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ABSTRACT: Tandem mass spectrometry is routinely used for the
structural analysis of organic molecules, but many fragmentation
reactions are not well understood. Because several potential
structures can correspond to a measured mass, the assignment of
product ions is ambiguous using mass spectrometry alone. Here, we
combine mass spectrometry with high-resolution gas-phase infrared
spectroscopy and computational chemistry tools to identify product
ion structures and derive collision-induced fragmentation mecha-
nisms of the chromane derivatives Trolox and Methyltrolox. We
find that protonated Trolox and Methyltrolox fragment identically
via dehydration and decarbonylation, while deprotonated ions
display substantially diverging reactivities. For deprotonated
Methyltrolox, we observe unusual radical fragmentation reactions
and suggest a [1,2]-Wittig rearrangement involving aryl migration in the gas phase. Overall, the combined experimental and
theoretical approach presented here revealed complex proton dynamics and intramolecular rearrangement reactions, which expand
our understanding on structure−reactivity relationships of isolated molecules in different protonation states.

■ INTRODUCTION
Mass spectrometry (MS) is one of the main techniques used
for the structural analysis of organic molecules.1 Structural
information is obtained using collision-, electron-, or photon-
induced fragmentation of analyte ions in tandem mass
spectrometry (MS2) experiments.2 However, the fragmenta-
tion processes occurring inside the mass spectrometer are
challenging to predict by quantum chemistry,3 and a recent
study showed that the majority of fragment ion structure
annotations in computationally generated MS2 spectra are
incorrect.4 Gaining fundamental understanding of the
correlations between ion structure and dissociation behavior
could help to improve the rule-based prediction of
fragmentation patterns5,6 and to validate quantum chemical
or machine learning-based methods that generate MS2 spectra
in silico.3,7,8 Furthermore, knowledge of fragmentation
mechanisms greatly facilitates the interpretation of MS2 spectra
and increases the gain in structural information.9

To unravel fragmentation mechanisms, the fragment
structures resulting from ion activation must be experimentally
confirmed, which is challenging because fragments are
generated in situ and their lifetime is restricted to their travel
through the mass spectrometer. A classical MS2 experiment
merely yields a list of mass-to-charge ratios (m/z) correspond-
ing to fragment ions, the formation of which can further be
investigated using energy-resolved measurements.10 In most

cases, these fragment ions can correspond to a large number of
conceivable structures. Structural information on gas-phase
ions can be obtained, for example, using ion−molecule
reactions that allow to identify functional groups.11−13 Another
technique that has been extensively used to determine
structures of intact ions and dissociation products is gas-
phase infrared (IR) ion spectroscopy.4,14−20 Gas-phase IR
spectroscopy yields IR spectra of m/z-selected ions, which are
characteristic of the ionic structure and reveal the presence of
various functional groups. Because IR absorption of isolated
ions in the gas phase reflects their quantum-chemical
properties, the probed ion structures can be assigned by
comparison with quantum-chemically computed IR spectra of
candidate structures. The comparison between calculated and
experimental IR spectra is essential for obtaining detailed
structural information and assigning structures.21

Additional certainty about the fragment structure can be
gained by orthogonal gas-phase techniques that can be coupled
to MS, such as ion mobility-mass spectrometry (IM-MS).22
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Drift-tube IM-MS provides the collision cross section (CCS)
of fragment ions as an additional structural parameter that can
be used, for example, to distinguish between compact and
extended structures. There are a number of approaches to
theoretically calculate the CCS candidate structures for
comparison with the experimental value.23−25

Of particular interest for the understanding of fragmentation
reactions is how the charge and availability of charge carriers
influence the fragmentation behavior. Here we focus on the
influence of the protonation state and availability of charge-
stabilizing functional groups on the fragmentation of small
organic molecules. As a suitable system to investigate this we
selected Trolox and Methyltrolox−two chromane-derived
antioxidants and water-soluble analogs of vitamin E (Figure
1a).26 Depending on their protonation state, Trolox and

Methyltrolox undergo substantially different fragmentation
reactions (Figure 1b), which makes them an interesting target
to study the influence of protons on fragmentation. In
addition, the two molecules differ only by a methyl group
attached to the phenol oxygen in Methyltrolox, as a
consequence of which the oxygen loses its ability to stabilize
a negative charge. Therefore, this pair of molecules also offers
the possibility of investigating the influence of a small
structural difference on the fragmentation behavior of
deprotonated ions.
Here, we investigate collision-induced fragmentation reac-

tions of protonated and deprotonated Trolox and Methyltrolox
using gas-phase IR spectroscopy in combination with drift-tube
IM-MS and different computational chemistry tools. We show
that reaction products can be unambiguously identified by
matching experimental IR spectra with computed spectra of
candidate structures. Based on the confirmed fragment

structures, we suggest computed fragmentation reaction
mechanisms. We identified several unexpected reactions
including radical fragmentation and, most interestingly, a
[1,2]-Wittig rearrangement of an aryl ether.

■ EXPERIMENTAL SECTION
Sample Preparation. (±)-6-Hydroxy-2,5,7,8-tetramethyl-

chromane-2-carboxylic acid (Trolox) and (S)-6-Methoxy-
2,5,7,8-tetramethylchromane-2-carboxylic acid (Methyltrolox)
were purchased from Sigma-Aldrich (Taufkirchen, Germany).
Stock solutions (10 mM) were prepared in methanol (HPLC
grade, Sigma-Aldrich) and diluted to 50−200 μM before
measurement. The solutions were stored at −25 °C until use.
Cryogenic Infrared Ion Spectroscopy in Superfluid

Helium Droplets. Gas-phase IR spectra were measured on a
custom-built instrument described previously.27,28 Protonated
and deprotonated ions were generated from methanolic
solutions of Trolox or Methyltrolox (100−200 μM) by
nanoelectrospray ionization. Emitter tips were prepared in-
house from borosilicate capillaries pulled by a P-1000
micropipette puller (Sutter Instrument, Novato, USA) and
coated with Pd/Pt by a sputter coater 108auto (Cressington,
Dortmund, Germany). The protonated or deprotonated
precursor ions were fragmented by in-source fragmentation
via acceleration of the ions and collisions with residual gas
molecules (Figure S1). In-source fragmentation is a process
comparable to collision-induced dissociation (CID). It relies
on the presence of residual air in the differentially pumped
source region that acts as buffer gas for ion−molecule
collisions. Ions generated by nanoelectrospray ionization are
accelerated in the source region by voltage gradients and
collide with the residual gas, which induces fragmentation of
the ions. Five individually tunable voltages are varied to
achieve a suitable voltage gradient: the potential on the source
block and the offset and end-cap potentials on the two ring
electrode ion guides behind the source block. In general, ions
must start from a high potential to undergo sufficient
acceleration toward the second ion guide. The instrument
does not allow m/z selection of precursor ions prior to
fragmentation, resulting in the activation of all ions that are
present after ionization.
The fragment ions are selected by their m/z in a quadrupole

and guided into a hexapole ion trap, where they are
thermalized by precooled helium buffer gas (90 K). After the
buffer gas is pumped out of the trap, the trapped fragment ions
are picked up by a pulsed beam of superfluid helium droplets
(0.4 K), which coaxially traverse the trap. The droplets are
generated by the expansion of helium (60 bar) through the
cryogenic nozzle (19 K) of a pulsed Even-Lavie valve (10 Hz).
Each droplet can pick up one ion and transport it to the
interaction region, where the doped droplets interact with the
pulsed beam (10 Hz macro-pulse repetition rate) of the Fritz
Haber Institute free-electron laser (FHI FEL).29 If a vibrational
transition of the ion is resonant with the photon energy, the IR
photons are sequentially absorbed and induce evaporation of
the helium shell. After the absorption of multiple photons, the
ion is released from the droplet and analyzed by time-of-flight
MS. The final IR spectra are constructed by plotting the ion
signal on the time-of-flight detector against the photon energy
as an indirect measure for IR absorption. IR spectra were
measured by scanning the photon energy in steps of 2 cm−1.
Each spectrum was averaged from two individual scans.

Figure 1. Collision-induced dissociation of Trolox and Methyltrolox.
(a) Chemical structures of α-tocopherol, Trolox and S-Methyltrolox.
(b) MS/MS spectra of protonated and deprotonated Trolox and
Methyltrolox. The ions highlighted in bold have been investigated by
infrared spectroscopy in this work.
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Ion Mobility-Mass Spectrometry and Collision-In-
duced Dissociation. Drift-tube ion mobility-mass spectrom-
etry (DT-IM-MS) and tandem mass spectrometry measure-
ments were performed on a modified Synapt G2-S HDMS
instrument (Waters Corporation, Manchester, UK) containing
a drift tube instead of the commercial traveling wave cell.30

The chromane derivatives in methanol (50 μM) were ionized
by nanoelectrospray ionization. CID was performed in the trap
cell by applying voltages between 10−15 V. Drift times of
precursor and fragment ions were acquired in helium at 10
different drift voltages, and CCS were calculated based on the
Mason-Schamp equation.31 The measurements were repeated
on three different days and averaged.
Computational Methods. A list of candidate structures

corresponding to the m/z of each investigated fragment was
generated manually and with the aid of the QCxMS program
(version 5.1.3)32 using the CID33,34 and the dissociative
electron attachment (DEA)35 modes. QCxMS computes
fragmentation in Born−Oppenheimer molecular dynamics
employing the semiempirical method GFN2-xTB.36,37 For
CID simulations, the input parameters were set to “xtb2”,
“cid”, “elab 60”, “fullauto”, and for anions “charge −1”. For the
DEA mode, the input commands “xtb2”, “dea” were used. For
visualization of the results, the entirety of xyz structure output
files were analyzed to extract the exact masses and abundance
of all generated fragments, both charged and neutral. It was
manually confirmed whether the structures with the searched
atomic composition indeed correspond to the proposed
fragment structure.
The conformational space of each candidate structure was

then sampled in CREST (version 2.9)38 with GFN2-xTB36 and

default settings. The lowest-energy conformer was reoptimized
in Gaussian 1639 at the PBE0+D3/6-311+G(d,p) level of
theory40,41 using default grid settings. Harmonic frequencies
were computed at the same level of theory and were scaled by
an empirical factor of 0.965. Harmonic free energies (ΔF)
were determined at 90 K, which corresponds to the
temperature of the conformational ensemble in the ion trap
before shock-freezing the ions in the helium droplets. Gibbs
energies (ΔG) are given at room temperature.
Fragmentation mechanisms were computed in Gaussian 16

by increasing the distance of the bond to be broken in a relaxed
potential energy surface (PES) scan with geometry optimiza-
tion after each step. Based on the confirmed product ion
structure, several pathways leading from the precursor to the
fragment ion were tested, and only scans leading to a transition
state were further considered. After optimization of the
structure at the saddle point of the PES as a transition state,
the existence of a single imaginary frequency along the reaction
coordinate was confirmed by a harmonic frequency analysis.
The transition states thus obtained were linked to the
corresponding reactants and products by an intrinsic reaction
coordinate calculation to generate energetic reaction profiles.
The reactants, transition states and products were optimized at
the PBE0+D3/6-311+G(d,p) level of theory.
CCS of optimized structures were computed using the

software HPCCS,23 which is based on the trajectory method
(TM).25 The CCS were computed at 298.15 K (25 °C) in
helium based on density functional theory (DFT)-computed
Merz−Singh−Kollman charges.42
The spectra prediction tool of CFM-ID 4.043 was accessed

via https://cfmid.wishartlab.com. ESI-QToF MS/MS spectra

Figure 2. Fragmentation of protonated Trolox. (a) Trolox is protonated on the aromatic ring, as confirmed by matching the experimental and
computed IR spectra. (b) The fragment derived from neutral loss of CH2O2 features an intact chromane scaffold. (c) The underlying fragmentation
reaction requires an initial proton transfer to the carboxylic acid (not shown), followed by loss of water and carbon monoxide. IR spectra and
energetics were computed at the PBE0+D3/6-311+G(d,p) level of theory. TM = Trajectory method.
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were generated for protonated and deprotonated Trolox and
Methyltrolox. The predicted fragment structures did not
depend on the simulated collision energy.

■ RESULTS AND DISCUSSION
Dehydration and Decarbonylation of Protonated

Chromanes. At first, we investigated the fragmentation of
protonated Trolox and Methyltrolox using CID. The MS2
spectra of the two chromane derivatives show the same
fragments, shifted by the mass of a methyl group, which
indicates that protonated Trolox and Methyltrolox follow the
same fragmentation routes (Figure 1b). The two main
fragmentation reactions include the well-studied retro-Diels−
Alder reaction (m/z 165 and 179, respectively),44,45 and the
net neutral loss of formic acid (CH2O2). To investigate the
latter fragmentation reaction, gas-phase IR spectra of
protonated Trolox (m/z 251) and the resulting fragment
(m/z 205) were recorded using a custom-built instrument
described previously.27,28

Briefly, the analytes are ionized by nanoelectrospray
ionization and fragmented in-source. The fragments of interest
are selected by their m/z, thermalized in an ion trap, and
picked up by superfluid helium droplets, which have an
intrinsic temperature of 0.4 K. The ion-doped droplets are then
irradiated with IR light provided by the Fritz Haber Institute
free-electron laser (FHI FEL).29 If the photon energy is
resonant with a vibrational transition of the ion, the ion
absorbs a photon, and the energy is dissipated by evaporation
of surrounding helium. The ion relaxes back into its vibrational
ground state and can absorb the next photon, until the ion is
released from the droplet after multiple photon absorption
events. The detection of released ions is thus an indirect
measure for IR absorption. The use of superfluid helium
droplets increases the spectroscopic resolution compared with
classical infrared multiple photon dissociation spectroscopy
because ions are held at cryogenic temperatures and the
internal ion energy does not increase over the course of photon
absorption.
The IR spectra of the protonated Trolox precursor ion and

the fragment resulting from neutral loss of CH2O2 (m/z 205)
are shown in Figure 2a and 2b, respectively. To assign the
vibrational bands and match structures to the measured
spectra, all potential protonation sites on the neutral molecules
were computationally identified using the sampling tool
CREST,38 followed by geometry optimization and harmonic
frequency analysis of the protomers by DFT at the PBE0+D3/
6-311+G(d,p)40,41,46 level of theory. The search resulted in
seven protomers for protonated Trolox, which correspond to
protonation of the phenol oxygen, ring oxygen, or carboxyl
oxygen, or protonation of the benzene ring at four possible
positions (Figure S3). Even though protonation of the benzene
ring breaks its aromaticity, it is energetically more favorable
than protonation of any of the oxygen atoms because the
positive charge is stabilized by the phenol or ring oxygen.
The computed IR spectra of the four benzene ring

protomers contain the main vibration bands that are
experimentally observed for protonated Trolox, including the
C=O stretching (ν) vibration of the carboxyl group at 1800
cm−1 and O−H bending (δ) vibrations between 1100−1200
cm−1. The structure and computed spectrum of the lowest-
energy protomer is shown in Figure 2a. Even though the other
protomers have similar computed IR spectra and theoretical
CCS, their relative free energies are between 11−19 kJ mol−1

higher. Assuming that the protomers can interconvert, the
contribution of other protomers to the experimental spectrum
is negligible based on the expected Boltzmann distribution at
the ion trap temperature (90 K).
The fragment at m/z 205 corresponding to the loss of

CH2O2 was investigated using the same approach. Its IR
spectrum shows the most intense band at 1582 cm−1, which
indicates a C=O+ stretching vibration (Figure 2b). Accord-
ingly, the structure which provides the best spectral match
features an intact chromane scaffold with the positive charge
being stabilized by the ring oxygen. The phenol oxygen is
protonated, which is reflected in the O−H bending vibration at
1200 cm−1. Hence, the phenol oxygen does not participate in
the fragmentation and charge transfer, while the ring oxygen
stabilizes the positive charge.
The net loss of CH2O2 could proceed via an initial loss of

water followed by decarbonylation, as previously suggested for
small organic carboxylic acids.47 To confirm this hypothesis,
transition states and activation barriers were computed by
DFT. For the initial loss of water, the proton must be
transferred from the aromatic ring to the carboxyl group. The
computed activation barrier for the proton transfer reaction is
58 kJ mol−1 (ΔG, Figure S7). Once the carboxyl group is
protonated, it can either directly eliminate water (Figure 2c) or
first form a geminal diol intermediate (Figure S8). Both
pathways result in a bicyclic ketone, which yields the
spectroscopically observed product ion (m/z 205) by
decarbonylation. The thermal decarbonylation of unsaturated
bicyclic ketones is a well-known organic reaction,48 which has
been used, for example, to obtain isotopically labeled CO in a
reaction sequence that is strikingly similar to the fragmentation
reaction observed here in the gas phase.49

The proposed mechanism was further supported by
molecular dynamics simulations of the CID process using
the program QCxMS.32−34 Only the protonated carboxylic
acid but not the most stable protomer yields the observed
fragment ion (Figures S9−S10). Hence the dissociation of
water requires an initial proton transfer from the aromatic ring
to the carboxylic acid. This example demonstrates that the
dynamics of mobile protons can generate higher-energy
protomers, which provide favorable geometrical conditions
for fragmentation reactions. Because the phenol group is not
involved in the reaction, the results are expected to be
transferable to Methyltrolox.
Decarboxylation and Ring Opening of Deprotonated

Chromanes. Contrary to the protonated precursors, the
fragmentation reactions of deprotonated Trolox and Methyl-
trolox significantly differ from each other (Figure 1b).
Deprotonated Trolox yields one major fragment (m/z 205)
resulting from decarboxylation of the precursor ion and the
retro-Diels−Alder product at m/z 163, whereas deprotonated
Methyltrolox yields a range of radical fragments by sequential
loss of methyl radicals and decarboxylation, which is unusual
for closed-shell precursor ions.
The fragment at m/z 205 resulting from neutral loss of CO2

from deprotonated Trolox has the same mass as the
protonated fragment resulting from loss of CH2O2, but the
CCS of the anion is 4 Å2 larger than that of the cation. The IR
spectrum of the anion features an intense band below 1500
cm−1, which corresponds to the C−O stretching vibration of a
phenolate that involves C=C stretching vibrations of the
aromatic ring (Figure 3a). A second band that is indicative of
an O−H bending vibration is located below 1200 cm−1.
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Accordingly, the best match is obtained for a para-hydroxyl
phenolate resulting from opening of the dihydropyrane ring.
The structure correlates well with the increased CCS, as the
alkyl chain is more extended than the closed ring of the
protonated fragment structure.
An energetic evaluation of deprotonated Trolox precursor

ions suggests that the negative charge is initially localized at the
carboxyl rather than the phenol group (Figure S3). Hence, the

negative charge is expected to be transferred from the
carboxylate to the ring oxygen, which is accompanied by ring
opening. The CID simulation of deprotonated Trolox in
QCxMS yields abundant fragment ions with an intact
chromane scaffold resulting from decarboxylation (Figure
S14). After proton transfer from either of the two neighboring
carbon atoms, the dihydropyrane ring opens to stabilize the
negative charge on the ring oxygen (Figure 3b). The emerging
C=C bond in the aliphatic chain can be formed at two different
positions, which cannot be distinguished based on their
computed IR spectra (Figure S12).
The fragment at m/z 204 in the MS2 spectrum of

deprotonated Methyltrolox has an analogous structure to
decarboxylated Trolox, with the difference that the phenol
oxygen bears an unpaired electron (Figure S16). The electron
is stabilized between the two oxygens and the aromatic ring
like in vitamin E phenoxyl radicals, which stabilize unpaired
electrons and break radical chain reactions in lipid
membranes.50 The fragmentation can proceed via the same
reaction mechanism with comparable computed activation
barriers as deprotonated Trolox (Figure S18).
Wittig Rearrangement of Deprotonated Methyltro-

lox. The fragmentation of deprotonated Methyltrolox is more
complex than that observed for deprotonated Trolox. Negative
ionization of Methyltrolox yields a carboxylate, which can
eliminate a methyl radical from the phenol oxygen (ΔG = 125
kJ mol−1) to yield a radical anion at m/z 248 (Figure S15).
Apart from the unpaired electron, the structure is analogous to
deprotonated Trolox. However, the unpaired electron induces
fragmentation reactions that are not observed for even-electron
Trolox anions, resulting in an additional fragment at m/z 189
that has no equivalent in the fragment spectrum of Trolox. To
theoretically simulate the radical fragmentation pathways
observed for deprotonated Methyltrolox, QCxMS was
employed in the dissociative electron attachment (DEA)
mode.35 DEA involves ionization of a neutral molecule by the
attachment of a low-energy electron in silico to simulate
dissociation of radical anions. For the radical anion resulting
from abstraction of a methyl radical from deprotonated
Methyltrolox (m/z 248), the simulation exclusively yielded a
closed-ring radical anion with m/z 204 via decarboxylation
(structure (1) in Figure 4b). The computed energetic barrier

Figure 3. Fragmentation of deprotonated Trolox. (a) The IR
spectrum of the fragment derived from decarboxylation matches the
computed spectrum of a para-hydroxyl phenolate. (b) The computed
reaction mechanism suggests that the initial decarboxylation is
followed by a proton transfer, which induces ring opening. IR spectra
and energetics were computed at the PBE0+D3/6-311+G(d,p) level
of theory.

Figure 4. Fragmentation of deprotonated Methyltrolox. (a) The IR spectrum of the even-electron fragment at m/z 189 matches with the computed
spectrum of the depicted indanone derivative. The band at 1420 cm−1 is only visible at higher laser pulse energy and is shown as an inset. (b) The
proposed fragmentation reaction involves a [1,2]-Wittig rearrangement, followed by the loss of a methyl radical. IR spectra and energetics were
computed at the PBE0+D3/6-311+G(d,p) level of theory.

Journal of the American Society for Mass Spectrometry pubs.acs.org/jasms Article

https://doi.org/10.1021/jasms.4c00216
J. Am. Soc. Mass Spectrom. 2024, 35, 1950−1958

1954

https://pubs.acs.org/doi/suppl/10.1021/jasms.4c00216/suppl_file/js4c00216_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jasms.4c00216/suppl_file/js4c00216_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jasms.4c00216/suppl_file/js4c00216_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jasms.4c00216/suppl_file/js4c00216_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jasms.4c00216/suppl_file/js4c00216_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jasms.4c00216/suppl_file/js4c00216_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jasms.4c00216/suppl_file/js4c00216_si_001.pdf
https://pubs.acs.org/doi/10.1021/jasms.4c00216?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.4c00216?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.4c00216?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.4c00216?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.4c00216?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.4c00216?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.4c00216?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.4c00216?fig=fig4&ref=pdf
pubs.acs.org/jasms?ref=pdf
https://doi.org/10.1021/jasms.4c00216?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


for the decarboxylation reaction is in the range of 80 kJ mol−1
(ΔG). The closed-ring radical anion is the putative precursor
for the ring opening reaction leading to the spectroscopically
observed and previously discussed fragment at m/z 204
(Figure S18).
Assuming that the radical anion (1) is also the precursor of

the other fragment observed in the MS2 spectrum of
deprotonated Methyltrolox (m/z 189), we took structure (1)
as input for a second DEA simulation. The simulation yielded
abundant loss of hydrogen radicals, which is not observed in
the experimental mass spectra and is probably an artifact of the
simulation. However, the simulation also yielded the sought
product ion at m/z 189 (Figure S21). Its structure features an
indanone scaffold, and the corresponding computed IR
spectrum and CCS show good agreement with the experiment
(Figure 4a). Especially the C=O stretching vibration at 1650
cm−1 is diagnostic for the formation of a ketone. There are two
additional bands at 1600 cm−1 and between 1500−1550 cm−1,
which can be assigned to the C=C stretching vibrations of the
benzene ring and the C−O stretching vibration of the
phenolate.
Several low-intensity bands predicted by theory are not

visible or only visible at increased laser pulse energies in the
experimental spectrum. Because the experimental intensities
scale nonlinearly with the photon flux in multiple photon
absorption experiments, relative intensities deviate from linear
absorption spectra.51 In practice, it is necessary to find a
compromise between saturation of high-intensity bands and
visibility of low-intensity bands. Overall, we obtain a
convincing match that contains vibrations of all characteristic
functional groups of the proposed fragment structure.
Despite the good match between experiment and theory, the

underlying rearrangement reaction is intriguing as it involves
the dissociation of an aryl ether bond. A very similar reaction
has been reported in the condensed phase, namely the ring
contraction of 6H-benzo[c]chromene to 9-fluorenol.52 This
isomerization reaction is a [1,2]-Wittig rearrangement, which
yields secondary or tertiary alcohols from α-deprotonated
ethers.53 The migration of neutral and electron-poor aryl
ethers in solution is thought to proceed via a concerted anionic
addition/elimination mechanism.54 In the gas phase, theoreti-
cal studies on aryl ethers suggest a two-step addition/
elimination mechanism with a very low activation barrier for
the second transition state (ca. 2 kJ mol−1).55

Assuming an addition/elimination mechanism, the energetic
profile of the fragmentation reaction of deprotonated
Methyltrolox was computed (Figure 4b). The results suggest
that the isomerization reaction proceeds via a concerted
mechanism with a low activation barrier (ΔG = 75 kJ mol−1).
Gas-phase [1,2]-Wittig rearrangements of aryl ethers have
been previously postulated based on fragmentation pat-
terns.56,57 Even though the intermediates (1) and (2) were
not experimentally detected, the major structural changes from
the precursor to the confirmed fragment structure (3) and the
favorable energetics provide strong evidence that a [1,2]-Wittig
rearrangement occurs the gas phase.
Integration of Fragmentation Pathways. An overview

of the investigated reactions and fragment structures is
provided in Figure 5. Protonated Trolox and Methyltrolox
yield a closed-ring fragment resulting from dehydration and
decarboxylation of the protonated precursor, which requires
initial proton transfer to the carboxyl group. Deprotonated
Trolox readily decarboxylates, and the resulting fragment

undergoes a proton rearrangement reaction accompanied by
ring opening. The fragmentation of deprotonated Methyltrolox
deviates from deprotonated Trolox due to its inability to
stabilize a negative charge on the methoxy group. Elimination
of the methyl radical results in a structure that is analogous to
deprotonated Trolox, with the difference that the phenol
oxygen now carries an unpaired electron. After decarbox-
ylation, the ion can undergo two competing reactions: ring
opening or a Wittig rearrangement, forming the fragments at
m/z 204 and m/z 189, respectively. For deprotonated Trolox,
no Wittig rearrangement is observed because the phenol group
cannot stabilize the negative charge.
We tested our results against CFM-ID 4.0 (Competitive

Fragment Modeling Identification), which generates MS/MS
spectra for the Human Metabolome Database.43 None of the
fragment structures identified by IR spectroscopy are correctly
predicted by the machine learning-based algorithm (Table S5).
Expanding the training set with more experimentally confirmed
fragment ion structures from different molecule classes will
likely increase the accuracy of structure predictions by machine
learning- and rule-based fragmentation algorithms.

■ CONCLUSIONS
In conclusion, we investigated the impact of protonation and
methylation on the fragmentation behavior of two chromane
derivatives, Trolox and Methyltrolox. Using a combination of
gas-phase infrared spectroscopy, ion mobility-mass spectrom-
etry, and computational chemistry, we identified fragment ion
structures and proposed dissociation reaction mechanisms that
link the precursor to the product ion. We observed
rearrangement reactions involving mobile protons, and radical
fragmentation reactions resulting in a putative [1,2]-Wittig
rearrangement in the gas phase. Overall, our results reveal close

Figure 5. Overview of the fragmentation reactions studied in this
work. The fragment structures highlighted in gray have been
confirmed by IR spectroscopy.
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structure−reactivity relationships and highlight that fragmen-
tation is driven by the availability of protons and charge-
stabilizing functional groups.
It should be noted that the use of in-source fragmentation in

our experimental setup presents several shortcomings in
identifying product ion structures. For example, residual
solvent molecules in the ion source could act as intermolecular
proton shuttle agents,58 which are not available in collision
cells. Furthermore, ions are not m/z-selected prior to
fragmentation. Therefore, we are not able to analyze mixtures
because generated fragments cannot be assigned back to their
precursors. Coupling with liquid chromatography for mixture
separation is also not feasible due to incompatible IR
spectroscopy and LC time scales. However, similar instruments
with m/z selection and a separate collision cell and/or
significantly reduced acquisition times are capable of
measuring product ions of defined precursors even in complex
mixtures.14,59−61

Overall, this and other studies4,14−20 contribute to the
understanding of gas-phase dissociation reactions. A funda-
mental understanding of fragmentation mechanisms brought
by IR spectroscopy and computational chemistry can help to
predict fragmentation of other compounds based on their
structural features using rule-based approaches. Furthermore,
experimentally confirmed fragment ion structures can be fed
into the training data used to train machine learning-based
fragmentation tools to improve the accuracy of their structural
predictions.
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(K.G.); orcid.org/0000-0002-9107-2282

América Y. Torres-Boy − Fritz Haber Institute of the Max
Planck Society, 14195 Berlin, Germany

Jerome Riedel − Freie Universität Berlin, Institute of
Chemistry and Biochemistry, 14195 Berlin, Germany; Fritz
Haber Institute of the Max Planck Society, 14195 Berlin,
Germany

Sandy Gewinner − Fritz Haber Institute of the Max Planck
Society, 14195 Berlin, Germany

Wieland Schöllkopf − Fritz Haber Institute of the Max
Planck Society, 14195 Berlin, Germany

Gerard Meijer − Fritz Haber Institute of the Max Planck
Society, 14195 Berlin, Germany; orcid.org/0000-0001-
9669-8340

Gert von Helden − Fritz Haber Institute of the Max Planck
Society, 14195 Berlin, Germany

Complete contact information is available at:
https://pubs.acs.org/10.1021/jasms.4c00216

Author Contributions
The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.
Funding
Open access funded by Max Planck Society.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
C.K. is grateful for financial support by the Fonds der
Chemischen Industrie. K.G. thanks the Fonds National de la
Recherche (FNR), Luxembourg, for funding the project
GlycoCat (13549747). A.Y.T.B. acknowledges support by the
International Max Planck Research School (IMPRS) for
Elementary Processes in Physical Chemistry. K. P. acknowl-
edges generous funding by the European Research Council,
ERC-2019-CoG-863934-GlycoSpec. The authors thank Prof.
Christoph A. Schalley for fruitful discussions.

■ REFERENCES
(1) Kind, T.; Fiehn, O. Advances in structure elucidation of small
molecules using mass spectrometry. Bioanal. Rev. 2010, 2 (1), 23−60.
(2) Heiles, S. Advanced tandem mass spectrometry in metabolomics
and lipidomics-methods and applications. Anal. Bioanal. Chem. 2021,
413 (24), 5927−5948.
(3) Borges, R. M.; Colby, S. M.; Das, S.; Edison, A. S.; Fiehn, O.;
Kind, T.; Lee, J.; Merrill, A. T.; Merz, K. M., Jr; Metz, T. O.; et al.
Quantum Chemistry Calculations for Metabolomics. Chem. Rev.
2021, 121 (10), 5633−5670.
(4) van Tetering, L.; Spies, S.; Wildeman, Q. D. K.; Houthuijs, K. J.;
van Outersterp, R. E.; Martens, J.; Wevers, R. A.; Wishart, D. S.;
Berden, G.; Oomens, J. A spectroscopic test suggests that fragment
ion structure annotations in MS/MS libraries are frequently incorrect.
Commun. Chem. 2024, 7 (1), 30.
(5) Anari, M. R.; Sanchez, R. I.; Bakhtiar, R.; Franklin, R. B.; Baillie,
T. A. Integration of knowledge-based metabolic predictions with
liquid chromatography data-dependent tandem mass spectrometry for
drug metabolism studies: application to studies on the biotransforma-
tion of indinavir. Anal. Chem. 2004, 76 (3), 823−832.
(6) Kind, T.; Liu, K. H.; Lee, D. Y.; DeFelice, B.; Meissen, J. K.;
Fiehn, O. LipidBlast in silico tandem mass spectrometry database for
lipid identification. Nat. Methods 2013, 10 (8), 755−758.
(7) Carra,̀ A.; Spezia, R. In Silico Tandem Mass Spectrometer: an
Analytical and Fundamental Tool. Chemistry-Methods 2021, 1 (2),
123−130.

Journal of the American Society for Mass Spectrometry pubs.acs.org/jasms Article

https://doi.org/10.1021/jasms.4c00216
J. Am. Soc. Mass Spectrom. 2024, 35, 1950−1958

1956

https://pubs.acs.org/doi/suppl/10.1021/jasms.4c00216/suppl_file/js4c00216_si_001.pdf
https://pubs.acs.org/doi/10.1021/jasms.4c00216?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jasms.4c00216/suppl_file/js4c00216_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kevin+Pagel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8054-4718
https://orcid.org/0000-0001-8054-4718
mailto:pagel@fhi-berlin.mpg.de
mailto:pagel@fhi-berlin.mpg.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carla+Kirschbaum"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3192-0785
https://orcid.org/0000-0003-3192-0785
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kim+Greis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9107-2282
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ame%CC%81rica+Y.+Torres-Boy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jerome+Riedel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sandy+Gewinner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wieland+Scho%CC%88llkopf"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gerard+Meijer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9669-8340
https://orcid.org/0000-0001-9669-8340
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gert+von+Helden"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.4c00216?ref=pdf
https://doi.org/10.1007/s12566-010-0015-9
https://doi.org/10.1007/s12566-010-0015-9
https://doi.org/10.1007/s00216-021-03425-1
https://doi.org/10.1007/s00216-021-03425-1
https://doi.org/10.1021/acs.chemrev.0c00901?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s42004-024-01112-7
https://doi.org/10.1038/s42004-024-01112-7
https://doi.org/10.1021/ac034980s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac034980s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac034980s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac034980s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nmeth.2551
https://doi.org/10.1038/nmeth.2551
https://doi.org/10.1002/cmtd.202000071
https://doi.org/10.1002/cmtd.202000071
pubs.acs.org/jasms?ref=pdf
https://doi.org/10.1021/jasms.4c00216?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(8) Liebal, U. W.; Phan, A. N. T.; Sudhakar, M.; Raman, K.; Blank,
L. M. Machine Learning Applications for Mass Spectrometry-Based
Metabolomics. Metabolites 2020, 10 (6), 243.
(9) Kirschbaum, C.; Greis, K.; Gewinner, S.; Schöllkopf, W.; Meijer,
G.; von Helden, G.; Pagel, K. Cryogenic infrared spectroscopy
provides mechanistic insight into the fragmentation of phospholipid
silver adducts. Anal. Bioanal. Chem. 2022, 414 (18), 5275−5285.
(10) Fetterolf, D. D.; Yost, R. A. Energy-resolved collision-induced
dissociation in tandem mass spectrometry. International Journal of
Mass Spectrometry and Ion Physics 1982, 44 (1−2), 37−50.
(11) Parker, K.; Bollis, N. E.; Ryzhov, V. Ion−molecule reactions of
mass-selected ions. Mass Spectrom. Rev. 2024, 43 (1), 47−89.
(12) Watkins, M. A.; Price, J. M.; Winger, B. E.; Kenttamaa, H. I.
Ion−molecule reactions for mass spectrometric identification of
functional groups in protonated oxygen-containing monofunctional
compounds. Anal. Chem. 2004, 76 (4), 964−976.
(13) Alzarieni, K. Z.; Max, J. P.; Easton, M.; Milton, J. R.; Ma, X.;
Dong, X.; Gu, C.; Kenttämaa, H. I. Identification of the carboxylic
acid functionality in protonated drug metabolite model compounds
by using tandem mass spectrometry based on ion−molecule reactions
coupled with high performance liquid chromatography. Int. J. Mass
Spectrom. 2021, 463, 116551.
(14) Polfer, N. C.; Oomens, J. Reaction products in mass
spectrometry elucidated with infrared spectroscopy. Phys. Chem.
Chem. Phys. 2007, 9 (29), 3804−3817.
(15) Yoon, S. H.; Chamot-Rooke, J.; Perkins, B. R.; Hilderbrand, A.
E.; Poutsma, J. C.; Wysocki, V. H. IRMPD spectroscopy shows that
AGG forms an oxazolone b2+ ion. J. Am. Chem. Soc. 2008, 130 (52),
17644−17645.
(16) Bythell, B. J.; Maitre, P.; Paizs, B. Cyclization and rearrange-
ment reactions of a(n) fragment ions of protonated peptides. J. Am.
Chem. Soc. 2010, 132 (42), 14766−14779.
(17) Thevis, M.; Beuck, S.; Hoppner, S.; Thomas, A.; Held, J.;
Schafer, M.; Oomens, J.; Schanzer, W. Structure elucidation of the
diagnostic product ion at m/z 97 derived from androst-4-en-3-one-
based steroids by ESI-CID and IRMPD spectroscopy. J. Am. Soc. Mass
Spectrom. 2012, 23 (3), 537−546.
(18) Becher, S.; Berden, G.; Martens, J.; Oomens, J.; Heiles, S.
IRMPD Spectroscopy of [PC (4:0/4:0) + M](+) (M = H, Na, K)
and Corresponding CID Fragment Ions. J. Am. Soc. Mass Spectrom.
2021, 32 (12), 2874−2884.
(19) Kirschbaum, C.; Greis, K.; Polewski, L.; Gewinner, S.;
Schöllkopf, W.; Meijer, G.; von Helden, G.; Pagel, K. Unveiling
Glycerolipid Fragmentation by Cryogenic Infrared Spectroscopy. J.
Am. Chem. Soc. 2021, 143 (36), 14827−14834.
(20) Greis, K.; Kirschbaum, C.; Taccone, M. I.; Götze, M.;
Gewinner, S.; Schöllkopf, W.; Meijer, G.; von Helden, G.; Pagel, K.
Studying the Key Intermediate of RNA Autohydrolysis by Cryogenic
Gas-Phase Infrared Spectroscopy. Angew. Chem., Int. Ed. 2022, 61
(19), No. e202115481.
(21) Katari, M.; Nicol, E.; Steinmetz, V.; van der Rest, G.;
Carmichael, D.; Frison, G. Improved Infrared Spectra Prediction by
DFT from a New Experimental Database. Chemistry (Easton) 2017,
23 (35), 8414−8423.
(22) Lanucara, F.; Holman, S. W.; Gray, C. J.; Eyers, C. E. The
power of ion mobility-mass spectrometry for structural character-
ization and the study of conformational dynamics. Nat. Chem. 2014, 6
(4), 281−294.
(23) Zanotto, L.; Heerdt, G.; Souza, P. C. T.; Araujo, G.; Skaf, M. S.
High performance collision cross section calculation-HPCCS. J.
Comput. Chem. 2018, 39 (21), 1675−1681.
(24) Shvartsburg, A. A.; Jarrold, M. F. An exact hard-spheres
scattering model for the mobilities of polyatomic ions. Chem. Phys.
Lett. 1996, 261, 86−91.
(25) Mesleh, M. F.; Hunter, J. M.; Shvartsburg, A. A.; Schatz, G. C.;
Jarrold, M. F. Structural information from ion mobility measurements:
Effects of the long-range potential. J. Phys. Chem. 1996, 100 (40),
16082−16086.

(26) Montero, O.; Ramirez, M.; Sanchez-Guijo, A.; Gonzalez, C.
Determination of lipoic acid, Trolox methyl ether and tocopherols in
human plasma by liquid-chromatography and ion-trap tandem mass
spectrometry. Biomed. Chromatogr. 2012, 26 (10), 1228−1233.
(27) González Flórez, A. I.; Mucha, E.; Ahn, D. S.; Gewinner, S.;
Schöllkopf, W.; Pagel, K.; von Helden, G. Charge-Induced Unzipping
of Isolated Proteins to a Defined Secondary Structure. Angew. Chem.,
Int. Ed. 2016, 55 (10), 3295−3299.
(28) Mucha, E.; González Flórez, A. I.; Marianski, M.; Thomas, D.
A.; Hoffmann, W.; Struwe, W. B.; Hahm, H. S.; Gewinner, S.;
Schöllkopf, W.; Seeberger, P. H.; et al. Glycan Fingerprinting via
Cold-Ion Infrared Spectroscopy. Angew. Chem., Int. Ed. 2017, 56 (37),
11248−11251.
(29) Schöllkopf, W.; Gewinner, S.; Junkes, H.; Paarmann, A.; von
Helden, G.; Bluem, H.; Todd, A. M. M. The new IR and THz FEL
Facility at the Fritz Haber Institute in Berlin. Proc. SPIE 2015, 9512,
95121L.
(30) Allen, S. J.; Giles, K.; Gilbert, T.; Bush, M. F. Ion mobility mass
spectrometry of peptide, protein, and protein complex ions using a
radio-frequency confining drift cell. Analyst 2016, 141 (3), 884−891.
(31) Revercomb, H. E.; Mason, E. A. Theory of plasma
chromatography/gaseous electrophoresis. Review. Anal. Chem. 1975,
47 (7), 970−983.
(32) Grimme, S. Towards first principles calculation of electron
impact mass spectra of molecules. Angew. Chem., Int. Ed. 2013, 52
(24), 6306−6312.
(33) Koopman, J.; Grimme, S. From QCEIMS to QCxMS: A Tool
to Routinely Calculate CID Mass Spectra Using Molecular Dynamics.
J. Am. Soc. Mass Spectrom. 2021, 32 (7), 1735−1751.
(34) Koopman, J.; Grimme, S. Calculation of Mass Spectra with the
QCxMS Method for Negatively and Multiply Charged Molecules. J.
Am. Soc. Mass Spectrom. 2022, 33 (12), 2226−2242.
(35) Asgeirsson, V.; Bauer, C. A.; Grimme, S. Unimolecular
decomposition pathways of negatively charged nitriles by ab initio
molecular dynamics. Phys. Chem. Chem. Phys. 2016, 18 (45), 31017−
31026.
(36) Bannwarth, C.; Ehlert, S.; Grimme, S. GFN2-xTB-An Accurate
and Broadly Parametrized Self-Consistent Tight-Binding Quantum
Chemical Method with Multipole Electrostatics and Density-Depend-
ent Dispersion Contributions. J. Chem. Theory Comput. 2019, 15 (3),
1652−1671.
(37) Koopman, J.; Grimme, S. Calculation of Electron Ionization
Mass Spectra with Semiempirical GFNn-xTB Methods. ACS Omega
2019, 4 (12), 15120−15133.
(38) Pracht, P.; Bohle, F.; Grimme, S. Automated exploration of the
low-energy chemical space with fast quantum chemical methods. Phys.
Chem. Chem. Phys. 2020, 22 (14), 7169−7192.
(39) Gaussian 16 Rev. A.03; Gaussian, Inc., Wallingford, CT, 2016.
(40) Adamo, C.; Barone, V. Toward reliable density functional
methods without adjustable parameters: The PBE0 model. J. Chem.
Phys. 1999, 110 (13), 6158−6170.
(41) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and
accurate ab initio parametrization of density functional dispersion
correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 2010,
132 (15), 154104.
(42) Singh, U. C.; Kollman, P. A. An approach to computing
electrostatic charges for molecules. J. Comput. Chem. 1984, 5 (2),
129−145.
(43) Wang, F.; Allen, D.; Tian, S.; Oler, E.; Gautam, V.; Greiner, R.;
Metz, T. O.; Wishart, D. S. CFM-ID 4.0 - a web server for accurate
MS-based metabolite identification. Nucleic Acids Res. 2022, 50 (W1),
W165−W174.
(44) Perri, E.; Mazzotti, F.; Raffaelli, A.; Sindona, G. High-
throughput screening of tocopherols in natural extracts. J. Mass
Spectrom. 2000, 35 (11), 1360−1361.
(45) Jiang, K.; Gachumi, G.; Poudel, A.; Shurmer, B.; Bashi, Z.; El-
Aneed, A. The Establishment of Tandem Mass Spectrometric
Fingerprints of Phytosterols and Tocopherols and the Development

Journal of the American Society for Mass Spectrometry pubs.acs.org/jasms Article

https://doi.org/10.1021/jasms.4c00216
J. Am. Soc. Mass Spectrom. 2024, 35, 1950−1958

1957

https://doi.org/10.3390/metabo10060243
https://doi.org/10.3390/metabo10060243
https://doi.org/10.1007/s00216-022-03927-6
https://doi.org/10.1007/s00216-022-03927-6
https://doi.org/10.1007/s00216-022-03927-6
https://doi.org/10.1016/0020-7381(82)80037-5
https://doi.org/10.1016/0020-7381(82)80037-5
https://doi.org/10.1002/mas.21819
https://doi.org/10.1002/mas.21819
https://doi.org/10.1021/ac034946d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac034946d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac034946d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijms.2021.116551
https://doi.org/10.1016/j.ijms.2021.116551
https://doi.org/10.1016/j.ijms.2021.116551
https://doi.org/10.1016/j.ijms.2021.116551
https://doi.org/10.1039/b702993b
https://doi.org/10.1039/b702993b
https://doi.org/10.1021/ja8067929?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja8067929?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja101556g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja101556g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s13361-011-0308-4
https://doi.org/10.1007/s13361-011-0308-4
https://doi.org/10.1007/s13361-011-0308-4
https://doi.org/10.1021/jasms.1c00277?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jasms.1c00277?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c06944?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c06944?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202115481
https://doi.org/10.1002/anie.202115481
https://doi.org/10.1002/chem.201700340
https://doi.org/10.1002/chem.201700340
https://doi.org/10.1038/nchem.1889
https://doi.org/10.1038/nchem.1889
https://doi.org/10.1038/nchem.1889
https://doi.org/10.1002/jcc.25199
https://doi.org/10.1016/0009-2614(96)00941-4
https://doi.org/10.1016/0009-2614(96)00941-4
https://doi.org/10.1021/jp961623v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp961623v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/bmc.2683
https://doi.org/10.1002/bmc.2683
https://doi.org/10.1002/bmc.2683
https://doi.org/10.1002/anie.201510983
https://doi.org/10.1002/anie.201510983
https://doi.org/10.1002/anie.201702896
https://doi.org/10.1002/anie.201702896
https://doi.org/10.1117/12.2182284
https://doi.org/10.1117/12.2182284
https://doi.org/10.1039/C5AN02107C
https://doi.org/10.1039/C5AN02107C
https://doi.org/10.1039/C5AN02107C
https://doi.org/10.1021/ac60357a043?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac60357a043?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201300158
https://doi.org/10.1002/anie.201300158
https://doi.org/10.1021/jasms.1c00098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jasms.1c00098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jasms.2c00209?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jasms.2c00209?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6CP06180J
https://doi.org/10.1039/C6CP06180J
https://doi.org/10.1039/C6CP06180J
https://doi.org/10.1021/acs.jctc.8b01176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b01176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b01176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b01176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.9b02011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.9b02011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9CP06869D
https://doi.org/10.1039/C9CP06869D
https://doi.org/10.1063/1.478522
https://doi.org/10.1063/1.478522
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1002/jcc.540050204
https://doi.org/10.1002/jcc.540050204
https://doi.org/10.1093/nar/gkac383
https://doi.org/10.1093/nar/gkac383
https://doi.org/10.1002/1096-9888(200011)35:11<1360::AID-JMS60>3.0.CO;2-Y
https://doi.org/10.1002/1096-9888(200011)35:11<1360::AID-JMS60>3.0.CO;2-Y
https://doi.org/10.1007/s13361-019-02242-2
https://doi.org/10.1007/s13361-019-02242-2
pubs.acs.org/jasms?ref=pdf
https://doi.org/10.1021/jasms.4c00216?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


of Targeted Profiling Strategies in Vegetable Oils. J. Am. Soc. Mass
Spectrom. 2019, 30 (9), 1700−1712.
(46) Perdew, J. P.; Ernzerhof, M.; Burke, K. Rationale for mixing
exact exchange with density functional approximations. J. Chem. Phys.
1996, 105 (22), 9982−9985.
(47) Amundson, L. M.; Owen, B. C.; Gallardo, V. A.; Habicht, S. C.;
Fu, M.; Shea, R. C.; Mossman, A. B.; Kenttamaa, H. I. Differentiation
of regioisomeric aromatic ketocarboxylic acids by positive mode
atmospheric pressure chemical ionization collision-activated dissoci-
ation tandem mass spectrometry in a linear quadrupole ion trap mass
spectrometer. J. Am. Soc. Mass Spectrom. 2011, 22 (4), 670−682.
(48) Allen, C. F. H. Carbonyl bridge compounds and related
substances. Chem. Rev. 1945, 37 (2), 209−268.
(49) Ioset, J.; Roulet, R. Facile Synthesis of Carbon Monoxide
Isotopically Labelled at Oxygen from Enriched Water without
Isotopic Dilution. Helv. Chim. Acta 1988, 71 (7), 1659−1660.
(50) Yamauchi, R. Free Radical-Scavenging Reactions of α-
Tocopherol During the Peroxidation of Unsaturated Lipids. Food
Factors for Cancer Prevention 1997, 483−487.
(51) Polfer, N. C. Infrared multiple photon dissociation spectros-
copy of trapped ions. Chem. Soc. Rev. 2011, 40 (5), 2211−2221.
(52) Eisch, J. J.; Kovacs, C. A.; Rhee, S.-G. Rearrangements of
organometallic compounds. J. Organomet. Chem. 1974, 65 (3), 289−
301.
(53) Wang, F.; Wang, J.; Zhang, Y.; Yang, J. The [1,2]- and [1,4]-
Wittig rearrangement. Tetrahedron 2020, 76 (5), 130857.
(54) Velasco, R.; Silva López, C.; Nieto Faza, O.; Sanz, R. Exploring
the Reactivity of alpha-Lithiated Aryl Benzyl Ethers: Inhibition of the
[1,2]-Wittig Rearrangement and the Mechanistic Proposal Revisited.
Chem. Eur. J. 2016, 22 (42), 15058−15068.
(55) Kim, C. K.; Lee, B.-s.; Lee, I. Theoretical studies on the gas-
phase rearrangement of deprotonated allyl phenyl ether. J. Phys. Org.
Chem. 1992, 5 (12), 812−818.
(56) Eichinger, P. C.; Bowie, J. H.; Blumenthal, T. Gas-phase Wittig
rearrangement of carbanions derived from benzyl ethers. J. Org. Chem.
1986, 51 (26), 5078−5082.
(57) Eichinger, P. C. H.; Bowie, J. H. Gas-phase carbanion
rearrangements. Deprotonated benzyl and allyl ethers. J. Chem. Soc.,
Perkin Trans. 2 1988, No. 4, 497−506.
(58) Bohme, D. K. Proton transport in the catalyzed gas-phase
isomerization of protonated molecules. International Journal of Mass
Spectrometry and Ion Processes 1992, 115 (2−3), 95−110.
(59) Warnke, S.; Ben Faleh, A.; Rizzo, T. R. Toward High-
Throughput Cryogenic IR Fingerprinting of Mobility-Separated
Glycan Isomers. ACS Meas. Sci. Au 2021, 1 (3), 157−164.
(60) Bakker, J. M.; Besson, T.; Lemaire, J.; Scuderi, D.; Maitre, P.
Gas-phase structure of a pi-allyl-palladium complex: efficient infrared
spectroscopy in a 7 T Fourier transform mass spectrometer. J. Phys.
Chem. A 2007, 111 (51), 13415−13424.
(61) Menges, F. S.; Perez, E. H.; Edington, S. C.; Duong, C. H.;
Yang, N.; Johnson, M. A. Integration of High-Resolution Mass
Spectrometry with Cryogenic Ion Vibrational Spectroscopy. J. Am.
Soc. Mass Spectrom. 2019, 30 (9), 1551−1557.

Journal of the American Society for Mass Spectrometry pubs.acs.org/jasms Article

https://doi.org/10.1021/jasms.4c00216
J. Am. Soc. Mass Spectrom. 2024, 35, 1950−1958

1958

https://doi.org/10.1007/s13361-019-02242-2
https://doi.org/10.1063/1.472933
https://doi.org/10.1063/1.472933
https://doi.org/10.1007/s13361-011-0079-y
https://doi.org/10.1007/s13361-011-0079-y
https://doi.org/10.1007/s13361-011-0079-y
https://doi.org/10.1007/s13361-011-0079-y
https://doi.org/10.1007/s13361-011-0079-y
https://doi.org/10.1021/cr60117a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr60117a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/hlca.19880710710
https://doi.org/10.1002/hlca.19880710710
https://doi.org/10.1002/hlca.19880710710
https://doi.org/10.1007/978-4-431-67017-9_95
https://doi.org/10.1007/978-4-431-67017-9_95
https://doi.org/10.1039/c0cs00171f
https://doi.org/10.1039/c0cs00171f
https://doi.org/10.1016/S0022-328X(00)82263-9
https://doi.org/10.1016/S0022-328X(00)82263-9
https://doi.org/10.1016/j.tet.2019.130857
https://doi.org/10.1016/j.tet.2019.130857
https://doi.org/10.1002/chem.201602254
https://doi.org/10.1002/chem.201602254
https://doi.org/10.1002/chem.201602254
https://doi.org/10.1002/poc.610051206
https://doi.org/10.1002/poc.610051206
https://doi.org/10.1021/jo00376a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00376a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/p29880000497
https://doi.org/10.1039/p29880000497
https://doi.org/10.1016/0168-1176(92)85035-X
https://doi.org/10.1016/0168-1176(92)85035-X
https://doi.org/10.1021/acsmeasuresciau.1c00018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmeasuresciau.1c00018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmeasuresciau.1c00018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp074935e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp074935e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s13361-019-02238-y
https://doi.org/10.1007/s13361-019-02238-y
pubs.acs.org/jasms?ref=pdf
https://doi.org/10.1021/jasms.4c00216?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

