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Abstract

Five-membered heterocyclic structures, which exist widely in biological systems and play an
active role in various biochemical processes, have been studied extensively from a fundamental
perspective. Here, the fragmentation patterns of isoxazole, a representative five-membered
heterocycle, upon dissociative electron attachment (DEA) were examined carefully by
comparing isoxazole’s products with those of its methylated derivatives. It was found that the
most dominant DEA pathway occurs through the loss of hydrogen at C(3), which leads to ring
opening by O-N bond cleavage at an energy of ~1.5 eV. The ring opening was investigated
further for DEA to other related five-membered ring compounds, i.e., oxazole and thiazole. The
DEA-induced hydrogen loss was much less pronounced or quenched completely in these two
compounds and simultaneous ring-opening behavior was not detected. This observation is of
special interest to applied fields, for example, the pharmaceutical industry, because several drugs

that contain isoxazole substructures exhibit extensive ring opening during biotransformation.
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I. Introduction

Five-membered aromatic heterocyclic compounds are biologically important and are prevalent in
nature. For example, they are present as nucleic acid building units, i.e., the nucleobases adenine
and guanine. In recent decades, many heterocyclic biological compounds have been investigated
extensively by physical methods to elucidate the effects of radiation at the molecular level, with
a particular emphasis on low-energy electron collision processes [1]. Low-energy electrons
(LEEs), largely those with an energy below 20 eV that are produced in biological tissue by
ionizing radiation, are known to contribute to radiation damage of DNA [2],[3]. Ionizing
radiation is used widely in cancer therapy, where its interaction produces showers of low-energy
electrons, creating an electron-rich local environment within irradiated living cells. Thus,
knowledge of the interaction between LEEs and biomolecules is essential to obtain a full picture
of the processes radiation induces in living cells to improve radiotherapeutical outcomes and
enhance pharmaceutical engineering technologies. These heterocyclic molecules can be regarded
as simple prototypes of more complex biological systems, such as the polynucleotide strands of
DNA, and thus, they have been investigated already in several electron-scattering studies [4]—
[11]. In addition to their structural function, these compounds also play an important role in
various biochemical processes. Structure-activity relation studies [12] have demonstrated that
incorporation of one or more heteroatoms in an aromatic ring can significantly alter the chemical
and biochemical reactivity and change the subsequent metabolism pathway. Instances have been
reported in which medicines that contain aromatic heterocyclic rings were found to induce toxic
events and related idiosyncratic autoimmune reactions and thereby were withdrawn from clinical

use [13],[14].
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In this work, we focused on isoxazole, which is a five-membered aromatic heterocycle that
contains two heteroatoms. Isoxazole can be derived from furan by replacing one of the methine
(-CH) groups with a nitrogen atom, as shown in Figure 1. The substitution of nitrogen causes a
significant change in the compound’s properties. For example, compounds that contain an
isoxazole substructure have been reported to undergo extensive ring opening through
biotransformation [15],[ 16]. One of the mechanisms proposed is that the greater electronegativity
of the oxygen atom adjacent to the nitrogen in the isoxazole ring results in facile reductive
cleavage of the N-O bond [17]. Some studies of isoxazole’s ring opening mechanism have been
conducted previously [17], but none has been performed on fragmentation induced by

dissociative electron attachment (DEA).

Although a previous study that used electron transmission spectroscopy confirmed that several
transient negative ion (TNI) states were formed upon electron attachment to isoxazole [7], to
date, there are no data available on the subsequent fragmentation processes. This work describes
a comparative study of DEA to isoxazole and its methylated derivatives, 3-methylisoxazole
(HsC4NO) and 3,5-dimethylisoxazole (H;C4NO). For the purpose of further comparison, DEA to
oxazole (H;CsNO), which is an isomer of isoxazole, and thiazole (H;Cs;NS) in which the oxygen

is replaced by sulfur, were also investigated.
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I1. Experimental and Computational Methods

3-methylisoxazole 3,5-dimethylisoxazole

1.54 D 188D

Jd

oxazole thiazole

Figure 1. Molecular structures of isoxazole, 3-methylisoxazole, 3,5-dimethylisoxazole, oxazole,
and thiazole and dipole moments (Debye). The blue arrows indicate the dipole directions.

The three samples used in this experiment, isoxazole (H;CsNO, 69 g/mol), 3-methylisoxazole
(HsC4NO, 83 g/mol), and 3,5-dimethylisoxazole (H;CsNO, 97 g/mol), were commercial products
with a stated purity of 99%, 98%, and 95%. The experiment was carried out at room temperature
(25°C), at which all three samples remain in liquid form. At 25°C, the vapor pressure of the three
samples was 51.7+ 0.2 [18], 19.7£0.2 [19], and 6.5 + 0.3 mmHg [20], respectively. The liquid
samples were contained in an evacuated glass vial and degassed with freeze-pump-thaw cycles to

remove air and other possible gases. The experiment was conducted in a high vacuum chamber
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with a base pressure of 10"° mbar. When the gas phase DEA experiment was performed, vapor
from the sample was introduced to the chamber through a leak valve that increased the chamber
pressure to 1x10° mbar. The chamber was equipped with a quadrupole mass spectrometer (QMS:
a 3F series model from Hiden Analytical, Inc.) that consisted of a built-in standard electron
source component (a tungsten wire) affixed at the front end of the quadruple. Inside the vacuum
chamber, the molecular beam was ejected from a metal tube with a diameter of 1 mm aimed at
the front end of the QMS. The molecular beam entered the QMS and was crossed by the electron
beam with an energy resolution of 0.3 eV emitted from the filament with an emission current of
I pA. The resulting anions were guided into the triple-filter quadrupole system by several ion
optical lenses. The ions with a selected mass-to-charge ratio (m/z) were counted with a Faraday
detector while the electron energy was stepped in increments of 0.1 eV. The anion yield data
were retrieved from the MASsoft interface provided by Hiden Analytical. In addition, to remove
any background signal, the anion yield curves as a function of electron energy were taken from
possible contaminants in the chamber and subtracted from the anion yield curves measured for

the samples.

The standard enthalpy (heat) of reaction for each fragmentation pathway was calculated using
the computational quantum chemistry package, Gaussian09 [21]. The enthalpy of reaction, AH?,
at temperature (®) of 25°C was calculated as a subtraction of enthalpies of formation, AH? =
ZH]? (products) — Zer (reactants). The formation enthalpies for all of the molecules and
radicals were calculated with a modified Complete Basis Set method, CBS-QB3, [22], [23],
which is a composite procedure. Evidence has shown that CBS-QB3 is able to provide accurate

results with very little penalty in computation time. For example, the calculation performed with
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CBS-QB3 gives a mean absolute error of only 1.1 kcal/mol [39] on the G2/97 test set. Therefore,

the enthalpy of reaction calculated is presumed to be reliable for each reaction pathway.

I11. Results

3.1. DEA to isoxazole and its methylated isoxazoles
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Figure 2. Anion yield curves for fragments resulting from DEA to isoxazole as a function of
electron energy.
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Figure 3. Anion yield curves for fragments resulting from DEA to 3-methylisoxazole as a function
of electron energy.
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Figure 4. Anion yield curves for fragments resulting from DEA to 3,5-dimethylisoxazole as a

function of electron energy.

As Figure 1 shows, isoxazole is a five-membered aromatic heterocyclic compound that is one of

the aza-analogs of furan (C4H40O) in which a CH group is substituted by a nitrogen atom.

Electron energy (eV)
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Because N has a relatively larger electronegativity than does CH, the substitution results in an
increased distance in O(1)-N(2) and decreased distance in N(2)-C(3) in the ring [7]. Thus, the
symmetry of the isoxazole is lowered from the C,, point group symmetry of furan to C;, and the
dipole moment is increased from 0.66+0.01 to 2.95+0.04 D [40]. Here, we calculated the dipole
moment of isoxazole as 3.03 D at the B3LYP/aug-cc-pVTZ level. Because 2.5 D is the threshold
dipole for a neutral to bind an extra electron [41], the presence of the nitrogen atom enhances the

electron-accepting property of isoxazole significantly.

Figure 2 presents the anion yield curves obtained from DEA to isoxazole. As a result of this
process, anion yield curves with resonant features were observed for anions at m/z 68, 50, 42,
and 41. As the figure shows, an intense resonance appeared at 1.6 eV in the anion yield curve at
m/z 68, and as shown in the magnified inset, there was a smaller peak at approximately 3 eV.
There were two maxima at 3.4 and 6 eV in the anion yield curve at m/z 50, and two resonant
peaks were noted at 1.8 and 3.2 eV in the anion yield curve at m/z 42. The anion yield curve at
m/z 41 had a major resonant peak at 4.2 eV and a smaller peak, indicated by the broad shoulder,
at approximately 6 eV. These measurements can explain the total anion cross-section for DEA to
isoxazole reported in an earlier paper by Walker et al. [42], according to whom the maxima of
the total anion yield appeared at 1.5, 3.1, 4.5, and ~6-7 eV. By matching the positions of the
peaks in Figure 2 with Walker ef al.’s results, the 1.5 eV peak in the total anion yield curve was
contributed by the 1.6 eV peak from the m/z 68 and 42 anion yield curves; both the peak at 3.1
eV in the m/z 68 anion yield curve and the 3.2 eV peak in the m/z 42 anion yield curve
contributed to the 3.1 eV peak in the total anion yield curve. The weak 4.5 eV peak in the total
anion yield curve [42] is actually a broad shoulder of the peak at 3 eV expanding from 3.5 to 5

eV, and therefore, it consists most likely of multiple peaks, e.g., one at 3.4 eV from the m/z 50
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signal and one at 4 eV from the m/z 41 signal. The 6 eV peak anion yield curves of the m/z 50
and 41 fragments observed correspond to the 6-7 eV peak in the total cross section. Table 1

summarizes all resonance positions observed in our study.

The mechanisms by which a neutral molecule traps an electron generally fall into two categories:
shape resonance and core-excited resonance [1]. In shape resonance, the target molecule remains
in its electronic ground state and the incoming electron is initially trapped by some form of
potential barrier. In a core-excited resonance, the incoming electron first excites the target
molecule to an excited energy level, and then becomes trapped by the excited molecule. In
general, resonances at lower energies can be attributed to the TNI formed by shape resonance
and at higher energies, to core-excited resonances if they are above the energy of the lowest
excited state, which typically is approximately 4 eV [43]. The TNI then can eject the electron via
autodetachment, or it dissociates into an anion, which can be detected directly in a typical DEA
study, and neutral fragments, which can be detected by step-wise electron spectroscopy [44]. In
the case of isoxazole, electron energy-loss (EEL) spectroscopy showed that the lowest-lying
triplet states (r > w* transition) appeared at 4.1 and 5.3 eV [42]. Further, the first
photoabsorption region of isoxazole, accessing singlet excited states, appeared above 5.5 eV,
with a maximum at approximately 6.0 eV [42]. Thus, the 6 eV resonance (m/z 50 and 41)
observed in the anion yield curves can be m = 7* type core-excited resonance. Because the
electron transmission experiment in isoxazole [7] showed that the two lowest-lying shape
resonances were at 1.09 and 2.77 eV, and the calculation identified the three lowest resonances
as m*, * and 6™y, type [7], the resonances at approximately 1.6 eV (m/z 68 and 41) and ~3 eV
(m/z 68 and 42) can be attributed to the lowest two ©* type shape resonances and the resonance

at approximately 4 eV (m/z 50 and 41) to the 6*5y, type shape resonance. This is quite different

10
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from the case of furan, for which all of the major peaks induced by DEA are observed at
approximately 6 eV and only a very small signal is detected below 4 eV for dehydrogenated
furan, i.e., [furan-H] [11]. Replacing one carbon with nitrogen in the five-member ring structure
increases the dipole moment significantly, and modifies the fragmentation pattern upon DEA

significantly as well.

To identify the fragmentation pathways induced by LEEs, DEA to methylated isoxazoles,
specifically 3-methylisoxazole and 3,5-dimethylisoxazole, was performed as well. The anion
yield curves for 3-methylisoxazole and 3,5-dimethylisoxazole are shown in Figures 3 and 4.
Among all of the fragments detected, the anion from isoxazole at m/z 68, which results from
DEA-induced hydrogen loss, was the most abundant. There are three possible sites at which the
hydrogen loss in isoxazole can occur, which are labeled 3, 4, and 5 in Figure 1. This
fragmentation path can be expressed generally as reaction 1 and the three isomers of the
dehydrogenated isoxazole anion, H,CsNO , are shown in Figure 5. Both methyl group (m/z 68)
and hydrogen loss (m/z 82) were observed in the 3-methylisoxazole results. In the case of 3,5-
dimethylisoxazole, no signals corresponding to hydrogen loss were observed, while the signals
reflecting methyl-group loss were nearly an order of magnitude weaker than the corresponding
ions in the singly-substituted compound. Hence, we concluded that the hydrogen loss induced by
DEA occurs largely at site 3. The enthalpies of reaction for hydrogen loss calculated from sites 3,
4, and 5 were 0.04, 3.03, and 2.74 eV, respectively. Thus, only the hydrogen loss from site 3
requires an energy lower than 1.5 eV. This supports our conclusion that DEA-induced hydrogen
loss in isoxazole occurs at site 3. In addition, our calculations indicated that the hydrogen loss

from site 3 induces ring opening in the molecule, as shown in Figure 5.

e + H3C3NO > H,C3NO + H- (1)

11
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Figure 5. Isomers of H,C;NO . From left to right, hydrogen loss occurs from site 3, 4, and 5,
respectively.

Based on the molecular weight, the anion at m/z 50 can be determined to be Cs;N . The
fragmentation process can be expressed as reactions 2a and 2b with reaction enthalpies of 2.1
and 2.7 eV, respectively. These values are consistent with the observations presented in Figure
2,that the threshold of the C;N ion yield was located at ~ 2.7 eV, and had a maximum at 3.4 eV,
and a weak maximum at 6 eV. The same anion CsN also was detected in 3-methylisoxazole, in
which the dominant resonant peak shifted to slightly higher energies centered at approximately
4 eV, with a broad shoulder in the region of 5 to 7 eV, as Figure 3 shows. Rather than anions at
m/z 50, anions at m/z 64 were detected in 3,5-dimethylisoxazole, with a weak resonant peak
spanning the range of 4 eV to 7eV and centered at approximately 5 eV. This anion can be
represented as [H,C-C;N], a methylated analog of C;N . Because in the case of 3-
methylisoxazole, CsN  (m/z 50) was detected rather than [H,C-CsN] (m/z 64), the formation of
[H,C-CsN] from 3,5-dimethylisoxazole must involve the scission of the C-C bond not at site 3,
but at site 5. Another interesting observation was that the main resonance shifted gradually to
higher energies, e.g., it was centered at 3.4 eV for isoxazole, while it was centered at 4 eV for 3-
methylisoxazole, and the center was higher than 5 eV for 3,5-dimethylisoxazole. It seems that
methylation elevates this specific initial resonant state’s energy. The anions at m/z 66 and 67 amu
from 3,5-dimethylisoxazole had anion yield curves with a profile similar to that at m/z 64, and
exhibited a single peak spanning from 4 eV to 7 eV. This implies that they may have a molecular

structure similar to that of [H,C-C3sN] , and thereby, are represented by H4C4N and HsC4N .

12
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e +H;CGsNO> GN ( @@ d)+H,0+H: (2a)

e +H;C3NO > GN (@ @-@ @) +HO- +H, (2b)

The anion from isoxazole at m/z 42 can either be H,C,0O or CNO , as seen in reactions 3a-d. In
the case of 3-methylisoxazole, an anion with the same mass (m/z 42) was observed with an anion
yield curve that contained resonances in the same region, as seen in Figure 3. In this way, the
hydrogen/methyl group at site 3 was removed when the anion at m/z 42 formed. Because an
anion of m/z 56 was observed at approximately 3 eV in the 3,5-dimethylisoxazole result rather
than a peak at m/z 42, the methyl group at site 5 was retained during this process. Therefore, it is
impossible that the anion is C(3)NO . The calculation of the enthalpy of reaction showed that the
formation of C(5)ON (reaction 3d) requires an input of 6.9 eV. Thus, the anion at m/z 42 most
likely has the structure of H,C,O . There are two possible isomers for this anion, HCHCO and
H,CCO , as shown in reactions 3a and 3b. The corresponding enthalpy values required to form
these two isomers were calculated as 0.7 eV (reaction 3a) and 1.8 eV (reaction 3b). These values
are consistent with the experimental observation that the resonances that induced the formation

of H,C,O were at approximately 1.5 eV and 3 eV.

¢ + H;C3NO © H,CCO ( @- ‘J )+ HCN (3a)
%

e +H;C3NO > HCHCO (@ g* )+HCN (3b)

e +H;C3NO > C3NO (@-@-@) + HCH,C (3¢)

e +H;C3NO = C5)ON (@@ @) + HCH,C (3d)

13
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Another major anionic fragment that resulted from DEA to isoxazole had a mass of m/z 41 and a
main resonant peak in its anion yield curve centered at 4eV and a weaker feature at
approximately 6 eV. The corresponding fragments (m/z 41) in 3-methylisoxazole and 3,5-
dimethylisoxazole both had a very similar profile in the anion yield curves, i.e., a major resonant
peak at approximately 4 eV with a broad shoulder at higher energy. In addition, for both the
methylated derivatives, an anion of m/z 40 was detected in the same energy region as that for the
m/z 41 anion. The m/z 41 anion from isoxazole was assigned to HC,O with the formation
enthalpy calculated as 1.2 eV (reaction 4). The corresponding anions in 3-methylisoxazole and
3,5-dimethylisoxazole both occurred with the same mass (m/z 41), as seen in Figures 3 and 4.
Thus, HC,0O is formed via N-O and C(3)-C(4) bond cleavage in the DEA process. Interestingly,
the anion yield curve of m/z 40 was nearly identical to that of m/z 41 for both 3-methylisoxazole
and 3,5-dimethylisoxazole, as shown in Figures 3 and 4. This anion either can be C,0 , caused
by HC,O losing an H atom, or [CH,-CN] , the other possible anion formed by N-O and C(3)-
C(4) bond cleavage. However, the m/z 40 anion was not observed in isoxazole, which indicates
that it is not likely for HC,O to lose an H atom to form C,0 . Therefore, we conjectured that the

m/z 40 anion is [CH,-CN] .

e +H;C3NO > HC,0 (@-@=@-9) + HLNC (4)

From the discussion above, ring opening to isoxazole induced by DEA takes place via the three
pathways shown in ~ Figure 6. The dominant pathway is O-N bond cleavage, which results in
the [1soxazole-H] fragment. Cleavage of the O-N bond, the O-C bond, or a C-C bond can occur
simultaneously, illustrated in the middle and right-hand side graphs in Figure 6. It is

important to stress that all three pathways involve O-N bond cleavage.

14
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Figure 6. Ring opening patterns induced by DEA to isoxazole.

Table 1. The anionic fragments measured from DEA to isoxazole, 3-
methylisoxazole, and 3,5-dimethylisoxazole.

Isoxazole 3-methylisoxazole 3, 5-dimethylisoxazole
m/z Enax Anion m/z Eonax Anion m/z Enax Anion
(amu) (eV) (amu) (eV) (amu) (eV)
82 1.7 H4C4NO | 82 1.7 H4C4sNO
68 1.6,3 H,C3NO | 68 1.5,3 H,C3NO
67 54 HsC4N
66 5.8 H4C4N
50 34,6 CN 50 4 CN 64 5.5 H,CsN
42 1.8,3.2 H,C,0 |42 1.8,3.5 H,C,O |56 3.2 H4C5;0
41 42,60 HC,O 41 45,60 HC,O 41 4.2 HC,O
40 42,60 HC,N |40 43 H,CoN-

15
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DEA to oxazole and thiazole
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Figure 8. Anion yield curves for fragments resulting from DEA to thiazole as a function of electron
energy.

The major anion yield curves that resulted from DEA to oxazole are shown in Figure 7.
Compared to isoxazole’s anion yield curves, the intensity of the resonance peaks from oxazole
generally was one order of magnitude lower (all measurements were carried out at 10 ° mbar
with the same experimental settings). This phenomenon can be attributed to oxazole’s weak
dipole moment, which, according to our calculations, was approximately twice as small as that of

isoxazole (Figure 1). The resonance peak at 3 eV for the anion at m/z 68 can be assigned to shape

17
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resonance, as the typical threshold from core-excited resonance is approximately 4 eV. In
addition, the lowest core-excited state for oxazole reported by Palmer and co-workers [45]
through EEL spectroscopy is a *mn* state at 4.6 eV. The anion yield curves for m/z 50 and m/z 41
both displayed a major resonance peak at approximately 6 eV, which corresponded to the 6 eV
resonance peak in oxazole’s EEL spectrum. The broad shoulder on the lower-energy side of the
6 eV peak in the anion yield curve for m/z 50, which extended from 4 to 5.5 eV, was consistent
with the 4.6 eV resonance seen in oxazole’s EEL spectrum [45]. In contrast, the EEL spectrum
exhibited an additional structure with a major peak at 1.4 eV that arose from resonant vibrational
excitation of the molecule via a shape resonance, while in this DEA study, no resonances were
observed below 3 eV. Figure 8 shows the anion yield curves for thiazole. Resonance signals
were observed in the anion yield curves of m/z 57, m/z 50, m/z 33, and m/z 32. All of the anion
yield curves had a major peak with a maximum at 6.5 eV and a broad shoulder with low energies
that appeared at 4 eV for m/z 50, m/z 33, and m/z 32. A previous photoabsorption study of
thiazole showed that the two lowest bands corresponding to the two lowest excited states of
thiazole spanned the region from 4 to 6.5 eV [46]. Therefore, the weak signal in the anion yield
curve for m/z 50 and m/z 32 can be attributed to the two lowest core-excited resonance anion
states. The anion yield curves demonstrated a major resonance peak at 6.5 eV and a smaller

signal at 9 eV for the m/z 57 and m/z 32 anions from thiazole.

In our study, DEA-induced hydrogen loss also was observed in oxazole, although the signal was
much weaker than was that for isoxazole (two orders of magnitude lower). The enthalpy change
was calculated for all three possible pathways. The hydrogen loss from sites 2, 4, and 5 that
produced the three [oxazole-H] (m/z 68) isomers shown in 9, required an energy of 1.6, 2.1, and

1.7 eV, respectively. All three of these values were lower than 3 eV, the energy at which the

18
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resonance peak is located. Therefore, all three pathways may contribute to the generation of a
dehydrogenated oxazole anion. In addition, our calculations indicated that the ring structure
should be maintained during this process. We did not observe C-H bond dissociation in DEA to
thiazole. This could be explained by the reaction enthalpies that are required to create
dehydrogenated thiazoles, which we calculated were 4.9, 5.0, and 5.2 eV for C-H bond cleavage
from sites 2, 4, and 5 on the thiazole ring. These values are much higher than the energy required

to create singly dehydrogenated oxazole anions.

WR

Figure 9. Dehydrogenated oxazole anion created from DEA-induced C-H bond cleavage. From
left to right, the hydrogen loss occurs at sites 2, 4 and 5.

An anion signal at m/z 50 (CsN ) was observed in both oxazole and thiazole. The two anion yield
curves bore very similar profiles, with a dominant peak centered at 6 eV. We calculated the
reaction enthalpies required to produce this anion from oxazole (reaction 5) and from thiazole
(reaction 6) as 3.2 and 4.9 eV, respectively. All of these values were below the peak centered at 6
eV. Interestingly, we also observed this anion from isoxazole, but it formed at a lower energy

and, as shown in reaction 2, had a different structure.
¢ + H;C3NO 2 CNC (@999 - H,O+H- (%)
e +H3;C3NS 2 CONC (@@ +H,S +H- (6)

The anion m/z 41 from DEA to oxazole can be attributed to HC,O or H3C,N . The enthalpies

calculated to produce these two anions were 0.9 eV (reaction 7a) and 0.5 eV (reaction 7b) both

19
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of which were lower than the resonance region. However, in the DEA to thiazole, rather than a
m/z 41 anion, a m/z 57 anion signal (HC,S ) was observed, which had the same structure as that
in reaction 7a, but the oxygen in HC,0O was substituted by sulfur (reaction 8). Therefore, it is

more plausible that the m/z 41 anion from oxazole is HC,0O .

& + HyC5NO > cHco™ (999 oy, (7a)
J#
¢+ H;CsNO > CH,CHN (2 @) +CO (7b)
¢ + H;C3NS > CHCS (€@—@-@-€) + NCH, (8)

As Figure 8 illustrates, in DEA to thiazole, both anions of m/z 32 (S') and m/z 33 (HS ) were
observed. The anion yield curve of S was similar in profile to that of the m/z 57 anion (HC,S ),
with a double peaked shape with maxima at 6.5 and 9 eV. Thus, S can be considered a product
of HC,S wvia further dissociation accomplished by breaking the S-C bond. Production of HS
needs to undergo a ring fragmentation process by breaking the C(2)-S and C(5)-S bonds, which
also can lead to CsN production. This suggests an explanation for the nearly identical anion
yield curves of HS (m/z 33) and CsN (m/z 50). A previous study of DEA to nucleobases
showed delayed (metastable) fragmentation upon electron attachment and subsequent ring
opening [47]. Such a delayed decomposition can be caused by accommodation of a substantial

amount of the internal energy in a polyatomic molecule.

Based on the analysis above, the ring opening patterns in oxazole and thiazole induced by DEA
can be summarized as in Figure 10. There are two pathways through which DEA to these five-
membered rings destroys the ring structure for both molecules: 1) by cleaving the two O/S-C
bonds, and 2) by cleaving the O/S-C(2) and N-C(4) bonds. Cleavage of the O-C(2) bond was

involved in both of the ring openings in oxazole, indicating that the O-C(2) bond is the weakest
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one on the oxazole ring. This is consistent with Culberson at el.’s findings, in which

photodetachment of the oxazole anion led to ring opening by breaking the same O-C bond [48].

\ 7 e
- W . \\‘
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Figure 10. Ring opening patterns induced by DEA for oxazole (top row) and thiazole (bottom) row.

IV. Conclusion

In this work, we measured the anion yield curve for each anion and identified several resonant
states that resulted in the dissociation of isoxazole. The lowest three shape resonances (below 5
eV) were found to initiate isoxazole dissociation by inducing N-O, C(3)-C(4), and C-O bond
cleavage. In particular, the most dominant fragmentation pathway that formed [isoxazole-H] via
hydrogen loss at site 3 was initiated by the lowest shape resonance state. The lowest core-excited
resonance at approximately 6 eV also induced dissociation, but with a much lower intensity than
did the shape resonance below 5 eV. This is quite different from the case of furan, in which the
DEA-induced fragmentation largely is initiated via core-excited resonances. Therefore, in furan,
substituting the C(2)H group with nitrogen enhanced the molecule’s electron scavenging ability

in the lower energy region (<5 eV) greatly, and thus, the subsequent dissociation behavior.
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Our comparative study of isoxazole, 3-methylisoxazole, and 3,5-dimethylisoxazole elucidated
the fragmentation pathway that leads to each anion product induced by DEA. With the help of
quantum chemistry calculations, each reaction pathway also was rationalized theoretically by
calculating the enthalpies of reaction. According to the discussion in this paper, all DEA-induced
fragmentation pathways in isoxazoles involved ring opening via N-O bond cleavage. This is
consistent with the thermolysis behavior of isoxazole [49],[50] that initiates with N-O bond
cleavage and leads ultimately to the yield of nitriles observed. Upon DEA, oxazole and thiazole
also exhibited ring opening. The major pathway by which the oxazole ring was broken was by
cleaving the C(2)-O(1) and C(5)-O(1) bonds, which led to the production of CNC,; , and cleaving
the C(2)-N(3) and C(5)-O(1) bonds, which led to the production of HC,O . The corresponding
fragmentation patterns also were found in thiazole. Although we detected the dehydrogenated
oxazole anion in the experiment, the signal was much lower than was that of the dehydrogenated
isoxazole anion. In addition, the calculation indicated that this process did not damage the ring
structure in oxazole. Therefore, we concluded that the N-O bond on the five-membered ring

structure in isoxazole is highly susceptible to DEA.

For azole compounds’ diverse applications in area such as pharmaceutics, agrochemistry, etc.,
the ring opening patterns have been the subject of many studies. The tendency for ring opening
via N-O bond scission in the biotransformation process accounts for the function of isoxazole-
containing compounds [15],[16]. Therefore, the demonstration in this work of extensive ring
opening upon DEA and the detailed examination of consequential products can be valuable in

fields such as pharmaceutical research and engineering.
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