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Abstract

Fluorescent molecular rotors (FMRs) based on electron donor acceptor systems showing twisted
intramolecular charge transfer (TICT) upon photoexcitation are planned to be synthesized and
investigated in this work. Such TICT based rotors show fluorescence properties that are sensitive
to any change in its surrounding environment factors such as solvent temperature, polarity,
viscosity, pH and so on. Most importantly, such FMRs can be very effectively used as
temperature and viscosity sensors and can be utilized to study the temperature and viscosity of
cellular microenvironments, a challenging problem to address otherwise. The hurdles faced
during the establishment of ratiometric temperature/viscosity molecular probes for bio-imaging
and sensing applications together with the propagation of red emitting rotors with photostability
to match the tissue optical window and large Stokes shift for negligible autofluorescence. One of
the most significant cellular organelle that often gets targeted for disease diagnosis is the
mitochondria. The mitochondrial microenvironment parameters such as temperature, viscosity,
pH often provide opportunities to investigate mitochondrial morphology and functions. Due to
the presence of negative potential in the mitochondrial inner membrane, the positively charged
cations get attracted towards it due to charge attraction hence increasing the mitochondria uptake
of these molecules. The most commonly used cationic groups that target mitochondria are
triphenylphosphonium (TPP), pyridinium salts and quaternary ammonium salts. In this project,
red emitting donor-spacer-acceptor (D-n-A) molecular rotors (ADA-1 and ADA-2) based on
TICT are planned to be synthesized in which BODIPY and BDT act as acceptor and donor
respectively in a A-D-A configuration. The choice of an electron donating thiophene (p) spacer
will ensure the red or near infrared (NIR) emission of these rotors making them suitable for bio-
imaging. These molecules will be functionalized with a mitochondria targeting group
(quarternary salt of piperidine moiety) such that the emission sensitivity of these rotors to
temperature and viscosity can be efficiently utilized to study and monitor mitochondrial
microenvironments through ratiometric temperature sensing and viscosity sensing experiments.
Owing to their multi-stimuli responsive emission behaviour, these rotors are thus expected to
emerge as valuable fluorescent molecular rotor probes to monitor the levels of biologically

relevant indicators in cells and organisms.



Chapter 1

Introduction

1.1. Fluorescent Molecular Rotors

Fluorescent molecular rotors are a growing section of pi-conjugated fluorophores (based on
donor-acceptor systems) shows the occurrence of twisted intramolecular charge transfer (TICT)
phenomenon upon photoexcitation where the molecule takes the path of twisted motion around
the single bond leading to charge separation with the generation of a non planar relaxed
perpendicular conformer in the excited state. This rotating activity around the bond linking the
donor-acceptor molecule can be modulated by the surrounding environmental factors like solvent
polarity, pH, temperature, viscosity and so on. The molecular rotors have been well established
in various applications such as in microenvironment sensors for biological systems, organic
photovoltaic devices, microfluidic applications, organic light emitting diodes, non-linear optics,
polymer science and so on. The dual emission in 1,4-dimethylaminobenzonitrile was first
reported by Grabowski, who demonstrated that the formation of both the Locally excited (LE)
state and TICT excited state are the origin of the dual emissive behaviour where the shorter
emission wavelength is observed through relaxation from the locally excited state and a longer
emission wavelength characteristics through the relaxation from the TICT excited state known

as the anomalous emission (Fig 1.1).!

Fig 1.1. The general photophysical mechanism of Donor-Acceptor fluorophores undergoing TICT phenomenon.?



Due to this phenomenon dual fluorescence is observed. When these TICT active fluorophores are
excited to the local excited state it remains in the same coplanar conformer as that of the ground
state. Due to loss of energy through vibrational transition the electrons residing in the LE state
jumps down to the more stable TICT state due to the conformational relaxation from a planar
conformer to a non planar conformer (attaining a perpendicular conformer). The emission from
the TICT excited state to the ground state gives rise to a lower energy emission which is less
than the energy spent for normal absorption leading to a smaller energy gap resulting in an
increase in the pseudo stoke shift > Generally the relaxation from the non planar perpendicular
conformer is correlated with either an emission showing a red shift or non fluorescent relaxation
which is determined by the structure of the molecule and the various deactivation pathways
(radiative as well as non-radiative) taken up by the rotor during the twisting action.

In the TICT excited state of the rotor the twisting movement of the molecule gives rise to a
pronounced charge separation state which leads to a surge in the dipole moment making the
TICT state more polar. The existence of both the anomalous emission from the TICT excited
state and the normal emission from the LE state is governed by the changes in the polarity of the
solvent. The highly dipolar TICT state gets preferentially more stabilized in high polarity
solvents (THF and acetonitrile) than the non polar ground state due to the generation of hydrogen
bonds hence the formation rate of the TICT band increases. As a result of this stabilization of the
TICT state in polar solvents, its energy decreases and accordingly the energy difference of the
excited and the ground state also decreases leading to a bathochromic shift in the emission. LE
band observed in the emission spectra of the rotor is insensitive to solvent polarity. Thus, in high
polarity solvents, emission corresponding to TICT excited state is observed whereas in case of
non- polar solvents such as hexane, methylcyclohexane (MCH) or toluene, only emission due to
LE state is observed. Dual emission corresponding to both the LE and TICT excited states can be
seen in medium-polarity solvents or binary mixtures of polar and non-polar solvents. The FMRs
typically comprise of three components: an electron-donating component, an electron-accepting
component and a =m-conjugated electron-rich spacer (linking moiety) that facilitates charge
separation from donor to acceptor (electron transfer) upon rotation in the photo excited state.*
The representation of a typical structure of a molecular rotor is shown in Figure 1.2 along with

some examples.®
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Fig 1.2. lllustrative structure of a TICT active rotor based on electron donor acceptor systems (A) displaying the
electron donating moiety (green), the electron accepting moiety and the electron rich spacer (blue). Some basic
examples are (B) 1,4-dimethylamino benzonitrile (DMABN), (C) 9-(dicyanovinyl) julolidine (DCVJ) and (D) p-
(dimethylamino) stilbazolium (p-DASPMI).5

The viscosity of the solvent is another key parameter which influences the TICT band of the
molecular rotors and the dynamics of LE-TICT transition. In viscous environment the TICT
active rotor is unable to cross the potential energy barrier against the interconversion between LE
to TICT state leading to the inhibition of conformational relaxation from the planar to non planar
state, therefore it faces a hindrance in its intramolecular rotation.> Solvent polarity, pH and
temperature also portray important roles in influencing the photophysical aspects of these TICT-
active molecular rotors aside from viscosity. Solvatochromism is an important feature shown by
these TICT molecules in which emission colour of the solution changes in solvents of varying
polarity. It arises in consequence to permanent dipole moment present in the TICT state of the
donor acceptor type of molecule. In case of negative solvatochromism, a hypsochromic shift in
the emission signal is observed with decreasing solvent polarity since the excited state gets
destabilized in non-polar solvents that will raise its energy bringing about an expansion in the
band gap. On contrary for positive solvatochromism, emission spectra shifts to red with
increasing solvent polarity as the molecule in its excited state possess a higher dipole moment
then its ground state which is more stable in polar solvents. A bathochromic shift in the emission
spectra is noticed while increasing the polarity in case of TICT excited state since being high

dipolar in nature it tends to get stable in polar solvents.



1.2. Working Principle of TICT based Fluorescence Molecular Rotors as Viscosity and

Temperature sensors

Viscosity-sensitive FMRs have emerged as indispensable tools with high efficiency in the areas
of biosensing, biomedical applications and bioimaging by tracking the microviscosity of specific
sub-cellular organelles, detection of chemical analytes and important biomolecules due to its fast
response and high specificity. Any changes in the cellular viscosity might affect the normal
working conditions of the cell since it helps in maintaining all the diffusion mediated processes
occurring inside the cell leading to its abnormal functioning as well as its high susceptibility to
pathological attacks therefore monitoring of spatially resolved intracellular microviscosity is
required to gain knowledge regarding the situation of the cell in a normal condition as well as in
a diseased condition. In all biological systems, both flow and viscosity portrays a key aspect
from the microscopic to the elementary level.® The major disadvantage encountered in case of
measuring viscosity is its need of a dreary and time consuming evaluation technique, costly
equipments with a limited sample length to work upon. Measurement of viscosity and
temperature is an irrelevant exercise on a macroscopic level but on a microscopic level (for
instance atmospheric aerosols or live cells) investigating their distribution becomes quite
demanding as it is required to retrieve data in a smaller scale resolution in the range of
micrometers with the addition of intracellular microenvironment being highly inhomogeneous
making it all together difficult to sense local environment.® This is where the fluorescence
environmental sensitive probes comes into the picture where it can be pursued as a beneficial
approach to measure viscosity as well as temperature constraints on the microscale in an
effective manner.” With the induction of changes in the microenvromental viscosity, the
fluorescence signal of these sensitive probes varies accordingly. A representative diagram of the

working principle of viscosity based fluorescence sensor is explained in fig 1.3 below.
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Fig 1.3. Schematic outline behind the operation of viscosity based TICT active molecular rotors.®

For molecular rotors sensitive to viscosity only fluorescence from the LE state is apparent
including the absence of the TICT emission band. It is because the twisting action of the rotors is
hampered progressively under a viscous solvent environment leading to the inhibition of
conformational relaxation from the coplanar structure to the perpendicular non planar structural
state.> Therefore amplification in the fluorescence intensity is achieved which transpires as a
result of the emission happening through the LE state to the ground state. The rapid accelerating
twisting motion of the donor and acceptor components around a single bond promotes non-
radiative deactivation of the excitation energy culminating in the dampening of the emission
intensity in a solvent with less viscosity. So increment in the viscosity of the surrounding
medium induces an enhancement in the fluorescence (FI) intensity with a swift growth in the
fluorescence lifetime and quantum yield of the rotor owing to the restricted motion of the rotor
stretching the duration of its presence in the initial fluorescence state.® For the improved capacity
of the TICT active viscosity sensor requirement of elevated measurements of fluorescence
contrast and fluorescence efficiency is necessary. In case of temperature sensors, with elevated
temperature constraints, reduction in the fluorescence intensity is attained owing to faster
molecular rotations leading to non-radiative decay of energy. But sometimes during high
temperature conditions, it is enough to administer the required activation energy to jump across
the potential energy barricade for the back interconversion from the stable TICT excited state to

the LE state causing increment in the emission intensity (LE state becomes more populated).®

1.3. Study of properties and examples of different types of sensors



The introduction of meso phenyl ring in the structural core of BODIPY (boron-dipyrromethene)
based FMRs imparts a viscosity responsive ability considering the active fast rotations of the
meso-phenyl ring substitutents and its high fluorescence quantum yield. The main concept is
that the fluorescence activity of such meso-phenyl functionalized boron-dipyrromethene
(BODIPY) derivatives are modulated by the action of non-radiative deactivation pathway taken
up by the molecule owing to its twisting movements along the single bond coupling the meso-
carbon of the BODIPY scaffold and the phenyl ring. There is an upsurge in the fluorescence
output of these BODIPY based rotors due to the suppression in the twisting motion of the phenyl
ring or the BODIPY rotor in the presence of high viscosity environment. In a reduced viscosity
neighborhood, quenching in the fluorescence intensity is noted due to the occurrence of rapid
molecular rotations resulting in the enhancement of the non-radiative deactivation phenomenon.
The addition of a chemical substitution on the BODIPY compartment or the presence of various
substituents on the phenyl group controls the several attributes associated with the BODIPY
associated molecular rotors.!® A list of meso functionalized BODIPY based molecular rotor with
variation in the substituent groups were studied in fig 1.4. The twisting action of the meso-
phenyl moiety across the C-C single bond is stearically hindered due to the existence of different
chemical substituents at the ortho position of the phenyl moiety or at the 1st and 7th position of
the BODIPY compartment.!

?C1ZH25 7 ?CmHngOOEt

’\'\ s N
F

> &k
‘B EF

N./
F

(1) (2a)Ry=R,=H (3a)R3=R4~H
(20)Ry=H,R,=CH;  (3b)Ry=H, R,~CH,
(2c)R;=R,=CH,  (3c)Ry=CHy, Ry=H

(3d) Ry=R4~CH

Fig 1.4. Examples of BODIPY based FMRs with chemically functionalized meso-phenyl ring in the presence of

different substituents.?

There are two methods that can subdue the uncertainties correlated with the measurement of the

fluorescence output of a FMR such as fluctuations in concentration, irregular illumination,



turbidity in the sample and variation of excitation laser power. The first criteria is established on
the notion of ratiometric detection. Haidekker and his group narrated about a ratiometric rotor
comprising of amalonitrile-type viscosity sensitive molecular rotor 2-cyano-3-(4-
dimethylaminophenyl)acrylic acid methyl ester (CMAM) covalently coupled to a 7-
methoxycoumarin-3-carboxylic acid (MCCA) operating as a viscosity insensitive reference dye
via an aliphatic spacer (Figure 1.5).12 The two characteristic peaks observed in the fluorescent
spectra of the ratiometric rotor discussed above is proportioned in such a manner that the
fractions of these two peaks is affected by its surrounding viscosity as the fluorescence activity
of the reference component of the fluorophore shows no change in the intensity. This kind of
fluorescence response cancels out the overall effect of the concentration of the ratiometric dye on
it. The second criteria that increases the chances of getting a response independent of

concentration is via the exploitation of the fluorescence lifetime of fluorophores.
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Fig 1.5. The structural diagram and emission characteristics (in increasing viscosity) of a viscosity responsive rotor

linked to a non-responsive reference rotor (CMAM-MCAA) based on ratiometric detection approach.*?

During the conditions when there is a lack of quenching and aggregation, the fluorescence
lifetime acting as an ideal parameter provides us with the accurate observation of environmental
microviscosity independent from the effect of outside parameters such as concentration, optical
setups, detection ranges and additional calibration sets. Cao et al conceived a TICT active

temperature responsive chromophore (Figure 1.6) that represents the quenching of emission



wavelength and intensity with elevated temperature considering the aiding of conformational
conversion to a TICT state which is relies on the effect of temperature upon excitation.*3

|
! N Fig 1.6. Fluorescence molecular rotor with displaying

temperature responsive attributes.*
I F
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N

The property of dual responsive character corresponding to the variations in both viscosity as
well as temperature is manifested in various fluorophores are not attractive since it provides us
with inconclusive results regarding the fact if the alteration in the emission output is due to the
modification of the surrounding viscosity or temperature parameters. For example in case of the
TICT active chromophore BODIPY Cio (Fig 1.7), it was seen that in the presence of variable
temperature lifetime parameter of such rotor was same in solvents of equivalent bulk viscosity.**
Hence this rotor does not have any ambiguity regarding the output of the fluorescence signal or
show dual sensitivity to both temperature and viscosity. It signifies that BODIPY Cig is only
sensitive to modifications in the viscosity of the mixtures while having minimal intrinsic

responsiveness to temperature.®

Fig 1.7. Lifetime evaluation graph of BODIPY Cy at
different viscosity and temperature conditions.'
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1.4. Application of Fluorescence molecular rotors in sensing and imaging within specific
organelles

In order to measure macroscopic viscosity fundamental approaches were adopted such as
capillary viscometers, equipments tracking the downward action of the ball and evaluation of the
guidelines of the rotating elements.” But these tactics are not applicable for live biological
systems as huge sampling data is necessary and organelle specific microviscosity measurements
is almost next to impossible if these techniques are considered for its tracking. Therefore,
fluorescence molecular rotors can be clearly needed for this goal owing to the pronounced
spatiotemporal sensitivity of their emission to viscosity as mentioned before. Organelles behave
as functional compartments of the cell confined within their own lipid bilayer.”® The most
important organelles of the cell are nucleus, golgi body, mitochondria, endoplasmic reticulum,
lysosomes etc. where all of them perform cellular functions of equal weightage. For example, the
nucleus handles the encoding of genetic material and its expression, mitochondria are
accountable for energy supply for the production of ATP, and lysosomes decompose
macromolecules for cell reprocessing.’® Two parameters are responsible for the healthy
functioning of the cell which is the presence of certain useful biological species with the addition
of a convenient micro-environmental state to function within. Therefore, interruption in the
equilibrium of such species or micro-environmental state causes malfunctioning of the organelle,
inducing various ranges of disordered conditions inside the cell. It is crucial to monitor for
particular biological species and the local microenvironment region inside important cellular
organelles to afford explicit information on their portrayal in the physiopathology of organelles.
The advantage of stimuli responsive fluorescent probes have been studied to address on the
effect of the microenvironmental factors owing to the fact that the emissive characteristics of
fluorescent probes gets aided or hampered by the local environmental changes.® A miscellaneous
batch of organelle-staining fluorescent probes are readily accessible which cooperates in
biological research of intracellular transport, substrate degradation, respiration, detoxification,

and mitosis including others.'’
1.4.1. Mitochondrial-targeting group functionalized probes

Mitochondria is sausage shaped, double membrane organelle incorporated in the cytoplasm of

relatively all living cells, recognized for its activity including aerobic metabolism, cellular
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signaling pathways, cellular differentiation, apoptosis (cell death), as well as perpetuating the
role of the cell growth and cycle. When mitochondria is in a dysfunctional state, malfunctioning
in the cell is triggered from the disorganized energy supply which arises endowing to the
collapse of the respiratory chain for the generation of ATP which might lead as a crucial reason
behind the deterioration of the cell causing an array of human diseases. 8 It is significantly useful
to gain awareness regarding the physiological functioning and the associated mitochondrial
deformation conditions with the intention of visualizing the dynamic cellular processes going on
in the mitochondria via the use of the accessible tools like mitochondrial localized probes which
can target mitochondria in a biological setting. Proton gradient is maintained as negative
membrane potential (-180 mV) across the mitochondrial inner membrane which gets produced
during the process of cellular respiration and is considered as one of the essential attributes of
mitochondria.® The purpose of mitochondrial localized probes is dependent on this inner
membrane negative potential which will attract the TICT active molecular rotors functionalized
with a lipophillic cation towards itself due to electrostatic interaction, increasing the chances of
mitochondrial uptake of these molecules. The two most widely used approaches facilitating

mitochondrial targeting capacity are:

(a) Incorporation of a mitochondria targeting cation into the fluorophore system and (b)
desired lipophilicity (important factor since it is necessary to be soluble in the
mitochondrial matrix). The lipophilicity of the cations in addition to the Delocalized
Positive Charge (DLCs) is capable of infiltrating the hydrophobic boundaries of the
mitochondrial membrane and matrix respectively. The well-established criterion requires
the covalent binding of the positively charged mitochondrial targeting group and the
reaction site to the neutral chromophore scaffold (Fig 1.8A).2° The examples of some
cationic groups to target mitochondria are pyridinium salts, triphenylphosphonium (TPP)
and quaternary ammonium salts. From these lipophilic cations, TPP is adopted
extensively as a mitochondrial targeting functional group by virtue of its geometry,
delocalized cationic mt-system, rigidity, hydrophilic character and stability of TPP moiety
in biological environment. Another criteria that generally requires the adoption of the
chromophore as a DLC entity for localization in mitochondria is covalently bonded with
the reaction site (Fig 1.8 B).?! The application of xanthene (rhodamine 123) and cyanine

based (JC-1) dyes acting as fluorescent lipophilic cations are developed in mitochondrial
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staining.?? Consequently, these fluorescent probes allow tracking of the modification in
physical parameters such as temperature and viscosity taking place inside the
mitochondria due to fluctuation in the levels of viscosity, metal ions, reactive
oxygen/nitrogen species, thiols, pH, etc., by FLIM. This shows that the application of
such small molecule fluorescent probes functionalized with a mitochondria targeting
moiety is instrumental in detecting variation in the levels of micro-environmental
components like temperature, pH, viscosity and chemical species like thiols,
oxygen/nitrogen species, metal ions and the monitoring of such alteration is possible via
FLIM (Fluorescence Lifetime Imaging Microscopy). It also gives us some scope to
feature mitochondrial abundance, localization and activity, as well as to produce
observations regarding the effects of chemical agents that vary mitochondrial functions.?
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Fig 1.8. General illustration of two well known pathways for the layout of a mitochondrial targeting functionalized

chromophore.?

But for the long term precise measurements of the effect of the alteration in the physical

parameters, the presence of mitochondrial targeting group in the fluorophore is not enough due

to the dynamic nature of the mitochondria. That means the authenticity of this charge attraction

is not guaranteed since during any pathological or diseased conditions the potential across the

mitochondria will be minimal hence prolonging the presence of these molecules inside the

mitochondria will be difficult causing its out-flux from the mitochondria. Hence tracking of
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unhealthy mitochondria is quite improbable during the loss of membrane potential therefore to in
order to escape this situation, inclusion of the possibility of immobilization needs to be
considered. Introduction of anchoring group which facilitates the immobilization of fluorophore
onto the mitochondrial membrane was carried out in the positively charged MitoTracker series®*

comprising of an extra benzyl chloride moiety (anchoring unit) (Fluorophore 3 in Fig 1.9).

The benzyl chloride moiety attached to the fluorophore covalently bonds itself to the protein
sulfhydryls present in the mitochondrial inner membrane via nucleophilic substitution
mechanism. So even after the potential drops the fluorescence tracker will remain immobilized
onto the mitochondrial membrane hence making the tracking process go smoothly for long

periods of time.2*
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Fig 1.9. Fundamental examples of positively charged mitochondrial specific group functionalized fluorophore.?
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For accurate monitoring of mitochondrial viscosity BODIPY rotor Vis A was introduced by Xiao
in 2017 to prove the stable co-localization of the viscosity rotor during extreme conditions .2 It
depicts that it is equipped with a cationic TPP group for mitochondrial targeting and an aldehyde
group that can adhere itself onto the mitochondrial inner membrane via imine bond formation
between the aldehyde group and the amine group attached to the proteins of the inner membrane

showing immobilizable property (Fig 1.10).
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Fig 1.10. (A) BODIPY Vis A rotor showing the working principle of immobilization onto the mitochondria. (B) The
bio-imaging of BODIPY Vis A viscosity rotor and Mitotracker DeepRed inside mitochondria in the absence and

presence of formahaldehyde.?

Another experiment was conducted in which the live cells were stained with BODIPY Vis AS
rotor MitoTracker DeepRed fluorophore (reference compound) and the effect of formaldehyde
on the fluorescence output was monitored. From Fig 1.10 (B) it was observed that Vis A rotor
with an anchoring group (aldehyde group) was able to show sustainable emission even under the
presence of formaldehyde where as for MitoTracker DeepRed without an anchoring group,
depletion of the fluorescence was observed after the addition of formaldehyde exhibiting stable

co-localization property of the Vis A rotor.
1.4.2. Lysosome localized fluorescent molecules

Lysosomal viscosity gives knowledge regarding the activity and condition associated with
lysosome since it keeps altering its position, morphologies, and constituents. Cellular debris or
needless macromolecules are dumped in the cell’s recycling centre called the lysosome where
the needless macromolecules get converted into miniscule molecules for later usage by the cell.
During lysosomal malfunction, macromolecules does not disintegrate while it keeps on getting

collected inside the lysosome leading to the modifications of lysosomal viscosity due to the local
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alteration in surrounding environment. Lyso-V was the first viscosity dependent TICT active
molecular rotor, functionalized with a lysosome targeting group that can be used for the real time
analysis®’ of its local microenvironment variation which could then provide valuable information
in reference to any lysosome based dysfunctions. It consists of a morpholine unit acting as a
lysosome targeting group which is connected to the BODIPY scaffold (Fig 1.11).28 Sensitivity to
viscosity arises from the unrestricted rotation across the C-C single bond linking the BODIPY
unit to the meso- phenyl ring. Since the pKa value of the morpholine is in 5-6 range it can only
get protonated in lysosomes which has a pH range from 4.5-5.5 irrespective of other organelles
and cytosol.?® Morpholine moiety in Lyso V with its moderate alkaline behavior and its
lysosome active fluorescence properties tends to be favorable for its explicit localization in
acidic lysosomes. The BODIPY fluorescence is diminished via photoinduced electron transfer
(PET) due to the introduction of electron-rich morpholine moiety therefore, the background
fluorescence will be imperceptible for the remnant of Lyso-V present outside the lysosomes.*
However, inside the lysosomes, protonation of the morpholine moiety takes place which cannot
be used as an electron donating unit for PET anymore therefore only the Lyso-V molecules that

are retained inside the lysosomes are able to show fluorescence.
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Fig 1.11.General mechanism behind the working of the Lyso-V molecular rotor.?

1.4.3. Nucleus targeting functionalized Probes

The nucleus functions as the central head of the cellular organization where it cultivates the
purity of the genes and regulates the movement of the cell by monitoring genetic expression. The
fundamental basis of genes is deoxyribonucleic acid (DNA), and the first stage to genetic
expression is transcription by ribonucleic acids (RNA). DEAT-TO-3 (diethylamino)butyl) is a
TO-3 derivative (1-ethyl-4-((1E,32)-3-(3-methylbenzo[d]thiazol-2(3H)-ylidene)prop-1-en-1-
yl)quinolin-1-iumiodide) (Fig 1.12) with low energy excitation and emission (Aas(DNA) = 626

nm and Aem(DNA) = 649 nm) that was endowed for live-cell DNA imaging and quantification.!®
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DEAB-TO-3 derives a large fluorescence amplification upon coupling with the native DNA and
demonstrates a specific preference towards double-stranded DNA rather than for single stranded
RNA. DEAB-TO-3 is favorable for the tracking of nucleus-specific imaging, highly sensitive
DNA in-vitro and DNA quantification in-vivo.3!
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1.5. Motivation behind the project

The hurdles faced during the establishment of ratiometric temperature/viscosity molecular probes
for bio-imaging and sensing applications together with the propagation of red emitting rotors
with photostability to match the tissue optical window and large Stokes shift for negligible
autofluorescence.®? Recently our group described the subsistence of regiosiomeric D-A (Donor-
Acceptor) fluorescent molecular rotors, acceptor—donor—acceptor (A—D-A) triads built upon a
BODIPY acceptor and a benzodithiophene donors which are electronically decoupled by a para
phenyl spacer or a meta-phenyl spacer (Fig 1.13).3* The response of regioisomerism (para- vs.
meta- connectivity of phenyl spacer to D and A) on the viscosity along with temperature sensing
characteristics, TICT and AIE (Aggregated induced emission) aspects of these compounds were

investigated.
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Fig 1.13. Representative molecular design of regioisomeric dyads p-AD and m-AD and ADA triads m-ADA, p-
ADA prepared and studied in this work.33

Three primary peak characteristics were manifested in all compounds analogous to a wide peak
encompassing ca. 360-380 nm similar to a prolonged conjugation of the phenyl sub-unit along
BDT and BDT (ca. 312-322 nm), and BODIPY (ca. 504 nm) (Figure 1.14). Peaks about 312322
nm is analogous to BDT =-rt* transition and the peaks encompassing 504 nm is analogous to
BODIPY So-S: transition. The stoke shift of p-ADA was found to be 150 nm which was 44 nm
lower in value with respect to p-ADA displaying a stoke shift of 194 nm.%
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Fig 1.14. Correlation of absorption spectra for m-ADA, p-AD and m-AD in chloroform (c=10"° M); b) Normalized
emission data for p-AD, m-ADA and m-AD in CHCIz (c=10"° M) upon exciting at 377 nm, 380 nm and 362 nm, in

conjuction.®

Viscosity-dependent emission spectra were characterized in a series of ratios of MeOH and
glycerol for triad m-ADA and dyads p-AD and m-AD to achieve the repercussion of viscosity on
the conformations of these given molecules in its excited condition. There was an enhancement
in the fluorescence output with rising solvent viscosity adopting a binary mixture containing
glycerol/methanol solution for each and every compound. Since the intramolecular rotation gets
abolished in the viscous environment, it influences the non-radiative decay channels and thus the

TICT band was missing in case of both dyads p-AD and m-AD (Figure 1.15) and in triads’ m-
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ADA and p-ADA. Solvent polarity held no role in the characterization of these compounds and
the blue shift observed was mainly associated with the rigidification of the molecular geometry.?
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Fig 1.15. Emission spectra of dyads a) p-AD and b) m-AD, and triads c) p-ADA and d) m-ADA in solution various
viscosities.

1.6. Our Objective

The motive of the present thesis is to utilize the above discussed molecular design principle
utilizing BDT and BODIPY potraying as donor and acceptor respectively in a A-D-A
configuration and functionalize these molecules with mitochondria targeting groups such that the
emission sensitivity of these rotors to temperature and viscosity can be efficiently utilized to
study and monitor mitochondrial microenvironments. The molecular design adopted in the

project is depicted in fig 1.16.

Fig 1.16. .Molecular design adopted in this project.
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As shown in Fig 1.16, ADA-1 comprises of BDT and BODIPY potraying as donor and acceptor
moieties with the presence of piperidine group in the BDT moiety which can be quarternized in
the final step and then these positively charged quaternary ammonium ion can help in
mitochondria targetability. Owing to the strong electron donating character of thiophene spacer
attached to the acceptor part and the presence of only two methyl groups in BODIPY core, this
rotor molecule will most likely emit in the NIR or red region with a higher Stokes shift than our
earlier reported rotors.3* On the other hand, ADA-2 is a spectroscopic reference compound in
which the mitochondria targeting group is absent. These two molecules can be used for various
bio-imaging and bio-sensing applications.
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Chapter 2

Results and Discussion

The project commenced with the synthesis of (N,N-diethyl)thiophenecarboxylamide (2)
compound in Scheme 2.1 which was performed starting from thiophene-3-carboxylic acid,
oxalyl chloride and then the carbonyl (in-situ formation of acid chloride) was converted to
corresponding amide using diethylamine. Subsequently, (N,N-diethyl)thiophenecarboxylamide
(2) compound was treated with n-BuL.i at 0 °C to give Benzo[1,2-b:4,5-b"]dithiophene-4,8-dione
(BDT-dione) (3) as shown in Scheme 2.1. For the synthesis of the donor part 4,8-Bis[(6-
bromohexyl)oxy]benzo[1,2-b:4,5-b"]dithiophene (5) was synthesized initiating from compound
4,8-Bis(hydroxy)benzo[1,2-b:4,5-bldithiophene (BDT-diol) (4) and compound 3 as shown in
Schemes 2.1 and 2.2. The main challenges faced while synthesizing compound 5 from BDT diol
was that it had to be subjected to 5-6 cycles of freeze-pump-thaw degassing to remove the
dissolved oxygen present in the solution to facilitate the forward reaction and to suppress BuL.i

inactivation due to the presence of moisture.
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Scheme 2.1.Synthesis of 4,8-Bis[(6-bromohexyl)oxy]benzo[1,2-b:4,5-bldithiophene (5) from BDT-diol (4).

It was observed that the BDT-diol (4) compound got converted back into BDT-dione compound

(3) in the presence of oxygen which led to failed reaction since the alkylating reagents used in
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Scheme 2.1 would react only with the hydroxyl groups and not the keto groups. Even after
several freeze-pump-thaw cycles, and inert atmosphere conditions, presence of starting
compound was ascertained and the product formed was not the desired one as identified from the

NMR spectra, hence the reaction failed.

In case of synthesis of compound 5 from BDT dione (3) (Scheme 2.2), many trial reactions were
conducted using different equivalents of NaOH, zinc and also using different solvents such as
only water, DMSO and water mixture, ethanol and water mixture and so on. It was found that if
zinc was introduced in two portions, once before the addition of NaOH and another portion after
the addition of 1,6-dibromohexane, two products were formed i.e.,4,8-bis(hexyloxy)benzo[1,2-
b:4,5-bdithiophene (6) and 4,8-Bis[(6-bromohexyl)oxy]benzo[1,2-b:4,5-b"]dithiophene (5). So,
with increase in the equivalents of NaOH and with addition of zinc in two portions, there was a
higher chance of formation of 8-bis(hexyloxy)benzo[1,2-b:4,5-b"]dithiophene (6) instead of 4,8-
Bis[(6-bromohexyl)oxy]benzo[1,2-b:4,5-b]dithiophene (5). The conclusion is that after the
formation of 4,8-Bis[(6-bromohexyl)oxy]benzo[1,2-b:4,5-b"]dithiophene (5), it underwent
dehalogenation to form the 4,8-bis(hexyloxy)benzo[1,2-b:4,5-b]dithiophene (6) due to the
addition of high equivalent (eq.) of strong base NaOH. Therefore the eq. of NaOH was decreased
and Zn was supplemented only once to get the desired product 4,8-Bis[(6-
bromohexyl)oxy]benzo[1,2-b:4,5-b"]dithiophene (5). However, the yield of the reaction was 37
% and the reaction led to many side products with close R¢values so it was quite time consuming
to separate the desired product in its pure form and characterize it via *H NMR. The original
thought was to conduct stannylation reaction on 4,8-Bis[(6-bromohexyl)oxy]benzo[1,2-b:4,5-
bTdithiophene (5) using SnMesCl, however, the terminal bromo groups being labile
functionalities might not withstand the addition of strong base n-BuLi and may undergo
elimination and it was envisaged that the BuLi may preferentially attack the terminal CH2Br of
alkyl chains instead of attacking the aromatic protons (at 2-position) next to the sulphur atoms in
the BDT core of 5.
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Scheme 2.2. Synthesis of 4,8-Bis[(6-bromohexyl)oxy]benzo[1,2-b:4,5-b"]dithiophene from BDT-dione (3).

Thus, it was essential to substitute the bromo group with a more stable functionality that can not
only withstand the n-BuL.i attack but can also be converted as a positively charged cationic group
later on in the synthesis scheme. Therefore, piperidine group was incorporated in the design to
replace the Br at the end of alkyl chain so that it fulfills the criteria of withstanding BuL.i reaction
as well as its post modification into a cationic group. Keeping this idea in mind, firstly the
synthesis of the chain 1-(6-bromohexyl)pipiridine (7) was done by reacting piperidine with 1,6-
dibromohexane. Then the synthesis of 4,8-Bis(6-(1-hexyloxy]piperidine)benzo[1,2-
b:4,5b"dithiophene (8) was carried out using 1-(6-bromohexyl)piperidine (7) chain and the
BDT-dione compound (3) but this also failed since the NMR of the compound was not

appropriate. (Scheme 2.3)
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Scheme 2.3. Synthesis of 4,8-Bis(6-(1-hexyloxy]piperidine)benzo[1,2-b:4,5b"]dithiophene (8) from BDT-dione (3).

Then another route for the synthesis of 4,8-Bis(6-(1-hexyloxy]piperidine)benzo[1,2-
b:4,5b"|dithiophene (8) was tried using the 4,8-Bis[(6-bromohexyl)oxy]benzo[1,2-b:4,5-
b]dithiophene (5) compound by simple substitution reaction which led to the formation of a very
polar compound. The main challenge faced here was its poor solubility in various solvents
making it only partially miscible in solvents such as methanol, THF and acetonitrile. Usually for
the stannylation reaction, an aprotic solvent with a very low freezing point (FP) like THF is used
such that the solvent is maintained in its liquid state at cryogenic temperature (-78 °C) where the
n-BuL.i can function optimally. However, since the solubility of compound 12 in THF was poor,
the use of other aprotic solvents like DMF (FP = -62 °C) and acetonitrile (FP=-41 °C) were also
explored. But the reactions in the solvents dry THF and dry DMF didn’t lead to an effective
result since there was a lot of starting material present in the reaction medium. In case of reaction
in dry acetonitrile, formation of a less polar compound with respect to starting material was
observed which needed to be identified with the NMR. If the 1,1'-[4,8-bis[(6-(1-hexyl
oxy)piperidine]benzo[1,2-b:4,5-b]dithiophene-2,6-diyl]bis[1,1,1-trimethyl-stannate 9) is
formed then it can be coupled to the acceptor part (thiophene functionalized BODIPY, 17) via
Stille coupling after w