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Theoretical Study of Thermal Decomposition Mechanisms of Isoxazole
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Density functional theory and ab initio calculations were carried out to investigate two probable unimolecular
decomposition channels of isoxazole. The calculated structural parameters, dipole moment, and vibrational
frequencies of isoxazole are in good agreement with available experimental data. Relative energies of transition
states and equilibrium structures evaluated at MP4 and QCISD(T) levels of theory at B3LYP/6-31G** structures
indicate that CO and C4€N, major products of isoxazole thermal decomposition in the temperature range
850—-1100 K, are unlikely produced via the mechanism proposed in the experimental and previous theoretical
studies. Instead, the mechanism proposed in the current study, isoxa@®&CH,CHO — CH;CN + CO,

is more likely the main unimolecular decomposition channel. The mechanism proposed in the experimental
study was shown to have a higher activation barrier and is likely responsible for the formation of HCN and
H,CCO, minor products of isoxazole decomposition.

I. Introduction SCHEME 1. Mechanism of Isoxazole Decomposition

. . . ~ Proposed in Ref 3
Isoxazole and its derivatives are important structural units

of many molecules of biological interestsDue to this reason, \,«\

they have been the subject of extensive experimental stéidies. S \N T CHCN+CO
Recently, thermal decomposition of isoxazole was stifdied N H N / T‘;Z

behind reflected shocks in a pressurized-driver single-pulse VAR _,H::;‘Z‘\{ . 7—\(

shock tube over the temperature range-85000 K. Aceto- N e N Nlsoa

nitrile and carbon monoxide were found to be the major products E1 TS1 INT 7\{ = HON + H,CCO
followed by hydrogen cyanide, propionitrile, and acetylene. L]

Formation of carbon monoxide and hydrogen cyanide was 93

suggestett* to be via unimolecular processes and to follow the

mechanism described in Scheme 1. According to this scheme, SCHEME 2: Mechanism of Isoxazole Decomposition
the reaction leading to acetonitrile and carbon monoxide Proposed in the Present Study

proceeds via a hydrogen shift from position 5 to position 4, hi

coupled by concertedNO and G—Cs bond cleavage, hydrogen :.H;;;n"]\ . CH4CN+CO
shift from position 3 to position 4, and removal of carbon . . L / /' N
monoxide from the ring. The formation of hydrogen cyanide — \_."  \% \“/V\ ° TS5
A

was suggested to follow a very similar process, but after the H/c{/\ /\\NZ—T/C(\ T .
hydrogen shift from position 5 to position 4,€C; instead of o - ° \J

Cs—C4 bond cleavages coupled with-ND bond rupture to give Bl TS4 INT2 o= :
hydrogen cyanide and ketene. There are, however, some
problems with the proposed mechanism. First, experirients
performed in a large quantities of toluene as a radical scavenge
found that there is no effect on the production of acetonitrile

but a small effect on the formation of hydrogen cyanide.

Second, a very recent ab initio studt the Hartree Fock/3- have any effect on the formation of the former but has a small
21G level failed to find the transition structurE§2 of Scheme effect on the latter? In our opinion, it may be evidence for

1) of the maj(_)r product_c_hannel leading to acetonitrile a_n_d different mechanisms being responsible for the formation of
carbon monoxide. Transition state searches located atransmonCHSCN + CO and HCN+ H,C=C=0. A conceivable

structure for |;|]C|\k|)+.H2(].:,(;O.—" CH3C'\.| + COd.instead. mechanism is described in Scheme 2. This mechanism does
However, on the basis of intrinsic reaction coordinate (IRC) not involve a radical intermediate. Therefore, if the reaction

and_ classical trajectory calculatio!’ls, it was conclidadt the_ follows this mechanism, a radical scavenger will have no effect
major products were formed by bifurcation due to a dynamical . i;

effect in the course of thermal decomposition. . . . .
i ] To reconcile the experimental and theoretical results and gain
Although we do not dispute that dynamical effects may play 5 petter understanding this reaction, we have performed a

important roles in a chemical reaction, the above explanation yetailed quantum mechanical study of the reaction channels
is not completely convincing. This is because the ab initio yaccribed in Schemes 1 and 2.

study* found that according to Scheme 1, the transition state
leading to the formation of HCN and8=C=0 has a much
lower activation energy, but HCN and ,&=C=0 were

Va

%\—“ HCN + H,CCO
w

TS6

'observed only as minor products. Furthermore, if the formation
of CH3CN and CO follows a similar mechanism as the formation
of HCN and BC=C=0, why does the radical scavenger not

[I. Computational Details

All calculations were carried out using Gaussian94 program
€ Abstract published irAdvance ACS Abstractéyugust 1, 1997. package. The equilibrium and transition state structures were
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H H TABLE 1: Calculated and Observed Vibrational
Frequencies of Isoxazole
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118.6 MW a 3178 0.89 3161 3161 CHstr
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1422 31.04 1429 1429 =6Cand G=N str

1360 5.62 1366 1366 CH bend and ring def
1209 6.21 1260 1217 CH bend

1118 18.95 1217 1128 CO and CC-tCH bend
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10 1013 5.26 1091 1026 CC strCH bend
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Figure 1. Calculated and experimental structural parameters of 13 855 25.65 845 845 NO sir
isoxazole (bond length in angstroms and angles in degrees). d' 14 874 421 891 891 CHwag
15 837 0.01 792 CH wag

fully optimized by Becke’s three-parameter hybrid DFT/HF 16 757 4548 765 765 CHwag
method using the LeeYang—Parr correlation functional 17 622 276 632 632 ringtor

(B3LYP) and the 6-31G** basis s&tVibrational analyses were 18 584 1249 595 595 ring tor
carried out, at the same level of theory, to characterize the 2B3LYP/6-31G** harmonic frequencies scaled by 0.963ssign-
optimized structures as equilibrium or transition states. Intrinsic ment of fundamental vibrational frequencies of ref 1Assignment
reaction coordinate (IRC) analyses were performed on the of observed frequencies based on the calculated reS@BLYP/6-
i o 31G** IR intensities in km/mol® Based on total vibrational energy
transition structures to make sure the transition states connec{yiciipution analysis.
the desired reactants and products. Energies of the optimized
structures were evaluated at the B3LYP/6-31G** structures by
B3LYP/6-311+G**, MP4(SDQ)(FC)/6-31G**, and MP4-
(SDTQ)(FC)/6-31%t+G**. For some critical structures, single-
point energy calculations were also carried out at the QCISD(T)/
6-311+G** level to obtained more reliable activation energies. frequencies of isoxazole and compared the results with experi-

Zero-point vibrational energies (ZPE) were taken into account o niq assignmenitsof fundamental vibrational modes in Table

and were approximated by one-half of the sum of B3LYP/6- 1. Infrared intensities of the vibrational modes calculated from
31G** harmonic frequencies. The B3LYP/6-31G™ harmonic g yp/g 37 G+ dipole moment derivatives are also presented

frequencies were_also used to evaluate_ activation enthglpies anGh this table. Mode descriptions given in this table are based
activation entropies which were req_qlred for evaluating r_a_te on total vibrational energy distribution analy&sTable 1 shows
constants of the proposed decomposition channels by transition-y -+ tor frequencies below 800 cthand higher than 1300 crh
state theory. the calculated and experimental frequencies are in good agree-
ment. The mean deviation is 14.6 th which is mainly
contributed by CG-H stretching modes. If the CH stretching

3.1. Structure, Dipole Moment, and Vibrations of Isox- modes are excluded, the mean deviation is less than8.cm
azole. The calculated B3LYP/6-31G** structural parameters However, the difference between the calculated and observed
of isoxazole are compared with microwave structural param- frequencies in the range 862300 cnt? is significantly larger.
eter§ in Figure 1. In the figure, bond lengths are given in Careful inspection of the calculated and observed results
angstroms and angles in degrees. It is shown that the calculatedndicates that the large differences are most likely due to
structural parameters are in excellent agreement with the misassignments of three vibrational modes in the experimental
experimental results. The largest difference between the studies. The calculations indicate that vibrational modgs
calculated and microwave bond lengths is 0.004 A. The largestandv;s have very low infrared intensities (0.01 and 1.15 km/
difference between the calculated and microwave bond anglesmol, respectively). Our HF/6-31G** calculations indicate that
is 0.£. At the equilibrium structure, the dipole moment they also have very low Raman activities (0.91 and 0.45 A
calculated by B3LYP/6-31G** is 2.96 D. Experimentally, the amu, respectively). Thus they are not expected easily seen in
dipole moment obtained from dielectric constant measureMents either an IR or Raman spectrum. Experimentally, a band at
in benzene is 2.76 and 2.83 D. The result obtained from 792 cnT! was assigned toys, and a band at 916 crh was
dielectric constant measurem®nin dioxane is 3.01 D. The  assigned to1,. The former is 45 cmt lower than the calculated
result obtained from microwave spectrifnis 2.90 D. These frequency ofvis and is not close to any of the calculated
results indicate that B3LYP/6-31G** reproduces both the frequencies. The latter is 31 cthhigher than the calculated
structural parameters and dipole moment of isoxazole accurately frequency ofv;, but is only 18 cmi® higher than the calculated

At the B3LYP/6-31G** equilibrium structure isoxazole, frequency ofvi;. In fact, the experimental assignmentsygf
harmonic vibrational frequencies were calculated from B3LYP/ (1217 cnt?), v9 (1128 cnm?), v10 (1091 cnt?), v15 (1026 cnl),
6-31G** force constants evaluated as the second derivatives ofandvi, (916 cnT?) are very close to the calculated frequencies
energy. It has been well-knowhthat for most organic  of v; (1209 cnt?), vg (1118 cnT?), v (1090 cnTl), v10 (1013
molecules, B3LYP/6-31G* harmonic frequencies are slightly cm™2), and v1; (898 cnt?), respectively. The experimental
higher than the corresponding fundamental frequencies. How-assignment of’; to 1260 cnT! is more than 50 cmt away
ever, the difference between B3LYP/6-31G* harmonic and from the calculated frequencies. These results indicate that the
fundamental frequencies is quite systematic; therefore, a detailednfrared and Raman bands observed at 1260 and 792 am
scaling of B3LYP harmonic frequencies reproduces observed probably not due to fundamental vibrational modes of isoxazole,

fundamental frequencies closéf2* The scale factor derivéd
from minimizing the difference between the calculated and
observed frequencies of many organic molecules is 0.963. We
have applied this scale factor to the B3LYP/6-31G** harmonic

Ill. Results and Discussions
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Figure 2. B3LYP/6-31G** structural parameters (bond length in angstroms and angles in degrees) of the transition states and equilibrium structures
of isoxazole decomposition along Schemes 1 and 2.

and the experimental assignments of modgsy;, should be transition state fodlNT — CH3;CN + CO. They found a
shifted up one place. The band at 1260¢éwas observed to  transition structure similar t6S2, but their Hartree-Fock IRC
be weak in both infrared and Raman spectra, and it was foundanalysis indicates that the structure is a transition state for HCN
to have a polarization ratio of 0.1 in the Raman spectrum. Itis + H,CCO — CH3CN + CO. Contrary to their results, our
likely due to an overtone ofi7 (2 x 632 cnT® = 1264 cn1?). B3LYP/6-31G** IRC analysis indicates thatS2 we located
On the basis of the calculated results, reassignments of theis indeed the transition state f&T — CH3;CN + CO. The
fundamental frequencies of isoxazole are given in Table 1. This difference must be due to neglecting electron correlation by the
reassignment leaves, andvis unassigned. According to the  HF method.
reassignments, mean deviation between the calculated and Along Scheme 2, the first transition stafe$4, has a very
observed frequencies of isoxazole is 13 émwhich is long O—N distance (3.270 A). The long-€N bond makes
consistent with the mean deviation between the calculated andthe reaction step look like a stepwise process-kDcleavage
fundamental frequencies of many other organic compounds. followed by hydrogen migration), but our B3LYP/6-31G** IRC
3.2. Structures and Energies of Critical Points along the analysis indicates thdiS4 is the only transition state for NO
Decomposition Channels. The B3LYP/6-31G** structural cleavage and hydrogen migration frorgt6 C,. The activation
parameters of the transition states and intermediates of theentropy for the reaction to produce @EN + CO derived from
decomposition channels depicted in Schemes 1 and 2 areanalyzing experimental data is small, implying a tight transition
presented in Figure 2. All the transition structures were checkedstate. TS4 is, however, a quite loose transition state. The
for connecting the desired reactants and products by B3LYP/ discrepancy might be explained by the fact tiéiT2 is quite
6-31G** IRC analyses. For Scheme 1, a significant difference low in energy. Due to collisional deactivatiohS5 may also
between our B3LYP results and the Hartréeck results of play important roles in CECN + CO formation.
Okada and Saifois found with the transition structur&€S2. From the B3LYP/6-31G** structural parametefs$6 looks
The Hartree-Fock study of Okada and Saito failed to locate a like a transition state folNT2 — HCN + H,CCO. However,
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TABLE 2: Energies? of Critical Structures of Isoxazole Decomposition along Schemes 1 and 2

El TS1 INT TS2 TS3 TS4 INT2 TS5 TS6 GEN+ CO HCN+ H.CCO
6-31G**
B3LYP —246.039 63 729 435 704 437 64.9 —15.9 57.2 108.2 —18.2 8.17
MP2 —245.336 42 76.4 321 69.4 351 779 -21.4 574 120.7 —28.3 5.0
MP4(SDQ) —245.356 09 723 452 69.3 454 733 —2438 58.1 114.8 —34.3 19
6-311H-+G**

B3LYP —246.10394 723 394 641 386 59.1 —-20.6 50.1 99.5 —25.7 -1.1
MP2 —245.43646 744 27.2 61.1 28.7 715 —-248 493 110.1 —32.9 -11
MP4(SQD) —245.45293 721 411 62.1  40.6 67.8 —28.1 50.9 104.5 —39.2 —-3.9
MP4(SDTQ)  —245.496 92 71.2 28.6 55.4 29.2 63.7 —25.2  47.6 103.6 —36.0 —-2.1
QCISD —245.45388  71.8 62.9 —38.4 —3.4
QCISD(T) —24549115 70.9 58.5 —34.8 -1.0
ZPE° 36.4 32.6 33.2 298 324 308 345 312 27.9 31.7 30.2

aTotal energy ofEl is given in hartrees. The energies of the other structures are given in kcal/mol relaige™@he structures are given in
Figures 1 and 2 as well as in Schemes 1 antiZ&ro-point vibrational energy (in kcal/mol) approximated by one-half of the B3LYP/6-31G**
harmonic vibrational frequencies.

156 Scheme 1 appears to go through a concerted hydrogen shift from
oer ' Cs to C4, coupled with G—C3 and O-N bond cleavage. On
of ¢——— Scheme | Scheme 2 —— the other handTS2 has been confirmed by B3LYP/6-31G**

IRC analysis to be a transition state connectig and CO+
CH3CN. Thus the molecule overcoming the energy barrier at
TS1 may roll down in two directions. One will roll down hill
all the way to produce HCN+- H,CCO. The other will roll
down first and then climb another hill peakedTé&2 and then
roll down from there to produce C@ CH3;CN. Since the
production of HCN+ H,CCO does not require the molecules
to go over another barrier aftdiS1, HCN, and HCCO must
be the favored products along Scheme 1.

Along Scheme 2, the first barrier occurs B54, which is
about 10 kcal/mol lower thanS1 at the highest level of theory
applied. A very stable intermedialfdT2 is produced vial S4.
~ v This intermediate can decompose eitherVsb to produce CO
o, — CHiCN+CO CHCN + CH3CN or viaTS6 to produce HCN+ H,CCO. SincelS6

Figure 3. Schematic MP4(SDTQ)/6-3%1+G** potential energy is much higher in energy than all o'_[her transition states, it
profiles of isoxazole decomposition along Schemes 1 and 2. The represents the least probable reaction path. Therefore the
numbers in parentheses are results of more expensive QCISD(T)/6-favorable decomposition channel along Scheme 2 isT84
311++G** calculations. andTS5to produce CO+ CH3CN. As bothTS4andTS5are
lower in energy tha'S1, CO and CHCN are predicted to be
our B3LYP/6-31G** IRC analysis indicates that the products produced through Scheme 2 and are the major products, while
are CNH+ H,CCO instead of HCNt+ H,CCO. Our B3LYP/ HCN and HCCO are produced through Scheme 1. Since there
6-31G** calculations indicate that the isomerization of CNH is no radical intermediate involved in Scheme 2, radical
to HCN has an activation barrier of 29.9 kcal/mol at B3LYP/ scavenger should have no effect on the production of CO and
6-31G** plus ZPE level. Results in Table 2 show tA&6 is CH3CN, a fact in agreement with experimental result.
about 100 kcal/mol higher in energy than isoxazole, indicating  Assuming the overall rate of a reaction channel is determined
that if the reaction proceeds ViES6, there would be enough by the step of highest activation energy, it appears that the most
excess energy in the CNH fragment so that the CNH producedimportant transition states for the two decomposition channels
can easily isomerize to the more stable form HCN. Since there greTS1andTS4, respectively. To get a more reliable estimate

are lower energy pathways, the decomposition fibfli2 —  of the activation energies of the two decomposition channels,
TS6 — CNH + H,CCO is unlikely to occur (see discussion we carried out more expensive QCISD(T)/6-3HG** energy
below). calculations aE1, TS1, andTS4. The activation energies of

Relative energies of the critical structures along the reaction TS1andTS4 estimated from the QCISD(T) energies plus ZPE
channels described in Schemes 1 and 2 are evaluated at theorrection are 67.1 and 52.9 kcal/mol, respectively. The
B3LYP/6-31G** structures by B3LYP/6-31+G**, MP4- activation energy for CECN production derived from fitting
(SDQ)/6-31G**, and MP4(SDTQ)/6-3H+G**. The results experimental data to the Arrhenius equation is 44 kcafmol
are presented in Table 2. Relative energies calculated by MP4-The difference between the calculated and experimental activa-
(SDTQ)/6-311#-+G** are also presented schematically in tion energies is 9 kcal/mol.

Figure 3. Itis shown that along Scheme 1, the highest energy 3.3. Transition State Theory Calculation of Rate Con-
barrier occurs alTS1, which is about 70 kcal/mol higher than stants. To understand the difference between the calculated
isoxazole. The intermediat®lT, which is produced vid@S1, and experimental activation energies, we evaluated rate con-
is only 0.6 kcal/mol lower tharTS3 at the MP4(SDTQ)/6- stants, by transition-state theory, of the two decomposition
311++G** level. When ZPE is taken into consideratiorns3 channels by assuming tha61 andTS4 are the corresponding
becomes lower in energy thdNT , indicatingTS3 disappears rate-determining transition structures. According to transition-
when the zero-point vibrational energy is considered. Therefore state theory the rate constank is given by the following

the production of HCN and $¥CO from isoxazole along  formula:
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TABLE 3: Rate Constants of Isoxazole Decomposition Calculated by Transition-State Theory

temp, K 850 900 950 1000 1050 1100
TS1 AH? (kcal/moly 67.2 67.2 67.1 67.1 67.1 67.0
ASF(cal/mol Ky —0.189 —0.235 —0.281 —0.327 —0.372 —0.418
TS4 AH* (kcal/mol} 54.9 54.9 54.8 54.8 54.8 54.7
ASF(cal/mol Ky 8.615 8.577 8.536 8.493 8.449 8.404
ki(s) 8.5x 10°° 8.0x 10 6.3x 1073 3.8x 102 20x 10t 9.0x 10*
ke(s™h) 10 65 3.6x 1% 1.6x 10 6.0x 10° 2.1x 10
keo(exptlf (s71) 4.2 18 65.6 210 604 1575

a Calculated from QCISD(T)/6-3H+G** electronic energies and B3LYP/6-31G** vibrational frequencie€alculated from B3LYP/6-31G**
vibrational frequencies.Calculated from Arrhenius formula with the experimental preexponential factor and activation energy reported in ref 3.

KeT\ AstR AHHRT thermal decomposition, are produced via the channel: isoxazole
k=|=]e"""e! — NCCH,CHO — CO + CH,CN. This is contrary to the
conclusions of the experimental and previous lower level
theoretical studies. The proposed mechanism may also be
operative for unimolecular decomposition of the isoelectronic
molecules furane and pyrrole and therefore may represent a
unimolecular decomposition pattern of five-membered hetero-
cyclic aromatic compounds.

wherekg is Boltzmann’s constanty is Planck’s constantAS*

is the activation entropy, andH* is the activation enthalpy.
The thermodynamical parametefsS’ andAH*, were evaluated

by statistical thermodynamics from the calculated electronic
energies and vibrational frequencies of the reactants and

transition states. On the basis of QCISD(T)/6-3#1G**// Acknowledgment. This study was partially supported by
B3LYP/6-31G** energies and the B3LYP/6-31G** force fields,  the Research and Development Committee of East Tennessee
the calculated thermodynamical parametefSDfTS1, andTS4 State University and a Cottrel College Science Award of
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