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Abstract

A cyclization of N-[2-(benzoyloxy)phenyl]-benzamide, accompanied by the elimination of a molecule of benzoic acid, takes place in a mas
spectrometer upon protonation by fast atom bombardment (FAB) or electrospray ionization (ESI). The elimination of benzoic acidfredthe [
yields protonated 2-phenylbenzoxazole by a process that is analogous to the acid catalyzed cyclixafthehzoyloxy)phenyl]-benzamide
in solution. A similar elimination of benzoic acid occurs from the molecular radical cation produced by electron ionization (El). The propose
cyclization and elimination of benzoic acid are supported by accurate mass measurements, product-ion spectra in tandem mass spectror
(MS/MS), mass spectra of reference compounds, isotopic labeling, and molecular modeling by density functional theory.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction H

H
N R4 ) N*
N-[2-(Benzoyloxy)phenyl]-benzamide, in the presence 0©: \ﬂ/+ Rﬂ)f \>7R1
an acid catalyst[1], cyclizes in solution to yield 2- o
phenylbenzoxazole (Eq1)). This cyclization reaction is an
effective means for the synthef23 of 2-phenylbenzoxazole and 0" R (1)
substituted analogs. When mix@gO-diacylated compounds

are used as su.bstrates', they prod'uce mixtures of 2'TSUbSt.'tUti%id—catalyzed reactions involving eliminations such as these
benzoxazolefs]; the major prod_uct IS t_he benzoxazole in which may be also readily studied in the gas-phase using mass spectro-
the_ acyl group on th_e nlt_rogen IS retalned._The proposed mec netric and theoretical methods. lonization methods such as fast
anism of the re_actpn involves protonation of_the. SUbStra.teatom bombardment (FAB), electrospray ionization (ESI), and
foIIoweq by cyclization to a s:even—me.mbered fng Int(?‘rmecj"chemical ionization (CI) readily generate protonated molecules
ate, which decompose; by ring-opening and elimination of r [M+H]" ions. Although mass spectrometry is an important
molecule of benzoic acid ¢ CeHs, Edq. (1)) tool for study of these processes, the mechanisms may be differ-
ent due to the absence of a solvent. We identified this system as
one that may be useful in extending our knowledge of analogies
between gas-phase and solution elimination reactions under acid

catalysis.
Although the examples of gas-phase analogies for solu-
* Corresponding authors. tion reactions are too large to review here, we draw attention
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to some studies demonstrating cyclization reactions. Recefitom the i/ + H]* ion of acetylated hyperacine, a marine nat-
examples by Eberlin and co-workdr and by Cooks and co- ural product, helped to establish its struct{28]. In addition,
workers[5] demonstrate that gas-phase “synthetic chemistry” ishe successive elimination of two OH radicals from protonated
of current interest. Eberlin found that, in analogy with solutionaromatic nitro compoundi1] follows the cyclization of the
chemistry, various acylium ions react readily with benzonitrileprotonated molecules, which can be generated by FAB ioniza-
by cyclization via a double nitrile addition to form aromatic tion.

1,3,5-oxadiazinium ions, whereas Cooks showed that arylni- Returning to the “gas-phase synthetic reaction” that is sub-
trenium ions formed in a mass spectrometer ion source reagéct of this study, we synthesized[2-(benzoyloxy)phenyl]-
with ethyl vinyl ether and 1,3-dioxolanes to afford, via forma- benzamides (compouniis4) and investigated them by a variety
tion of new C-N bonds, a gas-phase “synthesis” of indoles andf mass spectrometric approaches to test whether facile cycliza-
benzomorpholines. Another example is of reductive eliminatiortions occur in the gas-phase upon protonation of the compounds
by FAB and ESI, as well as upon removal of an electron by EI.

CHj
" " " !
N.__CsHs N CesHs N CgHs N
g il 0 e
O 0] (0] O
0 CeHs 0
OYO 2 3 4

! O¢I\CG Hs

O CeHs
C5H5
We are pleased to dedicate this article to the memory of Pro-

from 2-nitro-2-hydroxy-8-acetylazobenzene to afford 22 fessor Chava Lifshitz, who spent part of her career studying
hydroxy-B-acetylphenyl)benzotriazoli]. A gas-phase reac- elimination reactions. Notable are her studies of the elimina-

tion closely related to the Dieckmann condensation, not seen ii°ns of G and similar fragments from aromatic and fullerene

solution, is cyclization of diesters bearingalkyl substituents cOMPOUNd$22,23] the exhaustive elimination of Cl from vari-
by elimination of a molecule of a dialkyl eth§r]. This work ous c':om.pound[524]., and the expulspn ofsmalllmolec'ules from
demonstrates that a new reaction that builds on older chemistRFpt'qe iong25]. EI|m|n_at|ons of CHin cqmpet|t|0n with C'_d

can be uncovered by mass spectrometric studies. One of tiiere important to her in the demonstration of non-ergodic pro-

early examples of the value of metastable-ion analysis is thEeSS€$26]-
1978 study by Glish and Cook8] of a gas-phase analogy for
the Fischer indole synthesis, exemplified by the acid-catalyzed- Experimental
elimination of NH; from protonated phenylhydrazones.
Cycloadditions of gas-phase ions and their connection t@-1. Synthesis
solution chemistry has been of interest for other 30 years, start-
ing with work from this laboratory on the cyclization of styrene  Compoundsl-3 were synthesized by benzoylation of the
radical cation$9,10]. A fine review of this subject was recently appropriate amino-phenols as reported in the litergRire?8]
prepared by EberlifiL1]. The products obtained were collected by filtration and purified
The reaction reported here is an example of a proximity effecPy recrystallization from methanol. Compous#dvas obtained
called the “ortho effect”, for which there are numerous reportdy the reaction of 4-methybenzoyl chloride with excess of
[12], ortho effects are a Speciﬁc examp]e of genera| proximz-aminophenol under acidic conditions followed by reaction
ity effects[13]. The abundance of these rearrangements upoWith benzoyl chloride in the presence of sodium hydroxide. 2-
El is probably due to the high-energy states for the odd-electroffhenylbenzoxazole was obtained by the acid catalyzed cycliza-
ions compared to the relatively low energy state of even-electrofion of compoundl using toluene-4-sulphonic acid, as pre-
(closed-shell) ions generated by FAB or ESI. Despite the signifiviously reported[1]. Physical constants'H NMR, IR and
cant difference between radical cations and closed-shell specig§ass spectral data were consistent with the identity of each
rearrangements in El mass spectrometry do have close par&ompound.
lels with rearrangements in the condensed phase. The analogies
pointed to a design for syntheses of heterocyclic organic com2.2. Mass spectrometry
pounds[14,15], to the discovery of new synthesis procedures
for heterocycleq16,17] and to a direct connection between Tandem mass-spectrometry experiments (MS/MS) on FAB-,
intramolecular cyclization of pyridine derivatives occurring in Cl- or El-produced ions were conducted on a VG ZAB-T
solution and in the gas-phase under El conditijd:. four-sector mass spectrometer of BEBE dedg®9]. MS1 is
An analogous proximity effect is manifest by protonatedstandard high-resolving power, double-focusing mass spec-
2,2-diacetoxybiphenyl generated by FAB. This closed-shelltrometer (ZAB) of reverse geometry. Although MS2 had a
[M +H]* ion undergoes cyclization due to the interaction of theMattauch—Herzog-type design, incorporating a standard mag-
two acetyl groups followed by elimination of acetic acid to afford net and a planar electrostatic analyzer having an inhomogeneous
a cyclic product-iorf19]. A similar elimination of acetic acid electric field to permit use of an array detector, a single-point
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detector was used for these studies. For FAB, samples we3. Theoretical calculations

dissolved in methanol and a il aliquot was loaded on the

probe along with L of the matrix, 3-nitrobenzyl alcohol. Proposed reaction mechanisms with consequent structures
A Cs' ion gun operated at 30keV was used to desorb thefintermediates and the heats of formation/reaction were evalu-
ions, which were accelerated to 8 kV. Samples were introducedted and calculated by molecular modeling of the precursor ions,
through direct-probe insertion for EI and Cl experiments. Forproposed intermediates, and products. Owing to the large size of
Cl experiments, Chl or CDs was used to generate the CI theions, the initial survey calculations were performed by using
reagent ions and producé/f+ H]* or [M+D]" ions, respec- the PM3[31] semi-empirical algorithm, which was obtained
tively. High mass resolving power+8000) El mass spectra as part of the Spartan’02 for Linux package (Wavefunction
were recorded by using a VG-ZAB SE, a reverse-geometryinc.). The starting point of the investigation was the proposed
Nier—Johnson mass spectrometer operated at 8kV acceleselution mechanisr{8], which was modified and expanded for
ation voltage and 70eV ionizing energy. Perfluorophenanthe gas-phase process. Furthermore, we limited the theoretical
threne was used as mass-calibration standard for full-scan masalculations to ions from the unsubstitutedio-diphenyl com-
spectra. poundl.

The dissociation of the precursorion, by either metastable-ion Second stage calculations were by density functional theory
(MI) or high-energy (4 keV) collisionally activated dissociation (DFT), which required less computational overhead than formal
(CAD) with helium as collision gas, was studied in the third field- ab initio methods and yet incorporated dynamic correlation, had
free region. Sufficient helium gas was added to the collision cellittle spin contaminatiof32], and usually performed adequately
to decrease the main-beam intensity by 30%. Both MS1 andiving proper geometries, energies, and frequen&8k DFT
MS2 of the mass spectrometer were operated at a mass resowas part of the Gaussian’98 or Gaussian’03 suites (Gaussian
ing power of 1000. Typically 10-20 scans were signal averagethc.) [34,35]
for each spectrum. Data acquisition and workup were accom- Minima and transition states were optimized to the DFT
plished by using a VAX 3100 workstation equipped with OPUSIevel of B3LYP/6-311+G(2d,p)//B3LYP/6-31G(d,p), confirmed
software. by vibrational frequency analysis, and scaled zero-point and

High mass-resolving-power FAB measurements were conthermal-energy corrections for standard temperature and pres-
ducted with a Kratos MS-50 triple analyzer tandem massure were applief36]. Connections of transition states were
spectrometer[30] equipped with a standard Kratos FAB confirmed by projections of the normal variable associated with
source and an lon Tech saddle-field atom gun. The atorimaginary frequency or by path calculations. The heats of for-
beam was 6-7 keV argon atoms generated with a gun cumation or reaction are reported as enthalpies relative to the ion
rent of 1mA. A mixture of Csl and glycerol was used that represents the starting point for the mechanistic scheme. It
to produce reference-mass ions for the peak-match modmust be noted that these calculations yield information about the
experiments. potential-energy surface, but ultimately fragmentation patterns

The ESI experiments, both MS and low-energy CAD are determined by kinetic processes.

(MS/MS), were conducted by using a Micromass Q-TOF-

Ultima instrument operated in the positive ion mode. The needI8. Results and discussion

voltage was 3kV, and the cone voltage was 90V. The tem-

peratures of the source block and for desolvation were 96.1. Experimental observations

and 150°C, respectively. The samples were dissolved in 1:1

mixture of acetonitrile and water. The samples were intro- Fastatom bombardment of compouhadffords a protonated
duced by direct infusion at a flow rate of @WQ/min. All molecule, M +H]* of m/z 318, as well as fragment ions afz
parameters (e.g., aperture to the TOF, transport voltage, offt96 and 105Table J). The formation of the benzoyl ion a@f/z
set voltages) were optimized to achieve maximum sensitiv105 is not surprising given that compouhds a benzoate. The
ity and a mass resolving power of 15,000 (full-width at half- formation of the ion ofm/z 196, involving the elimination of
maximum). a molecule of benzoic acid, however, is of considerably more

The CAD experiments of ESI-produced ions were carriednterest. Accurate mass measurement revealed that/thE96
out by mass selecting the precursor ion using the quadruplen has the formula GH1oNO (measured mass =196.0762, cal-
analyzer and recording the product-ions by using the timeeulated mass=196.0752). The Ml and CAD specliab(e J
of-flight analyzer operating at a mass resolving power ofof the [M+H]* ions show that fragmentation gives abundant
15,000 ("W’ mode). The energies for colliding the ions underproduct-ions ofn/z 196 and 105, indicating that the elimination
study were of the order of 7-9eV with argon as the colli-of benzoic acid is a facile dissociation process of the precursor.
sion gas. The accurate masses of the product-ions were detdihe uniqueness of the process for thg:o-isomer is revealed
mined by using the precursor ion as the internal mass starby the fact that the CAD and MI mass spectra of thea-
dard. An ESI-MS/MS/MS experiment (low-energy CA) was andpara-isomers of the}/ + H]* ions provide no evidence for
performed on a Finnigan LCQ Classic ion-trap mass spectronthe elimination of benzoic acid to give the ion eflz; 196.
eter. The samples, dissolved in 1:1 mixture of acetonitrile andHowever, the spectra do show the productionmf 105 ions
water, were introduced by direct infusion at a flow rate of(benzoylions) (se&able ). The low abundance ion at/z 213
10pL/min. is observed under conditions of FAB Ml and high-energy CAD,
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Table 1 100%-, B
Partial FAB mass spectra, metastable-ion, and high-energy CAD spectra of com- 00 3
poundsl-3
80 4 3
Fragmentation Relative abundances (%) of ions :
mode § 70 4 :
[M+H]*, miz 318 mlz213 mlz196 miz195 miz 105 3 60 4 3
S 50 ] :
1 ® :
MS? 62 - 7 16 100 o 40 4 :
Ml 2 61 - 100 3 30 | 76 167 g
CAD 2 12 - 100 2 :
20 ] g
2 3 s
MS 100 - - - 90 103 g
MI 5 100 0 LA M T s A b s g N o M, .
CAD 4 100 (@) 60 80 100 120 140 160 180
3 100%- -
MS 95 - - 100 ]
MI 13 100 90 3
CAD 11 100 80 ] 3
a8 MS: mass spectra; MI: metastable-ion spectra; CAD: collisionally activated g 70 ] F
decomposition spectra. S 60 3 b
©
g 50 3 76 E
butitis barely seen in a full-scan mass spectrum. This ion is not ¢ 40 4
formed accompanying ESI MS or even upon low-energy CAD & 30 4
of ESI-produced ions. This ion is likely formed by charge trans- = 20 ] 64 o | 167
fer during the separation ef/z 105; itsm/z corresponds to that 10 ]
for benzoyl radical loss. o ]
The fragment ion ofn/z 196 is formed from then/z 318 60 80 100 120 140 160 180
precursor (M1a, M1b—protonated compour)dby elimination (b) m/z

of presumably benzoic acid to give a product ion, proFonateQig. 1. CAD product-ion mass spectra of FAB-produced ionsif196 from
2-phenylbenzoxazole, P1, as shownScheme 1To confirm  (a) compound and from (b) the reference protonated 2-phenylbenzoxazole.

this structure assignment, we compared the CAD mass spec-
trum of P1 with that of the appropriate reference, protonated
2-phenylbenzoxazolé(g. 1). The two spectra are similar, indi- ~ The ESI mass spectrum of compouh(Fig. 2a) shows that
cating that ion P1 likely has the assigned structure and that itée protonated molecule)+H]*, of m/z 318, formed by this
formation is an intramolecular cyclization that occurs upon pro-method also fragments to give ions :afz 196 and 105. The
tonation of the precursor. (On the schemes, we use M, TS, Pw-energy ESI CAD Fig. 20) mass spectrum of thaf+ H]*
and Q to designated minima, transition states, ionic and neutrgso exhibited peaks corresponding to ionsaf196 (measured
products, respectively, to distinguish from the designations oficcurate mass =196.0750, calculated mass = 196.0752) and 105
the neutral compounds.) (benzoyl ion).
A comparison of the ESI CAD mass spectrardf 196, gen-
erated by collisional activation ef/z 318, and thef/ + H]*, m/z

H 196, of the 2-phenylbenzoxazoleig. 3) produced by ESI, are
r'q CeHs again similar, indicating that the loss of benzoic acid leads to a
@[ Y cyclic ion, having the 2-phenylbenzoxazole structure, as shown
0 OH" - CeHsCOOH in Scheme 1The losses of benzoic acid are competitive for both
)\ \ the ester and amide substitution sites.
0™ “CgHs H To gain further insight into the mechanism for elimination of
M1a { benzoic acid, we obtained the CAD spectrum of ESI-produced
m/z 318 @:E >—© ions (Fig. 4 and the MI spectrum of FAB-produced/[+ H]*
© ions (Fig. 5 from compound4, in which we placed a methyl
NYCGH5 / m/':1196 group to label the benzoyl group attached to the amide. The
@: 0 G H.COOH product-ion spectrum (CAD) of ESI-produced f H]* of m/z
o) 6% 332 shows expulsion of both benzoic acid (to give an ion of
" O//I\C ] mlz 210.0918, GH1,NO' caled. 210.0919) and toluic acid
M1b 6% (to give them/z 196.0763 ion, gzH1oNO™ calcd. 196.0762).

Furthermore, benzoyh{/z 105) and toluoyl £/z 119) ions are
Scheme 1. also generated in similar abundances; and these ions in turn
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Fig. 2. Mass spectrum of ESI-produced ions (a) and the product-ion mass spectrum (CAD) of ESI-produced ions (b) from chmpound

lose CO to formm/z 77 and 91 ions, respectively (data not 332
shown). J
The observations indicate that a benzoyl group, attached
either to the amide nitrogen or to the ester oxygen, can be J 196
eliminated as part of benzoic acid, suggesting that mechanis- J
tic symmetry is involved in both the elimination of benzoic acid % —
and the formation of benzoyl ions from either site. This indi- 4
cates that protonation can occur on both the ester carbonyl and 4 210
the amide carbonyl groups. 119
100: 196 O IIIIII\I\lllIiliI\|lIiIII\lI|IiI\l\ll‘ilill\l‘llllm,’z
100 150 200 250 300
3 Fig. 4. ESI-CAD mass spectrum o¥f[+ H]* of m/z 332 of compound.
8 3 3.2. Theoretical calculations—fragmentation of protonated
é molecules
é 50
® 3 We undertook theoretical calculations to aid in the elucidation
% 168 of mechanisms of fragmentation and cyclization. Surprisingly,
- 3 93 we were able to locate three different sets of feasible mecha-
85 » nisms by exploring the potential energy surface for the loss of
; n | 184 benzoic acid from theM + H]* ions derived from compound
0 o 100 120 140 160 180 200 1. We chos_e c_or_npountibecause,_ur?llke empirical results, the
(a) iz fate of the individual benzoyl moieties can be tracked and the
196 addition of a methyl group to the benzoyl unit to label it would
100
100% 119 -
93 80 é ;_
3 70 7 196 =
5 [
g % 3
3 168 ] 210 o
< 50 3 -
2 111 e 3
S ] g
& 65 30 o
134 20 3 -
o t—r—"trr—_r——trr——_—l 10 k 2
80 120 160 200 _JL_J e N NN :
(b) m/z TTy T v r Ty rr o rr [ rr vy e[ rr e

Fig. 3. The CAD spectra of ESI-produced; 196 ions obtained from (a) com-
poundl by CAD and from (b) 2-phenylbenzoxazole.

T
100 120 140 160 180 200 220 240 260 280
m/z

Fig. 5. FAB MI mass spectrum o] + H]* of m/z 332 compound.
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m/z318
H — —  Loss of benzoic acid from amide
N NH
Q o/b
HO — (

/s o OH HO

Mia TS2b-1 ’ B 7 %@
2 _ =1a
A®H¢= 0.0 A%H = 53.6 \ . g
kcal/mol HO Q1
TS1a-3 NH Lt
2 —
Ts1a-1b A’H¢=52.5 5 — /NH
A°H¢=17.8 P1
@ TS1 b-2b @
>—< :> AH, 21.4 L N m/z 196
R 6"‘ fi 732'3“3 M3 - Unstable
-~
A%H¢=55.7 NHpn = 2.1

M1b M2b
A’H;=16.8 A%H;=21.2 Loss of benzoic acid from ester

Scheme 2. Proposed mechanisms for benzoic acid loss: seven-membered ring intermediates (energies in kcal/mol).

only add to the computational overhead without providing anystates present similar barriers to reaction (1.3 kcal/mol differ-
more useful information. In our theory studies, we calculated thence), which likely would lead to similar kinetics in product
heats of formation/reaction of th&[+ H]* ions, intermediates formation, in accord with experiment.
and products relative to that for theffr H]* ion, M1a, the most The third type of possible reaction mechanism involves aro-
stable of the initially protonated molecules, by using densitymatic nucleophilic substitution of the initially charged moiety,
functional theory (DFT) as described in Sectidnn general, which displaces neutral benzoic acid from the ester side of M1b
our results show that for internal energies necessary to indug&cheme 1 An analogous route leading to the elimination of
fragmentation, the ionizing proton can be promoted to eithethe imine tautomer of benzamide from the amide side of M1a
carbonyl oxygen in addition to the amide nitrogen. Accordingwould generate a product-ion of/z 197 (not shown). How-
to our calculations, movement of the proton from the amideever, nan/z 197 ion can be detected, even in high-energy CAD
carbonyl to the ester carbonyl requires an enthalpy change @xperiments; the energy barrier associated with that transition
nearly 17 kcal/mol, which is consistent with the 15—-20 kcal/molstate is 67.7 kcal/mol which is >14 kcal/mol greater than max-
higher proton affinities of carboxylic acids and esters versus colimum barrier for competing pathwayS¢hemes 2 and 8nd
responding amides (séétp://webbook.nist.gov/chemist)y/ Table 2, explaining the non-competitive nature of the imine
The first set of proposed mechanisms proceeds througélimination.
seven-membered ring intermediates formed by nucleophilic In the proposed mechanisms, there are only two active pro-
attack of the unpaired electrons of the unprotonated carbonybns in the M+ H]* ions; thus, the ionizing proton baa 1 in
oxygen upon the carbon of the protonated carboghgéme 2 2 probability of being eliminated as part of the benzoic acid.
Elimination of benzoic acid from the ester occurs via a shal\When we made the\f + D]* by FAB of compoundl by using
low intermediate (M2b), whereas the complementary elimina3-nitrobenzyl alcohol-OD as the matrix and obtained both its
tion from the amide occurs via only an intermediate transitionMI and high-energy CAD spectra, we found that intensity ratio
state (TS2a-3). The seven-member ring intermediates contracttd the m/z 196 and 197 peaks was 1:1, implying that the H/D
an unstable five-member ring that decomposes producing bematio in the eliminated the benzoic acid is also 1:1 (data not
zoic acid (Q1) and the 2-phenylbenzoxazdlef{H]* ion (P1).  shown). Thus, the aryl hydrogens are not involved in any active
We note that the greatest barriers to reaction (TS1a-3 and TS2hiechanism leading to the loss of benzoic acid.
3) are similar (3.2 kcal/mol difference); thus, losses of benzoic The calculated relative heats of formation or reaction for
acid from both ester and amide moieties should be observethe various schemes, summarizedTable 2and shown on
and they are. the schemes, and indicate that the proposed reaction mecha-
The second set of mechanisms involves the attack on the camisms inSchemes 2—#or the loss of benzoic acid and produc-
bonyl carbon of the protonated moiety by the unpaired electrongson of protonated 2-phenylbenzoxazole require similar invest-
on the uncharged ester oxygen or amide nitrog&chéme B ments of internal energy. We note that the overall enthalpy of
In both cases, nucleophilic attack results in a five-memberedeaction for the production of benzoic acid (Q1) and the 2-
ring transition state (TS1a-P1 or TS1b-P1), which decomposgshenylbenzoxazole + H]* ion (P1) is modestly endothermic
to liberate benzoic acid (Q1) from the amide and form the 2-at 2.2 kcal/mol and plays no direct role in the energetics of
phenylbenzoxazoleM + H]* ion (P1). Both of these transition the rate-limiting steps. The transition state barriers, however,
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m/z 318 Loss from ester

H

N N/H
N . ;

RVl 7 \~OH
/%

M1a 0

A?Hg = 0.0 kcal/mol | TS1a-P1

AZHf =46.7 + HQ
TS1a-1b lo}

m/z 196

A’He=17.8 B
+ - = M ’
Q OHY APHpyn = 2.1
/.
M1b _
A’H;=16.8 TS1b-P1 Loss from amide
A%Hs=48.0
Scheme 3. Proposed mechanisms for benzoic acid loss via five-membered ring transition states.
m/z318 B B Loss of PhCOOH from ester
m/z 196
+ H TS1a-1b H P1
N A’H¢=17.8 N NH
) Opd +C{\r,.—OHo +
OH o)
Mia M1b OH
2 2
A®Hs = 0.0 kcal/mol A®Hs = 16.
' 1=168 TS1b-P1
B A®H;=52.0
Q1 2
A"Hpn =241

Scheme 4. Proposed mechanism: displacement reaction.

are lowest for loss of benzoic acid from both amide and estes.3. Fragmentation of the radical cation—theory and

for Scheme 3Thus, we expect the processSitheme 30 be  experiment

the dominant mechanisms for the loss of benzoic acid from the

[M +H]" ions of compound. Furthermore, we expect thatloss  To investigate whether similar fragmentations and their
of toluic acid from the }/ + H]* ions of compound would entail  mechanisms pertain to the radical cations, we turned to El mass
similar energetics to the loss of benzoic acid in the prototype. spectrometry. The El mass spectrum of éhgo-isomer, com-

Table 2

The relative heats (enthalpies) of formation and reaction (in kcal/mol) for componebtsié@mes 2—4omputed relative to M1a

Scheme 2 Scheme 3 Scheme 4

Tag A2Hs of AHpn Tag A%Hs of AHpn Tag A%Hs of AHpyn
Mla 0.0 Mla 0.0 Mla 0.0
M1b 16.8 M1b 16.8 M1b 16.8
M2b 21.2

TSla-1b 17.8 TSla-1b 17.8 TSla-1b 17.8
TSla-3 52.5 TSla-P1 46.7 TS1b-P1 52.0
TS1b-2b 21.4 TS1b-P1 48.0

TS2b-1a 53.6

TS2b-3 55.7

P1+0Q1 21 P1+Q1 21 P1+Q1 21
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Table 3 100%- 167 _
Partial EI mass spectra (MS) and metastable-ion (M) and collisionally activated 20 _ b
decomposition (CAD) product-ion mass spectra of the molecular radical cations ]
of compoundd-3 80 4 3
Compound Relative abundance (%) 70 “ E
M, mlz 317 mlz 195 mlz 105 e 3
50 4 62 E
1 ]
MS 0.3 60 100 40 % 139 3
Ml 100 40 30 4 92 -
CAD 100 50 20; % 3
2 10 E 103 _
MS 10 - 100 o 1 \ B
CAD 100 (@) 60 80 100 120 140 160 = 180
[0
(8]
’ MS 8 - 100 g 100% 167 )
CAD 100 § 90 1 b
o 80 4 3
£ 70 3
pound1, Table 3 shows the molecular radical cation @fz e e i 3
317 and abundant fragment ionsaf; 195 and 105, the lat- 5 ] e 3
ter is likely the benzoyl ion. The molecular formula of the 76
mlz 195 ion is G3HgNO (measured mass=195.0677, calcu- 404 139 3
lated mass =195.0684). Production of an ion of this molecular 30 4 92 3
formula [M — 1221** occurs by the elimination of presumably 2045 3
benzoic acid. The metastable-ion (MI) mass spectrum ofithe 10 103 k J
317 ion clearly indicates the direct generation of this fragment N . L C—
ion is a low-energy proces3dble 3. Moreover, the collision b) 60 80 100 m/;20 140 160 180

activated dissociation (CAD) product-ion spectrum also shows

an abundant ion ofi/z 195, supporting the conclusion that the Fig9- 6. CAD mass spectra ei/z 195 from (a) compound and from (b) 2-
loss of benzoic acid is the major dissociation pathway.iirg-  Phenyibenzoxazole.

andpara-isomers (compoundsand3) do not show ions of/z

195 either in their El mass specti@ble 3 or in their product-  |ower that those for the fragmentation pathways of te-[H]*
ion spectra obtained upon collisional activation. ions (Table 4.

The structure of theM — benzoic acid]” fragment ion is Another possible mechanisms for loss of benzoic acid would
that of the molecular radical cation of 2-phenylbenzoxazoleinvolve first the H transfer from the amide nitrogen to the
This conclusion is based on a comparison of the CAD masgster carbonyl oxygen, followed by benzoic acid displacement
spectra of that molecular ion with that of théz 195 fragment  resulting from attack by the amide carbonyl oxygen. However,
ion derived fromn/z 317 (sed-ig. §a) and (b)). The two spectra calculations show that the transition state associated with the
are nearly identical. displacement presents a barrier of 41.7 kcal/mol compared with

The MI spectrumFig. 7, of compound4, which has a 4-  the maximum barriers of 25.3 and 28.6 kcal/mol (TS8a-8c and
methylbenzoyl group attached to the nitrogen and a benzoyl
group attached to the oxygen shows that the predominant elim-

ination is of benzoic acid. The trace of a product-ion from 100% 209 —
expulsion ofp-toluic acid to give an ion ofn/z 195 may not ] L
be significant, resulting instead from an impurity in the sample 80 - L
preparation. o ] r

We propose that the mechanism for the elimination of ben- § 60 ] r
zoic acid from the ester moiety of the molecular radical cation g ] -
of compoundl (M7 in Scheme b proceeds via nucleophilic g . i
aromatic substitution. This mechanism has some analogy to the g 40 7] -
scheme for loss of benzoic acid from the protonated molecule 5 ] L
of compoundl (Scheme % Only the loss of benzoic acid from T 20 4 195 -
the ester moiety can occur by this kind of mechanism. The most ] r
stable conformer of the radical cationbfs M7a (not shown), 0 T T T
a conformer of M7. The overall reaction, from M7a to products 160 180 20/0 220 240

m/z

P3 and Q1, is modestly endothermic at 2.8 kcal/mol. Moreover,
the transition state barriers for these fragmentation pathways arg. 7. MI spectrum of the molecular radical catiad#,*, of compounds.
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Scheme 5. Proposed mechanism for loss of benzoic acid from the molecular radical cation.
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