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bstract

Monocarboxylic acids with acyl functional group such as 5-oxohexanoic acid and 6-oxoheptanoic acid were characterized experimentally by
lectrospray ionization coupled to a triple quadrupole and TOF analyzer hybrid system. Collision-induced dissociation experiments at different
ctivation energies were done to elucidate possible fragmentation pathways. These pathways were also studied on the theoretical level using
FT B3LYP/6-311++G(3df,3pd)//B3LYP/6-31+G(d) + ZPVE calculations. While all monocarboxylic acids fragment under loss of CO2 and H2O

tarting from their parent anion [M − H]−, an unusual fragmentation behaviour could be observed in case of 5-oxohexanoic acid. Synchronous
O2 and CH2CH2 elimination in a concerted mechanism was responsible for the lack of [M − H–CO2]− fragment ion. New anionic gas phase
yclization processes could be discerned in case of 5-oxohexanoic acid. Mechanistic differences in the fragmentation pathways of [M − H]− anions

ormed from 5-oxohexanoic acid and 6-oxoheptanoic acid after deprotonation were investigated both experimentally and through DFT calculations.
uccessive water, ketene CH2 C O, and H2 eliminations were observed in the CID spectra of 6-oxoheptanoic acid parent anion. CO2 ejection
rom the parent ion of 6-oxoheptanoic acid was inhibited due to the lack of stabilization for the formed fragment ion.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Dicarboxylic acids and ketocarboxylic acids [1] are of great
mportance in the atmospheric and marine sciences. Many
rganic compounds, which belong to these two categories were
uccessfully identified in ice core samples [2,3], in the oceanic
tmosphere [4], urban aerosols [5–8] and in organic aerosols
roduced as a result of monoterpene ozonolysis [9]. Carboxylic
cids and their keto analogues could be even identified in human
lasma [10] and urine [11].
Negative ion mass spectrometry allowed to generate ions of
any important species [12], whose fragmentation behaviour

elivered useful information [13] for structural elucidations.
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ombined with experiments in the positive ion mode and
ollision-induced dissociations of cationic organic compounds,
he accuracy of the structural determination can be further
nhanced. The importance of negative ionization began with the
dvent of chemical ionization. Studies in the negative ionization
ode were continued with fast atom bombardment [14] (FAB)

echnique and were recently intensified upon the development
15] of electrospray [16] and atmospheric pressure chemical
onization (APCI) sources [17,18].

Water and carbon dioxide eliminations were observed from
he [M − H]− parent ions of mono- and dicarboxylic acids as
result of low energy collisional fragmentation event. Grossert
t al. [19] have shown that carbon dioxide elimination takes
lace from the non-ionized carboxylic group of the investi-

ated dicarboxylic acids. The mechanism of water loss from a
onocarboxylic acid had not been completely understood, until

ensen et al. [20] showed that the following reaction takes place
Eq. (1)).
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Once formed, the ion-neutral complex between DO− anion
nd the neutral ketene can dissociate through deuterium abstrac-
ion from the ketene by OD− anion releasing D2O and thus
enerating a ketene anion, which can be well stabilized through
lectronic delocalization. Gas phase ion-neutral complex forma-
ion and unimolecular dissociation are extensively discussed in
he literature [21–24].

Deuterium experiments are not always helpful in deciphering
as phase reaction mechanisms, especially in cases, where colli-
ionally activated ion dissociations take place. This is due to the
act, that energy supply on the parent ion can induce rapid D/H
crambling processes [25–27] before the fragmentation can take
lace. This is more prominent when the fragmentation efficiency
s high as in the case of Q-TOF systems, which implement res-
nant dipolar radial excitation at high voltage amplitude [28].
orgensen et al. [29] have shown in a Q-TOF-MS that complete
ntramolecular randomization of all hydrogen atoms attached to
itrogen and oxygen in the amide functional groups with deu-
erium occurs in the gaseous peptide ion prior to its dissociation
nder low collisional energy activation conditions.

To date, no experimental or theoretical investigations exist,
hich explain the gas phase ion chemistry of oxocarboxylic

cids and their fragmentation behaviour under low collision
nergy conditions. This paper provides a full gas phase chemical
nvestigation of two model oxocarboxylic acids (5-oxohexanoic
nd 6-oxoheptanoic acid) on both experimental and theoretical
evels. Strong evidences for the mediation role of ion-neutral
omplexes in characterizing specific anion fragmentation chan-
els were obtained from DFT study described in detail in this
aper. Experimental and theoretical evidences for intramolec-
lar proton transfer event inside the anionic structure, which
haracterize a specific fragmentation channel of 6-oxoheptanoic
cid anion, are shown.

. Methods

.1. Experimental

An orthogonal-acceleration time-of-flight mass spectrometer
oupled to three linear quadrupoles for mass selection and frag-
entation was used. The instrumental setup and the physical

rinciples of operation are discussed in detail in a comprehen-
ive review [30]. Fig. 1 gives a schematic representation of the
nstrument used.

The first quadrupole (Q1) acts as ion buncher. Quadrupole Q2
s for ion isolation based on mass-to-charge ratio. Q3 acts as a
ollision chamber, where the isolated ions of a specific m/z value
an be kinetically accelerated for collision-induced dissociation
xperiments. The implementation of a reflectron is advantageous
n extending the ion beam path (thus increasing the resolution)
n addition to its important role in kinetic energy focusing.

Turbo-ionspray interface was used in the negative mode for

onization of the analyzed oxocarboxylic acids. The ionization
ource contains a heater probe orthogonally directed relative to
he electrospray needle direction. Temperatures up to 500 ◦C
an be used with this construction. At 400 ◦C, analytes can be

z
b
m
u

ig. 1. Schematic view of the triple-quad-MS/MS-TOF hybrid system used in
his study.

njected at relatively high liquid flow rates up to 200 �L/min
ithout significant signal intensity reduction.
5-Oxohexanoic acid and 6-oxoheptanoic acid (97%) were

urchased from Sigma–Aldrich Company and used without fur-
her purifications. Each analyte was separately dissolved in
ure methanol (HPLC Lichrosolv Hypergrade, Merck). The
ethanolic solutions were injected at a concentration of 10 �M
ith a liquid flow rate of 100 �L/min under high temperature

400 ◦C) through the orthogonally directed heater gas for rapid
olvent evaporization. Electrospray needle voltage was kept at
3.5 kV relative to the grounded curtain plate (which acts as
counter electrode). Ten scans were summed up in the multi-

hannel acquisition mode (MCA). Unless otherwise indicated,
o cone-voltage fragmentation (nozzle skimmer dissociation)
as implemented prior to analysis. Collision-induced dissocia-

ion (CID) was performed on an isolated ion in Quadrupole Q3,
hich acts as a collision chamber filled with nitrogen as col-

ision gas and has a relatively high pressure of 3 × 10−3 mbar.
everal CID experiments were performed up to collision energy
f 20 eV in the laboratory frame to obtain information about
he threshold fragmentation values, at which specific fragment
ons start to appear in the MS/MS spectrum. Ion transmission
indow for the accelerated ions through the quadrupoles is as

ollows (m/z = 45, 5%; m/z = 120, 45%; m/z = 180, 50%). This
ransmission window is best suited for the scanned mass range
/z = (40–350) Da.

.2. Calculations

The electronic structure calculations were performed on a
tand-alone computer using density functional theory, incor-
orated in Gaussian 03W program [31]. The hybrid DFT
ethod B3LYP was implemented in combination with differ-

nt basis sets. All geometry optimizations were performed using
-31+G(d). Frequency calculations were also done for each opti-
ized geometry using the same basis set 6-31+G(d) to obtain the
ero point vibrational energy (ZPVE). This value is multiplied
y the scaling factor 0.9804 to correct for vibrational anhar-
onicities. Single point energy (SPE) calculations were done

sing two theoretical levels of basis sets: 6-311+G(2d,p) and 6-
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11++G(3df,3pd). The use of diffuse functions was important to
epresent the correct geometry of anionic species. Stability tests
n all calculated structures were performed to ensure that the
sed wave function does represent the lowest energy solution of
he SCF equations.

For geometry optimization, the Berny [32] analytical gradient
ptimization routines were used in combination with the GDIIS
lgorithm [33–35]. The requested convergence in the density
atrix was 10−8 atomic units, the threshold value for maxi-
um displacement was 0.0018 ´̊A, and that for the maximum

orce was 0.00045 Hartree/Bohr. The nature of the stationary
oints was established by calculating and diagonalizing the
essian matrix (force constant matrix). Transition structures
ere characterized through normal-mode analysis (frequency

nalysis). The transition vector associated with the unique imag-
nary frequency has been determined in each found transition
tate. This vector represents the eigenvector associated with
he unique negative eigenvalue of the force constant matrix,
hich indicates that the found structure corresponds to a first
rder saddle point (transition state). In order to further check
hat the found transition state really connects two energy min-
ma structures with each other (reactant with product), intrinsic
eaction coordinate [36] (IRC) calculations in all found transi-
ion state geometries, were performed. For those cases, where

nergy barriers for intramolecular ionic transformations are too
mall (such as in pseudo-cyclization processes), IRCMax cal-
ulations [37] (reaction path transition state maximum energy
ocation) were performed. Both IRC and IRCMax calculations

m
i
C
m

ig. 2. CID mass spectra of parent ion [M − H]− m/z = 143 of 6-oxoheptanoic acid p
heir measured masses.
Mass Spectrometry 266 (2007) 97–113 99

ere performed in mass-weighted internal coordinates [38].
ll geometries of electronic structures calculated were ren-
ered by GaussView program [39]. Mechanistic studies for
sodesmic transformations (gas phase intramolecular rearrange-

ents and ion fragmentation processes) are represented in this
aper.

. Results and discussions

.1. Negative ion mass spectra of 6-oxoheptanoic acid

Only one primary ion at m/z = 143 was observed in the
OF mass spectrum of 6-oxoheptanoic acid, when electrospray

onization in the negative ion mode was applied. This ion corre-
ponds to the deprotonated form [M − H]− of the oxocarboxylic
cid. Fig. 2 shows CID mass spectra of this parent ion m/z = 143
t three different collision energies (10, 15 and 20 eV applied,
n the laboratory frame).

From the measured mass differences between the parent
on and the fragment ions, water elimination [M − H–H2O]−
/z = 125 and CO2 loss [M − H–CO2]− m/z = 99 are two dif-

erent channels delineating the fragmentation behaviour of the
arent ion [M − H]− m/z = 143.

The measured mass difference between the primary frag-

ent ion [M − H–H2O]− m/z = 125 and the secondary fragment

on m/z = 83 represents the sum formula C2H2O. Thus, carbene
H2 C O elimination could be deduced from the primary frag-
ent ion [M − H–H2O]− m/z = 125.

erformed at (A) 10 eV; (B) 15 eV; (C) 20 eV. Signals above 5% are shown with
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ig. 3. Selected primary fragment ion [M − H–H2O]− m/z = 125 dissociation a
ragment ion m/z = 83 is generated to 20% when 20 eV activation energy was ap

Evidence, that the ion m/z = 83 is formed from m/z = 125, is
rovided in Fig. 3, which illustrates the result of the following
xperiment: the parent ion m/z = 143 is fragmented in the region
etween the orifice plate and skimmer by applying high acceler-

tion electric field (cone-voltage induced dissociation) and the
rimary fragment ion [M − H–H2O]− m/z = 125, which is gen-
rated and then accelerated throughout the skimmer region was
elected in the second quadrupole and collisionally fragmen-

m
i
(
d

Fig. 4. Optimized structures (B3LYP/6-31+G(d)) of four different i
e different collision energies: (A) 10 eV; (B) 15 eV; (C) 20 eV. The secondary
.

ated in the third quadrupole (which acts as a collision chamber)
roducing ion m/z = 83.

The exact mass difference measured between m/z = 125 and
/z = 81 does not correspond to the loss of CO2 from ion

/z = 125 but to the loss of C2H4O. Thus, ion m/z = 83 can elim-

nate H2 to form m/z = 81, since no direct C2H4O elimination
in the form of acetaldehyde or epoxide ring) could be logically
etermined through the consideration of the mechanistic frag-

somers of anion [M − H]− m/z = 143 of 6-oxoheptanoic acid.
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Table 1
Deprotonation potential (298 K) of isomeric anions of 6-oxoheptanoic acid

# Name E (Hartree) DP B3LYP/6-311+G(2d,p) (kcal/mol)

0 6-Oxoheptanoic acid neutral −499.64227769 0.0
1 6-oxo-Anion1 −499.09729436 342.0
2 −
3 −
4 −
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6-oxo-Anion2
6-oxo-Anion3
6-oxo-Anion4

entation pathways studied by DFT. However, it is important to
ote, that no CO2 loss can take place starting from the primary
ragment ion [M − H–H2O]− m/z = 125 as discussed above.

Combined Skimmer-Quadrupole Q3 CID fragmentation
xperiment, whose results are shown in Fig. 3, also illustrates,
hat ion m/z = 99 generated by the fragmentation of m/z = 143 (as
hown in Fig. 2) is not a secondary fragment ion produced from
he primary fragment ion [M − H–H2O]− m/z = 125. Thus, CO2
oss takes place directly from the parent ion [M − H]− m/z = 143.

.2. DFT mechanistic studies for the anionic fragmentation
athways related to 6-oxoheptanoic acid

.2.1. Isomeric anions and water elimination
From a theoretical point of view, there are four different posi-

ions, where deprotonation can take place in the neutral molecule
f 6-oxoheptanoic acid. Fig. 4 shows the optimized geometries
f these four different isomers. While Anion1 represents the
eprotonation from the carboxyl group, Anion4 shows the opti-
ized geometry, when the neutral is deprotonated from � C

osition relative to the carboxyl group. Anion2 represents acetyl
eprotonation, while Anion3 shows the geometry of the anion

ormed, when the neutral is deprotonated from the � C inter-
al position relative to the acetyl group. All these four different
nionic isomers play a major role in our discussion on fragmen-
ation mechanisms illustrated below. A deprotonation relative

f
f
f
e

Fig. 5. Potential energy curves for water elimination from [M − H]− m/z = 143; S
499.06438941 362.6
499.07022826 359.0
499.06800136 360.4

o either carbonyl or carboxyl groups can be stabilized through
lectron delocalization (resonance) in the generated enolate moi-
ty.

Table 1 lists the deprotonation potential of the four isomeric
nions of 6-oxoheptanoic acid shown in Fig. 4.

It can be concluded from Table 1 that deprotonation of the car-
oxyl group represents the most probable (thermodynamically
avourable) event, that is expected to take place in the electro-
pray ionization source for ionization of 6-oxoheptanoic acid in
he negative operation mode. All other anionic isomers have rel-
tively higher deprotonation potentials but their values are close
o each other (about 360 kcal/mol).

If we assume, that isomeric anions other than 6-oxo-Anion1
annot be directly generated through electrospray ionization pro-
ess, we cannot exclude the fact, that 6-oxo-Anion1 can undergo
apid ion-molecule reactions with 6-oxoheptanoic acid neutrals
o generate other anionic isomers (listed in Table 1). Those gas
hase ion-molecule reactions can take place on a microsecond
ime scale, since the collision frequency between particles is
igh at atmospheric pressure occurring in the ionization source.

Mechanistic study of water elimination from [M − H]−
/z = 143 will be presented first, since it represents a major
ragmentation channel as shown experimentally in Fig. 2. CID
ragmentation patterns (Fig. 2) obtained by applying three dif-
erent collision energies clearly show, that water elimination is
nergetically more favourable than CO2 ejection.

PE calculated by B3LYP/6-311+G(2d,p) and B3LYP/6-311++G(3df,3pd).
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Fig. 5 shows a potential energy curve for water elimination
rom 6-oxo-Anion1 isomer.

As shown in Fig. 5, water elimination is a two step process. In
he first step, 6-oxo-Anion4 isomer should be generated by a 1,3
roton shift. Once formed, 6-oxo-Anion4 isomer can undergo
gas phase rearrangement to generate a ketene and an OH−

on, which remains bonded through a non-covalent interaction.
H− can then abstract a proton from the neutral ketene to gen-

rate a ketene anion and water. The formed ketene anion can be
tabilized through electron delocalization.

1,3-Proton shift has a forward energy barrier of 49.7 kcal/mol
n the B3LYP/6-311+G(2d,p) level of theory. Due to the fact
hat multi-acceleration events can occur throughout the triple
uadrupole region, where the acceleration electric field for frag-
entation can arise, formed 6-oxo-Anion4 isomer (as a result

f a 1,3-proton shift) can be further accelerated to generate an
on-neutral complex, from which water can be eliminated. The
orward energy barrier for the second transition state found is
0.9 − 18.4 = 42.5 kcal/mol on the B3LYP/6-311+G(2d,p) level
f theory. The reverse energy barrier is +24.6 kcal/mol and this
nergy release can be partitioned through different energy forms.
hus, the translational energy release can be deduced through

he existence of this reverse energy barrier in the case of both TS1
nd TS2, which helps OH− to move within the ion-neutral com-
lex for a proton abstraction. Translational energy is available
o separate water neutral from the formed ketene anion.

In all potential energy curves shown, single point energy cal-
ulations SPE were performed using two different basis sets:

-311+G(2d,p) (solid line) and 6-311++G(3df,3pd) (dashed
ine). Thus two potential energy curves are obtained for each
ragmentation channel. Both curves show the same trend along
he reaction coordinate.

t
[
a
a

Fig. 6. Potential energy curves for CO2 rele
Mass Spectrometry 266 (2007) 97–113

.2.2. CO2 elimination
The loss of CO2 along the potential energy curve is pre-

ented in Fig. 6. Since there is no positive reverse energy
arrier for CO2 removal from 6-oxo-Anion1 isomer, there is
o dynamic release of translational energy that could force
he CO2 neutral and the anion to separate. This explains
he large discrimination between the two fragmentation path-
ays (water elimination versus CO2 removal), although the

nergy demand for CO2 removal is lower than that required
or water elimination (compare forward energy barriers in
igs. 6 and 5).

Since C2H4 removal depends on CO2 loss and CO2 removal
s inhibited, no C2H4 removal can be observed experimentally
Fig. 2). This is apparent from the lack of m/z = 71 ion generation
n Fig. 2.

The anionic rest without CO2 is instable, due to the fact that
negative charge after CO2 loss would reside on the terminal
H2 group of the chain and the electrons cannot undergo delo-
alization to stabilize the generated anionic system. Electron
elocalization cannot be even enabled, if C2H4 is simultaneously
emoved with CO2 in a concerted mechanism, since the formed
nionic rest in this case is still far away from resonance stabi-
ization compared to anionic enolate system. Enolate ion cannot
e generated neither in successive nor in concerted mechanistic
vent.

.2.3. Ketene CH2 C O elimination
As indicated in Section 3.1 and confirmed experimen-
ally in Fig. 3, ketene CH2 C O is removed from the ion
M − H–H2O]− m/z = 125, when the latter ion is further acceler-
ted in the acceleration electric field, sustained between the first
nd the third quadrupole in the CID experiment.

ase and for theoretical C2H4 removal.
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ig. 7. Structural conformational analysis of the ketene anion m/z = 125 [M − H

As shown previously in the far right hand structure of Fig. 5,
he optimized structure of [M − H–H2O]− formed directly
fter water elimination does not enable a small ketene neutral
CH2 C O) to be directly eliminated from the anion. Thus,
rearrangement must occur (Eq. (2)) and it includes a proton

ransfer from the terminal acetyl methyl group to the internal
arbene carbon atom, which bears a substantial partial negative
harge. This creates a carbene terminal in the end anionic struc-
ure after proton transfer. The carbene terminal generated from
he acetyl group of anion [M − H–H2O]− can then be eliminated
o produce anion [M − H–H2O–C2H2O]− m/z = 83.

A strong evidence exists, which confirms the formation of
he ejected ketene CH2 C O from the acetyl moiety. Colli-
ional fragmentation of the parent ion [M − H]− of heptanoic
cid (or other acyclic monocarboxylic acids with different car-
on chain lengths) does not eject CH2 C O. This indicates that
he oxygen atom included in the eliminated neutral sum formula

2H2O does not originate from the carboxyl functional group

f 6-oxoheptanoic acid parent ion [M − H]− but originates from
he acetyl terminal.

For the proton transfer to take place (as shown in Eq. (2)), a
pecial conformer of anion [M − H–H2O]− m/z = 125 (structure

s
t
t
s

]− towards pseudo-cyclization and rearrangement through proton transfer.

in Fig. 7) must be formed starting from that anion generated
irectly after water elimination (structure 1 in Fig. 7).

Fig. 7 shows the different conformational geometries of anion
M − H–H2O]− m/z = 125, optimized on the B3LYP+G(d) level
f theory, which lead finally to the intramolecular proton transfer
iscussed above.

Fig. 8 shows the energy profile for the conformational
hanges that take place on anion [M − H–H2O]− m/z = 125
efore proton transfer and ketene elimination occur to produce
M − H–H2O–C2H2O]− ion m/z = 83.

The energy profile in Fig. 8 shows the limit of the DFT-
3LYP in determining energies of minima and transition state
eometries, even when the highest B3LYP++G(3df,3pd) SPE is
mployed. It is known that the accuracy of DFT calculations is
ithin 1–2 kcal/mol for single point energy determinations. The
rst step of the pseudo-cyclization process has 2.4 kcal/mol for-
ard energy barrier. Although optimized structures 4 and 8 in
ig. 7 were found as transition states (with a characteristic tran-

ition vector for each TS connecting the required minima for
he dihedral angle reorientations), they have a small but nega-
ive reverse energy barrier. However, these energy values are too
mall and lie within the errors of DFT single point energy calcu-
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Scheme 1. Proposed mechanism for the g

ations. It is important to note, however, that the energy profile
hown in Fig. 7 gives evidence that the proposed conformational
hange of the ketene [M − H–H2O]− m/z = 125 (structure 1 in
ig. 7) can easily take place before proton transfer occurs, since

he energetic demand for this overall conformational change is
oo small and feasible within the CID experiment.

A characteristic transition vector (with one imaginary fre-
uency) along the reaction coordinate was found for each
ransition state shown in Fig. 7. IRC calculations (performed

tarting from each optimized transition state) prove that each
ound transition state really connects the correct corresponding
nergy minima structures with each other through the whole

ig. 8. Energy profile for pseudo-cyclization rearrangement of the ketene anion
formed after water elimination) and the proton transfer from one terminal to
he other one (see text).

9
t
e
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T
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F
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1
1

D

tion of the minor fragment ion m/z = 71.

onformational change and the final proton transfer illustrated
n Fig. 7.

Table 2 shows the dihedral angles involved in the conforma-
ional change for pseudo-cyclization.

The conformational change begins with rotation of the
cetonyl moiety around C3 C4 to yield conformer 3. Acetyl
roup can then rotate around the C5 C6 bond to generate con-
ormer 5. Additional rotation around the C5 C6 bond generates
tructure 7. Rotation around the C4 C5 bond yields conformer
, which renders the methyl substituent of the acetyl group in

he proximity of C2. The distance between C2 and the near-
st proton in conformer 9 is just 253 pm. The negative charge
n C2 favours the proton transfer with a low energy barrier of

able 2
ihedral angles, which are important in the conformational change shown in
ig. 7

tructure # D1 = C2C3C4C5 D2 = C3C4C5C6 D3 = C4C5C6C7

1 −177.6 178.8 −60.2
2 121.8 −177.2 79.2
3 55.6 −173.7 −168.0
4 56.2 178.3 −113.8
5 56.6 172.5 −94.4
6 61.7 −178.2 −23.4
7 59.3 −168.2 58.3
8 63.8 −92.1 3.4
9 64.8 −73.6 −34.4
0 74.8 −60.5 −24.8
1 75.9 −71.1 −30.5

ihedral angle D = −180 is equivalent to D = 180.
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ig. 9. Optimized transition state structure for CH2 C O elimination from the
ig ketene anion m/z = 125 (structure 11 in Fig. 6).

ust 6.5 kcal/mol (6-311+G(2d,p)). The conformational change
iscussed and shown in Fig. 7 is necessary prior to proton trans-
er. No CH2 C O ketene elimination can take place if proton
ransfer does not occur (Eq. (2)).

Structure 10 in Fig. 7 represents an optimized geometry of
he transition state, which illustrates the transfer of a proton from
7 to C2. Once structure 11 is formed, a terminal CH2 C O
oiety is generated. This small ketene (CH2 C O) can then be

liminated in a concerted mechanism shown in Fig. 9.
As C6 departs away from C5, the proton attached to C2 shifts

oward C5 (proton transfer event concomitant with ketene elim-
nation). The driving force for this concerted mechanism can
e explained as follows: when C6 departs away from C5, a
egative charge is formed on C5 and this negative charge is
ot stable in this terminal position. Since there is a pseudo-5-
embered ring C2 C3 C4 C5 H, the proton attached to C2

an be attracted by the negative charge on C5. The proton trans-
er from C2 to C5 shifts the negative charge from C5 to C2
ynchronously with CH2 C O neutral elimination. Negative
harge formation on C2 creates a more stable overall anionic sys-
em, since the negative charge on C2 can be stabilized through
esonance (electron delocalization) as shown previously in
q. (2).

The dihedral angle C1 C2 H C5 is 178.2◦ and the dihedral
ngle C2 H C5 C6 is 177.6◦. The proton shown between C2
nd C5 in Fig. 9 is the shifted proton. From those two dihedral
ngles, it is clear that both proton transfer and C6 departure
ketene elimination) take place in the same paper plane. The
7 C6 O angle is 157◦ and this indicates a great departure

rom C7 C6 O angle of 126.5◦ for sp2 hybridized carbonyl

arbon atom in structure 11 in Fig. 7.

Fig. 10 shows the energy profile for the proton transfer and
H2 C O elimination. The energy barrier for the intramolecu-

ar proton transfer (7 kcal/mol) is noticeably lower than that for

t
o
t
[
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etene CH2 C O elimination. Once eliminated, CH2 C O can
e attracted to the internal carbene carbon atom, which bears a
egative charge, to form an ion-neutral complex (see Fig. 10).
his complex can dissociate easily by applying 8.4 kcal/mol

o generate K3 anion m/z = 83. The net fragmentation reaction
hown in Fig. 10 is endothermic, as expected.

Ketene anion K3 [M − H–H2O–C2H2O]− m/z = 83 can elim-
nate H2, when the collision energy reaches 20 eV in the
aboratory frame (Fig. 3).

There are three pathways, through which H2 can be elimi-
ated from ketene K3 (Fig. 11).

Pathway EV2 illustrates vicinal H2 elimination from the
nternal C C bond. Pathway EV1 illustrates vicinal H2 elimina-
ion from external C C bond of the ketene anion (as shown in
ig. 11). In pathway E1, geminal H2 elimination from the exter-
al methyl group of the ketene is shown. No transition states
or geminal H2 eliminations from internal methylene moieties
ould be found.

Vicinal H2 elimination from the internal C C bond does
ot only have the lowest energy barrier but also yields the
owest energy minimum. So pathway EV2 is thermodynami-
ally the most favourable fragmentation channel of the ketene
M − H–H2O–C2H2O]− m/z = 83 to yield anion m/z = 81 after

2 elimination.
Geminal H2 removal from external methyl group (pathway

1) has a forward energy higher, which lies between that of EV1
nd EV2. However, the reverse energy barrier for pathway E1
s nearly negligible, since the product fragment ion generated
hrough pathway E1 is very high in energy (instable).

.3. Negative ion mass spectra of 5-oxohexanoic acid

Only one primary ion m/z = 129 was observed in the TOF
ass spectrum of 5-oxohexanoic acid, when electrospray ioniza-

ion in the negative ion mode was applied. This ion corresponds
o the deprotonated form [M − H]− of the oxocarboxylic acid.
ig. 12 shows CID mass spectra of the parent ion m/z = 129 at

hree different collision energies (10, 15 and 20 eV).
From the measured mass differences between the parent

on and the fragment ions, water elimination [M − H–H2O]−
/z = 111 and C4H6O neutral elimination from [M − H]− pro-
ucing anion with m/z = 59 could be discerned. CO2 elimination
roduct ion m/z = 85 could not be detected. Thus, CO2 loss is
uppressed relative to C4H6O elimination (as seen in Fig. 12A).
he latter fragmentation type is highly favourable and the prod-
ct ion [M − H–C4H6O]− m/z = 59 appears noticeably even at a
ollision energy of 10 eV.

When the activation energy is raised to 15 eV in the laboratory
rame, [M − H–CO2]− fragment ion m/z = 85 is still not observ-
ble. We will provide evidence later (through DFT elucidated
eaction mechanisms), that the absence of a signal correspond-
ng to the mentioned ion at higher collision energies is not due

o a high forward energy barrier, which prevents the formation
f the product ion [M − H–CO2]−, but due to dissociation of
he parent ion [M − H]− in a concerted mechanism to yield
M − H–CO2–C2H4]− m/z = 57 directly.
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Fig. 10. Energy profile for proton tra

In our DFT discussion provided later for elucidation of

nionic reaction mechanisms of 5-oxohexanoic acid, we will
ive a thermodynamic evidence, which indicates that the frag-
ent ion m/z = 57 (seen in Fig. 12B) is not produced from anion
/z = 59 through H2 elimination, but directly from the parent

e

m
n

ig. 11. Energy profiles for three different theoretical pathways for H2 elimination from
iagram. Continuous lines represent B3LYP/6-311+G(2d,p); dashed lines represent B
and ketene CH2 C O elimination.

nion [M − H]− m/z = 129 through synchronous CO2 and C2H4

liminations.

Indeed, the measured mass difference between fragment ion
/z = 57 and the parent ion m/z = 129 (72.018 Da) refers to a
eutral molecule having sum formula C3H4O2 with an absolute

ketene anion [M − H–H2O–C2H2O]− m/z = 83 (shown with 0 kcal/mol) on the
3LYP/6-311++G(3df,3pd) level of theory for single point energy calculations.



B. Kanawati et al. / International Journal of Mass Spectrometry 266 (2007) 97–113 107

F c acid
l

m
c
m
a
a
c

3
p

ig. 12. CID mass spectra of parent ion [M − H]− m/z = 129 of 5-oxohexanoi
abeled.

ass deviation of just 3 mDa at a TOF resolution of 3200. Other
andidates (such as C6, C2O3 shown in Table 3) for the same

easured neutral mass difference (72.018 Da) are of no logical

nd chemical fragmentation meanings. The neutral C4H8O has
mass deviation by more than a factor of 10 higher than the first
andidate.

3

c

Fig. 13. Optimized structures (B3LYP/6-31+G(d)) of four different is
performed at (A) 10 eV; (B) 15 eV; (C) 20 eV. Signals above 5% are shown

.4. DFT mechanistic studies for the anionic fragmentation
athways related to 5-oxohexanoic acid
.4.1. Isomeric anions and water elimination
Similar to what is indicated previously in Section 3.2.1 in the

ase of 6-oxoheptanoic acid, there are several possible deproto-

omers of anion [M − H]− m/z = 129 from 5-oxohexanoic acid.
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Table 3
Different candidates with nominal m/z = 72

Neutral
candidate

Neutral sum
formula

Calculated m/z
(Da)

Mass deviation
(mDa)

1 C3H4O2 72.0211 −3.1
2 C6 72 18.0
3 C2O3 71.9847 33.3
4 C4H8O 72.0575 −39.5

Table 4
Deprotonation potentials (298 K) of isomeric anions [M − H]− of 5-oxohexanoic
acid

# Name E (Hartree) DP B3LYP/6-
311+G(2d,p)
(kcal/mol)

0 5-Oxohexanoic acid neutral −460.345056 0.0
1 5-oxo-Anion1 −459.804951 338.9
2 5-oxo-Anion2 −459.769807 361.0
3
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complex, through which water elimination occurs. Due to
5-oxo-Anion3 −459.777002 356.5
5-oxo-Anion4 −459.774393 358.1

ation sites in 5-oxohexanoic acid. Fig. 13 shows the optimized
eometries of anions of 5-oxohexanoic acid deprotonated from
ifferent sites.

As indicated in Table 4, deprotonation at the carboxyl group
s the most thermodynamically favourable ionization event. The
eprotonation potential of all other anionic isomers is noticeably
igher. However, 5-oxo-Anion4 isomer can be produced from
-oxo-Anion1 through a 1,3 intramolecular proton shift in an

ndothermic transformation (see below). Other anionic isomers
an be generated through ion-molecule gas phase reactions in
he ionization source working at atmospheric pressure.

t
s
6

Fig. 14. Energy profile of water elimination from 5-oxo-
Mass Spectrometry 266 (2007) 97–113

Fig. 14 shows the energy profile which illustrates the mech-
nism of water elimination from [M − H]− anion m/z = 129 of
-oxocarboxylic acid.

As seen in Fig. 14, water elimination from 5-oxo-Anion1
s a two step process, which includes a 1,3 proton shift in the
rst step (through a forward energy barrier of 49.2 kcal/mol)

o produce the isomer 5-oxo-Anion4. Once generated, isomer
-oxo-Anion4 can be converted to a neutral ketene releas-
ng an OH− ion, which has enough kinetic energy to rotate
round an axis (passing through the internal carbene C-atom
nd oriented perpendicular to the paper plane) to abstract
proton from the ketene and produce an ion-neutral com-

lex between kenete anion and water neutral. The transition
ector accompanied by the identified transition state TS2
roves the rotation of OH− to approach the ketene hydrogen
tom.

A new ion-neutral complex between water and the resul-
ant ketene anion (formed after proton abstraction by OH−) is
ormed and the optimized geometry is also shown in Fig. 14.
o imaginary frequency is associated with this water–ketene

nion complex so that it represents an energy minimum along
he potential energy curve. 12 kcal/mol (on the B3LYP/6-
11+G(2d,p) level of theory) is required to dissociate this
omplex to eliminate water and generate the ketene anion
M − H–H2O]− m/z = 111.

From Fig. 14 it can be concluded that the forward energy
arrier required to be overcome, for Anion1 to Anion4 transi-
ion (1,3 H+ shift indicated by TS1) is lower than the energy
arrier needed to generate {ketene anion–water} ion-neutral-
he fact, that water loss was experimentally observed, even
tarting from 10 eV collision energy, provides evidence that
0.3 kcal/mol = 2.61 eV needed to overcome TS2 in Fig. 14 is

Anion1 generated directly in the ionization source.
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ig. 15. Potential energy diagram for concerted CO2 and CH2 CH2 eliminatio
-oxo-Anion4 isomer (pathway 2).
ustained through a collision energy of 10 eV. Thus the mag-
itude of internal energy deposition from kinetic acceleration
lectric field in our triple quadrupole system can reach 26%. It
s known, that the percentage of internal energy deposition in

t
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Fig. 16. Energy profile for cyclization of 5-oxo-
m 5-oxo-Anion1 (pathway 1) and for acetonyl anion generation m/z = 57 from
riple quadrupole acceleration systems are higher relative to that
f ion traps [40], although the pressure conditions in the colli-
ional activation chambers (for CID) are nearly the same. Linear
on acceleration gives higher kinetic to internal energy conver-

Anion2 isomer to release anion m/z = 59.
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ion factor than MS-analyzers, which apply radial components
o ion movements.

If TS2 must be overcome to eliminate water and provided that
ater elimination was experimentally observed in CID experi-
ents, the internal energy deposited by ion kinetic acceleration
ust enable the 1,3 proton shift prior to water elimination.
hus, there is a correlation between experimental measurements
nd theoretical energy requirements calculated on the B3LYP/6-
11++G(3df,3pd) level of theory.

.4.2. Synchronous CO2 and ethylene elimination and
econd way to generate acetonyl anion

Fig. 15—pathway 1 shows the energy profile of syn-
hronous CO2 and C2H4 elimination from [M − H]− anion of
-oxohexanoic acid.

The identified transition state TS1, which is responsible for
on m/z = 57 formation in the CID mass spectrum, is shown in
ig. 15. The transition vector of this transition state reveals
concerted mechanism, by which both CO2 and CH2 CH2

re eliminated synchronously from the isomer 5-oxo-Anion1
M − H]− m/z = 129.

This concerted mechanism deduced from TS1 geometry can
e explained by noticing that the produced anion rest is an eno-
ate ion, which is very stable due to electron delocalization. CO2
emoval alone would let a negative charge to reside on a termi-
al unbranched methylene group, which is not stable due to a
ack of electron delocalization. Thus, the concerted mechanism
n pathway 1 takes place in an attempt of the system to reach
table fragment anion (acetonyl enolate). This is in agreement
ith the experimental evidence (Fig. 12) for the lack of CO2

limination product ion m/z = 85 in the whole collision energy
ange (10–20 eV) within the CID experiments.

No deuterium labeling experiments can be helpful in this
ase to distinguish between pathway 1 and pathway 2 (shown
n Fig. 15), since the acetonyl anion observed in the CID mass
pectra originates from the same terminal part of the parent anion
M − H]− m/z = 129 regardless whether it is in the form of 5-oxo-
nion1 or 5-oxo-Anion4 isomer.
It is obvious from Fig. 15 that pathway 1 is thermodynami-

ally more favourable relative to pathway 2, since the forward
nergy barrier height for pathway 1 (TS1 = 41.2 kcal/mol on the
-311+G(2d,p) level) is lower than that necessary to initiate path-
ay 2 (TS2 = 49.4 kcal/mol). Moreover, the energy sum of all

he products produced as a result of pathway 1 is lower than
hat for the products generated through pathway 2. Thus, we
elieve that acetonyl anion m/z = 57 observed in the CID mass
pectra shown in Fig. 12B and C is formed through the concerted
echanism indicated as pathway 1 in Fig. 15.

.4.3. Cyclization of 5-oxo-Anion2 isomer
As can be seen in Fig. 16, the isomer 5-oxo-Anion2 can

ndergo a cyclization to produce CH2C(O)OH anion m/z = 59.
Once generated, there are two different pathways for the
somer 5-oxo-Anion2 to follow:

In pathway E1, the isomer 5-oxo-Anion2 has a carbonyl oxy-
gen atom with a nucleophilic character. An intramolecular

a
u
5
A

Mass Spectrometry 266 (2007) 97–113

nucleophilic substitution can then take place (as illustrated
in TS1 in Fig. 16) to eject an enolate anion of acetic acid
CH2C(O)OH.
In pathway E2, the isomer 5-oxo-Anion2 can undergo a con-
formational change, through which the deprotonated acetyl
group rotates 180◦ around a single internal C C bond (see
Fig. 16) to yield 5-oxo-Anion2-2 with a negligible energy
barrier. Once formed, the CH2 terminal of the deprotonated
acetyl group can play the role of a nucleophile in this case.
The nucleophilic methylene terminal can attack an internal
carbon atom (as shown in TS3) to eject CH2C(O)OH anion
with m/z = 59.

Although both pathways (E1 and E2) have nearly the same
orward energy barrier, the reverse energy barrier in the case of
athway E2 is higher than that of pathway E1. This would favour
he parent anion [M − H]− to follow pathway E2, especially due
o higher stability of the ejected cyclobutanone ring (pathway
2) compared to 2-methylene oxetane neutral ring (pathway E1).

However, gas phase intramolecular nucleophilic substitution
lays an important role in the fragmentation of the isomer 5-oxo-
nion2 m/z = 129. In both pathways, the same anion is formed.
his anion was the first major fragment anion that could be
etected as a result of the CID experiments even at low activation
nergy (10 eV).

.4.4. Cyclization of 5-oxo-Anion3 isomer
Fig. 17 shows an energy profile, which produces the same

nion CH2C(O)OH m/z = 59 discussed in Section 3.4.3.
Referring to Table 4, formation of isomer 5-oxo-Anion3 is

y 4.5 kcal/mol energetically more favourable than formation of
he isomer 5-oxo-Anion2. Despite this fact, the forward energy
arrier for the nucleophilic gas phase intramolecular cyclization
f 5-oxo-Anion3 is by at least 10 kcal/mol higher than that of
-oxo-Anion2 isomer (compare Fig. 17 with Fig. 16).

Referring to experimental CID data shown in Fig. 12A, anion
/z = 59 could be seen even when a collision activation of just
0 eV was applied. If we assume, that 25% of the applied
inetic ion activation can be deposited as internal energy, 2.5 eV
57.6 kcal/mol) of internal energy is available for the pathway
hown in Fig. 17 to be followed.

Figs. 16 and 17 show three different possibilities (with achiev-
ble forward energy barriers) for a parent anion [M − H]−
/z = 129 undergoing fragmentation to yield CH2C(O)OH−
/z = 59. This explains why this fragment ion m/z = 59 is the
ost prominent one in the CID mass spectra shown in Fig. 12.

n all three fragmentation pathways, which lead to ion m/z = 59,
as phase intramolecular nucleophilic substitution plays a key
ole.

.4.5. H2 elimination from CH2C(O)OH m/z = 59 anion. Is
t possible?

We saw in previous Sections 3.4.3 and 3.4.4 that CH2COOH

nion m/z = 59 is formed as a result of a gas phase intramolec-
lar nucleophilic substitution of one of the anionic isomers of
-oxohexanoic acids (5-oxo-Anion2, 5-oxo-Anion2-2, 5-oxo-
nion3).
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Fig. 17. Energy profile for the gas phase cyclization of is

In this section we show that the fragment anion m/z = 57
ormed in the CID mass spectra shown in Fig. 12B and C is not
ue to H2 elimination from CH2COOH anion, since the energy
arrier for this event is too high (96.1 kcal/mol).

Even if we assume, that CH2COOH anion can rearrange
o generate CH3COO− anion through 1,3 H+ shift (TS3 in
ig. 18), the energy barrier for H2 elimination from acetate
nion (65.3 kcal/mol) is higher than the energy barrier shown in
ig. 15 for acetonyl anion CH3C(O)CH2

− m/z = 57 generation
41.2 kcal/mol).

Furthermore, H2 elimination from acetate anion
65.3 kcal/mol) is thermodynamically less favourable compared
ith CH2COOH anion generation through intramolecular
ucleophilic substitution as seen in Fig. 16 above, which
equires overcoming an energy barrier of 45.1 kcal/mol staring
rom 5-oxo-Anion2 isomer or 47.5 kcal/mol starting from
-oxo-Anion2-2 isomer.

Thus, we are convinced that anion m/z = 57 is not generated by
2 elimination from CH2COOH anion or acetate anion. Anion
/z = 57 is formed through synchronous CO2 and C2H4 elimi-
ation mechanism as shown in Fig. 15 and discussed in Section
.4.2.

The theoretical mass difference between acetonyl anion
3H5O− and dehydrogenated acetate anion C2HO2

− is 37 mDa.
hus, within a resolution of 2900 at nominal mass m/z = 57,

ignals representing these two anions must appear to generate
doublet, if both anions are formed. However, only one sig-

al corresponding to the sum formula C3H5O− was observed
pon collisional activation of [M − H]− of 5-oxohexanoic acid.

n

t
i

5-oxo-Anion3 to yield anion CH2 C(O)OH− m/z = 59.

his indicates that only the acetonyl anion is formed in the CID
xperiment.

.4.6. A word about the minor fragment anion m/z = 71
The sum formula for the fragment ion m/z = 71, which is

alculated based on accurate mass measurements in the CID
pectra shown in Fig. 12, is C3H3O2

−.
Ion [M − H–H2O]− m/z = 111 generated from cone-voltage

ragmentation of the parent anion [M − H]− m/z = 129 was fur-
her fragmented in the third quadrupole but no product ion
/z = 71 was observed. This indicates, that the fragment ion
/z = 71, which is observed in the CID mass spectra b and c in
ig. 12 must originate from the parent ion [M − H]− m/z = 129

tself. The accurate measured mass difference between the par-
nt anion m/z = 129 and the fragment ion m/z = 71 represents the
eutral sum formula C3H6O. No full DFT mechanism could be
stablished for this minor ion formation. However, the proposed
echanism is shown in Scheme 1.
The geometry of the ion-neutral complex between acetonyl

nolate ion and the neutral rest CH2 CH COOH (shown in
cheme 1) was optimized and is shown in Fig. 15 (after pass-

ng TS3 along pathway 2). If internal rotation of the neutral
ithin the ion-neutral complex shown in Scheme 1 is feasible,

he ion can abstract the carboxylic proton to generate an ion
/z = 71, since the carboxylic proton is the most acidic one in the

eutral.

No transition state could be found to estimate the rota-
ional barrier height. Ion and neutral rotational behaviour within
on-neutral complexes is well known in the literature [41,42]
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Fig. 18. Energy profile for H2 eliminati

nd reorientation behaviour could be discerned in positive
on-neutral complexes. The last reaction in Scheme 1, which
epresents deprotonation of the neutral CH2 CH COOH by the
cetonyl anion within the ion-neutral complex, is exothermic
E298 = −12.7 kcal/mol on B3LYP/6-311++G(3df,3pd) level

f theory. Thus, this deprotonation can take place as a result
f a gas phase ion-neutral reaction under thermal conditions
ithout external energy supply, provided that this ion-neutral

omplex is previously generated from 5-oxo-Anion4 isomer
on. The forward energy barrier required to be overcome in
rder for the ion-neutral complex (shown in Scheme 1) to
e formed is depicted in Fig. 15 (TS3 in pathway 2) and is
qual to 31 kcal/mol (on the B3LYP/6-311++G(3df,3pd) level of
heory).

. Conclusion

Mass spectrometric characterization of two oxocarboxylic
cids: 5-oxohexanoic acid and 6-oxoheptanoic acid in the neg-
tive ion mode was performed by the use of Q-TOF system
oupled to an electrospray interface. Unusual fragmentation
ehaviour for the parent anions generated from these oxocar-
oxylic acids in comparison with their monocarboxylic acid
naloga were discerned experimentally through CID experi-
ents. In-depth analysis of the optimized anionic geometries,

ound transition states, and estimated energy barrier heights
hrough density functional theory (DFT) allowed us to examine
he mechanism of the various fragmentation channels of the par-

nt anions. No CO2 loss could be experimentally observed from
M − H]− of 5-oxohexanoic acid, while CO2 ejection is partially
nhibited from [M − H]− of 6-oxoheptanoic acid. Although
ater elimination was observed in both cases, ketene CH2 C O
m CH2COOH anion and acetate anion.

limination followed by H2 ejection was observed during frag-
entation of the parent anion of 6-oxoheptanoic acid. Gas phase

ntramolecular nucleophilic substitution, by which fragment ion
/z = 59 was dominantly observed as a result of CID of the par-

nt anion of 5-oxohexanoic acid, could be understood through
FT of its different parent anionic isomers. A difference in the

nternal carbon chain length between 5-oxohexanoic acid and 6-
xoheptanoic acid of just one carbon atom has a great influence
n the fragmentation pattern of those analyzed acids.
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