Opening Doors to Light: Chemically Gated
Diarylethene Photochromism for Sensing and

Detection Applications

by
Rameez Raza

M.Sc. (Chemistry), Jamia Millia Islamia, 2014
B.Sc. (Chemistry, Hons.), University of Delhi, 2012

Thesis Submitted in Partial Fulfillment of the
Requirements for the Degree of

Doctor of Philosophy

in the
Department of Chemistry

Faculty of Science

© Rameez Raza 2025
SIMON FRASER UNIVERSITY
Spring 2025

Copyright in this work is held by the author. Please ensure that any reproduction
or re-use is done in accordance with the relevant national copyright legislation.



Declaration of Committee

Name:
Degree:

Title:

Committee:

Rameez Raza
Doctor of Philosophy

Opening Doors to Light: Chemically Gated
Diarylethene Photochromism for Sensing and
Detection Applications

Chair: Paul C. H. Li
Professor, Chemistry

Neil R. Branda
Supervisor
Professor, Chemistry

Vance E. Williams
Committee Member
Professor, Chemistry

Peter D. Wilson
Committee Member
Associate Professor, Chemistry

Andrew J. Bennet
Examiner
Professor, Chemistry

Michael O. Wolf

External Examiner

Professor, Chemistry
University of British Columbia



Abstract

This thesis investigates the gated photochromism of diarylethene photoswitches,
focusing on their design, synthesis, characterization, and application as sensors,
detectors, and indicators. These sensors aim to detect environmentally and biologically

relevant small molecules.

Chapter 2 of this thesis focuses on detecting singlet oxygen, a highly reactive oxygen
species. A pro-diarylethene molecule was synthesized, incorporating a furan moiety as
the central ring. The molecule lacks a 1,3,5-hexatriene system necessary for the
photocyclization until the Diels-Alder reaction with singlet oxygen occurs. This reaction
installs the hexatriene system, and the molecule can undergo a visible color change
when exposed to UV light.

Chapter 3 presents a diarylethene analog of Hendrickson’s reagent to monitor the
progress of esterification reactions and detect the alcohols and moisture in solvents. The
diarylethene is locked in the parallel conformation through a phosphorus-oxygen-
phosphorus bond. Upon adding an O-nucleophile, the phosphorus-oxygen bond breaks,
unlocking the molecule’s ability to switch to a photoactive form. UV irradiation leads to a

color change in the solution.

Chapter 4 introduces a nucleobase-based diarylethene molecule locked in the
photoinactive parallel conformation through hydrogen bonds. A photoswitch was
designed to bind within a mismatched DNA duplex. A toehold-mediated strand
displacement process by the target strand unlocks the molecule, and UV light irradiation
leads to a color change. A proof-of-concept model with adenosine and uridine was

designed and synthesized to validate the approach.

This work demonstrates the potential of chemically gated diarylethene photoswitches as

versatile molecular sensors.

Keywords: Diarylethenes, Gated photochromism, Singlet oxygen, Hendrickson’s

reagent, Nucleosides
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Chapter 1.

Introduction

This thesis explores the design and synthesis of chemically gated photochromic
systems, where specific molecular interactions modulate the photoisomerization of
diarylethene photoswitches. This chemical gating mechanism was leveraged to develop
potential sensing and detection applications for reactive oxygen species, oxygen

nucleophiles, and nucleic acids.

1.1. Light and Matter

The interaction of light with matter is fundamental and has powerfully impacted
numerous scientific disciplines, from physics and chemistry to biology and materials
science. The interaction between photons and matter leads to five distinct situations:
absorption, transmission, reflection, refraction, and emission."? When the molecule
absorbs light of specific wavelengths, it is excited from a low-energy ground state to
a high-energy excited state. Depending on the energy of the light absorbed, this change

can be in the vibrational, rotational, or electronic states.'?

Physical quenching Isomerization

AB* + Eto AB A AB* to BA

Dissociation
AB*toA+B

lonization
AB* to AB* + &

Intermolecular energy transfer Direct reaction
AB* + CD to AB + CD* AB* + CtoAC +B

Intramolecular energy transfer
AB* to AB*

Figure 1-1 The excited state AB* can lose excess energy through different
pathways.



In the case of electronic excitation, the excited state AB* is highly energetic and,
therefore, short-lived, as the molecule prefers to lose the excess energy.? Figure 1
highlights some of the pathways available to the molecule to dissipate the excess
energy. One key path for the excited molecule to lose the excess energy is a chemical
transformation. These light-induced chemical changes, termed photochemical reactions,

form the basis of photochemistry.'

Light-induced chemical reactions offer several advantages over other reaction
modalities. The precise control over light's wavelength, intensity, and duration allows for
fine-tuning chemical reactions.* Light also enables the specific targeting of regions,
thereby providing spatiotemporal control of the chemical reactions.®> Compared to
thermal reactions, photochemical reactions can be conducted under milder reaction
conditions (temperature, pressure, and reagents).® Another advantage of light over
thermal energy is its ability to populate excited states not accessible through thermal

energy, which opens new synthetic possibilities.’

1.2. Photochromism

Photoexcitation of a molecule followed by structural changes through bond-
breaking or bond-forming encompasses a special type of photochemical reaction called
photoisomerization.'*8° Upon exposure to light, molecules can undergo structural
(constitutional) isomerization, such as ring-closing/opening, or spatial (stereo)
isomerization, such as cis-trans isomerization. These changes can be reversible or

irreversible.

Photoswitches are molecules that undergo a reversible photoisomerization
process, meaning they can be toggled between two distinct states upon exposure to
light. The two isomers differ in geometrical structure and exhibit different physical and
chemical properties, such as absorption spectra, dielectric constants, refractive indices,
and oxidation/reduction potentials. Since the two isomers have different absorption

spectra (colors), organic photoswitches are often called photochromic molecules.'®-"3

Figure 2 shows some common photoswitch classes: azobenzene, spiropyran’®,
spirooxazine'®, furylfulgide'’, and diarylethene'®. Irradiation of isomer A with appropriate

light energy, A', induces a photoisomerization reaction leading to isomer B. Azobenzene



molecules undergo a photoinduced trans-cis isomerization along the N=N double bond.™
In the case of spiropyrans and spirooxazines, a C-O bond rearrangement forms a ring-
opened isomer from the ring-closed isomer."'¢ Furylfulgide and diarylethene undergo a
pericyclic reaction of the ring-open isomer to yield a colored ring-closed isomer."”:'® For
most systems, this change is accompanied by a change in the molecule's properties,
most notably, the color. A sub-classification of the photochromic molecules is based on
the ability of isomer B to spontaneously revert to isomer A in the dark (thermally driven).
If isomer B is not dark stable, it will revert to isomer A by absorbing heat from the

surroundings, and this type of photochromic behavior is called T-type photochromism.

)\1
Azobenzene @,\FNO P — Q Q
N=N

— )\1
Spiropyran 7N = 7

NorA

- - D O A N O
Spirooxazine O P — /
N O 7
N (6]
R

(0]
)\1
Furylfulgides NS ? =
o /) / O A2
. A
Diarylethene - a—
I\ 2 1 \
R A~ R RTA 7 AR
A=S, O,NH

Figure 1-2 Some examples of organic photochromic molecule classes.

The second type is the P-type photochromism, where isomer B is dark stable and

reverts to isomer A only when exposed to light of wavelength A? (> A'). Azobenzenes,



spiropyrans, and spirooxazines are typical T-type photochromic molecules'"¢, whereas

P-type photochromism is more common in furylfulgides and diarylethenes'’:18,

The successful application of a photochromic molecule in photoresponsive
materials and photonic devices hinges on carefully evaluating its inherent properties.
The ideal candidate should have a sizeable thermal barrier for reversion in the case of T-
type photochromic molecules or, if possible, should display P-type photochromism.
Another factor is the photochemical stability of the molecule under prolonged exposure
to high-energy light. The photochromic molecules should respond rapidly to light,
enabling fast switching between the two states. The ability to tune the photoswitching
wavelength through structural modification is also crucial. Lastly, facile
modification/functionalization of the molecule is essential for tailoring to specific

applications.

Diarylethenes have emerged as a promising photochromic molecule class in
recent decades, addressing the critical requirements for applications in molecular
switches, sensors, optical data storage, and advanced materials. These molecules offer
excellent in-dark stability, high fatigue resistance, ease of modification, and fast

response to light of tunable wavelengths.



1.3. Diarylethene Photoswitches
1.3.1. General Description of Diarylethene Photoswitches

Stilbene
A - A3

Diarylethene

e P,
NK

ASONH &(

Figure 1-3 Stilbene, a class of photochromic molecules, served as a template for
developing diarylethene photoswitches. Replacing the phenyl group
with heterocycles improved the photoswitching performance, and
the addition of methyl groups in the inner position interrupted the
oxidation process of the ring-closed isomer.

The development of diarylethene molecules was inspired by a class of
photochromic molecules known as stilbenes, whose general structure consists of an
ethylene moiety at the center flanked by phenyl groups.'® When the ring-open isomer of
stilbenes is exposed to UV light, it undergoes a trans-cis isomerization like azobenzene
photoswitches. Further irradiation of the cis- isomer leads to the formation of
dihydrophenanthrene via 61T electrocyclization. One challenge with the stilbene
molecules is the reversion of the ring-closed form, dihydrophenanthrene, to the ring-
opened cis-isomer in the dark. Another challenge with stilbenes is that
dihydrophenanthrene undergoes hydrogen elimination in the presence of oxygen to
generate photoinactive phenanthrene. These drawbacks hindered the development of
photoresponsive polymers with stilbene groups. Replacement of the phenyl group in the
stilbene structure with heterocyclic rings to address the problems led to the development

of diarylethene photoswitches. Swapping the hydrogens on the internal position of the



heterocycle with methyl or other functional groups prevented hydrogen elimination and
improved stability in oxygenated conditions. Exchanging the bridging ethylene moiety
with a ring system like maleic anhydride, maleimide, or cyclopentene locked the
molecule in cis- or (Z) form. Blocking this cis-trans isomerization process enhanced the

photoswitching ability compared to stilbenes.20%!
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Figure 1-4 The molecular orbital diagram of the 1,3,5-hexatriene system displays
the HOMO and LUMO in the ground state and the photoexcited state.
Photochemically, the electrocyclization reaction of the 1,3,5-

hexatriene system occurs in a conrotatory manner, whereas the
thermal electrocyclization occurs in a disrotatory manner.

In diarylethene molecules, a 61 electron system is at the core, formed by the
central double bond and the two aromatic rings. Absorption of an appropriate
wavelength of light causes electronic rearrangements in a concerted manner, leading to

ring closure. Due to the free rotation about the C-C bond between the heterocycle and



the central alkene ring, an equilibrium mixture of parallel and antiparallel conformations
exists in the ring-open isomer. However, only the antiparallel conformation can undergo
the electrocyclization process, not the parallel conformation.'®2'22 According to
Woodward-Hoffman rules for electrocyclization reactions, the 1,3,5-hexatriene system
can undergo either a disrotatory thermal cyclization or a conrotatory photocyclization
reaction. The inside groups on the aromatic ring do not allow a thermal disrotatory
motion in both parallel and antiparallel conformations because of steric hindrance. For
the same reason, the photochemical conrotatory motion in the parallel conformation is
also not allowed. Thus, only the antiparallel conformation with its internal groups in

opposite directions can undergo photocyclization.'®-23

1.3.2. Differences Between the Photoisomers of Diarylethene
Photoswitches

The photoisomerization of the diarylethene photoswitches between the ring-open
and ring-closed isomers results in distinct physical and chemical properties for each
form. These differences have been extensively used for numerous applications in

materials science.

Geometric Differences

As mentioned previously, the ring-open isomer exists in two key conformations,
parallel and antiparallel. Based on the symmetry across the double bond in the central
ring, the parallel conformation possesses a mirror plane symmetry, and the antiparallel
conformation has a C2 symmetry. This free rotation makes the ring-open structure
flexible and allows the functional groups at the internal or external positions of the two

heterocycles to converge on each other.

As mentioned before, the ring-open isomer exists in two key conformations,
parallel and antiparallel. Based on the symmetry across the double bond in the central
ring, the parallel conformation possesses a mirror plane symmetry, and the antiparallel
conformation has a C2 symmetry. This free rotation makes the ring-open structure
flexible and allows the functional groups at the internal or external positions of the two

heterocycles to converge on each other.
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Figure 1-5 The ring-open isomer is flexible and exists in parallel and antiparallel
conformations. The antiparallel conformation possesses a C2
symmetry, and the parallel conformation possesses a mirror plane.
The fused rings in the ring-closed isomers impart rigidity.

The ring-closed isomer obtained from photocyclization contains a 1,3-
cyclohexadiene ring at its core. This tetracyclic fused ring structure makes the ring-
closed isomer structurally rigid. As the two heterocycle rings are now part of this fused
ring structure, the functional groups on the internal and external positions diverge from

each other.20-21.23

Electronic Differences

There are stark differences in the electronic properties of the two isomers of the
diarylethene molecules. In the ring-open isomer, the two heterocycle rings across the
ethene bridge are electronically insulated from each other, i.e., their -electron systems
are localized. Therefore, the internal (B/C) and external positions (A/D) of the

heterocycle in the ring-open isomer are electronically connected.
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Figure 1-6 In the ring-open isomer, the substituents A and B are electronically
connected but disconnected to C and D on the other thiophene. The
external positions A and D are electronically connected in the ring-
closed isomer.

The photocyclization reaction forms a fused ring structure incorporating the two
thiophenes, containing a r-conjugated system spread across the diarylethene core. The
functional groups in the external positions (A and D) of the two heterocycles can now
communicate with each other through this extended 1T-conjugation; however, the groups
in the internal positions (B and C) become isolated from them because of the generation

of new sp® carbons.?"2122.24

Spectroscopic Differences

The ring-open isomer of the diarylethene molecules absorbs in the high-energy
UV region as the two thiophene rings are electronically insulated from each other. The
ring-open isomer is, therefore, generally colorless and shows absorption bands between

wavelengths of approximately 220 nm and 350 nm.

A color change typically accompanies the photocyclization reaction of the ring-
open isomer. The extended TT-conjugation in the ring-closed isomer absorbs in the
visible region and shows absorption bands between 400 and 800 nm.'%2125 The color
change and UV-visible spectroscopy can be used to easily monitor the photoconversion

of the two isomers of diarylethene molecules.
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Figure 1-7 Typical UV-visible spectra of the ring-open form (orange line) and the
ring-closed form (blue broken line) of the diarylethene
photoswitches.

Similar to changes in the UV-visible spectra of the diarylethene molecule on
photoisomerization, differences in the '"H NMR of the isomers are occasionally distinct.?
As mentioned before, the internal position of the thiophene is usually a methyl group to
avoid oxidation. The chemical shift of the methyl group protons in the ring-open isomer is
dictated by the relative position of the two heterocycles. In the case of the antiparallel
conformation, the methyl group protons lie in front of the heterocycle rings. The ring
current on the aromatic system induces a high magnetic field on the methyl protons,
which appear at around 1.7 ppm in the "H NMR spectrum. This magnetic field effect is
absent in the parallel conformation, and the methyl protons' signal shifts downfield. For
most diarylethene photoswitches, the difference in the '"H NMR spectra of the parallel
and antiparallel conformations is not seen.?” The time scale for the interchange between
the two conformations is extremely small, and a time-averaged signal for the methyl
protons is seen in the '"H NMR spectra of the ring-open isomer. In the case of the ring-
closed isomer, changes in the chemical shift of the protons on the 4-position (if present)
of the heterocycle ring and the methyl protons on the 2-position are apparent. The
heterocycle group loses its aromaticity upon photocyclization, and the signal for the 4-
position is shifted upfield. In contrast, a downfield shift is observed in the case of the

internal methyl protons.?
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1.4. Salient Features of Diarylethenes

1.4.1. In-dark Stability of Diarylethene Photoswitches

Diarylethene molecules are part of the P-type photoswitch class, i.e., the
cycloreversion of the ring-closed form is only possible with light. While this statement is
not valid for all heterocycles, it is true for those with thiophenes or benzothiophenes, two
of the most commonly used in designing diarylethenes. Another caveat is that a bulky
inner group on thiophene or benzothiophene decreases the in-dark stability of

diarylethene photoswitches.

\ /
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Figure 1-8 Energy diagrams for the ring-open and ring-closed forms of stilbene
and diarylethene.

The in-dark stability of the ring-closed isomer is attributed to the low aromatic
stabilization energy of the thiophene compared to that of other heterocycles.?>? During
the photocyclization process, the aromatic character of the heterocycle is lost. Irie and
coworkers theoretically calculated the aromatic stabilization energy of various
heterocycles and found it to be the highest for the phenyl group and lowest for the
thiophene. The ground state energy of the ring-open and the ring-closed isomers is
directly connected to the aromatic stabilization energy. Calculations for the ground state
energy of the ring-open and the ring-closed isomer showed that the energy difference
between the two forms was highest in the case of phenyl and lowest in the case of

thiophene. When the ground state energy difference between the two forms is high, the
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activation energy barrier is small, as with stilbene, and cycloreversion occurs in the dark.
Conversely, the energy barrier for cycloreversion is significant when the ground state
energy difference is slight, as in the case of thiophenes and benzothiophenes, and

cycloreversion in the dark is extremely difficult.’®232

1.4.2. Fatigue Resistance of Diarylethene Photoswitches

To alleviate the hydrogen elimination problem analogous to stilbenes, in
diarylethenes, the hydrogen on the internal 2-position of thiophene is replaced by
another group, in most cases, a methyl group. This modification increases the fatigue
resistance of the diarylethene photoswitch, and thus, some diarylethene molecules can
undergo thousands of photoswitching cycles without any noticeable change in

performance.

Figure 1-9 The ring-closed isomer of stilbene, the first known diarylethene
molecule, undergoes oxidation at the bridging carbon-carbon bond
to irreversibly form phenanthrene.

Although the fatigue resistance is considerably higher than the stilbene
derivatives, diarylethene photoswitches undergo side reactions upon prolonged
exposure to UV light.? In deaerated conditions, the cyclohexadiene core in the ring-
closed isomer rearranges into a condensed-ring byproduct. This stable byproduct
possesses the identical absorption spectra as the ring-closed isomer but cannot undergo
cycloreversion to the ring-open isomer. Replacing thiophenes with benzothiophenes
eliminates this side reaction and increases the fatigue resistance. When oxygen is in the
system, the cyclohexadiene core can react with it to form an endoperoxide product,

destroying the 1,3-cyclohexadiene core necessary for cycloreversion.*°
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Figure 1-10 Side products from the photocyclization reactions of the diarylethene
molecule. Prolonged exposure to high-energy UV light forms a
condensed-ring structure that cannot undergo the reverse ring-
opening reaction. In the presence of oxygen, the cyclohexadiene
core can form endoperoxides.

1.4.3. Photoswitching Performance of Diarylethene Photoswitches

Two crucial parameters, quantum yield and photo-stationary state (PSS),
measure the photoswitching performance of photochromic molecules. The quantum
yield (®) describes the product yield of a photochemical reaction at a particular
wavelength, light intensity, and reactant concentration.' In terms of photochromic
reactions, quantum yield is mathematically described as follows:

number of isomerized molecules
Q) =

total numbers of photons absorbed

Equation 1-1 The mathematical equation for calculating the quantum yield (®) of
the photochromic process at a given wavelength (A).

The ideal quantum yield value for the photocyclization and cycloreversion
process is 1. The quantum yield for diarylethene molecules is typically below this
number. The photocyclization quantum yield of diarylethene molecules is hampered by
the free rotation of the heterocyclic rings, which normally leads to a population ratio of
1:1 for antiparallel and parallel conformations. As only the antiparallel conformation
undergoes the photocyclization reaction, the quantum yield for the photocyclization
reaction is closer to 0.5 for most diarylethene molecules.®?'2* Quantum yield for
diarylethene molecules can be improved by increasing the population of the antiparallel
conformation, which can be achieved in several ways. Including the diarylethene
molecule in a cyclodextrin cavity favors the antiparallel conformation over the parallel
conformation. Replacing the central cyclopentene ring with heterocyclic aryl groups or
replacing the methyl group on the internal 2-position of thiophene with a bulkier group

helps in increasing the ratio of antiparallel conformation. A photochromic molecule's
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photo-stationary state (PSS) is the percentage of isomers A that photocyclizes under
specific conditions. Mathematically, PSS is expressed as follows:
number of isomerized molecules

PSS = 100
total numbers of molecules i

Equation 1-2 The mathematical expression for calculating the photo-stationary
state of a photochromic molecule.

When the rate of photocyclization reaction of the ring-open isomer becomes
equal to the rate of the cycloreversion reaction of the ring-closed isomer, the PSS is said
to be reached. The initial irradiation of the diarylethene molecule leads to an increase in
the concentration of the ring-closed isomer and a decrease in the concentration of the
ring-open isomer. As the ring-closed isomer also absorbs in the UV region, the rate of
cycloreversion reaction increases with time. Eventually, the rate of photocyclization and
cycloreversion reactions becomes equal, and a steady-state concentration of the ring-

open and ring-closed isomers is reached.?!?!

1.4.4. Versatility of Diarylethene Photoswitches

The most important feature that allows a photochromic molecule to be employed
for various applications is its ability to tolerate diverse chemistries and the ease of
functionalization. As mentioned earlier, the diarylethene molecule possesses a core of
two heterocyclic rings across an ethylene bridge moiety. The 2- or the internal position
on the heterocyclic ring commands the reactive carbon undergoing photocyclization.
Modifications on this carbon atom modify properties like thermal stability, fatigue
resistance, quantum yield, and PSS. The 5- or the external position allows for a wide
range of modifications specific to the end use of the molecule. Most of the work on

diarylethene molecules is done by attaching various functional moieties, vide infra.
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Figure 1-11 Selected examples of the most common modifications done to the
central alkene ring, the heterocyclic rings, the internal position, and
the external position of the diarylethene are shown here, displaying
their versatility.

Though limited, a few examples of modifications at the 4-position are also known.
Alterations of the top alkene-bearing ring system can also be done to modify the
properties of the diarylethene molecule and to introduce a desired functionality. The
versatile nature of diarylethene molecules and the ease of modifications have allowed

them to be used for many applications.

1.5. Relationship Between Chemistry and Photochemistry

The previous sections focused on the relationship between light and chemical
reactions, the photochromic molecules, diarylethene photoswitches, their photochromic
behavior, and their associated properties. The following sections will explore the
connection between light, chemical reactions, and the photochromism of diarylethene

molecules.

The triad of light, chemical reactivity, and photochromism can be employed in
two fundamental approaches to create new technologies and improve upon the existing

ones in materials science, chemistry, and biosciences. The first method controls a
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chemical reaction by controlling diarylethene molecules' light and photochromic
behavior. In this method, the changes in physical and chemical properties associated
with the photoisomerization of the diarylethene are employed to influence a chemical
reaction. The second method is to use a chemical reaction to control the photochromism
of the diarylethene molecule. Here, the diarylethene molecule is non-photoresponsive,
but a chemical reaction unlocks the photochromic behavior of the diarylethene molecule.
Both methods have been utilized extensively to develop photoresponsive catalysts,

reagents, and colorimetric sensors.

1.6. Photochemistry Gates Chemistry

Synthetic chemists have long toiled with the idea of controlling chemical
transformations, asserting that spatiotemporal control over a chemical reaction allows for
developing complex materials. One path is to use light and the photochromic behavior of
a photoswitch to gate or control the chemical reaction. The differences in the structure or
electronics of the photochromic molecule upon irradiation with light can be employed to
modulate a chemical reaction. The photochromic molecule will be chemically inert in one
isomeric form and facilitate a chemical reaction in the other form. In this way, the

chemistry can be said to be ‘gated’ using photochemistry.
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Figure 1-12 The gated chemistry approach is where only one isomer is chemically
active.

1.6.1. Modulation Using Steric Differences

The flexibility of the ring-open isomer of diarylethene photoswitches allows it to
exist in two conformations: the parallel and the antiparallel form. Because of the free
rotation of the thiophenes, groups attached to the external and internal positions can

converge on each other. In the case of the parallel conformation, the convergence of the



functional groups leads to the formation of a binding pocket. On the other hand, the ring-
closed isomer is structurally rigid, and the functional groups on the thiophenes diverge
from each other. These structural differences between the two photocyclized forms of
the diarylethene photoswitches have been used to create molecular tweezers.
Diarylethene photoswitches are used as spacers and offer dynamic control over
substrate binding. The binding groups are attached as the substituents on the thiophene
moieties in either external or internal positions. In the ring-open isomer, the binding
groups converge on each other and create a cavity for substrate binding, while the ring-

closed isomer shows a low affinity for substrate binding.
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Figure 1-13 Photoswitchable host for saccharides synthesized by Irie and
coworkers.

Irie and coworkers used the concept of photoswitchable tweezers to create a
saccharide receptor. The benzothiophene-based diarylethene photoswitch contains
boronic acid groups in the external positions. These groups can converge on each other
in the parallel conformation of the ring-open isomer and create a cavity for binding
saccharides via boronate linkages. In the case of the ring-closed isomer, the rigid fused
ring structure separates the two boronic acid groups, and saccharide binding to form a

complex is inhibited.%?

Figure 1-14 Crown ether-based diarylethene photoswitch for binding metal ions.
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Building upon the same concept, Irie®® and Kawai®* attached crown ethers across
the diarylethene photoswitch spacer. The crown ether groups converge on each other in
the parallel conformer of the ring-open isomer and create a binding site for large alkali
metal cations like K*, Rb*, and Cs*. Aqueous solutions of metal picrates were extracted
with the organic solvent solution of the diarylethene photoswitch. The amount of metal
picrates extracted by the ring-open isomer solution was considerably higher than that by
the PSS mixture solution. The photocyclization quantum yield for the crown ether-
substituted diarylethene photoswitches was studied in the presence of large alkali metal
cations. A significant decrease in the quantum yield of the diarylethene photoswitch was
attributed to the complex formation between the photoinactive parallel conformation and

the metal cations.
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Figure 1-15 B-cyclodextrin substituted diarylethene photoswitch for binding
tetrakis(4-sulfonate phenyl) porphyrin.

Reinhoudt and coworkers synthesized a 3-cyclodextrin-substituted diarylethene
photoswitch to demonstrate the photo-release of encapsulated guest molecules.®®
Tetrakis (4-sulfonatophenyl) porphyrin, which forms a 1:1 complex with beta-cyclodextrin
dimers, was used to study the binding affinity. The binding of porphyrin with the ring-
open isomer was 35 times higher than that with the ring-closed isomer. Irradiation of the
complex with 313 nm UV light resulted in the release of the porphyrin molecule in the

solution as the photocyclization reaction proceeded.
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Figure 1-16 Bis(oxazoline)-diarylethene for control over metal-catalyzed reaction.
The flexible ring-open isomer binds Cu and displays
stereoselectivity and enantioselectivity for a reaction between
styrene and ethyl diazoacetate. In contrast, no such observation was
made with the rigid ring-closed isomer.

Branda and coworkers prepared a bis(oxazoline) substituted diarylethene
photoswitch to control a metal-catalyzed reaction.®® The oxazoline group was attached to
the internal 2-position of the thiophene and, in the flexible ring-open isomer, provided a
C2-symmetric chiral environment for metal ions such as Cu to reside. In the ring-closed
isomer, rigidity does not allow a suitable coordination environment for Cu binding. A
model reaction of styrene with ethyl diazoacetate, catalyzed by the copper-bis(oxazoline)
diarylethene, was performed to study the difference between the catalytic activity of the
two photoisomers. The ring-open isomer-catalyzed reaction showed stereoselectivity
and enantioselectivity, whereas no such observation was seen with the ring-closed

isomer.

Figure 1-17 The amide functional groups in the diarylethene synthesized by Liu
and coworkers can bind ClI- and Br- ions. The ring-closed isomer has
a lower binding affinity to anions than the ring-open isomer.

Liu and coworkers designed a diarylethene photoswitch with amide and urea

functionalization and studied the molecule as a receptor for halide anions.*” The ring-
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closed isomer showed a lower affinity for the chloride ion than the ring-open isomer.
Theoretical calculations demonstrated that the rigid structure of the ring-closed isomer

leads to a larger cavity than the ring-open isomer.

1.6.2. Modulation Using Electronic Differences

As previously discussed, the photocyclization reaction changes the electronic
structure of the diarylethene molecules. In the case of the ring-open isomer, the
thiophene groups across the ethene bridge are isolated. Thus, the substituents on
individual thiophene groups' internal and external positions (of the same ring) can sense
each other. On the other hand, the ring-closed isomer possesses an extended -

conjugated system, connecting the external positions of the two thiophene moieties.

higher pK, lower pK,

Figure 1-18 Diarylethene with pyridinium group on one side and phenol on the
other. The acidity of the phenol is higher in the ring-closed isomer
than in the ring-open isomer. The phenol group experiences the
electron-withdrawing effect of the pyridinium group through the
extended conjugation in the ring-closed isomer.

Lehn and coworkers utilized the change in the electronics of the diarylethene
molecule upon photocyclization to control the pKa of the phenol group by an electron-
withdrawing pyridinium group.® In the ring-open isomer, the pyridinium group on one of
the thiophenes is isolated from the phenol on the other thiophene. Photocyclization to
the ring-closed isomer allows the pyridinium group to sense the phenol group on the

other side via the extended 1-conjugation, and the pKa decreases.
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Figure 1-19 The phenol group in the ring-open isomer experiences the electron-
withdrawing effect of the pyridinium group. The acidity of the phenol
group increases upon photocyclization as it is now isolated on a
sp3-hybridized carbon.

Irie and coworkers modified this system by functionalizing the two groups on the
same thiophene.*® Communication is possible between the external and internal
positions of the thiophene in the ring-open isomer. Photocyclization disrupts this
conjugation, as the phenol is now attached to a sp*-hybridized carbon atom, and the pKa

increases.

Figure 1-20 Azacrown-based diarylethene photoswitches can bind metal ions in
the ring-open isomer. Photocyclization leads to extended
conjugation, and the electron-withdrawing group reduces the
electron density in the azacrown, thereby releasing the metal ion.

Lapouyade and coworkers synthesized an azacrown-based diarylethene
photoswitch capable of binding and releasing cations.*® The diarylethene photoswitch
was designed with an azacrown ether on one thiophene and an electron-withdrawing
aldehyde group on the other. In the ring-open isomer of the diarylethene photoswitch,
the azacrown moiety acts as an ionophore and binds with metal cations like Ca®" as
demonstrated by the authors. The binding affinity of the azacrown decreases, and the
metal cation is released during the photocyclization reaction. In the ring-closed isomer,

the communication between the azacrown moiety and the electron-withdrawing carbonyl
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group is established through extended Tr-conjugation, which decreases the binding

affinity.
X Lor
- |
TNONT : uv TNENT
—
-
A ) | \
MeONa MeONa H+
i Ph
no reaction kOCH3
S
Ph/LS S” > Ph

Figure 1-21 The ring-open form of the imidazolium-based diarylethene cannot
undergo a nucleophilic reaction with methoxide due to its
aromaticity. On the other hand, the ring-closed isomer can undergo
the reaction as the imidazolinium ring is no longer aromatic.

Kawai and coworkers reported a diarylethene photoswitch with the cyclopentene
ring replaced by an aromatic imidazolium ring.*! The aromaticity of the imidazolium ring
inhibits the nucleophilic addition of methoxide on it. Irradiation with 313 nm light
produces the ring-closed system with an imidazolinium ion devoid of aromatic

stabilization, which can now reversibly react with the methoxide group.
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Figure 1-22 The nucleophilicity of the pyridine group is higher in the ring-open
form compared to the ring-closed form. The extended conjugation
leads to the electron-withdrawing effect of the pyridinium group to
be sensed by the pyridine ring on the other side.
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Branda and coworkers modulated the nucleophilicity of a free pyridine group by
controlling the electronic structure of a diarylethene photoswitch.#? One thiophene group
contains the pyridine, and the other has an electron-withdrawing pyridinium group. The
two groups are electronically insulated in the ring-open isomer, and the alkylation
reaction is fast. Photocyclization creates a connection between the two groups, and the
pyridinium group's electron-withdrawing effect reduces the pyridine's nucleophile
strength. The reduced nucleophilic character resulted in a decrease in the rate of

alkylation reaction.
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Figure 1-23 Methyl-B-cyclodextrin-based diarylethene synthesized by Liu and
coworkers for singlet oxygen generation in 1% ethanol solutions.

Liu and coworkers developed a supramolecular host-guest assembly that
produced singlet oxygen in 1% ethanol aqueous solution.** Methyl B-cyclodextrin was
appended to a diarylethene core, and tetra sulfonatophenyl porphyrin was added as a
guest. The porphyrin resides in the cavity of the B-cyclodextrin units of two diarylethene
photoswitches to form a supramolecular structure. In the ring-closed isomer of
diarylethene, the photosensitizer can transfer energy to the diarylethene molecule over
triplet oxygen, and singlet oxygen production is inhibited. The same energy transfer to
diarylethene is not possible in the ring-open isomer; thus, the photosensitizer can

transfer the energy to triplet oxygen and produce singlet oxygen.
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Figure 1-24 The 1,2-bis (2-aminophenoxy) ethane-N,N,N’,N'-tetra acetic acid
(BAPTA) group attached to the diarylethene molecule chelates
calcium ions in the ring-open isomer. Photocyclization lowers the
electron density of BAPTA and reduces the chelation strength.

Plaza and coworkers synthesized a diarylethene photoswitch with a calcium-
chelating 1,2-bis (2-aminophenoxy) ethane-N,N,N',N'-tetra acetic acid (BAPTA) group on
one thiophene and an electron-withdrawing group on the other.** The two groups are
insulated in the ring-open isomer, and the BAPTA group can freely chelate calcium ions.
Photocyclization allows intramolecular charge transfer between the electron-withdrawing

group and the nitrogen atom of the BAPTA group, which reduces calcium ion binding by

3-4 times.
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Figure 1-25 The ethylene bridge in the ring-open isomer can bind with the
platinum, reducing the catalytic activity. On the other hand, the ring-
closed isomer cannot bind similarly, and the catalytic activity is
unaffected.

Branda and coworkers displayed control of Karstedt's catalyst, which is used for
the hydrosilylation reactions, with the dicyano-diarylethene photoswitch.*® The ring-open
isomer includes an electron-deficient double bond because of the electron-withdrawing

effect of the cyano groups. Thus, the ring-open isomer can bind with the platinum center
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of Karstedt's catalyst through the double bond, reducing the catalytic activity. The double
bond is absent in the ring-closed isomer, and the diarylethene photoswitch cannot bind
to the catalyst. Thus, the catalytic activity of the hydrosilylation reaction using Karstedt's

catalyst can be controlled by visible light.

1.7. Chemistry Gated Photochemistry

Just as light and photochromism can regulate chemical reactivity, chemists have
used chemical reactions to control or gate the photochromism of photochromic
molecules. A photoinactive molecule undergoes a physical or chemical interaction with a

stimulus that activates its photochromic behavior.

chemical
reaction
—_—

Figure 1-26 Gated photochemistry approach where a chemical event unlocks the
photochromism of the molecule.

1.7.1. Modulation Using Geometric Effects

As previously mentioned, the ring-open isomer of diarylethene photoswitches
exists in two conformations, i.e., the photoinactive parallel conformation and the
photoactive antiparallel conformation. The molecule can be locked in the parallel
conformation via covalent or non-covalent interactions to design a chemical reactivity-
gated diarylethene photoswitch. A chemical reaction to break those interactions will
allow the diarylethene photoswitch to acquire the photoactive antiparallel conformation
and unlock the photochemistry of the molecule. This, the photochemistry of the
molecule, can be used to indicate whether and to what extent a chemical reaction has

occurred.

Irie and coworkers developed diarylethene photoswitches with carboxyl alkyl
groups on the benzothiophene rings across the perfluorocyclopentene ring.*-*¢ In non-
polar solvents, the diarylethene photoswitch displayed no photochromic behavior as the

two rings were locked in the photoinactive parallel conformation through hydrogen
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bonding between the carboxylic acid groups. Adding a polar solvent like ethanol or
propylamine or heating the solution to 100° C breaks the hydrogen bonds and unlocks

the diarylethene photoswitch towards photocyclization.
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Figure 1-27 The ring-open isomer of the diarylethene molecule locked in the
parallel conformation by hydrogen bonds in the carboxylic acid
derivative and by sulfide bonds in the thiol derivative. Adding a
polar solvent or heat to the carboxylic acid derivative breaks the
hydrogen bonds. It allows the ring-open isomer to acquire the
photocyclizable antiparallel conformation, unlocking the

photochromism. The oxidation-reduction cycle does the same with
the thiol derivative.

In a similar work, a disulfide bond locked a diarylethene photoswitch in a parallel
conformation.*” Adding a reducing agent breaks the disulfide bond into thiols, unlocking
the molecule's photochromism. Oxidation of the thiols reproduces the disulfide bridges,
making the diarylethene molecule photoinactive.
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Figure 1-28 The parallel conformation of the ring-open isomer can bind to the
copper ions through the piperazine groups on the two arms. EDTA
chelates the copper ions and unlocks the photochromic behavior of
the diarylethene photoswitch.

Tian and coworkers synthesized a diarylethene photoswitch with piperazene-1,8-
naphthalimide substitutions as a multi-stimulus device.*® In the presence of copper ions,
the photocyclization process of the ring-open isomer is turned off. The diarylethene
photoswitch acquires the parallel conformation by coordinating copper ions with the two
piperazine units. Adding EDTA, a chelating agent, removes the copper ions from the
complex and unlocks the photochromism of the diarylethene molecule. Furthermore, the
protonation/deprotonation of the piperazine groups controlled the fluorescent behavior of

the diarylethene molecule.
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Figure 1-29 Left- Boron trifluoride binds to the nitrogen atoms of the thiazole rings
in the parallel conformation, locking the photochromic behavior of
the diarylethene molecule. Right- Mercury ion is bound to the
nitrogen atoms of the thiazole rings in the non-photochromic
parallel conformation.

Zhu and coworkers created a diarylethene photoswitch that displayed gated
photochromism controlled by complexation/dissociation with BF3.%° The design of the
molecule consisted of thiazole rings attached to the 2- and 3-positions of the
benzo[b]thiophene-1,1-dioxide central ring. Addition of BF3.Et20 results in locking the
photochromic behavior of the diarylethene molecule as BF3; coordinates to the nitrogen
of the thiazole rings. This coordination is only possible in the photo-inactive parallel
conformation. The photochromic behavior of the molecule is unlocked by adding EtsN.
When Li and coworkers replaced the phenyl group with another thiazole unit, the system
displayed reversible binding to mercury ions.%" The mercury ion coordinates with the
nitrogen atoms of the four thiazole groups in the photo-inactive parallel conformation.
Chelation of the Hg?* with EDTA allows the diarylethene photoswitch to acquire the

photoactive antiparallel conformation.

1.7.2. Modulation Using Bond Rearrangement

At the core of the ring-open isomer of diarylethene photoswitch is a 1,3,5-
hexatriene system that undergoes a conrotatory photocyclization process to yield a ring-
closed isomer with a 1,3-cyclohexadiene core. Alterations can be made to the hexatriene
or cyclohexadiene systems to control the photocyclization and cycloreversion processes.
A chemical reaction is necessary to install the hexatriene or cyclohexadiene core and

unlock the photochromic behavior typical of diarylethene photoswitches.
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Figure 1-30 The phenol groups in the ring-closed isomer oxidize to the non-
photochromic quinoid form.

Lehn and coworkers demonstrated a bisphenol diarylethene photoswitch, which
generally undergoes photocyclization and cycloreversion reactions.®?%3 In the ring-open
isomer, the two phenol groups are electronically insulated and, therefore, not reactive
towards a redox reaction. The phenol groups are linked through the extended
conjugation in the ring-closed isomer. Oxidation of the ring-closed isomer leads to the
formation of a quinoid form, which disrupts the cyclohexadiene core. This quinoid form
does not undergo a cycloreversion reaction with visible light until a reduction reaction

regenerates the cyclohexadiene core.
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Figure 1-31 Deprotonation of the phenol proton forms a quinoid-type structure in
the ring-open isomer. The absence of the 1,3,5-hexatriene system
makes the molecule non-photochromic.

Irie and coworkers observed a similar behavior with the diarylethene photoswitch
discussed previously.®® At high pH, the deprotonated form of the ring-open isomer
changes to a quinoid-type structure, disrupting the thiophene unit's aromaticity. The ring-
open isomer no longer possesses a 1,3,5—hexatriene system, and the molecule cannot

photocyclize.
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Figure 1-32 Non-photochromic pro-diarylethene derivatives with the central
ethene group replaced with 1,3-butadiene, cyclohexadiene, fulvene,
or furan. The Diels-Alder reaction on the top ring establishes the
1,3,5-hexatriene system and unlocks the photochromic behavior.

Branda and coworkers synthesized four different pro-diarylethene molecules
gated by [4 + 2] cycloaddition reactions. The first molecule was a butadiene derivative
that did not contain the necessary hexatriene system for photocyclization.> A Diels-
Alder reaction with maleic anhydride installed the hexatriene core and unlocked the
photocyclization process. A cyclohexadiene derivative was prepared to remove the
rotational freedom of the butadiene group.> The cyclohexadiene derivative reacted with
maleic anhydride similarly to the previous molecule, but at a lower temperature. Based
on the same concept, fulvene-based®® and furan-based®® pro-diarylethene molecules
were synthesized, displaying similar [4 + 2] cycloaddition reactions with dienes to unlock

the photochromic behavior.
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Figure 1-33 A pro-diarylethene molecule with a photocleavable group is located at
the bridge between the two benzofuran groups.

Branda and coworkers designed a benzofuran-based pro-diarylethene molecule
possessing a dimethoxy benzoin photocage at the bridging unit.>” The molecule does
not have the hexatriene system typical of diarylethene molecules. However, irradiation
with UV light leads to photo release of acetic acid, followed by the formation of
dimethoxybenzofuran at the central ring. The photocleavage reaction forms the
necessary hexatriene system, and the diarylethene molecule undergoes a

photocyclization reaction.

Robb and coworkers developed a cyclopentadiene-based diarylethene
photoswitch that polymerized with maleimide and changed into a photo-inert pro-
diarylethene.® Due to the absence of a hexatriene core, no photocyclization reaction
was observed with UV light irradiation of the diarylethene-maleimide adduct-based
polymer. Mechanical force on the polymer leads to the retro Diels-Alder reaction,

creating the hexatriene core for the photocyclization reaction.
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Figure 1-34 The Diels-Alder adduct of the diarylethene molecule is non-
photochromic due to the lack of a 1,3,5-hexatriene system. Applying
mechanical force leads to a retro Diels-Alder reaction, establishing
the hexatriene system and unlocking the photochromic behavior.

1.7.3. Modulation using other effects

As mentioned in Section 1, the excited species can release the absorbed energy
via multiple pathways to return to the ground state. These pathways compete with each
other depending on the structure of the molecule. Several studies have been conducted
on the diarylethene molecules where a competing relaxation process quenches the

photochromism process.
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Figure 1-35 Intramolecular proton transfer between the phenol and the maleimide
ring inhibits the photochromism of the molecule. Esterification of
the phenol ring unlocks the photochromic behavior of the
diarylethene photoswitch.

H

Irie and coworkers synthesized a modified N-(o-hydroxyphenyl) maleimide
central ring-based diarylethene molecule.®® The ring-open isomer of this molecule does
not undergo the photocyclization reaction because of the intramolecular proton transfer
from the phenol to the oxygen atom of the maleimide carbonyl group. Esterification of
the phenol hydroxyl group by a carboxylic acid (acetic anhydride in this case) eliminates
the proton transfer process. The formation of the ester derivative unlocks the

photochromic behavior of the diarylethene photoswitch.
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Figure 1-36 Irradiation with UV light leads to the ring-opening of the cyclobutene-
1,2-dione ring, thereby quenching the photocyclization process. The
reaction of both ketones with diols stops the ring-opening process
of the cyclobutene-1,2-dione and unlocks the diarylethene's
photochromic behavior.

Belser and coworkers designed a diarylethene molecule with a cyclobutene-1,2-
dione ring at the center.®® No photocyclization was observed upon irradiation of the ring-
open isomer with UV light. Instead, a photochemical ring opens up in the cyclobutene
ring to 1,2-bisketene, which thermally reverts to the cyclobutene quickly. The reaction of
one ketone group with diol did not result in unlocking the photochromic behavior of the
molecule. However, the reaction of both ketones with diols suppressed the
photochemical ring opening of cyclobutene and unlocked the photochromism of the

diarylethene photoswitch.
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Figure 1-37 Addition of a base deprotonates the nitrogen atom on the
benzoimidazole ring, thereby creating a zwitterionic structure.
Intramolecular charge transfer locks the photocyclization process of
the diarylethene photoswitch.

Zhang and coworkers synthesized two diarylethene photoswitches with
pyridinium betaines, one unsymmetrical and the other symmetrical.®' Both molecules
displayed photochromic behavior typical of diarylethene molecules at low pH values.
Under basic conditions, deprotonation occurs, thereby creating a zwitterionic moiety.
The molecule's photochromic behavior is switched off due to intramolecular charge

transfer between the benzimidazole ring and the pyridine ring of the betaine.

1.8. Colorimetric Probes Based on Diarylethene
Photoswitches

Devices that detect and analyze the presence of a given chemical species
through a physical interaction or a chemical reaction are called chemical sensors. When
these interactions or reactions between the sensor and the analyte leads to a change in
color as a readout signal, the type of chemical sensor is called a colorimetric sensor. As

previously mentioned, photochromic molecules like DTEs exhibit color change between
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the two forms on light exposure; thus, this property has been utilized for detecting and

sensing chemical species.

Me

Figure 1-38 Spontaneous cycloreversion of the ring-closed isomer of the
diarylethene photoswitch occurs in the presence of cysteine and
homocysteine. The turquoise to pale yellow color change indicates
the presence of cysteine and homocysteine.

Using a formyl group-containing diarylethene photoswitch, Zheng and coworkers
synthesized a colorimetric sensor for thiols, cysteine, and homocysteine.®? The
diarylethene molecule demonstrated reversible photocyclization behavior in DMSO
solution and PMMA films. Adding cysteine and homocysteine to the colored ring-closed
isomer resulted in a rapid color change from turquoise to pale yellow. Cysteine and
homocysteine react with the formyl group of the diarylethene photoswitch to form
thiazolidines. The authors stated that this reaction increases the diarylethene molecule's
thermochromic behavior, and the ring-closed isomer's thermal cycloreversion

spontaneously leads to a color change.
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Figure 1-39 The formation of phosphate esters unlocks the diarylethene
photoswitch's photochromic behavior. The color change upon UV
light irradiation indicates the presence of an organophosphate
group like sarin.

Branda and coworkers developed a naked-eye detection system for
organophosphorus nerve agents using the N-(o-hydroxyphenyl) maleimide diarylethene
molecule previously reported by Irie and coworkers.®® The diarylethene molecule is non-
photochromic due to the competing intramolecular proton transfer of the phenolic
hydrogen to the maleimide ring. Exposure to organophosphates leads to the formation of
phosphate esters with the phenol, unlocking the diarylethene molecule's photochromic

behavior.
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Figure 1-40 Photochromic behavior of the biscyano diarylethene photoswitch is
stopped in the presence of hydrazine.

Branda and coworkers reported a diarylethene photoswitch-based probe that
combined the colorimetric and fluorescence-based approaches to detecting hydrazine in
solution and the vapor phase.® The working principle behind this study is the reaction of
cyanoethylene with hydrazine to yield aminopyrazoles. When the ring-open and ring-
closed isomers of the cyano-diarylethene were treated with hydrazine, a non-
photochromic aminopyrazole diarylethene molecule was obtained. The blue color of the
ring-closed isomer disappeared, and at the same time, an increase in the fluorescence

emission was observed.
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Figure 1-41 Fluoride ions deprotonate the amide nitrogen, leading to
intramolecular charge transfer, which stops the photochromic
behavior of the diarylethene photoswitch. The ring-open and the
ring-closed isomers changed color to deep yellow upon adding
fluoride ions.
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Li and coworkers demonstrated the selective detection of fluoride ions based on
an amide diarylethene photoswitch.®® The addition of excess tetrabutylammonium
fluoride salt to the DMSO solution of the ring-open isomer of the amide diarylethene
resulted in a color change of the solution from colorless to deep yellow. Similar
observations were made with the ring-closed isomer, where the addition of fluoride led to
a color change from purple to deep yellow. The authors attributed the color change upon
adding fluoride to the charge-transfer interactions between the electron-poor p-

nitrophenyl and electron-rich diarylethene groups.

1.9. Thesis Overview

The research detailed in this thesis explores the idea of chemically gated
photochromism of diarylethene photoswitches. It focuses on the design, synthesis,
characterization, and testing of these gated systems. The end goal of developing such
systems is their applicability as sensors and detectors for small molecules of biological

and environmental significance.

Chapter 2 of the thesis focuses on detecting reactive oxygen species or, more
specifically, singlet oxygen with a pro-diarylethene molecule. Singlet oxygen is a reactive
oxygen species and plays both a constructive and destructive role in numerous natural
and synthetic processes. A furan-based derivative of the pro-diarylethene molecule was
designed and synthesized, but it cannot undergo the photocyclization process due to the
absence of the 1,3,5-hexatriene system. The Diels-Alder reaction between furan and
singlet oxygen generates the necessary structure for the photocyclization of the
diarylethene photoswitch to proceed with UV light. The color change of the solution

indicates the presence of singlet oxygen.

In Chapter 3, diarylethene analogues of Hendrickson’s reagent were designed
and synthesized to detect 1) alcohols, 2) moisture in organic solvents, and 3) the extent
of the esterification reaction. The Hendrickson’s reagent is an alternative to the
Mitsunobu reaction and is used mainly for the esterification reaction of carboxylic acids
and alcohols. Two phosphine oxide molecules react in the presence of triflic anhydride to
form phosphorus-oxygen-phosphorus bonds that are highly reactive to oxygen
nucleophiles. In the diarylethene molecule, Hendrickson’s reagent is formed by the

intramolecular reaction of two phosphine oxides in the non-photoactive paralle/
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conformation. The covalent phosphorus-oxygen-phosphorus bonds gate the
photocyclization reaction until an oxygen nucleophile, such as alcohol or water, breaks
one of the phosphorus-oxygen bonds. This bond breakage allows the diarylethene
photoswitch to acquire the photochromic antiparallel conformation, and a color change is

observed when UV light is irradiated.

Chapter 4 of the thesis discusses the gated photochromic systems based on the
hydrogen bonds between complementary nucleobases. The project's central idea was to
detect nucleic acids by a toehold-mediated strand displacement in a diarylethene
photoswitch. A diarylethene photoswitch was designed to bind across a mismatched
DNA duplex in the non-photoactive parallel conformation. A more complementary strand
will break the duplex via toehold-mediated strand displacement, allowing the
diarylethene photoswitch to acquire the photoactive antiparallel conformation. Irradiation
with UV light will lead to a color change, indicating the presence of the target strand. A
proof-of-concept model was designed and synthesized based on adenine and uridine
nucleobases, and the system was studied as an auxiliary to the DNA duplex-based

scheme.
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Chapter 2.

Unlocking Photochemistry: A Diels-Alder Reaction-
Based Colorimetric Approach for Singlet Oxygen
Detection

Abstract

Various biological, environmental, and industrial processes generate singlet
oxygen and other reactive oxygen species. Their extreme reactivity with organic
molecules works both in positive and negative approaches. Thus, the detection and
quantification of these species is of utmost importance and has led to the development
of numerous detection methods. A new approach to detecting singlet oxygen is
proposed based on a non-photochromic molecule that reacts with singlet oxygen
through the Diels-Alder reaction. This chemical reaction installs the necessary structural
arrangement in the molecule and unlocks the photochemistry. Exposure to UV light

induces a color change in the system, indicating the presence of singlet oxygen.

48



2.1. Introduction

According to molecular orbital theory, ground-state dioxygen (O2) molecules have
two electrons with parallel spins in their highest occupied molecular orbital, making it a
spin triplet. However, most organic molecules exist in the singlet state, and reactions
between different electronic states are forbidden due to spin conservation rules. This
difference in spin multiplicity limits directivity reactivity between molecular oxygen and
organic molecules. However, the biradical-like character allows reaction with organic
molecules through radical or enzymatic mechanisms, such as aerobic respiration. This
symmetry-controlled reactivity prevented the rapid and unrestricted oxidation of the

building blocks of life and enabled life to exist on Earth.’

Redox reactions of molecular oxygen generate molecules with extreme reactivity
termed reactive oxygen species (ROS). Hydrogen peroxide (H203), a widely used
oxidizing agent in synthetic chemistry, is the most well-known ROS. In biological
systems, superoxide anion (O27) is the precursor, and the disproportion of O, leads to
the formation of H2O2, which in turn can produce hydroxyl radicals (HO-), hydroxyl ions
(HO"), and singlet oxygen ('02). Among these, HO+ and 'O, are the most destructive,

playing a key role in numerous biological and non-biological processes.-?

An imbalance between the production and destruction of reactive oxygen species
in biological systems causes oxidative stress. Damage from oxidative stress is linked to
several diseases and disorders. Environmentally, ROS contribute to atmospheric
pollution. Industrially, they play a crucial role in the degradation of polymers and organic

electronics. Reactive oxygen species are also a fundamental cause of food spoilage.’3

Thus, detecting and tracking ROS, especially hydroxyl radicals and singlet
oxygen, is essential for monitoring critical biological, environmental, and industrial
processes. Methodologies for detecting and tracking these reactive oxygen species are
the subject of ongoing research. Herein, a novel absorption-based approach for
detecting singlet oxygen is proposed, where a probe goes from a colorless state to a

colored state upon exposure.
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Figure 2-1 Electron spins and pairing in the HOMO of the ground triplet state and
the two excited singlet states of molecular oxygen. The two excited
singlet states are 94 and 157 kJ/mol, higher than the ground triplet
state.

2.1.1. What is Singlet Oxygen?

'0, is one of the most studied reactive oxygen species because of its
involvement in numerous processes. The triplet-state oxygen, (3Z4) 2O, can absorb
energy and transition to higher energy excited states. The two lowest excited states of
molecular oxygen are in the electronic singlet state. One of the two forms of singlet-state
oxygen is the closed-shell singlet state, ('Ag) 'O, in which the two electrons are spin-
paired. The second form is the open-shell singlet state, (3Z4*) 'O, which possesses
unpaired electrons with antiparallel spins."** The energies of the two forms are 94 and
157 kJ/mol, higher than that of the triplet ground state, respectively.* The higher-energy
singlet state (3Z4")'O2is short-lived and relaxes to ('Ag) 'O in solutions, and in the gas
phase, it transitions to the ground triplet state. The closed-shell singlet excited state ('Aq)
has a higher lifetime of the two forms in the gas and solution phase, and thus, singlet

oxygen ('02) commonly refers to this species.
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2.1.2. Synthetic Reactions of Singlet Oxygen

Reactions of molecules with triplet-state oxygen are spin-forbidden; however,
singlet oxygen no longer has this limitation. A wide variety of organic reactions are
possible with molecules because of the multiplicity and higher-energy nature of the
excited state of oxygen vs. the ground state. This combination results in the
spontaneous reaction of singlet-state oxygen with organic and inorganic compounds,
generating significant interest in the research community. The extreme reactivity of
singlet oxygen shows destructive and constructive effects in various processes.

@ 4+2 cycloaddition 029

2+2 cycloaddition 0-0
S E— >=< > %
ene reaction /
— >=< » HOO>—<

Figure 2-2 Singlet oxygen reactivity with alkenes. With 1,3-dienes, it undergoes
4+2 cycloaddition or Diels-Alder type reaction. With alkenes, it either
forms dioxetanes via 2+2 cycloaddition or allylic hydroperoxides via
a Schenck ene reaction.

Singlet oxygen reacts readily with electron-rich species such as alkenes,
aromatics, sulfides, and amines. It forms hydroperoxides by abstracting hydrogen from
organic molecules that contribute to their oxidative degradation. Singlet oxygen can also
undergo addition reactions with alkenes, cyclic, acyclic, and aromatic conjugated
dienes.5® It acts as a dienophile and undergoes the Diels-Alder reaction to form a 6-
membered endoperoxide ring.%® [2 + 2]-Cycloaddition reactions of singlet oxygen with
electron-rich alkenes to form 4-membered ring peroxides called 1,2-dioxetanes have
been well studied. 'Ene' reactions with alkenes lead to the formation of allylic
hydroperoxides.>® These reactions of singlet oxygen have helped chemists synthesize
novel molecules used in drug discovery and form the basis for several detection

methodologies.
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2.1.3. Presence in Biological Systems

Singlet oxygen plays an essential role in biological processes. There are two
pathways for singlet oxygen production in biological systems.” The first pathway involves
'light reactions' in which the photoexcitation of a triplet-state molecule and a subsequent
energy transfer to ground-state oxygen leads to the formation of singlet oxygen. An
example is in plants, where singlet oxygen is generated as a byproduct of the
photosynthesis reaction via the excitation of chlorophyll molecules that can transfer
energy to ground-state oxygen to produce singlet oxygen. The second pathway
concerns 'dark reactions,' where singlet oxygen production occurs through a chemical
reaction. Enzymatic reactions catalyzed by dioxygenases, lipoxygenases,
myeloperoxidases, and cytochromes are a few examples of singlet oxygen generation

that is not light-mediated.”®

Due to its extreme reactivity, singlet oxygen has a destructive effect on biological
processes. Oxidative damage to biomolecules through the reaction of singlet oxygen
with lipids is widespread. Amino acids such as histidine, tyrosine, tryptophan, and
methionine react with singlet oxygen, producing short-lived endoperoxides. Singlet
oxygen can also react with the nucleobases in DNA, damaging and breaking the
strands. Guanine is the most reactive nucleobase to singlet oxygen.'® Singlet oxygen-
mediated oxidative damage is considered one of the leading causes of diseases such as
asthma, glaucoma, diabetes, skin cancer, and psoriasis."" It is also considered a factor
that induces photoaging of the skin. On the other hand, the cytotoxic effects of singlet
oxygen are utilized in photodynamic therapy (PDT) for cancer treatment. Singlet oxygen

is produced at the cancer site using photosensitizers to destroy cancer cells.?

2.1.4. Significance in Industries

Singlet oxygen, because of its higher reactivity, can accelerate the rancidity of
oils. It reacts with the alkene groups in unsaturated fatty acids, generating epoxides, free
radicals, and other reactive species that promote and accelerate the oxidation process.
For the dairy industry, singlet oxygen is one of the leading causes of spoilage. Singlet
oxygen can be generated when milk is exposed to light, resulting in lipid peroxidation of
milk fats. This process leads to unpleasant odors and a rancid taste known as the

sunlight flavor. Milk components such as riboflavin and ascorbic acid can react with
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singlet oxygen, accelerating milk degradation.™ Photosensitized oxidation of food
products containing edible dyes is also a significant challenge attributed to singlet
oxygen.' In the paper and pulp industry, singlet oxygen is used for bleaching purposes,
but overexposure leads to an adverse reaction with lignin, resulting in loss of structural

integrity.*

Singlet oxygen is a significant factor in the modification and degradation of
polymeric structures. Impurities or photosensitizers in polymers can generate singlet
oxygen, which reacts with the polymers and produces reactive species that increase the
oxidation rate. Polybutadiene, polyisoprene, and conjugated polymers are highly
susceptible to singlet oxygen-mediated oxidative degradation. Singlet oxygen is shown
to negatively impact or degrade organo-electronic materials, such as organic
photovoltaics, organic field-effect transistors, organic light-emitting diodes, organic

semiconductors, and organic thin films."

An area where singlet oxygen finds constructive use is in the electrochemical
treatment of wastewater. Singlet oxygen reacts with organic contaminants in wastewater
to neutralize them and efficiently inactivates the pathogens present through its cytotoxic

effects.®

2.1.5. How Singlet Oxygen is Generated

Naturally, singlet oxygen is present in small amounts in the upper atmosphere,
where it is excited by molecular oxygen through solar radiation. Polluted urban centers
and other locations with high ozone concentration levels promote the formation of singlet

oxygen.'’

Photosensitization of dyes is commonly used for the controlled, on-demand
generation of singlet oxygen. In this process, organic or inorganic molecules known as
photosensitizers absorb light energy and are promoted to an electronically excited
singlet state. This excited singlet state undergoes intersystem crossing to the excited
triplet state, which is usually long-lived. The excited triplet state of the photosensitizer
can then transfer the excitation energy to molecular oxygen, converting it to singlet
oxygen. Methylene blue, rose bengal, erythrosine B, and acridine derivatives are some

examples of photosensitizers used to generate singlet oxygen.*18
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Figure 2-3 Various methods for singlet oxygen generation.

Chemically, singlet oxygen is produced by the decomposition of hydrogen
peroxide. Hydrogen peroxide decomposes into water and singlet oxygen, but the
decomposition rate is slow at room temperature. Catalysts such as sodium hypochlorite
(NaOCl), calcium hydroxide (Ca(OH).), and molybdate anion (MoO4%) improve the rate
of decomposition of hydrogen peroxide. The reaction between H.O» and NaOCl is the
most common method to demonstrate singlet oxygen production. Other chemical
methods of generation include a) the decomposition of ozonides such as
triphenylphosphine ozonide, b) the interaction of superoxide with perhydroxyl radicals,

and c) cycloreversion of endoperoxides such as diphenyl anthracene endoperoxide.®

Other methods of singlet oxygen generation include the electric discharge
technique, where an electrical discharge produces singlet oxygen from the pure gaseous
oxygen stream.?’ Thermal or light exposure can also induce surface-mediated reactions
in metal oxide particles such as silicon dioxide (SiO-), aluminum oxide (Al.O3), titanium
dioxide (TiO2), and calcium oxide (Ca0).?!

2.1.6. Current Methods of Detection

The detection and quantification of singlet oxygen is essential because of its
involvement in various biological, environmental, and industrial processes. It is

necessary to gauge the presence and reactivity of singlet oxygen within these systems.
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The highly reactive nature, combined with the versatility of chemistry, has allowed
chemists to develop different techniques for detecting singlet oxygen. It can be detected

directly through luminescence or indirectly through reactions with molecular probes.

Direct Detection Methods

The easiest direct detection method for singlet oxygen production is to mix H20-
with NaOCI and observe the intense red glow produced. Khan and Kasha, in 1963,
observed that the intense red glow was centered around 633 and 703 nm. This
photoluminescence of singlet oxygen is attributed to the dimol emission, which occurs
when two singlet oxygen molecules combine and form a singlet complex that transitions

into two triplet-state oxygen molecules.??

Bader and Ogryzalo, in 1964, demonstrated near-infrared luminescence
emission of singlet oxygen at 1270 nm.23 The spin-unrestricted transition of excited
singlet oxygen to ground triplet oxygen leads to this weak phosphorescence.
Germanium or indium gallium arsenide (InGaAs)-based photodiodes and NIR
photomultiplier tubes are extensively used for monitoring this weak emission. Recently,
single-photon avalanche detectors (SPAD), superconducting nanowire single-photon
detectors (SNSPDS), and singlet oxygen detection systems (SODS) have been used to

design devices for detection purposes.

Indirect Detection Methods

Indirect detection methods utilize the chemical reactivity of singlet oxygen with
organic molecules. Chemical reactions on the probe alter the molecule's properties and
give a readout signal. Molecular probes are usually combined with analytical instruments

such as spectrometers and chromatograms.

Electron Paramagnetic Resonance (EPR)

H o]

Figure 2-4 Singlet oxygen reacts with TEMP to form nitroxide radical TEMPO,
which is detectable by EPR.

Electron paramagnetic resonance (EPR) spectroscopy is one of the most

accurate methods for detecting singlet oxygen. Highly reactive chemical traps react
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selectively and rapidly with singlet oxygen to produce radical species. The probes most
used for EPR have sterically hindered amines such as 2,3,6,6-tetramethylpiperidine
(TEMP) and its analogues. These sterically hindered amines react with singlet oxygen to

form nitroxide radicals detected via EPR spectroscopy.?*

Luminescence-based Probes

The luminescence-based molecular probes work on the same principle as the
EPR probes. Reaction with singlet oxygen alters the molecule's electronic and molecular
structure. These changes in electronic or molecular structure are the guiding principles

for photoluminescent, chemiluminescent, or absorption-based sensors.

Photoluminescent Probes

Photoluminescence-based probes are the most common tools for singlet oxygen
detection. These probes exhibit four distinct response modes: a) fluorescence turn-on
response, b) fluorescence turn-off response, c¢) phosphorescence turn-on response, and
d) ratiometric fluorescence response. The basic design of these molecular probes
contains a singlet oxygen-reactive species. 1,3-diphenylisobenzofuran (DPBF),
anthracene, and their derivatives are the most widely used reactive groups for these
systems. These molecules react via a Diels-Alder reaction with singlet oxygen,

generating a corresponding endoperoxide.

DPBF is a standalone molecule that detects singlet oxygen and works in the
fluorescence turn-off response mode. Photoexcitation of DPBF in the UV region (Aabs =
414 nm) produces fluorescence emission (Aem = 455 nm). Upon reaction with singlet
oxygen, DPBF-endoperoxide is formed, which subsequently rearranges into 1,2-
dibenzoylbenzene. This transformation results in quenching of the visible fluorescence

emission of the molecule.?®

Probes with a fluorescence or phosphorescence turn-on response utilize a
singlet oxygen-reactive species attached to a fluorophore or a phosphor. Photoinduced
electron transfer (PET) in the case of fluorescence turn-on response probes and triplet-
triplet energy transfer (TTET) in the case of phosphorescence turn-on response probes
quench the photoluminescence of the probes. These two processes (PET and TTET)
are either limited or eliminated when singlet oxygen interacts with the reactive species.

Anthracene and its derivatives are the most widely used singlet oxygen-reactive species,
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whereas fluorescein, rhodamine, BODIPY, and their derivatives are the most common

fluorophores.?®

[ .
OO O oo gy

DPBF PyPBF t-MVP

S0S-G [Ru(bpy),(An-bpy)]?*

Figure 2-5 Luminescence-based probes for singlet oxygen detection. Most probes
have a furan or anthracene moiety that reacts with singlet oxygen.

The commercially available singlet oxygen sensor-green probe (SOS-G) contains
fluorescein (fluorophore and electron acceptor) covalently linked to anthracene (reactive
species and electron donor). Intramolecular PET quenching deactivates the
fluorescence emission of the molecule. When singlet oxygen is present, anthracene
readily reacts with it and forms anthracene endoperoxide. This transformation stops the

PET process and turns on the fluorescence of the fluorescein molecule.

Phosphorescence turn-on response-based systems use metal complexes (Re,
Ru, Eu, or Tb) as the phosphor and anthracene and its derivatives as the singlet oxygen
reactive species. One such system is a modified Ruthenium-bipyridine complex,
[Ru(bpy)s]?*. The anthracene group was covalently attached to the bipyridine ligands.
The anthracene moiety quenches the phosphorescence of the complex via TTEP. The
conversion of anthracene to anthracene endoperoxide breaks the TTEP process and

activates the phosphorescence behavior of the molecule.?”

Ratiometric fluorescent probes work by conjugating the fluorophore with the

singlet oxygen-reactive species. The 1-conjugation is spread over the molecule, but the
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reaction with singlet oxygen shortens the conjugation, leading to a blue shift in
fluorescence emission. Several probes of this type were created using DPBF as the
reactive moiety and replacing one of the aryl groups with phenanthrene, pyrene, and 4-
(diphenylamino)stilbene as the fluorophores. The blue shift in the fluorescence emission
wavelength and the change in fluorescence intensity were observed in all molecules

upon reaction with singlet oxygen.?®

Chemiluminescent Probes

Whereas most photoluminescent probes use a Diels-Alder reaction between
singlet oxygen and the reactive species, chemiluminescent probes work via reactions of
alkenes to form 1,2-dioxetane. The 1,2-dioxetane moiety is a high-energy species that
undergoes spontaneous thermolysis, forming an excited-state carbonyl group. Radiative
deactivation of this excited-state carbonyl group generates chemiluminescence. trans-1-
(2-methoxyvinyl) pyrene reacts with singlet oxygen to form a 1,2-dioxetane product
which subsequently dissociates to form pyrene-1-carboxaldehyde with

chemiluminescence emission.?®

Absorption-based Probes

D0 o O

2,5-DPF FFA 2,5-DMF

DPBF AN

Figure 2-6 Absorption-based probes use furan as the reactive species with singlet
oxygen.

Absorption-based probes are the simplest of all detection methods available.
Changes in the absorption spectra of a reactive species upon its reaction with singlet
oxygen form the basis of this technique. The requirement for an absorption-based probe
is simple: the molecule must possess a 1r-conjugated diene system. The molecules can
undergo a Diels-Alder reaction with singlet oxygen to form cyclic endoperoxides. These
changes shorten the 1r-conjugation in the system and result in either a hypochromic or a

blue shift. Almost all absorption-based systems have an absorption-bleaching response
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to singlet oxygen. The 5-membered heteroarenes and acenes are the two classes of
molecules that are used for this purpose. Naphthalene and anthracene are two acene
groups widely used in absorption-based singlet oxygen detection. Amongst
heteroarenes, furan and its derivatives react highly toward singlet oxygen. Furfuryl
alcohol (FFA) is the most well-known absorption-based probe for singlet oxygen. 2,5-
dimethylfuran, 2,5-diphenylfuran, and 1,3-diphenylisobenzofuran have all been used for
the absorption-based detection of singlet oxygen as a standalone probe or in conjunction
with HPLC.30-%2

2.1.7. Challenges with Detection

As a reactive oxygen species, singlet oxygen presents many challenges when
designing a system for its detection. It is a highly reactive species and readily reacts with
other molecules in its surroundings. Also, this extreme reactivity gives singlet oxygen a
short lifetime, especially in aqueous environments, with a lifetime of a few microseconds.
Another major hurdle in singlet oxygen detection is the low concentration of singlet
oxygen, especially in biological systems. All singlet oxygen detection systems have their

advantages and disadvantages.

The major advantage of the direct systems is the real-time detection and analysis
of the singlet oxygen release. The other significant benefit is the ability to provide the
lifetime of singlet oxygen in a given process. Since these techniques examine the
luminescence generated from the singlet oxygen itself, they are not dependent on the
microenvironment of the release process. Therefore, direct methods are the most
advantageous and desirable for singlet oxygen detection. However, the luminescence of
singlet oxygen at 1270 nm is weak and is the major drawback in utilizing these
techniques. The nonradiative processes that compete with the radiative transition are
faster, which leads to extremely low emission efficiency. Additionally, processes in which
a low concentration of singlet oxygen is released exacerbate the already weak signal
and lead to low sensitivity and low signal-to-noise ratio. PMT tubes and photodiodes are
usually employed to increase the signal-to-noise ratio, but using specialized equipment

makes the whole process cost-ineffective.

Indirect or probe-based methods alleviate the issue of weak signals in direct

methods. The emission efficiency is much higher in the case of luminescence-based
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probes than the direct emission from singlet oxygen. The probe-based techniques are
also more sensitive towards singlet oxygen, except for the absorption or photo-bleaching
methods. The disadvantages of these systems, however, are that these systems rely on
microenvironment conditions, do not provide real-time detection, and do not give any
information about the lifetime of singlet oxygen in the monitoring process. The other
major disadvantage of probe-based systems is their invasive nature and the probable

cytotoxic effect that can arise from it.

EPR spectroscopy provides reasonable specificity for singlet oxygen but suffers
from high costs and complicated procedures associated with the instrument.
Luminescence-based probes are highly sensitive, show reasonable selectivity and
specificity towards singlet oxygen, and do not require specialized equipment. However,
they suffer from the problem of self-photosensitization. Photoluminescent probes are
sensitive to the environment's color and have a lower signal-to-noise ratio than
chemiluminescent probes. The major drawback of the chemiluminescent probes, on the
other hand, is their delayed response to singlet oxygen detection. Absorption-based
systems provide easy detection and convenient usage and are incredibly cost-effective

but are limited by their color dependence, low sensitivity, and low signal-to-noise ratio.
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2.2. Proposed Research

Herein, an absorption-based system is proposed for the detection of singlet
oxygen. This system employs the Diels-Alder reaction of singlet oxygen with a molecular
probe to provide a colorimetric readout signal. The basic design of this system consists
of a 1,3-butadiene moiety with thiophene groups attached at the C2 and C3 positions.
The modified diarylethene molecule or pre-diarylethene is non-photochromic because of
the absence of the 1,3,5-hexatriene system at its core. The Diels-Alder reaction of the
1,3-butadiene moiety with singlet oxygen generates an endoperoxide that installs the
necessary 1,3,5-hexatriene core of the open-ring form of diarylethene. Thus, a chemical
reaction unlocks the photochemistry of the molecule. Exposure to light of appropriate
wavelength will allow the ring-open form to undergo cyclization to give the ring-closed

form. A readout signal in the form of color change is expected to be observed.

0-0 0-0

0, uv

_— =

AD D AN Taeme JPAD

Scheme 2-1 Proposed 1,3-butadiene-based pre-diarylethene system that
undergoes Diels-Alder reaction with singlet oxygen. The reaction
unlocks the photochemistry of the molecule and allows it to undergo
reversible photoisomerization.

Motivation for the System

The design for this system was guided by the non-photoactive pre-diarylethene
molecules containing a 1,3-butadiene moiety synthesized by the Branda group.33-3°
These molecules were shown to undergo the Diels-Alder reaction with a dienophile to

unlock their photochromic behavior.

Current absorption-based singlet oxygen detection systems lose the extended 11-
conjugation from their system, leading to a blue shift or a decrease in absorbance
intensity. The new approach creates an extended 1r-conjugated system within the

molecule, thereby inducing a red shift.
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Advantages and Applications of the System

The main advantage of this system is that it provides a better readout signal for
singlet oxygen detection compared to photobleaching-based techniques. Another
advantage is that visual color change is a quick and straightforward qualitative detection
method that does not require sophisticated instruments. Systems that go from colorless
to colored also provide higher sensitivity than those that undergo photobleaching. These
systems also have a slightly higher signal-to-noise ratio than the photobleaching
methods, as the molecule's color change (signal) can be differentiated in most cases
relative to the background color (noise). Overall, this alternate approach retains most of
the advantages of the currently known absorption-based systems, like low cost and
convenience, and alleviates some disadvantages, like low sensitivity and low signal-to-

noise ratio.

This approach can be used in various processes where quick and easy visual
detection of singlet oxygen is needed. One such example is the photodegradation of
polymers by singlet oxygen. These colorimetric probes can be added to the polymer
matrix, where they can function as a quencher for singlet oxygen and give a readout

signal for the degradation site.

2.3. Experimental Design

2.3.1. Probe Selection

The first consideration in designing a colorimetric singlet oxygen detection
system was finding an appropriate molecule that could work as a probe. Several pre-
diarylethene (pre-diarylethene) molecules with the 1,3-butadiene system at the core are
known. These molecules do not undergo reversible photocyclization reactions until the
Diels-Alder reaction generates the desired 1,3,5-hexatriene system. The first reported
example of this molecule type was a bicyclohexene derivative synthesized by Wang and
coworkers. The pre-diarylethene molecule was subjected to a Diels-Alder reaction with
maleic anhydride or N-ethylmaleimide. Lemieux and coworkers expanded on this
concept and synthesized the pre-diarylethene butadiene, cyclohexadiene, and fulvene-
based derivatives.?3** All three derivatives underwent the Diels-Alder reaction, like the

work done by Wang and coworkers. Zach Erno and coworkers replaced the
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cyclopentene ring in a diarylethene with a furan ring known to undergo a Diels-Alder
reaction with a suitable dienophile.® In all systems, the absence of a 1,3,5-hexatriene
system at the molecule's core prohibited photocyclization upon exposure to light. Diels-
Alder reaction on the molecules installed the 1,3,5-hexatriene system, unlocking their

photoswitching ability.

Theoretically, all the above systems can undergo a Diels-Alder reaction with
singlet oxygen and yield a photoswitchable endoperoxide molecule. However, several
factors dictated the choice of dithienylfuran as the probe molecule for singlet oxygen
detection. The butadiene derivative of diarylethene photoswitch was shown to undergo a
Diels-Alder reaction only in the absence of solvents, as it acquires the unreactive s-trans
1,3-butadiene configuration in solvents. The ease of synthesis and the availability of
extensive literature on the endoperoxide product dictated using the furan derivative over
the bicyclohexene, cyclohexadiene, and fulvene-based pre-diarylethene photoswitches.
The reaction of furan with singlet oxygen is well-known among synthetic chemists.
Furans undergo the [4 + 2] cyclization reaction with singlet oxygen, producing a bicyclic
endoperoxide.**-* This bicyclic endoperoxide will install the 1,3,5-hexatriene system in

the molecule's core, unlocking its photochemistry.

Q 0-0 0-0
'e) 0]
\ /) 10, — uv
I\ N I\ N\ R [ |
R™ g s R R™g s’ R visible R™ S S” R
1 2-rof 2-rcf
R = COOEt

Scheme 2-2 The reaction of singlet oxygen with bis-ester dithienylfuran, 1,
unlocks the molecule's photochemistry and gives a color change as
a readout signal on exposure to UV light.

Of the four furan derivatives synthesized by Erno and coworkers, the bis-ester
derivative of dithienylfuran was selected as the model probe to perform the Diels-Alder
reaction with singlet oxygen. The bis-chloro derivative of the dithienylfuran molecule
degrades under ambient conditions, rendering it unsuitable for reaction with already
highly reactive singlet oxygen. Although stable, the bis-acid derivative had problems with
solubility in organic solvents required for the tests. The phenyl derivative did not undergo

the Diels-Alder reaction with singlet oxygen. The bis-ester derivative was stable when
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stored at ambient conditions, soluble in organic solvents, and reactive towards singlet

oxygen.3®

The synthesis procedure for the bis-ester derivative of dithienylfuran was
modified from that proposed previously by Zach Erno and coworkers. This new synthesis
protocol a) eliminated the need to synthesize the unstable bis-chloro derivative as a
precursor, b) reduced the number of reaction steps, and c) increased the overall yield of
the final product.

1) n-BuLi, THF, -78 °C

[\ _NBromosuccinimice ,(_i 2)CO,, -78°C, 6 h /Fi EtOH, H,S0, J\_SB\F
s AcOH, RT, 24 h Br /S\ 3)HCI, H,O,RT, 2h HOOC /S\ reflux, 72 h EtOOC fs\
80% 92% 88%

o
o O
o o Q Br Br "
B-O
PdCl,(dppf)-CH,Cl,, dppf, AcOK ,(_S\ Pd(PPh),, K;CO3 7\ R
2 272 PP Et00C IS\ Dioxane, reflux, 16 h EtOOC COOEt

Dioxane, 85°C, 24 h S S

69% 55%

Scheme 2-3 Synthesis procedure for bis-ester dithienylfuran, 1.

Bis-ester dithienylfuran was synthesized by a two-fold Suzuki cross-coupling of a
boronic ester of thiophene with 2,3-dibromofuran. The boronic ester of thiophene was
prepared by the bromination of 2-methyl thiophene to 3,5-dibromo-2-methyl thiophene.
Lithiation with n-BulLi, followed by quenching with CO,, converted 3,5-dibromo-2-methyl
thiophene into 4-bromo-5-methylthiophene-2-carboxylic acid, which gave the thiophene
ester after Fischer esterification reaction with ethanol. The Miyaura borylation of the
thiophene ester with bis(pinacolato)diboron yielded the pinacol boronic ester of
thiophene. 2,3-dibromofuran was prepared from trans-2,3-dibromo-butene-1,4-diol using

conc. sulfuric acid and potassium dichromate via a known literature procedure.*?

2.3.2. Source Selection

Singlet oxygen can be generated by various methods in laboratory settings. Both
chemical and photosensitized sources of singlet oxygen were used to test the
hypothesis. Endoperoxides such as those of diphenyl anthracene were not used, as the

released singlet oxygen can react with the anthracene molecule.
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Calcium peroxide diperoxohydrate appeared to be the most viable chemical
source of singlet oxygen for the experiment. It is an environmentally benign singlet
oxygen source because of its insolubility in organic solvents. Thermolysis of the
molecule leads to the formation of singlet oxygen via the disproportionation of hydrogen
peroxide. The product of the reaction is a cream-colored, insoluble, anhydrous calcium
peroxide residue. This insoluble residue can be easily removed from the reaction mixture

via centrifugation or filtration after the completion of the reaction.*®

Calcium peroxide octahydrate is the storable precursor to calcium peroxide
diperoxohydrate and is prepared by the reaction of calcium chloride with hydrogen
peroxide at -4 °C for seven days. Calcium peroxide diperoxohydrate is prepared by
stirring calcium peroxide octahydrate with hydrogen peroxide at -15 °C for 2 hours. The
molecule is only stable at -80 °C and spontaneously releases singlet oxygen above this

temperature, so it is freshly prepared before each use.

For the photooxidation of bis-ester dithienylfuran, photosensitizers such as rose
bengal and methylene blue that absorb in the visible region were ruled out because they
absorb in the same region as the ring-closed form of diarylethenes. The solutions of
these photosensitizers are colored similarly to the expected ring-closed products, which
will interfere with the expected color change observation. This restriction limited the
choice of photosensitizers to those that absorb in the UV-A region, as they would mostly
form colorless solutions. Amongst the most commonly available UV-A photosensitizers
are acetophenone, benzophenone, and duroquinone.*’*!' Benzophenone is an additive
added to polymers to prevent photodegradation. It is also used as a photo-initiator, while

acetophenone is widely used as a precursor to resins for coatings and inks.

2.3.3. Test Conditions and Absorption Measurements

Chemical Method

Aubry and coworkers observed that methanol and tetrahydrofuran were the most
suitable solvents for singlet oxygen generation with calcium peroxide diperoxohydrate.
The singlet oxygen yield was 25% and 21% in methanol and tetrahydrofuran,
respectively.®® The singlet oxygen yield was in single digits in solvents such as
acetonitrile and chloroform. High boiling point solvents like dimethylformamide and

dimethylsulfoxide were unsuitable for the experiment if the solvent had to be removed.
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To test the viability of the singlet oxygen reaction with bis-ester dithienylfuran, the
reaction was tested in both tetrahydrofuran and methanol. Since many singlet oxygen
detections are done in aqueous environments, the viability of the calcium peroxide
diperoxohydrate was tested in water-methanol or water-tetrahydrofuran mixtures. The
solubility of bis-ester dithienylfuran was tested in different water-organic solvent ratios,
and ultimately, a 3:1 THF/methanol-deionized water mixture worked best. Aubry and
coworkers reported that it takes about 3 hours at 50 °C for calcium peroxide
diperoxohydrate to release all the available singlet oxygen. Since singlet oxygen
detection needs to be conducted at ambient conditions, the reaction temperature was

set at 25 °C for this study, and the mixture was stirred for a longer duration.

Freshly prepared calcium peroxide diperoxohydrate (8 equivalents) was added to
bis-ester dithienylfuran (1 equivalent) solutions in suitable solvents and stirred in a water
bath set at 25 °C. The reaction progress was monitored by thin-layer chromatography
(TLC). When the TLC showed the complete consumption of bis-ester dithienylfuran in
the reaction mixture, the suspension was filtered under vacuum and washed with a small
amount of solvent. The filtrate was evaporated to dryness under a vacuum, weighed,
and redissolved in an appropriate solvent to prepare 25 millimolar stock solutions.
Appropriate dilutions were carried out, and UV-visible spectra were obtained by
irradiating the sample with 254 nm light at an interval of 5 seconds to monitor the

changes in the absorption spectra.

Photooxidation Method

Benzophenone or duroquinone (3 equivalents) was added to a bis-ester
dithienylfuran (1 equivalent) solution prepared in different aerated solvents for
photosensitized singlet oxygen generation. The reaction mixture was stirred and
irradiated with 254 nm UV light at a distance of 1 cm. Aliquots were drawn from the
solution after 300 seconds of exposure, diluted, and the UV-visible spectra were

recorded.

Water-organic solvent mixtures were excluded from the photosensitization
method because of the solubility constraints with duroquinone. Chlorinated solvents
were also excluded because they form reactive radical species on exposure to high-

energy UV light.
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Reaction with Other Reactive Oxygen Species

To evaluate the selectivity of this system, bis-ester dithienylfuran was reacted
with other reactive oxygen species. Fenton's reagent, a strong oxidizer utilized by
chemists in synthesis, produces hydroxyl radicals and hydroxyl ions. Hydroxyl radicals
are highly reactive, like singlet oxygen, but they are not very selective in the type of
reaction. Fenton's reagent was used to assess the stability and selectivity of bis-ester
dithienylfuran with hydroxyl radicals and hydroxyl ions. A stock solution of Fenton's
reagent was prepared by mixing FeS0O4.7H,0 and H.O, and adding to a stirred bis-ester
dithienylfuran solution in methanol. The reaction was stirred at room temperature and
monitored with TLC.

2.4. Results and Discussions

Reaction with Calcium Peroxide Diperoxohydrate as the Source

DPBF in THF EDTF in THF

ith 'O ith'0 ith? ith?
1 wi o | Wi N 1 with'0, | with'0, with 312
no'0, no'0, UV
t=0h t=4h t=0h t=4h nm

Figure 2-7 The reaction of 1,3-diphenylisobenzofuran (left) and bis-ester
dithienylfuran (right) with singlet oxygen generated by thermolysis
of calcium peroxide diperoxohydrate.

1,3-Diphenylisobenzofuran, a typical absorption-based singlet oxygen probe, was
used to assess the reactivity of the singlet oxygen source, calcium peroxide
diperoxohydrate, in tetrahydrofuran as a solvent. Four equivalents of the singlet oxygen
source were added to a 1 mM probe solution and stirred for 4 hours in a water bath set
at 25 °C. The yellow color of the solution bleached slowly, eventually becoming
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colorless. The same reaction in methanol takes longer to bleach due to the partial

solubility of the probe in the solvent.

Similarly, five equivalents of calcium peroxide diperoxohydrate were added to a 1
mM solution of bis-ester dithienylfuran in tetrahydrofuran, and the reaction was stirred for
4 hours in a water bath set at 25 °C. The turbid cream-colored solution was then
irradiated with 312 nm UV light for 60 seconds, and the color changed to purple.
Irradiation with visible light (<450 nm) bleached the purple color of the solution. TLC of
this reaction mixture indicated unreacted dithienylfuran. To find the equivalence of the
singlet oxygen source needed for the complete conversion of dithienylfuran, 1mM
solutions of dithienylfuran in tetrahydrofuran and methanol were stirred with five to ten
equivalents of calcium peroxide diperoxohydrate overnight at 25 °C. TLC of the reaction
mixture for eight equivalents of singlet oxygen source showed complete conversion of

the probe in both solvents.

TLC for the reaction of bis-ester dithienylfuran with singlet oxygen in
tetrahydrofuran as the solvent showed the formation of multiple reaction products. Five
product spots were visible on the TLC plate with 25% ethyl acetate in hexane as eluent.
Three spots at Rf = 0.69, 0.50, and 0.31 were non-photochromic, whereas spots with Rf

= 0.11 and the one at baseline changed color on exposure to 254 nm UV light.
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Figure 2-8 Thin-layer chromatography plates showing photochromic spots for a
singlet oxygen reaction with bis-ester dithienylfuran in
tetrahydrofuran and tetrahydrofuran-water mixture.
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Similarly, the reaction in 25% water in a tetrahydrofuran solvent mix showed five
products on the TLC plate: three non-photochromic and two photochromic spots. The Rf
values of photochromic spots were 0.68, 0.52, and 0.36, whereas the photochromic
spots were at Rf =0.12 and the baseline.

UV-visible absorption spectroscopy monitored the photoinduced ring-closing of
the products in a tetrahydrofuran and tetrahydrofuran-water solvent mixture. Aliquots
were taken from the reaction mix and diluted to make 7.5 x 10-5 M solutions of reaction
products in the respective solvents. The cuvette was kept at a 1 cm distance from the
UV lamp and irradiated with 254 nm light. The absorption spectra were acquired after
regular 5-second irradiation intervals.
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Figure 2-9 UV-visible absorption spectrum of the mixture of products from the
reaction of bis-ester dithienylfuran (7.5 x 10~ M) with singlet oxygen
in tetrahydrofuran before and after irradiation with 254 nm UV light.

The absorption spectra of the reaction products in tetrahydrofuran at O seconds
of UV exposure showed peaks centered at 256 nm. Irradiation of the solution with UV
light decreased the intensity of the absorption peaks in the UV region. Two new
absorption peaks centered around 369 nm and 563 nm appeared, and the colorless
solution changed to purple. After 90 seconds of irradiation, no change in absorption was
observed in both solvent systems, meaning the PSS was reached. Irradiation with visible

light (>450 nm) bleached the purple solution back to colorless.
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Figure 2-10 UV-visible absorption spectrum of the mixture of products from the
reaction of bis-ester dithienylfuran (7.5 x 10-° M) with singlet oxygen

in the tetrahydrofuran-water solvent mix before and after irradiation
with 254 nm UV light.

As observed on the TLC, the reaction of bis-ester dithienylfuran with singlet
oxygen in methanol yielded two products: one at the baseline and the other at Rf = 0.10

with 25 % ethyl acetate in hexane as eluent. Both spots change color when exposed to
254 nm UV light.

Similarly, the photochromic molecules are the major products in the water-
methanol solvent system. The TLC showed two photochromic product spots at Rf = 0.11
and at the baseline on exposure to 254 nm UV light.
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Figure 2-11 The TLC plate for singlet oxygen reaction with bis-ester dithienylfuran
in methanol (left) and methanol-water mix (right) shows
photochromic spots.
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UV-visible absorption spectroscopy monitored the photoinduced ring-closing of
the products in a methanol and methanol-water solvent mixture. Aliquots were taken
from the reaction mix and diluted to make 7.5 x 10-° M solutions of reaction products in
the respective solvents. The cuvette was kept at a 1 cm distance from the UV lamp and
irradiated with 254 nm light. The absorption spectra were acquired after regular 5-

second irradiation intervals.
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Figure 2-12 The UV-visible absorption spectrum of the mixture of products from
the reaction of bis-ester dithienylfuran with singlet oxygen before
and after irradiation with 254 nm UV light in methanol.

The absorption spectra of the reaction products in methanol at 0 seconds of UV
exposure showed peaks centered at 254 nm. Irradiation of the solution with UV light
decreased the intensity of the absorption peaks in the UV region. Two new absorption
peaks centered around 364 nm and 554 nm appeared, and the colorless solution
changed to purple. After 90 seconds of irradiation, no change in absorption was
observed, meaning the PSS had reached. Irradiation with visible light (>450 nm)

bleached the purple solution back to colorless.
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Figure 2-13 The UV-visible absorption spectrum of the mixture of products from
the reaction of bis-ester dithienylfuran with singlet oxygen before

and after irradiation with 254 nm UV light in the methanol-water
solvent mix.

Endoperoxide Rearrangement

As evidenced by thin-layer chromatography, multiple photochromic and non-
photochromic spots were detected as the reaction of singlet oxygen with dithienylfuran
proceeded. This observation can be attributed to the instability or reactivity of the furan

endoperoxide product.

Due to the combination of the weak O—O peroxide bond and the ring strain, the
furan endoperoxide has limited thermal stability at ambient conditions and is known to be
stable only at very low temperatures. At ambient temperatures, they can rearrange or
react spontaneously with another molecule, forming a mixture of products. The
rearrangement or reaction pathways are initiated via the cleavage of the O—O bond or
the C—-O bond. The reaction environment and the substitution pattern of furan dictate the
mechanistic pathway taken. The main products of 2,5-substituted furans are 1,4-
dicarbonyl compounds, and in the case of 3,4-substituted furans, 2-furanone derivatives

are usually the major products.36:37:42
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Figure 2-14 Expected products from the furan endoperoxide rearrangement in
aprotic solvents. Except for products a, b, and c, the other species
possess the necessary 1,3,5-hexatriene system typical of
diarylethene photoswitches.

The influence of solvents on the mechanistic pathway has been extensively
studied in the literature. In aprotic solvents, the expected endoperoxide rearrangement
pathways lead to the formation of epoxides (diepoxide and epoxy lactone), 1,4-
dicarbonyl, 4-oxo-2-ene carboxylic acid, and 3-oxo-1-ene-1-formate derivatives. Epoxide
derivatives are formed via the homolytic cleavage of the O—O bond. Cleavage of the C—
O bond leads to the formation of a 2-hydroxy-5-hydroperoxide intermediate derivative,
which can rearrange further to give 4-oxo-2-ene carboxylic acid and 3-oxo-1-ene-1-

formate derivatives.36:37:42

In alcoholic solvents, the cis- and frans-2-alkoxy-5-hydroperoxide derivatives are
formed as the major intermediate product. The alkoxy hydroperoxide can undergo
dehydration to form a 5-alkoxy furan-2-one derivative. For the reaction in methanol, if the
hydroperoxide reacts with a water molecule, the 5-methoxy-2-hydroxy derivative is
obtained; however, if the hydroperoxide reacts with a methanol molecule, a 2,5-

dimethoxy derivative of 2,5-dihydrofuran forms. Since the homolytic cleavage of the O-O
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bond, and the C-O bond cleavage and rearrangement are also possible in alcohols,

epoxides, and other products observed in aprotic solvents can also be obtained.3¢:3742
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Figure 2-15 Some expected furan endoperoxide products in methanol as solvent.

Due to the unstable nature of some of the molecules, isolation and
characterization of all the reaction products were not practical. Since the project aimed
to create a hexatriene system in the dithienylfuran molecule, and tetrahydrofuran
reactions generated non-photochromic products, further analysis of the reaction mixture
was not undertaken. However, mass spectrometry provided preliminary evidence
supporting the predicted reaction pathways. The exact mass of all the expected products
except the dialdehyde product (g), as shown in Scheme 4, is 436.1 g/mol. This
corresponded to the molecular ion peak observed in the mass spectrum of the

tetrahydrofuran reaction mixtures.

The number of probable reaction products is far greater in the case of methanol
reactions than in the tetrahydrofuran reaction. Expected products a to f and h have an
exact mass of 436.1 g/mol; product g is 420.1 g/mol, product i is 452.1 g/mol, and
product j is 464.1 g/mol. The molecular ion peaks in the mass spectrum of the methanol
reaction mixture corresponded to product i. Microscale column chromatography was
performed to isolate and analyze the reaction products using silica gel as the stationary
phase. Elution was done with a gradient of 0% to 100% ethyl acetate in hexane solvent

system, and 1 mL fractions were collected. The spot with Rf = 0.10 was successfully
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isolated. However, the baseline product did not elute even with 100% ethyl acetate or
100% methanol. This suggests that the components at the baseline are highly polar or

strongly adsorbed to the silica gel.

The 'H NMR of all the stereoisomers of the expected product i was predicted
individually and as mixtures using the ACD Labs NMR prediction software. The
predicted data for the crucial signals of the products were then compared with the 'H
NMR of the isolated product. Most of the signals in the expected spectrum matched the
product's TH NMR. However, four signals in the aromatic region were observed instead
of the expected two for each of the thiophenes. Additional singlets were also observed in
the 1H NMR spectrum around 3.80 ppm. Since the decomposition product of the calcium
peroxide diperoxohydrate is calcium hydroxide, it was hypothesized that the
transesterification of the ethyl ester groups with the solvent methanol was taking place in
the reaction mixture. The 'H NMR of the four esterification products was predicted again,
and four signals in the aromatic region and the singlets around 3.80 ppm were observed
in the expected spectrum, which matched with that of the isolated product. Since the
transesterification reaction did not affect the formation of the hexatriene core on the

diarylethene system, further analysis was not taken up.

Photooxidation

Initial tests of photosensitized reactions of bis-ester dithienylfuran with singlet
oxygen were conducted in three different solvents: acetonitrile, benzene, and methanol.
Equimolar benzophenone and duroquinone solutions with bis-ester dithienylfuran were
prepared in aerated solvents. The solutions were then stirred, placed 1 cm away from
the UV light source, and irradiated for 60-second intervals alongside the controls.
Irradiation with high-energy UV light for over 300 seconds led to a discernible color
change in the control solutions. Therefore, the samples were only irradiated for a total of

300 seconds.

For benzophenone (B) photosensitized reactions, the benzene solution turned
pale blue, and the acetonitrile solution changed to light grey upon UV light exposure. A

very faint change in the methanol solution was observed.
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Figure 2-16 Benzophenone (B) and duroquinone (DQ) photosensitized solutions of
bis-ester dithienylfuran solutions in benzene, acetonitrile, and
methanol, before (top) and after (bottom) irradiation with 254 nm UV
light.

The duroquinone (DQ) solutions showed a more profound color change in all
three solvents. After UV irradiation, the benzene solution turned blue, the acetonitrile

solution changed to bluish-grey, and the methanol solution turned deep purple.

Aliquots were taken from the mixtures before and after irradiation with UV light
and diluted to make 2.25 x 10* M solutions of bis-ester dithienylfuran reaction products.
UV-visible absorption spectra were collected for the samples, which showed a typical
diarylethene behavior. Since the mixture also contained benzophenone or duroquinone,
which was absorbed in a region similar to the ring-open form of the diarylethene
photoswitches, no change in absorption bands was visible upon irradiation. However,
new bands in the area where the ring-closed form absorbs started to appear, as seen

with the calcium peroxide diperoxohydrate as the singlet oxygen source.

Aliquots were taken from the mixtures before and after irradiation with UV light
and diluted to make 2.25 x 10* M solutions of bis-ester dithienylfuran reaction products.
UV-visible absorption spectra were collected for the samples, which showed a typical
diarylethene behavior. Since the mixture also contained benzophenone or duroquinone,
which was absorbed in a region similar to the ring-open form of the diarylethene
photoswitches, no change in absorption bands was visible upon irradiation. However,
new bands in the area where the ring-closed form absorbs started to appear, as seen

with the calcium peroxide diperoxohydrate as the singlet oxygen source.
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Figure 2-17 UV-visible absorption spectrum of the mixture of benzophenone (B)
and duroquinone (DQ) of bis-ester dithienylfuran with singlet oxygen
before and after irradiation with 254 nm UV light in methanol.

It is worth mentioning here that photosensitized oxidation reactions with
benzophenone and duroquinone can proceed through both Type | and Type |l
processes. The Type Il process involves singlet oxygen as the oxidizing agent, while the
Type | process proceeds through photoinduced electron transfer. The reactive oxygen
species generated in the Type | process are the superoxide anion radical and the
hydroperoxyl radical. Since the experiment's motivation was to photooxidize the
dithienylfuran molecule, no distinction was made on whether the Type | or Type I

process was followed in these reactions.

Reaction with Other Reactive Oxygen Species

Adding 50 % hydrogen peroxide to a solution of bis-ester dithienylfuran in
methanol did not result in any observable changes, even after stirring for 24 hours at
room temperature. However, the reaction with Fenton's reagent yielded a mix of

photochromic molecules, similar to the reaction with singlet oxygen.

The active reactive oxygen species groups in Fenton's reagent are hydroxyl
anion, hydroxyl radicals, and hydroperoxyl radicals. Upon adding Fenton's reagent, the
colorless solution changed to deep orange. The TLC of the mixture showed new
photochromic spots, two of which were the most prominent at Rf values of 0.14 and

0.40. The reaction mixture was irradiated with 254 nm UV light; however, no color

78



change was observed in the orange solution. The reaction mixture was extracted with
ethyl acetate, evaporated to dryness, and redissolved in methanol. Irradiation of this

solution with 254 nm UV light resulted in a color change from colorless to purple.
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Figure 2-18 TLC plate for the reaction of bis-ester dithienylfuran with Fenton’s
reagent showing photochromic spots.

Similar to the endoperoxide reaction, multiple products were expected and
observed in the reaction of bis-ester dithienylfuran with Fenton’s reagent. The hydroxyl
radical attacks the 2- and 5-positions of furan and forms 2,5-dihydroxy-2,5-dihydrofuran
intermediate species. If this intermediate species reacts with methanol, it forms a 5-
methoxy-2-hydroxy derivative of 2,5-dihydrofuran, which can further react with the
second methanol molecule to form a 2,5-dimethoxy derivative. If the intermediate
species reacts with the hydrogen peroxide, one of the hydroxy groups is oxidized to give

the 5-hydroxy-furan-2-one derivative, which can react with alcohol to provide a 5-

methoxy-furan-2-one derivative.
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Figure 2-19 Expected products from the reaction of dithienylfuran with hydroxyl
radicals in methanol.
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Figure 2-20 The UV-visible absorption spectrum of the products (1.25 x 10-° M) was
obtained from the reaction between bis-ester dithienylfuran and
Fenton’s reagent before and after irradiation with 254 nm UV light.

UV-visible absorption spectroscopy monitored the photoinduced ring-closing of
the products in methanol. Aliquots were taken from the methanol solution of reaction
products and diluted to make a 1.25 x 10° M solution. The cuvette was kept at a 1 cm
distance from the UV lamp and irradiated with 254 nm light. The absorption spectra were
acquired after regular 5-second irradiation intervals. The absorption spectra of the
reaction products in methanol at 0 seconds of UV exposure showed peaks centered at
254 nm. Irradiation of the solution with UV light decreased the intensity of the absorption
peaks in the UV region. Two new absorption peaks centered around 358 nm and 554
nm appeared, and the colorless solution changed to purple. After 60 seconds of
irradiation, no change in absorption was observed, meaning the PSS was reached.

Irradiation with visible light (>450 nm) bleached the purple solution back to colorless.

2.5. Limitations

This new absorption-based system for singlet oxygen detection shares some
limitations with other indirect detection methods. First, the detection process consumes
singlet oxygen to give a readout signal, making it unsuitable for monitoring processes
where singlet oxygen interacts with another target. Second, the microenvironment

affects indirect detection systems, especially in biological processes. An external factor,
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such as the presence of other reactive species, may influence the color change,

producing a false positive or negative result.

Furthermore, colorimetric sensors are limited by their suitability in colored
environments. Observing color changes in a deep-colored solution or solid matrix is
challenging. This limitation makes the system unsuitable for detecting singlet oxygen
released from photosensitizers that absorb in the visible region, such as methylene blue

and rose Bengal, especially at high concentrations.

2.6. Future Work

The following vital steps in optimizing the colorimetric detection method are a)
designing a probe that forms a more stable endoperoxide and b) modifying the system

for testing in purely aqueous environments.

The biggest challenge with heteroarene-based endoperoxides is their stability at
ambient temperatures. Furan endoperoxide is unstable at temperatures above -15 °C,

but several furan derivatives are known to form stable endoperoxides.®’
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Figure 2-21 Proposed dithienylfuran derivatives that may form room-temperature
stable endoperoxides.

EDG in positions 2- and 5- of the furan increases the corresponding
endoperoxide's stability. Endoperoxide of 2,5-dimethylfuran is known to be stable up to
20 °C. Similarly, the 2,5-diphenylfuran endoperoxides are stable at room temperature.
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Figure 2-22 Proposed 1,2-dihydropyridine-based pre-diarylethene that may form
stable catch and release photoswitches for singlet oxygen.
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Other butadiene-containing groups can also be tested in place of furan. 1,2-
dihydropyridine and its analogues also undergo a Diels-Alder reaction with singlet
oxygen and have emerged as stable traps for singlet oxygen. Some analogues of 1,2-
dihydropyridine were demonstrated to store singlet oxygen as endoperoxides and

thermally release it at 50 "C.
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Figure 2-23 Proposed polyethylene glycol and 2,3-dihydroxypropylamide side
groups based pre-diarylethene photoswitches for increased water
solubility.

The versatile nature of diarylethene molecules is due to the ability to modify the
R groups on the thiophene. Depending on the sensing requirement, the R group can
easily be modified. For sensing applications in aqueous conditions, groups such as 2,3-
dihydroxypropylamide or polyethylene glycol groups can be added to increase water
solubility. The “R” group modification ability also allows combining this approach with

other detection techniques like fluorescence.

2.7. Materials and Instrumentation

Solvents, reagents, catalysts, and precursors used for synthesis,
chromatography, UV-visible spectroscopy, and photochemical studies were purchased
from Aldrich, Alfa Aesar, Anachemia, Caledon Labs, and Fisher Scientific and used as
received. Solvents used for moisture-sensitive reactions were dried by passing through
silica gel and leaving on 3 A / 4 A molecular sieves for at least 48 hours or passing
through steel columns containing activated alumina under nitrogen using an MBraun
solvent purification system. Solvents used for the singlet oxygen trapping reaction were
degassed via the freeze-thaw cycle. Deuterated solvents for NMR spectroscopy were
purchased from Cambridge Isotope Laboratories and Aldrich and used as received or
dried with 4 A molecular sieves for at least 48 hours. Column chromatography was done

using silica gel 60 (0.015-0.040 mm or 0.063 to 0.200 mm) purchased from Silicycle Inc.

The 'H and "*C NMR characterizations were performed on a Bruker Avance-400

instrument with a 5 mm inverse probe operating at 400.13 MHz for the '"H NMR and
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100.61 MHz for the *C NMR. Chemical shifts () are reported in parts per million (ppm)
relative to tetramethylsilane using the residual solvent peak as a reference. The coupling
constants (J) are reported in Hertz. UV-visible absorption spectra were recorded on
Varian Cary 300 Bio UV-visible spectrophotometer. High-resolution mass spectroscopy
(HRMS) measurements were performed using an Agilent 6210 TOF LC / MS instrument
in ESI-(+) mode. Ring-closing reactions were carried out using a lamp to visualize TLC
plates at 254 nm (Spectroline E series, 470 yW/cm?). The ring-opening reactions were
carried out using the light of a 150 W halogen photo-optic source passed through a 435

nm cut-off filter to eliminate higher-energy light.

Synthesis

Br

Br/L/_\S\CH3

S

3,5-dibromo-2-methylthiophene- N-bromosuccinimide (89 g, 0.5 mol, 2 eq) was slowly
added over 10 minutes to a stirring solution of 2-methylthiophene (24.3 mL, 0.25 mol, 1
eq) in glacial acetic acid (250 mL) at room temperature. The reaction mixture was stirred
for an additional 2 hours at room temperature before neutralizing with the addition of
aqueous NaOH solution (8% w/v). The reaction mixture was extracted with
dichloromethane (3 x 100 mL), and organic phases were combined and washed with
saturated aqueous sodium thiosulfate, water, and brine solution. The organic phase was
dried over anhydrous MgSOy, filtered, and concentrated under a vacuum to give a dark,
oily crude product. The crude product was purified by vacuum distillation to provide 51 g

(80%) of 3,5-dibromo-2-methylthiophene as a clear, colorless oil.

"H NMR- (400 MHz, CDCls)- &- 6.86 (s, 1H), 2.34 (s, 3H)

3C NMR- (101 MHz, CDCls)- 5- 136.0, 131.1, 108.9, 108.6, 14.9
Br

3
HOOC CHj

S

4-bromo-5-methylthiophene-2-carboxylic acid- To a stirred solution of 3,5-dibromo-2-
methylthiophene (25.96 g, 0.1 mol, 1 eq) in dry tetrahydrofuran (250 mL) at -78 °C, n-
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BuLi (2M in hexanes, 50 mL, 0.1 mol, 1 eq) was added for 30 minutes. The reaction
mixture was stirred at -78 °C for 30 minutes, and then CO, gas was bubbled in the
solution for 3 hours. The reaction mixture was allowed to slowly warm to room
temperature, and the reaction was stirred for an additional 3 hours. Hydrochloric acid 6N
(100 mL) was carefully added dropwise, and the reaction mixture was extracted with
diethyl ether (4 x 50 mL). The combined organic layers were washed with brine, dried in
anhydrous MgSO, filtered, and concentrated under vacuum to give 20.34 g (92%) of 4-

bromo-5-methylthiophene-2-carboxylic acid as a white solid.
'"H NMR- (400 MHz, CDCls) 8- 13.02 (br s, 1H), 7.60 (s, 1H), 2.42 (s, 3H)

Br

3
EtOOC CH,

S

Ethyl 4-bromo-5-methylthiophene-2-carboxylate- To a stirred solution of 4-bromo-5-
methylthiophene-2-carboxylic acid (11.05 g, 0.05 mol, 1 eq) in ethanol (150 mL), 12N
Hydrochloric acid (6.5 mL) was added, and the reaction was refluxed for 72 hours. Most
of the ethanol was evaporated under vacuum, and the remaining mixture was
redissolved in dichloromethane. The mixture was washed with saturated aqueous
sodium bicarbonate, water, and brine solution. The organic phase was dried over
anhydrous MgSO, filtered, and concentrated under a vacuum to give 10.96 g (88%) of

ethyl 4-bromo-5-methylthiophene-2-carboxylate as a brown oil.
"H NMR- (400 MHz, CDCl3) &- 7.55 (s, 1H), 4.30 (g, 2H), 2.40 (s, 3H), 1.33 (t, 3H)
3C NMR- (101. MHz, CDCl3) &- 161.1, 142.05, 135.4, 130.5, 110.1, 61.2, 15.3, 14.2

e

B-O

3

Ethyl 5-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophene-2-
carboxylate- Ethyl 4-bromo-5-methylthiophene-2-carboxylate (6.23 g, 0.025 mol, 1 eq),
bis(pinacolato)diboron (6.98 g, 0.0275 mol, 1.1 eq), PdClx(dppf)-CH2Cl> adduct (0.612 g,
0.75 mmol, 0.03 eq), dppf (0.416 g, 0.75 mmol, 0.03 eq) and potassium acetate (4.9 g,
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0.05 mol, 2 eq) were added in 1,4-dioxane (200 mL) and the mixture was bubbled with
Argon gas for 30 minutes. The reaction mixture was heated at 85 °C for 48 hours in an
oil bath. After cooling, water (50 mL) was added and extracted with ethyl acetate (3 x
100 mL). Organic layers were combined, washed with brine, dried in anhydrous MgSOQOsa,
and concentrated under a vacuum. The crude product was purified by column
chromatography on silica gel (0-40% EtOAc/Hexane) to yield 5.11 g (69%) of ethyl 5-
methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) thiophene-2-carboxylate as an off
white solid.

H NMR- (400 MHz, CDCls) 5- 7.88 (s, 1H), 4.28 (q, 2H), 2.68 (s, 3H), 1.33 (t, 3H), 1.31 (s,
12H)

HRMS (ESI): m/z (M+H) calculated for C14H21BO4S: 197.133712, found: 197.133746

(0]

\
/ \ /\
EtOOC g g~ ~COOEt

Diethyl 4,4'-(furan-3,4-diyl)bis(5-methylthiophene-2-carboxylate) (1)- 3,4-Dibromo
furan (1.13 g, 0.005 mol, 1 eq), ethyl 5-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)thiophene-2-carboxylate (3.7 g, 0.0125 mol, 2.5 eq), Pd(PPhs)s (1.1 g, 0.001 mol,
0.2 eq) and K»oCO3 (2.76 g, 0.02 mol, 4 eq) were added to 1,4-dioxane (100 mL) and the
mixture was bubbled with Argon gas for 1 hour. The reaction mixture was then refluxed
overnight. After being cooled to room temperature, water was added, and the reaction
mixture was extracted with ethyl acetate (3 x 75 mL). The combined organic phases
were washed with brine, dried in anhydrous MgSQ., filtered, and concentrated under a
vacuum. Purifying the crude with silica gel (0-20% EtOAc/Hexane) yielded a gel-like
solid. Recrystallization of the gel with methanol yielded 1.11 g (55%) of Diethyl 4,4'-
(furan-3,4-diyl) bis(5-methylthiophene-2-carboxylate) as white crystals.

'H NMR- (400 MHz, CDCl3) 8 7.51 (s, 2H), 7.39 (s, 2H), 4.31 (g, 4H), 2.2 (s, 6H), 1.34 (t,
3H)

3C NMR- (101 MHz, CDCl3) 8- 162.0, 143.7, 141.0, 135.1, 129.9, 120.3, 61.0, 14.5
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3,4-Dibromofuran- Trans-2,3-dibromo-butene-1,4-diol (24.59 g, 0.1 mol, 1 eq) was
added to 7.5% sulfuric acid (80 mL) and heated to 85 °C. Potassium dichromate (29.42
g, 0.1 mol, 1 eq), and conc. Sulfuric acid (25 mL) was added to water (125 mL) to
prepare a solution, and this solution was added to the previous reaction mixture
dropwise for 5 hours, with the simultaneous steam distillation of the product. After the
addition was complete, the distillation was continued for another 1 hour. The distillate
was extracted with dichloromethane (4 x 100 mL), and the combined organic layers
were dried over anhydrous MgSOQO., filtered, and concentrated under vacuum to yield
6.77 g (30%) of 3,4-dibromofuran as a clear colorless liquid. 3,4-Dibromofuran degrades

rapidly, even at -18 °C; storing it as a hexane solution slows down the degradation.
"H NMR- (400 MHz, CDCl3) &- 7.45 (s, 2H)
3C NMR- (101 MHz, CDCl3) 8- 141.1, 104.2

Calcium peroxide octahydrate - A solution of calcium chloride (6.71 g, 0.061 mol) and
50% H20, (17.6 mL, 0.3 mol) in water (232 mL) was prepared in a volumetric flask. Half
of this solution was added to a 250 mL Erlenmeyer flask and covered with perforated
parafilm. The Erlenmeyer flask was placed inside a closed vessel containing 14%
aqueous ammonia (200 mL). The whole system was kept at 4 °C for one week, after
which the crystalline precipitate was collected by filtration, washed with cold water and

acetone, and produced 9.1 g (69%) of Ca02.8H20 as white crystals.

Calcium peroxide diperoxohydrate — Calcium peroxide octahydrate (1 g, 4.6 mmol)
crystals were ground to a fine powder with a mortar and pestle. 6 mL of 50% hydrogen
peroxide was added to this, and the turbidity of the suspension decreased rapidly initially
and then increased as a new precipitate formed. The precipitate is quickly filtered after
stirring the suspension at -15 °C for 1 hour. The precipitate is stirred in 6 mL of 50%
hydrogen peroxide for an additional 1 hour at -15 °C, filtered rapidly, and stored at -78
°C. The yield of the residue was 0.58 g (90%).

General oxidation reactions of bis-ester dithienylfuran
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With calcium peroxide diperoxohydrate as the source: A solution of bis-ester
dithienylfuran 1 (10.0 mg, 0.025 mmol, 1 eq) in 500 pl of solvent was treated with freshly
prepared Ca0,.2H>02(17.5 mg, 0.125 mmol, 5 eq). The reaction mixture was stirred in a
25 °C water bath and monitored by TLC. After the dithienylfuran was consumed, the
cream-colored suspension was filtered to remove the insoluble residue, and the solvent

was evaporated to obtain the reaction product mixture as an off-white solid.

With benzophenone as the source: To a solution of bis-ester dithienylfuran 1 (1.0
mg, 0.0025 mmol, 1 eq) in 500 ul of aerated solvent, benzophenone (1.37 mg, 0.0075
mmol, 3 eq) was added. The solution was stirred and irradiated with 254 nm UV light

from a distance of 1 cm, and the reaction progress was monitored with TLC.

With duroquinone as the source: To a solution of bis-ester dithienylfuran 1 (1.0
mg, 0.0025 mmol, 1 eq) in 500 ul of aerated solvent, duroquinone (1.23 mg, 0.0075
mmol, 3 eq) was added. The solution was stirred and irradiated with 254 nm UV light

from a distance of 1 cm, and the reaction progress was monitored with TLC.

With Fenton’s reagent- Ferrous sulfate heptahydrate (6.95 mg, 0.025 mmol, 1
eq) was dissolved in 474 pl of distilled water, and 3% w/w hydrogen peroxide (26.0 pl,
0.025 mmol, 1 eq) was added to it while stirring to prepare a 0.025 mmol solution of
Fenton's reagent. Bis-ester dithienylfuran (10.0 mg, 0.025 mmol, 1 eq) was dissolved in
1 mL of methanol, and freshly prepared Fenton's reagent was added to it dropwise over
5 minutes. The clear solution was stirred at room temperature and monitored with TLC.
When the reaction reached equilibrium, 2 mL of ethyl acetate was added, and the
organic layer was separated. After drying with anhydrous MgSQys, the solvent was

evaporated under a vacuum to yield a white solid.
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Chapter 3.
Chemically Gated Diarylethene-Based Hendrickson’s

Reagent as a Tool for Reaction Monitoring and O-
Nucleophile Detection
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This chapter explores the chemistry-gated photochemistry of a diarylethene molecule to
monitor the progress of a reaction and to detect oxygen nucleophiles like alcohol or
water. The diarylethene molecule is an analog of Hendrickson’s reagent and is locked in
the parallel conformation by a P-O-P bond. Hendrickson’s reagent is used
stoichiometrically for an esterification reaction where the alcohol reacts with one of the
electron-deficient phosphorus atoms in the P-O-P bond, breaking one of the
phosphorus-oxygen bonds. In the case of the diarylethene analog, the alcohol in the
esterification reaction will break one of the phosphorus-oxygen bonds and allow it to
acquire the antiparallel conformation necessary for photocyclization. The subsequent
color change produced on exposure to light can indicate the reaction's extent. This
process can also be utilized for the detection of alcohols, water, and other oxygen

nucleophiles.
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3.1. Introduction

Tertiary phosphines and their derivatives- ylides, oxides, sulfides, imines, and
phosphonium salts- have been extensively employed in synthetic organic chemistry as
stoichiometric reagents, nucleophilic organocatalysts, and ligands in coordination
complexes. The Appel, Staudinger, Wittig, and Mitsunobu reactions are conventional

name reactions that employ tertiary phosphines as stoichiometric reagents.

3.1.1. Mitsunobu Reaction- Mechanism and Drawbacks

The Mitsunobu reaction, discovered by Mitsunobu and Yamada in 1967, is a
widely employed method for reactions involving alcohols." Initially reported for the
esterification of carboxylic acids, it has since been extended to other functional group

transformations, such as ethers, epoxides, azides, and disulfides.

The mechanism involves the formation of a protonated betaine intermediate from
the reaction between triphenylphosphine and dialkyl azodicarboxylate. This protonated
betaine then reacts with an alcohol to form an oxyphosphonium salt and converts it into
a good leaving group. Nucleophilic attack via an SN2-type reaction produces the desired
product and phosphine oxide byproduct. The significant drawbacks of the Mitsunobu
reaction are: 1) the use of toxic and explosive dialkyl dicarboxylate, 2) the difficult
separation of hydrazine and phosphine oxide byproducts from the reaction products, and

3) a competing side reaction involving N-alkylation of the hydrazine dicarboxylate.

3.1.2. Hendrickson’s Reagent

In 1975, Hendrickson and Schwartzman proposed a reagent capable of
dehydrating alcohols prepared from triphenylphosphine oxide (TPPO) and
trifluoromethane sulfonic anhydride (Tf,0).2 They initially proposed the reactive species
as a monophosphonium ditriflate salt, which was named Hendrickson’s reagent.
However, in 1979, Husebye and coworkers determined the actual structure of
Hendrickson’s reagent to be a triphenylphosphonium anhydride trifluoromethane

sulfonate complex.?
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Scheme 3-1 Hendrickson’s reagent is prepared by mixing two equivalents of
triphenylphosphine oxide (TPPO) and one equivalent of trifluoro
sulfonic anhydride (Tf,0) at 0 °C in anhydrous dichloromethane
(DCM).

Hendrickson’s reagent is prepared by mixing two equivalents of TPPO and one
equivalent of Tf20 at 0 °C in anhydrous dichloromethane or 1,2-dichloroethane under an
inert atmosphere. Initially, a molecule of TPPO reacts with Tf.O to make a
monophosphonium salt, which gets attacked by the second triphenylphosphine oxide
molecule, yielding the P-O-P Hendrickson’s reagent. The white solid obtained when
exposed to air or moisture decomposes rapidly and thus is used without isolation.
Structural determination via X-ray crystallography by Kelly and coworkers revealed that
the P-O-P bond angle is almost linear at 164.5° and the P-O bond length is
approximately 1.60 A4

3.1.3. Use in Synthetic Organic Chemistry.

Hendrickson’s reagent is used as an alternative protocol to the Mitsunobu
reaction for various substitution and elimination reactions. Similar to the Mitsunobu
reaction, Hendrickson’s reagent reacts to form an oxyphosphonium salt, an excellent
leaving group. The advantages of using Hendrickson’s reagent are 1) toxic and
explosive azodicarboxylates are not used, 2) no competing side reaction of hydrazine
dicarboxylate, and 3) recovered triphenylphosphine oxide can be reused. However, a
notable drawback remains: the removal of triphenylphosphine oxide from the reaction

mixture.

Substitution Reactions

Similar to the Mitsunobu reaction, Hendrickson’s reagent is mainly used for the
esterification reaction between carboxylic acids and alcohols. Adding alcohols to the
Hendrickson’s reagent results in the formation of an alkoxyphosphonium complex

intermediate. A nucleophilic attack of the carboxylic acid on the complex results in the
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formation of an ester. If carboxylic acid is added first, acyloxyphosphonium complex

forms, which reacts with an alcohol to form esters.®

Amides are formed analogously when primary or secondary amines are reacted
with carboxylic acids in the presence of Hendrickson’s reagent. Amidines are formed
when amides react with primary or secondary amines in the presence of Hendrickson’s

reagent.®

Carboxylic acids react with bis-nucleophilic species in the presence
of Hendrickson’s reagent and undergo double dehydration to yield heterocyclic aromatic
molecules. The reaction of carboxylic acids with o-phenylenediamine, o-aminophenol,
and o-amino thiophenol yields 2-aryl benzimidazoles, 2-aryl benzoxazole, and 2-aryl

benzothiazole, respectively.®
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Figure 3-1 Some examples of substitution reactions done with Hendrickson’s
reagent.

Acid anhydrides are formed when two equivalents of carboxylic acid react with
Hendrickson’s reagent. The acyloxyphosphonium complex intermediate reacts with the
second molecule of carboxylic acid to form an acid anhydride. A base is typically added

to the reaction to neutralize the triflic acid formed as the side product.®

The reaction of diols and amino alcohols in the presence of a Hendrickson’s
reagent yields 3-, 5-, and 6-membered cyclic ethers and cyclic amines through
intramolecular reactions. In the case of amino alcohols, two nucleophilic groups are

present for the phosphonium ion formation; however, the hydroxyl group is preferred due
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to a stronger P-O bond compared to the P-N bond. The amine acts as an intramolecular

nucleophile, facilitating the ring closure.®

Elimination Reactions

Secondary alcohols have been presented to undergo an elimination reaction with
Hendrickson’s reagent to yield alkenes. Adding Hendrickson’s reagent to the secondary
alcohol transforms a poor-leaving group (hydroxyl) into a good-leaving group
(alkoxyphosphonium salt). Upon heating, the intermediate undergoes an elimination
reaction to yield alkenes. When (-)-menthol was treated with Hendrickson’s reagent,

followed by heating, a mixture of 2-menthene and 3-menthene was observed.’

Elimination reactions of secondary alcohols are a template for converting ketones
to alkynes. If the alpha-hydrogen is sufficiently acidic, adding Hendrickson’s reagent to a
ketone results in the formation of an enol-phosphonium intermediate species that

undergoes elimination to yield an alkyne.®
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Figure 3-2 Some examples of elimination reactions done with Hendrickson’s
reagent.

Aldoximes were shown to convert to nitriles when reacted with Hendrickson’s
reagent. However, unlike the secondary alcohols, the elimination reactions for the

aldoximes proceeded at room temperature in most cases.®

Carboxylic acids with highly acidic alpha-hydrogen react with Hendrickson’s
reagent to yield ketenes. In the presence of Hendrickson’s reagent, diphenyl acetic acid

is dehydrated to yield diphenyl ketene as the product.
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Epoxides have been demonstrated to undergo a double-elimination reaction in

the presence of a base and heat to yield 1,3-dienes as the product.®

3.1.4. Modifications

Since its discovery by Hendrickson, several modifications have been made to
Hendrickson’s reagent. Crich and Dyker prepared a modification of Hendrickson’s
reagent with tetrafluoroborate as the counter ion instead of the trifluoromethanesulfonate
ion. They demonstrated that the counter ion does not affect the reagent's reactive nature

toward dehydration reactions.

"B Br
R 0" "R

2 CF,S0,
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Figure 3-3 Hendrickson’s reagent analogues prepared by Mukaiyama and Suda
from trinaphthyl-, tributyl-, tricyclohexyl-, and trihexadecyl
phosphine oxide.

Mukaiyama and Suda studied the glycosylation reaction of 2,3,5-tri-O-benzyl-D-
ribofuranose with cyclohexanol using Hendrickson’s reagent prepared from triphenyl-,
tributyl-, trinaphthyl-, tricyclohexyl-, and trihexadecylphosphine oxide. Tributylphosphine
oxide yielded the best result for the particular reaction, likely due to the optimum balance
between steric hindrance and reactivity. The yields from bulkier tricyclohexyl- and

trinaphthylphosphine oxides were poor."

While the alternative protocol proposed by Hendricksen solved some of the
problems associated with the Mitsunobu reaction, the generation of two equivalents of
phosphine oxide still posed a challenge for purification. Due to triphenylphosphine
oxide's solubility in most organic solvents, extraction, selective precipitation, or
recrystallization is difficult. Large-scale column chromatography is not feasible; hence,
reactions that yield triphenylphosphine oxide side products are rarely employed
commercially. Therefore, several researchers have done work to alleviate this issue

associated with triphenylphosphine oxide.
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Figure 3-4 Piperazine-based Hendrickson’s reagent. The phosphine oxide is
soluble in water, facilitating aqueous workup.

Hendrickson and Hussoin reported the preparation of Hendrickson’s reagent
from 1-(diphenylphosphinyl)piperazine. The reported piperazine-based Hendrickson’s
reagent can be removed from the reaction mixture by aqueous phase extraction, and the
reactivity is demonstrated to be similar to that of the triphenylphosphine oxide-based

Hendrickson'’s reagent.
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Figure 3-5 Five-, six-, and seven-membered cyclic analogues of Hendrickson’s
reagent prepared by Jenkins and coworkers.

Jenkins and coworkers synthesized 5-, 6-, and 7-membered cyclic analogues of
Hendrickson’s reagent from the corresponding bisphosphine oxides.'? The cyclic
analogues are advantageous because only one equivalent of phosphine oxide byproduct
is produced per reaction, compared to the traditional Hendrickson’s reagent, which
generates two equivalents of phosphine oxide. Also, the cyclic analogues are more polar
as compared to phosphine oxide, which facilitates easier separation by column
chromatography. The authors reported using the cyclic Hendrickson’s reagents to

synthesize esters, amides, 2-oxazolines, and 2-thiazolines.
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Figure 3-6 The cyclic analog of Hendrickson’s reagent prepared by Moussa.
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Moussa reported two cyclic analogues prepared from commercially available 1,2-
bis (diphenylphosphino)benzene. The author oxidized 1,2-bis
(diphenylphosphino)benzene with hydrogen peroxide to obtain 1,2-bis
(diphenylphosphoryl)benzene, followed by the addition of triflic anhydride to yield
Hendrickson'’s reagent. The author also reported the formation of Hendrickson’s reagent
by directly adding one equivalent of triflic anhydride to 1,2-
bis(diphenylphosphino)benzene, which yielded a mixture of Hendrickson’s reagent, 1-
(diphenylphosphino)-2 [diphenyl(trifluoromethylsulfonyloxy)phosphonio] benzene and
1,2-bis[diphenyl(trifluoromethylsulfonyloxy)phosphonio] benzene with

trifluoromethanesufinate as the counter ion in all three.™

t-Bu t-Bu
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i ‘ Ph\@—Ph
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Figure 3-7 Cyclic analogues of Hendrickson’s reagent prepared by Walczak and
coworkers.

Walczak and coworkers synthesized six new cyclic analogues of Hendrickson'’s
reagent based on the work done by Jenkins and Moussa. The study examined the
effects of Hendrickson’s reagents' cyclic analogues for preparing O-, N-, C-, and S-
glycosides. The authors prepared an 8-membered ring derivative similar to the 5-, 6-,
and 7-membered rings prepared by Jenkins and coworkers. Like Moussa's
Hendrickson’s reagent from 1,2-bis(diphenyl phosphoryl)benzene, the authors
synthesized Hendrickson’s reagent from 1,2-bis(di-tert-butyl phosphoryl)benzene. Other
reported Hendrickson’s reagents were prepared from 1,1’-
bis(diphenylphosphoryl)ferrocene, 1,8-bis(diphenylphosphoryl)naphthalene, 2,2’-
bis(diphenylphosphoryl)(1,1’-binaphthalene), and 2,3-O-isopropylidene-2,3-dihydroxy-
1,4-bis(diphenylphosphoryl)butane.™
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Figure 3-8 Polymer-supported Hendrickson’s reagent analogues prepared by
Jenkins and coworkers. The polymer can easily be filtered off at the
end of the reaction.

Jenkins and coworkers extended the use of the cyclic Hendrickson’s reagent
analog by incorporating it into polymer support. As Hendrickson'’s reagent is directly
connected to the polymer support, the phosphine oxide byproduct can easily be filtered
after the reaction completion.'® The authors prepared 1,2-bis(diphenylphosphinyl)ethane
connected to poly(styrene-co-divinylbenzene) and subsequently prepared Hendrickson’s
reagent by adding Tf20O. The authors also reported a second polymer-supported
Hendrickson’s reagent from a commercially available polymer-supported
triphenylphosphine. The authors noted that the considerable distance between two
phosphoryl groups within the polymer support resulted in a mixture of ditriflate and

Hendrickson’s reagent.

3.2. Proposed Research

(CF380,),0
o _ — — —
A N9 < S~ S SNZ S
ph-R™ s s” P-pn Ph. b-Ph Ph. Ph

Ph Ph ph'Po o pn pr-F—0—Fpy
2 CF,S0,

Scheme 3-2 The parallel conformation of the bisphosphine oxide diarylethene can
make Hendrickson’s reagent. The molecule will be locked in the
photoinactive form.

Based on the cyclic analogues of Hendrickson’s reagent prepared by Jenkins,
Moussa, and Walczak, a diarylethene-based Hendrickson’s reagent is proposed in this
research. Several bisphosphine oxide-based diarylethene molecules are known in the
literature that can be used to form Hendrickson’s reagent. The expectation is that adding
trifluoromethane sulfonic anhydride to the ring-open form of the bisphosphine oxide
diarylethene would create the cyclic Hendrickson’s reagent in the anti-parallel conformer.
As per the mechanism of Hendrickson’s reagent formation, the Tf.O activates the first

phosphine oxide group to form the triflated phosphine oxide group. Since the thiophene

100



groups are free to rotate in the ring-open form, the nucleophilic attack of the phosphine
oxide group on the phosphine oxide group of the second thiophene will generate the P-
O-P bonds. This type of cyclization is only possible when the two thiophene groups in
the ring-open form are parallel. Once the intramolecular P-O-P bond is formed, the
diarylethene molecule will be locked in the photoinactive parallel conformation. A
chemical reaction of a nucleophilic species with this photoinactive form will break one of
the P-O bonds, allowing the free rotation of the thiophenes. The diarylethene molecule
will regain the ability to form the photoactive anti-parallel conformation, and irradiation
with UV light will induce a color change in the solution because of the photocyclization

reaction.

3.2.1. Potential Applications

The electron-deficient phosphonium moiety in Hendrickson’s reagent is an
electrophilic center. A nucleophilic attack by an electron-rich species will form a new
bond between the nucleophile and phosphorus, and the bond between phosphorus and
oxygen in P-O-P breaks. In the case of the proposed system, the nucleophilic attack will

unlock the thiophene rings and allow the photocyclization process.

The locked Hendrickson’s reagent-based diarylethene can be used to monitor
the progress of a chemical reaction. The most common reaction where the
Hendrickson’s reagent is employed is the esterification reaction between a primary
alcohol and a carboxylic acid. The first step in the reaction mechanism is the nucleophilic
attack of the alcohol’'s oxygen on the phosphonium group of Hendrickson’s reagent,
which is also the slowest or rate-determining step. The photocyclization reaction of the
diarylethene photoswitch could monitor this slow step. Alternatively, the phosphine oxide
photoswitch formation can also be observed after esterification. Irradiation with UV light
will generate the colored ring-closed isomer, and as the reaction progresses, an

increase in the absorbance value in the visible region will be observed.
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Scheme 3-3 The proposed esterification reaction monitoring system for
diarylethene-based Hendrickson’s reagent. The color change can be
monitored at the slow step or when the bisphosphine oxide is
reproduced towards the end of the reaction mechanism.

This increase in the absorbance value in the visible region can be correlated to
the extent of the chemical reaction as Hendrickson’s reagent is used stoichiometrically.
In general, the esterification reaction and any other reaction mentioned previously can

be monitored by this process.
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Scheme 3-4 Detection of O-nucleophiles such as alcohols or water by the
diarylethene-based Hendrickson’s reagent.

. The nucleophilic attack on the locked system can also enable the detection of
oxygen-based nucleophilic species. Alcohols are used in many industrial processes and
are found in many daily-use items. At elevated concentrations, these alcohols can have
profound health implications, such as vision loss or death in case of methanol ingestion.
Conventionally, the analysis of alcohols is done with instruments such as HPLC,'® GC,"”

MS, "8 or IR'® spectroscopy in combination or separately. These methods provide
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sensitive detection of alcohols; however, the on-site detection is complex and expensive.
Several optical sensors are available for alcohols based on fluorescence, luminescence,

surface plasmon resonance, and colorimetry. Colorimetric methods use-

1. Strong oxidants to oxidize ethanol to acetic acid, followed by photometric

analysis.?

2. Solvatochromism of dyes like triphenylmethane, Brooker's merocyanine, and

Reichardt’s betaine.?'
3. Metal organic frameworks and metalloporphyrins.??

Additionally, the sensitivity of Hendrickson’s reagent towards water can be used
to monitor moisture content in aprotic solvents. Many reactions performed in academic
and industrial settings require dry solvents. Water in solvents can lead to side reactions,
reagent degradation, or shifting the equilibrium towards reactants. These factors can be
highly detrimental in large-scale industrial settings such as pharmaceuticals. Karl Fischer
titration is the classical method for determining moisture in organic solvents. Several

colorimetric systems have also been developed for quick and easy moisture detection.??

3.2.2. Experimental Design

Probe Selection

Branda and coworkers reported the first bisphosphine-based diarylethene
photoswitch.?* The perfluorinated bisphosphine diarylethene prepared the bisphosphine-
gold chloride complex and the selenide derivative. Liu and coworkers further developed
the concept and synthesized two perhydro-derivatives of the bisphosphine
diarylethene—one with diphenylphosphine and the other with di-cyclohexylphosphine.?
The authors also reported the synthesis of phosphine oxide, phosphine selenide, and

phosphine sulfuret derivatives of the two bisphosphine diarylethene photoswitches.

Out of the three similar bisphosphine diarylethene photoswitches reported by
Branda and Liu, the perfluoro derivative of the diphenylphosphine oxide diarylethene
photoswitch was considered for the initial project assessment. However, preliminary
tests with this diarylethene photoswitch did not yield the desired locked photoinactive

product. At that point, it was conjectured that the two phosphine oxide groups do not
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converge fully for the P-O-P bond to form. Therefore, it was necessary to perform a
computational analysis of the structure to ascertain whether the two phosphine oxide
arms would converge sufficiently for Hendrickson’s reagent formation. Two novel
phosphine oxide derivatives were designed with longer flexible arms as controls to

ascertain if that would allow the convergence and subsequent bond formation.

Computational Analysis

AN, PR R e R
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Figure 3-9 Three phosphine oxide derivatives were used for simple computational
analysis for Hendrickson’s reagent formation.

To screen a suitable diarylethene photoswitch, preliminary computational
analysis was done on three bisphosphine oxide derivatives, selected based on their
ease of synthesis. Molecule PO1, which is the perhydro analog of the perfluoro
diarylethene, has the diphenylphosphine oxide group directly attached to the thiophene
ring. Molecule PO2 is slightly more flexible, with a methylene group between the
thiophene and diphenylphosphine oxide group. Molecule PO3 has a longer extended
arm with a benzylic spacer between thiophene and diphenylphosphine oxide. A more
flexible arm group was expected to allow the two phosphine oxides to contact each other

when the two thiophene groups converge in the parallel conformation.

parallel conformer 1 parallel conformer 2
= \\ = =
S Sz NS
R
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Figure 3-10 The ring-open isomer exists in two parallel conformations. The two
conformers differ in the relative orientation of the thiophene rings.

The diarylethene molecule can exist in two non-photochromic parallel
conformations. In the first conformation, the two thiophene rings are perpendicular to the
central cyclopentene ring, whereas in the second parallel conformation, the two
thiophene rings are twisted. Both parallel conformations were analyzed for the three

phosphine oxide molecules. Simple geometry optimizations were performed using
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density functional theory (DFT) with the B3LYP/6-31G(d) level of theory on the
structures of PO1, PO2, and PO3 using Gaussian 16 software. However, the electronic
properties or the reaction mechanism were not explored. This study was done only to

understand how flexibility might influence structural stability.

Synthesis
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Scheme 3-5 Synthesis scheme for bisphosphine oxide diarylethene photoswitch.

The bisphosphine oxide diarylethene photoswitch was synthesized by starting
with the chlorination of 2-methyl thiophene with N-chlorosuccinimide. The subsequently
formed 2-chloro-5-methyl thiophene was then reacted with glutaryl chloride using
Friedel-Crafts acylation to provide the diketone derivative. Intramolecular McMurry
coupling reaction of the diketone with titanium tetrachloride and zinc afforded the
dichloro diarylethene photoswitch. The metal halogen exchange reaction of the dichloro
diarylethene molecule with n-butyl lithium and subsequent quenching with
chlorodiphenylphosphine gives the diphenylphosphine diarylethene molecule. Oxidation
of the diphenylphosphine photoswitch with hydrogen peroxide afforded the phosphine
oxide photoswitch.

105



Hendrickson’s Reagent Test

To test the formation of Hendrickson’s reagent-based diarylethene system, 3'P
and "°F NMR spectra were collected. When the Hendrickson’s reagent forms, the 3'P
NMR signals are shifted downfield as the phosphorus atoms become more electron
deficient. The strong electrophilic phosphorus species experience more deshielding, so
the signal moves downfield to a higher ppm. The other marker is the formation of
Hendrickson’s reagent, the "°F NMR signal for Tf,O and trifluoromethane sulfonate ion.
The '®F NMR signal for Tf,O appears at -71.7 ppm, whereas the signal for the sulfonate
ion appears at -78.1 ppm. One can confirm the formation of Hendrickson's agent by

monitoring the changes in the 31P and 19F NMR signals.

The other test is the change in the absorbance spectra of Hendrickson’s reagent-
based diarylethene. The phosphine oxide diarylethene is photoactive and should display
a change in the absorbance spectrum when exposed to the appropriate wavelength of
UV light. However, the locked diarylethene should not show any changes upon UV light
exposure. Adding alcohol should unlock the photoswitch, and the molecule should show

the typical diarylethene behavior again.

Esterification Reaction Test

Esterification is the most commonly used reaction to which Hendrickson’s
reagent is applied. A model esterification reaction between benzyl alcohol and benzoic
acid to form benzyl benzoate was designed to test the applicability of the diarylethene-
based system toward reaction monitoring. The changes in the 'H and *C NMR signals
of the a-protons and the a-carbons on the benzyl alcohol and benzyl benzoate can be
tracked to monitor the progress of the reaction. The a-protons on benzyl alcohol appear
around 4.51 ppm in the '"H NMR, and the a-carbon appears around 64.70 ppm in the *C
NMR. In the case of benzyl benzoate, the a-protons appear at 5.37 ppm in the '"H NMR,
and the a-carbon appears around 66.69 ppm in the '*C NMR. A comparative study with

Hendrickson’s reagent prepared from triphenylphosphine oxide was done as a control.
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3.3. Results and Discussion

3.3.1. Computational Analysis

The test for Hendrickson’s reagent-based diarylethene from the perfluoro
bisphosphine oxide photoswitch didn’t turn out as expected. One equivalent Tf,0 was
added to the anhydrous CD»Cl, solution of the bisphosphine oxide at 0 °C and mixed for
1 hour. There was no precipitation. However, the solution turned yellow. When this
solution was exposed to UV light, a color change to red was observed. This color
change suggested that either the locked Hendrickson’s reagent was not formed or the
structure was a dimer. Simple computational analysis was done to test the hypothesis
that the molecule can converge and form the locked P-O-P structure. Two novel
phosphine oxide diarylethene photoswitches were designed with flexible arms to test if
convergence was an issue. Geometry optimization of all three molecules was done in
both parallel conformations. The perhydro analogue was optimized instead of the

perfluoro because of the ease of synthesis.

Geometry optimization results for all three photoswitches displayed that they can
form the locked structures in both parallel conformations. In all cases, the calculated
phosphorus-oxygen bond length was 1.65 A, almost the same as in the regular

Hendrickson’s reagent (1.60 A).
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Figure 3-11 Geometry optimized structures of the three bisphosphine oxide
diarylethenes.
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P-O-P bond P-O bond

Name angle length (Avg)
P0O1-P1 152.14° 1.65 A
PO1-P2 147.96° 1.66 A
P02-P1 138.90° 1.65A
P02-P2 141.89° 165A
P03-P1 137.87° 1.65A
P03-P2 137.31° 1.65 A

Table 3-1 The calculated P-O-P bond angle and P-O bond length for the two
parallel conformers of the three bisphosphine oxide diarylethene
molecules.

The P-O-P bond angle for the parallel conformation 1 of the bisphosphine oxide
diarylethene was calculated as 152.14 A. It was closest to the bond angle of
Hendrickson’s reagent from triphenylphosphine oxide. The bisphosphine oxide molecule
with a benzylic spacer had the smallest calculated P-O-P bond angle amongst the
structure. The preliminary results suggested that the perhydro diphenylphosphine oxide
molecule should be able to form the inactive locked structure. A further literature review
was done to find similar cyclic analogues. The procedure used by Jenkins and
coworkers was tried, where they kept the molecule at -18 °C for 12 hours to favor

intramolecular P-O-P bond formation over the intermolecular P-O-P formation.

3.3.2. Hendrickson’s Reagent Formation

Jenkins and co-workers reported 5-, 6-, and 7-membered cyclic Hendrickson’s
reagent analogs. Their observation was that the bisphosphine oxide molecules initially
formed intermolecular P-O-. After leaving the solution overnight at -18 °C, the molecule
changed to intramolecular P-O-P formation, which they confirmed through 3'P NMR. The
3P and "°F NMR of Hendrickson’s reagent-based diarylethene was compared to that of

the triphenylphosphine oxide-based Hendrickson’s reagent.
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Figure 3-12 3'P NMR spectra of Hendrickson’s reagent-based diarylethene and
TPPO-based Hendrickson’s reagent. A downfield shift is observed in
both cases.

The *'P NMR spectra of Hendrickson’s reagent-based diarylethene and standard
TPPO-based Hendrickson’s reagent were collected before and after the addition of Tf.O.
In both cases, a downfield shift in the phosphorus signal was observed due to the
electrophilic nature of the positively charged phosphorus in Hendrickson’s reagent. The
absence of other signals in the diarylethene case suggests that only one species is
present in the reaction mixture. A similar observation was seen in the '*F NMR spectra
of the two Hendrickson’s reagent molecules. The signal at -78.1 ppm corresponds to the
trifluoromethane sulfonate ion. This further confirmed the identity of the diarylethene as a

Hendrickson’s reagent analog.
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Figure 3-13 The '"°F NMR of the two Hendrickson reagents shows the presence of
the same counter ions, the trifluoromethane sulfonate ion.

3.3.3. Test with Alcohol

To test whether the species formed is an actual Hendrickson’s reagent analog,
absorbance spectroscopy was performed on the bisphosphine oxide diarylethene
photoswitch, the Hendrickson’s reagent analog, and after methanol addition. The
bisphosphine oxide diarylethene displayed typical photochromic behavior. Irradiation
with 254 nm UV light led to a change in color of the 2.5 x 10-° M solution in
dichloromethane. A new absorbance centered around 510 nm was observed, and the
PSS reached after 60 seconds of irradiation. Irradiation with a visible lamp bleached the

solution in 300 seconds, and the solution became the initial yellow color.

A second 2.5 x 10° M solution of Hendrickson’s reagent-based diarylethene was
prepared, and absorbance spectra were collected after irradiation with 254 nm UV light
at regular intervals. An increase in a band centered around 380 nm was observed, and a
decrease in the visible region was observed. The sample was irradiated with 254 nm UV
light for a total of 180 seconds. After this, the sample was placed in front of the visible

lamp; however, no change in the absorbance spectra was observed.
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Figure 3-14 The absorbance spectra of bisphosphine oxide diarylethene

photoswitch. A new band centered around 510 nm appears in the
visible region.
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Figure 3-15 The absorbance spectra of Hendrickson’s reagent-based diarylethene

molecule, which undergoes an irreversible change after irradiation
with 254 nm UV light.
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When an equivalent amount of methanol was added to Hendrickson’s reagent
mixture and irradiated with 254 nm UV light, the photochromic behavior of the molecule
returned. After 60 seconds of irradiation with UV light, the color of the solution changed
to wine red, and a new band in the visible region centered around 520 nm appeared.

Irradiation with visible light returned the original pale-yellow color in 240 seconds.
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Figure 3-16 The absorbance spectra of Hendrickson’s reagent-based diarylethene
after adding methanol, which unlocks the photochromic behavior of
the diarylethene switch.

3.3.4. Esterification Reaction Test

Hendrickson’s reagent is used for many reactions; however, esterification is the
most common reaction where this reagent is applied. To prove that Hendrickson’s
reagent analog of the diarylethene can perform as a reagent, a model reaction between
benzyl alcohol and benzoic acid was performed. A control reaction was done with

standard Hendrickson'’s reagent and monitored by 'H and '*C NMR spectroscopy.

Q HR-DAE/Std. HR Q
N
gOH @AOH CD,CL,, 0t0-18°C, 16 h ©AO)K©
Scheme 3-6 A model reaction between benzyl alcohol and benzoic acid was

performed with Hendrickson’s reagent analog, diarylethene, and a
control reaction with TPPO.
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The a-proton and carbon of the benzyl alcohol were monitored to assess the

conversion to benzyl benzoate.
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Figure 3-17 The benzyl signal at 4.67 ppm in the '"H NMR is not present in both
reactions. A new signal at 5.37 appears, corresponding to benzoyl
benzoate.

The 1H NMR of the reactions showed that the benzyl alcohol was completely
consumed in the reaction. The a-proton signals of benzyl alcohol were not present in
both reactions after 1 hour of mixing. However, in the case of the diarylethene reaction,
an additional singlet was observed at 4.87 ppm, the identity of which could not be

confirmed.

The 13C spectra of the reaction mixture confirmed the complete consumption of
benzyl alcohol in the reaction. Signals for the a-carbon on benzyl alcohol and benzyl

benzoate were visible on both spectra of the esterification reaction.
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Figure 3-18 3C spectra of the benzyl alcohol and benzoic acid esterification
reaction with the diarylethene analog of Hendrickson’s reagent and
TPPO.

3.4. Limitations

The proposed Hendrickson’s reagent-based detection system has some notable
limitations. The most challenging problem is the reagent's instability in the open
atmosphere. The significant advantage of colorimetric detections is that they are easy to
use. This aspect of colorimetric detection is limited by the fact that the proposed system
will work only under an inert atmosphere. The reagent could be placed in a sealed tube
inside a secondary housing as a workaround. The solvent or nucleophile could be
injected into the secondary housing, and breaking the sealed tube will release

Hendrickson’s reagent for the reaction.

The second major limitation of this proposed system as a detector is the lack of
selectivity and specificity. The electrophilic centers in the molecule are susceptible to
nucleophilic attack. Since the electronic properties of the diarylethene photoswitch are

not influenced by the type of nucleophile attached to the phosphonium group, the color
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change will remain the same in all cases. The lack of specificity and selectivity may

cause false positive results and limit the applicability of this method.

As the reaction-extent indicator, the diarylethene-based Hendrickson’s reagent is
limited to colorless reaction mixtures. If the reaction itself is colored or produces colored
products, the color changes observed will be a mixture of the reagent and the reaction.
Isolation of the color change due to the reagent will be difficult as it will be masked or
hidden by the color of the reaction. Also, the system will be less sensitive as the initial
changes will be challenging to observe. The color of the solution will be dictated by the

reaction mixture rather than the ring-closed form of the diarylethene photoswitch.

Similarly, the viability of such a system falters in a large-scale reaction setup,
even if the reaction mixture or products are colorless. The precise tracking of the
reaction progress will be hindered as a slight change in concentration of the ring-closed
form of the diarylethene photoswitch may not produce a noticeable color change in the

reaction solution.

3.5. Future Work

Polymer Support
polymer support
Diels-Alder
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Figure 3-19 Proposed polymer supported diarylethene analog of Hendrickson’s
reagent.

Similar to the work done by Jenkins and coworkers, the diarylethene photoswitch
could be appended to polymer support. One possible method could be to create a
phosphine oxide pre-diarylethene with a diene central ring. The Diels-Alder reaction of
the diene central ring with a dienophile in the polymer chain will make a photochromic
phosphine oxide diarylethene. In some of the current polymer-supported Hendrickson’s
reagent systems proposed in the literature, an equilibrium mixture of ditriflate and
anhydride species is observed. This difference from the regular Hendrickson’s reagent is

because some phosphine oxide may not be near a second phosphine oxide group.
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Since, in the diarylethene-based system, the two phosphine oxide groups will be on the
same species, the probability of the formation of ditriflate is low. Similarly, the polymer
support could be designed so that two diarylethene groups are far apart to favor the

intramolecular phosphine oxide attack over the intermolecular one.

Analogs
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Figure 3-20 Replacement of phenyl rings with other groups may help with the
stability, reactivity, and solubility of the phosphine oxide
derivatives.

Hendrickson’s reagent is generally prepared from triphenylphosphine oxide;
however, other groups have been tried instead of the phenyl rings. A similar approach
could be taken with the diarylethene-based Hendrickson’s reagent. A piperazine-based
phosphine oxide diarylethene group could be synthesized to facilitate the removal of the
reagent with aqueous workup. Similarly, other groups like butyl or cyclohexyl could be

tried to see the effect on the reactivity and stability of the system.

Moisture Detection

Since the Hendrickson’s reagent is sensitive to water, studies on moisture
content detection need to be done. Different ratios of solvent-water mixtures need to be
prepared and then titrated with the Hendrickson’s reagent to form a calibration curve.
Then the unknown ratios need to be titrated with the reagent followed by UV exposure

and finally absorbance measurements.
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3.6. Materials and Instrumentations

All solvents and reagents used for synthesis, chromatography, UV-visible
spectroscopy, and photochemical studies were purchased from Aldrich, Anachemia, Alfa
Aesar, Caledon Labs, and Fisher Scientific and used as received. Tetrahydrofuran used
for Suzuki coupling reactions was dried and degassed by passing through steel columns
containing activated alumina under nitrogen using an MBraun solvent purification
system. Dichloromethane for Hendrickson’s reagent synthesis was dried on 4A
molecular sieves over 48 hours. Deuterated solvents for NMR analysis were purchased
from Cambridge Isotope Laboratories and used as received or dried with 4A molecular
sieves over at least 48 hours. Column chromatography was performed using silica gel
60 (230—400 mesh) from Silicycle Inc.

H, 13C, "°F, and 3'P NMR characterizations were performed on a Bruker Avance-
400 instrument with a 5 mm inverse probe operating at 400.13 MHz for '"H NMR and
100.61 MHz for '*C NMR. Chemical shifts (d) are reported in parts per million (ppm)
relative to tetramethylsilane using the residual solvent peak as a reference. Coupling
constants (J) are reported in Hertz. UV-visible absorption spectra were recorded on a
Shimadzu UV-3600Plus spectrophotometer. High-resolution mass spectroscopy (HRMS)
measurements were performed using an Agilent 6210 TOF LC/MS in ESI-(+) mode.
Ring-closing reactions were carried out using a lamp for visualizing TLC plates at 312
nm (Spectroline E series, 470 W/cm2). The ring-opening reactions were carried out
using the light of a 150 W halogen photo-optic source passed through a 435 nm cut-off

filter to eliminate higher energy light.

Synthesis
CI/@Me

S
2-chloro-5-methylthiophene- 2-methylthiophene (100 g, 1.02 mol, 1 eq) and N-
chlorosuccinimide (152 g, 1.14 mol, 1.1 eq) were added to a 1:1 mixture of
tetrahydrofuran and acetic acid (800 mL), and the reaction was stirred at room
temperature for 30 minutes followed by reflux for 1.5 hours. The reaction mixture was
cooled, and 3 M aqueous NaOH solution (300 mL) was added slowly. The mixture was
transferred to a separatory funnel and washed with 3 M aqueous NaOH solution (3 %

300 mL), followed by brine. The combined organic phase was dried with anhydrous
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MgSQy, filtered, and the solvent removed under vacuum to yield a brown liquid.
Purification by vacuum distillation yielded 121.7 g (90%) of 5-chloro-2-methylthiophene

as a clear, colorless liquid.
"H NMR- (400 MHz, CDCl3) 8- 6.71 (d, 1H), 6.53 (d, 1H), 2,4 (d, 3H)

3C NMR- (101 MHz, CDCls) &- 138.55, 128.55, 125.8, 124.56, 15.55

0 0
c— 1 H—cl
S Me Me S

1,5-bis(5-chloro-2-methylthiophen-3-yl)pentane-1,5-dione- Aluminum trichloride (60
g, 0.45 mol, 1,2 eq) was added carefully in portions to carbon disulfide (250 mL) at 0 °C
and stirred vigorously. Glutaryl chloride (63.4 g, 0.375 mol, 1 eq) was added dropwise to
the suspension, and the mixture was stirred for 15 minutes at 0 °C. To this suspension,
2-chloro-5-methylthiophene (49.75 g, 0.375 mol, 1 eq) was added dropwise. The
reaction mixture was allowed to warm to room temperature and stirred for 3 hours, after
which 100 g of ice was added over 30 minutes. The organic layer was separated, and
the aqueous layer was washed with diethyl ether (3 x 100 mL). The combined organic
layers were washed with brine, dried with anhydrous MgSQ., filtered, and the solvent
evaporated under vacuum to yield a black tar. The black tar was redissolved in
dichloromethane, dry-loaded on Celite, and passed through a pad of silica gel with 20 %
ethyl acetate in hexane as the eluent. Recrystallization with hot ethanol yielded 56.9 g
(42%) of 1,5-bis(5-chloro-2-methylthiophen-3-yl)pentane-1,5-dione as solid white

crystals.
"H NMR- (400 MHz, CDCl3) 8- 7.16 (s, 2H), 2.86 (t, 4H), 2.68 (s, 6H), 2.08 (m, 2H)

3C NMR- (101 MHz, CDCls) 8- 194.1, 147.4, 134.2, 126.6, 125.0, 40.7, 18.4, 16.1

I\ I\

1,2-bis(5-chloro-2-methylthiophen-3-yl)cyclopent-1-ene- Titanium tetrachloride (8.52
mL, 0.08 mol, 8 eq) was added dropwise to a suspension of zinc powder (7.5 g, 0.115
mol, 11.5 eq) in dry tetrahydrofuran (100 mL) at 0 °C and the reaction mixture was

heated to reflux for 1 hour. After that, the reaction was cooled to 0 °C, and 1,5-bis(5-
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chloro-2-methylthiophen-3-yl)pentane-1,5-dione (3.61 g, 0.01 mol, 1 eq) was added in
portions. The reaction mixture was refluxed again and monitored with TLC. After 3
hours, all the starting material was consumed, and the reaction mixture was cooled to
room temperature and quenched with 10% aqueous K>CO3 (5 mL) solution. The reaction
mixture was then filtered over a pad of Celite and washed with ethyl acetate (3 x 100
mL). The combined organic layers were dried with anhydrous MgSOy, filtered, and the
solvent evaporated under vacuum. Purification by column chromatography on silica gel
using n-hexane as eluent yielded 2.47 g (75%) of 1,2-bis(5-chloro-2-methylthiophen-3-

ylcyclopent-1-ene as a white crystalline solid.
'"H NMR- (400 MHz, CDCl5) 8- 6.56 (s, 2H), 2.69 (t, 4H), 2.02 (q, 2H), 1.88 (s, 6H)

3C NMR- (100 MHz, CDCls) 5- 134.6, 134.2, 133.1, 126.5, 125.2, 38.27, 22.67, 14.12

1,2-bis(5-(diphenylphosphine)-2-methylthiophen-3-yl) cyclopent-1-ene- n-BuLi (3
mL, 0.0075 mol, 2.5 eq, 2.5 M in hexane) was added dropwise to a solution of 1,2-bis(5-
chloro-2-methylthiophen-3-yl)cyclopent-1-ene (1.00 g, 0.003 mol, 1 eq) in dry
tetrahydrofuran (60 mL) at room temperature over 30 minutes. The reaction mixture was
monitored with TLC and stirred for 30 minutes. Diphenylphosphine chloride (1.25 mL,
0.00675 mol, 2.25 eq) was added at once using a syringe to quench the reaction, and
the mixture was stirred overnight. Ethyl acetate (30 mL) and water (30 mL) were added
to the reaction flask, and the organic layer was separated. The aqueous layer was
extracted with ethyl acetate (3 x 30 mL), dried with anhydrous MgSQ., filtered, and the
solvent evaporated under vacuum. Purification with column chromatography on silica gel
using 33 % dichloromethane in petroleum ether yielded 1.72 g (91%) of 1,2-bis(5-
(diphenylphosphine)-2-methylthiophen-3-yl) cyclopent-1-ene as a white fluffy solid.

'H NMR-- (400 MHz, CDCl3) 8- 7.34-7.21 (m, 20H), 7.01 (d, 2H), 2.72 (t, 4H), 2.01-2.05 (m,
2H), 1.94 (s, 6H)

3P NMR-- (125 MHz, CDCl3) 8- -20.08 (s, P)
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(Cyclopentane-1-ene-1,2-diylbis(5-methylthiophene-4,2-diyl)) bis
(diphenylphosphine oxide)- Hydrogen peroxide (50% aqueous solution, 7 mL) was
added to a solution of 1,2-bis(5-(diphenylphosphine)-2-methylthiophen-3-yl) cyclopent-1-
ene (0.63 g, 0.001 mol, 1 eq) in chloroform (100 mL) and the mixture was heated to
reflux for 4 hours. The mixture was cooled to room temperature, added water (30 mL),
and extracted with chloroform (3 x 75 mL). The combined organic layers were dried with
anhydrous MgSOQ., and the solvent evaporated under vacuum. Purification by column
chromatography on silica gel using 20 % acetone in dichloromethane yielded 0.75 g
(88%) of (cyclopent-1-ene-1,2-diylbis(5-methylthiophene-4,2-diyl))bis(diphenylphosphine

oxide) as a white, fluffy solid.

'H NMR-- (400 MHz, CDCls) 5- 7.39-7.70 (m, 20H), 7.07 (d, 2H), 2.71 (t, 4H), 1.91-2.01 (m,
2H), 1.92 (s, 6H)

3C NMR-- (101 MHz, CDCls) 5- 143.78, 137.5, 137.19, 134.88, 133.29, 132.09, 131.50,
129.99, 128.45, 38.16, 22.76, 14.45

3P NMR-- (121.5 MHz, CDCl3) 5- 19.81

Hendrickson’s reagent-based diarylethene synthesis- In a flame-dried round-bottom
flask equipped with a stir bar, bisphosphine oxide diarylethene (66.1 mg, 0.1 mmol, 1 eq)
was dissolved in anhydrous dichloromethane (2 mL) under argon atmosphere and
placed in an ice bath at 0 °C. Trifluoromethane sulfonic anhydride (0.17 mL, 0.1 mmol, 1
eq) was added dropwise to the chilled solution via a syringe. The reaction mixture was
stirred at 0 °C for 4 hours and then kept in a freezer at -18 °C for 12 hours to yield POP-
diarylethene.

3P NMR-- (121.5 MHz, CDCl3) &- 43.33
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General procedure for ester synthesis- To the freshly prepared Hendrickson’s reagent-
based diarylethene solution in an NMR tube, benzyl alcohol (0.054 mL, 0.5 mmol, 1 eq),
benzoic acid (0.061 g, 0.5 mmol, 1 eq), and diisopropylethylamine (0.19 mL, 1.1 mmol,
2.2 eq) were added successively. The reaction mixture was allowed to warm to room

temperature with occasional stirring. 'H, *C, '°F, and 3'P NMR were collected at

appropriate times.
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Chapter 4.

Locked Tight: The Struggle to Break a Single Base
Pair in a Model for Toehold-Mediated Displacement

Abstract

nucleobase

non-polar solvent polansstt e

14
19

Nucleic acid detection has revolutionized medicine, forensics, food safety, and
environmental monitoring. There are several detection methods available. However,
most of them are fluorophore-based. This chapter discusses the attempt to prepare a
toehold-mediated strand displacement (TMSD) process to create a colorimetric sensor
based on the diarylethene molecule. The diarylethene molecule will be locked in the
photoinactive parallel conformation. The TMSD process will unlock the molecule and
allow it to acquire the photoactive anti-parallel conformation. A single nucleobase pair
was attached to the diarylethene molecule as proof of concept. However, the strong
hydrogen bonding between the complementary nucleobases hindered the intended

conformational switching of the diarylethene molecule.
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4.1. Introduction

The presence of nucleic acids in every living cell on Earth is a testament to their
role as the fundamental building block of life. The discovery and subsequent research on
the structure of nucleic acids accelerated the progression of fields such as

biotechnology, medicine, genetic engineering, and evolutionary sciences.

Two primary classes of nucleic acids are ribonucleic acid (RNA) and
deoxyribonucleic acid (DNA), each with a distinct structure and role. These large linear
biopolymers are made up of monomeric units called nucleotides, which comprise three
subunits: a phosphate group, a pentose sugar (deoxyribose in DNA and ribose in RNA),
and a nucleobase (purines or pyrimidines).'3 The purines are adenine [A] and guanine
[G], while the pyrimidines are cytosine [C] and thymine [T] in DNA / uracil [U] in RNA.
The phosphates connect the sugars, forming the backbone, while the nucleobases
participate in base-pairing interactions. In DNA, two strands coil into a double-helix
structure, held together by hydrogen bonds between complementary base pairs — A with
T or U and C with G. RNA is a single strand with exposed bases; however, internal base
pairing allows some regions to fold into secondary structures. The stability and functions

of nucleic acids depend on the base-pairing rules.'3
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Figure 4-1 Purines [T and C] and pyrimidines [G and T] and hydrogen bonding
between the complementary pairs.

Nucleic acids determine many biological functions in living organisms. Genes,
which are specific DNA nucleotide sequences, form the basis for all individual

organism’s traits and characteristics. These specific sequences control all cellular
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activities, such as cell development, maintenance, and regulation. The stored data in
DNA carries the instructions for making proteins through gene expression, ensuring
proper cell function. DNA replication allows genetic information to be passed on before
cell division. Some RNA molecules help regulate gene expression by preventing
unwanted protein production. On the other hand, viruses use host cells to replicate their

nucleic acids, leading to infections and diseases.'™

4.2. Where and Why is the Detection of Nucleic Acids
Needed?

The demand and need for fast and consistent nucleic acid detection has grown
significantly over the past few decades, particularly in diagnostics, forensics, and
environmental monitoring. The replacement of slower traditional methods, such as
pathogen culture, with faster and more efficient alternatives has improved scientific and

industrial applications.

Medical
Diagnostics

Environment
monitoring

&

Forensics

]

§ Nucleic Acid Detection §

Food safety

v

Figure 4-2 Nucleic acid detection is crucial in many fields.

Medical diagnostics and therapeutics — Quick and accurate identification of
pathogens based on their genetic material has become possible due to the advances in
nucleic acid detection, making this approach invaluable in medical diagnostics. Fast
detection of infections caused by pathogens has facilitated quick vaccine development.
This became especially clear during the COVID-19 pandemic and helped track and
control the spread of the virus. Detecting genetic disorders is another field that new
nucleic acid detection technologies have transformed. Identification of mutations in DNA

allows early diagnosis of inherited conditions. Fast detection of circulating tumor DNA
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(ctDNA), a biomarker for cancer, has proved to be a less invasive alternative to
traditional biopsy. This has allowed continuous tracking of disease progression and the

effectiveness of the treatment.”25

Forensics—The discovery of DNA's uniqueness made it possible to establish
identification databases. Minute traces of biological material—such as blood, saliva, or
hair—can be analyzed to determine the source. DNA evidence is crucial in identifying

victims and suspects and exonerating individuals who have been wrongfully convicted.®

Environmental monitoring — Nucleic acid detection is valuable for assessing
ecological health. Pathogens posing significant risks to humans, animals, and plants are
present in water, soil, and air. Investigation of antibiotic-resistant bacteria such as
Mycobacterium tuberculosis can help develop new drugs. Analysis of environmental
nucleic acids (eDNA and eRNA) makes tracking and monitoring invasive or endangered
species easier. DNA barcoding allows for identifying and profiling endangered species,
supporting efforts to combat poaching and the illegal wildlife trade. Certain
microorganisms play a role in bioremediation, i.e., they help break down contaminants
such as oil spills and heavy metals. Identification of these helpful microorganisms helps

enhance environmental cleanup efforts.’

Food Safety — Nucleic acid detection is used to identify contaminants and detect food
fraud. The 2013 horsemeat scandal in Europe, where undeclared horse DNA was found
in beef products, is a recent example of the usefulness of DNA detection techniques.
Labeling fish and other food items ensures that consumers receive the correct products.
In food production, nucleic acid detection helps monitor microbial populations to ensure
food safety for consumption. It can also be used to identify toxins produced by certain
microorganisms. Additionally, this technology detects genetically modified organisms

(GMOs) in food products to comply with regulatory requirements.®

4.3. What Techniques are Used for Nucleic Acid Detection?

Nucleic acids are complex structures inside cells, organized into tightly coiled
and condensed assemblies wrapped around proteins. Nucleic acid analysis is done
either in situ (within the cell) or in a test tube after isolation from the cell (in vitro). In vitro

procedures require the extraction, purification, and amplification of the nucleic acids
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before analysis, whereas in situ methods do not require any work. This chapter will focus
on the in vitro nucleic acid analysis as the method of detection discussed later in this

chapter deals with that.

4.3.1. Isolation

The first step in nucleic acid analysis is the cell lysis process, which breaks open

the cell wall.® This can be achieved through:

¢ Chemical methods (detergents, chaotropic salts, or organic salts)
e Mechanical methods (bead beating, sonication)

¢ Enzymatic methods (proteases, lysozymes, lytic enzymes)

4.3.2. Purification

Following the lysis process, purification separates proteins, lipids, and other
contaminants that may interfere with the downstream analysis.®'" Standard purification

techniques include:

¢ Phenol-chloroform extraction — Separates nucleic acids from proteins using

organic solvents.

¢ Silica-based purification — A simple process where the nucleic acids bind to the
silica in the presence of chaotropic salts, and weakly bound proteins and

polysaccharides are removed by washing.

o Magnetic bead-based purification — Coated magnetic beads can selectively bind
to nucleic acids under specific buffer conditions, followed by isolation using a

magnetic rod.

4.3.3. Amplification

In many cases, the number of nucleic acids received after purification is
insufficient for direct analysis. Amplification techniques are deployed to increase the

quantity of nucleic acids to detectable levels.'>*
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Polymerase Chain Reaction (PCR) is a widely used DNA amplification technique.
Amplification takes place in three steps: denaturation (heating the sample to break the
duplex), annealing (cooling to bind the short single-stranded DNA sequences called

primers), and extension (formation of complementary strands).'

Isothermal amplification is a notable alternate procedure that does not require
thermal cycling. Instead, these methods use specialized enzymes that facilitate DNA
replication at a constant temperature. Some examples of the isothermal amplification
processes are Loop-Mediated Isothermal Amplification (LAMP),'® which uses strand-
displacing polymerase and multiple primers to generate large amounts of DNA;
Recombinase Polymerase Amplification (RPA), which employs recombinase enzymes to
facilitate primer binding and strand exchange at lower temperatures; and Nicking
Enzyme Amplification Reaction (NEAR), which utilizes nicking enzymes to generate

continuous DNA replication in real time.'>'”

4.3.4. Detection

Post amplification, two distinct approaches for nucleic acid detection are indirect

and direct.

The indirect methods monitor the byproducts of the amplification process rather
than the nucleic acids themselves. The approach relies on detecting physical changes
(e.g., solution turbidity) or chemical variations (e.g., pH variations, phosphate release).
While the indirect methods are simple, they can suffer from reduced specificity,

increasing the risk of false-negative or false-positive results.'®

The direct detection methods rely on identifying nucleic acids based on their
sequence, minimizing errors in nucleic acid identification.'®2° Subsequent sections
outline some of the direct detection methods for nucleic acids.

Visual Detection Methods for Nucleic Acids

Visual detection probes are the widely used tools for the direct detection of
nucleic acids. The different strategies for visual detection can broadly be classified into

two classes:

e Binding-based strategies

131



o Hybridization-based strategies

Both strategies allow for fast and reliable detection of nucleic acids, although

some methods lack specificity.

Binding-based Strategies

Small molecules can interact with nucleic acids in various ways, and these
interactions have been utilized to develop detection strategies.?' The primary binding

modes are:

a. Intercalation: Small planar, positively charged molecules called intercalators insert
between two stacked DNA or RNA duplex base pairs. The duplex unwinds to open space
between the stacked nucleobase pairs, leading to lengthening of the strand, which distorts
the stacking pattern. This structural distortion increases the fluorescence intensity of the

intercalator, allowing for sensitive detection.

b. Groove binding: The base pair arrangement and the sugar-phosphate backbone in the
DNA double helix are asymmetrical, leading to grooves in the structure. The broader and
deeper groove is called the major groove, while the shallower and narrower groove is
called the minor groove. Molecules can bind to the grooves through hydrogen bonds, van
der Waals forces, or electrostatic interactions with the base pairs. Structurally, the

molecule must be flexible enough to twist around the double helix sufficiently.

c. Electrostatic interactions: Due to the phosphate groups, nucleic acid's negatively
charged backbone facilitates electrostatic interactions with cationic species. These
interactions are non-specific due to the intense negative charge density inherent to nucleic

acids.
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Absorbance-based Probes
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Figure 4-3 Absorbance-based probes are used for the binding-based detection of
nucleic acids.

SYBR Green | (SG), an intercalating fluorescent dye, also changes color upon
interaction with DNA. The unbound SG color is orange and changes to green upon
intercalation.?? DISCy(5) is a cyanine dye that binds in the minor groove of the DNA
double helix, and the binding process results in a blue shift in the absorption (Amax = 647
nm to Amax = 590 nm).2® Crystal violet is a major groove-binding dye for DNA detection.
The addition of excess sodium sulfite converts the purple-colored crystal violet into a
colorless leuco crystal violet form. An equilibrium exists between the two forms, favoring

the leuco form due to the excess sodium sulfite.?*

Hybridization Process

Complementary base-pairing is leveraged in hybridization-based detection
methods, often offering enhanced sensitivity and specificity over binding-based detection
strategies. Hybridization can occur in two distinct ways: a) two complementary single
strands coming together to form a double strand, and b) a complementary single strand
displacing a strand from a duplex. Several strategies have been developed to
incorporate the hybridization process in nucleic acid detection and quantification

methods.

Nanoparticles provide a versatile platform for nucleic acid detection because of
the ability to control their size, shape, surface chemistry, and optical properties. Both
direct and post-amplification techniques have been used for nucleic acid detection. Gold
nanoparticles (AuNP) are the most widely used nucleic acid detection systems. Color
change due to the shift in localized surface plasmon resonance, observed upon

aggregation of AuNPs, forms the basic principle for colorimetric detection of nucleic
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acids. Basic design strategies for nucleic acids detection based on AuNPs are listed

below:

g “Jdo 1,
Target /I\ /I\ /I\
strand

g g W1,
Non- / ] N\ Y4 I \ y4 I \
target
strand AuNPs

Figure 4-4 Crosslinking process for nucleic acid detection by AuNPs.

Crosslinking approach: Labeling AuNPs with thiolated oligonucleotides allowed
for developing a cross-linking-based approach for nucleic acid detection. This approach
labels AuNPs with oligonucleotides complementary to one-half of the target nucleic acid
sequence. Adding the complementary target strand results in the hybridization process.
Aggregation of the AuNPs occurs as a result, leading to a color change from red to

purple.?526

Target

strand AuNPs NacCl

Figure 4-5 Non-crosslinking process for nucleic acid detection by AuNPs.

Non-crosslinking approach: In this approach, ssDNA strands complementary

to the target strand are attached to the AuNP surface. In the absence of the non-
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complementary target strand, high NaCl concentrations lead to aggregation of the
AuNPs, causing a color change from red to purple. However, in the presence of the
target strand, hybridization occurs between the AuNP surface-bound probe ssDNA and
the target strand. This hybridization increases the stability of the AuNP, preventing NaCl-

induced aggregation, and the solution remains red.?2’
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Figure 4-6 Sandwich-mode probes for nucleic acid detection by AuNPs.

Sandwich mode: Non-functionalized AuNP: AuNPs are capped with citrate to
create a negatively charged surface that inhibits aggregation. SsDNA or RNA, with their
exposed nucleobases, can adsorb on the surface of the AuNP through non-covalent
interactions. This adsorption process increases the overall charge density on the AUNP
surface and stabilizes the colloid against NaCl-induced aggregation. In contrast, dsDNA
cannot adsorb on the AuNP surface similarly; thus, NaCl addition leads to a decrease in
electrostatic repulsion, and subsequently, aggregation occurs, causing the color change

from red to purple.?®

Similar to AuNPs, silver nanoparticles (AgNP) have been used for colorimetric
detection of nucleic acids. Colloidal solutions of AgNPs exhibit a yellow color due to
localized surface plasmon resonance (LSPR). Aggregation leads to a visible color

change to red.?®

Other colorimetric techniques for nucleic acid detection use the peroxidase-like
enzyme activity of nanomaterials like G-quadruplex-based nanostructures®, magnetic
NPS3', and graphene oxide. These nanomaterials can catalyze the oxidation of

chromogenic substrates like 2,2’-azinobis(3-ethylbenzothiozoline)-6-sulfonic acid
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(ABTS), 3,3',5,5-tetramethylbenzidine (TMB), o-phenylenediamine (OPD) in presence of
oxidizing agents like hydrogen peroxide (H20.) and singlet oxygen ('Oy). In the presence
of the target nucleic acid, the peroxidase-like activity of these nanomaterials turns on,

leading to a color change.

Toehold-mediated Strand Displacement (TMSD)

TMSD is a powerful technique used in nucleic acid detection, utilizing the unique
properties of DNA and RNA to create highly specific and controllable interactions.323

The mechanism of TMSD involves the following steps:

o Initial complex — A double-stranded DNA complex consisting of a shorter protector
strand and a longer target strand. This creates an overhanging “toehold” region in
the target strand.

¢ Invading strand—The initial complex introduces an RNA or a single-stranded DNA
complementary to the target strand.

e Toehold binding — The invading strand binds to the toehold region, thereby
initiating a displacement process.

e Branch migration — The invading strand progressively replaces the protector strand
through a process known as branch migration.

e Displacement — At the end of the process, the protector strand is wholly displaced,

leaving the target strand bound to the invading strand.

4.4. Proposed Research

The applicability of diarylethene photoswitches in biological systems has been
widely demonstrated in the literature. Several research groups have worked on the
sensing and imaging applications of the diarylethene photoswitches, while others have

tried to incorporate the nucleobases in the photoswitch itself.
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Scheme 4-1 A toehold-mediated detection strategy is based on locking the
diarylethene in parallel conformation.

This research proposes a nucleic acid detection system based on the toehold-
mediated strand displacement process. The proposed system features a pair of nucleic
acid strands of different lengths positioned across the diarylethene molecule. The two
thiophenes will converge in the parallel conformation to form a duplex with a toehold.
This arrangement will lock the diarylethene photoswitch in the non-photochromic parallel
conformation. When a target strand with higher complementarity to the longer strand is
introduced in the system, strand displacement will occur. The duplex will break, allowing
the diarylethene photoswitch to acquire the photoactive anti-parallel conformation.
Irradiating with light of appropriate wavelength induces the photocyclization reaction in
the diarylethene, resulting in a color change. This color change will be used as the

optical readout signal for the presence of the analyte strand.

The proposed system can potentially be used in medical diagnostics and
monitoring processes. The longer strand could be designed to complement a unique
segment of the nucleic acid genome of a virus or bacterium. Similarly, the DNA
sequences or mutations associated with certain tumors, cancers, and genetic disorders
could be used as targets for diagnostic purposes. Monitoring the extent of the color
change can assess the progression of a disease or the amount of harmful pathogens

present.
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Figure 4-7 Each step of the Toehold-mediated strand displacement process
mentioned previously.

E

The proposed nucleic acid detection system offers several advantages. The toehold-
mediated strand displacement process is highly specific, making the color change only
possible when the perfectly complementary target strand is present. Ideally, the system
will go from colorless to colored, making it sensitive even at low concentrations of target
strands. The proposed system is also versatile, allowing the detection of a wide range of
nucleic acid sequences by simply changing the target strand. The system's relative ease
and simple design make it suitable for point-of-care diagnostics and on-the-field

applications.

4.4.1. Proof of Concept

As proof of concept for the diarylethene-based nucleic acid detection system, the
initial idea was to design and synthesize a diarylethene molecule with one pair of
complementary nucleobases on each thiophene arm. The design of the diarylethene
molecule also had to incorporate the dimensions of the DNA duplex. The diameter of a
DNA duplex is approximately 18-20 A; thus, the end-to-end length of the diarylethene
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photoswitch in the anti-parallel conformation should be greater than this. If the
photoswitch is shorter than the DNA diameter, the diarylethene molecule can acquire
photochromic anti-parallel conformation. The other important consideration is the choice
of a functional group on the diarylethene molecule for the covalent binding of the nucleic
acid strand. The convention for the directionality or orientation of the single strand of a
nucleic acid is based on the ribose sugar. The nucleic acid strand contains a 5’ end
where the phosphate group is attached to the hydroxyl group on the carbon 5 of the
ribose ring and a 3’ end where the hydroxyl group is on carbon 3. Amine or thiol
functional groups are commonly used as the end groups in commercially available single

strands of nucleic acids.
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Scheme 4-2 Proof of concept based on a single nucleobase pair across the
thiophene arms.

Several diarylethene photoswitch structures were considered with different
functional groups that can undergo chemistry with the commercially available single
strands. A biphenyl group connected to the thiophene group was envisaged to achieve
the optimum length. For the proof of concept, 2',3'-O-Isopropylidene derivatives of
adenosine and uridine were selected to attach to the diarylethene photoswitch. Since

there is a free primary hydroxyl group on the ribose ring, carboxylic acid was chosen as
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the functional group on the diarylethene molecule, as esterification is one of the most

straightforward chemical reactions.

After designing the molecule, computational structure analysis was done using
the Gaussian 09 software. The geometry of the anti-parallel conformation was optimized
using the Hartree-Fock method with a 6-31G,d basis set. The end-to-end length between
the carboxyl groups in the anti-parallel conformation in the optimized structure was 27 A.
The biphenyl groups on thiophene impart rigidity to the structure, allowing the length in

anti-parallel conformation to be longer than the diameter of the DNA duplex.

4.4.2. Synthesis

1) n-BuLi, THF, RT, 30 min
2) tributyl borate, RT, 1 h

- s s
I 3) Pd(PPhj);, Cs,CO3, o O O O O o

1,4-dioxane/DCM, 80 °C, 16 h o 50% o)

o/
7 ‘

1. KOH, TBAB
1,4-Dioxane/DCM/H,0, reflux, 4H
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Scheme 4-3 Synthesis scheme for the nucleobase diarylethene photoswitch.

The bis-chloro diarylethene precursor was synthesized by the process described

in Chapter 3. The biphenyl arm was synthesized by the Suzuki coupling reaction of 4-
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bromobenzene boronic acid and methyl-4-iodobenzoate. Metal-halogen exchange of the
bis-chloro diarylethene molecule with n-BuLi, followed by the Suzuki coupling with
biphenyl ester, gave the bis-ester diarylethene. This bis-ester diarylethene photoswitch
was hydrolyzed with a base to yield the bis-acid diarylethene molecules. Steglich
esterification of the protected nucleosides with the bis-acid diarylethene molecules using
carbodiimides gave a mixture of adenosine-adenosine, adenosine-uridine, and uridine-

uridine diarylethene photoswitches.

4.5. Results and Discussions

4.5.1. Computational Analysis

To test whether the two nucleobases can form a hydrogen-bonded pair in the
parallel conformation of the diarylethene, a simple computational analysis was
performed using the DFT method with a 6-31G, d basis set. The structure was designed
in the parallel conformation, and the two nucleobases were kept close. Geometry
optimization was done to observe the final optimized structure and determine if hydrogen

bonding will occur naturally.

The optimized structure showed a planar arrangement of adenosine and uridine
units in the parallel conformation. The hydrogen bond lengths were measured at 1.78 A
and 1.90 A, confirming the formation of N-H---O and N-H---N hydrogen bonds. This
reinforced that the diarylethene molecule should be able to achieve the locked state
upon base pairing, thus restricting its photochromic activity. Since this simple experiment
aimed to assess whether such a configuration was possible, no further higher-level

analysis was carried out.
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Figure 4-8 Figure 4-8 Optimized structure of diarylethene in parallel conformation
with planar arrangement of nucleobases.

4.5.2. Synthesis Challenges

Initially, attempts were made to synthesize the biphenyl carboxylic acid instead of
the ester to minimize the number of synthesis steps. However, this proved challenging
as the molecule was highly polar, with several overlapping spots on the TLC, which
made the purification difficult. This prompted the switch to ethyl esters to facilitate the
purification of the diarylethene photoswitch. The Suzuki coupling reaction was initially

tried in a toluene/ethanol/water mixture; however, only a tiny amount of disubstituted
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product was recovered from the reaction mixture, with mostly monosubstituted product.
Attempts to perform the metal-halogen exchange reaction on the monosubstituted
product were unsuccessful, followed by the Suzuki coupling reaction to make the
disubstituted product. The reaction yielded multiple overlapping products, as evidenced
by TLC. A water-free Suzuki coupling reaction was performed in 1,4-dioxane with
cesium carbonate as the base at reflux and 80 °C temperature. The yield increased
slightly compared to the previous solvent mixture at both temperatures; however, the
monosubstituted diarylethene was still the major product. It was observed that as the
reaction proceeded, an insoluble precipitate formed. Filtration and analysis of the
precipitate revealed that the precipitate was the monosubstituted product. The solubility
of this product was checked in different solvents, and it was found that the molecule was
only soluble in dichloromethane or chloroform. The reaction was repeated in 1,4-dioxane
mixtures with dichloromethane or chloroform at 80 °C. In the case of the
dichloromethane reaction, fresh solvent was added as soon as the precipitate appeared,
most likely due to solvent evaporation. The yield for the disubstituted production
improved significantly for the dichloromethane reaction. The same issue occurred with
the hydrolysis reaction of the ester. Adding dichloromethane did not favor hydrolysis; the
same precipitation issue was observed. The addition of cetyltrimethylammonium
bromide (CTAB), a phase transfer agent, helped with the hydrolysis reaction of the ester.
The esterification reaction with nucleobases was then performed in a mixture of N, N-

dimethylformamide and dichloromethane.

4.5.3. Locking and Unlocking Tests

Absorbance spectroscopy was performed to test the hypothesis that changing
the environment in the solution locks and unlocks the nucleobase diarylethene. DMSO
was selected as a highly polar solvent that can break the hydrogen bonding between
nucleobases to observe the photochromic performance of the nucleobase diarylethene.
A 0.025 mM solution of the diarylethene was prepared, and the absorbance spectrum
was collected without irradiation with 365 nm UV light. The spectrum at t=0s showed a
band in the visible region. The sample was kept in front of a visible lamp with a >450 nm
cutoff filter for 10 minutes; however, no change in the spectrum was observed. Further
irradiation with 365 nm UV light increased the band in the visible region centered around

563 nm, and PSS was reached after 50 seconds of irradiation.
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Figure 4-9 The absorbance spectra of nucleobase diarylethene in DMSO (0.025
mM).

Since chloroform is one of the solvents that completely dissolves the nucleobase
diarylethene and is relatively less polar than DMSO, the same experiment was
performed to see whether the solvent would allow the locking of the photoswitch in the

parallel conformation.
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Figure 4-10 The absorbance spectra of nucleobase diarylethene in chloroform
(0.025 mM).
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However, an increase in the bands in the visible region centered at 566 nm was
observed with UV light irradiation (365 nm), and the PSS was reached after 50 seconds
of irradiation. It was hypothesized that this was probably due to the water present in the

solvent. However, only a slight decrease in the band intensity was observed when dry
solvent was used.

During an NMR run, the tube was accidentally exposed to light. However, the
sample remained colorless. This prompted an inquiry into trying the locking process in
deuterated solvents. Since the solubility of diarylethene is best in dichloromethane, the
next attempt was to lock the molecule in dry CD>Cl>.

AUDTE - CD,Cl, - 0.025 mM

~ 0.5

P

300 350 400 450 500 550 600 650 700 750 800
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Figure 4-11 The absorbance spectra of nucleobase diarylethene in deuterated
dichloromethane (0.025 mM).

A 0.025 mM solution of the diarylethene photoswitch was prepared in dry
deuterated dichloromethane, and the absorbance spectra were collected. The sample
was irradiated with 365 nm UV light for 180 seconds, but no change in absorbance
spectra was observed. The addition of adenine in 100 yL of methanol and DMSO also
did not result in any change in the spectra. Similar observations were seen with

deuterated chloroform as the solvent.
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Figure 4-12 The absorbance spectra of nucleobase diarylethene in chloroform
with adenine (0.025 mM).

Since there was no change in the absorbance spectra of the deuterated solvents,
dry chloroform was again tested. The solvent was dried thoroughly on 4 A molecular
sieves and deoxygenated with freeze-pump-thaw. A 0.025 mM solution was prepared,
and absorbance spectra were collected. The addition of adenine in DMSO to the mix
resulted in an increase in bands in the visible region. However, the same was also
observed when only DMSO was added. Irradiation with UV light resulted in an increase
in bands in the visible region. This observation made the whole experiment inconclusive

about whether the unlocking was due to adenine or the solvent.

At this point, it was hypothesized that the protons in chloroform and
dichloromethane disrupt the hydrogen bonding. That disruption is minimized in
deuterated solvents such as CDCls and CD2Cl», and the diarylethene can lock through
the hydrogen bonding between the nucleobases. To check for this hypothesis, the
absorbance spectra were recorded in CCls, which possesses no protons, and the
solubility of the photoswitch is similar to that in the case of chloroform and
dichloromethane. The results for the tests in CCls were identical to those in the case of
deuterated chloroform and dichloromethane. The addition of DMSO, methanol, and

adenine did not unlock the diarylethene photoswitch.
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Figure 4-13 The absorbance spectra of nucleobase diarylethene in CCl4(0.025
mM).

Several other solvents were also tried; however, the result was more or less the
same in each case. Polar solvents kept the molecule unlocked, while hydrogen bonding
tightly held the molecule in a parallel conformation in non-polar solvents. In the case of
highly non-polar solvents (hexanes, cyclohexane, and heptane), the molecule crashed

out.

4.6. Limitations

There are several challenges and limitations in toehold-mediated strand
displacement systems for nucleic acid detection. The target nucleic acid and the toehold
need to be very specific. If the target nucleic acid has a similar or partial sequence
somewhere other than the end, binding from a site different from the one intended might
occur, which may only result in a partial displacement. This situation may also arise in
complex systems where multiple analytes are present. Unintended interactions between
a non-target analyte and the toehold might occur, stopping the intended analyte from
attaching.

Similarly, a non-target species like blood or saliva may interact with the nucleic
acid duplex of the diarylethene system. The changes in pH and temperature also affect
the binding of the nucleic acid strands. Spontaneous displacement of the strands,

referred to as leakage, might also occur, increasing the background noise. These
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limitations reduce the specificity of this system towards the analyte and increase the

chances of false-positive or false-negative results.

The length of the toehold is also critical, as a shorter or suboptimal toehold might
result in slower reaction kinetics. This would result in incomplete strand displacement
reactions, leading to a false negative result. Lastly, the sensitivity of such a system will
not be very high unless an amplification method is used. The detection system and the
analyte react in 1:1 stoichiometry. The color intensity will be weak and difficult to assess

for samples with low analyte concentrations.

4.7. Future Work

The next step in the project will be to weaken the nucleobase interaction to afford
the breakage of the hydrogen bonds. The adenine group can be replaced with inosine, a
purine found in transfer RNA (tRNA), which can bind to adenine, cytosine, and uracil.
Since uracil can also hydrogen bond with guanine, its addition should ideally break the
duplex. Alternatively, a less hydrogen bonding derivative of uracil can also be used
alongside adenine. A thorough computational analysis of the binding process must be
performed to analyze the hydrogen bonding strengths before synthesizing and analyzing
the modified structures. Regarding the design of the diarylethene, one of the phenyl
groups from the biphenyl arm could be replaced with a linker long enough to maintain
the size considerations. This will help solve the solubility challenges during the
synthesis. Other functional groups that can react with the OH of the sugar could also be
tried. Once these problems are solved, actual nucleic acid strands need to be attached
to the diarylethene photoswitch, and the hypothesis with the toehold-mediated strand
displacement process needs to be tested. The lengths of the two strands will be critical,
as well as the length of the toehold. The other important aspect will be the number of
mismatches in the duplex. If the number of mismatches is large, spontaneous

displacement of strands may occur.
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4.8. Materials and Instrumentations

Solvents, reagents, catalysts, and precursors used for synthesis,
chromatography, UV-visible spectroscopy, and photochemical studies were purchased
from Aldrich, Alfa Aesar, Anachemia, Caledon Labs, and Fisher Scientific and used as
received. Solvents used for moisture-sensitive reactions were dried by passing through
silica gel and leaving on 3 A / 4 A molecular sieves for at least 48 hours or passing
through steel columns containing activated alumina under nitrogen using an MBraun
solvent purification system. Deuterated solvents for NMR spectroscopy were purchased
from Cambridge Isotope Laboratories and Aldrich and used as received or dried with 4 A
molecular sieves for at least 48 hours. Column chromatography was done using silica
gel 60 (0.015-0.040 mm or 0.063 to 0.200 mm) purchased from Silicycle Inc.

'H, and "®C NMR characterizations were performed on a Bruker Avance-400
instrument with a 5 mm inverse probe operating at 400.13 MHz for '"H NMR and 100.61
MHz for ®C NMR. Chemical shifts (d) are reported in parts per million (ppm) relative to
tetramethylsilane using the residual solvent peak as a reference. Coupling constants (J)
are reported in Hertz. UV-visible absorption spectra were recorded on a Shimadzu UV-
3600Plus spectrophotometer. High-resolution mass spectroscopy (HRMS)
measurements were performed using an Agilent 6210 TOF LC/MS in ESI-(+) mode.
Ring-closing reactions were carried out using a lamp for visualizing TLC plates at 312
nm (Spectroline E series, 470 W/cm2). The ring-opening reactions were carried out
using the light of a 150 W halogen photo-optic source passed through a 435 nm cut-off

filter to eliminate higher energy light.

Synthesis
Bis-chloro diarylethene photoswitch was prepared using the synthesis procedure

described in Chapter 3.

o~ )<
O

Ethyl 4'-bromo-[1,1'-biphenyl]-4-carboxylate- 4-Bromobenzeneboronic acid (4.02 g,
20 mmol, 1 eq), ethyl-4-iodobenzoate (5.24 g, 20 mmol, 1 eq), and Pd(PPhs)4 (2.31 g, 2

mmol, 0.1 eq) were dissolved in a mixture of toluene (100 mL) and ethanol (60 mL). 2M
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aqueous NaCOs solution (20 mL) was added, and the reaction mixture was refluxed
and monitored with TLC for 16 hours. After the reactants were consumed, the reaction
was cooled to room temperature, and water (50 mL) was added. The mixture was
extracted with ethyl acetate (3 x 100 mL), the combined organic phases were washed
with brine, dried over MgSQ4, and the solvent was evaporated to dryness. Purification
with silica gel column chromatography using 10 % ethyl acetate in hexanes yielded 4.66

g (80%) of ethyl 4'-bromo-[1,1'-biphenyl]-4-carboxylate as a white solid.

'H NMR-- (400 MHz, CDCls) 5- 8.1 (dt 2H), 7.60 (tt, 4H), 7.48 (dt, 2H), 4.39 (q, 2H), 1.42(t,
3H)

3C NMR- (101 MHz, CDCls) - 166.4, 144.6, 138.9, 133.0, 130.2, 128.8, 126.8, 122.5,
61.2,14.5

-

O/S\ /S\O

O7 <O
Diethyl 4',4'""-(cyclopent-1-ene-1,2-diylbis(5-methylthiophene-4,2-diyl)) bis([1,1'-
biphenyl]-4-carboxylate)- n-BuLi (3 mL, 7.5 mmol, 2.5 eq, 2.5 M in hexane) was added
dropwise to a solution of 1,2-bis(5-chloro-2-methylthiophen-3-yl)cyclopent-1-ene (1.00 g,
3 mmol, 1 eq) in dry tetrahydrofuran (60 mL) at room temperature over 30 minutes. The
reaction mixture was monitored with TLC and stirred for an additional 30 minutes.
Tributyl borate (3.22 mL, 12 mmol, 4 eq) was added, and the reaction was stirred at
room temperature for a further 1 h. In a separate round-bottom flask, ethyl 4'-bromo-4-
biphenylcarboxylate (3.49 g, 12 mmol, 4 eq) and Pd(PPhs)s (700 mg, 0.6 mmol, 0.2 eq)
were dissolved in toluene (50 mL) and ethanol (30 mL) followed by the addition of 2M
aqueous Cs>COs solution (30 mL). The mixture was heated to around 60 °C to obtain a
clear solution, and the previously prepared boronic ester was added dropwise. The
reaction was refluxed for 16 h and monitored with TLC. After completion, the reaction
was cooled to room temperature and added water (50 mL). The mixture was extracted
with dichloromethane (3 x 75 mL), the combined organic phases were washed with
brine, dried over MgSQs4, and the solvent evaporated to dryness. Purification with silica

gel column chromatography using 50% dichloromethane in hexanes yielded 0.92 g
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(50%) of diethyl 4',4™-(cyclopent-1-ene-1,2-diylbis(5-methylthiophene-4,2-diyl))bis([1,1'-
biphenyl]-4-carboxylate) as a grey solid.

H NMR-(400 MHz, CDCls) 8- 8.10 (d, 4H), 7.66, (d, 4H), 7.60 (s, 8H), 7.11 (s, 2H), 4.40 (q,
4H), 2.86 (t, 4H), 2.11 (m, 2H), 2.03 (s, 6H), 1.41 (t, 6H)

3C NMR- (101 MHz, CDCls) &- 166.8, 145.1, 139.2, 138.6, 137.0, 135.2, 134.9, 134.5,
130.1, 127.7, 126.8, 125.9, 124.6, 60.9, 38.1, 23.2, 14.6, 14.5

HRMS (ESI): m/z (M+H) calculated for C4sH4104S2: 709.245609, found: 709.245680

o
o O

4' 4"'-(Cyclopent-1-ene-1,2-diylbis(5-methylthiophene-4,2-diyl))bis(([1,1'-biphenyl]-
4-carboxylic acid))- In a round bottom flask, 80 mL of 1:1 (v:v) 1,4-dioxane/water
mixture was added, followed by the dimethyl 4',4"'-(cyclopent-1-ene-1,2-diylbis(5-
methylthiophene-4,2-diyl))bis([1,1'-biphenyl]-4-carboxylate) (680 mg, 1 mmol, 1 eq) and
1.5 g KOH (crushed pellets). The mixture was refluxed for 16 h under stirring. After
completion, the reaction was cooled to room temperature, and the pH value was
adjusted to around pH=2 with 2 M HCI. A grey precipitate formed which was centrifuged
to collect, washed with water, and dried under vacuum to yield 0.57 g (87%) of 4',4"-
(Cyclopent-1-ene-1,2-diylbis(5-methylthiophene-4,2-diyl))bis(([1,1'-biphenyl]-4-carboxylic

acid)) as a grey solid.

H NMR-(400 MHz, DMSO-d) 5- 12.95 (bs, 2H), 8.02 (d, 4H), 7.82 (d, 4H), 7.69 (d, 4H),
7.65 (d, 4H), 7.44 (s, 2H), 2.86 (t, 4H), 2.04 (m, 2H), 1.94 (s, 6H)

HRMS (ESI): m/z (M+H) calculated for C41H3304S,: 653.181478, found: 653.182218

o
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Procedure for adenine-uridine diarylethene- In a flame-dried round bottom flask, 2’,3’-
O-isopropylideneadenosine (84 mg, 0.275 mmol, 1.1 eq) and 2°,3’-O-
isopropylideneuridine (78 mg, 0.275 mmol, 1.1 eq) were dissolved in 10 mL (1:1, v: v)
anhydrous DMF/dichloromethane mixture. 4-dimethylamonipyridine (0.008g, 0.0625
mmol, 0.25 eq) and N,N’-diisopropylcarbodiimide (0.098 mL, 0.625 mmol, 2.5 eq) were
subsequently added and stirred for 15 min. bis-carboxylic acid diarylethene (0.25 mmol,
1 eq) was dissolved in 5 mL anhydrous DMF and added dropwise to the previously
stirring solution of nucleosides. The reaction was stirred at room temperature for 48
hours. After completion of the reaction, water (10 mL) was added and extracted with
DCM (3 x 30 mL). The combined organic phase was washed with brine, dried over
MgSOQs4, and the solvent evaporated to dryness. Purification on silica gel column
chromatography (chloroform/methanol, 0 to 10% gradient) yielded the compound as a

purple oil.

'H NMR--(400 MHz, DMSO-d6) 5- 11.45 (s, 1H), 8.31 (s, 1H), 8.15 (s, 1H), 8.05 — 7.75
(aromatic H, 16H), 7.31 (s, 1H), 7.27 (s, 2H), 6.24 (s, 1 H), 5.81 (s, 1H), 5.57 (d, 1H), 5.21 (s,
1H), 5.18 (s, 1H), 4.98 (s, 1H), 4.61 (s, 1H), 4.55 — 4.31 (m, 6 H), 2.67 (t, 4H), 2.07 (m, 2H),
2.01 (s, 6H), 1.51 (s, 3H) 1.51 (s, 3H), 1.28 (s, 3H), 1.26 (s, 3H).
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Chapter 5.
Conclusion

The chemistry-gated photochemistry approach paves the way for developing
sensors and detectors based on the diarylethene photoswitches. The research on using
the photoinactive parallel conformation of diarylethene photoswitches for sensing and
detection applications is limited. Most of the research on these photochromic molecules
still caters to the photochemistry-gated chemistry approach. Similarly, many
modifications on the central ring have been done to improve the photochemistry of these
molecules, and very little has been done to create novel systems that can turn on
photochromism through chemical bond rearrangements. The main focus of this thesis

was to highlight one area related to diarylethenes that has enormous potential.

Chapter 2 of the thesis focused on detecting singlet oxygen, a highly reactive
oxygen species, by utilizing the Diels-Alder reaction with the furan central ring on the
pro-diarylethene molecule. The synthesis procedure of the molecule was revised to
avoid reactive intermediates, which helped increase the yield and decreased the number
of steps required. The reaction of the furan ring was tried with calcium peroxide
diperoxohydrate, a benign source of singlet oxygen, photooxidation with benzophenone
and duroquinone, and Fenton’s reagent. The main drawback or challenge was the
stability of the endoperoxide product. This volatile reaction product rearranges to form
numerous other products at room temperature. This made the analysis and isolation of
the reaction products difficult. Additionally, the system was not exclusive to singlet
oxygen, as evident from the photochromic product appearance in Fenton’s reagent
reaction. Additionally, under certain conditions, non-photochromic products also formed.
A more stable molecule could be placed at the central ring, creating a stable
endoperoxide. This way, singlet oxygen could be trapped and released on command for

Photodynamic Therapy.

Chapter 3 of the chapter focussed on the development of a covalently locked
diarylethene system, an analog of the Hendrickson’s reagent. The covalent bonds hold
the molecule in the photoinactive state unless a chemical reaction breaks one of the

bonds, allowing the molecule to acquire the photoactive antiparallel conformation. In this
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case, the P-O-P bond is highly reactive with the oxygen nucleophiles due to the
electrophilic nature of the two phosphorus. The Hendrickson’s reagent is primarily used
for the esterification reaction. The diarylethene-based reagent performed the
esterification reaction almost equally well as the standard Hendrickson’s reagent. The
color change of the solution upon reaction progress can be used as a TLC replacement
to detect reaction progress. Alternatively, the susceptibility of the P-O-P group towards
O-nucleophiles was exploited to demonstrate the ability to detect alcohols. The biggest
problem faced in the process was the stability of the molecule. A slight exposure to
moisture led to the decomposition of the reagent. This propensity to moisture could be

utilized to make sensors for moisture in organic solvents in the future.

Chapter 4 of the thesis focussed on creating a nucleic acid detector based on the
toehold-mediated strand displacement reaction. The project's premise was to bind the
parallel form of the diarylethene switch across a DNA double helix with a long target
strand and a short protective strand with mismatches. A single strand complementary to
the target strand will replace the protective strand, allowing the photochromic molecule
to acquire the photoactive form. Before trying the DNA, a single nucleobase pair was
attached across the diarylethene arms as a proof of concept. Unlocking the molecule by
adding an excess of a nucleobase was tried. However, the hydrogen bonding between
the pair was strong enough to resist the unlocking in non-polar solvents. In polar
solvents, the molecule showed typical behavior. The biggest challenge in the project was
the limited solubility of some of the intermediates in organic solvents. The project can be
taken forward by finding a non-polar solvent to hold the two nucleobases through
hydrogen bonding but polar enough to break it when another nucleobase is added. The
strong binding also suggests that if the molecule is appended on a DNA double helix,
only the toehold-mediated strand displacement process will be able to unlock the

molecule apart from heat and polar solvents.
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Appendix A. NMRs from Chapters 2, 3, and 4
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