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A cyclization ofN-[2-(benzoyloxy)phenyl]-benzamide, accompanied by the elimination of a molecule of benzoic acid, takes place i
pectrometer upon protonation by fast atom bombardment (FAB) or electrospray ionization (ESI). The elimination of benzoic acid from thM + H]+

ields protonated 2-phenylbenzoxazole by a process that is analogous to the acid catalyzed cyclization ofN-[2-(benzoyloxy)phenyl]-benzamid
n solution. A similar elimination of benzoic acid occurs from the molecular radical cation produced by electron ionization (EI). The p
yclization and elimination of benzoic acid are supported by accurate mass measurements, product-ion spectra in tandem mass
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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. Introduction

N-[2-(Benzoyloxy)phenyl]-benzamide, in the presence of
n acid catalyst [1], cyclizes in solution to yield 2-
henylbenzoxazole (Eq.(1)). This cyclization reaction is an
ffective means for the synthesis[2] of 2-phenylbenzoxazole and
ubstituted analogs. When mixedN,O-diacylated compounds
re used as substrates, they produce mixtures of 2-substituted
enzoxazoles[3]; the major product is the benzoxazole in which

he acyl group on the nitrogen is retained. The proposed mech-
nism of the reaction involves protonation of the substrate

ollowed by cyclization to a seven-membered ring intermedi-
te, which decomposes by ring-opening and elimination of a
olecule of benzoic acid (R2 = C6H5, Eq.(1))

∗ Corresponding authors.

(1)

Acid-catalyzed reactions involving eliminations such as th
may be also readily studied in the gas-phase using mass sp
metric and theoretical methods. Ionization methods such a
atom bombardment (FAB), electrospray ionization (ESI),
chemical ionization (CI) readily generate protonated molec
or [M + H]+ ions. Although mass spectrometry is an impor
tool for study of these processes, the mechanisms may be
ent due to the absence of a solvent. We identified this syst
one that may be useful in extending our knowledge of analo
between gas-phase and solution elimination reactions unde
catalysis.

Although the examples of gas-phase analogies for
tion reactions are too large to review here, we draw atte
387-3806/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2006.01.014
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to some studies demonstrating cyclization reactions. Recent
examples by Eberlin and co-workers[4] and by Cooks and co-
workers[5] demonstrate that gas-phase “synthetic chemistry” is
of current interest. Eberlin found that, in analogy with solution
chemistry, various acylium ions react readily with benzonitrile
by cyclization via a double nitrile addition to form aromatic
1,3,5-oxadiazinium ions, whereas Cooks showed that arylni-
trenium ions formed in a mass spectrometer ion source react
with ethyl vinyl ether and 1,3-dioxolanes to afford, via forma-
tion of new C–N bonds, a gas-phase “synthesis” of indoles and
benzomorpholines. Another example is of reductive elimination

from 2-nitro-2′-hydroxy-5′-acetylazobenzene to afford 2-(2′-
hydroxy-5′-acetylphenyl)benzotriazole[6]. A gas-phase reac-
tion closely related to the Dieckmann condensation, not seen in
solution, is cyclization of diesters bearing�-alkyl substituents
by elimination of a molecule of a dialkyl ether[7]. This work
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from the [M + H]+ ion of acetylated hyperacine, a marine nat-
ural product, helped to establish its structure[20]. In addition,
the successive elimination of two OH radicals from protonated
aromatic nitro compounds[21] follows the cyclization of the
protonated molecules, which can be generated by FAB ioniza-
tion.

Returning to the “gas-phase synthetic reaction” that is sub-
ject of this study, we synthesizedN-[2-(benzoyloxy)phenyl]-
benzamides (compounds1–4) and investigated them by a variety
of mass spectrometric approaches to test whether facile cycliza-
tions occur in the gas-phase upon protonation of the compounds
by FAB and ESI, as well as upon removal of an electron by EI.

We are pleased to dedicate this article to the memory of Pro-
fessor Chava Lifshitz, who spent part of her career studying
elimination reactions. Notable are her studies of the elimina-
tions of C2 and similar fragments from aromatic and fullerene
compounds[22,23], the exhaustive elimination of Cl from vari-
ous compounds[24], and the expulsion of small molecules from
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an be uncovered by mass spectrometric studies. One
arly examples of the value of metastable-ion analysis i
978 study by Glish and Cooks[8] of a gas-phase analogy f

he Fischer indole synthesis, exemplified by the acid-cata
limination of NH3 from protonated phenylhydrazones.

Cycloadditions of gas-phase ions and their connectio
olution chemistry has been of interest for other 30 years,
ng with work from this laboratory on the cyclization of styre
adical cations[9,10]. A fine review of this subject was recen
repared by Eberlin[11].

The reaction reported here is an example of a proximity e
alled the “ortho effect”, for which there are numerous rep
12]; ortho effects are a specific example of general pro
ty effects [13]. The abundance of these rearrangements
I is probably due to the high-energy states for the odd-ele

ons compared to the relatively low energy state of even-ele
closed-shell) ions generated by FAB or ESI. Despite the sig
ant difference between radical cations and closed-shell sp
earrangements in EI mass spectrometry do have close
els with rearrangements in the condensed phase. The ana
ointed to a design for syntheses of heterocyclic organic
ounds[14,15], to the discovery of new synthesis procedu

or heterocycles[16,17], and to a direct connection betwe
ntramolecular cyclization of pyridine derivatives occurring
olution and in the gas-phase under EI conditions[18].

An analogous proximity effect is manifest by protona
,2′-diacetoxybiphenyl generated by FAB. This closed-s
M + H]+ ion undergoes cyclization due to the interaction of
wo acetyl groups followed by elimination of acetic acid to aff

cyclic product-ion[19]. A similar elimination of acetic aci
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eptide ions[25]. Eliminations of CH3 in competition with CH4
ere important to her in the demonstration of non-ergodic
esses[26].

. Experimental

.1. Synthesis

Compounds1–3 were synthesized by benzoylation of
ppropriate amino-phenols as reported in the literature[27,28].
he products obtained were collected by filtration and pur
y recrystallization from methanol. Compound4 was obtaine
y the reaction of 4-methybenzoyl chloride with exces
-aminophenol under acidic conditions followed by reac
ith benzoyl chloride in the presence of sodium hydroxide
henylbenzoxazole was obtained by the acid catalyzed cy

ion of compound1 using toluene-4-sulphonic acid, as p
iously reported[1]. Physical constants,1H NMR, IR and
ass spectral data were consistent with the identity of

ompound.

.2. Mass spectrometry

Tandem mass-spectrometry experiments (MS/MS) on F
I- or EI-produced ions were conducted on a VG ZAB

our-sector mass spectrometer of BEBE design[29]. MS1 is
tandard high-resolving power, double-focusing mass s
rometer (ZAB) of reverse geometry. Although MS2 ha
attauch–Herzog-type design, incorporating a standard
et and a planar electrostatic analyzer having an inhomoge
lectric field to permit use of an array detector, a single-p
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detector was used for these studies. For FAB, samples were
dissolved in methanol and a 1-�L aliquot was loaded on the
probe along with 1�L of the matrix, 3-nitrobenzyl alcohol.
A Cs+ ion gun operated at 30 keV was used to desorb the
ions, which were accelerated to 8 kV. Samples were introduced
through direct-probe insertion for EI and CI experiments. For
CI experiments, CH4 or CD4 was used to generate the CI
reagent ions and produce [M + H]+ or [M + D]+ ions, respec-
tively. High mass resolving power (∼8000) EI mass spectra
were recorded by using a VG-ZAB SE, a reverse-geometry,
Nier–Johnson mass spectrometer operated at 8 kV acceler-
ation voltage and 70 eV ionizing energy. Perfluorophenan-
threne was used as mass-calibration standard for full-scan mass
spectra.

The dissociation of the precursor ion, by either metastable-ion
(MI) or high-energy (4 keV) collisionally activated dissociation
(CAD) with helium as collision gas, was studied in the third field-
free region. Sufficient helium gas was added to the collision cell
to decrease the main-beam intensity by 30%. Both MS1 and
MS2 of the mass spectrometer were operated at a mass resolv-
ing power of 1000. Typically 10–20 scans were signal averaged
for each spectrum. Data acquisition and workup were accom-
plished by using a VAX 3100 workstation equipped with OPUS
software.

High mass-resolving-power FAB measurements were con-
ducted with a Kratos MS-50 triple analyzer tandem mass
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2.3. Theoretical calculations

Proposed reaction mechanisms with consequent structures
of intermediates and the heats of formation/reaction were evalu-
ated and calculated by molecular modeling of the precursor ions,
proposed intermediates, and products. Owing to the large size of
the ions, the initial survey calculations were performed by using
the PM3[31] semi-empirical algorithm, which was obtained
as part of the Spartan’02 for Linux package (Wavefunction
Inc.). The starting point of the investigation was the proposed
solution mechanism[3], which was modified and expanded for
the gas-phase process. Furthermore, we limited the theoretical
calculations to ions from the unsubstitutedortho-diphenyl com-
pound1.

Second stage calculations were by density functional theory
(DFT), which required less computational overhead than formal
ab initio methods and yet incorporated dynamic correlation, had
little spin contamination[32], and usually performed adequately
giving proper geometries, energies, and frequencies[33]. DFT
was part of the Gaussian’98 or Gaussian’03 suites (Gaussian
Inc.) [34,35].

Minima and transition states were optimized to the DFT
level of B3LYP/6-311+G(2d,p)//B3LYP/6-31G(d,p), confirmed
by vibrational frequency analysis, and scaled zero-point and
thermal-energy corrections for standard temperature and pres-
sure were applied[36]. Connections of transition states were
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ource and an Ion Tech saddle-field atom gun. The
eam was 6–7 keV argon atoms generated with a gun
ent of 1 mA. A mixture of CsI and glycerol was us
o produce reference-mass ions for the peak-match m
xperiments.

The ESI experiments, both MS and low-energy C
MS/MS), were conducted by using a Micromass Q-T
ltima instrument operated in the positive ion mode. The ne
oltage was 3 kV, and the cone voltage was 90 V. The
eratures of the source block and for desolvation wer
nd 150◦C, respectively. The samples were dissolved in
ixture of acetonitrile and water. The samples were in
uced by direct infusion at a flow rate of 10�L/min. All
arameters (e.g., aperture to the TOF, transport voltage
et voltages) were optimized to achieve maximum sen
ty and a mass resolving power of 15,000 (full-width at h

aximum).
The CAD experiments of ESI-produced ions were car

ut by mass selecting the precursor ion using the quad
nalyzer and recording the product-ions by using the t
f-flight analyzer operating at a mass resolving powe
5,000 (‘W’ mode). The energies for colliding the ions un
tudy were of the order of 7–9 eV with argon as the c
ion gas. The accurate masses of the product-ions were
ined by using the precursor ion as the internal mass
ard. An ESI-MS/MS/MS experiment (low-energy CA) w
erformed on a Finnigan LCQ Classic ion-trap mass spect
ter. The samples, dissolved in 1:1 mixture of acetonitrile
ater, were introduced by direct infusion at a flow rate
0�L/min.
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onfirmed by projections of the normal variable associated
maginary frequency or by path calculations. The heats of

ation or reaction are reported as enthalpies relative to th
hat represents the starting point for the mechanistic sche
ust be noted that these calculations yield information abou
otential-energy surface, but ultimately fragmentation pat
re determined by kinetic processes.

. Results and discussion

.1. Experimental observations

Fast atom bombardment of compound1 affords a protonate
olecule, [M + H]+ of m/z 318, as well as fragment ions ofm/z
96 and 105 (Table 1). The formation of the benzoyl ion ofm/z
05 is not surprising given that compound1 is a benzoate. Th

ormation of the ion ofm/z 196, involving the elimination o
molecule of benzoic acid, however, is of considerably m

nterest. Accurate mass measurement revealed that them/z 196
on has the formula C13H10NO (measured mass = 196.0762, c
ulated mass = 196.0752). The MI and CAD spectra (Table 1)
f the [M + H]+ ions show that fragmentation gives abund
roduct-ions ofm/z 196 and 105, indicating that the eliminat
f benzoic acid is a facile dissociation process of the precu
he uniqueness of the process for theortho-isomer is reveale
y the fact that the CAD and MI mass spectra of themeta-
ndpara-isomers of the [M + H]+ ions provide no evidence f

he elimination of benzoic acid to give the ion ofm/z 196.
owever, the spectra do show the production ofm/z 105 ions

benzoyl ions) (seeTable 1). The low abundance ion atm/z 213
s observed under conditions of FAB MI and high-energy C
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Table 1
Partial FAB mass spectra, metastable-ion, and high-energy CAD spectra of com-
pounds1–3

Fragmentation
mode

Relative abundances (%) of ions

[M + H]+, m/z 318 m/z 213 m/z 196 m/z 195 m/z 105

1
MSa 62 – 7 16 100
MI 2 61 – 100
CAD 2 12 – 100

2
MS 100 – – – 90
MI 5 100
CAD 4 100

3
MS 95 – – 100
MI 13 100
CAD 11 100

a MS: mass spectra; MI: metastable-ion spectra; CAD: collisionally activated
decomposition spectra.

but it is barely seen in a full-scan mass spectrum. This ion is not
formed accompanying ESI MS or even upon low-energy CAD
of ESI-produced ions. This ion is likely formed by charge trans-
fer during the separation ofm/z 105; itsm/z corresponds to that
for benzoyl radical loss.

The fragment ion ofm/z 196 is formed from them/z 318
precursor (M1a, M1b—protonated compound1) by elimination
of presumably benzoic acid to give a product ion, protonated
2-phenylbenzoxazole, P1, as shown inScheme 1. To confirm
this structure assignment, we compared the CAD mass spec-
trum of P1 with that of the appropriate reference, protonated
2-phenylbenzoxazole (Fig. 1). The two spectra are similar, indi-
cating that ion P1 likely has the assigned structure and that its
formation is an intramolecular cyclization that occurs upon pro-
tonation of the precursor. (On the schemes, we use M, TS, P
and Q to designated minima, transition states, ionic and neutral
products, respectively, to distinguish from the designations of
the neutral compounds.)

Fig. 1. CAD product-ion mass spectra of FAB-produced ions ofm/z 196 from
(a) compound1 and from (b) the reference protonated 2-phenylbenzoxazole.

The ESI mass spectrum of compound1 (Fig. 2a) shows that
the protonated molecule, [M + H]+, of m/z 318, formed by this
method also fragments to give ions ofm/z 196 and 105. The
low-energy ESI CAD (Fig. 2b) mass spectrum of the [M + H]+

also exhibited peaks corresponding to ions ofm/z 196 (measured
accurate mass = 196.0750, calculated mass = 196.0752) and 105
(benzoyl ion).

A comparison of the ESI CAD mass spectra ofm/z 196, gen-
erated by collisional activation ofm/z 318, and the [M + H]+, m/z
196, of the 2-phenylbenzoxazole (Fig. 3) produced by ESI, are
again similar, indicating that the loss of benzoic acid leads to a
cyclic ion, having the 2-phenylbenzoxazole structure, as shown
in Scheme 1. The losses of benzoic acid are competitive for both
the ester and amide substitution sites.

To gain further insight into the mechanism for elimination of
benzoic acid, we obtained the CAD spectrum of ESI-produced
ions (Fig. 4) and the MI spectrum of FAB-produced [M + H]+

ions (Fig. 5) from compound4, in which we placed a methyl
group to label the benzoyl group attached to the amide. The
product-ion spectrum (CAD) of ESI-produced [M + H]+ of m/z
332 shows expulsion of both benzoic acid (to give an ion of
m/z 210.0918, C14H12NO+ calcd. 210.0919) and toluic acid
(to give them/z 196.0763 ion, C13H10NO+ calcd. 196.0762).
Furthermore, benzoyl (m/z 105) and toluoyl (m/z 119) ions are
also generated in similar abundances; and these ions in turn
Scheme 1.
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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 compound1.

lose CO to formm/z 77 and 91 ions, respectively (data not
shown).

The observations indicate that a benzoyl group, attached
either to the amide nitrogen or to the ester oxygen, can be
eliminated as part of benzoic acid, suggesting that mechanis-
tic symmetry is involved in both the elimination of benzoic acid
and the formation of benzoyl ions from either site. This indi-
cates that protonation can occur on both the ester carbonyl and
the amide carbonyl groups.

F
p

Fig. 4. ESI-CAD mass spectrum of [M + H]+ of m/z 332 of compound4.

3.2. Theoretical calculations—fragmentation of protonated
molecules

We undertook theoretical calculations to aid in the elucidation
of mechanisms of fragmentation and cyclization. Surprisingly,
we were able to locate three different sets of feasible mecha-
nisms by exploring the potential energy surface for the loss of
benzoic acid from the [M + H]+ ions derived from compound
1. We chose compound1 because, unlike empirical results, the
fate of the individual benzoyl moieties can be tracked and the
addition of a methyl group to the benzoyl unit to label it would
ig. 3. The CAD spectra of ESI-producedm/z 196 ions obtained from (a) com-
ound1 by CAD and from (b) 2-phenylbenzoxazole.
 Fig. 5. FAB MI mass spectrum of [M + H]+ of m/z 332 compound4.
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Scheme 2. Proposed mechanisms for benzoic acid loss: seven-membered ring intermediates (energies in kcal/mol).

only add to the computational overhead without providing any
more useful information. In our theory studies, we calculated the
heats of formation/reaction of the [M + H]+ ions, intermediates
and products relative to that for the [M + H]+ ion, M1a, the most
stable of the initially protonated molecules, by using density
functional theory (DFT) as described in Section2. In general,
our results show that for internal energies necessary to induce
fragmentation, the ionizing proton can be promoted to either
carbonyl oxygen in addition to the amide nitrogen. According
to our calculations, movement of the proton from the amide
carbonyl to the ester carbonyl requires an enthalpy change of
nearly 17 kcal/mol, which is consistent with the 15–20 kcal/mol
higher proton affinities of carboxylic acids and esters versus cor-
responding amides (seehttp://webbook.nist.gov/chemistry/).

The first set of proposed mechanisms proceeds through
seven-membered ring intermediates formed by nucleophilic
attack of the unpaired electrons of the unprotonated carbonyl
oxygen upon the carbon of the protonated carbonyl (Scheme 2).

Elimination of benzoic acid from the ester occurs via a shal-
low intermediate (M2b), whereas the complementary elimina-
tion from the amide occurs via only an intermediate transition
state (TS2a-3). The seven-member ring intermediates contract to
an unstable five-member ring that decomposes producing ben-
zoic acid (Q1) and the 2-phenylbenzoxazole [M + H]+ ion (P1).
We note that the greatest barriers to reaction (TS1a-3 and TS2b-
3) are similar (3.2 kcal/mol difference); thus, losses of benzoic
a rved
a
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b tron
o
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r ose
t e 2-
p n

states present similar barriers to reaction (1.3 kcal/mol differ-
ence), which likely would lead to similar kinetics in product
formation, in accord with experiment.

The third type of possible reaction mechanism involves aro-
matic nucleophilic substitution of the initially charged moiety,
which displaces neutral benzoic acid from the ester side of M1b
(Scheme 4). An analogous route leading to the elimination of
the imine tautomer of benzamide from the amide side of M1a
would generate a product-ion ofm/z 197 (not shown). How-
ever, nom/z 197 ion can be detected, even in high-energy CAD
experiments; the energy barrier associated with that transition
state is 67.7 kcal/mol which is >14 kcal/mol greater than max-
imum barrier for competing pathways (Schemes 2 and 3and
Table 2), explaining the non-competitive nature of the imine
elimination.

In the proposed mechanisms, there are only two active pro-
tons in the [M + H]+ ions; thus, the ionizing proton has a 1 in
2 probability of being eliminated as part of the benzoic acid.
When we made the [M + D]+ by FAB of compound1 by using
3-nitrobenzyl alcohol-OD as the matrix and obtained both its
MI and high-energy CAD spectra, we found that intensity ratio
of the m/z 196 and 197 peaks was 1:1, implying that the H/D
ratio in the eliminated the benzoic acid is also 1:1 (data not
shown). Thus, the aryl hydrogens are not involved in any active
mechanism leading to the loss of benzoic acid.

The calculated relative heats of formation or reaction for
t n
t echa-
n uc-
t est-
m y of
r e 2-
p ic
a s of
t ever,
cid from both ester and amide moieties should be obse
nd they are.

The second set of mechanisms involves the attack on th
onyl carbon of the protonated moiety by the unpaired elec
n the uncharged ester oxygen or amide nitrogen (Scheme 3).

n both cases, nucleophilic attack results in a five-memb
ing transition state (TS1a-P1 or TS1b-P1), which decomp
o liberate benzoic acid (Q1) from the amide and form th
henylbenzoxazole [M + H]+ ion (P1). Both of these transitio
,

r-
s

s

he various schemes, summarized inTable 2 and shown o
he schemes, and indicate that the proposed reaction m
isms inSchemes 2–4for the loss of benzoic acid and prod

ion of protonated 2-phenylbenzoxazole require similar inv
ents of internal energy. We note that the overall enthalp

eaction for the production of benzoic acid (Q1) and th
henylbenzoxazole [M + H]+ ion (P1) is modestly endotherm
t 2.2 kcal/mol and plays no direct role in the energetic

he rate-limiting steps. The transition state barriers, how

http://webbook.nist.gov/chemistry/
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Scheme 3. Proposed mechanisms for benzoic acid loss via five-membered ring transition states.

Scheme 4. Proposed mechanism: displacement reaction.

are lowest for loss of benzoic acid from both amide and ester
for Scheme 3. Thus, we expect the process inScheme 3to be
the dominant mechanisms for the loss of benzoic acid from the
[M + H]+ ions of compound1. Furthermore, we expect that loss
of toluic acid from the [M + H]+ ions of compound4 would entail
similar energetics to the loss of benzoic acid in the prototype.

3.3. Fragmentation of the radical cation—theory and
experiment

To investigate whether similar fragmentations and their
mechanisms pertain to the radical cations, we turned to EI mass
spectrometry. The EI mass spectrum of theortho-isomer, com-

Table 2
The relative heats (enthalpies) of formation and reaction (in kcal/mol) for components inSchemes 2–4computed relative to M1a

Scheme 2 Scheme 3 Scheme 4

Tag �2Hf or �Hrxn Tag �2Hf or �Hrxn Tag �2Hf or �Hrxn

M1a 0.0 M1a 0.0 M1a 0.0
M1b 16.8 M1b 16.8 M1b 16.8
M2b 21.2
TS1a-1b 17.8 TS1a-1b 17.8 TS1a-1b 17.8
TS1a-3 52.5 TS1a-P1 46.7 TS1b-P1 52.0
TS1b-2b 21.4 TS1b-P1 48.0
TS2b-1a 53.6
TS2b-3 55.7
P1 + Q1 2.1 P1 + Q1 2.1 P1 + Q1 2.1
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Table 3
Partial EI mass spectra (MS) and metastable-ion (MI) and collisionally activated
decomposition (CAD) product-ion mass spectra of the molecular radical cations
of compounds1–3

Compound Relative abundance (%)

M•+, m/z 317 m/z 195 m/z 105

1
MS 0.3 60 100
MI 100 40
CAD 100 50

2
MS 10 – 100
CAD 100

3
MS 8 – 100
CAD 100

pound1, Table 3, shows the molecular radical cation ofm/z
317 and abundant fragment ions ofm/z 195 and 105, the lat-
ter is likely the benzoyl ion. The molecular formula of the
m/z 195 ion is C13H9NO (measured mass = 195.0677, calcu-
lated mass = 195.0684). Production of an ion of this molecular
formula [M − 122]•+ occurs by the elimination of presumably
benzoic acid. The metastable-ion (MI) mass spectrum of them/z
317 ion clearly indicates the direct generation of this fragment
ion is a low-energy process (Table 3). Moreover, the collision
activated dissociation (CAD) product-ion spectrum also shows
an abundant ion ofm/z 195, supporting the conclusion that the
loss of benzoic acid is the major dissociation pathway. Themeta-
andpara-isomers (compounds2 and3) do not show ions ofm/z
195 either in their EI mass spectra,Table 3, or in their product-
ion spectra obtained upon collisional activation.

The structure of the [M − benzoic acid]•+ fragment ion is
that of the molecular radical cation of 2-phenylbenzoxazole.
This conclusion is based on a comparison of the CAD mass
spectra of that molecular ion with that of them/z 195 fragment
ion derived fromm/z 317 (seeFig. 6(a) and (b)). The two spectra
are nearly identical.

The MI spectrum,Fig. 7, of compound4, which has a 4-
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
expulsion ofp-toluic acid to give an ion ofm/z 195 may not
b ple
p

ben-
z tion
o ic
a to the
s cule
o m
t most
s ,
a cts
P over,
t ys are

Fig. 6. CAD mass spectra ofm/z 195 from (a) compound1 and from (b) 2-
phenylbenzoxazole.

lower that those for the fragmentation pathways of the [M + H]+

ions (Table 4).
Another possible mechanisms for loss of benzoic acid would

involve first the H transfer from the amide nitrogen to the
ester carbonyl oxygen, followed by benzoic acid displacement
resulting from attack by the amide carbonyl oxygen. However,
calculations show that the transition state associated with the
displacement presents a barrier of 41.7 kcal/mol compared with
the maximum barriers of 25.3 and 28.6 kcal/mol (TS8a-8c and

Fig. 7. MI spectrum of the molecular radical cation,M
•+, of compound4.
e significant, resulting instead from an impurity in the sam
reparation.

We propose that the mechanism for the elimination of
oic acid from the ester moiety of the molecular radical ca
f compound1 (M7 in Scheme 5) proceeds via nucleophil
romatic substitution. This mechanism has some analogy
cheme for loss of benzoic acid from the protonated mole
f compound1 (Scheme 4). Only the loss of benzoic acid fro

he ester moiety can occur by this kind of mechanism. The
table conformer of the radical cation of1 is M7a (not shown)
conformer of M7. The overall reaction, from M7a to produ
3 and Q1, is modestly endothermic at 2.8 kcal/mol. More

he transition state barriers for these fragmentation pathwa
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Scheme 5. Proposed mechanism for loss of benzoic acid from the molecular radical cation.

Table 4
The relative heats of formation and reaction (kcal/mol) inScheme 5

Tag Relative�2Hf /�Hrxn

M7a −4.6
M7 0.0
M8a 11.4
M8c 0.1
TS7-8a 16.1
TS8a-P3 28.6
TS8a-8c 25.3
TS8c-P3 5.2
P3 + Q1 −1.8

TS8a-P3, respectively,Scheme 5) in the proposed scheme. Thus,
we consider that route as non-competitive.

Although minor loss of toluic acid from the amide, if real,
would involve another mechanism, it is likely that this signal
arises from an isomeric impurity in the original sample.

4. Conclusion

The [M + H]+ ions ofN-[2-(benzoyloxy)phenyl]-benzamide
produced by FAB, ESI, and CI and theM•+ by EI all undergo
elimination of benzoic acid with cyclization, producing a frag-
ment ion having the core structure of 2-phenylbenzoxazole
irrespective of the method of ionization. Themeta- andpara-
isomers do not undergo this cyclization or lose benzoic acid
underscoring a unique proximity effect. There is a clear analogy
with solution synthetic chemistry: theortho-isomer can also be
cyclized upon protonation in solution, establishing once more
that mass spectral processes can be an informative analogy wi
future predictive capability for solution processes.
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