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ABSTRACT: This paper describes the pyrolysis of parent isoxazole and of

its S-methyl and 3,5-dimethyl derivatives by the high-pressure pulsed
pyrolysis method, where activation of the precursor molecules occurs
predominantly by collisions with the host gas (Ar in our case), rather than
with the walls of the pyrolysis tube, where catalyzed processes may occur.
The products were trapped at 15 K in Ar matrices and were characterized
by vibrational spectroscopy. Thereby, hitherto unobserved primary pro-
ducts of pyrolysis of isoxazole and of its S-methyl derivative, 3-hydro-
xypropenenitrile or 3-hydroxybutenenitrile, respectively, were observed.
E—Z photoisomerization could be induced in the above hydroxynitriles. i
On pyrolysis of isoxazole, ketenimine and CO were observed as decom- .
position products, but this process did not occur when the S-methyl }‘—'{H

opan-shall
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closed-shell  H ﬁ closed-shell H
singlet H b singlet oO-H

derivative was pyrolyzed. Instead, the corresponding ketonitrile was

formed. In the case of 3,5-dimethylisoxazole, 2-acetyl-3-methyl-2H-azirine was detected at moderate pyrolysis temperatures,
whereas at higher temperatures, 2,5-dimethyloxazole was the only observed rearrangement product (next to products of
dissociation). These findings are rationalized on the basis of quantum chemical calculations. Thereby it becomes evident that
carbonyl-vinylnitrenes play a pivotal role in the observed rearrangements, a role that had not been recognized in previous theoretical
studies because it had been assumed that vinylnitrenes are closed-shell singlet species, whereas they are in fact open-shell singlet
biradicaloids. Thus, the primary processes had to be modeled by the multiconfigurational CASSCF method, followed by single-point
MR-CISD calculations. The picture that emerges from these calculations is in excellent accord with the experimental findings; that is,
they explain why some possible products are observed while others are not.

1. INTRODUCTION

Isoxazoles (compounds 1 in Scheme 1) are heterocyclic
compounds that have a number of applications in areas as diverse
as pharmaceuticals, agrochemistry, molecular electronics, corro-
sion inhibition, and liquid crystals."” They are found in natural
sources; well-known examples are ibotenic acid and muscimol,
powerful psychoactive and neurotoxic compounds isolated from
fungi.” Much of the chemistry of isoxazoles is initiated by the
cleavage of its weak N—O bond, which has been shown, for
example, to occur during the biotransformation of several
isoxazole-containing drugs.’ > Isoxazoles can also be function-
alized, which make them important building blocks in organic
synthesis.">¢

The thermolysis of isoxazoles has been the subject of several
studies.">® Under conditions of flash vacuum pyrolysis (FVP),
most isoxazoles 1 were found to isomerize into the correspond-
ing 2H-azirines 3, oxazoles S, or 3-oxopropanenitriles g 1
Based on these results and on kinetic and theoretical studies, the
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general mechanism shown in Scheme 1 was proposed.'*'® First,
isoxazoles 1 isomerize to 2H-azirines 3 through N—O bond
cleavage (involving the putative vinylnitrene intermediate 2 or
via a concerted [1,3]-sigmatropic shift). The 2H-azirines 3 could
subsequently undergo C—C bond scission to yield nitrile ylides 4,
followed by cyclization to the corresponding oxazoles 5. If R® =
H, the C—C scission may be accompanied by a hydrogen shift to
yield isocyanides 7. [1,2]-H-shift in 1 or 2 may lead to keteni-
mines 6. Both 6 and 7 can in turn yield nitriles 8.

The final products of the gas-phase thermolysis of isoxazoles 1
depend on the nature of the substituents R> and R®. The reported
results on the FVP of S-methylisoxazole,” 5-amino-4-methylisoxazole,”
and 4-acetyl-5-methylisoxazole'" indicate that when R® = H the
preferential pathway is H migration and the formation of nitriles
8 whereas if R® = Me or R®> = NH, oxazoles are formed instead.'*
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Scheme 1. Proposed Mechanism of Isoxazole Pyrolysis'*">
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On the other hand, only decomposition products were
formed in shock tube thermal reactor experiments of parent
isoxazole 1a and S-methylisoxazole 1b.'®'” Acetonitrile and
carbon dioxide, followed by hydrogen cyanide and ketene,
were found in the former case, while propionitrile and carbon
monoxide, followed by ethane, methane, acetonitrile, and
hydrogen cyanide, were identified in the latter. Based on these
findings, it was proposed that the decay mechanism of
isoxazole la and S-methylisoxazole 1b involved only uni-
molecular decomposition processes.'”'® However, subsequent
theoretical studies suggested that 1a and 1b should isomerize
before decomposition,'>'? in line with the above-mentioned FVP
results.

The most recent ab initio calculations' predict that the
thermolysis of 1 should involve the initial formation of the
corresponding 2H-azirines 3 in a concerted process, bypassing
the vinylnitrenes 2, which were found not to be potential energy
minima. These calculations predicted also that the rearrange-
ment of azirines 3 to isonitriles 7, which isomerize easily to
nitriles 8, has a lower activation energy than their isomerization
to oxazoles 5, either by a concerted mechanism or by a stepwise
process involving the nitrile ylides 4 as metastable intermediates.

Despite the above-described attempts to elucidate the me-
chanism of the thermolysis of isoxazoles by experimental and
theoretical means, it is still far from being well understood. In the
present work, we report the results of a study of the thermolysis
of isoxazole 1a, S-methylisoxazole 1b, and 3,5-dimethylisoxazole
lc in an argon atmosphere using the technique of pulsed
pyrolysis and isolation of the products in a matrix at 10—20 K,
conditions under which bimolecular reactions are largely inhib-
ited, and where the products can be characterized by well-
resolved IR spectra. Thus, we were able to show that 1a and
1b engage in a hitherto unknown rearrangement leading to (Z)-
3-hydroxypropenenitriles 9, which could subsequently be photo-
isomerized by UV-irradiation to their E isomers (Scheme 2). In
contrast, 1c¢ formed the previously identified products, azirine 3¢
and oxazole 5c.®

Scheme 2. Pulsed Pyrolysis of Isoxazoles 1a and 1b Gener-
ates (Z)-3-Hydroxypropenenitriles 9a and 9b That Photo-
isomerize to Their E Counterparts
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Concurrently, we engaged in quantum chemical calculations
to simulate and assign the observed IR spectra and to model the
potential surfaces on which the observed rearrangements take
place. We paid particular attention to the possible involvement
of the elusive yet pivotal vinylnitrene 2, which is known to have
a triplet ground state and whose lowest singlet state is of open-shell
nature.”*”>> These features, which have not been considered in pre-
vious theoretical studies of isoxazole rearrangements, require
that multiconfigurational methods be used in modeling the
potential surfaces. We highlight the pivotal role of the vinylni-
trene intermediate 2, which resides on a very flat part of the
potential surface but by which the reactions leading to many of
the identified products, including the newly found hydroxy-
propenenitriles 9, proceed. The reason this has been ignored in
previous theoretical studies is that the vinylnitrene was invari-
ably assumed to be in its (excited) closed-shell singlet state,
instead of allowing it to relax to its lower-lying open-shell
singlet state.

2. RESULTS AND DISCUSSION

2.1. IR Spectra of Matrix-Isolated Isoxazole and 5-Methyl-
isoxazole. Figure 1 shows the experimental and the calculated IR
spectra obtained after room-temperature pulsed deposition of 1a
and 1b. Comparison of the IR sgectrum of 1a in an argon matrix
with that obtained in gas phase™ > shows excellent agreement
(the maximum deviation in the region between 500 and
1700 cm™ ' is 3 cm™ % see Table S1, Supporting Information,
which shows also the assignment of all observed bands to
calculated normal modes). This indicates the absence of sig-
nificant interaction between la and the argon host gas and
suggests that la is isolated as a monomer in the matrix. The
similar high quality of the spectra of 1b and 1c suggests that the
same applies for these derivatives.

2.2. Pulsed Pyrolysis Experiments. 2.2.1. [soxazole 1a. On
pulsed pyrolysis of a gas phase mixture of 1a and Ar (~1:1000),
new IR bands began to appear when the SiC tube was heated to
ca. 600 °C (for details see section 3.1). As the temperature
increased to 800 °C, the bands of 1a diminish in intensity, while
those of products increase. We were able to identify the presence
of carbon monoxide due to its characteristic band at 2138 cm ™ ;¢
two other dominant products, labeled temporarily as A and B,
were apparently formed (Figure 2).

The most intense of the product bands appears at 2037/
2039 cm ™. Because it is known that ketenimines R,C=C=NR
generally absorb strongly in the 2000—2100 cm ™" region,”” >’
we attribute this band, which is split into two components by a
site effect, to an N=C=C antisymmetric stretching mode.> The
formylketenimine 6a (see Scheme 1) was apparently not formed,
because no band due to the C=O stretching mode of its
aldehyde moiety was observed.”’ However, all bands labeled A
in Figure 2 are in perfect accord with the reported infrared
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Figure 1. (a) Experimental FTIR spectra of isoxazoles 1a (a) and 1b (b)
isolated in argon matrices at 15 K and the respective IR spectra
calculated by the B3LYP method (details, see section 3.2).

spectrum”ﬁ34 of the parent ketenimine (H,C=C=NH, 10;
Table 1). The presence of CO as a byproduct in the formation of
10 in the pyrolysis of 1a is expected and is readily established
(vide supra).

The IR spectrum of the other main product, B, in Figure 2
differs from those measured or calculated for any of the expected
and previously observed products of the thermolysis of 1a, that is,
2H-azirine-2-carbaldehyde 3a, oxazole Sa, 2-isocyanoacetalde-
hyde 7a, or 3-oxopropanenitrile 8a (See Scheme 1). There are
two very informative bands in the IR spectrum of B: one at
2222 cm ! in the region of C=N stretchmg vibrations of
nitriles,®® and another at 3544/3539 cm ™}, that is, in a region
of OH stretching vibrations.

These findings led us to investigate the possible formation of
3-hydroxypropenenitrile 9a, a molecule that has hitherto never
been considered or observed in thermolyses of 1a. Compound 9a
could conceivably be formed by enolization of 8a, by a [1,4]-H-
shift from 2a or 3a, or by a [1,5]-H-shift from 6a. Compound 9a
exists in the four conformations shown in Scheme 3, which were
all found to represent potential energy minima on the B3LYP/
6-311++G(d,p) potential surface.

We found that the calculated infrared spectrum of the most
stable syn-(Z) conformer of 9a is the only one that compares well
with that of product B. Figure 3 shows the excellent agreement
between experiment and calculation for a 1:2 mixture of syn-(Z)-
9a and ketenimine 10 + CO.
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Figure 2. Experimental IR spectra of products of pulse pyrolysis of
isoxazole 1a trapped in argon matrices at 15 K. The temperature of the
SiC tube was at (a) 600, (b) 700, and (c) 800 °C. The new major bands
in spectrum (c) are assigned to two species labeled A and B. The band
marked with an asterisk is due to an impurity from the pyrolyzer system.

Scheme 3. Conformers of 3-Hydroxypropenenitrile 9a*
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“Values in parentheses represent the relative B3LYP/6-311++G(d,p)
calculated energies in kcal/mol (including ZPE corrections).

When the matrix obtained on 800 °C pyrolysis of isoxazole 1a
was subjected to 240 nm laser irradiation (until a photostationary
state was reached), new IR peaks, shown in Figure 4a, appeared
with concomitant intensity decrease of those of syn-(Z)-9a (note
that the peaks of 1a, for example, at 1430 cm ™!, did not change
during that photolysis). The calculated spectra of the four con-
formers of 9a revealed that syn-(Z)-9a was photoisomerized into
a mixture of syn-(E)-9a and anti-(E)-9a, as evidenced in Figure 4b.
Detailed results from the calculations and IR assignments are
presented in Tables S3 and S4 in the Supporting Information. The
observed shifts of ¥(OH) to higher frequencies in the E-conformers
of 9a reflect the disruption of the intramolecular interaction
involving the (O)—H and the in-plane C=N 7-bond, which is
present only in the most stable syn-(Z) conformer (the OH bond
length in that conformer is also the longest of all four). The
absence of this hydrogen bonding interaction may also be the
reason for the lower stability of the other conformers.

Our results indicate that syn-(Z)-9a is, within the detection
limits, the only conformer obtained in pulsed pyrolysis of 1a,
suggesting that 9a is formed in a stereospecific fashion. Examples
of thermal processes that yleld 2 spec1ﬁc conformer have been
reported for other systems.** ** It is difficult to assess the
temperature of samples after they exit the pulsed pyrolysis tube,
except that it must be lower than the temperature at which the
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Table 1. Comparison of Our Experimental with Previously Reported IR Spectra of Ketenimine 10

experimental spectrum® this work

3298 (w)

2039/2037 (vs) 2040 (vs)
1124 (w) 1124 (w)
999 (s) 1000 (s)
871 (m) 872 (m)
689 (m) 690 (m)

experimental spectra” previously reported

sym assignment’
A »(NH)
2033.9 (100) A v(N=C=C),,
A V(N=C=C), + 0CHy(sas
992.7 (30) A 5(CNH)
882.8 (24) A" 7(NH)
689.3 (13) A y(H,CC)

“ Argon matrix at 15 K. Band positions in em™ Y experimental intensities in parentheses are presented in qualitative terms: vs = very strong, s = strong,
m = medium, w = weak. bRefs32—34.° Symbol: ¥, bond stretching; §, bending; ¥, out-of-plane bending; 7, torsion; as, antisymmetric; s, symmetric; scis,
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Figure 3. (a) IR spectrum obtained on pyrolysis of isoxazole 1a at 800 °C and the products isolated in an argon matrix at 15 K, where the bands of the
remaining precursor were subtracted. (b) IR spectrum of syn-(Z)-9a (@), and 10 () (ratio 0.5:1), along with CO, simulated on the basis of B3LYP
calculations (details see section 3.2). The band marked with asterisk is due to an impurity from the pyrolyzer system.
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Figure 4. (a) Changes in the experimental IR spectrum of 1a subjected to pyrolysis at 800 °C, with the products isolated in an argon matrix at 15 K,
which occur upon 15 min of irradiation of this matrix with UV (4 = 240 nm) light (growing bands point upward), monitoring the photoinduced
conformational isomerization of syn-(Z)-9a (negative bands) into syn-(E)-9a and anti-(E)-9a (positive bands) in matrix-isolated 9a at 15 K.
(b) Simulated difference IR spectrum obtained as [20% anti-(E)-9a (A) + 80% syn-(E)-9a (A)] minus [syn-(Z)-9a (@), based on B3LYP calculations

(details, see section 3.2).

tube is held (because thermal equilibrium is not established in a
pulsed flow system). According to thermochemical calculations,*'
the other three conformers should be within 2—3 kcal/mol of
syn-(Z)-9a on a free energy scale and should therefore be present
in proportions of 6—9% at 300 °C up to 14—18% at 700 °C,
which should be detectable. If enough energy is available to

cleave the N—O bond in 1a, this should also suffice to induce
rotation around the double bond in 9a,** let alone the C—O
bond, so the other conformers should be kinetically accessible.
Nevertheless, we found other reaction channels with lower
energy than that required to rotate the double bond in syn-(Z)-
9a (see the section on mechanistic molecular modeling).

18914 dx.doi.org/10.1021/ja207717k |J. Am. Chem. Soc. 2011, 133, 18911-18923



Journal of the American Chemical Society

- B3LYP/B-311++G(d, b
> s 16 (d,p) ‘ (b)
(2] L]
c o
L
£ |
@ 4 8
= . . a
kol ° 2 o |
[ . -
o 0 0 _J 5 LL
: ' I ' | | | | ] :
0.4 0.8 - 700 °C (a)
8 co
c
£
€ 02 0.4
7]
a
< B i
0.0 -+t 00 L—-L
| I 1 '
3600 3500 2200 2000 1800 1600 1400 1200 1000 800

Wavenumber/cm-!

Figure 5. (a) Experimental IR spectra of products of pulse pyrolysis (700 °C) of S-methylisoxazole 1b trapped in an argon matrix at 15 K; (b) simulated
IR spectrum of syn-(Z)-9b (@) and 1b (O) (assuming the ratio of 1:9) on the basis of B3LYP calculations (details see section 3.2).
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Figure 6. (a) Experimental IR spectrum of the products of pulse pyrolysis of S-methylisoxazole 1b (when the temperature of the SiC tube is kept at 800 °C),
trapped in an argon matrix at 15 K. The absorptions due to the reagent 1b and syn-(Z)-9b were eliminated by subtraction of the scaled spectra of nonpyrolyzed
1b and syn-(Z)-9b (see Figure S2 in the Supporting Information). Bands labeled with (A) correspond to syn-(E)-9b; those labeled ACN correspond to
acetonitrile. The peaks labeled with a question mark are tentatively assigned to the C=N stretching vibrations of syn- and anti-8b. (b) Simulated IR spectrum
of syn-8b (@) and anti-8b (<) (ratio 65%/35%, adjusted to experiment), based on B3LYP calculations (details see section 3.2).

Scheme 4. Summary of Observations from the Pulsed
Pyrolysis of Isoxazole 1a
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In addition, “conformational cooling” occurs on supersonic
expansion of the jet exiting the 1 mm ID pyrolysis tube, which
might also lead to the depopulation of less stable conformers.**~*¢

2.2.2. 5-Methylisoxazole 1b. Similar experiments as those
described for 1a were carried out with S-methylisoxazole 1b.

18915

As an example, Figure 5a shows the spectrum obtained on pulsed
pyrolysis of 1b at 700 °C. Most of the bands in that spectrum
belong to nonreacted 1b or can be readily assigned to syn-(Z)-9b,
as shown in Figure Sb. The same photoisomerization as found for
9a can also be observed for the methyl derivative 9b (see Figure
S1 and Table S4, Supporting Information) further confirming
the assignment.

The spectrum in which both the peaks of the precursor 1b and
of 9b are subtracted is depicted in Figure 6a (details of the
procedure are documented in the Supporting Information). The
most conspicuous signal in this resultant spectrum is a double-
humped band at 1750 cm ', which hints at the presence of two
conformers of a ketone. The ketenimine 6b, the isonitrile 7b, or
the nitrile 8b, which might all be formed upon 1b pyrolysis, all
possess a keto group (cf. Scheme 1).

Ketenimine 6b and isonitrile 7b should have a strong band at
around 2070 and 2170 cm respectively.47 However, these
spectral regions are almost empty in Figure Sa. In contrast,
B3LYP calculations predict that the C=N stretching vibration in

dx.doi.org/10.1021/ja207717k |J. Am. Chem. Soc. 2011, 133, 18911-18923
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Figure 7. (a) Experimental IR spectrum of products of pulse pyrolysis
of 3,5-dimethylisoxazole 1c (when the temperature of the SiC tube is
kept at 600 °C), trapped in an argon matrix at 15 K. The absorptions due
to the reagent were eliminated (by subtraction of a scaled spectrum of
the nonpyrolyzed 1c isolated in an argon matrix, see Figure S3,
Supporting Information, for the original spectra). (b,c) Experimental
IR spectra of 2-acetyl-3-methyl-2H-azirine 3c (b) and 2,5-dimethylox-
azole Sc (c) isolated in argon matrices at 15 K in separate experiments.

nitrile 8b gives rise to an IR band at 2306 cm ™' that is ~20 times
less intense than that for the ketone C=0 stretch. Indeed some
weak new bands appear between 2200 and 2300 cm ', in concert
with the C=0 stretch at 1750 cm ™', which are not incompatible
with the predictions for 8b (Figure 6). Figure 6b shows a
simulated spectrum of the two conformers of 8b (in a ratio that
is in accord with the relative intensity of the two C=0 bands).
Therefore, ketonitrile 8b appears to be the only viable candidate
for the ketone that is formed on pyrolysis of 1b.

No CO and ketenimine (H,C=C=NMe, 10b) are formed in
the experiments with S-methylisoxazole 1b. Such a process
would require a shift of the methyl group with concomitant
C—C bond rupture to release CO. This reaction channel seems
to be inaccessible when a substituent other than hydrogen is
present in the S-position of isoxazole. The fact that we observe
instead ketonitrile 8b in the pyrolysis of 1b indicates that these
fragments arise from nitrile 8b.

2.2.3. 3,5-Dimethylisoxazole 1c. Figure 7 shows the results of
the pyrolysis of 3,5-dimethylisoxazole 1c at 600 °C, where we can
distinguish, upon subtraction the bands due to the remaining
precursor, the IR bands of two products, namely, azirine 3¢ (main
bands around 1715 and 1360 cm ') and oxazole 5¢ (most of the
remaining bands) by comparison with their authentic matrix IR
spectra, which are shown in traces b and c. At higher temperatures,
the bands of 3¢ disappear, while those of oxazole 5¢ continue to
grow. In addition, several new products begin to appear, whose
definitive assignment will be presented in a separate publication.

The experimental findings for the pulsed pyrolysis of la are
summarized in Scheme 4. In the following section we will try to
explain these findings by means of quantum chemical calculations.

2.3. Mechanistic Molecular Modeling. Undoubtedly, the
first process in the thermolysis of isoxazoles is cleavage of the

Figure 8. The two singly occupied MOs of formylvinylnitrene 2a in its
lowest singlet state from a CAS(8,7)SCF calculation (light blue is the N,
red the O-atom).

weak N—O bond, which leads to the syn-(Z)-form of carbonyl-
vinylnitrenes (structure 2 in Scheme 1). Conceptually these
vinylnitrenes can decay to azirines 3 or, by different H-shifts, to
carbonyl-ketenimines 6, nitriles 8, their enol forms 9, or imino-
ketenes 11, as shown in Scheme $ for the parent compound. We
engaged in quantum chemical calculations to show why some of
these products are apparently formed, while others are not, and
how the secondary products that were observed in our study
(ketenimine 10 + CO or oxazoles 5) may arise.

In Scheme §, it is implied that all stable products (3, 6, 8,9, and
11) originate from different conformations of the vinylnitrene 2.
This must not necessarily be the case, as indicated by the dashed
black lines which imply that, in the case of azirines 3, C—N bond
breaking and H-shifts may occur concomitantly, thus bypassing
the vinylnitrenes 2.

In fact, earlier computational studies of the thermolysis of
isoxazoles'™'? have never found any evidence for the involve-
ment of vinylnitrenes 2. In contrast, it was noted that these
species lie very high in energy and do not even represent
stationary points on the potential energy surface. However, these
studies failed to account for the fact that the lowest singlet states
of vinylnitrenes are of open-shell (biradicaloid) nature, as was
shown in the 1990s.>**" Any calculations that force isoxazole to
remain closed shell on the way to one or the other stable product
will thus necessarily bypass the vinylnitrenes 2, because the
(excited) closed-shell singlet states of these species lie much
higher in energy.

We thus decided to reinvestigate the rearrangements shown in
Scheme § using the multiconfigurational CASSCF method, which
allows for a smooth passage between closed- and open-shell
singlet states, provided that the orbitals are averaged for the two
states. Because dynamic correlation effects are known to be
important in determining activation energies, we carried out
single-point MR-CISD calculations at the CASSCF geometries
(for details of these calculations see Methods).

Figure 8 shows the two MOs that are occupied by electrons of
opposite spin in the lowest singlet state of formylvinylnitrene 2a.

2.3.1. The Formation and Decay of Vinylnitrenes 2. In their
seminal paper on the ring expansion of phenylnitrene,”' Karney
and Borden pointed out, in a footnote, that on a CASSCF(4,4)/
6-31G* potential surface, the lowest singlet state of parent
vinylnitrene is a transition state for the interconversion of
enantiotopic azirines. Our first step was thus to check whether
formylvinylnitrenes 2a are also transition states on a correspond-
ing CASSCF surface. It turned out that three out of the four
planar structures are actually (shallow) minima (the anti-(Z)
geometry corresponds to a flat transition state), which decay,
however, in almost (or completely) barrierless processes to one
of the two conformations of azirine 3a. Thus, the different planar
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Scheme 5. Possible Decay Paths for Formylvinylnitrenes 2a
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forms of vinylnitrenes 2a also serve as transition states for (or
fleeting intermediates in) the interconversion of pairs of enan-
tiomeric azirines 3. The different planar forms of 2a can in turn
only interconvert via the azirines, to which the vinylnitrenes
collapse readily on twisting either of the central C—C bonds.

In a second step, we investigated the process of formation of 2a
from isoxazole 1a. Thereby we noted that this reaction cannot
take place in an adiabatic fashion in C; symmetry because the
ground state of isoxazole (as that of all planar closed-shell species
in Scheme 5) is 'A’ whereas the lowest singlet state of 2a has one
electron in a 0- and one in a 7-MO (see Figure 8) and has
therefore 'A” symmetry. Thus, there will be a conical intersection
in C; symmetry, which must be circumvented by an out-of-plane
distortion on the way from 1a to 2a and on the path from 2a to
other planar products, such as 9a, shown as an example in
Scheme 6.

Indeed we found that the transition state for the la — 2a
reaction is slightly nonplanar, and the wave function at this transi-
tion state is a mixture of closed- and open-shell configurations.
At the MRCI level, the barrier is just under SO kcal/mol
(cf. Scheme 6), very close to the energy of syn-(Z)-2a, which is
thus barely protected from decaying back to isoxazole 1a (note,
however, that the other conformers of 2a lie slightly lower in
energy).

Next we searched the transition states for the different
hydrogen shift reactions that are indicated with differently
colored arrows in Scheme 5. The lowest-lying of these transition
states is for the stereospecific [1,3]-H-shift leading from the
syn-(E) conformer of 2a (which is the most stable of the four
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Scheme 7. MRCI//CASSCF-Energies of Transition States Levels Relative to That of 1a*
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conformers) to the syn-(Z) conformer of the hydroxypropeneni-
trile 9a, which was very gratifying to note because 9a is the first
product that is seen on pulsed pyrolysis of 1a at the lowest
temperature where decomposition is observed. Interestingly, the
transition state for that reaction, which at the MRCI(Q) level lies
slightly below that for the breaking of the N—O bond in 1a,
turned out to be almost planar, and its wave function is solidly
closed shell, that is, the surface crossing must have occurred prior
to the transition state, in the region leading up to it.

The next decay channel that becomes accessible at the MRCI-
(Q)/CASSCE level is that leading from anti-(Z)-2a to iminoke-
tene 11a, but since this product was not observed in the pulsed
pyrolysis experiments, there must be another decay channel
associated with lower barriers leading to the other observed
products, that is, ketenimine + CO. The barriers for the [1,2]-H-
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shifts from any of the conformers of 2a to syn- or anti-formyl-
nitrile 8a are slightly higher than that for the decay to 11a (they
are also closed-shell in nature, and possibly they directly connect
azirines 3a to 8a). The [1,2]-H-shifts leading from 2a or 3a to the
(also unobserved) ketenimines 6a have even higher barriers, so
they will not be considered further.

The results of the above-described calculations are summed up
in Scheme 7, which shows the energies of the transition states
corresponding to the different decay channels relative to the
energy of isoxazole 1a (exact numbers and all structures are given
in Table S5 and Figures S4 and S5 of the Supporting In-
formation). We note that the relative energies of transition states
that are of closed- and open-shell nature, respectively, are affected
to surprisingly different extents by the Davidson correction for
quadruple excitations (“Q”) to the MR-CISD results. The origin
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Scheme 8. Pathways for Secondary Rearrangements and Cleavages of Primary Products of the Pyrolysis of Isoxazoles *
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Supporting Information.

of this discrepancy will be analyzed in a separate paper, but we
will base our discussion on the MR-CISD(Q) results (actually, it
turns out that the chemical conclusions are not affected by this
choice).

2.3.3. Rearrangements of the Primary and Formation of
Secondary Products. Some of the products observed in one or
the other type of thermolysis experiment are formed by pathways
that do not involve the carbonylvinylnitrenes, and in this section,
we will discuss these. Because multideterminant methods are not
needed to calculate the structures and transition states here, we
will base our discussion on results from two high-level compo-
site procedures, the CBS-QB3 method of Petersson et al.** and
the G4 method of Curtiss et al.* (for details, see Methods).
Scheme 8 sums up the corresponding energies including ZPV
contributions relative to isoxazole or, for transition states, also
relative to the reactants, respectively (in parentheses).

The first question that we will address concerns the formation
of ketenimine 10 + CO, which was observed in the pulsed
pyrolysis of parent isoxazole 1a (but not of its S-methyl derivative,
1b). These products must arise by cleavage of a compound that
has a carbonyl group and a C—C—N moiety of which only two
may be formed directly from isoxazole, namely, ketenimine 6 and

ketonitrile 8. In both cases, a migration of R®is required to occur
in concert with the C—C cleavage ([1,2] in the case of 6, [1,4] in
the case of 8), which explains why this cleavage is suppressed
when R® = CHj (see Scheme S3 in the Supporting Information).
Because instead 8 is observed on pyrolysis of 1b, we focused on
the cleavage of 8 in the case where R> = H. Indeed we found a
rather low-lying transition state involving H-migration from the
carbonyl group to the N-atom and concurrent C—C cleavage. If
the temperature is high enough to induce rearrangement of 1a to
form 8, then there is also enough energy available for the cleavage
of the latter compound to 10 + CO, even if partial thermalization
takes place in the molecular beam.

If 10 is formed from nitrile 8, then the question arises whether
8 could be formed by a lower energy pathway than that which
involves the vinylnitrenes 2. There are two possibilities: (a) by
ketonization of the Z-hydroxypropenenitrile 9 or (b) by rearran-
gement of azirine 3 to the isonitrile 7 (by way of C—C cleavage +
migration of R?), which may then isomerize to nitrile 8. Which
pathway is followed will depend on how rapidly the primary
products, 3 and 9, can dissipate their excess energy under the
conditions of an experiment: If thermalization is complete, then
the complicated rearrangement of azirine 3 to isonitrile 7 involves
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indeed a much lower barrier (ca. 39 kcal/mol) than ketonization of
9 (ca. 62 kecal/mol). Conversely, if there is no thermalization then
the ketonization of 9 is spontaneous (because the barrier for this
process is lower than that for the formation of 9), whereas the
rearrangement of 3 to 7 involves a barrier that is on the same order
as that for direct formation of 8 from 2.

Thus the most advantageous pathway for the formation of 8
depends on the experimental conditions. The fact that if R® =
CHj;, that is, if cleavage of 8b is prohibited, hydroxypropeneni-
trile 9b persists under the conditions of pulsed pyrolysis seems to
indicate that nitrile 8b may be formed (also) in other ways than
by ketonization of 9b. However, additional experiments would
be needed to settle this question. If R> # H, then 8 should not be
formed at all because it invariably involves a shift of R*. Indeed it
was found that, if R*> # H then carbonylnitriles 8 were not
observed in flash vacuum pyrolysis of isoxazole derivatives.'*

A third question involves the mechanism of formation of
oxazole 5, which is the only observed product if both R® and R®
are not H-atoms. In this case, all rearrangements that involve
migrations of either of these substituents (i.e., formation of
6—11) are suppressed, so that decay to azirines 3 is the only
viable (nondissociative) deactivation pathway. Indeed, this pro-
duct was observed on flash vacuum pyrolysis of 3,4-dimethyl-S-
aminoisoxazole at moderate temperature, whereas on pyrolysis
of 3,5-dimethyl- and 3-amino-S-methylisoxazole at higher tem-
peratures, 2,5-disubstituted oxazoles were the only observed
products.'* This indicates that a pathway is available for re-
arrangement of carbonylazirines 3 to oxazoles S.

It has been demonstrated that in photochemical reactions of
(aryl)2H-azirines, this rearrangement proceeds via a nitrile ylide
4" and it has been postulated that 4 is also involved in the
thermal process.'”>® Our calculations show that one can indeed
find a transition state for this C—C ring-opening reaction, but the
RHF wave function at this transition state turns out to be
unstable. Thus we located the same transition state by the
CASSCF method, and we found indeed that the wave function
has significant open shell character, so the calculation of the
activation barrier for this process requires a multiconfigurational
wave function. Hence we characterized the C—C ring-opening
pathway of azirine 3a by CASSCF with an active space that
is consistent for that process (but which is not identical to that
used for the reactions leading to or from the vinylnitrenes, see
Methods section). At the MRCISD(Q) level, the barrier for this
reaction is almost SO kcal/mol if one starts from thermalized
azirine 3a and over 67 kcal/mol relative to isoxazole 1a. The ring
closure of singlet nitrile ylide 4a to oxazole Sa (both of which are
solidly closed-shell compounds) is very exothermic and has a
very low barrier.>" At the DFT level, one can also find a transition
state (with a stable wave function) for the 3a — Sa rearrangement,
which bypasses the nitrile ylide, but all attempts to locate this
transition state at the CASSCF level failed or led to the open-shell
transition state leading to 4. Thus we conclude that this lower-
lying “concerted” transition state is an artifact of constraining
the system to remain on the closed-shell surface throughout
this reaction.

As a conclusion of the above, our calculations have shown that,
under conditions where the N—O bond in isoxazoles 1 can be
cleaved, azirines 3 form spontaneously and equilibrate (enantio-
merize) via vinylnitrenes 2. As the temperature is raised, H-shifts
begin to kick in and eventually siphon off the vinylnitrenes. If R®
or R® are methyl groups some or all of these channels are blocked

and ring-opening of the azirines to yield nitrile ylides 4 and
eventually oxazoles $ takes over.

Finally, we can try to account, on the basis of our calculations,
for the decomposition products that were observed in the shock-
tube experiments,'® where apparently much more energy was
available to drive cleavage reactions. In the case of 1a, the major
products were ketene + HCN, which were hypothesized to arise
by decomposition of the carbene that is formed from 1a by a
[1,2]-H shift. This shift involves, however, a fairly high barrier
(ca. 69 kcal/mol), but on the other hand, the carbene that is
formed decomposes in a practically activationless process. Alter-
natively, H,C=CO + HCN may be formed by way of iminoke-
tene 11a, which undergoes a [1,3] (N—C)-H-shift, concomitant
with cleavage of the C—C bond. Although, if one starts from
thermalized precursors, the barrier for this process is higher than
that for the formation of the carbene, the second process
becomes competitive if thermalization is incomplete.

The formation of CH;CN + CO may occur by [1,2]-H-shift plus
C—C bond cleavage from carbonylnitrile 8. Again the barrier for
this process is high, but if excess energy from the formation of 8 is
available to drive the process, it may be competitive with some of
the rearrangements in Scheme 8 (an alternative path, starting
from ketenimine 6 and involving two successive H-shifts, was
found to have a much higher activation energy). Other products
that were observed in the shock-tube studies, such as CO,,
methane, and ethane, cannot be accounted for in terms of
unimolecular processes.

We also calculated the barriers for the processes leading to the
observed products for the case where R® = Me, that is, the pyrolysis
of 1b. All the transition states were located on the CAS(8,7)SCF
surface, but it turned out that the barriers for cleavage of the N—O
bond in 1b as well as those leading to ketonitrile 8b and its enol
form, hydroxybutenenitrile 9b, were within a kcal/mol of those in
the parent compounds (see Supporting Information). When the
position 3 is also occupied by a methyl group (3,5-dimethylisox-
azole, 1c), all the reaction channels that involve migration of R®
and R are blocked, which leaves only azirine 3¢ and oxazole Sc as
possible rearrangement products. However, new (dissociative)
reaction channels appear to open up, which will, however, not be
discussed in the present paper.

3. METHODS

3.1. Pulsed Pyrolysis. In order to study the pyrolysis of isoxazoles
1a, 1b, and 1c, we used a pulsed pyrolyzer system, based on the design
conceived by Chen and co-workers,>> developed in the Integrated
Instrument Development Facility (IIDF) of the Cooperative Institute
for Research on Environmental Sciences (CIRES) of the University of
Colorado in Boulder.>

In this instrument, S ms pulses of a host gas (in our case Ar at ca.
800 mbar) seeded with ca. 0.1% of the precursor to be pyrolyzed are
passed through a resistively heated 25 mm X 1 mm ID silicon carbide
(SiC) tube, the temperature of which can be maintained at £5 °C up to
ca. 1200 °C. In contrast to flash vacuum pyrolysis (FVP) where the
activation occurs primarily by contact with the wall of the pyrolysis tube
(or of added material therein), the activation in this experiment occurs
almost exclusively by collision with the hot host gas atoms, which are
entirely unreactive, which largely avoids unwanted side reactions.

The pyrolyzer was flanged onto a cryostat based on an APD
Cryogenics closed-cycle helium refrigeration system with DE-202A
expander. Thus, the output of the SiC tube is directed to the Csl
window that is used as optical substrate for the matrices. During
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deposition of the pyrolysis products, the temperature of the CsI window
was stabilized between 15 and 20 K.

Isoxazole 1a (99% purity) and 3,5-dimethylisoxazole 1c (98% purity)
were purchased from Aldrich. S-Methylisoxazole 1b (>95% purity) was
purchased from TCI Europe. Authentic samples of 2-acetyl-3-methyl-
2H-azirine 3¢ and 2,5-dimethyloxazole Sc were prepared according to
a literature procedure.*** 2-Acetyl-3-methyl-2H-azirine 3¢, UV .y =
254 nm (ACN). "H NMR (400 MHz, CDCL,): 8¢ = 2.05 (3H, 5); 2.54
(3H, s); 2.84 (1H, s). ">*C NMR (125 MHz, CDCl,): ¢ = 13.1, 27.3,
36.9, 159.5,207.2. 2,5-Dimethyloxazole 5¢, UV, = 208 nm (ACN).
'H NMR (400 MHz, CDCL): 6 = 2.26 (3H, s); 2.39 (3H, s); 6.59
(1H, s).

Prior to usage, the samples were degassed by using the standard
freeze—pump—thaw method, whereupon the precursor vapor was
premixed with high-purity argon in ratios ranging from 1:500 to
1:2000 in a 3 L Pyrex glass reservoir to a pressure of 800 mbar, using
standard manometric techniques. During the experiments, the flux of the
mixture was controlled by reading the drop pressure in the reservoir with
a capacitance manometer. In a typical experiment, the pulsed valve
operated with an opening time of S ms and pulse frequency of 12 Hz
during 1000 to 3000 s.

Photochemical transformations of the matrix-isolated pyrolysis pro-
ducts were induced using the frequency-doubled signal beam provided
by a Quanta-Ray MOPO-SL optical parametric oscillator (fwhm ~
0.2 cm™ ') pumped with a pulsed Nd:YAG laser (repetition rate = 10 Hz,
pulse energy ~ S mJ, duration = 10 ns).

The IR spectra, in the 4000—400 cm ™! range, were obtained using a
Mattson (Infinity 60AR series) Fourier transform infrared spectrometer,
equipped with a deuterated triglycine sulfate (DTGS) detector and a
Ge/KBr beam splitter with 0.5 cm™ "' spectral resolution. To avoid
interference from atmospheric H,O and CO,, a stream of dry air was
continuously purged through the optical path of the spectrometer.

3.2. Quantum Chemical Calculations. For the purpose of
modeling IR spectra, the geometry optimization and the frequency
calculations were done with the B3LYP/6-311++G(d,p) method. After
scaling the calculated frequencies by factors of 0.980 below 3000 cm ™
and 0.950 above 3000 cm ™', the resulting frequencies, together with the
calculated intensities, served to simulate the spectra shown in the figures
by convoluting each peak with a Lorentzian function with a full width at
half-maximum (fwhm) of 2 cm™", so that the integral band intensities
correspond to the calculated infrared absolute intensity.>* Note that the
peak intensities in the simulated spectra are several times less (in the
arbitrary units of “relative intensity”) than the calculated intensity (in km
mol ).

In the regions of the potential surface where open-shell singlet states
do not intervene during the reactions that interconvert different species
(see below), we resorted to the CBS-QB3*® and the G4 methods* to get
reliable relative energies. Both of these methods imply geometry
optimizations and frequency calculations by the B3LYP density func-
tional method (with differently polarized 6-31G(d,p)-type basis sets for
the two methods), followed by series of single-point calculations that are
designed to capture the effects of going to very large basis sets, either by
direct extrapolation (CBS-QB3) or in an additive fashion (G4). Even-
tually, both methods aim at estimating the result of a CCSD(T)
calculation with a very large basis set, supplemented by empirical
corrections to account for relativistic or spin—orbit coupling effects.
Generally, both methods are thought to be accurate to within 1 kcal/
mol. It is gratifying to note that the results obtained by both methods
rarely diverge by more than that amount.

All calculations described above were carried out with the Gaussian
program package.*®

For the processes that involve the formation or decay of open-shell
carbonylvinylnitrenes, we used the multiconfigurational complete active
space self-consistent field (CASSCF) method with the 6-31G* basis set

to find stationary points (we checked that the geometries do not change
significantly on enlarging the basis set, see Figure S11 and Table S9 in the
Supporting Information). At these geometries, we carried out single-
point calculations at the multireference configuration interaction
(MRCI) level including all single and double excitations (SD) with
the cc-pVTZ basis set (we ascertained that at this level the results are
close to converged with regard to the basis set limit, see Figure S12 in the
Supporting Information). In studies of chemical reactions by these
methods, it is very important to choose an active space that contains all
the MOs and the electrons that change along the considered pathways,
to avoid discontinuities of the potential surfaces and to be able to
compare energies. Eventually we found that an active space containing
eight electrons in seven active orbitals allowed us to fulfill this condition,
provided that it contained the right orbitals (see below). Since the
reactions involve passages between open- and closed-shell singlet states,
we used state-averaged orbitals throughout all calculations.

In the case of isoxazole, those were the five 77/7*-MOs containing the
six st-electrons and the N—O 0- and 0*-MOs. In the vinylnitrenes, the
N—O orbitals were replaced by the singly occupied in-plane p-AO of N
and the in-plane p-lone pair of O, while in the azirine 3 one of the /7"
pairs turns into the 0- and 6*-MOs of the newly formed C—N bond. It
was not possible to find a compatible active space for the other primary
products (6, 8,9, and 11), but we profited from the fact that the transition
states for formation of these products are very early (because the re-
actions are exothermic by over 55—70kcal/mol), so the active space that
we used for the vinylnitrenes 2 was used to describe also those transition
states because we had to use a consistent active space to ensure com-
parability of energies. This active space does not explicitly contain the
0- and 0*-MOs of the reactive X—H bonds because we were not able to
include those MOs in the vinylnitrenes. All these MOs are depicted in
Figures S6—S8 of the Supporting Information.

It turned out that the active space needed to describe the transition
states leading from 3a to both 4a and 7a is not consistent with that
described above. Instead of the 0- and 6*-MOs of the C—N bond in 3a,
those of the C—C bond in the azirine ring were included. In order to
make all MRCI relative energies comparable, we recomputed also the
geometries and the energies of azirine 3a with this active space. These
orbitals are depicted in Figure S9 and $10 of the Supporting Information).

All transition states (TS) were characterized by intrinsic reaction
coordinate (IRC) calculations, which led to the starting vinylnitrenes on
one side and to the closed-shell products on the other side, sometimes
after optimization at the end of an IRC path. The three TS leading from
the vinylnitrenes 2a to the azirines 3a (and the anti-(Z)-vinylnitrene,
which is itself already a transition state for the interconversion of
enantiomeric azirines) were of predominant open-shell nature, that is,
they occur before the crossing to the closed-shell singlet surface of the
azirine. The wave function of the TS for the N—O cleavage of isoxazole
la was found to consist of similar parts of closed- and open-shell
configurations, that is, that TS lies very close to the conical intersection
of the two crossing surfaces (cf. Scheme 5).

The wave functions for the TSs for the very exothermic decay of the
vinylnitrenes 2a to the stable products 6, 8, 9, and 11 were all
predominantly closed-shell, so they lie after the crossings of the open-
and closed-shell singlet surfaces, which therefore appear to occur quite
close to the vinylnitrenes, despite the fact that the first (predominantly
closed shell) excited state of these vinylnitrenes lies ca. 10—12 kcal/mol
above the lowest open-shell state. This can be explained by the fact that
the open-shell singlet surface, which leads to excited states of the
products (cf. Scheme 6) is, at least initially, quite flat, whereas the
closed-shell surface that cuts through it and leads to the product ground
states is very steep, because these reactions are very exothermic. The
details of this will be discussed in a forthcoming paper.

All CASSCF and MRCI calculations were done with the Molpro
program package.”” All energies are listed in Tables S5—S8 of the
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Supporting Information, which contains also the Cartesian coordinates
of all stationary points.

4. CONCLUSIONS

We have studied the pyrolysis of parent isoxazole, 1a, and of its
S-methyl and 3,5-dimethyl derivatives, 1b and 1¢, respectively, by
the high-pressure pulsed pyrolysis method, where activation of
the precursor molecules occurs by collisions with the host gas (Ar
in our case), rather than with the walls of the pyrolysis tube,
where catalyzed processes may occur. The products were trapped
at 15 K in Ar matrices where they were characterized by
vibrational spectroscopy. Thereby we found a hitherto unob-
served primary product of pyrolysis of isoxazole, the 3-hydro-
xypropenenitrile 9a, or its methyl derivative 9b. E—Z photo-
isomerization could be induced in compounds 9.

On pyrolysis of 1a, ketenimine 10 and CO were observed as
decomposition products, but this process did not occur when the
S-methyl derivative, 1b, was pyrolyzed. Instead, ketonitrile 8b
was formed. In the case of 3,5-dimethylisoxazole 1c, acetyl-
azirine 3¢ was detected at lower temperatures, whereas at higher
temperatures, 2,5-dimethyloxazole Sc was the only observed
rearrangement product (next to products of dissociation, which
will be discussed separately).

We have rationalized the above findings on the basis of
quantum chemical calculation. Thereby it became evident that
carbonyl-vinylnitrenes 2 play a pivotal role in the observed
rearrangements, a role that had not been recognized in previous
theoretical studies because it had been assumed that vinylni-
trenes are closed-shell singlet species, whereas they are in fact
open-shell singlet biradicaloids. Thus, the primary processes had
to be modeled by the multiconfigurational CASSCF method,
followed by single-point MR-CISD calculations. The picture that
emerges from these calculations is in excellent accord with the
experimental findings, that is, they explain why some possible
products are observed while others are not.

B ASSOCIATED CONTENT

© Supporting Information. Tables listing the observed IR
peaks and their assignment based on B3LYP calculations, full IR
spectra for the pyrolysis of 1b and 1c, energies and structures of
the stationary points found on the CASSCF and B3LYP (G4)
potential surfaces, orbitals contained in the active space for
compounds subjected to MRCISD//CASSCF calculations,
basis-set dependence of the MRCISD results, Cartesian coordinates
of all stationary points discussed in this study, full references for
the Gaussian®® and Molpro®” program packages. This material
is available free of charge via the Internet at http://pubs.acs.org.
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