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ABSTRACT
HIVICK, BRIAN E., M.S., May 2019, Chemistry

Mechanistic Study of Carbazole and Triphenylamine Dimerization and Pyrrolidine

Dehydrogenation Using Mass Spectrometry

Director of Thesis: Hao Chen

Mass spectrometry is one of the most powerful techniques used in analytical
chemistry today. It has been utilized in a wide variety of fields, from synthesis to
pharmaceuticals to analyzing medicinal samples. One of its greatest strengths is its ability
to be combined with other techniques to further improve the collected data. In this work,
the ability to couple mass spectrometry with electrochemistry in the dimerization of two
aromatic amines, carbazole and triphenylamine, is explored, and insight into the
underlying dimerization mechanism is achieved. In addition, photochemistry is also
coupled with mass spectrometry, and the potential dehydrogenation of pyrrolidine is

explored.
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CHAPTER 1: INTRODUCTION
1.1 Mass Spectrometry

Mass spectrometry (MS) is among the most powerful and widely used analytical
techniques. Using MS, it is possible to analyze ionized samples based on their mass-to-
charge ratio (m/z).! By determining the charge of the species, it is therefore easy to
identify its’ mass, which can allow identifying the compound. In addition, tandem mass
spectrometry (MS/MS or MS?) can be performed, wherein a given ion can be isolated
with the MS and then fragmented into smaller pieces, which will then be detected. This
allows MS to be used as a powerful tool for structural analysis of compounds.? Mass
spectrometry has been successfully used for all kinds of compounds, from small organic
molecules®, to metallic-based samples?, to large biological macromolecules such as
proteins®. Due to its versatility and aptitude for identification, MS has been incorporated
in numerous fields, including forensics®, drug development’, environmental analysis®,
and compound synthesis’.

1.2 Mass Spectrometer

Although mass spectrometers can be designed in a variety of ways depending on
the purpose they will be used for, there are typically a few common components across
mass spectrometers. These include an ionization source, which generates charged ions for
analysis; ion optics, which are used to filter and guide the ions that enter the instrument; a
mass analyzer, which separates out the different ions based on their mass-to-charge ratio;

and a detector, which converts the energy of the ions that reach it into electric signal,
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which can they be transferred to a workstation as a spectra’. In addition, a vacuum system
is typically used with mass spectrometry, and is vital to the operation of the instrument.

1.3 Tonization Methods

There are numerous different methods which have been used for the generation of
ions before they enter the instrument. One of the first methods developed was electron
ionization (EI), in which compounds are bombarded by high energy electrons, leading the
occurrence of ionization.!® Another early method used was chemical ionization (CI), in
which a reagent gas is ionized, which in turn reacts with the analyte of interest to cause
the analyte to undergo ionization'!. However, these early techniques had considerable
flaws, including fragmentation of the analyte and the inability to be used for large
molecules’. Due to these flaws, considerable effort had been expended on the
development of new techniques which allow for a more robust method of ionization, such
as electrospray ionization (ESI)!2, matrix-assisted laser desorption ionization (MALDI)!3,
and atmospheric pressure chemical ionization (APCI)!'.

Electrospray ionization has become one of the most widely used ionization
techniques, due to its high sensitivity and reliability, as well as its ability to analyze
biomolecules which do not readily ionize using other techniques'?. Other benefits of
electrospray include that it involves ionization of liquid samples, allowing easy
interfacing with separation techniques such as liquid chromatography (LC), as well as its
low chemical specificity as to what compounds can undergo ionization'*. The ionization
process for ESI can be divided into three distinct steps (Scheme 1-1)!2. First, charged

droplets of sample are generated from the ESI source. This is accomplished by applying a
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sufficiently high voltage (between 2.5 and 6.0 kV'?) to a capillary tube through which the
sample solution is being pumped, generating a Taylor cone!>. These droplets then travel
towards the mass analyzer, during which the droplets are dried by either elevated pressure
or a nitrogen drying gas, causing the droplet size to decrease. As these droplets carry a
charge, the decrease in size causes an increase in the charge density of the droplet'?. After
the droplet size has decreased sufficiently, the Rayleigh limit is reached'?, at which point
the ratio of charge to droplet size has grown too large. Under such a circumstance, the
ions in the droplet are either directly ejected into the gaseous phase'? or split into smaller
droplets which further undergo similar de-solvation and splitting until dry ions in the gas

phase are formed.

Scheme 1-1: Electrospray ionization process.'
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Like other methods, ESI is not without its own set of drawbacks. Chiefly among
those are the issue of in-source oxidation or in-source reduction taking place due to the
use of high potential to begin the ionization process'#, as well as the need to use volatile
solvents which will readily evaporate off the charged droplets to produce dry ions. One
technique developed to circumvent those issues is desorption electrospray ionization
(DESI). In DESI, an electrospray emitter is used to generate charged solvent droplets,
following the earlier discussed mechanism, which are directed towards the analyte of
interest, instead of the mass spectrometer. As these droplets impact the analyte, the
analyte is then dissolved and ionized from the sample, and those ions are then released
and travel towards the mass spectrometer inlet (Scheme 1-2). While DESI was first
developed with solid samples, it has also been applied to liquids, frozen solutions, and

gases that have been adsorbed to a surface.'®
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Scheme 1-2: Mechanism of DESI ionization'®

1.4 Mass Analyzers

The primary function of a mass analyzer is to discriminate between ions based on
their m/z ratios. There are numerous types of analyzers, some of them can provide very
different functions, such as the ability to trap ions of a given m/z within the analyzer.
Some of the most commonly used types of mass analyzers include quadrupoles, ion
traps, time-of-flight (TOF), and Fourier transform-based analyzers such Orbitrap and ion
cyclotron resonance (ICR).!”

One of the commonly used types of mass analyzer is the quadrupole. A
quadrupole is made up of four cylindrical rods which are positioned around the path that
ions will take (Scheme 1-3). The rods which are directly across from one another carry

the same charge, and are connected electrically, with a radio frequency potential applied
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to them. A direct current is then also applied over the radio frequency, which causes ions
travelling along the rods to oscillate. As ions oscillate, it is possible that they will bump
into one of the rods, preventing them from further traveling through the MS. It is then
possible to vary the current and radio frequency potential to change which m/z of ions
will be capable of traveling through the quadrupole, and which will get lost as they bump
into the rods.!” This allows a quadrupole to serve as a filter for only a target m/z.'8
Quadrupole mass analyzers are advantageous in their small size, low cost, and high
stability, but suffer from limited mass ranges which can be allowed to travel through the

quadrupole, as well as poor resolution'”.

_5 lon path

quadrupale

Scheme 1-3: Design of quadrupole mass analyzer'’

Ion traps are similar in design to quadrupoles, but instead of only allowing target
m/z ratios to leave the quadrupole, certain m/z ratios are instead selected to stay within the
ion trap. Non-target ions will be kicked out of the trap, leaving behind only the target
species. This allows for accumulation of the target ions, as it is possible to “hold” them
within the trap until a sufficient amount is present. The potential is then changed, and the
trapped ions are pushed to the detector. Ion traps are often used for MS/MS but have low

resolution.!”
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Another of the commonly used mass analyzers is the TOF analyzer (Scheme 1-4).

In a TOF analyzer, ions of different m/z travel through an electrical potential known as an
acceleration grid, where they are imparted with a specific kinetic energy, and begin
traveling with a certain velocity based on how much energy is applied and their mass.
These ions then travel into a region where no electric field is present, so the ions will
maintain their velocity. The detector is positioned at the opposite end of the analyzer, and
ions will reach it at different rates depending on the velocity they have after acceleration,
which in turn depends on their mass. Then, by measuring the time it takes for ions to
reach the detector, it is possible to determine the mass of the ions. The TOF mass
analyzers have a high mass range, and can observe very high masses, however they are

typically much larger than other analyzers.!’

Acceleration Grid

Field Free Region

—-————— ]

Pulsed lon Source Detector
Scheme 1-4: Design of time-of-flight mass analyzer!’

The Orbitrap is a Fourier-transform based mass analyzer. It consists of three
electrodes, two outer electrodes and one central electrode (Scheme 1-5). Ions are injected

into the space between the outer and central electrode and are initially tangential to the
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central electrode!®. A potential is then applied between the electrodes, which causes the
ions to begin to oscillate around the central electrode. These oscillations can generate
imaging current on the outer electrodes which can then be detected, and a Fourier
transformation can then be used to generate a mass spectrum.!” As mass analyzers,
Orbitraps have very high resolving power, particularly at high m/z. In addition, Orbitraps
are relatively small and do not require much maintenance such as the use of expensive

liquid helium."

Injection
of ions

J

Inner electrode

Outer electrode

@

Signal

Scheme 1-5: Design of the Orbitrap mass analyzer!’

1.5 Detectors
Another key portion of the mass spectrometer is the detector. The most commonly

used type of detector today is an electron multiplier. Electron multipliers function
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similarly to a photon multiplier tube, except it does not have a photon window and
instead the first dynode is sensitive to the presence of ions. When ions strike the
conversion dynode, secondary electrodes are released, and an electrode cascade takes
place, multiplying the signal. The benefits of an electron multiplier as a detector include
the high amount of gain from the initial electron, low noise and a large linear dynamic
range.*

1.6 Coupling Electrochemistry with Mass Spectrometry

Electrochemistry (EC) is a major field of analytical chemistry, with numerous
applications independent of MS. Electrochemistry and the techniques under its umbrella
have been used to measure redox potentials, examine the reversibility of chemical
reactions, and synthesize new materials, efc.?!. Electrochemistry has often been used in
tandem with other techniques, such as EC being used detection method for liquid
chromatography and biosensors or detecting the products of EC using fluorescence
spectroscopy or nuclear magnetic resonance spectroscopy>. Recently, significant work
has been performed to couple EC with MS, including work in research of numerous
fields including drug metabolism?®®, environmental metabolites*!, protein structure®’, and
oxidative stress®®, among others. Many of these developments are due to advances in ESI,
which can readily interface with EC systems. This allows for the online analysis of
electrolysis, wherein an EC cell can be toggled between off and on as the sample is
injected into the MS, allowing for analysis of the electrolysis process. There are a few
concerns which must be addressed when coupling EC with ESI-MS, however. One

drawback is that a relatively high potential is necessary for the ionization process, which
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needs to be separated from the potential used with the EC cell??. One of the benefits of
DESI is that this is easy to accomplish, as the analyte is not directly applied with a high
voltage, but rather what is impacted by ionized solvent droplets. In addition, many
common electrolytes used for EC can impact the resulting mass spectrum, so electrolyte
of suitable volatility and concentration must be used?2.

1.7 Coupling Photochemistry with Mass Spectrometry

Photochemistry is also a big area with a wide range of applications, from the
synthesis of polymers and other materials?’, to developing photocells to harness energy?®.
When compared to other techniques, photochemistry has numerous benefits, including
the ability to drive otherwise difficult reactions with the simple addition of the
appropriate light, ease of temporal control due to the ability to simply switch the light on
and off, and spatial control provided by controlling where the light is and is not able to
sign, whether by adjusting the shape of the light or using masks to protect certain

locations from light*

. Like electrochemistry, photochemistry is an attractive option to
couple with MS. Work has been performed to examine the effects of online

photochemical reactions, such as those of tetrahydroquinolines®, zinc phthalocyanine®!,

as well as using photochemical tags for analysis fatty acids®2.
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CHAPTER 2. STUDY OF CARBAZOLE DIMERIZATION MECHANISM USING
EC/MS
2.1 Introduction to Carbazole
Carbazole (CBZ) and triphenylamine (TPA) are two common aromatic amines
often used in organic synthesis. Carbazole (Scheme 2-1) and its derivatives can exhibit
many useful features, such as being used as photoconductors and the ability to transfer
charges. Carbazole first gained interest due to its photoconductivity in the 1950s, with the
development of poly(N-vinylcarbazole). Poly(N-vinyl carbazole) was first used in
electrophotography due to its high degree of photoconductivity, and then later in the field
of photocopying.** Carbazole derivatives have also seen much attention in the field of
organic light emitting diodes (OLEDs) and dye-sensitized solar cells (DSSCs) due to
their ability to allow charge transfer processes to occur. In particular, the ability of
carbazolyl groups to serve as either a peripheral donor or a z-linker allow flexibility in its
uses.’* Some of the reasons that carbazolyl groups are so commonly used in a variety of
fields include the ease of introducing substituents into the carbazole ring, their high
thermal and photochemical stability, and the ease of acquiring carbazole from coal-tar

distillations.>?
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Scheme 2-1: Structure of carbazole

One of the most commonly used carbazole derivatives is its dimer, bicarbazole
(BCBZ). Bicarbazole is readily produced from the oxidation of carbazole. It is believed
that when carbazole undergoes oxidation, a carbazolium radical cation is generated as an
electron is extracted from the molecule. This cation is highly unstable, and rapidly
dimerizes, forming bicarbazole. However, there is some uncertainty as to the true
mechanism behind this reaction®. While the first step is generally agreed upon, it is
difficult to observe these species, due to the short lifetime and high reactivity the
carbazolium ions display*®*’. For the dimerization step, numerous methods have been
attempted to study this reaction, including cyclic voltammetry?S, rotating disk
voltammetry,*” and electron spin resonance spectroscopy. It was proposed that the
dimerization step would take place between two of the radical carbazolium molecules, so
the final step would be a radical-radical reaction (Scheme 2-2, Route A)*®. However, the
evidence for this is not fully-conclusive, and the two radical cations would need to

overcome Coulombic repulsion in the process of dimer formation. In addition, by using

mass spectrometry to analyze this reaction, more information about the reaction



24
intermediates could be obtained, thanks to the high specificity of mass spectrometry, as
well as the ability to perform tandem mass spectrometry to obtain structural information.
The coupling of electrochemistry with mass spectrometry (EC-MS) has been shown to be
particularly powerful in the elucidation of reaction mechanisms by utilizing the ability of
MS to detect reaction intermediates’®%4%4142 due to the ease of comparing spectra
obtained both with and without the influence of oxidation, as well as the relatively short
delay between oxidation and detection that can be afforded.

In our lab, we have focused on the development of a variety of techniques for the
coupling of electrochemistry with mass spectrometry to detect reaction intermediates. First,
we were able to couple electrochemistry with desorption electrospray ionization mass
spectrometry (EC-DESI-MS) to observe the generation of the carbazolium radical cation
following oxidation. We also investigated the dimerization pathway and propose that
bicarbazole is produced by the reaction of a radical carbazolium with a neutral carbazole
(Scheme 2-2, Route B), not the two radical carbazoliums that was previously proposed
(Scheme 2-2, Route A). Due to the importance of carbazole and its derivatives, determining
the correct mechanism of dimerization can be of high importance to the understanding of
carbazole polyermization. This work was performed in collaboration with Dr. Chengyuan

Liu from the University of Science and Technology of China.
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Scheme 2-2: Comparison of proposed mechanisms for carbazole oxidation and
subsequent dimerization.

2.2 Carbazole Apparatus

The mass spectrometer used in these experiments was the Q Exactive Plus hybrid
quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific, San Jose, CA).
Generally, the ionization source supplied with the MS was removed, and replaced with a
homemade ionization source. For the homemade source, a piece of fused silica capillary
(100 pm 1.d., 198 um o.d.) was used to deliver the sample solution from a syringe
(Hamilton, CA) to the ionization source. This ionization source is readily interfaced with
electrochemical cells via a piece of silica capillary, allowing online EC/MS experiments.
A generalized form of this apparatus, showing the interface between the silica capillary,
the ionization source, and mass spectrometer is shown in Scheme 2-3. The silica capillary

can be directly connected to the EC cell.
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Homemade

Mass Spectrometer
ESI Source

Silica Capillary

[ =

N, Gas Inlet

Scheme 2-3: Generalized form of the apparatus used for MS experiments. The silica
capillary is connected to a syringe, which injects liquid. Sample is ionized at the ESI
source and detected by the mass spectrometer.

In some experiments to offline analyze electrogenerated species from cell, nano-
electrospray ionization (nESI) was used in place of the previously mentioned ionization
source. In nESI, a fused silica capillary (100 um original i.d., 198 p.m. od) is first pulled
by a laser puller to produce a long, tapered tip with an i.d. of approximately 10-20 um.
For nESI, no assisting gas flow is necessary due to the tapering of the capillary, and a
high potential is applied (typically 2500V), along with a very low flow rate (typically <2
pL/min).

2.2.1 Waterwheel Set-up

First, the initial oxidation step of carbazole to the carbazolium radical cation was
examined using a waterwheel set-up (Scheme 2-4). Using this set-up, sample solution of
I mM CBZ in 1:1 MeOH/H>0O with 1% formic acid was injected into the ionization
source at a flow rate of 50 pL/min. To assist in ionization, a nebulizing gas of 180 psi
was used, while no high voltage was applied to the solution to avoid in-source oxidation.
The source was angled such that it would spray onto a rotating Platinum disk, serving as

the working electrode, which was connected to a low voltage brush-type DC motor. The
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disk was immersed in a reservoir of 9:1 H2O/MeCN containing 1 mM of ammonium
acetate as electrolyte. As the disk rotates (1 rev/s), a thin layer of reservoir solution (ca. 1
mm thick) forms on the working electrode. A silver/silver-chloride reference electrode as
well as a carbon cloth counter electrode were also immersed in the reservoir, and all three
electrodes were connected to a CV-27 potentiostat (Bioanalytical Systems, West
Lafayette, IN) which was capable of applying a potential across the system. The working
electrode was then positioned approximately 2 mm for the mass spectrometer inlet. As
carbazole solution was sprayed onto the electrode, it could undergo oxidation (+2.0V)
before entering the inlet for detection.

This experiment was also repeated for two N-substituted carbazole derivatives, 9-
(p-tolyl)carbazole (TCBZ) and 9-phenylcarbazole (PCBZ). In these experiments, the flow
rate of injection was decreased to 20 pL/min, while all other parameters were kept the

Ssame.
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Scheme 2-4: Waterwheel set-up used in this experiment. The custom spray probe
carrying analyte solution is directed at the platinum working electrode, where it
undergoes oxidation before traveling into the MS inlet.*?
2.2.2 Mixing Set-up

To investigate the dimerization step of carbazole, an isotopic mixing step was
introduced prior to ionization (Scheme 2-5). In this set-up, carbazole (0.5 mM in MeCN)
was injected into the system using a piece of fused silica capillary, traveling through a
thin-layer electrochemical flow cell equipped with a glassy carbon working electrode
(30x12 mm?, ANTEC BV, the Netherlands, connected to an ANTEC ROXY potentiostat)
that was then connected to a tee junction. At this junction, a second line of solution was
infused in parallel, which could contain either solvent (MeCN) or the deuterated form of
carbazole, carbazole-dg (0.5 mM in MeCN). These two solutions would then mix and exit
the tee junction together, at which point the resulting mixture could either be collected or
directly undergo ionization. The benefit of this set-up is that only the first solution

undergoes oxidation, so that only radical cations of carbazole-do should be generated.
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Under a radical-radical reaction mechanism to form dimer, this should result solely in the
formation of bicarbazole-do. However, if the reaction mechanism is radical-neutral, it
should be possible to observe the deuterated forms of bicarbazole as well. The flow rate

for both solutions was 70 pL/min, and an oxidation potential of +2.0V was used.

CBZin — Mixture out
. EC flow cell -

CBZ-d8in —

Scheme 2-5: Apparatus used for the analysis of the carbazole dimerization. Carbazole
solution flows through an electrochemical flow cell, where it then enters into a tee
junction and mixes with separately introduced carbazole-ds solution. The combined
mixture then exits the tee junction.
2.3 Results and Discussion of Carbazole
2.3.1 Electrochemical Oxidation of Carbazole

First, the initial oxidation step of carbazole was investigated. Previously, the

detection of the carbazolium radical cation has been difficult to accomplish. It had

previously been thought to have been observed in 1965*

, but later work cast doubt on
whether it was the actual species detected®. The radical cation of PCBZ was observed
by electron-transfer stopped flow absorption spectroscopy®, and the radical cation of

CBZ was detected using luminescence spectroscopy*’. Mass spectrometry is an attractive

technique to attempt to detect this species, due to its high specificity. To detect these
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radical cations, the waterwheel set-up previously mentioned was used (Scheme 2-4). For
carbazole, 1 mM carbazole solution in 1:1 MeOH/H>0 with 1% formic acid was injected
into the ionization source at a flow rate of 50 pL/min and directed towards the rotating
disk electrode set-up, described previously. When no potential was applied to the
electrode (Figure 2-1A), a peak at m/z 168.0803 was observed, which corresponds to the
protonated cation of carbazole ((CBZ+H]", theoretical mass: m/z 168.0808, mass error:
3.0 ppm), as well as a much smaller peak at m/z 167.0725, believed to correspond to the
carbazolium radical cation ([CBZ °]", theoretical mass: m/z 167.0730, mass error: 3.0
ppm). This small peak may be due to the common occurrence of in-source oxidation
during the ionization process*®. When an oxidation potential of +2.0V was applied to the
rotating electrode (Figure 2-1B), a near ten-fold increase in the peak intensity of m/z
167.0725 was observed, supporting its assignment as the carbazolium radical cation peak.
As the potential was varied on and off, the peak intensity continued to fluctuate, as shown
in its extracted ion chromatogram (EIC, shown in Figure 2-1C), supporting its assignment

as the carbazolium radical cation.
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Figure 2-1: A.) MS spectrum of carbazole using waterwheel set-up with no applied
potential; B.) MS spectrum of carbazole using waterwheel set-up when +2.0V is applied
to the rotating electrode; C.) EIC of m/z 167.0725 showing fluctuation in peak intensity
as oxidation potential is switched off and on.

In addition to the observation of the radical cation, 3,3’-bicarbazole formation
was also observed. Following ionization, standard 3,3’-bicarbazole is typically observed
as a radical cation ((BCBZ ‘]"), with a theoretical mass of m/z 332.1308. When no
potential was applied to the system (Figure 2-2A), no corresponding peak was observed.
However, when the potential was switched on (Figure 2-2B), a peak at m/z 332.1296 was

observed ([BCBZ °T", theoretical mass: m/z 332.1308, mass error: 3.3 ppm),

corresponding to the formation of dimer. Indeed, the EIC of this peak (Figure 2-3C)
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closely matches that of m/z 167.0725, indicating that the formation of the two are both

linked and both due to oxidation, as expected.
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Figure 2-2: A.) MS spectrum of carbazole using waterwheel set-up with no applied
potential; B.) MS spectrum of carbazole using waterwheel set-up when +2.0V is applied
to the rotating electrode; C.) EIC of m/z 332.1296 showing fluctuation in peak intensity
as oxidation potential is switched off and on.

To verify the status of the observed peaks at m/z 167.0725 and m/z 332.1296 as
genuine carbazolium and 3,3’-bicarbazole radical cations, collision induced dissociation
(CID) analysis of the peaks was applied. In the fragmentation of m/z 167.0725, two major
resulting peaks were observed: one at m/z 166.06 indicating the loss of H, likely from the

amine group; and the second at m/z 140.06, proposed to be from the loss of -HCN (Figure

2-3A). For 3,3’-bicarbazole radical cation, the CID data obtained from the generated m/z
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332.1296 (Figure 2-3B) was compared to that of the authentic 3,3’-bicarbazole radical
cation (Figure 2-3C). Both spectra showed the same fragmentation patterns such as losses

of H, 2H, and C,H>, confirming the ion assignment.
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Figure 2-3: A.) CID MS/MS spectrum for generated m/z 167.0725 following oxidation;
B.) CID MS/MS spectrum for generated m/z 332.1296 following oxidation; C.) CID
MS/MS spectrum for peak at m/z 332.1305 for authentic 3,3’-BCBZ sample.
Similar experiments were performed for both PCBZ and TCBZ. In both, similar

results were observed, with the formation of both [PCBZ *]" and [TCBZ *]" when

oxidation potential was applied to the electrode.
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2.3.2 Elucidation of Dimerization Mechanism

As mentioned, there is considerable doubt as to the true mechanism which drives
the dimerization reaction. Therefore, designing a method to provide clear evidence one
way or the other is quite challenging. To tackle this problem, isotopic labeling
experiments were performed, which we have previously used for analyzing complex
reactions®’. In this case, the deuterated form of carbazole, carbazole-ds would be mixed
with non-deuterated carbazole following its oxidation. If the reaction required two radical
carbazolium ions to take place, it is predicted that only the non-deuterated 3,3’-
bicarbazole would be detected. However, if the reaction involves a neutral parent
molecule, it would then be possible for a carbazolium ion generated for the non-
deuterated carbazole to react with a carbazole-ds molecule, generating a heterodimer
3,3’-bicarbazole-d;. To test this, the mixing set-up (Scheme 2-5) described previously
was used. Carbazole was infused through an electrochemical flow cell and oxidized with
a potential of +2.0 V. In parallel to this, either solvent (MeCN) or carbazole-ds would be
introduced, such that they would mix with the carbazole solution shortly after oxidation.
After mixing, the resulting solution was collected and then analyzed via nano-ESI, with a
sample flow rate of 1 pL/min and an applied potential of +2500V to assist in the
ionization process. When solvent was mixed with carbazole (Figure 2-4A), a large peak
at m/z 332.1302 was observed, corresponding to [BCBZ °]" (theoretical mass: m/z
332.1308, mass error: 1.8 ppm), while no peak was observed corresponding to [BCBZ-d
1" (theoretical mass: m/z 339.1747). This is the expected result when solvent is mixed

with oxidized carbazole. When carbazole-dgs was mixed with carbazole (Figure 2-4B), a
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new peak at m/z 339.1744 was observed, corresponding to [BCBZ-d; °]" (theoretical
mass: m/z 339.1747, mass error: 0.88 ppm). This presence of this peak indicates the
ability of the generated carbazolium radical cations to react with the neutral carbazole-ds
which was introduced independently, supporting a radical-neutral mechanism. One
potential problem with this set-up is the short lifetime of the carbazolium radical cation,
as that means the amount of radical cation surviving until mixing with the deuterated

form is very low, leading to a small peak for the deuterated 3,3’-bicarbazole.
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Figure 2-4: A.) nESI-MS spectrum of CBZ oxidation followed by mixing with MeCN;
B.) nESI-MS spectrum of CBZ oxidation following by mixing with CBZ-ds
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This experiment was repeated (Figure 2-5) wherein a high mixing flow rate (70
puL/min) was used and the distance needed for the oxidized carbazole to travel prior to
mixing was reduced. It was observed that when CBZ underwent oxidation, both BCBZ
and BCBZ-d; were observed in better intensity (Figure 2-5B), while no BCBZ-di4 was
present. When CBZ-ds was the compound oxidized (Figure 2-5C), the reverse was true.
This would indicate that the reaction may be proceeding by a radical-neutral mechanism,
as under a radical-radical mechanism it would be expected for BCBZ-di4 to be observed,

even if in relatively small amounts compared to the peak for BCBZ-do.
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Figure 2-5: Dimer peaks observed when A.) neither CBZ nor CBZ-dg was oxidized, B.)

CBZ was oxidized, and C.) CBZ-ds was oxidized. The peak at m/z 339.174 is magnified

by a factor of 10 for clarity.
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2.4 Introduction to Triphenylamine

Triphenylamine, structurally similar to carbazole, is also an aromatic amine, with
many of the same uses. One major field in which triphenylamine is used in is as a dye in
dye-sensitized solar cells (DSSCs). Triphenylamine based dyes hold the record for being
the most efficient among metal-free organic dyes, with an efficiency over 10.3%, due to
its status as well-performing electron donor and its non-planar structure preventing
aggregate formation.>® In addition, triphenylamines have found use in the field of
optoelectronics as a hole transport material. Recently, work with triphenylamine dimers
has also shown their potential for use as an organic field-effect transistor in the
development of circuits in place of silica, particularly when the produced dimers are
cyclical in nature>?. However, their field of uses is quite broad, and includes the design of
polymers, polyradicals, and pharmaceuticals™. In parallel to carbazole, triphenylamine is
also believed to undergo a two-step dimerization process: first the loss of an electron due
to oxidation, followed by dimerization®*. While pulse-electrolysis stopped flow data
shows that the reaction mechanism to form dimer requires two radical species to
proceed®?, it may be also worth investigating by mass spectrometry.

2.5 Triphenylamine Apparatus

The mass spectrometer used in these experiments was the Q Exactive Plus hybrid
quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific, San Jose, CA).
Generally, the ionization source supplied with the MS was removed, and replaced with a
homemade ionization source. For the homemade source, a piece of fused silica capillary

(100 pm i.d., 198 um o.d.) was used to deliver the sample solution from a syringe
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(Hamilton, CA) to the ionization source. For these experiments, no potential was applied
to the sample, to avoid the influence of in-source oxidation, and a nebulizing gas of 180
psi was used. For the electrochemical cell set-up, a modified BASi electrochemical flow
cell was used. Instead of having both an inlet and outlet for the cell, both were used as
inlets for two parallel solutions (Scheme 2-6). Then, the injected solution would pool in
the reservoir for the reference electrode, which was removed from the cell. This allows
for very short delay prior to mixing of the two electrolyzed solutions, allowing us to
investigate the reactivity of TPA radical cations in details. For the working electrode, two
small, round, glassy carbon electrodes (diameter = ~0.4 cm) were placed into a PEEK
block spaced 0.25 cm apart, with the outlet to the reference electrode reservoir between
them (no reference electrode was used in this experiment). Typically, a flow rate for both
solutions being infused into the cell was set at 40 uL/min. The purpose of this was to

reduce the delay between oxidizing and mixing, to increase the amount of dimer formed.
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Reservoir for reference electrode, used
as outlet ’/

Inlet 1 Inlet 2

Scheme 2-6: Design of a cell block used for TPA experiments. The two TPA compounds,
TPA and TPA-d15, are introduced separately through the two inlets, then travel over the
two working electrodes before mixing and exiting through the reference electrode
reservoir.
2.6 Results and Discussion of Triphenylamine
2.6.1 Detection of Triphenylamine Radical Cation by MS

The radical cation of triphenylamine could be detected by MS. Using SSI and the
oxidation set-up shown in Scheme 2-6, 200 uM of TPA-d;s was oxidized and mixed with
200 uM of TPA. When the mixture was analyzed by MS (Figure 2-6, it was observed that
a significant amount of [TPA-dis"]" was observed at m/z 260.21451 (theoretical mass: m/z

260.21405, mass error: 1.76 ppm), while no radical cation of TPA was observed

(theoretical mass: m/z 245.11990).
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Figure 2-6: Acquired mass spectrum of TPA and TPA-d;s when TPA-d;s undergoes
oxidation
2.6.2 Isotope Labeling Experiments

Like carbazole, isotopic labeling was used to investigate the mechanism of TPA
dimerization, by mixing triphenylamine with triphenylamine-d;s, resulting in the
formation of N,N,N’-triphenylbenzidine (TPB). Depending on which of the two
triphenylamine species are oxidized, three different potential dimer peaks should be
observed: TPB-do, with a theoretical mass of m/z 488.22; TPB-di4, with a theoretical
mass of m/z 502.31; and TPB-das, with a theoretical mass of m/z 516.40. Unlike
carbazole however, in-source oxidation seems to be much more prevalent for TPA,
leading to non-insignificant amounts of radical cation for the TPA monomers, as well as

influencing the formation of dimer. To help understand the data, the proposed pathway
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by which certain peaks would be formed, as well as how the relative intensity of how
those peaks should appear was first determined.

Under a radical-neutral mechanism when triphenylamine is oxidized (Scheme 2-
7a), the first step should always be the loss of an electron from [TPA], leading to the
formation of [TPA’]". Then, it should be highly likely that the formed [TPA']" should
react with the non-oxidized [TPA], leading to a large amount of TPB-do. It is also likely,
due to the relatively short delay between oxidation and mixing, that the remaining
[TPA']" will be able to react with [TPA]-dis, forming a good amount of TPB-d4.
However, to form TPB-das, it is necessary for a charge transfer step to occur, as [TPA']"
must impart its charge onto a neutral TPA-d;s, resulting in the formation of [TPA"-dis]",
which must then react with a neutral TPA-d;s to form TPB-dzs. This should lead to high

peaks at m/z 488.22 and m/z 502.31, but a low peak at m/z 516.40, if one is present at all.
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A.) Radical-Neutral Mechanism
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Scheme 2-7: Proposed pathways for the formation of different dimers if pathway
proceeds via a) a radical-neutral mechanism and b) a radical-radical mechanism.

The results if a radical-radical mechanism was correct were also proposed
(Scheme 2-7b). Under a radical-radical mechanism, the formation of non-deuterated
dimer should be highly favored, as only the non-deuterated form of TPA undergoes
oxidation in our experiment. To from TPB-di4 or TPB-dzs, one or two charge transfer
steps are respectively required, which are believed to be less favorable or likely than
simply forming dimer.

To test these hypotheses, TPA and TPA-dis were mixed as described. In addition,
the relative concentration of the two species were varied, to investigate the impact that

would have on the resulting mixture. Initially, the concentration of both monomeric
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species was 200 uM. When the two were mixed with no oxidation taking place, a small
peak which could correspond to TPB was potentially observed, but no peaks for TPB-di4
or TPB-dxs were found (Figure 2-7A). When the two species were mixed at a 1:1 ratio
and TPA was oxidized (Figure 2-7B), the resulting spectra showed a dominant peak at
m/z 488.2231, believed to correspond to [TPB’]" (theoretical mass: m/z 488.2247, mass
error: 3.27 ppm), as well as a peak with roughly half of its intensity at m/z 502.3106,
corresponding to [TPB-di4’]" (theoretical mass: m/z 502.3126, mass error: 3.98 ppm) and
a smaller peak at m/z 516.3984, corresponding to [TPB-d3o’]" (theoretical mass: m/z
516.4004, mass error: 3.87 ppm). When the concentration of the two monomeric species
was then varied to 1:2 TPA:TPA-d;s by reducing the concentration of TPA to 100 uM,
the spectra shifted, with a relative increase of m/z 502.3114 such that it is now the highest
of the dimer peaks (Figure 2-7C). When the concentration was reversed, with a 2:1 ratio
of TPA:TPA-disand TPA-dis now at 100 uM (Figure 2-7D), the peak at 502.3114 m/z
falls below its previous relative intensity from when the two species were mixed 1:1.
Under a radical-radical mechanism, it is expected that both TPB and TPB-di4 peaks
should undergo a similar decline when the amount of TPA is decreased from 200 to 100
uM, as both require two non-deuterated TPA as part of their pathway (for TPB, two TPA
radical cations are directly required, for TPB-di4 one TPA radical cation is directly
required and the second TPA radical cation must cause a charge transfer step to generate
the necessary [TPA-dis"]" to form deuterated dimer). This is not what is indicated in the
data, as the relative decrease for TPB is larger than that observed for TPB-di4. However,

if the dimerization were to follow a radical-neutral process, no charge transfer step would



be necessary, so only one TPA radical cation would be needed to form TPB-di4, and it
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would then be expected that the TPB-di4 peak should rise relative to the TPB peak, which

would still require two TPA to form.
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Figure 2-7: A.) MS spectrum resulting from the mixture of 1:1 TPA:TPA-dis with no

m/z

oxidation; B.) MS spectrum resulting from the mixture of 1:1 TPA:TPA-di5s when TPA is
oxidized; C.) MS spectrum resulting from the mixture of 1:2 TPA:TPA-dis when TPA is
oxidized; D.) MS spectrum resulting from the mixture of 2:1 TPA:TPA-dis when TPA is

oxidized.

The reverse of these experiments, where TPA-d;s was the species undergoing

oxidation, were also performed. Again, when the two were mixed with no oxidation

taking place, very little dimer peak was observed (Figure 2-6A). When a 1:1 mixing ratio

was used (Figure 2-8b), [TPB-dxs’]" was the dominant peak, as expected, while [TPB-
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di4’]" had a similar intensity to that seen in Figure 2-8B When TPA-d;s outnumbered

TPA 2:1 (Figure 2-8C), the results that were seen were the reverse of that in Figure 2-5d,

with [TPB-dzs']" being the dominant peak. After the amount of TPA-d;s was decreased

such that the ratio of TPA-d;s to TPA was 1:2 (Figure 2-8D), it was again observed that

the [TPB-di4’]" peak was nearly as high as that of normally dominant dimer peak from

[TPB-d»g’]", further supporting a radical-neutral mechanism.
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Figure 2-8: A.) MS spectrum resulting from the mixture of 1:1 TPA:TPA-d;s with no
oxidation; B.) MS spectrum resulting from the mixture of 1:1 TPA:TPA-di5s when TPA-
dis is oxidized; C.) MS spectrum resulting from the mixture of 1:2 TPA:TPA-d;s when
TPA-d;s is oxidized; D.) MS spectrum resulting from the mixture of 2:1 TPA:TPA-dis

when TPA-d;5 is oxidized.
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2.7 Conclusions
Using the waterwheel set-up, the carbazolium radical cation was detected by mass
spectrometry, confirming the first step of the carbazole dimerization process. In addition,
by introducing deuterated carbazole into the system following the oxidation of non-
deutered carbazole, evidence was obtained showing the formation of deuterated 3,3’-
bicarbazole, supporting a radical-neutral mechanism.
Likewise, the presence of the radical cation of triphenylamine following oxidation
was also shown by mass spectrometry. Work was also done to demonstrate that the
dimerization may also proceed via a radical-neutral pathway, although follow-up work to

verify this may be needed.
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CHAPTER 3: VISIBLE LIGHT-DRIVEN NICKEL REDUCTIVE ELIMINATION
AND PYRROLIDINE DEHYDROGENATION
3.1 Introduction to Iridium-Catalyzed Photochemical Reactions

The recent renaissance in photochemistry has greatly expanded the synthetic
utility and practicality of photochemical reactions>*. Greater fundamental understanding
of the reaction mechanisms of photocatalytic reactions can provide knowledge to
facilitate process optimization and reaction discovery. Mass spectrometry represents a
relatively simple approach that is well-suited to the study of unstable, fleeting, or poorly
soluble intermediates. Development of mass spectrometry-based methodology to study
photoredox reactions can provide new insights in the identification of true reaction
intermediates and greater understanding of catalytic pathways. Incorporating the
knowledge gained can help to improve the efficiency and reproducibility of photoredox
reactions and will aid in the development of novel and superior photoredox catalysts in
the future.

Recently, literature®® has demonstrated the use of a dual catalytic cycle of a
photoredox catalyst (iridium) with a transition metal catalyst (nickel), and its capabilities
to allow synthetic reactions which a sole nickel catalytic system would be unable to do
(Scheme 3-1A). This cycle has been shown to be capable of creating C-O and C-N bonds
(Scheme 3-1B) by causing the Ni catalyst to assume a +3 state facilitating reductive
elimination.’*® % In the case of the amine reaction, it is proposed that two distinct single
electron transfers stemming from the presence of the photocatalyst take place, the first to

allow the generation of the Ni(0) species (e.g., species 3, Scheme 3-1B) necessary to
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allow the oxidative addition of an aryl bromide, and the second to later oxidize the Ni(II)
species which contains both the aryl group as well as an amine to Ni(III) (e.g., species 7,
Scheme 3-1B), where it can undergo reductive elimination to form aniline derivatives,

which have many uses in synthetic chemistry.>*¢
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Scheme 3-1%%: A.) the C-N formation reaction to be studied; B.) the proposed
mechanistic study.

In addition, while studying this reaction, a side reaction was observed and
investigated. During the previously mentioned reaction, it was found that when
pyrrolidine was used as the amine, it was possible to observe what may be a
dehydrogenation reaction taking place, leading to the formation of dihydropyrrole.
Pyrroles are heterocyclic compounds which are frequently used for synthetic and

medicinal purposes, and often featured in porphyrin rings, which are active in
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chlorophyll, heme, and vitamin B12.%° There are numerous methods to synthesis pyrroles,
however most tend most tend to involve high temperatures and more complicated
reaction set-ups>’>%>?, It is therefore possible that a light-driven reaction may then be
favorable for their synthesis.

3.2 Photochemical Apparatus

The mass spectrometer used in these experiments was the Q Exactive Plus hybrid
quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific, San Jose, CA).
Generally, the ionization source supplied with the MS was removed, and replaced with a
homemade ionization source. For the homemade source, a piece of fused silica capillary
(100 pm i.d., 198 pm o.d.) was used to deliver the sample solution from a syringe
(Hamilton, CA) to the ionization source. This ionization source was readily interfaced
with electrochemical cells via the silica capillary, allowing online photochemistry
experiments. A generalized form of this apparatus, showing the interface between the
silica capillary, the ionization source, and mass spectrometer is shown in Scheme 2-3.

In some experiments, nano-electrospray ionization was used in place of the
previously mentioned ionization source. In nESI, a fused silica capillary (100 um original
1.d., 198 p.m. od) is first pulled by a laser puller to produce a long, tapered tip with an i.d.
of approximately 10-20 um. For nESI, no assisting gas flow is necessary due to the
tapering of the capillary, and a high potential is applied (typically 2500V), along with a
very low flow rate (typically <2 uL/min).

In these experiments, a blue light source was used for irradiation. For nESI-MS

and ESI-MS, a blue laser pointer (A = 403 nm, 50 mW, LaserPointerPro, HK) was used,
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and the laser status was toggled between off and on at regular intervals, typically every
30 s. For the online mixing set-up, a blue LED plate was used (A = 465 nm), and the
sample was constantly stirred and irradiated, with spectra being acquired every 10 min.

3.2.1 Nanoelectrospray Set-up
For nano-ESI-MS (Scheme 3-2A), the syringe was directly connected to a nano-
capillary, where the coating on the tip of the capillary was removed as part of the process
of pulling the capillary. This serves as an irradiation window, and the laser pointer was
positioned approximately 1 cm away from the tip.
3.2.2 Electrospray Set-up
For ESI-MS (Scheme 3-2B), the syringe was connected to a piece of silica
capillary which was connected to the homemade ionization source previously described.
An irradiation window was created by burning the organic coating off the silica capillary
immediately prior to the ionization source, and the laser pointer was positioned
approximately 1 cm away from the window.
3.2.3 Online Mixing Set-up
In the online mixing set-up, unreacted sample was placed into a glass vial which
was then placed on top of a blue LED array and stir plate. A silica capillary was inserted
through the septum of the vial into the solution, and the other end was attached to the
homemade ionization source. As N> travels out of the source towards the MS, the
pressure difference between the vial (1 atm) and the source (lower than 1 atm due to the
Venturi effect due to the blow of the sheath gas) causes solution to be pulled into the

capillary, where it can be ionized and detected using SSI-MS.
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Scheme 3-2: A.) nano-electrospray set-up used; B.) electrospray set-up used; C.) online
mixing set-up used.
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3.3 Results and Discussion

3.3.1 Attempt to Online Detect Ni(lll)/Reductive Elimination Product by MS

First, it was attempted to detect a potential Ni(IIl) intermediate (Scheme 3-1,
species 7) which is hypothesized to be generated prior to the reductive elimination taking
place. To accomplish this, a modified reaction was performed (Scheme 3-3), wherein a
nickel complex with 4,4’-di-tert-butyl-2,2’-bipyridine (dtbbpy) and 2,4-
bis(trifluoromethyl)phenyl ligands (Scheme 3-3, species 1) which was previously
prepared was reacted in equal amounts with pyrrolidine and quinuclidine, to replace the
chloride ligand with pyrrolidine (Scheme 3-3, species 2). Catalytic amounts of iridium
photocatalyst (((Ir[dF(CF3)ppy]2(dtbpy))PFs) (Scheme 3-1, species 1) were then added,
and the mixture was tested by nESI-MS. The proposed structure of the reductive

elimination product is shown in Scheme 3-3 as species 3.
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Scheme 3-3: Proposed reaction pathway studied using nESI/ESSI-MS.

To test this reaction, nESI-MS was used. A representative spectrum is shown in
Figure 3-1. The spectra clearly showed the formation of a peak at m/z 651.24,
corresponding to the replacement of the initial chloride ligand with pyrrolidine (Figure 3-
2A), both with and without the coordination of ACN. It was proposed that this peak
should be sensitive to the presence of irradiation and should exhibit a sharp decrease in
peak intensity when the sample undergoes irradiation, to be replaced by a peak
corresponding to a Ni(III) species, likely due to the loss of an electron from the species
(Figure 3-2B). Indeed, when the laser was turned on, a sharp decrease in this peak
intensity was observed, leading to an approximate 100x decrease in peak intensity. This
result proved repeatable, as the peak would re-appear when the laser was turned off and

could consistently be decreased by turning the laser back on (Figure 3-2C).
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Figure 3-1: Representative MS spectrum for the mixture of nickel complex (Scheme 3-3,
species 1), pyrrolidine, quinuclidine and iridium photocatalyst following irradiation.
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Figure 3-2: A.) Proposed reaction for the substitution of the chloride ligand on the
starting nickel species with pyrrolidine. B.) Proposed reaction for the formation of Ni(IIl)
species from the Ni(Il) species previously formed. C.) Extracted ion current (EIC) of
peak at m/z 651.24, demonstrating the large swings in peak intensity as the laser is
switched on and off. The bars indicate the point in time where the laser was switched
between on and off.

Unfortunately, the Ni(IIT) peak was not readily visible. Despite varying the flow
rate and the technique used to ionize the solution, the proposed peak at m/z 650.24 was
never observed with the desired intensity. While such a peak was observed on a few
occasions, it was always low intensity and did not match up with the laser status as well
as was desired (Figure 3-3). It is possible that the reason this peak could sometimes be
observed would be due to the possibility of in-source oxidation from the ionization
process. The reason that the peak seems to exhibit the opposite pattern, in that it is mainly

present when the laser was turned off, maybe because the in-source oxidation would be

much less likely to take place if the amount of m/z 651.24 decreases, which would match
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the trend shown in Fig. 3-2C. In addition, the final product of the reaction was not
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Figure 3-3: A.) EIC of peak at m/z 650.23, believed to potentially correspond to the
Ni(IIT) species generated by the loss of an electron from 2. The laser status was initially
set to off, and it was cycled between on and off every 30 seconds. B.) Zoomed-in
spectrum showing peak at m/z 650.23 (theoretical mass: m/z 650.23487, mass error: 6.3

ppm)
3.3.2 Online Dehydrogenation of Pyrrolidine
While performing the aforementioned experiment, one feature noticed was the
fluctuation of pyrrolidine peak intensity (m/z 72.08) with laser status. To investigate this,

catalytic amounts of iridium photocatalyst was added to a sample solely containing
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pyrrolidine (250 uM), and it was tested by both ESI and nESI-MS. It was found that the
peak corresponding to pyrrolidine at m/z 72.08 (theoretical mass: m/z would exhibit a
decrease when the laser was turned on (Figure 3-4A), while another peak at m/z 70.06

would greatly increase in intensity, believed to correspond to dihydropyrrole (Figure 3-

RT: 0.00 -2.18
0.12 NL:

1005 5.00E6

E m/z=

E O 72.03-72.15
204 MS 1 ul per min

E change e

A so 20 170516153

704
604
504
ao04
304

E off On Off On
204
104

o T T
0.0 0.2 2 a 6 .8 2.0
RT: 0.00 -2.18
1004 N 4.00E4

E /z=
.= = 70.06-70.07

E + H* MS 1 ul per min

B E change e

sod 30 170518153
704
604
. off
ao-
304
204

3 o.16 1.25 1.41

o— T /\ T
o.

T T T T
K 2 1.4 1.6 1.8 2.0
Time (min)

Figure 3-4: A.) EIC of m/z 72.08, corresponding to the protonated pyrrolidine. As the
laser is cycled between off and on every 30 seconds, a decrease in peak intensity is
observed. B.) EIC of m/z 70.06, believed to correspond to the protonated dihydropyrrole.
When the laser is turned on, a large spike in peak intensity is observed, which then
reverts to the smaller baseline level as soon as the laser is turned off.

To further test this, another experiment was performed where the nano-ESI flow
of the sample was suspended and the tip of the capillary (serving as the irradiation

window) was irradiated for 5 min (Figure 3-5). As expected, the spectrum obtained after

the flow was resumed showed a much higher intensity of dihydropyrrole (theoretical
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mass: m/z 70.06567, mass error: 4.70 ppm) relative to that before irradiation, while
pyrrolidine (theoretical mass: m/z 72.08132, mass error: 4.02 ppm) showed a

corresponding decrease in intensity.
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Figure 3-5: Mass spectra of pyrrolidine sample A.) without irradiation B.) following 5
minutes of irradiation in capillary tip

This may indicate that the iridium catalyst is able to interact with pyrrolidine,
causing dehydrogenation to take place (Scheme 3-4A). It has previously been reported
that other secondary amines, such as tetrahydroquinolines, can undergo dehydrogenation

in the presence of light and an active photocatalyst.*® However, in that work, the amines
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used were part of aromatic systems, and a ruthenium-based photocatalyst was used

(Scheme 3-4B), unlike the photocatalyst used here.
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Scheme 3-4: A.) Reaction studied in this work of the dehydrogenation of pyrrolidine
using an iridium photocatalyst. B.) Reaction previously studied in literature of
tetrahydroquinolines using a ruthenium-based catalyst’.

To investigate the viability of this reaction on a larger scale as well as the ability

of sunlight to drive the reaction, another experiment was devised. A pyrrolidine analog,

2-methylpyrrolidine

(Scheme 3-5, 100 mM) was mixed with iridium photocatalyst (700

pM) and irradiated in a window sill for 48 hours. After irradiation, the sample was

diluted to 10 uM, and was analyzed by MS using nano-ESI (Figure 3-6C). In addition,

two controls were created, one where the sample did not include iridium but was still in
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the window (Figure 3-6A), and another where the sample did contain iridium (Figure 3-
6B), but the sample was covered with foil to prevent sunlight from reaching it. To allow
comparison between spectra, pyrrolidine was also added into the sample prior to injection
into the MS to act as an internal standard, due to its similar ionization efficiency. It was
observed that the sample with iridium and exposed to sunlight exhibited the same
potential dehydrogenation reaction as pyrrolidine was shown to, demonstrating the
appearance of a peak at m/z 84.08, believed to correspond to the 2-methyldihydropyrrole,
and a decrease in the peak at m/z 86.10, corresponding to 2-methylpyrrolidine. This
intensity change was not 1:1, which may indicate the presence of side reactions also

occurring, however.

N~ ~CHg
H

Scheme 3-5: 2-methylpyrrolidine
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Figure 3-6: Mass spectra showing the region of 2-methylpyrrolidine and its
dehydrogenated form after 48 hours when A.) sample is irradiated without iridium
photocatalyst; B.) sample is not irradiated but includes iridium photocatalyst and C.)
sample both includes iridium and was irradiated.

3.3.3 Monitoring of Online Mixed Solution Upon Irradiation

One potential reason for the issues in detecting product was that the to inject the

sample into the MS, the reaction conditions must be changed from those initially
reported. To circumvent this, the online mixing set-up shown above was used. Due to the
much weaker ionization efficiency, it allows for higher concentrations to be used for
mixing, followed by direct ionization. NiClz-ethylene glycol dimethyl ether (Scheme 3-6,

species 4) was used as the starting nickel species, and then reacted with the dtbbpy

ligand. The resulting mixture (Scheme 3-5, species 5) was then added to a vial containing



61
1,4-diazobicyclo[2.2.2]octane (DABCO), pyrrolidine, and 4-bromoacetophenone, loosely

following the procedure stated in Corcoran'é, to generate product (Scheme 3B, 6).

Scheme 3-6: Reaction pathway used for online mixing experiment

This mixture was placed on a blue LED providing irradiation and was sampled as
previously described every 10 min by switching the gas flow through the ionization
source on. It was observed that the final product of this reaction could be observed, as
well as a few other peaks signifying modifications to the product, likely due to reactions
taking place between the product and left-over pyrrolidine or DABCO (Figure 3-7). This
indicates that significant side reactions may happen during this reaction, particularly in
the gas-phase conditions the sample undergoes during MS and may explain the difficulty
in observing product for the online reaction despite the presence of what should be its

precursor.
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Figure 3-7: Mass spectra showing the region in which product, as well as product
derivatives, formed during the online reaction at times of 0 min, 10 min, and 40 min.
Three main forms of product were formed, the first being the intended at m/z 190.12
(theoretical mass: m/z 190.12264, mass error: 1.0 ppm), the second being product which
has further reacted with pyrrolidine at m/z 261.20 (theoretical mass: m/z 261.19614, mass
error: 1.0 ppm), and the third being product reacted with DABCO at m/z 302.22
(theoretical mass: m/z 302.22269, mass error: 1.2 ppm).

3.4 Conclusions

In conclusion, while Ni(IIl) was not able to be observed with any certainty, the

ability of mass spectrometry to monitor online photochemical reactions was shown. In

addition, a potentially beneficial side reaction involving the dehydrogenation of

pyrrolidine was observed and reported for the first time, which could offer an

improvement over currently used methods. Using online mixing and reaction monitoring,
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it was also possible to identify the product of the reaction, as well as potential products

from side reactions.
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CHAPTER 4: SUMMARY AND FUTURE WORK
In summary, this thesis demonstrates the ability of mass spectrometry to be
coupled with both electrochemistry and photochemistry for capturing reaction
intermediates and elucidating reaction mechanisms. Future work with carbazole and
triphenylamine includes using online DESI-MS to get potentially more reliable data and
testing other methods/compounds to see if the same proposed reaction mechanism is
observed. In addition, to determine the kinetics of the TPA reaction, such as the rate of
charge transfer to see how favorable it is. For the nickel reductive elimination, future
work includes trying different ligand combinations to determine if they may generate a
longer-lived Ni(III) species, which may be easier to observe with MS. For the
dehydrogenation experiments, future work includes using nuclear magnetic resonance
spectroscopy to get a better idea of the yield of the product, as well as determining the

true location of the proposed double found formed.
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