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ABSTRACT

Mass spectrometry of negative ions is a convenient method for generating, isolating, and
analyzing reactive intermediates that would otherwise be too short lived to detect. This ion
approach is especially useful for studying the chemical properties of radicals. In this work, a
negative charge-carrying group was attached to lignin model compounds and combined with
collision-induced dissociation (CID) to generate and characterize radical species involved in the
primary pyrolysis of lignin. The charge-tag served to increase the sensitivity of the model
compounds using electrospray ionization mass spectrometry (ESI-MS) and promoted charge-
remote fragmentations (CRF) upon being collisionally activated. The resulting product ions were
comparable to the primary pyrolysis products of lignin; thus, CID-CRF proved to be an effective
way of identifying the mechanisms by which lignin decomposes in the gas phase.

Additionally, this dissertation includes a review of nitrene anions. Nitrene anions are another
class of reactive intermediates protected by an electron that provide a means for studying the
corresponding neutral molecules via electron photodetachment spectroscopy and photoelectron
spectroscopy. The added electron makes it possible for protected nitrene anions to be manipulated
by external electric and magnetic fields of a mass spectrometer. Nitrene anions also display their
own unique reactivities as reagents, which have been investigated using ion/molecule reactions.
Mass spectrometry of negative ions has thereby provided information on the electronic states,

reactivities, and thermochemical properties of nitrene intermediates.
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CHAPTER 1. INTRODUCTION AND GUIDE TO DISSERTATION

1.1 Lignin
1.1.1 Origin and Applications

Lignin is a large molecule found in all terrestrial plants.® It is a carbon-dense material
interwoven throughout plants to make them rigid and woody.? Thus, it derives its name from
lignum, the Latin word for wood.® Together with cellulose and hemicellulose, lignin helps make
up plant secondary cell walls (Figure 1.1). It has been described as the glue that holds plants
together.?# As such, it has been investigated as an industrial adhesive.>® Its hydrophobicity helps
to form channels in plants for transporting water.* It also makes the plant secondary cell wall less

permeable to pathogen invasion.’

o
o e

Hemicellulose

/ N\

<+— (Cellulose ‘%
OH /0 OH
HO HO
/HO . o,_OHW
o

HO

Figure 1.1 A representation of lignin, cellulose, and hemicellulose in plants

Because of its abundance, lignin has been investigated as a renewable energy source.

Lignin is estimated to contain 30 percent of all non-fossil organic carbon, second only to cellulose.?
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Not only is lignin easily available in plants, but it is also available as a byproduct of the pulping
process.® Because plants make lignin by removing CO, from the atmosphere, burning lignin-based
fuels is a sustainable CO, neutral process.® Lignin growth is even a carbon sink when it is
transferred to soil through roots or by mixing biochar with soil.2°

Lignin has also been explored as a feedstock for many valuable chemicals such as ethyl
benzene (for organic synthesis), guaiacol (for medicinal purposes), and vanillin (for flavoring).!
It can be upgraded into liquid transportation fuels.!? It has even been utilized for its detergent-like
properties. After sulfite pulping, the resulting lignosulfonates contain many strong polar and non-
polar groups which have been used to lubricate deep oil well drills.™® Other applications for lignin
include stabilizing agent for ceramics,* concrete additive,'® and sequestering metal ions in the
environment.*®

Although a highly useful material, lignin is also extremely recalcitrant, which hinders the
valorization of biomass such as the production of ethanol and paper from plants.!” 8 Some studies
have found a negative correlation between lignin and plant growth.'® Thus, transgenic species are
often sought that contain a lower lignin content and increased biomass volume.?® Multiple
methods have been used for separating lignin from the rest of the fibrous material in plants
including physical, chemical and biological treatments.?’2® After treatment, the resulting
heterogenous mixtures may be more compatible with liquid fuels, but substantial purification costs
are often required for upgrading the mixtures into value-added chemicals.?! Thus, the search
continues to improve the process for separating lignin from plants to make biomass a viable

chemical and energy source.?® 30

1.1.2 Molecular Structure

Unlike cellulose, which is a linear chain of repeating glucose subunits, lignin is composed
of a diverse set monomers and linkages that branch out into a large molecule of kilodalton scale.>*-
33 While no two lignin molecules are the same, common characteristics are shared between all
kinds of lignin.3! Examples of common chemical linkages found throughout lignin are shown in
Figure 1.2. These include condensed (C-C) bonds and etheric (C-O-C) bonds. The strength of these

bonds helps to protect plants from being digested by microbes and enzymes;?> 3 however, the
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difficulty of breaking these bonds is also what hinders the conversion of biomass into value-added

chemicals.®®

Figure 1.2 Common chemical linkages in lignin

Lignin is composed of three monolignols (H, G, and S subunits), which vary in amounts
among different kinds of wood (Figure 1.3).3® The majority of hardwood has been found to be
composed of G and S subunits whereas softwood contains mostly G and a smaller amount of H.3*
% The ratio of H, G, and S subunits has been found to have an impact on the recalcitrance of
lignin.*® For example, transgenic switchgrass with a reduced S/G ratio had reduced recalcitrance
compared to a wild type.3” Additionally, biomass with a greater ratio of H-type lignin to G- and S-
type was shown to decompose faster under certain conditions.® In another study, by varying the
ratio of H, G, and S subunits, either through the careful selection of plant species or by genetic

engineering, the phenol and ketone content in the resulting bio-oil was significantly impacted.*
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H subunit G subunit S subunit

OH OH OH
O O O
AN AN AN
OH OH OH
p-coumaryl alcohol coniferyl alcohol sinapyl alcohol

Figure 1.3 The three major monomers of lignin

Other common characteristics of lignin include certain functional groups such as hydroxy
(OH), methoxy (OCHg), carbonyl (CO), and carboxyl groups (COOH).*° To study the influence
of these groups on the recalcitrance of lignin, smaller model compounds are often used and
subjected to the same treatment processes as native lignin.*! The impact of these structural motifs
is reflected in the rate at which the model compounds degrade and in the resulting products that
form. Many studies focus on the monolignols; however, hundreds of model compounds containing
the same moieties and linkages as lignin have been used to study the factors controlling how lignin

breaks down under certain conditions.®%-3% 42 A few examples are shown in Figure 1.4.

OH OH OH o 0
~
©/O\ _0 (00§ /©/\)J\O
HO
phenol guaiacol syringol methyl coumarate
Oy H Oy OH
~0 ~0 oH
i i 0 ©/OH <
OH OH
anisole dimethoxybenzene catechol vanillin 4-hydroxybenzoic acid

Figure 1.4 Examples of lignin model compounds
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1.1.3 Thermal Treatments

Lignin has a higher energy content than cellulose and is similar to the energy density of

coal,® and this energy can be released by adding heat. Additionally, the resulting smoke

condensate from burning lignin can be collected, which contains many useful aromatic compounds.

Thus, thermal treatments are a common approach for utilizing lignin and for investigating the

effects of structural motifs on the conversion of lignin (or lignin model compounds) into valuable

chemicals.*® Three main thermal treatments of lignin exist which are pyrolysis, gasification, and

combustion (Figure 1.5). Gasification uses steam and high temperatures to produce carbon

monoxide, hydrogen, and carbon dioxide, also known as syngas, along with slag and ash.** In

contrast, pyrolysis is done under high temperatures in the absence of oxygen and results in a liquid

product. This liquid mixture is known as pyrolysis oil, biocrude or bio-0il.*°

Biomass

In addition to the valuable chemicals produced from heating lignin, thermal treatments
have another major advantage over other treatment options because the exuded gases can be used
as fuel to run the overall process, which removes the need for an external energy source. However,

the biggest obstacle facing the production of biofuels and chemicals from lignin is the high

Figure 1.5 Thermal treatments of biomass*®
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downstream costs required to purify and upgrade the products. Producing a cleaner, initial bio-oil
mixture would reduce the associated purification costs, which can be done by identifying the
factors that control product selectivity during thermal treatments.

This work is focused on understanding the fundamental chemical reactions that occur
during pyrolysis that contribute to the formation of desired products while eliminating unwanted
byproducts. Two of the most important factors controlling product selectivity in pyrolysis is
temperature and residence time, which affects the ratio of bio-oil to char formation.?® “¢ However,
maximizing liquid yield is only the first step in obtaining a cleaner bio-oil mixture.®® 47 A better
understanding of the fundamental chemical reactions that occur during the conversion of lignin
into bio-oil could is the necessary next step to obtaining a cleaner product.

A common byproduct during pyrolysis is polycyclic aromatic hydrocarbons or PAHS,
which are toxic to the environment and poison catalysts used for upgrading bio-oil.*”**° PAH
growth is thought to occur via secondary reactions of radical intermediates that form during
pyrolysis (Scheme 1.1). However, little is known about the mechanism of their formation because
of the difficulty associated with isolating reactive intermediates. Predictions of the radical
intermediates leading to PAH formation rely heavily on theoretical computations rather than
experimental evidence, although advancements have been made in isolating and detecting highly
transient species. A few examples of analytical techniques used for deducing the chemical

reactions involved during pyrolysis will be discussed in the next section.

Scheme 1.1
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1.2 Analytical Techniques for Studying Lignin Pyrolysis

Analytical chemistry simply stated is the science of characterizing and quantifying matter.
It can be used to rate the efficacy of different pyrolysis methods for converting biomass into
valuable chemicals, i.e., it can tell you what raw material you started with and what molecules you
ended with and thereby reveal whether a desired chemical transformation was successful. Some of
the more common analytical techniques for characterizing the starting structure of lignin along
with its decomposition products are nuclear magnetic resonance (NMR),1? 3 thermogravimetry-
Fourier transform infrared spectroscopy (TF-FTIR),% ° and pyrolysis-gas chromatography mass
spectrometry (Py-GC/MS).** 2 These analytical tools have helped identify several factors that can

lead to a cleaner bio-oil upon pyrolysis of lignin.

1.2.1 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is a useful method that helps to identify the
temperature at which certain structural features in lignin begin to decompose.® It does this by
measuring the mass change of a sample over time as it is heated. TGA is commonly coupled with
another analysis method such as Fourier-transform infrared spectroscopy (FTIR) or gas-
chromatography-mass spectrometry (GC-MS) or to identify the volatile components that are lost
upon heating. An example is shown in Figure 1.6. The first thermal feature shows primary
pyrolysis reactions occurring around 350 °C whereas the peaks at 450 °C and 600 °C are due to

secondary pyrolysis reactions.

20



0.05

100}

»
- o
il 0.04 2
3 lo.03 &
= 6of 05 %
o b
2 40} 1994 £
0.01 E’
20+ ) g

ﬂ 1 1 L a

0 200 400 600 800

Temperature (°C)

Figure 1.6 “Thermogravimetric analysis of milled wood lignin isolated from Japanese cedar
(Cryptmeria japonica)” by Kawamoto®® >#/licensed under CC BY 4.0

TGA is also a convenient method for screening catalysts that can increase the bio-oil yield
and product selectivity of lignin pyrolysis. When mixed with lignin, zeolites can promote
deoxygenation reactions which reduces the amount of phenols in the resulting bio-oil and increases
the amount of hydrocarbons that are typically found in gasoline, including benzene, toluene, and
xylene.* In contrast, metal oxides and hydroxide catalysts can be used to increase phenol content
in the resulting bio-0il.*® In addition to screening catalysts, TGA has been used to evaluate the

effects of various atmospheres on the pyrolysis of lignin.®’

1.2.2 Gas Chromatography-Mass Spectrometry

Another analytical technique for studying the pyrolysis of lignin is gas chromatography
mass spectrometry (GC-MS). Because many primary pyrolysis reactions occur in the gas phase,
GC-MS is well suited for characterizing pyrolysis products. It can be coupled to a pyrolysis
chamber to identify the temperature at which lignin molecules decompose like TGA-MS. The
temperature at which specific volatile fragments from lignin can be detected via pyrolysis-GC-MS
has been described by Kawamoto.*® During the primary pyrolysis stage (<400 °C), compounds
containing methoxy groups are abundant in the gas phase including substituted guaiacols,
syringols, and side chains containing unsaturated alkyl groups (Figure 1.7). As the temperature is
increased (>400 °C), methoxy groups and side chains begin to fragment resulting in a greater

abundance of hydroxy-containing molecules such as phenols, cresols, and catechols.
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Figure 1.7 “Effect of pyrolysis temperature on aromatic substitution pattern and side-chain
structure of the products from G-type lignin” by Kawamoto®®/licensed under CC BY 4.0

While pyrolysis-GC-MS has been useful for identifying and quantifying many pyrolysis
products involved in the thermal degradation of lignin, it is unable to detect primary pyrolysis
intermediates that undergo secondary reactions too quickly. Rather than trap the reactive
intermediates, strategies are often employed to ensure that only minimal amounts of secondary
reactions occur in order to simplify studies of lignin degradation. This can be done by reducing

the sample to extremely dilute concentrations so that bimolecular reactions are rare.

1.2.3 Supersonic Expansion

Although bimolecular reactions can convolute studies of lignin degradation, they also play
an important role in the formation of pyrolysis products. Lignin is known to decompose quickly
via both radical and concerted mechanisms involving many intermediate steps.5®%° Thus, it is
important to devise methods that can isolate reactive intermediates, including radicals, that form
during cleavage of various lignin linkages and cracking of alkyl chains.®® The intermediates
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involved are often too short-lived to detect because they quickly undergo bimolecular reactions,
and the steps in the thermochemical decomposition of lignin must be inferred from the end
products.®? While dilution can help prevent bimolecular reactions, it also decreases the sensitivity
of primary pyrolysis products by lowering their concentrations below the lower limits of detection.

Several methods have been investigated for isolating radical intermediates. Mukarakate et
al.*® found that laser ablation with short pulses of lignin compounds led to shorter heating times
and fewer secondary reactions than in a traditional thermal chamber, and the primary products
could then be isolated and ionized using supersonic expansion and resonance-enhanced
multiphoton ionization (REMPI). The ions were then detected using reflectron time-of-flight mass
spectrometry (TOFMS). Similarly, using a flash reactor and supersonic expansion, Kidwell et al.®
found that they could detect radical intermediates using Fourier microwave spectroscopy. While
both methods were successful at isolating radical intermediates, neither could eliminate

bimolecular reactions completely.

1.3 Charge-Remote Fragmentation Mass Spectrometry

To study the decomposition of lignin in the gas phase, including isolating reactive
intermediates, we proposed using electrospray ionization (ESI) coupled with collision-induced
dissociation mass spectrometry (CID-MS). CID-MS is a powerful technique for characterizing the
structure of organic molecules and has often been applied to lignin pyrolysis products.3? 4> 64 In
addition to providing structural information on a target molecule, CID-MS can also reveal the
mechanistic steps by which a molecule breaks after undergoing a collision. It was Adams and
Gross®® who first proposed that collision-induced fragmentations at a location remote from the
charge site can be analogous to thermolytic cleavage of a neutral molecule. Thus, by attaching a
charge-carrying group to lignin and subjecting it to CID-CRF, reactive intermediates in the thermal
degradation of lignin can be isolated and analyzed. The advantage of CRF is that it reveals the
fragmentation of native lignin, as opposed to the deprotonated molecule. A more detailed
explanation of the steps involved in CID-CRF including the ionization process will be discussed

below.
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1.3.1 Electrospray lonization

ESI is a soft ionization technique used to volatilize molecules with little to no
fragmentation and is capable of getting very large molecules, including lignin, into the gas phase
(Figure 1.8). It works by dissolving a sample in a volatile solvent, which is then sprayed out of a
needle with a high applied voltage. The liquid, now highly charged, cannot contain such high
charges and is broken up into many tiny aerosol droplets. The droplets are composed of solvent
molecules as well as the dissolved sample. As the droplets travel into the orifice of the mass
spectrometer, the solvent molecules are evaporated in a heated capillary, which leaves the sample
molecules desolvated in the gas phase and ready for analysis (Figure 1.9).%¢
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Figure 1.8 A full mass spectrum of sulfonated lignin
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Figure 1.9 Diagram of electrospray ionization source

An advantage of ESI is that secondary reactions between molecular ions is not possible
because their charges repel each other. This aids in the isolation and detection of reactive
intermediates that otherwise would undergo further reactions and be too short lived to detect. As
a result, the true primary pyrolysis products or unimolecular decomposition products of lignin can
be isolated and characterized that have not undergone secondary reactions. Eliminating secondary
reactions also simplifies the resulting spectra, which makes structural assignments easier to make.
Furthermore, ESI does not require the high temperatures that are required by pyrolysis, so the
fragmentations steps can more easily be controlled.

1.3.2 Collision-Induced Dissociation

After lignin has been ionized via ESI, the next step is to induce dissociation to observe how
it fragments, which can be done using tandem mass spectrometry (MS/MS). One common way of
carrying out MS/MS is with a triple quadrupole where mass filters and collision chambers
selectively fragment ions of a specific mass-to-charge ratio (m/z) and send their product ions to a
detector that counts their relative abundance (Figure 1.10).%” Thus, in addition to the molecular
weight of the starting ion, MS/MS can help yield structural information based on the product ions
that form. The selection-fragmentation-detection sequence can also be repeated on the product

ions to gain further information.
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Figure 1.10 A diagram of a triple quadrupole mass filter

Similarly, MS/MS for carrying out CID can be performed using an ion trap. lon traps differ
from triple quadrupoles because the collision cell and the mass filters are combined into one, such
as in a Paul trap or a Penning trap. A Paul trap uses static and oscillating electric fields to capture
and hold ions whereas a Penning trap uses an electric field to confine ions axially and a magnetic
field to confine particles axially. The ions are then collided with an inert gas to induce
fragmentation, and the product ions are detected.

A simplified example of CID is shown in Scheme 1.2. When the target ion, M-, is subjected
to CID, it undergoes cleavage of the A-B bond. The resulting product ion, [M - A],, now has a
smaller mass by an amount equal to the mass of A. Thus, it can be deduced that M- contained a
terminal A group. The process can be repeated on the product ion, [M - A];, which undergoes
cleavage of the B-C bond resulting in [M - A - B] revealing that the original ion M- also contained
a B group. Finally, repeating the process once more results in cleavage of the C-D bond forming a

product with a mass equal to [M - A - B - C], which is just the fragment D".

Scheme 1.2
A-B-C-D —> A +B-C-D —> B+ (C-D —> C+D"

M [M-A] [M-A-B] [M-A-B-C]

In contrast to pyrolysis, fragmentations in CID are easier to control because they are caused
by collisions with an inert gas rather than by high temperatures. The kinetic energy of the collisions
can be controlled by applying an electrical potential to the target ions. Low-energy CID is typically
carried out with ion energies less than 1 kiloelectron volt (keV) whereas high-energy CID is in the
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range of 1 keV to 20 keV. When the molecular ion collides with an inert gas, such as helium,
nitrogen, or argon, fragmentation is induced. Low-energy CID results in more rearrangement
reactions and charge-driven loss. As the molecular ion kinetic energy increases, the odds of direct

bond cleavage and charge-remote fragmentation increases.%®

1.3.3 Charge-Remote Fragmentation

Charge-remote fragmentation is well-known to occur during the analysis of many naturally
occurring biological molecules such as lipids, steroids, and peptides. Bile salts were some of the
first molecules studied using CRF. Bile salts are synthesized in the liver from cholesterol and
undergo enzymatic modifications which make them acidic. Using fast atom bombardment
combined with tandem mass spectrometry, Tomer and coworkers®® observed that bile salts
underwent markedly different fragmentation patterns compared to radical cations of bile salts
generated by electron ionization (EI). Rather than initiating fragmentation at the carboxylate
charge site as was the case with El, CRF resulted in bonds fragmenting in the cholesterol rings far
enough away from the charge site that it could be concluded that the charge site was not involved

in the fragmentation (Figure 1.11).

Rl
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AR

Figure 1.11 An example of a bile salt which may undergo CRF

Another example of CRF occurring is in the mass spectrometric analysis of fatty acids,
which have been shown to undergo parallel losses of CnH2n+2 Starting from the alkyl terminus and
fragmenting anywhere between C5 and C16 (Figure 1.12).”° The distance between these carbons
and the negatively-charged carboxylate group ensures that the fragmentation is not initiated by the

charge site.
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Figure 1.12 An example of a fatty acid which may undergo CRF

Peptides may also undergo CRF. In our previous work, we have shown that a sulfonate
charge tag can be used to track the fragmentation of a canonical (non-zwitterionic) amino acid,
PheSOs', and a peptide, GlyPheSOs in the gas phase (Figure 1.13).”% 72 The carbon-sulfur bond
is convenient for CID-CRF because it does not cleave under high energy, so the SO3z™ generally
remains attached to the product ion. Thus, it should be possible to use sulfonated lignin model
compounds to gain insights into the gas-phase degradation of neutral lignin. In addition to
functioning as a charge tag for lignin, lignosulfonates themselves represent a valuable raw material

worthy of study because they are a byproduct of the pulping process.”

NH, NH, 4
COOH N._ COOH
0]
SO; SO;
PheSO5” GlyPheSOj3”

Figure 1.13 Examples of an amino acid and a peptide with a sulfonate charge tag.

1.4 Guide to Dissertation

In summary, lignin is a valuable biopolymer with wide ranging applications from
renewable energy to chemical production to concrete. However, it is also extremely recalcitrant so
that extraction of lignin from plants is a slow process requiring high costs. Thermal treatments are
commonly employed to valorize lignin because of its high energy density. Nevertheless, the
fundamental chemical reactions involved in the pyrolysis of lignin are still poorly understood. A
better understanding of the reactive intermediates that form during lignin pyrolysis can shed light

on the factors that control product selectivity. Several existing analytical methods such as TGA,
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pyrolysis-GC-MS, and pyrolysis coupled to supersonic expansion and mass spectrometry have
been utilized to characterize primary pyrolysis products.

In this work, we applied CID-CRF to study the degradation products of lignin, which can
improve the sensitivity of reactive intermediates and does not require high temperatures. The only
requirement is that a suitable charge tag can be found that does not interfere with the neutral
fragmentation processes of lignin. Additionally, high-energy CID must be used in order induce
CRF, which is then comparable to how lignin would fragment under pyrolysis conditions. The
results of CID-CRF applied to various lignin model compounds will be presented herein.

Chapter 2 is a review of nitrene anions. While not directly related to lignin, Chapter 2 takes
an in-depth look at how anions can be used to investigate the properties of reactive intermediates,
including radical, diradical, and triradical species. Many of the primary pyrolysis products of lignin
are radical intermediates, which can be generated in abundant populations as distonic radical ions
via ESI/MS/MS. Similarly, nitrene anions are protected nitrene intermediates which can be used
to gain information on the chemical properties of the neutral molecule, including electronic states
and thermochemical data, via spectroscopy and mass spectrometry. Furthermore, the reactivities
of nitrene anions are reviewed as well.

Chapter 3 contains the results of CID-CRF applied to several methoxy-substituted lignin
model compounds: namely, anisole, guaiacol, ortho-dimethoxybenzene, and meta-
dimethoxybenzene. The results are compared to pyrolysis studies. Additionally, evidence was
found for the formation of radical intermediates that had not been reported previously. Supporting
calculations were carried out to determine the energy effects of the charge tag on the ground states
and transition states of intermediates involved in the decomposition of the model compounds.

Chapter 4 contains the results of CID-CRF applied to phenethyl phenyl ethers (PPE). PPE
is a model compound of the B-O-4 linkage, which is the most abundant linkage in lignin. Analysis
of the product ions was used to elucidate whether initial fragmentation proceeded via homolytic
cleavage or a concerted elimination reaction. Calculations were carried out to gain insights into
the transition state complex leading to the observed products. The unimolecular decomposition
products of 1-methoxy-PPE and 1,2-dimethoxy-PPE are also reported.

Chapter 5 presents computational data on the effects of varying charge and location of the
charge site on the potential energy surfaces of the model compounds. Based on the results,
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suggestions are made for improving the charge tag. In addition, future directions for the project
are discussed including identifying the thermolysis of other organic small molecules.
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CHAPTER 2. MASS SPECTROMETRY STUDIES OF NITRENE
ANIONS

A version of this chapter is pending publication with Mass Spectrometry Reviews by Wiley.
Harshal Jawale and Paul Wenthold are contributing authors.

2.1 Introduction

2.1.1 Nitrenes

Nitrenes are a fascinating class of reactive intermediates that contain a neutral hypovalent
nitrogen atom (R-N) and are isoelectronic with carbenes. Because of their unique chemical
reactivity, nitrenes have been utilized in applications such as organic synthesis,! photoaffinity
labeling,* ® and cross-linking experiments.® They have also been observed in the interstellar
medium.’ Nitrenes are commonly formed by thermolysis or photolysis of azides which undergo
expulsion of N2, analogous to how carbenes are formed from diazo compounds. Despite their
similarities, nitrenes and carbenes have very different reactivity. For example, carbenes easily react
with C-H bonds to form adducts®!! whereas nitrenes tend to undergo intramolecular
rearrangements to form polymeric tar.*2 13

In the early 1980s, spectroscopic work resulted in conflicting information about the
chemical properties and spin states of nitrenes due to the extreme difficulty of isolating them as
intermediates. Photolysis of nitrene precursors generates nitrenes in an excited state,** and the
excess energy causes nitrenes to quickly isomerize into multiple intermediates that all absorb in a
similar range. For example, the photolysis of phenylazide (PhN3) produces phenylnitrene (PhN),
ketenimine, and cyanocyclopentadienyl radical that all absorb between 300 and 400 nm, which
complicated the isolation and characterization of PhN.™ 1518 Similarly, it was assumed that
alkyInitrenes could not be detected because of a barrierless 1,2-shift of hydrogen or alkyl groups.®

With improvements in trapping experiments and other methods such as flash photolysis,
spectroscopic assignments of many nitrenes have now been well established. Many observations
of nitrenes or their primary photolysis products have been made in low-temperature matrices.?%-2*
These experiments were often carried out using nanosecond laser flash photolysis or nanosecond

time-resolved infrared.'* 2> However, the lifetime of some reactive intermediates such as *PhN is
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about 1 ns in organic solvents at room temperature.!* Other singlet nitrenes, such as o-
biphenylnitrene (0-BpN) and 1-napthylnitrene (1-NpN) have even shorter lifetimes (16 and 12 ps,

respectively);?% 2’ thus, ultra-fast absorption spectroscopy is often required for their detection.

2.1.2 Nitrene anions

An alternate approach to isolating reactive intermediates is to introduce a negative charge
and manipulate the resulting anions using mass spectrometry. Anions have the advantage of being
easier to generate and detect in the gas phase than their neutral counterparts. They are also less
prone to undergo rearrangement reactions and fragmentations, so an added electron can thereby
function as a protecting group.?®=3° This negative ion approach can be used to produce high yields
of biradical negative ions, or distonic radical anions, regioselectively.3! These protected
intermediates can then be used in mass spectrometric studies to investigate free-radical chemistry,
the acid-base properties of radicals, and in electron photodetachment spectroscopy (EPD) and
negative ion photoelectron spectroscopy (PES) to probe the singlet-triplet energy gaps of the
corresponding neutral biradicals and to measure their electron affinities.> 33

Pioneering work in this area by Squires, Wenthold, and coworkers produced a series of
radical anions, diradical anions, and even triradical anions such as benzynes, m-xylylene,
trimethlyenemethane (TMM), and tetramethyleneethane (TME) in a flowing afterglow.3!: 323435
Mass spectrometry of negative anions has also been used to study a number of other transient
species such as cubyl radical, phenyl radical, and vinyl radical.*¢-3° Nitrenes are likewise diradical
intermediates with short lifetimes due in part to having an empty p orbital on the nitrogen that
enables intramolecular rearrangements (Figure 2.1). In contrast, nitrene anions have an extra
valence electron leaving no vacant orbitals, which effectively slows down rearrangement reactions
and increases their lifetimes.*® Nitrene anions are thus more stable than neutral nitrenes and can

be used to determine a wide range of thermochemical data. 3% 4!
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Figure 2.1 Two possible ways that the non-bonding electrons in nitrenes can be distributed. One
is an open-shell structure, and the other is a closed-shell structure.

In addition to providing valuable insights into the nature of neutral nitrenes, nitrene anions
have their own unique properties as reactants, which can also be investigated using mass
spectrometry. Anionic substituents have been shown to be capable of tuning the reactivity of
nitrenes, and their products have been explored using ion/molecule reactions.* 424° In this work,
we review advancements in the field of nitrene anion chemistry, from their formal synthesis and
reactivity to their characterization via spectroscopy and mass spectrometry, and characterization

of the thermochemical properties of nitrenes.

2.2 Electronic Structure of Nitrenes

Because any work on nitrene anions is intrinsically linked to nitrenes, it is useful to begin
with a discussion on the underlying electronic structure of nitrenes. In any case, the electronic
configuration of nitrenes and nitrene anions are closely related because they differ by only one
electron. Nitrenes are nominally sp hybridized with a bonding sp orbital, a non-bonding sp orbital,
and two (non-hybridized) p orbitals. A lone pair of electrons fills the non-bonding sp orbital, and
two more electrons are distributed between the px and py orbitals. Most nitrenes have a triplet
ground state with singlet excited states that can have electronic configurations px?, py? or pxpy. The
lowest-energy excited state for nitrenes is usually an open-shell singlet, in contrast to what occurs
in isoelectronic carbenes, where the lowest-energy excited state generally a closed-shell singlet.**
%0 This can be explained by looking at the molecular orbital diagrams for carbenes and nitrenes.
Because carbenes are sp? hybridized, the closed-shell singlet is made by pairing two non-bonding
electrons in a lower-energy non-bonding sp? orbital whereas electron repulsion in nitrenes raises

the energy of the closed-shell state relative to the open-shell state (Figure 2.2).
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Figure 2.2 Molecular orbital diagrams for carbenes (left) and nitrenes (right)

The difference in the electronic structure of carbenes and nitrenes leads to a large difference
in reactivity. Because of excess thermal energy that is retained upon formation, both carbenes and
nitrenes are initially formed in an excited state. However, carbenes can quickly undergo
intersystem crossing (ISC) from the closed-shell singlet to the ground state triplet, which can then
undergo bimolecular chemistry.™® 5% 5! This is because the change in angular momentum from
flipping the spin of an electron is accommodated by a change in orbitals (¢ = on) to allow for
efficient spin-orbit coupling (SOC). In contrast, ISC for nitrenes is much slower because
momentum is not as easily conserved going from an open-shell singlet to a triplet state without a
change in orbitals (om = o), resulting in slow SOC.%>5% As a result, nitrenes are stuck in the open-
shell singlet excited state, which undergoes intramolecular rearrangements faster than ISC. An
example of this is seen in the photolysis of PhN3; where the primary photolysis product PhN
isomerizes and multiple intermediates form (Figure 2.3). In addition to isomerizing, *PhN can also

abstract a proton to form nitrenium ion.4 %
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The singlet-triplet splitting is important in controlling the reactivity of nitrenes. A large
singlet-triplet splitting leads to more intramolecular rearrangements. A smaller gap leads to faster
relaxation into the triplet ground state and the possibility of bimolecular reactions. Substituents
can be added to stabilize the open-shell singlet to prolong its lifetime,>! to stabilize the closed-shell
singlet, which undergoes ISC to the triplet ground state faster. The ground-state triplet is less likely
to undergo rearrangement reactions because electrons of the same spin cannot be paired. Much
theoretical and experimental work on nitrenes has been centered around tuning the singlet-triplet

gap,™ %1 %5:%6 and nitrene anions have played a significant role in accomplishing this.
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2.3 Classes of Nitrene Anions

2.3.1 Introduction

Nitrene anions play many roles in addition to functioning as protected nitrene intermediates.
They participate in a wide range of chemical reactions depending on their class or how they are
synthesized. There are formally two approaches that could be used to introduce a negative charge
into a nitrene. The first would involve the addition an electron to a nitrene, creating a radical anion.
Alternatively, anionic nitrenes from neutral nitrenes can be created by removing a cation, such as
a proton. Because neutral nitrenes are unstable and therefore not viable as ion precursors, these
approaches are not used to synthesize the ions, but the ions that would be formed have
distinguishing characteristics that provide a basis for organization and discussion.

A general description of the different classes of nitrene anions is provided in the sections
below. Details of the characterization and reactivity of the ions will be given in later sections.

2.3.2 Nitrene Radical Anions

Nitrene radical anions formally correspond to ions formed by an addition of an electron to
an even-electron nitrene. Practically, they can be formed by using electron ionization (EI) of an
appropriate precursor, such as an azide. Adding an electron to an azide results in dissociative
attachment with loss of N2, leaving behind a nitrene radical anion, as seen in the formation of

phenylnitrene radical anion (PhN-) from PhN3 (Equation 2.1).%

-
PhN; ——> -
3 PhN + Ny 2.1)

Nitrene radical anions still have an sp hybridized nitrogen, so they have a lone pair of
electrons in a non-bonding sp orbital and three more valence electrons distributed between two
non-bonding ¢ and & orbitals. This reduces the number of electronic states from 4, as in the nitrene,
to 2. For example, PhN™ has two possible electronic states; namely, the n’c ground state and a on?
excited state (Figure 2.4). Although calculations predict the n?c state to be favored for PhN-,%3 %

it does not have to be so for all nitrene anions.
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Figure 2.4 The two possible electronic configurations of phenylnitrene radical anion

As mentioned earlier, nitrene radical anions contain an extra valence electron which
prevents intramolecular rearrangement reactions from occurring as quickly as they do for neutral
nitrenes. This aids in their most significant role as protected nitrene intermediates in
photodetachment and photoelectron spectroscopy studies for probing the spectroscopic properties

of nitrenes. Their reactivity has also been examined.

2.3.3 Deprotonated Nitrenes

Deprotonation of nitrenes can occur if the nitrene has an acidic hydrogen. Depending on
the location of the acidic hydrogen, nitrene anions formed by removing a proton can have the
charge centered on the nitrogen or on a separate atom. In theory, a molecule with a proton bound
to the nitrogen, such as imidogen (NH), can be deprotonated to give an even-electron anion with
a formal charge of -1, as shown in Equation 2.2. However, this can only be done in theory as

deprotonation of NH leads to a radical anion that is unbound with respect to electron detachment.®®

_}—]Jr B
HN —> N

(2.2)

In practice, the charge must be at a separate site from the nitrogen center such that the
nitrogen atom retains its formal charge of 0. These types of ions can be formed by deprotonation
of a molecule containing an azide group. Similar to electron attachment, deprotonation provides

the necessary energy for spontaneous loss of N to form the resulting nitrene anion, as in Equation
2.3.
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The resulting anion is not necessarily a pure nitrene and may have a mix of nitrene and
imide character. For example, the ortho- and para-quinonimide anions have contributing nitrene
and quinonimide resonance structures (Figure 2.5). In contrast, the meta isomer is purely a nitrene

with no imide character.
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N :
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Figure 2.5 Resonance structures of nitrenephenoxide anions show that deprotonated nitrenes may
have both nitrene and quinonimide characteristics

Deprotonated nitrenes are still nominally nitrenes, or at least have nitrene character in that
they have resonance contributions from structures with 6 electrons on nitrogen. Therefore, they
will have the same electronic states as nitrenes, including 6%, n* and on singlets and a o triplet.
However, the energy ordering of the states is not necessarily the same, especially in terms of the

energies of the closed-shell states, even to the extent of having a singlet ground state.>¢
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2.3.4 Imide Anions

Deprotonation of a nitrene on the carbon connected to the nitrogen nominally would result
in the formation of an imide anion, R.C=N-, and not a nitrene. However, nitrene character can be
introduced into the ion by the addition of electron withdrawing groups. For example, Rau and
Wenthold*? have shown that benzaldimide (deprotonated benzaldimine), formed by reaction of
trimethylsilybenzaldimine with fluoride, Equation 2.4, has an open-shell o electronic structure if
there is a sufficiently electron-withdrawing group on the aromatic ring. However, most imide

anions have negligible nitrene character.

N ,5|M83 _ N_ N

| *F
X H — | A H or H
I// -FSiMe, A @

X X X (2.4)

2.4 Spectroscopy of Nitrene Anions — Characterization of the Electronic States of Nitrenes
and Nitrene Anions

2.4.1 Introduction

An important application of nitrene anions is as a means for investigating the properties of
nitrenes in the gas phase. Free of solvent effects that potentially stabilize electronic states,
experiments with gaseous ions can simplify the characterization of nitrenes. This section discusses
the advancements in the direct spectroscopic observation of nitrene anions. Some examples include
imidogen (HN"),%%% methylnitrene (CHsN"),'° phenylnitrene (PhN-),%% %% and substituted

phenyInitrene anions.>

242 NH-

The simplest nitrene anion is NH™. The first experimental study of NH™ was carried out by
Celotta, Bennett, and Hall.” Using a 488-nm Ar* laser beam with a crossed-beam apparatus, they
carried out negative-ion photoelectron spectroscopy (NIPES) of NH,™ anion, formed by glow-
discharge ionization of NH3z. A small amount of NH™ was also formed, which allowed them to

measure the corresponding electron affinity of NH (EA = 0.38 £ 0.03 eV). Engelking and
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Lineberger® increased the amount of NH-~ by using HN3 for the source gas in place of NH3z and
increased the NIPES signal with a more powerful laser. Although the resolution was poor in
resolution, the measured spectrum had two peaks in the photoelectron spectrum, corresponding to
transitions from the X°II state of NH™ to the X3%" and a'A states of NH, with an energy splitting
0f 1.579 £ 0.017 eV, in close agreement with theory as well as the results of photolysis experiments
with neutral NH3.%% 7! They also revised the electron affinity of NH (EA = 0.381 + 0.014 eV).

In the mid-1980s, Neumark et al.®? reported the infrared spectrum of NH- by carrying out
autodetachment spectroscopy using a coaxial laser-ion beam spectrometer and monitoring the
neutrals and ejected electrons. As in the previous work, the NH™ was a produced by ionization of
HN3 in a hot-discharge source. The autodetachment resonances showed transitions in the R branch
from NH™ (v=0) to NH™ (v=1) with a resolution better than 20 MHz. Transitions were also observed
in the Q branch with a smaller resolution to calculate equilibrium vibrational constants, which
allowed them to measure an electron affinity of 0.370 + 0.004 eV. Later, using autodetachment
spectroscopy of NH™and detecting the kinematic velocity of the neutral molecule, Al-Za’al, Miller,
and Farley® were able to increase the resolution of the rotation-vibration spectrum and reported
an electron affinity with a precision a thousand times higher than previous work (EA(NH) =
0.374362(5) eV).

2.4.3 CHsN-

Little is known about the electronic states of alkylnitrenes. The simplest alkylnitrene,
methylnitrene, is an intermediate in many combustion processes’ and is thought to have a triplet
ground state (X 3 A2) Csy symmetry and a singlet first excited state (a* E).*® However, singlet CH3N
is unstable and quickly undergoes a hydrogen atom shift to become methyleneimine, CH>NH
(Equation 2.5).

(2.5)

Formation of the imine was first proposed in the early 1930s during pyrolysis studies’® of

methylazide (CH3N3s) and later confirmed by photoionization spectroscopy.” Nevertheless,
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methylnitrene remained elusive despite many early attempts to isolate it. An accurate measurement
of the electron affinity for CHsN was not reported until decades later when Travers et al.® reported
negative ion photoelectron spectroscopy of CHsN-, formed by ionization of methylazide in a
discharge source. The electron affinity of CHsN was found to be 0.022 £ 0.009 eV, with a singlet-
triplet splitting of 1.352 + 0.0011 eV.

244 PhN-

PhN is perhaps the most famous nitrene, and PhN~ has been investigated in many
spectroscopy studies. This radical anion was first investigated in the early 1980s.%% 47 In the study
of two primary reaction channels between aryl azides and nitrenes, they proposed that the reduction
product PhN~ would avoid the competing rearrangement products of PhN. They were able to
synthesize PhN™ via dissociative electron attachment with PhN3 in a flowing afterglow apparatus.
Shortly thereafter, Drzaic and Brauman®” ®8 recognized PhN- as an approach for obtaining
spectroscopic information on PhN. They reported the first direct measurement of the electron
affinity of 33.7 = 0.3 kcal/mol (1.46 + 0.02 eV) obtained by using energy-resolved
photodetachment (PD) spectroscopy in an ion cyclotron resonance spectrometer. They also were
able to estimate a singlet-triplet splitting of 4.3 kcal/mol for PhN based on the increased PD yield
at the corresponding energy in the spectrum.

In 1992, Travers et al.®® reported the 488 nm photoelectron spectrum of PhN-, prepared
from PhN3 using a hot cathode ion source. The spectrum contained intense bands corresponding
to the formation of the ground-state triplet (EA(PhN) = 1.45 £ 0.2 eV) and peaks attributed to the
excited singlet state. Because the ions were rotationally and vibrationally hot, the initial peaks for
the singlet band were assigned as hot bands. This assignment was confirmed by remeasuring the
spectrum by taking the 351 nm photoelectron spectrum with thermal ions formed in a flowing
afterglow ion source. Although the 351 nm spectrum is not shown, they explain that it confirms
that the initial bands of the singlet state in the 488 nm spectrum are hot bands (see reference 5 in
Travers et al.®%) and that the singlet origin indicates a singlet-triplet splitting of approximately 18
kcal/mol.

Shortly thereafter, McDonald and Davidson® reported another value for the electron

affinity of PhN~ by using PD spectroscopy in a flowing afterglow. Based on the onset of the
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photodetachment signal, they determined the electron affinity of PhN to be 1.429 + 0.011 eV, in
reasonable agreement with the previously reported values. On the basis of observed transitions in
the PD curve, they assigned a singlet-triplet splitting of 18.33 kcal/mol for PhN, in excellent
agreement with the value obtained by using NIPES. Curiously, they observed lower energy
transitions for the singlet, which were assigned to hot bands, as had been the case for the NIPES
study, despite the fact that the ions formed in the flowing afterglow source should be vibrationally
cooler than those in the glow-discharge.

As part of a NIPES study of chlorinated aromatic nitrenes (vide infra), Wijeratne et al.>®
measured the 355 nm photoelectron spectrum of PhN~ for comparison with the previous work of
Ellison and co-workers.®® Surprisingly, they found that the weak features previously described as
hot bands for the singlet band were still present in the spectrum, despite using a pulsed expansion
source to cool the ions. Moreover, the intense bands that had been attributed to the origin of the
singlet excited state were not apparent in the 355 nm spectrum. In a reanalysis of the unpublished
spectrum cited by Travers et al.,® it was discovered that the intense singlet-state feature was likely
due to phenoxide impurity, whereas the weaker features assigned to hot bands corresponded to the
standard progression of the singlet band. The reanalysis of the spectrum resulting in a revised value
of the singlet triplet splitting, with AEst = 14.8 £ 0.5 kcal/mol, in good agreement with modern
theoretical predictions.” Interestingly, the first singlet transition observed in the PD spectrum
reported by McDonald and Davidson,? originally assigned as a hot band, is also found at an energy

of 14.8 kcal/mol, suggesting that it is likely the origin for the onset of singlet formation.

2.45 CIPhN-

Wijeratne et al.>® have carried out a photoelectron spectroscopy study of chloro-substituted
phenylnitrene anions to examine the effect of chlorination on the electronic structure. The ions
used in the study were formed from the corresponding chlorinated phenyl azides using a pulsed-
expansion ionization source.’5"8

The 355 nm photoelectron spectra obtained are shown in Figure 2.6. The lower-energy
features were assigned to the triplet states, and the higher-energy features were assigned to the
singlets. The origins of the triplet states are assigned as “A” and vibrational peaks are labeled “B-

D”. Likewise, the origins of the singlet states are labeled “a” and vibrational peaks “b-c¢”. The
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spectra made it possible to measure the electron affinities for ortho-, meta-, and para-substituted
(chlorophenyl)nitrene as 1.79 £ 0.05, 1.82 £ 0.05, and 1.72 £ 0.05 eV, respectively.
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Figure 2.6 Photoelectron spectra of the (a) ortho-, (b) meta-, and (c) para-isomers of
(chlorophenyl)nitrene anions at 355 nm. The region from 2.2 to 2.8 eV was scaled up by 2.5 to
observe the origin of the singlet state more clearly. The origins of the triplet states are assigned
as “A” and the other vibrational peaks are labeled as B—D. The origins of the singlet states are

assigned as “a” for each isomer, and vibrational peaks are labeled b—c. Reprinted with
permission from J. Phys. Chem. A 2009, 113, 34, 9467-9473.5% Copyright 2009 American
Chemical Society.

Photodlectron Comnt

From the photoelectron spectra, it could be determined that the chlorine did not affect the
order of the electronic states of the aromatic nitrene, with the open-shell singlet state still the lowest
energy singlet state. However, subtle differences were observed in the shapes of the spectral

features for the singlet states for the ortho- and para-singlet states, which were interpreted as
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indicating that the chlorine substituent has a detectable effect on the energies and structures of the
open-shell singlet states. The effect was attributed to one-electron resonance delocalization
involving the chlorine atom (Scheme 2.1), which allows for favorable delocalization of the =
electron that reduces the electron-pair repulsion between the unpaired electrons.” The result is a
lowering of the singlet state energy (by about 1 kcal/mol) and a shortening of the C—N bond in the
ortho- and para-isomers compared to that in the meta-isomer, where no resonance stabilization

occurs.

Scheme 2.1

Cl - Cl

2.4.6 Quionimides

The PES of quinonimides has been carried out by Hossain et al.& Benzoquinones play an
important role as electron acceptors in various biological processes®’ 8 as well as in chemical
applications.®® 8 The ortho and para isomers have Kekulé valence structures and low-energy
closed-shell singlet electronic states, whereas the meta isomer has a non-Kekulé structure with an
open-shell triplet ground state. Incorporating substituents into the aromatic ring lead to variations
of lower-energy, stable Kekulé structures with closed-shell elecronic states, or to higher-energy,

non-Kekulé structures with high-spin electron coupling.

o} o o
O Q
o
O]
0-Bzq m-Bzq p-Bzq

As will be discussed in the next section, the reactivity of ortho-, meta-, and para-quinoidal

imides®® shows that the electronic structure of the para isomer actually exhibits characteristics
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consistent with a thermally accessible triplet state. Accordingly, Hossain et al.%° used negative ion
photoelectron spectroscopy (NIPES) to study the electronic properties of the quinonimides and
also determine spectroscopic properties of the corresponding quinoniminyl radicals. The NIPES
experiments were carried out using a time-of-flight (TOF) photoelectron spectrometer with an ESI
source. ESI of 0-, m- and p-azidophenoxide ions occurs by dissociation (M - H - N2) to create
benzoquinone product anions, 0-BzgN-, m-BzgN-, and p-BzgN-.

N N N
O
o
0]
o0-BzgN- m-BzqN-" p-BzqN"

The photoelectron spectra gave electron affinities of 1.715 and 1.67 = 0.01 eV for 0-BzqN-
and p-BzqN-, respectively. By modeling of the Frank-Condon profiles for the photoelectron bands,
it was concluded that the para isomer, p-BzgN- is a ground state singlet whereas the ortho isomer
is a triplet ground state nitrene. The meta isomer was found to rearrange to p-BzqN~ and other
unidentified isomers, and consequently could not be characterized.

2.5 Reactivity

2.5.1 Introduction

Mass spectrometry has been used in investigating the reactivity of nitrene anions in ion-
molecule reactions. Nitrene anions can act as both Lewis bases and as radical intermediates.
Radical chemistry stems from the configuration of valence electrons in the open-shell structure
whereas two-electron chemistry can occur in either the closed-shell or open-shell structures.
Because of their electron deficiency, nitrene anions are electrophilic as well. As will be discussed
below, PhN~ sets the basis for much of what is known about the reactivity of nitrene anions.
However, as the field of nitrene anions has been increasing, a number of other rich examples have

surfaced as well. This section highlights the unique reactivity that has been found for nitrene anions.
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2.5.2 PhN-

The reactivity of PhN™ has been thoroughly investigated. A summary of the reactivity of
PhN™ is shown in Figure 2.7. PhN™ can be generated by dissociative electron attachment of PhNa.
Because PhN™ has an odd number of electrons, it is a ground-state doublet and does not have the
multiplicity problem of other nitrenes (triplet vs singlet).“ Thus, it can easily participate in

reactions with other molecules.

Ph\N//N“\N//N‘Ph T o
N~ _Ph™~
Ph™ N HA @ N,
PhN5
NO
e
o) i
ﬁ CSZ
o NC
/ -
PhN® - o - %
o)
/gNPh NCS
| NPh
+ S'

Figure 2.7 Reactions with PhN~

One of the first reactivity studies on PhN- was carried out by McDonald and Chowdhury.*°

They observed that PhN™ can react with PhN3 by addition to Na to produce azobenzene radical
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anion and nitrogen (Equation 2.6) and to NY' to produce 1,4-diphenyltetrazadiene radical anion
(Equation 2.7).

PhN" + PhN; —> Ph-N=N-Ph + N, (26)

PhN~ + PhN; ——>»  Ph-N=N-N=N-Ph 27)

McDonald, Chowdhury, and Setser*’ also determined the proton affinity of PhN~ in a
flowing afterglow using a series of proton donors with known acidity. For strong acids, PANH was
the major product. For weak acids that could not protonate PhN-, bimolecular reactions were
observed instead. PhN~ was found to form clusters with alcohols through a sequence of reactions.
PhN™ also reacted with CH3CN to form CgHgN2~ as the major product. On the basis of whether the
proton transfer was observed, the proton affinity of the anion was deduced to be 372 + 2 kcal/mol,
which leads to AH{(PhN-) = 60 * 2 kcal/mol .47 8

PhN™ also undergoes addition to certain a,B-unsaturated compounds. Gas-phase studies of
1,2- vs. 1,4 additions of nucleophiles to a,B-unsaturated compounds is difficult because both
reactions lead to products with the same m/z values. Additionally, solution-phase studies indicate
that 1,2 additions are easily reversible, so the results from gas-phase studies yield little information
on the difference in reactivities of the two sites. However, hypovalent radical anions can be used
to solve the reactivity of o,B-unsaturated compounds.*®

Hypovalent species such as R.C~, RN, O, and S™ can add to a,B-unsaturated compounds
irreversibly because they contain both an unpaired electron and a lone pair.** *° After the lone pair
adds to the carbon, the radical can initiate irreversible B fragmentation, as shown in Scheme 2.2.
The resulting product ions have different m/z values; thus, the preference for 1,2 vs. 1,4 additions
can be identified. Whereas as R.C™, and O™ have large H atom (HA) and H+ (PA) affinities giving
them short lifetimes, RN~ has smaller calculated HA and PA values making it a better nucleophile

for gas-phase reactions.*°
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Scheme 2.2
()
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As seen with additions to a,B-unsaturated compounds, PhN™ also adds to carbonyls. Most
gas-phase nucleophiles add to carbonyls reversibly making information about the reactivity of
carbonyl sites difficult to uncover. Nevertheless, addition of PhN~ followed by irreversible f3
fragmentation can yield valuable information on the reactivity of carbonyl sites, as shown in
Scheme 2.3.
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Scheme 2.3

Nitric oxide (NO) is a reagent that reacts specifically with open-shell anions in the gas
phase.®® lon/molecule reactions involving NO can thus aid in investigating electronic structure.
Wijeratne and Wenthold® observed that PhN- reacted with NO via nitrogen-oxygen exchange to

form phenoxide, as shown in Equation 2.8.

N~ NNO N0 o
00— 0™
(2.8)

They also observed that PhN™ reacted with carbon disulfide (CS2) by C* or CS* abstraction forming
S and Sz (Equation 2.9).
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9)

253 Pyridinyl-n-oxide Nitrenes

Radical stabilizing groups®’ are one route to altering the electronic structure of nitrene
intermediates. Although the effect of these groups is predicted to be small, usually reducing the
singlet-triplet splitting by less than 2 kcal/mol, some larger effects do occur.8 Furthermore, other
radical stabilizing groups are predicted to have an unusually small singlet-triplet splitting, as seen
with 2-furanylnitrene.®® To determine the effects of a radical stabilizing group on PhN-, Koirala,
Poole, and Wenthold® investigated the reactivity of 3- and 4-pyridinylnitrene-n-oxide radical
anions, 3PNO~ and 4PNO-, respectively, formed by ionization of the corresponding azides in a

flowing afterglow ion source.

[ B
/&l\o— I'\:'I/
i
3PNO 4PNO

The pyridinium is an electron acceptor, but the oxide is a = donor. While the n-oxide does
not participate in resonance at the 3-position, two types of stabilization are available at the 4-

position (Figure 2.8).
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Figure 2.8 Resonance structures of 4PNO-

The radical anions were generated using El of azide precursors, then cooled to ambient
temperature (298 K) by helium buffer gas downstream in a flow tube where they underwent
ion/molecule reactions. Although the n-oxide was not predicted to alter the ground state of 4APNO-,
differences in reactivity between 3PNO-and 4PNO~ were observed. One significant difference is
that the reaction of 4PNO~ with NO leads to more adduct ion whereas the reaction with 3PNO-
only leads to trace amounts. Both are observed to undergo N-O exchange.

Upon reaction with CS;, 3PNO™ and 4PNO~ again displayed different reactivity.
Nucleophilic attack of the oxygen in the anion at the carbon in CSzwas only observed for 4APNO™.
This led to sulfur-oxygen transfer and to formation of CS>O~ (Equation 2.10), which was not
observed for 3PNO™ indicating that the n-oxide moiety does not interact with the substituent in the

meta position.

o BN
s, — +  CS,0
N N

This work confirmed that sufficiently strong m-donors oxygen-atom transfer, which is

(2.10)

consistent with condensed-phase studies® but had not previously been observed for aromatic n-

oxides.
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2.5.4 Quinonimides

Rau, Welles, and Wenthold®® showed that anionic-t donors can lead to a closed-shell
singlet ground state. They investigated reactions of anion-substituted (CH2~, O~) aromatic nitrenes
with Oz, NO, and CS,. The ions were synthesized by reaction of precursor azide molecules m- and
p-azidotoluene and p-azidophenol with hydroxide and fluoride ions, respectively, in a flow tube,
resulting in closed-shell nitrene anions, as shown in Equations 2.11, 2.12, and 2.13.

HsC +0OH  H,C -N, Hz‘k@\
T L
N; -H20 N3 N

1 (2.11)
HO +0H  O. N, o.
T 1L 1L
N; -Hy0 N N
2 (2.12)
CH; CH,
i +OH i -N, -
— = —— >  [M-H-Nj]
N, -H0 N,

8 (2.13)

Differences were observed in the products of the deprotonated nitrene anions 1-3 when
they react with NO. The compounds with CH»~ (1 and 3) only undergo adduct formation with NO,
whereas ion 2, with the O, results in nitrogen-oxygen exchange in addition to adduct formation
(Equation 2.14).
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[2+NO]
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O. (2.14)

Both para isomers (1 and 2) undergo sulfur-nitrogen exchange with CS> to form NCS’;
however, 3 once again only undergoes adduct formation. The differences in the observed reactivity
of the deprotonated nitrene anions with NO and CS; provide insight into the ion electronic
structures. Because NO is known to undergo reactions with open-shell anions,3% %% %2 jt was
expected that 1 undergoes only adduct formation because it is a closed-shell anion. In contrast, 2
formed a 60/40 mixture of adduct and semiquinone anion (Equation 2.14), which implies it has an
accessible open-shell structure. In addition, reaction of 2 with molecular oxygen results solely in
nitrogen-oxygen exchange, which is indicative of a low-energy, accessible triplet state.

Calculations carried out on the singlet-triplet energy gaps of other nitrene derivatives led
to the prediction that functional groups that could fine tune the electronic structure of nitrenes.
Figure 2.9 is the result of those calculations showing a range of electron donating groups that create
a spectrum of molecules with a mix of quinone and nitrene resonance contributions. The stronger
the electron donor, the greater the quinone contribution and which increases the likeliness of the

molecule undergoing bimolecular reactions.
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Figure 2.9 Calculated anionic substituent effects on the singlet-triplet splitting of phenylnitrene.
Reprinted with permission from J. Am. Chem. Soc. 2013, 135, 2, 683-690.% Copyright 2013
American Chemical Society.

2.5.5 Benzoylnitrenes

Wijeratne and Wenthold* % % have extensively studied the reactivity and
thermochemistry of benzoylnitrene radical anions, which were generated by 70 eV electron
ionization of benzoylazide and analyzed with a triple quadrupole mass spectrometer. Acylnitrenes
have been confirmed to be ground state singlets® % because they are stabilized by the carboxylate
through resonance.®” ®8 Similarly, benzoyInitrene radical anion is also stabilized via resonance, as

shown in Equation 2.15.

saidon
(2.15)

As with aromatic nitrene anions, benzoylnitrene anions react with NO by nitrogen-oxygen
exchange forming benzoate anion as the major product (Equation 2.16). The reaction is again
proposed to involve an initial radical coupling of the benzoyl nitrene anion and the nitric oxide
forming a benzoylnitrosate anion, followed by the formation of a 4-membered transition state that

gives the benzoate after elimination of a nitrogen molecule.
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(2.16)

The reaction also produces a small amount of benzonitrile, which is produced by oxygen

anion transfer (Equation 2.17).

0O
. CN )
N: + NO —— ©/ + NO,
(2.17)

The reaction with nitrogen dioxide also undergoes a nitrogen-oxygen exchange leading to
formation of benzoate anion and N2O. This reaction is presumed to follow a similar mechanism as
the reaction with NO, with initial formation of phenylnitroso anion followed by a rearrangement.

This reaction produced additional products, as shown in Scheme 2.4, but to a much smaller extent.
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Scheme 2.4

NO  NO

N-NO,

4,4

The reaction of benzoyl nitrene anion with the Lewis acid CS; yields benzonitrile as the
main product along with CS;O~ (Equation 2.18). Oxygen anion transfer is also observed in the
reaction with SO2, where the major products are benzonitrile and SOsz~ (Equation 2.19). This
reaction is accompanied by the formation of SO, indicating oxygen abstraction by the
benzoylnitrene anion. Reaction of benzoyl nitrene anion with other Lewis acids such as CO> and

N>O does not occur.®

O

- CN
N: +csg, —— ©/ + CS,0
(2.18)

CN
o ©/ + SO;
©)L cs0,
— 0]
SR
r S0 (2.19)
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Atomic oxygen ion, O-, is well-known to undergo reactions by Hy* transfer.®
Consequently, O~ has been used extensively for the synthesis of radical anions of reactive
molecules, including carbenes and diradicals. A similar type of H" transfer was also observed in
the reactions of benzoylnitrene anions with select reagents with high acidities. The reagents vary
from various substituted phenols to other substrates such as acetic acid and 1,1,1,3,3,3-hexafluoro-

2-propanol, as shown in Equations 2.19 and 2.20.%

0 OH 0 0}
O QL O QL
CH, CH,
0

i H. _OH o_|:
Nt e/ NH, + L
- FC cF, FsC~ “CF,
(2.20)

2.5.6 Benzaldimides

(2.19)

In the same way that strong m donors can increase the quinone character of nitrenes,
electron withdrawing groups can increase the nitrene character of imides. An example is para-

substituted quinonimide anion, as shown in Equation 2.22.

Al (2.22)

While imide anions are formally the conjugate bases of imines, they can be synthesized by

reactions of n-trimethylsilylimines with fluroride ion (Equation 2.23).
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X X (2.23)

The nitrene character of these molecules can be confirmed through ion/molecule reactions
with NO and CS; which have distinct reactivities towards open-shell and the closed-shell
nitrenes.>® Using these reagents, Rau and Wenthold*? examined the reactivities of substituted

benzaldimide anions (Equation 2.24).

N S
| X H + cs, — | = H . SCN
- L
X X
X =H, p-CHjs, p-CN, m-NO,, p-NO, (2.24)

In their studies, various substituted benzaldimides reacted with CS; by nitrogen-sulfur
exchange, thus confirming the presence of a nitrogen-based anion. The mechanism of the NCS-
formation is predicted to involve direct addition of CS; forming a thiocaboxylate which forms a

4-membered transition state followed by the substitution (Scheme 2.5).

Scheme 2.5
S

N NJ\S_
dLH +CS, ©/QH
S
N\)L,S S
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The ions also reacted with CS; by hydride transfer forming HCS2- and the corresponding
benzonitriles (Equation 2.25). This was unique because other imide anions such as benzophenone

do not react with CS2 via hydride transfer.>®

CN i

N H+CSQ—“©/ + HCS,
= AF

X" X

X =H, p-CHs, p-CN, m-NO,, p-NO, (2.25)

In reactions with NO, most imide anions form adducts indicating the presence of a closed-
shell anion. In contrast, p-nitrobenzaldimide was found to react with NO via N-O exchange
forming benzaldehyde radical anion (Equation 2.26). The formation of the NO adduct as well as
the N-O exchange product is indicative of that p-nitrobenzaldimide has an accessible open-shell

(presumably) triplet electronic state.

(2.26)

2.6 Thermochemistry

The focus of many of the studies included in this review has been on the determination of
the thermochemical properties of nitrene anions and the corresponding nitrenes. Thermochemical
properties, such as enthalpies of formation, gas-phase acidities, and electron affinities, aid in
understanding the reactivity of nitrenes and nitrene anions, and many of the traditional mass spec
approaches have been used in this regard.®

As discussed in the spectroscopy section, nitrene electron affinities can be measured from
a photodetachment or photoelectron spectrum. From features in the photodetachment and
photoelectron spectra, it can be possible to determine the energy difference between the triplet and
singlet states of the nitrene, AEst. Anion proton affinities (or, conversely, the gas-phase acidity of
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the conjugate acid, AGacid(RNH)) have been measured by using proton-affinity bracketing,
wherein the proton affinity is deduced from the occurrence or non-occurrence of proton transfer
in the reaction of proton donors with known gas-phase acidities. With reliable estimates of ASacid
values the free energy values can be converted to AHacig(RNH).8 101,102

From these direct measurements, additional important thermochemical quantities can be
derived. In particular, by using the expression in Equation 2.27,1% it is possible to calculate the
homolytic bond dissociation energy (BDE) in the RNH radical, D(RN-H).

D(R-H) = AH,jg(RH) + EpA(R) — IE(H) (2.27)

Consequently, if the enthalpy of formation of RNH is known, then the BDE can be used to
determine the absolute enthalpy of formation of the nitrene, AH#(RN). Currently, only NH and
PhN are characterized to this extent. A summary of the measured thermochemical values obtained

by studies of nitrene anions is shown in Table 2.1.
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Table 2.1 Thermchemical Properties of Nitrenes and Nitrene Anions from Mass Spectrometry

Studies
Nitrene lon  Ega(RN), AHaia(RNH),  AEst(RN), D(RN-H) References
(RNY) eV kJ/mol kJ/mol kJ/mol*
NH- 0.38+0.03 Celotta et al.”
0.381+0.014 152+2 Engelking and
Lineberger®
0.370 + 0.004 Neumark et al.®?
0.374362(5) Al-Za’al et al.%
150.6 £ 0.1 Rohrer and Stuhl™
CHsN- 0.022 + 0.009 130.5+0.1 Travers et al.*°
PhN- 1.46 £0.02 18017 Drzaic and
Brauman®” 8
1.45 +0.02 62+ 2° Travers et al.®
1.43 +0.02 76.6 £ 2.9 McDonald and
Davidson®®
1.45 +0.02 62 +2 Wijeratne et al.>®
1560 + 8 388+8 McDonald et al.*’
0-CIPhN- 1.79 £ 0.05 58+8 Wijeratne et al .5
1534 + 16 395+ 17 Wijeratne et al.*
m-CIPhN- 1.82 +0.05 63+8 Wijeratne et al.>
1535+ 16 399 +17 Wijeratne et al.*
p-CIPhN- 1.72 £0.05 58 + 8 Wijeratne et al.
1533+ 16 38717 Wijeratne et al.**
0-OC¢HsN-  1.715+0.010 149+ 1° Hossain et al &
p-OCeH:N- 1.675+0.010 Hossain et al.&°
CsHsCON- 1453 + 10 Wijeratne and
Wenthold®

8Derived from D(R-H) = AHacid(RH) + Eea(R) - IE(H)

bAlthough this was originally reported as 75 + 8 kJ/mol, the original data were re-interpreted in
reference by Wijeratne et al.>® to the value of 62 kJ/mol.

“This is technically the doublet-quartet splitting because the neutral nitrene is an odd-electron
species; in contrast to the other nitrenes in the table, which are ground-state triplets, the low-spin
(doublet) state is the ground state

Additional characterization of the benzoyl nitrene radical anion, BzN-, was reported by
Wijeratne and Wenthold.** Collision-induced dissociation (CID) of BzN~ occurs by loss of NCO~
to form phenyl anion (Equation 2.28). By using energy-resolved CID, the authors were able to
determine the energy for the dissociation reaction in Equation 2.28 which, when combined with
the well-known enthalpies of formation of phenyl radical’® and CNO-, % could be used to

determine the enthalpy of formation of the benzoyl nitrene radical anion.
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O
e O
(2.28)

Similarly, bracketing reactions were used to determine the proton affinity of the anion, and,
consequently, the gas-phase acidity of the benzamidyl radical (Equation 2.29). Proton transfer was
observed with formic acid but not with 1,2,3-triazole, resulting in a proton affinity of 1453 + 10
kJ/mol.

O 0]
©)Lﬂ_= +HA —— @ALW A
(2.29)

By combining these two measurements, a wealth of thermochemical data could be derived
(Figure 10) including the homolytic BDE in benzoylamide (D(PhCONH-H) = 429 + 14 kJ/mol),
the electron affinity of the benzoylamidyl radicl (EA(PhCONH) =2.70 £ 0.17 eV) and the oxygen
anion (O") affinity of benzonitrile (D(PhCN-O") = 294 £ 9 kJ/mol).
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Figure 2.10 Thermochemical properties measured and derived from the studies of benzoylInitrene
radical anion. All values are in k/mol. Values in blue dashed-line boxes were measured directly
in this work, whereas values in red dotted-line boxes were derived from those measurements and
literature values, shown in black. Reprinted with permission from J. Phys. Chem. A 2007, 111,
42, 10712-10716.% Copyright 2007 American Chemical Society.

2.7 Condensed-phase Nitrene Anions

While nitrene anions are difficult to isolate in solution, they are known to take part in
condensed phase chemistry.1%-1% They fall into a category of organic molecules with low-lying
high-spin electronic states that have drawn significant interest for many years because of their
unique electronic properties.'%” Because of their high reactivity, they are difficult to characterize.
However, a few examples have been reported in the literature, which will be discussed below.

In the electrochemical reduction of p-nitrophenyl azide in DMF, acetonitrile, and
butyronitrile, Herbranson and Hawley®* proposed the formation of p-O.NCsH4N3~ radical anion
(Equation 2.30) which decomposes by loss of dinitrogen to give the corresponding phenylnitrene

anion as a short-lived, unobserved intermediate (Equation 2.31). The formation of the dimeric
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dianion 4,4'-02NCgHsN=NCsHsNO2>" is presumed to go through the dimerization of either p-
02NCsH4N3~ (Equation 2.32) or p-O2NCsHsN~ (Equation 2.33).

P-O;NCgHyN; + ¢ === p-O,NC4H,N;

(2.30)
PONCHN; ——>  p-ONCHN" + N, (2:31)
2 p-O,NC{HN; ———>
4,4'-0,NC{HN=NC{H,NO2”  + 2N, (2.32)
p-ONCHN ———»
4,4'-0,NC¢H,N=NC(H,NO,* (2.33)

The proclivity of these anion radicals to undergo carbonyl addition/radical B-fragmentation
reaction was also tested by controlled-potential electrolysis of p-O2NCsHaN3 in the presence of
excess 2,3-butanedione, (CHsCO),. The product p-O2NCe¢HsN-COCHz obtained after the
electrolysis was again presumed to have formed via one of the two intermediates shown in
Equations 2.34 and 2.35.

2p-OzNC6H4N3._ + (CH}CO)z

4,4-0,NCGH,NCOCH; + CHy,CO + N, (2.34)

2p-02NC6H4N B + (CH¥CO)2

4.4-0,NC(H,NCOCH;  + CH;CO’ (2.35)
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Some other experimental evidence provided by the authors for the formation of the radical
anions p-O2NCeHsN3~ and p-O2NCsHaN~ were observed during diazo transfer reactions with
diethyl malonate and the formation of p-O2NCeH4N-CON(CO3)2 in DMF.

Van Galen, Barnes, and Hawley'% also observed evidence for the formation of tosylInitrene
dianion radical FI=NNTs?" during the electrochemical reduction of fluorenone tosylhydrazone
anion (FI=NNTs"). The dianion radical was found to be stable on the cyclic voltammetry timescale
(ip,a/ip,c = 1.0) in DMF-0.1 F (n-Bu)sNCIQOg4, and could be readily protonated in the coulometric
time scale or in the presence of proton donors with pKa < 29. Furthermore, the reduction of
FI=NNTs™ yielded the expected product F1=NH which further reduced reversibly to FI=NH"
radical anion on the cyclic voltammetric time scale in the absence of added proton donors.

The product studies of the decomposition reaction of FI=NNTs? on the coulometric scale,
afforded the products FINH. and TsNHa, and the pathway for their formation was proposed to go
through the TsN™ radical anion species. Although attempts to capture TSN~ were unsuccessful, the
data was consistent with the formation of TSN~ which was presumed to rapidly undergo hydrogen
atom abstraction, proton abstraction or other types of reactions in the condensed phase.

Formation of nitrene radical anion intermediates was also proposed by Murata, Nakatsuiji,
and Tomiokal% during pyrene-sensitized photolysis studies of p-butylphenyl azide in the presence
of diethylamine (DEA). The photolysis product p-butylaniline was proposed to form via one
electron reduction of the azide to give the azide radical anion which then loses a dinitrogen to
produce the nitrene radical anion. The nitrene radical anion would then undergo proton and
hydrogen atom abstraction to yield the final aniline. The authors also proposed that the one electron
reduction of the p-butylphenyl azide was carried out by the pyrene radical anion (Py~) formed by

electron transfer from DEA to the excited pyrene (Py*), as shown in Scheme 2.6.

Scheme 2.6
DEA DEA"

Py MV py S A, Py~ P

ArN; ANz

_N2

—2 » AN ———, ArNH,
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Mudagal et al.1% studied the formation of an important biomolecule radical, aminyl radical
(RNH) in 3'-azidothymidine (3’-AZT) (Figure 2.11), 2'-azido-2'-deoxyuridine (2’-AZdU), 4'-
azido-2'-deoxycytidine (4'-AZ-2'-dC), methyl 2-azido-2-deoxy-o-D-lyxofuranoside, and methyl
2-azido-2-deoxy-B-D-ribofuranoside.'®® The sugars were subjected to one electron reduction by
radiation-produced prehydrated electrons which resulted in the formation of the corresponding,
highly unstable azide anion radicals. Similar to examples discussed earlier, the azide anion radicals
then underwent subsequent dinitrogen elimination to yield the corresponding nitrene anion radicals

which led to rapid protonation to form RNH.

0
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Figure 2.11 Formation of aminyl radical RNH from 3’-AZT via one-electron reduction'®®

Using ultraviolet and 1H NMR experiments, Perrotta and Falvey'%’ characterized several
ion-diradicals with low energy triplet states. Although not predicted to be the ground state, the
authors found that sufficiently strong electron-withdrawing groups could lower the energy of the
triplet state enough to create a population of triplet anilide (imide) anions. For example, 3,5-
dinitroanilide anion, 4, was found to have paramagnetic behavior indicating a triplet electronic

state.
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2.8 Conclusion

Advancements in techniques such as laser photolysis and flash vacuum pyrolysis with very
short contact times and cryomatrices at temperatures of 2-4 K have enabled the generation and
isolation of numerous nitrenes and primary radical intermediates. Developments in spectroscopic
techniques have helped in their identification and characterization. The electronic states of many
nitrenes along with their reactivities have also been identified. However, much work remains to
be done to fully understand the factors that govern their energies, correlations, structures, and
tunneling reactions that involve intersystem crossing and mixing of electronic states. The biggest
challenge associated with these studies is the accessibility to the always decomposing nitrene
intermediates.

Nitrene anions serving as protected nitrene intermediates offer easy access to
spectroscopically probe their neutral counterparts because of their reluctance to undergo
rearrangement reactions. Nitrene anions also exhibit their own unique reactivity. Thus,
investigations into nitrene anions should go hand in hand with the development of nitrene

chemistry.
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CHAPTER 3. GAS-PHASE PYROLYSIS OF ANISOLE, GUAIACOL,
AND DIMETHOXYBENZENE BY COLLISION-INDUCED
DISSOCIATION CHARGE-REMOTE FRAGMENTATION MASS
SPECTROMETRY

3.1 Introduction

Lignin is a plant biopolymer that can be converted into bio-oil under high temperatures and
in the absence of oxygen through a process called fast pyrolysis, and the bio-oil can be catalytically
upgraded into second-generation renewable fuel or used as chemical building blocks. 1* However,
polycyclic aromatic hydrocarbons (PAHSs) also form during lignin pyrolysis, which poison
catalysts and make upgrading bio-oil difficult.®® PAHs are thought to grow from a high
concentration of radical precursors present during fast pyrolysis.® Identifying the thermolytic
mechanisms by which these radical intermediates form is key to making fast pyrolysis a viable
chemical and energy source.

Radical formation is commonly thought to begin with cleavage of the etheric f-O-4 bond
that composes 60 percent of the total bonds in some hardwood lignin. 2 Thermolysis of the -
O-4 bond is thought to occur through direct bond dissociation to form phenoxy radical (Scheme
3.1). Under fast pyrolysis conditions, phenoxy radical then continues to dissociate via routes that

are dependent on the substituents present around the aromatic ring.

Scheme 3.1
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Smaller model compounds containing the same moieties and linkages as lignin can be used
to study how lignin breaks down in the gas phase.**® Therefore, anisole (A1), guaiacol (G1), and
ortho-dimethoxybenzene (O1), and meta-dimethoxybenzene (M1) are commonly used for
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modeling lignin because they dissociate into phenoxy radicals (A2-M2) when heated and contain
common functional groups (H, OH and OCHj3) that are found throughout lignin (Scheme 3.2).% 1°

Scheme 3.2
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Many methods have been used to study the behavior of lignin pyrolysis products in the gas
phase.” & " However, the occurrence of bimolecular reactions often creates a problem because
they interfere with the detection of primary pyrolysis products. Minimizing bimolecular reactions
is usually done by decreasing the concentration of the sample, but this has a negative effect on
sensitivity. Other ways of preventing product recombination include the laser ablation of samples
with short pulses to shorten heating times, and the cooling of primary products using supersonic
expansion.®!® Alternatively, collision-induced dissociation mass spectrometry (CID-MS) can be
used to monitor the step-by-step unimolecular decomposition of lignin model compounds in the
gas phase.

Although nominally, CID-MS requires ions for activation and detection, it can be used to

examine the dissociation of neutral moieties within molecules through ‘“charge-remote

fragmentation, where an inert charge site is separated from the dissociation region. This is in
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contrast to generating deprotonated or protonated lignin-like ions, which mainly undergo charge-
driven fragmentation patterns.® Charge-remote fragmentation (CRF) has been used previously to
study fatty acids, steroids, lipids, oligosaccharides, and other biological molecules.'®?? Now, with
the advent of electrospray ionization mass spectrometry for ion generation, it is possible to
generate very large ions with ion tags, such that CID-CRF can offer structural information on the
degradation of even large neutral compounds without the need of high temperatures and without
interference of secondary reactions. In this work, we applied CID-CRF to a series of methoxy-
substituted aromatic compounds tagged with SOs™ to determine their unimolecular routes of

decomposition.

3.2 Methods
3.2.1 Materials

Starting materials and solvents were purchased from commercially available sources and
used as received. 1,2-dimethoxy-D6-benzene was purchased from CDN Isotopes, Quebec, Canada.
Synthetic procedures are given in Chapter 2 of this dissertation.

General Heck Olefination: The synthetic route for attaching a sulfonated styrene tag to the
molecules in this work was a Heck reaction using palladium(ll) acetate catalyst in DMF/water as
described by Khemais and coworkers.!* A 100 mL round bottom flask with a magnetic stir bar
was charged with the 4-bromo substrate analog (5 mmol), sodium p-styrenesulfonate hydrate (0.93
g, 4.5 mmol), potassium carbonate (7.5 mmol), palladium(ll) acetate (1 mol %, 11.2 mg), Aliquat
336 (1.14 mL, 2.5 mmol), DMF (2 mL), and water (2 mL). The reaction mixture was stirred at
95 °C for 2 hr. After the reaction was completed, 40 mL chloroform was added and the solid was
filtered. The solid was rinsed with methanol (100 mL), and the filtrate was collected. The methanol
was removed under reduced pressure to give a solid product. The solid was rinsed multiple times
with methanol/ethyl acetate (1:10) to remove unreacted p-styrenesulfonate, which was slightly less
polar than the target molecule.

'H-NMR spectroscopic data were collected with a Bruker AV-111-400-HD.

A1-CsHeSOs3: *H-NMR (400 MHz, DMSO-ds) 6: 7.54 (2H, d, J = 8.4 Hz), 7.53 (2H, d,
J=8.4Hz),7.48 (2H, d, J = 8.4 Hz), 7.20 (1H, d, J = 16.4 Hz), 7.07 (1H, d, J = 16.4 Hz), 6.93
(2H, d, J=8.4 Hz), 3.75 (3H, s).
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G1-CsHeSOs™: H-NMR (400 MHz, DMSO-ds) 6: 7.55 (2H, d, J = 8.4 Hz), 7.47 (2H, d,
J=8.4Hz),7.19 (1H, d, J = 1.6 Hz), 7.14 (1H, d, J = 16.4 Hz), 7.04 (1H, d, J = 16.4 Hz), 6.97
(1H, dd, J = 8.4, 1.6 Hz), 6.76 (1H, d, J = 8.4 Hz), 3.81 (3H, 3).

01-CsHeSO37: *H-NMR (400 MHz, DMSO-ds) 6: 7.57 (2H, d, J = 8.4 Hz) 7.49 (2H, d,
J=8.4Hz), 7.24 (1H, d, J = 1.6 Hz), 7.20 (1H, d, J = 16.4 Hz), 7.10 (1H, d, J = 16.4 Hz), 7.09
(1H, dd, J = 8.4, 1.6 Hz), 6.93 (1H, d, J = 8.4 Hz), 3.80 (3H, s), 3.75 (3H, 5).

M1-CsHsSOs: 'H-NMR (400 MHz, DMSO-ds) 8: 7.58 (2H, d, J = 8.4 Hz) 7.53 (2H, d,
8.4 Hz), 7.27 (1H, d, J = 16.4 Hz), 7.18 (1H, d, J = 16.4 Hz), 6.78 (2H, d, J = 2.0 Hz), 6.40 (1 H,
t, J = 2.0 Hz), 3.76 (6H, s).

3.2.2 Instrumentation

Mass spectra were collected on a commercial LCQ-DECA (Thermo Electron Corporation,
San Jose, CA, USA) quadrupole ion trap mass spectrometer. Samples were diluted in 50:50
water/methanol and then injected into the mass spectrometer by using electrospray ionization (ESI).
CID experiments were done using helium as the collision target. The collisional energy was given

by the normalized collision energy (NCE) which ranges from 0% to 100%.

3.2.3 Quantum Chemical Calculations

Geometry optimizations and frequency calculations for both ground states and transition
states were performed using density functional theory (DFT) with the M06-2X functional®® and

the 6-31++G(d,p) basis set. Calculations were done using Gaussian16.2*

3.3 Results
3.3.1 Anisole

The first system investigated by CID-CRF was sulfonated anisole, A1-CsHsSO3". As will
be discussed in more detail in Chapter 5, a styrene linker was used to separate the inert charge site
from the labile portion of anisole. The full scan and subsequent CID spectra of A1-CsHsSO3 (m/z
289) are shown in Figure 3.1. As expected, the first dissociation was loss of methyl radical to form
phenoxy radical, A2-CsHsSOs". In addition to loss of methyl radical, subsequent CO loss also
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occurred in competition with loss of SO, as shown in Scheme 3.3. The peaks at m/z 273 and m/z
245 are likely artifacts due to a low ion count and high collision energy. Although weak in intensity,
the appearance of cyclopentadienyl radical, A3-CsHsSO3s™ (m/z 246) showed that it was possible

to isolate multiple product ions in the dissociation of lignin model compounds using CID-CRF.
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Figure 3.1 The unimolecular decomposition of sulfonated anisole (R=CgHsSO3"). The full mass
spectrum (a) shows the molecular ion, A1-CsHsSO3". Subsequent CID spectra show loss of
methyl radical (b) and CO (c) to form A2-CsHesSOs™ and A3-CsHsSOs3', respectively.
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Scheme 3.3 Dissociation of sulfonated anisole
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3.3.2 Guaiacol

The next system investigated by CID-CRF was guaiacol, G1-CsHsSOs". The full scan and
subsequent CID spectra of G1-CsHsSO3s™ (m/z 305) are shown in Figure 3.2. The two product ions
in Figure 2c were assigned as ortho-benzoquinone, OBQ-CsHsSOs (m/z 289) and
cyclopentadienone, CPD-CsHsSOs (m/z 261). CID of the m/z 289 peak revealed the m/z 261 peak
as its own product ion, showing that stepwise loss of H and CO is a possible pathway for CPD-
CsHsSOs formation, as shown in Scheme 3.4; however, direct formation of CPD-CsHsSO3 from
G2-CsHsSO3™ cannot be ruled out. Lastly, CID of the m/z 261 peak showed loss of CO and a
product peak at m/z 233.
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Figure 3.2 The unimolecular decomposition of sulfonated guaiacol. (a) The full mass spectrum
shows the molecular ion, G1-CsHsSOs". (b) Subsequent CID revealed loss of methyl radical to
form G2-CsHsSOs3, and (¢) further dissociation of H and COH to form OBQ-CsHsSO3™ and
CPD-CsHeSOs', respectively.
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Scheme 3.4 Dissociation of sulfonated guaiacol
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3.3.3  Ortho-dimethoxybenzene

We next investigated the dissociation of ortho-dimethoxybenzene, O1. The full MS scan
and subsequent CID spectra of O1-CsHsSO3™ (m/z 319) are shown in Figure 3.3. The first step, as
expected, is loss of methyl radical. CID-CRF of the methoxy phenoxy radical, O2-CsHsSOs (m/z
304), occurred by loss of H to form ortho-hydroxybenzaldehyde, OHBA-CsHsSO3™ (m/z 303).
Additional product ions are m/z 289 and m/z 275.
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Figure 3.3 The unimolecular decomposition of sulfonated ortho-dimethoxybenzene. (a) The full
mass spectrum shows the molecular ion, O1-CsHsSOs3". (b-d) Subsequent CID spectra show
multiple product ions.

A peak at m/z 289 is evidence that O2-CsHsSO3™ (m/z 304) can undergo a second methoxy
scission to form ortho-benzoquinone, OBQ-CsHesSOs". This product ion then loses CO to form
CPD-CsHsSO3', as shown in Scheme 3.5.
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Scheme 3.5
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To investigate whether O2-CsHsSO3™ was losing an H atom from one of the methoxy
groups or from the ring, we sulfonated deuterated ortho-dimethoxy-d6-benzene and performed
CID. The CID spectrum showed loss of CD3s followed by deuterium elimination and confirmed
that the source of H loss was one of the methoxy hydrogens, which is consistent with the

mechanism proposed by Robichaud (Scheme 3.6).1°

Scheme 3.6
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The product at m/z 275 (PHE-CsHesSO3") can be attributed to CO loss from OHBA-
CsHsSOs". The ion OHBA-CsHsSO3" also dissociates by loss of CO and Ha leading to a product
03-CsHe6SO3" (Scheme 3.7).
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Scheme 3.7
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To confirm the structure of OHBA-CsHsSOs3", we examined CID of authentic sulfonated
2-hydroxybenzaldehyde and found that it produced a matching spectrum to OHBA-CsHsSOs3".
There is no evidence for O2-CsHsSOs3™ undergoing CO elimination and ring reduction to give a
peak at m/z 276.

3.3.4 Meta-dimethoxybenzene

Finally, we wanted to see how increasing the distance between the methoxy groups in
dimethoxybenzene would alter the dissociation, so we investigated meta-dimethoxybenzene, M1.
The full MS scan and CID spectra of M1-CgHsSOs3" are shown in Figure 3.4.

93



4.0e+8
O RO/
303
M3'C8H6SO3- 288
2.0e+8 H(¢) |
CPD-C,H,SO, 261 276 250
“ 275 |277 304
bt 1l | |
% 0.0
O'
=
= 304
g —
R o~
< 6.5¢+8 -{(b)
:: M2'C8H6SO3-
E M1-CoH 0 303 319
é‘ 255 | "
0.0 L
319
0
6.0e+8 < (a) Q
R 0~
M1-CgH SOy
0.0 - : . h
230 280 330

Mass (m/z)

Figure 3.4 The unimolecular decomposition of sulfonated meta-dimethoxybenzene. (a) The full
mass spectrum shows the molecular ion, M1-CsHesSO3". (b-c) Subsequent CID spectra show its
dissociation products.

After the initial loss of methyl radical, the methoxy phenoxy radical M2-CsHsSO3™ (m/z
304) dissociates by loss of CO to form M3-CsHeSO3™ (m/z 276), unlike what was found for the
ortho isomer. Upon CID, the m/z 276 peak loses methyl radical to form CPD-CsHsSO3™ (m/z 261),

as shown in Scheme 3.8.
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Scheme 3.8
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Despite the increased distance between the two methoxy groups, dissociation of M2-
CsHeSOs still occurred by H elimination, forming a peak at m/z 303. Because m/z 275 is also
present, which is most likely phenol, a possible structure for m/z 303 is 3-hydroxybenzaldehyde,

MHBA-CsHsSOs3", which can form on the same route to phenol, as shown in Scheme 3.9.

95



Scheme 3.9
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CID of the m/z 303 peak leads to loss of methyl radical to form a peak at m/z 288 peak,
followed by loss of CO to form a peak at m/z 260. However, CID-CRF of the authentic 3-
hydroxybenzaldehyde structure did not occur by methyl radical loss, ruling out MHBA-CgHsSO3"
as the structure of m/z 303. Therefore, the structure is not assigned.

Finally, loss of a second methyl radical from M2-CsHsSOs3" leads to a peak at m/z 289. A
possible structure for this product ion is meta-benzoquinone, MBQ-CsHsSOs", or an isomer

resulting from rearrangement, as shown in Scheme 3.10.
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Scheme 3.10
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3.4 Discussion

As mentioned in the introduction, the most common motif in lignin is the B-O-4 linkage.
During pyrolysis, this etheric C-O bond undergoes bond homolysis leading to the formation of
substituted phenoxy radicals, as shown in Scheme 3.1. Some convenient models for studying the
pyrolysis of this lignin linkage are anisole, guaiacol, and dimethoxybenzene, which also generate
phenoxy radicals upon pyrolysis.® 1% 25 In this work, we observed the CID-CRF of sulfonated
analogs of these compounds and compared our results to the product ions formed during pyrolysis
of authentic compounds. A benchmark for isolating primary pyrolysis products is photoionization
mass spectrometry (pyrolysis-PIMS).

We found that the first dissociation step for each of the sulfonated compounds by CID-
CRF is methyl radical loss as was also observed by pyrolysis-PIMS. However, one difference
between pyrolysis-PIMS and CID-CRF is that the charge tag lowers the BDE of the first methyl
radical loss between 3 to 12 kcal mol™* (Table 5.3) This is due to the stability of the phenoxy radical
resulting from interaction between the charge and the radical center. As a result, the resulting
phenoxy radical can be isolated in high abundance. For example, Figure 3.3 shows an intense
signal for O2-CsHesSOs3", which contrasts with the weak signal observed in the pyrolysis-PIMS
spectrum of the corresponding non-sulfonated structure, O2.1° This is one advantage of the CID-
CRF approach because it is effective at isolating short-lived radical intermediates involved in

pyrolysis.
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3.4.1 Anisole

Anisole, Al, has been widely studied for constructing kinetic models of the
thermochemical decomposition of lignin.?® Anisole is a simple aromatic compound containing the
O-Me bond which is ubiquitous in lignin. Despite its simplicity, a combination of unimolecular
and bimolecular reactions during pyrolysis leads to dozens of anisole pyrolysis products, including
benzene, naphthalene, and other PAHs.?” These compounds are thought to stem from radical
intermediates such as cyclopentadienyl radical, CPDR, that form during the pyrolysis of anisole

(Scheme 3.11) and then undergo molecular weight growth.® 28-31

Scheme 3.11
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By attaching an SO3™ group to Al and subjecting it to CID-CRF, the reactive intermediates
could be isolated and detected by MS. The CID-CRF spectra of sulfonated anisole, A1-CsHsSOs3",
are shown in Figure 3.1. The decomposition of this anisole derivative followed the same route that
was observed for authentic anisole during pyrolysis-PIMS. One difference, however, was that
bimolecular reactions were eliminated leading to simpler spectra. This is in contrast to pyrolysis-
PIMS that included compounds that had undergone molecular weight growth, such as benzene,
from smaller dissociation products.® Thus, CID-CRF can simplify the study of primary pyrolysis
products.

We carried out calculations to construct a potential energy surface (PES) for this reaction
so that we could know how the charge tag influenced the overall process. Geometry optimizations
and frequency calculations for both ground states and transition states were done using the M06-
2X and the 6-31++G(d,p) basis set. The PES of the decomposition of Al and A1-CsHsSOs are
shown in Figure 3.1,which can be compared to that found by Carstensen and Dean.?® The diagram

shows that the charge tag raises the energy of many of the transition states and intermediates after
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the initial methyl radical loss. However, because the dissociation is unimolecular, this has little
effect on the branching ratios of the observed products.
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Figure 3.5 Potential energy surface of the dissociation of anisole. The energies are in kcal/mol
and are calculated for R=H and (R=CsHeSO3"). All energies are shown relative to the phenoxy
radical, A2.

3.4.2 Guaiacol

Guaiacol, G1, represents one of the three monolignol monomers that make up lignin. It
contains a hydroxy group in addition to the ubiquitous O-Me bond found throughout lignin.
Pyrolysis is initiated by loss of methyl radical to form hydroxyphenoxy radical, G2, followed by
decarbonylation to form hydroxycyclopentadienyl radical, G3, as is shown in Scheme 3.12.% %2

Scheme 3.12
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In this work, decomposition of the sulfonated guaiacol derivative followed a similar route
that was observed by pyrolysis-PIMS. However, one difference between pyrolysis-PIMS and CID-
CRF is whether G2 undergoes H radical loss to form ortho-benzoquinone, OBQ (Scheme 3.13).

Scheme 3.13
O. | O
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G2 OB(Q

Ortho-benzoquinone had not been detected previously, although Scheer et al.?® did observe
methane loss during the pyrolysis of guaiacol based on a v4(CHa) transition present in an IR

spectrum during; thus, they concluded G1 may undergo methane loss to form OBQ (Scheme 3.14).

Scheme 3.14

Gl 0BQ

However, CID-CRF of G2-CsHsSOs3", showed a peak at m/z 289 which we assigned to
OBQ-CsHsSOs, showing that this method is effective at isolating reactive intermediates that may
be missed using other method.

Another difference between pyrolysis and CID-CRF in the decomposition of guaiacol is
the appearance of G3 in the pyrolysis-PIMS spectra®, but there was no evidence for G3-CsHsSO3"
(m/z 262) upon CID-CRF (Figure 3.2). Because the subsequent product is visible by both
pyrolysis-PIMS (CPD) and CID-CRF (CPD-CsHsSOy3), it is possible that G3-CsHsSOs either
immediately dissociates upon formation or an alternate route is taken to CPD-CsHsSO3" that does
not involve G3-CsHsSOs. For example, OBQ-CsHsSOs3™ can undergo CO loss to form CPD-
CsHeSOs™ (Scheme 3.4).
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Calculations were again carried out to construct a potential energy surface (PES) for the
decomposition of guaiacol so that we could know how the charge tag was influencing the overall

process. The PES for guaiacol decomposition is shown in Figure 3.6.
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Figure 3.6 Potential energy surface for the decomposition of guaiacol. The energies are
in kcal/mol and are calculated for R=H and (R=CgHeSO3) using the M06-2X/6-31++G(d,p) level
of theory. All energies are shown relative to phenoxy radical, G2.

The diagram shows both stabilizing and destabilizing effects of the transition states and
pyrolysis products relative to the authentic structures. In some cases, the effect is as small as 2
kcal/mol, but in other cases the effect is as large as 9 kcal/mol. However, these effects do not
explain the lack of G3-CsHsSOs3 in Figure 2c, which should be stable according to the PES of
guaiacol. Thus, in addition to energetics, entropy may need to be considered when interpreting the
branching ratios of the CID-CRF products.

101



3.4.3 Ortho-dimethoxybenzene

Gas-phase pyrolysis of ortho-dimethoxybenzene, O1-CsHsSOs3, has been proposed to
undergo methyl radical loss followed by one of three possible pathways, although only evidence

for the H-transfer pathway has previously been observed (Scheme 3.15).1°

Scheme 3.15
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The H-transfer and a 1,3 aryl shift are thought to occur because of the proximity of the two
methoxy groups, as shown in Scheme 3.16.1° Because of how quickly O2 decomposed into OHBA,
Robichaud et al.?® were not able to detect O2 using pyrolysis-PIMS. In contrast, we were able to

observe a very intense O2-CsHsSO3™ (m/z 304) peak without immediate decomposition (Figure
3.3).

Scheme 3.16
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Next, phenol (PHE) appeared in the pyrolysis-PIMS spectra. Robichaud et al.'® proposed
that the source of PHE was O2 undergoing COH loss, as shown in Scheme 3.17. However, CID-
CRF revealed an alternative route where OBA-CsHsSO3™ undergoes CO loss to produce PHE-
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CsHesSOs™ (Figure 3.3). Thus, CID-CRF can reveal the step-by-step unimolecular decomposition

of model compounds.

Scheme 3.17
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0 0 !
-COH’
PHE

02

Another difference is the appearance of ortho-benzoquinone, OBQ-CsHsSOs™ (m/z 289),
by CID-CRF, whereas OBQ was not present in the pyrolysis-PIMS spectra.l’ Based on the PES
diagram in Figure 3.7, the charge tag does not appear to be responsible for OBQ-CsHsSO3
formation because it is a higher energy pathway; thus, we think it is a valid pyrolysis product of

01-CsHsS03.

TS1 0 TS2
109.0 pla 84.8
(105.3) R (87.5) 0
71.2

26.5 201
R -
o 32.4 122 63 (5’{;) (35.3)
(17.8M 0

+H

R

Figure 3.7 Potential energy surface for the decomposition of ortho-dimethoxybenzene. The
energies are in kcal/mol and are calculated for R=H and (R=CgHsSO3") using the M06-2X/6-
31++G(d,p) level of theory. All energies are shown relative to phenoxy radical, O2.
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3.4.4 Meta-dimethoxybenzene

The degradation of meta-dimethoxybenzene, M1, is different from the ortho isomer
because the two methoxy substituents are in less proximity to each other. As a result, the H transfer
pathway is hindered during pyrolysis, and the CO elimination ring reduction pathway dominates
(Scheme 3.18).1°

Scheme 3.18
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Using CID-CRF, we likewise found evidence for the ring reduction pathway. Starting with
CID of meta-dimethoxybenzene, M1-CsHsSOs™ (m/z 319), methyl radical was lost to form M2-
CsHesSOs™ (m/z 304), as shown in Figure 3.4. This was followed by loss of CO to form M3-
CsHsSO3™ (m/z 276). M3-CsHsSO3 then goes on to lose methyl radical to form CPD-CgHesSO3
(m/z 261).

Robichaud and coworkers!? found that pyrolysis of M1 also produced phenol, PHE, which
was difficult to explain because the H transfer pathway has a high energy barrier. They proposed
that the most likely pathway to PHE formation involves shuffling the H through the ring, as is
shown in Scheme 3.19. However, very little meta-hydroxybenzaldehyde, MHBA, was co-

produced by pyrolysis-PIMS despite PHE and MHBA having similar energy barriers..
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Scheme 3.19
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We also observed phenol, iso-PHE-CsHsSOs™ (m/z 275), in the CID spectra as expected.
However, loss of H from M2-CsHsSO3 (m/z 304) to form a peak at m/z 303 is the dominant
pathway. We are unsure of the structure of the m/z 303 peak. CID of a potential candidate, 3-
hydroxybenzaldehyde, resulted in a CID spectrum that was different from the CID spectrum of the
compound at m/z 303. The m/z 303 compound further dissociates by loss of methyl radical to form
a peak at m/z 288 followed by loss of CO to form a peak at m/z 260.

Additionally, we also observed M2-CsHsSOs™ undergoing a second methoxy loss and
forming meta-benzoquinone, MBQ-CsHsSO3 (289 m/z), despite it being a highly reactive
diradical (Scheme 3.10).

3.5 Conclusion

CID-CRF proved to be an efficient method for isolating reactive intermediates involved in
lignin pyrolysis. Some differences were observed between this method and pyrolysis-PIMS, such
as the formation of ortho- and meta-benzoquionone during the pyrolysis of ortho- and meta-
dimethoxybenzene. CID-CRF also made the study the gas-phase unimolecular decomposition of
model compounds easier by eliminating bimolecular reactions that normally convolute these
studies. The ease of attaching a charge tag to model compounds makes the scope of this method

very broad. These insights provide valuable information in the study of lignin pyrolysis.
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CHAPTER 4. GAS-PHASE PYROLYSIS OF PHENETHYL PHENYL
ETHER BY COLLISION-INDUCED DISSOCIATION MASS
SPECTROMETRY

4.1 Introduction

Lignin is the second most abundant biopolymer on Earth and represents a renewable energy
option.! Whereas cellulose makes up around 33 percent of all plant matter, lignin contains
approximately 30 percent of all non-fossil organic carbon.? 2 It is readily available as a byproduct
of the pulping process, and when heated can be converted into liquid transportation fuels.* The
thermochemical conversion of lignin into its products results in both a bio-oil mixture and char
formation which vary in amounts depending on the temperature and residence times used.>® The
bio-oil contains useful aromatic molecules that can be separated and purified; however, poor
product selectivity associated with pyrolysis results in broad product distributions and high
purification costs.

Understanding the factors that control product selectivity is difficult because of the
structural diversity of lignin and the many different reactions that occur under pyrolysis
conditions.® While the exact structure of lignin remains unknown, many of its structural features
have been inferred from examining its decomposition products, including over eight kinds of
linkages.* ® Thermolysis of these linkages have been proposed to decompose via both concerted
reaction pathways as well as through homolytic cleavages.®!3 In addition to temperature and
residence time, methoxy and hydroxy substituents have also been found to accelerate
decomposition rates of these linkages and affect the distribution of pyrolysis products.> & 1415

Insights into the gas-phase decomposition of lignin can be found by studying lignin model
compounds. Phenethyl phenyl ether (PPE) is the simplest model compound of the B-O-4 linkage
which constitutes nearly 50% of all lignin linkages.! While much work has been done to identify
how this linkage decomposes under various conditions, a debate still revolves around whether
initial fragmentation proceeds through a concerted elimination reaction to form phenol or a
homolytic bond dissociation to form phenoxy radical.

Four possible homolytic pathways are shown in Figure 4.1 Possible homolytic cleavages

of phenethyl phenyl ether. along with their calculated bond dissociation energies (BDE)*? in kcal
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mol™?. The lowest energy pathway is cleavage of the Cs-O bond (69.9 kcal mol™), so it is expected
to cleave before the other three. However, concerted reactions are thought to compete with Cg-O

homolysis during PPE pyrolysis. Two concerted reactions, a retro-ene reaction and a Maccoll

elimination, are shown in Scheme 2 along with their calculated activation energies® in kcal mol™.

E = 69.9 kcal/mol

E = 77.2 kcal/mol
=101.1 kcal/mol

OO OVO R O

E = 102.3 kcal/mol

00

Figure 4.1 Possible homolytic cleavages of phenethyl phenyl ether.

The retro-ene and Macoll elimination reactions proceed through transition states with
activation energies of 55.18 kcal mol™* and 62.54 kcal mol?, respectively. From these activation
energies, the retro-ene pathway is expected to dominate over the Macoll elimination reaction, and
both the retro-ene and Macoll elimination reactions are lower in energy than all four of the
homolytic bond dissociations shown in Figure 4.2.
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Figure 4.2 Elimination reactions of PPE

However, experimental evidence remains inconclusive about which pathway dominates
during pyrolysis. A challenge with discriminating between the concerted pathways and the
homolytic bond dissociation is that phenoxy radical can extract an H atom and lead to the same

major products as the concerted pathway; namely, phenol and styrene (Scheme 4.1).

Scheme 4.1
H ()

o o e

In an attempt to distinguish between the two pathways, Britt et al. placed deuterium in the
benzylic position of PPE and observed that the rate of decomposition during flash vacuum
pyrolysis at 500 °C was more indicative of a homolytic cleavage.® ® Similarly, Wang et al. found
that the product distribution of a synthetic f-O-4 dimer lignin model compound using pyrolysis-
GC/MS showed that Cg-O bond homolysis is favored across a wide temperature range (150 °C —
850 °C).13

In contrast, by using a hyperthermal nozzle and photoionization time-of-flight mass
spectrometry which can detect radicals, Jarvis et al. showed that the Cg-O bond homolysis only

becomes significant above 1000 °C whereas the concerted reactions are more significant at lower
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temperatures.!! All of the methods mentioned above suffer from low sensitivity due to dilute
samples, which is done to minimize bimolecular reactions.® Because of the contrasting results,
improving the sensitivity of short-lived radicals during pyrolysis would help solve the question
around the initial dissociation of PPE.!

In this work, we used collision-induced dissociation charge-remote fragmentation (CID-
CRF) mass spectrometry to isolate reactive intermediates involved in the gas-phase degradation of
PPE. CID-CRF occurs when a portion of a molecule undergoes fragmentation separate from the
location of the charge site. By attaching a charge tag to lignin model compounds, target molecules
including reactive intermediates of PPE can be isolated in high concentrations. By varying the
collision energy and measuring the branching ratios of the resulting product ions, insights were

gained into the transition state of phenol formation.

4.2 Methods

4.2.1 Materials

Starting materials and solvents were purchased from commercially available sources and
used as received. All chemicals were used as received. *H-NMR spectroscopic data were collected
with a Bruker AV-111-400-HD.

The synthesis of phenethyl phenyl ether (PPE), 2-methoxy-PPE, 2,6-dimethoxy-PPE, and
their brominated analogs was carried out following a method that has been described previously.*8
Dry acetone was obtained by adding 2.5 g calcium sulfate to 100 mL of acetone and stirring for 4
hours. The acetone was then decanted and distilled with another 1 g of fresh calcium sulfate.
Approximately 33 mL distilled acetone was collected directly in the 200 mL round bottom reaction
flask containing potassium carbonate (6 g, 43 mmol) and a stir bar. Phenol (4 g, 42 mmol), or
methoxy-substituted phenol, was added to the reaction, and the round bottom was equipped with
a water condenser. The phenol was refluxed for 1 h. After 1 h, (2-bromethyl)-benzene (11 g, 59
mmol) was added, and the reaction continued to reflux for 24 h. After 24 h, water (25 mL) and
hexanes (25 mL) were added to the reaction flask. The organic layer was removed, and the
aqueous layer was extracted with ethyl acetate, which was combined with the organic layer. The
organic layer was then rinsed with 1 M NaOH (3 x 30 mL) and 1 M NaCl (1 x 30 mL). The solvent
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was then removed by a rotavapor, and the product was purified by column chromatography using
hexanes and ethyl acetate.

PPE 'H-NMR (400 MHz, DMSO-ds) d: 7.26 (7H, m), 6.90 (3H, m), 4.15 (2H, t, J = 6.0
Hz), 3.01 (2H, t, J = 8.0 Hz);

2-methoxy-PPE 'H-NMR (400 MHz, CDCls) 6: 7.29 (5H, m), 6.90 (4H, m), 4.22 (2H, t,
J=17.6Hz),3.87 (3H,s), 3.17 (2H, t, J = 7.6 Hz)

2,6-dimethoxy-PPE *H-NMR (400 MHz, DMSO-de) 6: 7.27 (4H, m), 7.18 (1H, m), 6.96
(1H,t, J=8.0 Hz), 6.63 (2H, d, J =8.0 Hz), 4.03 (2H, t, J = 6.0 Hz), 3.71 (6H, s), 2.93 (2H, t, J
=6.0 Hz)

Silica sulfuric acid was synthesized as described by Zolfigol and coworkers.!” A 25 mL
filtering flask was charged with a magnetic stirrer and silica (5 g, 83 mmol) and a gas inlet tube
for drawing away HCI gas over an adsorbing solution (water). The filtering flask was fitted with
an addition funnel holding chlorosulfuric acid (1.1 mL, 16 mmol). The chlorosulfuric acid was
added dropwise at room temperature over 5 min. HCI gas immediately formed in the filtering flask.
After the addition was completed, the mixture was stirred for an additional 10 min. The product
was a white solid of silica sulfuric acid.

Direct Sulfonation: The synthetic route to the sulfonated products used in this work was an
electrophilic aromatic substitution reaction using silica sulfuric acid in excess of substrate without
any solvent as reported by Hajipour and coworkers.*® A 10 mL round bottom flask with a magnetic
stirrer was charged with silica sulfuric acid (38 mg, 0.1 mmol) and also the substrate (0.5 mmol).
The reaction mixture was stirred at 80 °C for 30 min, then filtered and washed with 10 mL of ethyl
acetate. The solvent was removed under reduced pressure. The remaining liquid was washed with
40 mL of hexanes to form a semi-solid substance and dried under vacuum for several hours to
obtain the desired solid product.

General Heck Olefination: The synthetic route for attaching a sulfonated styrene tag to the
molecules in this work was a Heck reaction using palladium(ll) acetate catalyst in DMF/water as
described by Khemais and coworkers.!® A 100 mL round bottom flask with a magnetic stir bar
was charged with the 4-bromo substrate analog (5 mmol), sodium p-styrenesulfonate hydrate (0.93
g, 4.5 mmol), potassium carbonate (7.5 mmol), palladium(ll) acetate (1 mol %, 11.2 mg), Aliquat
336 (1.14 mL, 2.5 mmol), DMF (2 mL), and water (2 mL). The reaction mixture was stirred at

95 °C for 2 hr. After the reaction was completed, 40 mL chloroform was added and the solid was
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filtered. The solid was rinsed with methanol (100 mL), and the filtrate was collected. The methanol
was removed under reduced pressure to give a solid product. The solid was rinsed multiple times
with methanol/ethyl acetate (1:10) to remove unreacted p-styrenesulfonate, which was slightly less

polar than the target molecule.

4.2.2 Instrumentation

Mass spectra were collected on a commercial LCQ-DECA (Thermo Electron Corporation,
San Jose, CA, USA) quadrupole ion trap mass spectrometer. Samples were diluted in 50:50
water/methanol and then injected into the mass spectrometer using electrospray ionization (ESI).
CID experiments were done using helium as the collision target. The collisional energy was given

by the normalized collision energy (NCE) which ranges from 0% to 100%.

4.2.3 Quantum Chemical Calculations

Geometry optimizations and frequency calculations for both ground states and transition
states were performed using density functional theory (DFT) with the M06-2X functional®® and

the 6-31++G(d,p) basis set. Calculations were done using Gaussian16 suite of programs.?!

4.3 Results

431 PPE

PPE was the first system investigated using CID-CRF. The SOz group was attached directly
to the aryloxy ring. The CID-CRF spectrum of this sulfonated compound, A1SO3™ (m/z 277), is
shown in Figure 4.3. The dissociation occurs via three competing pathways. The first is loss of
SO2, which is observed at m/z 197 (A10O).
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Figure 4.3 CID-CRF of A1SO3™ (m/z 277)

The second competing pathway is a rearrangement reaction leading to elimination of
styrene and A2SOs" (m/z 173) or its isomer is0-A2SO3™ (m/z 173), as shown in Scheme 4.2. The
two isomers A2SOs" and iso-A2SOs could not be distinguished by CID.
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Scheme 4.2
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The third competing pathway is homolytic cleavage of the B-O-4 linkage leading to
phenethyl radical and phenoxy radical, A3SOs™ (m/z 172), as shown in Scheme 4.3. To make sure
that m/z 172 was a primary product of m/z 277 and not of m/z 173, we carried out CID of the m/z
173 peak. As expected, the O-H bond did not cleave under the experimental conditions. Thus,

A2S03 (m/z 172) is a primary product of A1SOs (m/z 277).

Scheme 4.3
O ‘'O
T, — UL
SO5” SO5”
A1SO5 phenethyl A2805
m/z 277 m/z 172

Unfortunately, because the charge tag is on the aryloxy ring, phenethyl radical is not visible
in the spectrum. To detect phenethyl radical, we synthesized PPE with the tag on the opposite ring.

For ease of synthesis, we included a styrene linker between the ring and the charge tag and called
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this molecule SO3CsHs-PPE". The resulting CID-CRF spectrum confirmed the formation of
phenethyl radical. Based on the peak intensities in Figure 1, homolytic cleavage appears to be the

dominant dissociation pathway.

4.3.2 2-methoxy-PPE

The second system investigated using CID-CRF was 2-methoxy-PPE. The full mass scan
and subsequent CID spectra of this ion, B1SOs™ (m/z 307), are shown in Figure 4.4.
Rearrangement reactions that were seen with A1SOs" are not visible in the CID spectrum of
B1SOs". Panel b shows that loss of methyl radical now competes with cleavage of the B-O-4

bond as the main dissociation pathways for this molecule, as shown in Scheme 4.4.
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Figure 4.4 (a) The full mass scan of B1SO3™ (m/z 307). (b-c) Subsequent CID-CRF.
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Upon further CID-CRF, B2SO3™ (m/z 292) can rearrange via an H transfer involving both
the a and B carbons followed by dissociation to form B4SOs™ (m/z 201) and B5SOs™ (m/z 188), as

shown in Scheme 4.5. Subsequent CID-CRF of B3SO3 (m/z 202), B4SOs™ (m/z 201), and B5SOs3
(m/z 188), were carried out in Chapter 3 of this work.

Scheme 4.5
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4.3.3 2,6-dimethoxy-PPE

The third system investigated using CID-CRF was 2,6-dimethoxy-PPE. The full mass scan
and subsequent CID spectra of this molecule, C1SO3- (m/z 379), are shown in

Figure 4.5. C1SO3- dissociates by two sequential losses of methyl radical to form C2S03-
(m/z 322) and C3SO3- (m/z 307), or by cleavage of the B-O-4 bond to form C4SO3- (m/z 232), as

shown in Scheme 4.6.
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Figure 4.5 (a) The full mass scan of C1SOs- (m/z 337). (b-c) Subsequent CID-CRF.

121



Scheme 4.6
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C4S0s3 can dissociate by eliminating H radical to form C5SOs (m/z 231) or by losing a

second methyl radical to form C6SOs™ (m/z 217), as shown in Scheme 4.7.
Scheme 4.7
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C2S0s3 contributes to C7SOs™ (m/z 231) by homolytic cleavage of the a-g C-C bond, as

shown in Scheme 4.8.
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Scheme 4.8
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4.4 Discussion

441 PPE

CID-CRF has been compared to the thermolysis of compounds in the gas phase.?? For this
reason, we compare the products in our CID-CRF spectra of sulfonated analogs to the products
formed from the pyrolysis of authentic PPE. Jarvis and coworkers studied the pyrolysis of PPE
using a hyperthermal nozzle and detected the products using photoionization mass spectrometry
(pyrolysis-PIMS).1! Pyrolysis-PIMS showed that PPE dissociated via a concerted retro-ene
reaction to eliminate phenol, and the bond homolysis did not become significant until at higher
temperatures. In contrast, using CID-CRF, the height of the m/z 172 peak in Figure 4.1 indicates
that formation of phenoxy radical via homolytic cleavage is the dominant pathway.

Because computational results also predict the concerted retro-ene reaction to dominate,
we wanted to find out the reason why our experimental results were not matching the theoretical
predictions. We carried out an energy-resolved CID experiment on 1 to find out how the branching
ratio of phenoxy radical to phenol would change as the energy was increased. The plot of the
branching ratios of phenoxy to phenol are shown Figure 4.6. The concerted reaction appears to
make its greatest contribution at lower energies, which matches what was found by Jarvis et al.!
Below 1 eV, minimal dissociation was observed, so the branching ratio could not be detected

below this point. However, it appears that the homolytic cleavage dominates at all energies.
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Figure 4.6 Branching ratio of phenol/phenoxy radical.

We wondered whether the addition of the SO3 charge tag was stabilizing the homolytic
bond dissociation over the elimination reaction. In order to see whether this was the case, we
carried out quantum mechanial calculations. We found that while addition of the SO did reduce
the BDE of the homolytic bond dissocitation by 9 kcal mol?, it also decreased the activation energy
of the rearrangement reaction by 5.4 kcal mol™ keeping it as the lowest energy pathway by 10 kcal
mol? (Table 4.1). Thus, the SO3 group did not appear to alter the dissociation pathway of PPE.
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Table 4.1 The effect of changing the R group on the calculated energy of PPE dissociation using

M062X
Pathway R=H R=50s"
(kcal mol-1) (kcal mol-1)
B-04 bond dissocation (DH2gs) 69.6 60.8
retro-ene elimination (Ez) 56.0 50.6
Macoll elimination (Ez) 61.9 59.4

Becaue calculations showed that the order of the energy barriers for the various reactions
was not changed by the charge tag (bond homolysis still had the greatest energy barrier), we
wondered if a different theory would be better at explaining why bond homolysis was the dominant
pathway. Using CRUNCH, a Fortran program written by Armentrout and Ervin, we applied
RRKM theory to see how the predicted branching ratios of the unimolecular dissociation products
might change as the “tightness” of the retro-ene transition state was adusted, as shown in Figure
4.7. For both curves, the dissociation energy of the direct homolysis was held constant. Using a
tight transition state for the retro-ene elimination (blue curve), a best fit curve to the high-energy
portion of the experimental data (3-4 eV) shows significant deviation from the experimental data
at lower energies. However, when a loose transition state is used for the retro-ene elimination (red

curve), a better match with the experimental data is achieved.
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Figure 4.7 RRKM calculated branching ratios of phenol/phenoxy radical using a tight transition
state (blue) and a loose transition state (red) for the retro-ene elimination reaction, plotted with
the experimental data (black)

Because a loose transition state for phenol formation was a better match of the experimental
results, we proposed that phenol formation proceeded via a roaming transition state. A roaming
transition state has been described by Townsend and Bowman, where a complex of the dissociation
products is held together by electrostatic forces prior to complete separation, and the fragments are
free to rotate in all directions.?® 2¢ A similar occurrence has been observed for ion-neutral
complexes.?® While the fragments rotate around each other, a hydrogen atom transfer can occur
from the phenethyl radical to the phenoxy radical to form phenol.?® A reaction coordinate diagram

indicating this new pathway is shown in Figure 4.8.
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Figure 4.8 Proposed reaction coordinate diagram for PPE dissociation that includes a roaming
transition state for phenol formation

4.4.2 2-methoxy-PPE

Previous experimental and computational work on PPE has shown that methoxy
substituents can lower the BDE of the Cp-O bond.> ® 1415 As a result of the lower BDE as well as
the additional methoxy group, the dissociation pathway of PPE can change. This is significant
because methoxy groups are common substituents in lignin, so their influence on its dissociation
should be understood. We attached an SO3 charge tag to 2-methoxy-PPE making B1SOs™ (m/z 307)
so that we could compare CID-CRF of this compound to authentic pyrolysis products.

Radical intermediates have not been isolated for 2-methoxy-PPe before. However, Britt et
al. were able to isolate the pyrolysis products of this compound using flash vacuum pyrolysis
(FVP). Some of the FVP products are not unimolecular decomposition products because the
radical intermediates can abstract H from the walls of the pyrolysis chamber. Nevertheless, we can
still compare our results using CID-CRF to those found by FVP.

The major products and percent yield found by Britt et al.®> for FVP of 2-methoxy-PPE are
shown in Figure 4.9. One thing that Britt could not tell from the FVVP products is what pathway
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was taken when multiple pathways are available. For example, the initial step for formation of 2-
hydroxybenzaldehyde, P1, can be either methyl loss or f-O-4 bond homolysis (Figure 4.10).

P4 P5
HO HO
e
32% 19.7% 18% 8.8% 7.5%

Figure 4.9 Some of the more abundant FVP products of 2-methoxy-PPE found by Britt et al.
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Figure 4.10 Proposed degradation mechanism for ortho-methoxy-PPE. Products seen by CID-
CREF are boxed. Products seen by FVP are circled.
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However, using CID-CRF, we can clearly see which of the two pathways are favored
because B3SOs has the tallest peak (Figure 4.4b). Thus, most of the 2-hydroxybenzaldehyde must
come from B3SOs rather than the B2SOs route.

Because the charge tag is attached to the aryloxy ring, the other ring is lost as a neutral
product and not detected by mass spectrometry. For this reason, we were unable to detect neutral
styrene. However, an advantage of CID-CRF is that we can detect radical intermediates that are
true unimolecular decomposition products of PPE. For example, rather than seeing guaiacol that
was observed by Britt et al., we see its precursor 2-methoxyphenoxy radical, B3SOs", which can
be isolated and subjected to additional CID. A second example is rather than seeing cresol, we see
2-hydroxyphenoxy radical, B5SOs™ (Figure 4.4b).

4.4.3 2,6-dimethoxy-PPE

When a second methoxy group is substituted on the aryloxy ring, the model compound is
very similar to sinapyl alcohol, an abundant subunit in lignin. Understanding how it decomposes
under heat is an important step to understanding the pyrolysis of lignin. Several of the major
products and percent yields found by Britt et al.®> for the FVP of 2,6-dimethoxy-PPE are shown in
Figure 4.11.

P6 P2 P7 P8 P9
o~ = o~ -0 _O
0 — L (5 cullow &
Cl) OH O/ O/
24% 22% 13% 9% 6%

Figure 4.11 Some of the more abundant FVVP products of 2,6-dimethoxy-PPE found by Britt et
al.®

The dissociation pathway proposed by Britt et al., along with the intermediates seen by
CID-CREF, are shown below. Once again, while we were unable to detect bimolecular reactions

that were seen by Britt et al., we isolated many of their radical precursors. For example, initial
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dissociation occurs via homolysis of the B-O-4 linkage to form 2,6-dimethoxyphenoxy radical
(Figure 4.12).

Figure 4.12 Dissociation of 2,6-dimethoxyphenoxy radical.

This can undergo H abstraction to form syringol, P7, or lose H to form 2-hydroxy-3-
methoxybenzaldehyde, P8. Alternatively, it can lose CHO to form guaiacol, P6. Or it can even
lose methyl radical to form a quinone structure, which was not detected by FVP. CID-CRF can
then further characterize the structures of these products. For example, the quinone structure was
found to undergo a second methy radical loss as well as CO loss upon further CID.

The formation of P9 was proposed to stem from 2,6-dimethoxyphenoxy radical undergoing
multiple rearrangements and then losing H and H20 followed by the addition of 2H (Figure 4.13).
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While we could not see the addition of 2H, we confirmed that this is the likely pathway by
detecting three of the intermediates to P9.

O/ OfCH'_}_. O.
‘0 HO HO 0
— — —
9 ; 9 0

OH OH OH

. Hob . Hob . HO
0 0
CH,'

CH,'

OH

Figure 4.13 Possible mechanism for the formation of P9.

Last, but not least, dissociation of 2,6-dimethoxy-PPE can occur by methyl radical loss
(Figure 12).
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Figure 4.14 Dissociation of 2,6-dimethoxy-PPE by methyl radical loss.

45 Conclusion

CID-CRF of phenethyl phenyl ether (PPE) and its methoxy derivatives is an effective way
of isolating radical intermediates generated during the thermal degradation of PPE. Using this
method, we observed that the dominant dissociation pathway is 3-O-4 bond homolysis rather than
a concerted retro-ene elimination to form phenol. The branching ratio of phenol to phenoxide ion
indicated that phenol formed via a roaming transition state rather than a concerted elimination
reaction. CID-CRF of methoxy-substituted analogs of PPE was consistent with the products
observed during FVP. Methoxy-substitution eliminated phenol formation and further favored
radical formation. In addition, we identified radical intermediates that had not been isolated before.
CID-CRF is an efficient way of tracking the unimolecular decomposition of lignin model

compounds in the gas phase and can be used to support other methods.
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CHAPTER 5. EXPERIMENTAL AND CALCULATED ENERGY
EFFECTS OF VARIOUS CHARGE TAGS ON THE DISSOCIATION
PATHWAYS OF LIGNIN MODEL COMPOUNDS

5.1 Introduction

Mass spectrometers use electric and magnetic fields to propel charged molecules entering in
at an orifice towards a detector. Neutral molecules entering in at the same orifice will collide with
the internal walls of the mass spectrometer because they do not feel the same magnetic pull that
would otherwise guide them to the detector. Mass spectrometry thus requires that a molecule be
ionized or carry a charge prior to detection. Several ionization methods have been reported for
ionizing lignin that include deprotonation and cationization via metalation. 2

However, we wanted to avoid analyzing deprotonated molecules such as [M - H] because
they are lacking a proton,® and collision-induced dissociations (CID) of the [M - H]  ion may not
accurately reflect the dissociations of the original neutral molecule. In this work, the primary focus
was to observe the fragmentations (or thermolysis) of molecular lignin rather than lignin in a
deprotonated state so that the resulting product ions could be compared to primary pyrolysis. To
accomplish this, we proposed attaching a charge tag to strike a balance between ionizing lignin
and not altering its native structure.

Several examples of naturally occurring charge-carrying groups have been reported that are
known to participate in charge-remote fragmentations (CRF) upon CID,* ® which can be applied
to ionize lignin. Two examples are steroid sulfate conjugates and sulfonates (Figure 5.1). By
attaching a similar charge tag to lignin and subjecting it to CID followed by CRF, insights may be
gained into the unimolecular dissociations of neutral lignin, which may be compared to the
primary pyrolysis of lignin.®
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DHEA sulfate taurocholic acid (sulfonate)

Figure 5.1 Examples of negative charge tags in nature

In addition to facilitating CRF, charge tags also have the advantage of giving increased
sensitivity to molecules lacking highly ionizable functional groups.”® ESI has two operating modes:
positive mode detects molecules carrying a positive charge or protonated molecules, and negative
mode detects molecules carrying a negative charge or deprotonated molecules. While lignin
contains a variety of functional groups compatible with ESI such as carboxylic acids, other motifs
such as the methoxy group are more difficult to ionize. This can be overcome by adding a highly-
ionizable charge tag to the molecule.

Although no single factor can predict the ionization efficiency of a molecule, ions that pre-
form in solution due to having a low pKa generally have good sensitivity in ESI- (negative
mode).*® 1 Additionally, the stability of the charge in the gas phase is important. Table 5.1 shows
the pKa values of several aromatic functional groups. According to the Henderson-Hasselbach
equation, only carboxylic acids will dissociate into ions at a neutral pH, so they can be easily
detected using ESI-MS. While phenol does not dissociate into ions in solution, it can be
deprotonated via another mechanism during ESI and still yield a good signal. However, methoxy

groups lack an acidic proton and thus cannot be detected in ESI-.
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Table 5.1 Pka’s of aromatic functional groups

~ QOH
Os_OH OH O 0=S=0
structure @ ©
functional carboxylic acid hydroxy methoxy sulfonate
group
pKa 4.2 10 N/A 3

In contrast, by attaching an SO3™ group to a compound containing only methoxy groups, the
molecular ion signal can be greatly enhanced. Furthermore, the sulfonate group is stable in the gas
phase, unlike carboxylic acids which quickly undergo decarboxylation. Figure 5.2 compares the
MS signal for a 20 mM sample of ortho-dimethoxybenzene (O1) in 1:1 methanol/water using ES1+
(positive mode) to the MS signal for sulfonated ortho-dimethoxybenzene (O1SOs), also in 1:1
methanol/water, using ESI- (negative mode). The improvement in signal is by three orders of
magnitude. Thus, the SOs™ group can greatly improve the sensitivity of lignin model compounds

lacking highly ionizable functional groups.
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Figure 5.2 Comparison of MS signals for a sulfonated (ESI-) and non-sulfonated (ESI+)
methoxy-containing aromatic compound

By attaching a charge tag to lignin model compounds and subjecting them to CID-CRF, the
gas-phase dissociation of native lignin may be investigated with improved sensitivity for reactive
intermediates. Much must be considered when choosing a suitable charge tag for the mass
spectrometric analysis of lignin such as the ESI operating mode (positive vs. negative), whether
the tag will promote CRF, and the energy effects of the tag on the transition states and ground
states of the product ions. In this chapter, the criteria for selecting SO3™ as the optimal charge tag
for lignin are discussed along with supporting experimental evidence and computational

calculations. Future directions for the project are also discussed.
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5.2 Methods
5.2.1 Materials

Starting materials and solvents were purchased from commercially available sources and
used as received. Silica sulfuric acid was synthesized as described by Zolfigol and coworkers.'? A
25 mL filtering flask was charged with a magnetic stirrer and silica (5 g, 83 mmol) and a gas inlet
tube for drawing away HCI gas over an adsorbing solution (water). The filtering flask was fitted
with an addition funnel holding chlorosulfuric acid (1.1 mL, 16 mmol). The chlorosulfuric acid
was added dropwise at room temperature over 5 min. HCI gas immediately formed in the filtering
flask. After the addition was completed, the mixture was stirred for an additional 10 min. The
product was a white solid of silica sulfuric acid.

Direct Sulfonation: The synthetic route to the sulfonated products used in this work was an
electrophilic aromatic substitution reaction using silica sulfuric acid in excess of substrate without
any solvent as reported by Hajipour and coworkers.** A 10 mL round bottom flask with a magnetic
stirrer was charged with silica sulfuric acid (38 mg, 0.1 mmol) and also the substrate (0.5 mmol).
The reaction mixture was stirred at 80 °C for 30 min, then filtered and washed with 10 mL of ethyl
acetate. The solvent was removed under reduced pressure. The remaining liquid was washed with
40 mL of hexanes to form a semi-solid substance and dried under vacuum for several hours to
obtain the desired solid product.

General Heck Olefination: The synthetic route for attaching a sulfonated styrene tag to the
molecules in this work was a Heck reaction using palladium(ll) acetate catalyst in DMF/water as
described by Khemais and coworkers.!* A 100 mL round bottom flask with a magnetic stir bar
was charged with the 4-bromo substrate analog (5 mmol), sodium p-styrenesulfonate hydrate (0.93
g, 4.5 mmol), potassium carbonate (7.5 mmol), palladium(Il) acetate (1 mol %, 11.2 mg), Aliquat
336 (1.14 mL, 2.5 mmol), DMF (2 mL), and water (2 mL). The reaction mixture was stirred at
95 °C for 2 hr. After the reaction was completed, 40 mL chloroform was added and the solid was
filtered. The solid was rinsed with methanol (100 mL), and the filtrate was collected. The methanol
was removed under reduced pressure to give a solid product. The solid was rinsed multiple times
with methanol/ethyl acetate (1:10) to remove unreacted p-styrenesulfonate, which was slightly less

polar than the target molecule.
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Cholamine derivatization agent: The synthesis of cholamine as a chloride salt been described
by Lamos et al.»® First, boc-protected ethylenediamine (164.9 mg, 1.029 mmol) was stirred into a
solution of methanol (20 mL) and NaHCO3 (1.0463 g, 12.454 mmol) at room temperature. The
solution was then moved to the dark, and methyl iodide (2.227 g, 15.69 mmol) was added to the
solution and stirred for 18 hr. When the reaction was complete, the solution was concentrated by
rotavap, then resuspended in CHCI3 (50 mL) and stirred for 1 h before filtering and concentrating
into an oil. The boc-protected-cholamine was precipitated upon addition of Et,O (70 mL). The was
washed with Et;O (40 mL) before drying under reduced pressure to give the boc-protected
cholamine intermediate as an iodide salt. The Boc-protected cholamine intermediate (142 mg,
0.4309 mmol) was dissolved in 2 mL of methanol and cooled to 0 °C. Acetyl chloride (173 pL,
2.43 mmol) was then added dropwise and stirred for 3 hr. The reaction was then diluted with 50
mL of Et,O causing precipitation. The Et>O was filtered and washed with Et>O (3 x 30 mL) before
concentrating. Minimal anhydrous acetone was added to dissolve the solid before adding 40 mL
of Et,0, which again caused precipitation. The supernatant was decanted, and the resulting salts
were dried in under reduced pressure to give cholamine methyl iodide as a white chloride salt.
The addition of cholamine to the carboxylic acid substrate has been described by Sun et
al.’® To an aliquot (1 mL) of an acetonitrile solution of, 3 uM of substrate was added 100 uL
aliquots of acetonitrile solutions of 1 mM N,N-diisopropylethylamine (DIPEA) and 1 mM 1-
[bis(dimethylamino)-methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium-3-oxide
hexafluorophosphate (HATU), and the mixture was incubated for 15 min at room temperature. A
100-pL aliquot of an aqueous solution of 1 mM derivatization reagent (cholamine) was then added,

and the mixture was incubated at room temperature for 1 h to give a nearly quantitative conversion.

5.2.2 Instrumentation

Mass spectra were collected on a commercial LCQ-DECA (Thermo Electron Corporation,
San Jose, CA, USA) quadrupole ion trap mass spectrometer. Samples were diluted in 50:50
water/methanol and then injected into the mass spectrometer by using electrospray ionization (ESI).
CID experiments were done using helium as the collision target. The collisional energy was given

by the normalized collision energy (NCE) which ranges from 0% to 100%.
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5.2.3 Quantum Chemical Calculations

Geometry optimizations and frequency calculations for both ground states and transition
states were performed using density functional theory (DFT) with the M06-2X functional'’ and
the 6-31++G(d,p) basis set. Calculations were done using Gaussian16.18 All structures were first
drawn in MarvinSketch, and the conformers tool was used to create a maximum of 50 conformers
of every structure. These all underwent a geometry optimization, and the lowest energy conformer

was selected for constructing energy diagrams and calculating transition states.

5.3 Results
5.3.1 CID-CRF

Initially, several charge tags were investigated for their ability to facilitate CID-CRF in
lignin model compounds. Several methoxy-substituted aromatic compounds containing boron
trifluoride groups (BF3") were commercially available, so A1BF3- was purchased and subjected
to CID, which is an analog of anisole. A second method was direct sulfonation (A1SOs3), which
provided more flexibility in the number of compounds that could be analyzed (Table 5.2). A
third approach was addition of cholamine (CsH16CI2N2) to carboxylic acid derivatives (Al-

C7H16N20"), which are also widely available.

O (@)
N 0=S-0 0
F i'F i 3&
(@)
F HN
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|\

A1-C;H(N,O0"

For A1BFsand A1SOs', dissociation occurred by loss of methyl radical to form phenoxy
radical. Subsequent CID resulted in cleavage of the charge tag so that no additional dissociation

routes could be observed. Upon being collisionally activated, A1-C7H1sN20O* undergoes neutral
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loss of trimethylamine (N(CHs)s),'® as shown in Equation 5.1. The resulting ion, A1-C4H/NO*
then undergoes CRF and loses methyl radical, similar to A1BFs and A1SOs. However,

subsequent CID also led to charge-driven fragmentations.

o 0]
o +N(CH;),
0) 0)
Y, A
HN N: +
I
A1-C;H(N,O" A1-C,H,NO™

(5.1)

The results of CID on additional sulfonated compounds are given in Table 5.2. For these ions,
the first dissociation by CID-CRF was loss of methyl radical to form phenoxy radical unless no
methoxy group was present. In one instance, H.O was eliminated when two hydroxy groups
were in proximity to one another. The second dissociation step was dominated by elimination of
SO with a few secondary reactions being observed. After loss of SO, no further analysis could

be carried out because the charge tag was no longer present on the target analyte.
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Table 5.2 MS/MS of directly sulfonated lignin model compounds
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A final approach for attaching a charge tag to the target molecules was a sulfonated stilbene
structure where the charge site was further separated from the dissociation site, as shown in
Scheme 5.1. The full MS spectrum and subsequent CID spectra of A1l-CsHsSOz3™ are given in
Chapter 3. In addition to loss of methyl radical, subsequent CID revealed CO loss in competition
with SO that was not detected when using the direct sulfonation method. Similar results were seen

with other molecules suggesting that the styrene linker made the sulfonate group more robust.

Scheme 5.1
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5.3.2 Calculations

The energies for the intermediates and transition states in the dissociation pathways for
several model compounds along with their charged analogs were carried out using Gaussian to
determine the effects of the charge tags on the dissociation mechanisms. Geometry optimizations
and frequency calculations for both ground states and transition states were done using the M06-
2X and the 6-31++G(d,p) basis set. Our primary interest was to investigate the effects of the

sulfonated stilbene structure because it was the most robust charge tag. The experimental and



calculated bond dissociation energies (BDE) of the first methyl radical loss of the sulfonated
structures are shown in Table 5.3.1% 2 The stilbene tag (R=CsHsSO3") lowers the BDE of the first

methyl radical loss between 3 to 12 kcal mol™.

Table 5.3 BDE in kcal mol™? of the first methyl radical loss for several lignin model compounds.

Experimental'®>?  Calculated Calculated Calculated
Structure R=H R=H R=SO5 R=CgHeSO3"
O/
Al © 58 56
R 64.7 66
OH |
O
Gl @( 53 56
I 57.5 58
o
O\
o1 © 54 53
R 60.5 ol
0 0
M1~ Q ~ 63 62
R 63.7 66

The sulfonated derivatives of G1 and M1 were most similar to the authentic compounds,
which both have charge tags meta to methoxy groups. This led us to investigate the effects of the
position of the charge tag in the ring on the dissociation mechanisms using quantum mechanical
calculations. A series of potential energy surface (PES) were constructed of authentic compounds

and compared to their charged derivatives, which are given in the discussion section.
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5.4 Discussion

5.4.1 ESI operating mode

In order to carry out tandem MS/MS experiments on neutral lignin model compounds, the
charge tag must not cleave upon CID. Because charge-driven reactions are far more common than
charge-remote fragmentations, strong bonds between the charge tag and the target analyte are
desirable. The C-S bond in R-SOs" is strong and easily synthesized via direct sulfonation, which
provides a convenient method for ionizing and analyzing aromatic molecules. Additionally,
because sulfonates are more stable than sulfates (sulfates are easily hydrolyzed) and are easier to
synthesize, we selected SO3s™ for our charge tag. However, sulfur also contains a p orbital in
conjugation with the aromatic ring, which provides a stabilization effect that can potentially alter
the dissociation lignin. Therefore, additional charge tags were explored that did not add
conjugation to the model compounds.

We have observed in general that positive charge tags tend to undergo more rearrangement
reactions upon CID, perhaps by lowering the energy barrier of alternate dissociation pathways.
Nevertheless, a variety of positive charge-carrying groups are widely available and commonly
used to improve the selectivity of analytes by MS, so we investigated the ability of cholamine to
facilitate CID-CRF. Lignin model compounds containing carboxylic acid groups are commercially
available, so we added cholamine to an anisole derivative containing a carboxylic acid group to
make A1-C7H1sN20O"*. However, we were unable to carry out multiple MS/MS experiments before
cleavage of the charge tag.

Also, because lignin contains many electronegative hydroxy groups, we postulated that the
attractive forces between the electron-dense oxygens and a positive charge tag would cause lignin
to fold over on itself (Figure 5.3). The labile portions of lignin would then interact with the charge
site and undergo charge-driven reactions as opposed to neutral dissociations. In contrast, the
repulsive forces between the hydroxy groups and a negative charge tag may keep lignin in a more
natural state. Because additional product ions beyond the initial methyl radical loss were observed

when operating under ESI- (negative mode), we continued with SO3™ as our charge tag.
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negative charge tag

Figure 5.3 Possible effect of the charge on the conformation of lignin

A second approach was used to join the SO3™ charge tag to the model compounds that
involved a styrene linker. The purpose of the linker was to increase the distance between the labile
portion of the molecule and the charge site (Figure 5.4). This yielded different intensities of the
product ion peaks upon CID. Whereas only the initial methyl radical loss was observed for many
directly sulfonated analogs, subsequent CRF was observed when using the styrene linker. Based
on the experimental results given in Section 5.3.1, the styrene charge tag was more robust than the

directly sulfonated compounds.

) Labile
+/

Figure 5.4 Scheme of how a linker may be used to increase the distance between a charge tag
and a target analyte for CRF
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5.4.2 Calculations

A potential obstacle facing the use of charge tags in the analysis of the unimolecular
decomposition of lignin model compounds is that the tag may alter the primary route of
dissociation by raising or lowering the energies of the product ions and transition states in the
mechanism. The observed ratios of the product ions would then differ from the expected results
obtained by pyrolysis. To determine the extent that transition state energies and product ions are
changed by addition of a charge tag, we carried out calculations on several lignin model
compounds, along with their sulfonated derivatives.

Choosing a basis set, or level of theory, will determine the time and resources required to
produce a solution to the energy of a molecule. Generally, the faster the calculation is completed,
the more inaccurate it will be. However, increasing the accuracy of a solution requires increasing
the time to needed to complete the calculation, and the time requirements may increase
exponentially. Two examples of this that are extreme opposites are the B3LYP basis set, which is
a fast method but not very accurate, and CCSD(T), which is very accurate but can take months to
finish if the molecule being investigated has many atoms.

A good compromise in time and accuracy is the M06-2X basis set. It is a density functional
theory (DFT) method that is good for doing thermochemistry calculations, kinetics, and non-
covalent interactions of main group atoms. Because lignin contains many electronegative atoms
such as O and N, non-covalent interactions should be considered. Thus, M06-2X is a good choice
for predicting the reaction pathways, enthalpies, and free energies of intermediates and transition
states involved in the dissociation of lignin.

We carried out calculations on sulfonated and non-sulfonated lignin model compounds to
predict how the charge tags would affect the ratios of the product ions upon CID. Based on our
results, the attachment of SOz lowers the bond dissociation energy (BDE) of the initial methyl
radical loss for each of the molecules between 1.7 and 8.7 kcal mol™. The difference in energy
between the authentic compounds and the sulfonated compounds is greatest for A1 and O1, which
both have methoxy groups para to the charge tag. This energy difference may be explained by the
increased resonance contributed by the SO3™ group to the phenoxy radical products, as shown in
Scheme 5.2. No such resonance is present in G2 and M2, which both lose a methoxy group meta

to the sulfonate tag.
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The resonance stabilizing effect seen with A2SOs3 and O2SOs" inspired the idea to
investigate meta-substituted isomers that may have less of an impact on the calculated BDEs. The
PES diagrams of authentic anisole along with several charged analogs are shown in Figure 5.5. As
can be seen from the figure, the meta-substituted tag has the opposite effect of the para-substituted
versions by lowering the energy of the PES curve relative to the authentic compound. Surprisingly,
the para-substituted tags destabilize the curve following the initial methyl radical loss. The BF3’
and SOz groups are indistinguishable from each other. The greatest destabilization is seen with
the styrene tag (R=CgHsSO3), but it is not differ greatly from the directly sulfonated analog. Thus,

the increase in the number of pyrolysis products observed when using the styrene linker is most
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likely due to the increased distance between the tag and the labile portion of the molecule as

opposed to a change in the energies of the transition states and product ions.
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Figure 5.5 PES of anisole dissociation with various charge tags

We also carried out calculations for guaiacol and its charged analogs, and the PES of
guaiacol dissociation is shown in Figure 5.6. We were unable to calculate the energy barrier for H
loss to form ortho-benzoquinone, but it can be assumed that it is close to the BDE of the O-H bond
(~70 kcal mol™?) of the phenoxy radical intermediate. Similarly, the energy barrier for formation
of the final product is assumed to be the BDE of the O-H bond (~50 kcal mol™?) of the preceding
intermediate. The energy effects of the charge tags do not appear to follow the same trend that was
observed with anisole dissociation. The SOz™ and BFs™ tags are no longer indistinguishable with
the SO3 falling lower than the authentic molecule and the BF3™ tag being higher in energy. The

meta- and para-substituted tags appear to be closest in energy to the authentic molecule.

152



160

140 -

120 A

100 -

Relative Energy (kcal/mol)

R=BF,’

""" R=m-C,H SO,

Reaction Coordinate

Figure 5.6 PES of guaiacol dissociation with various charge tags

We also carried out calculations for ortho-dimethoxybenzene and its sulfonated analogs,
which are given in Chapter 3. For this molecule, the meta- and para- isomers are structurally
identical, so no advantage can be gained by changing the orientation of the charge tag. Based on
the PES diagrams shown above, it is difficult to choose an optimal charge tag. Because both radical
and non-radical intermediates are present in the dissociation mechanisms of lignin model
compounds, the argument that added resonance creates a stabilization effect is applicable at every
step. Despite many of energies being raised or lowered relative to the authentic molecules, the
observed products by CID-CRF were similar to the products observed via pyrolysis, as discussed
in Chapters 2 and 3. Thus, the best charge-tag may be the one that gives the best signal intensity
of the product ions, which was the para-styrene tag.
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5.5 Conclusion and Future Directions

The advantages of sulfonate charge tags have been discussed here and in Chapter 1,
including increasing the volatility and sensitivity of lignin in mass spectrometric analysis,
eliminating bimolecular reactions that convolute pyrolysis studies, and facilitating neutral
dissociations of lignin model compounds. The sulfonate group has thereby provided insights into
the primary pyrolysis of lignin and the formation of reactive intermediates that contribute to PAH
formation. In addition, this chapter has focused on experimental and computational results on the
effects of varying the charge and location of the charge site on the potential energy surfaces of
lignin model compounds. Based on these results, the sulfonate group appears to have a moderate
effect on the transition state energies and product ion energies of intermediates involved in the
decomposition of lignin. While this may impact the branching ratios of the product ions, the overall
dissociation routes remain similar to the authentic molecules.

Nevertheless, the process of CID-CRF can benefit from further optimization of the charge
tag. One possibility of accomplishing this is by designing a charge tag that does not contribute
resonance stabilization energy to the target compounds. For example, adamantane is the simplest
diamondoid and is an sp® aliphatic structure.?* Diamondoids are known for their crystal lattice
strength, and their lack of p orbitals would completely isolate the charge site from the labile portion

of the molecule.

charge tag

lignin
adamantane

In this work, CID-CRF has been applied to study the pyrolysis of lignin. However,
pyrolysis is widespread and is associated with the decomposition of any material under high
temperatures. This includes smoking, burning waste, incomplete fuel combustion, forest fires, and
cooking.???® In an excellent book on the pyrolysis of organic molecules, Moldoveanu?? discusses

many of these processes including using pyrolysis at a laboratory scale for synthesis as well as at
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an industrial scale for refining petroleum. CID-CRF could thus be applied to study any number of
these molecules to identify their thermal routes of degradation.

In addition to studying pyrolysis, charge tags can also be used to characterize gaseous
neutral molecules that would otherwise be difficult to volatilize. For example, amino acids
typically exist as zwitterions in solution and are difficult to ionize. However, in the interstellar
medium, they would likely have a canonical structure rather than a charge separation. In our earlier
work, the neutral dissociation of amino acids and peptides was investigated using a sulfonate
charge tag to support this hypothesis.?2” However, this previous work was completed using direct
sulfonation to synthesize PheSOs, and a peptide, GlyPheSOs". A repeat of this experiment could
be benefited by adding a linker to the charge tag rather than using direct sulfonation.

NH, NH; 4
COOH N.__ COOH
o
SO; SO3
PheSO;5 GlyPheSO;5
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