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Molecular radical cations of oxazole (1) and isoxazole (2) dissociate by losing carbon monoxide or a hydrogen
atom, respectively. These fragmentations were examined by use of tandem mass spectrometry, flash vacuum pyro-
lysis and ab initic molecular orbital calculations. A multi-step mechanism is proposed which incorporates these new

experimental and theoretical data. The case of methylated homologues of 1 and 2 is also considered.

INTRODUCTION

Oxazoles and isoxazoles constitute an important class
of heterocyclic compounds whose mass spectrometry,
although documented,'3 is not yet fully understood.
The first detailed investigations of the fragmentation
mechanisms of oxazole? and isoxazole® made in the
1980s used appearance energy determinations and semi-
empirical molecular orbital calculations. During the last
decade, new techniques have appeared which may bring
new insights into the delicate and seemingly complex
chemistry of these compounds. Tandem mass spectrom-
etry (MS/MS) and particularly collision-induced disso-
ciations (CID) provide new means to characterize ion
structures.* Reaction intermediates suspected to inter-
vene during a fragmentation process may be prepared
in various ways, in particular by flash vacuum pyrolysis
(FVP).> Further, molecular orbital (MO) calculations
by the ab initio method are currently available and may
be applied to polyatomic systems of reasonable size.

The purpose of this study was to obtain new informa-
tion related to the chemistry of the (is)oxazole radical
cations by use of MS/MS, FVP and ab initio MO calcu-
lations. Results are presented by class isomers per-
taining to the (is)oxazole group, [C;H;NO]*’, their
methylated homologues, [C4H;NO]*" and the frag-
mentation products [C;H,NO]* and [C,H;N]*". The
overall isomerization—fragmentation schemes of the
(is)oxazole molecular ions and their methylated deriv-
atives are presented.

EXPERIMENTAL

Conventional mass spectra, mass-analysed ion kinetic
energy (MIKE) spectra and CID spectra were obtained
with a Varian Mat 311 A reversed geometry (B-E) mass
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spectrometer and a Kratos AEI MS 902 S triple sector
(E-B-E) modified instrument.” These instruments are
equipped with a collision cell in the second and in the
third field-free regions, respectively. The ion accelerating
potentials were to 3 kV (Varian) or 8 kV (Kratos).

The FVP unit adapted to the triple sector mass spec-
trometer consists of a heated quartz tube directly con-
necting the ion source to the all-glass heated inlet
system. For the B-E mass spectrometer, the pyrolysis is
realized inside an internal oven localized ~20 mm from
the ionization region.

Most of the samples used were of commercial origin:
oxazole (1); isoxazole (2); pyruvonitrile (5); propi-
olamide (6); S-methylisoxazole (15); S-methyloxazole
(14);% 4-methyloxazole (21);° 2-methyloxazole (22)'°
and acetylacetonitrile (23).!* Meldrum’s acids (24, 25
and 26)°''? were synthesized by current methods. For
2,2-dimethyl-5-(N-methylaminomethylene)-1,3-dioxane-
4,6-dione (25), 7.2 g (50 mmol) of Meldrum’s acid was
dissolved in 40 ml of triethyl orthoformate (TEOF) and
colled to 0°C. A solution of 1.6 g (2.5 ml; 50 mmol) of
methylamine in 5 ml of TEOF, precooled to —10°C,
was slowly added, causing the solution to turn yellow,
followed by precipitation of a solid. The mixture was
stirred at 0°C for a further 15 min, the solid filtered,
washed with 15 ml portions of TEOF and hexane
(twice) and then recrystallized twice from ethanol,
giving 4 g (43%) of a colourless solid (RMM from high-
resolution mass spectrometry = 185.068 811; calculated
for C¢H,,NO,, 185.068 802).

For. 5-(2-aminoethylidene)-2,2-dimethyl-1,3-dioxane-
4,6-dione (26), 2 g (9.3 mmol) of 5-(2-ethoxyethylidene)-
Meldrum’s acid!® was dissolved in 50 ml of ethanol
saturated with ammonia and left at room temperature
for 24 h. Evaporation of the solvent gave a slightly
yellow solid, which was recrystallized from ethanol-
diethyl ether to give 0.8 g (46%) of a colourless solid
(RMM from high-resolution mass spectrometry =
185.068 809; calculated for CgH,;NO,, 185.068 802).

Received 10 October 1991
Accepted 26 November 1991



318

Molecular orbital calculations were carried out by
using the set of computer programs MONSTER-
GAUS,'* CIPSI!® and GAUSSIAN 86'¢ implemented
in the IBM computer of the CIRCE (Centre Inter-
Regional de Calcul Electronique, Orsay, France). The
geometries of the various [C;H,NO1*, [C,H;NO]*",
[C3;H,NO]" and [C,H;N]*" ions were optimized with
the 3-21G basis set of atomic orbitals. Consideration of
the efectron correlation effect was systematically made
with the 6-31G basis set and using the CIPSI algo-
rithm. In this method a zero-order wavefunction con-
taining the most important configurations (40-70 in the
present cases) is first defined. The other configurations
resulting from single and double excitations are then
generated (ie. ~10°-107 configurations) and subjected
to a Maller-Plesset perturbational calculation up to the
second order. In order to take into account the electron
correlation effect at the 6-31G* level the following esti-
mation was made: E(Cl/6-31G* RHF) = E(Cl/6-31G
RHF — E(6-31G RHF) + E(6-31G* UHF).!”

The validity of this additivity rule was checked by
comparisons with MP2/6-31G and MP2/6-31G* cal-
culations in the [C;H3;NO]*" series (data available
from the corresponding author on request).

RESULTS AND DISCUSSION

Isomerization-fragmentation of (is)oxazoles

The 70 eV electron impact mass spectra of oxazole and
isoxazole show peaks at m/z 69 (M™", base peak),
68 (M —H]*), 42 ([M — HCN]""), 41 (mixture of
[M—-CO]" and [M —CH,N]" ions) and 40
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(IM — HCO]") (Fig. 1). The only significant difference
between the two spectra is a greater abundance of M**
for oxazole. The situation changes markedly for meta-
stable ions [1]*" and [2]*", as demonstrated by the
MIKE spectra of both molecular ions (Fig. 1). The
dominant fragmentations from ions {1]*" and [2]*" of
low internal energy are losses of CO and H, respec-
tively:

[1]** - [C,H,N]*" + CO
[2]** - [C,H,NO]* + H'

These two fragmentations indeed possess the lowest
appearance energies.?*3

Accordingly, experimental thresholds for the appear-
ance of [1 — CO]*" and [1 — H]" ions are 135 and 299
kJ mol~! above the heat of formation of [1]*"; similar
measurement for [2]*" gives 180 and 126 kJ mol *,
respectively. These values may be used to select the best
candidates for [C,H;N]** and [C,H,NO]* to be pro-
duced from ions [1]*" and [2]*" of low internal energy.
However, it must be recalled that appearance energies
cannot give anything other than an upper limit for the
heat of formation of the products of an endothermic
fragmentation. Several factors, such as kinetic shift,
competitive shift and reverse critical energy, come in
addition to the heat of formation of the products.
Reverse critical energy may be partly accounted for by
considering the kinetic energy T released during the
separation of the fragments of metastable ions. In the
present case, the T, s values associated with the CO loss
from [1]*" and with the H' loss from [2]*" are 14 and
33 kJ mol ™7, respectively. Consequently, for these two
lowest energy processes for which no competitive shift is
operative and for which only a limited kinetic shift is
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Figure 1. Comparison of the conventional 70 eV mass spectra of oxazole (1) and isoxazole (2) and the MIKE spectra of the molecular ions.



OXAZOLE AND ISOXAZOLE RADICAL CATIONS IN THE GAS PHASE 319

expected it may be deduced that
AH (1 — COT + CO) < 1018 kJ mol !
AH ([2 — H]* + H') < 1130 kJ mol !

This thermochemical argument is combined below
with the theoretical and experimental investigations of
possible isomeric structures which may intervene as
reaction intermediates or as ionic products during frag-
mentation of [11*" and [2]*". Several [C;H,NO]™"
ions and candidate structures for [M — H']" and [M
— CO]*" fragment ions are examined below. Finally,
attention is paid to the methyl-substituted (is)oxazole
molecular radical cations.

V/AN/\N

[C;H,NO]**. MO calculations. Only few thermochemi-
cal data of experimental origin are available for
[C;H;NO]*" ions. The heats of formation of [1]*" and
[2]*° may be estimated precisely using the experimental
heats of formation of the neutral species (—15.5 and
+78.6 kJ mol ™!, respectively) and their adiabatic ion-
ization energies as determined by ‘linear’ extrapolation
of the first band of the photoelectron spectra (912 + 5
kJ mol™1!) (the oxazole photoelectron spectrum was
recorded on the Perkin-Elmer PS 18 spectrometer at
the Laboratoire des Mécanismes Réactionnels, Ecole
Polytechnique, Palaiseau, France) and 958 + 5 (Ref. 2)
kJ mol !, respectively). This gives AH° ([1]*) = 897
kJ mol~! and AH;° ([2]"") = 1037 kJ mol~!. For the
cation [6]*" a AH,° value of 1023 kJ mol™! is tabu-
lated.'®

In addition to the ionized oxazole [1]* -isoxazole
[2]*" pair, a set of eleven isomeric open forms
[31*"-{13]"" (Scheme 1) has been examined by ab initio
MO calculations. The results obtained at various levels
of theory are listed in Table 1. As expected for such
(open-shell) unsaturated species presenting various
arrangements of the n-electron system, the influence of
both polarized basis set and electron correlation on the
relative energies is pronounced. However, a general
order of stability is preserved from the simple 3-21G//
3-21G calculation to the highest level of theory used
here, i.e. Cl/6-31G*.
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Scheme 1. [C,H;NO]*" radical cations.

The most stable ionized species are the enol ion
[11]%", distonic ions [12]*" and [13]*" or radical
cations  containing cumulated double bonds:
HN=C=CHCHO [7]*", 3-aminopropadienone [3]*",
imidoylketene [4]*" and HC=N=CHCHO [10]*". All
the other triple bond-containing radical cations [5]*",
[6]1"" and [8]"" and the heterocyclic rings [2]*" and
[9]*" are found at a higher energy level.

One should note, at this stage, that only structures
[31%", [4]1*", [71"" and [10]*°-[13]*" are sufficiently
stable to intervene before H' loss from oxazole [1]*".

Table 1. Relative energies of [C,H,NO]*" ions (kJ mol™") at different levels of theory on 3-21G

optimized geometries®

Compound No. 3-21G
Oxazole 1 0
NH,CH=C=C=0 3 -102
HN=C=CHCHO 7 ~-105
HC=NCHCHO 10 -52
NCCH=CHOH 1 -51
HN=CCH,C=0 13 -40
HN=CHCH=C=0 4 -35
NC=NCH,C=0 12 9
HC=CCONH, 6 -1
CH,COC=N 5 54
Isoxa=ole 2 203
(HC=NCH) ., CHO 9 223
N=CCH,CHO 8 46

6-31G 6-31G* Cl-6-31G Cl-6-31G*
0 0 0 0
-99 1 -119 -18
-10b 8 -160 -48
-61 44 =117 =12
-54 29 =70 13
-24 32 —68 -8
-41 4 -52 -7
16 68 -34 17
-12 128 8 149
58 136 63 142
201 264 164 227
211 245 203 235
52 117 69 134

2 Reference energies in hartree: 3-21G = —242.93574; 6-31G = -224.18797; 6-31G*=-244.33218;

Cl-6-31G = ~244.66 726; Cl-6-31G* = —~244.81 134.
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Tandem mass spectrometric  results. Only six
[C,H,;NO]"" ions were amenable to mass spectro-
metric investigations: the molecular ions of oxazole
[1]*", isoxazole [2]*", pyruvonitrile [5]*", propyna-
mide [6]"" and ketenes [3]*" and [4]*", which may be
produced from S5-aminomethylene-2,2-dimethyl-1,3-
dioxane-4,6-dione [24]*" by either dissociative ioniza-
tion or FVP followed by ionization (Scheme 2).

The CID spectra of [1]1*°-[6]"" are presented in
Table 2. Ionized oxazole and isoxazole give similar CID
spectra and their behaviour under collision conditions
is clearly different from that of the four other species
[3]1*"-[6]*". The CID spectrum of [3]*" is character-
ized by important peaks at m/z 53, 42 and 28, which
may be interpreted by losses of NH,, CNH (or HCN)
and C,H;N (or CHO), respectively. The pyrolysis
product [4]*" presents a CID spectrum dominated by a
peak at m/z 42 (loss of HCN or HNC). The enhance-
ment of the m/z 28 peak is noteworthy because of its
origin (loss of C,HO) in direct relation with the imi-
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doylketene structure [4]*". Ions [5]"" and [6]*" are
readily distinguishable from their CID spectra, which
are dominated by the a-cleavage products: losses of
CH, and CN for [5]"" (m/z 54 and 43) and losses of
NH, and to a lesser extent C,H for [6]*" (m/z 53 and
44).

The obvious conclusion which may be drawn from
the present data is that, for ions of low internal energy,
there is no structure equilibration between the couple
[1]7°-[2]*" and the four isomers [3]*"-[6]"".

[C,H,NOJ*. MO calculations. Five [C;H,NO]* ion
structures, [27]*-[31]", have been optimized (3-21G
basis set) and their energies estimated up to the Cl/6-
31G* level (Table 3). The ions [27]F, [28]" and [29]"
are close together in energy and the ion [31]" is clearly
unstable with respect to the most stable ion [27]*".

No experimental heat of formation is available for the
[C;H,NO]" ions. An estimate may be deduced from
the calculation. Tables 1 and 3 contain the data allow-
ing an estimate of the relative energy of each pair of
fragments [C3;H,NO]* + H' with respect to ionized
oxazole {1]7". These values (131, 208, 171, 295 and 494
kJ mol ~ 1, respectively, for [27]*-[31]*, C1/6-31G*//3-
21G calculations) combined with AH,° ([1]*") = 897 kJ
mol ™! and AH;° (H") = 218 kJ mol ! lead to heats of
formation equal to 810, 887, 850, 974 and 1173 kJ
mol ™! for [27]*-[31]", respectively.

Tandem mass spectrometric results. CID spectra of
[C;H,NO]"* cations coming from oxazole [1]*" and
isoxazole [2]*" are presented in Table 4, where they are
compared with that of the [M — CH,]" ions coming
from S5-methyloxazole [14]"" and S5-methylisoxazole
[15]*. [M — OCH,]* ions originating from
CNCH,CO,CH; and NCCH,CO,CH, have also been
subjected to CID investigation.

It is apparent that the [C;H,NOT" ions coming from
the heterocyclic precursors possess very similar spectral
characteristics. The spectra are dominated by the CO
loss (m/z 40) also observed without collision gas; the
structure-significant peaks purely produced by colli-
sions are m/z 41 (loss of HCN) and m/z 55-50. The
former peak remains at m/z 41 when the precursor mol-
ecule is 5-methyloxazole-2-d,, 14a (loss of CDN), and
is shifted to m/z 42 when the precursor molecule is 5-
methylisoxazole-4-d,, 15a (loss of CHN).

Table 2. CID-MIKE spectra of [C;H;NO]** ions (m/z 69) (relative intensity, %)

Compound Conditions® 55 54 53 52 51

Oxazole 1 A 3 1 — 1 3

B 1 —_ — 1 —

Isoxazole 2 A — 1 1 2 4

8 _— - — 1 -

Aminomethyleneketene 3 A —_ - 61 16 6

(24 - 3) B _—_ - 46 — —

(24 — 4) B _— - 7 - —
Pyruvonitrile 5 A — 100 1 3 4
2-Propynamide 6 A —  — 100 4 1

2 (A) Kinetic energy = 8 keV; collision gas, helium; E~B-E mass spectrometer.

spectrometer.

50
1
1
2

1

mjz
44 43 42 41 40 39 38 29 28 27 26 25
_— - 24 100 86 19 12 19 10 6 5 3
- - — 100 — — 10 12 — — - —
— 2 15 100 91t 29 17 22 8 3 8 3
- — — 100 100 14 22 — — — § —
_ = 80 99 100 28 14 7 29 5 2 8
—_— - 58 100 92 — - — 29 — 8 —
— — 100 583 60 — — — 42 — 7 —
— 96 14 14 14 14 4 4 — — — —
8 2 7 12 4 L

(B) Kinetic energy = 3 keV; collision gas, argon; B-E mass
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Table 3. Relative energies of [C;H,NO}* [M — H] " ions (kJ mol~!) at different levels of theory®

Structure Compound 3-21G//3-21G
HN=C=CHC=0 27 0
HC=NCH=C=0 28 112
N=CCH,CO 29 92
C=NCH,CO 30 163
HC(=N)CH=C==0 31 331

6-31G//3-21G

6-31G*//3-21G Cl-6-31G//3-21G Cl-6-31G//3-21G

0 0 0 0
94 86 84 77
92 59 73 40

163 125 192 164
208 284 376 363

®Total reference energies of [HN=C=CHC=0]"* in hartrees: 3-21G//3-21G = —242.408425; 6-31G//3-21G = —243.644 777 ; 6-31G*//
3-21G = -243.765786; Cl-6-31G//3-21G = ~244142068. Total energies of H' in hartrees: 3-21G = —0.49620; 6-31G = —0.498233;

6-31G* = ~0.498 233.

CH O

“~(r 9

t4a 15a

Isoxazole precursors 2 and 15 give [C;H,NO]" ions
characterized by a small signal at m/z 53 (loss of NH),
shifted to m/z 54 for 15a. These data suggest that
[C;H,NO]" ions produced by H or CH; eliminations
from isoxazole or 5-methylisoxazole molecular radical
cations are rearranged species for which the hydrogen
atom originally in position 3 has shifted to the nitrogen
atom. No such rearrangement seems to be operative in
the case of oxazole and 5-methyloxazole.

The two last lines of Table 4 concern [C;H,NO]*
ions expected to have structures [297" and [30]™:

N=CCH,COOCH;" - N=CCH,CO" + 'OCH,
2917

C=NCH,COOCH;" - C=NCH,CO" + "OCH,
[30]*

These ions have been prepared by dissociative ioniza-
tion (loss of CH;0") of methyl (iso)cyanoacetates. The
two spectra present the two informative peaks of m/z 42
(CN loss) and 40 (CO loss), also observed from metast-
able ions of m/z 68. They nevertheless may be differen-
tiated by a careful examination in the m/z 56-50 region.
It seems clear that these two ions, [29]* and [30]", are
not significantly produced by dissociation of oxazole or
isoxazole derivatives.

[C;H;NI*". MO calculations. Five [C,H;N]*" ion
structures were investigated by MO calculations; their
total and relative energies are given in Table 5. The fol-
lowing order of decreasing stability is predicted:
CH,=C=NH"', [32]*"; CH,=N=CH?'', [33]"";
HC=CNH;', [34]""; CH,;NC*, [35]*"; and
CH,;CN™', [36]*". The high stability of [32]*" with
respect to [33]*°-[36]"" has also been observed by
several other workers.!%—2!

Absolute heats of formation of ions [321*°-[361*"
may be deduced after calculation of the energy of the
fragments [C,H;N]** + CO relative to ionized oxazole
[1]*. The values (—39, —7, +51, +222 kJ mol~! for
[32]*°-[36]"", respectively, Cl/6-31G//3-21G calcula-
tion) combined with AH;° ([1]*) = 897 kJ mol~! and
AH? (CO)= —111 kJ mol ™! lead to AH,° values of
969, 1001, 1059, 1152 and 1230 kJ mol !, respectively.
A reasonable agreement is found with experimental®
values in the case of [32]"" (AH°(exp) = 1004 kJ
mol ') and [36]*" (AH;°(exp) = 1251 kJ mol~'). The
calculation overestimates the stability of the methyl iso-
cyanitlie molecular ions [35]%° (AH;°(exp) = 1257 kJ
mol ™ *).

Tandem mass spectrometric results. The CID spectra
may be used to differentiate the various [C,H,N]1*"
isomers [32]%"-[36]*".2!22 The signal at m/z 41 in the
mass spectra of oxazole and isoxazole consists of a
mixture containing [C,H3;N]** as a major component
in addition to a small amount of [C,HO]*". The CID
spectra of these mixtures thus present undesirable peaks
at m/z 29, 28, 25, 24, 13 and 12, as evidenced by the CID
spectrum of [HC=C=0]" generated by dissociative
ionization of ketene. A comparison of peak intensities

Table 4. CID-MIKE spectra (8 keV, helium) of {C;H,NO]* (m/z 68) and [C;HDNO]* (m/z 69) ions (relative intensity, %)

Compound 56

Oxazole 1

5-Methyloxazole 14
5-Methyloxazole-2d, 14a
Isoxazole 2
5-Methylisoxazole 15°
5-Methylisoxazole-4d, 15a
N==CCH,COOCH,
C=NCH,COOCH, 2

ISR

3

| = o &

1

amw |

f ovwsN |

| Fwwwrn == g
NWN B RN W

SNRNMN ] 2> 3

m/z
43 42 41 40 39 38 29 28 27 26 25
— _— 11 100 19 M1 1 4 4 1 1
— 2 20 100 26 14 2 6 5 2 1
-— 100 13 9 1" 3 5 2 1 —_ -
— — 12 100 24 15 1 5 4 1 2
— — 12 100 24 15 2 6 5 1 2
1 14 100 14 9 13 4 4 4 3 —
— 14 6 100 16 12 2 5 1 3 2
— 10 2 100 9 7 1 3 1 1 —

2 No change is observed in the CID-MIKE spectra when m/z ions are sampled from the metastable transition m/z 83 — m/z 68 occurring in

the 1st FFR of the triple-sector mass spectrometer.
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Table 5. Relative energies of | C,H,N]*" [M — CO}]*" ions (kJ mol~?) at different levels of theory®

Structure Compound 3-21G//3-21G
CH,=C=NH 32 0 0
CH,=N=CH 33 50 59
HC=CNH, 34 76 78
CH,N=C 35 208 241
CH,C=N 36 289 317

6-31G//3-21G

6-31G*//3-21G Cl-6-31G//3-21G CI-6-31G*//3-21G

0 0 0
51 39 31
92 75 89

220 204 183
294 284 261

2 Total reference energies of [CH,=C=NH]"*' (32) in hartrees: 3-21G//3-21G = —130.880713; 6-31G//3-21G = ~131.545 281 ; 6-31G*//
3-21G = -131.5975563; Ci-6-31G//3-21G =-131.82389. Total energies of CO in hartrees: 3-21G//3-21G=-112.09330; 6-
316G =-113.667215; 6-31G*= —-112.73788; Cl-6-31G = -112.879176.

being significant only for the assignment of the
[C,H;N]"" structure in Table 6.

Structures [35]* and [36]*" are clearly distinguish-
able from [32]*°-[34]"" and it appears that neither
[17*° nor [2]*" eliminates CO to give [35]* or [36]*"
(based on examination of the peak at m/z 15, specific for
[35]%", and the peak at m/z 26, significantly more
important for both [35]"" and [36]"").

Conclusion. The above theoretical data lead to the con-
clusion that {1]*" cannot give [C,H;N]*" cations other
than [32]%", [33]*" or [34]"" and that [2]*" cannot
give [C3H,NO]" cations other than {27]", [28]" or
[29]*. These suggestions from theory are clearly in
agreement with the CID spectra, from which it has been
concluded that {1]*° may only give [32]*", [33]*" or
[34]** (+CO) and that 2 may only give [27], [28]"
or [311* (+H’). The fragmentation mechanisms for
[1]*" and [2]*" proposed to account for these observa-
tions are presented in Schemes 3 and 4.

The ring opening of [1]*" along the C(2)—O bond
leads to structure [10]*", which may give rise to [28]"*
+ H® by direct C(5}—H bond cleavage or, after a 1,2-
H(5) migration, to the distonic ion [12]*". The latter is
a direct precursor for ion [33]*", ie. a [C,H,N]**
structure having retained the original CNC arrange-
ment.

In the case of isoxazole, a two step mechanism,
[2]*" - N=CHCHCHO - [7]** seems to be too
endothermic (Cl/6-31G*/3-21G calculation gives for
the intermediate structure N=CHCHCHO an energy
of 425 kJ mol ™! relative of [1]*"); it is therefore pro-

concomitant 12-hydrogen shift. Again, either direct
C(5—H bond cleavage or 1,2-H(5) migration may
occur from the intermediate ion [7]*'. The latter
process produces distonic ion [13]*°, which, in turn,

may generate ion [32]*°, ie. the most stable
[C,H;N]*" structure bearing the original CCN
arrangement.

The main difference between the behaviour of [1]*"
and [2]"" at low internal energy is due to the energetic
of the first steps [1]*° > [10]*" and [2]1* = [7]"". In
the first case, for ions [10]*" originating from metasta-
ble [1]*" the competition favours the rearrangement

N=C
O==C— c/
Yon {H,C=N=CH]*'+ CO
H 33 (890)

H{12)

Q) _]:__,, = S“ =

1 (897)

+H

28 (1105)

posed that the O—N bond cleavage is assisted by a Scheme 3
Table 6. CID-MIKE spectra (8 keV, air) of [C,H;N|* (m/z 41) (relative intensity, %)
mjz

Precursor Compound 29 28 27 26 25 24 20 185 18 17 16 15 14 1B 12
CH,C=N 36 1 100 49 42 15 5 3 — —_— - = 1 39 12 10
CH3;N=C 35 2 100 47 40 3 1 3 3 —_— = - 38 33 9 15
HC=CNH, 34 3 100 23 12 19 8 1 —_ —_— 1 4 2 33 12 6
CH,=C=NH 32 2 100 43 31 15 5 3 — _— = = 5 55 13 8
CH,=N=CH?* 33 Not given 5 100 24 14
Oxazole, 1 6 100 44 25 8 3 7 — _— - — 3 41 13 6
94% C,H,N-6% C,HO
Isoxazole, 2 15 100 32 20 14 5 2 2 — = = 4 64 22 8
84% C,H,N-16% C,HO
CH,=C=0 [M —H] 100 88 — — 30 14 — — _— = = —_ —_— 75 19

2 From Ref. 21.
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Table 7. 70 eV electron impact mass spectra of methylated oxazoles 14, 21, 22 and 15 (relative intensity, %)
m/z
Compound No. 84 83 82 68 56 55 54 53 52 51 50 44 43 2 & 0 33 38
B-Methyloxazole 14 6 100 3 40 6 23 30 5 7 5 1 7 40 5 47 26 5 4
4-Methyioxazole 21 4 82 1 1 1 100 49 6 6 5 1 7 1 2 2 2 3 3
2-Methyloxazole 22 6 100 8 — 1 38 656 2 8 6 1 1 6 23 5 4 2 3
5-Methylisoxazole 15 4 64 1 41 1 5 9 4 5 7 7 — 100 12 26 29 12 11

‘C=N-H
.
Q== C— c{,,’”lH —= [HC=C=NH]"+ CO

13 8s4) H 32 (8%8)

H(1-2)

2 (1037)

Scheme 4

[10]1*" > [12]"" over the more energy-demanding dis-
sociation [10]*° — [28]" + H'. In the isoxazole case,
ions [7]"" originating from metastable ions [2]*°
possess a large amount of internal energy above the dis-
sociation limits, in such a situation the most favoured
pathway is that of the highest frequency factor, ie. the
direct dissociation [7]*" - [27]* + H".

Methyl-substituted (is)oxazoles 14, 15, 21 and 22

The 70 eV electron impact and MIKE spectra of the
methylated oxazoles 14, 21 and 22 and of 5-
methylisoxazole 15 are listed in Tables 7 and 8.

For [21]** and [22]1"" the elimination of carbon
monoxide dominates the MIKE spectra, a result remi-
niscent of the bare oxazole case. Isomers bearing the
methyl group in position 5, such as [14]** and [15]*",
show in their conventional mass spectra a peak at m/z
68 [M — CH,;]". This methyl loss is also observed for
metastable ions [15]*" (Ty.s = 12 kJ mol ') but is not
apparent for [14]*". A simple cleavage of an alkylaryl
C—C bond is generally not a low-energy process and,
at least for [15]", it is highly probable that the methyi
elimination follows an opening of the heterocyclic ring.

In order to elucidate this question, theoretical calcu-
lations and CID experiments were undertaken.

MO calculations. Some [C,H;NO]*" ions have been
examined theoretically: S5-methyloxazole [14]7°, S5-
methylisoxazole [15]*" and methyl-substituted amino-
methyleneketenes  [16]*° and  [17]"°  and
imidoylketenes [18]"" and [19]7". Finally, structure
[20]*", CH,COCH=C=NH"", was also considered
in view of the high stability of [7]",

Table 8. MIKE spectra (8keV) of [C,H;ON]*" ions (m/z 83)
(relative intensity, %)

mjz

Precursor No. 68 56 55 54 43 41
5-Methyloxazole 14 — 56 g6 100 — —
4-Methyloxazole 21 — 36 100 72 - —
2-Methyloxazole 22 — — 100 1 —_— =
5-Methylisoxazole 15 100 4 5 25 13 7
Acetylacetonitrile 23 100 6 24 22 7 5
HCOCH=C=NH"*", among the [C;H,;NO]*"

isomers.

Calculations were performed at the 3-21G//3-21G
level; results are summarized in Table 9.

Good agreement is found with the conclusions drawn
previously during the study of the [C;H;NO] ™ homo-
logues. The excellent stability of imidoylketene and
azaallene-type structures [16]*°, [17]*" and [20]*" is
confirmed. Methyl-substituted oxazole [14]"" and
methyleneketene molecular cations [18]*" and [19]%"
are predicted to have comparable stability, well below
that of the 5-methylisoxazole ion [15]*".

Tandem mass spectrometric results. Ten radical cations of
general formula C,H;NO were examined by mass spec-
trometry. The molecular ions of the three positional
isomers of methyloxazole 14, 21 and 22, of 5-
methylisoxazole 15 and of acetylacetonitrile 23 were
produced by direct ionization of the neutral molecules.
The other [C,H;NO]*" isomers were obtained from
the Meldrum’s acids 25 and 26 either by dissociative
ionization or by ionization of the flash pyrolysis
product. The conventional 70 eV electron impact mass
spectra of 25 and 26 obtained at low temperature
exhibit a base peak afforded by ions of m/z 83. On the
basis of CID spectra and by analogy with the behaviour
of their lower homologues,® it is proposed that 25 and
26 dissociate on electron impact ionization by simple

Table 9. Relative energies of the [C,H;NO]*" ions at the 3
21G//3-21G level (kJ mol~ 1)

Compound No. 3-21G//3-21G
5-Methyloxazole 14 0
5-Methylisoxazole 16 230
CH,NHCH=C=C=0 16 ~26
NH,(CH,;)C=C=C~=0 17 -69
CH;N=CHCH=C=0 18 30
HN=C(CH,)CH=C=0 19 10
CH,COCH=C=NH 20 -66

2 Reference energy in hartree: —281.78 594.
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Table 10. CID-MIKE spectra of [C ,H;NO] ™" ions (relative intensity, %)

Compound Conditions® 68 67 66
5-Methyloxazole 14 A 47 — —
B 52 — —

4-Methyloxazole 21 A 4 — —
B 7 — —

2-Methyloxazole 22 A 1 — 2
B 1 — —

5-Methylisoxazole 15 A 100 2 —
B 100 3 —
Acetylacetonitrile 23 A 100 2 -
N-Methylaminomethyleneketene 16 A 5 5 —
(25 —16) B 2 5 —
Aminomethylmethyleneketene 17 A 556 17 5
(26 - 17) B 84 — —
(25 - 18) B —_— = =
(26 - 19) B 48 — —

2 (A) Kinetic energy = 8 keV; collision gas, helium; E-B-E mass spectrometer. (B) Kinetic energy =3 keV;

spectrometer.

mjz

55 54 53 52 51 50 43 42 4 40 39 38

58 100 2 4 2 — 17 116 11 21
54 100 — — — — 22 — 25 18 — —
100 7 6 5 3 2 — 3 5 4 3 2
100 — 9 6 — - — 1 — 9 — —
100 37 8 10 5 2 4 12 6 7 4 2
100 — 12 11 — — — 13 — 10 — —
3 14 — 2 3 2 52 — 8 3 2 —
4 — 4 6 — — — g — 11 — —
18 20 — 3 4 3 3B — 10 5 4 2
100 14 15 4 2 — — 5 3 5 3 2
100 27 — - - - — 2 — 6 — —
100 20 — 8 4 1 2 13 3 13 7 5
MM —- — 12 — — — 17 — 22 — —
100 8 — - - - - 34 — 6 — —
g — — 3 - - — 100 — 10 — —

collision gas, argon; B-E mass

bond cleavage, leading to N-methylaminomethylene-
ketene [16]7° and amino(methyl)methyleneketene
[17]1*", respectively (Scheme 2). Pyrolysis of 25 and 26 is
essentially complete at 650°C, as demonstrated by the
disappearance of the molecular ion at m/z 185 and the
rise of the signals associated with acetone and carbon
dioxide (m/z 58, 44 and 43). However, a peak at m/z 83
remains, which must be attributed to structures different
from [16]*" or [171"", as will be shown below. Again,
by analogy with the [C;H;NO]™" case, it is suggested
that the pyrolysis products are ionized N-methyl-
imidoylketene [18]*" and imidoyl(methyl)ketene [19]*"
(Scheme 2).

All these [C,H;NO]*" ions were characterized by
collisional activation; the relevant spectra are presented
in Table 10.

Methyl-substituted oxazole and isoxazole are clearly
distinguishable by CID: 4- and S-methyloxazoles elimi-
nate HCN (m/z 56) whereas for 2-methyloxazole the
neutral species lost is CH,CN (m/z 42); a methy! loss is
also observed for 5-methyloxazole (m/z 68). This latter
reaction is associated with a large kinetic energy release
(To.s =138 meV). The CID spectrum of 5-
methylisoxazole [15]"" is close to that of acetyl-
acetonitrile [23]""; they are dominated by the methyl
loss which is also observed in the unimolecular (MIKE)
spectra. There are also, however, significant differences
which allow identification of structures [15]*" and
[23]*°, viz. the m/z 55/54 ratio and the m/z 29-26
region (absent from Table 10). Structures [16]*" and
[17]"" are characterized by the elimination of CH,NH
(m/z 53), CH; (m/z 68) and NH, (m/z 67) (a peak at m/z
28 not shown confirms the presence of the carbonyl
moiety).

The two pyrolysis products [18]*" and [19]"" give
under collisional activation a strong m/z peak. The m/z
42 ions resuit from the two collision-induced fragmenta-
tions evidenced for HN = CHCH=C=0"", [4]"". In
the present situation the loss of HCN is replaced by a
CH,NC (CH;CN) loss giving CH,CO™*" (m/z 42) and
the loss of C,HO leads to CH;NCH* (CH,CNH™")

I
1
R 5 ° 2 ~H R
(T e >
N 1-2 scigsion

4 3 >

H H H

14 28
1 + a
5 .
g N —’
N2 Q== Ci

I
\ / 1-2 scigsion
3 i

.R.
)c:c-__— N-Hy . o=c=c<
W Ha H

15 27

+
Ce= N-H,
H

Scheme 5

(m/z 42), in agreement with the postulated structures
[18]* and [19]*".

The main conclusion related to the (is)oxazole chem-
istry is that no facile isomerization seems to occur
between [14]*°-[23]*" in spite of the high stability of
compounds such as [16]*" and [17]"". On this basis, it
has to be concluded that no isomerization occurs
between these various undecomposed species. This rules
out, for example, the possibility of [14]* =[15]*"
isomerization in the low internal energy range (lifetime
greater than 107 ° s: stable and metastable ions) and
consequently a rearrangement of [14]** or [15]™" into
an acylaziridine ion [37]*" as observed during gas-
phase thermal isomerization of neutral (isjoxazole.??
The structure of the [M — CH;]"* fragment ions may
be inferred from the corresponding CID spectra. As
mentioned previously, data are compatible with the for-
mation of a cation bearing an NH group containing the
H atom originally in position 3. In the case of [14]*"
the original C(2)H group is not modified during the
methyl loss. It consequently appears that the
isomerization-fragmentation mechanisms of (is)oxazoles
presented in Schemes 3 and 4 may be extended to the
methyl-substituted derivatives, as summarized in
Scheme 5.
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