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Abstract—Reaction paths are calculated by the DFT method in the B2LYP/6-31G* approximation for direct
oxidation of cyclohexene and butene with nitrous oxide into carbonyl compounds. Two possible reaction chan-
nels differing in their intermediate are analyzed. Two-step mechanisms are predicted for these reactions. Both
steps are activated reactions. The first step of the first channel is the conversion of the initial reactants into the
five-membered heterocycle 1,2,3-oxadiazole, -C—N=N-O—C—, via a transition state. The first step of the second
channel leads from the reactants via a transition state to a three-membered heterocycle (epoxide), -C—O-C-.
The second step is the decomposition of these intermediates through hydrogen transfer within the hydrocarbon
backbone and the formation of the final products. The rate-limiting step in the oxidation of cyclohexene and
butene is determined by the electronic structure of the -C—N=N-O-C- heterocycle and is independent of the
structure of the other hydrocarbon moieties. The activation energies calculated for separate steps suggest that
the first reaction channel, leading to carbonyl compound, is more favorable from the standpoint of energetics.
Two reaction pathways are possible for butene- 1 oxidation, one leading to a ketone and the other to an aldehyde.

The ketone is predicted to dominate in the product.

Nitrous oxide is a promising oxidant, and its use in
the selective oxidation of hydrocarbons has attracted
researchers’ attention [1]. In recent years, interest in
this process has grown because of the environmental
problem of utilizing N,O emissions [2]. Although the
N,O molecule is thermodynamically unstable and
decomposes readily into dinitrogen and oxygen, the
high activation barrier makes it kinetically rather stable
up to 1000°C. The activation barrier for gas-phase N,O
decomposition,

N,O —= N, + OCP) + A, Hy )

was experimentally estimated at 50-60 kcal/mol [3].
Although spin-forbidden, reaction (1), characterized by

an enthalpy change of Ang = 39 kcal/mol, is thermo-
dynamically much more favorable than the formation

of singlet oxygen O('D) (Ang = 84 kcal/mol). Due to
the metastability of its molecule, N,O is a preferable

oxidant for hydrocarbons from the standpoint of ener-
getics. Indeed, for the formation of CH;OH from CH,

and of PhOH from PhH, Anggg = 50 and
—62 kcal/mol, respectively [2]. However, implementa-
tion of oxidation processes involving nitrous oxide
requires N,O to be activated. Aside from spectral exci-
tation, the most natural way of doing this is by using a
catalyst. The N,O molecule can be markedly destabi-
lized by adsorption on an active site (AS). In the limit-

ing case, this interaction can initiate a direct dissocia-
tion of the molecule to N, and an oxygen atom bound
to the AS:

N,O—(AS) — Ny(gas) + O—(AS). ()

This reaction can probably be carried out with various
heterogeneous catalysts at moderately elevated temper-
atures. For example, with a catalytic system based on
the high-silica zeolite FeZSM-5, reaction (II) sets in at
T > 150°C [4].

A number of studies have been devoted to theoreti-
cal analysis of reaction (II) for various catalysts and AS
models. For example, a wide variety of transition metal
atoms ranging from Sr to Cu were considered as AS’s
[5]. The monoatomic iron ions Fe'* [6], Fe** [7], and
Fe3* [8] at the cationic sites of high-silica zeolites have
also been discussed. Oxide—hydroxide models were
analyzed for Fe**, Co**, Rh* [9], and AI** [10]. The
purpose of this modeling could have been description
of the AS’s in the respective metal oxides and in extra-
lattice oxide—hydroxide species in the zeolite matrix.
The latter case was considered in terms of a dinuclear
Fe3* cluster model [11, 12]. Calculations were carried
out for Fe?* and Fe** in dinuclear bridged oxide struc-
tures stabilized by cationic sites in FeZSM-5 [13]. The
energy of the resulting O—AS bond, Ej_,g, is of great
significance in the analysis of both catalyst-induced
N,O decomposition and the activity of the O—AS struc-
ture in substrate oxidation. A rather large Ey_,g value is
necessary for reaction (II) to take place at moderate
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temperatures. Conversely, the oxidizing activity of an
O-AS structure increases with decreasing FEq 4.
Another requirement that must be met by the optimum
value of E_,g 1S minimization of the complete decom-
position reaction 2N,0 —» 2N, + O, under selective
substrate oxidation conditions. These requirements
define a rather narrow range in which the catalytic acti-
vation of N,O is possible. For the FeZSM-5 catalyst,
~60 kcal/mol [4]. This value apparently falls within the
optimal energy range. This catalyst, developed by
Panov and his colleagues [1], was used by Solutia Co.
(the United States) in direct benzene oxidation with
nitrous oxide into phenol.

An essential problem in the oxidation of various
hydrocarbons with nitrous oxide on this catalyst is
desorption of the reaction products. Analysis of the
mechanism of benzene oxidation into phenol at the
model site Fe?* in FeZSM-5 predicts a rather high
energy of E ~ 24 kcal/mol [7] for the bond between the
resulting phenol and the AS. This value is in strong
agreement with experimental data. Therefore, the reac-
tion has to be conducted at an elevated temperature. An
attempt to carry out this reaction in the liquid phase was
successful only in part. However, direct noncatalytic
alkene oxidation with nitrous oxide into carbonyl com-
pounds was found to be possible [14—16].

As mentioned above, the main factor restricting
N,O application as an alternative hydrocarbon oxidant
in the absence of a catalyst is the high activation energy
of N,0O decomposition. Because of this, the reaction has
to be conducted at a high temperature and, as a conse-
quence, oxidation is low-selective. Apparently, studies
by Bridson-Jones and Buckley [17-19] were the first
purposeful attempt to reduce the reaction temperature.
Those researchers demonstrated that, at 7~ 300°C and
pressures up to 500 atm, N,O oxidizes the C=C bond in
hydrocarbons to yield carbonyl compounds. However,
even in the case of cyclohexene, which is the most
selectively oxidizable compound, cyclohexanone
selectivity did not exceed 60%. A wide variety of other
organic compounds (paraffins, cycloparaffins, arenes,
amines, and ethers) turned out to be inoxidizable under
the above conditions. It was probably because of the
insufficient oxidation selectivity that the results of
those studies did not find any application. Panov et al.
[14-16] have recently demonstrated that selective alk-
ene oxidation with nitrous oxide into carbonyl com-
pounds can take place in the liquid phase without cata-
lyst mediation at 150-250°C.

Unlike Bridson-Jones et al. [17, 18], Panov and his
colleagues [14-16] achieved a high selectivity (98—
100% for some alkenes) and a comparatively high reac-
tant conversion in this reaction. This promising result
was obtained by conducting the reaction in the liquid
phase to rule out uncontrollable gas-phase reactions,
which could have caused side reactions and, as a conse-

quence, a decrease in selectivity. This finding provides
grounds for hoping that N,O will soon find application
as an active donor of atomic oxygen in important oxi-
dations.

Five-membered heterocycles are widely synthe-
sized by 1,3-dipolar cycloaddition [20]. A number of
theoretical studies are devoted to this method of react-
ing N,O with alkenes. For example, reaction path cal-
culations for cycloaddition reactions between 16-elec-
tron 1,3-dipoles (N,O, N,NH, N,CH,, etc.) and ethyl-
ene are presented in a recent paper [21] (which contains
a comprehensive survey of relevant theoretical and
experimental studies). It is demonstrated in that report
that all of these reactions pass through a transition state
with an activation energy of 13-20 kcal/mol. There
have been no reports on the subsequent transformations
of the five-membered heterocycles into products of
selective hydrocarbon oxidation. Here, we attempt a
theoretical analysis of this issue. Based on reaction path
calculations for direct alkene oxidation with nitrous
oxide, we interpret some previous experimental find-
ings [14-16] and suggest a molecular mechanism for
this type of reaction. We consider cyclohexene as a
cyclic alkene and butene-1 and butene-2 as aliphatic
alkenes.

COMPUTATIONAL METHODS

Determination of the reaction path includes optimi-
zation of the structures of the initial reactants (R), reac-
tion products (P), possible intermediates (Int), and tran-
sition states (TS) as a first step. The second step is cal-
culation of normal mode frequencies for all of the
optimized structures, including the transition states.
Next, imaginary frequencies at saddle points are ana-
lyzed and the energy profile as a function of the reaction
coordinate is calculated using the IRC method [22]. All
calculations were made in the DFT framework [23].
This method found wide application in the calculation
of the electronic structure of molecules after efficient
algorithms had been developed for calculating the
exchange correlation energy E,. in the Kohn-Sham
equation [24]. The essence of these approximations is
that gradient corrections to the exchange and correla-
tion energies are made. We used the so-called hybrid
B3LYP method suggested by Becke [25, 26], in which
the standard Hartree—Fock exchange energy is about
20% and the gradient corrections to the exchange
energy are separated as a B88 functional. The Lee—
Yang—Parr (LYP) functional [27] with a small admix-
ture of the Vosko—Wilk—Nusair (VWN) functional [28]
was used as the correlation functional. The basis set
was 6-31G* [29]. As was demonstrated by calculations
for a great number of similar systems [30], the
B3LYP/6-31G* approximation provides an adequate
description of energetics (heat of reaction, reaction
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Fig. 1. Direct cyclohexene oxidation with nitrous oxide into an epoxide and cyclohexanone: energy diagram and intermediate struc-
tures at the stationary points of the reaction path. The zero point of energy is the energy of the reactants R.

path, activation energy, etc.) and structure (optimized
geometry), including frequency analysis of normal
modes. The zero-point energy was neglected in the
reaction path analysis. Transition states were sought by
the STQN method (QST2 and QST3 variants) [31]. The
calculations were made using the Gaussian 98 program
package [32].

THEORETICAL RESULTS
Cyclohexene + N,O — Cyclohexanone + N,

Figure 1 displays the energy diagram for this reac-
tion, including the optimized structures of all transition
complexes at stationary points. Tentative data calcu-
lated for this reaction were reported in an earlier publi-
cation [33]. In the upper part of the energy diagram, we
show the structures of the transition states. The struc-
tures of the intermediates are shown in the lower part of
the diagram. Below, we consider some electronic and
structural properties of the initial reactants and the reac-
tion products.

For N,O, which is an asymmetric molecule, the N—
N and N-O bond lengths are calculated to be 1.135 and
1.192 A, respectively. These values are in strong agree-
ment with experimental data (1.128 and 1.184 A,
respectively [34]). The N,O molecule is a typical repre-
sentative of the wide variety of 1,3-dipoles, which react
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with dipolarophiles to yield five-membered heterocy-
cles [20]. At the same time, nitrous oxide shows both
electrophilic and nucleophilic properties. This unique
combination of properties is due to the fact that the fol-
lowing three resonance structures contribute to the
energy of the ground state:

(a) N=N*-O7;  (b) N*=N-O7; (c) N=N*=0.

According to our calculations, the effective Mul-
liken charges are gy =—0.119, gy, = +0.618, and g, =
—0.499. Since the negative charge of the terminal nitro-
gen atom is small, the main contribution to the energy
of the ground state is made by structure (a), whose oxy-
gen atom is a strong nucleophile. However, this struc-
ture is not involved in the reaction considered. The
other structures define two possible reaction channels.
The first involves the formation of the five-membered
intermediate 1,2,3-oxadiazole (Intl). Here, the key role
is played by structure (b), whose terminal atoms are
oppositely charged, forming a 1,3-dipole. The second
channel is through the formation of a three-membered
epoxide, C—O-C (Int2). The key role in this channel is
played by structure (c), whose oxygen atom has pro-
nounced electrophilic properties.

In the cyclohexene molecule, the carbon atoms
forming the C=C bond are sp>-hybridized and the four
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Fig. 2. Direct oxidation of butene-2 with nitrous oxide into butanone (P): energy diagram for the reaction channels passing through
1:2:3-oxadiazole (Intl) and an epoxide (Int2). The zero point of energy is the energy of butene-2 + N,O.

other atoms are sp>-hybridized, defining specific planar
and tetrahedral arrangements of hydrogen atoms. Two
conformations of the cyclohexene ring are possible,
namely, a half-chair and a half-boat. According to our
calculated data, the half-chair is more stable than the
half-boat by ~2 kcal/mol. For cyclohexanone, the cal-
culations predict two structural isomers, with trans and
cis configurations of the carbon ring. The trans config-
uration is 4.1 kcal/mol more stable than the cis config-
uration. The activation energy for the trans — cis
transition is E,. = 17 kcal/mol. The most stable struc-
tures of cyclohexene and cyclohexanone are shown in
Fig. 1.

Consider the structures of the intermediates. Direct
interaction between the 1,3-dipole N*=N—-O~and cyclo-
hexene involves the C=C bond, giving a stable complex
(Intl) including the five-membered heterocycle
—C-N=N-O-C- of dihydro-1:2:3-oxadiazole (Fig. 1).
The N-N and N-O distances (1.23 and 1.43 A, respec-
tively) are characteristic of the double bond N=N and
the ordinary bond N-O. This type of complex has not
been reported in the literature as yet, even though our
calculations predict that the above complex is suffi-
ciently more stable than the initial reactants (AH, =
—7.7 kcal/mol) to be detectable at low temperatures.

The attack by the electrophilic oxygen of the
N~=N*=0 valent structure on the C=C bond of cyclo-

hexene results in a rather stable compound (epoxide)
with a formation energy of AE = —37.2 kcal/mol (Int2).
In this case, a nitrogen molecule is released to the gas
phase as early as in the first step. Trans and cis confor-
mations of the carbon ring are possible. The oxygen
atom is out of the ring plane. The C—O bond is shorter
and the C—C bond is longer in the trans isomer than in
the cis isomer. The latter is 2.5 kcal/mol more stable
than the former.

The transformations of the reactants R into Intl and
Int2 are activated processes that can be represented as
R — TS1 — Intl and R — TS3 — Int2. Their
activation energies are E* = 27 and 45 kcal/mol, respec-
tively, and are defined by the energies of the transition
states TS1 and TS3. Calculation of vibration frequencies
for TS1 and TS3 confirmed that the structures deduced
correspond to first-kind saddles on the energy surface, the
imaginary frequencies being V(TS1) = 452i cm™! and
V(TS3) = 844i cm™. As is clear from Fig. 1, the hetero-
cycles TS1 and TS3 differ fundamentally in structure.
In TS3, the N-N bond length (1.12 A) is similar to that
in the nitrogen molecule in the gas phase (1.11 A) and
the N-O distance (1.56 A) means breaking of the N-O
bond in the N,0O molecule. Unlike TS1, TS3 does not
contain any nitrogen atoms. Due to these specific fea-
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Fig. 3. Optimized structures of the reactants (R), intermediate (Int), transition states (TS’s), and product (P) for the reaction channel

R—TS1 —>Intl —>TS2 —P.

tures of the TS3 structure, the second channel, which
includes epoxide formation, is characterized by a high
activation energy. It is believed that the second channel
is possible only at very high temperatures, as opposed
to the catalytic liquid-phase alkene oxidation with
nitrous oxide into epoxides [35, 36].

The reaction path of the first channel (through Int1)
is energetically more favorable. We studied the forma-
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tion of TS1 by scanning the C—ON, bond distance (7).
For r>3.0 A, the CON angle is approximately 180° and
the parameters of the N,O molecule are similar to the
parameters of this molecule in the gas phase. For
r<3.0 A, the CON angle decreases to 90° as the reac-
tants are brought closer together, and the NNO angle
displays a similar decrease. At r=2.17 A, the system is
in the transition state TS1, which has the following
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Fig. 4. Optimized structures of the reactants (R), intermediate (Int2), transition states (TS’s), and product (P) for the reaction channel

R—TS3 —Int2 —>TS4 —P.

parameters: N—-N, 1.18 A; N-0O, 1.24 A; C—N, 2.01 A;
C-C, 1.40 A; and ZNNO, 135°. Note that very similar
parameters were calculated for N,O cycloaddition to
ethylene [21] and, as is demonstrated below, for the
same reaction with butene-2. It is, therefore, believed
that the oxidations of cyclic and aliphatic alkenes pass
through structurally similar transition states in their
first steps.

The possible second-step conversions are Intl] —
TS2 — P and Int2 — TS4 — P. We consider only
cyclohexanone (+N,) as the product. The structures of
TS2 and TS4 are presented in Fig. 1. Frequency analy-
sis of the normal modes demonstrated that these struc-
tures are true transition states with imaginary frequen-
cies of V(TS2) =437i cm™' and v(TS4) = 690i cm™'. The
Int2 — TS4 — P path, which requires an activation
energy of E* > 60 kcal/mol, is implausible and can be
ruled out for the liquid phase. By contrast, the Intl] —
TS2 — P channel, which requires a lower activation

energy of E* ~ 22 kcal/mol, will be open for cyclohex-
anone formation, and the heat AH of the overall reac-
tion R — TS1 — Intl — TS2 — P will be
—67 kcal/mol. Therefore, for the first channel leading to
the ketone, the reaction rate is controlled by the first step,
whose activation energy is E* ~ 22 kcal/mol (Fig. 1).

Butene-2 + N,O — Methyl Ethyl Ketone + N,

Figure 2 presents an energy diagram for the direct
oxidation of butene-2 with nitrous oxide into methyl
ethyl ketone, including reaction channels via a 1:2:3-
oxadiazole (Intl) and an epoxide (Int2). Comparing
Figs. 1 and 2 clearly demonstrates that identical energy
profiles are calculated for the butene-2 and cyclohexene
oxidations into the corresponding ketones. As com-
pared to cycloalkenes, linear alkenes symmetric with
respect to the C=C bond have some specific features.
All intermediates in butene-2 conversion are more sta-
ble than the intermediates in cyclohexene conversion.
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Fig. 5. Direct oxidation of butene-1 with nitrous oxide: energy diagram for the reaction channels involving Int1-1, Int1-2, and Int2.

The zero point of energy is the energy of butene-1 + N,O.

Furthermore, the second-step activation energy is
higher in the former reaction than in the latter for both
reaction channels considered. Therefore, the probabil-
ity of a reaction channel leading to a product other than
ketone is higher for butene-2 than for cyclohexene. As
a consequence, ketone selectivity will be higher for
butene-2 oxidation than for cyclohexene oxidation.

Figure 3 shows the optimized structures of the reac-
tants (butene-2 and nitrous oxide), intermediates, tran-
sition states, and methyl ethyl ketone (butanone-2) for
the first reaction path, R — TS1 — Intl —
TS2 — P. Figure 4 displays the optimized structures
for the second reaction path, R — TS3 — Int2 —
TS4 — P. Comparison of the transition-state struc-
tures at stationary points of the reaction paths suggests
that the mechanisms of oxygen transfer from N,O to the
C=C bond of cyclohexene and butene-2 are essentially
the same—an inference of practical significance. The

KINETICS AND CATALYSIS  Vol. 46

No. 2 2005

reaction of butene-2 is controlled by the first step of the first
path, whose activation energy is E* ~ 25.8 kcal/mol
(Fig. 2). This value corresponds well with experimental

data (E*_ =22 kcal/mol [37]). The second channel in

exp
butene-2 oxidation, which is via an epoxide, is as
unlikely as the second path in cyclohexene oxidation.

Butene-1 + N,O — Methyl Ethyl Ketone (Butanal) + N,

Unlike butene-2, butene-1, in which the C=C bond
is terminal, allows two energetically similar reaction
pathways within the first reaction channel, one leading
to a ketone and the other to an aldehyde. Figure 5 shows
the energy diagrams for direct butene-1 oxidation with
nitrous oxide via 1:2:3-oxadiazole (Intl) and an
epoxide (Int2). For the first channel, there can be two
reaction pathways differing in the orientation of the
N=N-O molecule relative to the C=C bond of butene-1.
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Fig. 6. Optimized structures of the intermediates and transition states resulting from attack by the oxygen of N,O on the first carbon
atom of butene-1 (reaction channel butene-1 + N, O — TS1-1 — Intl-1 —> TS2-1 — butanal + N,).

The first pathway, which includes the TS1-1 —
Int1-1 — TS2-1 transformations, leads to butanal. The
second pathway, which includes TS1-2 — Intl-2 —
TS2-2, ends in methyl ethyl ketone. Figure 6 displays
the structures of the intermediates resulting from the
attack of the oxygen atom of N,O on the first carbon
atom of butene-1. This reaction pathway leads to buta-
nal. Figure 7 presents the intermediate structures result-
ing from the same attack on the second carbon atom of
butene-1. In this case, the C=0 bond forms at the sec-
ond carbon atom of butene-1 and the final oxidation
product is methyl ethyl ketone. In Fig. 8, we show the
intermediate structures that result from the attack of the

electrophilic oxygen of N,O on the middle of the C=C
bond. This is the second channel of butene-1 oxidation,
which passes through the transition states TS3 and TS4
and the intermediate Int2 (epoxide). As in the case of
butene-2, this channel is energetically implausible. Fur-
thermore, butene-2 and butene-1 form structurally identi-
cal transition states and intermediates (see Figs. 4 and 8).

Thus, our calculations predict two possible path-
ways for the first channel of direct butene-1 oxidation
with nitrous oxide. These pathways involve energeti-
cally similar intermediates and transition states, but
they lead to different final products, namely, a ketone
and an aldehyde. Both pathways consist of two steps.

KINETICS AND CATALYSIS  Vol. 46
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Fig. 7. Optimized structures of the intermediates and transition states resulting from attack by the oxygen of N,O on the second
carbon atom of butene-1 (reaction channel butene-1 + N;O — TS1-2 — Int1-2 — TS2-2 — methyl ethyl ketone + N,).

According to our calculations, the first-step activation
energies are E* = 22 and 24 kcal/mol and the second-
step energies are E* = 28 and 27 kcal/mol for the ketone
and aldehyde, respectively. The corresponding energies
of the overall reaction are —73.3 and —66.0 kcal/mol

KINETICS AND CATALYSIS  Vol. 46 No.2 2005

(see Fig. 5). Note that the effective activation energy is
counted from the energy of the initial reactants. There-
fore, the second-step activation energy is ~15 kcal/mol
for both pathways (see Fig. 5). Hence, the first step,
with E* = 22-24 kcal/mol, is rate-limiting in this reac-
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Fig. 8. Optimized structures of butene-1, epoxide (Int2), transitions states (TS’s), and ketone (P) for the reaction channel R —

TS3 — Intl —> TS4 —P.

tion. The experimental activation energy Eg, for

butene-1 and butene-2 is 22 kcal/mol. In the case of
butene-1, as opposed to butene-2, the existence of two
energetically similar pathways will markedly reduce
the ketone selectivity of the reaction. Since the activa-
tion energy for the aldehyde pathway is estimated to be
only 2 kcal/mol above the activation energy for the
ketone pathway, the reaction product will be dominated
by the ketone, but it will contain a considerable propor-
tion of the aldehyde. Domination of methyl ethyl
ketone over butanal is observed experimentally:
between 180 and 240°C, the ketone-to-aldehyde ratio is
3:1[37].

/\
R—CH=CH—R + N,0 —R—CH—CH—R +N; —» R—CH;—C—R +Ny.

DISCUSSION

Cyclohexene oxidation into cyclohexanone was the
first success in selective liquid-phase alkene oxidation
with nitrous oxide [14]. Later, similar reactions were
carried out for a variety of compounds, including ali-
phatic alkenes [15, 16]. Two hypothetical mechanisms
of oxygen transfer from N,O to the C=C bond of the
alkene were considered. The first hypothesis is based
on the assumption that oxidation first provides an
epoxide, which then undergoes isomerization into a
ketone:

(0]
Il

(I10)

According to the second hypothesis [17, 18], an oxygen atom is transferred through the 1,3-dipolar cycloaddition of N,O
to the C=C bond. Next, the resulting intermediate decomposes, yielding a ketone and releasing N, to the gas phase:

KINETICS AND CATALYSIS Vol. 46 No.2 2005
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//N\
D ||
R—CH=CH—R + N,0 —» R—CH—CH—R —~ R—CH,—C—R + N,

Experimental investigation of cyclohexene oxidation
demonstrated that the epoxide does not form under the
reaction conditions and, if introduced into the reaction
mixture, will remain unreacted [14]. Our calculations
provide a plausible explanation for this finding. As is
noted above, the activation energy for epoxide forma-
tion via TS3 is E* > 40 kcal/mol. This value exceeds the
N-O bond dissociation energy in the free N,O mole-
cule; therefore, this mechanism is impossible in the lig-
uid phase. Even if the epoxide is introduced into the
reaction mixture (i.e., the first step is skipped), its sub-
sequent isomerization into the ketone (the second step)
will require an activation energy of E* > 60 kcal/mol
(Figs. 1, 5). Thus, our calculations predict that this reac-
tion will consist of two steps and proceed through the
formation of the five-membered heterocycle of 1,2,3-
oxadiazole.

The first step can be viewed as activation of oxygen
in the N,O molecule; accordingly, the structural
changes in the activated complex are mainly limited to
the heterocycle. The second step includes hydrogen
transfer within the hydrocarbon moiety: HC,—-C,H —
H,C,—C,. As a consequence, the greatest deformation
takes place in the hydrocarbon backbone. Since the first
step is rate-limiting, cycloalkenes and aliphatic alkenes
symmetric with respect to the C=C bond will be oxi-
dized by similar mechanisms, yielding a ketone as the
main product. However, a quite different situation is
observed for alkenes with a terminal C=C bond. As is
noted above, two energetically similar oxidation path-
ways are predicted for butene-1, implying a decrease in
the ketone selectivity of the reaction. The activation
energy data calculated for the separate reaction steps
suggest that the ketone pathway is energetically favor-
able and the ketone selectivity decreases in the order
butene-2 > butene-1. The ratio between the butene-1 acti-
vation energies for the first and second pathways sug-
gests that the ketone selectivity may decrease slightly
with increasing temperature because of the increasing
proportion of the aldehyde in the final product.

CONCLUSION

The reaction path analysis for N,O—alkene interac-
tion demonstrates the possibility of direct noncatalytic
alkene oxidation into carbonyl compounds under mild
conditions. This result is in good agreement with recent
experimental data. This reaction is due to the ability of
nitrous oxide to interact with the double bond of the
alkene by a 1,3-dipolar cycloaddition mechanism,
yielding a 1,2,3-oxadiazoline intermediate complex
that is decomposable to a carbonyl compound.
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