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Abstract:

Organic molecules are important in chemistry and relevant to many applications. The
bicyclic molecules of anthranil, 1,2-benzisoxazole, and benzoxazole are all made from a benzene
ring and a five-membered ring containing a nitrogen and oxygen atoms. They are often used as
scaffolds in medicinal chemistry and drug design. However, despite their notable use in
synthesis, not much is known about the energetics of these molecules. Using photoelectron
spectroscopy, the adiabatic electron affinities of anthranilyl and 1,2-benzisoxazolyl were
measured. Anthranilyl has two distinct states, nearly overlapping electronic adiabatic electronic
affinities of 3.12 eV and 3.34 eV, while for 1,2-benzisoxazolyl only one state is observed around
2.94 eV. The completion of these experiments allows for a broader comparison to be made
between the isomer family and the five-membered rings. Combined with previous work done for
the other three molecules, the effect that location of the heteroatoms has on the energies and
electronic structures of the radical states can be analyzed. The results indicate that anthranilyl has
the largest EA of the bicyclic isomers and the addition of the benzene ring causes additional -
stabilization. The similarities in the behaviors between the bicyclic rings and the five-membered
rings show that the addition of the benzene does not always have a large effect. This work brings
light to the relationship between molecules in an isomer family and the effect that moving the

heteroatoms can have.



Chapter 1: Introduction

1.1 - Importance of organic bicyclic molecules

Bicyclic molecules are often used in medicinal chemistry and drug design as a starting
element in the process of creating new drugs. A question to answer is what physical elements are
sought after in a starting molecule and what the biological application of a finished drug can be.
Ring systems are analyzed for physicochemical, structural and electronic properties to
understand and overcome specific problems, such as synthetic limitations and molecule
stability.! Here, 1,2-benzisoxazole and 2,1-benzisoxazole (anthranil) will be discussed in depth,
leading to a comparison between them and the third bicyclic isomer benzoxazole, which has

been studied previously.?

These bicyclic molecules consist of a five-membered ring, oxazole or isoxazole, fused to
a benzene ring.? Bicyclic molecules of this size are quite common and are important as they
occur naturally and can be seen as strong test-beds for physical organic phenomena.* The
inclusion of the nitrogen and oxygen atoms are two important elements of great interest in
starting molecules for drug design.” Two of these isomers have successfully been used in drugs
that are available on the market.® 7 Benzisoxazoles have been called some of the most important
building blocks in drug design.” The benzene ring allows for several additions to create diverse
molecules, but can be utilized in a ring open form which can allow for substitutions of different
heteroatoms. Benzisoxazole (Bix) and benzoxazole (Bzox) are often intact in the final, larger
synthesized drugs. Anthranil (Ant) is often exploited as an intermediate, or an accidental
molecule produced along a synthetic pathway and has the least number of developed drugs on

the market.®°



There have been studies focused on the aromaticity of these molecules and the behavior
of those elements.> !% ! Anthranil behaves similar to naphthalene, with its aromaticity centered
in the five-membered ring. The other two isomers, benzisoxazole and benzoxazole, have the
aromaticity centered within the benzene ring. This can be beneficial as that balance being
adjacent to the oxazole or isoxazole rings can introduce favorable interactions.® While
aromaticity is not a large factor in this study, it plays a role in understanding the stability and
reactivity of the molecules. It can influence how rings rehybridize or reconjugate to gain stability

after deprotonation.!? !?

There are clear differences and similarities when looking at the structures of these three
isomers. With the lack of information known about them, these studies look into the energies
involving the anion and neutral radical forms. These forms allow for studying the electronic
structures and analyzing how the carbons in the benzene rings aid stabilization of the
deprotonated structures. While the information discussed here may not be directly relevant
towards medicinal chemistry, it adds to the general knowledge of these molecules and to the

dialogue surrounding bicyclic molecules.

1.2 — Photoelectron spectroscopy

Photoelectron spectroscopy relies on the photoelectric effect which relates the binding
energy of the electrons and the energy of the incident light to find the electron kinetic energy.
Photodetachment of negative ions, in conjunction with the spectrum from the corresponding
neutral molecules, facilitates the understanding of the quantum mechanics of chemical bonding
of the neutral radical and electronic structure of the anions. An anion in a ground electronic and
vibrational state is excited by absorbing a photon and detaching an electron, leaving the
corresponding neutral radical in a higher electronic and vibrational state. The analytical method

10



uses the equation below where the photoemitted electron’s kinetic energy (eKE) is found by the
energy of the photon from a light (hv) source minus the electron’s binding energy. The incident

light source, like a laser, is used to photoeject the electron.'*
eKE = hv —eBE (1.1)

Those photoejected electrons reach hundreds of thousands of iterations and as they hit the
detector, the photoelectron image is obtained. The analysis of that image produces the
photoelectron spectrum. Within the spectrum, electronic and vibrational peaks are seen with their
respective intensities controlled by the Franck-Condon (FC) Principle. Specifically, the intensity
of a vibrational peak from an allowed electronic transition between the anion and neutral states
due to the absorption of a photon is proportional to the square of the corresponding FC integral,

defined as

FCF = <lpfinal|¢initial> = (wf,nucllpi,nuc)(wf,el A lpi,el) (1.2)
where Y, represents the nuclear vibrational wavefunctions of the initial (anion) and final
(neutral) states. 1,; represents the corresponding electronic wavefunctions for those states with
the dipole operator (/1) term dependent only on those components. The FC principle is based on
the Born-Oppenheimer Approximation, as the nuclei are stated to be in a fixed position relative

to their fast-moving electrons. The neutral molecule is assumed to have the same geometry as the

anion when the electron is photoejected, producing the vertical detachment energy (VDE).

The VDE usually corresponds to the most intense peak in the spectrum, reflecting the
detachment of the vibrational state of the neutral with the greatest Franck-Condon overlap to the
vibrational ground state of the anion. This approximation neglects the eKE dependence on the

electronic part of the photodetachment cross-section. It can also help predict the stability of the

11



anion states. This is different from the adiabatic electron affinity (EA), where the ground
vibrational level of the anion corresponds to the ground vibrational state in the neutral. The VDE

tends to be a higher value than the EA due to the assumption of the geometry not changing.

1.3 — Thesis outline

In this thesis, Chapter 2 outlines the basics of the experimental instrumentation and broad
experiment parameters. From there, it will discuss the five molecules whose structures are shown
in Figure 1. Chapter 3 discusses the first molecule studied 2,1-benzisoxzole or anthranil. The
electron affinity and other energetic properties were determined and are highlighted for both a ¢
and = radical states of the neutral molecule. The next chapter will discuss the second isomer, 1,2-
benzisoxazole and the ongoing analysis that is being done to understand the spectrum and theory.
Lastly, Chapter 5 introduces the previously studied molecules benzoxazole, oxazole, and
isoxazole which are labeled 3, 4, and 5 within the figure below respectively. The content of these
experiments is summarized so that a comprehensive comparison of the three bicyclic isomers
and their five-membered rings can be made. The comparisons are outlined using the arrows in
the figure below. The electron affinities will be compared as well as the influence that the
location of the C-H bond, relative to the heteroatoms, has on those values and the molecular

behavior.

12



20
\>—H<—> /
\

Benzoxazole 1,2-Benzisoxazole Anthranil

(Bzox) (Bix) \4 (Ant)
H

N \
\>—H s N
0

Oxazole Isoxazole H

Figure 1: Structures of the molecules mentioned in this thesis and the pathways for the comparisons
between the 5 molecules. The color of the arrows represents the different comparisons that will be

discussed.
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Chapter 2: Instrumentation Details

The experiments that are discussed here were performed on instrumentation that has been
described previously.!> !° In this section important elements of the instrumentation are
highlighted. To introduce the sample into the source chamber, a carrier gas at varying pressures
mixes with the sample, creating a vapor. That mixture gets introduced to the chamber and is
pulsed through a supersonic nozzle operating at either 50 Hz or 20 Hz to match the repetition

rate of the laser system used.

The electron source used in the new detailed experiments is the electron cannon
configuration.'® - 18 It is similar to an electron gun configuration, a design commonly used in
many photoelectron spectroscopy studies. The cannon is essentially the gun without the optical
elements. The cannon set-up provides a wider spray of electrons, increasing its area and creating
more ions than the use of an electron gun would. Electrons are sprayed to interact with the
sample mixture coming through the nozzle, where the impact creates the large number of anions

that are essential to these experiments.

Within the cannon, there is a thoria-coated iridium filament which is kept at -100 V to -
400 V, depending on the experiment and is heated by a direct current of ~5 A. As the ion beam
travels forward in the chamber, it interacts with a metal plate that is pulsed down to about -700 V
to -900 V, sending the beam into the flight tube of the Wiley-McLaren'® time-of-flight mass
spectrometer.?’ This allows for a representative mass spectrum to be formed. As the ions
continue through the instrument, they are intersected by a laser beam for photodetachment. There
are two laser systems used in these studies. The first is a Spectra Physics Lab-130-50 Nd:YAG
laser operating at a repetition rate of 50 Hz, utilizing different harmonics to achieve different

wavelengths. The other is a Continuum Surelite I1-20 Nd:YAG laser operating at 20 Hz.
14



The resulting photodetached electrons were analyzed using a velocity-map imaging
(VMI)?! assembly described elsewhere.!> The three VMI electrodes were kept at varying
voltages and projected the electrons in a direction perpendicular to the ion and laser beams. The
three electrodes are kept at negative, neutral and positive voltages from bottom to top
respectfully. The electrons are then detected by a 40 mm diameter dual microchannel plate

).22

detector coupled to a P47 phosphor screen (Burle Inc.).”” The images are captured using a CCD

camera.

The resulting photoelectron images are analyzed using published procedures®>2* and the

126

BASEX program?® is used to create the inverse Abel?S transformed images. Any experiment

specific settings will be described in the respective chapters in further detail.
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Chapter 3: Photoelectron spectroscopic study of Anthranil (2,1-Benzisoxazole)

3.1- Molecule background

2,1-benzisoxazole, commonly known as anthranil, is an isoxazole ring bonded to a
benzene ring (molecule 1 in Figure 1). Due to where the rings fuse together, the double bonds in
the isoxazole force a change in the benzene ring, converting it into a cyclohexadiene form.
Anthranil has been used in medicinal chemistry and drug design for biological applications such
as MAO inhibitors?’ and anticonvulsants.’ In synthesis, anthranil is not often used as a starting
component, but rather synthesized along the pathway as an intermediate. In finished products, it
does not remain in its traditional structure as some atoms get may substituted or bonds may be

broken since anthranil is a rich molecule for C-H bonds and C-N bonds.? 2

3.2 — Experimental environment

A small sample of anthranil (brown-reddish liquid; Santa Cruz Biotechnology, 99%) at
room temperature was raised to an elevated position in the sample holder. This was done to invite
easier vaporization with a carrier gas of Oz at ~1.56 atm. The experiment was done at 355 nm
using the Continuum Surelite II-20 Nd: YAG laser at a repetition rate of 20 Hz. The three VMI
electrodes were kept at -165 V, 0V, and +450 V, respectively as the laser polarization direction is

in the plane.

3.3- Experimental results

The photoelectron images were collected at 355 nm (3.495 eV). The raw and Abel
transformed images are shown in Figure 2 and used to produce the photoelectron spectrum using
BASEX programs. The spectrum is plotted as intensity with respect to the eBE in electron volts,

determined by equation 1.1 which allows for the identification of the adiabatic electron affinity.

16
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Figure 2: Photoelectron images and spectrum of C3-anthranide. The raw (left) and inverse Abel

transformation images (right) captured at 355 nm.
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3.4 — Theoretical detail

There are five locations for potential deprotonation within this molecule and to confirm
which C-H bond was deprotonated, geometry optimization calculations were done using
wB97X-D/aug-cc-pVDZ level theory. The results showed that the C3 site, which is the carbon in
the 5-membered ring near the oxygen atom, is the most stable site for deprotonation. As shown in
Figure 3, the C3 isomer is the only site with a resulting theoretical EA that falls within the
discernable area of the spectrum. From the optimized geometry results, it was noted that there
could be more than one radical isomer produced from this location. For verification, optimization
was done using B3LYP level of theory which determined that both a ¢ and & radical is possible
from deprotonation at this site. In these studies, the labels ¢ and & are used colloquially to
describe electronic states of A" and A” symmetry, respectively. Both radical states stay in a ring-
closed confirmation, and the resulting energies show that the m-isomer may be at a lower energy

than the o.
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Figure 3: Theoretical electron affinities and vertical detachment energies for C-H deprotonation
pathways in anthranil calculated at wB97X-D/aug-cc-pVDZ level theory. The C3 energy values are

B3LYP/aug-cc-pVDZ level. All representations are in the o state, and the green lines represent the C3

m-state.
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To confirm if and where in the spectrum each respective isomer was, an EOM-IP-CCSD
calculation was done. This couple cluster (CCSD) calculation with ionization potential (IP)
equation-of-motion (EOM)?’ determines the respective radical energies of the optimized
geometries by removing either an A’ or A” electron from the reference geometry. This calculation
confirmed that there were two conformations within the spectrum and gave values for where in
the spectrum they appear. The theory results showed that & radical was calculated at 3.014 eV
and the o radical at 3.338 eV. The values from the EOM-IP calculations are used to adjust the FC

spectra to better fit the characteristics of the experimental spectrum.

The Franck-Condon factors*’? from the frequencies done at the lower level of theory for
the radical and anion were calculated using QChem 5.1°* licensed to the Sanov group using
B3LYP/aug-cc-pVDZ level theory. This analysis includes Dushinsky rotations®* of the normal
modes which relied on the geometries and harmonic vibrational frequencies. These factors are
used to produce the theoretical spectra that is then modeled using MATLAB. The two spectra
produced are: one red, which has a narrow broadening function that depicts the vibrational
transitions, and one blue, which is mixed with a broader Gaussian function to represent the
electronic, vibrational transitions. These two spectra are modeled alongside the experimental
spectrum in Figure 4. Within the spectrum, the n-isomer is responsible for the first peak at 3.12
eV and the c-isomer contributes to the higher energy peaks in the spectrum with the main peak

being around 3.34 eV.

20
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Figure 4: Photoelectron spectrum of anthranil combined with the Franck-Condon simulations. The
black line is the experimental spectrum, the red is a FC spectrum presenting the vibrational
transitions, and blue is a FC spectrum showing an electronic vibrational spectrum. The peaks are

labeled to highlight the locations of the two different isomers.
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3.5 — Discussion of results

The 7 isomer being at a lower energy than the ¢ is due to the benzene ring acting as a m-
stabilizing force as the additional carbons stabilize the charge and the imbalance from the
photodetachment.'? The © isomer does not have as large of an influence in the experimental
spectrum as the ¢ isomer, which is reflected in the FC spectra as the ¢ isomer is responsible for
both peaks at the higher energies. The m isomer is responsible for the first peak, which is at a

lower intensity, in the spectrum as seen in Figure 4.

The aromaticity of this molecule is centered in the isoxazole ring due to the placement of
the double bonds, and m-electrons, within the molecule.® !° This balance of aromaticity is what
allows for the ring to stay closed in either deprotonated form as it strengthens the N-O bond.
Furthermore, the lone pairs on the oxygen atom relocating into the deprotonated orbitals when an
A" electron is removed from the molecule is what allows for the n-state to be stable at the lower

energy."?

Calculations showed that both the m radical and the o radical stay closed rings at
optimized geometries. The VDE determined at the lower-level theory for the n radical is 3.083
eV, about a 0.27 eV difference to the theoretical EA showing that the geometry of the radical
may have a large difference from the anion. The o radical has a smaller theoretical VDE but the
modeled FC spectrum depicts that it is responsible for both peaks at the higher end of the
spectrum. The largest peak around 3.43 eV may represent the VDE for this isomer, meaning
there is about a 0.1 eV difference in value. Figure 5 shows the CCSD optimized geometries for
the anions and radicals overlaid for ease of comparison with respect to bond lengths and angles.
The largest differences are the N-O bond length and the angle of the deprotonated carbon. The ¢
isomer has the largest angle at the C3 position and the shortest N-O bond. These geometry

22



changes support the broader peaks that the sigma isomer has within the photoelectron spectrum.
The trend seen in the values of the w isomer supports the similarity in geometry to the anion as it
has a much smaller influence on the spectrum as well as a lack of a vibrational element of the FC
spectra. The increase in N-O bond length could predict where the bond would break if the system

were to become ring open.
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Figure 5: Wire frame representations of the optimized anion state (black) layered with the o-Ant (blue)

and m-Ant (red) radicals at CCSD/aug-cc-pVDZ. The bond lengths are reported in angstroms.
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3.6 — Summary

The deprotonation of anthranil results in two radical isomers present in the photoelectron
spectrum. The most stable site of deprotonation is the C3 next to the oxygen atom in the five-
membered ring. The two radicals are a o-radical and a n-radical. The = radical lies at a lower
energy value of 3.12 eV while the ¢ radical is towards the higher end of the spectrum at 3.34 eV.
The o isomer has large geometrical differences from the anion while the & isomer is

geometrically similar.
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Chapter 4: Analyzing 1,2-Benzisoxazole Using Photoelectron Imaging

4.1 — Importance

1,2-benzisoxazole (benzisoxazole) is composed of a benzene ring and isoxazole ring,
bonded at the 4,5 carbons of the isoxazole ring (molecule 2). Bonding here allows the benzene
ring to stay in a traditional conformation and it remains in its full form in the finished drugs,
where it is often functionalized at the C3 carbon on the five-membered ring.’ This molecule has
been proven to be biologically active in different types of drugs like anti-inflammatory agents,
antipsychotics and many more, with several drugs that use this scaffold are available on the

market.”” 3

4.2 — Experimental environment

A sample of ~1 mL was placed in the sample holder and is lifted to a position that creates
direct contact between the carrier gas and the sample. A carrier gas of Oz at a pressure of 0.34
atm was used to vaporize the sample and flow into the source chamber. This experiment was
done at 355 nm using a Spectra-Physics Lab-130-50 Nd:YAG laser at a repetition rate at 50 Hz,
using the third harmonics. It was repeated using 1.10 atm Oz and 355 nm light from the
Continuum Surelite I1I-20 Nd:YAG at a repetition rate at 20 Hz to verify the experiment. Both

experiments were achieved with the VMI electrodes at -330 V, 0 V and +900 V, respectively.

4.3 — Experimental results

The images were collected at 355 nm (3.495 eV) laser light. The corresponding
photoelectron spectrum was made using BASEX and graphed on an axis of intensity versus the
eBE. Figure 6 shows both photoelectron spectra side by side; the left spectrum is from the

original experiment and the right from the repeated experiment.
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Figure 6: The photoelectron spectrums of 1,2-benzisoxazole produced from the respective
obtained photos to the left of each at 355 nm. Spectrum A is from the original experiment, and B

is from the repeated experiment.
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To determine which carbon was deprotonated, calculations at wM97X-D/aug-cc-pVDZ
level theory were done. Figure 7 shows that the C3 carbon can be the only location responsible
for the spectrum since the theoretical EA values of the other C-H sites are too low to appear
within the discernable bounds of the spectrum. These initial calculations indicated that the ring
would open at the optimized geometry for both the radical and the anion. While not clearly seen
in the spectrum, this is supported further by calculations done at CCSD/aug-cc-pVDZ level of

theory.
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To model the experimental spectrum with theoretical models, the Franck-Condon factors
were determined using the lower-level theory results. The produced spectrum did not fit well
with the experimental spectrum, so different approaches were taken by using varied parameters

to simulate different FC factors.

One hypothesis is that the spectrum may be produced from ‘hot ions’ so the temperature
was raised to 700 K from 0 K. As well, the vibrational excitations for the anion (initial) state and
radical (target) state with respect to the Duschinsky rotations were changed. The pairings that
were done include 0:6, 0:8, 1:6, and 2:6 for the anion and radical respectively. This did not lead
to a definitive answer, so an EOM-IP-CCSD calculation was done. In this calculation, two
electrons were deprotonated at both the A’ or A” levels to estimate the EA for the two lowest
energy levels. The resulting values lead to the conclusion that only one isomer, the lowest

isomer at 2.941 eV, is within the range of the photoelectron spectrum.

4.4 — Discussion of results

Due to the continuing confusion, the experiment was redone at similar settings to confirm
the experimental spectrum. The resulting spectrum is nearly identical to the original one but has
more defined characteristics. One parameter that is confirmed from the FC simulations is that
there are no hot ions present. At this stage of analysis, many of the spectra calculated at 0 K can
model the m isomer within the discernable bounds using 2.94 eV to fit the spectrum. This isomer
appears at an early point in the spectrum, most likely aligning with the band peal. However, the
model could not be accurately fit to the experimental spectrum due to the data not being in

agreement.
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The computations confirm that at either the wB97X-D or CCSD level of theory, the ring
will open. This ring opens, unlike its isomers, due to its aromaticity and bond strength. The
aromaticity within the molecule is focused within the benzene ring more than the isoxazole ring,
making the N-O bond weak.'® When the C3 is deprotonated the ring opens and rearranges to
regain stability, and the nitrogen forms a triple bond with the neighboring carbon.* This ring
opening supports other literature findings®’, but the photoelectron spectrum does not model a
ring-open molecule. This change is shown in the optimized geometries presented in Figure 8.

Further investigation will need to be done to determine where the inconsistencies may lie.
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Neutral C3-anion

Figure 8: Ball and stick models of the optimized CCSD level of theory geometry of the neutral

and anion form of C3-1,2-benzisoxazole.
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4.5 — Summary

The experimental spectrum developed from the photoelectron image of benzisoxazole
looks very similar to that of anthranil, but the molecule does not appear to behave the same.
From calculations, the lowest & radical level should fall within the spectrum around 2.941 eV, but
the theoretical results do not agree with the experimental spectrum. There will need to be further
work done to try and understand why the calculations result in a ring-opening, but the

experimental spectrum does not show that.
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Chapter 5: Comparisons

5.1 — Previously Studied Molecules

To compare the isomer family to each other, the previously studied molecules need to be
detailed. These studies were done using the same methods and instrumentation. While these
studies may have been done at multiple wavelengths, only the data obtained from 355 nm will be

discussed.
5.1.1 — Benzoxazole

The first molecule to discuss is benzoxazole, the third bicyclic isomer of the group
(molecule 3).% This experiment was done using 355 nm light from the Spectra Physics Lab
Nd:YAG laser, using O» as the carrier gas at a pressure of 1.4 atm. After producing the
photoelectron spectrum seen in Figure 9, it was determined that the ground state radical (c-
BzOx-yl) yielded an electron affinity of 2.75 eV when deprotonated at the C2 location. This is
the lowest transition allowed without the molecule becoming a ring-open anion or radical. This
confirmed that the photoelectron spectrum only includes one isomer. The electronic structure of
the isomer showed that the angle between the N-C-O bonds changes, resulting in the radical
having a smaller angle and bond lengths than the anion form. It is worth nothing that it is
possible for the molecule to form a ring-open anion. Its corresponding neutral would contribute

to a narrow peak early in the spectrum, but it cannot be easily separated from the first peak.
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Figure 9: Photoelectron images and spectrum of benzoxazole. The image is composed of the raw
(left) and inverse Abel transformed data (right). The black line is the experimental spectrum, and
the others are from the FC factors based on the calculations done using B3LYP/aug-cc-pVDZ

level of theory. The figure is based on data from reference 2.
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5.1.2 — Oxazole

The next molecule to discuss is oxazole (4). This is one of the two five-membered rings
included in these bicyclic molecules. The study done by Culberson, et al.*® was focused on the
C2-oxazolide anion and corresponding neutral radical. This was achieved by selective
deprotonation, allowing for the C2 site to be the primary deprotonation site. 2-D-oxazole was
synthesized then analyzed using argon gas at 30 psi. The incident light was from the Spectra
Physics Nd:YAG laser, with the acceleration electrodes at -330 V, 0 V, and 900 V respectively.
The resulting spectrum from the 355 nm light was partially resolved, so a Franck-Condon
simulation was done at B3LYP/6-31+G* level of theory to help clarify the band peak as seen in
Figure 10. The resulting adiabatic electron affinity was found to be 2.21 eV for the neutral
radical. When comparing the anion and neutral electronic structures, the angle between the O-C-
N bonds was larger in the neutral radical compared to the anion while the bond lengths were

shorter.
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Figure 10: Photoelectron spectrum of oxazole made from the raw (left) and inverted Abel
transformations (right) image on the left. The experimental spectrum is green, and the FC
simulation is in black based on the frequencies using B3LYP level of theory with 6-31+G* basis

set. The figure is based on data from reference 38.
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5.1.3 — Isoxazole

The last molecule in this group is isoxazole (5). This is the five-membered ring within
both anthranil and benzisoxazole. This molecule was studied by Wallace, et al.>* where they
found that all three carbons in the ring were deprotonated and contribute to the produced
photoelectron spectrum. The spectrum was composed from images that were captured using 355
nm light from the Spectra Physics Nd:YAG laser with either Oz or N2O carrier gas. This
experiment resulted in no clear vibrational progressions in the spectrum as it was congested with
the presence of all three radical isomers. To identify where each isomer was, computations were
done for theoretical EA and VDE values using EOM-IP-CCSD/aug-cc-pVTZ method. A ¢ and ©t
isomer were determined for each deprotonation site, but within the range of the 355 nm spectrum
shown in Figure 11, only 4 isomers are noted. These include both isomers at C5, the C4 o state,
and the C3 r state. These values are shown in the figure below, the boxes represent the EA on the
left most side and the VDE on the right. The electron affinities for the three states that are worth

noting here are: m(C3) at 2.96 eV, n(C5) at 3.33 eV, and 6(C5) at 2.46 eV.
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Figure 11: Photoelectron spectrum of isoxazole made by the images to the left obtained at 355
nm. The rectangles identify the range of each isomer's energies with the left end is the EA and

the right end is the VDE value. The figure is based on data from reference 39.

39



5.2 — Bicyclic molecule to bicyclic molecule

After completing the analysis of the new molecules, a comprehensive comparison of the
entire family can be made. The comparisons will focus on the C-H bond location in the

molecules and the respective adiabatic electron affinities.
5.2.1 — Deprotonated carbon locations

First, the three bicyclic molecules will be compared with respect to the location of the
deprotonated C-H bond. The bicyclic spectra were made from C2-benzoxazolyl, C3-anthranilyl
and C3-benzisoxazolyl, respectively. These carbons are in the five-membered rings, between or
next to the heteroatoms. Figure 12 presents the three photoelectron spectra overlapping each

other.

When comparing the EA for benzoxazole and anthranil, considering the o-radical only, it
requires about 0.6 eV less to remove the hydrogen from benzoxazole relative to anthranil due to
the proximity of the deprotonated carbon to the electronegative atoms. In benzoxazole, the C-H
bond is between the nitrogen and oxygen atom, causing the electronegativity of those
heteroatoms to create ease in deprotonation. The C3 in anthranil is next to the oxygen atom and a
carbon binding the two rings together, so this bond would see an effect from the oxygen atom

only.

When the heteroatoms move to form benzisoxazole, the EA shifts between its isomers.
This respective carbon within benzisoxazole is similar to the location in anthranil but it is next to
the nitrogen atom. Simply put, this carbon would feel less effects of the electronegativity than the
carbon in anthranil, which means that it should have a lower EA.!! This is supported by the

theoretical values, with respect to the lowest lying isomers as benzisoxazolyl is around 2.94 eV

40



while anthranilyl is at 3.12 eV. It would require more energy than in benzoxazole because it is
only near one heteroatom, not both, supporting the approximate 0.2 eV increase in electron

affinities.
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Figure 12: Photoelectron spectra produced from images captured at 355 nm of benzoxazole

(blue), anthranil (black), and 1,2-benzisoxazole (red) layered on top of each other.
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5.2.2 — Benzoxazole vs. Anthranil

Diving deeper into the behaviors of radicals, the deprotonation of C2-benzoxazole can
result in a ring-open molecule from the cleaving of the C2-O bond within the five-membered
ring. Breaking this bond causes the molecule to rehybridize and stabilize the = radical state,
leaving the ring-open anion more stable than the ring closed geometry. This supports the idea
that the rehybridization of benzoxazole is aided by the benzene ring unlike how the six-member
ring in anthranil is unaffected in its 7 state. The aromaticity is focused within the benzene ring in
benzoxazole while in anthranil, it is focused in the isoxazole ring. Therefore, the conjugation in
benzoxazole happens within the benzene ring, changing its bonds so the C-O bond can become a
double bond to stabilize the molecule. These changes do not happen when a A” electron is
removed in anthranil. In anthranil, the stabilization is reflected in the order of the energy levels,
with the 7 sitting at the lower energy value. This occurs due to the oxygen being readily able to
share its electrons. While there is not a ring open confirmation for anthranil, the lengthening of

the N-O bond points to the possibility of the bond breaking.

5.2.3 — Benzisoxazole vs. Benzoxazole

When comparing benzoxazole and 1,2-benzisoxazole, one major similarity is the possible
opening of the ring when in the anion form. In benzoxazole, the ring-open anion was possible,
but it fell too closely to the closed ring anion to resolve as a separate peak in the spectrum. This
resulted in the spectrum being composed solely of the o radical. For benzisoxazole, the ring
open conformation is the main anion form, yet this is not represented in the spectrum. The ring-
open anion for benzoxazole was calculated at 2.66 eV and the benzisoxazole = radical is at 2.94
eV. The possibility of ring-open forms reflects the similarity between these molecules and

highlights a difference from anthranil.
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5.2.4 — Anthranil vs. 1,2-Benzisoxazole

When comparing these two benzisoxazoles, several elements need to be considered. In
anthranil, the aromaticity of the molecule is centered within the five-membered ring, where as in
benzisxoazole, it is focused within the benzene ring.> '° Therefore, the five-membered ring is
slightly less stable in the 1,2- orientation. This instability is what leads benzisoxazole to become
ring-open at the lowest energy state while anthranil has the ring-closed o state and ©t state within
the spectral range. These two spectra are nearly identical, but the anthranil spectrum is easily

understood after utilizing computation.

It is also worth noting that both states of anthranil are at a higher EA than the single state
of benzisoxazole that is estimated to appear within the energy bounds. The anthranil spectrum
includes two clear isomers at 3.12 eV and 3.34 eV while benzisoxazole would theoretically only
have the lowest lying &t state around 2.94 eV. This difference in energy can be partially attributed
to the neighboring atoms. The slight electronegativity difference between nitrogen and oxygen
can support the increase in electron affinity. It is also due to the difference in aromaticity within
the molecules and the apparent m-stabilization effect that benzene has in anthranil. These studies
highlight how different these two molecules act after deprotonation, despite their physical

similarities.
5.3 — Whole and parts comparisons

5.3.1 — Benzoxazole versus Oxazole

When comparing the bicyclic molecules to their respective five-membered rings, only
benzoxazole will be compared to oxazole. The site of interest in oxazole is C2 which is the

carbon between the oxygen and nitrogen atoms. This corresponds to the identical carbon location
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in benzoxazole. When comparing the o radical electron affinities, benzoxazole has a higher EA
by 0.54 eV, as seen in Figure 13. This increase is likely due to the benzene ring stabilizing the
charge that is created from photodetachment as the more stable the anion, the more energy
required to form the respective neutral radical. When comparing the two values of EA-VDE,
both have differences of 0.6 eV apart, meaning the geometric differences between the anions and

neutral radicals are similar.
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Figure 13: Overlapped photoelectron spectra made from the images obtained at 355 nm of
benzoxazole (blue) and oxazole (green). The noted electron affinities are for the lowest lying

state.
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5.3.2 — Anthranil versus C5-Izoxazole

There is a similar trend seen when comparing anthranil to isoxazole. The carbon of
interest in isoxazole for the comparison with anthranil is the C5 carbon. Since the study on
isoxazole did not show clear separation between the isomers, calculations were utilized, resulting
in all the locations having theoretical values for both the m (A") and o (A’) levels. The order of
these levels switches in anthranil compared to isoxazole as shown in Figure 14. The & level is at
a lower energy in anthranil due to the stabilizing effect that the benzene ring provides the
deprotonated isomer which allows the 7 level to drop below the energy level of the 6 isomer.!? In
addition, the stabilization from the benzene ring brings the energy levels, and the respective EAs,

of anthranil closer together, compared to isoxazoles which have a spread of about 1.2 eV.

Another key difference when comparing these two molecules is that the experimental
spectrum of isoxazole contains more than one isomer, making it difficult to clearly identify the
individual isomers within the spectrum. This creates the need for theoretical analysis of each
carbon around the ring. For anthranil, the spectrum is made from the deprotonated carbon near
the heteroatoms with no contributions from the other C-H sites. Both molecules have n and
radicals within the discernable spectral region. The radicals within the anthranil spectrum have
different, separated peaks, highlighting another effect that benzene has on the molecule. The

carbons around the six-membered ring allow for the C3 to stand out energetically.
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Figure 14: Energy diagram of the theoretical EA values for the  and ¢ isomers in C5-

isoxazolide and C5-anthranide calculated at the CCSD level of theory with the aug-cc-pVDZ or

TZ basis set.
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5.3.3 — Benzisoxazole versus C3-Isoxazole

When comparing 1,2-benzisoxazole and isoxazole, the primary comparison location in
isoxazole is C3. This location was seen to result in C3-enolate, similar as to how benzisoxazole
opens when optimized. Since this C-H site is the same in both molecules, it can be expected that
they would react the same, even with the addition of the benzene ring. The order of the energy
levels for both molecules does not change, unlike in the previous comparison but here the n level
is lower than the o level. This is due to the significant similarities between these molecules, as
the most stable confirmation is ring-opened for both molecules. The electron affinities are also
very close in value as presented in Figure 15. The & levels are 0.02 eV higher in isoxazole and
the 6 is 0.04 eV lower. This slight change demonstrates that the m level is supported by the

benzene although not significantly.

49



EA=4.19¢eV

EA=4.14eV ——  2*A'(c) |
EA=296eV —/1— *A"(n) | EA=204cV
lA’
C3-Isox C3-Bix

Figure 15: Energy diagram (not to scale) of the theoretical electron affinities of C3-isoxazolide
and C3-benzisoxazolide calculated using EOM-IP-CCSD/aug-cc-pVTZ or DZ levels of theory

showing the similarities in value.
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Chapter 6: Summary

In this thesis, we used photoelectron spectroscopy to study bicyclic organic molecules
and measure the adiabatic electron affinities of their radicals. The studies here are focused on
experiments done at 355 nm light from Nd:YAG laser systems. The data presented for anthranil
and 1,2-benzisoxazole show that the two isomers behave differently after being deprotonated.
Anthranide results in w and ¢ radical states that appear as two distinct peaks within the
photoelectron spectrum at 3.12 eV and 3.34 eV respectively. Benzisoxazole theoretically shows
one 1 radical within the spectrum around 2.94 eV, but theoretical modeling of the peaks, used to
identify elements within the spectrum, has proven inconclusive. The spectrum does not represent

a ring-open molecule while computational results present optimized ring-open geometry.

These findings are compared to previously published work on the three other molecules
within the isomer group. This creates the context for understanding the trends within the family
of all five molecules based around the electron affinities and the influence of the heteroatoms.
The results showed that anthranil has the largest EA within the bicyclic molecules, with both
radicals being at greater energy values compared to its isomers. The C-H bond that is
deprotonated is next to the nitrogen atom, the less electronegative of the two heteroatoms in the
molecules. It is also the one molecule that sees n-stabilization effects due to the benzene ring,
allowing the = radical to be at a lower energy than the ¢ radical. The molecule with the lowest
EA is benzoxazole where the C-H bond is in between both the oxygen and nitrogen atom,

creating an environment that sees the greatest electronegative effects.

When these molecules get put into context with their respective five-member ring
elements, other trends are identified. Benzoxazole has a larger EA than oxazole by 0.54 eV, but

the VDE values show that they experience similar geometric differences in the anion-radical
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transition. With C5-isoxazole and anthranil, both radical forms are at a higher energy in anthranil
and the order of the energy levels changes. Lastly, benzisoxazole and C3-isoxazole both result in
optimized ring-open geometries as the N-O bond breaks. The EA for both the pi and sigma
radicals in both molecules are nearly identical. This can reflect that the benzene ring does not
have heavy effects on the radical states and that the two molecules behave the most similar out of

the molecule group.
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