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The Mclafferty rearrangement (McLR) of the methyl valerate molecular ion has been comprehensively
studied from the standpoints of the timescale for the keto—enol transformation and the change of the
configuration of intermediates and transition state (TS), using mass spectrometry with electron ioniza-
tion, strong-field tunnel ionization and collision-induced dissociation methods, and the global reaction
route mapping (GRRM) program with quantum chemical calculations (QCCs). The timescales estimated
from mass spectrometric results suggested that the McLR starts at 100 fs after ionization and is
completed at least within 100 ns in the ion source. Whereas the timescales are consistent with a
stepwise mechanism of fast (100 fs) and slow (10 ps) steps presented by Stamm et al,, the QCCs put
forth the possibility that an unanticipated, rapid, concerted process may be involved in completing the
McLR reaction. It is worth noting that there appears to be a concerted process as a potential direct
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route to form the McLR fragments, while the slower step seems to involve a dynamic rearrangement in

rsc.li/pccp the configuration of the propene moiety in the TS of the molecular ion.
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1. Introduction

McLafferty rearrangement (McLR) is a classical research topic
and has long been the subject of a large number of studies on
intramolecular hydrogen atom transfer (intraHAT) via a six-
membered ring intermediate of radical cations M*."”7 A key
controversial or questionable issue of the McLR is that it is
unclear whether the reaction is a stepwise or concerted,®**
although a stepwise process can be assumed to be more likely
than a concerted process.”**'* It would seem that there is
another specific issue of the McLR, namely the disappearance
of McLR ions such as m/z 74 and 87 from the collision-induced
dissociation (CID) spectra of the molecular ion M"* of fatty acid
methyl esters (FAMES)."> " It seems fair to conclude that the
disappearance of the McLR ions from the CID spectra is due to
the methylene chain migration to the radical site on the
carbonyl oxygen of the molecular ion M** of FAMEs, which
occurs at the electron ionization (EI) source within 10°° s
before CID. It seems that the methylene chain migration might
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result in a change in the original structure of molecular ions via
radical-initiated migration (RIM) (see upper part in Fig. 1).">™"7
It would be beneficial to gain a deeper understanding of both
intraHAT and RIM reactions related to the McLR, particularly
with regard to the lifetime of the ions and their residence times
in the apparatus of mass spectrometers.

While it is challenging to quantify the timescale and to
determine the ion structure of each step of the McLR reaction,
Fagerquist et al. have estimated using EI that the time interval
between intraHAT (d in Fig. 1) and Co-CP bond cleavage
involving the McLR and complementary McLR (compMcLR)
(f and g in Fig. 1) of FAMEs is 0.1 ns within the ion residence
time of 1.0-10 ps in the ionizing cell.'® Stamm et al. reported
using a strong-field tunnel ionization (SFTI) method that the
MCcLR of 2-pentanone and substituted 2-pentanones occurs by
two timescale steps, namely the fast timescale with molecular
internal rotation and intraHAT within 100 fs (10~ ** s), which
involves the formation of a six-membered ring (c in Fig. 1), and
the slow timescale with a m-bond rearrangement and Coa-Cf
bond cleavage (f and g in Fig. 1) for 10 ps (10~ *" 5)." The report
of Stamm et al. strongly supports a stepwise mechanism with
fast and slow steps, and it is worth noting that the second step
has a time scale about one hundred times slower than the first
step, which involves the formation of the six-membered ring
intermediate and y-hydrogen transfer (d in Fig. 1). While there
is undoubtedly great interest in gaining insights into the slower
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Fig. 1 Overall McLafferty rearrangement reactions of the molecular ions of keto compounds.

time scale events, it does seem to present a significant chal-
lenge to elucidate the gas-phase ion structures.

We are pleased to see the recent development of the artificial
force-induced reaction method named the global reaction route
mapping (GRRM) program with quantum chemical calculations
(QCCs). The GRRM enables the elucidation of feasible pathways,
including transition state (TS) structures, in an automatic man-
ner. We have preliminarily used the GRRM to explain the
formation of the McLR ion at m/z 74 and the formation of
compMcLR ions at m/z 224 and m/z 42 of methyl stearate
(SteaMe) and methyl valerate (MetVal), respectively.”® The pro-
gram was able to automatically find a TS structure for the smaller
molecule MetVal (Mr 116), but unfortunately the calculations for
the larger molecule SteaMe (Mr 298) did not finish within a
reasonable time. As will be illustrated and described in more
detail in the section of materials and methods in this article, a
recently developed orthogonal time-of-flight high-resolution
mass spectrometer equipped with an SFTI source has the
potential to focus on more detailed time windows and detect
resulting fragment ions than an EI source.>"

In this study, we aim to estimate the timescales observable for
the McLR ion and to gain insight into the TS structure of the enol-
form molecular ion by employing mass spectrometers and the
GRRM program, respectively. We propose the use of MetVal as an
analyte molecule, given that it is a suitable size for QCCs and has
fortunately received attention from a wide variety of applications
such as the internal rotation and QCCs,** ultraviolet-induced
excitation,” and the conformation analysis using microwave
spectroscopy of methyl alkynoates with short alkyl chains.**

2. Materials and methods

2.1 Reagents and sample preparation

Methyl valerate (99.0%), methyl stearate (99.8%), and n-hexane
(96.0%) were purchased from Tokyo Chemical Industry (Tokyo,
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Japan). Perfluorotributylamine (PFTBA) as a calibrant was
purchased from Sigma Aldrich (St. Louis, MO, USA). The
analyte was dissolved in n-hexane (Tokyo Kasei) at a concen-
tration of 10 mmol L', and 1 pL of the analyte solution was
injected into a gas chromatograph (GC) via an autosampler.

2.2 Mass spectrometry

EI and SFTI mass spectra were acquired on an AccuTOF GC-Alpha
high-resolution time-of-flight mass spectrometer JMS-T2000GC
(JEOL, Tokyo, Japan) coupled to a model 8890 gas chromatograph
(Agilent Technologies, Santa Clara, CA, USA). The orthogonal
time-of-flight (0TOF) mass analyzer used has a resolving power of
30000 (FWHM) at m/z 613.9642 (PFTBA) and sub-mu mass
accuracy. Data analysis was performed using msFineAnalysis
version 3.2 software (JEOL Ltd) for use with GC/TOF MS with
JEOL msAxel software. The electron energies for EI were 15, 20,
and 70 eV. The source temperatures for EI and SFTI were 373 and
323 K, respectively. The SFTI ion source was operated at 7.9 x
10"V m™" field strength with a carbon emitter whisker (30 nm
diameter), a 9.6 kv ion acceleration voltage, and a vacuum
pressure of 10 > Pa. The vacuum pressure of the oTOF mass
analyzer was 10> Pa. The timescales and schematic illustrations
for the SFTI and EI sources of the mass spectrometer used are
shown in Fig. S1 in the ESL+{ The EI and CID spectra of MetVal
and SteaMe were acquired on a triple-quadrupole tandem mass
spectrometer JMS-TQ4000GC UltraQuad™ TQ (JEOL, Tokyo,
Japan). The electron energy for EI, the source temperature, and
ion accelerating voltage were 15 eV, 373 K, and 10 V, respectively.
The collision gas was nitrogen and and the collision energy was
10 eV. The timescale and schematic illustration of the TQ4000GC
mass spectrometer are shown in Fig. S1 in the ESL¥

2.3 Calculations

All calculations were performed using the Gaussian 16 suite of
programs,” and the initial molecule and molecular ion

This journal is © the Owner Societies 2025
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structures of methyl valerate, as well as neutral and ionic fragments,
were generated by visual inspection using the GaussView program
6.0.%° The geometry optimization and vibrational frequency analysis
of all the mentioned species were performed with the DFT restricted
and unrestricted M06-2X>° level of theory and the 6-311++G(d,p), 6-
31+G(d’,p’), and 6-31+G(p) basis sets. The vertical and adiabatic
ionization energies of MetVal were evaluated from the sum of
electronic and zero point energies calculated by the same level of
theory and basis sets. The GRRM17 program”*® was used to
calculate the reaction path for the formation of McLR fragment
ions from methyl valerate ions. The reaction path was searched by
the anharmonic downward distortion following (ADDF) method
which can follow reaction paths from local minima to transition
states in GRRM17.%” First, the global reaction pathway was mapped
by ADDF at the HF/STO-3G level. The resulting equilibrium (EQ)
and transition state (TS) structures were reoptimized at the M06-2X/
6-31+G(d) level. Zero-point vibrational energies of the EQ and TS
structures were corrected at the same level. Energy, gradient and
Hessian were calculated using the Gaussian 16 program suite. The
reaction path for keto-enol transformation was determined by
intrinsic reaction coordinate (IRC) calculations with up to 10 steps.
The intermediates were obtained starting from the TS structure,
which we believe to be the most appropriate approach. It was
thought that the stability and the ion-molecule complex structures
of the intermediate and TS ions might be estimated by natural bond
orbital (NBO) calculations.

3. Results and discussion

3.1 Time scales for ionization and fragmentation estimated
from EI and SFTI measurements of methyl valerate

The EI mass spectra of MetVal were obtained at 70, 20, and 15
eV impact energy, as shown in Fig. S2 in the ESL.} The fragment
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ions at m/z 74, 85, and 87 did not change with decreasing the
impact energy in relative intensity, while the aliphatic fragment
ions [C,Hy,+]" in the mass range of m/z 15 to m/z 60 rapidly
decreased due to the decrease in the internal energy to cleave the
C-C bond of alkyl chains. Here we focus on the fragment ions
related to the McLR reaction and low internal energy EI spectra
for comparison with the SFTI spectrum, as reported by Shulze
and Richter,* and Levsen and Beckey.*’ The EI mass spectrum of
MetVal obtained at 15 eV energy is shown in Fig. 2a. The
spectrum showed peaks corresponding to the molecular ion
M'™ at m/z 116, the protonated molecule [M + H]" at m/z 117
and the dehydrated molecule [M — H]" at m/z 115, which agree
with the NIST database.”® The formation of [M + H]" and [M —
HJ" ions may be due to self-chemical ionization in the ionizing
cell, occurring due to the high volatility of MetVal.>> The spectra
showed major characteristic fragment ions at m/z 74 and 87
resulting from single and double hydrogen rearrangements,
respectively,” while the other fragment ions at m/z 59 and 85
were observed from radical-initiated o-cleavage, as shown in
Fig. 3a. The most intense ion at m/z 74 is an McLR ion arising
from keto-enol transformation via intraHAT and the Ca~Cf bond
cleavage (c and charge retention in Fig. 3a). The fragment ion at
m/z 87 is an McLR related ion arising from the keto-enol
transformation and following intraHAT from o-hydrogen to -
carbon (see Fig. 3a).”> The EI mass spectrum showed aliphatic
fragment ions at m/z 29, 43, and 57 originating from c-cleavage at
the C-C bond of the aliphatic chain. The ion peak at m/z 42,
assigned by b in the insets of Fig. 2a, represents the compMcLR
ion resulting from charge migration of the enol-form molecular
ion [Menol]™® (Fig. 3a).

On the other hand, the SFTI mass spectrum showed intense
peak for the molecular ion M™ at m/z 116 with low internal
energy due to a tunneling effect (Fig. 2b), which enables an
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Fig. 2 Mass spectra of methyl valerate (Mrl116) obtained by the (a) 15 eV El and (b) SFTI method. The peaks labeled a and b in the insets represent
fragment ions at m/z 42.0101 [C,H,0]** and 42.0464 [CsHg]**, respectively, which were separated by a high resolving power of 30 000 (FWHM) of the

oTOF mass analyzer.

This journal is © the Owner Societies 2025

Phys. Chem. Chem. Phys., 2025, 27, 261-269 | 263


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp03577a

Open Access Article. Published on 26 November 2024. Downloaded on 7/19/2025 11:46:47 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

PCCP

(a)

CH CH CH
Vs 8 \ e 3 3
Ol H,C OH  HG: charge retention OH
LN a
HsC Q\Z) HsC /@ TR )\
* 10141012 ¢ ~ 10135 \0 * 10"s : \O + CH,
ME /2116 H transfer " .
m/z 85 } keto, ring M/Z Mg,o m/z 116 \b\ m/z 74
rotatlon rotation iarati
charge migration 7~
j 1013 4 016 s *10'135 9 9 H(i:+
ch\o + Mketo, linear H g/CHs (.:Hz
) 2! m/z 42
m/z 59 e H.C.
10"s Qe B 3 \ cH—
o No oc )H transfer OH
)k/\/ Mketo, ring
HyC CH, CH — HiC AN A
o | 1014102 s o
Mketo, linear H;C m/z 87
(b)

Mo m/z 116

63"%10'16 s tunneling
10°

M keto

S

P T’
o |
3\0+

m/z 59

16 s tunneling

_2> HsC_ )J\/ /CH3

(o)
we, It
(o)
m/z 87

014 10™Ms H, c/
m/229

CH,

Fig. 3 Time scales for the main fragmentation pathways of the molecular ion of methyl valerate in (a) El MS and (b) SFTI MS. According to EI MS, the
McLR ion at m/z 74 forms via single intraHAT of y-hydrogen (red) and the ion at m/z 87 forms via double intraHAT of y-hydrogen (red) and a-hydrogen

(blue).

electron to be removed from analyte molecules at a lower
energy than the ionization energy (IE,) without the strong
field.** In the case of MetVal (IE, = 10.04 eV),>" it is expected
that an effective IE in the field strength of 7.9 x 10'°Vm™"is to
be about 6 eV by referring to the data for methyl butylate
(IE, = 10.07 €V).** The spectrum showed SFTI characteristic
fragment ions at m/z 29 [C,Hs]" and m/z 87 [M-C,H;]" via field
dissociation that occurs within a timescale of 10 fs to 1.0 ps
(10" to 10~ ** s)*** and simple a-cleavage ions at m/z 59 and 85, as
shown in Fig. 3b. It is known that the SFTI mass spectra show no or
weak fragment peaks resulting from rearrangement reactions such
as McLR>* It is important to recognize that the fragment ions
observable in the SFTI mass spectra can provide important informa-
tion about the timescales for fragmentation.>***® That is, the SFTI
mass spectrum in Fig. 2b merely showed the molecular and
fragment ions produced within 10 fs to 1.0 ps in the ionizing
cell, as described in Fig. S1 (ESIt). The reason why the McLR
ions at m/z 74 and 87 could not be observed in the SFTI
spectrum is that the McLR ions are produced with a longer
timescale than 1 ps (107'? s) in the acceleration region of the
ionizing cell. Another reason is that the McLR ions could not be
produced in the regions of deceleration and uniform motion in

264 | Phys. Chem. Chem. Phys., 2025, 27, 261-269

the ion source, because the molecular ions reaching the regions
have already changed from the original keto or enol structure of
molecular ions to other rearranged ions (see upper part in
Fig. 1).”°7"7 This suggests that the McLR reaction may occur in
the time range from 10 ps to 100 ns (10~ to 107 s) in the
acceleration and deceleration regions.

To provide evidence for the change in the original structure
of the FAMESs, the CID experiments of MetVal and SteaMe were
performed using a triple quadrupole tandem mass spectro-
meter. The CID spectrum of SteaMe showed the product ions at
every 14 Da unit pattern resulting from the cleavage at the
methylene chain, but hardly showed the McLR ions at m/z 74
and 87 (see Fig. S3, ESIf), as known from previous work.">™"”
On the other hand, the CID spectrum of MetVal showed the
MCcLR ions, while the product ions at m/z 59 and 85 disappeared
from the spectrum, as shown in Fig. 4. The disappearance of
the 59 and 85 ions indicates that the original structure of the
MetVal molecular ion was changed within or less than 10 ps in
the ion source or the first quadrupole Q1 in the triple quadru-
pole mass spectrometer. The preferential appearance of the
MCcLR ions at m/z 74 and 87 in the CID spectrum of MetVal is
due to the short methylene chain because the short chain

This journal is © the Owner Societies 2025
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length does not enable migration to the radical site on the
carbonyl oxygen. It is therefore expected that the MetVal
molecular ions would hold the enol form molecular ions until
reaching the quadrupole collision cell Q2, while the SteaMe
molecular ion could not hold the enol form due to the long
chain length.

Now, we might apply timescales to the EI fragmentation of
MetVal, based on the EI ion source and the organic photoche-
mical knowledge,*® as shown in Fig. 3a. The observed ions
correspond to the ions accumulated from the short time scales
within 10 ps (10~ " s) from ionization (0.1 fs), internal rotation
(0.1 ps), vibronic motion to break the o-bond (0.1-1.0 ps) and
rearrangement reactions (10 ps) in the ionizing cell to the long
timescale within 10 ps for metastable decay in the transverse
region towards the entrance of the oTOF. In SFTI MS, the
observed ions correspond to the ions accumulated by the limited
time windows of 10 fs to 1.0 ps in the ionization cell, as shown in
Fig. 3b. It is important to recognize that the o-bond cleavage
within 1.0 ps is a non-ergodic event, which makes it difficult to
explain the cleavage mechanisms by the quasi-equilibrium the-
ory and the RRKM theory, as pointed out by Stamm et al.'®
Consequently, it would be implied that the McLR reaction starts
at 100 fs (107"* s) after ionization (M™ formation) and is
completed at the least within 100 ns (10~ s) in the ion source.
The timescales evaluated for the McLR are consistent with the
results of Stamm et al.*’

3.2 Molecular ion formation and spontaneous keto-enol
transformation of methyl valerate

As shown in Fig. 3a, the McLR and compMCcLR ions at m/z 74
and 42 are formed by an intraHAT from y-hydrogen to carbonyl
oxygen via a six-membered intermediate, which is a keto—enol
transformation of the molecular ion, i.e., [Mycwo] ™ = [Menol]™
The formation of McLR and compMCcLR ions can be classically

This journal is © the Owner Societies 2025

explained by charge retention and charge migration, respectively.’
The keto-enol transformation is a key process for the McLR
reaction after the formation of the molecular ion. The DFT
calculations were performed for estimating the ionization energy
(IE) of the linear and ring type conformers and the energy of
conformational change. The vertical IE of methyl valerate is
10.04 eV.*! The calculations performed for vertical IE suggested
that the ring type molecular ion [Mketo,n-ng]*' may undergo a
conformational change into the enol-form molecular ion
[Menolyrmg]“ without remaining in the keto-form. This is based
on the indications from the calculations of the conformational
change of the molecular ion, [Myetojiinear] * 2 [Mietoyring] *- This
leads us to the tentative conclusion that the sixmembered inter-
mediate molecular ion [Mketo,n-ng]*' may be a TS. The DFT calcula-
tions suggested that in the case of the molecular ion [Mkemyring]“,
the keto-enol transformation occurs by an exothermic reaction
(Fig. 5), although the reaction does not occur in the neutral
molecule Mietoring due to the absence of the unpaired electron on
the carbonyl oxygen. Furthermore, the intrinsic reaction coordinate
(IRC) analysis was performed for the keto-enol transformation. The
IRC plot shows that the transformation occurs spontaneously as
shown in Fig. 6. This indicates that the keto-enol transformation of
the molecular ions of MetVal occurs within vibronic motion time-
scales (0.1-1.0 ps) after the formation of the molecular ions and that
the keto—enol transformation is an energetically favorable process.
It is clear that the keto—-enol transformation must involve the
six-membered ring intermediate involving a specific conforma-
tion formed with the rotational frequency on the 1.0 ps time-
scale. The most provable conformer of neutral MetVal is known
to be the conformer Myeto,ring Shown in Fig. 3a, and the energy
of a ring type conformer Mye¢o,ring Was lower than that of a
linear type conformer Mie jincar-—~ We also calculated the
energy of the linear and six-membered ring conformers of
neutral MetVal molecules. The results indicated that the ring

Phys. Chem. Chem. Phys., 2025, 27, 261-269 | 265
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type conformer appeared to be slightly more stable than the
linear type (Fig. 5). It might be suggested that the Boltzmann
distributions for both initial neutral conformers could be
estimated by considering the experimental conditions of the
ion source temperatures, 373 K for EI and 323 K for SFTIL The
distributions obtained suggest that the amount of the ring type
conformer may be approximately 2.7 times larger than that of
the linear type under both conditions. From this, we can infer
that both neutral conformers remain in the ionizing cell in
accordance with the Boltzmann distributions. Furthermore, we
calculated the vertical and adiabatic ionization energies (calc.-
ver. and calc.ad. IE) of the linear and ring conformers of MetVal

using the M06-2X method and 6-31+G(d), 6-31+(d’,p’), and
6-311++G(d,p) levels of theory, as summarized in Table 1. The
calc.ver. IEs of MetVal were larger than the calc.ad. IEs,
regardless of the conformers and basis sets used. In the ring
conformer, as shown in Table 1, it should be noted that the
calc.ad. IEs of the enol-form molecular ion [Mem,l,rmg]“ are
smaller than the calc.ver. IEs of the keto-form molecular ion
[Mketo‘ring]“ and that the difference AIE could be converted to
the internal energy of the enol-form molecular ion via the
spontaneous keto-enol transformation, as shown in the IRC
in Fig. 6. If so, the internal energy would be used to form
fragment ions.
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Intrinsic reaction coordinate (IRC) for (a) keto to (c) enol transformation of the molecular ion M** of methyl valerate. Points a, b, and ¢ represent
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3.3 Two-pathway possibility of the stepwise and concerted
processes

As previously reported,”® the McLR and compMcLR ions at m/z
74 and 42 can be formed by charge retention and charge
migration of the enol-form molecular ion [Menol,ring]“ of
MetVal via a transition state (TS). The TS structure of the
[Menol,rmg]“ ion was searched for starting from the most stable
enol-form molecular ion (see Fig. 6¢) using the ADDF method in
GRRM17 at the HF/STO-3G level of theory. After a preliminary
ADDF search, we performed a reoptimized and frequency analy-
sis of the TS at the M06-2X/6-31+G(d) level of theory. In a
somewhat unexpected turn of events, the ADDF method identi-
fied a hitherto unrecognized structural type as a TS, as illustrated
in Fig. S4b in the ESI.f The structure estimated as a TS indicated
that the dissociation into the ester and propene fragments from
the molecular ion may not be a simple cleavage. It is worth noting
that the methylene chain (propene) of the MetVal ion is unex-
pectedly changed in configuration by the transition from the
initial state to the TS. As can be seen in Fig. S4b’ (ESIt),
the propene moiety (indicated by the dotted circle) wraps around
the side of the ester moiety. The refined TS structure and the data
for imaginary frequencies including 1 negative sign are given in
Fig. S5 and Tables S1 and S2 in the ESIL{ Furthermore, the charge
and spin density distributions applied to the most stable enol-
form molecular ion [Meno]™ and the TS ion [Mqg]™ were esti-
mated at the M06-2X/6-31+G(d) level. The charge and spin of the
TS structure were distributed on both parts of the ester [CH;0-
COH—CH,] and propene [CH,—CHCH;] fragments (Fig. S4b,
ESIf), whereas in the initial state, the charge and spin were

Table 1 lonization energy (eV) calculated using the M06-2X method and
the 6-31+G(d), 6-31+(d’,p’), and 6-311++G(d,p) basis sets and the differ-
ence in ionization energies AlE (eV) between calc.ver. and calc.ad. IEs for
ring conformers

Linear conf. Ring conf.

Basis set calc.ver. IE calc.ad. IE AIE calc.ver. IE calc.ad. IE
6-31+G(d) 10.44 10.04 1.14 10.12 8.98
6—31+(d’,p’) 10.43 10.10 1.48 10.41 8.93
6-311++G(d,p) 10.45 10.06 1.91 10.80 8.89

1

1.67651A

(a) Mintermed1
174.81 kJ/mol (1.81 eV)

(b) Mrs
133.89 kJ/mol (1.39 eV)

View Article Online
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mainly localized on the carbonyl carbon (C2) and y-carbon (C5),
respectively (Fig. S4a, ESIf). The ester ion [CH;OCOH=—CH,]"
and the propene ion [CH,~CHCHj;]" correspond to the McLR
and compMCcLR ions, respectively, as shown in Fig. 3a. The
formation of both ester and propene ions indicates that charge/
spin separation occurs with the Co—~Cp bond cleavage of the TS
molecular ion.

In order to study the dynamic change in the configuration of
the propene moiety, we tried to search for more equilibrium
states or intermediates. Starting from the TS structure [Mrg]™,
two intermediates 1 and 2, which were more stable than the TS,
could be found by using geometry optimization and vibrational
frequency analysis at the M06-2X/6-31+G(d) level of theory, as
shown in Fig. 7. Intermediate 1 (Fig. 7a) was almost the same in
the TS structure (Fig. 7b), but the bond distance (1.67651 A)
between the enol oxygen (O1) and a propene carbon (C5) is
shorter than that of the TS (1.99180 A). Intermediate 2 (Fig. 7c) is
similar in configuration to the propene moiety of the initial
molecular ion [Meno]™ (Fig. S4a and a’, ESIT). It may be of
interest to note that in the structure of intermediate 2, the bond
distance (2.11692 A) between the ester and propene moieties
appears to be longer than that of the TS structure. This could
indicate that intermediate 2 has been separated into the ester
and propene fragments. It seems reasonable to assume that
intermediate 2 may be formed directly from the initial molecular
ion [Menol]"®, potentially bypassing the TS. This offers a new
perspective on the overall response of the McLR reaction with
respect to the issue whether it is a stepwise or concerted process.

In order to gain further insight into the ion structures and
stability of the TS and intermediates 1 and 2 (Fig. 7), we
conducted a natural bond orbital (NBO) analysis at the M06-
2X/6-31+G(d) level of theory. It seems reasonable to suggest that
the NBO analysis may provide insight into the stabilization
energy through the interactions between orbitals of the ion-
molecule complex.”” The NBO analysis of intermediate 2 indi-
cated that the ion-molecule complex could be divided into
three units, namely ester (unit 1), propene (unit 2), and hydro-
gen (unit 3), although the ester and hydrogen were almost one
unit from the bond distance (1.01218 A) between the enol
oxygen (O1) and the hydrogen (H11). This suggests that the

(C) Mintermed 2
86.19 kJ/mol (0.89 eV)

Fig. 7 The structure and the stabilization energy of intermediates (a) 1 and (c) 2 and (b) the TS of the enol-form molecular ion of methyl valerate, at the

MO06-2X/6-31+G(d) level.

This journal is © the Owner Societies 2025

Phys. Chem. Chem. Phys., 2025, 27, 261-269 | 267


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp03577a

Open Access Article. Published on 26 November 2024. Downloaded on 7/19/2025 11:46:47 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

-
Mketo,ring
Mf(eto,linear o TS

- — /
1.40 1.57 /!
\ ’

/

molecular ion \ /

\ 4
\ 4

\ +-
: /7
‘\Menol,nng
“—

0.00

4

View Article Online

PCCP
m/z 42
=730
Intermed 1 . TS _-- ol
£ 215 247 T~ miz74
’ // ‘:—
/.7 153

.
LA
’

4 ’, -
Intermed 2 /.-~ fragment ions
u— ¥

__________ 0.85

Fig. 8 The comprehensive potential energy profiles in eV for the McLafferty rearrangement of methyl valerate, indicating two-pathways to form the
fragment ions at m/z 74 and 42 from the enol-form molecular ion at m/z 116. The pathway via intermediate 1 and TS suggests a stepwise process, while
the pathway via intermediate 2 suggests the presence of a concerted process.

stabilization energy based on the interaction between units 2
and 3 may be estimated to be 0.89 eV. However, it should be
noted that intermediate 1 and TS could not be divided into
multiple units.

In addition, the principal stabilization energy, which is
thought to arise from the donor-acceptor interactions between
the ester and propene moieties, was estimated by the NBO
analysis. It seems that the principal donor-acceptor interaction
of the TS may be between the O1-C5 of the ester and the C4 of
the propene, with a stabilization energy of approximately
1.39 eV (Fig. 7b). It seems that the principal interaction of
intermediate 1 was between C4 of the propene and the 0O1-C5
of the ester, with a stabilization energy of 1.81 eV (Fig. 7a). For
intermediate 2, the interaction and stabilization energy were
between C4 and O1-C5, with a value of 0.89 eV (Fig. 7c). The
order of the stabilization energy is consistent with that of the
bond length, as illustrated in Fig. 7. It might be worth reiter-
ating that intermediate 2, which bears resemblance to the
initial enol-form molecular ion in terms of configuration, has
undergone fragmentation to give rise to the ester and propene
ions. This could be a new insight into the McLR reaction. The
results estimated above suggest that the McLR reaction may not
be fully explained by a single pathway, ie., a stepwise or
concerted process. It may be helpful to view them in the context
of at least two processes, as shown in the comprehensive
potential profiles of the McLR reactions (Fig. 8).

4. Conclusion

A comprehensive analysis of the McLR reaction of methyl
valerate was examined using EI, SFTI, and CID MS methods
and QCCs. The results obtained with the MS data indicated the
possibility that the McLR reaction may occur and complete in a
time range from 10 ps to 100 ns in the ion source. It is worth
noting that the GRRM program with QCCs identified a hitherto
unrecognized configuration as a TS structure, which could
potentially support the second slower step time scale, which
is about one hundred times slower than the first step in the
MCcLR reported by Stamm et al.'® One particularly intriguing
insight obtained with the QCCs was that the McLR reaction
may trace at least two pathways, a slower stepwise process with

268 | Phys. Chem. Chem. Phys., 2025, 27, 261-269

TS and a fast concerted process without TS. While the precise
mechanism of the McLR reaction remains a topic of debate, it
seems that further integration of the QCCs and MS approaches
may offer insights that could help us move closer to a rational
understanding of the process.
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