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ABSTRACT

Mass spectrometry (MS) is a versatile analytical tool that is especially useful for identification
of unknown compounds in mixtures when coupled with chromatography. In MS experiments, the
analytes are ionized, separated based on their mass-to-charge (m/z) ratios, and detected. The
molecular weight of the analyte can often be derived from the mass spectrum if stable molecular
ions (M) or stable protonated/deprotonated analyte molecules ([M+H]* or [M-H]") are generated.
Further, MS can also be used to obtain structural information for the ionized analytes via their
fragmentation reactions. Tandem mass spectrometry (MS") experiments are powerful for the
characterization of unknown compounds in mixtures without the need for coupling them with
chromatography. In MS" experiments, the analytes are ionized, the ions of interest are isolated and
subjected to reactions, such as collision-activated dissociation (CAD) or ion-molecule reactions
with neutral reagent molecules. The fragmentation pattern or the diagnostic ion-molecule reaction
product ions can be utilized to elucidate the structures of the analytes. The fragment ions or
diagnostic product ions can further be subjected to CAD to obtain more structural information.
Besides analytical purposes, MS" also provides a powerful tool for exploring the reactivities of
reaction intermediates that are elusive, such as phenylcarbyne anions and phenylcarbene anions.

The research described in this dissertation mainly focuses on the development of MS"
methods based on diagnostic gas-phase ion-molecule reactions followed by CAD for (1) the
characterization of differently substituted ureas and (2) the differentiation of sulfonate esters from
their isomeric analogs, such as sulfite esters and sulfones. HPLC was coupled with the MS"
methods discussed above to demonstrate its usefulness in the identification of compounds in
mixtures. Additionally, a gas-phase reactivity study on phenylcarbyne anions is discussed in this
dissertation. The phenylcarbyne anions were generated by CAD of two nitrogen molecules from
negatively charged phenyl tetrazole precursors. Their reactivities towards various reagents were

explored and rationalized with the help of quantum chemical calculations.
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CHAPTER 1. INTRODUCTION AND OVERVIEW

1.1 Introduction

Since its introduction by J. J. Thomson in 1913,' mass spectrometry has developed into a
powerful analytical tool utilized in many fields, including pharmaceutical sciences,?
biochemistry,®# forensic sciences,® environmental science® and clinical chemistry.” In these fields,
mass spectrometry has seen many applications, such as identification of unknown chemicals,
determination of elemental compositions of compounds and structural characterization of
previously unknown analytes.

The oldest MS ionization technique, electron ionization (EI), provides plenty of structural
information for analytes via their fragment ions.®2 However, this approach often does not provide
molecular weight information as the molecular ion is completely fragmented. To address this
problem, many “softer” ionization methods, such as electrospray ionization®!° (ESI) and
atmospheric pressure chemical ionization (APCI),'*!2 have been developed that enable the
generation of a stable molecular ion (M) or protonated/deprotonated analyte ([M+H]* or [M-
H1).1314 The molecular weight (MW) of the analyte can thus be deduced from the mass spectrum.
On the other hand, these experiments do not usually provide structural information. In order to
determine the structures of the ionized analytes, tandem mass spectrometry (MS") experiments are
often conducted.’® In the simplest MS" experiment, MS?, the analytes are ionized, the ions of
interest are isolated and subjected to reactions. One commonly used reaction type is collision-
activated dissociation (CAD),*®” wherein the isolated ions are accelerated, subjected to activating
collisions with a gas (usually helium or nitrogen) and fragmented.}” The CAD pattern (MS?
spectrum) can be used to obtain structural information for the isolated ion.*®

Although CAD can enable identification of unknown ionized compounds, it often requires
access to authentic model compounds.*®? Even then, CAD often generates similar fragmentation
patterns for isomeric ions.?%:?? In order to address this issue, gas-phase ion-molecule reactions have
been developed as an alternative method for structural elucidation in MS" experiments.?® Instead
of subjecting the isolated ions to energetic collisions, the ions of interest are allowed to react with
reagent molecules to generate product ions.?® With the selection of an appropriate reagent,

diagnostic product ions can be generated and utilized to provide structural information for the
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analyte.?*?° If more structural information is desired, these diagnostic product ions can be
subjected to CAD.?"% In these studies, quantum chemical calculations are usually employed to
explore the mechanisms of the formation of the diagnostic product ions and fragment ions.?%%
Additionally, coupling this analytical approach with chromatography enhances its practicality for
complex mixture analysis.?®2°

Gas-phase ion-molecule reactions occurring in tandem mass spectrometers also provide a
powerful tool for the examination of the reactivity of many charged reaction intermediates, such
as carbyne anions and carbene anions.>>®! These intermediates are challenging to study in solution
as they are extremely reactive and short-lived.3>3* Many reactive intermediates have been
generated and studied in this manner over the past decades. >3

1.2 Overview

This dissertation is divided into six chapters. An overview of the dissertation is provided in
Chapter 1. The fundamental principles of linear quadrupole ion trap mass spectrometry and high-
performance liquid chromatography are discussed in Chapter 2. An introduction to quantum
chemical calculations is provided in Chapter 3. In Chapter 4, a method based on gas-phase ion-
molecule reactions followed by two steps of CAD is introduced for the characterization of
protonated substituted ureas, which are commonly utilized as herbicides. In Chapter 5, the
development of another analytical method is delineated for the differentiation of mutagenic
sulfonate esters from their isomeric analogs — sulfite esters and sulfones. Also, this method is based
on gas-phase ion-molecule reactions followed by CAD. In Chapter 6, a gas-phase reactivity study
of phenylcarbyne anions is presented.
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CHAPTER 2. INSTRUMENTATION - LINEAR QUADRUPOLE ION
TRAP MASS SPECTROMETRY AND HIGH-PERFORMANCE LIQUID
CHROMATOGRAPHY

2.1 Introduction to mass spectrometry

Mass spectrometry is a powerful analytical tool that has a wide range of applications in many
fields, including pharmaceuticals,® biochemistry,>® polymer science,* forensics,® environmental
science® and clinical chemistry.” In these areas, mass spectrometry has seen many applications,
such as identification of unknown compounds, determination of element compositions for
compounds, structural characterization of compounds and their quantitation.

In a typical mass spectrometry experiment, three essential steps must occur: 1) Evaporation
of the compounds in the sample and their ionization, 2) ion separation based on their mass-to-
charge (m/z) ratios, and 3) ion detection. Various evaporation/ionization techniques have been
developed for different types of compounds, including but not limited to heating combined with
electron ionization (EI),® electrospray ionization (ESI),>¥ atmospheric pressure chemical
ionization (APCI),*12 matrix-assisted laser desorption/ionization (MALDI)*® and desorption
electrospray ionization (DESI).}* Among the ionization techniques mentioned above, ESI and
APCI are the two techniques utilized in all the experiments discussed in this dissertation. Their
principles are introduced in detail in the following sections.

In order to separate the ions that were generated in the ion source, the ions must be
transferred into a mass analyzer. In the mass analyzer, ions are separated according to their m/z
ratios. Different categories of mass analyzers have been developed, including magnetic sector
mass analyzers,'® time of flight analyzers'® and ion traps.!’-*® They separate the ions based on
different principles. The most common types of ion traps include orbitraps,!” Fourier transform
ion cyclotron resonance ion traps*® and linear quadrupole ion traps.'® All experiments discussed in
this dissertation were conducted using linear quadrupole ion trap mass spectrometers. The
principles of these instruments are discussed in the following sections.

After the ion separation, the separated ions are either detected or subjected into tandem mass
spectrometry (MS") experiments to obtain structural information or examine their reactivity in the
gas phase. In order to characterize the structures of the ions, collision-activated dissociation (CAD)

is usually employed. In CAD experiments, the ions of interest are isolated, accelerated and allowed
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to collide with helium gas, which induces fragmentation.2%2! Another approach to obtain structural
information is via gas-phase ion-molecule reactions. In these experiments and also to study the
gas-phase reactivity of ions, the ions are isolated just like for CAD experiments and then allowed
to react with reagent molecules to generate product ions.??* These product ions can further be

subjected to ion-molecule reactions or CAD for their structural characterization.

2.2 lonization methods

Evaporation and ionization of the compounds of interest are the first two steps of a mass
spectrometry experiment. A broad range of ionization methods have been developed based on
different experimental purposes. In this thesis, the principles and applications of electrospray
ionization (ESI) and atmospheric pressure chemical ionization (APCI) are discussed as they were

both utilized in the research described in this thesis.

2.2.1 Electrospray ionization (ESI)

ESI is considered as a ‘soft’ ionization technique because it only induces minor or no
fragmentation to the generated ions.?® ESI is typically utilized for ionizing polar molecules that
have acidic sites suitable for deprotonation or basic sites suitable for protonation.?>2?® ESI is
commonly employed for ionizing macromolecules, such as proteins and other biopolymers, to
generate multiply charged ions and characterize their structures via further fragmentations.?”28

The process of evaporation and ionization of compounds in ESI experiments consists of
three main steps, which are discussed below.2%3°

1) Formation of charged droplets. The analyte is dissolved in a liquid, such as acetonitrile,
methanol or water.2®3! The analyte solution is transferred through a transfer capillary tube (Figure
2.1). A high voltage (%2-5 kV) is applied to the capillary tube to induce an electric field.?® As a
result, the surface of the analyte solution is charged at the tip of the capillary tube, and an elongated
cone of the solution is formed under the influence of the electric field. This cone is called Taylor
cone.132 At the tip of the Taylor cone, the charged liquid breaks from the cone and generates

highly charged, small droplets (Figure 2.1).
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Figure 2.1. lllustration of the ESI process in the positive ion mode. Small droplets are formed
from the Taylor cone. Solvent evaporate from the droplets until the Rayleigh instability limit is
reached, and the Coulomb fission occurs. This process repeats until nanodroplets are generated.

2) Fission of the charged droplets. Dry sheath gas (usually N3) is used to evaporate solvent
from the charged droplets.?® As a result, each droplet shrinks in size and its charge density increases
until the Coulombic repulsion on the surface of the droplet surpasses its surface tension (Figure
2.1). This critical point is called Rayleigh instability limit.3® At this point, the droplet undergoes
Coulomb fission to yield numerous smaller droplets (Figure 2.1).3* The process of evaporation and
fission repeats several times until the generation of the nanodroplets, from which the ions are
released.

3) lon generation. All gaseous ions are produced from the above nanodroplets. Three ion
release mechanisms have been proposed: ion evaporation model (IEM), charge residue model
(CRM) and chain ejection model (CEM). IEM is generally believed to take place for small, singly
charged ions.® In this model, the Rayleigh-charged nanodroplets induces a high electrostatic
repulsion between the surface and the ion inside the droplet.3*® This results in the ejection of
small ions from the droplet surface (Figure 2.2). CRM, on the other hand, best explains the release
of large ions or multi-charged ions.® In this model, one nanodroplet only contains one analyte
molecule.3” With the assistance of the drying sheath gas, the solvent in the nanodroplet is
eventually completely evaporated and the ion is released (Figure 2.2).3” CEM describes the release
of unfolded ionized proteins.* In this model, the long hydrophobic chain of the unfolded proteins
protrudes outside the nanodroplet,®® which reinforces the electrostatic repulsion between the
charged solvent molecules and the charged proteins inside the nanodroplet. Under this
circumstance, the unfolded protein is expelled from the nanodroplet to form a multiply charged

protein (Figure 2.2).%
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Figure 2.2. lllustrations of the ion generation from a positively charged nanodroplet via (a) ion
evaporation model (IEM), (b) charge residue model (CRM) and (c) chain ejection model
(CEM).%°

2.2.2 Atmospheric pressure chemical ionization (APCI)

APCl is also arelatively ‘soft” ionization technique but different from ESI, it is commonly
utilized for ionization of both polar and nonpolar small molecules.®® Also unlike ESI, most ions
generated by APCI are singly charged.*

The process of APCI consists of two steps — evaporation and ionization. The analyte
solution flows through a silica tube inside the APCI source and arrives to a spray nozzle located
at the end of the tube (Figure 2.2). The solution is then mixed with a nebulizer gas (N2), which
disperses it into a fine mist of small droplets.*>*2 These droplets are directed by the nebulizer gas
into a ceramic heater (150-450 °C), which generates a gas stream containing analyte, solvent and

N2 (Figure 2.2).4
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Figure 2.3. lllustration of the APCI process in the positive ion mode. Fine mist containing small
droplets is formed at the spray nozzle. Ceramic heater generates a gas stream, which gas stream
flows to the corona discharge region. Sheath gas molecules are ionized in this region, followed
by the subsequent ionization of solvent and analyte molecules via their reactions with the ionized
sheath gas molecules. The ionized analyte molecules are transferred into MS inlet.

The resulting gas stream flows into the ionization region, where a corona needle is located
(Figure 2.2). A high voltage (%=3-5 kV) is applied on the corona needle to generate high energy
electrons at the tip of the corona needle, which is called corona discharge (Figure 2.2).** As the
gas stream travels into high voltage corona discharge, some of the nitrogen molecules collide with
the high energy electrons and eject an electron to form the nitrogen molecular ions N2™. The
nitrogen molecules are ionized first because nitrogen is the most abundant molecule in the gas
stream. The solvent molecules are then ionized from the nitrogen molecular ions. The analyte
molecules are finally ionized from the ionized solvent molecules upon a series of gas-phase ion-
molecule reactions.**** The ions that are generated are most commonly radical molecular cations
ions of the analyte or protonated analytes. These two possibilities are discussed below.

Scheme 2.1 demonstrates the formation of the radical molecular cations of the analyte
molecules via APCI.*® These experiments involve dissolving the analyte in CS; solvent. After the
formation of N2™ ion, N>™ abstracts an electron from a CS2 molecule to generate a molecular ion
CS;™. CS,™ then abstracts an electron from an analyte molecule (M) to generate the radical
molecular cation M**. The generation of the radical molecular cations requires that the molecular
ion of the solvent is not a Brensted acid. Otherwise, it may assist in the formation of protonated

analytes.*®
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N, + e~ — N;* + 2e”
N3*+CS, —> CS3* + N,
CS3*+M — CS, + M**

Scheme 2.1. APCI mechanisms for the ionization of analyte molecules (M) to generate molecular
radical cations (M™). These ion-molecule reactions occur when the nebulizing gas (Nz), solvent
(CS»), and analyte (M) are present in the corona discharge region.

Scheme 2.2 illustrates the APCI mechanism for the formation of protonated analytes.**

This process requires the protonated solvent to be a Brensted acid.*® Therefore, the analyte
dissolved in water solvent is used as an example. Like Scheme 2.1, N> ™ abstracts an electron from
a water molecule to generate molecular ion H2O™. Next, H.O™ protonates surrounding water
molecule to generate a hydronium cation (H3O") and a hydroxyl radical (HO"). The hydronium
cation adds with other water molecules to generate secondary clusters (H20)nH*. These clusters

protonate analyte molecules (M) to generate the protonated analytes [M + H]".

N, + e~ — N;* + 2e”

N3* + H,0 — H,0** + N,
H,0** + H,0 — H;0* + HO*
H,0* + H,0 — (H,0),H*
(Hz0)p-H" + H,0 — (H;0),H*
(H,0),H* + M — MH* + 2 H,0
(H,0),H* + M — MH* + n H,0

Scheme 2.2. APCI mechanisms that ionize analyte molecules (M) to form protonated analyte
molecules (MH™). These ion-molecule reactions occur when nebulizing gas (N2), solvent (H20),
and analyte (M) are present in the corona discharge region. The protonated solvents must be
Brensted acids.

2.3 Linear quadrupole ion trap mass spectrometry

In this research described in this dissertation, all mass spectrometry experiments were
conducted using a Thermo Scientific™ LTQ linear quadrupole ion trap (LQIT) mass spectrometer.
LQIT mass spectrometry was invented*’ in 2002 as an improvement to the conventional three-

dimensional quadrupole ion trap (QIT).*4° Compared with the QIT, LQIT is an instrument with
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a greater ion trapping efficiency , higher sensitivity and wider dynamic range.*” LQIT has been
extensively utilized for the analysis of small compounds,®®°! proteins®>® and other
biopolymers®** since its invention.

The LQIT mass spectrometer utilized in this research consisted of three key regions: the
atmospheric-pressure ionization (API) region, the ion optics region, and the ion trap and detector
region. A schematic depicting the four regions is shown in Figure 2.4. In this section, the

configurations and principles of these three regions are discussed.
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Skimmer lens (detector)
1 Lens O Lens 1 Front lens l Back lens
Transfer capillary 1 l 1 1
N - O
L 2
» » = I
= —— N o - S
.\ = — = = ' - B ——
lon source ‘
| Tube lens Gate lens ‘
Sweep cone Multipole Q00  Multipole Q0 Multipole Q1 Linear ion trap

|—> APl region : * lon optics region : 'd(:\?:cttga:ﬂ:;‘iin

Figure 2.4. Schematic of the Thermo Scientific™ LTQ linear quadrupole ion trap (LQIT) mass
spectrometer.

2.3.1 Atmospheric pressure ionization (API) region

The API region was composed of an ion source box (lon Max™ API source housing) and
an API stack (Figure 2.5). The ionization source, a corona discharge needle (if APCI is used) and
a sweep cone were located in the ion source box operated at atmospheric pressure (~760 Torr).
The API stack consisted of an ion transfer capillary tube, a tube lens and a skimmer lens (Figure
2.5). The pressure in the API stack was maintained at approximately 1 Torr by using two Edwards
E2M30 rotary-vane mechanical pumps at an evacuation rate of 650 L/min. A convectron gauge

monitored the pressure in the API stack.*
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Figure 2.5. Schematic of the ion source box and the API stack region with typical pressure (red)
and typical DC potential (blue) indicated for each section.

The positive ions generated in the ionization source were directed into the API stack due
to the downhill pressure gradient (760 Torr to 1 Torr) and DC voltage gradient (%3-5 kV to £0-
60 V). The ions were then transmitted through the ion transfer capillary tube with a temperature
of 50-350 <C. At the end of the ion transfer tube, the ions were decelerated and focused by the tube
lens. A DC voltage (10-130 V) was applied to the tube lens to direct the ions through the orifice
of the skimmer lens into the ion optics region. In order to prevent any neutral molecules entering

the ion optics region, the orifice wass positioned offset from the radial center of the ion transfer
tube.*’

2.3.2 lon optics region

lon optics consisted of two square quadrupole ion guides (Q00 and QO) and one cylindrical
octupole ion guide (Q1).*” Pressures in these three ion guides were reduced sequentially from Q00
to Q1, achieving a vacuum of ~0.5 Torr, ~10° Torr and ~107° Torr in Q00, Q0 and Q1, respectively
(Figure 2.6). These pressures were maintained by an Leybold TW220/150/15S triple-inlet
turbomolecular pump at an evacuation rate of 25 L/s, 300 L/s and 400 L/s, respectively. At the end
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of each ion guide, a lens (lens 0, lens 1, gate lens and front lens) were used as vacuum baffles to
divide regions with different pressure levels (Figure 2.6).
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Figure 2.6. Schematic of the ion optics region with pressure (red) and typical DC potential (blue)
indicated for each section.

From the API stack, three multipoles transmitted the ion beam into the ion trap. The
trajectories of the ions must be restricted inside the multipoles in the radial direction (x- and y-
directions) to prevent their collisions with the electrodes. In order to control the trajectories of the
ions in the radial direction, a radio frequency (RF) voltage with the same amplitude and phase was
applied to the opposing electrodes of the quadrupole (or octupole) and another RF voltage with
same amplitude but 180<out-of-phase was applied to adjacent electrodes (Figure 2.7). The RF
voltage on the opposing electrodes oscillates from positive to negative in a sine wave and the one
on the adjacent electrodes oscillates from negative to positive simultaneously (Figure 2.7). The
periodic electric field generated by the oscillating RF voltages®® forces the ions into moving on a
circle in the radial direction (Figure 2.7) without hitting the electrodes.

On the other hand, the ions had to be guided along the axial direction (z-direction) so that
they can reach the ion trap. A DC voltage gradient was applied to each multipole and lens in order

to provide ions additional kinetic energy and facilitate their movement along the axial direction
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(Figure 2.6). With the combined effect of the DC and RF voltages, the ions adopt a circular
oscillatory movement that resembles a corkscrew from the Q00 quadrupole ion guide toward the

ion trap.

0 > Time

RF voltage

y-pair of quadrupole electrodes + radial trajectory of the cation

x-pair of quadrupole electrodes + radial movement direction of the cation

Figure 2.7. lllustration of the RF voltages applied to the electrodes of the quadrupoles/octupole
in the ion optics, showing the oscillation of the RF voltage polarity as a function of time and the
radial trajectory and movement of a cation at different points of time.

2.3.3 lon trap region

After travelling through the ion optics region, the ions entered the ion trap region. The
nominal pressure in this region was approximately 10 Torr, based on a reading on a Bayard-
Alpert ion gauge.*” However, due to the presence of helium buffer gas in the ion trap, the real
pressure in the ion trap was about 0.002 Torr.%” The pressure of helium in the ion trap could not be
measured by the ion gauge because it cannot ionize helium molecules.*®

The ion trap was composed of four parallel hyperbolic electrodes and was divided into
three sections along the z-direction: front section, center section and back section (Figure 2.8).%’
The lengths of the front and back sections were 12 mm, and the length of the center section was
37 mm. Two slits (0.25 mm >x30 mm) were located on the two x-electrodes of the center section
(Figure 2.8), which were utilized to eject ions from the ion trap into the two detectors. In the ion
trap, the ions could be trapped, isolated, activated, and ejected. The principles of these events are

discussed later in Section 2.4.
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Figure 2.8. Schematic of the three sections of a linear quadrupole ion trap.

Two detectors were located on the opposite sides of the two x-electrodes. Each detector
was composed of a conversion dynode and an electron multiplier (Figure 2.9).4” A large attractive
potential (15 kV) was applied to the dynode. As a result, after the ejection of ions through the
two slits in the x-electrodes, the ion beam was directed towards the dynodes. When an ion strikes
the curved metal surface of the dynode, one or few secondary particle(s) are produced. The strike
of a cation produces electron(s) or anion(s) as secondary particle(s).>® The strike of an anion, on
the other hand, produces cation(s) as secondary particle(s).>® A voltage gradient was applied
between the dynode and the electron multiplier in order to accelerate the secondary particles into

the electron multiplier.
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Figure 2.9. Simplified schematic of one of the detectors of the LQIT mass spectrometer. The
detector was positioned on the opposite side of the x-electrode. lons (shown here as cations)
ejected from the ion trap struck the conversion dynode to produce secondary particles. These
secondary particles were directed into the cathode of the electron multiplier to generate many
more electrons upon consecutive collisions with the surface. The resulting electron cascade was
collected by the anode and the amplitude of the current was measured.

An electron multiplier consisted of two parts: a funnel-shaped cathode and a cup-shaped
anode.*” The secondary particles from the dynode arrive at the cathode first and hit the inner wall
of the cathode. This results in the generation of electrons that move deeper into the cathode due to
the increasing positive potential gradient. During their movement toward the anode, the electrons
hit the surface several times to produce more electrons. Eventually, a measurable electric current
was generated at the cup-shaped anode. The amplitude of this current reflects the relative
abundances of the ions that were ejected from the ion trap, as the amplitude is proportional to the

number of the ions.

2.4 lon behaviors in ion trap
2.4.1 lon motion in LQIT

In the ion trap, RF and DC voltages were applied to the electrodes of the linear quadrupole

ion trap to generate a three-dimensional electric field. The ions were restricted in the ion trap by
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the electric field in the radial and axial directions. In the following two sections, the radial and
axial motions of the trapped ions in are discussed in detail.

2.4.1.1 Radial motion

The combination of the RF and DC voltages applied on the four electrodes generates a
quadrupolar electric field in the ion trap.*” The electric potential ¢ applied on the electrodes can
be expressed as:**°

¢o = U —VcosQt Equation 2.1
where U and V are the amplitudes of the DC and RF voltages applied to the electrodes, respectively.
Q is the angular frequency of the RF voltage, and t is time.

At the point x,y,z within the generated electric field, the potential ¢» can be expressed as:

$o

== (Ax? + oy? + yz?) Equation 2.2
2
To

where ro is the radius of the inscribed circle of the electrodes and A, o and y are the weighing
constants for x, y and z coordinates, respectively. For a linear quadrupole ion trap, A =-o=1and y
= 0.5 Therefore, the potential at the point x,y,z can be expressed as:

¢ = % (x%2 —y?) Equation 2.3
0

The electric field intensity in the x-direction (Ex) can be obtained by differentiating the

potential ¢ to x as below:

0
E, = —% = - %x Equation 2.4

For an ion located at x,y,z, the force component in the x-direction (Fx) that the ion is

subjected to can be expressed as:
E, =ze XE, = —2ze—x Equation 2.5

where z is the number of the charges of the ion and e is the elemental charge. Substituting Equation

2.1 into Equation 2.5, Equation 2.6 is obtained:
2ze
F, = —— (U — VcosQt)x Equation 2.6
To

On the other hand, the force component in the x-direction (Fx) can also be expressed as:
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d?x

E, =ma, = mﬁ Equation 2.7

where m is the mass of the ion and ax is the acceleration of the ion in the x-direction.
Combination of Equations 2.6 and 2.7 yields a linear second-order homogeneous
differential equation of x as shown below.

dzx_ 2ze (U — VcosQt) Equation 2.8
moz = 2 cosQt)x quation 2.

For y-direction, Equation 2.9 can be obtained with the same derivation process as Equation

2.8:
d’y  d*(-y) = 2ze _
M =" a2 (U = VcosQt)(~y) Equation 2.9
Equations 2.8 and 2.9 can be further rearranged as follows:

ax + cze (U —VcosQt)x =0 Equation 2.10

dt? " mr2 CoSAiL)xX = quation 2.
&) | 2z (U — VcosQt) =0 Equation 2.11

de? — cosQt)x(—y) = quation 2.

Equations 2.10 and 2.11 are in the same form as the Mathieu Equation®! shown below:
d?u _
azz + u(a, — 2q,c0s2¢) =0 Equation 2.12
where u represents x or -y, and ¢ is a dimensionless parameter equal to % for Equations 2.10 and

2.11. a, and qq are called the trapping parameters.*® When they reside in a specific region called
the Mathieu Stability region,® the Mathieu Equation has a stable solution, which means that the
ions have stable trajectories in the ion trap.

Substitution of & = % into Equation 2.12 yields:

d’u Q2 _
m—os + T (ay — 2qycosQt)u =0 Equation 2.13
Combining Equation 2.13 with Equations 2.10 and 2.11, the trapping parameters in the x-

and y-directions are obtained as shown below:

8zelU .
Ay = Ay = —Qy = W Equation 2.14
4zeV _
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As mentioned above, for an ion to have a stable trajectory in the ion trap requires that its
au and qu values fall within the Mathieu Stability region. The diagram shown in Figure 2.10 is
called the Mathieu Stability Diagram.5! lons with stable trajectories have a and q values located in

the overlapping region in Figure 2.10.
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y—stable

. x-stable
y—stable <

At g, = 0.908,
L~ lonis ejected

qu

x—stable
y—stable

x—stable
y-unstable

x— unstable
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-0.25 Y

Figure 2.10. Mathieu Stability Diagram for a linear quadrupole ion trap. The colored circles
represent ions with different q values. The sizes of the circles represent the m/z ratios of the ions.
lons with a and q values inside the overlapping region (both x- and y-stable) have stable
trajectories in both x- and y-direction.

In LQIT, the DC voltage is usually set to zero, which causes ay to be zero. As shown in
Figure 2.10, at a,, = 0, qu ranges from 0 to 0.908 for trapped ions whose q value is in the stability
region. The wide range of qu values in the stability region enables the trapping of ions with a wide
range of m/z values.

Besides the ion motions mentioned above, each ion also has a specific secular motion

whose frequency wy can be described as:

_ Pull
2

where S, is a coefficient that can be calculated from ay and gu. Under the circumstance that a,, <

Wy Equation 2.16

0.2 and q,, < 0.4, fu can be approximated as:

37



2
Bu= |a,+ CIZ_u Equation 2.17

In LQIT, Sy ranges from 0 to 1, so the maximum value of wy is /2, which is the half of

the angular frequency of the RF voltage.

2.4.1.2 Axial motion

Different DC voltages are applied to the different sections of the ion trap to trap ions in the
axial direction.*” Typical DC voltages when trapping positive ions are illustrated in Figure 2.11
(for negative ions, the polarities are reversed). The DC voltages applied to the front and back
sections are both greater than the DC voltage applied to the center section. A DC potential well is
hence created, which restrict the axial motion of the ions within the center section. As the slits on
the x-electrodes reside in the center section, the potential well improves the efficiency of the ion
ejection through the slits.*”?

Front section Center section Back section

A -7

-12

DC potential (V)

z-direction

Figure 2.11. Schematic of the three sections of the ion trap with typical DC potential (blue)
applied to each section. As DC voltages applied to the front and back sections are greater than
the voltage applied to the center section, ions are trapped in the center section.
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As an ion moves from the front section (high DC voltage applied) into the center section
(low DC voltage applied), its electric potential energy converts into kinetic energy. The kinetic
energy prevents the ion to be localized in the center section because an ion with high Kinetic energy
can move back and forth between the front and back sections. In order to confine the ions within
the center section, helium is used as a buffer gas to reduce the kinetic energies of the ions.>"®2As
a result, the ions are trapped in the center section.

2.4.2 lon ejection for detection

To eject ions from the ion trap in a controlled manner, two scan methods are often utilized:
ion axial instability scan and ion resonance ejection.*®2-% In both methods, the DC voltage (U) is
set to zero, which causes the a, to be zero. Therefore, both methods eject ions only by adjusting
the value of qu, which is determined by the RF voltage amplitude (V).

In axial instability scan, the RF voltage amplitude is increased until the qu of each ion
reaches 0.908.°%% As shown in Figure 2.10, ions with gy values larger than 0.908 have unstable
trajectories and are ejected from the ion trap. According to Equation 2.15, smaller ions have greater
qu values than larger ions, and thus will be ejected prior to larger ions (Figure 2.10). This enables
ejection of all ions from the trap in a mass-selective manner. The main disadvantage of the axial
instability scan is its low sensitivity because some of the ions at gy = 0.908 may collide with the
electrodes due to their unstable trajectories and thus cannot be detected.®

In order to improve the sensitivity of ion detection, resonance ejection can be applied.52646°
In this ejection mode, a supplementary RF voltage with a fixed frequency is applied to the x-
electrodes. At the same time, the main RF voltage amplitude is increased to bring qu of the ion to
be ejected to 0.880. As the main RF voltage rises, the secular frequency of the ions in the ion trap
also increases, as their secular frequency wy is proportional to qu (when ay = 0) according to
Equations 2.16 and 2.17. At gqu = 0.880, the supplementary RF voltage is in resonance with the
secular motion of the ions that are being ejected. The supplementary RF voltage accelerates these
ions and hence increases the amplitude of the ion oscillation in the x-direction, which causes
ejection of these ions through the slit on the x-electrode. According to Equations 2.15, 2.16 and
2.17, the secular frequency of the ions is inversely proportional to their m/z. Therefore, smaller

ions will be ejected prior to larger ions.

39



The main RF voltage amplitude can be utilized to eject ions of different m/z ratios based
on Equation 2.15. These ions are then transmitted into the two detectors on both sides of the ion
trap and their relative abundances are determined as discussed in Section 2.3.3. Mass spectra are

produced by combining the ion relative abundances and their m/z ratios.

2.4.3 Tandem mass spectrometry

The LQIT mass spectrometer is especially powerful for structural elucidation of unknown
compounds,?*®® because tandem mass spectrometry (MS") experiments can be conducted on mass-
selected ions by using this instrument.%” In MS" experiments, multiple ion isolation and ion
activation events are performed in a stepwise manner in the ion trap. The simplest tandem mass
spectrometry experiment (MS?) is conducted by isolating the ions of interest and subjecting them
to reactions, such as collision-activated dissociation (CAD), in order to obtain structural
information. The so-generated product ions can be isolated and subjected to additional reactions
in MS? experiments. This isolation-reaction process can be repeated for several times (MS") if the
signal permits. The principles of ion isolation and dissociation as well as bimolecular gas-phase

ion-molecule reactions are discussed below.

2.4.3.1 lonisolation

As discussed above, isolation of ions with a specific m/z ratio is the first step required for
MS" experiments. The ion isolation is accomplished by ejecting all other, unwanted ions from the
ion trap.

The ejection of unwanted ions consists of two steps: 1) Ramping up the main RF amplitude
until the qu value of the ions to be isolated has increased to 0.803.#” At this point, most of the ions
with lower m/z ratios than the ions of interest no longer possess a stable trajectory as their g, values
are greater than 0.908 (Figure 2.12). As a result, these ions are ejected from the ion trap. 2)
Applying a broad-band RF excitation waveform to the x-electrode.*” The waveform is composed
of a wide distribution of frequencies ranging from 5 kHz to 500 kHz, some of which are in
resonance with the secular frequencies of the ions in the ion trap except for the ions of interest.

The broad-band RF excitation waveform increases the amplitude of the oscillation of all the
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unwanted ions in the x-direction. Hence, these unwanted ions are ejected from the ion trap,

resulting in the isolation of the desired ions (Figure 2.12).
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Figure 2.12. Demonstration of the ion isolation process in the ion trap. All the ions are trapped
initially, followed by ramping up the main RF voltage until the gy value of the ion of interest
(shown in dark green color) reaches 0.830. At this point, some ions with lower m/z ratios (shown
in red, orange, yellow and light green colors) have gy > 0.908 and therefore are ejected from the
ion trap. A broad-band RF excitation waveform with a wide distribution of frequencies (except
the secular frequency of the ions of interest) is then applied on the x-electrode in order to eject all
other unwanted ions (shown in purple, black, light and dark blue colors). This leads to isolation
of the ion of interest.

2.4.3.2 Collision-activated dissociation (CAD)

After the isolation of an ion with a specific m/z value, the ion can be subjected to collision-
activated dissociation (CAD) to obtain structural information. CAD process consists of two steps
described below.

1) The main RF amplitude is decreased from what it was during ion isolation until the qu

value of the isolated ion reaches approximately 0.25.4” The goal of reducing the RF amplitude is

41



to stabilize the trajectories of the fragment ions, whose m/z ratios are smaller than that of the
fragmenting ion. As discussed above, ions with smaller m/z possess greater qu values at a given
RF amplitude. As the main RF amplitude drops, the qu values of the fragment ions decrease, which
allows trapping of many of the fragment ions.

2) A supplementary RF voltage with a small amplitude is applied to the x-electrodes.*’ The
frequency of the supplementary RF voltage is same as the secular frequency of the isolated ion,
which results in acceleration of the isolated ion. The accelerated ion undergoes collisions with the
helium buffer gas in the ion trap. During each collision, part of the ion Kinetic energy is converted
into its internal energy. The internal energy accumulates via several collisions with helium gas
until it overcomes the dissociation threshold of the fragmenting ion. Based on the discussion above,
CAD can also be considered as a slow heating process, which is achieved by multiple collisions
of the isolated ion with the helium buffer gas.?%2!

Adjusting qu value of the fragmenting ion is of importance because it determines the
fragmentation efficiency as well as the low mass cut-off. As mentioned above, qu is set to be
approximately 0.25 in order to stabilize the trajectories of the fragment ions that are going to be
generated. If the qu value is decreased, more fragment ions with lower m/z ratios can be trapped
and detected (Figure 2.13a). However, the secular frequency of the fragmenting ion drops as qu
decreases, which requires a supplementary RF voltage with lower frequency that is same as the
secular frequency of the fragmenting ion. Consequently, the fragmenting ion gains less Kinetic
energy upon acceleration, resulting in a poor fragmentation efficiency. On the other hand,
increasing qu of the fragmenting ion allows the ion to fragment in a more efficient manner but
some fragment ions with low m/z ratios may not be detectable (Figure 2.13b). Therefore, in CAD
experiments, qu value of the fragmenting ion must be optimizedaccording to obtain optimal

fragmentation behavior.?°
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Figure 2.13. Demonstration of the effect of the qu value on the fragmentation efficiency of an
isolated ion and on the low mass cut-off. (a) At a lower qu value, the fragmenting ion gains less
kinetic energy from the resonance excitation voltage and fragments to fewer fragment ions but
fragment ions with lower m/z ratios can be detected. (b) At a greater q, value, the fragmenting

ion gains more kinetic energy from the resonance excitation voltage and fragments to more
fragment ions but fragment ions with lower m/z ratios are not detectable.

2.5 Gas-phase ion-molecule reactions

Although tandem mass spectrometry coupled with CAD is a powerful tool for structural
elucidation of gas-phase ions, identification of unknown compounds by using this method is still
challenging for three reasons: (1) Identification of ions by using MS" coupled with CAD requires
access to authentic model compounds, which are sometimes unavailable.®%° (2) CAD occasionally
generates identical fragmentation patterns for isomeric fragmenting ions.”®" (3) Sometimes ions
undergo only nondiagnostic fragmentation reactions, such as elimination of water or CO. To
address these limitations, diagnostic gas-phase ion-molecule reactions have been developed for
the identification of specific functional groups in ions in a predictable and reliable manner.?*
Additionally, gas-phase ion-molecule reactions have been extensively utilized to study the
reactivities and kinetics of highly reactive species (e.g., polyradicals, carbenes and carbyne anions)
in order to avoid the impact of solvent on their reactions.’?"*

In gas-phase ion-molecule reaction experiments, ions are isolated in a LQIT as described
above for CAD experiments and then are allowed to react with reagent molecules in the ion trap
without acceleration. In this research, the reagent molecules were introduced via an external

reagent mixing manifold’® into the ion trap. The product ions can be isolated and subjected to
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CAD in order to explore their structures. In this section, the instrument modifications and the

mechanisms and the kinetics of gas-phase ion-molecule reactions are discussed in detail.

2.5.1 Instrument modifications

The Thermo™ LTQ XL linear quadrupole ion trap mass spectrometer was modified by
attaching an external reagent mixing manifold for the introduction of the reagents into the ion
trap.”>’® This sort of a manifold has been successfully utilized for a long time for continuous
reagent introduction into ion traps.>’"""® The setup of the manifold used in this research is
illustrated in Figure 2.14(a). The reagent is injected into the manifold via a syringe pump at a flow
rate of 5— 10 pL h'* and vaporized and diluted with helium. Part of the diluted gaseous reagent is
introduced into the ion trap via the control of a Granville-Phillips variable leak valve. The pressure
in the ion trap is adjusted by the leak valve until the ion gauge reading is 0.7 — 1.2 <10 Torr. The
rest of the gaseous reagent flows into the exhaust.

44



(a) Vacuum pump

D Exhaust
—

! ik ]
Helium tank E )
Leak valve
Syringe pump Mass spectrometer
(5—-10puLh")
(b)

Ff
¥

-

Mass spectrometer

Helium tank

Syringe pump
(0.4-2.0pLh")

Figure 2.14. Schematic of (a) the external reagent mixing manifold for ion-molecule reactions
and (b) a simplified, air-free manifold utilized for ion-molecule reactions of highly reactive
species.

Although the external reagent mixing manifold shown in Figure 2.14(a) efficiently
introduces reagents into the ion trap, it also mixes molecules from the air (e.g., H20, Oz and CO,)
into the gaseous reagent due to its large inner space and numerous junctions. In some experiments
performed on highly reactive ions, the air molecules cause unwanted reactions, which hinders the
examination of the reactivity of the ions of interest towards the reagent of interest. For example,
the hydroxyphenylcarbyne anion shown in Figure 2.15(a) rapidly adds to water and CO, molecules,
which hinders the exploration of its reactions with acetonitrile. To address the limitations of the
traditional manifold, a simpler, air-free reagent mixing manifold was invented as shown in Figure
2.14(b). Compared with the traditional manifold, the simplified manifold does not include the
exhaust line or the leak valve. The reagent is injected into the simplified manifold at a lower flow
rate of 0.4-2.0 uL h'! than into the traditional manifold. The reagent is then vaporized, diluted with

helium, and transferred into the ion trap. As shown in Figure 2.15(b), the simplified manifold
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diminished the formation of the water adduct and completely eliminated the formation of the CO-
adduct.
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Figure 2.15. Mass spectrum measured after 1000 ms reactions of 4-hydroxy-phenylcarbyne
anion with acetonitrile introduced into the ion trap by using (a) the traditional reagent mixing
manifold and (b) simplified manifold. Due to the presence of water and CO; (from air) in the

manifold, water and CO> adducts (labelled in red color) were observed when using the traditional
manifold. However, less water and CO> adducts were generated when using the simplified
manifolds.

2.5.2 Brauman’s double-well potential energy surface

In 1977, amodel called double-well potential energy surface®®® was proposed by Brauman
to describe ion-molecule reactions in the gas phase (Figure 2.16). According to this model, the ion
and the molecule approach each other due to long-distance ion-dipole (for polar molecules) or ion-
induced dipole (for non-polar molecules) attraction. A reactant complex is formed when the
reactant ion and the reactant molecule are close enough. The formation of the complex releases
energy that is stored as internal energy of the reactant complex and is referred to as solvation

energy (Figure 2.16). Solvation energy can be utilized by the reactant complex to overcome energy
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barriers to generate the product complex. The product complex dissociates to form the separated

product ion and product molecule.

Separated

reactants
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Product
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Y

Reaction coordinates

Figure 2.16. Brauman’s double-well potential energy surface model

For the reaction to be thermoneutral or exothermic (and hence fast), the total energy of the
separated reactants has to be equal or greater than that of the separated products. Otherwise, the
reaction cannot take place unless extra energy is provided (e.g., via collisional activation).
Generally, the energy difference between the separated reactants and the transition state (4E,
Figure 2.16) determines the rate of an exothermic gas-phase ion-molecule reaction. The greater
the energy difference, the faster the reaction.

Many gas-phase ion-molecules that are exothermic occur very fast. However, sometimes,
exothermic reactions proceed slowly or do not proceed at all even when A4E is great. That is because
the transition state is more rigid than the separated reactants. Therefore, the separated reactants

have greater entropy and hence their reformation is more favorable than overcoming the transition

state.

2.5.3 Kinetics of gas-phase ion-molecule reactions

Gas-phase ion-molecule reactions generally follow the kinetics of second-order reactions,

which can be expressed as:
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V= kexp X [R] X [1] Equation 2.18
where v is the reaction rate, kexp is the rate constant, and [R] and [I] are the concentrations of the
reagent molecules and isolated ions, respectively. In all gas-phase ion-molecule reactions studied
using mass spectrometry, the number of reagent molecules greatly exceeds the number of ions.
Therefore, [R] can be considered to be a constant, and [I] is the only variable in Equation 2.18.
Hence, the ion-molecule reaction can be considered as a pseudo first-order reaction described as
shown below:

v =Kkops X [I] Equation 2.19
where Kops is the experimental rate constant of the pseudo first-order reaction and can be expressed
as:

kobs = kexp X [R] Equation 2.20

eac

According to Equation 2.19, kons can be measured by plotting ln[I[TZ% as a function of

time, where [l]reactant refers to the concentration of reactant ions and Z[I] refers to the sum of the
concentrations of reactant ions and product ions. Kobs is the negative slope of this semi-logarithmic
plot. Occasionally, the semi-logarithmic plot is not linear because a mixture of isomeric ions with
different reactivities were isolated. Isomeric ions cannot be isolated from each other by using the
current mass spectrometry methods.

In order to obtain the second-order rate constant kexp, the concentration of the reagent
molecule, [R], must be determined (Equation 2.20). [R] can be estimated by converting the
pressure in the ion trap (pwap) With a conversion factor 1 Torr = 3.239 % 10 molecules cm™ as
follows:

molecules

[R] = Dtrap X 3.239 x 10%° Equation 2.21

cm3 X Torr
However, as discussed in Section 2.3.3, the pressure in the ion trap cannot be measured

directly. The ion gauge is utilized to monitor the pressure in the ion trap, but it does not accurately
reflect the ion trap pressure due to the pressure gradient between the ion trap and the ion gauge
and the varying ionization energies of the compounds to be measured. Therefore, an ion gauge
correction factor (IGCF) was utilized to correct the difference between the pressure measured by
the ion gauge (pgauge) and the real pressure in the ion trap (pirap). FOr the experiments using acetone
or dimethyl disulfide as the reagent, IGCF was determined by measuring the rate of electron

abstraction by the CS; radical cation from the reagent. On the other hand, for the experiments using
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acetic acid or acetonitrile as the reagent, the rates of proton abstraction by the reagents from
protonated methanol and protonated formaldehyde, respectively, were utilized for the
determination of IGCF. All these proton transfer and electron transfer reactions are assumed to
occur at the collision rate as they are highly exothermic and not sterically hindered.

Additionally, ion gauges have different sensitivities toward reagents with different
polarizabilities, as an ion gauge measures the pressure by ionizing the gaseous molecules.
Therefore, a correction factor — Baratron Factor (B/I) — was utilized to convert the measured

pressure Pgauge t0 the real pressure, which can be expressed as:®

B / — 1_
I'~0.36a+0.3
where « is the polarizability of the reagent molecule.

Equation 2.22

Based on the discussion above, Equation 2.21 can be converted to:
[R] = B/I X IGCF X pgayge X 3.239 x 10'° Equation 2.23
Combining Equations 2.20 and 2.23, the rate constant of an ion-molecule reaction can be
described as shown below:

— kobs
B/, X IGCF X pyayge X 3.239 x 1016

kexp Equation 2.24

The efficiency of an ion-molecule reaction can be determined by dividing kexp with a
theoretical collision rate constant (kcon) calculated using an empirical formula of a parameterized
trajectory theory shown below:®?

0.4767x + 0.6200; X =2

keou = {(x + 0.5090)* £ 09754  x <2 Equation 2.25

10.526
where x can be expressed as JzZDW up 1s the dipole moment of the reagent, kg is
B

Boltzmann constant, and T is the temperature in the ion trap. The efficiency of the ion-molecule
reaction is defined as the percentage of the collisions that lead to a reaction. Therefore, the

efficiency is expressed as:

kexp

Efficiency = X 100% Equation 2.26

coll

Besides reaction efficiencies, the branching ratios of different primary product ions were

also determined. The branching ratio of each product ion corresponds to the ratio of the abundance
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of this product ion and the sum of the abundances of all the primary product ions. In order to
distinguish secondary product ions (product ions generated upon reactions of primary product ions
with the reagent) from the primary ones, the branching ratios were measured at short reaction times

at which no secondary reactions occurred.

2.6 High-performance liquid chromatography coupled with tandem mass spectrometry

Although tandem mass spectrometry (MS") based on gas-phase ion-molecule reactions is
a powerful tool in the identification of different functionalities in organic ions, a separation method
is required prior to the identification process in order to analyze compounds in complex mixtures.
High-performance liquid chromatography (HPLC) has been proven to be an effective separation
method and compatible with tandem mass spectrometry for the analysis of mixtures.?** Therefore,
HPLC/MS" experiments were sometimes conducted in this research to demonstrate the practicality
of using MS" methods based on diagnostic ion-molecule reactions in characterization of
compounds in mixtures.

In this dissertation, HPLC/MS" experiments were performed using a Thermo Surveyor
HPLC coupled to a Thermo Scientific LQIT. The HPLC was equipped with an autosampler, a
quaternary pump and a photodiode array detector. In HPLC experiments, separation of different
compounds is based on the hydrophobicity of the analytes and interactions with the adsorbent
material in the stationary phase. Therefore, the selection of the stationary and mobile phases greatly
impacts the efficiency of the separation. They are discussed below. On the other hand, in order to
determine the sensitivity of the HPLC/MS" methods that have been developed, the limit of
detection must be determined, which isl also discussed below.

2.6.1 Selection of stationary and mobile phases

In the process of HPLC method development, the stationary phase, i.e., the material used
to pack the column, must be initially selected. The stationary phase can be selected based on two
characteristics:®° (1) The bonded phase. Analyte molecules can interact with the stationary phase
in four ways: van der Waals interactions, dipole-dipole interactions, hydrogen bonding and n-n
interactions. By figuring out the structural differences between the analytes of interest, one or more
of these four interactions can be utilized to separate the analytes. According to the interaction(s)
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that is(are) selected, a proper stationary phase can be chosen for the separation. In order to separate
the compounds by their van der Waals interactions, C18 or C8 column is often selected. For n-n
interactions, phenyl column can be used. For dipole-dipole interactions, cyano column can be
utilized. For hydrogen-bonding, amino column is often the best choice. (2) The physical
characteristics of the particles. Particle size, column length, column inner diameter, surface area,
pore size, bonding type and particle shape are the physical parameters of a stationary phase. These
parameters can affect the efficiency, capacity, resolution, stability, sensitivity and time of the
separation. The physical parameters of an average analytical column that is applicable in most
cases are as follows: 150 mm <4.6 mm, 5-um inner diameter, 100-A pore size, 200-m? g* surface
area, 10% carbon load, monomeric bonding and spherical particles.®®

After picking up a suitable stationary phase, the mobile phase also needs to be selected.
The solubility of the analytes in the mobile phase, as well as the volatility, the viscosity and the
inertness of the mobile phase must be considered.®® Methanol-water and acetonitrile-water systems
are the two mobile phases that are commonly used. Methanol-water system is cheap and less toxic,
but it has a high viscosity and does only poorly dissolve nonpolar organic compounds.®” On the
other hand, acetonitrile has a lower viscosity and hence provides a better peak shape but is more
toxic and is more expensive.

The analytes dissolved in the mobile phase must be neutral to be separated. Therefore, the
pH value of the mobile phase must be controlled to prevent ionization of the separated
compounds.® In this dissertation, formic acid was utilized as the pH modifier at a concentration

of 0.1% (v/v) in HPLC experiments to prevent the deprotonation of compounds during separation.

2.6.2 Limit of detection measurement

The limit of detection is often defined as the lowest concentration of an analyte at which
the signal-to-noise ratio of the analyte signal is at least three in a HPLC chromatograph or a mass
spectrum.®® For HPLC/MS" methods based on ion-molecule reactions, the signal-to-noise ratios of
the mass spectrometer peaks are always greater than for HPLC peaks at low concentrations,
because as the analyte concentration decreases, the signal-to-noise ratio of the HPLC peaks
decreases greater than that of the mass spectrometer peaks.® Therefore, the limits of detection in
this dissertation were determined from the HPLC chromatographs. In this dissertation, the HPLC
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signals of the product ions generated in the ion-molecule reactions were utilized to determine the

limit of detection of the analytical method.
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CHAPTER 3. QUANTUM CHEMICAL CALCULATIONS AND
DENSITY FUNCTIONAL THEORY

3.1 Overview

Quantum chemical calculations provide a powerful tool that have been utilized to elucidate
the structures of compounds,* predict the physical properties of molecules,**° and determine
reasonable mechanisms for reactions in solution’® and in the gas phase.”® Among the
applications listed above, calculations are especially appropriate for the determination of gas-phase
reaction mechanisms because the calculations usually correspond to gas-phase conditions.”® In
this thesis, quantum chemical calculations were utilized for the exploration of the reaction
mechanisms of gas-phase ion-molecule reactions. For the parts regarding the identification of
different functionalities in protonated compounds by using tandem mass spectrometry based on
diagnostic gas-phase ion-molecule reactions (Chapters 4 and 5), calculations were utilized to
rationalize the formation of the diagnostic product ions and fragment ions to prove the reliability
and the predictability of the analytical methods based on these reactions. For the parts regarding
the examination of the reactivity of the reaction intermediates (phenylcarbyne anions and
phenylcarbene anions, Chapter 6), calculations were utilized to rationalize the observed reactions
and to provide mechanistical understanding of their reactivities.

As discussed in Section 2.5.2, Brauman’s double-well potential energy surface model is
utilized to mechanistically explain the processes of gas-phase ion-molecule reactions.®*® Quantum
chemical calculations can provide the approximate energy values for reaction intermediates and
transition states in the Brauman’s double-well potential energy surface model.!*? Enthalpy
changes were usually calculated to describe the energy values for the reaction intermediates and
transition states, because the enthalpy changes directly reflect the difference of the bond energies
between the reactants, products and transition states.*®

In this dissertation, all the calculations were conducted based on the density functional
theory (DFT). Its derivation and formalism within the Born-Oppenheimer approximation will be

discussed below.
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3.2 Born-Oppenheimer approximation

The computational methods that are utilized in this dissertation aim to calculate the energy

of a system, E, by solving the time-independent Schrédlinger Equation: 1416
H|¥Y) = E|¥) Equation 3.1
where |W) refers to a multi-electron wave function that can be described by a linear combination

of Slater determinants, in which each Slater determinant can be expressed as follows:’

X1(x1) x2(x1) - xn(xq)
W) = [X1) X2y s Xn) = \/% X1(£x2) XZ(EXZ) Xn(EXZ)
X1 (xn) X2 (xn) r Xn (xn)

Equation 3.2

H is called the Hamiltonian operator. The wavefunctions are the eigenvalues of the
Hamiltonian. Thus, solving the eigenvalue problem gives us access to the energy of a system by
solving the Schréadinger Equation.***® The Hamiltonian is composed of the Kkinetic and potential

energies, which can be expressed as:*

electrons nuclei electrons nuclei electrons nuclei
- 1_, 1, Zy 1 ZvZ,
H=- Evi — va — —+ —+ —_—
T; Tii 1
i=1 k=1 Tk =1 k=1 ¥ = U k= M
i=1 k=1

Equation 3.3

In the equation above, i and j describe the counting of the electrons and k and | describe

the counting of the nuclei. V2 is the Laplacian operator, Z is the number of protons in the nucleus,

and r is the distance between different particles (nuclei or electrons). Among the terms in Equation

3.3, the first and second terms represent the kinetic energy of the electrons and nuclei,

respectively.!* The third, fourth and fifth terms represent the electron-nucleus interaction, the
electron-electron interaction and the nucleus-nucleus interaction, respectively.

Due to the great computational complexity of the Hamiltonian operator shown in Equation

3.3, the Born-Oppenheimer approximation is often applied in order to simplify the Hamiltonian

operator.*!8 The Born-Oppenheimer approximation assumes the nuclei to be stationary, because

the nuclei are much heavier than the electrons, and hence move much slower than the electrons.8

According to the Born-Oppenheimer approximation, the Schralinger equation can be simplified

as:18
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_ D1, oo 2 1 _
H|¥) = —ZEVL- —szk+z;+€ |¥) Equation 3.4
L

i=1 i=1 k=1 i<y Y
i=1

which only includes the operators for the kinetic energy of the electrons (the first term), the
external potential energy due to electron-nucleus interaction (the second term) and the potential
energy due to electron-electron repulsion (the third term). Other terms in Equation 3.3 can be
considered as constants and are expressed as C in Equation 3.4.

3.3 Density functional theory

Although Schrdldinger equation provides a way of calculating the total energy of a chemical
system, solving the Schrd&linger equation can become unmanageable for systems containing more
than a few electrons given the expansion of the wavefunction in Slater determinants (Equation
3.2).1 The most complicated part for a multi-electron Schrédinger equation is the electron-electron
repulsion term in Hamiltonian (the third term in Equation 3.4), because rj; relies on two variables
— position of electron i and j — and they cannot be separated to solve the Schréilinger equation.t*

Density functional theory (DFT), on the other hand, provides an alternative to calculate the
energy without solving the Schrédinger equation.*® DFT calculates the energy of a system by using

the electron density, which can be defined as follows:*°

p(r) = Nﬂ "'JW(T,TZ,"',Tn)IZ dry - dry Equation 3.5

where N is the number of electrons, and r, ... ry are the spatial coordinates of the electrons. The
electron density indicates the probability of finding any electrons in volume dr.

The total energy is a function of electron density because electron density is uniquely
determined by the potential of the nuclei of the system. The previous statement has been proved
by Hohenberg and Kohn.? Since the electron density is also a function of r, the total energy is
called ‘density functional’.

Kohn and Hohenberg also deduced that the electron kinetic energy, the external potential
energy and the electron-electron repulsion potential energy are also functionals of electron
density.?° The external potential energy can be expressed as:*°
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Vext[p(r)] 2f - p(r)dr Equation 3.6

where r is the nucleus position and Zx is the nucleus charge.

Therefore, the total energy can be expressed as:*®

Zy :
E p Equation 3.7
— Tk

where T[p(r)] and V,.[p(r)] are density functionals of kinetic energy and electron-electron

N
E@UH=TMUH+@mwn+§J'
k

repulsion potential energy, respectively.

Unfortunately, the exact expressions of T[p(r)] and V,.[p(r)] in terms of electron density
remain unknown. Hence, approximations of the two energies is required. For V,.[p(r)], a
reasonable approximation is to simplify the interaction between individual electrons as the
interaction between the electron density with itself. Consequently, V,.[p(r)] can be approximated

as: 19

Vee[p(M)] = Exlp(r)] = J’fp(rl)p(rz) drydr, Equation 3.8

[Ty — 13

Determination of the T[p(r)] is more complicated, as there is no known formula that
expresses the relationship between the kinetic energy of the electrons and the electron density of a
system.® In order to achieve the density functional of the kinetic energy, many models have been
proposed, such as Thomas-Fermi model,?*?? Thomas-Fermi-Dirac model?®> and Thomas-Fermi-
Dirac-Weizsacker model.?* However, these models failed to depict the density functional of the
kinetic energy accurately, and hence cannot meet the requirements for total energy calculations.®

In order to address the above problem, Kohn and Sham introduced a system of non-
interactive electrons, that have the same electronic density as the full interactive system.?® In this
fictitious system, one can calculate the kinetic energy in terms of the orbitals of these electrons as

below.®

Tlp()] = Tislp ()] = ZJ%WWWﬂ» Equation 3.

where Tks[p(r)] is called Kohn-Sham Kinetic energy (non-interacting kinetic energy), and ¢; ()
refers to the single-electron orbitals. Although p(r) does not appear in Equation 3.9, Tg[p(r)] is

still a density functional as the electron density p(r) is related with ¢;(r), which is shown below.?
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p() = D (GMlpi(r) Equation 3.10
i=1

By adding the external potential energy (Equation 3.6), the Coulomb repulsion potential
energy (Equation 3.8) and Kohn-Sham kinetic energy (Equation 3.9), the approximate total energy
can be expressed as:?°

Eapprox[p(1)] = Tislp ()] + Ex[p(r)] + Vexe [ ()] Equation 3.11

Nevertheless, replacing the electron kinetic energy and electron-electron repulsion
potential energy with Txs[p(r)] and Eg[p(r)] inevitably introduces error from the exact T[p(r)]
and V,.[p(r)]. Electron exchange and correlation are the two contributors to the error.?® The
exchange effect exists because the Pauli exclusion principle prevents electrons of the same spin to
occupy the same orbital.X® On the other hand, correlation effect is derived from the electrostatic
potential itself, as two electrons are more likely to reside at the position with lower potential, hence
get separated from each other.!® Therefore, the exchange-correlation term, Ex-[p(1)], can be

expressed as:?°

Exclp(M] =Tlp(M] — Tkslp(r] + Veelp(r)] — Exlp(r)] Equation 3.12
and the total energy can be calculated exactly as:®
Elp(r)] = Tgslp()] + Exlp(r)] + Vexe[p(r)] + Exclp(r)] Equation 3.13

Nevertheless, the exchange-correlation term, Ex.-[p(r)], is not known as an explicit
functional of the density.?® Therefore, approximations for this term are required to obtain the
correlation and exchange energy. A series of density functional approximations, such as local
density approximation?® (LDA), local spin-density approximation®® (LSDA) and generalized
gradient approximation?’ (GGA), has been developed to estimate the exchange-correlation energy.
Further, including a fraction of exchange from HF theory can help achieve more accurate results.?-
31 The exchange-correlation terms in above approximations hence are hybridized with the HF
energy to achieve more accurate results.?®?° In this dissertation, B3LYP3® and M06-2X5! are two
hybridization methods that were utilized for calculations of proton affinities and reaction
mechanisms, respectively. B3LYP is an accurate and economic method that has been utilized for
calculations of proton affinities in many previous studies.®>® MO06-2X, on the other hand, is
efficient for the simulation of main-group thermochemistry and kinetics.3* Hence, M06-2X was

utilized to calculate the potential energy surfaces for the ion-molecule reactions and fragmentation
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reactions in this dissertation, as all the reactants and products of interest were composed with main-

group elements. 1112
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CHAPTER 4. CHARACTERIZATION OF PROTONATED
SUBSTITUTED UREAS BY USING DIAGNOSTIC GAS-PHASE ION-
MOLECULE REACTIONS FOLLOWED BY COLLISION-ACTIVATED
DISSOCIATION IN TANDEM MASS SPECTROMETRY EXPERIMENTS

4.1 Introduction

Phenylurea! and sulfonyl urea herbicides? have been utilized as pre- and post-emergence
treatment in weed control. Their residues in soil may persist for over six months® and contaminate
surface water and groundwater as they are toxic to mammals, including human beings.*® Therefore,
unambiguous detection of substituted ureas in soil and water is essential for the evaluation of soil
and water quality.

Many analytical methods, such as high-performance liquid chromatography (HPLC),%" have
been utilized to analyze complex mixtures of organic compounds. An especially powerful method
for the identification of previously unknown compounds in complex mixtures is HPLC coupled
with tandem mass spectrometry (MS?) based on collision-activated dissociation (CAD).2°
However, this experimental approach requires access to authentic model compounds. Even then,
CAD often generates similar fragmentation patterns for isomeric ions.!®!! In order to address this
issue, MS? methods based on diagnostic and predictable gas-phase ion-molecule reactions have
been developed!?® for the identification of specific functional groups, such as sulfone,'* amido,*®
N-oxide and sulfoxide,® in previously unknown protonated compounds in complex mixtures.

Many approaches based on diagnostic gas-phase ion-molecule reactions have used
organoboron reagents.t’*® These reactions are usually initiated by proton transfer from the
protonated analyte to the organoboron reagent (Scheme 4.1). After this, a nucleophilic site in the
neutral analyte adds to the boron atom of the protonated reagent. Depending on its exact structure,
the addition product fragments to generate product ions that are diagnostic for specific
functionalities. Nevertheless, protonated compounds with different functionalities sometimes yield
the same product ion. In these cases, subjecting the product ion to CAD may Yyield diagnostic
fragment ions.?° For example, reactions of protonated analytes with tris(dimethylamino)borane
(TDMAB) reagent followed by CAD of the product ions [M + H + TDMAB — HN(CHs3)2]* can be

used to differentiate amido functionalities from N-oxo and sulfoxo functionalities and from
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pyridines based on the observation of the diagnostic fragment ions ((CHs)N).B"and [M + H +
TDMAB — 2 HN(CHs3)2]* (M = analyte), of which the first one is only formed for amides.!6:%

P 0
~
N -
5 / \)LN/ Ny~
~°7N | N
H | 00 N — » 3§
ot
Mgk e T
ml | - B” ™ '\ll N
H N.g-N ' - (CH3),NH
+OI, e E ~ N (CHs),
PN N
\)\l/ \)]\ - \ﬁ\ N Ny
| /( B - (CH3),NH .EI?
b CAD +

Scheme 4.1 Previously proposed mechanisms? for the reactions between a protonated amide and
TDMARB to yield an adduct that has eliminated (CHs).NH. CAD on this product ion leads to the
elimination of N,N-dimethylpropionamide (top) and (CHz)2NH (bottom).

This study focuses on the development of diagnostic gas-phase ion-molecule reactions
followed by CAD to differentiate differently substituted ureas from each other and from other
similar compounds. The known proton affinities (PAs) of ureas? are large, ranging from 209 up
to 222 kcal mol? (urea: PA = 208.8 kcal mol?, N N’-dimethylurea: 215.9 kcal mol?;
tetramethylurea: 222.4 kcal mol™). Therefore, TDMAB was chosen as the reagent for this study
as the proton affinity?* of TDMAB (230 kcal mol™?) is close to the proton affinities of substituted
ureas. Another advantage associated with using TDMAB is that its reactions with many different
protonated compounds have been studied previously in Fourier-transform ion cyclotron resonance
and linear quadrupole ion traps.’®?2* Most compounds have a far lower proton affinity than
TDMAB. Therefore, these protonated compounds just transfer a proton to TDMAB,1621:23.24
However, many protonated basic compounds, including protonated amides, N-oxides, sulfoxides
and pyridines, transfer a proton to TDMAB followed by addition to the boron atom and elimination
of dimethylamine (Scheme 4.1). 162122 When this product ion is subjected to CAD, the following
reactions have been observed: elimination of dimethylamine as well as formation of ((CH3)2N).B*
for amides (Scheme 4.1),'%2! elimination of dimethylamine and HOB(N(CHas)2). for N-
oxides, 6212 elimination of (CH3).NBO, dimethylamine and HOB(N(CHz),)2 for sulfoxides,® and
elimination of [B(N(CHs)2)2]* for pyridines.?
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4.2 Experimental section
4.2.1 Chemicals

TDMAB (99% purity) was purchased from Sigma-Aldrich. Fifteen substituted ureas, seven
amides and three carbamates as shown in Scheme 4.2 were used as model compounds. The
commercially available model compounds (and their sources and purities) are as follows: urea
(Aablock, 95%), 1,3-dimethylurea (Aablock, 95%), 1,3-diphenylurea (Aablock, 98%), 1-methyl-
3-phenylurea (Aablock, 98%), tetramethylurea (AKScientific, 98%), 1,3-
dimethyltetrahydropyrimidin-2(1H)-one (Aablock, 95%), benzamide (Sigma-Aldrich, 99%),
acetanilide (Sigma-Aldrich, 97%), benzanilide (Alfa Aesar, 98%), N-methylacetamide (Sigma-
Aldrich, 99%), N-methylacectanilide (Aablocks, 98%), N,N-diethylacetamide (Aablocks, 95%),
N,N-diphenylacetamide (Aablock, 98%), phenyl carbamate (Sigma-Aldrich, 97%), benzyl
carbamate (Sigma-Aldrich, 99%), tert-butyl-N-(2-furyl)carbamate (Combi-blocks Inc., 97%),
linuron (Sigma-Aldrich, analytical standard), monolinuron (Sigma-Aldrich, analytical standard),
chlortoluron (Sigma-Aldrich, analytical standard), tebuthiuron (Sigma-Aldrich, analytical
standard), triclocarban (Sigma-Aldrich, analytical standard), tolbutamide (Sigma-Aldrich,
analytical standard), zileuton (Sigma-Aldrich, analytical standard). Water (LC/MS grade, >99.9%)
and methanol (LC/MS grade, >99.9%) were purchased from Fisher Scientific. All purchased

chemicals were used as received.

69
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Scheme 4.2. Structures of urea, amide and carbamate model compounds used to demonstrate the
applicability of the new method

The known compounds tert-butylurea, n-butylurea, allylurea, 1,1-diethylurea and 1-
piperidinecarboxamide were synthesized using previously published procedures.? 1,1-Dimethyl-
3-phenylurea, 1,1-dimethyl-3-(4-chlorophenyl)urea, and 1,1-dimethyl-3-(3,4-
dimethoxylphenyl)urea were also synthesized using previously published procedures.?® The
reagents utilized for synthesis (and their sources and purities) are as follows: tert-butylamine
(Sigma-Aldrich, 98%), n-butylamine (Sigma-Aldrich, 99.5%), allylamine (Sigma-Aldrich, 99%),
piperidine (Alfa Aesar, 99%), diethylamine (Sigma-Aldrich, 99.5%), potassium cyanate (Alfa
Aesar, 97%), hydrochloric acid (Fisher Scientific, 36.5%-38%), aniline (Sigma-Aldrich, 99.5%),
4-chloroaniline  (Sigma-Aldrich, 98%), 3,4-dimethoxyaniline  (Sigma-Aldrich, 98%),
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dimethylcarbamyl chloride (Sigma-Aldrich, 98%), pyridine (Alfa Aesar, 99%), 4-
dimethylaminopyridine (Sigma-Aldrich, 99%), and methylene chloride (Fisher Scientific, 99.5%).

Stock solutions of all analytes were prepared at a concentration of 10 mM in methanol.

4.2.2 Instrumentation

All experiments were conducted using a LQIT mass spectrometer equipped with an APCI
source. The analyte solutions were injected into the APCI source at a flow rate of 15 pL min™ by
using a 500 pL. Hamilton syringe. All analytes were protonated in the APCI source. Typical APCI
source conditions were as follows: 4.2 pA discharge current, 20 (arbitrary units) sheath gas (N2)
flow rate, 10 (arbitrary units) auxiliary gas (N2) flow rate, 300 °C vaporizer temperature, 275 °C
capillary temperature, 10 V capillary voltage, and 70 V tube lens voltage.

After protonation of the analytes, the ions were transferred into the ion trap, isolated, and
allowed to react with TDMAB (MS? experiments). TDMAB was introduced into the traditional
external reagent mixing manifold (discussed in Section 2.5.1) via a syringe pump at a flow rate of
10 uL h't. TDMAB was then diluted with helium before entering the ion trap through a variable
leak valve. The pressure in the ion trap was adjusted using the leak valve until the ion gauge
reading was 0.7-0.8 <107 torr. Reaction time was 300 ms for all experiments except for those
where no products were detected after this time. In those cases, a reaction time of 1000 ms was
also used. The reproducibility of the relative abundances of the product ions was +30%.

Product ions [M + H + TDMAB — HN(CH?a).]* formed upon reactions of the analyte ions
with TDMAB were subjected to two steps of collision-activated dissociation (CAD) (MS?® and
MS* experiments). In the CAD experiments, the advanced scan features of the LTQ Tune Plus
interface were used to isolate the ions by using a m/z window of 2 units. At a g value of 0.25, the
ions were subjected to CAD (collision energy 30 arbitrary units) for 30 ms by using helium as the
collision gas. The reproducibility of the relative abundances of the fragment ions was +20%.

The detection mass range was from m/z 50 up to 500. All mass spectra acquired were an
average of at least 20 individual mass spectra. Xcalibur 2.0 software was used for processing of
all the data.
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4.2.3 HPLC/MS* conditions

HPLC/MS* experiments were performed using a Thermo Surveyor HPLC coupled to a LQIT.
The samples were injected via an autosampler with full-loop injection (25 uL). The mobile phases
used were water (A) and acetonitrile (B), both containing 0.1% formic acid. The column used was
an Agilent ZORBAX SB-C18 (5 um, 4.6 x 250 mm). The flow rate was 0.5mL min™ and the
percentage of B in the mobile phase was increased linearly from 60% to 75% within 20 min. The
analytes eluting from the HPLC were introduced into the APCI source where they were protonated,
transferred into the ion trap, isolated by ejecting all other ions from the ion trap, and allowed to
react with TDMAB for 30 ms. The product ions [M + H + TDMAB — HN(CHz)2]" were subjected
to two steps of CAD (MS? and MS* experiments).

4.2.4 Computational methods

All calculations were performed using the Gaussian 16 program.?’ The optimized molecular
structures and their energies needed for the potential energy surfaces were calculated at the MO06-
2X/6-311++G(d,p) level of theory. All geometries were verified to be local minima by
computation of analytic vibrational frequencies. These (unscaled) frequencies were used to
compute zero-point vibrational energies (ZPVE) and 298 K thermal contributions (H29s — Eo). All
transition state structures were determined to contain exactly one negative frequency. Intrinsic
reaction coordinate (IRC) calculations were performed for all transition states to ensure that the

optimized structure connected the correct reactants and products.

4.3 Results and discussion

The results obtained for the gas-phase reactions of protonated substituted ureas, amides and
carbamates with TDMAB will be discussed first, followed by the results obtained using quantum
chemical calculations performed to explore the ion-molecule reaction mechanisms. After this,
CAD of selected product ions generated in the ion-molecule reactions is discussed, followed by
examination of their fragmentation mechanisms by quantum chemical calculations. A description
of the results obtained for seven protonated drugs and herbicides containing the urea moiety
follows. Finally, HPLC/MS* experiments are discussed.
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4.3.1 Reactions of protonated ureas, amides and carbamates with TDMAB

All model compounds were protonated via APCI, transferred into the linear quadrupole ion
trap, isolated, and allowed to react with TDMAB for 300 ms. All ions (except protonated tert-
butyl-N-(2-furyl)carbamate) reacted with TDMAB to form an addition product that had lost a
dimethylamine molecule, [M + H + TDMAB — HN(CH3)2]* (M = analyte), although for some ions,
this was a minor product (Figure 4.1a). This type of product ions has been previously reported for
reactions of TDMAB with protonated amides, pyridines, N-oxides, sulfoxides, and some amines
in Fourier-transform ion cyclotron resonance and linear quadrupole ion trap mass
spectrometers.’6212® The results for five differently substituted ureas, one amide and two
carbamates are shown in Table 4.1 as examples.

Table 4.1. Product ions, with their relative abundances,? detected after 300 ms reactions of eight
selected protonated analytes with TDMAB. The product ions [M + H + TDMAB — HN(CH3)2]",

which were subjected to CAD experiments, are shown in red.

Analvte Cateqor Analyte (m/z lon-molecule Reaction Product lons Relative
y 9| of [M + HI) (m/2) Abundance
H
Urea H'N\H/NH2 [M + H + TDMAB — HN(CH3)2]* (159) 4%
0 [TDMAB + H]* (144) 100%
(61)
H
, N_ _NH, | [M+H+TDMAB — HN(CHs)2]* (235) 94%
Monosubstituted | (™0™ | [M + H + HN(CHs).]" (182) 13%
(137) [TDMAB + H]* (144) 100%
H H
A : N__N_ | [M+H+TDMAB — HN(CHs).]" (249) 100%
1,3 Dlzl;g):tltuted @ Wg [M + H + HN(CHa)2]* (196) 78%
(151) [TDMAB + H] * (144) 22%
. . N NH [M + H + TDMAB — HN(CH3)2]* (227) 100%
b 1-Disubstituted S T | M+ H+HN(CHs)]" (174) 62%
(129) [TDMAB + H] * (144) 28%
H | +
: : N_N_ | [M+H+TDMAB — HN(CHz)2]" (263) 46%
Tnsufg;tuted @( T [M + H + HN(CHa)2]* (210) 100%
(165) [TDMAB + H] * (144) 8%
] +
. NN [M + H + TDMAB — HN(CHz3)2]* (215) 34%
Tetraslljjrt:;tltuted \([)r [M + H + HN(CH3);]" (162) 5504
(117) [TDMAB + H]* (144) 100%
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Table 4.1 continued

Amide HZNY© [M + H + TDMAB — HN(CHz)2]" (220) 6%
o [TDMAB + H]* (144) 100%
(122)
(0]
I [M + H + TDMAB — HN(CHa)2] * (236) 1%
Carbamate HN" "0 [TDMAB+H]* (144) 100%
(138)
O
J\ +
HN" 0 [M+H+TDMAB — HN(CH3)2]* (250) 9%
Carbamate O [TDMAB+H]* (144) 100%
(152)

@Reproducibility +30%.

In order to explore the mechanism(s) leading to the generation of the product ions [M + H +
TDMAB — HN(CH?3)2]* upon reactions of protonated substituted ureas with TDMAB, a potential
energy surface was calculated (M06-2X/6-311++G(d,p) level of theory) for the reactions of
protonated 1-phenylurea with TDMAB (Figure 4.1b). Formation of a doubly hydrogen-bound
dimer between the ion and TDMAB is highly exothermic. This dimer can undergo elimination of
dimethylamine, which is calculated to be exothermic by as much as 24.5 kcal mol™ (Figure 4.1b)
A similar mechanism is suggested for the reactions of protonated amides.
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Figure 4.1. (a) MS? spectrum measured after 300 ms reactions of protonated 1-phenylurea (m/z
137; [M + H]") with TDMAB, showing the [M + H + TDMAB — HN(CHBz)2]" product ion (m/z
235; M = analyte). (b) Potential energy surface calculated at the M06-2X/6-311++G(d,p) level of
theory for the formation of the ion-molecule reaction product ions [M + H + TDMAB —
HN(CHBa)2]" upon reactions of protonated 1-phenylurea (M) with TDMAB. Formation of two
possible products containing a hydrogen bond involving different nitrogen atoms are indicated in
red and blue color.

4.3.2 CAD of the product ion [M + H + TDMAB — HN(CH?3)2]*

Because the same product ion [M + H + TDMAB — HN(CH3)2]" (M = analyte) was generated
in the reactions of all types of protonated substituted ureas as well as protonated amides and
carbamates (with one exception) with TDMAB, this product ion was subjected to CAD (in MS3
experiments) to explore the possibility of differentiating the different analytes (Table 4.2). All the
product ions (with the exception of those generated from tetrasubstituted ureas to be discussed
later) fragmented via the loss of another HN(CH3)> molecule to generate [M + H + TDMAB — 2
HN(CHa)2]" fragment ions. Five differently substituted ureas, one amide and two carbamates were
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selected as examples (Table 4.2) to illustrate this behavior (the third carbamate did not yield the

M + H + TDMAB — HN(CH?3).]* ion-molecule reaction product; to be discussed later).

Table 4.2. Fragmentations/fragment ions observed upon CAD? of the ion-molecule reaction
product ions [M + H + TDMAB — HN(CHj3)2]* (MS2 experiments) for selected protonated
substituted ureas, amides and carbamates. The neutral fragments HN(CHs3)2, whose

corresponding ionic fragments [M + H + TDMAB — 2 HN(CH?3)2]" were subjected to subsequent

CAD experiments, are shown in red.

Analyte Analyte Neutral fragments (m/z value of the ionic
c (m/z of [M + fragment) or fragment ions (m/z) formed upon
ategory H]") CAD of [M + H + TDMAB — HN(CHs)2]* (MS®)®
H
: N._NH
Monosuurggtltuted @ X 2 — HN(CHs)2 (190)
(137)
b H
N . NN
1,3 Dlaliggtltuted ©/ \[Or — HN(CHs)2 (204)
(151)
_Di i N__NH
1,1 Dlatiggtltuted G \g 2 — HN(CHs)2 (182)
(129)
B
. . N._N_
Trlsuli)rse;[;tuted @ \g —HN(CHs3)2 (218)
(165)
stituted /'11 ,11\ [TDMAB + H]* (144)
Tetraslljresgltute \Cr)r [M + H]" (117)
(117) [TDMAB + H — HN(CHz)2]" (99)
H
N._CH
Amide Iy ~ HN(CHs)2 (189)
(136)
o /@
Carbamate HZNJ\O —HN=C=0 (193)
(138)
O
1 — HN(CHB3)2 (205)
arbamate *
Carb HNTOT Y [TDMAB + H]* (144)
(152) PhCH," + HN(CHs)2 (136)

2 All collision energies were 30 arbitrary units. ® The water/dimethylamine/TDMAB adducts of [M + H + TDMAB —

HN(CHs).]* were sometimes detected in the MS® spectra but are not listed here as they are not fragment ions.
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To differentiate protonated mono-, di- and trisubstituted ureas from each other and from
amides and most carbamates, another CAD experiment was employed on the fragment ions [M +
H + TDMAB — 2 HN(CHzs).]" to examine their fragmentation (MS* experiments; Figures 4.2).
These experiments revealed the elimination of isocyanic acid (H-N=C=0; MW 43 Da) or R-
N=C=0 (R = substituent at N) for those ureas with at least one primary or secondary amino group,
respectively (Table 4.3). These elimination reactions were not observed for carbamates or amides.
On the other hand, ions [M + H + TDMAB — 2 HN(CHs)2 — (CHs3)2N-B=0]* generated via
elimination of a boron moiety were observed as minor fragment ions for ureas with one tertiary
amino group and for amides (usually the only fragment ion) but not for carbamates (Figure 4.2 b
and c). Therefore, mono-, di- and trisubstituted ureas can be differentiated from amides and

carbamates as well as from each other with this method.
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Table 4.3. Fragmentations/fragment ions observed upon CAD? of the fragment ions [M + H +
TDMAB — 2 HN(CHzs)2]" (MS* experiments) for selected protonated substituted ureas, amides
and carbamates, with their relative abundances.” The fragment ions [M + H + TDMAB — 2
HN(CHs)2 — R-N=C=0]" (R = H or substituent) are diagnostic for ureas (except for the
tetrasubstituted ones) and are indicated in red color. The fragment ions [M + H + TDMAB - 2
HN(CHa)2 — (CH3)2N-B=0]*, formed via elimination of a boron moiety, are diagnostic for ureas

with one tertiary amino group and amides, and they are indicated in blue color.

Analyte Neutral fagments (m/z value of the ionic
Analyte fragment) or fragment ions (m/z) and their
Category (m/z °f+['V' + | relative abundances formed upon CAD of [M +
HI") H + TDMAB — 2 HN(CHs)2]* (MS*)°
—H-N=C=0 (147) 5%
~ H-N=C=0 + H.0 (165) 100%
9y — Ph-N=C=0 (71) 22%
Monosubstituted ©/N\H/NH2 — Ph-N=C=0 + H;0 (89) 26%
urea O — Ph-N=C=0 + TDMAB — HN(CHj3). (169)13%
(137) [TDMAB + H]* (144) 54%
[TDMAB + H — HN(CH3)2]" (99) 22%
[TDMAB + H — HN(CHs)2 + H20]* (117) 5%
— CH3-N=C=0 (147) 1%
— CH3-N=C=0 + H,0 (165) 27%
— CH3-N=C=0 + 2 H,0 (183) 26%
L3 HoH — CH3-N=C=0 + HN(CH3), (192) 7%
e N._N_ | —Ph-N=C=0 (85) 50%
D'S“l'j’f;g“ted SN _ Ph-N=C=0 + HN(CHs)2 (130) 71%
(151) — Ph-N=C=0 + H0 (103) 100%
[TDMAB + H]* (144) 23%
[TDMAB + H — HN(CH3)2]* (99) 10%
[TDMAB + H — HN(CHs)z + H20]* (117)  15%
&L o
Disuégi-tuted G\I\H’NHZ — H-N=C=0 (139) 100%
Urea o — H-N=C=0 + H,0 (157) 37%
(129) — H-N=C=0 + HN(CHs3)2 (192) 58%
— (CH3)2N-B=0 (111) 3%
v — (CH3)2N-B=0 (147) 5%
Trisubstituted @N\H/N\ — Ph-N=C=0 (99) 100%
urea O —Ph-N=C=0 + H,0 (117) 64%
(165) [TDMAB + HJ* (144) 56%
E CH,4
Amide @ T — (CH3):N-B=0 (118) 100%
(136)

78




(Table 4.3 Continued)

2 — «CH2Ph (114) 22%
Carbamate HoN O/\© PhCH_* + HN(CHs3)2 (136) 28%
(152) PhCH." (91) 100%

2 All collision energies were 30 arbitrary units. ® Reproducibility +20%. ¢ The water/dimethylamine/TDMAB adducts
of [M + H + TDMAB — 2 HN(CHj3),]* were sometimes observed in the MS*spectra but are not listed here as they are
not fragment ions.
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Figure 4.2. (a) MS* spectrum for 1-phenylurea (M) measured after CAD (collision energy 30
arbitrary units) of the fragment ions [M + TDMAB — 2 HN(CHs),]* (m/z 190) formed in the MS®
CAD experiment. Diagnostic fragment ions of m/z 147 and 71 formed via elimination of Ph-
N=C=0 and H-N=C=0 are visible. The ions of m/z 144 and m/z 99 correspond to protonated
TDMAB and [TDMAB + H — HN(CH?3)2]*. The fragment ions of m/z 89, m/z 165 and m/z 117
correspond to water adducts of the fragment ions of m/z 71, m/z 147 and m/z 99, respectively.
The fragment ions of m/z 288 and m/z 169 correspond to TDMAB adducts of the ions of m/z 190
and 71, respectively. (b) MS* CAD spectrum for N-phenylacetamide (M) measured after CAD
(collision energy 30 arbitrary units) of the fragment ions [M + TDMAB — 2 HN(CHs)2]" (m/z
189) formed in the MS® CAD experiment. Diagnostic fragment ions of m/z 118 formed via
elimination of (CH3),N-B=0 are visible. (c) MS* CAD spectrum for benzyl carbamate (M)
measured after CAD (collision energy 30 arbitrary units) of the fragment ions [M + TDMAB — 2
HN(CHs3)2]" (m/z 205). Formation of benzyl cations (m/z 91) and elimination of benzyl radicals
were observed.
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The potential energy surfaces calculated for the elimination of the second HN(CH3). and R-
N=C=0 (R = H or substitutent) from the ion-molecule reaction product ions [M + H + TDMAB —
HN(CHa)2]" of protonated 1-phenylurea (M) upon two consecutive CAD experiments are shown
in Figure 4.3. Based on these calculations, two different proton transfer reactions can trigger
different fragmentation pathways that are colored in red and blue in Figure 4.3a. After the initial
intramolecular proton transfer, a new boron-nitrogen bond is generated that results in the formation
of a four-membered ring (Figure 4.3a). The following elimination of a HN(CHz)2 molecule was
calculated to be endothermic by at least 60.7 kcal mol™ (red pathway). The so-generated ion with
a four-membered ring will undergo an exothermic ring-opening reaction (Figure 4.3b and 4.3c)
and then eliminate an R-N=C=0 (R = H or substituent) molecule with a barrier of 19.1 kcal mol*
or 18.7 kcal mol™ (Figures 4.3b and 4.3c, respectively). Elimination of (CH3)2N-B=0 upon CAD
of the [M + H + TDMAB - 2 HN(CHs3),]* fragment ion in the second CAD step was calculated to
start from the structure with the four-membered ring, and has a barrier of 29.0 kcal mol™ or 40.8
kcal mol (Figures 4.3b and 4.3c, respectively). After the ion with the four-membered ring has
undergone exothermic ring opening, (CHz)2N-B=0 elimination is unlikely to occur. This explains
why only R-N=C=0 (R = H or substituent) elimination was observed for substituted ureas

containing no tertiary amino groups (Figures 4.2 and Table 4.3).
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Figure 4.3. (a) Potential energy surfaces calculated at the M06-2X/6-311++G(d,p) level of theory
for the CAD of the product ions [M + H + TDMAB — HN(CHs)2]" generated upon reactions of
protonated 1-phenylurea (M) with TDMAB. Two possible pathways triggered by proton transfer
from different nitrogen atoms are shown in red and blue color, generating two isomeric ions [M
+ H + TDMAB — 2 HN(CH?3)2]*. All enthalpy values are given relative to that of the ion-
molecule reaction products. Note that all intermediates shown in red color lie 4.1 kcal mol*
higher in energy than all intermediates shown in blue color (also see the final product structures
in Figure 4.1). (b) Potential energy surfaces calculated at the M06-2X/6-311++G(d,p) level of
theory for the CAD fragmentation of the fragment ion [M + H + TDMAB — 2 HN(CH3)2]" in red
color. Enthalpy values are given relative to that of the ion [M + H + TDMAB — 2 HN(CH3)2]*
shown in red color. (c) Potential energy surfaces calculated at the M06-2X/6-311++G(d,p) level
of theory for the CAD fragmentation of the fragment ion [M + H + TDMAB — 2 HN(CH3)2]"
shown in blue color. Enthalpy values are given relative to that of [M + H + TDMAB - 2
HN(CHBa)2]" shown in blue color. Note that the product ion shown in blue color lies 1.5 kcal mol-
L higher in energy than the product ion shown in red color (also see the final product structures in
Figures 4.1 and 4.3a).
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For ureas containing one tertiary amino group, only minor [M + H + TDMAB — 2 HN(CHa)2
— (CH3)2N-B=0]" fragment ions were observed in the MS* experiments, in addition to the major
R-N=C=0 elimination (R = H or substituent; Table 4.3). These reactions were examined using
calculations. The potential energy surfaces calculated for the fragmentation of the ion-molecule
reaction product ions [M + H + TDMAB — HN(CHs3)2]* of 1-piperidinecarboxamide via
elimination of HN(CHz). (Figure 4.4a) followed by elimination of (CH3)2N-B=0 or H-N=C=0
(Figures 4.4b and 4.4c, respectively) suggest that proton transfer occurs from the amino group of
the substituted urea to a dimethylamino group of the boron moiety, followed by N-B bond
formation to generate one of two possible four-membered cyclic intermediates. After the
elimination of the second HN(CHz)2, an H-N=C=0 molecule can be eliminated (red pathway),
which was the major reaction observed (Figure 4.4b and Table 4.3), via a reaction calculated to be
endothermic by 23.5 kcal mol™. Along the second (blue) pathway, a (CH3)2N-B=0O molecule is
eliminated to form a final product with a higher enthalpy (62.3 kcal mol?) than that formed via H-
N=C=0 loss (Figure 4.4c). In spite of the much greater enthalpy of the latter product, also this

product was generated albeit with a very low abundance (Table 4.3).
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Figure 4.4.(a) Potential energy surface calculated at the M06-2X/6-311++G(d,p) level of theory
for the CAD fragmentations of the ion-molecule reaction product ions [M + H + TDMAB —
HN(CHa)2]* generated upon reactions of protonated 1-piperidinecarboxamide (M) with TDMAB.
Two possible pathways triggered by proton transfer from different nitrogen atoms are colored in
red and blue, generating two isomeric fragment ions [M + H + TDMAB — HN(CHjs)2]*. (b)
Potential energy surface calculated at the M06-2X/6-311++G(d,p) level of theory for the CAD
fragmentations of the fragment ions [M + H + TDMAB — 2 HN(CHs)2]" in red color. (c)
Potential energy surface calculated at the M06-2X/6-311++G(d,p) level of theory for the CAD
fragmentations of the fragment ions [M + H + TDMAB — 2 HN(CHz)2]" in blue color. Note that
the product ion shown in red color lies 20.6 kcal mol™ higher in energy than the product ion
shown in blue color (Figure 4.4a).

The reason for the minor elimination of (CHs)2N-B=0 observed in the MS* spectra of ureas
containing one tertiary amino group is that the two intermediates with the four-membered ring
(pathways in red and blue color; enthalpies 28.6 and 8.9 kcal mol™, respectively; Figure 4.4a) can
both be generated in the ion trap upon the first CAD experiment (on [M + H + TDMAB —
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HN(CHs).2]*) and they fragment via elimination of a HN(CHs)2 molecule. The two isomeric
fragment ions [M + H + TDMAB — 2 HN(CHs3)2]* decompose differently: one can only eliminate
H-N=C=0 (Figure 4.4b) while the other can only eliminate (CH3)2N-B=0 (Figure 4.4c). The latter
elimination requires more energy, which explains why it only yields a minor product.

For tetrasubstituted ureas, the ion-molecule reaction product ions of did not eliminate
HN(CHz)2 upon CAD of [M + H + TDMAB — HN(CHz3)2]", as the initial intramolecular proton
transfer (Figures 4.3 and 4.4) from an amino group in the urea moiety to the dimethylamino group
in the boron moiety cannot occur since neither of the two nitrogen atoms contain a H atom. Instead,
the [M + H + TDMAB — HN(CH3)2]" product ions fragment via elimination of the neutral analyte
molecule (M) by breaking the B-O bond to generate the fragment ions [TDMAB + H — 2
HN(CHa)2]" (Table 4.2). Therefore, tetrasubstituted ureas can be distinguished from the other
analytes based on this observation.

The behavior observed for protonated amides was quite different. (CH3)2N-B=0O loss
occurred in the second CAD experiment of the fragment ions [M + H + TDMAB — 2 HN(CHj3)2]*
of amides, but no R-N=C=0 loss was detected (Table 4.3). Indeed, R-N=C=0 loss cannot occur
for amides because they only contain only one amino group. Amides can therefore be differentiated
from substituted ureas based on the MS* experiments of their reactions with TDMAB. A
mechanism has been previously proposed for the elimination of (CHs).N-B=0 for protonated
amides in the same MS* experiments as conducted here.?

The ion-molecule reaction product of one of the carbamates, phenyl carbamate, did not lose
HN(CHBa)2 but instead H-N=C=0 upon CAD of [M + H + TDMAB — HN(CH3)2]" (Table 4.2).
This is rationalized by the greater amount of energy (43.5 kcal mol™) required to eliminate a
dimethylamine molecule (Figure 4.5, in blue color) compared to the energy required for H-N=C=0
loss (28.9 kcal mol™; Figure 4.5, in red color) for this product ion. As dimethylamine elimination
is not a diagnostic reactivity for all protonated carbamates upon MS3, the behavior of the
carbamates is not as predictable as that of the other analytes discussed here.
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Figure 4.5. Potential energy surface calculated at the M06-2X/6-311++G(d,p) level of theory for
the elimination of H-N=C=0 (observed experimentally; in red color) and HN(CH3). (not
observed; in blue color) upon CAD of the ion-molecule reaction product [M + H + TDMAB —

HN(CHa)2]" of protonated phenyl carbamate.

The reactivities of protonated N-oxides and sulfoxides toward TDMAB have been explored
previously by using Fourier-transform ion cyclotron resonance and linear quadrupole ion trap mass
spectrometers.’®2! These ions react with TDMAB to form the same product ions [M + H +
TDMAB — HN(CHs3)2]* as protonated ureas and amides. Upon CAD, these product ions fragment
via elimination of HN(CHs). and HO-B(N(CHs)2). (MS® experiments).®2t However, for
sulfoxides, an additional fragment ion, [TDMAB + H — HN(CHzs)2 — (CH3)2N-B=0]", was also
formed (MS? experiments),*® which enables the differentiation of sulfoxides from N-oxides. For
pyridines, these CAD experiments yielded only [B(N(CHs)2)2]*.2* As the MS?® experiments of N-
oxides, sulfoxides and pyridines generated different fragment ions than the MS® experiments of

substituted ureas and amides, all these analytes can be differentiated based on these experiments

(Figure 4.6).
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Figure 4.6. Distinction of differently substituted ureas from each other and from amides, N-
oxides, sulfoxides® and pyridines?! via diagnostic fragment ions generated upon one or two
CAD experiments on the ion-molecule reaction product ions [M + H + TDMAB — HN(CH3)2]*
formed upon reactions of the protonated analytes (M) with TDMAB.

4.3.3 Reactions of protonated drugs and herbicides with TDMAB

As the urea moiety is a common functional group in drugs and herbicides, reactivities of seven
protonated drugs and herbicides containing the urea moiety were tested (Table 4.4). The structures
of these urea compounds are more complicated than the model compound discussed above. Some
of them have additional functionalities, such as a methoxy (linuron and monolinuron), sulfonyl
(tolbutamide) or hydroxy group (zileuton). Many of them also contain a chlorine atom. Upon
reactions with TDMAB for 300 ms or 1000 ms, all of the protonated drug/herbicide compounds
formed [M + H + TDMAB — HN(CHs3)2]" product ions (MS?), as expected. Upon CAD, these
product ions generated fragment ions [M + H + TDMAB — 2 HN(CHs)2]* (MS®), again as expected.
When these fragment ions were subjected to CAD, elimination of R-N=C=0 (R = substituent) was

observed for all analytes as expected, with the exception of zileuton (MS*; Table 4.4).
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Table 4.4. Fragmentations/fragment ions observed upon CAD? of the fragment ions [M + H +
TDMAB — 2 HN(CHz3)2]" (MS?) for urea herbicides (M) and urea drugs (M). The fragment ions
[M +H + TDMAB — 2 HN(CHz)2 — R-N=C=0]" (R = H or substituent) are indicated in red
color. The fragment ions [M + H + TDMAB — 2 HN(CH3)2 — (CH3)2N-B=0]" are indicated in

blue color.
Analyte Ions (m/z) formed upon CAD of [ M + H + TDMAB — 2HN(CH3),]*
(m/z of [M + H]") and their relative abundances” (MS*)
—«CH; (287) 100%
—+C1(267) 35%
— CH3-N=CH3> (259) 44%
— HN(CHz): (257) 71%
o — H3C-N=C=0 (245) 42%
C'j@(“wr“‘cla [C1.CsH3-NH=B-OCH3]" (202) 56%
cl ° [CL.CsH3-NH=B-OCHj3 + H,0]" (220) 64%
Linuron [CL.C¢H3-NH=B-OCHj3 + HN(CH3)2]" (247) 30%
(249) [CL.CsH3-NHs]" (162) 85%
[TDMAB + H] " (144) 59%
[TDMAB + H + 2 MeOH]" (209) 56%
— CLLCeH3-N=C=0 (115) 47%
— CLCeH3-N=C=0 + H,0 (143)* 51%
—+CH;3 (253) 28%
— CH30H (236) 20%
— HN(CH3), (223) 100%
W — H3C-N=C=0 (211) 12%
g [CICsHs-NH=B-OCH;]" (168) 3%
o oS l[ClC6H4—NH=B—OCH3 + IgzO]; (1+8(6) ) 16%
: [CIC¢H4-NH=B-OCHj3 + HN(CH3)>]" (213 12%
Monglllgumn [TDMAB + H] * (144) 22%
(215) [CIC6H,-NH;]* (128) 12%
— CIC6H4-N=C=0 (115) 16%
— CIC¢H4-N=C=0 + H,0 (143) 17%
— CICgH4-N=C=0 + MeOH + H,0 (175) 21%
| — (CH3):N-B=0 (195) 21%
Oy [TDMAB + H] * (144) 57%
© [2 TDMAB + H — HN(CH3)2] * (242) 8%
Chlortoluron —CIC7Hs-N=C=0 (99) 100%
(213) —CIC7He-N=C=0 + H,0 (117) 45%
| H
Sy — CH3-N=C=0 (225) 100%
NN O — CH3-N=C=0 + HN(CH3), (270) 76%
Teb(uzt%;ron — (t-Bu~(C2N2S))-NH=CH (170) 25%
— CIC4Hs-N=C=0 (215) 7%
o — CIC6H4-N=C=0 + HN(CH3), (260) 24%
P — CIC6H4-N=C=0 + H,0 (233) 100%
T -CICHN-C-0 - HC1 (17) 18%
: — CL,C¢H3-N=C=0 (181 12%
T“"(ls?f'g‘;ban — CLCsH3-N=C=0 + HN(CHs), (226) 21%
— CL,C¢H3-N=C=0 + H,0 (199) 90%
[TDMAB + H] * (144) 42%
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(Table 4.4 continued)

QU — n-Bu-N=C=0 (225) 100%
S ~ n-Bu-N=C=0 + HN(CH): (270) 71%
Tolbutamide — n-Bu-N=C=0 + TDMAB — HN(CHs), (323) 54%
(271) — n-Bu-N=C=0 + TDMAB — HN(CH3)> — N(CH3)=CH> (280) 42%

\ +
L (161) 100%
OH han
QS\J\(NYNHZ O, HN(CH:)2 (206) 15%

o HaN

Zileuton Q
(237) th\— By 49%
o\ (130)
+
[TDMAB + H] " (144) 10%

2 All collision energies were 30 arbitrary units. ° Reproducibility #20%.

Different from the simple trisubstituted ureas discussed above (Table 4.3), elimination of
(CH3)2N-B=0 was not observed upon CAD of [M + H + TDMAB — 2 HN(CHs)2]" (MS* for
linuron, monolinuron or tebuthiuron but it was observed for chlortoluron, even though all above
compounds are trisubstituted ureas. Formation of a much more favorable five- or six-membered
ring (Scheme 4.3) rather than a four-membered ring (Figures 4.3 and 4.4) probably explains the
lack of elimination of a boron moiety for linuron, monolinuron and tebuthiuron due to the presence
of other heteroatoms that can add to the boron atom via a more favorable transition state. As shown
in Scheme 4.3, after the formation of the product ion [M + H + TDMAB — HN(CH3)2]* and the
intramolecular proton transfer, the boron is more likely to form a bond with the nitrogen atom in
the aromatic ring instead of the nitrogen atom of the secondary amino group due to the formation
of a more favorable six-membered rather than a four-membered ring. Therefore, elimination of
CH3-N=C=0 dominates. On the other hand, elimination of (CH3).N-B=0 was observed for
chlortoluron because this analyte does not contain additional oxygen or nitrogen atoms. Therefore,
observation of a fragment ion [M + H + TDMAB — 2 HN(CHs)2 — (CH3)2N-B=0]" cannot be used
to identify N,N-disubstituted or trisubstituted ureas with a heteroatom close to the nitrogen atom

of the urea moiety.
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Scheme 4.3. A proposed fragmentation mechanism leading to the [M + H + TDMAB - 2
HN(CHa)2]" fragment ions for some of the polyfunctional trisubstituted ureas tested. tebuthiuron
is used as an example.

In the MS* experiment of zileuton (a N,N-disubstituted urea), the expected fragment ions [M
+ H + TDMAB - 2 HN(CH3)2 — H-N=C=0]"* were not generated (Table 4.4), which is probably
due to other, more favorable fragmentation reactions. Based on calculations shown in Figure 4.7,
after the formation of the product ion [M + H + TDMAB — HN(CHs).]", the boron will form a
bond with the oxygen of the hydroxyl group (pathway in blue color) instead of the nitrogen of the
amino group (pathway in black color) because formation of a five-membered ring is more
favorable than formation of a four-membered ring (Figure 4.7). The intermediate with a five-
membered ring (in blue color) fragments by breaking the C-N bond to generate one of the two
fragment ions (Table 4.4) (another fragment ion is likely generated by a subsequent proton transfer

from the first fragment ion to the neutral molecule that was eliminated).
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Figure 4.7. Potential energy surface calculated at the M06-2X/6-311++G(d,p) level of theory for
CAD of the product ions [M + H + TDMAB — DMA]" generated upon reactions of protonated
zileuton with TDMAB. Two possible pathways triggered by proton transfer from a nitrogen atom
or an oxygen atom are indicated in black and blue color, respectively. This surface supports the
assumption that five-membered rings are formed more easily from these compounds than four-
membered rings.

—— Enthalpy

4.3.4 HPLC/MS* experiments

HPLC/MS* experiments were carried out to test the practicality of the proposed analytical
method when coupled to a separation method. A mixture of four trisubsituted urea herbicides were
separated by reversed-phase HPLC chromatography (Figure 4.8a). The eluted compounds were
protonated by (+)APCI and transferred into the ion trap. The protonated analytes were monitored
to obtain the chromatogram shown in Figure 4.8a. The major peaks shown in Figure 4.8a

correspond to the four analytes.
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Figure 4.8. (a) HPLC/(+)APCI MS chromatogram measured for a mixture of four urea
herbicides. The protonated analytes were monitored to obtain the chromatogram. (b) MS*
spectrum for chlortoluron (M) measured upon CAD of the fragment ion [M + H + TDMAB — 2
HN(CHs)2]*. The fragment ion [M + H + TDMAB — 2 HN(CHj3)2]* was generated upon CAD of
the the product ion [M + H + TDMAB — HN(CHj3).]" that was formed upon reactions of
protonated chlortoluron with TDMAB. chlortoluron eluted at 9.6-10.2 min.

After being transferred into the ion trap, the protonated analytes were isolated and allowed to
react with TDMAB for 30 ms. The product ions [M + H + TDMAB — HN(CHz)2]" were isolated
and subjected to CAD (MS?, collision energy 30 arbitrary units). The fragment ions [M + H +
TDMAB — 2 HN(CHz3),]* were isolated and subjected to CAD (MS?, collision energy 30 arbitrary
units). The MS* CAD spectrum of chlortoluron was shown in Figure 4.8b as an example. Based
on the observation of fragment ions [M + H + TDMAB — 2 HN(CHa3), — R-N=C=0]" (R =
substituent) in the MS* spectra (Figure 4.8b), the compounds were unambiguously identified as
trisubstituted ureas.

This HPLC/MS* method based on ion-molecule reactions has an approximate limit of
detection from 100 nM up to 20 uM. The data measured to determine the limit of detection are
shown in Figure 4.9 (using chlortoluron as an example), where the extracted ion HPLC
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chromatogram for the diagnostic ion-molecule reaction product ion [M + H + TDMAB -

HN(CHs).]* was monitored. At the concentration of 100 nM, the signal-to-noise ratio of the

product ion is three (Figure 4.9a), and the diagnostic fragment ions [M + H + TDMAB - 2
HN(CHz3)2 — R-N=C=0]"and [M + H + TDMAB - 2 HN(CHj3)2 — (CH3)N-B=0]" can still be
observed in the MS* spectrum (Figure 4.9b). Therefore, the limit of detection for chlortoluron is
100 nM. Further, the limits of detection for the HPLC/MS? experiments of the other three urea

herbicides, linuron, monolinuron and tebuthiuron, were determined to be 20 uM, 3 uM and 300

nM, respectively.
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Figure 4.9. (a) Extracted ion HPLC chromatogram for the diagnostic ion-molecule reaction
product ion of m/z 311 (generated in an MS/MS experiment) measured for chlortoluron at the
limit of detection concentration (100 nM). The chromatogram shows the analyte peak at 8.63

min. (b) MS* spectrum measured for chlortoluron at 100 nM concentration. The MS* spectrum
shows the diagnostic fragment ions (m/z 99 and m/z 195) also shown in Figure 4.8. The limit of

detection measurement was performed three times.
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4.4 Conclusions

Most protonated analytes react with TDMAB in Fourier-transform ion cyclotron resonance
and linear quadrupole ion trap mass spectrometers by proton transfer. However, protonated ureas,
amides, and carbamates as well as previously studied protonated N-oxides,*¢?123 sulfoxides®® and
pyridines?! react with TDMAB to generate the product ion [M + H + TDMAB — HN(CH3).]*
(MS?), with the exception of one carbamate. To distinguish differently substituted ureas from other
analytes and from each other, the product ions [M + H + TDMAB — HN(CHzs)2]* were subjected
to CAD (MS?) in a linear quadrupole ion trap mass spectrometer. For substituted ureas (with the
exception of tetrasubstituted ureas) and amides, fragment ions were generated via elimination of
another HN(CHz)2 molecule. On the other hand, another HN(CHs)2 loss was not observed for
tetrasubstituted ureas, N-oxides, sulfoxides or pyridines, which enables distinction of these
compounds from other substituted ureas and amides. Instead, fragment ions [TDMAB + H —
HN(CHa)2]" were observed for tetrasubstituted ureas, which can be differentiated from the other
analytes based on this observation. Both HO-B(N(CHs)2)2 and HN(CH?3)2 losses occurred for N-
oxides and sulfoxides in the MS? experiments. However, sulfoxides also eliminated (CH3)2N-B=0
in the MS?® experiments, which enables differentiation of N-oxides from sulfoxides.!®?2 For
pyridines, [B(N(CHs)2)2]" was generated in the MS? experiments,?* which was not observed for
any other analytes explored. This enables the identification of the pyridine functionality.

Fragment ions diagnostic for differently substituted ureas were obtained by subjecting the
fragment ions [M + H + TDMAB — 2 HN(CH?a)2]" to another CAD event. Loss of one or two R-
N=C=0 molecules (R = H or a substituent) was observed for monosubstituted, disubstituted and
trisubstituted ureas. On the other hand, also (CHs)2N-B=0 elimination was observed for ureas with
a tertiary amino group, which can be used to differentiate these compounds from ureas with no
tertiary amino groups. (CH3)2N-B=0 loss also occurred for all amides. However, H-N=C=0/R-
N=C=0 loss was not observed in the reactions of the seven amides studied (with one exception,
benzamide), which enables the differentiation of the amides from the ureas.

Successful coupling of this ion-molecule reaction/CAD MS* experiment with HPLC
demonstrated the practicality of this approach in the analysis of complex mixtures containing
substituted ureas and related compounds. The limits of detection for the diagnostic ion-molecule
reaction product ion in HPLC/MS? experiments were determined to be 20 uM, 3 uM, 300 nM, and

100 nM for linuron, monolinuron, chlortouron and tebuthiuron, respectively.
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The analytical method discussed above can be utilized in three ways: 1. It can be used to

differentiate the five categories of ureas based on diagnostic fragment ions ((M + H + TDMAB —
2 HN(CHs3)2 — R-N=C=0]" (R = substituent) and [M + H + TDMAB — 2 HN(CHj3), — (CH3)2N-

B=0]"). 2. It can be used to differentiate ureas from amides, carbamates, pyridines, sulfoxides and

N-oxides as only ureas generate the diagnostic fragment ions [M + H + TDMAB — 2 HN(CH3)2 —
R-N=C=0]" (R = H or substituent). 3. It can be used to differentiate mono- and 1,1-disubstituted
ureas based on diagnostic fragment ions ([M + H + TDMAB — 2 HN(CHj3), — H-N=C=0]"). Finally,

several mechanistic pathways that likely underlie the formation of the diagnostic fragment ions

were identified by quantum chemical calculations.
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CHAPTER 5. DIFFERENTIATION OF SULFONATE ESTERS FROM
ISOMERIC SULFITE ESTERS AND SULFONES BY USING
DIAGNOSTIC GAS-PHASE ION-MOLECULE REACTIONS FOLLOWED
BY COLLISION-ACTIVATED DISSOCIATION IN TANDEM MASS
SPECTROMETRY EXPERIMENTS

5.1 Introduction

In the process of drug synthesis, sulfonate esters, especially alkyl sulfonates, are among the
major alkylating agents used and often remain in the final drug products.!? Further, sulfonate esters
tend to be generated as impurities from the sulfonic salts of active pharmaceutical ingredients.®
For instance, sulfonate esters can be produced upon esterification of the sulfonic acids by alcohol
solvents that are used to facilitate the recrystallization of the sulfonic salts.* Unfortunately, acyclic
sulfonate esters®® and cyclic sulfonate esters’® (known as sultones) have been conclusively
reported to be a genotoxic impurities (GTI). Indeed, ethyl methanesulfonate, as a GTI, has been
discovered as a contaminant in Viracept (nelfinavir mesilate) tablets, which has led to the
withdrawal of the drug from the market.>® European Medicines Agency declared the maximum
intake of ethyl methane sulfonate for human is 2 pg/g/day.>® Furthermore, in order to control the
concentration levels of sulfonate esters as a category of compounds, threshold of toxicological
concern has also been set by European Medicines Agency as 1.5 pg/g/day in drug products.}®1!
Therefore, it is of critical importance to be able to identify sulfonate esters at relatively low
concentrations and to differentiate them from other similar compounds potentially present in drug
products.

A limited number of analytical methods have been published for the detection and
identification of sulfonate esters.!?* Additionally, no methods have been reported for the
differentiation of sulfonate esters from isomeric compounds, such as sulfite esters® and sulfones.
Most of these compounds are inactive drug ingredients with limited safety concerns.”2° Therefore,
the ability to differentiate mutagenic sulfonate esters from their safe isomers, sulfite esters and
sulfones, is important.

Tandem mass spectrometry experiments based on functional-group selective ion-molecule
reactions have been successfully employed for the identification of different functionalities in

many protonated or deprotonated compounds.?*3° Here, gas-phase ion-molecule reactions coupled
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with diagnostic collision-activated dissociation (CAD) of a specific ion-molecule reaction product
ion in a linear quadrupole ion trap mass spectrometer is introduced for the identification of
protonated sulfonate esters, and for the differentiation of these compounds from isomeric
protonated compounds, such as protonated sulfones and sulfite esters. Organoboron reagents have
been utilized to react with many oxygen-containing functionalities in gas phase in order to identify
these funtionalities.?2? These reactions are usually initiated by proton transfer from the protonated
analyte to the organoboron reagent.?*?* Therefore, the proton affinity (PA) of reagent must be
slightly higher than that of the analyte. Otherwise, no reaction will occur (if the reagent has a too
low PA) or only proton transfer will be observed (if the reagent has a too high PA). Proton affinities
of the sulfonate esters, sulfite esters and sulfones were calculated to be ranging from 187 — 205
kcal mol™? (Figure 5.1, calculated at B3LYP/6-311++G(d,p) level of theory). However, existing
reagents have either too high proton affinity (TDMAB,??2 PA = 230 kcal mol™) or too low proton
affinity (TMB,?® PA = 195 kcal mol; DEMB,?* PA = 191 kcal mol™. Therefore, a new reagent,
diisopropoxymethylborane (DIMB), is introduced here, whose proton affinity is 208.5 kcal mol™
(calculated at B3LYP/6-311++G(d,p) level of theory). In this study, DIMB is utilized to react with
the analytes to generate ion-molecule reaction product ions, whose fragmentation will produce
diagnostic fragment ions. Quantum chemical calculations were employed to explore the
mechanisms of the formation of the product ions of interest as well as the diagnostic
fragmentations. High-performance liquid chromatography (HPLC) was successfully coupled with
the mass spectrometry method for the characterization of compounds in mixtures at relatively low

concentrations (3-50 uM).
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Figure 5.1. Structures of sulfite ester, sulfonate ester and sulfone model compounds used to
demonstrate the applicability of this method and their names, purchase sources, purities and
calculated proton affinities (calculated at B3LYP/6-311++G(d,p) level of theory).
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5.2 Experimental section
5.2.1 Chemicals

Diisopropoxymethylborane (DIMB, 97% purity) was purchased from Sigma-Aldrich and
used without purification. Six sulfonate esters, six sulfite esters and six sulfones as shown in Figure
5.1 were used as model compounds. All of the model compounds were obtained commercially and
used as received (with the exception of 1,4-butylene sulfite). Their structures, names, purities and
commercial sources are listed in the Figure 5.1. 1,4-Butylene sulfite, on the other hand, was
synthesized using previously published procedures.3! This is a reported compound, and its NMR
spectrum matched the published one. Water (LC/MS grade, >99.9%) and methanol (LC/MS grade,
>99.9%) were purchased from Fisher Scientific.

Stock solutions of all model compounds were prepared at a concentration of 10 mM in

methanol.

5.2.2 Instrumentation

Gas-phase ion-molecule reactions were studied using a Thermo LTQ linear quadrupole ion
trap mass spectrometer coupled with the traditional reagent mixing manifold that is discussed in
Section 2.5.1. The analytes in these solutions were ionized via atmospheric pressure chemical
ionization (APCI) operated in positive ion mode. The ionization conditions were as follows: 4.2
HA discharge current, 20 (arbitrary units) sheath gas (N2) flow rate, 10 (arbitrary units) auxiliary
gas (N2) flow rate, 300 °C vaporizer temperature, 275 °C capillary temperature, 10 V capillary
voltage, and 70 V tube lens voltage. After protonation of the analytes, the ions were transferred
into the ion trap.

At the same time, DIMB was injected into the manifold via a syringe pump at a flow rate of
5 uL ht, vaporized, diluted with helium, and introduced into the ion trap. The pressure in the ion
trap was adjusted by the leak valve until the ion gauge reading was 0.7 - 0.8 x 10 torr. The
protonated analytes were allowed to react with DIMB in the ion trap for 30 ms. The reproducibility
of the relative abundances of the ion-molecule reaction product ions was +=30%.

The product ions [M + H + TDMAB — CH3CH(OH)CHjs]* formed upon reactions of the
analyte ions with DIMB were isolated and subjected to CAD to obtain structural information. In

the CAD experiments, the advanced scan features of the LTQ Tune Plus interface were used to
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isolate the ions by using a m/z window of 2 units. At a q value of 0.25, the ions were subjected to
CAD (collision energy 30 arbitrary units) for 30 ms by using helium as the collision gas. The
reproducibility of the relative abundances of the fragment ions was £20%.

The detection mass range was from m/z 50 up to 500. All mass spectra acquired were an
average of at least 20 individual mass spectra. Xcalibur 2.0 software was used for processing of
all the data.

5.2.3 HPLC/MS? conditions

The samples were injected via an autosampler with full-loop injection (25 pL). HPLC
separation was performed using an Agilent Zorbax SB-C18 column (4.6 <250 mm, 5 pm particle
size) in a Thermo Scientific Surveyor HPLC system. The flow rate was 0.5 mL mint. Gradient
elution involved mobile phase A containing 0.1% formic acid in water and mobile phase B
containing 0.1% formic acid in methanol. The percentage of B in the mobile phase was increased
linearly from 15% to 85% within 15 min. The HPLC system was coupled to the Thermo LTQ

Linear Quadrupole ion trap (LQIT) mass spectrometer described above.

5.2.4 Computational methods

All calculations were performed using the Gaussian 16 program.3? The molecular structures
were optimized and their energies were calculated at the M06-2X/6-311++G(d,p) level of theory.
The geometries were verified to be local minima by computation of analytic vibrational
frequencies. These (unscaled) frequencies were used to compute zero-point vibrational energies
(ZPVE) and 298 K thermal contributions (Hzes — Eo). All transition state structures were
determined to contain exactly one negative frequency. Intrinsic reaction coordinate (IRC)
calculations were performed for all transition states to ensure that the optimized transition state

structure connected the correct reactants and products.

5.3 Results and discussion

The results obtained upon examination of the gas-phase ion-molecule reactions of
protonated sulfite esters, sulfonate esters and sulfones with DIMB are discussed first, followed by

the computational results obtained to explore the ion-molecule reaction mechanisms. After this,
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CAD of selected product ions generated in the ion-molecule reactions is discussed, followed by
the examination of their fragmentation mechanisms by quantum chemical calculations. Further,
results obtained in studies of additional protonated analytes with other functionalities are described.

Finally, HPLC/MS* experiments and detection limits are addressed.

5.3.1 Reactions of protonated sulfite esters, sulfonate esters and sulfones with DIMB

Six sulfite esters, six sulfonate esters and six sulfones (Figure 5.1) were protonated via APCI,
transferred into the linear quadrupole ion trap, isolated, and allowed to react with DIMB for 30 ms.
All ions reacted with DIMB to form an adduct ion that had lost an isopropanol molecule, [M + H
+ DIMB — CH3CH(OH)CH3s]* (M = analyte) (Tables 5.1-5.3). Mass spectra measured for the
reactions of protonated dimethyl sulfite, methyl methanesulfonate and dimethyl sulfone are shown
in Figure 5.2 as examples of the data measured for protonated sulfite esters, sulfonate esters and

sulfones.
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Figure 5.2. (a) MS? spectrum measured after 30 ms reactions of protonated dimethylsulfite ([M +
H]*; m/z 111) with DIMB, showing the [M + H + DIMB — CH3CH(OH)CHj3]* product ions (m/z
195). (b) MS? spectrum measured after 30 ms reactions of protonated methyl methanesulfonate

([M + H]*; m/z 111) with DIMB, showing the [M + H + DIMB — CH3CH(OH)CHj3]* product
ions (m/z 195). (c) MS? spectrum measured after 30 ms reactions of protonated dimethylsulfone

([M + H]"; m/z 95) with DIMB, showing the [M + H + DIMB — CH3CH(OH)CHa]" product ions
(m/z 179). The ions of m/z 145 correspond to protonated DIMB. The ions of m/z 103 correspond
to [DIMB + H — CH>=CHCHz3]". The ions of m/z 187 and m/z 205 correspond to CH,=CHCH3
adducts and CH3CH(OH)CHz adducts of the ions of m/z 145, respectively. The ions of m/z 229

correspond to [2 DIMB + H — CH3CH(OH)CHzs]*. In (a) and (b), ions of m/z 223 and m/z 255
correspond to [2 M + H]" and [M + H + DIMBJ]", respectively. In (c), ions of m/z 239 correspond
to [M + H + DIMBJ".
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Table 5.1. Product ions, with their relative abundances,? detected after 30 ms reactions of six
protonated sulfite esters (M) with DIMB. The product ions [M + H + DIMB —
CH3CH(OH)CHs]*, which were subjected to CAD experiments, are shown in red.
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Analyte
(m/z of [M + H]Y)

\O'S\O/
(111)

O’S\

(123)

1]
/S\
(O}

(123)

\é
0" 7Q

(137)

/\0’§\O/\
(139)
@Reproducibility £30%.

lon-molecule Reaction Product lons (m/z)

[DIMB + H — CH3-CH=CH,]" (103)
[DIMB + H]* (145)

[M + H + CHs-CH=CH,]* (153)
[DIMB + H + CH3-CH=CH2]" (187)
[M + H + DIMB — CHsCH(OH)CHs]* (195)
[DIMB + H + CHsCH(OH)CHs]* (205)
[2 M + H]" (223)

[2 DIMB + H — CH3CH(OH)CHz3]" (229)
[M +H + DIMB]" (255)

[2 DIMB + H]* (289)

[DIMB + H — CH3-CH=CH]" (103)
[DIMB + H]* (145)

[M + H + CHs-CH=CH,]* (151)
[DIMB + H + CH3-CH=CH2]" (187)
[M + H + DIMB — CH3CH(OH)CHs]* (193)
[DIMB + H + CH3CH(OH)CHj3]" (205)
[2 DIMB + H — CH3CH(OH)CH3]" (229)
[M + H + DIMB]* (253)

[2 DIMB + H]* (289)

[DIMB + HJ* (145)

[M + H + CHs-CH=CH,]" (165)
[DIMB + H + CH3-CH=CH2]" (187)

[M + H + DIMB — CH3CH(OH)CHs]* (207)
[2 DIMB + H — CH3CH(OH)CHj3]" (229)
[M +H + DIMB]" (267)

[2 DIMB + H]" (289)

[DIMB + H]* (145)

[M + H + CH3-CH=CH>]" (165)
[DIMB + H + CH3-CH=CH_]* (187)

[M + H + DIMB — CH3CH(OH)CH3]* (207)
[2 DIMB + H — CH3CH(OH)CH3]* (229)
[M + H + DIMB]* (267)

[2 DIMB + H]* (289)

[M + H + CHs-CH=CH]* (179)
[M + H + DIMB — CH3CH(OH)CHs]* (221)
[M + H + DIMB]* (281)

[M + H + DIMB —CHsCH(OH)CHs —
CH3B=0]" (181)
[M + H + DIMB — CH3CH(OH)CH3]* (223)

107

Relative
Abundance
4%
42%
29%
27%
100%
10%
36%
15%
10%
30%
16%
47%
100%
28%
12%
12%
16%
6%
31%
49%
55%
15%
100%
13%
12%
22%
16%
27%
9%
100%
5%
6%
11%

13%
100%
9%

12%
100%



Table 5.2. Product ions, with their relative abundances,? detected after 30 ms reactions of six
protonated sulfonate esters (M) with DIMB. The product ions [M + H + DIMB —
CH3CH(OH)CHs]*, which were subjected to CAD experiments, are shown in red.
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Analyte
(m/z of [M + H]Y)

0,0

/“s'io
(111)

e

n. O

2

(123)

0.0

N/

(137)

N/

\/S\O/\
(139)

W

©/S\O/

(173)

@Reproducibility £30%.

lon-molecule Reaction Product lons (m/z)

[DIMB + H — CH3-CH=CH,]" (103)
[DIMB + HJ* (145)

[M + H + CHs-CH=CH,]* (153)
[DIMB + H + CH3-CH=CH2]" (187)
[M + H + DIMB — CHsCH(OH)CHs]* (195)
[DIMB + H + CHsCH(OH)CHs]* (205)
[2 DIMB + H —~CH3CH(OH)CHs]* (229)
[M + H + DIMB]* (255)

[2 DIMB + H]* (289)

[DIMB + H — CH3-CH=CH]" (103)
[DIMB + H]* (145)

[M + H + CH3-CH=CH2]" (165)
[DIMB + H + CH3-CH=CH_]* (187)

[M + H + DIMB — CH3CH(OH)CH3]* (207)
[2 DIMB + H — CH3CH(OH)CHs]" (229)
[M + H + DIMB]* (267)

[2 DIMB + H]* (289)

[DIMB + HJ* (145)

[M + H + CHs-CH=CH,]* (179)
[DIMB + H + CH3-CH=CH2]" (187)

[M + H + DIMB — CH3CH(OH)CHs]* (221)
[2 DIMB + H]" (289)

[M + H + DIMB — CH3CH(OH)CHs]* (223)
[M + H + DIMB — CH3-CH=CH:]" (241)
[M +H + DIMB]" (283)

[DIMB + HJ* (145)

[DIMB + H + CH3-CH=CH_]* (187)
[DIMB + H + CH3CH(OH)CHzs]" (205)
[M + H + CHs-CH=CH,]" (215)

[2 DIMB + H — CH3CH(OH)CHj3]* (229)
[M + H + DIMB — CHsCH(OH)CH3]* (257)
[2 DIMB + H]* (289)

[M + H + DIMB]* (317)

[DIMB + HJ* (145)

[DIMB + H + CH3-CH=CH_]* (187)

[M + H + CH3-CH=CH2]" (215)

[M + H + CH3CH(OH)CHs]* (233)

[M + H + DIMB — CH3CH(OH)CHs]* (257)
[M + H + CHsCH(OH)CHs + CH3-CH=CH,]*
(275)

[2 DIMB + H]* (289)

[M + H + DIMB]* (317)
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Relative
Abundance
12%
58%
100%
34%
7%
17%
21%
11%
44%
19%
58%
100%
15%
4%
8%
15%
16%
26%
100%
20%
14%
31%
82%
53%
100%
29%
12%
7%
100%
7%
32%
16%
17%

30%
20%
100%
2%
37%
4%
31%
24%



Table 5.3. Product ions, with their relative abundances,? detected after 30 ms reactions of six
protonated sulfones (M) with DIMB. The product ions [M + H + DIMB — CH3CH(OH)CHzs]*,
which were subjected to CAD experiments, are shown in red.
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Analyte . Relative
(m/z of [M + H]") lon-molecule Reaction Product lons (m/z) Abundance

[DIMB + H — CH3-CH=CH;]" (103) 13%
[M + H + CH3-CH=CH]* (137) 100%
[DIMB + H]* (145) 61%
0.0 [M + H + DIMB — CH3CH(OH)CHg]* (179) 40%
SN [DIMB + H + CH3-CH=CH]" (187) 27%
(99) [DIMB + H + CH3CH(OH)CHs]* (205) 12%
[2 DIMB + H — CH3CH(OH)CHs]* (229) 15%
[M + H + DIMB]* (239) 24%
[2 DIMB + HJ* (289) 32%
[DIMB + H]* (145) 5%
[DIMB + H + CH3-CH=CH;]" (187) 5%
/SO [M + H + CH3-CH=CH_]* (199) 29%
[M + H + DIMB — CHsCH(OH)CHgs]* (241) 100%
(157) [2 DIMB + HJ* (289) 3%
[M + H + DIMB]" (301) 28%
[DIMB + H]* (145) 1%
[M + H + DIMB — 2 CH3CH(OH)CHa]* (161) P
[M + H + CH3-CH=CH,]* (179) 570%
[DIMB + H + CH3-CH=CH2]" (187) 14%
Qo [M + H + DIMB —~CHsCH(OH)CHs]* (221) 100%
[2 DIMB + H —CH3CH(OH)CHs]* (229) 11%
L [M + H + DIMB — CH3CH(OH)CH3 + CHs- 10%
(137) CH=CH2]" (263) A5%
[M +H + DIMB]" (281) 21%
[2 DIMB + HJ* (289) 1%
[M + H + 2 DIMB — 2 CHsCH(OH)CHs]* (305) 5%
[M + H + 2 DIMB —CH3CH(OH)CHs]* (365)
P [M + H + DIMB — 2 CH3CH(OH)CHs]* (175) 7%
[M + H + CH3-CH=CH,]* (193) 22%
o [M + H + DIMB —~CHsCH(OH)CHg]"* (235) 100%
(151) [M +H + DIMB]" (295) 23%
[DIMB + H]* (145) 32%
[DIMB + H + CH3-CH=CH,]" (187) 9%
- [M + H + DIMB — 2 CH3CH(OH)CHa]* (197) 100%
P [M + H + CH3-CH=CH.]* (215) 23%
© [2 DIMB + H —CH3CH(OH)CHa]* (229) 10%
(173) [M + H + DIMB — CH3CH(OH)CHs]* (257) 48%
[2 DIMB + H]* (289) 20%
[M + H + DIMB]"* (317) 16%
[M + H + 2 DIMB — 2 CHsCH(OH)CHs]* (341) 9%
o [M + H + CH3-CH=CH2]* (215) 14%
., [M + H + DIMB — CHsCH(OH)CH3]* (257) 100%
(173) [M + H + DIMB]"* (317) 22%

@Reproducibility £30%.
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In order to explore the mechanism(s) leading to the formation of the product ion [M + H +
DIMB - CHsCH(OH)CHs]*, the potential energy surfaces were calculated (MO06-2X/6-
311++G(d,p) level of theory) for the reactions of protonated methyl methanesulfonate, dimethyl
sulfite and dimethyl sulfone with DIMB (Figure 5.3). As shown in Figure 5.3a (protonated methyl
methanesulfonate as an example), the reaction is initiated by proton transfer from the protonated
sulfonate ester to DIMB, followed by addition of an oxygen atom of neutral methanesulfonate to
the boron atom of protonated DIMB. The adduct ion undergoes elimination of CHzCH(OH)CHs3
in a reaction that is overall exothermic (-17.8 kcal mol™?). The potential energy surfaces calculated
for protonated dimethyl sulfite and protonated dimethyl sulfone are similar and also these reactions
are exothermic (-11.7 kcal mol for dimethyl sulfite, Figure 5.3b; -16.2 kcal mol™ for dimethyl

sulfone, Figure 5.3c).
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Figure 5.3. Potential energy surface calculated at the M06-2X/6-311++G(d,p) level of theory for

the formation of the ion-molecule reaction product ions [M + H + DIMB — CH3CH(OH)CHs]*

upon reactions with DIMB of (a) protonated methyl methanesulfonate, (b) protonated dimethyl
sulfite, and (c) protonated dimethyl sulfone.

5.3.2 CAD of the product ions [M + H + DIMB — CH3CH(OH)CHjs]*

Since the product ions [M + H + DIMB — CH3CH(OH)CHzs]" (M = analyte) were generated
in the reactions of protonated sulfite esters, sulfonate esters and sulfones, these product ions were

subjected to CAD to explore the possibly of diagnostic fragmentation patterns (Tables 5.4-5.6).
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Table 5.4. All ions observed upon CAD of the ion-molecule reaction product ions [M + H +
DIMB — CH3CH(OH)CHa]" for all six tested protonated sulfite esters, with their relative
abundances.? The neutral fragments SO are diagnostic for sulfite esters and are indicated in red
color. The neutral fragments CH3B=0 + (CHzs)2C=0 are diagnostic for sulfonate esters and are
indicated in blue color.

Neutral fragments (m/z ratio of the ionic fragment) or ions

(m/z ';nﬁ\lx tf H]") observed (m/z) upon CAD of [M + H + DIMB — AES:%;ZE
CH3sCH(OH)CHa]*
—S0O» (131) 12%
— SOz — CH3-CH=CHz2 (89) 34%
— S02— MeOH — CH3-CH=CH> + CH3CH(OH)CHs (117) 16%
— SOz — MeOH + CH3CH(OH)CHj (159) 9%
o — CH3B=0 (153) 14%
N [DIMB + H — CH3-CH=CH,]* (103) 12%
(1) [DIMB + H]* (145) 100%
[DIMB + H + CH3-CH=CH,]" (187) 32%
[DIMB + H + CH3CH(OH)CH3]* (205) 13%
[2 DIMB + H — CH3CH(OH)CHs]* (229) 21%
[2 DIMB + H]* (289) 40%
+ CH3-CH=CH (237) 59%
—S02 (129) 100%
— SOz — CH3-CH=CHz> (87) 37%
— CH3B=0 (151) 27%
— CH3B=0 — (CHs3).C=0 (93) 24%
0 — CH3B=0 — CH3-CH=CH, + SO (173) 13%
oS, — CH3B=0 + SO, (215) 13%
'\/ [DIMB + H]* (145) 57%
(109) [DIMB + H + CH3-CH=CH]" (187) 39%
[DIMB + H — CH3-CH=CH]* (103) 17%
[DIMB + H + CH3CH(OH)CHs]* (205) 9%
[2 DIMB + H — CH3CH(OH)CH3]* (229) 14%
[2 DIMB + H]* (289) 21%
— SOz (143) 100%
5 — SO, — CH3-CH=CH (101) 33%
ol — CH3B=0 (165) 13%
AP [DIMB + H]* (145) 49%
(123) [DIMB + H + CH3-CH=CH,]* (187) 56%
[2 DIMB + H — CH3CH(OH)CHs]* (229) 22%
[2 DIMB + H]* (289) 20%
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0”0

(123)

_S~0

(137)

/\O/S\O/\

(139)

(Table 5.4 continued)

_ SO2 (143)

— SO, — CH3-CH=CH> (101)

— SOz — CH>=CH> (115)

[DIMB + H]* (145)

[DIMB + H — CH3-CH=CH]" (103)
[DIMB + H + CH3-CH=CH,]" (187)

[2 DIMB + H — CH3CH(OH)CHa]" (229)
[2 DIMB + H]* (289)

~ S0, (157)

— SO — CH3-CH=CH2 (115)

[DIMB + H]* (145)

[DIMB + H + CHa-CH=CH,]* (187)

~ CH3B=0 (181)

— CH3sB=0 — (CH3)2C=0 (123)

— CH3B=0 — CH3-CH=CH> (139)

— SO2 (159)

— S0~ EtOH + CH3sCH(OH)CHs (173)
— SOz — CH3-CH=CH2> (117)

+ CH3-CH=CH_ (265)

[DIMB + H]* (145)

[DIMB + H + CHa-CH=CH]* (187)

[2 DIMB + H —CHsCH(OH)CHs]* (229)
[2 DIMB + H]* (289)

100%
24%
23%
46%
13%
44%
14%
16%

100%

4%
6%
7%
11%
32%
12%
100%
8%
20%
21%
46%
13%
8%
16%

@Reproducibility +20%.

Table 5.5. All ions observed upon CAD of the ion-molecule reaction product ions [M + H +
DIMB — CH3CH(OH)CHs]* (MS? experiments) for all tested protonated sulfite esters, with their
relative abundances.? The neutral fragments CH3B=0 + (CHz3).C=0 are diagnostic for sulfonate
esters and are indicated in blue color.

Neutral fragments (m/z value of the ionic fragment) or

Analyte + ions observed (m/z) upon CAD of [M + H + DIMB — Relative
(m/z of [M + H]) CHaCH(OH)CHs]* Abundance

— CH3B=0 (153) 100%

00 — CH3B=0 - (CH3)2C=0 (95) 46%
¥ - — CH3B=0 — CH3-CH=CH_ (111) 26%
(111) + CH3-CH=CH, (237) 5%
[DIMB + H]* (145) 10%
[DIMB + H + CH3z-CH=CH]* (187) 7%

— CH3B=0 (165) 100%

Qo — CH3B=0 - (CH3)2C=0 (107) 24%
(o — CH3B=0 — CH3-CH=CH; (123) 9%
(123) [DIMB + H + CHs-CH=CH,]* (187) 10%
[2 DIMB + H]* (289) 5%
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(Table 5.5 continued)

— CH3B=0 (179) 100%
o6 — CH3B=0 — (CHs).C=0 (121) 24%
¥ — CH3B=0 — CH3-CH=CH (137) 23%
@ ~ (CH3)2C=0 (163) 2%
(137) + CH3-CH=CH; (263) 3%
[DIMB + H + CHs-CH=CH,]* (187) 6%
[2 DIMB + H]* (289) 5%
— CH3B=0 (181) 52%
Q.0 — CH3B=0 - (CH3).C=0 (123) 66%0
S — CH3B=0 — CH3-CH=CH (139) 100%
(139) — (CH3)2C=0 (165) 14%
— 2 (CH3)2C=0 (107) 6%
— CH3B=0 (215) 97%
— CH3B=0 — (CHz)2C=0 (157) 7%
Q.0 Q — CH3B=0 — CH3-CH=CH, (173) 100%
~So — CH3B=0 — CH3-CH=CH + CHsCH(OH)CHj (233) 12%
(173) + CH3CH(OH)CH; (317) 25%
[DIMB + H]* (145) 8%
[DIMB + H + CH3-CH=CH;]* (187) 5%
— CH3B=0 (215) 100%
— CH3B=0 — (CHz)2C=0 (157) 6%
— CH3B=0 — CH3-CH=CH (173) 37%
Q.0 — CH3B=0 — CH3-CH=CH2 + CH3CH(OH)CHjs (233) 9%
©/S\O/ — CH3B=0 + CH3sCH(OH)CHjs (275) 5%
+ CH3CH(OH)CH; (317) 20%
(173) + CH3CH(OH)CH3 — CH3OH (285) 7%
— 2 (CH3).C=0 (141) 4%
[DIMB + H]* (145) 10%
[DIMB + H + CH3-CH=CH;]* (187) 7%

@Reproducibility +20%.

Table 5.6. All ions observed upon CAD of the ion-molecule reaction product ions [M + H +
DIMB — CH3CH(OH)CHgs]* (MS2 experiments) for all tested protonated sulfones, with their
relative abundances.? The neutral fragments CH3sCH(OH)CHz are diagnostic for sulfones with a
hydroxyl group and are indicated in green color.

Neutral fragments (m/z value of the ionic fragment) or

Analyte . Relative
(m/z of [M + H") ions observed (mgﬁggiln(gﬁ)%az][l\/l +H + DIMB - Abundance
— CH3B=0 (137) 100%
+ CH3CH(OH)CHz3 (239) 4%
SN [DIMB + H]* (145) 10%
(95) [DIMB + H + CH3-CH=CH]* (187) 10%
[2 DIMB + H]* (289) 4%
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(151)

0 0 OH

N/

(173)

QL

L
OH

(173)

@Reproducibility +20%.

The ion-molecule reaction product ions [M + H + DIMB — CH3CH(OH)CHs]" of sulfite
esters underwent a diagnostic elimination of a SO. molecule upon CAD (Table 5.4, see the CAD
mass spectrum measured for dimethyl sulfite in Figure 5.4a as an example). Quantum chemical
calculations (M06-2X/6-311++G(d,p) level of theory) indicate that the isopropoxymethylboryl
group is transferred from the sulfinyl oxygen to the ester oxygen of the sulfite (Figure 5.4b). The
intermediate will undergo SO> elimination via a methyl cation transfer in a transition state whose

enthalpy is 53.8 kcal mol™ greater than the enthalpy of the fragmenting ion [M + H + DIMB —

(Table 5.6 continued)

_ CH3CH(OH)CHs (161)
+ DIMB — CHsCH(OH)CHs (305)

— CH3CH(OH)CHs (175)
+ DIMB — CHsCH(OH)CHs (319)

_ CH3B=0 (199)

_ CH3B=0 — CH3-CH=CH (157)

— CH3B=0 — CH3-CH=CH: + CH3CH(OH)CH3 (217)
+ CH3CH(OH)CHzs] (301)

[DIMB + H]* (145)

[DIMB + H + CHa-CH=CH]* (187)

[2 DIMB + H]* (289)

~ CH3B=0 (215)

— CH3B=0 — CH3-CH=CH: (173)

— CH3CH(OH)CHs (197)

+ CH3CH(OH)CHs (317)

[DIMB + H]* (145)

_ CH3B=0 (215)

— CH3B=0 - CHs-CH=CH; (173)

— CH3B=0 — CH3-CH=CH> + CH3CH(OH)CH3 (233)
+ CH3CH(OH)CHs (317)

[DIMB + H]* (145)

[DIMB + H + CHa-CH=CH]* (187)

CHsCH(OH)CHa]* (Figure 5.4b).
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100%
12%

100%
6%

100%
62%
6%
20%
9%
9%
3%
76%
62%
100%
31%
6%
73%
100%
9%
16%
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2%
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Figure 5.4. (a) CAD MS? spectrum measured for the ion-molecule reaction product ions [M + H
+ DIMB — CH3CH(OH)CHa]" (m/z 195) of dimethyl sulfite (M) (collision energy 25 arbitrary
units). Two CAD fragment ions were observed. The fragment ions [M + H + DIMB —
CH3CH(OH)CHs — SO2]" (m/z 131) diagnostic for sulfites were observed. These fragment ions
fragment further to generate ions of m/z 117 ([M + H + DIMB — SO, — MeOH — CHjs-
CH=CHa]"). The remaining ions are formed from DIMB: ions of m/z 187 correspond to [DIMB
+ H + CH3-CH=CH_2]" and ions of m/z 229 correspond to [2 DIMB + H — CH3CH(OH)CHs ]*.
(b) Potential energy surface calculated at the M06-2X/6-311++G(d,p) level of theory for the
elimination of SO. upon CAD of the ion-molecule reaction product ion [M + H + DIMB —
CH3CH(OH)CHs]* of protonated dimethyl sulfite.

Upon CAD of the ion-molecule reaction product ions [M + H + DIMB — CH3CH(OH)CHa]*
of sulfonate esters, diagnostic elimination of neutral molecules whose added MWs correspond to
100 Da was observed (Table 5.5, see the CAD mass spectrum measured for methyl
methanesulfonate in Figure 5.5a as an example). The elimination of neutral molecules whose
added MWs correspond to 100 Da loss could correspond to the initial elimination of CH3:B=0
(MW 42) followed by elimination of (CH3).C=0 (MW 58) since the fragment ions [M + H +
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DIMB — CH3CH(OH)CH3 — CH3B=0]" were also observed in the MS? spectra for sulfonate esters.
On the other hand, the ions [M + H + DIMB — CH3CH(OH)CH3 — SO2]* (m/z 131) were not
generated (Figure 5.5a). Hence, the sulfite esters could be differentiated from the sulfonate esters

based on these observations.
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Figure 5.5. (a) The CAD MS? spectrum measured for the ion-molecule reaction product ions [M
+ H + DIMB — CH3CH(OH)CHzs]* (m/z 195) of methyl methanesulfonate (M) (collision energy
25 arbitrary units). The fragment ions [M + H + DIMB — CH3CH(OH)CH3z — CH3B=0 —
(CH3)2.C=0]" (m/z 95) were observed. The ions of m/z 145 correspond to protonated DIMB. The
ions of m/z 187 and m/z 237 correspond to CH>=CHCH3 adducts of the ions of m/z 145 and m/z
195, respectively. (b) Potential energy surfaces calculated at the M06-2X/6-311++G(d,p) level of
theory for the elimination of CH3B=0 followed by (CH3).C=0 loss (observed experimentally, in
red color) and elimination of SO> (not observed, in blue color) upon CAD of the ion-molecule
reaction product ion [M + H + DIMB — CH3CH(OH)CHz3]" of protonated methyl
methanesulfonate.
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The calculated potential energy surfaces (Figure 5.5b; blue pathway) rationalize the
elimination of CH3B=0 followed by (CH3).C=0 loss from the ion-molecule reaction product ions
[M +H + DIMB — CH3CH(OH)CH?a]" of protonated methyl methanesulfonate (M). Based on these
calculations, the elimination of CH3B=O is triggered by the transfer of the isopropoxymethylboryl
group from the sulfonyl oxygen to the alkoxide oxygen in methyl methanesulfonate. This reaction
is the first step for the pathways leading to CH3B=0 loss (observed; Figure 5.5b) as well as SO>
loss (not observed; Figure 5.4b). After the isopropoxymethylboryl group transfer, the isopropyl
group is transferred from the boron-oxygen to the sulfur-oxygen, and the CH3zB=0 molecule is
eliminated simultaneously. The elimination of CH3B=0 requires a transition state whose enthalpy
is 41.8 kcal mol™ above the energy of the ion-molecule reaction product ion [M + H + DIMB —
CH3CH(OH)CHBa]*. After the elimination of CH3B=0, a proton is transferred from the isopropyl
group to the sulfur-oxygen and (CHz)2C=0 is eliminated at the same time. The enthalpy of the
transition state is 96.1 kcal mol™ above the energy of the ion-molecule reaction product ion [M +
H + DIMB — CH3CH(OH)CHBa]". The greater energy barrier for (CH3)C=0 elimination than for
CH3B=0 elimination rationalizes the greater abundance of the fragment ions [M + H + DIMB —
CH3CH(OH)CH3 — CH3B=0]" than the fragment ions [M + H + DIMB — CH3CH(OH)CH3; —
CH3B=0 — (CH3),C=0]" in the CAD MS? spectra.

The fact that the fragment ions [M + H + DIMB — CH3CH(OH)CHs — SO>]" (diagnostic for
sulfite esters, Figure 5.4) were not generated for sulfonate esters can be rationalized by the energy
barriers of SO elimination and CH3B=0 elimination. SO elimination can also occur theoretically
for sulfonate esters (Figure 5.5b, red pathway) via a similar pathway to the SO elimination for
sulfite esters (Figure 5.4b). However, for sulfonate esters, the energy barrier for SO> elimination
is 61.3 kcal mol (Figure 5.5b, red pathway), which is greater than the energy barrier for CHsB=0
elimination (41.8 kcal mol?, Figure 5.5b, blue pathway). Therefore, SO elimination does not
occur for sulfonate esters, but instead, CH3B=O elimination takes place, followed by the
elimination of (CH3).C=0.

Since the fragment ions [M + H + DIMB — CH3CH(OH)CH3s — CH3B=0 — (CH3),C=0]" can
be observed in the MS® CAD spectra of all sulfonate esters, these fragment ions are diagnostic for
sulfonate esters. However, these same fragment ions can be observed in the MS® CAD spectra of
some sulfite esters (Table 5.4). Therefore, identification of a sulfonate ester requires elimination

of a CH3B=0 molecule followed by a (CH3).C=0 molecule from the ion-molecule reaction
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product ion [M + H + DIMB — CH3CH(OH)CHzs]" as well as the lack of elimination of a SO-
molecule upon CAD.

Unfortunately, for sulfones, neither the CH3B=0 elimination followed by (CHz)>C=0 loss
nor the SOz elimination was observed upon CAD of the ion-molecule reaction product ions [M +
H + DIMB — CH3CH(OH)CHz3]" (Table 5.6, Figure 5.6a). This different fragmentation behavior is
due to the lack of an sp® oxygen in sulfones, which prevents the sulfones from accepting the
isopropoxymethylboryl group transfer before the SO> or CH3B=0 elimination occurs (Figures 5.4b
and 5.5b).
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Figure 5.6. (a) The CAD MS? spectrum (collision nergy 25 arbitrary units) measured for the ion-
molecule reaction product ions [M + H + DIMB — CH3sCH(OH)CHs]* (m/z 179) of dimethyl
sulfone. The ions of m/z 145 correspond to protonated DIMB. The ions of m/z 187 correspond to
CH,=CHCHj3 adducts of the ions of m/z 145. (b) The CAD MS? spectrum (collision energy 25
arbitrary units) measured for the ion-molecule reaction product ions [M + H + DIMB —
CH3CH(OH)CHzs]* (m/z 235) of tetrahydro-2H-thiopyran-4-ol. Elimination of CHsCH(OH)CHjs
was observed. (c) Potential energy surface calculated at the M06-2X/6-311++G(d,p) level of
theory for the elimination of CH3CH(OH)CHs upon CAD of the ion-molecule reaction product
ion [M + H + DIMB — CH3CH(OH)CHz3]" of protonated tetrahydro-2H-thiopyran-4-ol-1,1-
dioxide.

Nevertheless, a fragment ion [M + H + DIMB — 2 CH3CH(OH)CHz3]* diagnostic for sulfones
with a hydroxyl group was observed upon CAD of the ion-molecule reaction product ion [M + H
+ DIMB - CH3CH(OH)CHzs]* of these compounds (Table 5.6, with the exception of 4-
hydroxyphenyl methyl sulfone; see Figure 5.6b for an example). Calculations performed at the
MO06-2X/6-311++G(d,p) level of theory indicate that a proton on the hydroxyl group can be
transferred to the oxygen in the isopropoxyl group while a new boron-oxygen bond forms (Figure
5.6¢). This is followed by elimination of a CH3CH(OH)CH3 molecule. The reaction as a whole

was calculated to be endothermic by 18.1 kcal mol™,
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Although 4-hydroxyphenyl methyl sulfone has a hydroxyl group, no CH3CH(OH)CHjs
elimination was observed upon fragmentation of the ion-molecule reaction product ions [M + H +
DIMB — CH3CH(OH)CHs]* (m/z 195) (Figure 5.7a). This is rationalized by the large distance
between the hydroxyl group and the isopropoxyl group (Figure 5.7b).
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Figure 5.7. (a) The CAD MS? spectrum (collision energy 25 arbitrary units) of the ion-molecule
reaction product ions [M + H + DIMB — CH3CH(OH)CHz]" (m/z 257) of 4-hydroxyphenyl
methyl sulfone (M). (b) Proton transfer from the hydroxyl group to the isopropoxyl group in the
ion-molecule reaction product ions [M + H + DIMB — CH3CH(OH)CHj3]* shown in Figure 5.7a
is prevented by the large separation of these two groups.

5.3.3 Reactions of other protonated analytes with DIMB

In order to test whether the ion-molecule reaction product ions and fragment ions discussed
above can only be generated for sulfonate esters, sulfite esters and sulfones with a hydroxyl group,
many protonated analytes with other functionalities were allowed to react with DIMB. The product
ions generated upon their reactions with DIMB are listed in Table 5.7. As the product ions [M +
H + DIMB — CH3CH(OH)CHs]* were observed for some of the analytes, those product ions were
subjected to CAD (Table 5.7).

As shown in Table 5.7, protonated alcohols, aldehydes, amines, anilines, N-oxides,
sulfonamides and thioamides do not react with DIMB. On the other hand, only proton transfer to

DIMB was observed for protonated phenols, thiophenols and tetrahydrothiophenes. However,

123



protonated ethers, ketones, carboxylic acids, esters, amides and sulfoxides react with DIMB to
generate the important product ion [M + H + DIMB — CH3CH(OH)CHjs]" also observed for the
sulfonate esters, sulfite esters and sulfones. Fortunately, the behavior of these ions upon CAD were
distinctly different from those generated from sulfonate and sulfite esters and sulfones as none of
them fragmented via elimination of a SO2 molecule (diagnostic for sulfite esters), elimination of
CH3B=0O followed by elimination of (CHz).C=O (diagnostic for sulfonate esters) or
CH3CH(OH)CHjs (diagnostic for sulfones with a hydroxyl group). Therefore, DIMB can be used
not only for the differentiation of sulfite esters, sulfonate esters and sulfones with a hydroxyl group
from each other, but also for their differentiation from other compounds with different

functionalities.
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Table 5.7. lon-molecule reaction product ions (with their relative abundances) observed upon reactions of different types of protonated
analytes ([M + H]*) with DIMB (MS? experiments) and the fragmentations/fragment ions? (with their m/z-values and relative abundances)
observed upon CAD of the product ions [M + H + DIMB — CH3CH(OH)CHz3]* (MS2 experiments). The important ion-molecule reaction

1Al

roduct ions [M + H + DIMB — i-PrOH]" are indicated in red color.
Neutral Fragments and lonic Fragments (m/z)
Analyte Analyte Name | jon-molecule Reaction Product lons (m/z) and Their Relative | Formed upon CAD of [M + H + DIMB —
Category | (m/z of [M + H]") Abundances” (MS?) CH3;CH(OH)CHs]* (MS®) and the Relative
Abundances® of the Fragment lons
Alcohol 1-Hexanol (103) |No Reactions Not Applicable
_ = 0,
Ether Tetrahydrofuran [[M + H + DIMB — CH3CH(OH)CHs]* (157) 100% | 8:35_8 El(l;) ~CHCH; (73) 12%’
(73) [M + H + DIMB — CHsCH(OH)CHs — CHsB=0]" (115) 39% | cﬁg (‘103) & 3 33%
Aldehyde Butyr(z;lg;ehyde No Reaction Not Applicable
[DIMB + H]* (145) 100%
[DIMB + H — CH3B=0]" (103) 75% _ 0
Ketone Acetone (59) [M + H + DIMB — CH,CH(OH)CHs]* (143) 5% | CH3B=0 (101) 100%
[M + H + DIMB — CHsCH(OH)CHs — CH3sB=0]" (101) 93%
[M + H + DIMB — CH3CH(OH)CHj]* (201) 61%
Carboxylic | n-Hexanoic acid {[M + H + DIMB — CH3CH(OH)CH3 — CH3B=0]" (159) 100% _ 0
acid (117) [DIMB + H]* (145) 1995 |~ CHsB=0 (159) 100%
[M + H + DIMB — CHsCH(OH)CHs — CHsB=0]" (261) 14%
Methv] [M +H + DIMB — CH3CH(OH)CHjs]* (173) 100%
Ester y [M + H + DIMB — CH3CH(OH)CH3 — CH3B=0]* (131) 75% |- CHsB=0 (131) 100%
propanoate (89) |rp\1g + b+ (145) 86%
Phenol Phenol (95) |[DIMB + H]* (145) 100% |Not Applicable
Amide Dimethylacetamid|[M + H + DIMB — CH;CH(OH)CH;]* (172) 100% |- CH3B=0 (130) 100%
e (88) [M + H + DIMB — CH3sCH(OH)CHs; — CH3B=0]" (130) 29% |- CH3B=0 — CH,=CHCHj5 (88) 81%
. Triethylamine |No Reaction Not Applicable
Amine (102)




9CT

(Table 5.7 continued)

Aniline 4-Chloroaniline (128) No Reaction Not Applicable
N-oxide |Trimethylamine N-oxide (76)|No Reaction Not Applicable

. . . [M +H + DIMB — CHsCH(OH)CHs]" (163) 100%|—- CH3sB=0 (130) 51%

Sulfoxide Dimethyl sulfoxide (79) _ CHyB=0 - CH;=CHCHs (88) 100%
Sulfonamide | Tetraethyl sulfonamide (209) |[No Reaction Not Applicable
Other sulfur | Tetrahydrothiophene (89) |[DIMB + H]* (145) 100%|Not Applicable
containing Thiophenol (111) [DIMB + H]* (145) 100%|Not Applicable
compounds Thiobenzamide (138) No Reaction Not Applicable

2 All collision energies were 25 arbitrary units. ® For the relative abundances of the ion-molecule reaction product ions, reproducibility was +30%. ¢ For the

relative abundances of the fragment ions, reproducibility was £20%.




5.3.4 HPLC/MS? experiments

HPLC/MS? experiments were carried out to test the practicality of coupling the analytical
method developed here for the identification of sulfonate esters, sulfite esters and sulfones with a
separation method. A mixture of three isomeric analytes (all at a concentration of 0.05 mM) — 1,4-
butylene sulfite (sulfite ester), 1,4-butane sultone (sulfonate ester) and tetrahydrothiophene-3-ol-
1,1-dioxide (sulfone) — were separated by reversed-phase HPLC chromatography (Figure 5.8). The
eluted compounds were protonated by (+)APCI in the linear quadrupole ion trap mass spectrometer
and transferred into the ion trap. The protonated analytes (m/z 137) were allowed to react with
DIMB for 30 ms to generate the product ions [M + H + DIMB — CH3CH(OH)CHa]" (M = analyte).
The product ions (m/z 221) were monitored to obtain the chromatogram shown in Figure 5.8a. The

major peaks shown in the HPLC chromatogram correspond to the three analytes (Figure 5.8a).
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Figure 5.8. (a) HPLC/(+)APCI MS? chromatogram measured for a mixture of a sulfite ester, a
sulfonate ester and a sulfone (all at a concentration of 0.05 mM). The ion-molecule reaction
product ions [M + H + DIMB — CH3CH(OH)CHs]" (M = analyte) were monitored to obtain the
chromatogram. (b) CAD MS? spectrum measured for the product ions [M + H + DIMB —
CH3CH(OH)CHgs]* formed upon reactions of protonated 1,4-butane sultone with DIMB. 1,4-
Butane sultone eluted at 7.5-8.0 min.
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The product ions [M + H + DIMB — CH3CH(OH)CHjs]* were isolated and subjected to CAD
(MS®). Based on the observation of the diagnostic fragment ions [M + H + DIMB —
CH3CH(OH)CH3s — CH3B=0 — (CH3).C=0]" in the CAD MS? spectra for 1,4-butane sultone
(Figure 5.8b), the compound can be unambiguously identified as a sulfonate ester. For the other
two isomeric compounds, diagnostic fragment ions [M + H + DIMB — CH3CH(OH)CH3 — SO-]*
and [M + H + DIMB — 2 CH3CH(OH)CHa]" were also observed, which enables the unambiguous
identification of them as a sulfite ester and sulfone.

In order to determine lowest analyte concentration that can be identified by using the
HPLC/MS? analytical method above, limit of detection (LoD) for the three analytes in the mixture
are examined. The limit of detection measurement is shown in Figure 5.9 (using 1,4-butane sultone
as an example), where the extracted ion HPLC chromatogram for the diagnostic ion-molecule
reaction product ion [M + H + DIMB — CH3CH(OH)CHs]* was monitored. At the concentration
of 50 uM, the signal-to-noise ratio of the product ion is 3 (Figure 5.9a), and the diagnostic fragment
ions [M + H + DIMB — CH3CH(OH)CH3 — CH3B=0 — (CHz3)2C=0]" can still be observed in the
CAD spectrum (Figure 5.9b). Therefore, the limit of detection for chlortoluron is 50 uM. Further,
the LoD for 1,4-butylene sulfite and tetrahydrothiophene-3-o0l-1,1-dioxide are determined to be 5
uM and 3 uM, respectively. These values are not as low as those published earlier when using the
same method but a different reagent and analytes (50 - 250 nM),® but is below the daily threshold

of toxicological concern for sulfonate esters (1.5 ug/g).19
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Figure 5.9. (a) Extracted ion HPLC chromatogram for the diagnostic ion-molecule reaction
product ion of m/z 221 (generated in an MS/MS experiment) measured for 1,4-butene sultone at
the limit of detection concentration (50 uM). The chromatogram shows the analyte peak at 7.58
min. (b) MS® CAD spectrum measured for 1,4-butene sultone at 50 uM concentration. The MS®
spectrum shows the diagnostic fragment ion (m/z 121) that was also shown in Figure 5.8b. The

limit of detection measurement was performed three times.

5.4 Conclusions

In order to differentiate sulfonate esters from their isomeric analogs — sulfite esters and
sulfones — with diagnostic ion-molecule reaction, organoboron reagents can be a good choice,
because many organoboron reagents have been utilized to react with oxygen containing
functionalities and identify them successfully.?*?* These ion-molecule reactions are usually
initiated by proton transfer from the protonated analyte to the organoboron reagent. Therefore, the
proton affinity of the organoboron reagent must be slightly higher than that of analytes. However,
none of the reported organoboron reagent (TMB,?3 PA = 195 kcal mol; DEMB,?* PA = 191 kcal
mol™* and TDMAB,?22 PA = 230 kcal mol™) has a suitable proton affinity for the identification of
sulfonate esters, sulfite esters and sulfones, whose proton affinities are ranging from 187 — 205
kcal mol™? (Figure 5.1, calculated at B3LYP/6-311++G(d,p) level of theory). Therefore, a new
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reagent — DIMB — was utilized to identify these analytes of interest, as the proton affinity of DIMB
(208.5 kcal mol?, calculated at B3LYP/6-311++G(d,p) level of theory) is slightly higher than the
proton affinities of these analytes.

All protonated sulfonate esters, sulfite esters and sulfones reacted with DIMB to generate
the same product ions [M + H + DIMB — CH3CH(OH)CHa]". Therefore, examination of the
dissociation behavior of these products was necessary to differentiate these analytes of interest.
The product ions [M + H + DIMB — CH3CH(OH)CHs]* were subjected to CAD and different
diagnostic fragment ions were generated for corresponding analyte categories. For sulfite esters,
fragment ions were generated via elimination of a SO> molecule. On the other hand, SO>
elimination does not occur for sulfonate esters; instead the elimination of a CH3B=0 molecule
followed by elimination of an (CH3)>C=0 molecule takes place, which enables the distinction of
sulfonate esters from sulfite esters. For sulfones, no diagnostic fragment ions were observed upon
CAD of the product ions [M + H + DIMB — CH3CH(OH)CHz3]"; however, diagnostic fragment
ions [M + H + DIMB — 2 CH3CH(OH)CHz3]* were generated for sulfones with a hydroxyl group.
Therefore, the sulfones with a hydroxyl group can be differentiated from sulfonate esters and
sulfite esters. While the ion-molecule reaction product ions [M + H + DIMB — CH3CH(OH)CHjs]*
were not observed for most other protonated analytes, protonated ethers, ketones, carboxylic acids,
esters, amides and sulfoxides did produce these ions. However, none of the diagnostic fragment
ions mentioned above were generated upon CAD of these product ions (Table 5.7). Therefore,
sulfite esters, sulfonate esters and sulfones with a hydroxyl group can be unambiguously
differentiated from other categories of small molecules (Figure 5.10).

Successful coupling of the above ion-molecule reaction/CAD MS? experiment with HPLC
demonstrated the practicality of this approach for the analysis of complex mixtures containing
isomeric sulfonate esters, sulfite esters and sulfones. The limits of detection for the ion-molecule
reaction product ions in HPLC/MS? experiments were determined to be 5 uM, 50 uM, 3uM for
1,4-butylene sulfite, 1,4-butane sultone and tetrahydrothiophene-3-ol-1,1-dioxide, respectively.
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Figure 5.10. Distinction of sulfite esters, sulfonate esters and sulfones with additional hydroxyl
groups (M) from each other as well as from other analytes via protonation and generation of
product ions [M + H + DIMB — CH3CH(OH)CHz3]* upon ion-molecule reactions with DIMB,
followed by generation of diagnostic fragment ions upon CAD on the ion-molecule reaction

product ions.
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CHAPTER 6. GAS-PHASE REACTIVITY OF PHENYLCARBYNE
ANIONS

6.1 Introduction

The possible existence of carbynes was first proposed in 1960s.1* These compounds are of
interest because of their unusual structure containing a monovalent carbon atom (Figure 6.1a).
However, only a few experimental studies have been published on carbynes®! as they only have
a short lifetime in solution.”® Carbynes have an open valence shell with a doublet ground-
electronic state. Methylidyne, the simplest carbyne, has been experimentally measured to possess
a doublet-quartet energy splitting (AEp.q) of -17.1 kcal mol™ (Figure 6.1b).12* Halocarbynes are
predicted to have much greater AEp-q (-37.0 — -78.4 kcal mol™?) than methylidyne.®™8 In sharp
contrast to carbynes, their nearest analogs — carbenes (Figure 6.1a) — have been explored
extensively.!®2! The simplest carbene, methylene, possesses a singlet ground state with a singlet-
triplet energy splitting (AEs.t) of -9.05 kcal mol™? (Figure 6.1b).?2 When the hydrogen atom is
replaced with an alkyl group, AEs.t decreases.?>
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Figure 6.1. (a) Generic structures for a doublet carbyne, a triplet carbene, a triplet nitrene and a

triplet carbyne anion, and the electronic structures of triplet and singlet carbyne anions. (b) The

structures of the simplest doublet carbyne, singlet carbene and triplet phenylcarbyne anion and
the relevant doublet-quartet and singlet-triplet splittings.21422

If atriplet carbene is deprotonated, a triplet carbanion — carbyne anion — is produced as shown
in Figure 6.1a. Carbyne anions are isoelectronic with the corresponding nitrenes (Figure 6.1a).
Many phenylnitrenes have been reported to have a triplet ground state although substituents on the
phenyl ring can greatly impact their ground state multiplicity.?® Moreover, the reactivities of
phenylnitrenes are sensitive to their electronic structures (e.g., triplet phenylnitrenes are more
reactive than singlet ones?®). Since altering the substitution of phenylnitrenes can influence their
reactivity, the same may be expected to be true for phenylcarbyne anions. The phenylcarbyne
anion (with a triplet ground state (AEs.t ~ +6 kcal mol™); Figure 6.1b) is the only carbyne anion
that has been detected experimentally (in the gas phase).}* This study demonstrated that the
phenylcarbyne anion undergoes unusual reactions that other carbanions do not, such as S atom
abstraction from CS; and two O atom abstractions from SO,.2* These unprecedented reactions are
driven by the large amount of energy released upon quenching the phenylcarbyne anion.
Nevertheless, mechanistic details of these reactions have not been explored.

In order to explore the reactivity of phenylcarbyne anions in a more comprehensive manner

and also to investigate the influence of substituents, a gas-phase reactivity study was carried out
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on the phenylcarbyne anion (1) and its four derivatives (2 - 5) (Figure 6.2a). Reactions of the
phenylcarbyne anions 1 - 5 were examined with four reagents (Figure 6.2b; for selection of the

reagents, see discussion in Section 6.3.2).

(@  .cF o SR o o)
D000 Q,
CN OMe OH
1 2 3 4 5

o)
)J\ CH4CN /S\S/ )J\
OH

Figure 6.2. (a) Structures of the phenylcarbyne anions 1 - 5. (b) Reagents used in this study.

6.2 Experimental section
6.2.1 Chemicals

5-Phenyl-1H-tetrazole (P1; purity 99%) was purchased from AK Scientific Inc. 4-(1H-
Tetrazol-5-yl)phenol (P4; purity 97%) and 3-(1H-tetrazol-5-yl)phenol (P5; purity 97%) were
purchased from Alfa Aesar. 5-(4-Cyanophenyl)-1H-tetrazole (P2) and 5-(4-methoxyphenyl)-1H-
tetrazole (P3) are known compounds but not commercially available. They were synthesized via
procedures described in the literature.?” The starting materials for the synthesis were as follows:
sodium azide (Sigma-Aldrich; purity > 99.5%), copper(Il) sulfate pentahydrate (Sigma-Aldrich;
purity>98%,), 1,4-dicyanobenzene (Sigma-Aldrich; purity 98%) and 4-methoxybenzonitrile
(Sigma-Aldrich; purity 99%). These chemicals were used as received. Acetone (purity > 99.9%),
acetonitrile (purity 99.8%) and dimethyl disulfide (purity> 99%) were obtained from Sigma
Aldrich. Acetic acid (purity > 99.7%) was purchased from Macron. All chemicals were used within
one year after being received. Precursors P4 and P5 were utilized to generate deuterated
phenylcarbyne anions d-4 and d-5 by exposing them to DO (Sigma-Aldrich; purity 99.9 % D

atom).
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Stock solutions of precursors P1 - P5 (Figure 6.3) were prepared at a concentration of 10 mM
in methanol. Stock solutions of precursors d-P4 and d-P5 (Figure 6.3) were prepared by dissolving

precursors P4 and P5 at a concentration of 50 mM in D20 and stirring the solution for 48 h.

N=N P1:R=H
Na NH P2: R =4-CN
P3: R = 4-OMe
P4: R = 4-OH
N P5: R = 3-OH
| v d-P4: R = 4-OD
2 d-P5: R = 3-OD
Figure 6.3. Structures of precursors P1 - P5, d-P4 and d-P5.

6.2.2 Mass spectrometry experiments

All mass spectrometry experiments were performed using a linear quadrupole ion trap mass
spectrometer (LTQ XL™ Linear lon Trap Mass Spectrometer, Thermo Scientific™) equipped
with an electrospray ion (ESI) source (Thermo Scientific™, ESI Heated Probe and lon Max M2
Housing). Stock solutions of the precursors P1 - P5, d-P4 and d-P5 were injected at a flow rate of
15 uL mint into the ESI source operated in the negative ion mode. In the ESI source, the precursor
molecules were deprotonated and evaporated. All precursor anions were transferred into the linear
quadrupole ion trap and isolated. At the same time, the reagents were introduced into the ion trap
via the simplified, portable manifold as discussed in Section 2.5.1. The flow rates for acetone,
acetonitrile, and dimethyl disulfide were 2.0 uL h™ while the flow rate for acetic acid was 0.3 puL
h1. The reagents were mixed with helium buffer gas before introduction into the ion trap.

The isolated phenylcarbyne anions were allowed to react with acetone, acetonitrile, dimethyl
disulfide and acetic acid for various periods of time (0.03 — 5000 ms). Based on the measured
reactant and product ion m/z-ratios and relative abundances, pseudo-first order reaction rate plots
were generated to differentiate between the primary and secondary product ions and to determine
the reaction efficiencies as discussed in Section 2.5.3.

The reaction efficiency (precision = 10%; accuracy =+ 50%) is the percentage of the ion-
molecule collisions that leads to a reaction and was expressed as Kexp/Keon><100%, where Kexp is the
experimental second-order reaction rate constant and kcon is the collision rate constant that can be

calculated using Equation 2.25. kexp Was obtained by dividing the nominal rate constant kons With
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the concentration of the reagent (Equation 2.24), where kobs Was the negative slope of a
semilogarithmic plot of the relative abundance of the phenylcarbyne anion over time. The
concentration of the reagent can be obtained by using Equation 2.23. In Equation 2.23, IGCF must
be measured correct for the location of the ion gauge far away from the ion trap and its sensitivity
toward the reagents. For the experiments using acetone and dimethyl disulfide as the reagent, IGCF
was determined by measuring the rate of electron abstraction by the CS; radical cation from the
reagent. For the experiments using acetic acid and acetonitrile as the reagent, the rates of proton
abstraction by the reagents from protonated methanol and protonated formaldehyde, respectively,
were utilized for the determination of IGCF. All these proton transfer and electron transfer
reactions are assumed to occur at the collision rate as they are highly exothermic.

Branching ratios (precision =+ 10%; accuracy =+ 30%) for the primary products were
determined by taking the ratio of the abundance of each primary product ion and the abundances

of all product ions at early reaction times where secondary reactions had not yet taken place.

6.2.3 Computational methods

Molecular geometries for neutral P4 and P5 and the same compounds deprotonated at the
nitrogen site or the oxygen site (Scheme 6.2) and all compounds shown in Figures 6.4 - 6.8, 6.10
and 6.11 were optimized at M06-2X/6-311++G(d,p) level of theory. The geometries for all
optimized molecular structures were verified to correspond to local minima by computation of
analytic vibrational frequencies. These (unscaled) frequencies were used to compute zero-point
vibrational energies (ZPVE) and 298 K thermal contributions (H2es — Eo). All transition state
structures were determined to have exactly one negative vibrational frequency. Intrinsic reaction
coordinate (IRC) calculations were performed for all transition states to ensure that the optimized
transition state structure connected the correct reactants and products.

To improve the accuracy of the molecular orbital calculations, dynamic electron correlation
was accounted for with multireference second-order perturbation theory?®2° (CASPT2) for
multiconfigurational self-consistent field (MCSCF) reference wave functions. The electronic
energies given are of the CASPT2/CASSCF(m,n)/cc-pVTZ//CASSCF(m,n)/cc-pVTZ variety for
phenylcarbyne anions 1-5 and phenylcarbene anions 4> and 5° (where m is the number of active
electrons and n is the number of active orbitals). Estimates of the thermodynamic quantities, Eo
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and Haes, were derived by adding to these electronic energies zero-point vibrational energies
(ZPVE), and the sum of ZPVE and (Hzes — Eo), respectively, by using the (unscaled)
CASSCF(m,n)/cc-pVTZ frequencies.

Proton affinities (PA) of phenylcarbyne anions 1-5 and phenylcarbene anions 4> and 5° were
calculated “directly” (i.e., by using the calculated enthalpy change for proton transfer from the
phenylcarbyne and phenylcarbene anions to produce the neutral phenylcarbenes. As noted above,
these calculations were carried out at the CASPT2/CASSCF(m,n)/cc-pVTZ//ICASSCF(m,n)/cc-
pVTZ level of theory. In all cases, the calculated PAs were corrected for zero-point vibrational
energy differences at 298 K by using the (unscaled) CASSCF(m,n)/cc-pVTZ frequencies.

In this chapter, all DFT calculations were carried out with Gaussian 16 electronic structure
program suites. All of the CASPT2 and CASSCF calculations were carried out by Dr. John J. Nash
(Department of Chemistry, Purdue University) by using the MOLCAS 8.0% electronic structure

program suites.

6.3 Results and discussion

The results and discussion section is divided into three parts. The formation and structural
elucidation of the phenylcarbyne anions are discussed first. After this, the observed gas-phase
reactions and their efficiencies are compared and rationalized. Finally, the isomerization of the

hydroxy-substituted phenylcarbyne anions to the corresponding phenylcarbene anions is discussed.

6.3.1 Generation and structural characterization of the phenylcarbyne anions

As deprotonated phenyl tetrazole has been reported to eliminate two nitrogen molecules upon
CAD in a linear quadrupole ion trap (the structure of the product ion was not examined),* tetrazole
precursors P1 - P5, d-P4 and d-P5 were selected as the precursors for the phenylcarbyne anions 1
- 5, d-4 and d-5 as shown in Scheme 6.1.
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d-P5: R = 3-OD

Scheme 6.1 Generation of the phenylcarbyne anions 1 - 5, d-4 and d-5 from the precursors P1 -
P5, d-P4 and d-P5, respectively.

Tetrazole precursors P1 - P5, d-P4 and d-P5 were deprotonated via electrospray ionization
operated in the negative ion mode. Upon two consecutive collision-activated dissociation (CAD)
events, each of which resulted in the elimination of a nitrogen molecule, deprotonated P1 - P3
generated ions with the m/z-ratios of the corresponding phenylcarbyne anions 1 — 3. As opposed
to precursors P1 - P3, precursors P4 and P5 can be deprotonated at two different sites, the oxygen
atom and the nitrogen atom (Scheme 6.2). Therefore, two isomeric anions — the phenylcarbyne
anions 4/5 and the distonic phenylcarbene anions 4°/5° — may be generated upon deprotonation of
P4/P5 and two steps of CAD (Scheme 6.2). However, based on quantum chemical calculations,
the formation of both isomeric anions is not equally likely.
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Scheme 6.2 Calculated enthalpy changes for the deprotonation (AHdeprot) Of (a) P4 and (b) P5 at
the nitrogen site and the oxygen site. The N-deprotonated precursors P4 and P5 may generate
singlet phenylcarbyne anions 4 and 5, respectively, upon two consecutive CAD events, whereas
the O-deprotonated precursors P4 and P5 may generate distonic singlet phenylcarbene anions 4°
and 5°, respectively. Enthalpies were calculated at the M06-2X/6-311++(d,p) level of theory.

The calculated enthalpy changes for deprotonation (4 Haeprot) 0f P4 and P5 shown in Scheme
6.2 reveal that the deprotonation at the nitrogen atom of P4 and P5 requires less energy (by 5.1
and 11.4 kcal mol™, respectively) than deprotonation at the oxygen atom. Moreover, the potential
energy surfaces calculated for the following CAD pathways (Figure 6.4) suggest that the
generation of 4 and 5 (Figures 6.4b and 6.4d; highest barriers 51.8 and 48.8 kcal mol, respectively)
consumes less energy than the generation of 4’ and 5” (Figures 6.4c and 6.4e; highest barriers 56.8
and 55.7 kcal mol™?, respectively). Therefore, singlet phenylcarbyne anions 4 and 5 are the most

likely initially formed product anions.
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Figure 6.4. Potential energy surfaces calculated for the generation of (a) singlet phenylcarbyne
anion 1 from deprotonated P1, (b) singlet phenylcarbyne anion 4 from P4 deprotonated at
carbon, (c) distonic singlet phenylcarbene anion 4° from P4 deprotonated at oxygen; this
fragmentation pathway is not likely to occur, (d) singlet phenylcarbyne anion 5 from P5
deprotonated at carbon, and (e) distonic singlet phenylcarbene anion 5 from P5 deprotonated at
oxygen; this fragmentation pathway is not likely to occur. Enthalpies (in kcal mol™?) were
calculated at the M06-2X/6-311++(d,p) level of theory.
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MCSCEF calculations (Table 6.1) indicate that the phenylcarbyne anions 1 and 3 — 5 have
triplet ground states (Est = 5.9, 7.4, 9.0, and 4.4 kcal mol?, respectively) whereas the
phenylcarbyne anion 2 has a singlet ground state (Est = —1.9 kcal mol™?). Therefore, the
phenylcarbyne anions 1 and 3 — 5 that were initially generated in an excited singlet state upon
fragmentation of their precursor ions are likely to undergo intersystem crossing to form the
substantially lower energy ground-state triplet phenylcarbyne anions while being trapped. This
expectation is supported by the experimental conditions used here as the anions have long lifetimes
(several ms) and they undergo many collisions with the helium buffer gas. Indeed, facile
intersystem crossing has been reported previously for a similar system, the distonic phenylcarbene
anion.®
Table 6.1. Relative enthalpies? calculated CASPT2/CASSCF(m,n)/cc-pVTZ//CASSCF(m,n)/cc-

pVTZ level of theory for the phenylcarbyne anions 1 - 5 and the distonic phenylcarbene anions

4’ and 5° with a closed-shell singlet (CSS state (*A”)), open-shell singlet (OSS state (*A”)) and
triplet state (T state (3A”)).

3 3 eCt eCT W8T e s
© © © ©\o|—| ©\O_
CN OCHs OH O_
1 2 3 4 5 4 >
Ha (CSSstate (A7), 59 g9 74 00 4.4 0.0 0.0
kcal mol™ ' ' ' ' ' | .
Ha (Tstate CA™). 04 19 00 00 00 162 33
kcal mol™ ' ' ' ' ' . .
1A 9

e (OSSstate CA™). 196 121 101 124 116 298 2738
kcal mol

6.3.2 Reactivity of the phenylcarbyne anions

Four reagents were selected for this study. Acetic acid was chosen to study the basic nature'*
of the phenylcarbyne anions. Dimethyl disulfide was selected to explore the possibility of radical-
type reactions since many organic radicals abstract *SCH3 or *SSCH3 from dimethyl disulfide.*
3 Acetone was chosen to test whether oxygen atom abstraction reactions by the phenylcarbyne
anions take place since this type of a reaction has been reported for the distonic singlet
phenylcarbene anion in the gas phase.®3 Acetonitrile was selected to test whether the phenylcarbyne
anions can add to acetonitrile to form an ylide or insert into a C-H single bond of acetonitrile since
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these types of reactions have been reported for triplet and singlet carbenes, respectively (Scheme
6.3).%” The results obtained upon examination of the reactions of 1 - 5 (as well as of two deuterated
analogs, d-4 and d-5, to be discussed later) with acetic acid, acetone, acetonitrile and dimethyl

disulfide are shown in Table 6.2.

@ 5
H3C_CEN
—_—
o0 +
(triplet state) m
§
CH3
® 0 o"
H;C-C=N
e —
(1]
(singlet state)
CsN

Scheme 6.3 (a) Reaction of triplet 4-oxocyclohexa-2,5-dienylidene with acetonitrile that generates
an ylide.*” (b) Reaction of singlet 4-oxocyclohexa-2,5-dienylidene with acetonitrile that generates
4-hydroxybenzylcyanide.®’

Reactions of the phenylcarbyne anions with acetic acid are dominated by proton abstraction
(Table 6.2) due to the high acidity of acetic acid. The conjugate base of acetic acid has a lower
proton affinity® (PA = 348.5 kcal mol™) than most of the phenylcarbyne anions (Table 6.2); and
even though 2 has a slightly lower PA (346.1 kcal mol™?) than acetic acid, this anion also rapidly

abstracted a proton from acetic acid.
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Besides proton abstraction, only phenylcarbyne anion 2 (with the singlet ground state)
abstracted a H.O molecule (slower than proton abstraction but faster than abstraction of H,C=C=0)
or a H.C=C=0 molecule from acetic acid. The mechanisms proposed for these reactions based on
qguantum chemical calculations (Figure 6.5) are initiated by nucleophilic addition of the singlet
phenylcarbyne anion 2 to the carbonyl group of acetic acid followed by the formation of a
cyclopropane ring (Figure 6.5), in agreement with the singlet ground state of 2. The intermediate
with a cyclopropane ring then undergoes ring opening due to ring strain, and either a Ho.C=C=0
molecule or a H,O molecule is eliminated via transition states at -36.7 and -15.6 kcal mol?,
respectively (Figure 6.5). The lower barrier for the elimination of H,C=C=0O rationalizes the
greater abundance of H>O abstraction product ions than the H,C=C=0 abstraction product ions.
The H>O and H.C=C=0 abstractions are both calculated to be exothermic (Figure 6.5; by -38.4
and -20.3 kcal mol?, respectively). The other phenylcarbyne anions abstract neither H2O nor

H>C=C=0, likely due to their triplet ground states.
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Figure 6.5. Potential energy surface (enthalpies in kcal mol™) calculated for H2O (labeled in
blue) and H.C=C=0 abstraction (labeled in red) reactions by the phenylcarbene anion 2 (with
singlet ground state) from acetic acid. Enthalpies were calculated at the M06-2X/6-311++G(d,p)
level of theory.

Proton abstraction was found to dominate the reactions of the phenylcarbyne anions 1 and 3
- 5 with acetonitrile (Table 6.2). This finding can be rationalized based on the calculated PAs of
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these phenylcarbyne anions (375 — 380 kcal mol™) as they are greater than that of deprotonated
acetonitrile (372.1 kcal mol™).%® On the other hand, deprotonated acetonitrile has a PA that is
greater than that of the phenylcarbyne anion 2 (PA = 346.1 kcal mol™?); therefore, this anion (with
a singlet electronic ground state) is unreactive toward acetonitrile.

Formation of a stable adduct occurs upon interactions of all phenylcarbyne anions with
acetone (possibly as shown in the first three steps of the reactions shown in Figure 6.6; exothermic
by at least 50 kcal mol™ for 4 and 5). Phenylcarbyne anions 1 and 3 — 5 also abstract a proton from
acetone as the PA of its conjugate base® (370.0 kcal mol™?) is lower than that of the phenylcarbyne
anions. In addition, the phenylcarbyne anions (with a triplet ground state) abstract an oxygen atom
from acetone. For 4 and 5, this is the major reaction pathway while for 1 and 3, formation of a
stable adduct dominates. Based on quantum chemical calculations, the oxygen atom abstraction
involves a radical addition of the triplet carbyne anions to the C=0 double bond of acetone to
generate a biradical intermediate (Figure 6.6). This biradical intermediate undergoes intersystem
crossing and a bond is formed spontaneously to generate an adduct ion with a cyclopropane ring.
This formation of the adduct ion was calculated to be highly exothermic (Figure 6.6; -51.5 kcal
mol? for 4 and -51.2 kcal mol™? for 5). After the addition, a propene molecule is eliminated to
generate the oxygen atom abstraction product, which is highly exothermic (Figure 6.6; -43.7 kcal
mol™? for 4 and -39.8 kcal mol™? for 5). The phenylcarbyne anion 2 does not abstract an oxygen
atom from acetone, possibly due to its singlet ground state (although the singlet-triplet splitting is

only -1.9 kcal mol™).
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Figure 6.6. Potential energy surfaces (enthalpies in kcal mol™) calculated at the M06-2X/6-
311++G(d,p) level of theory for oxygen atom abstraction by the phenylcarbyne anions (a) 4 and
(b) 5 from acetone.

No deprotonated dimethyl disulfide was observed upon reactions of the phenylcarbyne anions
1 — 5 with dimethyl disulfide (Table 6.2) even though the PAs of all phenylcarbyne anions with
triplet ground states are greater than that of deprotonated dimethyl disulfide (369.8 kcal mol™,
calculated at the B3LYP/6-311++G(d,p) level of theory). A likely reason for this finding is the
spontaneous elimination of thioformaldehyde upon deprotonation of dimethyl disulfide to form
the methanethiolate anion (CHsS ) that was the dominant product ion for reactions of 1 and 3 with
dimethyl disulfide (Figure 6.7a; Table 6.2). This reaction was calculated to be exothermic by 88.1
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kcal mol™ (for 1, see Figure 6.7b). The formation of CHsS™ is also dominant for 4 and 5 but in

these cases, it reacts with the biradical product, which will be discussed later.
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Figure 6.7. (a) Mass spectrum measured after 100 ms reaction of the isolated phenylcarbyne
anion 1 with dimethyl disulfide. (b) Potential energy surface (enthalpies in kcal mol™) calculated
at the M06-2X/6-311++G(d,p) level of theory for the generation of the methanethiolate anion
(m/z 47) upon reactions of 1 with dimethy! disulfide via proton abstraction followed by radical
addition to H>C=S leading to formation of CHsS .

In addition to the reactions discussed above, all phenylcarbyne anions abstract *<SSCH3 from
dimethyl disulfide (Table 6.2). This reaction has been reported to be common for phenyl mono-
and biradicals.343¢° Therefore, this radical reaction is in agreement with the triplet ground states
of the phenylcarbyne anions 1 and 3 - 5. Although 2 has a singlet ground state, the small S-T
splitting (-1.9 kcal mol™) still allows 2 to abstract *SSCH3 from dimethyl disulfide. The *SSCH3
abstraction probably involves abstraction of two *CH3S radicals by the phenylcarbyne anions and

then dissociation of the adduct via a homolytic C-S bond cleavage and elimination of a methyl
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radical (see Scheme 6.4 using phenylcarbyne anion 1 as an example), as «CH3S abstraction from
dimethyl disulfide has been reported to occur for many triplet biradicals®*¢2° and the homolytic

C-S bond dissociation energy is low.4%4!

/S\A/ /’\.S/ \ \
:C S ‘C s” °(':—
@ @ @ @ e

Scheme 6.4. Proposed mechanisms for *SSCH3 abstraction by the triplet phenylcarbyne anion 1
from dimethyl disulfide.

CH>S abstraction has been observed in the reactions of aromatic singlet biradicals with
dimethyl disulfide.***%%2 Therefore, the observation of this reaction for the phenylcarbyne anion 2
(with a singlet ground state) is not surprising. However, the phenylcarbyne anions 4 and 5 also
generated an abundant CH>S-abstraction product, despite their triplet ground states. This reactivity
will be discussed in more detail in Section 6.3.4.

The unsubstituted phenylcarbyne anion 1 has a substantially higher reactivity towards all the
four reagents than its derivatives (2 - 5, d-4 and d-5). The lower efficiency for substituted
phenylcarbyne anions can be rationalized by the extra delocalization of the negative charge
provided by the m-orbitals of the substituents. On the other hand, the phenylcarbyne anion 2
demonstrates lower reactivity than its derivatives, likely due to its singlet electronic ground state
(S-T splitting = -1.9 kcal mol™, Table 6.2), which suggests that most reactions observed for the
derivatized phenylcarbyne anions are radical reactions and occur from their triplet ground states.
The lower proton affinity of 2 (346.1 kcal mol™?) than that of the other phenylcarbyne anions
partially explains its low reactivity.

6.3.3 Isomerization of the hydroxy-substituted phenylcarbyne anions 4 and 5

Although most of the observations have been rationalized above, some results obtained for
the hydroxy-substituted phenylcarbyne anions remain a puzzle. For example, the hydroxy-
substituted phenylcarbyne anions 4 and 5 abstract a proton from acetonitrile far more slowly than

1 and somewhat less slowly than 3 (Table 6.2). However, the proton affinities of 4 and 5 (379.7
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and 375.0 kcal mol™, respectively) are similar to those of 1 and 3 (376.6 and 379.7 kcal mol™,
respectively). Therefore, some unidentified competing reaction that reduces the rate of proton
abstraction from acetonitrile must exist. The above observation was not made for the reactions of
4 and 5 with acetic acid because the proton affinities of 4 and 5 are far greater than that of the
acetate anion, which makes proton abstraction fast. Moreover, phenylcarbyne anions 4 and 5
abstract CH: from acetonitrile and dimethyl disulfide, which was not observed for phenylcarbyne
anions 1 — 3. These unexpected observations require a more in-depth look into the chemistry of 4
and 5.

Since 4 and 5 both contain a hydroxyl group, they may be able to isomerize to the substantially
lower-energy distonic phenylcarbene anions with the aid of a neutral molecule (Scheme 6.5).
Neutral compounds have been reported to facilitate isomerization of gas-phase ions. For instance,
gaseous N-protonated 4-aminobenzoic acid has been demonstrated to isomerize to O-protonated
4-aminobenzoic acid via the assistance of methanol molecules.*® The energy of O-protonated 4-
aminobenzoic acid is 5.6 kcal mol™ lower than N-protonated 4-aminobenzoic acid, which is a
driving force for the isomerization.*® This isomerization was proposed to be initiated by proton
transfer from the N-protonated 4-aminobenzoic acid to the methanol molecule, which is followed
by proton transfer from the protonated methanol to the carbonyl oxygen of the neutral 4-
aminobenzoic acid (Scheme 6.5a). Isomerization of the triplet phenylcarbyne anions 4 and 5 to the
distonic triplet phenylcarbene anions 4°(T) and 5°(T) may also take place with the assistance of
reagent molecules in the ion trap. These isomerizations are calculated to be exothermic by -54.3

kcal mol? and -36.4 kcal mol™, respectively (Scheme 6.5b).
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Scheme 6.5. (a) A mechanism reported*® for the isomerization of N-protonated 4-aminobenzoic
acid to O-protonated 4-aminobenzoic acid with the assistance of a methanol molecule in the gas
phase. (b) Possible mechanisms of isomerization for the triplet phenylcarbyne anions 4 and 5 to
the distonic triplet phenylcarbene anions 4°(T) and 5°(T) with the assistance of a reagent
molecule (R-H = Reagent). (c) The deuterated triplet phenylcarbyne anions d-4 and d-5 (m/z
106) can rearrange to undeuterated distonic triplet phenylcarbene anions 4°(T) and 5°(T) (m/z
105) with the assistance of a reagent molecule (R-H).
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Although 4°(T) and 5°(T) were likely initially generated in their triplet states as shown in
Scheme 6.5b, they are likely to undergo intersystem crossing and then react from their singlet
ground states (Table 6.1, S/T splitting -16.2 kcal mol™ for 4’ and -3.3 kcal mol™ for 5°). This is
likely as the time scale of intersystem crossing is on the order of 10°*2 — 102 5,44 whereas the
time scale of the ion-molecule reactions studied here is on the order of 102 — 10s.

In order to be able to assist in the isomerization, the conjugate base of the reagent molecule
must have a PA that is between the PAs (Figure 6.5b) of the phenylcarbyne anions (4 and 5) and
the distonic phenylcarbene anions (4’ and 5°).#”-*° Therefore, acetone (PA of its conjugated base®
=370.0 kcal mol™?), acetonitrile (PA of its conjugated base® = 373.5 kcal mol™), dimethyl disulfide
(calculated PA of its conjugated base = 364.1 kcal mol™) and acetic acid (PA of its conjugated
base® = 348.5 kcal mol™) are all able to assist in the isomerization. However, water cannot assist
in the isomerization because the PA of the hydroxide anion® (390.8 kcal mol™) is even greater
than that of 4 and 5.

Although the isomerization discussed above are likely to occur as they are highly exothermic
and barrierless (proton transfer reactions are usually barrierless unless they are sterically hindered),
they cannot be experimentally observed as the rearranged distonic phenylcarbene anions 4’ and 5
have the same m/z-ratios as the phenylcarbyne anions 4 and 5. Therefore, to explore the possibility
of isomerization of 4 and 5, precursors d-P4 and d-P5 (Scheme 6.5c) were utilized to generate
deuterated phenylcarbyne anions d-4 and d-5. If these anions undergo rearrangement facilitated
by a reagent molecule, the proton on the reagent molecule will be abstracted by d-4 or d-5,
followed by deuterium transfer from protonated d-4/d-5 to the deprotonated reagent molecule
(Scheme 6.6¢). This process generates undeuterated distonic triplet phenylcarbene anions 4°(T)
and 5°(T) from the deuterated phenylcarbyne anions. Therefore, the rearrangement products —
distonic phenylcarbene anions 4’ and 5° (m/z 105) — can be differentiated from the deuterated
phenylcarbyne anions d-4 and d-5 based on their different m/z-ratios (m/z 106).

The observation of the generation of ions of m/z 105 upon the reactions of deuterated
phenylcarbyne anions d-4 and d-5 with acetic acid (Table 6.2) demonstrates that acetic acid can
cause the rearrangement of deuterated phenylcarbyne anions d-4 and d-5 to the undeuterated
distonic phenylcarbene anions 4> and 5°. Nevertheless, proton abstraction from acetic acid still
dominates for both d-4 and d-5. Therefore, the reaction efficiencies were barely affected by the

rearrangement. The singlet distonic phenylcarbene anions 4’ and 5° are not expected to abstract
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proton from acetic acid because their PAs (338.6 and 325.4 kcal mol, Scheme 6.5b) are even
smaller than that of deprotonated acetic acid (348.5 kcal mol™?).

Another reagent that can cause the above rearrangement is acetonitrile. The ions thought to
be the triplet phenylcarbyne anions 4 and 5 were observed to abstract CH, from acetonitrile (Figure
6.8a using the phenylcarbyne anion 4 as an example). However, the CH. abstraction product ions
(m/z 119) observed in the reactions of d-4 and d-5 (Figure 6.8b using d-4 as an example) have the
same m/z value as the corresponding product ions of reactions of 4 and 5. These results indicate
that the CH> abstraction product ions of d-4 and d-5 do not contain deuterium. Therefore, it can
be concluded that CH» was abstracted by the undeuterated distonic phenylcarbene anions 4’ and
5” instead of the phenylcarbyne anions d-4 and d-5. The methylene abstraction by the distonic
phenylcarbene anions may be initiated by C-H insertion, which is common for singlet carbenes.>%>2
As indicated in Figures 6.8c and 6.8d, the distonic singlet phenylcarbene anion 4’ can insert into a
C-H bond of acetonitrile in a concerted manner. The adduct ion eliminates a hydrogen cyanide
molecule to generate the CH. abstraction product ion (Figures 6.8c and 6.8d). The isomerization,
intersystem crossing and CH. abstraction by 4’ and 5” were calculated to be exothermic by -86.3
and -78.5 kcal mol?, respectively (Figures 6.8c and 6.8d).

As shown in Table 6.2, d-4 and d-5 have much greater total reaction efficiencies toward
acetonitrile (13% and 8%) than 4 and 5 (3% and 0.6%). The reason for this is that acetonitrile
causes the most efficient isomerization (83% and 89% branching ratios, Table 6.2; see Section
6.2.2 for the method of obtaining the branching ratios) among all the reagents. Since the isomerized
ions cannot be detected in the mass spectra of 4 and 5 as they have the same m/z-ratios as 4 and 5
the isomerization must be ignored when determining the reaction efficiencies for 4 and 5. On the
other hand, the isomerized ions can be detected in the reactions of deuterated phenylcarbyne anions
d-4 and d-5. Therefore, the experiments performed for d-4 and d-5 revealed the real reaction

efficiencies for the reactions of the phenylcarbyne anions 4 and 5.
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Figure 6.8. (a) Mass spectra measured after 300 ms reactions of a mixture of the isolated
phenylcarbyne anion 4 and the distonic phenyl carbene anion 4°. (b) Mass spectra measured after
300 ms reactions of a mixture of the isolated phenylcarbyne anion d-4 and the distoinic
phenylcarbene anion 4 with acetonitrile. (c) Potential energy surfaces (enthalpies in kcal mol™)
calculated at the M06-2X/6-311++G(d,p) level of theory for the isomerization of the
phenylcarbyne anion 4 to the distonic triplet phenylcarbene anion 4°(T) upon interactions with
acetonitrile, followed by intersystem crossing to distonic singlet phenylcarbene anion 4°, which
abstract a CH, from acetonitrile. (d) Potential energy surfaces (enthalpies in kcal mol™)
calculated at the M06-2X/6-311++G(d,p) level of theory for the phenylcarbyne anion 5 that
undergoes the same process shown in Figure 6.8c.
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As discussed above, all tested phenylcarbyne anions with a triplet ground state were observed
to abstract an oxygen atom from acetone (Table 6.2), likely via a radical mechanism (Figure 6.6).
Examination of the reactivities of the mixtures of d-4/d-5 and 4°/5° (Table 6.2) indicates that both
the triplet phenylcarbyne anions (d-4 and d-5) and the distonic singlet phenylcarbene anions (4’
and 5°) can abstract an oxygen atom from acetone, as ions of m/z 122 (oxygen atom abstraction
product of d-4/d-5) and m/z 121 (oxygen atom abstraction product of 4°/5°) were both observed
(Figures 6.9a and 6.9b). This finding suggests that the distonic singlet phenylcarbene anions
generated upon isomerization of the triplet phenylcarbyne anions catalyzed by acetone rapidly
reacted within the same collision complex with the same acetone molecule to abstract an oxygen
atom. This finding is in agreement with the similar reaction efficiencies measured for 4/5 and d-
4/d-5, as opposed to the very different reaction efficiencies measured for these ion pairs upon
interactions with acetonitrile. The oxygen atom abstraction by 4’ and 5° from acetone is consistent
with the reported reactions of singlet methylene® (:CH,) and distonic singlet phenylcarbene anion
5°,3 which abstract an oxygen atom from CO, and NO,, respectively. The oxygen abstraction from
CO2 by methylene was proposed to involve nucleophilic addition to the C=0 group followed by
the elimination of a CO molecule.*® Therefore, the oxygen atom abstraction from acetone by 4’
and 5° may be initiated by nucleophilic addition followed by the elimination of a propene molecule
(Figure 6.9c, 4’ as an example).
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Figure 6.9. (a) Mass spectra measured after 300 ms reactions of a mixture of the isolated
phenylcarbyne anion d-4 and the distoinic phenylcarbene anion 4’ with acetone. (b) Mass spectra
measured after 300 ms reactions of a mixture of the isolated phenylcarbyne anion d-5 and the
distoinic phenylcarbene anion 5” with acetone. (c) Proposed mechanisms for oxygen atom
abstraction by the singlet distonic phenylcarbene anion 4’ from acetone.

6.3.4 Abstraction of CH2S from dimethyl disulfide by 4 and 5

The isomerization discussed above barely occur upon interactions of 4 and 5 with dimethyl
disulfide as few distonic phenylcarbene anions (m/z 105) were observed to be generated upon
reactions of d-4 and d-5 upon interactions with dimethyl disulfide (Table 6.2, Figure 6.10b).
Isomerization is not favorable because the S-S bond in deprotonated dimethyl disulfide readily
breaks when the phenylcarbyne anions 4 and 5 abstract a proton from dimethyl disulfide (Figure
6.10d using 4 as an example). The products are the neutral triplet phenylcarbene, the
methanethiolate anion (CHsS ) and thioformaldehyde (CH.S). The neutral triplet phenylcarbene
can add to CH.S to generate a triplet biradical and the methanethiolate anion (CH3sS"). This reaction
was calculated to be exothermic by -46.1 kcal mol? (Figure 6.10d). If intersystem crossing
occurred and the triplet biradical underwent cyclization, the reaction would be exothermic by -
90.3 kcal mol-1 (Figure 6.10d).
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Figure 6.10. (a) Mass spectrum measured after 100 ms reaction of isolated phenylcarbyne anion
4 with dimethyl disulfide. (b) Mass spectrum measured after 100 ms reaction of isolated
phenylcarbyne anion d-4 with dimethyl disulfide. (c) A CAD mass spectrum of the final product
ions of m/z 151 isolated after reactions of 4 with dimethyl disulfide (Figure 6.10a). The
calculated potential energy surfaces for these fragmentation reactions are shown in Figure 6.11.
(d) Potential energy surface (enthalpies in kcal mol™) calculated at the M06-2X/6-311++G(d,p)
level of theory for the generation of CH3S  for 4 (as shown in Figure 6.7 for 1) followed by
abstraction of a proton by CHsS to yield the final CH2S abstraction product (ions of m/z 151).

160



CH,S abs. (+ CHsS — H) &
o 100 | ! 151
2 ] phenylcarbyne !
§ b anion 4 \:\
2 n - 109
£ 90| cHs 05 17 .SSCH, abs. OH
2 14 : ) I 184 4
i b 91 ‘ | 123 | \ m/z 105
[0) 0 il A ! | Y 1
4
(b) CH,S abs. (+ CH,S — D) .
151 *C:
8 100 8
& phenylcarbyne d-4
8 ]
c 4 106
3 . 109
< 50 phenylcarbene 4’ \
s 7 105 N\, “SSCHyabs.  (op
g 1 a7 \{ “ | 185 a4
g L AR T I | mzioe
@© . -cos -
i L —CH0 : >
© 1 : 1 ch
e 100 H ! 151
] i L7
=1 H I —H;S
< 50 i [ -
g o1 ' ©
2 109 | 123 -Co m/z 151
° 9 . h [ P re—
r ] 1 [ ] T T 1 T
50 100 150 200
(d) H ™ s
!
<O SN H"‘&S +
oc.;, S\
OH
4 H. 2 H _ _ $ H
OH I HL
H.e.S S_\ H*E (lj:s
6.2 éZS us
— o
OH — LS
H/\IS ) H
T S (-46.1) H m/z 151
T, (separated) 5.
P L > -103.3
Q. —
H — S -115. / (separated)
OH H-C, ) T
" 7 .
o _ —
~ /
H “—
e, H
&S g H-
OH H” ~ C‘:S
H'C
OH ~ H/s\
(-90.3) o
(separated)

161



As discussed above, CH»S abstraction from dimethyl disulfide was observed for 2, 4 and 5
(Table 6.2) and it was the fastest reaction for 4 and 5 (Figure 6.10a using 4 as an example). As this
reaction has been reported for some singlet biradicals whose radical sites are close to each other,*
CHS>S abstraction by 2 was expected. However, this was not expected for the reactions of triplet
phenylcarbyne anions 4 and 5. Therefore, there must be a different mechanism for CH.S
abstraction by the hydroxyl substituted phenylcarbyne anions 4 and 5.

Reactions of the deuterated phenylcarbyne anions d-4 and d-5 with dimethyl disulfide
provide some evidence for the mechanism of CH.S abstraction. Upon reactions of d-4 and d-5
with dimethyl disulfide, the product ions of m/z 151 were generated (Figure 6.10b), whose m/z-
ratio is the same as that of the product ions of the undeuterated phenylcarbyne anions 4 and 5 (m/z
151, Figure 6.10a). This finding indicates that the deuterated phenylcarbyne anions d-4 and d-5
produce undeuterated CH.S abstraction product ions upon reactions with dimethyl disulfide. A
feasible mechanism was proposed to rationalize the generation of the undeuterated CH2S
abstraction product ions (Figure 6.10d). As discussed above, the CH3S anion is likely to be
generated upon reactions of d-4 and d-5 with dimethyl disulfide. The CH3S anion may then
abstract a deuterium cation from the neutral distonic phenylcarbene to form undeuterated CH.S
abstraction product ions (Figure 6.10d). The formation of the CH>S abstraction product ions was
calculated to be exothermic by -103.3 kcal mol™. The structure of the CH2S abstraction product
ion for 4 and d-4 is proposed to be that shown in Figure 6.10c. The CH2S abstraction product ion
(m/z 151) formed for 4 and d-4 was subjected to CAD to probe its structure (Figure 6.10c). lons
of m/z 91, 109, 117 and 123 were generated upon elimination of S=C=0, H.C=C=0, H>S or CO,
respectively. These ions were also observed in the reaction mass spectra of 4 and d-4 as shown in
Figures 6.10a and 6.10b. Calculated mechanisms for the fragmentations are illustrated in Figure

6.11, which supports the proposed structure of the product ion m/z 151.
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Figure 6.11. Potential energy surfaces (enthalpies in kcal mol™?) calculated at the M06-2X/6-
311++G(d,p) level of theory for the generation of fragment ions of (a) m/z 117, (b) m/z 123 (in
black color), 109 (in blue color) and 91 (in red color) upon CAD of the ion of m/z 151. The ion

of m/z 151 was generated upon the reactions of the distonic phenylcarbene anion 4° with

dimethy! disulfide (Figures 6.10a and 6.10b). Upon CAD, fragment ions of m/z 123, 117, 109

and 91 are generated via the elimination of CO, H>S, H:C=C=0 or S=C=0, respectively.

6.4 Conclusions

The phenylcarbyne anions 1 — 5 were generated in a linear quadrupole ion trap upon two
consecutive CAD experiments to cleave two nitrogen molecules from the tetrazole precursors P1
— P5. MCSCEF calculations indicate that the phenylcarbyne anion 1 and its three derivatives 3 - 5
have a triplet electronic ground state whereas the cyano-substituted phenylcarbyne anion 2 has a
singlet ground state. MCSCF calculations also indicate that the proton affinities of 1 and 3 - 5 (375
— 380 kcal mol™) are substantially greater than that of 2 (346.1 kcal mol™?). Therefore, it is not
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surprising that the phenylcarbyne anions with triplet ground states were found to be so basic that
they abstracted a proton even from reagents that are not considered to be Brensted acids, such as
acetone and acetonitrile. In sharp contrast, the 4-cyanophenylcarbyne anion (with a singlet ground
state) only abstracted a proton from acetic acid.

All phenylcarbyne anions abstracted a *SSCHz group from dimethyl disulfide, which likely
occurs via a radical mechanism and therefore probably involves the excited triplet state of the
singlet phenylcarbyne anion 2. Calculations also suggested that the formation of SCHs upon
reactions of 1 and 3 - 5 with dimethyl disulfide occurs via a radical mechanism. The phenylcarbyne
anions with triplet ground states (1 and 3 - 5) were observed to abstract an oxygen atom from
acetone via a radical mechanism based on quantum chemical calculations. On the other hand, 2
with a singlet ground state was the only phenylcarbyne anion studied that abstracted a H,O or a
H>C=C=0 molecule from acetic acid, likely via a concerted C=0 double bond insertion followed
by the elimination of H.C=C=0 or H2O molecule, respectively. The phenylcarbyne anion 1
displayed a greater overall reactivity towards the four reagents than all of its derivatives (2 - 5),
possibly because the -orbitals of the substituents enable delocalization of the negative charge onto
the substituents.

Hydroxy-substituted triplet phenylcarbyne anions (4 and 5) were demonstrated to partially
isomerize to distonic triplet phenylcarbene anions 4°(T) and 5°(T) with the assistance of acetic
acid, acetonitrile or acetone. The isomerization is initiated by a proton transfer from the reagent to
phenylcarbyne anions, followed by another proton transfer from the so-generated neutral triplet
phenylcarbene to deprotonated reagent. The distonic triplet phenylcarbene anions 4°(T) and 5°(T)
are likely to undergo intersystem crossing to their singlet ground states due to their long lifetimes
and many collisions with the helium buffer gas in the ion trap. These distonic singlet phenylcarbene
anions abstracted an oxygen atom from acetone, which has been reported to be typical for singlet
carbenes.®**® These singlet phenylcarbene anions can insert into a C-H single bond in
acetonitrile®°2 to form an adduct, followed by elimination of a HCN molecule to generate the final
CHp: abstraction product ion.

The above isomerization barely occurs upon interactions of the anions with dimethyl disulfide,
likely because the deprotonated dimethyl disulfide decomposes to a thioformaldehyde molecule
and a methylsulfide anion upon the deprotonation. The so-generated neutral distonic triplet

phenylcarbenes then add to the thioformaldehyde molecule in a reaction that is exothermic by -
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90.3 kcal mol™ if intersystem crossing is involved. The methylsulfide anion can abstract a proton
from the adduct to generate the final CH>S abstraction product ion.

In conclusion, substitution was found to greatly impact the reactivity of the phenylcarbyne
anion by altering the proton affinity and, for one phenylcarbyne anion, the ground state multiplicity.
Triplet phenylcarbyne anions were found to react via radical mechanisms. For example, they
abstract an oxygen atom from acetone and a proton and a H.C=S molecule from dimethy! disulfide
to form the CHsS anion. On the other hand, the singlet phenylcarbyne anion abstracts H>O and
H>C=C=0 from acetic acid via non-radical mechanisms. Additionally, the reactivities of the
isomeric, distonic phenylcarbene anions were found to be quite different from those of the
phenylcarbyne anions. For example, singlet distonic phenylcarbene anions abstract CH, from

acetonitrile, which is initiated by C-H insertion — a typical singlet carbene reactivity.
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