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ABSTRACT

Low energy rearrangement reactions in selected oxygen-containing ions have
been studiad by means of mass spectrometry-based techniques (metastable ion {Ml),
collision-induced dissociation (CID), neutralization-reionization (NR) mass
spectrometry as well as multiple collision experiments (MSN)) in conjuntion with ab
initio molecular orbital calculations.

The atom connectivity in the product ions has been investigated in detail by
tandem mass spectrometry-based experiments on 2H-, 13C- and 180-labelled
isotopologues of some oxygen-containing ions. The thermochemical data (i.e. heat of
formation (AHjs) values) of the oxygen-containing ions have been obtained either
experimentally from the appropriate measurement of ionization energy (IE),
appearance energy (AE) and/or proton affinity (PA) or computationally.

It has been proposed that the C-H++O bonded counterparts of the O++H++O bonded
species may, despite their lower thermodynamic stability, play an even more important
role in the decay of oxygen-containing radical cations of the type HOCH(R;)C(=0)Ry"+. A
case in point is ionized acetol (Ry=H,Ry=CHg), methyl glycolate (R{=H,Ro=0CHz), methyl
lactate (Ry=CHg,Ro=0CHg) and acetoin (R1=R,=CH3). These species all dissociate by
loss of R4CO* by double hydrogen transfer (DHT). It is further proposed, from ab initio
calculations, that the C-H++O bonded intermediate RyC(H)=0++-H-C(=0)R,"+, |, does not

lose R4CO* via a hydrogen atom shift from neutral R4C(H)=0 to ionized H-C(=O)Ry"*.



instead, charge transfer takes place in I so that the neutral R41C(H)=0 becomes
charged and thus it can rotate and donate a proton to H-C{=0)R,, after which
dissociation follows.

Keto-enoi tautomerism in the dilute gas-phase has been studied in the
unimolecular reactions of ionized ethyl glycolate, HOCH,CO,C5Hg™, 1, and its enol
isomer, HOCH=C(OH)OC,Hg™+, L. It has been shown that the metastable ionized keto
isomer Il undergoes unidirectional isomerization to the eno! ion I, via two
consecutive 1,5-hydragen shifts, from which C,H, is lost to give the ionized trihydroxy-
ethylene, (HO)oC=CH(OH}*. NR experiments show that neutral trinydroxyethylene in the
gas-phase is a remarkably stable species, which does not tautomerize to the keto
isomer glycolic acid, HOCH,CO,H.

Some members of the important homologous series of oxonium ions, CnHony10™,
have been extensively investigated by 2H- and 13C-labelling experiments especially
at low internal energies. Their intriguing unimolecular chemistry has been interpreted
by means of mechanisms in which distonic ions and ion/neutral complexes play
crucial roles in the hydrogen transfer and skeletal isomerization steps.

Finally, part of the C3H505* potential energy surface was investigated by ab initio
molecular orbital calculations and by mass spectrometry-based experiments to
ascertain whether the carbonyl-protonated 8-propiolactone ions CHoCHoOCOH*, IV,
can interconvert in the dilute gas-phase with protonated acrylic acid, CHz=CHC(OH)*,
V, as suggested-in a thermolysis study. It is shown that metastable ions IV do not
communicate with ions V and the observed equilibrium 1V = V in solution is due to an
intermolecular process. Also, ions IV do not undergo cycloreversions to HOCO* + CoHy
and to CHp=COH* + CH,0, but rather they spontaneously dissociate CH4aCHOH* + CO,
CH3CO* + CHp0, CHp=CHCO* + Hp0 and CoHgt + CO,. The product ions of these
dissociation reactions are characterized by multiple collision experiments and

mechanisms for their formation are proposed. Analysis of appropriate isodesmic

v



reactions indicate that the a-COOH group in 1-carboxyethylium ions, CH;CHCOOH®,
behaves as a hydrogen atom and therefore this group cannot be said to destabilize

the adjacent positive charge.
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CHAPTER 1

INTRODUCTION

Positive ions produced by electron impact ionization of a neutral molecule were
first observed by Goldstein [1] in 1866 and it was J.J. Thomson [2] in 1913 who
thoroughly characterized these ions using the first mass spectrograph. Later, Aston [3]
and Dempster [4] reported the first precision measurements of ionic masses and
abundances, which are known as a mass spectrum. Thomson's mass spectrograph
was developed into modern sector mass spectrometers when A.Q. Nier and
co-workers [5] introduced the sector magnetic analyzer which in turn led them to the
design of the first double-focussing mass spectrometer of high resolution [8].

Electron impact ionization is the oldest and still the most common method of
producing positive ions from a neutral precusor molecuie. The ionization is caused by
an electron impinging on a molecule in the ionization chamber. Electrons produced
from a hot filament which is held at a negative potential of 5-100 V with respect to the
ionization chamber are accelerated through a small hole into the chamber. Their
kinetic energy is determined by the potential difference between the filament and the
ionization chamber. Mostly, 70 eV electron energies are used. Electrons which have
passed through the chamber and exited through a small hole on the opposite side are
collected by the "trap" or anode. The trap current or emission current can be used to
control the filament current and thus, a constant rate of ion production is maintained. A
small magnetic field is applied along the path of the electron beam to constrain it into a
narrow helical path (see Figure 1.1). When 70 eV electrons interact with gas-phase
neutral molecules, some of these molecules (ca. 1 in 1000) lose an electron and

become positively charged molecuiar ions.
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Figure 1.1 lon source for El mass spectrometry.

The positive ions thus formed are extracted through the ion exit slit by a small
potential applied to the repeller electrode and are accelerated through a large voltage
(V = 3000 - 8000 V) towards a source slit which is at ground potential. The potential
drop for the ions is equal to the Kinetic energy gained by ions. The beam of ions which
posses a kinetic energy equal to the accelerating voltage is termed the "main beam".

The VG Analytical ZAB-R instrument used in this work is a double focussing mass
spectrometer having reversed Nier-Johnson geometry in which the magnetic sector
(B) precedes the electrostatic analyzer (ESA) (see Figure 1.2). Thus, for an ion to

reach the collector slit and be recorded, it must first traverse through the magnetic

sector (B), the momentum analyzer.
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Figure1.2 Schematic drawing of the VG Analytical ZAB-R.

Since the kinetic energy of an ion is equal to the potential difference, we have
zeeV = 1/2:my2 (Eq. 1.1)
where e is the charge on an electron, z is the number of such charges on the ion, V is

the accelerating voltage, m is the mass of the ion and v is the velocity of the ion.
An ion of mass m, charge ze and velocity v injected into a magnetic flux B will foliow a
circular path of radius given by

r = (mv)/(z-e*B) (Eq. 1.2)



From eq. 1.1, we have

v = [(2:z-eV)/m]1/2 (Eq. 1.3)

mev = (2m-zeeV)1/2 (Eq. 1.4)
From eq. 1.2, we have

mey =2zeBer (Eg. 1.5)
Combining equations 1.4 and 1.5, we have

(2omezeeV)1/2 = zegBer (Eq. 1.8)

2emezeeV = z2.2.B2.12 (Eq. 1.7)

2:meV = zeg+B2+12 (Eq. 1.8)

miz = (e-B2r2)/(2+V) (Eq. 1.9)

Thus, ions of different mass-to-charge (m/z) ratio can be transmitted by varying the
magnetic field (B) at a fixed accelerating voltage (V). The strength of the magnetic field
is adjusted by varying the flow of the current through the coils of the electromagnet.

After being analyzed according to their momentum by the magnetic sector, the
ions now enter an electric-sector analyzer (ESA) which acts as an energy filter. The
ions can only be transmitted by the ESA when the electrostatic force (Eesa) acting on
them balances the centrifugal force (m-v2/ R). Thus, the radius of curvature (R) of the
ion path in the ESA is dependent on its energy, not its mass.

mu2/ R = z+e* Eggp (Eq. 1.10)

R = (m-v2)/(z°e* Exgp) (Eq. 1.11)
From eq. 1.1, we have

meu? = 2:z+eV (Eq. 1.12)
Substituting eq. 1.12 into 1.11, we have

R = (2-z-eV)/(z-e* Eggp) (Eq. 1.13)

R = 2:V/ Eggp (Eq. 1.14)



The mass of the ion (m) and the number of charges on the ion (z) do not appear in the
equation 1.14. Thus, at a constant Egg,, ions are focussed by the ESA according to
their kinetic energies. A normal mass spectrum in the ZAB-R is thus obtained by
scanning the magnetic field (B) when the Egg, is adjusted so that V/Egg, satisfies

equation 1.14.

1.1 Quasi-Equilibrium Theory (QET)

The removal of an electron from a neutral molecule, M, generating its radical
cation, M*+, occurs when energy-rich electrons (typically 70 eV) interact with the
molecule. However, only ca. 10 eV of energy is needed to ionize most of the organic
molecules. This means that at the instant of ionization a part of the excess energy of
the electron is transferred into the internal energy of the molecule. Typically, ca. 0-10
eV of energy is transferred to the molecule. The extent to which the molecutar ion
(M™+) undergoes unimolecular dissociation depends on its internal energy content,
hence its lifetime. Typically ions spend ca. 10°6 s in the ion source before acceleration.
Thus, ions having litetime greater than 105 s are detected as stable molecular ions
whereas those having lifetime less than 10°7 s are referred to as unstable ions which
decompose in the source. lons having lifetime in the range between 10°7 and 105 s
are defined as metastable ions which decompose in the field-free regions (ffr) in the
mass spectrometer. The ionization process occurs within 10-16 s which is about two
orders of magnitude faster than a vibration within a molecule (10-13to 10-14 s). It can
thus be described by the Franck-Condon principle, which states that the configuration
and momenta of the nuclei do not alter during electronic transitions [7].

The Quasi-Equilibrium Theory (QET) [8] states the following criteria: i) the rate of
unimolecular dissociation of the initial molecular ion is slow compared with that of its

formation and excitation; ii) the unimolecular dissociation of the molecular ion occurs



only after the initial excitation energy is redistributed over all degrees of freedom; iii)
ions generated in a mass spectrometer represent a series of isolated, competing and
consecutive unimolecuar reactions. ‘

To discuss a mass spectrum in a semi-quantitative way, it is useful to consider a

simplified version of the QET which expresses the rate of unimolecuar dissociation (k)

of an ion by the following equation:

K =vf(E- Eg)/E]N-1 (Eq. 1.15)

where v is a frequency factor, E is the excess internal energy of the ion, Ej is the
activation energy and N is the number of oscillators in the ion.
From the rate equation 1.15, it can be seen that the rate of decomposition is
proportional to (E - Eg)N-1, i.e. the amount of energy transferred during ionization.
Thus, the greater the excess internal energy of the ion, the faster it decomposes. The
rate equation 1.15 can also be applied to predict the relative intensity ratios of
fragment ions in the mass spectrum. The k(E) curves for two competing reactions, one
is & simple direct bond cleavage and the other is a rerrangement process, are shown
in Fig. 1.3

Here, the two K(E) curves intersect above the metastable region as indicated. An
important observation from the above k(E) curves is that the relative fragment ion
intensities reflect the activation energies at low internal energies and at long ion
lifetimes. Thus, reactions with lower activation energy and tighter transition state

(rearrangement) are important among low energy (metastable) ions.

1.2 Methods for lon Structure Elucidation

The most challenging problem in the study of gas-phase ion chemistry is

undoubtedly the determination of ion structures. With the advent of multi-sector mass
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Figure 1.3 k{E) curves for competing rearrangement (r) and direct
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spectrometers, the elucidation of ion structures has become amenable. The r1ass
spectrometer provides an environment suitable for the study of isolated gas-phase
ions whose properties can be directly compared with the resuits of ab initio molecular
orbital calculations.

All experimental methods for ion structure assignment can only yield information
on the constitution (i.e. connectivity of atoms) of an ion. The configuration (e.g. bond
lengths, bond angles and charge distribution) of an ion can be obtained from
sufficiently high level ab initio molecular orbital calculations.

The techniques described below are an assessment of the important

experimental methods in gas-phase ion chemistry whose correct interpretation in



conjunction with ab injtio molecular orbital calculations can lead to the elucidation of
ion structures. In general, one method alone cannot suffice for an ion structure
assignment, but combinations of techniques can provide a powerful tool for the

determination of ion structures in the gas-phase.

1.2.1 lon and Neutral Thermochemistry

lon structures and reaction mechanisms are central to the study of organic ions in
the gas-phase. They can be inferred from reliable heats of formation, of both ionic and
neutral species, obtained either experimentally or by use of ab initio calculations.
Heat of formation {AH¢) values for ions and neutral species can be provided by
appropriate measurements of ionization and/or appearance energies (IE and AE,
respectively).

For the reaction AB*t — A+ + B®, the ionization and appearance energies
(measured experimentally by techniques such as electron ionization using an
"electron monochromator" [9], photoelectron spectroscopy (PES) [10] or photoelectron-
photoion coincidence (PEFICQO) spectroscopy [11]) are defined as a minimum energy
required to ionize a molecule (AB) and to cause the appearance of fragment ion (A1),

respectively. They are related to heats of formation (AH¢) as shown in equation 1.16
and 1.17:

IE = AHf (AB*+) - AH; (AB) (Eq. 1.16)
AE = AH (A*) + AHg (B") - AHy (AB) + Egycoss (Eq. 1.17)

If the above reaction has a significant kinetic shift (i.e. the extra amount of energy

needed to observe a signal on the us time-scale of the experiment) or reverse



activation energy barrier, heats of formation values for ions and neutral species
obtained from the appearance energy method represent an upper limit for their heats
of formation. [n addition heats of formation values for even-electron ions are available
in some cases from proton affinities (PA) as determined from gas phase ion/molecule
equilibria studies in an ion-cyclotron resonance (ICR) spectrometer [12], flow tube [13]

or a high pressure mass spectrometer {14], i.e. for the reaction AB + H+ — ABH*,

PA = AHi (AB) + AHy (H¥) - AHs (ABHY) (Eq. 1.18)

In 1988, Lias et. al [15] accomplished their monumental task of producing a
comprehensive compilation of thermochemical data, derived from IE, AE as well as PA
measurements, in "Gas-Phase lon and Neutral Thermochemistry”. It covers AHs values
for not only positive and negative ions but also their corresponding neutral species.
However, there still remains a lack of reliable data for ions and neutral molecules such
that it becomes necessary to use the "additivity" scheme [16], isodesmic substitution
[17] or even to devise new or provisional additivity terms of one's own [18] to derive
AHg¢ values.

Another approach to determine AHs values for both ions and neutral molecules
involves the use of ab initio molecular orbital theory calculations [19]. One important
aspect of the theoretical approach is that it can be applied as readily to reactive
species, such as ylid ions, distonic ions, hydrogen-bridged ions and ion-dipole
complexes as to molecular ions of conventional structure. Additionally, the ab initio
calculations refer to isolated species in the gas-phase, and thus they are immediately
relevant to many of the experiments dealing with gas-phase ions.

One way to estimate heats of formation of a set of isomeric ions is as follows: ab

initio calculations at the appropriate leve! of theory can provide accurate refative
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energies for the isomers, and if the heat of formation of one (or more) of the isomers is
available from well characterized expetiments then AFs values for the other species
can confidently be assigned.

Another approach is to use two new levels of theory introduced by Pople and
co-workers [20], known as G1 and G2 theory (G = Gaussian). They were designed with
the aim of being able to reproduce known thermochemical data to a prescribed
accuracy of ca. 2 keal/mol (10 kd/mol or 0.1 eV) and to be applicable with similar
accuracy to species where the experimental values have not been as well established.

G1 theory is a composite procedure with geometry optimization at the
MP2(FULL)/6-31G” level and relative energies are obtained (effectively) through
QCISD(T)/6-311+G(2df,p), together with isogyric (i.e. processes which leave the
number of unpaired electrons unchanged) and zero-point vibrational energy
corrections. G2 theory is an improvement over G1 theory by eliminating an additivity
approximation used in G1 theory and employing a larger ultimate basis set, leading to
results (effectively) at the QCISD(T)/6-311+G(3df,2p) level, again with isogyric and
zero-point vibrational energy corrections. For ions of larger size, the G2(MP2) method
utilizes a more computationally economical approach which sacrifices little in accuracy
[21].

Finally, it is worthwhile to mention that although the use of semi-empirical
methods such as MNDO, MINDO/3 and AM1 for the estimation of heats of formation
values is especially useful for larger systems not (yet) amenable to high-level a5 initio
calculations, one should be cautious about applying such brocedures to organic ions

and neutrals for which experimental values are not available or uncentain [22).
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1.2.2 Unimolecular Dissociations

Soon after the discovery of "metastable ions" by Hipple and Condon [23], they
[24] provided the correct explanation for the observation of peak breadening relative to
product ions in a normal mass spectrum as being due to the conversion of internal
energy of fragmenting ions into translational energy of the products. Since then,
metastable ion studies became one of the major sources of information about the
structures and reactivities of gas-phase ions [25].

Metastable ions are those ions that are sufficiently stable to leave the ion source
but undergo unimolecular decomposition before reaching the detector. Thus,
metastable peaks can arise from ions that decompose unimolecularly within the field
free regions of a mass spectrometer of reversed (or conventional) geometry. The major
advantage of the reversed geometry for studying metastable ions is that any
mass-selected ion can be transmitted into the second field free region (fir) and its
subsequent decompositions can then be investigated by scanning the electric sector.
This technique is called mass-analyzed ion kinetic energy spectroscopy (MIKES) or
metastable ion (M) spectrum.

The MI spectrum samples ions which have a narrow range of internal energies
(ca. < 2 eV above threshold) and fragment over a small time interval (typically 1-2 us).
One major aspect of M studies is concerned with ion structure, provided that it is the
reacting configuration of the ion, i.e. the ion structure which, existing in a potentia! well,
leads directly to the transition state without further rearrangement. The observation of
metastable ions enables one to deduce the reaction pathways because metastable
ion transitions allow a precursor ion to be linked to a daughter ion by a chemical
degradation reaction. It is noteworthy that M| spectra may sometimes suffer from

artifact signals, which may be mistaken as normal signals [26]. The origin of these
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interference signals in the MI spectra in the second fir has been attributed to
unimolecular decomposition reactions in the first ffr or in the accelerating region of the
ion source. These artifact signals, which are easily recognized by their narrow peak
width, can only occur in the Mi spectra of ions having lower mass than that of the
molecular ion.

The first approach to deduce ion structures used metastable peak intensity ratios.
This approach was used by Shannon and McLafferty [27] in 1966 following a similar
study by Rosenstock and co-workers [28]. The method is based on the assumption that
the relative ratio of metastable peak intensities is not affected by the internai energy
distribution of the fragmenting ions. Thus, one may confidently conclude that if two ions
have the same structure, then their Ml spectra are identical, whereas the opposite
conclusion is not always true. Conversely, characteristically different MI spectra point
to different structures.

The analysis of metastable peak shapes under high energy resolution (i.e. the
main beam width at half height is < 5 eV for ions having 8000 eV translational energy)
provides more valuable information on ion structures than that of the relative
abundance of metastable peaks. From a detailed examination of peak shape,
composite metastable peaks may be detected (e.g. a Gaussian-shaped peak
superimposed onto a dish-shaped peak) [25). The presence of a composite
metastable peak in a decomposition reaction of the molecular ion indicates that two
competing fragmentation mechanisms exist. If it occurs upor decomposition of
fragment ions, it means that either the fragment ion is tormed via two reaction channels
leading to two non-interconverting isomeric precursor ions or that a pair of isomeric
daughter ions are formed from a single precursor ion structure. This method can also
yield information on the kinetic energy release (KER, T) values upon unimolecuar

decomposition.



13

As illustrated in Figure 1.4, the KER has two main sources: the non-fixed energy,
¥, of the activated complex leading to T# and the activation energy for the reverse
reaction, g, leading to T€ [25]. Its value can be determined from the width of the MI
peak at half height for the reaction m{* — mg* + mg as shown in eq. 1.19:

T1/2 =[m12 / (16-mp*m3)]*Vacc, *(AE/E)? (Eq. 1.19)
where Vgoc. is the accelerating voltage, E is the main beam energy and AE is the
energy width of the Ml peak at halt height.

Through comparative analysis, identical KER values point to identical structures and

vice versa.

1.2.3 Collision-Induced Dissociations

Colilision-induced dissociation (CID) or collision-activated dissociation (CAD) of
fons in a field-free region (ffr) of the mass spectrometer has emerged as a powerful
technique for probing ion structures and the mechanisms of their formation and
decomposition [29].

The first signals due to collision-induced dissociation were discovered by the first
mass spectroscopist, J.J. Thomson [2], in 1913, although it was Aston [3] who correctly
identified the process. Thus, these peaks were referred to as 'Aston bands'. The
pioneering work of McLafterty [30-32] and Jennings [33] developed the CID as a tool
for distinguishing isomeric ion structures while Cooks and co-workers [34]
systematically explored the potential of this technique for direct analysis of mixtures of

organic compounds.
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Figure 1.4 Contribution of the non-fixed energy, g* . in the transition state and

the reverse activation energy, sor. leading 1o the observed KER.

Coliisions of polyatomic ions {(M1¥*) having keV translational energy with
stationary neutral target gas atoms or molecules (G) can result in non-dissociative
inelastic processes in which a fraction of the ions’ translational energy is converted
into internal energy leading to subsequent fragmentation [29]. A collision-induced
dissociation of this kind is believed to proceed via two-step processes, viz., collisional

activation (eq. 1.20) followed by unimolecular fragmentation of the internally excited

ion (eq. 1.21):
Mit+ G — (MH)' (Eq. 1.20)
(MY = Mot + Ma (Eq. 1.21)

The whole group of the collision-induced products of a given primary ion is known as

the collision-induced dissociation (CID) or collisional-activation (CA) spectrum of this
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ion. The validity of the two-step model! is based on the concept that the collision time {<
10715 g) is shorter by at least an order of magnitude than the vibrational period of the
fastest molecular vibrations (10-14 s). This results in two separate processes:
collisional activation followed by unimolecular decomposition. During this period of
time delay, the internal energy of ion is redistributed among various internal degrees
of freedom. The mode of energy deposition in collision and the extent of internal
energy redistribution before unimolecular decomposition form the central mechanistic
studies in CID of polyatomic ions [29].

The unimolecular dissociation of collisionally activated ions can be described
within the framework of the guasi-equilibrium theory (QET) or Rice-Rampsperger-
Kassel-Marcus (RRKM/QET) theory [35]. In support of this mechanism, the relative
fragment ion intensities in 70 eV electron-impact (El) spectra are very similar to those
obtained in CID spectra of the same molecular ions with 8-10 keV ions [32¢,33]. In
addition, the overall time-scales (ca. 1076 s) for dissociation in CID and El mass
spectrometry are comparable.

To apply CID techniques in studies in gas-phase ion chemistry (i.e. the
elucidation of ion structure and reaction mechanisms), it is desirable for the CID
process to obtain maximum fragment ion currents as well as to favour dissociation
reactions with high critical energy, such as direct bond cleavages. The efficiency for
collision-induced dissociation, i.e. the extent to which the reaction can be driven, can

be defined as shown in eq. 1.22:

CID(efficiency) = [oeip / (0gip +oU)] * T (Eq. 1.22)

where ocip is the cross-section for collision-induced dissociation, o is the

cross-section for ion loss due to elastic scattering, charge-stripping, charge inversion
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and charge exchange, and T is the relative transmission of daughter ions to precursor
ions.

The cross-sections for charge stripping and charge inversion processes are
relatively small as compared to other processes, such as scattering and neutralization.
Thus, in order to optimize ogp, the competing ion-removal processes (in particular
scattering and neutralization) must be minimized. It has been established from a
number of studies [36] that helium has proven to be the collision gas of choice for
high-energy CID mainly due to the small ion-loss cross-sections.

Massey's adiabatic criterion [37] allows us to predict, at least approximately, the
maximum energy (AE.,,) transferred during an inelastic high-energy collision, i.e. the

probability for the maximum energy transfer occurs when:

alv=h/AE (Eq. 1.23)

where a is an interaction distance of the order of atomic dimensions, v is the ion
velocity and h is Planck's constant. Substitution of the ion velocity v in eq. 1.23 by the

kinetic energy, E = (1/2)m+ v2, gives

AEax =(h/a)+ (2:E/m)1R2 (Eq. 1.24)

where m is the mass of the ion.

Thus, for a given interaction distance, a, AE,, is directly proportional to the
square root of ion's kinetic energy, E, and inversely proportional to the square root of
its mass, m.

It was shown by McLafferty and co-workers [38] that as the ion's kinetic energy

increases, not only the yield of CID fragments increases but also the relative intensity
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ratios between these fragments change. A direct consequence of an increase in the
mean energy transferred during high-energy collisions is that the intensity of fragments
having higher critical energies increases more than that of fragments with lower critical
energies. Similar observations are found at high collision gas pressures [39] due to
multiple collisions. However, it should be noted that at extremely high collision gas
pressures, structure-characteristic fragment ions might disappear from the CID mass
spectra due to multiple collisions. Thus, it was found by Holmes [40] that a main beam
reduction of ca. 30-40% is optimal for maximum sensitivity and a reduction of <10% is
necessary if only single collision processes are desirable.

It was observed from a number of studies [41] that even though the relative
intensity ratio of the CID processes with high critical energy is independent of the
internal energy of the precursor ion, there is a significant dependence of the relative
abundance of CID reactions with low critical energy (i.e. Ml decompositions) on the
precursor ion internal energy. Since the CID spectrum is largely independent of the
excitation energy, i.e. on the energy distribution before the collision, the relative
intensity ratio of fragment ions in the spectrum reflects exclusively the structure of the
precursor ion. Thus, the structures of two ions are identical if their CID spectra are
superimposable, and vice versa. This comparative CID experiment requires

knowledge of the structure of one of the ions.

1.2.4 Charge Transfer Reactions

The collision of ions (m1*) having high translationa! energy with stationary
neutral target gas atoms or molecules (G) leads to collision-induced decompositions
as discussed above in conjunction with a variety of charge transfer reactions, such as
charge stripping from a positive ion (eq. 1.25), charge inversion of positive (eq. 1.26)

or negative (eq. 1.27) ions and charge exchange (eq. 1.28).
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mit + G - m* +G + ¢ (Eq. 1.25)
mt + G — mp + G2 (Eq. 1.26)
mi~ + G — myt + G + 2e° (Eq. 1.27)
mi& + G - mqt + Gt (Eq. 1.28)

To study a given charge exchange reaction for all primary ions formed in the ffr of a
reversed double-focussing mass spectrometer, the electric sector voltage E must be: i)
reduced to one-half of its original value for the observation of charge-stripping
reactions (eq. 1.25); ii) doubled for the observation of charge exchange reactions (eq.
1.28); or iii) its polarity must be changed for charge inversion processes (egs. 1.26 and
1.27).

Although the first charge-stripping (CS) reactions oi positive organic ions in
normal El mass spectra were observed by Jennings and Seibi [42], it ~.as Cooks and
co-workers [43]) who explored the potential of this method systematically. CS mass
spectrometry [44] allows one not only to observe stable dications in the gas-phase, but
also to determine the energetics of their formation by kinetic energy loss
measurements. The most efficient target gases for the CS process are found to be
oxygen and nitrogen [45].

As shown above, collision-induced dissociation of organic ions provides an
invaluable tool for the assignment of unique structures to ions. A problem with this
method is that one cannot distinguish between isomeric ions whose interconversion
barriers are considerably lower than decomposition. The failure of CID proposed by
Cooks and co-workers [46] was due to the fact that the average collision energy
deposited in the ion upon CID was small (ca. 1-2 eV) compare to the depths of the
potential wells corresponding to the isomeric ion structures. In other words, the

number of non-decomposing ions having energies above the interconversion barrier
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is larger than the number of stable ions. Thus, the CID samples predominantly those
non-decomposing ions having energies close to the threshold which may have
isomerized to a large extent. To circumvent this problem, it is necessary to sample ions
from deep in the potential wells (i.e. non-isomerized ions). A CS reaction requires
energy deposition of ca. 20 eV and it has been shown [47] that CS and dissociative
charge-stripping (DCS) spectra have been successfully used to assign ion structures
where CID failed.

When a singly charged positive ion having high (keV) translational energy
collides with a neutral target gas, a charge inversion (Cl) may take place by capturing
two electrons from the target gas (eq. 1.26). The main use of Cl spectra is to determine
double-ionizaton potentials of the target molecule. Its advantage over CS spectra is
that the dication need not to be stable because the energetics of formation of a doubly
charged ion is obtained from the translational energy of the transmitted negative ion
[48].

Alternatively, charge inversion may also take place when negative ions are fired
into a neutral target gas by stripping two electrons from an anion (eq. 1.27). The
charge-stripping of two electrons from polyatomic negative ions to form positive ions
followed by dissociation was first systematically explored by Bowie and Blumenthal
[49]. The decomposition of the resulting positive ion (the +E spectrum derived from the
negative ion) can be used to provide a structural fingerprint for that positive ion since
the relative intensity of peaks in the +E spectrum is independent of the internal energy
of the precursor ion [50]. The main advantage of +E spectra is that positive ions of
unusual structure can be produced by inverting the charge of negative ions if the
corresponding anion is stable. More importantly, peaks due to simple bond cleavage

reactions (high-energy processes) are generally abundant in the +E spectra, whereas
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those arising from rearrangements (low-energy processes) are either of small
abundance or absent. Thus, +E spectra can be used as a powerful tool for
distinguishing isomeric ion structures [51].

In a charge exchange reaction (eq. 1.28), the originally doubly charged ions enter
the electric sector with twice the translational energy but the same charge as the other
ions. Thus, they can readily be studied by setting the electric sector voltage at 2E and
the complete spectra of these doubly charged ions are termed as "2E spectra”. These
charge exchange reactions were first studied extensively by Lindholm [52]. The extent
of ionization of the target depends upon the difference in recombination energy of the
reagent ions (RE(m4*)) and ionization energy of the target (IE(G)). The cross-section
for a charge exchange reaction increases as the difference between the two energies
(i.e. RE(mq¥) - IE(G)) becomes small, i.e. when resonant charge exchange process
oceurs.

The charge separation fragmentation of doubly charged ions has been used for
structure elucidation because the intercharge distance in the transition state can be
calculated from the total coulombic energy gained on separating the charges, which is
related to the kinetic energy (i.e. T = e2 / r, where r is intercharge distance in the

transition state) [53].

1.2.5 Double Collision Experiments (MS/MS/MS)

With the advent of multi-sector mass spectrometers equipped with muitiple
collision cells, it becomes possible to perform a variety of double collision experiments
[54], in which mass-selected fragment ions (generated metastably or collisionally-
induced) undergo sequential collisions with stationary neutral targets in different
field-free regions of a mass spectrometer (see Figure 1.5). This powerful method,

which is one of the key techniques used in the reactions described in this thesis,
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allows one to probe the structure of fragment ions where unambiguous structure
assignment is difficult to make on the basis of a single experiment. Through
comparative CID studies, it is possible to deduce the structure of the parent ion from
which the fragment ions originated. This requires knowledge of the structure of one of
the fragment ions. The major limitation of this method is that the mass-selected
fragment ions must have sufficient intensity in order to observe their daughter ions
because the sensitivity decreases by a factor of ca. 100 from MS to MS/MS

experiments performed in sector instruments.

1.2.6 Mass Spectrometry of Fast Neutrals

1.2.6.1 Neutralization-Reionization Mass Spectrometry (NAMS)

In the mid sixties Lavertu and co-workers [55], Devienne [56] and Gray and
Tomlinson [57] discovered that beams of fast (e.g. 4-10 keV), mass-selected ions can
undergo charge transfer (electron transfer) reaction upon collision with a neutral,
stationary target gas to form beams of neutral molecules. This opened up a new field
to probe the gas-phase chemistry of neutral species by means of mass spectrometric
techniques. Later, Porter and co-workers [58] exploited the neutralized ion beam
technique for the investigation of a great many smali neutral species with fascinating
unorthodox binding properties [59). However, the potential of this method was not
widely recognized until the technique of neutralization-reionization mass spectrometry
(NRMS) was rediscovered by several research groups [60]. This technique allows the
"tailored synthesis" of a variety of highly reactive, short-lived neutral species, which
cannot be prepared or studied in solution or in a matrix because of intermolecular

processes [61].
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Figure 1.5 Schematic diagram illustrating a MS/MS/MS experiment. Here, a metastably generated
ABC' ion undergoes collision-induced dissociation with Ha in the 3rd fir and its dissociation

prodiicts are detected by scanning the 2nd electrostatic analyzer. For a real life example involving
one more step see Chapter 5, Figure 5.3.

A typical neutralization-reionization experiment is illustrated in the following:

Cell 1 (Neutralization)

Gi1 + ABCD* — Gyt + ABCD (Eq. 1.29)
ACBD (Eq. 1.30)
G4 + ABCDt — G4t + ABCD' —- ABC + D (Eq. 1.31)
Gy + ABCD* — Gy + (ABCD¥ - ABC' + D+ (Eq.1.32)
- ABC+ + D°
ABCDt - ABC" + D* (Eq.1.33)
— ABC+ + D
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Cell 2 (Reionization)
Go + ABCD,ACBD — Gp + e + ABCD* — AB*  (Eq.1.34)
- Go + e + ACBD+ — AC* (Eq. 1.35)
Go + ABC,D —~ Go + e + ABC*, D¥ (Eq. 1.36)

A beém of mass-selected cations (or anions), whose structure is established using one
of the accepted methods [62], possessing typically 8 keV translational energy, enters a
collision ga's chamber 1 (cell 1) where it coliides with a neutral target gas, G1, {63}
under near single-collision conditions. A small fraction of these ions then undergoes
neutralization via one-electron reduction (or oi.}'dation) {equations 1.29 and 1.30,
respectively) leading to a mixed beam of (ground and/or excited) neutral and ionic
molecules. "Purification” of the beam is accomplished by removing all ionic species
which have not been neutralized and (minor fraction of) their ionic dissociation
products (equations 1.32 and 1.33) by a charged deflector electrode. After ca. 1 ps,
these neutrals may have survived unchanged (eqg. 1.29), isom2rized (eq. 1.30) or
dissociated (eq. 1.31). A beam of fast neutrals can also be prepared via
collision-induced (or unimolecular) dissociation of a precursor ion (equations 1.32 and
1.33, respectively). The "purified" neutral beam then enters a second collision gas
chamber (cell 2) where it collides with a second target gas, Gp, and a fraction of these
neutrals is reionized.

Reionization of the neutrals by removal of one or more electrons [60c,64] to form
cations is done with a target gas such at Oz or NO, whereas addition of an electron to
form anions is accomplished with a target such as Hg, Cgldg or Xe [65]. The reionized
beam is then analyzed by using an additional sector or can be subjected to further
collision experiments.

Positively as well as negatively charged species can be studied by NRMS, and

depending on the original charge state of the ions and their reionized species, the



24

experiments can be denoted as ¥NRT, "'N'R'. "NR+, "NR-; where, for example, tNR+
denotes that primary positive ions are neutralized and reionized to positive ions.

The presence of a survivor ion, ABCD* (or ABCD) in a NR mass spectrum
signifies that the neutral species must correspond to a bound state on the us time
scale of the experiment. On the other hand, the absence of a survivor ion does not
necessarily mean that the corresponding neutral species cannot be generated as a
stable species but it may only indicate that the neutral species is not stable under the
given experimental conditions. For example, the absence of a recovery signal in the
NR spectra of ethyl fluoride radical cations, CH3CHoF™* [66), was atiributed to the wholly
vertical process of collision-induced ionization failing to regenerate stable CHaCHoF"+
ions from stable CH3CHpF molecules. The survivor ion intensity (lgy) from its stable
precursor ion (lp) depends on four factors as shown by the equation 1.37:

lsv = antvonfa e lo (Eq. 1.37)
where ay and ag, respectively, are the neutralization and reionization efficiencies, and
fy and fy are the respective fractions of non-dissociating neutrals and reionized ions
[NR €-b,c]. In a typical NR experiment, a high sensitivity is often required because the
combined neutralization and reionization efficiencies is very low (ca. 0.1 to 0.001% of
the main beam intensity (ip)).

The nature and mechanism of the electron-transfer reactions (eq. 1.29) in a NR
experiment are considered to be a vertical transitions due to the short interaction time
in the neutralization process (ca. 10-15 s). Its efficiency depends upon two factors: i)
the ditference between the ionization energy (IE)} of the target (G1) and the
recombination energy (RE) for the electron capture by ABCD™ and ii) the geometry
difference between the precursor ion ABCD+ and its neutral counterpart ABCD: if this
difference is small, then a stable neutral ABCD will result from resonant electron

transfer conditions (i.e. IE(G4) = RE(ABCD*)). For an ion and the corresponding
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neutral molecule having substantially different equilibrium geometries in their ground
electronic states, the electron transfer process results in vibrational excitation of the
neutral molecule through Franck-Condon principle which can lead to dissociations
[67].

A major problem in the interpretation of NR mass spectra concerns the structural
homogeneity of the precursor ions as well as possible isomerization of the neutrals
prior to reionization. Knowledge from thermochemistry and ab initio molecular orbital
calculations renders insight into the height of dissociation and the isomerization
barriers in both the precursor ion and its neutral counterpart. In addition, the
connectivity of the reionized species can also be elucidated by subjecting them to an
additional collision-induced dissociation (NR-CID), provided that the survivor ion
intensity is sufficient enough to perform such an experiment. If the CID spectrum of the
source-generated ion is identical to the NR-CID, this unequivocally proves that the
primary ion flux is "pure” because NR efficiencies of survivor ions of neighbouring
mass or even among isomeric and isobaric ions can easily differ by two orders of
magnitude.

The efficiency of, and the energy transferred in, the neutralization process can be
reflected in the neutralization target mass spectrum (NTMS) [68] which shows the
spectrum of ionized target molecules (G1) and their charged fragments resulting from
the neutralization reaction. For example, NTMS of (CH3)aN (TMA) resulting from
neutralization of *CH20OH by TMA shows an intense molecular ion at m/z 59 and very
little fragmentation. This reflects that the energy deposited during the charge exchange
reaction is very small indicating an efficient neutralization process.

One major advantage of NRMS over EI/MS is that it can provide structural
informaticn of the neutral species which is not available in normal El mass spectra; for
the latter, ionic species are considered. The lowest bond dissociation energies of

neutrals can be substantially different from those of the corresponding ions; e.g. the
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weakest bonds in neutral and ionized methanol are HaC--OH and H--CHoOH"+,
respectively. In addition, neutral molecules are less prone to undergo isomerizations
than ions, so that neutral fragmentations can be more characteristic of the neutral
structure and thus lead to isomer ditferentiation [60).

For both ions and neutrals, a method for favouring dissociation over isomerization
is to increase the internal energy of the reacting species. The internal energy of the
neutral species can be increased by exothermic electron transfer [58] or
collision-induced dissociation [60f]. Alternatively, angle-resolved NRMS [69] can be
employed to collect neutral products of higher activation energy reactions at an
increased scattering angle of the neutralization event. These techniques, however, do
not decouple neutral and ion dissociations. Variable-time NRMS [70], on the other
hand, can be used to distinguish the dissociations of a neutral from those of its ion
following collisional reionization. This method employs variable time-scales for neutral
and ion dissociations to obtain the time-dependent changes in the survivor and
product ion yields. These, after kinetic analysis, can be related to the rate constants for
both neutral and ion dissociations. These rate constants then illustrate, quantitatively,
the importance of neutral and ion dissociations in NRMS.

Although NRMS has been used to assist in establishing ion structures in the gas-
phase (see Chapters 2, 5, 8, 7 and 10), its main use has been for the generation and
identification of numerous elusive and/or hitherto unknown radicals and molecules
[60]. As a example, this powerful technique in conjunction with ab initic MO
calculations was recently employed to demonstrate that nitrileimine (HCNNH), which
for a long time was thought to be a reactive intermediate [71], is a stable molecule in

the gas-phase [72)].
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1.2.6.2 Collision-Induced Dissociative lonization (CID|) Spectra of Neutral

Species N in the Unimolecular Dissociation of Metastable lons m4*+ — mat + N.

The CIDI technique is used for the investigation of the structure of the neutral
species N generated in the unimolecular (metastable) dissociation of ions m4¥ mq*
— mot + N. This technique has received very little attention until an ion beam
deflection method was developed [72].

A typical CIDI experiment is performed with the instrumental setup for NRMS but
without using a neutral target gas, G+, in the collision gas chamber 1 (cell 1). A small
fraction of a beam of mass-selected cations (or anions) undergoes unimolecular
dissociation in the second field-free region (ffr) of a double-focussing mass
spectrometer of reversed ge~metry. All ions, i.e. mq¥ and the ionic dissociation
products mot, are then deflected out of the flight path by a defiector electrode so that
only the metastably generated neutrals enter the collision gas chamber 2 (cell 2)
where they are ionized by collision with a target gas, Ga. A fraction of the ionized
neutrals then undergoes collision-induced dissociation and the CIDI mass spectrum
obtained therefrom can be used to identify the structure of the neutral N (see Chapter
3). The collision-induced ionization efficiency of fast neutrals was shown to increase
with increasing translational energy and to decrease with increasing internal energy
[63,73]. The latter may arise from the greater probability of unimolecular dissociation of

the neutral molecules.
1.3 Unconventional lon Structures

Many unimolecular dissociation reactions of organic radical cations do not occur

directly from the ionized intact precursor molecule, but rather involve more or less
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extensive isomerization to stable and/or reactivé intermediates, such as distonic ions,
ion-neutral complexes and hydrogen-bridged species, as a key step of the
fragmentation mechanism. These stable and/or reactive intermediates having
unconventional structures play a crucial role in the studies of unimolecular reaction

mechanisms of gas-phase ions {74] and form the central theme of this thesis.

1.3.1 Distonic lons

The term "distonic", derived from the Latin "distans" meaning “separate", was
introduced by Radom and co-workers [75] to describe the general class of radical
cations in which the charge and radical sites are adjacent to each other (i.e. a-distonic
ion or ylidion) or separated by at least one heavy atom. The CHo0Ho™ ion was the first
ylidion which was identified experimentally [76] and computationally [77] to be more
stable species than the conventional isomer CHz0H™+. Thus, distonic ions are those
radical cations that formally arise from the ionization of zwitterions (or ylides) or
biradicals. Since these neutral species are very reactive or unstable (e.9. CHoOH,"t vs,
CH20Hy), distonic ions cannot be formed by direct ionization. Instead they can be
formed via isomerization, ion-molecule reactions, rearrangement-fragmentation,
ring-opening or ring-cleavage reactions [74a.i]. Now, distonic ions are a well-defined
class of stable [78] and common radical cations with characteristic properties. They
play a major role in unimolecular fragmentation mechanisms since many radical
cations isomerize to distonic ions prior to fragmentation, which in turn undergo
unimolecular fragmentation to generate new distonic product ions. in addition, many
unimolecular rearrangement processes involve distonic ions as key intermediates in
the dissociations of many organic compounds and their reactions involve both the

radical and charged moieties.
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Many "puzzling” reactions observed for organic radical cations can readily be
rationalized by a sequence of rearrangements of distonic ions which involve a
migration of the charged mdiety to a radical site followed by a shift of its ionized part to

the new radical site [79).
1.3.2 lon-Neutral Complexes

In many unimolecular reactions of organic radical cations in the gas-phase, an
elongation of a covalent bond often does not lead directly to complete separation of
molecular fragments. Instead, the charged and neutral moieties remain held together
by electrostatic interactions (i.e. ion-dipole and/or ion-induced dipole forces) for a
sufficiently long time in order for them to allow a new reaction channel which is less
energy-demanding than the direct dissociation. These unconventional radical cations
are classified as ion-neutral complexes (INCs) [74d-g,i,80]. The characteristic feature
of these INCs is that one (or both) of the partners can freely rotate with respect to one
another, thus allowing reactions which are impossible for the covalently bound
precursor molecules due to geometrical restrictions [81]. These INCs can be viewed
as analogous {o solvolysis reactions in solution, which involve the formation of ion
pairs [80].

The role of INCs as intermediates in umimolecular dissociations was first
proposed by Bowen and co-workers [82] in 1978. The reactivity of these INCs depends
on three factors: i) the stabilization energy (SE) of the INC, ii) the kinetic energy
released on isomerization of the incipient cation; and iii) the enthalpy change for
proton transfer between the charged and neutral components. Thus, the extent of
chemistry of these INCs depends on the relative magnitudes of these factors. The

stabilization energy (SE) can be estimated using the following equation (eq. 1.38):
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SE=(q*n*cos®)/rd (Eq. 1.38)
where q is the charge on the ion, p is th’é dipole moment, © is the angle between the
point dipole and the charge to dipole axis and r is the distance between the point
charge and point dipole.

In general, the stabilization energies in INCs are in the range 50 - 80 kJ/mo!
containing a neutral component having a dipole moment p = 1.5 - 2.5 D. These
stabilization energies are sufficient for INCs to allow new reaction channels to be
observed: i) isomerization of a cation; i) hydrogen transfer: or i) the components may
rotate with respect to each other and recombine to yield a new isomer from which
subsequent decompositions may occur. Thus, INC-mediated mechanisms can provide

a means {o the understanding of many unusual unimolecular reactions which would

otherwise be inexplicable.
1.3.3 Hydrogen-bridged Radical Cations

Since Morton's proposal [83] that intramolecular hydrogen bonding in a neutral
molecule can persist in the molecular ion upon ionization in the gas-phase, hydrogen-
bridged radical cations have been increasingly proposed as key intermediates in
many unimolecular dissociation of oxygen-containing radical cations. Unlike even-
electron proton-bound molecule pairs [M{++*H-+*Mo]+ [83,84), hydrogen-bridged
radical cations [M-=+H-**R]'*+, the odd-electron counterparts, are not extensively
studied. The principle reason is that the latter ions cannot be generated by ion-
molecule reactions under chemical ionization conditions whereas the stable proton-
bound dimers can easily be produced under such conditions and are a well studied
class of ions. Thus, alternative methods, such as dissociative ionization and/or

unimolecular rearrangement of precursor molecules, must be devised to generate
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those odd-electron ions. However, these methods can lead to more subtie problems
because existing experimental methods (e.g. Mi, CID or NR) alone are often not
sufficient to unequivocally distinguish between those isomers which are expected to
give closely similar characteristics. in such cases, high-level ab initio molecular orbital
calculations can give invaluable insight into the isomerization barriers as well as their
relative energies [85¢). For example, Terlouw et al. [86] showed that the CoHgOL™ ions
generated by dissociative ionization of 1,4-butanediol, HOCH,CHoCHoCHoOH'™, were
proposed to have structure [vinyl alcohol/water]*+. However, the experiments could not
distinguish between the hydrogen-bridged species, CHp=C(H)-O---H+-OH5"*, and the
distonic isomers H,0*-CHoCH'-OH and ‘CH,CH(OH)*OH,. High-level ab initio
calculations [87], on the other hand, revealed that the O++H++O hydrogen-bridged ion is
the most stable isomer and is stable with respect to dissociation into CH,CHOH®* and
Ho0O. In a second example, Heinrich and co-workers [88] provided an eiegant
explanation, using high-level ab initioc molecular orbital calculations, for the loss of
'CHoOH from ionized metastable methyl acetate involving an Os+H-+-O
hydrogen-bridged radical cation, [CHaC=0-+-H-++O=CHg]"*, as a key intermediate.

Even though Q-++H+-O hydrogen-bridged radical cations are more attractive
intermediates than their C-H+*O counterparts because of their higher thermodynamic
stability, the latter ions are being increasingly postulated as key intermediates in the
study of low energy rearrangement reactions in oxygen containing ions [89).

As mentioned previously, the elucidation of ion structures forms a central theme
in the study of gas-phase ion chemistry. This thesis is not an exception to this theme.
It is focussed on the effort to gain some insight into the chemistry of organic ions in the
gas-phase, particularly oxygen containing ions whose thermochemistry is well
developed. Tandem mass spectrometry based techniques (e.g. M, CID, or NR etc.) in

conjuction with high-level ab initio molecular orbital calculations can provide a
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powerful tool for the determination of stable ions with unexpected structure (e.q.
distonic ions, ion-neutral complexes, or hydrogen-bridged ions) in the gas-phase.
However, this requires collaboration between people with different specialisms, who
are able not only to analyze the problem, but also to critically interpret the results. The
present thesis is based on such a teamwork with Dr. C.A. Kingsmill and the theoretical
chemist Prof. P.J.A. Ruttink who performed the ab initio calculations. Collaborative
work with Prof. J.L. Holmes led to the work described in Chapter 2, whereas Dr. P.C.
Burgers provided valuable contributions to the Chapters 3 through 6.

Chapters 2 through 4 focus on the role of C-Hs+=0O hydrogen-bridged radical
cations and ion-neutral complexes in the unimolecular decomposition of ionized
acetol, CH3C(=0)CHo0H"*+, methyl glycolate, HOCH,C(=0)OCH4"+, methy! lactate,
HOCH(CH3)C(=0)OCHz™*, and acetoin, CH3C(=0)C(H)(CH3)OH*+ using tandem mass
spectrometry based experiments on D-, 13C- and 180-labelled isotopologues in
combination with ab initio molecular orbital calculations.

In Chapters 5 and 6, the keto-enol tautomeric equilibrium of ionized methyl and
ethyl glycolate in the gas-phase was investigated by a variety of tandem mass
spectrometry based techniques using D-, 13C- and 180-labelled precursor molecules.
In particular, the unimolecular chemistry of the enol form of ionized methy! and ethyl
glycolate, HOGH=C(OH)(OR) (R = CH3 and CHoCHg, respectively), was discussed. In
addition, the long sought hydrogen-bridged radical cation, [H-C=0-+-H---O(H)-CH3g]"*,
which plays a key role in the dissociation chemistry of low energy ethylene glycol ions
was identified by multiple collision experiments.

In Chapter 7, the unimolecular chemistry of ionized di-n-butyl ether was

investigated with respect to that of ionized n-butyl sec-butyl and di-sec-butyl ethers.
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In Chapter 8, an ion-neutral complex-mediated mechaniém is proposed for
propene and water loss from the oxonium ion CHzCH=0*CH,CH,CHg. This mechanism
is supported by the site-selectivity in the hydrogen transfer step(s) which result in
propene and water loss from the oxonium ion.

Chapter 9 gives a detailed study of alkene elimination from the metastable
oxonium ions (CH3CHg)>C=0H*, CH3CHaCHa(CH3)C=0H*, and (CH3CHyCHag)oC=0OH* by
means of 13C-labelling experiments. Chapters 7 through 9 reflect projects initiated by
Dr. R.D. Bowen (Bradford University).

In Chapter 10, a combined experimental and theoretical information was used to
investigate part of the CaHgOo+ potential energy surface as well as to ascertain
whether carbonyl-protonated b-propiolactone ions, CH,CH,OCOH*, can interconvert

with protonated acrylic acid, CHs=CHC{OH),*, as claimed in a recent thermolysis study.
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CHAPTER 2

Hydrogen-Bridged lons, [CH3C=0-++H---0=CHj]'+,
[CH2=C(H)O-+H---0O=CHp]'+, and [CH3C(H)O+*-H+*-O=CH]"+ and
lon-Dipole Complex [CH3C(=0)*:-*O(H)CHs"] : Their Role in the

Dissociation Chemistry of lonized Acetol, CH3C(=0)CH,0H"+

Introduction

Structural isomerization in gas-phase ions has received steadily increasing
attention during the past 15 years. By using the combined information from mass
spectrometric techniques and ab initio molecular orbital theory calculations [1], the
gas-phase chemistry of a number of stable ions of unexpected structure has been
unraveled. These include ylide, distonic, and hydrogen-bridged radical cations such
as CHpOHp™, CHaCHuOH, ™+ and [CHo=CHO+++H--:OH5]"*, respectively. The latter ions

appear to be remarkably stable, but in contrast to their more familiar even-electron

The work presented here has been published under the above title:
M. George , Carol A.Kingsmill, Dennis Suh, Johan K. Terlouw and John L. Holmes, J. Am. Chem. Soc,,

116, 7807 (1994).
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counterparts (e.g. proton bound dimers [1d] such as [CH3CH=0+--H-+-OH5]*), their
generation and identification is less straightforward [1b]. One system that has been
carefully explored by experiment and by theory involves the potential energy surface
for the isomeric C3HgO2™* ions related to ionized methyl acetate [1a,b). Interest in this
system was sparked by the observation that a majority of low-energy molecuiar ions of
methyl acetate lost *“CH,OH rather than CH3z0® in the formation of the acetyl cation,
CH3CO*. The key experiment was the collision-induced dissociative ionization of the
free-radical products from metastable methyl acetate molecular ions [2].

Heinrich et al., in an ab initio computational study [3], provided an elegant

explanation which involved inter alia the reaction sequence :

CHaC(=0)OCHg™ 1 — CHaCHOH)OCH," 2 — [CHgC=0=++H+++0=CHg]'* 3a — CHaC=0* +
THy OH

It chould be noted, however, that the key intermediate 3a, an -0---H---O- hydrogen-
bridged radical cation [1,4], although of similar stability to the molecular ion, was found
to be generated at an energy which results in its spontaneous dissociation. This is
because the isomerization barrier for 2-»3a lies above the summed product
enthalpies. Thus ion 3, derived from ionized methyl acetate, represents a transient
species, i.e., is probably experimentally inaccessible via this system because it may
survive for no more than a few vibrations. Analysis by Rice-Rampsperger-Kassel-
Marcus (RRKM) theory [5] of the time dependence of the loss of *CHo0H from
metastable 1 seems to indicate that indeed only the distonic ion 2 may be involved as
an observable intermediate. Nevertheless, there must be at least a transition state that

is fairly distinct from 2, presumably resembling 3a, in its geometry.
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The hydrogen-bridged ion 3a conceivably can be generated from ionized acetol

(1-hydroxy-propan-2-one), 4, viz.

CHSC(:O)CHZOH'-}- 4 — [CH30=O.-.H..'O=CH2].+ 3a

via a mechanism similar to that which is proposed to initiate the loss of HCO" from
ionized ethylene glycol [6]. The above reaction was considered some years ago [2] but
no supporting experimental evidence could be provided. However, recently,
Kenttamaa and co-workers[7a,b] have described an ion-molecule study of the
reactivity of ionized acetol, 4, using the technique of FT-ICR [7c]. It was proposed that
long lived 4 ions have partially isomerized to 3a and that some of the latter rearrange

to [CH3C(H)=0++-H---0=CH]'*, Ba, a second -0++H---0- bridged species.
CHaC(=0)CHyOH* 4 — [CH3C=0¢+++H+-0=CHp]** 3a - [CH3C(H)=0-+-H--«O=CH]'* 5a

This reaction sequence has been entertained involving ion 5a to rationalize the
experimental observation that metastable ions 4 predominantly produce CHzCHOH*
ions by loss of HCO® (>95%) in a reaction characterized by a very small kinetic energy
release, Tg5 = 3 meV [2], 2.0 meV (this work). However, on the basis of energy
measurements described hereunder, this attractive scheme requires that isomerization
barriers lie less than 10 kcal mol-1 above AH{ (4). Ab initio calculations have shown
that the barrier heights involved in the chemistry of O+-+H+«O bridged ions are often
considerably higher [8] and indeed a preliminary ab initio calculation for the transition
state 4 — 3a was not encouraging. This wori: describes multiple collision experiments

on deuterium labelled acetol ions, energy measurements and ab initio computational
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results. It will be shown that the simple sequence 4 — 3a — 5a — CH3CHOH* + HC=0"

is at odds with the deuterium labelling experiments. Similarly, the independently
generated and characterised O+«<He++O bridged isomer [CHy=CHO-++H-++ 0O=CHy]'*, 6, is
not involved in the dissociation chemistry of 4. A pathway to CHzCHOH* which satisfies
all of the experimental obsérvations and which is supported by ab initio calculations

involves dissociation via a series of ion-dipole complexes, as will be described below.
Results and Discussion

lonized acetol has two dissociation reactions of low energy requirement, as

shown in Scheme 2.1;

+ .
HC—C=0 + CH~OH (1)

A
o+ / Z AH; (products) = 151.5 kcal/mol 10
4

HaC'_C\

CH,-OH \

4 A H30\ + .
AHy = 138 kcal/mol ° C—OH + H-C=0 (2
H

S AH (products) = 149.7 kcal/mol ™

Scheme 2.1

Both reactions take place close to their thermochemical thresholds [8]. Reaction (1)
may represent a simple bond cleavage and, not surprisingly, this process dominates

the normal mass spectrum. The collision induced dissociation (CID) mass spectrum of
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the stable (long lived, i.e., lifetimes > 105 s) mass selected aceto! ions was also
dominated by this process (minor peaks at m/z 29, 31, and 42 were also present, 4, 7
and 6 % of m/z 43, respectively), thus showing that these ions havé either retained
their structure or rearranged into species from which the same fragments readily can
be generated, e.g. the hydrogen-bridged ion [CH3C=0+++*H---0=CH»]'+,3a. The
optimized geometries of (acetol)*+ isomers and some transition states are shown in
Figure 2.1.

The neutralization-reionization (NR) mass spectrum of long lived acetol ions, see
Figure 2.2a, is again dominated by m/z 43, in keeping with the above [11]. The
recovered molecular ion is very weak, only ca. 1% of the base peak, m/z 43. Note that
the energy requirement for methyl acetate ions to yield CH3CO* + "CHoOH is closely
similar to that for acetol ions (14 vs 13 keal /mol respectively), but the former exhibits a
much more intense recovery ion (8 %) relative to the same base peak, m/z 43. The
much lower acetol ion recovery signal can be reconciled with facile rearrangement
into an ion such as 3a (see above) which upon neutralization should wholly dissociate
10 CHaCO" + *CHOH and/or a significant distortion of the molecule, post-ionization.

Thus, whereas the CID and NR mass spectra provide no clear evidence for the
presence of rearranged species, the metastable ion (M) mass spectrum is dominated
by reaction (2), (see Introduction), a process requiring rearrangement of the acetol ion.
Reaction (1) contributes the remaining 5% of the M| mass spectrum [12].The effect on
the MI mass spectrum of slowly admitting collision gas is to cause a major increase in
m/z 43, while m/z 45 is essentially unaffected, showing that the ion which leads to the
C2Hs50* product is present only in very low abundance among stable acetol ions.The
Ml and CID mass spectra of ionized CH3COCH,0D displayed no unexpected features:

m/z 43 remained base peak in the normal and CID mass spectra, and m/z 45 in the M!
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mass spectrum was cleanly shifted to m/z 46 and m/z 31 to m/z 32. The absence of HID
mixing prior to the principal dissociation to [CH3COJ* rules out involvement with any
long-lived ion structures associated with the ionized methyl acetate hypersurface,
Where H/D loss of positional identity approaches the statistical limit among metastable
ions [1a].

In the recent FT-ICR study [7a], the reactivity of stable acetol ions was explained
by the introduction of ions 3a and 5a. As shown in Table 2.1, which summarizes ab
initio calculations performed in this work, both ions are stable species, having AHP

values well below the acetol ion's dissociation limit. Note that the calculated relative
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energies agree well with estimates based on the empirical relationship [13] for the
stabilization energy of -Qes+Hs++O- proton-bound dimers. In the absence of further
evidence, the experimental results can be rationalized by the sequence 4 — 3a -» 5a
but with either the first or second step taking place at an energy close to the
dissociation limit. This mechanism, however, can be tested because it predicts the

position of deuterium atoms in the products from labelied precursor molecules, viz. :

CH3C(=0)CD0H™ 4-dp > [GH3CO-+H-+0=CDy)"™* 3a-dy — [CHC(D)O-+H+-O=CDJ"* Sa-dy
- CHgCDOH* + DCO"

and

CH3C(=0)CHR0D™ 4-dy ~ [CH3CO+++D+++O=CHy|"* 3a-dy ~ [CHgC(H)O-+D+O=CH]"* Sa-d
— CHyCHOD* + HCO"

First , the origins of the H atoms in the product ions need to be established.
Figure 2.3 shows the CID mass spectra of [C2Hs5.xDxO1* (X = 1,2) ions, all generated
from metastable precursor ions [1 4], namely acetol and ethanol molecular ions and
those of isotopomers, and therefore having comparable internal energies as well as
common structures.

Fig. 2.3a shows the CID mass spectrum of metastably generated m/z 45 ions from
acetol; it is identical with that of the m/z 45 ions of structure CH3zCHOH* [15] generated
from metastable ethanol ions. Fig. 2.3b shows the CID mass spectrum of m/z 46 ions
from metastable [CH3CDoOH]**, which have the structure [CH3CDOR)*. This CID mass
spectrum is indistinguishable from that of the m/z 46 ions produced from metastable
CHaCG(=0)CH0D™, 4-d4. Instead of a process involving keto-enol isomerism, the label

has become attached to the carbonyl carbon in the rearrangement of the acetol



Table 2.1 Total energies (Hartreas), zero-point vibrational energies (ZPVE) and relalive calculated
energies (E rq). kealfmold) for some isomers and components of the (Acetol)™+ system.

STRUCTURE STATE UHFA-31G 6-31G*/4-31G UMP3&-31G*/ ZPVE  Elrel]
4-31G
CH3gC=0+H--0=CHy *+  3a 2A' -266.10292 -266.49315 -267.21675 51.0 -2.1
CHgC(=0)"H--0=CHpy"t  3b 2A' -266.09339 -266.48654 -267.19770 50.3 9.2
CH3C(=0)CH,OH *+ 4 24" -266.10893 -266.49933 -267.21651 529 O
CH3C(=0)*--O(H)CHy*  4a 2A  -266.09767 -266.48932 -267.21546 50.8 -1.4
4b 24  -266.09625 -266.48086 -267.21178 51.3 1.7
CHaCH-O++H+0=CH *+ 5a 24" -266.10714 -266.50044 -267.22438 50.8 -7.0
CHg3C(OH)sssH+:O=CH+ 5D 24  _266.05015 -266.48767 -267.21063 50.5 1.3
CHp=CH-O+HeO=CHp ** 6 2A" -266.12004 -266.50855 -267.23063 51.6 -10.0
CHaC*(OH)CHZ0" 7 2A -266.10185 -266.48968 -267.20330 53.7 9.1
7a 2A' -266.11680 -266.50243 -267.21633 52.9 0.5
CHgCH{OH)C(H)=0"* 24 -266.08602 -266..47858 -267.19666 53.0 12.5
CHp=C(OH)CHoOH"+ 24" -266.13215 -266.51786 -267.24622 54.1 -17
TS 4-7 24 -266.07432 -266.46737 -267.19678 50.7 10.2
TS 4a—4b 24 -266.09623 -266.48127 -267.21152 51.1 1.3
TS 4a--3b 2A'  -266.07050 -266.46776 -267.20331 48.3 3.7
TS 3b—5b 2A' -266.07336 -266.46612 -267.19534 47.5 7.9
TS 6-5a 24  -266.03754 -266.43893 -267.18328 48.9 16.8
TS 6-3a 2A  -266.01163 -266.40949 -267.18996 48.2 43.3
TS 7-8 2A  -266.04875 -266.44946 -267.17204 51.2 26.3
STRUCTURE STATE UHFB-31G™ UMP3%8-31G""/UHF&-31G** ZPVE Efrel]
CHgC=0+H-:0=CH, **  3a 24’ -266.51413 -267.27241 51.5 -2.6
CHgC(=0)*H+0=CHy"*  3b 24"  -266.49990 -267.24714 50.0 11.8
CHgC{=0)CHyOH *+ 4  2aA"  .266.51727 -267.27055 528 0
CHaCH-OH-+0=CH "+ 5a 2A'  -266.52056 -267.27844 50.9 -6.9
STRUCTURE STATE  UMP2&-31G° UMP36-31G"/UMP26-31G" ZPVE Elrel]
CH3C=0+H-0=CHy **  3a 24  -267.20105 -267.22100 52.0 3.1
CHgC(=0)+H+:0=CHo"* 3b 2A  -267.19411 -267.21151 525 9.6
CHaC(=0)CHy0H *+ 4 24 -267.21226 -267.23024 547 O

aThe relative calculated energies include scaled zero-point vibrational contributions, 0.9 for UHF and 0.96

for UMP2.
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molecular icn. This is confirmed by the observations in Fig. 2.3¢, which illustrates the
CID mass spectrum of the m/z 46 ions from metastable CH3C(=0)CD,0H'+, 4-do. This
spectrum is indistinguishable from that of the m/z 46 ions prodﬁjced from metastable

[CH3CH,OD]*+. Note the enhanced abundance of m/z 20 relative to m/z 19 and the

29
19 a0
27
@
15
215
!
x10
W
30 kil
e il o
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,JJ‘MNW p' M\L

Figure 2.3. Partial CID mass spectra of product ions from dis:.-‘fcialion
reactions of metastable ions : (a) C2H50+ !rom.CH30(=O)CH2(3H -(4) ;-
CoHgO* + HCO' ; (b) CoH4DO* from CH3CD,OH™ — Ci—lacDOi-t +D" an
(c) 02H4DO+ from CHRC(=C)CDsOH'+ (4-do) — CoH4DO* + DCO'
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doubly charged CoH40 ion shifting from m/z 21.5 to m/z 22. Thus the loss of HCO®
cannot involve the reaction sequence 4—3a—5a. The experimental observations do
not necessarily rule out the generation of 0---H---O bridged jons 3a. However if they
are present, they do not, as proposed in the FT-ICR study [7a,b], further isomerize into
5a prior to the loss of HCO'.

The ab initio calculations indicate that it is the isomerization step 4—3a which is
not feasible. At the Hartree-Fock leve! of theory, all attempts to locate this TS ied to the
transfer of the hydroxylic H to the carbonyl group (without a concomitant C(=0)--C(Hy)

bond cleavage), yielding the stable distonic ion 7 (see also Table 2.1) :

H
) N .
0 0 H ot
% \ +/ 2
CH,-O-H © CHyO OH H
4 7 8

AHy = 138 kealimol ®

lon 7 has a calculated AH{© value some 9 kcal/mol above that of ionized acetol
and is separated from it by only a small barrier. lts formation from 4 represents a
"cul-de-sac" isomerization [16], since 7 cannot dissociate to products of low combined
enthalpy either directly or via further rearrangement, the barrier to ionized
lactaldehyde, 8, being too high. It seems likely that this ion, 7, or its more stable
conformer, 7a (which, however, cannot be directly generated from 4), is the species
recently shown to react by acetyl replacement in the FT-ICR ion-molezule reaction
study of ionized acetol [7a].

While searching for other [C3HgOo]™* ions produced in the fragmentation of larger

species, which could possibly shed some more light on the behaviour of ionized
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acetol, it was observed that 1-bromo-2,3-dihydroxypropane (BrCHoCHOHCHL0H, 1)
generated a significant m/z 74 ion in its normal mass spectrum by the loss of HBr (m/z
74, 30 % of base peak, m/z 44 [C,H40]™). The MI mass spectrum of this CgHgOo™ ion
contained an intense peak at m/z 45, [CoHg0*] (Tg 5 = 13 meV), and a weak, narrow
m/z 44 peak (Tg 5 = 1.6 meV). In the corresponding CID mass spectrum, m/z 44 had
become the base peak, with little change in the intensity of m/z 45 (now 45%). The CID
mass spectrum of the m/z 45 ions generated from the metastable m/z 74 species was
very closely similar to that for metastably produced [CH3CHOH*], whereas that of the
(CID generated) m/z 44 ions is compatible with the CoH40™* isomer ionized vinyl
alcohol [17], [CHp=CHOH]*. The NR mass spectrum is shown in Fig 2.2b. It displays only
atrace recovery peak at m/z 74 and the spectrum could result largely from collisional
ionization of neutral CHp=CHOH and CH»=0 molecules formed upon dissociative
neutralization of the parent ion.

The ion [BrCHZCHODCH,0C]* exclusively lost DBr in its normal mass spectrum,
and in the m/z 46 ions derived from metastable C3H5DO, ™, the deuterium was
exclusively on cxygen, [CH3CHOD*. Similarly, m/z 44 [CHp=CHOH]'* was cleanly
displaced to m/z 45. In the NR spectrum, m/z 44 was also cleanly displaced to m/z 45,
whereas the other peaks are not shifted.

Clearly this m/z 74 ion is not ionized acetol, nor does it have anything in common
with the dissociation of ionized methylacetate. On the basis of the above

characteristics, the following structures were considered for the product ions :
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A simple 1,3 elimination from [ would produce either ionized glycidol 6a or its
C-0 ring-opened form 6b, whereas the 1,4 elimination would yield 2-hydroxyoxetane
ions B¢ or ions 6d. The experimental AH9; of the C3HgO2™* product ion from | was
measured to be < 144 kcal/mol, an upper limiting value [18]. However, the heats of
formation of the cyclic product ions 6a and 6c are much higher (176 and 184 kcal/mo),
respectively [19]), and this precludes their generation from I The same holds for the
C-O ring-opened forms 6b and 6d, whose AHs values are expected to be even higher
than those of their cyclic counterparts [19]. Moreover, metastable glycidol molecular
ions, 6a, show an abundant loss of Ho0 in the M! spectrum, a reaction which is absent
in the C4Hg05™* ion formed by HBr loss from 1.

A route for the HBr loss from | that may satisfy the product ion enthalpy constraint
involves either a 1,3 or a 1,4 elimination with a concomitant C-C cleavage, leading to
the -0--++-+-O- hydrogen bridged ion [CHg=CHO-+-H+--0=CHy]"*, 6. From the calculations
(see Table 2.1 and 2.2), AHOs (6) = 128 kcal/mol was derived which is in excellent

agreement with the estimated value. This species, whose optimized geometry (see
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Fig. 2.1) is closely similar to that of the extensively studied [8] analogue

decompose completely upon neutralization into CHp=CHOH and CH,=0, and rearrange
to yield the thermochemically less demanding product {CH3CHOHY). The calculations
further show that this ion, 6 (Table 2.1), has the required properties to satisfy the
experimental observations, namely no significant energy barriers to the fragmentation
products and a high barrier separating it from ion 3a [CH3C=0+--H-+-:0=CHy|'*+, a key
player on the methyl acetate ion's hYpersurface. The very small kinetic energy release
accompanying the production of [CH,=CHOH]'* is also in keeping with it having the
characteristics of a (vinyl alcohol) ion / (formaldehyde) molecule complex at the
dissociation threshold, analogous to the previously studied vinyl alcohol/ water system
(8].

So far several a priori attractive mechanistic possibilities for the loss of HCO™ from
metastable acetol ions 4 have been able to rule out. it has also become clear that a
viable mechanism must satisfy the fate of the D label in the CH3CHOH* product ion.
Note that the labelling results also rule out participation of the very stable enol ion
CHp=C{OH)CHo0H', 9 (see Table 2.2). In addition, the CID mass spectra indicated that
the majority of the molecular ions retained an acetyl group, and the insensitivity of m/z
45 to collision gas indicated that the barrier to rearrangement is not far from the
dissociation energy to CHzCO*.

Next it is considered that HC=0" loss from 4 involves the -GeesH-=-0- bridged
species [CH3C(=0)r+"H--+0=CHg}"*, 3b, rather than its -Q«+-H---0- bridged isomer, 3a. The
computations show that 3b is a minimum on the potential energy surface (PES), lying
in a (shallow) well, close to the dissociation limits of 4. Comparison of the geometries

(Fig. 2.1) and energies (Table 2.1) of the two species shows that 3a differs from 3b in
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that the -C---H---O- bridged ion is less stabilized and that (at the HF level of theory) the
bridging hydrogen remains close to the C atom. Thus, whereas 3a has a strong (and
rigid) [8] hydrogen bridge, 3b is a much more loosely bound species akin to the
ion-dipole complex CHgzC(H)=0"+/CH»=0. Such species are being increasingly
considered as intermediates, and ab initio calculations indicate that at low internal
energies, ionized acetic acid [1b], acetamide [1b], acetone [1b], formic acid [23] and
also ethylene glycol [6f] all fragment via such compleyes.

A 1,5-H shift in 3b would produce the -C-:-H-+-O- bridged species, 5b, which by
direct bond cleavage will dissociate to the observed products. Such a route accounts
for the hydroxyl hydrogen being bound to carbon {not oxygen) in the CH3CHOH*

fragmention :

CHaC(=0)CD,OH'+ 4-dy — [CHaC(=0)++Hr+*0=CD5]"+ 3b-dp — [CH3C(OD)>++H-+-0O=CD]"* Sb-dp
—CH3CHOD* + DCO"

lon 3b may not be directly generated from ionized acetol via a 1,3-H shift and a
concomitant C-C cleavage: the calculations indicate that the associated four
membered ring TS (which has a high <s2> value) lies well above the dissociation limit
for loss of HCO®. An energeticaliy feasible route for the formation of ion 3b involves the
participation of ion d4a, see Figure 2.1. This ion is a strong (acetyl) ion - (CH20H)
dipole complex [24] formed by stretching the C(=0)-C(H>) bend in ionized acetol, and
rotating the CH»OH moiety. Elongation of this bond does not immediately lead to

dissociation, but it allows the CH,OH moiety to migrate within the electrostatic field of
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Table 2.2 Estimated and Experimental Heats of Formation {keal/mol) and Relative energies {kcal/mol)
for isomers and components of the (acetal) *+ syslem.

2
STRUCTURE _ Experimental  Estimated E rel{Exp/Est.) Erel (theory)2
CH3C(=O)CH,0H *+ 3 13gb 0 0
CH3C=0++H+O=CH, *+ 3a - 138 (cd) 0 -2
CH3CH-O-+H--0=CH "+ S5a - 131 {c) -7 -7
CHp=CH-O-+H+-0=CH,, ** 6 <144 128 (c) -10 -10
CHaCH(OH)C(H)=0"+ 8 - 148 (o) 10 12.5
CHp=C(OH)CHo0H"+ 9 - 122 (f) -16 -17
CHaCHOH+*  + HCO" 1519 13 10
CHgCO+ + CHoOH* 1509 12 14
CHp=CHOH* + CH»=0 1559 17 15

a) see Table 1, the complete set of data for the dissociation products is available upon request; b) this
work; c} estimate based on the empirical relationship for -Q+H+Q- proton bound dimers : SE (kcal/mol) =
30.4 - 0.30 APA (ref. 13) ; SE = stabilization energy relative 1o the Jisscciation products of lowest
combined enthalpy, PA = proton atfinity; appropriate values from ref. 10b: d) rom AH; (CH3COOCH,™) ,
1, is 139 kecal/mol (10b) and the calculated energy of ion 3a relative to 1 as roported in ref. 3, one obtains
AH; 3a = 139 kcal/mol ; at the UMP3/6-31G*// UMP2/6-31G* level of theory (Table 2.1) 4is 3.1 keal/mol
more stable than 3a. e) AH; of the neutral molecule is -84.7 kecal/mol, by additivity {10a, and using - 7.5
kcal/mol for C-(H)C)ONCO); IE is 0.3-0.4 eV above that of acetol (9.74 eV, this work), cl. IE's of small
aldehydes vs analogue ketones in ref. 10b: f) from AH4 (CHo=C(OH)CHg3"*)= 158 kcal/mol {10b] and the
effect of OH substitution at a non-charge bearing group(ref. 21), - 36 kcal/mol, given by A(AH;) propane
and n-propanol (ref. 10b); g) from ref 10b.

the acetyl cation, analogous to loss of OH* from ionized acetic acid [25]. TS 4— 4a has
not been defined, but from calculations involving a stepwise elongation of the
C(=0)-C(Hp) bond and concomitant rotation, it appears that this process requires very

litte energy (~1-2 kcal/mol). That the C(=0}-C{Hp) bond in 4 is easily stretched is
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turther indicated by a geometry optimization at the UMPZ/3-31G™ lavel of theory .
starting from the optimized 4-31 G geometry of its lowest energy conformer (see Fig.
2.1), it is arrived at a structure in which the bond length has increased from 1.51 to
1.97 A. The same calculations were performed on the O---H---O bridged ion 3a, but
here the inclusion of electron correlation does not greatly change the geometry.

Since 4a is an ion-dipole complex, the CHOH moiety can rotate with respect to
the acety! cation [21] and donate the hydroxyl hydrogen to the carbonyi C, via TS 4a
— 3b. Note, see Table 2.1, that when electron correlation and ZPVE corrections are
included, TS 4a — 3b becomes lower in energy than 3b. Calculations involving
electron correlated geometry optimizations (see above) may soive this problem and
provide a more refined description of the proposed isomerizaticn steps. indeed,
although the relative energy has not appreciably changed (see Table 2.1), the MP2
optimized geometry of ion 3b is more akin to that of TS 4a — 3b than the HF
optimized structures for 3b (see Figure 2.1). However, it is not expect that such post-
HF computations, which become prohibitively expensive for this system of relatively
large ions, will change the overall picture.

lon 3b lies close to the thermochemical threshold for formation of CHaCHOR™ +
H-C=0" (see Tables 2.1 and 2.2), but well below the dissociation limit for direct bond
cleavage into CHaC(H)=0"* + CHp=0, by 32 kcal/mol [10b]. The ion can be viewed as an
(acetaldehyde) ion-(formaldehyde) dipole complex, and rotation of the dipole, the
CH,=0 moiety, with respect to the ion, CHzC(=0)H™, is expected to require little energy
[1b]. If the C++-H---O bond would remain intact during this rotation, a 1,5-H shift wouid
give ion 5b, a stable minimum on the PES (see Table 2.1) which may serve as a
precursor for direct bond cleavage to CHzCHOHY + HC=0". However, in the search for

the TS describing this transformation, it is located a TS, TS 3b — 5b, which indicates
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that the CH-+-+O bond breaks upon rotation and H transfer. TS 3b — 5b lies below the
dissociation limit, and the coordinate of its imaginary frequency does indeed
correspond to H transfer from the CHo=0 group to the carbonyl O atom [26]. Note, see
Figure 2.1, that this TS suggests the formation of an 0--+H.--C bridged species,
[CH3C(H)O-++H---C(H)=0]"*, 5¢, rather than the O---H:--0O bridged ion, [CHaC(H)Ox++Hs++
O=CH]*, 5a. However, ion 5¢, if it exists as a stable minimum at all, does not seem to
be accessible from this TS: when the O-H bond is shortened and the H-C bond is
simuitaneously lengthened along the reaction coordinate, the species appears to
oscillate over a flat energy surface close to the dissociation limit until, upon
reorientation of the HC=0" dipole, the stable O-++H+++O bridged species 5a is reached.
Note that, analogous to the behavior of ion 3a in the dissociation chemistry of methyl
acetate, the very stable ion 5a is generated at energies close to the dissociation limit
for the loss of HCO", and thus in the dissociation chemistry of acetol it represents a
transient intermediate only.

In summary, the mechanistic picture that emerges from these computations and
which satisfies all of the experimental observations involves two consecutive hydrogen
transfers in ionized acetol akin to reactions of CHoOH® with the acetyl ion and of
formaldehyde with ionized acetaldehyde (Scheme 2.2).

One final point remains to be addreszed : can the recent proposal, based on an
FT-ICR study that the -0---H---O- bridged isomer 3a plays a role in the gas-phase ion
chemistry of ionized acetol, be excluded? First, MS/MS/MS experiments on the
D-labelled acetol isotopomers leave no doubt that metastable ions 4 do not
dissociate via 3a. Moreover, the calculations indicate (see above) that transfer of the

hydroxylic H atom to the carbonyl group in covalentiy bound 4 yields the distonic ion
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7, not 3a. On the other hand, the calculations also indicate that 4 can easily adopt the
configuration of an ion-dipole complex, 4a, and it could be argued that this species
could serve as the precursor to 3a. That this is problematic in view of the extensive
computational study by Heinrich et al. [3] on the methyl acetate ion PES. in this study, a
minimum structure was found akin to the ion ‘4a, but with a considerably shorter
ion-dipole distance (see structure 7 in Chart | of ref. 3). Such an ion, 4b, was also
found &as a minimum in this study : it lies somewhat higher in energy than 4a, and is

connected to it via a low lying TS 4a— 4b, thus indicating that upon ionization, aretol
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can access a f-Ia'tPES characterized by ion-dipole complexes. In the above study the
isomerization sequence 4b — [CH3C(OH)OCHJ|'*, 2,— 3a was examined, but the
calculated barrier was found to lie far above the experimentally established energy
level for dissociation into CH3-C=0* + "CHa0OH.

The work of Heinrich et al. [3] also provides a plausible rationalization as to why
the acetyl ion and "CH,OH dipole components in 4a/b wouid not easily interact to form
the -O--+Hs++O- bridged isomer 3a. It was found that a continuous lengthening of the
CHgC=0--*HOCH> bond in 3a results in a charge distribution which leads to CHgz-C=0" +
+CHo0H rather than the more stable products CHz-C=0* + "CH,0H. The dissociation
leading to the correct products can occur from the excited state (2A") of 3a. This state
has the correct charge dist-*hution and it is "symmetry correlated” with the products
CH3-C=0* /"CH,o0H, but it lies much higher in energy, roughly 20 kcal/mol above the
electronic ground state 24", These findings indicate that the recombination of the
CH3-C=0* and "CHoOH components in 4a to the -O---H---0- bridged isomer 3a requires
too much energy to compete with rearrangment to the -C---H---0- bridged species 3b
proposed in the mechanism. This intriguing point clearly warrents further investigation
using higher levels of theory than those practical at the time of the study by Heinrich et
al. It is also noted that in the ion-molecule chemistry of ionized acetol, an acetyl
radical displacement reaction is proposed [7b] which would be in keeping with the
presence of a structure having the charge distribution of ground-state ions 3a.
However, if a facile isomerization 4— 3a does occur, it must be a cul-de-sac with

regard to the low-energy dissociation of ionized acetol into CH3CHOH* and HCO".
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Addendum to Chapter 2.

Low energy acetol ions CH3C({=0)CH50H"+ dissoc:iate 10 CHaC(H)OH* and HC=0" by a
double hydrogen transfer (DHT), a common reaction among oxygen cbntaining radical
cations. The work described in Chapter 2 has shown that the isotopologue CHgC(=0)-
CHo0D™* specifically loses HC=0" to produce CHzC(D)OH*. This finding refuted an earlier
postulated attractive mechanism based on the behaviour of ionized acetol in ion-
molecule reactions and led to the proposal formulated in Scheme 2.2 on page 59.

The experimental work described on related compounds in Chapters 3 and 4 of
this thesis has prompted Ruttink et al. [1] to reexamine the mechanistic proposal
described in Chapter 2 using ab initio MO calculations at the CEPA/RHF/IDZP level of
theory complemented with Valence Bond methods. The mechanism [1] indicate that
the unimolecuiar chemistry of ionized acetol can be formulated in terms of two proton
transfers, taking place in intermediate 0-H-0 and ¢-H-O bonded hydrogen bridged
radical cations {see Scheme page 65]. The two protons originate from the same moiety
and a charge transfer complex is therefore implicated and shown to be involved.

These concepts of proton and charge transfer may well be more generally
applicable and they do correctly predict the unimolecular chemistry of ionized acetoin,

CH3C(=0)CH(CH3)OH™ and re!ated a-ketols described in Chapters 3 and 4.

(1] P.J.A. Ruttink, P.C. Burgers and J.K. Terlouw, Can. J. Chem., (1 996) in prass.



65

l+ .+
\ N N Vi

c—0- O-_—‘C\ -— /C:O---H—C\

' 7
\‘\ / CH;; H CH;; H
C'__CHQ
/ .
% .

O—H

4 o JO—H=- 0=0 >y o—

N cﬁ 3b-d, \\C/H sad

Y N+ +/
H30—C

3a-g H



66

CHAPTER 3

C-H--+0 and 0O---H---O bonded intermediates in the dissociation of
low energy methyl glycolate radical cations

introduction

Without exaggeration, mass spectrometry, from its inception by Thomson in 1913
[1] and with the advances made by Nier and his contemporaries, has proved to be one
of the most powerful and versatile research techniques developed in physical
chemistry [2]. Without doubt Professor A.Q. Nier has played an inimitable role in the
development of modern sector mass spectrometers. For example, in 1840 a milestone
was reached when he introduced [3] the sector magnetic analyzer which led to the
design of a low resolution instrument [4]. Later, he and his colleagues designed the
first double focussing mass spectrometer of high resolution [5], thereby paving the way

for the analysis of organic compounds by mass spectrometry.

This work will appear in an article of the same title:
D. Suh, C.A. Kingsmil, P.J.A. Ruttink, P.C. Burgers and J.K. Terlouw, Int. J. Mass Spectrom. lon

Processes, in press (1995).
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From the early days of organic mass spectrometry, it had been realized that many
radical cations formed by electron impact ionization may underge more or less
extensive rearrangement reactions [6]. Indeed, that a rearrangement reaction is
involved may already follow from even a cursory examination of the mass spectrum, a
simple example being methyl formate whose mass spectrum contains an intense peak
at m/z 32 corresponding to the loss of CO [7].

Sometimes, the dissociation behaviour of organic radical cations would appear to
border on the bizarre. This is particularly true for the low energy (metastable) ions.
Consider for example the behaviour of the C3HgO2™+ isomers methyl acetate,
CH3C(=0)OCH3'* and acetol, CH3C(=0)CH,0H"*. The former produces *CHoOH radicals
and CH3C=0+ although it does not contain a CHo,OH moiety; by contrast, ionized acetol,
which does contain a CH-OH group, does not produce “CH»OH, but rather HCO" +
CH3CHOH* [8].

Hydrogen bonding has been invoked to rationalize the dissociation chemistry of
such reactions [9,10,11]. A by now celebrated case is that of ionized methyl acetate

whose *CHo0OH loss has been rationalized [12] in terms of 0---H---0 bonding, (Eq. (1)) :

CHgC(=0)OCHgz™ — CH3C{OH)OCHg™+— [CHg-C=Q++He+:0=CHy]™*, @ - CHzCO™* + "CHoOH (1)

More recent work, however, indicates that the C-H---O bonded counterparts of
O---H---0 bonded ions are perhaps more important intermediates in the decay of
oxygen containing radical cations. A case in point is the acetol ion whose remarkable
dissociation behaviour has been rationalized in terms of both Q«s«H---0 [13] and
C-H---O [8] bonded intermediates. Based on characteristic ion/molecule reactions,

Pakarinen et al. [13] proposed a mechanism involving O--+H---0 bonding, (Eq. (2)) :
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CHaC(=0)CHoOH™* — [CH3C=0¢++H+++0=CHo]'* a — [CH3C({H)=0¢+sH=++O=CH}'+ —
CH3CHOH* + HCO" (2)

However, the 0++-H--:0 bonded intermediate a is the same as that proposed to be
generated from metastable ionized methyl acetate, Eq. (1), which yields CH3CO* +
"CH20H, but not CH3CHOH* + HCO". indeed, George et al. [8] found Eqg. (2) to be
incompatible with their D {abelling resuits and they derived a mechanism, supported
by ab initio MO calculations, which involves C-H---0 bonding, Eq. (3) :
CHgC{=0)CHa0D™ — [CH3C(=0)+*3{D)CHp]** ~» [CHgG(=0)-D++-O=CHy|*t —
CHaCDOH* + HCO® (3)

This mechanism is based, inter alia, on the key observation that the hydroxyl D atom
appears in the product ion at the carbenium carbon atom, not at the oxygen atom. This
is a remarkable result in so far as C-H--O bonded radical cations are invariably
considerably less stable than their 0-++H++0 bridged counterparts [8,9,10]. For example
[CH3C=0++-H---O=CHp]"* Is calculated [8] to lie ~ 10 kcal/mol below [CH3C(=0)-H---
0=CHp]** and so loss of HCO* from ionized acetol appears to be kinetically controlled.
lonized methyl glycolate, HOCH2C(=0)OCH3 '+, 1, contains both a CH30 and a CH,oOH
group, i.e. it has both the functional groups of methyl acetate and acetol. Thus, a very
interesting question was arisen : will 1 dissociate by 0---H---0 bonding, as in methyl
acetate or by C-H---0 bonding, as in acetol, or by neither ? It is known that metastable
fons 1 predominantly lose HCO" [14] and it will be shown that this reaction proceeds
via a mechanism analogous to that of ionized acetol, i.e. via C-H+-0 bonding ; no

evidence was found for a rearrangement analogous to that for ionized methy! acetate.
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The methyl glycolate isomer dimethyl carbonate, CH3z0C(=0)OCH3, 2, was also
examined and it is concluded that 1 and 2 rearrange to (a) common intermediate(s)
prior to dissociation. Loss of HCO" from 1 requires not more than 10 kcal/mol which
further attests to the ease by which C-H-+-O bonds can be formed in oxygen containing
radical cations.

The most important of the other (minor) unimolecuiar dissociations of 1 (and 2),
viz. the formation of CHoOH* which appears to be accompanied by the formation of

CH3" and CO, rather than the intact radical CH30C=0" are also discussed.
Results and Discussion

The Metastable lon (M) spectra of 1 and 2 are given in Table 3.1. Both isomers
abundantly lose HCO" with minor processes for formation of CHo0H*, loss of CO, He0
and CHg". Note that these minor processes are more abundant for isomer 2. The
metastable peaks for 1 and 2 were found to be, pairwise, superimposable. Thus, it is
very likely that 1 and 2 isomerize to (a) common structure(s) prior to dissociation. First,
the major decay, viz. the loss of HCO" which was investigated in detail for isomer 1, is

discussed.
Loss of HCO" : structure and formation of the CoHsO2* preduct ion
Loss of HCO™ from both isomers is accompanied by a non-composite Gaussian type

metastable peak with a Tg 5 value of 22 meV (average release : 50 meV). Combined

experimental and theoretical studies [16,17] have irdicated that at least seven distinct
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Table 3.1. Reactions® of metastable methyl glycolate and dimethylcarbonate ions.

Precursor molecule " Producis formed or neutral lost

CH,OHF - HCO" SCO  -Hy0  -CHg
HOCH,C(=0)OCH3 1 4 100 1 2 2
CH3OC(=0)0CH; 2P 21[56) 100[22] 4230] 3[27] 7440]d

2 Intensities (peak heights} refative to base peak = 100 % ; values in brackets refer to the kinetic anergy
release, measured at half height (Tg 5); b contains small peaks at m/z 45, CoHgO*, and m/z 60 (loss of

CHgQ); € Assuming co-generation of CH30-CO", see text ;d Dished-shaped metastable peak; value from
"horns" (Tp).

CoHz 05" ions exist as stable species in the gas-phase, the best known and most stable
of which are the conjugatively statilized carbenium ions CHyC{OH),*, protonated acetic
acid, and H-C(OH)OCHg*, 3, protonated methyl formate. Experimentally, the CoHgOo*
isomers can be distinguished by their characteristic collision-induced dissociation
(CID} mass spectra [16]; for example, 3 is the only isomer which abundantly
undergoes decarbonylation to produce CHz0H,™.

The strircture of the CoH505* product ion generated from metastable ions 1 and 2
was estauushed through comparative collision experiments as described in the
experimental section. The CID mass spectrum of the metastable peak for 1 — CoHg0,*
+ HCO" is shown in Figure 3.1a; this spectrum is virtually identical to that of the CoHgO5*
ion made by the gas-phase protonation of methyl formate, which is known [17] to give
3 and which is distinctly different from those of all other isomers. Hence the following

reaction is established :



HOCHAC(=0)OCHg'*, 1, - H-C(OH)OCHg* + HCO'
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Next the origin of the H, C and O atoms lost as HCO* was'traced by investigating

several specifically labelled molecules and the results are shown in Table 3.2. It is

seen that the HCO" radical can originate from both the CH30 and the CHo,OH groups

major process involves loss of the CH,0H oxygen atom, carbon atom and one

29 . 3
(a) H—&,
OH
33
L e
30
) D—E’OCHS
a4 OH
15
45
/47
29
OCH
) H—&, i
QD
34
15 45
o

Figure 3.1. Partial CID mass spectra of product ions from dissociation reactions of
metastable methyi glycolate ions : (a) CoHs0p™ from HOCHoC(=0)OCHz ™ (1) —
H-COH)OCHgt (3) + HCO'; (b) C,H4DO,* from DOCHC(=0)YOCH™ — CoHyDOo*
+ HCO"; (¢) CoH4DO5t from HOCDoC(=O)YOCHz™*  — CoHaDOs + DCO”

1 the



Table 3.2. Reactions? of metastable methyl glycolate isotopaloguesb.

Precursor molecule Neutral species lost Calc.C

HOCDZC(=0)OCH;3 HCO : DCO = 19 : 81 17 : 83

" HOCH20(=0)0003 HCO: DGO =88 : 12 87 :13
DOCHC(=0)0CD3 HCO :DCO =83 : 17 83:17
DOCHoC(=0)OCHg | HCO:DCO =97:3 96 : 4
HOCHoC(=180)0CH5 HCO:HC'8 =100:0 100:0
HOCH2G(=0)180CHg HCO:HC18O = 87:13 [d]
HOCH,C(=0)013CH3 HCO:H1%0 = 87:13 [d)
HOCH,C(=0)180%3CH;  HCO :H13¢180=87:13 [d]

2 Intensities relative to sum = 100 : © For definition , see ref, 18; € Calculated assuming
26% scrambling, see text ;  Ratios used to derive degree of scrambling.

methylene H atom, but not the 0-H hydrogen atom, while a minor process involves loss
of the CH30 oxygen atom and carbon atom: the keto functionality is not lost as HCO".
The metastable peaks for these two processes in the labelled isotopomers were
superimposable and both processes vyield the same product ion 3. Therefore, the
minor process may well resuit from nartial isotopic equilibration reactions (scrambling)
taking place prin: to loss of HCO®, rather than from a distinct mechanism. In fact, if the
ratios {or the 13C and 180 labelled molecules (see Table 3.2) are taken as showing
that 74 % of the HCO" elimination is atom-specific {the major process mentioned
above) and that in 26 % of the precursor ions ali hydrogen atoms as well as the CH,0H
and CH30 oxygen and carbon atoms scramble, then the ratios for the D labelied

compounds car be accurately reproduced (see Table 3.2).
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Hence, the following transformation is established for the major, atom-specific loss :

o™ O-CH,
/ .
Hwo-‘SCHa-C: — H—(+3< + H-C=0"
C—CH, O—H
1 3

Based on the above results and by analogy with the two proposals for loss of HCO"
from ionized aceto!l, see above, the following mechanistic possibilities for the
atom-specific decay of 1, which involve 0--H+-0 and C-H---0 bonding respectively,
see Scheme 3.1, are derived.

As with acetol, a distinction between the two possibilities can be made by
determining the fate of the D atom in 1-Od1— (3-Odq or 3-Cdq) through comparative
collision experiments. However, because of the partial scrambling process, thz
product ions, irrespective of the mechanism involved, wili not be isotopomerically [18]
pure :only 78.3 % will have the connectivity 3-Od{ or 3-Cd4, while the remainder wil!
have the D at the other positions. Fortunately, this degree of specificity appears more
than sufficient to distinguish the two isotopomers of 3. Reference ions 3-0d4 and
3-Cd¢ were made by the gas-phase deuteronation of methyl formate and by
protonation of D-C(=0)OCHg respectively. It was observed that the CID mass spectrum
(Fig. 3.1b) of the metastable peak for loss of HCO® from 1-Cd4 was almost identical to
that of the 3-Cdq reference ion. Note also that for ion 3-Cd4 m/z 45 does not shift to
m/z 48, which is entirely compatible with the assigned label position: the most stable
[C.H,O2]* isomer is HO-C=0+* [19] formed from 3 via a 1,3-hydrogen shift of the c-H

hydrogen to the methyl group. In the complementary experiment, it was observed that
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the CID mass spectrum of the metastable peak for loss of DCO" from HOCD2C(=0)OCHg"+

(Fig 3.1c) was very close to that of the reference ion 3-0d4.

Apart from the above comparative experiments, the label position in ion 3-Cd4 can

also be determined from a detailed albeit qualitative analysis of the CID spectrum ot

3. This can be done by tracing the origins of the connectivity-characteristic base peak

at m/z 29 in the CID mass spectrum of 3. As shown in Figure 3.1a, there are three

major peaks in the m/z 29 -33 region. The m/z 29 ion was found to be HC=0+ which is
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more stable by 33 kcal/mol than its isomer COH* [20]; m/z 31 can only be CHp0HY, its
isomer CH3O* being, on the singlet surface, a transient species only which is
dissociative towards HC=0* + Hp [21] ; m/z 33 can only be CH30H,™.

The HC=0* ion could a priori simply be formed by a 1,3-H shift followed by loss of
CHgOH, i.e. H-C(OH)OCH3* — H-C(=0)O(H)CHg* — HCO*. It is then -expecte__d for
D-C(OH)OCH4* that this signal cleanly shifts to m/z 30, DCO* . However, it follows from
Figure 3.1b that this is not the case : an intense signal at m/z 29, HCO*, remains.
Hence, there are at least two different routes to the formylium ion.

To unravel the dissociation reactions of 3, several isotopologues of 3 were
investigated. Fig. 3.2a shows the CID mass spectrum of HC(OH)'8013CHg*, generated
froin metastable ions HOCH,C(=0)13013CH5™* (see Table 3.1). There are six intense
signals in the m/z 29 - m/z 36 region to wit : m/z 29, HCOt ; m/z 30, H'3CO* ; m/z 31,
HC180+ and/or CHyOH* ; m/fz 32, H13C180+ and/or 18CHOH* ; m/z 34, 13CH,'80H and/or
13CHZ0Ho* and mi/z 36, 13CH380H,+.

First, the possible formation of CHOH*, m/z 31, from HC(OH)18013CHg* is considered.
This process could simply be formulated as a 1,3-H shift from the CHa group to the
carbenium center, followed by loss of 13CH,180. If this were the case, then the ion
HC{OH)OCDg+ hould abundantly form CHDOH*, m/z 32. Figure 3.2¢ shows the CID mass
spectrum of HC(OH)OCD3*+, generated from HOCHoC(=0)OCD3™* : m/z 32 is virtually
absent, whereas the peak at m/z 33 is very intense. Thus HC(OH)OCDg* does not
produce CHDOH* via the above process, but rather CD,OH* m/z 33. This ion most likely
arises from m/z 36, by consecutive loss of HD i.e. HC{OH)OCD3* — CDgOHa* (+ CO) —
CDo0H* + HD. Thus m/z 31 in the CID mass spectrum of HC(OH)180'3CHg+, Figure 3.2a,
is due solely to HC180+, whereas m/z 29 can only be HCO+. For HG(OH)18013CH4, the

following products are then left: (i) for formylium : HCOt, H13cO+ and HC180*; (ii) for
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Figure 3.2. Partial CID mass spectra of product ions from dissociation
reactions of metastable methyl glycolate ions :

(a) HO-C(H)!8013CH4+  from  HOCH,C(=0)180'3CHg™ (-~ HCO?)
(b) HO-C(D}'8013CHz* from  DOCH G(=0)'80%3CHg™* (- HCO?)
(c) HO-C(H)OCD3+ from  HOCHoC(=0)OCDg™* (- HCO")
(v)) CoHaD305™ from  CHaOG(=0)0CD3™ (-~ HCOY



77

hydroxymethylium : 13CH,0H* and 1®CH,180H; (iii) for protonated methanol, 13CHa0Hs*
and 13CHg'80H,+. Thus, it is as though after activation a mixture of HC(OH)18013CH+

and HC(180H)013CHg+ is formed aiw these ions dissociate as follows, see Scheme 3.2.

4
H-C=0 +1SCH31BOH m/z 29
+/O-H 1SCH31BOHg+ + CO m/z 36
H_C\WO-’SCHa < |__13(’5H21BOH + H, mlz 34
3a k[130}_%1ao+] - H135’=o’5 m/z 32
H-G=0" + 13CH,OH m/z 31
SO0 )t eot s
H—C
ook, |—>13(J5H20H + H m/z 32
3b U130H30+] - 130 m/z 30
Scheme 3.2

The above transformation 3a — 3b most likely proceeds via consecutive 1,3-H and
1,3-CHg shifts :
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O 13
O—H 2 - O-"CHg
+/ —_— +/
H—C, > C1\a+ ooy, TG
180_1SCH3 O“' CH3 130 H
3a H 3b

These results are in agreement with those published previously for formation of
CHa0H,* [17] , although an alternative interpretation is now offered.

Next, consider Fig. 3.2b which shows the CID mass spectrum of the m/z 65 ions
generated from DOCH,C(=0)18013CH5*+. When compared with Figure 3.2z, it is seen
that m/z 29 is aimost cleanly shifted to m/z 30, DCO*, whereas m/z 31 is cleanly shifted
to m/z 32, DC'80+. Considering the above Scheme, this result is only compatible with
the structure DC(OH)1801 3CHa* and not with HC(OD)'®013CH4*. Hence, it is supported not
only from comparative experiments but also from the above analysis of the behaviour
of labelled ions 3 that the hydroxyl hydrogen of 1 tuins up at the carbenium carbon
atom of 3 and not at the oxygen atom. These results rule out pathway (4) in Scheme
3.1 and it is concluded that the expulsion of HCO* from ionized methyl glycolate may

proceed via pathway (5) i.e. via a C-H---O0 bonded intermediate.

Loss of HCO- : mechanistic proposals

From the measured lonization Energy (IE) of methyl glycolate, |IE = 10.42 + 0.05 eV
[15], a heat of formation, AHy, of 1 of 106 kcal/mol is obtained (using AHj [ester] = -
134 keal/mol, [20]). Since AH; [3] + AHf [HCO'] = 92 + 11 = 103 kcal/mol [23], loss of
HCO* from 1 is slightly exoergic. The Appearance Energy (AE) for loss of HCO® was
also measured , AE = 10.74 + 0.05 eV [22], and so the dissociation has & forward

barrier of ~7 kcal/mol. Thus, for 1 the rearrangements necessary to produce 3 + HCO"
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must take place within this energy regime. The heat of formation of the dimethyl
carbonate ion, 2, is slightly lower than that of 1 - AHgf [2] = 103 kcal/moi [23], but within
experimental error the TS energies for loss of HCO® from the two isomers are the same
(113 kcal/mol for 2, from AE [m/z 61] = 10.94% 0.05 eV [23] and AH [ester] = -139
kcal/mol [20] ).

The reverse activation energy for 1is ~ 10 kcal/mol but the average kinetic energy
release is only 1 kcal/mol. This indicates that, after passing the highest transition state
(corresponding to the AE) the system may enter an attractive surface, such as that for
an ion-dipole complex.

Ab initio MO calculations provide an invaluable tool for probing mechanistic
proposals. However, even a cursory inspection of the ab initio results given in Table
3.3. (relative energies) and Figure 3.3 (equilibrium geometries) shows that a detailed
computational analysis of the unimolecular chemistry of 1 and 2 is impractical. Not
only are many stable intermediates energetically accessible (i.e. their relative energies
lie below the ~10 kcal/mol limit imposed by experiment), but several of these may have
conformers that must be considered as well.

For example, five of the eight possible conformers of 1 are minima which are
relatively close in energy (within 4.5 kcal/mol) at the UMP3/6-31G*//6-31G" level of
theory : items 11, b, ¢, d and h in Table 3.3 and Fig. 3.3. These five conformers were
also studied at the UMP2/6-31G* level of theory and conformer 1f was found to be the
most stable, both with and without inclusion of electron correlation in the geometry
optimization. The presence of such a large number of stable intermediates and

conformers makes the search ior connecting transition states (TS) a formidable task
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Table 3.3 Total energies (h-rtrees), zero-point vibrational energies [ZPVE] and relative calculated
E[rel]' energies (kcal/mol) for some isomers of the [methyl glycolate]*+ system.

STRUCTURE STATE UHF/6-31G" UMP3/6-31G™// ZPVE" Elrei]
UHF/6-31G™"

CH30(C=0)CHOH "+ 11 2p -341.36295  -342.24505 57.0 0.0

1b 2p -341.35886  -342.24146 57.0 2.2

1c 2p -341.35635 -342.23844  57.1 4.2

id 2p -341.35880 -342.24128 57.3 2.7

1h 27 -341.35975 -342.24351 57.2 2.6
CHZ0OC{=0)+-H+0=CHy"* 5 2p° -341.35087  -342.22672 54.5 9.4
CHgOC-OHs++0=CHp"+ 7 2" -341.35253 -342.24383 545  -1.8
CHgOC(OH)CH,0"+ 8 24" -341.36208  -342.24495 57.9 1.0
CH3OC(OH)OCH, "+ 9 2A -341.37683 -342.26580 56.9 -13.2
CH3gO(C=0)+*H0=CHo"* 10 2p° -341.32923  -342.22891 53.9 7.0
CHaO(H)C(=0)CHO *+ 11 2A -341.34936 -342.23830  56.6 3.8
CH30C(=0)O(H)CH"* 12 2p -341,34487 -342.23873  56.0 2.9
CHyOC{OH)CHOH *+ 13 2A -341.36018 -342.25401 56.4  -8.3
TS 1-8 -341.34236  -342.23798  55.1 2.6
TS 5-7 -341.32064  -342.21905 57.7 11.3

*The relative calculated energies include scaled (0.9 for UHF ) zero-point vibrational contributions.

and it has therefore been decided to focus on the most important dissociation of 1 viz.
the loss of HCO". The fact that this loss is largely atom specific greatly reduces the
number of mechanistic possibilities, i.e. any mechanism proposed for the major
specific loss must be in agreement with all of the labelling results. As argued atcve,
the experiments also indicate that the minor non-specific HCO® loss from 1 is the result
of exchange reactions prior to dissociation, most likely with 2 and ions derived
therefrom, rather than loss via a different mechanism. Even within these constraints a

complete computational picture has not yet been obtained. However, as mentioned



- 81

- H, . 1an
-\\‘ 1209 QO 0950
Fiyam 185 5081063, 1119 Hg

/ 1704 1318 &
Ay L 1244 / H; \{ !
" 3 129 oG, = 08
1 f H Hs 1 b 0: c‘o:o‘c, w 1704
) 0G0 » 211

LAl

I\H
b €,0,60; = 1T

. C0CCy = 12
2 0,CC0; = -372
CG05H, = 1635

0951
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above, the major specific HCO® loss may well be analogous to that from ionized acetol,
CH3C{=0)CH20H"+, for which detailed ab initio MO calculations [8,24] have been
performed; the salient features of these calculations are discussed below and they are
extended ‘o include the methyl glycolate ion, see Scheme 3.3.

Elongation of the C-C(Hp) bond in 1 does not lead to dissociation but to the
ion-dipole complex 4, where the R-C=0+ cation (R = CHg or CHgO) interacts with the
"CH,0H dipole. In the case of aceto! ( R = CHgz ) ion 4 is clearly a minimum on the PES
[8] whereas for the methyl glycolate system, at least at the UHF level of theory, all
attempts to determine a structure akin to the ion-dipole complex 4 resulted in the
formation of the stable covalently bound ion 12. However, this is not to say that such
an ion-dipole species is energetically inaccessible : considering the experimentally
determined AHg values for the CH30-C=0* ion, 120 kcal/mol [23], and the °‘CH,OH
dipole, - 6 keal mol, it follows that the cleavage of the C-C{Hp) bond leading to complete
separation of the products is only slightly more energy demanding than the loss of
HCO".

Next, the dipole can conate the hydroxy! hydrogen to the R-C=0+* cation to
generate 5. For both acetol {8] and methyl glycolate (Table 3.3) the resulting C-H---0
bridged species 5 has a relatively high energy.

The product ion 3 could be generated therefrom via an H-atom shift [8] but,
according to our most recent calculations on acetol [24], this step may be too energy
demanding. Rather, since 5 is an ion-dipole complex, the formaldehyde dipole can
migrate within the electrostatic field of the R-C(H)=0"+ ion. In this step the relative

orientation of the R-C(H)<O and CH,=0 units is changed such that a charge transfer may



84

+ »,
CHa<0)}C==0 4,0 +
: CH3-0}C_
] H\
> N T RN
\ N
s M 5 Cc—H
I
_ H
H transfer
o+
CH, oc/ +/ o .
SO —H CHy(0}C, ~ +HC=0
VAN 3 H
HO H
1
b on
CH (O)E/
5
N __H
e
0 H
8 6
Scheme 3.3

take place without affecting the total energy [25]. For methyl glycolate the ionization
energies of CH3OC(H)=0 and CH»=0 are almost the same (10.82 and 10.87 eV
respectively [20]), whereas both molecules have substantial dipole momenis, 1.77 and
2.33 D [26] respectively, thus the charge localization in the charge transfer complex CT

will be determined by the relative orientation of the two units, i.e. 5 or 6, see Scheme
3.3.
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The measured AE for 1 (R = CH3z0) corresponds to a TS energy of 113 kcal/mal,
see above. The respective components' energies of the proposed CT complex are
very similar, viz. 138 and 140 kcal/mol for CH30C(H)=0"*+/0=CH, and
CH30C({H)=0/0=CH,"* respectively. Hence for CT to be accessible, a stabilization
energy of 27 kcal/mol is needed which, considering the significant dipole moments of
the components, is a very reasonable value [11]. The hydrogen bridge in structures 5
and 6 may provide additional stabilization with respect to CT. lon 6 can smoothly
donate a proton to CH30C(H)=0, leading to 3 + HCO" ; further detaiis will be discussed
in our forthcoming computational study of the acetol system [24]. Note that the
mechanistic proposal of Scheme 3.3 also adequately explains the remarkable
behaviour of acetoin, CH3C(=0)CH(CH3)OH"*, whose 180/D labelled isotopomer
CH3C(='80)CH(CH3)0D"+ loses CHaCO" and CHaC'80", to cleanly produce the product ions
CHaC(D)'80H* and CHaC(H)OD* respectively [27].

Both for acetol and methy! glycolate, the Q-«-He+-0 bridged ion 7 is considerably
more stable than its C-H---O bridged counterpart 5 (see Table 3.3), but nevertheless
loss of HCO" proceeds via the less stable species. According to the calculations on
acetol [8,24] and methyl glycolate (this work), 7 cannot be generated directly from 1 :
migration of the hydroxy! hydrogen to the keto oxygen is not acccompanied by C-C(Hp)
cleavage but rather leads to the distonic ion 8, which for both systems represents a
cul-de-sac isomerization [28]. In the methyl glycolate system, ion 8 might further
communicate with the distonic ion 13, via a 1,5-H shift, but this stable ion cannot
account for the atom specific HCO* loss. Note too, that for the methyl glycolate system
another O-+<H---O bridged ion can be envisaged, viz. ion 10. This species has been
invoked in an earlier work on the loss of ¢0 [15] but, see below, it probably too may not

be generated directly from 1.
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As far as the charge distribution in the O---H---O bridged ion 7 is ccncerned there is

an interesting difference between the two systems, in that for the acetol system the

Mulliken analysis and the geometry indicate that 7 is best described as having the

charge on the CH,O moiety : CH3C'=0---H-O-CH,*. The methyl glycolate derived ion,

however, is better represented as depicted in Scheme 3.4. This difference may be

related to the fact that ionized dickycarbenes are much better stabilized than

alkyl(hydrjoxy carbenes (cempare : ZAHf CHgOCOH * + CH,0 and ZAHf CH30CO" +

CHoOH* |, 132 vs 128 keal/mol, with ZAH§ CHaCOH™* + CH50 and ZAH§ CHgCO" + CHoOH*

, 180 vs 162 kcal/mol [20,29)).

/o‘+ o™t
4 —_— 7 — *+
CH0C -— cmo—c< CHsO-C-O-H *+-0=CH,
CHoOH He+0 =CH,
1 5 7
CH O OH OH
\ [ E 3 + . +/
/C=O — CHa-O-—C\ > CH, -O—C\
CHeO 1,4-H OCHz  1,5-H O-CHs
2 9 9’
Scheme 3.4

The calculations on methy! glycolate do indicate that, albeit only at energies close

to the measured threshold, the 0---H---O bonded isomer 7 may be accessible, from ion

5 via TS 5-7 (see Table 3.3). This transformation, see Scheme 3.4, can be viewed as



the 1,2-H shift CH30-C(H)O** —» CH30-C-04"+ catalyzed by formaldehyde [24] ; the
formaldehyde dipole in 5 attacks the C(=0)-H proton and then donates it to the keto
atom of the CHz0-C=0 moiety. Note that solitary CH30-C-OH"* is ¢. 7 kcal/mo! more
stable than ionized miethyl formate, compare 11.2 kcal/mol for the corresponding ions
complexed with formaldehyde, i.e. ions 5§ and 7.

What is the fate of 77 The calculations on acetol [24] indicate that the
formaldehyde molecule in 7 cannot donate an H atom to the ionized carbene moiety.
Instead, it is proposed that the formaldehyde dipole migrates within the electrostatic
field of the CHgO-C-OH'* ion to yield the very stable distonic ion 9, see Scheme 3.4.
Such a dipole migration has also been found to be the key step in the dissociation of
ionized methyl acetate [12] i.e. CH3C(OH)OCHy™+ — CHgC=0"+*H+**0=CH5"+. lon 9 may
undergo a degenerate 1,5-H shift, 9 - 9', and communicate via a 1,4-H shift with the
dimethyl carbonate ion 2.

It is tentatively proposed that this sequence of events, as depicted in Scheme 3.4,
provides a rationale for the closely simitar Ml characteristics and energetics of 1 and
2. It may also account for the partial scrambling reactions observed for 1, whish may
largely find their origin in its communication with 2.

That extensive scrambling occurs in the loss of HCO" from ions 2 follows from the
following observations. in CH30C(=0)0CD3** , an isotopomer of 2, H/D exchange
reactions of all Hand D atoms oceur to the statistical limit. The ratio for HCO* : DCO" loss
from CH30C(=0)OCD3"* was found to be 1:1, although this does not necessarily reflect
complete H/D randomization; this ratio could equally well be due to specific losses.

However, analysis of the isotopomer CH30C(=0)013CD3™* clearly shows that the
latter is not the case. Moreover, the CID spectra of the metastable peaks for loss of
HCO" and DCO* from CH30C(=0)OCD3™ demonstrate that extensive H/D exchange

reactions have taken place. Consider the CID mass spectrum of the metastable peak
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for loss of HCO" from CHzOC(=0)OCDg™+ shown in Figure 3.2d. It is seen, especially from
the m/z 17 : m/z 18 ratio, that CHaOC(=0)OCD5"+ has undergone significantly more H/D
exchange reactions than HOGH,C(=0)OCD3™+, see Figure 3.2c. Note that a relatively
high energy barrier must separate 1 and 2 (as was found in this study, see TS 5-7) to
allow for the atom specific loss of HCO® from 1.

Upon collisional activation of 1 and 2, an additional abundant signal is produced,
m/z 45, which labelling experiments show is COOH+. The O-:+H---O bonded
intermediate 7 is a prime candidate for COOH*; 7 can lose upon activation both CH3"
and CH»=0. Note, in agreement with the above, that for DOCH,C(=0)OCHgz™ this signal
cleanly shifts to m/z 46, COOD*.

Finally, the methyl lactate radical cation, HOCH{CH3)C(=0)OCH3'*, a higher
homologue of 1, shows a unimolecular behaviour which resembles that of 1. Like 1, it
displays an MI spectrum dominated by 3, resulting from the loss of CHzC=0"; also
present is a sizeable peak at m/z 45, CHaCHOH*, along with minor losses of CHg® and
CO, which are both characterized by a large kinetic energy release {31].

The position of the label in the m/z 62 ions 3 generated by the (specific) loss of
CH3C=0" from the metastable iohs DOCH(CHg)C(=0)OCHz"+ and HOCD(CHg)C(=0)OCHg "™+
has been examined. These isotopomers appear to produce ions 3-CD4q and 3-OD+
respectively (spectra not shown), which leads to proposal that the loss of CH3C=0"

occurs analogously to that for HC=0" from 1.
Formation of C+H,0H* from 1 ; a direct bond cleavage reaction ?
As shown in Table 3.1, metastable ions 1 and 2 show four more minor proccesses

of which the generation of CH,OH* is the most prominent. The losses of CHg" and CO

have been discussed in detail before [15] : both losses were proposed to occur (by
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direct bond cleavage) from the 0-«-H---O bridged isomer 10, CH30(C=0)++"H---0=CH5"* to
yield the product ions 0=C=0-+H-+«0=CH,* and CHgO-++H--«0O=CH»"* respectively. In the
earlier study it was proposed that 10 (see Figure 3.3) is directly generated from 1 but
now an alternative mechanism is provided. It had already been proposed, see
Scheme 3.4, that ion 5 can rearrange to 7 viaa formaldehyde catalyzed 1,2-H shift.
Similarly, ion 5 can also isomerize to 10 again via a formaldehyde catalyzed 1,2-H

shift followed by loss of cO, i.e. :

//O.+ +/é=O .
CHy-0-CL —  CH=0 —>  CHy-Orw+H-O-CH,* + CO
H".O=CH2 HuoO:C'—lz
5 10

The formation of CH,0H* from 1 could simply be formulated as a simple bond
cleavage reaction, i.e., 1-> CHyOH* + CH30-C=0". Isomer 2 could then form CHoOH*
after isomerization into 1, according to Scheme 3.4. However, the labelling results
(see below) do not support this proposal and there is a convincing energetic
argument against it as well. The AE's for CH,OH* generated from 1 and 2 were
measured as 10.82 + 0.05 and 10.96 = 0.05 eV respectively [22] and these values
lead to a common TS energy of 114 kcal/mol (AHs {CH30C(=0)OCH3] = -139 kcal/mol
[23]). This TS energy is very close to that for loss of HCO" (113 kcal/mol for both 1 and
2), as expected for competing reactions. However, the calculated thermochemical
threshold for CHyOH* + CHz0-C=0" is 128 kcal/mol [20,29], far above the measured
value | Now, it is known that the radical CH30-C=0" is thermodynamically less stable, by

19 keal/mol [29], than the products CHy* + CO5 ; in fact the thermochemical threshold for
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formation of CHOH* + CO, + CHg" is 109 kcal/mol which is slightly below th= measured
value. Hence, it is concluded that generation of CH,OH?* involves the (concerted?)
formation of CHg® and COa.

Further evidence for this proposal comes from collisionally induced dissociative
ionization (CID!) experiments [30]. The CIDI mass spectrum of 1 and also that of 2, see
Figure 3.4a, is dominated by m/z 29 which results from ionization of HCO®, the
dominant neutral lost in the Ml spectrum. However, there is clearly no signal present at
m/z 59, reionized CH3z0-C=0", the ostensible neutral product formed together with
CHoOH*. Note that this is not because CH30-C=0" radicals are intrinsically unstable :
they are clearly generated (along with CO) in the dissociation of dimethyl oxalate
metastable ions, CH30C(=0)C(=0)OCH3"* — CH30-C=0t + CH30-C=0", as witnessed by
the m/fz 59 signal in the CIDI spectrum, Fig. 3.4b. Thus the CIDI spectrum confirms the
proposal that CH,OH* is not generated by a simple bond cleavage in 1. Rather, the ion
may origihate from the consecutive reactions 1— {1- CHaJ+ — CHoOH* + CO5 Or 1— [1-
COs '+ — CHoOH* + CH3" or from a synchronous formation of the neutrals.

Returning to the CIDI spectra of 1 and 2, it is noted that a telltale peak is present at
m/z 44, COx'*, which arises from reionized CO,. Loss of CO, could not be detected in
the M| spectrum of 1 and this suggests that the m/z 44 peak in Fig. 4a arises from 1—
{1- CHgl* — CHoOH* + CO5 or the “three particle” formation 1 -» CHyOH* + CO5 + CHg".

However, there is another possibility which should be considered : the Ml spectrum
of 2, which shows a more intense CHoOH* ion than 1, also contains a signal at m/z 46,

albeit of very low intersity (0.3 % of base peak at m/z 61). The source generated m/z

46 ions clearly have ‘he structure CHzO(H)CHo**, the only CoHgO'+ isomer which

abundantly loses CHz" in its Ml and CID spectrum, with a small energy release [32)].
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Figure 3.4. Collision-Induced Dissociative lonization {CiDI) mass
spectrum of : (a) ionized dimethylcarbonate, 2 and (b) ionized dimethyl
oxalate. The CIDI spectrum of ionized methyi glycolate, 1, is similar to
that of 2 but with a more prominent m/z 29 signal,

Assuming that the metastably generated ions from 2 have this structure too, one could
argue that the CHyOH* ions in the MI spectra of 1 and 2 originate from the consecutive
reaction 1 — 2> [2- COp |*t — CHoOH* + CHg'. Formation of CH;OH™* from 1 would then
involve communication with the PES of 2 and this, as shown by the following labelling
results, is indeed likely.

Noting that all metastable losses from 2 show a very extensive degree of
scrambling, the reactions of labelled ions 1 for the CH,OH* formation are summarized

in Table 3.4. The keto functionality does not appear in the CHpOH* ion but the oxygen
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and carbon atoms of the HOCH» and OCH3; moieties have become indistinguishable.
Note that one step, namely a degenerate 1,5-hydrogen shift in 9, see Scheme 3.4, is
sufficient to account for this result. The resuits for the D-labelled compounds indicate
that significant H/D randomizations take effect of all hydrogen and deuterium atoms,
but not to the statistical limit. For example, the statistical limit for HOCH.C({=0)OCD3 is m/z
(31:32:33:34) = | (5:45:45:5) and so there is a measured surplus for mfz 31, CHOH*.
By trial and error the intensity distributions were found to be compatible with the
following : 10 % of the formation of hydroxy methylium is atom-specific and involves
the generation of the intact CH,OH moiety, whereas 80 % of the ions undergo
scrambling of the methylene and methyl hydrogen atoms via reversible 1,5-H shifts,
i.e. 9 — 9'; of these 30 % about half also undergo scrambling of all hydrogen atoms
via reversible 1,4-H shifts, i.e. 9 — 2, see Scheme 3.4. That ions 9 prefer 1,5-H shifts
rather than 1,4-H shifts is not surprising since 1,5-H shifts invariably have lower
activation energies than 1,4-H shifts.

When comparing the results for HCO® loss and formation of CH,OH* from 1, it is
seen that the less intense metastable peak (CHyOH*, see Table 3.1) is associated with
more extensive H/D equilibrations (90 % vs. 26 %). This is precisely what is expected
as the more intense metastable peak (loss of HCO'} may well have a slightly lower
activation energy, so that a smaller fraction of these ions communicates with the PES
of 2 where extensive scrambling takes place.

Thus the formation of CH,OH* from 1 does not involve loss of CH30-C=0" as an intact
radical, neither does it involve the consecutive or concerted loss of CHz® and CO, prior

to extensive communication with the PES of 2. In fact, the reaction may well proceed
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Table 3.4. Formation of Y*CH,OH @ from metastable methyt glycolate isotopologuest.

Precursor molecule m/z of daughter ion

31 32 33 34
HOCDZC(=0)0CH; 23 52 25
HOCH,C(=0)OCD5 12 52 35 2
DOCH,C(=0)OCD5 21 57 22
DOCHoC(=0)OCHg 19 81
HOCH,C(=180)0CH; 100
HOCH,C(=0)180CH, 48 52
HOCH,C(=0)013CHg 51 49
HOCH,C(=0)18013CH5 46 54

& Intensities relative to sum = 100 : b For definition , see ref. 18.

from 2 or intermediates accessible to 2 via a low barrier. In the above section, the
possibility of the sequence 1 - 2 — [2-CO,'* — CHL0H* + CHg" is considered.
However, there is an overriding energetic argument against this . as shown in ref. 32,
the process CH3O(H)CHy'+ — CHoOH* + CHg® has an energy barrier of ¢. 1.4 eV and

therefore this consecutive reaction cannot explain the threshold generation of CHpOH*

from 1/2. Therefore, the process may actually involve the sequence 1 — 2 - [2-CHj3"

Unfortunately, the extensive atom scrambling observed for this process prevents
analysis of the product ion connectivities which would greatly facilitate a computational

approach to elucidate the mechanism of this seemingly simple reaction.
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Conclusions

There are now four experimentally well documented cases of radical cations of the
type HOCH(R{)C(=0)Rz"+ which may dissociate via intramolecular C-H---0 bonding, viz.
acetol, Ry = H, Ro = CHg [8], acetoin, Ry =Rz =CHg [27], methyl glycolate, R4 =H, Ro = OCHg
and methyl lactate, Ry = CHa, R = OCHg [ this work]. These species all dissociate by loss
of R4CO" by double hydrogen transfer. Because the molecular and product ions
undergo little or no isotopic scrambling, the associated mechanism mav be traced
using specifically labelled compounds. The results lead to the conclusion that the
above losses proceed via the C-H---0 bonded intermediate R{C({H)=0-+H-C(=O)Rp™*,5. It
is further proposed, from ab initio calculations, that & do not lose R4CO* via a hydrogen
atom shift from neutral RyC(H)=0 to ionized H-C(=0)Rp™+. Rather, charge transfer takes
place in 5 from H-C(=O)R>"+ 1o the aldehyde which thus becomes charged. Because it
is now charged, the aldehyde can rotate and donate a proton to H-C(=0)R after which
dissociation follows. The methyi glycolate system is complicated by the possibility of
isomerization to the symmetrical species CH30C(=0)OCHg, 2, leading to loss of
positional identity of Iabels; for loss of HCO" this rearrangement plays a minor role and
the mechanism is not compromised by it. However, for the minor processes, including
formation of CH,OH*, this isomerization is almost complete and this seriously hampers
the elucidation of the associated mechanisms. What is clear, however, is that formation
of CHoOH* is accompanied by the appearance of GHg™ and COy rather than the intact

radical CHz0C=0", which is an unusual type of metastable dissociation.
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CHAPTER 4

Low energy acetoin ions CH3C(=0)C(H}OH)CH3'+ decompose to
CH3CO" and CH3CHOH* via a remarkable "hidden rearrangement”

C-H---0 bonded ions are being increasingly postulated as intermediates to
rationalize the dissociation chemistry of oxygen containing radical cations [1].
However, at first sight their 0--+H---0 bonded isomeric forms are more attractive
intermediates because of their higher thermodynamic stability [1a,b]. A case in point is
fonized acetol, CH3C(=0)CH,0H"*+ whose remarkable dissociation behaviour has very
recently been rationalized in terms of QeseH-.-0 [2] and C-H---0 [3] bonded
intermediates. The metastable molecular ions decay in the us time-frame, by double
hydrogen transfer, to CHzCHOH* + HCO". Based on characteristic ion/molecule reactions,

Pakarinen et al. [2] proposed a mechanism involving the 0-+:H---0 bonded key

intermediate a, (Eq. (1)) :
CH3C(=0)CHaOH™ —[CH3C=0-++H-:0=CHo]'*, a—> [CH4C(H)=Os++H+++0=CH|'+ —

CHaCHOH* + HCO (1)

The work described here was published under the above title:

D. Suh, P.C. Burgers and J.K. Terlouw, Int. J. Mass Spectrom. lon Processes, 144, L1 (1995).
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George et al. [3] found this pathway to be incompatible with their D labelling
experiments and they derived a mechanism supported by ab initio MO calculations

involving the C-D+--0 bonded ion b, (Eq. (2)) :

CH3C(=0)CHy0D™* — CH3C*(=0)+++O(D)CHy* —> [CH3C(=0)-D-+O=CHp]'+ b —>
CHCDOH* + HCO' &)

The latter mechanism is based, inter alia, on the key observation that the hydroxyl
D atom , as shown above, turns up in the product ion at the carbenium carbon atom,
not at the oxygen atom. It also provides an attractive rationale for the loss of RCO* from
ionized methyl glycolate, HOCH(R)C(=0)OCHs"* (R = H} and methyl lactate (R = CHa) [4].

lonized acetol's higher homologue ionized acetoin, CH3C(=0)C(H)(OH)CH3"+, 1,
undergoes one abundant dissociation in the us timeframe, viz. 1 — CHgCO" +
CH3CHOH*, 4, prima facie a simple bond cleavage reaction. The structure of the
C2Hs50* product ion 4, generated from metastable ions 1, was established through
comparative collision experiments using a BE4E2 mass spectrometer (B = magnet, E =
electric sector) as described in ref. 3. The structure of the CoHgO* radical, CH3C=0°, was
determined by collision-induced dissociative ionization (CIDI) mass spectrometry [5].

From energetic measurements, it follows that the reaction produces the CH3CHOH*
product ion 4 close to the thermochemical threshold : the critical energy is only 8 = 1
kcal/mol #1 but nevertheless the reaction produces a very intense metastable peak, ~
3 % of the unperturbed ion beam. Very intense [9] and exceedingly narrow {10]

metastable peaks - the associated kinetic energy release measured at half height

#1 Appearance energy CoHsO* = 10.02 £ 0.05 eV [6]. This value leads, using AH; [acetoin] = -94.6 keal/mo! ( by
additivity [7], and using -5 kcal/mol for the term C{HXCOXC)O) [6]) and AHy[CHC=0"] is -6 kcal/mol {8), to a
measured AHs CHaC(H)OH* of 142 + 1 kealimol, close to the known value of 139+1 keal/mol [8). The ionization
energy of acetoin is 9.68 £ 0.05 eV {6].
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(To.5) is only 0.07 kcal/mol - have been iinked to dissociation of intermediate
ion-dipole complexes and so it is surmised that the above ostensible simple bond
cleavage might in actuality be ion-dipole mediated. in fact, as an alternative to simple
bond cleavage, loss of CHzC=0" from 1 could proceed analogous to loss of HC=0" from

ionized acetol i.e. (Eq. (3)) :

CHgC(=0)CH(OD)CHg™*, 1-0D — CHyCH=0)+-O(DICHCHg", 2 —
[CHYC(=0)-D-+O=C(HICH3™*, 3 —> CHaCDOH¥,4CD + CHiCO'  (3)

Note that complex 2 could also dissociate directly to CHzCHOD*, 4-0D. If these
processes , i.e. Eq. (3) and direct dissociations, are in competition then for 1-0D a
mixture of CHaC(D)OH*, 4-CD, and CH3C(H)OD*, 4-0D, should be formed. As shown in ref.
[3], the position of the label in ions 4 can be determined by comparative MS/MS/MS
experiments and indeed the CID mass spectrum of the ions generated by loss of
CHgC=0" from metastable 1-0D (not shown) was clearly compatible with a mixture of
4-0D and 4-CD. Next, the isotopomer CH3C(=180)C(H)(OH)CH3"*, 1-CO* (obtained by
exchange of acetoin with H»'80 in acid medium) was examined. Metastable ions
1-CO* form not only CH3G(H)OH*, 4, but also CHgC(H)'8OH*, 4-*OH, in & 1 : 1 ratio, again
compatible with competition of direct bond cleavage and rearrangement , see Eq (3).
The CID mass spectrum of metastably generated 4-*OH from 1-CO* is shown in Fig.
4.1A. Further, the doubly labelled metastable ion CH3C(="180)CH(OD)(CHz)"+, 1-0DCO™,
forms m/z 46 and m/z 48 ions. Their CID mass spectra are shown in Fig. 41Band C
respectively : the m/z 46 spectrum (Fig. 4.1B) was superimposable upon that of
metastably generated reference ions CHzC(H)OD* (produced by loss of DCO" from
CHgC{=0)CD20H™* or loss of H* from CH3CH,0D*+ [3]). The m/z 48 ion could be
CH3C(D)!80H*, 4-CD*OH, and/or CH3C(H)'80D*, 4-*0D. Figure 4.1D shows the CID mass
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3

D

Figure 4.1. Partial CID mass spectra of product ions from dissociation
reactions of metastable acetoin and ethanol ions:

(A) CHaCH18OH* from CHaC(=180)C(H)OHICHg ™+ — CaHg 180 + CHaCO";
(B) CHCHOD* from CHgC(=180)C{HYOD)CHg™ — CpH4DO* + CHaC180",

(C) CH4CD180H* from CHaC(=180)C(H)OD)GHg™ — CoH4D 180 + CH3CO™;
(D) CHaCH180D* from CHaCH, 180D — CH D180 +H".
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spectrum of pure reference ions 4-*0D (from the metastable loss of H" from
CH3CHo'80D*+). Comparison of Fig. 4.1C and D leaves little doubt that the m/z 48 ions
generated from 1-0DCO* have the connectivity of the isotopomer CH3C(D)'80H*,
4-CD*QOH.

The above observations can be rationalized on the basis of competition between
simpie bond cleavage and a rearrangement as depicted in Eq. (3). They rule out a
mechanism involving O--H---O bonding like the one proposed by Pakarinen et al. [2]
for acetol jons.

The product ion ratio for simple bond cleavage and rearrangement of 1-CO* is
exactly 1:1. The ratio for 1-ODCO* is 1.6 : 1 and this results, see below, from a ZPVE
(zero-point vibrational energy) isotope effect. The 1:1 ratio could be a coincidence but
the current ab initio calculations for acetol [11], when applied to acetoin, point to a
mechanism which would nicely account for the observed degeneracy. For acetol, a
transition state with structure [CHgC(H)=0-+-H=+-C(H)=0]"+ (TS 3b-5a in ref. 3) was
located for the transfcrmation [CH3C(=0)-H+-0=CHo]"* b — CH3C(H)OH* + HCO"; this
reaction would require rotation of the 0=CH, unit, but the calculations did not provide
evidence for such a rotation [3]. It has now been found [11] that this TS actually
connects the products, not with b but rather with the H-bridged complex
CH3C(H)=0-+-H-C(H)=0"*, ¢, where the charge is on the formaldehyde moiety, and which
can produce the products by proton transfer. By contrast, in ion b the charge is on the
acetaldehyde unit and to generate CH3C(H)OH* therefrom requires an H-atom shift,
which, according to the calculations requires too much energy. Instead, these ion b
can transform to ¢ via the charge-transfer complex [CH3C(H)=0++0=CH» I'* [11].
Preliminary calculations indicate that a similar sequence can also occur in 1 and by

analogy to acetol ions the sequence of events depicted in Scheme 4.1 is derived.
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Elongation of the central C-C bond in 1 does not immediately lead to dissociation,
but rather to the ion-dipole complex 2, where the CHaCO* cation interacts with the

CH3C(H)OH" dipole. Next, the CH3C(H)OH" moiety can donate the hydroxyl hydrogen to
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the acetyl cation [12] to generate 3. In this species the charge is on the CHaC(D)=180"+
unit and to generate CH3C(D)'80H* from 3 requires an H-atom shift, which, see above,
would be too energy demanding to occur within the narrow energy constraint (8
keal/mol) imposed by experiment. lons 3, it is proposed, have two other options : (i)
they can donate a deuteron (D¥) to the neutral CHzC(H)=0 unit to produce CHaC(H)OD* +
CH3G180" ; (ii) since 3 is an ion-dipole complex, the neutral CH3C(H)=0 can migrate
within the electrostatic field of the CH3C(D)=180*ion. In this step, 3—=CT—3', the
relative orientation of the two acetaldehyde units is changed such that the dipole
moments of the two moieties are oriented towards each other and charge transfer (CT)
may take place easily. Such a charge transfer complex was also proposed as the key
step in the unimolecular chemistry of ionized ethylene glyco! {13]. The equilibria in
Scheme 4.1 would account for the observed 1:1 product ion ratio. Considering that the
product ion ratio 4 : 4-"OH from 1-CO* remained 1:1 upon collisional activation #2 and
that only 8 kcal/mol is available to 1, the interconversions depicted in Scheme 4.1 are

very facile processes indeed.

#2 The CID mass spectrurn of 1 remains dominated by the m/z 45 CH3C(H)OH™* ion but two more
prominent peaks appear, viz. m/z 43 (CHaCO, 20 %) and m/z 44 (17 %). The m/z 44 ions clearly are
CHp=C(H)OH" and not CH3C(H)=0"* : the Tq 5 value for the 3ffr metastable loss of H* from the 2fir
collisionally formed ions was large, 430 meV {14}]. Formation of CHo=C(H)OH"* requires 8 kcal/mol more
than formation of CHaC(H)OH (8] and is therefore absent in the Ml spectrum. Most simply, these ions are
formed from 2 (and 2') via donation of the HOC(H)CHg methyl hydrogens to the acetylium ion. For
1-CO*, m/z 44 is split into miz 44 and m/z 46 in a ratio of 1:1, whereas for 1-d m/z 44 shifts to m/z 45, as
expected from Scheme 4.1.
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Neutralization-Reionization (NR) experiments [15] further support the intermediacy
of ion-dipole complexes in the dissociation of 1 : one-electron reduction of 1 with
cyclopropane followed by reionization with O2 does not vield a detectable recovery
signal in the NR spectrum but to signals due to decomposition of neutralized 1 into
CH3CO", CH3C(H)=0 and/or CHp=C{H)OH, and CHzC(H)OH". These findings strongly point to
collapse of 1 (whose neutral counterpart is stable) to species which have no neutral
counterpart, such as 2 and 3, and which aiter reduction disintegrate to CHzCO",
CHaC(H)=0 and GH3C(H)OH".

The preferred formation of CHzC(H)OD* over CH3C(D)180H* from 1-ODCO* vis "a vis
the equal product ratios for 1-CO*, can be rationalized in terms of isotopic fractionation
resulting from differences in the ZPVE's of the products, analogously to the behaviour
of the N-acetyliminium ion [16]. Calculations using the DZP (double zeta +
polarization) [17] basis set yield 4021 cm~1 for the O-H bond stretch frequency in
CHC(H)OH* , whereas that for the C-H bond is much smaller, 3362 cm-1. The ZPVE
difierence (using a scaling factor of 0.9 [18]) between CH3C(H)OD*, 4-OD and
CH3C(D)180H+, 4-CD"OH, is then calculated to be 0.24 kcal/mol in favour of 4-0D.
Although small, this difference is larger than the average kinetic energy release (0.14
kcal/mol) and thus 4-0D is, at threshold, formed at a faster rate than 4-CD*OH, i.e. the
deuterium atom prefers the stronger bond of the product ion.

Finally, a simple but incorrect alternative explanation for the 1:1 product ratio
observed for 1-0DCO* might be proposed. lons 1-0DCO* and 1', see Scheme 4.1, are
formally related by 1,3-hydrogen shifts via the (very stable) ionized enediol
CHa(DO)C=C('80H)CH3™*, 5, and a facile interconversion 1-0DCO* —= 5 — 1" would
account for the observed 1:1 ratio. However, such 1,3-hydrogen shifts are known to

have much larger activation energies than the energy (8 kcal/mol) available to 1, e.g.
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for acetol ions the barrier for the analogous 1,3-H shift was calculated to be 28.4
kcal/mol [19). To remove all ambiguity, the unlabelled isotopomer of 5 ( from ionized
CHaC(=0)C(OH){CH3)CHo0H [20], by loss of CH,0) has independently been generated
and, not unexpectedly for an ionized enediol, an intense recovery signal was
observed in its characteristic NR spectrum. As mentioned above, no such sig'hal could
be detected in the NR spectrum of 1.#3

Summarizing, it is concluded that the CHaCO" loss from low energy acetoin ions is
a truly hidden rearrangement reaction [23] and is proposed lthat the sequence
sketched in Scheme 4.1 provides a rationale for this remarkable dissociation
behaviour. Further work is in progress and will be published in due course. Finally it is
noted that the results and the proposed mechanism indicate that jonized secondary
a-ketols may well dissociate via double hydrogen transfer [24] in addition to or to the
exclusion of decay via thermally induced processes of the neutral molecules [25], but

that jonized tertiary ai-ketols cannot undergo such fragmentations [25].

#3 The above type of rearrangement through an enedio! is known to occur in neutral systems , for
example in the interaction of reducing sugars with aqueous alkali, the Lobry de Bruyn and Alberda van
Ekenstein rearrangement [21] or the acid-catalyzed acyloin transformation of a-ketols [22] and so it is
conceivable that the rearrangement 1 — 1' takes place in molacules thermally energized in the inlet
system of the mass spectrometer. Howaver, from the intensity ratio of m/z 45 : m/z 47 in the normal mass
spectrum ( 4 : 1, corrected for unlabelled material) it follows that thermal rearrangement accurs, if at all, to
no more than 20 %. In fact, it can reasonably be argued that the above m/z 47 is the resull of
rearrangement of the ions {Scheme 4.1) and that high energy molecular ions prefer (80 %) direct
cleavage to mfz 45.
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CHAPTER 5

The Unimolecular Chemistry of the Enol of lonized Methyl Glycolate :

Formation of the Hydrogen-Bridged Radical Cation [CH3-O(H)-+-H--+O=CH]'*

In solution the keto-enol tautomeric equilibrium generally favours the keto structure
[1]. This is because in general neutral ketones are less acidic (i.e. have lower heats of
formation, AHj), than their enol counterparts. It is now well known that one-eiectron
oxidation of organic molecules often leads to a reversal of thermodynamic stability; for
example, enol radical cations are invariably more stable than their ketone tautomers
2.

Nevertheless, large barriers for keto-enol transformations may prevent enolization
of solitary ketone radicai cations. Thus, prior to dissociation ionized acetone does not
rearrange to the more stable enol form, because the barrier for the 1,3-hydrogen shift
is prohibitively high, 51 kcal/mol [3]. By contrast, in ionized methyl acetate, the almost
complete loss of positional identity of the hydrogen atoms observed to take place prior

to dissociation has been interpreted in terms of fast keto-enol tautomerizations. In this

The work presented here has been appeared in an article having the same title:

D. Suh, P.C. Burgers and J.K. Terlouw, Rapid Commun. Mass Spectrom., 9, 862 (1995).
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case the tautomerization takes place via a more circuitous route through a distonic ion,
eq (1) (R = H), which can be formed from the keto (and the enol ion) via a facile
1,4-hydrogen shift, requiring only 11 kcal/mol [4] ; thus the distonic ion greatly

accelerates tautomerization.

N y R, OH R /o_iﬂ”
P —_— e~ —_— 1
H—C—C_ | <= H—C—CF = G=C (1)
H O—CH, H ., 0 H OCHj
CH,
1keto]* 3[distonic] * 2enol]™*

Recently, the unimolecular chemisiry of ionized methyl glycolate,
HOCH,C(=0)OCH3"+,1 (R=0Hj) [5a] was studied in detail. Metastable ions 1 undergo
one major dissociation, viz. loss of HCO" to produce H-C(OH)OCHg+ with a surprisingly
small activation energy (0.3 eV) and with surprisingly limited (~24%) hydrogen
randomization reactions. it was proposed that the hydrogen atoms became
indistinguishable by isomerization of 1 into ionized dimethyl carbonate,
CH30-C(=0)-OCHg"+. Although no evidence was found for the intermediacy of the enol
ions HOCH=C(OH)OCH3z™*, 2, five of the six hydrogen atoms in 1 could lose their
positional identity by a facile keto-enol tautomerization via the distonic ion
HOCHoC(OH)OCH5'+,3, eq.(1), R = OH. To investigate this possibility ion 2 (see eq. (2))
has been generated via two independent pathways, viz. by the McLafferty
rearrangement of ionized methyl 2-hydroxy-isovalerate, M1, and dimethyl tartrate, M2,
and its, as will become evident, intriguing unimolecular chemistry has been

investigated.
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Results and discussion

The metastable ion (Ml) spectra of 2 and its keto form 1 [5a] are given in Table 5.1.
It is seen that these spectra are totally different : thus, while metastable ions 1 decay
almost completely via loss of HCO®, ions 2 do not undergo this reaction at all. Rather,
they dissociate by four competing channels, namely to CHg*, CO and to the conjugate
pair CH30H and CHgOHo*. Note that for the reactions of the same stoichiometry (losses
of CHg" and CO ) different amounts of kinetic energy are released (T 5 values in Table
1). These results indicate that 1 and 2 do not interconvert prior to dissociation.
Assuming that such a tautomerization would most easily proceed via 3, the above

results show that either 1= 3 and/or 2 == 3 does not occur.
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Table 5.1 Reactions of the metastable methyl glycolate ion (1) and its enol (2).

Daughter ion formed and/or neutral lost3

Precursor ion CHoOH* CHzOHp* CHgOH HCO" co CHg®
HOCH,C(=0)OCH3™+ , 1 4 [56] - - 100(22) 1 [230] 2 [570]
HOCH=C(OH)OCHj3"+, 2 - 35 [50] 75[38] - 50 [330] 100 [68]
DOCH=C(OD)OCHg"+, 2-(Od)» - 15b 20¢ - 15 100

4 Ml spectra obtained in the second field-free region (8 keV ions) using precursor ion M2. The intensities
(= 5 %) are relative to base peak equal to 100 % ; the values in parentheses reler to kinetic energy
release (meV), measured from the peak width at half height (T g 5 ). ! Connectivity is CHzODo*
determined by comparative MS/MS/MS experiments. ¢ Connectivity is CH30D determined by
comparative MS/MS/MS experiments.

Reactions of metastable ions 2

Since it is concerned with competing, slow dissociations, all four dissociations
probably have similar energy requirements, although for the loss of CO ( Tg 5 = 330
meV, see Table 5.1) a large reverse term may be involved. An estimation of the critical
energy for these dissociations comes from the following. From Table 5.1 it is seen that
loss of CH30H has the smallest T value, Tg 5 = 38 meV, and so it may be reasonably
assumed that this reaction has the smallest reverse term. The collision-induced
dissociation (CID) mass spectrum of the [M-CH3OH]™+ product ions generated from
metastable ions of 2 is shown in Fig. 5.1A. It contains intense peaks at m/z 30, which

tandem (MS/MS/MS) experiments show is HOCH'* [6], m/z 29, HC=0*, and m/z 41, loss
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(A) =
B) e
(C) n 31.

Figure 5.1. The collision-induced mass spectra of product ions from
dissociation reactions of metastable enol ions of methyl glycolate, 2:
{a) HO(HIC=C=0"*  from HO-CH=C(OH)(OCHg\'+ () (- CHg0H);
(b) HO(H)C=C=180"+ from HO-CH=C{'80H)(OCH3)"* (2-180) (- CHgOH);
() DO(H)C=C=0"*  from DO-CH=C(OD{OCHg)'* (2:(Od)o) (- CHZOD).
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of OH', indicative of the structure HO(H)C=C=0"+, 8. AH; [8] has hot been measured , but
it can be estimated from the computed AHj of HO(H)C=C=CHx"*, 216 kcal/mol [7],

assuming that the effect of OH substitution on the AHf's of ionized ketene and allene
are the same. From AHgketene]** - AHfallene]’+ = -59 kcal/mol [8], AH; 8] = 157

kecal/mol is obtained. This yields a threshold energy for loss of CH3OH { AHf = -48
kecal/mol [8]) of 109 keal/mol. Adding this to the average T value ( 2 kcal/mol) an upper
limit for the threshold energy of ~ 111 kcal/mol is obtained and it is proposed that this
value represents the transition state energy for all metastable dissociations.

According to the ab initio calculations executed at the UMP3/6-31G*//6-31G* level of
theory [5b], ions 2 (Z-isomer) are 33 kcal/mol more stable than 1, in agreement with
the general finding that ionized enols are more stable, thermodynamically, than their
keto forms [2]. Since AH; [1] = 106 kcal/mol [5a), AH¢[2] = 73 kcal/mol so the critical
energy for the dissociations of ions 2 is 38 kcal/mol.

The reactions of various metastable isotopologues are summarized in Table 5.2 and
that all dissociations, except loss of methanol from 2-Odq, show atom specific

behaviour.

Table 5.2 Reactions of metastable labelled methyl glycolate enol ions .

Precursor ion Daughter ion formed and/or neutral lost@ M-COJ*+
loses@

DOCH=C(OH)OCHg'+, 2-Odj CHz® CO CHzOH (1.1)b CHaOHD* HCO'
CHg0D (1.0)

HOCH=C(OH)OCDg3*, 2-Cdg CDg" CO CD30H CD30Ho* HCO*

DOCH=C(OD)OCHg ™+, 2-(Od)s CHz* CO CH30D and CHa0Dot HCO’
DO(H)C=C=0"+

HOCH:C(’BOH)OCHS"*.Z-‘BO CHg" o1lo] CH30H and CH3OHo* Hco: (c)

HO(H)C=C=180"*

8 From MI spectra obtained in the second field-free region, 8 keV ions. The connectivities were
determined by comparative MS/MS/MS experiments, see text. b Intensity ratio. € From [M-C180}*+.
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Loss of CH3®

The CID mass spectrum of the metastably generated [M-CHal* product ions
generated from metastable ions of 2 (Fig. 5.2A) is entirely different from that of the
{M-CHgJ* ions from 1 [5a] (Fig. 5.2B). Loss of CHg" from 1 has been proposed to vield
the proton bound dimer [CH»=0---H---0=C=0]* [5a] and an attractive structure for the
ions derived from the enol 2 is the "capto-dative” [9] carbenium ion HC(=0)C(OH)5t, 9a.
The direct bond cleavage of lowest energy requirement in this ion involves the
formation of m/z 29, HC=0+, which is the base peak in the CID mass spectrum (ZAH;
[HC=0% + :C(OH)] = 146 kcal/mol whereas ZAHj [C(OH)s™ + HC=0°] = 186 kcal/mol
[8.10]).

AHs [9a] is estimated to be 70 keal/mol [11], yielding a calculated threshold energy
for the loss of CHg" of 105 kcal/mol (AHs [CH3"] = 35 kcal/mol [8]). This value lies below
the limiting value for the loss of methanol, consistent with the larger Ty 5 value for
methyl loss, see Table 5.1. A possible mechanism for loss of CHs* is presented in
Scheme 5.1.

In principle, loss of CH3" could be a simple bond cleavage in 2b to produce the ion
HO(H)CCOOH*, 9b. Such a process was proposed to occur in the related enol! of ionized
glycine methyl ester, HoNCH=C(OH)OCHg"* [13].

lon 9b is undoubtedly less stable than its isomer 9a because, in contrast to 9a, it
has only one electron donating group attached to the carbenium ion centre [14]. AH;
[9b] can be estimated from the following isodesmic reactions, using known AHy's from
ref. 8 and using a carbenium ion stabilization energy (SE) of zero for the COOH

functionality [15), i.e. SE;{=SE»:

CH3+ + CH3OH — CH4 + CH20H+ SEq = 63 keal/mol
CH3+ + HOCH,COCH - CHy + HOCHCOOH*t SE; = 63 keal/mol
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Figure 5.2. The collision-induced mass spectra of product ions from
dissociation reactions of metastable enol ions of methyl glycolate, 2:
(@) HC(=0)C(OH)o* from HO-CH=C(OH)}OCHz)"* (2) (- CHq'");

(b) [CHy=0+<H-++0=C=0]* from HO-CHoC(=0)OCHy'* (1) (- CHy’);
(C) HC(=O)C(OHY180H)*  from HO-CH=C(180H)OCH5)*+ (2-180) (-CHy).
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AHjf [HOCH5COOH) is estimated to be -139 keal/mol [18]. One then obtains AH¢ [9b] =
77 kecal/mol, leading to a calculated threshold of 112 kcal/mol and this would make ion
AHs 9b just accessible. However, in view of the significant kinetic energy release, see
Table 5.1, the more stable ion 9a is the more likely candidate. Indeed, note that the
C(OH)>"+ ions, generated after collisional activation of 9a, may decompose further by
loss of OH", to produce COH* [17]. According to Scheme 5.1, 2-180 should produce
HC(=0)C(OH)(1BOH)*; this ion, upon CID , should produce HC=0*, m/z 29 and
HO-C80H"+, which decays further to COH*, m/z 29 and C'80H*, m/z 31; this is precisely
what is observed, the m/z 29 : m/z 31 ratio in the CID mass spectrum of
HC(=0)C(OH)(180H)* being 3 : 1, see Fig. 5.2C. With respect to the non-occurence of the
tautomerization 1 — 2 it can now be concluded that since 2-Cdg does not eliminate

CDoH', see Table 5.2, the interconversion 2 — 3 does not take place, i.e. 2 % 3.

Loss of CH30H and formation of CH3OHo*

From Table 5.2, it can be seen that the original methoxy group is lost as CH30OH.
Furthermore, the hydroxyl hydrogens are lost to approximately the same exlent
pointing to hydrogen exchange between the two OH groups prior to loss of CHz0H,
most likely via the interconversion 2a —» 5, see Scheme 5.1 (the ab initio calculations
[5b] show that ions 2a and 2b have virtually the same heats of formation). A similar
exchange was observed between the NHy and OH groups in HoNCH=C(OH)OCHg"+, the
enol of ionized glycine methyl ester [13].

Highly structure characteristic peaks in the CID mass spectrum of the product ion
HO(H)C=C=0"*, 8 are m/fz 30, HOCH"+, and m/z 41, loss of OH" ; using these
fragmentations it could be established from MS/MS/MS experiments that 2-180

produces HO(H)C=C=180"+ and that 2-(Od), generates DO(H)C=C=0"+, see Fig. 5.1B and
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C and Table 5.2. A plausible mechanism for loss of CHz0H, see Scheme 5.1, involves
a 1,4-hydrogen shift in ion 4 to produce the distonic ion 6a. Alternatively, 6a could be
formed directly from 2b via a 1,3-hydrogen shift, as proposed for HoNCH=C(OH)OCHgz™,
[13].

Considering the ab initio calculations on the related ketene/water system [18] it
seems likely, see Scheme 5.1, that ion 6a freely interconverts with the (hydroxy-
ketene) ion - (methanol) dipole complex 6 which then loses CH3OH. Note, however,
that the Tq 5 value for loss of CHgOH is not typical of a dissociating ion-dipole complex,
i.e. it is not exceedingly small; for example the Ty 5 value for loss of HO from
CHo=C=0"*H,0 is only 0.2 meV. Indeed, using an ion-dipole stabilization energy of ~20
kcal/mol [19], AHs [6] of ~ 90 kcal/mol is derived, and so loss of CH3OH may well take
place above the threshold (see next section).

Metastable ions 2 (see Table 5.1) also produce CHzOHo+, 10 ; the structure of the
neutrals co-generated most likely are intact 0=CH-C=0" and/or HO-C=C=0" radicals
rather than HC=0" + CO because the calculated threshold energy for formation of 10 +
HC=0" + CO is 120 kcal/mol [8], significantly above the limiting value of 111 kcal/mol.
Furthermore, the neutralization-reionization (NR) mass spectrum of 2 (Fig. 5.4D)
contains a telltale peak at m/z 56 which most likely originates from reionized
0=CH-C=0" and/or HO-C=C=0" which dissociates further by H* loss.

The ion-dipole complex 6 is also a prime candidate for formation of CHgOH>* :
because & can dissociate directly to ionized hydroxyketene (see above), the charge in
6 will reside on that moiety which can thus donate a proton [20] , as opposed to a
hydrogen atom, to the CH3OH molecule. Note (sec Table 5.2) that since the 2-{0Od),-
labelled compound specifically forms m/z 35, CHz0D,*+ from MS/MS/MS experiments,

to the exclusion of m/z 34 (i.e the DO(H)C=C=0"* ion in the ion-dipole complex
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specifically transfers a D+ to the methanol molecule), the neutral generated is
0=CH-C=0". Unfortunately AH{iO=CH-C=0"] is not known. Also, MS/MS/MS experiments

show that 2-Cdj specifically forms CDz0OHo+. The proposed mechanism for formation of

CH3OHa* is shown in Scheme 5.1.

Decarbonylation

Prima facie, loss of CO could occur from ion 6a via the least motion extrusion [21)

to generate the ylid ion 11a, eq. (3) :

18
HO 0 HO , , ChHs
c—C  —— c—0O + Cco'® (3
/7 N /7 N
o\ ,EIS—CH3 H H
6a H 11

AHs [11a] can be estimated from the effect of OH substitution (-36 kcal/mol [22]) on the
non-charge bearing site of the ylid ion CH,-O(H)-CHg+ { AHf = 176 kcal/mol [23))
leading to AHf [11a] = 140 kcal/mol and a threshold energy for 11a + CO of 114
keal/mol., slightly above the limiting value of 111 kcal/mo!. Since, from the large Tq 5
value (330 meV, see Table 5.1), a large reverse term must be involved, ion 11a can
be discarded on energetic grounds. It was observed that the [M-COJ"+ daughter ion
undergoes one CID unimolecular dissociation, viz. loss of HCO® to produce CHOH*
(ZAH¢ = 147 keal/mol [8]) This observation also eliminates ion 11a as possible
candidate, as this ion is expected (barring reverse terms) to lose CH;" by a simple
bond cleavage to produce the stable ion HC(OH),* (£AH; = 131 kcal/mol [8]).

in a recent computational study [20] on the unimolecular isomerization and

dissociation reactions of HOCHyCHpOH'*, it was found that the most stable CaHgOL™
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isomer is the hydrogen-bridged ion-dipole complex [CHg-O(H)++*H---0=C-H]*+, 11b, in
the dissociative configuration for loss of HCO". lts AHj was computed at 130 kecal/mol
and so 11b is energetically accessible from 2, AH¢ [11b] + AHf [CO] = 104 keal/mol;
the reverse term would then be ~7 keal/mol, and this could account for the large Tg.5
value observed (Table 5.1). The related species [CHg-0++-H+--0=CHy]"* [24] which is
also predicted to lose HCO" has a computed energy of 145 keal/mol [20] and thus is not

accessible from 2.

It was observed from MS/MS/MS/MS experiments that the m/z 35 [CH2D30]* ions,
formed from collisionally activated [M-COJ** ions generated from metastable 2-Cdg
precursor ions, upon CID specifically form Chg* and so m/z 36 has the connectivity

CD3OHp* (see Fig. 5.3). An important clue as to the identity of the [M-COJ"+ daughter ion

18

.
%W! sﬁ?‘m&ﬂﬁm@

.
12 )’y
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Figure 5.3. MSIMSIMSIMS experiment on HO-CH=C(OH)(OCHg)™*+ — [M

-COI** — [M-COI'* - HCO® — CD3* (see text for discussion).

follows from the behaviour of the various [M-CO]** isotopologues, see Table 5.2. It is
seen that the decarhonylated product ions specifically lose the vinylic H-C-0 group.

Hence, the following sequence is established , eq. {4) :
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A product ion which rationalizes the above is indeed ion 11b and a mechanism for
its formation is presented in Scheme 5.1 : the ion-dipole complex 6 undergoes
reorientation to the hydrogen-bridged species 7 which then undergoes
decarbonylation.

It appears that decarbonylation of 2 is an extremely slow process. This becomes
evident from a comparison of the CID mass spectra of ions 2 generated in the ion
source (Fig. 5.4B) and of the ions 2 generated frorn metastable M2 molecular ions (m*
132-+90) (Fig. 5.4C).

The spectrum of Fig. 5.4B reflects both low energy, metastable and high energy,
CID processes, whereas Fig. 5.4C can only obtain peaks due to high energy, fast CiD
reactions. It can be seen that [M-COJ*+ is virtually absent in Fig. 5.4C (but that it is a
sizeable signal in Fig. 5.4B) and this indicates that decarbonylation does not compete
at high internal energies. This is also borne out by the near absence of [M-COJ** in the
NR spectrum of 2 (Fig. 5.4D). NR processes are known to sar iple target ions of low
iniernal energies, followed by fast , high energy dissciation of the reionized molecular
ions [25]. Indeed, if a delayed analysis is performed, i.e. if the "survivor" ions (S) are
allowed to live for ca. 1073 s and an M| spectrum is then obtained, [M-COJ'+ becomes
an important peak (see Fig. 5.4E). In fact, it can be seen that the spectrum in Fig. 5.4E

is closely similar to the normal Ml spectrum (Fig. 5.4A). (These results also show that
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Figure 5.4. Mass spectra of ionized enol of methyl glycolate, 2: (a) metastable ion
mass spectrum; (b} collision-induced dissociation mass spectrum of ions generated in
the ion source; (¢) as (b), but of ion gensrated from metastable ion, see text; (d)
neutralization-reionization mass spectrum; (e) metastable ion mass spectrum of the
survivor ion {S] in (d); (f) collision-induced dissociation mass spectrum of the survivor
ion [S] in (d).
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the neuiral enol of 2 is a stable species which does not rearrange to methyl glycolate,
compare spectra Fig. 5.4B and F). It is therefore proposed that ion 7 is formed very
slowly from 6 and moreover, that it only leads to CO loss. Alternatively, it is ion 7 itself
which dissociates slowly.

From Table 5.1 it can be seen that for 2-(0d), a large isotope effect (~3) operates
against the losses of co, CH30OH and O=C(H)}-C=0". This is interpreted in terms of 4 — 6
(or 2b — 6) being rate determining (i.e. unidirectional) in agreement with the large
To.5 value for the loss of CH30H from the ion-dipole complex 6 mentioned in the
preceding section. Upon CID of 2, two other major processes occur, viz. formation of
HC=0% and HO-C=0* (see Fig. 5.4B). lon 4 may account for HC=0*, whereas 2 may
produce HO-C=O* (+ CH3® + HCOH) indicating that 2 — 4 is not rate-determining; all
labeliing experiments (not shown} are in agreement with this proposal.

it is clear from the above that 1 and 2 do not interconvert prior to dissociation. For
methyl acetate the keto-eno! isomerization (eq. (1), R = H) requires 11 kcal/mol and a
similar value may pertain to ions 1. However, it has been established [5] that the
HOCH, functionality of ions 1 triggers an even more facile rearrangement which
eventually feads to loss of HCO® and this reaction requires only 7 kcal/mol,
corresponding to a transition state energy of 113 kcal/mol. A similar situation pertains
for the enol ions 2. Here, isomerization into 3 via a 1,4-hydrogen shift cannot compete
with the formation of 6 (and with loss of CHgz* from 4). Note also that the isomerization
2 — 6 takes place ai virtually the same energy (111 kcal/mol) as does loss of HCO"
from 1. Hence 1 and 2 do not tautomerize simply because their dissociation
processes require less energy. This behaviour nicely parallels that of the ionized
methyi ester of glycine and its enol, which, too, do not interconvert prior to dissociation

and exhibit their own unimolecular chemistry [13].
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CHAPTER 6

The Chemistry of lonized Ethyl Glycolate, HOCH2CO2CoH5'+,
‘and Its Enol Isomer, HOCH=C(OH)OCoH5"+. Formation of
lonized and Neutral Trihydroxyethylene

introduction

Keto-enol tautomerism is one of the most fundamental rearrangements in organic
chemistry [1]. This process occurs in condensed phases, often assisted by facile acid
or base catalyzed intermolecular hydrogen transfers, and in the dilute gas-phase,
where only intramolecular hydrogen transfers are feasible. Whereas neutral species
containing the carbonyl group are normally much more stable than their enol isomers
(especially when simple ketones are considered), the ionized enols are generally
lower in energy than their keto tautomers [2]. Many reactions of isolated organic ions
involve keto-enol tautomerism, which frequently proceeds in two (or more) steps via

intermediate distonic ions as indicated in eq. (1) for simple methyl esters.
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l:‘\ llo H F{\ +/OH AN ,OH_l "
H—C—C, | =—F H—"/C'—C\ — /ﬁc\ (1}
H o— CHQ H . /0 H oC Hs
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[keto]™ [distonic]™ [enol}™*

Thus, in these systems, keto-enol tautomerization does not take place directly via an
energetically demanding (~50 kcal/mol [3) for R=H) and consequently slow
1,3-hydrogen shift : [keto]*+— [enol]*+. Instead, two iess energy demanding (~12
kcal/mol [4] for R=H) and therefore more rapid 1,4-hydrogen shifts lead to
interconversion of ionized keto and enol forms via a distonic ion: [keto]*+—
[distonic]**— [enol]*+. An important consequence of the above is that both keto and
enol ions invariably show the same dissociation behaviour [2¢].

The unimolecular chemistry of ionized methyl glycolate (5], and its enol, (eq.1:
R=OH) [6] was recently reported and it was discoverd that, in contrast to the
expectations from the above precedent, these species do not tautomerize at all, as
they decay via completely different channels. It appeared that for each tautomer the
CHOH functionality opens up facile rearrangement/dissociation pathways, whose
energy requirements lie below the tautomerization barrier. In particular, for this ionized
methyl ester, the CHOH group triggers a type of reaction which other a-ketols also

undergo, namely a facile double hydrogen [7] transfer as indicated in eq. (2).

0
O\ // +/OH
CHz—Cn_ ——> H—C_ + HCO (2)
O-CHj

For the proto-type ionized a-ketol, acetol, this reaction has been studied in
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detail by state-of-the-art ab initio molecular orbital (MO} calculations and the derived
mechanism is given elsewhere [7).

It has been established that for ionized methyl glycolate HCO* loss requires only 8
kcal/mol [5] and so tautomerization cannot compete. Since 1,5-H shifts may be
expected to require even less energy than 1,4-H shifts (i.e. < 12 kcal/mol) it was
intrigued by the possibility that the higher homologue ethyl glycolate,1, might well

undergo tautomerization via consecutive 1,5-H shifts prior to dissociation, see eq. (3).

AN
+/ N\ 7/
C CHy ——» H—(C—C —_— c=cC (3)
HO-CH,” S0 ° 7% LN
[ |
. CH CH,CH
CHZ/ 2 2 3
1 3 2

It is found that this indeed to be the case, but the tautomerization appears to be
unidirectional, i.e. 1— (3 =) 2, but 24 (3 —) 1. Surprisingly, however, it is observed
that the ethyl group opens up at the other end of the ion an even more facile reaction
than the expected HCO" loss, namely elimination of CoHy to produce the remarkably
stable proto-type unsaturated ionized triol, trihydroxyethylene, HO-C(H)=C(OH), "+, 4, via
a reaction which is very similar to ethylene loss from the well studied ionized phenyi

ethyl ether (8] and related systems [g] and ethyl onium ions [10].
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Results and Discussion

Overview and comparison with HOCH2COzCHg**and HOCH=C(OH)OCH3™*

lonized ethyl giycolate, HOCH,COoCoH5'+, 1, may be generated directly from the
neutral precursor. The only technical problem with this method is the ease of
self-protonation, which gives rise to an abundant (M+H)* ion at m/z 105, which
complicates the appearance of the spectrum. The isomeric ionized enol,
HOCH=C(OH)OCsH5™, 2, may be generated indirectly by dissociative ionization of
diethyl tartrate (eq. 4) or by propene loss via the McLafferty rearrangement of ionized

ethyl 2-hydroxyisovalerate (eq. 5).

-+
SN O
S CQCH'CH‘COZB B0~ C\\CH ¥ g C\cant )
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The metastable ion (MI) spectra of 1 and 2 are given in Table 6.1. It can be seen
that both tautomers abundantly expel CoH, with closely similar kinetic energy releases

(To.5). However, 1 also undergoes three minor competing reactions, loss of Hx0, HCO"
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and formation of m/z 59: therefore, 1 is able to reach transition states and

intermediates which are inaccessible to 2.

Table 6.1. Reactions of metastable 1 and 2.

Precursor lon Structure Neutral Lost RA2  Typb
HOCH2oCOoEt HOCH2CO2CoHg"* H20 5
CoHy4 83 24
HCO® 4
HOCO*® 8
(CH3)2CHCH(OH)CO2Et  HOCH=C(OH)OCoHg'+ CoHg >99 25

4 RA = Relative abundance, measured by peak heights and normalized to a total of 100 units for
dissociation of metastable ions; P Tg 5 = Kinetic energy (in meV) estimated from the width at half-height of
the appropriate metastable peak.

Moreover, MS/MS/MS experiments, see below, reveal that the fragment ion
produced by CsyH4 loss from both 1 and 2 is ionized trihydroxyethylene,
HO-C(H)=C(OH)o'+ and this suggests that prior to dissociation 1 tautomerizes into 2
which in turn can directly form 4 via a hydrogen shift. However, 2 does not tautomerize
(back) to 1, because the side reactions characteristic of 1 are not observed for 2. This
conclusion also follows from labelling data as discussed below.

A clear contrast exists between the related chemistries of 1 and 2, in which
unidirectional tautomerism is important, and the behaviour of the lower homologues,
HOCH2CO5CHg™ and HOCH=C(OH)OCH3**, in which tautomerism is insignificant [5,6]. This

contrast reflects the influence of the larger O-ethyl group in 1 and 2, which faciliates
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the hydrogen transfers necessary for tautomerism. Thus, enolization of
HOCH2CO2CHg™ would require two 1,4-H shifts (eq. 1), but the corresponding process

in 1 involves 1,5-H shifts (eq. 3), which are known to be more facile.

Reactions of HOCH=C{OH)OCoHs"*

It is logical to present a detailed discussion of the chemistry of 2 first because it is
simpler than that of 1. As can be seen from Table 6.2, loss of CoHy4 occurs from the
0-ethyl group with highly selective g-hydrogen transfer. Thus, HOCH=C(OH)OCH.CD3"*
and HOCH=C({OH)OCD,CHg"+ expel CoHaDs With only very minor contributions from other
labelled ethylenes (3 % CpHD3 and 6 % CoH3D, respectively), but bOCH=C(OH)O-
CHpCHg™ loses only CoH, (Table 6.2). The preponderance of CoHoDs loss also
excludes the possibility of CO loss from 2; this deduction is consistent with the absence

of €180 loss from HCCH=C(OH)80CHCHz™.

Table 6.2. Reactions of metastable isotopologues of 2.

lon Structure Neutral Losta
DOCH=C(OH)OCoH5+ CoHg
HOCH=C(OH)OCDoCHg*+ CoHoDo
HOCH=C(OH)CHoCD3"+ CoHoDo

2 Specificity at least 95 %.

This pronounced site-selectivity in ethylene loss from labelled analogues of 2 is

closely similar to that found in ethylene elimination from ionized phenyi ethyi ether (8]
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and onium ions of general structure RIRZC=Z+*CH,CHj (Z = O, S, NH, NCHg) [10]. All these

reactions may be explained in terms of mechanisms involving ion-radical or
ion-neutral complexes, in which proton transfer occurs in a complex comprising a
bridged non-classical ethyl cation coordinated to a neutral component. Transfer of the
bridging proton, which originates from the terminal methyl group, to an atom of the
neutral component then explains the observed site-selectivity. In the case of 2, the
neutral species is the radical derived by hydrogen abstraction from one of the geminal
hydroxy groups in trihydroxyethylene (Scheme 6.1). It is not possible from the current
data to determine whether 6 is a true ion-radical complex, in which at least one of the
components is able to rotate freely with respect to the other, or a transition state.
Neither is it possible to delineate the geometry of 6, which may be better described as
a transient proton-bridged complex, in which the proton is being irreversibly
transferred from carbon to oxygen. Nevertheless, the generic features of this
fragmentation (highly selective p-proton transfer and the moderate Ty 5 value of ~ 25

meV) are typically of those found in ion-neutral- mediated fragmentations.

e+ HO OH
HO_ OH ___’HO\ ,OH . \C__:C\_ + _Che
So=c{ o= 7 ONo-—-h
H OCaH s H O-=--CH, CH,
2 +) 6
H-=CH, 3 -
HO O-H—'."' c
AY
H/ OH Che

Scheme 6.1
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The labelling results are thus perfectly compatible with the formation of ionized
trihydroxyethylene, which is the enol of glycolic acid, HOCH,G(=0)OH"+, 5. The collision-
induced dissociation (CID) mass spectrum of 5§ has been reported [11] and is
dominated by loss of CO» which produces the proto-type ylid ion "CH-OH,>* at m/z 32,
see Fig. 6.1a. The spectrum of the fragment ions generated by loss of CoH4 from
metastable jons 2 is shown in Fig. 6.1b and it can be seen that this spectrum is totally
different from that for 5; note that m/z 32 is absent. In fact, the spectrum in Fig. 6.1b can
be rationalized in terms of structure 4 as follows. Upon activation, cleavage of the ¢c-C
bond leads to the ionized carbenes HCOH'*, m/z 30 [12] and HOCOH™, m/z 46 [12a.13].
The former is known subsequently to lose H* to form preferentially HCO* [14] (m/z 29
base peak), while HOCOH™* may lose H' [12a,13¢] to produce HOCO*Y, m/z 45.

[n addition, ions 4 lose Ho0 to generate m/z 58 and by comparison of reference
spectra this fragmentation leads to HO-CH=C=0"* [6], which may further decompose to
HCOHK™*, m/fz 30, which represents an alternative route to m/z 39 and m/z 29. From this
analysis, the fate of the label in various labelled precurzors can be traced. Thus,
HO-CH=C{OH)OCH2CD 4"+ forms only HOCH=C(OH)(OD)"**, whereas HO-CH=C(OH)180-
CHoCHgy'+ clearly generates HOCH=C{OH)(180H)"+. Thus, loss of CoH, from 2 appears to
be well characterized in that it can be formulated as a simple hydregen shift as

depicted in Scheme 6.1.

Reactions of HOCHaCO2CoH5™*

As mentioned above the major fragmentation route of 1 is loss of CoHy. It was
observed that the CID mass spectrum of the metastably generated fragment ions was
superimposable on Fig. 6.1b and so it is concluded that loss of CoHy from 1, too, leads

to HOCH=C(OH)»"* to the exclusion of HOCH-C{=0)OH"+.
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Figure 6.1. Collision-induced dissociation {CID) mass spectra of (a) HOCH,COoH™+, 5,
(b) HOCH=C(OH),™+, 4, (C) CoH4O3"t fons generated from 1 in the ion source; and (d)
neutralization-reionization (NR) mass spectrum of 4; (e) metastable ion (MI) and (f)
CID mass spectra of the survivor ions [S] from NR of 4.
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However, in contrast to the corresponding fragmentation of 2, CoH,4 elimination
from 1 does not involve B-proton transfer with high selectivity. Thus, both
HOCHoCO2CD2CHg™ and HOCHoCOCHoCD3 ™+ expel CyHoDo and CoHgD in the ratio 73 :
27 ; moreover, HOCDCO,CHaCH3'* l0ses CoHgD and CoHy in the ratio 75 : 25,. when
only the latter would be expected on the basis of hydrogen transfer exclusively from
the O-ethyl group.

The preferential participation of one hydrogen atom from the methylene group of
the hydrc::f 'methyl substituent which results in CoHgD loss from HOCD2COxCHoCHy™ is
strong evidence for enolization of 1 to 2 prior to the bulk of ethylene elimination.
Thus, a 1,5-H shift in HOCD,CO,CH,CHg™ leads to the distonic ion HOCDCHOH)CHoCHy',
which undergoes a specific 1,5-D shift to give HOCD=C(OH)CHoCHoD** (Scheme 6.2). The

| deuterium atom that is transferred to the ethyl group by this relay of hydrogen transfers
Is now ideally situated to participate in ethylene loss. Moreover, this tautomerism is
unidirectional, as there is no significant contribution from CoHsD» elimination from
HOCD,CO2CHpCH3™, which would be expected if a route existed for transfer of both

deuterium atoms to the O-ethyl substituent via reversible tautomerism of labelled

analogues of 1 and 2.

.t AN Ho _|-+
ﬂ (ng 1,5-H ; c—-o\ 1,5-D HO\ /OH
AN e 020N CHe o’ N OCHCHD
HOCD; O D D ! HaCHa
'CHz

o, HO_ /oﬁ"*
Lot =0y
CHD o OH

Scheme 6.2
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However, this mechanism does not account for the contribution from apparent

a-hydrogen transfer from the O-ethyl group in ethylene loss. It sesms unlikely that the
site-selectivity of the final step, ejection of ethylene from labelled .anéfogues of 2,
should vary so strongly depending on whether the radical cation is formed directly or
by tautomerism of 1. The occurrence of p-hydrogen transfer in ethylene loss from the
analogous ionized phenyl ethyt ethers (8] and related onium ions [10] over a wide
range of energies also militates against such an explanation of the contrasting
site-selectivities in ethylene elimination from 1 and 2.

A possible explanation is that 3 may undergo a degenerate 1,2-shift, which alters
the connectivity of the heavy atom skeleton and renders the two methylene groups
derived from the O-ethyl group equivalent, Scheme 6.3. Anaiogous 1,2-shifts occur
with great facility in other g-distonic ions [15,16]. For example, ab initio calculations
indicate that the 1,2-OH, shift in the B-distonic ion CHa-CHp-OHo** has a low barrier [16].
Indeed, at an internal energy of 12 kcal/mol (i.e. 7 kcal/mol below the threshold for
dissociation to CoHg™* + Hx0) this species may be more accurately described as an
ethylene radical cation to which a water molecule is attached, with freedom to move
along and around the positively charged ethylene rod, rather than a B-distonic ion with
a localized C-O o-bond [16]. It will be shown in the following section that a similar
situation may apply in the case of the distonic ion 3. The dissociation limit of jonized
CaH4™ and neutral HOCH,COOH lies only a few kcal/mol above the energy requirement
for the dissociation to 4 + CoHy. Consequently, by analogy with the CoHy"tH0 system,
the degenerate rearrangement converting 3 into 3' could be described in terms of a
species in which a neutral glycolic acid molecule is able to move along and around
the charged ethylene rod.

Provided that this skeletal rearrangement does occur, it is possible to interpret the
labelling data in some detail. Table 6.3 gives the experimental ratios for loss of
CaHa.nDp from labelied analogues of 1 and those calculated (second column) on the

basis of the sequence 1— 3 (= 3') - 2— 4, as sketched in Scheme 6.3.
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Table 6.3. Observed and calculated ratios of CaH4-nDp loss from isotopologues of 1.

lon Structure Neutral Lost RAa
Expb  Calcc Calcd

HOCD2CO2CoHg"+ CoHy 25 33 26

CoH3D 75 67 74
HOCH2CO2CDoCHg + CoHaD 27 33 26
HOCH2CO2CHoCDg+ CoHoDo 73 67 74

@ See footnotes to Table 6.1; b Experimental; ¢ Calculated, isotope effect ki'kp = 1.0, see text; d As in (c)
but kkp = 1.40.

The agreement between these predicted ratios and those found experimentally is
only reasonably good. However, it becomes excellent if an isotope effect of 1.4:1
favouring H+ over D+ transfer on the final step (2—4) is postulated (see third column
of Table 6.3). The occurrence of a moderate isotope effect of this magnitude is not

uncommon. Thus, all experiments are in agreement with enolization of 1 prior to
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dissociation, provided that the methylene hydrogéns in 3 become identical, pairwise,
via the sequence 3 —» 3', and that this reaction does not occur when starting from 2,
see Scheme 6.3. This is in good agreement with our conclusion, see above, that the
tavtomerization is unidirectional, i.e. 2 does not rearrange to 3. Note that ion 3 could
directly lose: CoHy to produce the keto product 5, but because 5 lies much higher in
energy than 4 (see below) this reaction cannot compete with formation of 4 from
metastable ions 1 and 2.

Alternatively, 2 may be formed from 1 via two consecutive 1,4-H shifts involving the
distonic ion HOCH,C(OH)OCHCHg"+, 8, rather than via 3. Indeed, recent MO
calculations {17a] indicate that a 1,5-H shift resulting in the formation of a primary
radical centre (e.g., 1 —3) requires about the same energy as a 1,4-H shift leading to
the production of a secondary radical centre (e.g., 1— 8). Therefore, the route
involving two successive 1,4-H shifts (1—> 8 — 2) could conceivably compete with that
involving two consecutive 1,5-H shifts {(1—-3(z23')—2). However, the observation that
HOCHCO2CD,CH3 ™+ and HOGH,COoCHaCD3™+ expel CoHgD and CoHaDy in the same ratio
(see Table 3) militates against this possibility because the sequence 1— 8—2 erodes
the positional integrity of the methylene group in the O-ethyl substituent. In contrast,
this observation is naturally explained by the sequence 1 — 3(x>3")—2 shown in
Scheme 6.3, as discussed previously. It is noted that generalizations concerning the
relative ease of hydrogen transfers through cyclic transition states of different sizes
cannot always be reliably extrapolated to a particular case. Thus, detailed studies of
the reactions of ionized di-butyl ether and related species reveal that a 1,4-H shift from
carbon to oxygen resulting in the production of a secondary radical is preferred over
the alternative 1,5-H shift in which a primary radical centre is formed [17b]. However, in
the case of 1, the |abelling results are equally clear in establishing a preference for the

opposite site-selectivity : the 1,5-H shift is preferred to the alternative 1,4-shift.
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The CID mass spectrum of CoH405+ ions generated from 1 in the ion source is
shown in Fig. 6.1c. It can be seen, from the appearance of m/z 32 [11] { compare Figs.
6.1a and 6.1b) that ions 4 are clearly generated in admixture with 5. This is precisely
what is expected as ions generated in the ion source have larger internal energies
than those formed from metastable ions. This further attests to the intermediacy of the

distonic ion 3.

Thermochemistry of CoHy4 loss: appearance energy measurements and ab initio

calculations,

To obtain a more accurate description of the potential energy surface associated
with the loss of CoHy from 1 and 2, several appearance energy (AE) measurements
were performed. The AE for loss of CgHg (AHf = 4.8 kcal/mol [18]) from ethy!
2-hydroxyisovalerate (AH¢ = -164.6 kcal/mol [19]) (eq. 5) was measured, using energy
selected electrons {20}, AE = 10.19 % 0.05 eV, leading to AHf (2) = 66 keal/mol. The AE
for formation of m/z 76 (consecutive losses of CaHg and CoHy), again using energy
selected electrons, was 12.03 x 0.05 eV. However, this value could equally well relate
to the consecutive losses of CoHy and CgHg, rather than vice versa and may thus have
no bearing on the loss of CoHy from 2. Therefore, the AE of the metastable peak m/z
104 — m/z 76 was measured by a comparative method [21] ; in this way the process
studied is unequivocal, namely loss of CoHy from 2 to generate 4. The AE thus
obtained, 12.2 = 0.1 eV, is close to that obtained above (12.03 eV), so the more
accurate and precise value obtained by energy selected electrons will be used. This
value leads to én apparent AHg (4) = 95 kcal/mol. The keto form, 5, is estimated to
have a AH¢ of 105 kcal/mol [22) and this would indicate a marginal keto-enol

stabilization energy (compare a stabilization energy of 23 kcal/mol for the ionizsd
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acetic acid keto/enol system [18]). However, it is entirely possible that the above AE
measurements actually reflect the barrier for the hydrogen transier reaction 2 — 4.

To test this possibility, the Gaussian 2 (G2) ab initic method (23] is employed -
utilizing the MP2 approximation, known as Ga(Mpz) theory - which has been shown to
yield results within 'chemical' accuracy (2-3 keal / mol ). The methodology, optimized
structures and energetic information derived from the calculations are outlined in the
theoretical methods section, Figure 6.2 and Table 6.4, respectively. Preceding the
G2(MP2) calculation, the most stable ionic and neutral conformers of 4 had to be found.
Four ionic and four corresponding neutral conformers, illustrated in Figure 6.2 as
structures 4a - 4h, were investigated at the MP3/6-31G**//HF/6-31G* level of theory.
From the relative energies in Table 6.4, ion structure 4d and its corresponding neutral
structure 4h were found to be the most stable conformers and thus candidates for
subsequent G2(MP2) calculations. Via the G2(MP2) method, we obtain AH#2%8 = -107 4
kcal / mol for the neutral, 4h (MP2(FULL)/6-31G* geometry; see Figure 6.2). Addition of
the ionization energy obtained by taking the difference in ihe G2(MP2) energies (see
Table 6.4) between 4d and 4h yields a AH§295 of 71.6 kcal / mol for ion 4d. This
leads to a reasonable keto/enol stabilization energy of 33 kcal/mol. Thus, by
combination of experiment and theory we derive for the enol ion 2 the energy diagram
shown in the right part of Fig. 6.3. It can be seen that the activation energy for loss of
CoHg from 2 is 42 keal/mol with a reverse term of 24 kcal/mol. These values are very
reminiscent of CoHy loss from ionized phenyl ethyl ether [8a] (48 and 28 kcal/mol,
respectively), again indicating that similar mechanisms may be involved. Moreover,
the kinetic energy releases are very similar (25 meV for 2 and 30 meV for ionized
phenyl ethy! ether [8a]) and small compared to the reverse terms. This indicates that
ions 2 also most probably dissociate via an ethyl ion-radical complex, as shown in

Scheme 6.1, where free energy flow between the moieties is minimai [9] and where
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Figure 6.2. HF/6-31G* and MP2(FULL)/6-31G* optimized geometries for ionic and
neutral conformers of trihydroxyethylene.
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Table 6.4. Total Energies (Hartrees), Zero Point Vibrational Energies (ZPVE, kcal/mol)
Relative Energies (Erg|, kcal/mol), G2(MP2) Energies (Hartrees) and AH¢ values

(kcal/mol) for lonic (4a-d) and Neutral (4e-h) Isomers of Trihydroxyethylene.

Structure E(HF6-31G") E(MP3/6-31G**//HF/6-31G") ZPVE State  Eglal
4a -302.359301 -303.170878 45.6 2pn 4.3
4b -302.360018 -303.170727 45.4 2pr 4.6
4c -302.359063 -303.168986 45.3 2pm 5.6
4d -302.368870 -303.178012 45.4 2pn 0.0
e -302.595090 -303.437145 44,7 1A -183.2
af -302.587895 -303.429551 43.9 1A' -159.2
4q -302.597608 -303.438715 45.3 1A -163.7
4h -302.596896 -303.438371 44.7 A" -184.0
Structure E (MP2 (FULL) /6-31G*) E (MP3 /6-31G**// State  Eglb]
MP2 (FULL) /6-31G")
4h -303.399448 -303.439770 1A' -164.2
4d -303.142850 -303.179060 2pn 0.0
Structure G2 (MP2) (0 K) G2 (MP2) (298 K) AH0 AH;298
4h -303.833306 -303.828414 -105.3 -107.4
4d -303.548500 -303.543172 73.4 71.6

a) E(MP3/6-31G™//6-31G") + 0.8929 x ZPVE ; b) E(MP3/6-31G**/IMP2 (FULL) /6-31G*) + 0.8929 x ZPVE;

Eg| is with respect to ion 4d .
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the reverse term is only weakly coupled to the translational separation of the products
[24] leading to a relatively small Tg 5 value. The similarity between the dissociation of 2
and phenyl ethyl ether is also manifest from the magnitude of the isotope effect

associated with the H*D* transfer. Above an isotope effect of 1.40 + 0.07 for the H+/D+

Energy
(kcal/mal)

110 CoH, " + HOCH,COOH

80 —
w4 4 C,H,
80 —
70 — or!™
OCHCH;
*ee+ is Estimate wmmisExpt. wm is G2 Theory ===is Deduction from Ml data

Figure 6.3 Potential energy diagram for the (unidirectional)isomerization and

dissociation of ionized ethyl glycolate,1 and its ionized enol, 2.

transfer 2 — 4 was postulated; for the H*/D* transter in ionized phenyl ethyl ether, an

isotope effect of 1.5:1 has been deduced {8b). Similar isotope effects have been
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observed for other ionized alky! phenyl ethers for which there is evidence that they too
fragment via exothermic proton transfers in alkyl ion-phenoxy complexes [9). A detailed
picture of the potential surface in the region of the transition state is not available.
However, a simple model whereby the relative rates of reaction of an exothermic H+
versus D* transfer through the transition state is related to the velocity of H* and D+
through the transition state would predict an isotope effect of V2. It is surmised that an
isotope effect of this magnitude may well be indicative of an exothermic proton transfer
in an (alkyl)ion-radical complex.

The heat of formation of ion 1 has not been measured, but can be reliably
estimated from the difference (14 kcal/mol) in the heats of formation of ionized ethyl
acetate and ionized methyl acetate [18] and by subtracting this difference from the
known heat of formation of ionized methyl glycolate [15]; this procedure gives AHf = 92
kcal/mol as indicated in Fig.6.3.

AH of the distonic ion 3 can be estimated from the following thermodynamic cycle.
Starting from ethyl propionate, CH3CHoC(=0)OCH,CHg, AHf = -111 kecal/mol [18} and by
using a C-H bond dissociation energy oi 100 kcal/mol [19}, it is estimated for the radical
CH3CHaC(=0)OCH2CH,*: AHf = - 41 kcal/mol (AHf [H°} = 52 keal/mol) [18]. Next, using a
proton affinity of 200 kcal/mol typical for aliphatic esters [18] it is estimated for the
distonic ion CH3CH2CHOH)OCHCHo® : AH¢ = 125 keal/mol. Finally, using an OH
substitution increment on a non-charge bearing site of ~31 kcal/mol (for example the
difference in AHt of neutral propane and ethanol [18]), it is obtaind for the distonic ion
HOCH2C*(OH)OCH,CH™: AHf = 94 keal/mol, about the same as for the keto ion, see Fig.
6.3.

The calculated threshold for formation of ionized CoHg™ and neutral glycolic acid
(AH{[CoH4™] = 254 keal/mol and AHg[glycolic acid] = -139.5 keal/mol [22]) is also shown

in Fig. 6.3. It is evident that this dissociation limit lies only a few kcal/mol above the
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energy required to promote loss of CoH, from 1; indeed, it actually lies slightly below
the dissociation limit for production of 5 and CoHy.

As discussed previously, M'o"'c;:alculations [16] indicate that the distonic ion
CHz-CHp-OHZ™ may assume a structure in which the water molecule may move freely
from one carbon atom of the ionized ethylene to the other at an internal energy 7
kcal/mol below the treshold for formation of CaH4™ and Hp0 . By analogy with this
system, the neutrat glycolic acid molecule in the distonic ion 3 may also acquire such
freedom to migrate from one carbon atom of the ionized ethylene to the other at an
internal energy a few kcal/mol below that needed to form CoHg™ + HOCHoCOOH. This
possibility, 3 z2 HOCHC{=0)OH-*:CH,=CHy™* = 3', allows the labelling results to be
understood.

It had been concluded above that ions 1 give rise to minor high energy side
reactions, notably the degenerate isomerization observed for the distonic ion, 3 — 3',
see Scheme 6.3, which are not observed when starting from ion 2. This indicates,
see Fig. 6.3, that the transformation 1 -» 3 produces the distonic ion at elevated
internal energies, which allow the occurence of such energy demanding processes. At
the same time, it had been shown from labelling data that the isomerization 3 — 2 is
unidirectional, i.e. that 2 — 3 does not in fact occur. Thus the dissociation 2 — 4 itself
occurs at a faster rate than the isomerization 2 — 3, Barring differences in frequency
factors, this indicates that the transition state for the isomerization 2 — 3 lies above
the threshold for CoH,4 loss from 2, as indicated in Fig. 6.3. Thus when ions 3 are
formed from 1 they have sufficient internal energy to undergo the degenerate
isomerization and other side reactions, whereas ions 3 cannot be formed from 2 at ali.
From the above it follows that starting from 1, the first step, i.e. 1 — 3 is
rate-determining. However, the labelling data were more consistent with the operation
of an isotope effect in the final step. These observations are not in conflict : since the

first step involves migration of one of the methyl hydrogen atoms of the OCH,CH5 group
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of 1, any isotope effect in this step would not be apparent from the labelled ions

studied, the OCH,CD3 and OCD,CHj esters. It has been indicated that at least one of the
side reactions observed for 1, i.e. formation of m/z 59, procedes from the distonic ion
3.

Formation of m/z 59 could in principle be formulated as a simple cleavage process
to produce HOCH,CO* + CHgCHL0". The calculated threshold energy for this reaction is
119 kcal/mol, from AHt [HOCH,CO*} = 125 kcalimol [25] and AH; [CHaCHL0 = - 6
kcal/mol [19]. However, the fact that ionized glycolic acid is not produced in the loss of
CzHy, see above, but that it nevertheless requires less energy than formation of
HOCH,CO*, see Fig. 6.3, led it to be believed that m/z 59 might not be the result of the
above simple bond breaking process. Indeed, the CID mass spectrum of the
metastably generated m/z 59 ions, shown in Fig. 6.4, is not compatible with any known
CaHgOo* structure [25]; rather it is indicative of CgH70* ions [26] and so formation of m/z
59 involves the loss of HOCO®. As is shown in Scheme 6.4, the distonic ion 3 is a prime
candidate to rationalize the loss of HOCO" : attack of the undoubtedly reactive radical

site on the OH group followed by 0-C cleavage leads to the reactive configuration 3a.

AN

Figure 6.4. Collision-induced dissociation (CID} mass spectrum of mfz 59 ions
generated from metastable HOGH,COCHLCH,™, 1, ions.
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Note that the combined enthalpies of the proposed product ion, protonated oxetane,
and HOCO" is 103 kcal/mol 18] and so these products are energetically accessibie. In

addition, the interconversion 3a — 3b, see Scheme 6.4, via 1,4-H shifts explains an
otherwise puzzling observation : HOCH,C(=0)OCD,CH3 "+ shows specific ioss of HOCO®
but on the other hand it loses both CoHzD and CaHoDy, see Table 6.3, whereas
HOCHZC(=0)OCH,CD3™+ shows losses of both HOGCO* and DOCO" in a ratio of ca. 1.

Inspection of Schemes 6.3 and 6.4 reveals that this is precisely what is expected.

+/0H * /OH /OH
CHZ—C\ CHE"C CHQ"C\\
H__O/ o ———» +/ \ E— + / 0
H—QO O H—O
CHa N\ / A
CHQ CHQ"'CHz CHQ'_CHQ
3 / 3a
CHQ—'CHQ
CooH + | |
_—t
CHs O\ . +/OH
H CHg—CHg—O‘_CHg_C\
3 AH, = 103 keal/mol 3b o
Scheme 6.4

Another minor process observed for 1, but not for 2, is loss of HCO". Upon
collisional activation, loss of C,H, remains the dominant process for both 1 and 2, see
Figs. 6.5a and b. Other peaks that are present are at m/z 29 45 and 58, However,
it can clearly be seen that 1, compared to 2, contains a considerably more intense
signal at m/z 75, arising from the expected loss of HCO® by double proton transfer
which occurs so dominantly in ionized methyl glycolate and where there is no

competition from ethylene loss. It is proposed that the same mechanism applies to

ethyl glycolate.
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Figure 6.5. Collision-induced dissociation (CID) mass spectra of
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HOCH,CO,CHoCHg ™, 1; (b) HOCH=C(OH)OCH,CH3 ™, 2; and neutralizaiion-reioniza‘ion
(NR} mass spectra of (c) HOCH,CO,CH,CH5 ™+, 1and (d) HOCH=C(OH)OCH,CHg', 2.
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The neutralization-reionization (NR) mass spectra of 1 and 2 are also given in ‘Figs.
6.5c and d. These spectra are dominated by ionized ethylene and its fragments at
m/fz 28, 27 and 26. According to the energy diagram it is possible that the metastably
generated ethylene is generated in an excited state [27] and this may lead to an
enhanced ionization cross section. Furthermore, the observation that a sizable
survivor ion signal is p'resent in the NR spectrum of 2, whereas m/z 59, 75 and 86
(signals characteristic for the keto structure 1) are absent, is good evidence that the
neutral enol of ethyl glycolate, 1,2-dihydroxy-1-ethoxy ethylene is a stable species in
the gas phase.

Finally it is noted that the rearrangement products m/z 59 and m/z 86 appear with
significant abundances in the CID spectrum of 1, see Fig. 3a, but that they are absent
from the corresponding NR spectrum, Fig. 3c. This parallels observations from
previous studies [27} that NR leads to reduced isomerization reactions (for example to

reduced scrambling reactions in labelled ions [27a,b]) compared to CID.
lonized and neutral trihydroxyethylene, HOCH=C(OH)2

The specific production of ionized trihydroxyethylene, 4, the enol isomer of ionized
glycolic acid, 5, by ethylene loss from 2 allows its chemistry to be studied. Its CID mass
spectrum has already been discussed in some detail for structure assignment
purposes.

Metastable ions 4 fragment solely by loss of water and as revealed by MS/MS/MS
data this fragmentation yields ionized hydroxyketene [6]. The ion HOCH=C(OH)!80H"+,
generated by loss of CaHy from HOCH=C(OH)180CoHs*+, loses Ho0 and H, 180 in a ratio of
ca. 1:1, whereas HOCH=C(OH)(OD)*+ loses HDO and H,0 in a ratio of 1.4 : 1.The

mechanism outiined in Scheme 6.5 may explain these observations; note that this
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mechanism is the same as that derived for the loss of methano! from the enol of
fonized methyl glycolate [6]. This mechanism predicts a ratio for HDO and H,0 loss of
1:1, but note that reversibility of the first step leads to an increase in HDO loss, as
observed. (Fast interconversion of 4, 4a and 4b prior to water elimination would lead
to an expected ratio of 2:1). The activation energy is estimated to be 27 kcal/mol (from
AHf [HOCH=C=0"*] = 157 kcal/mol [6], AHj [4] = 72 kcal/mol [this work] and AHs [H50] =
-58 kcal/mol [18]); this value is very similar to that (36 kcal/mol) calculated for loss of
methanol from the ionized enol of methyl glycolate [6].

The NR mass spectrum of 4 is shown in Fig. 6.1d. The structure characteristic
fragments at m/z 29, 30 and 58, together with the presence of an intense survivor
signal, are good indications that neutral trihydroxyethylene is a stable species which

does not isomerize to giyco'ic acid. Definitive evidence for the existence of neutral 4

¥ H
- . \
H /OH_l i N 0 HO_ ., 0
_— c— _— c—
/C=C\ i Ve C\+ / EN +
0, OH H Cl)-—H H CIJ‘“H
H H H
4 4a 4b
pohe
HO
\ —l o+
C=c=0
H
7
Scheme 6.5

comes from a delayed analysis of the survivor ions. In this experiment the survivor ions
are seleclively transmitted through the second sector of our triple sector machine and
these selected ions are then allowed to dissociate spontaneously leading to the M|

spectrum of the neutralized-reionized species (NR/MI, see Fig. 6.1e) or induced to
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dissociate by CID, leading to the NR/CID spectrum, Fig. 6.11. It can clearly be seen from
Figs. 6.7e and f, in particular from the presence of an intense signal at m/z 58 and the
absence of any detectable signal at m/z 32, that the enol neutrals have completely
retained their structure and that thay do not at all rearrange to their tautomeric glycolic

acid counterparts, HOCH,COOH.

Conclusions

The chemistry of ionized ethyl glycolate and its enol isomers is rich and interesting.
Although the behaviour of the lower homologues, ionized methyl glycolate and its enol
isomer do not undergo tautomerism, unidirectional enolization via two 1,5-H shifts
dominates the reactions of ionized éthyl glycolate, which expels ethylene by two
distinct routes, to give a mixture of ionized glycolic acid and its enol isomer. In contrast,
the ionized enol isomer loses ethylene via a single channel to form only the ionized
enol of glycolic acid with a strong preference for B-hydrogen transfer, which is not
found for the keto isomer. The distonic ion HOCHoCHOH)OCHSCH,', which appears to
undergo r facile degenerate rearrangement, plays a crucial role in the chemistry of
ionized ethyl glycolate; however, it does not participate in the fragmentation of the
ionized enol of ethyl glycolate. The ionized enol isomer of glycolic acid, which is
stable in the gas phase and survives neutralization-reionization, also has interesting
chemistry, dominated by water ioss after 1,4-hydrogen transfers to give ionized

hydroxyketene.
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CHAPTER 7

Reactions of lonized Dibutyl Ether

Introduction

The reactions of ionized ethers contain many interesting featurzs ‘At high internal
energies (e.g. fragmentations occuring rapidly in the ion source), a-cleavages
producing oxonium ions tend to dominate, especially at 70 eV ionizing electron energy
[1]. However, at lower internal energies, a variety of interesting rearrangements often
compete strongly with these a-cleavages. Thus, intense peaks arising by expulsion
from the molecular ion of an alkenyl radical, ChHsp.¢". are found when the mass
spectra of unbranched dialkyl ethers, (ChH2,,.1)20°*, are recorded at low ionizing
electron energies [2]. Similar double hydrogen transfer (DHT) processes have been
reported in the fragmentation of smaller alcohols and ethers, as is exemplified by the
presence of significant [M-CaHgl* signals in the 70 and 12 eV spectra of

(CH3)oCHCHoOH™ [3,4]. These unusual fragmentations have been interpreted by

The work presented here was based on an article under the above title:

R.D. Bowen, D. Suh and J.K. Terlouw, Org. Mass Spectrom., 29, 791 (1994).



154

means of mechanisms in which distonic ions (Dls) [5,6] and ion-neutral complexes
(INCs) [7-13] play crucial roles in the hydrogen transfer and skeletal isomerization
steps. The loss of an alkane, CyHap,2, derived from an a-alkyl group and a g-hydrogen
atom from a neighbouring a-substituent is also common [13,17], as is illustrated by the
expulsion of CzHy from metastable CzH7(CH3)CHOCH3**+ species. INC-mediated
mechanisms have also been applied to explain this class of reactions. A third
common fragmentation is elimination of CoHg® from ionized ethers derived from primary
butyl and larger homologous alcohols [13-16,18,19]. This process entails
rearrangement of the 'heavy atom' skeleton, which can be envisaged to take place by
a direct 1,3-ROH shift which converts the appropriate D! into an isomer in which the
oxygen atom is now attached to the original y-carbon atom. Alternatively, it may be
visualized in two stages involving ring closure of the hydrocarbon chain centaining the
radical site to give an INC comprising an ionized alkylcyclopropane and ROH,
tollowed by ring opening in a different sense to form the rearranged DI. A second
1,4-H shift then returns the hydrogen atom from oxygen to the radical centre, yielding
an ionized ether derived from a secondary alcohol [20]. Expulsion of CoHs* then occurs

by a-cleavage (Scheme 7.1).

A/\—“—’/\/\ ——r—/-ernH

1,3-ROH

3 a

\69 + CHs -—-—— - I
“+
CR

Scheme 7.1
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In the course of research on the chemistry of oxonium ions [21], several isomers of
C4HgOC4H7D, and C4H7D0C4H7D, Were prepared in order to generate and investigate
the reactions of labelled analogues of CHzCHaCHaCH+*0=CHCH3, The mass spectra of
these labelled dibutyl ethers revealed that the initial 1,4-H/D shift was apparently
influenced by a sizeable isolope effect. Cohsequent[y, a more extensive range of
labelled dibutyl ethers was synthesized in order to permit a detailed scrutiny of the

reactions of (C4Hg),0"+ species.
Results and Discussion

The reactions of metastable CgH{gO™* radical-cations generated by ionization of
di-n-butyl ether (1), n-butyl sec-butyl ether (2) and di-sec-butyl ethers (3) are repo:ted

in Table 7.1. Collisional activation (CA) [22-24] spectra and neutralization-reionization

mass spectra (NRMS) [25-28] of isomeric species formed as 1°+, 2°+ and 3*+ are

Table 7.1. Reactions of metastable ionized dibutyl] ethers

Neutral species lost
CHg' CHs"  CoHg CaHy™  C4Hg®  CaHyg  C4HigO
Precursor struclure A2 TP RA T RA T RAT RAT RAT RAT
CHgCHACHoCHyOCH,CHaCH.CHy 2 1.6 87 1.9 5§ 17 3 17 2 19 2 18

CHaCHLH,CHyOCH(ICHg)CHCHy 36 09 20 16 39 14 1 € 3 € 1 £ 4
CHaCHYCHZICHOCH(ICHgICHSCHy 41 0.8 4 15 55 1.1

4 RA = relative abundance (%), measured by metastabls peaks areas and normaiized to a total of 100 units
for ions dissociating in the second field-free region; P T = kinetic energy release (kJ/mol) as estimated from
the width at half-height of the corresponding metastable peak; all the metastable peaks had a Gaussian or

approximately Gaussian profile; ¢ Peak too weak to pemit accurate measurement.
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given in Tables 7.2 and 7.3, respectively. New data on the dissociation of metastable
CgH130™+ product ions formed by CoHs® elimination from 1°+, 2°+ and 3'* are
compared with older results in Table 7.4; the CA spectra of these oxonium ions are

summarized in Table 7.5.

Comparison of the chemistry of 1°+, 2°+ and 3°+

Overview of the reactions of metastable 1°+, 2+ and 3'+

The reactions of metastable 1°+ differ markedly from those of 2°*+ and 3**. lons
formed from 1 expel predominantly CoHg’, with much smaller contributions for loss of
CHgz*, C4H7", C4Hg" and C4H100. The relative abundance (RA, expressed as a
percentage of the total metastable ion current for dissociation of 1°*) for CoHsg’
elimination exceeds 85%; of the other reactions, only C4H7* loss has an RA greater
than 3%. These data are in good agreement with those reported previously [14]. All
the fragmentations give rise to approximately Gaussian metastable peaks,
corresponding to moderate kinetic energy releases (KER, in each case, T1/2, the KE
release estimated from the width at hali-height of the appropriate metastable peak, lies
in the range 1.6-1.9 kJ/mol). in contrast, 2°* and particularly 3** lose much less
CoHs® (RA=20 and 4%, respectively), but expulsion of CHa* and CoHg, which are of
minor and negligible importance starting from 1°*+, become dominant (RA=35-40 and
40-55%, respectively). This contrasting reactivity of radical-cations generated from
ethers containing isomeric butyl groups appears to be typical. Parallel effects have
been found for lower homologues (e.g. the corresponding ionized butyl ethyl ethers)
[14,16]. Alkane (in this system, CoHg) loss is much more abundant in the

fragmentation of ionized secondary ethers because it yields thermodynamically more
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favourable products and has a lower critical [29] energy than alkyl radical (in this case,
C2Hs") elimination by a-cleavage. However, starting from the primary ionized ether,u
the unidirectional rearrangement illustrated in Schemé ?.1 produces a significantly
more energized population of radical-cations with the ionized secondary ether
structure, which show an enhanced preference for direct dissociation via a-Cleavage
and a reduced tendency to undergo the additional hydrogen transfer that must
precede alkane ioss. The observation that the T1/2 value for CoHg* loss from 1°+ (1.9
kd/mol) exceeds that starting from 2°+ (1.6 kd/mol) supports this view. The higher
energy ions formed by rearrangement of 1"+ fragment at an increased rate [30] and
with a greater average KE release [31]. Mo.écver, it is known that the ratio of CoHg" to
CoHg losses from radical-cations generated from ethers often shows a very
pronounced dependence on the average internal energy of the dissociating ions [32).
Consequently, the divergent behaviour of 1°+, 2°+ and 3°+ is intelligible. In particular,
the chemistry of 1°+ and 2°+ may be interpreted by means of Scheme 7.1
(R=CH3CHoCHoCHy).

A proportion of metastable radical-cations fo;med as 2°+ may undergo a similar
isomerization of the n-butyl group to give 3°+ prior to CoHs™ elimination. This
interpretation is in line with the slightly greater T2 value for CpHs" loss from 2°+
compared with that for fragmentation of 3*+ (1.5 kd/mol). Paralie! trends are found in
the T2 values for other common fragmentations (CHs* and CoHg expulsion) of 2°+ and
3'+. However, despite the trends in the T1/2 values it is unlikely that when 2°+ is
formed by isomerization of 1'* further rearrangement to 3+ takes place. Such
rearrangements of the n-butyl to sec-butyl substituents are slow and rate limiting;
consequently, a second isomerization of the previously unrearranged buty! group of
2'* formed from 1°+ would be pre-empted by faster alternative precesses, particularly

CoHg® elimination.



158

Structure of the CgH1g0"+ radical-cations formed as 1°*, 2°* and 3**

Further valuable insight is provided by the CA and NRMS of the parent CgH1g0’*
species. The distinctive CA spectra reveal that ions formed as 1°+, 2°+ and 3+ have
each a retained a discrete identity after a period of several microseconds. All the
spectra contain prominent (M-CoHs)* peaks at m/z 101; however, these signals
contain contributions from the dissociation of ions that have not been energized by
collision. Apart from these peaks, the spectra of 1°+ and 2°* are dominated by the
product ion at mfz 56 [(M-C4H1¢0) ; in contrast, the ion at m/z 57 [( M-C4HgO)H iz
more abundant than that at m/z 56 in the spectrum of 3°*. However, the spectra of 1°+
and 2"+ are not identical. These data suggest that some (but not all) non-decomposing
ions formed as 1°* isomerize to 2°+.

None of the CA spectra contains even moderately intense (M-CaH7)* signals at
m/z 87. In the case of 3°*, this is hardly surprising: no intact propyl group is present in
the initial structure. Similarly, aithough 2°+ does contain a CH3CHaCHoCH20O
substituent, whicn might be expected to undergo CaH7" loss by a-cleavage, it is
plausible to suppose that this process would be swamped by the energetically more
favourable a-cleavages of the CH3CH2(CH3)CH group. However, the very low
intensity of the (M-C3H7)* peak in the CA spectra of 1°+ may be more significant. It is
possible, but unlikely, that the energy deposited in non-decomposing ions is rarely
suffizient 1o permit CgH7" loss by a-cleavage to compete effectively. A more probable
alternative explanation is that only a comparatively small proportion of these species
remain as 1°+ because most have rearranged to other more stable structures. Likely
contenders for such structures include the DIs and the INC involved in isomerization of
1°+ to 2*+ (Scheme 7.1, R=C4Hg). All these species might be expected to fragment
readily on collisional activation via loss of C4H1gO to give m/z 56, because each

contains an n-butanol molecule as an intact entity.
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Tables 7.2/3. Collisional activation and neutralization-reionization mass spectra of
C4HgOC4Hg'* radical-cations.

n-C4Hg0-sec-C4Hg (n-C4Hg)o0 (s80-C4Hg)oO

m/z CA2 NR2 CA NR CA NR
115 (85) <1 3 (184) 3
101 {390) 8 (160) (805) 40
100 (64) 1 (168)

87 3 1 4 1

85 5 1 1 8 6
83 3 13

75 (10) (12)

74 10 1

73 i8 3 11 3 11 13
59 5 8 1 13 21
57 59 49 29 30 100 100
56 100 50 100 50 42 38
55 18 24 9 41 13 19
45 18 25 3 7 58 45
43 8 18 3 38 11 20
42 23 17

41 21 48 10 48 26 45
39 10 39 4 39 11 38
31 3 11 2 48 3 4
29 15 100 5 100 24 €5
28 6 46 2 43 8 28
27 8 51 3 58 11 32
15 3 2 3

a R| = relative intensity, measured by peak height and normalized to a value of 100 units for the most
intense signal containing no significant contribution {greater than 2% of the total ion current for fragmen-
tation of metastable C4HgOC4Hg ™+, see Table 7.1) from the dissociation of ions that were not energized
by collision. Values in parentheses (corresponding to loss of CHg", CoHg’, Colg and C4H7") contain sig-
nificant contributions from the dissociation of ions that were not energized by collision.



160

Parallel conclusions may be drawn from the NR spectra: 1°+, 2°+ and 3"+ exhibit
distinctive spectra, but the spectrum of 1°+ has many features in common with that of
2°+ and both bear almost no resemtiance to that of 3°+. Thus, 1°+ and 2°+ show
enhanced propensities for producing m/z 29 [although this signal arises mainly from
collision-induced ionization of CoHs' neutral species produced by the unimolecular
dissociation of (C4Hg)e0"*], whereas 3+ exhibits a preference for forming the same
product (m/z 57) as te favoured in its CA spectrum.

The NR spectra do not contain appreciable peaks corresponding to CgH1g0"*
species that have survived neutralization and reionization without fragmenting. The
absence of such 'survivor' signals suggests strongly that most or all of the
radical-cations generated as 1°* 2°+ and 3°+ have rearranged after a few
microseconds to isomers which do not have stable neutral counterparts.
Consequently, neutralization produces neutral species that dissociate before being
reionized. This conclusion is perhaps somewhat tentative in the case of 3°+ because
this species is much more vuinerable to fragmentation than 1°+ and 2°+. Therefore, it
is conceivable that some ions formed as 3°+ do retain their initial structure, but that
after neutralization to 3, reionization produces a population of 3°+ species that are
energized sufficiently highly to cause almost all of them to fragment. A comparable
situation is unlikely to apply for 1*+ and 2*+ because these radical-cations, particularly
1"+, are much less susceptible to extensive fragmentation than 3°+. Moreover, the
spectra of 1°+ and 2°+ show very few signals above m/z 57, but strong peaks at m/z
87, [M-CgHy]*, and m/z 101, [M-CoHg]*, respectively, arising by a-cleavage would be
expected if 1°+ and 2°+ retained their original structure until neutralization and
reionization.

An especially interesting feature of the NR spectrum of 1°+ is the presence of an

intense signal at m/z 31. This ion must be CHp=OH* and it almost certainly arises by
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ionization and fragmentation of n-butanol formed by neutralization of species

generated as 1°+. This finding is explicable if a significant proportion of the ions

generated as 1°* have attained structures containing an intact n-butanol entity wheﬁ
they are neutralized. 1t is noteworthy in this connection that n-butanol displays a
negligible molecular ion signai in its conventional electrom impact (El) mass spectrum,
which is dominated by the base peak at m/z 31, corresponding to CHo=0H*; similar
behaviour is expected following collisional ionization. The corresponding peaks at m/z
31 in the spectra of 2°+ and 3°+ are much weaker, as would be expected if only 1+

rearranges freely to structures containing a complete n-butanol molecule.
Structure of the CgH 1307 ions formed from 1°#, 2+ and 3°+

The reactions of metastable [M-CoHgl* ions formed by ionization and
fragmentation of 1 and 2 are similar, whereas those of ions generated from 3 are
noticeably difierent, especially in the distinctive ratios (1.5+0.2 and 11+1, respectively)

for HoO:C4Hg loss (see Table 7.4). These data suggest that CoHg®

Table 7.4 Reactions of metastable CgH130% ionsa;b

Neutral species lust
Ho0 CaHg CHaCH=O  Cy4Hg
Precursor structure Probable ion structure RA T RA T RA T RA T

CHaCHoCHoCHoOCH,CHICHCHy  CHiCH=OYCH,CHyCHCHy 43 24 6 ~2° 18 20 32 20
CHaCHCHoCHoOCH(CHZ)CHCHy  CHCH=O*CHoCHCHoCHy 52 21 7 ~4 10 1.9 31 1.8
CHaCH,(CHa)ICHOCH(CH)OH,CHy ~ CHACH=OYCH(CHyCHoCHg 78 21 6 ~6¢ 8 16 7 16

2 See footnote to Table 7.1; RAs were normalized to a total of 100 units for dissociation of CgH{30* ions in
the second field-free region; b See footnote to Table 7.1; all the metastable peaks were Gaussian or near

Gaussian profile except for those arising from CgHg loss, which were composite; ¢ Composite peak.
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expulsion from both 1°+ and 2°+ affords a common structure (presumably
CH4aCHoCHoCHot0O=CHCHg, 4) but the corresponding fragmentation of 3"+ leads o an
isomeric species (probably CH3CHa(CHg)CHTO=CHCHg, 5). Although the behaviour of
metastable ions can be strongly influenced by energy effects [33], which means that
the ratios of competing reactions cannot always be regarded as a reliable criterion for
structure elucidation, these results do seem clear. Moreover, the agreement of the
current data with those reported previously [34] in a study of the chemistry of the four
isomeric C4Hg*tO=CHCH3 ions is very good. |

There are minor discrepancies in the ratios of the competing reactions of the
metastable [M-CoHg)* ions formed from 1°+ and 2°+. [ons generated from 2°+ show an
enhanced tendency to lose Hy0 and a diminished propensity for C4Hg elimination
relative to the values found for ions formed from 1°+. This deviation slightly skews the
ratios towards those found for ions generated from 3°t. These minor differencies may
merely reflect internal energy effects. Alternatively, it is possible that when CgHy30*
oxonium ions are formed from 2°* at longer lifetimes and lower average internal
energies, some isomerization to 3't may precede CoHg* elimination. As a result, the
reactions of ions generated in this way may contain a minor contribution from the
dissociation of rearranged ions that are actually 5. However, any such effect is small:
there is no doubt that the reactions of ions generated from 1°+ and 2*+ are closely
similar, but those formed from 3°+ aré distinctly different.

Coliisional activation mass spectra provide a more reiiable means of distinguishing
between isomeric structures that exist in potential energy wells. The CA spectra of the
ions produced by CyHs" loss from 1°+ and 2°+ are very similar and diagnosticaily
different from the spectrum of ions formed from 3°+ (see Table 7.5). Thus, the signals
at m/z 26-29, 41 and especially 58 and 85 are much more intense in the spectra of

CgH130™ ions formed from fragmentation of 1°+ and 2°+ than those in the spectrum of



Table 7.5.

Collisional activation spectra of CgH130* radical-cation.

Pracursor
n-CyHg0-s8c-CyHg (n-C4Hg)20 (sec-C4HglnO

m/z R RiA R
85 42 42 14
83 (212} (39) (335)
73 4 3

72 8 6 8
71 8 8 5
59 (25) {6) (32)
58 63 69 14
57 (454) {400) (311)
56 83 g4 100
55 25 25 22
54 8 8 5
53 8 8 8
45 (638) (422) (411)
44 25 25 35
43 75 72 68
42 25 28 22
41 100 100 70
39 46 44 32
31 6 6 3
29 79 83 49
28 38 39 19
27 54 53 35
15 4 3 3

8 R} = relative intensity, measured by peak height and normalized to a value of 100 units for the most
intense signal containing no contribution from the dissociation of ions that were not energized by
collision. Values in parentheses (corresponding to loss of H,O, CqHg, CH3CH=0 and C4Hg} contain
contributions from the dissociation of ions that were not energized by collision.
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the corresponding ions generated from 3°+. The ratios of the intensities of the peaks
at m/z 85 and 44 are 1.68, 1.68 and 0.40, in the CA spectra of ions formed from 1°+,
2°* and 3°*, respectively. Consequently, CoHg" loss from 3°+ vields a different
structure (5) to that (4) formed from 1°+ and 2°+.

This proposal is supported by the relative abundances of doubly charged product
ions formed from the [M-CoHg)* species after collision. Reasonably intense signals at
m/z 49 and 50 are found in the charge stripping (CS) spectra of CgH130* ions
generated from 1 and 2. in contrast, the corresponding peaks formed from ions
generated from 3 have less than one tenth the intensity of those produced from 1.
Further, the ratios of the intensities of the doubly charged peaks at m/z 49 and 50 are
1.5:1, 1.4:1 and 0.6:1 for [M-CoH5]* ions formed from 1, 2 and 3, respectively. These
results are consistent with the proposal that C,Hs" elimination from 1°+ and 2°+ gives
4, whereas the same fragmentation of 3"+ yields 5.

All these results support the generalized mechanism of Scheme 7.1: 1°+ and 2°+
have a related chemistry, in which 1°+ isomerizes unidirectionally to 2°+. The
reactions of 3** are related to those of 1°+ and 2°+ in that some ions generated as 2'+
may rearrange to 3%, but few ions (if any) that rearrange from 1°+ to 2°+ undergo a

second isomerizationto 3"+

Reactions of 1*+

Elimination of CoHg"

As noted previously, CoHs" loss dominates the chemistry of metastable CgHyg0"*

species formed from 1. Considerable information on this fragmentation can be gained

by examining the behaviour of ionized ethers in which either or both butyl substituents
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contains a CDp residue. Tables 7.6 and 7.7 give the reactions of metastable

analogues of 1°+ generated from C4H7D,0C4Hg and C4H7D,0C4H7D- ethers,

Table 7.6 Reactions of metastable C4H7Do0CH,CHaCHCH ™t radical-cations

Precursor siudure

1-1,1-ds 1-2,2-d, 1-3,3-ds
Neutral specis ~ CHyCHpCHpCDOC4Hg  CHgOHpCD,CHyOC4Hg  CHaCDRCHpCHOC4Hg
lost{or mass®) RAa O RA T RA T
CHg* 1.9 1.6 1.7 1.6 1.3 1.5
CoHg® 481 1.8 49.3 1.8 68.4 1.9
CoHy4D* 12.8 1.9
CoHaD2® 38.7 1.7 39.3 1.7
C4H7" (55) 2.5 1.7 2.6 1.7 2.3 1.8
(56) 1.0 1.5 0.7 1.7 4.1 2.0
{57) 25 1.7 2.0 1.8 2.6 1.8
(58) 0.3 1.3 0.2 1.5 2.7 2.1
(59) 2.0 2.0 1.7 2.1 29 2.1
C4HgD2> (60) 0.8 2.3 0.8 2.1 03 ~2
C4H100 0.6 2.1 0.4 2.0 1.0 1.6
CqHgDO 0.3 1.6 0.2 1.4 0.7 1.6
C4HgD20 1.2 2.0 1.0 1.9 1.0 1.8

a,b See footnotes to Table 7.1; € Values quoted in atomic mass units {u); the isotopic constitution of the
neutral species having masses of 56, 57, 58 and 59 u cannot be elucidated with conlidence from these
data.

respectively. It is immediately evident that the reactions of metastable analogues cf

1°* formed from ethers with either an a- or B-CD2 group in the same butyl substituent
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are strikingly similar, particularly with regard to CoHg.nDp" expulsion. Moreover, the

common behaviour of these species differs conspicuously from that of the

corresponding isomer containing a y-CD2 group.

Table 7.7. Reactions of metastable C4H7D20C4H7D5"* radical-cations

Precursor Stucure
1-1,1,1,1"dy 1-2,2,2',2"-d 4 1-3,3,3',3"-dy4

Neutral specis (CH3CH,CHCD5),0 (CHaCHoCD,CH)0 {(CH3CD2CH,CH,),0
lost{or massC) Rad TO RA T RA T
CH3" 2.0 1.5 2.0 1.8 0.9 1.6
CoHsz® 7.7 1.8
CoH4D® 487 1.7
CoHaDo" 87.7 1.8 90.5 1.8 0.6 1.5
56 2.0 1.9 1.0 1.5 5.7 2.0
57 2.7 1.9 1.1 2.0 8.7 1.7
58 0.3 1.3 0.3 1.7 7.8 1.6
59 2.0 1.8 1.8 2.0 6.8 1.9
60 <02 d <0.2 d 3.0 1.7
61 04 21 1.5 2.1 1.5 1.7
C4HgDO <03 d 1.1 1.7
C4HgDo0 20 25 1.1 2.1 4.8 1.6
C4H7D30 0.3 1.8 <0.3 1.6 2.7 1.8

a,b See lootnotes to Table 7.1; C Values quoled in atomic mass units (u); the isotopic constitution of the
neutral species having masses of 56, 57, 58, 59, 60 and 61 u cannot be elucidated with confidence from
these data; d Peak oo weak to permit meaningful estimate of T.
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Table 7.7 Continued

Precursor Stuciure

1-1,1,3',3-dy 1-2,2,3',3"-dy4
Neutral specis CH3CHxCH3CDo0OCH,CHyCDoCHg CH3CHyCD5CHyOCHCHoCDoCH,
lost(or mass®) RA2 T RA T
CHg® 1.4 1.8 1.6 1.7
CoHg® 4.8 2.0 4.6 1.9
CoHyD® 16.7 2.0 16.7 1.9
CoH3D2" 58.3 1.7 58.0 1.8
56 2.3 1.9 2.8 2.4
57 5.1 1.9 3.8 2.3
58 1.6 1.4 1.9 2.1
59 22 1.7 2.5 2.3
60 2.8 1.9 3.7 2.9
61 0.8 1.9 0.5 ~2
C4qHgDO <0.2 -d <0.2 -d
C4qHgD20 2.4 1.9 2.5 2.2
C4H7D30 1.2 1.9 1.2 2.0
a,b See tootnotes to Table 7. "alues quoted in atomic mass unils (u); the isotopic constitution of the

neutral species having masses ui 46, 57, 58, 59, 60 and 61 u cannot be elucidated with confidence from
these data; 9 Peak too weak to permit meaningful estimate of T.

Thus, both CHzCHoCHaCD0CHRCHaCHaCHg ™ (1-1,1-d2™+) and CH3CHuCDaCHRO-
CHaCHaCHoCHa ™ (1-2,2-do™*) expel CoHg™ (from the unlabelled butyt substituent) and
CaHgDy* (from the dideuteriated butyl group) in comparable amounts, but essentially
no CpoH4D®. Furthermore, the RAs and T4 values for the fragmentations ot these
C4H7D0C4Hg™ species are the same within experimental error. In contrast,

CH3CDoCHpCHaOCHyCHaCHaCH ™ (1-3,3-d2° ) eliminates mainly (~68% of the total
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metastable ion current or ~85% of that for ethyl radical loss) CoH5", a little (~13% of
ethyl radical loss) CoH4D*® (from the dideuteriated butyl group) but essentially no
CoHgaD2". These data may be understood in terms of Scheme 7.2.
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Ethyl radical loss from both 1-1,1-d2"+ and 1-2,2-d>"+ begins with a 1,4-H shiit to
oxygen, followed by a skeletal isomerization that may be visualized as occurring via
the INC [CH3CHaCHaCHaOH CHaCDaCHCH3™] in which the original a- and B-CDy groups
have been rendered equivalent. After recombination of the components to give a
labelled DI containing a rearranged skeleton, a second 1.4-H shift returns the protium
atom from oxygen to carbon to give an ionized dideuteriated sec-butyl n-butyl ether,
which then expels CyHgDy" by a-cleavage. A parallel mechanism involving
isomerization of the unlabelled butyl groups accounts for CoHg" loss. The rate of CoHs'
elimination from the C4Hg substituent is slightly greater than that of CoHgD," loss from
the C4H7D» group because the 1,4-H shift from the labelled substituent is influenced by
a small secondary isotope effect. The fact that almost identica! isotope effects (1.25
and 1.24 overall, or 1.12 and 1.11 (i.e. V1.25 and V1.24), respectively, per deuterium
atom) discriminate against the 1,4-H shift which initiates ethyl expulsion from the
labelled butyl group of 1-1,1-do'* and 1-2,2-dx"t is interesting. The magnitude of
these secondary isotope effects would normally vary with the distance separating the
origin of the migrating hydrogen atom from the site of deuteriation [35). The invariance
of the isotope effects may indicate that the transition state has a geometry in which «-
and B-CD, groups occupy a similar location with respect to the y-CH, residue which is
being disrupted by the 1,4-H shift. If this exp!anatiqn is correct, it would be evidence
that the skeletal rearrangement involves rate-limiting formation of an INC comprising
an ionized methylcyclopropane. In any event, it seems clear that the 1,4-H shift is the
slow step in ethyl loss from 1°+ and its labelled analogues.

In contrast to 1-1,1-do** and 1-2,2-do*+, elimination of an ethyl radical from the
partially deuteriated butyl substituent of 1-3,3-dp"+ entails a 1,4-D shift to oxygen and

. —
the subsequent skeletal rearrangement involves [CHzCHaCHaCHoOD CHaCHCDCH5™).
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When the deuterium atom is transferred back to carbonl,‘-. CH3CHoCH2CHL0-
CD(CH3)CHoCHoD™ is formed; consequently, CoHgD" is lost (Scheme 7.3). Loss of CoHs
occurs from the unlabe‘.l'léc:f Sﬁty! group by a competing route beginning with a 1,4-H
shift to oxygen. A substantial p"kimary isotope effect (~5.4:1, overall) favours the 1,4-H

shift over the 1,4-D shift, as would be expected if this step is rate limiting.
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Parallel trends are seen in CoHg.4D," elimination from corresponding pairs of
C4H7D20C4H7D2"* species. Thus, CH3CHoCH2CDo0CDoCHaCHoCHg ™ (1-1,1,1",1"-dg" )
and CHaCHpCDoCHoOCHACDaCHACH3 ' (1-2,2,2',2'-dyg"*) both expel exclusively CoHzDy
(from one of the dideuteriated butyl groups) in ethyl radical elimination. These

fragmentations occur aftei rearrangement of one of the C4H7D» substituents
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initiated by a 1,4-H shift (Scheme 7.4). The isomeric pair of radical-cations generated
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as CH3CH2CHoCDoOCHoCHoCDoCH3™* (1-1,1,3',3'-dg"+) and CH3CHoCDoCHoOCHoCHo-
CDaCHg™* (1-2,2,3',3'-dy"+) display a common reactivity that differs from that of
1-1,1,1',1"-dg"+ and 1-2,2,2',2'-d4"*. The main dissociation channel is still CoHaDy"
expulsion (~73% of ethyl radical less), but there is a sizable contribution from CoH,4D
elimination (~21%). These processes take place after rearrangements initiated by a
1,4-H shift in the 1,1-d2- or 2,2-dp-butyl substituent or a 1,4-D shift in the 3,3-d>-butyl
group, respectively (Scheme 7.5). A moderately large overall isotope effect (~3.5:1)
favours the 1,4-H over the 1,4-D shift, thus confirming that this step is rate-limiting in
CyHs.nDn”® loss. The fifth isomer, 1-3,3,3',3'-d4"*, has a unique reactivity, differing
from those ¢t 1-1,1,1'1'-d4™* and 1-2,2,2",2'-dg4"+ or 1-1,1,3',3'-d4"+ and
1-2,2,3',3'-d4"*. Elimination of CoH4D" (~85%) becomes the dominant fragmentation;
it entails a 1,4-D shift in the one of the 3,3-do-butyl substituents, leading eventually to
rearrangement to CHzCDoCHaCHoOCD(CH3)CHoCHo D™+ (Scheme 7.6).

There are minor signals for loss of CoHg® (~6% from both 1-1,1,2,3'-d4*+ and
1-2,2,3,3"-dq"*;, ~14% from 1-3,3,3',8'-d4"*) which cannot be explained simply in
terms of Schemes 7.5 and 7.6. These fragmentations may occur after additional
hydrogen transfers have taken place, either within or between the individual butyl
substituents. One possibility involves limited isomerization of the appropriate INC,
{CqHg-nEn 0D (WDCHS'**]. to a DI having the same heavy atom skeleton as ionized
n-butyl isobutyl ether and this route eventually leads to formation of a
C4Hg.nDnOCD(CH2D)CHoCHg ™ species, which then loses CoHg' by a-cleavage. Thus,
1-3,3,3',3'-d4 "+ isomerizes 1o CH3CDoCHaCHyOCD(CHaD)CHoCHg ™ Via [CH3CD2CHaCHo0D
CHaCHaCDCHg™], GH3GDCH sGHZ0+DCHCD(CHy')CHg and [CHaCDaCHGH 0 H

CHRCHoCDCHZD™] (Scheme 7.7). This interpretation is plausible given the known
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similarity between the reactions of isomeric ionized n- and isobutyl alkyl ethers, which
points to rearrangement of both to a common intermediate (e.g. the INC [ROH
CWHCH;;'**]). However, the labelling data show that interconversion of n- and
isobutyl skeletons via this route cannot be rapid and reversible: only a minor
percentage of the INCs [C4Hg.,0,0D WDCH3"“] rearrange to DIs containing an
isobuty! skeleton (e.g. C4Hg.nDaO*DCHoCD(CH,")CHg); most isomerize instead to
isomeric Dis with a sec-butyl connectivity (e.g. C4Hg.,DrO*DCD (CH3)CHoCHo'). The
preterence shown by [C4Hg.,D,0D c';H_zc_}-lz?mCH:;"f] for isomerizing to the DI in the
sec-butyl series is understandable because the ionized methyicyclopropane should
exhibit som-e of the characteristics expected from its open chain disticnic form,
‘CH2CHoCD*CHg, which would be attacked more readily by nucleophiles at the more

heavily substituted carbon atom.
Relative rates of elimination of CoHs® and competing fragmentations

The isotope effects on the initial 1,4-hydrogen shift are most cleariy seen by
comparing the rates of ethyl radical loss from an unlabelled and partially deuteriated
butyl group in the same ionized ether. However, isotope effects are also evident on
the relative rates of ethyl radical elimination and the minor competing processes. The
total amount of ethyl radical loss (ZRA(CoHs.,D")) is barely affected by deuteriation cn
either or both a- or f-carbon atoms (ERA(CaHs.nD,*)=87-890%). In contrast, deuteration
on only one of the y-carbon atoms appreciably reduces the total amount of ethyl
radical efimination (ERA(CaHs.,D"}=79-81%); moreover, deuteration of both y-carbon
atoms strongly suppresses this fragmentation (SRA(CoH5.,Dn")=57%). These trends
confirm that the 1,4-hydrogen shift is rate limiting in ethy! radical expulsion. They also

serve to emphasize how strongly the competition amongst the various fragmentations
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oi ionized ethers depends on the internal energy of the decomposing ions. The
transition state energies for the 1,4-D shifts initiating rearrangement of a
CHoCHoCDCHg group are slightly higher than those of the 1,4-H shifts which begin the
corresponding isomerization of a CHaCHaCH,CHg substituent. Therefore, the average
internal energy of the dissociating ions that have isomerized via the 1,4-D shifts is
marginally higher than that of ions which have rearranged via the 1,4-H shifts. The
higher energy icns will show an increased tendency for fragmenting via processes
which involve the minimum further rearrangement, especially if these additional steps
entail reorganization of the heavy atom skeleton [30,31]. Several of the alternative
dissociations (loss of labelled butenyl or butyl radicals or butanols) require only
relatively facile hydrogen transfers but little or no further skeletal rearrangement after
formation of the relavant INC [C4Hg.,D,0D E[-IQC—Hg_éDCH;g'*]. Consequently, these
processes compete more effectively with CoHs.,Dy* expulsion starting from analogues
of 1°* which are deuterated in the y-position; this effect is especially noticeable in the
reactions of 1-3,3,3'.3'-d4"+, in which there are two y-CD, groups and all the
dissociating ions that eliminate CoHs.,0" have an elevated average internal energy
because they have undergone a 1,4-D shift. Qutline mechanisms for elimination of
C4Hy", C4Hg", C4Hqg and C4H1g0 from 1°* are shown in Scheme 7.8. Unfortunately, the
labelling data shed little light on how these minor processes take place because the
signals for the various fragmentations are weak and frequently overiap with one

another.
Structure of the radical-cations generated from CyHD0C 4Hg and C4H7D20C4HDo

The reactions of the members of the three related pairs of metastable

C4H7D20C4Hg ™t and C4H7D0C4H7Do™ species in which the butyl substituents have
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CD» residues in the a- or B-position (1-1,1-do*+/1-2,2-do"*, 1-1,1,1',1'-dg"*/-
1-2,2,2',2'-dg"t and 1-1,1,3',3'-d4"+1-2,2,3",3'-d4 ) are almost identical. However,
the CA and NR spectra of the members of each of these pairs show significant
differences (Tables 7.8 and 7.9, respectively).

There are two reasons why differences are apparent in the CA and NR spectra, but
not in the corresponding metastable ion spectra. First, only one of the two n-buty!
groups in the C4H7D50C4Hg™* and C4H7D20C4HyDo"* radical-cations needs to be
isomerized before CoHg.nDn" loss becomes possible. Second, most (or possibly all) of
the dissociations that are evident in the metastable ion spectra arise by fragmentation
of the isomerized butyl substituent. In particular, the dominant reaction, loss of
CoHs.nDpn " occurs specifically from whichever butyl group has been rearranged. When
the butyl substituent which is not involved in the isomerization is the same for both

members of a related pair of ions, the rearrangment converts the other group into a
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sec-butyl structure from which a common CaHs.nDy,* species is expelled. Thus‘.
isomerization of the labelled butyl substituent in 1-1,1-do** and 1-2,2-do"+ forms the
same mixture of CH3zCHRCHaCHaOCH(CH3)CDoCHg™ and CH3CHoCHoCHoOCH(CH3)-
CH,CHD "+, both these speciés may eliminate CoH3Do" by a-cleavage (Scheme 7.2).
The parts of the CA and NR spectra which originate from the fraction of ions generated
as i-1,1-d2°* and 1-2,2-d>°* which undergo rearrangement of the labelled butyl

group are likely to be very simitar. All fragmentations involving dissociation of the
unlabelled n-butyl group should be identical; of those arising by disruption of the
labelied sec-butyl substituent, CoH3Ds" l0ss by a-cleavage will be much the most
important, thus disguising the different distribution of deuterium atoms within the
C4H7D5 entity. However, isomerization of the unlabelled butyl substituent of 1-1,1-dp*+
and 1-2,2-do"* affords CHgCHap(CH3)CHOCD2CHoCH2CHg ™+ @and CH3CHo(CH3)CHOCHLCD,-

CHoCHg*t, respectively. The unlabelied sec-butyl groups in these species should
dissociate in a virtually identical fashion, but the different labelled n-butyl substituents
should show distinct fragmentations. Parallel arguments apply for the other pair of
C4H7D20C4Hg™* and C4H7D20C4H7Do™ radical-cations which show almost identical
metastable ion spectra but appreciably different CA and NR spectra.

Nevertheless, the distinctive CA and NR spectra of isomeric species containing
a-CD» and B-CD, residues bear a closer resemblance to each other than to the spectra
of the corresponding radical-cation with a y-CD, group. Thus, the relative intensities of
the group of important peaks at m/z 56-58 in the CA spectra of 1-1,1-d>**+ and
1-2,2-d>°t are the same within experimental error. In contrast, in the spectrum of
1-3,3-d>"* the signals at m/z 57 and 58 are approximately doubled and reduced by
four fifth, respectively, in relative intensity. These signals appear to arise
predominantly by elimination of a molecule of butanol from C4H7D>0C4Hg™*,

presumably by collision-induced fragmentation of the appropriate Di or by separation
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Table 7.8. Collisional activation and neutralization-reionization mass spectra of

C4H7D2OCHpCHCHCHg ™t radical-cations.

_ Precursor structure
1-1,1-d> 1-2,2-ds 1-3,3-d>
m/z (a2 NRb CA NR CA NR
103 (204) (204) (227)
102 (42)
101 (160) (161)
77 12 12 11
73 13 13 11
59 25 15 24 15 23 12
58 93 45 95 38 20 36
57 32 34 32 35 65 39
56 100 42 100 37 100 42
55 9 29 8 27 8 28
54 3 10 2 8 3 11
44 4 14 4 21 2 19
43 8 47 7 31 5 37
42 8 35 7 32 6 30
41 13 12 10 23 8 21
39 5 41 5 35 4 34
33 1 29 7
32 21
31 4 95 4 100 3 a7
30 4 34 4 32 3 33
29 8 100 8 93 6 100
28 5 53 5 48 5 53
27 6 62 5 62 5 56

4 See footnote to Table 7.4; Rl values are normalized to a value of 100 units for the most intense peak
excluding those {shown in parentheses) arising by loss of an ethyl radical which are prominent in the
fragmentation of the corresponding radical-cations that were not energized by collision; b See footnote a
to Table 7.3.
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Table 7.9. Collisional activation and neutralization-reionization mass spectra of

C4H7D20C4H7D5™ radical-cations.

Precursor siructure
1-1,1,1,1"-dy 1-2,2,2',2"dy 1-3,3,3'.3-dy
miz CAd NRP CA NR CA NR
105 (191) (187) (16)
104 (93) (93)
77 4 4 15
76 1 2 18
75 6 9 13
59 23 22 23 18 28 39
58 100 73 100 44 32 100
57 11 32 12 24 28 T
56 3 23 3 10 7 4
55 9 22 5 18 28 21
46 1 5 1 4 18 39
45 3 16 4 24 2 51
44 2 19 3 18 3 34
43 5 50 5 26 5 64
42 6 42 6 22 6 55
41 3 41 4 18 4 41
40 3 28 2 19 3 52
39 2 34 2 15 2 41
33 1 55 3 <8
32 16 4 2 76
31 3 100 4 100 3 54
30 4 53 4 35 4 88
29 3 73 4 36 3 79
28 3 45 3 3N 3 54
27 2 49 2 24 2 56

a,b See footnote to Tables 7.3 and 7.8.
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Table 7.9. Continued.
Precursor struciure
1-1,1,3",3-dy4 1-2,2,3',3-d4

m/z ca2 NRD CA NR

105 (11) (13}

104 (39) (47)

103 (153) {167)
77 13 11
76 5 7
75 11 12
59 33 30 33 25
58 100 66 100 56
57 33 43 33 36
56 5 26 5 19
55 33 11 33 7
45 3 30 4 31
44 3 23 3 20
43 6 44 7 36
42 8 39 8 31
41 4 30 4 21
40 3 33 4 19
39 2 30 3 19
34 17 5
33 <0.5 11 <0.5 6
32 1 14 1 19
31 4 100 4 100
30 5 56 6 48
29 4 52 4 48
28 3 48 4 41
27 3 41 3 31

a.b geq footnote to Tables 7.3 and 7.8.
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of the components of the corresponding INC. Both 1-1,1-do’+ and 1-2,2-dp™t will
rearrange tc'a a DI or INC containing either unlabelied butanol (via a 1,4-H shift to
oxygen from the CDoCHaCHoCHg ur CHaCD2CHoCH3 group) or a dideuterated butanol (
CH3CHZCHoCD0H OF CHaCHoCDZCHROH via a 1,4-H shift from the CHCHoCH,CHg group).
Moreover, the rates of these two 1,4-H shifts should be almost the same, with only a
marginal preference for abstracting the hydrogen atom from the unlabelled substituent.
Therefore, this region of the CA spectra of -1,1-d>°+ and 1-2,2-do"+ is dominated by
[M-C4H7D-0H] ™+ and slightly smaller [M-C4HgOH]™* peaks at m/z 56 and 58, respectively.
In contrast, the analogous processes in 1-3,3-d>°+ involve a 1,4-H shift from the
CHCHpCHoCHg group (to form CHaCDaCHpCHOH) or a 1,4-D shift from the
CHaCDoCHoCHp group (to form CHaCHaCHCHoOD); the former should occur more rapidly
than the latter. Further, there is now no facile route for formation of CHzCHxCHpCHoOH.
Consequently, the CA spectrum of 1-3,3-d>*+ shows a strong [M-C4H7D20H]™* sigral,
on appreciably less intense [M-C4HgOD]'* peak and a much weaker [M-C4HgOH]™
signal.

Another interesting point to emerge from the CA spectra concerns the {M-CagHy.,Dp*
peaks. These signals are very faint (typically having a relative intensity of 3-8% of the
[M-CoH5., Dt peaks). However, they are significant because they appear to arise
mainly by a-cleavage of an unrearranged n-butyl substituent. Thus, 1-1,1-do™* shows
a moderate [M-C3H7]* peak (8%) at m/z 89, but negligible [M-C3HgD]* and [M-C3HgDol*
peaks (<1%) at m/z 88 and 87, respectively, because the a-CDy residue is always
retained in the oxonium ion produced by a-cleavage. In contrast, [M-CgH7|* and
[M-C3HsDo]* signals of approximately equal intensity (~5%) are found in the CA spectra
of 1-2,2-do°* and 1-3,3-do"* because there is a roughiy equal probability of expelling
an uniabelled propy! radical or one containing the intact B-CDy or y-CDp residue.
Similar trends are found in the [M-CgH7)*, [M-CaHeDJ* and [M-CaHgDa)* peaks at m/z 91,

90 and 89 in the spectra of the C4H7D,0C4H7D>"* radical-cations.



183

The weakness of these [M-C3H7..Dpl* peaks suggests that relatively few of even the
lowest species generated as labelled analogues of 1°+ retain their original skeletal
structure; mest have isomerized to a DI or INC or the appropriate variant(s) of 2°+,
Indeed, it is possible (but unlikely) that all the species fermed as 1°+ have rearranged
to 2°+ {the weak [M-C3H7.,Dn]* signals would then be ascribed to o-cieavage of the
unisomerized n-butyl substituent of 2°+). The selectivity of CoHs.;D," elimination
indicates that those analogues that do remain as ionized di-n-butyi ether tend not to
undergo any isomerizations which might erode the positional integrity of the a-, 8- and
y-methylene groups.

Only one additional deduction can be made with confidence from the NR spectra.
This concerns the signals at m/z 31-34 corresponding to CHo=OH* and its labelled
analogues. These peaks may be attributed, at last in part, to a-cleavage of
C4H10-nDn0"* radical-cations which arise by ionization of butanol molecules that were
formed after neutralization of the parent C4H7B,0C4Hg™* Or C4H7D,0C4H7Do'+ species.
Neutralization of either an INC or DI containing C4H1.,0n0 as an intact entity would
yield an unstable CgHyg.DmO neutral which should separate spontaneously to give
C4H10-nDpn0 and C4Hg, n-mPm-n COMponents. Reionization then affords the
corresponding C4Hqg.nDn0"+ and C4Hgin-mPm-n"t radical-cations. An appreciable
sighal at m/z 33 (29%) corresponding to CD,=0H* is present in the spectrum of
1-1,1-d2" ¥, this reflects the possibility of forming CHaCH,CHCD,OH via a 1,4-H shift to
oxygen from the unlabelled butyl substituent. Much weaker peaks (7 and ~1%,
respectively) at m/z 33 are found in the spectra of 1-2,2-do"* and 1-3,3-ds"+, as would
be anticipated since the formation of CD>=0H* (or CHD=0D*) is difficult when there is no
a-CDg group. However, a significant signal at m/z 32 (21%) appears in the spectrum of

1-3,3-d2"*; this reflects the possibility of a 1,4-D shift with eventual formation of
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CH3CHpCHRCH0D, which yields CHp=0D* after ionization and a-cleavage. Similarly,
1-1,1,8',3"-d4"* displays an appreciable peak (17%) at m/z 34, corresponding to
Cb2=0D*, arising by ionization and dissociation of CH3CHCH.CDo0D. Al these iindings
lend support to the general mechanism proposed for isomerization and dissociation of

1°* and its labellea analogues.

Conclusion

The reactions of ionized di-n-butyl ether are logically interpreted in terms of
unidirectional skeletal isomerization to ionized n-butyl sec-butyl ether via a
mechanism involving distonic ions and an ion-neutral complex comprising n-butanol
and ionized methylcyclopropane. The rate-limiting step in this rearrangement is the
initial 1,4-hydrogen shift. This step is subject to a sizeable isotope effect of ~5:1
favouring a 1,4-H over a 1,4-D shift. The main fragmentation, ethyl radical elimination,
occurs by a-cleavage of the sec-butyl group in the isomerized ionized ether, A
relatively émall proportion of the low-energy, undissociated radical cations generated

as ionized di-n-butyl ether siill retain this structure after a period of ~10 ps.
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CHAPTER 8

Mechanism of Propene and Water Elimination from the Oxonium lon

CH3CH=0*CH2CHoCH3

Introduction

The task of understanding the reactions of isolated ions continues to be a
challenging theme in organic mass spectrometry. Much progress has been made
during the past 20 years or so in providing mechanistically satisfying explanations for
many isomerization and fragmentation processes. In particular, it has been
demonstrated that great insight can be gained by examining the reactions of
metastable ions. Metastable ions have relatively low internal energies and they
eventually dissociate with excess energies in the transition states that are small and
comparable to those found in solution chemistry {1]. Moreover, the lifetimes (typically

ca. v us) of metastable ions are generally too long to permit interference from isolated

This chapter is based on a paper under the above title:

R.D. Bowen, D. Suh and J.K. Terlouw, J. Chem. Soc. Perkin Trans. 2, 119 (1995).
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electronic states. As a result, it is often possible to describe the chemistry of metastable
ions by means of a potential energy profile (PEP) model [2], in which it is assumed that
all possible rearrangements and dissociation steps occur from the gound state, with
the relative rates of these competing processes being crucially dependent on the
associated critical energies [2]. ’

Sometimes, the chemistry of metastable ions can be adequately explained by
means of mechanisms involving only cenventiona! ion structures (i.e. ones in which
the atoms are connected by ordinary covalent links and the usual rules of valency hold
good) and steps that are familiar in classical solution reactions. However, certain
processes cannot be interpreted in this manner. In such systems, mechanisms in
wheih ion-neutral complexes (INCs) [4-14] play important reles in permitting cation
rearrangements, hydrogen transfers and skeletal rearrangements often offer a means
of understanding previously inexplicable phenomena.

INC-mediated mechanisms have been of particular value in describing the
chemistry of onium ions R{RoC=Z+R3 (Z=0,8,NRy; R1,R2,R3,R4=H,CrHon41) and
related species [15]. Recent work on propene elimination from a propyl group attached
to nitrogen in immonium ions R1R2C=N(R4)+*CaH> (Rg=CHg,C2oHg4,C3H7) [16,17]
and protonated propylamines [18] has provided strong evidence that these processes
proceed via INCs. An important point is that the site-selectivity in the hydrogen transfer
step in propene elimination from these ions is inconsistent with the mechanism that
has traditionally been offered to rationalise this ubiquitous process, [reaction (1)], in

which a B-hydrogen migrates to nitrogen in a four-membered ring

H‘\ + @ R Ny

[
— \N__*
a N\ ooy ——— /c=l\< + CH==C{_ (1)
R R* P R? R CHy
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transition state [19]). This traditional explanation requires that specific g-hydrogen
transfer must accompany alkene expulsion, whereas the experimental data show a
distinct preference for a- and y-hydrogen transfer. However, the observed site-
selectivity is accommodated by an INC-mediated mechanism because unidirectional
rearrangement of the incipient propyl cation to the more stable isopropyl isomer
converts the a-methylene group and one of the B-hydrogen atoms into a second
methyl group. Abstraction of a proton from either of the two methyl groups of the
resultant isopropyl cation then occurs, so that a-, - and y-hydrogen transter from the
original propyl group to nitrogen is found in the ratio 2:1:3, to a first approximation
(16,171

A slightly earlier study [20] of the analogous metastable oxonium ions
CHp=0*CHoCH,CHg and CHo=0*CH(CHg)o led to subtly different conclusions. These ions
expel water and formaldehyde in closely similar ratios [21], suggesting that they
interconvert with one another and/or a common structure before dissociating.
Furthermore, iabelling experiments reveal that the hydrogen atoms of the eliminated
molecule of water originate almost at random from the seven of the initial propyl
substituent [20]. These findings were also interpreted in terms of an INC-mediated
mechanism; however, unlike their analogues in the immonium ion and protonated
propylamine systems, the cation rearrangement step was considered to be reversible.
The interconversion of the isomeric propyl and isopropyl cations allows the seven
hydrogen atoms within the propyl group to undergo extensive site-exchange before
the hydrogen transfers to oxygen take place.

The divergent behaviour of the oxonium ions and the immonium ions or protonated
propylamines suggests that the site-selectivity in the hydrogen transfer steps depends

on the nature of the cation rearrangement. The distinctive selectivity found in the
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chemistry of the immonium ions and protonated propylamines appears to reflect a
unidirectional isomerization of the incipient cation. If this hypothesis is correct, a
similar selectivity should be observed in propene loss from oxonium ions in which the
rearrangement is not reversible. Another explanation is that a different site-selectivity
occurs when there is a more basic nitrogenous component in the INCs, becalise the
proton transfer step is more exothermic and less iikely to be reversible. If this view is
correct, the site-selectivities in propene and water loss from oxonium ions may always
differ from those found for the corresponding reactions of their immonium ion
analogues. The second interpretation is less attractive than the first because it
interprets the differences in the site-selectivities solely in terms of the presence or
absence of a particular element, rather than the infiuence of energetic and kinetic
factors on the mechanism of fragmentation. The two alternative explanations can he
distinguished by examining the behaviour of CH3CH=0%CH»CHoCH4 [22], which is

known [23] to rearrange unidirectionally to CH3CH=0*CH(CHg)» before dissociating.

Results and discussion

The reactions of metastable oxonium ions generated as CHaCH=0*CHxCH,CHg, 1,
and six of its specifically labelled analogues are reported in Table 8.1. These data
give the relative abundance (RA, as measured from the area of the corresponding
metastable peak and quoted as a percentage of the total) and kinetic energy (KE)
release (T 5, as estimated from the width at half-height of the appropriate metastable
peak) for each dissociation of the CgHy4.,D,O* ions.

The new data confirm and refine the earlier exploratory work [21-23] on 1.

Elimination of water and propene from metastable 1 occurs in approximately equal



Table 8.1. Reactions of metastable CgH{1.,DpO% ions
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Neutral spedies lost2?

HxO HOD D0 CaHg  CgHgD’ CgHaDa  CgHzDg CgHgDy
fon structure RR2T® RAT RAT RA T RAT RA T RA T RA T
CHyCH=0*CH,CH,CH, 450 16 550 13
CHyCH=O*CHDCHoCH; 321 15 94 16 152 12 432 1.2
CHyCH=O*CD5CH,CHy 216 16 186 14 ~0 33 ~1 215 13 851 13
CHyCH=O*CH,CD,CH3 221 16 65 15 =~0 38 ~1 171 13 504 14
CHyCH=O*CH,CH,CD3 87 15 282 14 <0.1 29 ~1 <05 311 14 291 14
CHyCD=O*CHyCH,CHg 38.9 15 <02 ~0 545 13 66 10
CDyCD=O*CH,CHCH; 312 16 89 16 ~0 524 13 07-~12 05 ~1 36 -1 28 ~089

a4 RA = relative abundance, measured by metastzable peak areas arising from dissociation of ions in the second

field-free region of the VG Analytical ZAB-R mass spectrometer and normalized to a total of 100 units. Values

are quoted to the first decimal place solely in order to avoid introducing rounding errors. P T = Kinetic energy

release (in kd/mol) estimated from the width at half-height of the associated metastable peak.

quantities. The hydrogen atoms of the expelled neutral species mainly originate from

the propyl group. However, some minor discrepancies are found in the behaviour of

labelled analogues of 1. The older work [22] found that CD3CD=0+CHoCH,CHg lost

specifically C3Hg and Hp0, thus leading to the conclusion that only the hydrogen (in this

case protium) atoms from the propyl group of 1 are always selected in the neutral

product. The new (and more extensive) labelling data reported in this work show that

this conclusion is a slight oversimplification: the atoms of the eliminated water and

propene molecules are indeed usually chosen from those of the propyl group, but the

atoms of the two-carbon chain (particularly those of the methyl group) also participate

to an appreciable extent.
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Both water and propene elimination produce Gaussian metastable peaks. Neither
the shape of the metastable peaks nor the associated KE releases ( T 5=1.5+0.1
kd/mol) for water loss are significantly affected by deuteriation. Similarly, the KE
releases for elimination of propene from the initial propyl group lie in the range 1.2-1.4
kd/mol. However, for the minor signals for loss of propene molecules that are not
derived simply by hydrogen abstraction from the intact propyl substituent, the Tos
values (1.010.2 kJ/mol) appear to be slightly smaller. This trend is probably significant
and it is discussed later. The invariance of the Ty 5 values associated with expulsion
of water and most propene molecules is consistent with fragmentation via
INC-mediated routes in which no bond to hydrogen is broken in the final dissociation
step. Furthermore, the KE releases are typical of the small to moderate values that
have been reported in analogous systems in which the chemistry has been interpreted
in terms of INCs.

Even a cursory inspection of the new labelling data reveals that the site-selectivity
in water loss from 1 is very different from that (almost random probability of transferring
any two of the seven protium or deuterium atoms of the original propyl group) found for
labelled analogues of CHa=0O*CH,CHoCH3. Similarly, the site-selectivity in propene loss
is nhowhere near that which would be anticipated on the basis of reaction (1):
moreover, the observed site-selectivity differs significantly from that predicted by
assuming that any one of the seven hydrogen atoms of the initial propyl group is
transferred to oxygen during the reaction. However, propene loss from labelled
analogues of 1 does show a clear resemblance to the corresponding reaction of the
analogous immonium ions. Consequently, it appears that the chemistry of 1 involves
a unidirectional rearrangement of the incipient propyl cation to its isopropy! isomer,
followed by proton abstraction from either of the methyl groups. Detailed mechanisms

for propene and water loss from 1 are best considered separately.
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Elimination of Propene

Earlier work interpreted propene loss from 1 in terms of an INC-mediated
mechanism which resulted in production of the most stable isomer of CoH50%,
CH3CH=0H*, as the fragment ion [4,22]. The four isomeric CoHgO* ions, CHgCH=0H*,
CHp=0*CHg, CHa=CHOH,* and CH,CH,OH* can be differentiated on the basis of their
collisional activation (CA) spectra [24-26]. Fig. 8.1 shows the CA spectrum of the

CoHs0+ product ions fromed by fragmentation of metastable CgH410* ions generated

(@

27
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(b)
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; n_

Figure 8.1 Partial collisional activation mass spectra of CoHgO+ ions

derived (a) by loss of CgHg from metastable CHzCH=0+CHyCH,CHg ions
and (b) by loss of H* from metastable CHgCH,0OH"+ radical cations.
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as 1. This spectrum is indistinguishable from that of CH3CH=0H* reference ions
produced from metastable CH3CHoOH'™* (by loss of H"), thus confirming the earlier
mechanistic deduction.

Table 8.2 gives the ratios of partially labelied propenes that are lost from labelled
analogues of 1, together with those expected on the basis of five models.

Model A assumes that specific f-hydrogen transfer occurs via reaction {(1). This
model is grossly in error; there is actually a strong discrimination against f-hydrogen
transfer, as is shown most clearly by the loss of predominantly C3gH4D5 (71%) from
CH3CH=0*CHoCD5CHg, which is predicted by model A to lose only CgHsD. The
inadequacy of reaction (1), whcih has been known for almost 30 years [27], was
recently urderlined in definitive studies of propene loss from labelled analogues ot
R1RoC=N(R4)*CHoCHoCHz and CHpCHaCHaNHg* [16-18]. However, despite this clear
demonstration of its inaccuracy, reaction (1) is still widely held to be an adequate
general explanation of this ubiquitous class of alkene elimination.

Model B corresponds to random transfer of any one of the seven protium or
deuterium atoms from the original propyl group to oxygen in propene loss from
labelled analogues of 1. This model reproduces the experimental data far more
accurately than model A does, but it cannot explain the appreciably different
behaviour of CHaCH=0+CD,CH,CH3 and CH3CH=0*CH,CD2CHg. It underestimates the
probability of a- and y-hydrogen transfer while overestimating the likelihood of
p-hydrogen transfer.

The ratios quoted for model C are derived from the mechanistic description of
Scheme 8.1. After the requisite C-O bond in 1 has been sufficiently strectched, a 1,2-H

shift occurs unidirectionally in the developing propyl cation in 1a. Proton abstraction
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Table 8.2. Observed and calculated ratios of CzHg.nDp lost from labelled
analogues of 1

Expected from Modela.b

Neutral
lon structure species lost Obs. A B C D E
CHaCH=0*CHDCH,CHy CaHg 26 0 14 17 20 24-28 (26)
CaHsD 74 100 86 83 80 72-76 (74)
CH3CH=O+CD2CH20H3 CaHg 5 0 0 0 0 4-8 (6)
CqHsD 36 0 29 33 42 38-44 (40)
CqHa00 59 100 71 67 58 52-54 (54)
CHaCH=O*CH,CDoCHy  CaHg 5 0 0 0 0 0-6 (5)
CgHsD 24 100 29 17 20 22-28 (22)
CaHaDp 71 0 71 83 80 72-74 (73)
CHaCH=O*CH,CH,CDy  CgHg 5 0 0 0 0 0-6 (5)
CaHgD <1 0 0 0 0 0-5 (1)
CgHyDp 49 0 a3 50 50 45-50 (49)
CgHaDa 46 100 57 50 50 45 (45)
CHaCD=0O*CHaCHoCHg  CgHg 89 100 100 100 100 90-100(92)
C3HsD 11 0 0 0 0 5-10 (8)
CD3CD=O+CHECHQCH3 CaHg a7 100 100 100 100 a0
CgHgD 1 0 0 0 0 0
CaHgDo <1 0 0 0 0 0
C3HaDg 6 0 0 0 0 0-10 (5)
CatloDy 5 0 0 0 0 0-10(5)

2 Values normalized to a total oi 100 units for propene loss. b See text for details of models.
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from either of the two methyl groups in the incipient isopropyl cation in the INC, 2a,
with equal probability and without interference from any isotope effects, then gives the
second INC 3, comprising CH3CH=0H* and CHpCH=CHg. Separation of 3 into its
components results in propene elimination. This model gives a good first
approximation to the experimental data. In particular, it accounts for the discrimination
against B-hydrogen transfer because only one of the two hydrogen atoms in the initial
B-methylene group is moved by the 1,2-shift into a position (a new methyl group
derived from the a-methylene residue and the migrating hydrogen atom) from which it
can be transferred to oxygen. Thus, CH3CH=0*CHDCHpCHz and CHzCH=0+CH,CD5CH3
undergo eventual H-transfer (resulting in CaHsD and CgHyD» loss, respectively) and D-
transfer (resuiting in C3Hg and C3HsD expulsion, respectively) in quite similar ratios
because the isopropyl cation, from which proton or deuteron abstraction occurs,
contains one CHg and one CH,D group (CHaCH*CHoD and CH3CD*CHaD, respectively).
Although model C provides a reasonable first approximation to the observed ratios
for CaHg.nDy loss from labelled analogues of 1, it slightly underestimates the
contribution from «- and B-hydrogen transfer. A refinement in the form of a preference
factor, p, favouring hydrogen abstraction from the methyl group derived from the

original a-methylene residue compensates for this deficiency. This preference factor
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arises because the components of the INC 3 do not enioy complete rotational
freedom; instead, there is a slightly increased probability of abstracting a proton from
the methyl group derived from the a-methylene residue becauée the oxygen atom
initially is located nearer to this methyl group than to the more "distant y-methyl group of
the originai propyl substituent. Similarly, the influence of a small inverse secondary
isotope effect (k4 per deuterium atom)} must be considered on the hydrogen transfer
step. This isotope effect discriminates against transfer of a protium atom from a methyl
group that does not contain any deuterium atoms. The origin of this unusual inverse
isotope effect also lies in rotational effects. The rate of H-transfer from the CHs group in
a CH3CH*CHD, cation will be reduced compared with that of H-transfer (or D-transfer)
from the CHD, group because the centre of mass of the cation is shifted slightly away
from the CH3 group towards the CHD» group. Consequently, the atoms of the CHgz group
are marginally less likely to spend time in the near vicinity of the oxygen atom than are
those of the CHD» group.

Model D corresponds to a system in which p=1.4 and k4=0.9. Similar values for p
and kHy have been found in propene loss from immonium ions containing propyl
groups [16]. In some cases (e.g. CHaCH=0+CD»CH2CHg), the effects induced by p and
ky reinforce each other (both favour hydrogen transfer from the methyl group derived
from the a-methylene residue); in others (e.g. CHzCH=0*CHxCHoCD3), they oppose one
another (p favours transfer from the substituent formed from the o-methylene residue,
whereas ky acts to the advantage of transfer from the original y-methy! group). Model
D reproduces the observed site-selectivity in the hydrogen transfer step from the
original propyl substituent quite accurately.

In order to account for the minor (but significant) contribution for hydrogen transfer
from the isolated two-carbon unit of 1, it is necessary to allow for the possibility of a

skeletal rearrangement whcih destroys the positional integrity of the CHaCH=0 entity.
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Such a skeletal isomerization could arise by recombination of the components of 3 to
give the open-chain cation, CH3CHOHCHCH*CHg, 4, which then rearranges to

CH3CH*CHoCHOHCHg, 4, before expelling propene, Scheme 8.2. independent studies

( +
* \BH</ ___*N/=OH __H___,./J,\/TH\
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Scheme 8.2

of the chemistry of the related oxonium ion, CHyCHoCHoC(CHg)=OH*, 5, have shown that
this isomer of 1 expels Hpy0 and CgHg in slow dissociations [28-30). Furthermore,
although propene loss from labelied analogues of 5 proceeds with predominant
retention of the y-methyl group in the neutral fragment, there is a minor contribution
(ca. 20%) from another route in whcih this substituent remains in the ionic fragment.
This minor component can be explained by several mechanisms. Thus, open-chain
cations such as CH3CHOHCH*CH,CHg, 6, and 4, are accessible to 5 via 1,2-H shitts;
these species can then undergo ring-closure and ring-opening via either protonated
oxiranes [28] or oxetanes [29], thus allowing the hydroxy group to migrate from C(2) to
C(4) of the five-carbon chain.

Alternatively, a series of 1,2-H and 1,2-alkyl shifts permits 5 to rearrange to 5' via a
sequence of steps that does not require rupture of the initial C-O bond (Scheme 8.3)

[29-30]. Attempts to distinguish between these mechanisms by examining the
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behaviour of 13C-labelled variants of 5 [e.g. GHgCHCHy 13C(CHg)=OH*] have not yet
given conclusive results [30): the carbon atom initially attached to oxygen is
predominantly retained in the fragment ion (as would be expected from Scheme 8.3),
but there appears to be & small contribution {ca. 10-20%) from a route in whcih the
C-O bond is broken (as would be anticipated on the basis of the alternative routes
invoiving protonated cyclic ethers). In the case of the lower homoiogue,
CH3CH,CH=0H®*, the analogous reaction (ethene elimination) definitely proceeds
without dislocation of the C-O bond, as is shown by the loss of CyH4 with high
specificity from CHaCHo 13CH=0H* [31,32].

Fortunately, the residual doubt concerning the nature of the skeletal
isomerization(s) which convert 5 into 5' (or 4 into 4') creates only a minor uncertainty

in estimating the ratios of C3Hg.nDp, that should be lost from labelled analogues of 1.
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Mode!l E corresponds to a situation in which the bulk (90%) of ions dissociate
according to model D, but 10% of the INCs comprising protonated acetaldehyde and
propene recombine to give 4 (or a labelled analogue) which undergoes further
isomerization to 4' before finally losing propene. The quoted range of values spans
the maximum uncertainty in the ratios; the value in parentheses is the ratio considered
to be most likely.

Model E clearly offers an excellent approximation to the experimental data: it
accomodates the ratios of labelled propenes derived from the initial propyl substituent
of 1 and also allows for the minor contribution for inclusion in the eliminated propene
of some of the atoms of the two carbon entity. The behaviour of CD3CD=0*CH5CHoCH3
is especially interesting. The CD3 group tends to be incorporated intact when partially
deuteriated propene is expelled: both CgHoD4 and CaHsDg are lost in moderate
abundance (RA=6), but CaHsD and CgH4D, are very rarely eliminated. The negligibly
small quantity of C3H4D, loss reflects the difficulty in eroding the positional integrity of
the methyl groups of 4, which evidently migrate intact in the steps which resuit in
isomerization to 4'. A similar deduction can be made from the observation that
CH3zCH=0*CHyCHxCD3 expels almost no CgHgD.

The proposal that a small percentage of propene loss from 1 involves the
recombination of the components of the INC 3 may seem rather contrived, particularly
since the binding energy of this complex may be relatively low. 