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The use of light to drive chemical reactions is becoming increasingly popular
due to the enhanced spatial and temporal control provided. Because of this, it i
important to understand how these photochemical transformations occur from a
mechanistic viewpoint in order to aid in the improvement of existing systems as well
as in the development of new systems. The work presented in this dissertation will
examine he mechanisms of several photochemical systems including photoacid
generators, photoreleaseable protecting groups, and diarylnitrenium ions.

Chapter 1 will begin with an introduction trganic photochemistry and
describe some of the excited state reactithat will be encountered throughout this
text. It will also describe laser flash photolysis, a technique critical to studying the
reactive intermediates generated in photochemical reactrapter 2 will describe

the design and synthesis of photoagiherators that are activated via sequential two



photon absorptionThe experiments conducted support a mechanism involving triplet
re-excitation providing a more favorable bond scission. Chapter 3 will explore the
applications of thse newly developed phoacid generators, specifically for
photopolymerization. It is shown that these compounds are capable of initiating both
cationic and radical polymerizations depending on the intensity of visible light
irradiation usedChapter 4will examine the Qhenylt9-tritylone photoreleaseable
protecting group for alcohols to understand the details of its release mechanism. It is
shown that the tritylone anion radical is required for alcohol photorelease. Chapters 5
and 6 will explore the behavior of diarylnitreniuons in aqueous medi&hapter 5

will examine the reactivity of diarylnitrenium ions toward guanosine and it is shown
that there is a rapid reaction to generate the C8 adduct, suggesting potential
carcinogenicity.Chapter 6 will examine the reactivity of diarylnitrenium ions under
acidic aqueous conditions. Under these conditions, alleed species iformed,and

the experiments conducted indicate this species is the cation radical derived from the
diarylnitrenum ion. Mechanistic analysis supports formation via a pathway separate

from the nitrenium ion, suggestive of a triplet mechanism.
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1.1Introduction toOrganic Photochemistry

Photochemistry is a branch of chemistry associated with reactions initiated by
the absorption of light. Contrary to thermal reactions where activatoners are
overcome through heating, photochemical reactions overcome these barriers using
energy provided by light. This allows reactions to occur at ambient temperature on
reasonable timescales. Photochemistry is becoming increasingly popular in areas
including organic synthesi® nanofabricatiorf;® and photodynamic therag$.' The
use of light to drive chemical reactions is of considerable interest as it is considered a
Agr eenod r ersdocasrthe recessitydof other reagents which aids in reduction
of by-products as well as providing simple warg procedures? Another attractive
feature of photochemical reactions is the energy supplied by photons can only be
accepted by molecules capable ofaibing the lightcontrary to thermal reactions
where the energy supplied by heat is distributed throughout the reaction mixture. This
provides more spatial and temporal contoekr which reaction pathways can be
activated, thus reducing unwanted sidactimns'® In addition, reactive intermediates
generated in photochemical transformations can be detected utilizing techniques such
as transient absorption spectroscopy which substantially aids in the elucidation of
reaction mechanisms. This text will focus on the generation of reactive intermediates
in solution in order to elucidate the mechanisms of a variety of photochemical

reactions. Mechanistic studies will be performed utilizing tools including nanosecond



transient absorption spectroscopy, photoproduct analysis, chemical yield

determination, andomputational analysis.

1.2 Excited State Reactions

In order for a photochemical reaction to occur, the molecule must absorb at the
wavelength selected for irradiation. Upon absorption of a photon, an electron is
promoted from an occupiesholecular orbital to an unoccupied molecular orbital,
generating an excited state molecule. Once in its excited state, the molecule can follow
many pathways that lead to either a return to its ground state or to a chemical reaction.
Radiative and nomadiagive decay routes back to ground state are shown in the
Jablonski diagram in Figure 1.1. Upon excitation, spin of the promoted electron is
conserved, and the molecule is excited to a singlet stgtdr(Solution, norradiative
vibrational cooling rapily relaxes the molecule to its first excited singlet statg, (S
typically on the timescale of 8 to 102 seconds. From:Sseveral processes can
occur. The excited molecule can undergo -rextiative decay in which the excess
energy is dissipated in éhform of heat to the solvent. Alternatively, it can undergo
fluorescence (F), a form of radiative decay in which a lower energy photon is emitted.
This process occurs on the timescale of 10’ seconds. Another process that can
occur from Sis intesystem crossing (ISC) in which the electron undergoes a spin flip,
forming a lower energy triplet stateijTRelaxation to the ground state fromoEcurs
through either nomadiative decay or via radiative decay referred to as

phosphorescence (P) whiobcurs on the timescale of ‘4@ 10° secondg# 1°
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Figure 1.1. Jablonski diagram

When excited state reactions occur, the majority occur from the lowest excited
state (2 or T1) due to the extremely short lifetimestbe upper excited states. Some
examples of excited state reactions include bond breaking, energy transfer, electron
transfer, and hydrogen atom transfer.

Photoinduced energy transfer, described in Figure 1.2, is a transfer of excited
state energy wher@n excited state donamolecule(D*) interacts with a ground state
acceptor molecule (A). An electron exchange between the two species occurs,
conserving spin, and this results in a transfer of excited state energy resulting in a
ground state donor moleeu(D) and an excited state acceptor molecule (A*). This
process most commonly occurs via the triplet state of D and, since electron spin remains

conserved, will produce the triplet state of A.
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Figure 1.2. Simplified energy diagram describing photoinduced energy transfer

Photoinduced electron transfer (PET), described in Figure 1.3, is the transfer of
a single electron to result in ion radical pairs and this can occur in two different ways.
As Figue 1.3 (A) shows, an excited state donor can transfer an electron to a ground
state acceptor. Alternatively, as described in Figure 1.3 (B), a ground state donor can
transfer an electron to an excited state acceptor. Both cases result in oxidation of the

donor to form a cation radical and reduction of the acceptor to form an anion radical.
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Figure 1.3. Simplified energy diagrams describing photoinduced electron transfer
pathways. (Akelectron transfer from an excited state donor to a ground state acceptor;
(B) electron transfer from a ground state donor to an excited state acceptor



Based upon the work of Rehm and Welfet/the feasibility of PET occurring

can be predicted using Equation 1.

YO ¢@gp— O © 0 ()
The thermodynamics depends on the oxidation potential of ther ¢Bs) and the
reduction potential of the acceptorddg both measured in volts. In addition, it is also
dependent on the excited state energy of the species being exeiedn@asured in
kcal/mol. Finally, there is a correction for the influencée di e s ol vent ( v)
polar solvents such as methanol and acetonitrile, this term is negligible.

Another common photochemical process observed, especially in carbonyl
compounds, is hydrogen atom transfer. This occurs when an excited state carbonyl
compound abstracts a hydrogen atom from a suitable dbrtéAn example of this
process is shown in Scheme 1.1 with benzophenone. The first excited triplet state of
benzophenone is typically represented as a diradical. This diradical can abstract a
hydrogen atom to form a ketyhdical which can undergo additional secondary
reactions'

Scheme 11. Hydrogen atom transfer to the first excited triplet state of benzophenone
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1.3 Laser Flash Photolysis

As mentioned in Section 1.1, transient absorption spectroscopy, also referred to
as laer flash photolysis (LFP), is paramount when it comesltzidating the

mechanisms of photochemical reactions and will be used extensively throughout this
5
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text. LFP is a timeesolved spectroscopic technique that allows for identification and
characterizton of shortlived, reactive intermediates such as excited states, ions,
radicals, and radical ions.

The laser setup used to acquire LFP data is shown in Figure 1.4. The excitation
source is a neodymiwahoped yttrium aluminum garnet (NgXl1s012, Nd:YAG) laser
which is capable of emitting light at 1064 nm, 532 nm, 355 nm, and 266 nm and has a
pulse duration of 46 nanoseconds. Before reaching the sample, the light from the laser
is passed through a cylindrical lens to evenly distribute the light acesarttple. The
probe beam used is a 350 W xeraon lamp and this provides a continuous broad
spectrum of light and is used to generate the absorption spectrum of the transient
species. The laser and the probe beam are positioned perpendicular to eatth other
minimize light scattering from the laser to the monochromator. A shutter is positioned
in front of the probe beam and is in sync with the laser pulses in order to minimize
excess light exposure to the sample. The probe beam is focused through two lense
before reaching the monochromator. After passing through the monochromator, the
light reaches a photomultiplier tube (PMT) which amplifies the signal which is then
measured using an oscilloscope. The raw signal measured by the oscilloscope is
convertedd a change in optical density (oOD) by
indicates the transient species has a greater absorbance than the ground state species
being excited and a negative @®@OD indicates
groundstates peci es. The @OD at a given wavelengt
time to produce a kinetic trace. The kinetic traces can be collected at multiple

wavelengths and, when combined, generate a transient absorption spectrum. The



experimental spectrumede compared with those found in literature and/or calculated
by time-dependent density functional thedMD-DFT) to determine the identity of the
transient species. The reactivity of the transient species cstudiedby monitoring

the spectral changeupon addition of oxygen, nucleophiles, electron donors/acceptors,

and other quenchers.
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Figure 1.4. Block diagram of the laser flash photolysis apparatus



Chap2Rhot oaci d Generators Act
Tw#hoton Absorption

The majority of the work in this chapter has bpeblished!®

Zeppuhar, A. N.; WolfS. M.; Falvey, D. E., Photoacid Generators Activated through
Sequential TwePhoton Excitation:  Sulfonatoxy2-alkoxyanthraguinone
Derivatives.The Journal of Physical Chemistry2R21,125(24), 52275236

2.1 Photoacid Generators

Photoacid generators () are compounds that, upon irradiation, undergo
reactions or dissociations which generate acid as one of the photoprS@AGs find
applications in areas such as biological proBinghotodynamic therapsf; 2% and
polymerization initiatiorf+2°

PAGs are divided into two classes: ionic and-ramc. The most common ionic
PAGs are derivatives of onium salfssuch as diarylhalonium saits?®2° and
sulfonium salt? 3% 3lwhich include an anionic counterio@enerally, the cationic
onium moiety is the photochemically activatable species while the anion determines
the strength of the acid formed. Due to increasing interest for polymerization initiation,
attention is becoming drawn away from ionic PAGs due ¢ar fimited solubility in
monomer mixtures. In recent years, fionic PAGs have become more popular as they
have higher solubility in a broad range of mononiémdon-ionic PAGs are most
commonly derivatives of aryl sulfonate est&t¥ iminosulfonates/
imidosulfonates®4® and spiropyran$: Of increasing interest are PAGs that can be

activated via twephoton absorption.
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2.2 TwePhoton Absorption

In recent years, photochemical systems have been developed to utikize two
photon absorjon. In contrast to a conventional epboton absorption process, two
photon absorption processes possess a quadratic dependence on the reaction rate with
respect to light intensity which provides enhanced spatial cddtfSITwo-photon
absorption processes find applications in areas including photolithografti§,
optical storagé’ “¢and photodynamic theragy.>°

Two-photon absorption processes can be divided into two categories:
simultaneous and stepwise. In a simultaneous process, two photons, which individually
lack the energy required to populate the tadjeéxcited state, are absorbed
simultaneously by the substrate producing an excited state via a virtual state. This
allows for the use of low energy photons to promote photochemical reactions that
would otherwise require high energy, UV photons. Howevehiesement of
simultaneous twqphoton absorption requires the use of expensive femtosecond lasers.
To reduce the expenses associated with simultaneouph@ton absorption, many
groups are exploring twphoton processin which the two photons are absadbe a
stepwise mannét:>®

In a stepwise, twhoton absorption {§PA) process, the second photon is
absorbed by a photogenerated transient state. As ScBdmedescribes, initial
excitation of a substrate (S) will lead to generation of a reversibly formed intermediate
(. This intermediate either reverts back to S or it can absorb a second photon to

undergo a reaction or dissociation generating the product of interest (P).



Scheme2.1. Idealized scheme of a stepwise, tplmoton process
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The intermediate species in this scheme could be an excited singletgtate €Xcited
triplet state (T), or a reversibly formed photoisomer of the substrate. The probability
of the intermediate absorbing a second phas dependent on both its lifetime as well
as the nature of the light source used. If the intermediate lives for microseconds to
milliseconds, then -3PA can occur using nanosecond lasers or less expensive
continuous wave (CW) lasefs.

This chapter will discuss the design and synthesis ofiorun, sulfonate ester
PAGs that can be activated v&alPA. Because of the enhanced spatial control
provided by sTPA, this type of PAG would be beneficial in improgiresolution in

the field of photolithography.

2.3 Design of TwePhoton Absorbing Photoacid Generators

An example of a sequential twahoton photoacid generating system to
generate sulfonic acid was reported by Turro and cowdfkar008, and is outlined
in Scheme2.2. In this system, the first photon activates a latent phogassst which
a dimer of the active sensitizernZethoxynaphthalene. The active sensitizer absorbs a
second photon, exciting it to its singlet state. The latter then undergoes electron transfer

to a photochemically inactive acid generator causing angacidrating reaction.
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Scheme?2.2. Sequential twegphoton photoacid generation developed by Turro and
coworkers?
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The drawback to this system is that the sensitizer and acid generating species are
separate molecules which adds complexity to #iystem,and t requires an
intermolecular reaction to occur with a molecule snexcited singlet state. The aim of

this chapter is to design al®A PAG in which the chromophore is covalently linked

to the acid generating species. For this, aryl sulfonate esters based upon the
anthraquinone chromophore were investigated, specifidatlysyloxy-2-methoxy
9,10anthraquinone 2.1a and  ZX(trifluoromethylsulfonoxyj2-methoxy9,10
anthraquinon@.1b, which are expected to genergt¢oluenesulfonic acidpt TsOH)

and triflic acid (TfOH), respectively (Figul).
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Figure 2.1. Photoacid generators studied in this chapter. Photolystslafand2.1b
will generatep-TsOH and TfOH, respectively

Previous studies have demonstrated that smjfonate esters can generate
sulfonic acids via a-photonphotohomolytic pathway? **However, the desired bond
scission was Ghieved via high energy excited states which requine use of high
energy, low wavelength UV excitation, as described in Scli&Bnén addition, photo
Fries rearrangement products were observed thus reducing the yield of acid generated.
These rearrangeent products are believed to arise via the excited singlet state.

Scheme2.3. Mechanism of dphoton photoacid generation from asylifonate esters
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The use of anthraquinone derivatives should allow photoacid generation via

lower energy photons and also allow fefBA. Anthraquinone derivatives absorb in
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the high wavelength UV to low wavelength visible region, depending on substitution.
In addition, nany derivatives intersystem cross with high efficiency to generate their
lower energy triplet state,; 7% %’ Scheme2 4 outlines the mposed pathway for two
photon photoacid generation from anthraquinone sulfonate ester derivatives. The
hypothesis is thatlof theanthraquinone sulfonate esters would not possess sufficient
energy for efficient 8 O bond homolysis anithatT: would possessufficient lifetime

and visible light absorption that would allow foregcitation to a higher energy triplet
state where bond scission would become more favorable.

Scheme 24. Proposed mechanism of twpdhoton photoacid generation from
anthraquinone stdnate esters
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2.4 DFT Calculations

In order for sTPA to be achieved, the substrate must posses®na
dissociation energyBDE) that is higher than, or nearly equa) Ta. However, if the

BDE is too high, dissociation may not occur even upegx@tation. In order to assess
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the feasibility of2.1a and2.1b as twephoton PAGsgdensity functional theoryDFT)
calculations were carried out to determine the energy i1pfthe BDE for 9 O

homolysis, and the barriers for bond homolysis. These results are summarized in Figure

2.2.
A
S3
Sy——
S =—
Radicals
355 nm 3
. 0
;,__J;J
, 9 o¥°
J:):‘f‘J.aJ
e :‘f’*
So=— 0 kcal/mol

Figure 2.2. Energy level diagram for photolysis 2fla. Energies of 1, the transition
state (TS), and the radical pair are derived from DFT calculations. Higher excited
singlet and triplet states are vertical excitation energies derived froADFID
calculations. Calculations performed b provided similar results

The aergy of Tt was calculated by optimizing the geometries of the ground
state (§) and T for 2.1a at the (u)B3LYP/6311G(d) level and single point energies
were calculated using (U)ME&BX/6-311G(2d, 3p). This combination of functional and

basis set was shown to give good agreement for sitigi&tt energy gaps in similar
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systems where experimentataavas available. The calculations predict thdites 59
kcal/mol above the ground state.

To determine the BDE, the geometry fos #r 2.1a optimized at the
(u)B3LYP/6-311G(d) level was used and the single point energy was calculated using
(UUMN12-SX/6-311G(3d). Similar calculations were performed on the presumed
radical products, the anthraquinone based radighand the sulfonyl radica?.5a.

These calculations predict a BDE of 54 kcal/mol. This value is reasonably consistent
with experimental valueof similar systems. For example, BGOCHs has a BDE

of 87 kcal/moF® Due to the increased steric strain of the reacfatd and the
additional resonance stabilization of the anthraquinone based radicd4 kcal/mol

is a plausible estimate.

The triplet energy and BDE calculations predict th&tG bond dissociation
from T1 is weakly exothermic which indicates bond scission could occur from T
without reexcitation. To further determine the possibilityooind scission from i the
transition state for dissociation was located on the B3LYP surface and its energy was
calculated at the MN13X level. The calculations predict that this barrier lies 14
kcal/mol above Tand thus is unlikely tbe kinetically feasible without rexcitation.

The calculations carried out @ilb provided similar results.

2.5 Sequential Tw&hoton Absorption Experiments

A solution of PAG2.1ain CDsCN was photolyzed using pulsed (10 Hz, 10 ns)
355 nm irradiation at varying intensities and formatiop-GisOH was monitored via
'H NMR as displayed in Figu3. For a STPA process, the yield should be dependent
on both the total dose of light appliadd the intensity whereas a gpleoton process

15



would depend on the dose but be independent of the intensity. 2Maes photolyzed

for 6.67 minutes at 15 mJ/pulse, 79% of the substrate is converted and 48% pield of
TsOH is generated. When an identicdlution is photolyzed for 20 minutes at 5
mJ/pulse, which provides a constant dose at a lower intensity, only 53% of the substrate

is converted with 15% yield gFTsOH.
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Figure 2.3. *H NMR monitoring formation op-TsOH &) during the 355 nm pulsed
phaolysis of2.1a (I ) with constant dose of irradiation but varying power2(a3, no
photolysis; (b) 20 mins of irradiation at 5 mJ/pulse; (c) 10 mins of irradiation at 10
mJ/pulse; (d) 6.67 mins of irradiation at 15 mJ/pulse

T
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Another method of analyzindpe effect of intensity on photolysis rates is done
by varying the area of irradiation. For this, sample®.td in CDsCN were photolyzed
with pulsed 355 nm irradiation with a constant dose but the intensity was varied by
using a focused (2.08x1MW cni?) or an unfocused (1.14x3MW cmi?) laser beam.
As displayed in Table2.1, irradiating the sample with a focused laser beam

significantly increases substrate conversion as well as the yipld sOH.
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Table 2.1. Pulsed 355 nm photolysis &fla in CDsCN with and without defocusing
the laser beam

Laser Beam Photolysis 355 Power o, Conversiof % Yield
Time (min) (mJ/pulse) p-TSOH:
Focused 10 7-9 67 26
Unfocused 10 7-9 39 12

aDetermined byH NMR

Additional evidence for -FPA is provided from tweolor irradiation
experiments. The DFT calculations predict that several higher triplet states should be
accessible with visible light irradiation of &nd possess sufficient energy to overcome
the kinetc barrier for O homolysis. Therefore, solutions 2fla were photolyed
with the pulsed laser at 355 nm, 532 nm, and both wavelengths simultaneously and
these results are summarized in Tébk When comparing Entries 1 & 2, the addition
of 532 nm irradhtion dramatically increases the rate of conversio®.td as well as
the yield ofp-TsOH. It should be noted that the ground stat& & does not absorb at
532 nm and indeed irradiation with 532 nm alone does not result in conversion nor
generation ofcid (Table 2.2 Entry 3).A control where a sample was not exposed to
irradiation (Table 2.2 Entry 4) also resulted in lack of conversion.

Table 2.2. Yields of p-TsOH from pulsed photolysis @ 1a in CDsCN with varying
wavelengths oirradiation

Entry thotolysis 355 Power 532 Power % Conversion % Yield )
Time (min)  (mJ/pulse) (mJ/pulse) p-TsOH"
1 10 8-10 87-89 94 +3 77+ 10
2 10 9-11 0 58+7 34+10
3 10 0 87-90 0 0

17



4 10 0 0 0 0

aDetermined byH NMR, "Error bars are the result of triplicate experiments

The rate of acid production at low conversions using the different irradiation
wavelengths was assessed by comparing the yield of acid as a function of photolysis
time and acid gesration was assessed using malachite green carbinol base as a pH
indicator. In the presence of acid, malachite green carbinol base is converted to
malachite green which has a maximum absorption at 618 nm. As displayed in Figure
2.4, addition of 532 nm putgl irradiation increases the rate of conversion by a factor

of 4 relative to 355 nm pulsed irradiation alone.

0.40 -
| y = 0.1108x% 0.0041
0.30 - | R2 = 0.9982
g T
o 0.20 - 7
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® 0.101 I - y=0.0262x 0.0057
5 5 1 R2 = 0.9629
0.00 4= : .
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Photolysis Time (min)

355+532 @ 355 @532

Figure 2.4. Monitoring formation ofp-TsOH from the pulsed photolysis @fla in
acetonitrile using malachite green carbinol base as a pH iadi€xrange line: 355 nm

+ 532 nm irradiation. Blue line: 355 nm irradiation. Gray line: 532 nm irradiation. Error
bars are the result of triplicate experiments

When the lifetime of the species absorbing the second photon is on the
microsecond to milliseand timescale, -3PA may also be achieved with CW
irradiation from diode lasefS.To determine the effect of CW irradiation on photoacid

generation, acetonitrile solutionszfla were photolyzed using 447 n@W irradiation
18



(2.1a has an absorption tail at this wavelength) and ghlesOH generation was
monitored using malachite green carbinol base as a pH indicator. The dependence of
acid generation on laser intensity was measured at a constant irradiatiotime.
modest laser powers and substrate conversions,-phamten process would show a
linear dependance whereas a{phwton process should show a quadratic dependence.
As displayed in Figur@.5, the yield of acid as a function of laser power shows a

nonlinear dependence that fits to an order of 2.07.

y = 2E:07x2:0702
© .3 R2=0.9174

0 200 400 600 800 1000
Power (mW)

Figure 2.5. Monitoring formation ofp-TsOH from photolysis a2.1a with 447 nm CW
irradiation at a fixed irradiation time but with varying power. Formatiop-#5§OH
monitored with malachite green carbinol base pH indicator

In order to generate a stronger sulfonic acid, high intensity photolysis
experiments were carriegut on the trifluoromethanesulfonyl derivativalb, and

these results are summarized in Tabk
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Table 2.3. Yields of TfOH from pulsed photolysis &.1b in CD:CN with varying
wavelengths oirradiation

Entry thotolys_;is 355 Power 532 Power % Conversiof % Yiealdb
Time (min)  (mJ/pulse) (mJ/pulse) TfOH?*
1 20 8-10 8891 81+1 10+1
2 20 8-10 0 48 +0 21+2
3 20 0 8891 8 0
4 20 0 0 8 0

aDetermined by°*F NMR, PError bars are the result wiplicate experiments

In this case, substrate conversion is still enhanced by the addition of 532 nm irradiation
however, the yields of the corresponding sulfonic acid (TfOH) are significantly lower.
However, this result is consistent with the formatidrihe trifluoromethanesulfonyl
radical2.5b which would form via 8 O bond homolysis, as predicted in Schetde

The trifluoromethanesulfonyl radical has been shown to undergo rapid loss ah&O
generate the trifluoromethyl radicdl.These decompadsdin products can undergo
secondary reactions that can lead to an overall stoichiometric excess of acid as outlined
in Scheme25. The trifluoromethyl radical can react with oxygen to generate
trifluoromethanol which decomposes to generate HF and fluosgeine. The latter
further hydrolyzes into carbon dioxide and two more equivalents of HF. Additionally,

the SQ expelled from the decomposition can react with water to form sulfurous acid.
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Scheme 25. Secondary reactions from the decomposition of the
trifluoromethanesulfonyl radic@.5b
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Evidence of these secondary reactions come from total acid determination,
fluoride ion analysis, and TEMPO trapping experiments. To determine the total yield
of acid generated, solutisrof2.1b were subjected to high intensity photolysis and the
yield of acid was quantified via aclthse titration. As seen in Tal®el, despite the
low yields of TfOH, pulsed photolysis &flb with 355+532 nm irradiation (Tabkx4,

Entry 1) generates one than three equivalents of acid and 355 nm irradiation (Table
24, Entry 2) providing less, analogous to th€PA behavior of2.1a. As expected,
irradiation with 532 nm alone (Tab®4, Entry 3) provides no acid ## ground state

of 2.1b does not absorb at that wavelength.
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Table 2.4. Overall yields of acid resulting from the pulsed photolys. & in CH:CN

Photolysis 355 Power 532 Power % Yield

Entry Time (min)  (mJ/pulse) (mJ/pulse) Acid?
1 20 9-10 8991 332+13
2 20 9-10 0 208 + 20
3 20 0 8991 0
4 20 0 0 0

%Error bars are the result of triplicate experiments

In order to confirm that much of this yield of acid is from the formation of HF,
as predicted in Schen#b, the same pulsed photolysis experiments were performed,
and the samples were analyzed using a colorimetric fluoride test. Indeed, combined
355+532 m irradiation (Table.5, Entry 1) provided the highest yield of fluoride and
355 nm alone (Tablg.5, Entry 2) yielding less. There appears to be some intrinsic
error in the fluoride test given the nonzero fluoride yields for 532 nm irradiation and
the dak control (Table2.5, Entries 3 & 4), however the results obtained are still
consistent with a-3PA process.

Table 2.5. Yields of F resulting from the pulsed photolysis2fib in CH:CN

Photolysis 355 Power 532 Power

Entry Time (min)  (mJ/plse) (mJ/pulse) % Yield F*
1 20 8-10 86-88 171+ 16
2 20 8-10 0 66 +6
3 20 0 86-88 25
4 20 0 0 23

% rror bars are the result of triplicate experiments

22



Additional support for the pathways described in Sch&becomes from
radical trapping experiments. A solutionzflb and 2,2,6,8etramethylpiperidine-
oxyl (TEMPO) was subjected to pulsed 355 nm irradiation and the TE®IR@dduct
was detected bystcharacteristi¢®F NMR resonancé?

The experiments carried out on the trifluoromethanesulfonyl derivaide,
provide evidence of the homolysis mechanism predicted in ScBeinén order to
generate sulfonic acid from the sulfonyl radi2gd, the predicted mechanism involves
a reaction with oxygen as outlined in Schehte

Scheme2.6. Sulfonic acid generatiofilom O, trapping of sulfonyl radica2.5

0} 0, o, R 25 O, R Solvent o, R
0] O 0] @)
25 2.6 2.7 2.2

As Table2.6 describes, solutions @.1a in acetonitrile were purged with nitrogen,
oxygen, or akequilibrated and then photolyzed with pulsed 355+532 nm irradiation.
All samplesresulted in similar photoconversions however, the nitrogen atmosphere
suppresses the yield pfTsOH significantly indicating that oxygen is necessary for
acid generation.

Table 2.6. Pulsed photolysis df.1ain CD:CN with varyingatmospheres

Atmosphere thotolysis 355 Power 532 Power % Conversiof % Yield
Time (min)  (mJ/pulse)  (mJ/pulse) p-TsOH
Air 10 8-10 88-90 89 64
Nitrogen 10 8-10 88-90 72 11
Oxygen 10 8-10 88-90 88 63

3Determined byH NMR
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The reaction of the sulfonyl radicalbwith oxygen produces a sulfonyl peroxyl radical
2.6 which can react with another molecule2b to generate the sulfonyloxy radical
2.7. The latter abstracts a hydrogen atom, presumably from the solvent, tohgeld t

sulfonic acid product.

2.6 Laser Flash Photolysis Studies

Based upon the results of the experiments conducted thus far, the intermediate
that absorbs the second photon is assigned to the triplefTsfedé 2.1 This is further
supported by LFP stuels. Figure®.6 and2.7 display the transient absorption spectra

from pulsed 355 nm photolysis fla and2.1b, respectively, in acetonitrile.
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Figure 2.6. Transient absorption spectrum from the 355 nm pulsed photolygigzof
in acetonitrile
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Figure 2.7. Transient absorption spectrum from the 355 nm pulsed photoly®iglof
in acetonitrile

Immediately following the excitation pulse, t@bsorption bands with maxima at 470

nm and 600 nm are observed. Both bands decay withofistr kinetics and have
lifetimes of 1.2 N 0.1 e&s. Thes®2lbaspdectr a ai
on the following considerations: (1) The spedra consistent with triplet spectra of

similar anthraquinone derivativés 2(2) the lifetime of the bands decreases when the

sample is purged with oxygen, which is typical for excited triplet stéd¢she TD

DFT calculated tripletriplet spectrum (Figur@.8) shows good agreement with the

experimentaspectrum.
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Figure 2.8. Orange bars: TEIDFT calculated tripletriplet spectrum for2.1a. Blue
curve: experimental transient absorption spectrum from pulsed 355 nm photolysis of
2.1aat0.1e s

The triplet absorption spectrumaflis consistent with the §PA results. Even
though 532 nm is at a local minimum on the spectrum, the absorption at this wavelength
is still sufficient to allow reexcitation, consistent with the twamlor (pulsed 355+%
nm) results. Additionally, the triplet has significant absorption at 447 nm, consistent
with the results in Figur2.5. Due to the ground state absorption at 355 nm, it is not
possible to accurately verify the experimental triplet absorption at thiglevayth
however, the TEDFT calculations shown in FiguBs8 predict a strong absorption near

this wavelength, consistent with the 355 nm pulsed photolysis results.

2.7 Effect of Structure on Sequential TRimoton Absorption

To further demonstrate thatig T: that absorbs the second photon, structural
modifications were investigated. Compou2@®, which lacks the 2nethoxy group,
was synthesized and examined. As Sch@rieshows, this compound, lik&1a, is

expected to generapeTsOH upon photolysis.
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Scheme2.7. Photolysis oR.8to generat@-TsOH
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A transient absorption spectrum was obtained and is displayed in Ri§ure
There is an absorption band with a maximum at 380 nm and a very weak tail that
extends from 40000 nm. This spectrum is assigned to the triplet stajeofR.8as it

is quenched by oxygen and it has a lifetime similar to thatlafand2.1b.
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Figure 2.9. Transient absorption spectrum from the 355 nm pulsed photoly3i8iof
acetonitrile

Upon observing the lack of significant triplet absorption at 532 Zéwas
photolyzed under the same twolor conditions a.1a and these results are shown in
Table2.7. Not surprisingly, pulsed photolysis with combined 355+532 nm irradiation
(Table2.7, Entry 1) did not provide any noticeable enhancement as compared to 355
nm irradiation alone (Tab7, Entry 2). These results are consistent witbx@tation

ocaurring from the triplet. If T has significant absorption at 532 nm, ateabor effect
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is observed but if the absorption is weak or absent at that wavelength, no enhancement
is observed.

Table 2.7. Yields of p-TsOH from pulsed photysis of2.8in CD3CN with varying
wavelengths of irradiation

Entry thotolys_;is 355 Power 532 Power % Conversiof % Yield X
Time (min)  (mJ/pulse) (mJ/pulse) p-TsOH"
1 10 8-9 87-88 43+ 3 15+1
2 10 8-9 0 36+6 17+2
3 10 0 87-98 0 0
4 10 0 0 0 0

aDetermined byH NMR, "Error bars are the result of triplicate experiments

It is important to note that the absorption spectra faf8ompound£.1a and
2.8 have yet to be characterized and therefore a singlet mechanism cannot be
completely ruled out. There is a possibility thab82.1a absorbs at 532 nm and &
2.8 does not which would leave -excitation from $ as a possible mechanism.
However, giventhe expected short lifetimes of,,Shis pathway seems extremely

unlikely.

2.8 Cationic Polymerization

To demonstrate the utility d.1a and 2.1b as sTPA photoinitiators, these
compounds were applied to the cationic polymerization of ethyl vinyl eNdE) as
outlined in Schem&.8. For this, 0.6 mol% of2.1a or 2.1b was combined with EVE
and the mixtures were then subjected to pulsedcolor photolysis. Figure.10
displays the'H NMR analysis of these experiments as well as control experiments.

Both PAGs were able to initiate polymerization and reach 100% monomer conversion
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as assessed by the absence of the signals corresponding to the vinylic protons.
Formation of poly(ethyl vinyl ether) was observed based upon the observation of new,
broad signa at 1.2 ppm and 3.5 ppm. Control experiments were performed where
photolysis was applied but photoinitiator was omitted or where photoinitiator was
included but the sample was not irraditIn these cases, insignificant monomer
conversion was observeddicating irradiation of the PAG is necessary for
polymerization to occur.
Scheme2.8. Cationic photopolymerization of EVE with1a or 2.1b

2.1aor2.1b 0
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Figure 2.10. *H NMR resulting from the cationic photopolymerization of EVE with
PAGs 2.1a and 2.1b. (a) EVE only, no photolysis; (b) EVE only, 10 minutes of
irradiation; (c) EVE®.1b, 24 hour dark control; (d) EVEX#1b, 10 minutes of
irradiation; (e) EVE2.1a, 24 hour @rk control; (f) EVE®.1a, 2 hours of irradiation

2.9 Conclusions & Future Directions

The calculations and experiments in this chapter have demonstrated the ability

to design photoacid generators that can be activated with sequentiphdtom
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absorption. Anthraquinone sulfonate estfs and2.1b can be excited using UV or
visible lightand they rapidly form their triplet state. Under high intensity photolysis
conditions, the triplet state can beeaecited which causesdSO bond homolysis.
Subsequent reactions of the resulting radicals lead to the generation of strong acids in
excellentyields. These acids were shown to initiate the polymerization of ethyl vinyl
ether.

In order to expand the applicability of the photoacid generator, attempts were
made to synthesize water soluble derivatives. The derivatives shown in Figure 2.11

were preétted to show improved water solubility.

(0] OTs (0] OTs
(0] (0] (0] H
Uy 77 QxXy e
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(U Xy oo
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© Q
(0] OTs o\\ 0 0] OTs o\\ o
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(0] (0]
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Figure 2.11.PAG derivatives predicted to be water soluble
Of the derivatives listed, only derivativés10 and 2.11 were successfully
synthesized whereas derivativ@dl2 2.13 and 2.14 were a synthetic challenge.

Unfortunately, derivative®.10 and 2.11 only showed minimal solubility in water.
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Derivatives2.12, 2.13 and2.14remain to be promising candidates if they could be
successfully synthesized.

There are still improvemésthat could be made to this system. The ideal two
photon PAG would be unreactive under low intensity irradiation however, prolonged
irradiation of2.1a and2.1b under such conditions leads to significant photoconversion
where acid is only a minor companieof a complex mixture of products. This
photoconversion is most likely due to other triplet decomposition pathways. To avoid
this, it is possible that a chromophore with a lower triplet energy could promote faster
relaxation from T back to ground statend minimize unwanted reactions from Of
course, T must still possess a sufficient lifetime to allow forepecitation to occur.

This hypothesis has been investigated by switching the chromophore from 9,10
anthraquinone (E= 63 kcal/mat’) to 5,12naphthacenequime (& = 56 kcal/moft®).

As Scheme29 describes, derivativ®.15 was synthesized and its ability to
photageneratep-TsOH was studied. This derivative differs frdhia by having an
extended peystem but lacking the methoxy group.

Scheme2.9. Photolysis oR.15to generate-TsOH
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However, photolysis o2.15under low intensity irradiation resulted in full substrate
conversion and ra 86% vyield of p-TsOH indicating this compound efficiently

dissociates under ofghoton conditions. It is possible that simply reducing the triplet
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energy is not sufficient to eliminate eploton decomposition. Alternatively, the
methoxy group may haveraore significant impact than previously anticipated and a
more careful computational investigation should be conducted.

Currently being investigated ishydroxy-2-tosyloxyanthraquinon2.17 which
release®-TsOH upon photolysis, as described in Schérhe.

Scheme2.10. Photolysis of.17 to generatg@-TsOH

O OH O OH
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HO™ 3y
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1-hydroxyanthraquinone derivatives have been found to undergo excited state
intramolecular proton transfer (ESIPT) via the singlet manifold, as described in Figure
2.12.5457 Upon absorption of a photon;hydroxyanthraquinon2.9 undergoes ESIPT

to its tautomeR.19which, in its excited state, is lower in energy tkiaa excited state

of 2.9. The excited state &.19relaxes to its ground state, which is higher in energy
than the ground state &f9. The ground state &.19then thermally relaxes back to

the ground state &.9. It would be interesting to know if this process has any influence

on the photoacid generation from the tosylated derivativ/é
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Figure 2.12. Excited state intramolecular proton transfer4hytiroxyanthraquinone

Preliminary results found a profound solvent effect on the -voton
photoacid generation fror2.17. In polar aprotic solvents (e.g., acetonitrile), low
intensity irradiation o2.17 does not lead to substrate decomposition however, high
intensity, pulsed irrdiation leads to acid generation that is nonlinear with respect to
laser power. In contrast, in polar protic solvents (e.g., methanol), low intensity
irradiation leads to substrate decomposition accompanied by acid generation. It is
hypothesized that theqticity of the solvent affects the ground state equilibrium of the
tautomers with polar protic solvents providing a higher concentration of the proton
transfer tautome2.19in the ground state than in polar aprotic solvents. However, the
reason that thisvould affect the twephoton photoacid generation is unclear at this
time. Future studies will include nanosecond transient absorption spectroscopy,
photoproduct analysis, fluorescence spectroscopy, and computational analysis in order

to understand the dals of acid generation.

33



ChapBerLamp Vvs. Vilsaddre: Light M

Phot opol ymer-i a a y-2-nmextgh onkiytann tlhr aqu

3.1 Photopolymerization

Photopolymerization is the use of light to trigger polymerization. As the
demand for theynthesis of more complex polymeric materials increases, the need for
controlled polymerization processes also increases. With the spatial and temporal
control that light provides, photopolymerization has become extensively expidted.
“Depending on the polymerization method,
for polymerization reactions.

Photopolymerization processes can either be photoinitiated or photocontrolled.
Photoinitiated polymerization occurs when the initiating species (e.g., radicals, ions)
are generated upon irradiation. In this case once the initiating species are forneed, ther
is no control over chain growth. More recently, due to progress in the field of
photoredox catalysis, methods of photocontrolled polymerization have emerged.
Photocontrolled methods utilize reversible initiation and termination regulated by
irradiation.In this case, the initiating species is activated by light and deactivated in the
absence of light allowing control over chain growfh.

Photopolymerization reaction rates can be adjusted by varying the intensity of
light used. The output of photons from a given lightrseuncreases in proportion with
increasing light intensity. Because the rate of polymerization depends on the
concentration of initiating and propagating species, controlling the intensity of

irradiation allows precise control over the concentration tif@species?
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This chapter will demonstrate the ability oftdsyloxy-2-methoxy9,10
anthraquinon@&.1, which was introduced in the previous chapti@photoinitiateboth
cationic ring opening polymerization of cyclic lactones as well as mediate radical
polymerization of acrylates depending on the intensity of visible light irradiation used.
As Scheme3.1 describesirradiationof 3.1 will generate its first excitediplet state
(T1). Under high intensity irradiation, the triplet state will beexeited causing bond
dissociation to generate acid, as described in the previous chapter. The resulting acid
can go on to initiate cationic polymerization. In contrast, unlder intensity
irradiation, the triplet state &.1 will act as a photosensitizer to lead to the formation
of radicals which can initiate radical polymerization. In addition, copolymers can be
synthesized utilizing both radical and cationic polymerizationa onepot mixture.
Having a photosensitizer that is capable of mediating more than one type of
polymerization allows for the preparation of more complex materials yet maintains the

simplicity of the reaction mixture.
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Scheme3.1. Using Ztosyloxy-2-methoxyanthraquinon8.1 to mediate cationic or
radical photopolymerizations depending on the intensity of visible light irradiation

2.1SC

low intensity high intensity
irradiation irradiation
R > H*
radical cationic
polymerization polymerization

3.2 Ring Opening Polymerization

Ring opening polymerization (ROP) astype of chain growth polymerization
in which a cyclic monomer is opened by the terminal end of the growing polymer chain.
The driving force of the ring opening of cyclic monomers is the relief of bond angle
ring strain or strain due to steric repulsidoietween atoms. Some examples of cyclic
monomers that can be polymerized via ROP include epoxides, lactones, and lactams.
ROP mechanisms generally proceed under cationic or anionic pathways but there are
also examples of radical pathways.

The ROP of lactoes is a prominent technique for preparing polyesters

however, only in recent years has it been mediated by’fi§htn 2013, Dove and
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coworkers demonstrated that, upon UV irradiation, triarylsulfonium PAGs can act as
effective photoinitiators for the cationic ROP of lactones and carboffafd®n in
2016, Boyer and coworkers provided the first example of cationic ROP of lactones with
visible light. They demonstrated that a reversible merocyarmsed photoacid can be
activated using visible ght and the resulting acid is capable of initiating
polymerization to form weltlefined polymerg’

This chapter will demonstrate the utility of the PAGtosyloxy-2-methoxy
9,10anthraquinond.1, from the previous chapter for the ROP of lactones using high
intensity, visble light irradiation. The twghoton behavior of3.1 allows for

combination of ROP with other photomediated polymerization techniques.

3.3 RAFT Polymerization

Reversible additiofiragmentation chain transfer (RAFT) polymerization is one
type of contrded radical polymerization. This type of polymerization allows the
synthesis of polymers with predictable molecular weights and narrow polydispersities.
RAFT polymerization proceeds through use of a chain transfer agent (CTA), also
referred to as a RAFT agt. CTAs used in RAFT processes are typically a
thiocarbonylthio group, with dithiobenzoates being very effective RAFT agents due to
the radical stabilizing ability of the phenyl group. A general mechanism of the RAFT
polymerization process is describeddchem@.2. Initiating radicals are generated and
react with monomer to generate a propagating radi€dSeps 1 & 2). This radical is
rapidly captured by the CTA to form a new radical intermediate which has an equal
probability of eliminating the prmagating radical £ or the end group R (Step 3).
When the end group is eliminated, it can react with monomer to generate a new
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propagating radical chainnP (Step 4). These steps are referred to as the pre
equilibrium. Once all of the initial CTA has &e consumed, the main equilibrium
occurs by propagating radical chains reacting with the now polymeric CTA (Step 5).
As with any other radical polymerization, termination occurs by two radical species
reacting with each othé&f. %

Scheme3.2. Mechanism of RAFT polymerization adapted from Referé8&e
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Photoinitiated RAFTpolymerization can occur either by direct irradiation and
subsequent dissociation of the RAFT affeat via a photoinduced electron transfer
(PET-RAFT) proces$>®° Direct irradiation of the RAFT agent, also referred to as the
photoinifertor method, typically requires high energy, UV irradiation. While this
reduces complexity of the systetdV irradiation poses the possibility of competing
absorption of other substrates as well as degradation of the CTA end Yrdmips.
contrast, the PERAFT process can use visible light absorbing photocatalysts to
activate the RAFT agent and begin the polymerization process. As described in Scheme

3.3, the light is absorbed by the photocatalyst which, in its excited state, will undergo
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electron transfer to the RAFT agent. The reduced RAFT agent can fragment to generate
propagating radicals.

Scheme3.3. Activation of a RAFT agent vighotoinduced electron transfer from an
excited state photocatalyst
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In addition to using visible light absorbing photosensitizers to undergo electron
or energy transfer to the RAFT agent, an alternate approach is te yé®thsensitizer
in order to generate initiating radicals. In 2016, Boyer and coworkers demonstrated that
excitation of metal phthalocyanines leads to oxidation of the solientethyl2-
pyrrolidone, which then undergoes deprotonation and rearrangemeenerate a
radical capable of initiating polymerization of acrylate monomers (ScBethdJpon
addition of a RAFT agent, the polymerizations became controlled and narrow

polydispersities were achievétl.
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Scheme 3.4. Generation of initiating radicals via photooxidation gfmethy}2-
pyrrolidone
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Using a similar approach, Falvey and coworkers demonstrated generation of
initiating radicals via photooxidation of DMS®DMSO is a commonly used solvent
for RAFT polymerizations deito its ability to solubilize both reactants and products,
and it generally functions as an inert medium. However, under highly oxidizing
conditions, it has been shown that DMSO can undergo one electron oxitiafue.
resulting cation radical further reacts with water, leading to formation of methyl
radicals. This approach has been used for free radical rmethylon - o f 20
deoxyguanosingt

As discussed in the previous chapter, many anthraquinone derivatives
intersystem cross with high efficiency to their lower energy trigtate. In addition,
the triplet state of anthraquinone is a strong oxidant and therefore, could be capable of
oxidizing DMSO? **Indeed, using LFP, Goérner demonstrated that the triplet state of
anthraquinone is quenched by DMSO near the diffusion limit and this quenching is the

result of oneelectron transfer from DMSO to the excited state anthraquitfone.
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The work of Falvey and coworkers demonstrated that, in its excited state, a
visible light absorbing anthraquinone derivative is capable of oxidizing DMSO which
leads to the generation of initiating methyl radicals, as outlined iar8eB.5. By the
addition of a RAFT agent, the polymerization can be controlled to yieldde&hed
polymers.

Scheme3.5. Generation of initiating methyl radicals via photooxidation of DMSO
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This chapter will demonstratbkat, under low intensity, visible light irradiation,
1-tosyloxy-2-methoxy9,10anthraquinone3.1 can act as a sensitizer for the
photooxidation of DMSO to initiate RAFT polymerization. This process, in addition to
cationic polymerization under high intetys irradiation, will demonstrate a dual

capability of one sensitizer.

3.4 Ring Opening Polymerization wishl

As Schem&.6describesa s eri es of pol y-ocaprolaxtonrer om t he
(8L) amd elr o|-\A}datalyzezby (he#47 nm CW photolysis &.1were

synthesized. ®rying degrees of polymerization wetargetedand the results are
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summarized in Tabl8.1. In all caseshenzyl alcohol was used as the initiator due to
its distinct'H NMR resonance which allowed for ease of analysis.

Scheme36.ROP -€f B-Wldcatalyzed by photolysis &.1
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Initially, the concentration d3.1 relaive to initiator was set to 0.1 (Tabbel,
Entries 2 & 8) and the targeted degree of polymerization was 50. The targeted degree
of polymerization is determined by the initial ratio of monomer to initiator ([M}).
With both lactones, high monomer conversion was observed and the resulting polymers
showed good agreement between the theoretical molecular weight and the measured
molecular weight. Additionally, both polymers displayed a narrow polydispersity index
(PDI) indicating a controlled polymerization. Increasing the concentratidhlofrom
0.1 to 0.25 (Tabl8.1, Entries 3 & 9) did not have a significant effect on the outcome
of the polymerization reaction. In both cases, high conversions were still achieved
there was no significant difference in the polydispersities. Omi@idgfrom the
reaction mixture resulted in lack of monomer conversion (TadlgEntries 1 & 7).
Additionally, including3.1 but not irradiating the sample also resulted in a lack o
monomer conversion (Tab&l, Entries 6 & 12). These control experiments indicate
that irradiation of3.1 is necessary to catalyze the polymerization reaction. Various
degrees of polymerization were targeted (T&dle Entries 45, 1011) and in all cees
the theoretical and experimental molecular weights were in good agreement with
narrow polydispersities.
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Table31l.Ri ng opening pO®Ll yaridwitizaaying conctentafions)
of 3.1 and varying targeted degrees of polymerization

Irradiation Polymerizatiol % Monomer M, My, PD[
d

a
Entry Monomer [31]* [MIo/lfo e (min) Time (hr)  Conversiof wed  opd

1 UcCL 0 50 60 24 0 - = =
2 UcL 010 50 30 48 88 5130 5606 1.25
3 UCL 025 50 90 48 71 4160 5110 1.19
4 UGCcL 010 25 30 24 86 2562 3336 1.24
5 UCL  0.10 100 30 96 73 8440 6846 1.19
6 UcL 010 50 0 24 0 - - -
7 VL 0 50 60 24 0 -
8 VL 010 50 30 5 73 3612 4899 1.17
9 VL 025 50 90 2 83 4263 5224 1.22
10 VL 010 25 30 0.75 86 2261 3729 1.19
11  %VL 010 100 30 18 97 98201083¢ 1.28
12 VL 010 50 0 24 0 -

aMolar equivalents relative to the amount of initiatretermined byH NMR, Calculated by
the equation: M theo= MWinitiator + (% conv. x [MY[1]o X MWmonome), “Determined by GPC
using THF as a solvent and calibrated using polystysearedards

3.5 Power Dependence on Ring Opening Polymerization

To understand how laser power affects the rate of polymerization, the
pol ymer i zChtwasomonitareld over time with varying powers of 447 nm
irradiation. Figure3.1 shows that the most gmmounced effect is during the first 15
minutes of irradiation and after that, the rate of polymerization is relatively linear with

time. When plotted, the monomer conversion after 15 minutes of photolysis as a
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function of laser power displays a nonlineantd which is consistent with a nonlinear
generation of acid (Figui@2). The slow polymerization rate at |[daserpowers opens

the possibility of combining ROP with other photomediated polymerizations.
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Figure32.Co n v e r sGLafter 16 minutés of irradiation as a function of 447 nm
laser power
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3.6 RAFT Polymerization with.1

As described in Sectidh3, anthraquinone derivatives are capablerofipcing
initiating radicals through photooxidation of DMSO. BecaBdds an anthraquinone
derivative, presumably it would have similar redox properties as other anthraquinone
derivatives and would be capable of photooxidizing DMSO. The hypothesis is that
under low intensity irradiation, acid generation would be a minom@atland instead,

3.1 would act as an excited state oxidant to aid in the initiation of RAFT
polymerization.

To demonstrate that3.1 can photooxidize DMSO to initiate RAFT
polymerization, polymerizations of acrylate monomers were carried out using 419 nm
broadband irradiation, as described in Schedne Using 4cyanopentanoic acid
dithiobenzoate (CPADB) as the chain transfer agent, the polymerizations of methyl
methacrylate (MMA) and -hydroxyethyl methacrylate (HEMA) using were carried
out in both the pigence and absence i and the results are summarized in Table
3.2. In all cases, monomer conversion was observed however the polymerization in the
presence 08.1 led to significantly higher monomer conversion, consistent with the
results of previous w.%2 The polymerization that occurs ihe absence d3.1 is
attributed to a photoiniferter mechanism caused by the UV emission of the 419 nm
bulbs overlapping with the absorption tail of CPADB allowing direct absorption of the

chain transfer agent.

45



Scheme3.7. RAFT polymerization of acrylat@monomers via photooxidation of DMSO
with 3.1

0O-__OR
S CN o 31 s CN
S OH ., — > OH
d OR DMSO S n
419 nm o

MMA: R = CH,
HEMA: R = CH,CH,OH

Table 3.2. RAFT polymerization of acrylate monomers in the presence and absence of
3.1

Photolysis % Monomer

Entry Monomer [M]o/[CTAJo [3.1J/[CTA] Time (hr)  Conversiof

1 MMA 100 0 18 46
2 MMA 100 0.1 18 76
3 MMA 100 0.5 18 63
4 HEMA 100 0 18 71
5 HEMA 100 0.1 18 97
6 HEMA 100 0.5 18 93

2Determined byH NMR

3.7 Brush Copolymerization Using Varied Light Intensity

Knowing that3.1 is capable of polymerizing acrylates under low intensity
irradiation, a ongoot brush copolymerizatigmasoutlined Schem8.8, was carried out.
I n a vial was c¢ &Inhonamerd, CFADB/aS tha RAFT agedtl
as the photocatalyst/photoinitiat@and DMSO as the solvent. The hypothesis is that
under low intensity irradiation (419 nm broadband lamps), polymerization of HEMA

via RAFT polymerization should be the dominant reaction. Then, by switching to high
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intensity irradiation (447 nm CW laseB.1 will generate acid and ROP should begin
to take place.

Scheme3.8. Onepot brush copolymerization
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As Figure 3.3 shows, when the sample is irradiated with low intensity,
broadband 419 nm irradiation, after 18 hours there is significant conversion of HEMA
(80%) whil e t-Nleisninonal\(9éo). Whermtlme lightfsoutte is switched
to the high intensity 44i@m CW laser, conversion of HEMA continues however there

i's a sharp i ncr eaAeduetomcidtgénerationdrodi.er si on of
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Figure33.Moni t or i ng c onv e rv& unden diflerént itdndtidss o nd U
visible light irradiation of3.1 in DMSO. Monomer conversion monitored usittg
NMR

Evidence for copolymer formation was provided through the use of gel
permeation chromatography (GPC). Fig@r displays the GPC trace for the isolated
polymer from the copolymerization experiment described. The red line measures
refractive index which idicates when a polymer has reached the detector and the
purple line measures UV absorption. Because there is a measurable UV absorption
when the polymer reaches the detector, this is evidence that the CTA end group is
incorporated into the polymer. A simglpeak is indicative of a successful

copolymerization rather than formation of two separate homopolymers. Additionally,

a narrow molecular weight distribution (PDI = 1.26) was achieved.
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Figure 3.4. GPC trace of isolated brush copolymer. Red line: meaguefractive
index. Purple line: measuring UV absorption

To ensure that the acrylate does not intrinsically polymerize more rapidly than

the lactone, a similar sample was irradiated with only the high intensity 447 nm CW

laser. In this case both monomserfiow | mmedi at e c&hreaehed i on

60% conversion within 4 hours whereas HEMA only reached 20% conversion. (Figure

35).
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Figure35.Moni t or i ng ¢ onvVv e #Vkduong thedd7 nkh Erktifatioa n d
of 3.1in DMSO. Monomer conversion mitared using'H NMR
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3.8 Conclusions

The experiments described in this chapter demonstrate ttaylbxy-2-
methoxy9,10-anthraquinone3.1 is capable of mediating both cationic and radical
polymerizatiors depending on the intensity of visible light irradiation. Under high
intensity irradiation, photoacid generation occurs producing strong acid capable of
catalyzing cationic ring opening poherization of lactones. Under low intensity
irradiation, 3.1 is able to photooxidize DMSO which leads to formation of methyl
radicals capable of initiating RAFT polymerization. The dependence on light intensity
allowed for the ongot synthesis of a brustopolymer where a single photocatalyst

can mediate two types of polymerizations.
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ChaptMerchani sm of the Photorel

€ a

OPhe®ytityl one Protecting Group

The majority of the work in this chapter has been published:

Zeppuhar, A. N.; HilByrne, K.; Falvey, D. E., Mechanism of the Photorelease of
Alcohols from the 9PhenyiO-tritylone Protecting Group.Photochemical &
Photobiological Sciencez019,18(8), 19901995

4.1 Photordeasable Protecting Groups

The use of protecting groups in organic synthesis is a necessity when it comes
to the preparation of complemolecules’® When applied, protecting groups mask the
reactivity of a certain functional group allowing reactions to occur at other sites on the
molecule after which, the protecting group can then be removed. However,
complications arise when multiple protectiggoups are needed on one molecule.
When this occurs, reaction conditions necessary for cleavage must be very specific for
each group in order for the others to remain intact.

Photoreleaseable protecting groups (PRPGs) are an important subset and can
overcome some of the challenges associated with conventional protecting groups.
PRPGs generally do not require reagents for their removal, only®figfttis is
advantageous when working with molecules that are extremely sensitive to acids and/or
bases. This feature also provides gpand temporal control over the deprotection
step. For a PRPG to be effective, most, if not @llthe following criteria must be
met1% 191 (1) it should absorb at wavelengths greater than 300 nm to minimize

absorption by other functional groups which could lead to undesired reactions; (2) it
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should be stable in solution prior to photolysis; (3) the photochemicprdaucts
should be transparent at the irradiation wavelength and unreactive; (4) deprotection
should occur rapidly and quantitatively.

In addition to synthesis, PRPGs find applications in areas including controlled
drug releasé??%4 photolithography®> 1%and optogenetic®’ Because of this, there
is continued interest in the design of new PRPGs with expanded capabilities. Some
well-established PRPGs include thenitrobenzoyl groug??!® the coumaryl
group**and the phenacyl grodp*'® These groups are excellent options when it
comes to the photorelease of good leaving groups sucdrboxylates, sulfonates, and
phosphates. However, when it comes to less labile leaving groups, such as alcohols,
there are fewer examples. One approach is to protect the alcohol as a mixed carbonate
ester and then rely on spontaneous decarboxylatitimeafesulting alkoxy carbonate
to release the alcohdl” 8 Other approaches include intramolecular cyclization of
cinnamate estef!® 12|actonization employed with a quinone trimethyl Idékand
direct photolysis of trityl ether$? Recently, Falvey and coworkers adapted the 9
phenyt9-tritylone (PTO) group to become a P& capable of cleanly and efficiently
releasing primary and secondary alcoRéig.he experiments described in this chapter
will provide a deeper understanding of the photorelease mechanism in order to support

further development of the group and similar PRPGs.

4.2 Introduction to the PPhenyt9-tritylone Protecting Group

The 9phenyt9-tritylone group is a protecting group for alcohols that was first

introduced in 1971 by Barnett and coworkEfs?®whose aim was to develop a
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protecting group for alcohols that retains the advantages of, but was complementary to,

the wel-established trityl protecting group (Figutdl).

0
I >
oR (O
9 .
9-phenyl-9-tritylone trityl
Figure 4.1. The 9phenyt9-tritylone and trityl protecting groups

Trityl ethers are easily hydrolyzed with the use of dilute acid and are stable to
a widevariety of na-acidic reagents. In contrast, the PTO group is much more stable
to acid hydrolysis. Instead, cleavage can be carried out with ecatdgzed Wolff
Kishner reduction. While this is complementary to the trityl group, the disadvantage is
that cleavage dtirequires the harsh conditions (high temperatures and strong bases) of
the Wolff-Kishner reduction which many functional groups do not tolerate. To avoid
the harsh conditions but still take advantage of reductive cleavage, Schafer and
coworkers demonstread electrochemical reduction of the PTO group successfully
deprotected alcohols at room temperature under neutral cond#fons.

In 2015, Falvey and coworkers first reported alcohol deprotection from the PTO
group by means of photochemical reductiétPhotoinduced electron transfer (PET)
allowed for the clean andffeient release of primary and secondary alcohols.
Excitation of PTQGethers with UV irradiation in the presence of strong ground state
electron donors, such as triethylamine, yielded the deprotected alcohol in good yields.

Polar solvents, such as methaaontl acetonitrile, provided better yields than nonpolar

solvents, such as benzene. In addition, visible light driven photorelease was
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accomplished by excitation of strong excited state electron donors incltating

( t r i-phén@pyriddiNg))iridium(lll) & well as tris(bipyridine)ruthenium(ll) chloride

in the presence of PFéthers. Using LFP, two key intermediates were identified under
conditions in which photorelease was observed, as outlined in Sdheri¢hen PTO
ether4.1is photolyzed in the presemof triethylamine, both the anion radida® and

the ketyl radicaft.3 are observed. However, less clear was which of these intermediates
is responsible for alcohol release.

Scheme4.1. Proposed mechanism for the photorelease of alcohols fromefiers
under PET conditions

O 350 nm o® OH
0 —— = 0
999
Ph" OR P’ “OR Ph” OR
4.1 4.2 4.3

on + (I

Ph

4.4

The experiments described in this chapter probe the behavior cePEG
under direct photolysis conditions, j.m the absence of an electron donor, in order to

understand the mechanistic details of photorelease.
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4.3 Photorelease of Alcohols via Direct Photolysis

The PTQether selected for these studies, as outlined in Schénes benzyl
ether4.5 which, uponphotolysis, releases benzyl alcoddb. This ether was chosen
due to its ease of synthesis as well as ease of product analysis.

Schemed.2. Direct photolysis of benzyl ethdr5 to generate benzyl alcohlb

0O

O‘O 350 nm @/\oH
—_—
Ph O—:

4.5 4.6
The first nechanistic aspect that was investigated was the role of the solvent.
Benzyl ethert.5 was photolyzed at 350 nm in various solvents and its depletion (Figure

4.2) as well as formation of benzyl alconbb (Figure 4.3) was monitored by gas
chromatography.

100%g o © o o
80% -
60% -
40% -
20% -

O% T T T T T 1
0 30 60 90 120 150 180

Photolysis Time (min)

% benzyl ether

®Benzene ® MeCN MeOH

Figure 4.2. Monitoring conversion benzyl ethdts from direct 350 nm photolysis in
various solvents
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Figure 4.3. Monitoring yield of benzyl alcoha!.6 during the direcB50 nmphotolysis
of benzyl ethed.5 in various solvents

In benzene and acetonili¢, there is minimal depletion df5 and no observable
formation of4.6. This can be rationalized by the fact that these solvents are considered
to be poor hydrogen atom donors, which is supported by the BDE for hydrogen atom
abstraction. The & H BDEs br these solvents are 112.9 kcal/Mbland 95.5
kcal/mol1?® respectively. Due to its high BDE, benzene is considered inert as a
hydrogen atom donor. Acetonitriie has a lower BDE and is thereimore
thermodynamically favored for hydrogen atom transfer however, it is not kinetically
favored due to the electramithdrawing cyano group. The electron deficierd &
bond does not allow for a rapid reaction with the excited state tripfeb.ofheefore,
in these solvents, the excited state triplet is formed but then relaxes back to the ground
state without releasing the alcohol. When switching to methanol, which is considered
to be a good hydrogen atom donor, depletiod.Bis observed. Methandlas a BDE
of 96.0 kcal/mof?® and has a more electron ricld & bond which allows for a more
kinetically favorable hydrogen atom abstraction by the excited state triplet. The

conversion o#.5 is accompanietly formation of4.6 but in poor yields. These results
56



suggest that in the presence of a good hydrogen atom donor, the excited state triplet
abstracts a hydrogen atom to generate the ketyl radigaFrom4.3, chemistry can
begin to occur. However, since the yielddd is poor, it appears that alcohol rate
from 4.3 is a minor pathway and the depletion4d® is due to other nonproductive
pathways.

LFP experiments confirm that these intermediates are formed. Higlire
displays the transient absorption speetresulting from 355 nm pulsed photolysis of
45 in benzene and Figure5 displays the same experiment in methanol. In benzene,
there is a shoilived peak with a maximum absorption at 540 nm that forms
immediately following the laser pulse. Previous studies have assigned this peak as the
triplet state of the PTO chromophore due to its resemblance to the structurally similar
benzophenone chromophdré. 13° However, in methanol, the spectrum displays a
longerlived peak with a maximum absorption at 530 nm which has been previously
assigned to the ketyl radical3.*?® The triplet and ketyl radical can loéstinguished
based upon the differences in lifetimes. Observatioh.2fn methanol is consistent
with the previous data that indicate is necessary farthemistry to occur as depletion

of 45 is observed in methanol but not in benzene.
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Figure 4.4. Transient absorption spegin from the 355 nm pulsed photolysis4b in
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Figure 4.5. Transient absorption spegin from the 355 nm pulsed photolysis4b in

3:1 MeOH: 1,4dioxane

These data led to the hypothesis that alcohol release occurs predominantly
through the anion radical intermedidt@. To confirm this, studies were conducted in
methanol with the additioof a base. Photolysis in methanol generates ketyl ratigal
which could then be deprotonated to genedd2e From here, @ O bond scission is
expected to occur and release the alcohol. When a strong base, such as hydroxide
used, alcohol release ivserved. As shown in Tabkl, as the concentration of

sodium hydroxide increases fromalOmM, the yield of4.6 also increases. However,
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for reasons that are unclear, when the hydroxide concentration is greater than 1.5 mM,
the yields begin to drop.

Table 4.1. Yields of 4.6 generated during thel®ur photolysis oft.5 at 350 nm with
varying concentrations of sodium hydroxide. Starting ether concentration is 9 mM

[NaOH] (mM) % Yield AlcohoP-"

0.0 43.8 + 0.96
0.1 68.4 + 8.46
0.5 74.5+6.51
1.0 77.5+x17.74
15 55.9+11.73
2.0 46.7 +2.22
2.5 475+ 281

3Error bars are the result of triplicate experimefitselds are corrected to reflect the
amount of starting material that converted.

To ensure that complete deprotonation of ketyl raddcalis necessary for
release, experiments were performed by using a weaker base. Using previous estimates
on similar radicals, the pkof 4.3 is estimated to be approximately® Pyridine was
selectecdbecausé can behave as a weak base that would not be strong enough to fully
deprotonateé.3. Additionally, it a poor electron donor which means PET is unlikely to
be a competing pathway. Under these conditions depletich3os observed, as
expected, but there was minimal release of alcohol.

To verify that addition of hydroxide is generatiagion radicalt.2, a transient
absorption spectrum was obtained in methanol with the addition of sodium hydroxide,
as displayed in Figur&6. Addition of sodium hydroxide leads to formation of a broad
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band in the 5550 nm region. Previous work has assid this broad signal to be the

anion radica#.2.123
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Figure 4.6. Transient absorption spegin from the 355 nm pulsed photolysis4b in
3:1 methanol: 14lioxane with the addition of 1 mM sodium hydroxide

Upon observing the increase in yieldsAd with increasing concentrations of
sodium lydroxide, LFP experiments were performed to determine the effect of base
concentration on formation ¢f.2. As seen in Figuré.7, as the concentration of
hydroxide increases, the rate at whith forms also increases. These data were used
to perform a psudo firstorder analysis in order to determine the seeomtdr rate
constant for proton transfer betwe&8 and base. The rate constant was determined to

be 1.84x1HM1st,
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Figure 4.7. Kinetic traces taken at 620 nm to monitor the growth of aniocabdl.2
with increasing concentrations of sodium hydroxide. Starting ether concentration is 9
mM

4.4 Proposed Mechanism of Photorelease

The data in the previous section allow for a mechanism of photorelease to be
proposed, as shown in Scheh®. Upon excitation with 350 nm light, the PJ&ther
is excited to its singlet state which rapidly undergoes intersystem crossing to form its
triplet state. Because benzophenone generates its triplet state rapidly and with unit
quantum vyield?? it is believed that PT@thers behave similarly and the
photochemistry that is observed is occurring exclusively from the triplet state. In the
presence of a good hydyen atom donor, the triplet state will abstract a hydrogen atom
to generate ketyl radicdl.3. From4.3, some alcohol release is observed but in poor
yields and the remaining decomposition is due to formation of a complex mixture of
by-products. The mostikely by-products are the various isomers formed by
dimerization of4.3. Similar products are observed where the structurally similar
benzophenone ketyl radical is generdf€dn the presence of a strong bades is

deprotonated to generate anion rad&dl From4.2, Cd O bond scission occurs to
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cleanly release the alcohol. The absorptiod.Btan be fitted to a firsbrder decay to
derive a lifetime of ca.-R ms. This value ishe upper limit of lifetimes that can be
accurately predicted with the LFP experimental setup.

Scheme4.3. Proposed mechanism for the photorelease of alcohols under direct
photolysis conditions
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4.5 Modifications to the Phenyi9-tritylone Protecting Group

Upon determining that alcohol release occurs via the anion radical, attempts
were made to improve the PTO group. Modifications were made in an effort to facilitate
intramolecular electron transféhus eliminating the need for an external electron
donor. As outlined in Schende4, the phenyl group of the PT&@her4.1 was replaced
with a with a 4phenol group to make compoudd/ which, upon photolysis, is
expected to release-dentanol. With thisdesign, it was anticipated that, upon
deprotonation, the phenoxide anion would donate an electron to the tritylone moiety to

generate the anion diradieaB, which would subsequently release the alcohol.
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Schemed.4. Proposed reaction for intramoleculae@ton transfer for alcohol release
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Figure4.8 displays the UW:is absorption spectra @.7 at pH 7 and pH 14.
Upon deprotonation, a new absorption benobservedavith a maximum absorption at
362 nm and a tail extendjrout to approximately 500 nm. This band is not obsenved i
neither the simple PTO grmxead0mm.The@fare,i sol at €

this band is attributed to a charge transfer absorption band from the phenoxide anion to

the tritylone moiety.
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Figure 4.8. UV-Vis spectra of).7 in acetonitrile at pH 7 and pH 14

Unfortunately, prolonged photolysis (20 hours)af in basic acetonitrile did
not result in the release ofpentanol to any appreciable extent. The belief is that back
electron transfer to return to the ground state occurs more rapidly than alcodsd .rele

This can be further justified by LFP. The transient absorption spectrdii iof basic
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acetonitrile, as showin Figure4.9, displays two absorption bands: one at 420 nm and
the other at 510 nm. This spectrum is tentatively assigned as the tripledaadical
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Figure 4.9. Transient absorption spegin from the 355 nm pulsed photolysis47 in
basic acetonitrile

This assignment is made on the basis of the following considerafibns
extended photolysis 04.7 in basic acetonitrile resgltin minimal decomposition
suggesting that this spectrum is not due to radical or ionic fragmenté2ipthe
spectrum differs in both position and shape from the spectra obtained &dracall
Figures4.4,4.5, and4.6) indicating it is not a simpleitylone triplet, ketyl radical, or
anion radical(3) upon addition of oxygerthe band at 510 nm is quenched however
the band at 420 nm is not. The 420 nm band is characteristic of a phenoxy radical which
has an absorption at ca. 400 hthEurther characterization of this intermediate can be

done by computational modeling and ultrafast spectroscopy.
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4.6 Conclusions

The experiments described in this chapter provide further insights into the
mechanism of alcohol release from R&Wers. Thragh the use of laser flash
photolysis as well as product analysis, it is confirmed that during photolysis both the
ketyl radical and anion radical intermediates are generated but it is from the anion
radical that @ O bond scission occurs to cleanly reletieealcohol. However, under
these conditions, alcohol release is relatively slow with the alcohol being released on
the order of ca. 1 ms. Furthermore, the yield of alcohol under direct conditions is
significantly less than those reported under PET cimmdif? indicating that, from a
practical sandpoint, direct photolysis is not the most beneficial route for alcohol
deprotection from PT&thers.

Modifications were made to the PTO group to allow for intramolecular electron
transfer in an attempt to eliminate the need for an external electroor.don
Unfortunately, extended photolysis of this derivative did not demonstrate efficient
alcohol release. The reason for inefficient photorelease is likely due to back electron

transfer being more rapid than bond scission.
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ChapbteReactivityitofenibDinr yloms

Guanosi ne

5.1 Introduction to Nitrenium lons

Nitrenium ions are reactive intermediates which are classified as a divalent
nitrogen species containing a lone pair of electrons and a formal positive tRarge.
They have properties similar to other electron deficient reactive intermediates including

nitrenes, carbenes, and carbenium igfigure5s.1).

S . . Ry
R R R R R R R
nitrenium ion nitrene carbene carbenium ion

Figure 5.1. General structures of electron deficient reactiverimésliates

Because nitrenium ions are divalent with ftmanbonding orbitals and two non
bonding electrons, they can exist in one of four possible electronic configurations as
described in Figuré.2. Due to differences in distribution of nbonding elecons in
the nonbonding orbitals, nitrenium ions can either exist in a singlet state or a triplet
state. There are three possible configurations for the singlet state and one for the triplet
state. For the singlet states, both electrons can be pairedhyltfeized norbonding
n orbital (f singlet), both electrons paired in the unhybridized-bonding p orbital
(p? singlet) or, one electron in each the n and plnamding orbitals with angparallel
spins (n,p singlet). The triplet state forms whendhgrone electron in each the n and
p nonbonding orbitals with parallel spins (n,p triplet). Singlet nitrenium ions exist as
the 1f singlet because the other configurations would require putting electrons into the

higher energy p orbital. The differendgaselectronic configurations lead to differences
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in reactivity. Typically, singlet nitrenium ions react with nucleophiles whereas triplet
nitrenium ions behave as radicals and participate in hydrogen atom abstraction

reactions.

p @ p @ p 6 p
\90; Yo Yo Yo
> by oy Py
n? singlet n,p singlet p? singlet n,p triplet
Figure 5.2. Possible electronic configurations for a nitrenium ion
Whether a nitrenium ion exists as a singlet or a triplet depends on the energy
difference between the orbitals which is influenced by the ligands attached to the
nitrogen. If the orhials are close in energy, the triplet state will be the ground state due
to Hunddés rule. Structural changes that st
will result in a larger energy gap and begin to favor the singlet state as the gréeind sta
For example, the parent nitrenium joNH2*, is a ground state triplet whereas
arylnitrenium ions are ground state singlets due to electron delocalization increasing

the energy of the p orbit&i>%’

5.2 Arylnitrenium lons as Carcinogens

Arylnitrenium ions have received considerable attention due to their suspected
involvement in DNA damaging reactions. Many aryl amines have been found to be

known carcinogens and a few examples are shown in Pig@ité?
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2-aminofluorene 4-aminobiphenyl
NH,
O~
2-aminonaphthalene benzidine

Figure 5.3. Examples of carcinogenic aryl amines

The mostwidely accepted mechanism for carcinogenesis involves metabolic
generation of an arylnitrenium ion intermediate, as outlined in Schdnia vivo, aryl
amines are oxidized to the corresponding hydroxylamine followed by esterification to
acetate estersr sulfate esters. The esters can readily undergdONheterolysis to
generate the arylnitrenium ion which can then react with BNAAryl amines
predominately attach to the guanine residue of DNA awrdntlajor adduct is the
nitrogenof the nitrenium iorattached to the C8 positiaf guaning*4°

Schemeb.1. Metabolic generation of arylnitrenium ions

'TI oxidation (I)H esterification ?R heterolysis @
N, — > N, — > N, — > PN
Ar”H Ar”H Ar” H ArH
R=Ac, SO3” 0
N
PN N
H,N N H
guanine Y
0]

N H
HN /
| >N
HzN)\\N N Ar
Further studies provide supporting evidermetiie role of the nitrenium ion in

DNA damaging reactions and extensive studies have been performed on the nitrenium
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ions derived from <aminobiphenyl and -aminofluorene. With the ability to
photochemically generate nitrenium ions and study them with L reactivity
toward DNA can be studied and compared to their reactivity toward other nucleophiles.

One characteristic of some arylnitrenium ions that makes them viable
intermediates in DNA damaging reactions is their relatively low reactivity t@vard
water. For example, the-liphenylyl and Zluorenyl nitrenium ions decay in water
with rate constants of 1.8x46 and 3.4x10s?, respectively*! These rates suggest
that arylnitrenium ions have sufficient aqueous lifetimes to allow for reactions with
other nucleophés. In addition to their low reactivity towards water, arylnitrenium ions
also exhibit high reactivity towards guanosine. For example, thiphknylyl and 2
fluorenyl ni t r e ndeaxyguamnosine svith raee @angtantsvof 2.#x102 6
M-stand 76x1¢ M-s?, respectively, which approaches the diffusion litt.

The mechanism for the formation of the C8 adduct has been the subject of
debate. Two different mechanisms have been proposed as described in Séheme
The first mechanism involves an initial addition to the N7 position, rgéng the N7
intermediate, followed by rearrangement to yield the &Rluct The second
mechanism involves an initial addition directly to the C8 position, generating the C8

intermediate, followed by deprotonation to yield thead@8uct
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Schemeb.2. Proposed intermediates from the reaction of an arylnitrenium ion with
guanine to yield the C8 adduct

®
AN N\> R
s Ar”H
H,N~ °N H
O N-Ar Q Ar
1 |
N® HN SN =N N
NS ﬁt <
PN H,NT SN N P
H,N” °N ” 2 H®
N7 intermediate C8 intermediate
0
N Ar
PR
N H
HN" "N" N
C8 adduct

Humphreys and coworkers proposed initial addition to the N7 position due to
the greater nucleophilicity of the N7 atodustification for this mechanism came from
generating the -Buorenyl nitrenium ion in the presence of amm@thyl guanine
derivative. An unstable intermediate and reduction product were observed and
characterized as N7 adduétdNovak and coworkers supported this mechanism based
upon kinetic analysis with different guanosine derivatives. It was observed that the rate

constat for formation of the C8 adduct was dependent on the@pthe N7 positiod
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as the basicity of the N7 position decreased, the rate at which the nitrenium ion reacted
also decreased, supporting initial addition to N7 followed by anmigeation and
deprobnation to yield the C8 addutt:

Contrary toHumphreysand Novak, McClelland and coworkers claimed that
arylnitrenium ions add directly to the C8 position. Using LFP, thedenyl nitrenium
i on was gener at e ddeaxyguariosine (d@)r Tthe additoiedG o f 20
increases the rate at which the signal corresponding to the nitrenium ion decays. Also
observed was the growth of an absorption band at ca. 380 nm. The band grew in at the
same rate as the disappearance of the nitrenium ion and was assigned as the C8
intermediate. Rate constants were measured for the reaction of the nitrenium ion with
8-deuteredG and a kinetic isotope effect was observed indicating that eHI8nd
breaks in the rate determining step. In addition, an inverse secondary kinetie isotop
effectwas obser ved f emethdxybiphenyl@ aitcehiumoiam withfdG 4 6
and 8deuteredG indicative of a change in hybridization from?dp sp. These
considerations suggest an initial addition to the C8 position followed by deprotonation
to yield the C8 adduct®

This chapter will study the behavior of diarylnitrenium ions towards guanosine

to determine if their reactivity is similar to that of the monoarylnitrenium ions.

5.3 Generation of Diarylnitrenium lons in the Presermd Guanosine

The diarylnitrenium ion that will be studied in this chapter isNhis-di(4-
bromophenyl)nitrenium iob.2 Earlier studies by Falvey and coworkers demonstrated
that this nitrenium ion can be generated by photolysis M 45 4 0
dibromodiphenylamine},4,6trimethylpyridinium tetrafluoroborate5.114¢ Upon
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irradiation, this compound undergoes heterolytic cleavage to generate the nitrenium ion
5.2 as well as 2,4;@ollidine, as outlined in Schent®&3. This nitrenium ionwas
selected because the halogen substituents para to the nitrenium center significantly
increases its lifetime relative to the unsubstituted derivative.

Schemeb.3. Photolysis oN-( 4 sdiirémodiphenylamine®,4,6trimethylpyridinium
tetrafluoroboraté.1to generate nitrenium iob.2

f\l ;

Pz hv N

@ o, L
—

Br Br

5.1 5.2 2,4,6-collidine

zZ-Z

Figure5.4 displays a transient absorption spectrum from the pulsed photolysis
of pyridinium ion 5.1 in water. Immediately following the pulse, two bands are
observed with maxima at 450 nm and 690 nm. These bands are consistent with the
previously reported spectrufor the nitrenium iorb.2%¢ and are assigned as such.
Both bands decay in a firstder fashion with afiet i me of 13. 5 ¢s
relatively low reactivity towards water. This low reactivity towards water indicates the
possibility for this nitrenium ion to survive long enough under biological conditions to

react with DNA.
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Figure 5.4. Transient absorption spectrum obtained from the pulsed 355 nm photolysis
of 5.1in 9:1 water: acetonitrile

Previous work examined the reaction of nitrenium B2 wi t h 20
deoxyguanosine monophosphate (dAGMP) using LFP. It was showsh2haacts with
dGMP with a seconarder rate constant of 7.65¥11s.14¢ However, no additional
intermediates were detedt@or were any products of the reaction characterized. To
provide further insight into the biological reactivity of nitrenium %8 these reactions
were revisited using guanosine.

To determine the rate at which nitrenium B@reacts with guanosin&jnetic
decay traces monitored at 450 nm with increasing concentrations of guanosine were
collected, which are displayed in Figubes. As the concentration of guanosine
increases, the rate at whiSl2 decays also increases. These data were used torperfo
a pseudo firsbrder analysis which resulted in a secamder rate constant of 2.48>10
M-sfor the reaction 05.2with guanosine. This result is consistent with the previous

report for the reaction rate with dGMP.
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Figure 5.5. Kinetic traces co#icted at 450 nm corresponding to nitreniumSdtwith
increasing concentration of guanosine in 95:5 water: acetonitrile

To provide insight into the reaction between the nitrenium 5ah and
guanosine, a transient absorption spectrum was obtained én trddentify any
intermediate species. Figuses displays the transient absorption spectrum obtained
from the pulsed photolysis of pyridinium i&nl with the addition of guanosine. When
compared to the spectrum in the absence of guanosine, the libtnitrenium ion5.2
is significantly reduced. In addition, a band is observed growing in with a maximum
absorption at 330 nm and a tail extending beyond 400 nm. This band forms at the same
rate as the decay of the band correspondibg@which suggestthat this species forms
as a direct result &f.2reacting with guanosine. This intermediate shows no noticeable
decay over 50 ¢s and no other intermedi a
intermediate leads directly to the product of the reaction. i§tgsnilar to the results
obtained by McClelland and coworkers, suggesting formation of the C8

intermediaté?*®
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Figure 5.6. Transient absorption spectrum obtained from the pulsed 355 nm photolysis
of 5.1in 95:5 pH 7.3 water: acetonitrile with 2.22 mM guanosine

5.4 Product Analysis

Photoproduct analysis of the reaction between the nitreniumbidrand
guanosine was performed in order to determine the nature of the adduct formed.
Pyridinium ion 5.1 was fhotolyzed in the presence of guanosine and the isolated
product was analyzed using mass spectrometry !Bn8IMR. Mass spectrometry
confirmed adduct formation due to observation of a molecular ion peak with
m/z=608.9135. Figurd.7 displays théH NMR specta of the isolated product as well
as pure guanosine and pure pyridinium Bt The retention of symmetry of the
aromatic peaks corresponding to the diaryl portion of the nitrenium ion is indicative of
bond formation through the nitrogen, rather thathatrtho position. Additionally, the
C8 proton of guanosing it = 7 .is@iBenpirptime ladduct indicating this is the site

of bond formation in the adduct.
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Figure 5.7.*H NMR analysis of the reaction between nitreniumSdhand guanosine.
(a) Isohted product; (b) pure guanosine; (c) pure pyridinium5dn All spectra in
DMSO-d6

Based upon the LFP and product analysis, the reaction between nitrenium ion
5.2 and guanosine is proposetid shown in Schemé&.4. Upon generation of the
nitrenium ion5.2, the C8 carbon adds to the nitrogen of the nitrenium ion to generate
the C8 intermediate which then undergoes deprotonation to yield the C8 adduct.

Schemeb5.4. Proposed reaction between nitrenium 8 and guanosine to generate
the C8 adduct
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However, in 2020, Phillips and coworkers reported their results using the same
system and conclude that the initial reaction between the nitreniund.fband
guanosine occurs at/MNollowed by rearrangement to yield the C8 adduct. Through the
use of nanosecond tintesolved resonare Raman spectroscopy and computational
analysis, it was concluded that the calculated Raman spectrum for the N7 intermediate

provided a better match withe experimental Raman spectrtffh.

5.5 Conclusiong: Future Directions

The experiments in this chapter examined the reaction between a
diarylnitrenium ion and guanosine and it was found that, like monoarylnitrenium ions,
thereaction occurs near the diffusion limit to yield a C8 adduct. However, there is still
some uncertainty in the mechanism. To provide better insight into whether the N7
intermediate or the C8 intermediate is formeeahore in depth kinetic analysis must be
performed. Kinetic isotope effect experiments similar to those performed by

McClelland and coworkers could aid in the elucidation of the mechanism.
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ChapotBeerhavi or of Diarylnitrenium
Sol ution

The majority of the work ithis chapter has been publish&d:

Zeppuhar, A. N.; Falvey, D. E., GenerationNyi\-Di(4-bromophenyhitrenium lon
under Acidic Conditions: Search for a Nitrenium Dicatidhe Journal of Organic
Chemistry2020,85 (14), 88448850

6.1 Nitrenium Dications

Although nitrenium ions are highly electrophilic and reactive, the aryl and
diarylnitrenium ions have extensive charge delocalization from the nitrenium ion center
into the aromatic ring, as illustrated in Schesrik which stabilizes them to an extent.

Scheme6.1. Delocalization of positive charge in arylnitrenium ions
g\R - . /N\R - ©//N\R
o .

For this reason, it may be possible to form a nitrenium dication through
protonation of the nitrogen lone pair. McClelland and coworkers found evidetiwe of
formation of such a species through LFP studies of thiplenylyl and Zluorenyl
nitrenium ions acidic medi®° Although the dication was not directbjetected, its
formation was inferred on the basis of the pH dependence on the decay kinetics of the
nitrenium ion.

In a previous report by Falvey and coworkers, it was found that WKer ; 4 6
dibromodiphenylamine,4,6trimethylpyridinium tetrafluorobotta 6.1is photolyzed

under acidic conditions thid,N-di(4-bromophenyl)nitrenium i016.2 is generated, as
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expected. However, following its decay, a ldivgd species was also observed which
was identified as the cation radiB (Scheme 6.2}
Scheme &. Photolysis oN-( 4 sdiirémodiphenylamine®,4,6trimethylpyridinium

tetrafluoroboratés.1 under acidi conditions to generate nitrenium i6r2 and cation
radical6.3

\
N

© H
hv N N
> Lo, ot
H+
/@/ \©\ Br Br Br Br
Br Br

6.1 6.2 6.3

Less clear was how the cation radical could be formed under these conditions. First,
nitrenium ion6.2 is calculated to be a ground state singlet. Cation radicals typically
arise from hydrogen atom transfer to triplet state nitrenium ions. Second, forroftio

this species occurs at low pH which raises the possibility that it could be the dication

6.4 (Figure6.1).

H H H
N N2+ N®
JOADN JOR O W TL
Br Br Br Br Br Br
6.3

6.4

Figure 6.1. Possible identities of the loriyed species formed during photolysishf
( 4 sdiBrémodiphenylanino)-2,4,6trimethylpyridinium tetrafluoroborat&.1 under
acidic conditions

In 2019, Phillips and coworkers studied the same system and reported the
observation of dicatio®.4. Through the use of nanosecond tiresolved resonance
Raman spectroscopy @ncomputational analysis, it was concluded that the
experimental spectrum was more consistent with the calculated spectrum for the

dication6.4than for the cation radicél.3.1°!
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However, one aspect left unaddressed is the unusually long lifetime of this
species. Intuitively, it would be expected that a dication would ¢ meactive than
the corresponding monocation (i.e., the nitrenium ion) due to the increased positive
charge density. Indeed, McClellandds result
upon their kinetic model, it is reported that theighenylyl nitrenium ion decays in
aqueous solution with a rate constant of 1.Px@¢band the corresponding dication
decays with a rate constant of 6.0%§®*°

The ambiguities surrounding the formation and reactivity of the-loeg
species encouraged a more detailed examination of this system. This chapeersiil
the  behavior of N-( 4 ;diBrémodiphenylamine,4,6trimethylpyridinium

tetrafluoroboraté&.1 under acidic conditions using LFP and computational analysis to

determine the identity of the lofiiyed species.

6.2 Generation of Diarylnitrenium loret Varying pH

The N,N-di(4-bromophenyl)nitrenium ior6.2 was generated in the same
manner as the previous chapter and is reiterated in S&h&dme

Scheme6.3. Photolysis olN-( 4 ;didromodiphenylamine®,4,6trimethylpyridinium
tetrafluoroboraté.1to generate nitrenium io8.2

f\l : :
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Recalling from the previous chapter, when a transient absorption spectrum obtained

from pulsed photolysis d@.1 under neutral aqueous conditions, two bands at 450 nm
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and 690 nm are observed and are assigned to nitreniuBr2idrigure6.2 displays the
spectrum on a longer timescale and following the decay of the nitrenium ion signals,

little, if any, longlived signals remain.

1.0 4
0.8 A
——0.1 ps
8 0.6 N +5 U'S
804 - 10 us
20 ps
0.2 —e-50 s
0.0 —o—100 ps

360 460 560 660 760

Wavelength (nm)

Figure 6.2. Transient absorption spectrum obtained from the pulsed 355 nm photolysis
of 6.1in 9:1 water: acetonitrile

When theexperiment is performed under acidic aqueous conditions (pH 1.76),
the same nitrenium ion signals are observed however, following their decajivkuhg

signals at 350 nm and 720 nm are observed, as shown in Bigure

1.5 —o—0.1 us
—o—5ps
1.0 10 ps
8 25 us
8 0571 —o—50 ps
A" . : —e—100 pis
00 ¢ , A T T T S '
~‘?“ ——200 ps
300 400 500 600 700 800 H
—o—300 us
-0.5 -
Wavelength (nm) 400 ps

Figure 6.3. Transient absorptiospectrum obtained from the 355 nm pulsed photolysis
of 6.1in 9:1 pH 1.76 water: acetonitrile
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The latter signal overlaps with the long wavelength band of nitreniur@.&n
however it is sharper and has a longer lifetime. In fact, the signal persistefd00
€es. Thi s s i gvithaobservatsosfiom previous tegortstinvolving LFP of
6.1under nonagueous, acidic conditions and has been attributed to cationgadital

To verify that cation radicd.3is a plausible potential assignment of this signal,
the cation radical was generated via an alternative route. Lusztyk and coworkers
demonstrated that arylamine cation radicals can be generated through photolysis of the
corresponding nitrosamine underdiciconditionst>? As outlined in Schemé.4, this
methodology was applied to generate cation rad&a&l under acidic aqueous
conditions and the resulting transient absorption spectrum is displayed in &iyure

Scheme6.4. Generation of cation radicél3 via photolysis of nitrosamin@.5 under
acidic conditions

NO . H
N hv N H+ N

Br Br Br Br Br Br
6.5 6.6 6.3

——0.1 s
S Us
10 us
25 us
50 ps
100 ps

500 600 700 800
Wavelength (nm)

Figure 6.4. Transient absotmn spectrum obtained from the 355 nm pulsed photolysis
of 6.5in 1:1 pH 1.90 water: acetonitrile
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Immediately following the pulse, a broad signal centered around 700 nm is
observed which decays into a sharper signal at 720 nm. The latter signal iseabnsis
in both position and shape with that observed in FiguBendicating that the cation
radical is plausible assignment of that signal.

If this species is indeed the cation radi6a8, its mechanism of formation is
unclear. Generation of the caticadical6.3from the nitrenium ior6.2is the result of
a net hydrogen atom transfer (Schef®, Eq. 1). TheBDE for hydrogen atom
abstraction from water is 119.3 kcal/rf8land thus it does not generally serve as a
hydrogen atom donor. Furthermore, the fact that observation of this species occurs
under acidic conditions still leaves open the possibility that it could k#ichton6.4
which would arise from protonation of the nitrenium &8 (Schemes.5, Eq. 2).

Scheme6.5. Possible identities of the 720 nm species and routes to their generation

@
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Br Br Br Br
6.2 6.3
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Br Br Br Br Br Br
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6. 6.4

If formation of this species is the resoftprotonation ohitrenium ion6.2, then
it would be expected that the rate that at whicfoiims would be increased as the
concentration of hydronium increases, i.e., the decay of nitreniun®.bmvould
increase with decreasing pH. To test for thiSPLwas used to measure the decay rate

of 6.2in aqueous solution at varying pH values. Additionally, the yield of the 720 nm

species (evaluated by comparing the initial signal to the persistent signal at 720 nm,
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in Figure6.5.
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Figure 6.5. First-order decay rates @.2 at 450 nm @) and 720 nm) in buffered
water at varying pH. Change in initial vs. final absorbance at 72@hm (

Over the pH range of 1.5.9, there is less than 20% variation in the decay rate
of 6.2 however, the yield of the loAllved species increases substantially as the pH
decreases from 4 to 2. This experiment provides evidence that, regardless of the identity
of the 720 nm species, it is not formed from direct protonatigh2f

Because formation of the lodiyed species does not appear to result directly
from the nitrenium ior6.2, formation may be at the expenséd i.e., from the same
excited statentermediate. To test for this, LFP was used to measure the initial
absorption at 450 nm, where o@y2absorbs, as a function of pH and, as seen in Figure
6.6, there is no apparent change. This indicates that theil@jintermediate does

not form fromthe same intermediate the gives risé.@
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Figure 6.6. Initial absorption at 450 nm as a function of pH

6.3 DFT Calculations

To aid in the assignment of the lehged species, DFT calculations were
performed. Geometries of the singlet and triplet nitrenium 8#sthe cation radical
6.3, and the singlet and triplet dicatioBs4 were optimized at the (U)MGBX/6-
311G++(d,p¥**> P*level and the absorption spectra were calculated usingpAD
The calculated energetic predictions are summarized in Bable

Table 6.1. Calculated UWVis absorption bands and singteplet energy splittings for
the various intermediates considered in this study

Structure Cal c u ha@img Oscillator Strength o &:(kcal/mol)

6.2(Singlet) 400, 662 0.698, 0.283 -11.3
6.2 (Triplet) 302, 480 0.417, 0.387
6.3 303, 763 0.394, 0.443
6.4(Singlet) 571 1.162 -6.8
6.4 (Triplet) 321, 674 0.311, 0.493
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The calculated absorption bands for the singlet nitreniun6idshow good
agreement with the experimental. The calculations predict two strong bands in the short
wavelength and long wavelength visible region, consistent with what is observed
experimentally (recall Figuré.2). The calculated spectra for two of theermediates
show reasonable agreement with the {ingd species. Both the cation radiéaBand
the triplet dicatior6.4 are expected to have absorption bands in the UV region as well
as the long wavelength visible region. However, the triplet dic&tibrs predicted to
lie 6.8 kcal/mol above the singlet. It is unlikely that an excited triplet dication would

have a | ifetime of >500 ¢&s.

6.4 Reactivity Toward Electron Donors

The experiments described thus far provide compelling evidence that this long
lived species is most likely the cation radéarather than the dicatidh4. To confirm
that the reactivity of this species is consistent with that of a cation radicdécoe
donor was added in order to quench the signal. The parent amine has an oxidation
potential of +0.585 ¥° therefore,in order for electron transfer to be exergonic, the
electron donor must possess a lower oxidation poteNtjBtdimethylaniline (DMA),
which has an oxidation potential of 0.53'¥ was selected and a transient absorption
spectrum was obtained, as displayed in Figure Tetrabutylammonium chloride was
also added in a sufficient concentration to suppress any direct reaction between

nitrenium ion6.2and DMA.
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Figure 6.7. Transient absorption spectrum obtained from the 355 nm pulsed photolysis
of 6.1in 9:1 pH 1.9 water: acetonitrile in the presence of 0.947 mM DMA and 2.03
mM tetrabutylammonium chloride

Addition of DMA accelerates the decay the 720 nm species and a newatband
470 nm is formed at approximately the same rate. The 470 nm band is consistent with
the previously reported spectrum of the DMA cation radital.o determine the rate
at which DMA quenches this signal, kinetic traces at 720 nm were collected with
various concentrations of DMA, as displayed in FighiBe Using the decay rate of the
long-lived species, a pseudo fistder analysis was performed wh provided a
secondorder rate constant of 5.00¥1M0 s, This value is significantly lower than the
diffusion limit however at the acidity necessary for generation of the-lleed
intermediate, the majority of DMA is in its nepactive, conjugate cal form

(pKa=5.1)158
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Figure 6.8. Kinetic traces resulting from 355 nm pulsed photolysi6.tfcollected at
720 nm in 9:1 pH 2 water: acetonitrile with varying concentrationsMARnd 5.35
mM tetrabutylammonium chloride

Also examined was the reactivity of the lelnged species towards electron
donors with higher oxidation potentials including 1;8jmethoxybenzene =149
V1%9) and 1,4dimethoxybenzene (§=1.34 V9. As seen in Figure8.9 and6.10, the
long-lived species is unreactive towards both of these electron donors as evidenced by
no observable change in lifetime as the concentration of electrmr dovaried from
0-1 mM. This reactivity is consistent with what would be expected for the cation radical

6.3
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Figure 6.9. Kinetic traces resulting from 355 nm pulsed photolysi6.tfcollected at
720 nm in 9:1 pH 2 water: acetonitrile with varying concentrations of -1,3,5
trimethoxybenzene (TMB) and 5.25 mM tetrabutylammonium chloride
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Figure 6.10. Kinetic traces resulting from 355 nm pulsed photolysis.btollected at
720 nm in 91 pH 2 water: acetonitrile with varying concentrations of-1,4
dimethoxybenzene (DMB) and 5.25 mM tetrabutylammonium chloride

6.5 Proposed Mechanism

The experiments described in this chapter provide strong evidence that this
long-lived intermediate is ind&l the cation radicab.3, as previously assigned.
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However, its mechanism for formation remains to be addressed. Several experimental
observations aid in the proposal of the pathway. Formation of thidliledyspecies

only occurs at pH values less thary8t over the pH range of@there is no change in

the initial yield nor the decay rate of the nitrenium&o® This suggests that formation

of 6.3 does not occur directly frof.2 nor does it form at the expense®® These
observations indicate théormation of6.3is not from the same precursor that yields
6.2which leads to the suggestion tBadis formed from thexcitedtriplet state 06.1,

as proposed in Scherfes.

Scheme6.6. Proposed pathway for generationa8 under acidic conditions
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Initial excitation of6.1generates its excited singlet state. From here, heterolysis
can occur to form the nitrenium idh2 or it can undergo intersystemossing to
generate itéirst excitedtriplet state. Since the triplet statetot is not detected by LFP
and addition of oxygen does not have a noticeable effect, it is predicted that the triplet
state of6.1is very shorlived. The triplet state eitheelaxes back to ground state or,

at low pH, undergoes actomoted formation of the cation radi&B. At this time,
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the specific steps involved in formation 613 from the triplet state 06.1 are not
known. Homolysis of the 8 N bond could occur from protonated triplet state 6f1
and form the cation radic@l3directly or homolysis could occur from the neutral triplet
state to generate the aminyl radié@which would then be protonated to genea&
Several subtle shifts can be detected ewv-Vis and*H NMR spectra ob.1at low

pH as compared to neutral pH suggesting gopotonation 06.1

6.6 Conclusions

The work described in this chapter revisits an earlier report whereNvbeh ; 4 6
dibromodiphenylamine,4,6trimethylpyridinium tetrafluoroborates photolyzed at
low pH, formation of a longived species is observed. Through LFP and computational
analyss, the original assignment dhe cation radical is reaffirmed. Quenching
experiments demonstrate that this species is unreactive towards nucleophiles, but it is
reactive toward strong electron donors, consistent with a cation radical. Mechanistic
analysiswith LFP demonstrate that pH does not affect formation or kinetic behavior of
the nitrenium ion, suggesting that the cation radical forms via a pathway parallel to
nitrenium ion generation. This pathway is likely through the excited triplet state of
(4,4 @ibromodiphenylamine,4,6trimethylpyridinium  tetrafluoroborate  which,
under acidic conditions, undergoes homolyti® N cleavage and protonation to
generate the cation radical. Future experiments could include ultrafast studies in order
to further unérstand the early events in this process.

It should be noted that the experiments in this chapter were performed in
agueous solutions with 355 nm pulsed photolysis. There still remains a possibility of
generating the dication in different solvents orhigher excited states.
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Chap/t®upporting I nformati on

7.1 General Methods

All chemicals and solvents were purchased from chemical suppliers and, unless
otherwise stated, were used without further purificatitith. NMR spectra were
collected on a Bruke400 MHz instrument**C NMR spectra were collected using
either a Bruker 400 MHz instrument or a Bruker 600 MHz instrument. Chemical shifts
are reported in parts per million (ppm) and are referenced to the solvent sigrdls UV
spectra were collected an Shimadzu UV1800 spectrometer using UVProbe 2.43
software. Samples were scanned using a fast scanning speed and a sampling interval of
1.0 nm. Each sample was blanked with the solvent of choice used in solvating the
compound. Mass spectrometry experitsemere performed on a JEOL AccuTOS
ESITOF. Kinetic growth and decay curves were fitted using MATLAB software.

Laser flash photolysis experiments were conducted using a Nd:YAG laser
supplied by Continuum with pulsesé4ns in duration as the excitaticource. The
probe beam that was used was a 350 W Xe arc lamp that passed through a
monochromator to a PMT detector. Samples were prepared such thbsdnptiorat
the excitation wavelength was between 0.75 and 1.5. When obtaining a full spectrum,
a fresh supply of the reaction mixture into the cuvette was attained by setting up a
nitrogen purged flow cell that connects the cuvette to a stock solution via a-double
headed needle. The photolyzate is then drained from the cuvette into a waste vessel.
This setup prevents accumulation of photoproducts and avoids the depletion of the
substrate during the experiment. For teaor experiments, the beams were aligned

such that they were coincident.
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7.2 Chapter2 Experimental

7.2.1 Synthesis

1-hydroxy-2-methoxy-9,10-anthraquinone (2.3)16°

Li,CO4 Q OH
OH Mel OMe
O‘O — L
60°C

In a 50 mL round bottom flask equipped with a stir bar,- 1,2
dihydroxyanthraquinone (2.4068 g, 10.02 mmol) and lithium carbonate (1.8499
g, 25.04 mmol) were dissolved in 25 mL of dry DMF. Methyl iodide (1.56 mL,
25.06 mmolwas added and the reaction was stirred at 60°C foo@4 hUpon
completion of the reaction, the reaction mixture was poured into 250 mL of
10%aqueousydrochloric acid. The resulting solution was filtered and purified
using flash chromatography with a nilelphase of 3:7 hexaneshloroform to

yield 2.2724 g (89%) of -hydroxy-2-methoxy9,10-anthraquinonetH NMR
consistent with literaturé®

1-tosyloxy-2-methoxy-9,10-anthraquinone (2.1a):

0 OH p-TsCl
Xy —=
acetone

reflux

Following a procedure for tosylating hydroxyanthraquinone derivatités a
50 mL round bottom flask equipped with a stir ,bdrhydroxy-2-

methoxyanthraquinone (0.2014 g, 0.792 mnmwds dissolvedn 25 mL of
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acetone.p-Toluenesulfonyl chloride (0.4104 g, 2.15 mmol) and potassium
carbonate (2.1618 g, 15rmol) were added and the reaction mixture was
stirred at reflux for 4 durs. Upon completion of the reaction, the solution was
left to cool to room temperature and the solvent was removed under reduced
pressureThe crude mixture was redissolved in ethydtate and decanted from

the potassium carbonate. The ethyl acetate was removed under reduced pressure
and he resulting crude solid was purified using flash chromatography with a
mobile phase of 1:4 ethyl acetablexanes to yield 0.2559 g (79%) of pdre
tosyloxy-2-methoxy9,10-anthraquinoneH NMR (400 MHz, CRC N) a =
8.27-8.25 (d, 1H), 8.28.18 (m, 1H), 8.0:8.00 (m, 1H), 7.85.82 (m, 2H),
7.687.66 (d, 2H), 7.447.39 (d, 1H), 7.37.34 (d, 1H), 3.52 (s, 3H), 2.40 (s,
3H).13C NMR (600 MHz, CDCJ)  181.%2, 180.81, 157.27, 144.28, 136.29,
134.28, 134.16, 133.48, 133.32, 132.12, 128.86, 127.98, 127.73, 126.92,
126.73, 126.21, 116.11, 55.60, 21.16 (1 peak not accounted for and could be
overlapping with previous peaks). HRMS (ESI+) Calcd faiHzs0sS [M+H] *:
409.0740, Found: 409.0755

1-(trifluoromethylsulfonoxy) -2-methoxy-9,10-anthraquinone (2.1b):

o
\ CF
" OH triflic anhydride -8 °
O o
OMe Et-N O
00 ’
DCM
o) -78°C—RT

Following a procedure for preparation of a similar compo§ad) a 50 mL
round bottom flask equipped with a stir bar, -hyidroxy-2-
methoxyanthraquinone (0.2469 g, 0.971 mmol) was dissolved in 10 mL of
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dichloromethane and the solution was cooled&C. Triethylamine (0.6 mL,

4.30 mmol) was added and the reactionxtare was stirred for 5 minutes.
Triflic anhydride (0.7 mL, 4.16 mmol) was then added dropwise and the
reaction mixture was allowed to warm to room temperature. Upon completion
of the reaction, the mixture was washed twice with saturated sodium
bicarbonate The organic layer was dried over magnesium sulfate and the
solvent was removed under reduced pressure. The resulting solid was
recrystallized from ethanol to vyield 0.1298 g (35%) of- 1
(trifluoromethylsulfonoxyj2-methoxy9,10-anthraquinone.'H NMR (400
MHz, CDCk) U 8.428(d, 4Hp), 8.38.33 (m, 1H), 8.3B.28 (m, 1H),
7.847.81 (m, 2H), 7.45.43 (d, 2H), 4.06 (s, 3H}*C NMR (600 MHz, CDG))

a = 180.91, 180. 53, 155. 82, 135. 80,
127.14, 126.63, 126.46, 126.3616.67, 56.19 (1 peak not accounted for and
could be overlapping with previous peaks). HRMS (ESI+) Calcd for
C16H9O6F3S [M+H]": 387.0145, Found: 387.0141

1-tosyloxy-9,10-anthraquinone (2.8)163

O OH O\\S/©/
p-TsCl o o )
L ™
o QL0
o Et;N

reflux
(0]

In a 250 mL round bottom flask equipped with a stir bar, 1
hydroxyanthraquinone (0.9864 g, 4.40 mmol) was dissolved in 80 mL of

acetonitrile. Triethylamine (4 mL) angttoluenesulfonyl chiode (1.6871 g,
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8.85 mmol) was added and the reaction mixture was stirred at reflux for 5 hours.
Upon completion of the reaction, the solvent was removed under reduced
pressure. The resulting solid was dissolved in dichloromethane and washed
with water thee times. The organic layer was dried over magnesium sulfate and
the solvent was removed under reduced pressure. The resulting solid was
dissolved in 6 mL of hot chloroform and then 14 mL of hot petroleum ether was
added. The solution was allowed to camkbom temperature and then placed

in an ice bath for 15 minutes. The slurry was filtered to yield 0.8473 g (51%)
of purel-tosyloxy-9,10-anthraquinone'H NMR consistent with literaturt®

1-hydroxy-2-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)anthracened,10-

dione:
O OH
“‘ OH C|/\/O\/\O/\/OH
K,CO,4
(0] Nal
DMF
115°C

O OH
o (0]
Ly e
O

In a 25 mL round bottom flask equipped with a stir bar,- 1,2
dihydroxyanthraquinone (0.7110 g, 2.96 mmol) was dissolved in 7 mL of DMF.
Potassium carbonate (0.8291 g, 6.00 mmol) was added and the solution was
stirred at 115°C for 30 minutes.(2-(2-chloroghoxy)ethoxy)ethanol (0.54 mL,

3.71 mmol) and sodium iodide (0.0671 g, 0.45 mmol) were added and the

reaction was stirred for 24 hours. Upon completion of the reaction, the reaction
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mixture was poured into 75 mL of 10%queoushydrochloric acid. The
resuling mixture was extracted with dichloromethane and the organic layer was
dried over magnesium sulfate. The solvent was removed under reduced
pressure and the resulting solid was purified using flash chromatography with
a mobile phase of 95:5 chloroform: thanol to yield 0.4029 g (37%) of 1

hydroxy-2-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)anthracedg O-dione. H

NMR (400 MHz, DMSGd 6 ) U = 12 . -B.B5(,4H), 828139, 8.

(m, 1H), 7.967.93 (m, 2H), 7.7&.74 (d, 2H), 7.5.48 (d, 2H), 4.591.56(t,
1H), 4.314.28 (m, 2H), 3.88.82 (m, 2H), 3.68.62 (m, 2H), 3.58.52 (m,
2H), 3.503.47 (m, 2H), 3.48.41 (m, 2H).
2-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy}9,10-dioxo-9,10

dihydroanthracen-1-yl 4-methylbenzenesulfonate (2.10):

Q
_cl
5

K,CO4
acetone
reflux

O OH \Y
Oy —eT T
0]

S

O OT;
) 0
Ly T
O

In a 50 mL round bottom flask equipped with a stir banydroxy-2-(2-(2-(2-
hydroxyethoxy)ethoxy)ethoxy)anthrace8d 0-dione (0.2559 g, 0.687 mmol)
was dissolved in 25 mL of acetopeToluenesulfonyl chloride (0.4122 g, 2.16
mmol) and potassm carbonate (1.9207 g, 13.9 mmol) were added and the
reaction mixture was stirred at reflux for ®uns. Upon completion of the
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reaction, the solution was left to cool to room temperature and the solvent was
removed under reduced pressure. The crude meixtas redissolved in ethyl
acetate and decanted from the potassium carbonate. The ethyl acetate was
removed under reduced pressure and the resulting crude solid was purified
using flash chromatography with chloroform as the mobile phase to y{@id 2
(2-(2-hydroxyethoxy)ethoxy)ethoxy9,10-dioxo-9,10-dihydroanthraceii-yl
4-methylbenzenesulfonate.

2-(2-(dimethylamino)ethoxy)-1-hydroxyanthracene-9,10-dione:

O OH | O OH
OH N HCI - O~
999 QT
o DMF o
140°C

In a 25 mL round bottom flask equipped with a stir bar, - 1,2
dihydroxyanthraquinone (0.5188 g, 2.16 mmol) and potassium carbonate
(2.0304 g, 14.7 mmol) were dissolved in 10 mL of DMF and the mixture was
heated to 140°C.-2hloro-N,N-dimethylethylamine hydrochloride (0.9343 g,
6.49 mmol) was slowly added and the reaction stased for 26 hours. Upon
completion of the reaction, the reaction mixture was poured into water and
extracted with ethyl acetate. The organic layer was dried over magnesium
sulfate and the solvent was removed under reduced pressure. The crude product
was purified using flash chromatography with a mobile phase of 100%
chloroform to 95:5 chloroform: methanol to yield 0.0549 g (8%) of pui2 2
(dimethylamino)ethoxy)l-hydroxyanthracen8,10dione. 'H NMR (400

MHz, DMSOd 6 ) U -8.24 (18, 11D, B.2:8.19(m, 1H), 7.967.93 (m, 2H),
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7.767.74 (d, 1H), 7.57.49 (d, 1H), 4.2.24 (t, 2H), 2.78.74 (t, 2H), 2.28
(s, 6H).
2-(2-(dimethylamino)ethoxy)-9,10-dioxo-9,10dihydroanthracen-1-yl  4-
methylbenzenesulfonate (conjugate base of 2.11):

0
\ _Cl
's

O OH \\O
SOSha L
| > o -
w, QU
O
0]

acetone
reflux

In a 25 mL round bottom flask equipped with a stir bar(2-2
(dimethylamino)ethoxyll-hydroxyanthracen8,10dione (0.0549 g, 0.176
mmol) was dissolved in 10 mL of acetopeloluenesulfonyl chloride (0.1035

g, 0.543 mmol) and potassium carhte(0.5061 g, 3.66 mmol) were added and

the reaction mixture was stirred at reflux fora@urs. Upon completion of the
reaction, the solution was left to cool to room temperature and the solvent was
removed under reduced pressure. The crude mixture wasobaid in ethyl
acetate and decanted from the potassium carbonate. The ethyl acetate was
removed under reduced pressure. Crii&éMR (400 MHz, DMSGd 6 ) U =
8.268.24 (d, 1H), 8.18.13 (m, 1H), 7.947.89 (m, 2H), 7.82.80 (m, 1H),
7.747.72 (d, 1H), 7.8-7.67 (d, 2H), 7.497.39 (d, 2H), 4.4@4.37 (t, 2H), 3.28

3.27 (t, 2H), 2.37 (s, 3H), 1.99 (s, 6H). The crude solid was purified using flash
chromatography with chloroform as the mobile phase howevetHthNgVIR of

the isolated product displayed signdiattwere shifted relative to the crude.

There is a possibility that unwanted chemistry occurred during the purification
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process. The addition of acid to the purified compound did not result in
significant water solubility.

1-hydroxy-2-(2-hydroxyethoxy)anthracene9,10-dione:

O OH
OH OH O
O == ‘O o
K>CO3
O
80°C

In a 50 mL round bottom flask equipped with a stir bar,- 1,2

dihydroxyanthraquinone (0.9980 g, 4.15 mmol) and potassium carbonate
(1.1831 g, 8.56 mmol) were dissolved in 15 mL of D&t the solution was
stirred at 80°C for 30 minutes:t#omoethanol (1.0 mL, 14.1 mmol) was added
and the reaction was stirred for 20 hours. Upon completion of the reaction, the
reaction mixture was poured into 100 mL of 1@gueousydrochloric acid.

The resulting solution was vacuum filtered and the crude solid was purified
using flash chromatography with a mobile phase of 3:1 chloroform: ethyl
acetate to yield puretlydroxy-2-(2-hydroxyethoxy)anthracer@ 10-dione.*H

NMR (400 MHz, DMSGd 6 ) U s, 1H),8.2.25 (r, 1H), 8.28.19

(m, 1H), 7.967.93 (m, 2H), 7.777.74 (d, 1H), 7.57.48 (d, 1H), 4.96 (t, 1H),

4.204.18 (t, 2H), 3.868.79 (g, 2H).

100



2-(2-hydroxyethoxy)-9,10-dioxo-9,10-dihydroanthracen-1-yl 4-

methylbenzenesulfonate:

\\ C|
0] OH Ts
909 ‘O o
K,CO4
acetone
O reflux

In a 25 mL round bottom flask equipped with a stir bahydroxy-2-(2-
hydroxyethoxy)anthracer@10-dione (0.0763 g, 0.268 mmol) was dissal

in 10 mL of acetonep-Toluenesulfonyl chloride (0.1752 g, 0.919 mmol) and
potassium carbonate (0.8152 g, 5.90 mmol) were added and the reaction
mixture was stirred at reflux for 4obrs. Upon completion of the reaction, the
solution was left to cool tooom temperature and the solvent was removed
under reduced pressure. The crude mixture was redissolved in ethyl acetate and
decanted from the potassium carbonate. The ethyl acetate was removed under
reduced pressure and the resulting crude solid wasigulrifsing flash
chromatography with a mobile phase of 1.1 hexanes: ethyl acetate to yield pure
2-(2-hydroxyethoxy)9,10-dioxo-9,10-dihydroanthracei-yl 4-
methylbenzenesulfonatéd NMR (400 MHz, DMSGd 6 ) ua-848 (8,. 20
1H), 8.168.14 (m, 1H), 7.95.89 (m, 3H), 7.677.64 (m, 3H), 7.447.38 (d,

2H), 4.784.76 (t, 1H), 3.883.86 (t, 2H), 3.413.37 (q, 2H), 2.37 (s, 3H).
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2-((9,10dioxo-1-(tosyloxy)9,10dihydroanthracen-2-yl)oxy)ethyl
hydrogen sulfate (2.12):

(@] OTs (@] OTs
(@) (@)
O‘O ~"on CISOH O‘O ~">0S0;H
DCM
(@) (@]

In a 10 mLround bottom flask equipped with a stir bai(2Zhydroxyethoxy)
9,10dioxo-9,10dihydroanthraceri-yl 4-methylbenzenesulfonate (0.0468 g,

0.107 mmol) was dissolved in 3 mL of dichloromethane and the solution was
cooled to OAC. Ch l0241omal)lwhsslowlyaddedandd ( 16
the reaction was stirred for 1 hour. Upon completion of the reaction, the reaction
mixture was neutralized with triethylamine and the solvent was removed under
reduced pressure. NMR analysis of the crude product was findicaf

hydrolysis of the tosyl group.
2-((1-hydroxy-9,10-dioxo-9,10-dihydroanthracen-2-yl)oxy)ethyl hydrogen

sulfate:

O OH O OH
QLYo e Uy e
DCM
O O

In a 25 mL round bottom flask equipped with a stir bahydroxy-2-(2-
hydroxyethoxy)anthracer@ 10-dione (0.2872 g, 1.01 mmol) was dissolved in

10 mL of dichloromethane and the solution was cooled to 0°C. Chlorosulfonic

acid (140 €L, 2.11 mmol) was sl owly add

hour. Upon completion of the reaction, the reaction mixwas poured into
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water and neutralized with 10% aqueous sodium hydroxide. Extraction with
dichloromethane removed unreacted starting material. Water was removed
under reduced pressure to yield pure((2hydroxy-9,10-dioxo-9,10
dihydroanthracei2-yl)oxy)ethyl hydrogen sulfate.'H NMR (400 MHz,
DMSOd 6 )  #1-8.25 (18, 112),8.28.19 (m, 1H), 7.95.93 (m, 2H), 7.76

7.74 (d, 1H), 7.5%7.49 (d, 1H), 4.38.33 (t, 2H), 4.124.09 (t, 2H).
2-((9,10dioxo-1-(tosyloxy)9,10dihydroanthracen-2-yl)oxy)ethyl

hydrogen sulfate (2.12):

A\ /Cl
0] OH N 0] OTs
(0] S (0]
O‘O NT0SOH L NF . ‘O " 0s0H
base
o solvent o

The following base/solvent conditions were attempted and resulted in no
reaction:

1 Base: potassium carbonate, solvent: acetone

1 Base/solvent: pyridine

1 Base/solvent: triethylamine

1 Base: potassium carbonasevent: pyridine
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2-(2-((9,10dioxo-1-(tosyloxy)-9,10-dihydroanthracen-2-

yl)oxy)ethoxy)ethanel-sulfonate (2.13):

Method 1

In a 50 mL round bottom flask equipped with a stir bai2-Bydroxyethoxy)
9,10diox0-9,10dihydroanthraceri-yl 4-methylbenzenesulfonate (0.1717 g,
0.392 mmol) was dissolved in 6 mL of dichloromethane. Separately, sodium 2
bromoethanesulfonate (0.1729 @819 mmol) was dissolved in 1.5 mL of
DMSO. The sodium -bromoethanesulfonate solution was added to (& 2
hydroxyethoxy)9,10-dioxo-9,10-dihydroanthracei-yl 4-
methylbenzenesulfonate solution and the reaction mixture was stirred at room
temperatureAfter 3 hours of stirring, no reaction was detected, and the reaction
mixture was the heated. After observing no reaction after 24 hours of total
reaction time,t-butyl hydroxide (0.0453 g, 0.403 mmol) was added in an
attempt to deprotonate the alcoholingprove its nucleophilicity. This caused

the solution to turn red suggesting the tosyl group had been hydrolyzed and the
base was deprotonating the phenol. It is hypothesized that hydrolysis occurred

while the reaction mixture was at an elevated temperatur
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Method 2

In a 25 mL, thresmeck round bottom flask equipped with a stir bar and
connected to nitrogen, sodium hydride (60% dispersion in mineral oil, 0.0183
g, 0.458 mmol) was added to 5 mL of anhydrous THF. To this was added
sodium 2bromoethanesulfoma (0.2463 g, 1.17 mmol) followed by-(2-
hydroxyethoxy)9,10-dioxo-9,10-dihydroanthracei-yl 4-
methylbenzenesulfonate (0.0833 g, 0.190 mmol) and the reaction was stirred
for 2 hours at room temperature. Excess sodium hydride was quenched by
adding, dropuse, isopropyl alcohol followed by ethanol followed by methanol.
The solvents were removed under reduced pres$drMR analysis of the
crude mixture was inconsistent with any reasonable expectation of the
anticipated product. In addition, spikipgl'sOHinto the NMR sample resulted

in the growth of the aryl signals indicative of hydrolysis during the reaction.

2-(3-bromopropoxy)-1-hydroxyanthracene-9,10-dione:

O OH O OH
Cr Xy e T
K,COs5
o) o)

DMF
60°C

In a 50 mL round bottom flask equipped with a stir bar,- 1,2
dihydroxyanthraquinone (1.0318 g, 4.30 mmol) and potassium carbonate
(2.1574 g, 15.6 mmol) were dissolved in 15 mL of DMF-difg#omopropane

(20 mL, 197 mmol) was added and the reaction was stirred at 60°C for 6 hours.
Upon completion of the reaction, theaction mixture was poured into 175 mL

of 10%aqueoudhydrochloric acid. The resulting solution was vacuum filtered
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and the crude solid was purified using flash chromatography with chloroform

as the mobile phase to yield 0.5396 g (35%) of pu@txomopopoxy)1-

hydroxyanthracen8,10-dione.'H NMR (400 MHz, DMSGd 6 ) & = 12.

1H), 8.278.25 (m, 1H), 8.28.19 (m, 1H), 7.94.94 (m, 2H), 7.747.75 (d,
1H), 7.537.51 (d, 1H), 4.291.26 (t, 2H), 3.73.69 (t, 2H), 2.372.32 (p, 2H).
2-(3-bromopropoxy)-9,10-dioxo-9,10-dihydroanthracen-1-yl 4-

methylbenzenesulfonate:

\\ _CI
(0] OH Ts
O\/\/ Br O\/\/ Br
409 ‘O
acetone
o reflux

In a 50 mL round bottom flask equipped with a stir ba3-Bromopropoxy)
1-hydroxyanthracen®,10-dione (0.2734 g, 0.757 mmol) was dissolved in 25
mL of aceone. p-Toluenesulfonyl chloride (0.4264 g, 2.24 mmol) and
potassium carbonate (1.0557 g, 7.64 mmol) were added and the reaction
mixture was stirred at reflux for 3hbrs. Upon completion of the reaction, the
solution was left to cool to room temperature dne solvent was removed

under reduced pressure. The crude mixture was redissolved in dichloromethane

and decanted from the potassium carbonate. The dichloromethane was removed

under reduced pressure and the resulting crude solid was purified using flash
chromatography with a mobile phase of 9:1 hexanes: ethyl acetate to yield
0.2540 g (65%) of pure -@-bromopropoxy9,10dioxo-9,10
dihydroanthraceii-yl 4-methylbenzenesulfonate!H NMR (400 MHz,

DMSOd 6 ) 1 -8.20 (@ 1H2, 8.18.14 (m, 1H), 7.97.90(m, 3H), 7.69
106
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7.66 (m, 3H), 7.477.39 (d, 2H), 4.044.01 (t, 2H), 3.523.49 (t, 2H), 2.39 (s,
3H), 1.931.90 (p, 2H).
3-((3-((9,10-dioxo-1-(tosyloxy)-9,10-dihydroanthracen-2-

yl)oxy)propyl)thio)propane-1-sulfonate (2.14):

(0] OTs
S/\/\S// o
O._~_Br O// (o)
QO™ ™ -
DIPEA
(0]
0] OTs ©
\ /O
Ty T
(0]

In a 25 mL round bottom flask equipped with a stir bai3-Bromopropoxy)
9,10diox0-9,10dihydroanthraceri-yl 4-methylbenzenesulfonate (0.0963 g,
0.187 mmol) was dissolved in 10 mL of dichloromethane. Separately, sodium
3-mercaptel-propanesulfonate (@766 g, 0.430 mmol) was dissolved in 1.5
mL of DMSO and this was added to th¢3bromopropoxy39,10-dioxo-9,10
dihydroanthracei-yl 4-methylbenzenesulfonate solution. N,N-

dii sopropylethyl amine (100 €L, 1.04
stirred @ room temperature. After 2 hours, no noticeable reaction was observed
and more sodium  -Bercaptel-propanesulfonate and N,N-
diisopropylethylamine were added. After 48 hourgatél reaction time, the
solvents were removed under reduced pressure. The resatility was
redissolved in dichloromethane and filtered to remove excess sodium 3

mercaptel-propanesulfonate and the dichloromethane was removed under
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reduced pressure'H NMR analysis revealed mostly starting material
remaining.

6-hydroxytetracene-5,12dione (2.16):164 165

0o O OH
0]
(D = G
(@) + EEmm———
THF
0]
0 O

In a 100 mL round bottom dkk equipped with a stir hahomophthalic
anhydride (0.5015 g, 3.09 mmol) and sodium hydride (60% dispersion in
mineral oil, 0.1528 g, 3.82 mmaNere added td0 mL of anhydrous THF and

the solution was cooled to 0°C. To this was added a solution ef 1,4
naphthoquinone (0.4876 g, 3.08 mmol) in 10 mL of anhydrous THF. The
resulting solution was stirred for 20 minutes at 0°C then at room temperature
overnight. Upon completion of the reaction, the solution was quenched with 40
mL of saturated ammonium chloedNext, the solution was acidified with 10%
agueous hydrochloric acid. The reaction mixture was extracted with
dichloromethane and the organic layer was washed with brine and dried over
magnesium sulfate. The solvent was removed under reduced presstine and
resulting crude solid was recrystallized from chloroform to yield 0.0504 g (6%)

of 6-hydroxytetracen®,12dione.'H NMR consistent with literaturt®®
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6-tosyloxy-5,12naphthacenequinone 2.15:

O OH p-TsClI c%g/J::::I//
K,CO3 _ o 0O \\O
O‘OO acetone B} O‘OO
)
O

reflux

In a 25 mL round bottom flask equipped with a stir, Gainydroxytetracene
5,12dione (0.0504 g, 0.184 mmolyas dissolvedn 10 mL of acetonep-
Toluenesulfonyl chloride (0.0989 g, 0.519 mmol) and potassium carbonate
(0.5156 g, 3.73 mmol) were added and the reaction mixture was stirred at reflux
for 1 hour. Ypon completion of the reaction, the solution was left to cool to
room temperature and the solvent was removed under reduced pré&ssure.
crude mixture was redissolved in ethyl acetate and decanted from the potassium
carbonate. The ethyl acetate was rendouader reduced pressure airne t
resulting crude solidvas purified using flash chromatography with a mobile
phase of 1:4 ethydcetate: hexands yield 0.0513 g (65%) of puretésyloxy
5,12naphthacenequinon&4 NMR (400 MHz, DMSGd 6 ) : a =,8.93
8.408.38 (d, 1H), 8.28.21 (m, 1H), 7.99.97 (d, 1H), 7.94.93 (m, 3H),

7.847.80 (td, 1H), 7.74.70 (m, 3H), 7.377.35 (d, 2H), 2.33 (s, 3H).
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1-hydroxy-2-tosyloxy-9,10-anthraquinone (2.17):166

OH stCI O« ’/

ooo ooo o
CHCls

In a 25 mL round bottom flask equipped with a stir bar,-1,2
dihydroxyanthraquinone (1.1567 g, 4.82 mmol) prtdluenesulfonyl chloride
(1.8077 g, 9.48 mmol) were dissolved in 6 mL of chloroform. 2 mL of pyridine
was added dropwise and the reaction mixtuas stirred at room temperature
for 1 hour. Upon completion of the reaction, the mixture was poured into
ethanol and the precipitate was vacuum filtered to yield 1.6575 g (87%) of pure
1-hydroxy-2-tosyloxy-9,1G-anthraquinone!H NMR (400 MHz, DMSGd 6 ) : U
=12.47 (s, 1H), 8.28.19 (m, 2H), 7.98.95 (m, 2H), 7.86.84 (d, 2H), 7.75

7.72 (d, 1H), 7.62.60 (d, 1H), 7.52.50 (d, 2H), 2.44 (s, 3H).

7.2.2 UV-Vis Spectra
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Figure 7.1. UV-Vis spectrum ofl-tosyloxy-2-methoxyanthraquinon2.1ain
acetonitrile
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Figure 7.2. UV-Vis spectrum of1-(trifluoromethylsulfonoxyj2-methoxy
9,10anthraquinon@.1bin acetonitrile
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Figure 7.3. UV-Vis spectrum of dtosyloxyanthraquinon.8in acetonitrile
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Figure 74. UV-Vis spectrum oB-tosyloxy-5,12-naphthacenequinorz15in
acetonitrile
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Figure 75. UV-Vis spectrum of dhydroxy-2-tosyloxyanthraquinon2.17 in
acetonitrile

7.2.3 NMR Analysis Procedure

A 10 mg/10 mL solution of PAG2.1a and 2.1b in CDsCN were
prepared and a 1 mL sample was photolyzed in a quartz cuvette, with stirring,
for the allotted time. For samples in a nitrogen or oxygen saturated atmosphere,
the sample was purged for 10 minutes in the solution and 5 minutes in the
headspace prido photolysis. After photolysis, the solution was transferred to

an NMR tube and a spectrum was obtained. Zbg p-toluenesulfonic acid
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yields were quantified by integrating relative to the solvent signal2Hdx
triflic acid yields were quantifiedising trifluoroacetic acid as an internal

standard.

7.2.4 Titration Procedure

A 10 mg/10 mL solution of PA@.1bin acetonitrile was prepared and
a 1 mL sample was photolyzed in a quartz cuvette, with stirring, for the allotted
time. Upon completion of gitolysis, the sample was added to 1 mL of water
and then the acetonitrile was removed under reduced pressure. The remaining
1 mL of the now aqueous photolysis mixture was titrated with 3.20 mM aqueous

sodium hydroxide. The titration was monitored by pH.

7.2.5 Quantification of Fluoride Yields

Yields of fluoride were determined using a photometric fluoride cell test
supplied by Millipore Sigma. Using a stock solution of sodium fluoride

water, a calibration curve was generated (Figudg.7.

2.0 -
1.5 -
o y = 0.2654x + 0.4757
1.0 1 R2 = 0.9993
R . S [}
. ..................... ' .....
0.5 b
0.0 | | I
0 0.5 1 A

[NaF] (mg/L)

Figure 7.6. Calibration curve for quantification of fluoride ions using a fluoride
cell test
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A 10 mg/10 mL solution of PA@.1bin acetonitrile was prepared and
a 1 mL sample was photolyzed in a quartz cuvette, with stirring, for the allotted
time. Upon completom f photol ysis, 45 L of phot ol
mL of HPLC water and this solution was added to the fluoride cell test. The
resulting solution was analyzed spectrophotometrically and a yield of fluoride

was determined.

7.2.6 Malachite Green Carbih®ase Procedure

For pulsed photolysis experiments, a 239 uM solution2df in
acetonitrile was prepared and a 1 mL sample was photolyzed in a quartz cuvette,
with stirring, for the allotted time. After photolysis, 80 pL of photolyzate was
added to 0.2nL of 318 puM malachite green carbinol base in acetonitrile and
this sample was diluted to 2 mL with acetonitrile. The sample sat for 15 minutes
and then a UWis spectrum was obtained.

For 447 nm CW laser experiments, 1.5 mL of a 79.7 puM solution of
2.1ain acetonitrile was photolyzed in a quartz cuvette, with stirring, for the
allotted time. After photolysis, 0.5 mL of 318 uM malachite green carbinol base
in acetonitrile was added and the sample sat for 10 minutes and theVis UV

spectrum was obtained.

7.2.7 TEMPO Trapping

A 1 mL sample containing 1.56 migl.1b and 3.11 mM TEMPO in
CD3CN was photolyzed in a quartz cuvette, with stirring, for 20 minutes. Upon

completion of photolysis, the sample was transferred to an NMR tube'3ad a
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NMR spectrum was obtained. A new signal is observebiat 164 ppm which

is consistent with formatioof the TEMPQCF; adduct®

7.2.8 Photopolymerization

In a vial, 0.0031 g o2.1awas added to 1.5 mL of ethyl vinyl ether. 0.5
mL of chloroform was added for solubility. The solution was photolyzed with
stirring for 2 hours. After the polymerization was complete, an aliquot of the
photolysis mixture was dissolved in CRCind an NMR spectrum was
obtained.

In a vial, 0.0030 g o2.1bwas added to 1.5 mL of ethyl vinyl ether. A
couple drops of dichloromethane was added for solubility. The solution was
photolyzed with stirring for 10 minutes. After the polymerization was complete,
an aliquot of the photolysis mixture was dissolved in GD&hd an NMR

spectrum was obtained.

7.2.9 Kinetic Data from LFP
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Figure 7.7. Kinetic traces resulting from pulsed 355 nm photolysis of 1
tosyloxy-2-methoxyanthraquinon®2.1ain acetonitrile under Nand air. Left:
470 nm; Right: 600 nm

T T T T T T T
12+ General model: B
f(x) = a*exp(-b*x)+c
1k Coefficients (with 95% confidence bounds):
a= 1.147 (1.143, 1.151)
b= 8.422e+05 (8.361e+05, 8.482e+05)
a 08 . c= 0.0648 (0.06325,0.06635) 7
@]
8 06 Goodness of fit: 7
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Figure 78. Curve fitting for the kinetic decay of -tbsyloxy-2-
methoxyanthraquinon2 l1ain acetonitrile under Nat 470 nm
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General model:
0.7 - f(x) = a*exp(-b*x)+c B
Coefficients (with 95% confidence bounds):
0.6 a= 07171 (0.7131,0.7211) i
05k b= 8.967e+05 (8.872e+05,9.061e+05) |
a c= 0.03922 (0.03788, 0.04057)
Qoal 4 1
= Goodness of fit:
003 SSE: 0.04757 s
R-square: 0.9969
02 Adjusted R-square: 0.9969 7
RMSE: 0.008995
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Figure 79. Curve fitting for the kinetic decay of -tbsyloxy-2-
methoxyanthraquinon2.1ain acetonitrile under Nat 600 nm
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Figure 7.10. Kinetic traces resulting from pulsed 355 nm photolysis -of 1
(trifluoromethylsulfonoxy)2-methoxy9,10-anthraquinon.1b in acetonitrile

under N and air. Left: 470 nm; Right: 600 nm
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General model:
141 f(x) = a*exp(-b*x)+c ]
Coefficients (with 95% confidence bounds):
12 a= 1556 (1.548, 1.564) i
b= 7.69e+05 (7.611e+05, 7.769e+05)
a T c= 0.09398 (0.09092, 0.09704) i
(@] L 4
8 08 Goodness of fit:
8 06k SSE: 0.1685 il
R-square: 0.9974
04 Adjusted R-square: 0.9974 R
RMSE: 0.01707
02r -
() Prest———
| | 1 1 1 | 1

-1 0 1 2 3 4 5
Time (s)

Figure 711 Curve fitting for the Kinetic

6 7
x10®
decay of -1

(trifluoromethykulfonoxy}2-methoxy9,10-anthraquinon.1bin acetonitrile

under N at 470 nm
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General model:
L f(x) = a*exp(-b*x)+c
1 Coefficients (with 95% confidence bounds):
a= 0.8855 (0.8773,0.8937)

0.8 b= 9.267e+05 (9.103e+05, 9.431e+05)
a c= 0.06007 (0.05729, 0.06285)
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Figure 712 Curve fitting for the Kkinetic decay of -1

(trifluoromethylsulfonoxy)2-methoxy9,10-anthraquinon.1b in acetonitrile
under N at 600 nm
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Figure 7.13. Kinetic traces resulting from pulsed 355 nm photolysis of 1
tosyloxyanthraquinon®.8in acetonitrile under Nand air collected at 380 nm
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General model:
05 f(x) = a*exp(-b*x)+c
’ Coefficients (with 95% confidence bounds):
a=  0.4949 (0.4938,0.496)
04 b= 7.953e+05 (7.924e+05, 7.983e+05)
a c= 0.03792 (0.03767, 0.03818)
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Figure 7.14. Curve fitting for the kinetic decay oftbsyloxyanthraquinon2.8
in acetonitrile under Nat 380 nm

7.2.10 Benchmarking DFT Methods

Table 7.1. Benchmarking DFT methods for determining bond dissociation
energies of 8 O bonds

(U)MN12SX/
Experimental (WB3LYP/ | (u)MNO62x/ |(U)MN12SX{| 6-311G(3d)//
Compound (Ecal/mol) 6-311G(d) | 6-311G(d) |6-311G(3d)| (u)B3LYP/6
(kcal/mol) | (kcal/mol) [ (kcal/mol) 311G(d)
(kcal/mol)
HO$-SH | 706+4 59.1 63.6 71.9 71.5
/OH
Ho-§—s 75.4+3 62.6 64.9 75. 3 74.7
i
93.4+2
HO-3-S—OH
§” 925 + 2 73.0 84.4 94 . 4 93. 8
0
/CH3
HO-§—S 73.1+3 60.9 66.8 72.7 72.1
0
Hoé—ﬁ—CHg 86.6 +3 70.9 80.5 90. 3 88. 6
o)
Experi ment al values obtained from Luob

Energies in Organic Compourtfls
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Table 7.2. Bendimarking DFT methods for determining triplet energies of
quinone derivatives

(UYMN12SX/ (u)M062X/6-
Literature (uW)B3LYP/ 6-311G(3d)// 311G(3d,2p)//
Compound 6-311G(d) (uU)B3LYP/6 (uU)B3LYP/6
(kcal/mol)
(kcal/mol) 311G(d) 311G(d)
(kcal/mal) (kcal/mol)
O
ggg 43.9 46.6 53.9
0
(0]
O‘ 58.2 50.6 52.9 54.4
(0]
O
O‘O ot 57.1 59.0 60.9
O

&Murov, S. L.; Carmichael, I.; Hug, G. L. Handbook of Photochemistry; 2nd
ed.; Marcel Dekker: New York, 19838
bSerpa, C.; Arnaut, L. Gl. Phys. Chem..£200Q 104, 1107%7111086
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7.2.11 Cartesian Coordinates & Energies

2.1a Singlet
B3LYP/6-311G(d)

Center Atomic  Atomic Coordinates (Angstroms)
Number  Number Type X Y Z
1 6 0 -4.949915 -3.269100 0.272371
2 6 0 -5.049856 -1.889186 0.152916
3 6 0 -3.900505 -1.117130 -0.038284
4 6 0 -2.644745 -1.736556 -0.119387
5 6 0 -2.555023 -3.127744 -0.008001
6 6 0 -3.699610 -3.888638 (192638
7 6 0 -4.027542 0.3587160.164326
8 6 0 -1.389849 -0.955938 -0.349731
9 6 0 -1.492933 0.5409390.310161
10 6 0 -2.772258 1.1476590.285582
11 6 0 -2.888885 2.533930-0.351166
12 1 0 -3.883663 2.962146-0.329929
13 6 0 -1.770241 3.3467760.443573
14 6 0 -0.495068 2.7753080.450572
15 1 0 -5.843020 -3.865826 0.426169
16 1 0 -6.008833 -1.383682 0.204543
17 1 0 -1.578577 -3.590699 -0.080616
18 1 0 -3.621390 -4.966840 0.286651
19 1 0 -1.891815 4.4205970.503001
20 8 0 -0.350365 -1.541328 -0.590736
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21 8 0 -5.120724 0.9029850.151001

22 8 0 0.654050 3.464418544812

23 6 0 0.613266 4.8862468518218

24 1 0 1.652226 5.205211548554

25 1 0 0.082619 5.286290387963

26 1 0 0.147286 5.250924 0.401790

27 6 0 -0.364253 1.3688970.362598

28 8 0 0.922621 0.871188399154

29 16 0 1.730914 0.611024 1.065493

30 8 0 0.867548.203616 1.903575

31 8 0 2.230440 1.881851 1.561807

32 6 0 3.08056®.340992 0.397778

33 6 0 2.843378.623207 -0.093928

34 6 0 4.35780 0.210926 0.416363

35 6 0 3.920402.358395 -0.572043

36 1 0 1.836662.019606 -0.120466

37 6 0 5.42102D.547416 -0.063920

38 1 0 4.510546 1.212179 0.799471

39 6 0 5.221884d.839078 -0.561559

40 1 0 3.745223.355449 -0.964687

41 1 0 6.42070D.124108 -0.051775

42 6 0 6.382442.666510 -1.053549

43 1 0 6.7847 -3.321633 -0.259926

44 1 0 6.09319B.306482 -1.890366

45 1 0 7.215342.040103 -1.379473
Zero-point carection= 0.333815 (Hartree/Particle)
Thermal correction to Energy= 0.358834
Thermal correction to Enthalpy= 0.359778
Thermal correction to Gibbs Free Energy= 0.276125
Sum of electroic and zerepoint Energies= -1697.432901

Sum of electronic and thermal Energies=  -1697.407882
Sum of electronic and thermal Enthalpies= -1697.406938
Sum of electronic and thermal Free Energies=-1697.490592

2.1a Snglet

MN12-SX/6-311G(3d)//B3LYP/6311G(d)

HF=1696.8182592

2.1a Singlet

MO06-2X/6-311G(3d,2p)//B3LYP/611G(d)

HF=1697.3559339
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2.1a Triplet
B3LYP/6-311G(d)

9
y O
*f f@

Center Atomic  Atomic Coordinates (Angstroms)
Number Number Type X Y Z

0 -5.909873 -2.282172 -0.216450

0 -5.640591 -0.925299 -0.167194
0 -4.322578 -0.449517 -0.196141
-3.255975 -1.379901 -0.273379
-3.542757 -2.764360 -0.323604
-4.851298 -3.202778 -0.294708
-4.083111 1.007094-0.145603
-1.894754 -0.902109 -0.306664
-1.608339 0.500639-0.212375
0 -2.672852 1.435566-0.161479

O©CO~NOOUILPA,WN B
oNolNoNoNeNel

-0.934365 -1.769784 -0.450929
-5.007109 1.819021-0.093212
1.310011 2.692141340464

=
H
0O, RPRrRR,2R, PO

0 -2.366771 2.798507-0.139847
12 0 -3.195041 3.496446:0.099751
13 0 -1.060320 3.2503930.192423
14 0 0.007531 2.334520.246718
15 0 -6.935468 -2.634927 -0.193100
16 0 -6.434704 -0.190038 -0.104967
17 0 -2.726383 -3.475919 -0.375631
18 0 -5.060507 -4.267108 -0.329474
19 0 -0.865007 4.3145550.197474

0

0

0
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23 6 0 1.6894 4.053245-0.111980

24 1 0 2.748652 4.084615131242

25 1 0 1.269820 4.7051-12898603

26 1 0 1.306981 4.391743 0.865140

27 6 0 -0.273778 0.965411-0.215255

28 8 0 0.748804 0.03736b5265606

29 16 0 1.627768.315855 1.181166

30 8 0 1.097709.542841 1.742360

31 8 0 1.668440 0.903964 1.967490

32 6 0 3.197758.646704 0.406802

33 6 0 3.72631:1.929868 0.488404

34 6 0 3.882847 0.3881300.229611

35 6 0 4.976442.174760 -0.074644

36 1 0 3.169744.715839 0.983427

37 6 0 5.123349 0.118724788712

38 1 0 3.437406 1.3723@8B297209

39 6 0 5.691832.162021 -0.718567

40 1 0 5.397944.172810 -0.010288

41 1 0 5.66316 0.916404 -1.290317

42 6 0 7.038221.431932 -1.340888

43 1 0 7.780539.697020 -1.017420

44 1 0 7.412272.423293 -1.079869

45 1 0 6.9841461.374877 -2.432798
Zero-point correction= 0.330703 (Hartree/Particle)
Thermal correction to Energy= 0.355993
Thermal correction to Enthalpy= 0.356938
Thermal correction to Gibbs Free Energy= 0.271927
Sum of electronic and zeqmint Energies= -1697.347788
Sum of eleabnic and thermal Energies= -1697.322497

Sum of electronic and thermal Enthalpies= -1697.321553
Sum of electronic and thermal Free Energies=-1697.406563

2.1a Triplet
MO06-2X/6-311G(3d,2p)//B3LYP/€311G(d)

HF=-1697.258898
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2.1b Singlet
B3LYP/6-311G(d)

Center
Number

OCO~NOOUILPEWNPE

Atomic
Number

Atomic Coordinates (Angstroms)

Type X Y Z

-5.000064 -2.205236 -0.211395
-3.624707 -2.112381 -0.382630
-2.976559 -0.885859 -0.205363
-3.722702 0.248357 0.150407
-5.105602 (@46052 0.325570
-5.741858 -1.075115 0.143607
-1.495885 -0.833186 -0.384966
-3.061012 1.564815 0.344447
-1.591753 1.638631 0.107130
-0.827478 0.5024870.241930
0.543380 0.66931r463179
1.152484 1.939280376372
0.375818 3.0450%8021130
-0.979652 2.885000 0.219827
-5.497892 -3.158910 -0.352035
-3.030118 -2.977205 -0.650926
-5.657678 1.036089 0.603056
-6.815732 -1.151170 0.278575
0.823654 4.026715 0.062186
-1.596595 3.732368 0.493274
-0.872326 -1.845852 -0.641566
-3.695752 2.554492 0.671505
2.467869 1830 -0.655079
3.172088 3.208901521114
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25 1 0 3.114798 3.586964 0.503659

26 1 0 4.205575 2.977040766284

27 1 0 2.791240 3.960483218522

28 8 0 1.367476©.356330 -0.911798

29 16 0 1.988 -1.530740 0.108266

30 8 0 2.092522.721156 -0.683756

31 8 0 1.274021.460772 1.390652

32 6 0 3.687939.873522 0.390241

33 9 0 4.2576230.532662 -0.757903

34 9 0 3.660288 0.173743 1.211556

35 9 0 4.390374.852258 0.959258
Zero-point correction= 0.230671 (Hartree/Patrticle)
Thermal correction to Energy= 0.252539
Thermal correction to Enthalpy= 0.253483
Thermal correction to Gibbs Free Energy= 0.178475
Sum of electronic and zeqmint Energies= -1764.225853

Sum of electronic and thermal Energies=  -1764.203985
Sum of electronic and thermal Enthalpies= -1764.203040
Sum of electronic and thermal Free Energies=-1764.278049

2.1b Singlet
MN12-SX/6-311G(3d)//B3LYP/6311G(d)
HF=-1763.5567359

2.1b Singlet
MO06-2X/6-311G(3d,2p)//B3LYP/€311G(d)

HF=1764.0611202
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2.1b Triplet
B3LYP/6-311G(d)

Center Atomic

Number  Number
1 6 0
2 6 0
3 6 0
4 6 0
5 6 0
6 6 0
7 6 0
8 6 0
9 6 0
10 6 0
11 6 0
12 1 0
13 6 0
14 6 0
15 1 0
16 1 0
17 1 0
18 1 0
19 1 0
20 8 0
21 8 0
22 8 0
23 6 0
24 1 0

Atomic

Type X Y Z

-5.831159 -1.190801 0.054551
-5.228089 0.051414 0.154746
-3.838268 0.189028 0.041093
-3.048052 -0.965711 -0.180706
-3.673912 -2.229961 -0.282271
-5.045586 -2.334325 -0.165155
-3.237269 1.533756 0.151754
-1.616161 -0.835260 -0.304363
-0.980099 0.445611-0.190417
-1.769178 1.605462 0.023457
-1.134421 2.846366 0.117228
-1.761333 3.714428 0.285064
0.238340 2.9760@1001406
1.033254 1.836816.219158
-6.908229 -1.281580 0.145139
-5.806837 0.952366 0.322955
-3.069035 -3.113763 -0.451469
-5.516956 -3.308498 -0.243959
0.6343 3.954392 0.072758
-0.910883 -1.911324 -0.520079
-3.919135 2.539986 0.339420
2.376170 1.8409-M356585
3.088849 3.064650.188867
4137677 2.806741310840
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25 1 0 2.801117 3.795238B949720

26 1 0 2.927509 3.479019809743

27 6 0 0.418360 0.58838B300893

28 8 0 1.18001-D.543129 -0.586523

29 16 0 2.17335Q.225436 0.580810

30 8 0 1.989724 -2.651268 0.477565

31 8 0 2.06126®.487066 1.818693

32 6 0 3.89025D.873673 -0.189912

33 9 0 4.465623 0.141626 0.441561

34 9 0 4.623173.967259 -0.011134

35 9 0 3.790064.612545 -1.482719
Zero-point correction= 0.227406 (Hartree/Patrticle)
Thermal correction to Energy= 0.249642
Thermal correction to Enthalpy= 0.250586
Thermal correction to Gibbs Free Energy= 0.173871
Sum of electronic and zeqmint Energies= -1764.140087

Sum of electronic and thermal Energies=  -1764.117851
Sum of electronic and thermal Enthalpies= -1764.116907
Sum of electronic and thermal Free Energies=-1764.193622

2.1b Triplet
MO06-2X/6-311G(3d,2p)//B3LYP/€311G(d)

HF=-1763.9623354

Oxygen-centered Radical2.4
B3LYP/6-311G(d)

D

J

1 Ny

Center Atomic  Atomic Coordinates (Angstroms)
Number  Number Type X Y Z
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1 6 0 -4.622055 0.413386 0.000062

2 6 0 -3.510595 1.245115 0.000116

3 6 0 -2.224548 0.694301 0.000065

4 6 0 -2.054772 -0.697921 -0.000061

5 6 0 -3.180074 -1.526760 -0.000109

6 6 0 -4.455144 -0.974594 -0.000049

7 6 0 0.486726).424869 -0.000045

8 6 0 0.307959 0.956031 0.000067

9 6 0 1.412598 1.833875 0.000130

10 1 0 1.203256 2.896658 0.000217

11 6 0 2.723749 1.373489 0.000099

12 6 0 2.965547 0.006776 0.000012

13 6 0 1.8887 -0.982937 -0.000056

14 1 0 -5.619272 0.840880 0.000108

15 1 0 -3.611143 2.324058 0.000211

16 1 0 -3.028836 -2.599489 -0.000208

17 1 0 -5.324043 -1.624652 -0.000093

18 1 0 3.537190 2.088564 0.000152

19 6 0 -0.695699 -1.337083 -0.000186

20 6 0 -1.047228 1.5935500.000167

21 8 0 -0.599126 -2.549194 -0.000169

22 8 0 -1.163888 2.808809 0.000109

23 8 0 2.119624.183003 -0.000176

24 8 0 4.166598 -0.561096 -0.000020

25 6 0 5.333670 0.261416 0.000038

26 1 0 5.370025 0.887801 0.895471

27 1 0 6.173409.428521 -0.000001

28 1 0 5.370035 0.887918B895317
Zero-point correction= 0.203601 (Hartree/Particle)
Thermal correction to Energy= 0.218534
Thermal correction to Enthalpy= 0.219479
Thermal correction to Gibbs Free Energy= 0.159082
Sum of electronic and zeqmint Energies= -877.870902
Sum of electronic and thermal Energies= -877.855969

Sum of electronic and thermal Enthalpies= -877.855025
Sum of electronic and thermal Free Energies= -877.915421

Oxygen-centered Radical2.4
MN12-SX/6-311G(3d)//B3LYP/6311G(d)

HF=-877.4395648
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Sulfur-centered Radical2.5a
B3LYP/6-311G(d)

@ 9a

Center Atomic  Atomic Coordinates (Angstroms)
Number Number Type X Y Z

1 16 0 -2.167813 -0.000012 -0.245990

2 8 0 -2.658403 -1.297348 0.282240

3 8 0 -2.658431 1.297329 0.282178

4 6 0 -0.359740 0.000006-0.093187

5 6 0 0.317354..215930 -0.070987

6 6 0 1.7060741.203341 0.001081

7 6 0 2.421600 0.000034 33001

8 6 0 1.706058 1.203381 0.001112

9 6 0 0.317321 1.21594B070956

10 1 0 -0.234646 -2.148011 -0.080445

11 1 0 2.241862.146925 0.038641

12 1 0 2.241820 2.146975 0.038694

13 1 0 -0.23494 2.148015-0.080395

14 6 0 3.92870%.000014 0.076924

15 1 0 4.316569 0.884443 0.586694

16 1 0 4.316399).882720 0.589875

17 1 0 4.34814060.001907 -0.935029
Zero-point correction= 0.125355 (Hartree/Particle)
Thermal correction to Energy= 13976
Thermal correction to Enthalpy= 0.135920
Thermal correction to Gibbs Free Energy= 0.087595
Sum of electronic and zeqmint Energies= -819.511558
Sum of electronic and thermal Energies= -819.50193

Sum of electronic and thermal Enthalpies= -819.500993
Sum of electronic and thermal Free Energies=-819.549318
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Sulfur-centered Radical2.5a
MN12-SX/6-311G(3d)//B3LYP/6311G(d)

HF=-819.2907336

Sulfur-centered Radical2.5b
B3LYP/6-311G(d)

Center Atomic  Atomic Coordinates (Angstroms)
Number Number Type X Y Z
0 1.035074.000073 -0.331178
0 1.502429 1.293276 0.203170
0 1.5014341.293699 0.203145
0 -0.888347 0.000098 0.008638
0 -1.403286 186974 -0.545556
0
0

-1.403422 -1.086814 -0.545302
-1.111294 0.000280 1.312691

~N~No o~ wWNPRE
0
O O O o o o)

Zero-point correction= 0.021632 (Hartree/Particle)
Thermal correction to Energy= 0.028488

Thermal correction to Enthalpy= 0.029433

Thermal correction to Gibbs Free Energy= -0.011388

Sum of electronic and e@point Energies= -886.303603
Sum of electronic and thermal Energies= -886.296747

Sum of electronic and thermal Enthalpies= -886.295803
Sum of electronic and thermal Free Energies= -886.336624

Sulfur-centeredRadical 2.5b
MN12-SX/6-311G(3d)//B3LYP/6311G(d)

HF=-886.023887
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Transition State for Bond Dissociation of 2.1a
B3LYP/6-311G(d)

Center
Number

OCoO~NOULPWNPE

00O RrRrRPR2 R, PO

Atomic
Number

cNoNoNoNoNe

0

OOOOOOOOOOOOO

Atomic

Type X Y Z

-6.089619 -1.975517 -0.132565
-5.732901 -0.640897 -0.016829
-4.394075 -0.244046 -0.112970
-3.400080 -1.228801 -0.331577
-3.771907 -2.582823 -0.447612
-5.102670 -2.947775 -0.348365
-4.062638 1.199046 0.016826
-2.005614 -0.827837 -0.434917
-1.654882 0.541281-0.282089
-2.632318 1.544667-0.083269
-2.208170 2.865713 0.004840
-2.959013 3.632773 0.156239
-0.859913 3.2069190.105062
0.117029 2.224030.293710
-7.131562 -2.267700 -0.055130
-6.474272 0.131879 0.151002
-3.004602 -3.331023 -0.609667
-5.380643 -3.993014 -0.436358
-0.576372 4.2489530.034965
-1.095609 -1.706704 -0.669278
-4.931001 2.049713 0.192434
1.441802 2.46118p402221
1.9089 3.806154-0.327812

132

Coordinates (Angstroms)



24 1 0 2.980080 3.7550814457552

25 1 0 1.470705 4.417148126746

26 1 0 1.669542 4.251314 0.644240

27 6 0 -0.273904 0.8618320.390396

28 8 0 0.598416.105267 -0.587348

29 16 0 1.57747®.767777 1.116172

30 8 0 1.143722.131244 1.412572

31 8 0 1.404283 0.332426 2.065485

32 6 0 3.24402%98).799912 0.484133

33 6 0 3.717091.971047 -0.104539

34 6 0 4.015255 0.358806 0.532262

35 6 0 5.004003.979020 -0.628752

36 1 0 3.093644.856019 -0.135912

37 6 0 5.300658 0.324178 0.006309

38 1 0 3.613697 1.258219 0.980782

39 6 0 5.815528).838762 -0.580993

40 1 0 5.384002.889142 -1.082433

41 1 0 5.91600 1.217644 0.051941

42 6 0 7.220944.870650 -1.125078

43 1 0 7.312558.565659 -1.962472

44 1 0 7.543294 0.115146467113

45 1 0 7.9290081.195253 -0.354781
Zero-point correction= 0.329119 (Hartree/Particle)
Thermal correction to Energy= 0.354342
Thermal correction to Enthalpy= 0.355286
Thermal correction to Gibbs Free Energy= 0.269330
Sum of electronic and zeqmint Energies= -1697.342483

Sum of electronic and thermal Energies=  -1697.317260

Sum of electronic and thermal Enthalpies= -1697.316316
Sum of electronic and thermal Free Energies=-1697402272
Imaginary frequency365.04 crmt

Transition State for Bond Dissociation of 2.1a

MN12-SX/6-311G(3d)//B3LYP/6311G(d)

HF=-1696.6996361
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Transition State for Bond Dissociation of 2.1b
B3LYP/6-311G(d)

Center Atomic  Atomic Coordinates (Angstroms)
Number  Number Type X Y z
1 6 0 -5.725904 -1.377072 0.135658
2 6 0 -5.180001 -0.111328 0.284299
3 6 0 -3.810r72 0.106784 0.094428
4 6 0 -2.983734 -0.987439 -0.253912
5 6 0 -3.546246 -2.271120 -0.402610
6 6 0 -4.903126 -2.458594 -0.208754
7 6 0 -3.271681 1.480361 0.264069
8 6 0 -1.560557 -0.769752 -0.456764
9 6 0 -1.005030 0.5286780.282284
10 6 0 -1.819043 1.6361200.056848
11 6 0 -1.216193 2.882951 0.194122
12 1 0 -1.849217 3.723077 0.456332
13 6 0 0.153057 3.061615 0.005132
14 6 0 0.969944 1.9762030.327057
15 1 0 -6.789047 -1.530652 0.286614
16 1 0 -5.791866 0.742882 0.550514
17 1 0 -2.907013 -3.105816 -0.666599
18 1 0 -5.329040 -3.449834 -0.323616
19 1 0 0.579049 4.049383 0.123465
20 8 0 -0.808479 -1.760735 -0.800709
21 8 0 -3.99428 2.428252 0.556523
22 8 0 2.300198 2.0281@p510887
23 6 0 2.986776 3.2562710279298
24 1 0 4.038034 3.0353TH445845
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25 1 0 2.659035 4.028476.980856

26 1 0 2.841631 3.598064 0.748922

27 6 0 0.390614 0.692571494888

28 8 0 1.12678D.350716 -0.850678

29 16 0 2.152553.211755 0.623487

30 8 0 1.903132.644943 0.634500

31 8 0 2.0P®1 -0.368270 1.806533

32 6 0 3.934923.004568 -0.071265

33 9 0 4.404422 0.197030 0.229734

34 9 0 4.701534.933579 0.492226

35 9 0 3.9163891.175293 -1.383440
Zero-point correction= 0.225572 (Hartree/Patrticle)
Thermal correction to Energy= .24¥ 890
Thermal correction to Enthalpy= 0.248834
Thermal correction to Gibbs Free Energy= 0.170636
Sum of electronic and zeqmint Energies= -1764.133922
Sum of electronic and thermal Energies= -1764.1116@

Sum of electronic and thermal Enthalpies= -1764.110660
Sum of electronic and thermal Free Energies=-1764.188859

Imaginary frequency-398.82 crt

Transition State for Bond Dissociation of 2.1b
MN12-SX/6-311G(3d)//B3LYP/6311G(d)

HF=-1763.4325556

7.2.12 Calculated UVWVis Bands & Oscillator Strengths

Table 7.3. Calculated UWVis bands and oscillator strengths fota(singlet)

State Energy Excitation Oscillator
(kcal/mol) | Wavelength (nm) | Strength
SO 0
S1 68.6 417 0.0002
S2 74.3 385 0.0614
S3 76.3 375 0.0159
S4 88.1 324 0.0307
S5 90.6 315 0.0453
S6 92.6 309 0.0003
S7 95.7 299 0.0000
S8 99.6 287 0.0544
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S9 100.9 283 0.1000
S10 103.6 276 0.1696
S11 106.6 268 0.0035
S12 108.3 264 0.0032

Table 7.4. Calculated UWVis bands and oscillator strengths fota(triplet)

State Energy Excitation Oscillator
(kcal/mol) | Wavelength (nm) | Strength
T1 59.1
T2 73.5 1991 0.0001
T3 77.4 1561 0.0001
T4 82.8 1204 0.0017
T5 85.6 1079 0.0000
T6 88.6 970 0.0002
T7 104.7 627 0.0025
T8 106.1 608 0.0161
T9 109.3 569 0.0004
T10 118.6 481 0.0053
T11 121.1 462 0.0211
T12 122.1 454 0.0494
T13 126.6 424 0.0044
T14 126.8 422 0.0194
T15 131.8 393 0.0209
T16 134.6 379 0.0017
T17 135.5 374 0.0421
T18 136.4 370 0.0002
T19 136.4 370 0.0059
T20 138.0 362 0.0365
T21 138.8 359 0.1207
122 140.6 351 0.0006
T23 142.2 344 0.0090
T24 142.9 341 0.0065
T25 143.5 339 0.0000
T26 146.3 328 0.0001
T27 149.5 316 0.0071
128 151.8 309 0.0104
T29 152.0 308 0.0178
T30 153.2 304 0.0009
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Table 7.5. Calculated UWVis bands and oscillator strengths fotb (singlet)

State Energy Excitation Oscillator
(kcal/mol) | Wavelength (nm) Strength
SO 0
S1 68.8 416 0.0016
S2 75.9 377 0.0035
S3 77.7 368 0.0528
S4 88.7 322 0.0591
S5 90.0 318 0.0386
S6 100.1 286 0.0090
S7 102.0 280 0.1027
S8 106.4 269 0.2177
S9 108.1 264 0.0475
S10 114.0 251 0.0178
S11 116.3 246 0.2313
S12 120.0 238 0.0091

Table 7.6. Calculated UWVis bands and oscillator strengths fotb (triplet)

State Energy Excitation Oscillator
(kcal/mol) | Wavelength (nm) Strength
T1 60.2
T2 74.0 2073 0.0000
T3 76.5 1756 0.0000
T4 81.4 1348 0.0019
T5 84.6 1173 0.0000
T6 87.5 1046 0.0000
T7 108.3 594 0.0111
T8 114.9 523 0.0000
T9 122.9 456 0.0280
T10 125.9 435 0.0000
T11 127.5 424 0.0212
T12 131.4 401 0.0160
T13 132.2 397 0.0274
T14 135.9 378 0.0023
T15 137.1 372 0.0014
T16 139.1 362 0.1690
T17 139.2 362 0.0022
T18 140.9 354 0.0003
T19 143.0 345 0.0254
T20 144.8 338 0.0070
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7.3 Chapter3 Experimental

7.3.1 U\-Vis Spectra
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Figure 7.15. UV-Vis spectrum ofl-tosyloxy-2-methoxyanthraquinon®.1 in
DMSO
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Figure 7.16. UV-Vis spectrum of4-cyanopentanoic acidlithiobenzoate
(CPADB)in DMSO

7.32 GPC Analysis

Gel Permeation ChromatograpfyPC) was used to obtain molecular
weight (M, and M) and polydispersity index (PDI) of polymers using Viscotek
GPCMax equipped with 4 columns (T2500, T3000, T4000, and T5008)

138



column oven and differential refractometer (maintained at 40 °C).
Tetrahydrofuran (HPLC Grade) was used as the eluent with a flow rate of 1
mL/min. Polystyrene standards (from Polymer Laboratories Inc., 580 Da
3,150 kDa) were used for calibratidror GPC sample preparation, 2 mg of dry

polymer sample was dissolved in 1 mL of THF (HPLC Grade).

7.33 Ring Opening Polymerization

Typical proced@Grenfar0R®PdoamUvi al w
cL (0.57 g, 5 mmol ) , b en z ytdsylog2-c o h o | (
methoxyanthraquinon@l( 4 mg, O0. 01 mmol ), and 50 €L
The solution was photolyzed with the 447 nm CW laser (W) until full
conversion of the PAG. The mixture continued to polymerize in the absence of
light untii monomer conusion was nearly complete. Conversion was
measured by dissolving 10 eL of the po
CDCl; for tH NMR and comparing the ratio of the signals corresponding to
monomer and polymer. The polymer was isolated by dissolvicgloroform
followed by precipitation from cold diethyl ether. The precipitate was vacuum
filtered and rinsed with cold diethyl ether.

Typical procedMrEenfarOR®Pdoé&muvi al w
vL (0.50 g, 5 mmol ) , b e n zlytdsyloxaP-c o h o | (
methoxyanthraquinon@l( 4 mg, O0. 01 mmol ), and 50 €L
The solution was photolyzed with the 447 nm CW laser (W) until full
conversion of the PAG. The mixture continued to polymerize in the absence of
light untii monomer cowersion was nearly complete. Conversion was
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measured by dissolving 10 eL of the po
CDCl; for *H NMR and comparing the ratio of the signals corresponding to

monomer and polymer. The polymer was isolated by dissolving imafbton

followed by precipitation from cold diethyl ether. The precipitate was vacuum

filtered and rinsed with cold diethyl ether.

7.3.4 RAFT Polymerization

Typical procedure for RAFT polymerization of MMA: Ina 0.5 dram
vial was added MMA (0.25 mL, 2.34mwol), CPADB (6.5 mg, 0.023 mmol),
1-tosyloxy-2-methoxyanthraquinon&.1 (1 mg, 0.002 mmol), and 0.25 mL of
DMSO. The solution was photolyzed in RPR100Rayonet reactorl@-bulb,
419 nm broadband irradiatipspectral distribution 380 n#80 nm) for 18
hour s . Conversion was measured by disso
mixture in 0.5 mL of CDGJfor *H NMR. The signal corresponding to DMSO
was used as the internal standard. The polymer was isolated by precipitating
from 1:1 methanolpetroleum etherThe precipitate was vacuum filtered and
rinsed with cold 1:1 methangdetroleum ether.
Typical procedure for RAFT polymerization of HEMA: In a 0.5
dram vial was added HEMA (0.28 mL, 2.31 mmol), CPADB (6.5 mg, 0.023
mmol), ktosyloxy-2-methoxyanthraquine6.1 (1 mg, 0.002 mmol), and 0.25
mL of DMSO. The solution was photolyzedtime RPR 100 Rayonet reactor
(16-bulb, 419 nm broadband irradiatipapectral distribution 380 &80 nm)
for 18 hour s. Conversion was measur ed
polymeization mixture in 0.5 mL of CEDD for *H NMR. The signal
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corresponding to DMSO was used as the internal standard. The polymer was
isolated by dissolving in a small amount of methanol and then poured into cold
diethyl ether. The resulting suspension wastrifeilged and decanted. &h

polymer was dissolved and precipitated an additional two times.

7.35 Brush Copolymerization

In a 0.5 dram vial was aVdld®48g, HEMA (5
46 mmol), CPADB (6.5 mg, 0.023 mmol), -tdsyloxy-2-
methoxyanthraquinon@.1 (6 mg, 0.015 mmol), and 0.175 mL of DMSO. The
solution was photolyzed ian RPR100 Rayonet reactorl@-bulb, 419 nm
broadband irradiatigrspectral distribution 380 n#80 nn) for 18 hours. The
solution was then photolyzed with the 447 nm CW (1W) laser for 4 hours.
Conversion was measured by dissolving 1
in 0.5 mL of CROD for 'H NMR. The signal corresponding to DMSO was
used as the internal standard. The polymer was isolated by dissolving in a small
amount of methanol and then poured into cold diethyl ether. The resulting
suspension was centrifuged and decanfde polymer was dsolved and

precipitated an additional two times.

7.4 Chapter4 Experimental

74.1 Synthesis

9-benzyloxy-9-phenylanthrone (benzyl ether4.5) was synthesized according

to a literature proceduré?

141



10-(4-hydroxyphenyl)-10-(pentyloxy)-9(10H)-anthracenone 4.7  was

synthesized using the following synthetic route:

(0]
ZnCl, O OH
phenol Zn dust Ph
125° C 10% NaOH(aq)
reflux
4.10 4.1
0]
ZnCI2 NazCr207 O‘O
ACZO AcOH OH
reflux 45°C O
AcO
412 413
(0]
1-pentanol
p-TsOH
—_—
benzene (@]
115°C O /\/\/
(-H20)

4.7

3-Phenyl-3-(4-hydroxyphenyl)phthalide 4.1Q Following modified literature

procedures®® 1"%n a 250 mL ound bottom flask equipped with a stir bar was

added 2benzoylbenzoic acid (6.9367 g, 30.7 mmol), phenol (3.0873 g, 32.8

mmol), and zinc chloride (4.2408 g, 31.1 mmol). The solid mixture was heated

to 125°C and stirred in the melt for 8 hours. Upon conygiedf the reaction,

boiling acetic acid was added until dissolved. Once dissolved, the reaction

mixture was poured into approximately 200 mL of deionized water and a white

precipitate formed. The water was decanted off and the precipitate was
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dissolved irethyl acetate and washed with 18%ueousodium carbonate. The
organic layer was dried with magnesium sulfate and the solvent was removed
under reduced pressure to yield 5.5278 g (60%) of phthalide.
2-(4'-hydroxybenzhydryl)benzoic acid 4.11was synthesized following a
literature procedur&?

9-acetoxy10-(4-acetoxyphenyl)anthracene 4.12:Following a modified
literature procedur®!in a 10 mL round bottom flask equipped with a stir bar
was added 24-hydroxybenzhydr)benzoic acid (1.6283 g, 5.35 mmol) and
zinc chloride (0.5 g). To this, acetic anhydride (3.26 mL, 34.5 mmol) was added
and the reaction mixture was heated at 99°C for 15 minutes. (Note: this reaction
is very time and temperature sensitive). Upon conguiedf the reaction, the
mixture was poured into pH 4 deionized water (acidified with HCI) and a
precipitate formed. The water was decanted off and the precipitate was
dissolved in dichloromethane, then dried over magnesium sulfate, and then the
solvent wa removed under reduced pressure to yield 1.9393 g (98%) of 9
acetoxyl0-(4-acetoxyphenyl)anthracene.
10-(4-(acetyloxy)phenyl}10-hydroxy-9-anthracenone 4.13: Following a
literature procedure for the oxidation ofpBenylanthracen®®to a 50 mL
round bottom flask equipped with a stir bar,-a@bxy-10-(4-
acetoxyphenyl)anthracene (1.9534 g, 5.27 mmol) was added to 20 mL of glacial
acetic acid. To the slurry solution, sodium dichromate dihydrate (2.3663 g, 7.94
mmol) was added and the mixture was heated at 45°C for 90 minutes with

stirring. Soon aer the addition of sodium dichromate the solution goes from a
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tan/brownish color to dark green. After 90 minutes, the solution was poured
into 40 mL of deionized water and vacuum filtered. The precipitate was washed
with generous portions of deionized waiand placed under vacuum to dry,
yielding 1.5935 g (88%) of 1(-(acetyloxy)phenyBlO-hydroxy-9-
anthracenone.

10-(4-hydroxyphenyl)-10-(pentyloxy)-9(10H)-anthracenone 4.7:Following

a literature procedure for synthesizing R&Bers'?®in a 50 mL round bottom
flask equipped with a stir bar, 4@-acetoxyphenyhlO-hydroxy-9(10H)-
anthracenone (0.2303 g, 0.669 mma@htoluenesulfonic acid monohydrate
(48.8 mg, 0.257 mmol) andgdentanol (0.20 mL, 1.85 mmol) was added to 25
mL of benzene. The solution was heated at 115°C for 18 hours under reflux
equipped with a DeaStark trap for the removal of water. Upon completion of
the reaction, the solution was left to cool to room temperature and the solvent
was removed under reduced pressure. The resulting crude solid was purified
using flash chromatograg with silica gel and a mobile phase of 80:20
hexanesethyl acetate to yield 0.0823 g (33%) of-(hydroxyphenyh10-
(pentyloxy)}9(10H)-anthracenone. m.p. = 1492°C,H NMR (400 MHz,
DMSOd 6) U = 9. 3817 @2H, Hd), 7.867 (2 dt)I7 847.50

(2H, dt), 7.477.45 (2H, d), 7.08.01 (2H, d), 6.65.60 (2H, d), 2.98.92 (2H,

t), 1.561.49 (2H, m), 1.38..27 (2H, m), 1.24..15 (2H, m), 0.88.82 (3H, t).

13C NMR (400 MHz, DMS&d 6 ) a = 183.43, 156. 82,

131.74, 129.9, 127.23, 127.18, 115.93, 78.12, 63.87, 29.87, 28.69, 22.68,
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14.70 (1 peak not accounted for and could be overlapping with previous peaks).

HRMS (ES}) Calcd for GsHa4Os [M-H]": 371.1653, Found: 371.1643

7.4.2 Gas Chromatography Analysis

Gas chromatography analysis was done using a Shimadzl@C
containing a RTX5 stationary phase column (length = 15 m, inner diameter
(i .d.) = 0.25 mm, film thickness =
system, and using the following method speciiara: column temperature =
60°C, injection temperature = 280°C, and detector temperature = 300°C, with
a temperature/pressure profile for injection of: 67 kPa, 3.0 minutes, 3.9
mL/minute, 98 kPa, 9.0 minutes, column of: 60°C, 3 minutes, 30 mL/minute,
300°C 9.0 minutes, injector pressure of 60 kPa, total flow of 31 mL/min.,
column flow of 1.45 mL/min., and a linear velocity of 39.1 cm/s. For
guantifying the yield of benzyl alcohol, a calibration curve was generated

(Figure 7.D).

350000 -
300000 - y = 14781x- 4300.2

8 250000 - Rz =0.9935

< 200000 -

S 150000

Q. 100000 -
50000 -

0 T T
0 5 10 15 20 25

[Benzyl Alcohol] (mM)

Figure 7.17. Calibrationcurve for benzyl alcohat.6
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7.4.3 SteadyState Photolysis

Benzyl etherd.5 was photolyzed in an RRB00 Rayonet reactor {8
bulb, 350 nm max outpuspectral distribution 300 ri#00 nn). 1 mL of a 9
mM photolysis solution was placed in a quartz cuvettepamged with nitrogen
in both the solution (minimum of 15 minutes) and the headspace (minimum of
3 minutes). The samples were irradiated at 350 nm for up to 3 hours. Upon
compl etion of photolysis, 60 ¢l of the
andth@ aci di fied by adding 10 €L of 0.1 M

was injected into the GC for analysis.

7.4.4 Pseudo FirsDrder Analysis

2.5E+06 -

y = 1.84E+09x + 1.03E+05
2.0E+06 R2 = 9.76E01

1.5E+06

kobs

1.0E+06

5.0E+05

OOE+OO T T T T 1
0 0.0002 0.0004 0.0006 0.0008 0.001

[NaOH] (M)

Figure 7.18. Pseudo firsbrder analysis for determination of secanrder rate
constant for proton transfer between ketyl raddcaland anion radical.2
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7.5 Chapter5 Experimental

75.1 Synthesis

N-( 4 sdidrémodiphenyl)-2,4,6trimethylpyridinium  tetrafluoroborate

5.1was synthesized according to a literature procetfdre.

7.5.2 Photoproduct Analysis

Guanosine (0.0769 g, 0.272 mmol) was dissolved in 100 mL of water with
gentle heating.  N-( 4 ;diBrémodiphenyb2,4,6trimethylpyridinium
tetrafluoroborate (0.0708 g, 0.133 mmol) was added and 15 mL of ddétoni
was added for solubility. The reaction mix was photolyzed with a household
lamp for 10 hours. Upon completion, the reaction mixture was extracted with
chloroform and dried over MgSOThe solvent was removed under reduced
pressure. The resulting rdae was rinsed with diethyl ether followed by

acetonitrile.
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7.5.3 Kinetic Data from LFP

T
0.2
0.15 - General model: il
f(x) = a*(1-exp(-b*x))+c
Coefficients (with 95% confidence bounds):
8 a1k a= 0.1339 (0.1203,0.1476) ]
R b= 1.725e+06 (1.505e+06, 1.944e+06)
g c= 0.06112 (0.04741, 0.07482)
0.05 il
Goodness of fit:
A SSE: 0.01768
0 Fanh3 R-square: 0.711 -
Adjusted R-square: 0.7097
RMSE: 0.006296
_005 | | 1 1 1 1 1 ]
-0.5 0 0.5 1 1.5 2 2'5 3 3:5 4 4.5
Time (s) %10

Figure 7.19. Curve fitting for the kinetic growth monitored at 330 nm from the
pulsed 355 nm  photolysis of N-( 4 ;didBrémodiphenyb2,4,6
trimethylpyridinium tetrafluoroborat®.1 in 95:5 pH 7.3 water: acetonitrile
with 2.22 mM guanosine

0.14 T T T T T T T T
General model:
012 I f(x) = a*exp(-b*x)+c .
Coefficients (with 95% confidence bounds):
01k a= 0.1673 (0.1656,0.1691) 4
b= 1.609e+06 (1.588e+06, 1.63e+06)
0 0.08 c= 0.008677 (0.008598, 0.008756) |
O
% 0.06 F Goodness of fit: il
I} SSE: 0.0003059
0.04 | R-square: 0.995 |
Adjusted R-square: 0.995
002 k- RMSE: 0.0008281 il
x - s B e e e i
OR 4
1 1 1 1 1 1 1 1 1
-0.5 0 0.5 1 1.5 2 2.5 3 3.5 4 45
Time (s) x107°

Figure 7.20. Curve fitting for the kinetic decay monitored at 450 nm from the
pulsed 355 nm photolysis of N-( 4 ;dibrémodighenyl)}2,4,6
trimethylpyridinium tetrafluoroborat®.1 in 95:5 pH 7.3 water: acetonitrile
with 2.22 mM guanosine
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7.6 Chapter6 Experimental

7.6.1 Pseudo FirgDrder Analysis

1.2E+04
y = 5.00E+06x + 3.55E+03
1.0E+04 + R2 =9.18E01

8.0E+031 e
o e
€6.0E4+034 =
x .
4.0E+03 7 . .

2.0E+03 +

0-0E+OO T T T T T T 1
0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014

[DMA] (M)

Figure 7.21. Pseudo firsbrder analysis for determination of secesrder rate
constant for electron transfer between cation radi688 and N,N-

dimethylaniline (DMA)

7.62 Evidence for Ground State Hydrogen Bonding

—pH 1.92 0.50 -
[0]
—pH 2.12 % 0.45 - T
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[72]
pH 3.87 .2 0.35 -

' ' ' ! pHS5.71  0.30 : : .
300 350 400 450 500 —pH 7.18 315 320 325 330
Wavelength (nm) Wavelength (nm)

Figure 7.22. UV-Vis spectra 06.1(no photolysis) in buffered water at various
pHs. Left: Full spectrum normalized at 368 nm. Right: Zoomed in on region of
interest
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Figure 7.23. 'H NMR spectra 06.1in CDsCN under different conditions. (a)
6.1only; (b)6.1+ HBFs; (c) 6.1+ HCIOg; (d) 6.1+ NBwCIO4

Table 7.7. 'H NMR chemicalshifts of 6.1in CDsCN under different conditions

6.1 6.1+ HBF4 Difference
Ha 2.4979 2.4826 -0.0153
Hp 2.6229 2.6099 -0.0130
Hc 6.8871 6.8793 -0.0078
Hc 6.9097 6.9019 -0.0078
Hd 7.5523 7.5305 -0.0218
Hq 7.5749 7.5529 -0.0220
He 7.7728 7.7795 0.0067

6.1 6.1+ HCIO4 | Difference
Ha 2.4979 2.4731 -0.0248
Hp 2.6229 2.6011 -0.0218
Hc 6.8871 6.8790 -0.0081
Hc 6.9097 6.9015 -0.0082
Hd 7.5523 7.5139 -0.0384
Hd 7.5749 7.5364 -0.0385
He 7.7728 under acid n/a

6.1 6.1+ ClOy4 Difference
Ha 2.4979 2.5000 0.0021
Hp 2.6229 2.6258 0.0029
Hc 6.8871 6.8907 0.0036
Hc 6.9097 6.9134 0.0037
Hd 7.5523 7.5517 -0.0006
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Hqd 7.5749 7.5742 -0.0007
He 7.7728 7.7795 0.0067

7.6.3 Cartesian Coordinates

Nitreniumlon 6.2 (Singlet)

Center Atomic  Atomic Coordinates (Angstroms)
Number  Number Type X Y z
1 7 0 0.000000 @O00 1.659317

2 6 0 -0.037588 1.184460 1.041856
3 6 0 0.353180 2.301488 1.840558
4 6 0 -0.504130 1.4179250.290432

5 6 0 0.415228 3.560340 1.299825
6 1 0 0.645382 2.108840 2.866008
7 6 0 -0.488770 2.6856540.811270

8 1 0 -0.957608 0.610101-0.85164

9 6 0 0.000000 3.75014x028241
10 1 0 0.751880 4.405741 1.885384
11 1 0 -0.874644 2.884307-1.802979
12 6 0 (RD588 -1.184460 1.041856
13 6 0 0.504130.417925 -0.290432

14 6 0 -0.353180 -2.301488 1.840558
15 6 0 0.488772.685654 -0.811270

16 1 0 0.9576080.610101 -0.851645

17 6 0 -0.415228 -3.560340 1.299825
18 1 0 -0.645382 -2.108840 2.866008
19 6 0 0.000003.750D7 -0.028241
20 1 0 0.874644.884307 -1.802979

21 1 0 -0.751880 -4.405741 1.885384
22 35 0 0.038208 5.461710749090
23 35 0 -0.038208 -5.461779 -0.749090




Sum of electronic and zeqmwint Energies= -5664.621358
Sum of electronic and thermal Energies=  -5664.608701
Sum ofelectronic and thermal Enthalpies= -5664.607756
Sum of electronic and thermal Free Energies=-5664.663565

Nitreniumlon 6.2 (Triplet)

Standard orientation:

Center Atomic  Atomic Coordinates (Angstroms)

Number  Number Type X Y z
1 7 0 0.000000 0.000000 1.200922
2 6 0 0.000000 1.250173 0.790169
3 6 0 -0.771128 2.231350 1.490849
4 6 0 0.821277 1.6549260.313970
5 6 0 -0.742995 3.538230 1.086183
6 1 0 -1.369303 1.915351 2.336261
7 6 0 0.828818 2.96314¥712781
8 1 0 1.418106 0.907740D823255
9 6 0 0.051587 3.91128D016062
10 1 0 -1.324857 4.289214 1.604982
11 1 0 14368 3.278835-1.555379
12 6 0 0.00000@.250173 0.790169
13 6 0 -0.821277 -1.654926 -0.313970
14 6 0 0.771128.231350 1.490849
15 6 0 -0.828818 -2.963117 -0.712781
16 1 0 -1.418106 -0.907700 -0.823255
17 6 0 0.7925 -3.538230 1.086183
18 1 0 1.369303.915351 2.336261
19 6 0 -0.051587 -3.911280 -0.016062
20 1 0 -1.430963 -3.278835 -1.555379
21 1 0 1.3248574.289214 1.604982
22 35 0 0.079843 5.687780563205
23 35 0 -0.079843 -5.687780 -0.563205
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