 kcal mol~! (see
Ref. 21), which is substantially lower than the binding
energies in complexes 2, 3, 7, and 8 (see Table 3).

Hence, we suggested that the complexes under consid-
eration are stabilized not only by weak hydrogen bonding
but also by electrostatic factors, in particular, by ion-di-
pole interactions. Actually, in all the structures the orien-
tation of the vector of the dipole moment of the polar
molecule with respect to the ion (for example, see Fig. 1,
structures 2 and 3) is favorable for the ion-dipole interac-
tion, which is consistent with the electrostatic nature of
the binding.
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Table 3. Energies of ion-dipole interactions £;_4, the enthalpies
of complex formation A H°, the equilibrium C—H...X hydrogen
bond lengths, the electron densities p, and the Laplacians of the
electron densities Vzp at the critical points of the H...X bond path

Comp- —E_4 —AH? rC—H) r(H..X) p?h VZp b
I -

X kcal mol~! A a.u.

2 9.9 10.7 1.110 2.307 0.022 0.066
3 9.9 10.2 1.104 2.343 0.020 0.062
7 9.4 10.1 1.107 2.019 0.024 0.077
8 4.7 9.9 1.100 2.095 0.021 0.068

4 The thermal effect of the reaction with the correction for the
basis set superposition error is 2.9—4.9 kcal mol~! depending on
the nature of the complex.

b The ranges of the values characterizing the formation of typical
hydrogen bonds are 0.002—0.035 for the electron density and
0.024—0.139 for the Laplacian.18

The energies of the ion-dipole interactions (E;_g4) in
the structures under consideration were evaluated accord-
ing to the equation
1 gquncos

i—d = 2 >
4neg r

where ¢ is the dielectric constant of the medium (e = 1), g is
the vacuum dielectric constant, ¢ is the charge of the ion,
uis the dipole moment of the molecule under consideration,
r is the distance between the ion and the center of the
dipole, and 6 is the angle between the vector r and the axis of
the dipole. The coordinates of the center of the dipole were
calculated in the point charge approximation for polar
molecules. The point charges were found based on the anal-
ysis of the electron density distribution by the NBO method.

As can be seen from Table 3, the energies of ion-dipole
interactions calculated in the point charge approximation
are similar to the enthalpies of formation of complexes 2,
3,7, and 8 (A H°) evaluated by quantum chemical meth-
ods and corrected by the counterpoise method. Therefore,
the analysis of the nature of binding of the species in these
complexes shows that the ion-dipole interactions play the
main role, whereas the C—H...X hydrogen bond makes a
minor contribution.

Mechanism of singlet oxygen generation. The located set
of stationary points on the potential energy surface for the
reaction under consideration suggests the following scheme
of transformations, which explains the experimental ob-
servations of the catalytic decomposition of TFD accom-
panied by the efficient generation of singlet oxygen.? In
a solution in TFA, the catalyst exists mainly as complex 2.

Me Me

)=0 + cr == |c o0 1)
FaC FoC
2

Hereinafter, the ion-dipole pairs are enclosed in square
brackets. It should be noted that this interaction reflects
the effect of the solvent on the reaction pathway of TFD
with CI~. The enthalpy of formation of complex 2 is given
in Table 3. Then the resolvation of the chloride ion by
dioxirane occurs (reaction (2)).

FsC_ O FC_ O Me
] +2—|c "]+ )0 ©
/N
Me O Me O FsC

This reaction is almost thermally neutral (Table 4).
Hence, due to a considerable difference in the concentra-
tions of the molecular components, the equilibrium of
reaction (2) is shifted to the left. However, due to the low
activation energy, complex 3 is rapidly transformed into
intermediate 5 through the dioxirane ring opening, result-
ing in the irreversible consumption of dioxirane.

5 ———— oy —
Cl"'o\ ;O Cl/o\ ,0
R — R — C
/N /N
Me CF; Me CFj 3)
4% 5

Reaction (3) is the first step in the catalytic decompo-
sition of TFD. In intermediate 5, the C—O~ bond length
is 1.280 A, which is substantially smaller than the corre-
sponding bond length in compound 1 (1.398 A).

There are two possible transformation pathways of
intermediate 5. One pathway involves the decomposition
of intermediate 5 into TFA and the hypochlorite ion, which is
a chain carrier in the catalytic decomposition of dioxiranes
according to the mechanism proposed in the study:?

Table 4. Enthalpies and Gibbs free energies for the
steps of the formation of singlet oxygen during the
chloride ion-induced decomposition of dioxirane 1

Step AH%98 15K AG%98.15K
kcal mol™!
1 —10.7 —4.6
2 0.5 0.1
3 —17.6 —15.4
—1.29 1.0¢
4 34.6 22.1
5 —10.1 —0.4
6 0.2 —0.1
7 —-4.0 0.8
2.8¢4 5.7¢4
8 16.3¢ 12.7¢
9 17.7¢ 7.94
10 —51.5b —67.2b

4 Calculated at the MP2/6-31+G(d) level of theory.
b Calculated with respect to the ground state of the 0,
molecule (°Z,7).
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Another pathway involves the formation of ion-dipole
pair 7 (reaction (5)) followed by the resolvation of the
complex anion by the TFD molecule to form complex 8
(reaction (6)).

Me —0_ 0 FC
5 + >=O B cl /\Ci 0
FsC Me  CF; Me (®)]
7
—0. OO F,C_ O Me
Cl / 3 /
7+1 —= ¢ [+ )=o
Me CF;Me O FsC 6)

8

The monomolecular decomposition of intermediate 5
is 34.6 kcal mol~! endothermic (see Table 3), AG° =
= 22.1 kcal mol~!. Taking into account AG® = —RTInK,
and K. = Kp(RT)*AV, we calculated the equilibrium con-
stant K and estimated the ratio of the concentrations of
the anionic forms involved in reaction (4) as [5]/[C1O~] =
= [TFA]/K, = 5+ 10'8. Therefore, the decomposition of
intermediate 5 in TFA is thermodynamically unfavorable.
Hence, the chain of the transformations (5) and (6) seems
to be virtually the only transformation channel of inter-
mediate 5.

Reactions (5) and (6) are similar to reactions (1) and
(2). Their thermal effects are given in Tables 3 and 4. Asin
the case of complex 3, the relief of the strain in the diox-
irane ring is the driving force of the transformation of ion-
dipole pair 8, due to which reaction (7) is strongly exo-
thermic (see Table 4).

'fsC\ Me

4

/O o~~
Cl 0%--2
/\:i (0] (0]
Me" CFg

975

R

)
FsC_ ,Me
0. 05
— % 9% P~ o
/C\
Me CFg

10

Reaction (7) is the second step of the catalytic decom-
position of dioxirane giving unstable energy-saturated in-
termediate 10 overcrowded with electronegative atoms.
The successive decomposition of intermediate 10 is an
important process of the generation of singlet-excited oxygen.
Initially, the elimination of TFA occurs to form key struc-
ture 12, which is the direct precursor of singlet oxygen:

11
(|31 Me

11— Me—C—00" + >=o. ©9)
CF, F3C
12

We did not locate the transition state of this transfor-
mation. However, taking into account the smooth poten-
tial energy surface of this reaction estimated by the scan
with the use of the MP4//MP2 method, the decomposi-
tion of intermediate 10 should be very fast. Then peroxide
intermediate 12 releases the singlet oxygen molecule and
regenerates the catalyst for the reaction, viz., the chloride
ion solvated by a TFA molecule:

12 — 10, + 2. (10)

Based on the theoretical modeling of the chloride ion-
induced decomposition of compound 1, we proposed the
stepwise mechanism of the process described by reactions
(1)—(10). Earlier,8? the similar mechanism has been de-
scribed for the catalytic decomposition of DMD. There-
fore, the replacement of the methyl group in dioxirane by
CF; has only a qualitative effect on the process, which is
reflected in a slight change in the thermal effects of indi-
vidual steps.

The mechanism proposed in the present study is char-
acterized by the following features: (a) the formation of
relatively stable complexes of the catalyst or its oxidized
form with the dioxirane molecule (or a solvent), which
apparently facilitate the mutual orientation of the reagents
in the catalytic transformation, (b) the low activation bar-
riers and highly exothermic key steps of the process, and
(c) the fact that all transformations up to the generation of
102 occur on the singlet potential energy surface. The
combined action of these factors is apparently responsible
for the high probability of the generation of singlet-excit-
ed molecular oxygen322—30 in the reaction under consid-
eration.

It is interesting to compare the mechanism proposed
in the present study with the earlier mechanistic descrip-
tion of the pathways of this process$:? shown in Scheme 1.
The important difference between the two mechanisms is
the nature of the oxidized form of the catalyst and, as
a consequence, the structure of the precursor of singlet
oxygen (intermediate A in Scheme 1). Our results provide
unambiguous evidence for the extremely low thermody-
namic probability of the existence of free hypochlorite
ions in TFA.

The fact that we failed to locate the structure A as
a stable chemical compound or the possible transition state
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of the reaction is an additional argument in favor of the
new mechanism of the chloride ion-induced decom-
position of compound 1. In addition, unlike the mecha-
nism shown in Scheme 1, the sequence of transformations
(1)—(10) includes the association of the reagents and in-
termediates with the solvent, which provides at least the
partial account for the effect of the medium.

In the study,3! it was concluded that a decrease in the
yield of singlet oxygen in the reaction under consideration
can be attributed to the one-electron transfer from the
catalyst to dioxirane:

0] o
Nu- + ><| — ><| + Nu, (11)
R O R O

where Nu is a nucleophilic agent and R is Me or CF;. In
the course of this reaction, the catalyst is irreversibly con-
sumed, and the decomposition of dioxirane can occur by-
passing the path, in which singlet oxygen is generated.

To explain the factors responsible for the high yield of
0, (lAg) in the reaction under consideration, we calculat-
ed the electron affinities (EA) for dioxiranes and a series of
reduced catalytic forms of Nu by the G3MP2B3 method
(Table 5). This method reproduced the experimental val-
ues of EA with high accuracy, which is indicative of the
reliable estimate of these values for dioxiranes and inter-
mediate 5.

The high efficiency of the generation of 'O, for DMD
and compound 1 is attributed to the ability of the CI~ ion

Table 5. Electron affinities of dioxiranes and reduced
forms of potential catalysts for the decomposition of

dioxiranes
Com- EA/eV
d
poun Calculation? Experiment®
Me . O
>< | 1.87 -
Me O
FsC_ O
>< | 2.74 —
Me O
Cl 3.69 3.614
ClO0 2.32 2.278
Cl, 2.45 2.42%0.10¢
Me OCI
X 2.77 —
Me O
FsC_ ,OCIl
3.60 —
Me O

@ Calculations by the G3MP2B3 method.
5 NIST Chemistry WebBook; http://webbook.nist.gov.
¢ The average value for eight measurements.

and intermediate 5 to hold an extra electron, which de-
creases the probability of side reaction (11). The results
presented in Table 5 additionally confirm the validity of
the mechanism of the catalytic decomposition of di-
oxiranes resulting in the efficient generation of singlet ox-
ygen proposed earlier!3 and in the present study. If the
reaction proceeded with the involvement of the hypochlor-
ite ion, the one-clectron transfer (11) would be efficient
for at least dioxirane 1, which is inconsistent with the
experimental data.

The experimentally observed quenching of 'O, with
acid® can be explained in terms of this mechanism. Actu-
ally, the protonation of intermediate 5 giving compound 6
(see Fig. 1) in fact means the catalyst poisoning. The pro-
tonation of dioxirane, which is finally also reflected in the
mechanism of the reactions of compounds 5 and 1 (reac-
tions (1)—(10)), is another possible factor responsible for
the action of acids inhibiting the generation of '0,. Final-
ly, the acidic medium facilitates redox transformations.
Consequently, there is a higher probability of side reac-
tions (11), resulting in a decrease in the yield of singlet
oxygen in the reaction under consideration.

Based on the above-described model of the process,
suggestions can be made about the influence of different
factors on the efficiency of the generation of 10, and about
the characteristic features of the reaction. First, the kinet-
ic analysis of the sequence of reactions (1)—(10) assum-
ing the quasi-stationary concentration of intermediate 5
shows that this process is characterized by the first order
with respect to the concentrations of CI~ ions and di-
oxirane. Second, taking into account the direct involve-
ment of the solvent (TFA) in this process, the medium has
apparently a considerable effect on the yield of 'O,. This
effect can be manifested both in the change in the concen-
tration of ketone (which is always present in the system
due to the decomposition of dioxirane) and the control of
the activity of the catalyst due to specific interactions with
the solvent. Third, the mechanism assumes the consider-
able influence of the anion.

Actually, there is a general tendency for a decrease in
the yield of '0, in the series of anions used for the
decomposition of dioxiranes (CI"—Br——I~—Me;CO~—
HO™),39 which is attributed to the fact that the probabili-
ty of the redox pathway of this reaction increases in this
series.3! According to our data, the effective catalyst pro-
viding a high yield of singlet oxygen should have high
ionization potentials (which is equivalent to the high EA
of the reduced state) for both catalytic forms. The chloride
ion and its oxidized catalytic form 5 meet these require-
ments, which is confirmed by the exceptionally efficient,
nearly quantitative, generation of singlet oxygen during
the chloride ion-induced decomposition of dioxiranes.

To sum up, high-energy peroxides, viz., dioxira-
nes,210:11,32,33 efficiently generate singlet oxygen during
their chloride ion-induced decomposition. In this unique
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catalytic process, one of the most efficient chemilumines-
cent transformations of dioxiranes occurs.’ According to
quantum chemical calculations, this catalytic process is
complex and the hypochlorite ion proposed earlier? is not
a chain carrier in the reaction. Intermediate 12 rather
than the intermediate A, which has been postulated earlier
(Scheme 1), is the direct precursor of the oxygen molecule
in the excited electronic state.
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