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Tuning, Controlling and Applications of Cis-isomer
Stability in Azoheteroarenes and Multiple Azoarenes

Connected Systems

Abstract

Photoswitchable molecules can exhibit light induced reversible bistability between two
different states or isomers. So often it accompanies changes in the molecular properties such
as structure, dipole moment, colour etc. Due to this, photoswitchable molecules are attractive
candidates in many applications such as optical data storage, sensors, molecular switches,
molecular wires, biomedicines etc. Azobenzenes are one of the robust photoswitchable
molecules with great efficiency in photoisomerization between E- and Z-isomers, and also can
easily be synthesised and functionalized. For many practical applications, tuning and
controlling the photoswitching behaviour, and Z-isomer stability of azoarenes are crucial. Due
to the increasing popularity of phenylazopyrazoles as photoswitches in recent times, and their
improved Z-isomer stability, we attempted at understanding the effects of substituents on their
photoswitching ability and Z-isomer stability. In this regard, 38 aryl substituted arylazo 1H-
3,5-dimethylpyrazoles have been synthesized. For understanding the steric and electronic
effects on their Z-isomer stability, Taft and Hammett's relationships have been utilized.
Additionally, the N-methyl derivatives with meta substitutions have been synthesized and their
substituent effects have also been studied. Furthermore, the role of hydrogen bonding has been
investigated through concentration and solvent effects in the Z-isomer stability. Based on these
studies, we demonstrated a complex interplay of steric, and electronic effects and also the
hydrogen bonding in dictating the stability of Z-isomers in phenylazo-1H-3,5-
dimethylpyrazoles.

In the next part of the work, functionalization of the arylazopyrazoles has been carried
out. In this regard, we have connected arylazopyrazole units to a trimesic acid, and using this
strategy 18 derivatives have been synthesized. Through UV-Vis and NMR spectroscopic
studies, we envisaged the multi-state photochromic properties of these tripodal derivatives.
These new class of molecules exhibited many interesting properties such as better solubility,

higher photoisomerization conversions towards ZZZ-isomers, enhanced stability of ZZZ-
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Abstract

isomers, and long-term switching stability etc. Above all, these molecules showed solid-state
reversible photoisomerization as well as colour changes that make them excellent candidates
for rewritable imaging applications.

In the last part of the work, we have synthesized long alkoxy chain (viz, Cs, Cs and Cio)
containing multiple arylazo-3,5-dimethylpyrazole and azobenzene connected systems for
making photoswitchable liquid crystals. This work has been done in collaboration with Dr.
Santanu Kumar Pal's group. Despite exhibiting good photoswitching properties, the arylazo-
3,5-dimethylpyrazole based systems did not show any liquid crystalline properties. On the
other hand, polarized optical microscopic (POM) imaging and small angle X-ray scattering
(SAXS) studies revealed the discotic liquid crystal properties of the azobenzene-based
tricarboxamide derivatives. All of the three molecules exhibited solution phase as well as solids
(thin films) DLC mesophase photoswitching. Interestingly, the compounds with peripheral Ce
alkyl chain exhibits two different mesophases, namely a columnar rectangular (Col;) phase at
low temperature, and a columnar hexagonal (Coln) phase at a higher temperature. In contrast,
the other two higher homologues revealed only Col, phases at all temperature ranges. Despite
the molecules undergoing switching in the LC phase, no changes have been observed with
respect to the LC phase. Thus, we were able to develop a new DLC based system that can

undergo photoswitching without losing its LC properties.
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Chapter 1. General Introduction

1.1 Photochromism

Photochromism [from the Greek words: photos (light) and chroma (colour)] term was
first given by Hirshberg in the early 1950s.! Photochromism is a light-driven reversible
conversion of a chemical species between two different states or isomers, which demonstrate
different physical and chemical properties.>* Historically photochromism is a well-known
phenomenon since the era of the Alexander the Great (356-323 BC). Some unknown
photochromic compounds were used by his warriors during the wars for attacking the
opponents at the right moment. Generally those photochromic compounds were used that can
undergo colour changes upon exposing to sunlight’> As far as the scientific reports are
concerned, in 1867, Fritzsche for the first time reported the colour changes of tetracene in
solution phase. An initial orange coloured solution of tetracene solution faded in colour upon
exposure to sunlight, while the solution recovered back to original colour when kept in dark.
Recently photodimerization has been proposed as the reason for such photochromic
behaviour.’

After that, ter Meer has found that the potassium salt of dinitroethane in the solid-state
exhibit photochromism, which appeared as yellow in the dark and red colour in the daylight.®
Similarly Phipson was noted that a painted gate post appeared black in the daytime while white
colour at night time, which may be due to a zinc pigment, probably lithopone (a white pigment
made from zinc sulphide and barium sulphate).” In 1899, Markwald was found the reversible
change in the colour of 2,3,4,4-tetrachloronaphthalen-1(4H)-one (B-TCDHN) in the solid-
state.'” Since the 1960s, the interest in photochromism was expanded tremendously, through
which the mechanistic and synthetic aspects of many photochromic materials have been
explored.

0]

Cl
(LK,
Cl cl
B-TCDHN

Photochromic molecules change their physical as well as chemical properties upon
irradiation with an appropriate wavelength of light. For instance, light can typically induce
isomerization, which accompanies changes in physical properties such as geometrical

structure, planarity, dipole moment, absorption spectra, colour, dielectric constant, chemical
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Chapter 1. General Introduction

reactivity, solubility, magnetic properties, refractive index, fluorescence emission, -
conjugation, noncovalent interaction, covalent bonding, electron conductivity, electrochemical
properties, coordination properties etc. The molecules exhibit such changes in the properties
are known as photochromic molecules. Thus, the appropriate wavelength of light can be used
for tuning the properties of photochromic molecules.!!"'* Due to this fascinating aspect,
photochromic molecules have found wide range of applications in various fields such as
molecular recognition,'® photopharmacological applications,'® artificial ion channels,!’
molecular machines,'® liquid crystals,'” sensors,?’ logic operations,?! data storage, and optical
memory devices,?? molecular devices,?* catalysis,** etc.

In general, a thermodynamically stable “A-isomer” can be converted into another
isomer of it, namely “B” by using the appropriate wavelength of irradiation. The reverse
isomerization can occur either thermally or photochemically. Most of the organic
photochromic molecules involve unimolecular reactions. The conversion of photochromic
molecules, which are colourless in one form e.g. A-isomer, into a coloured isomer e.g. B-
isomer, through irradiation are referred to as positive photochromism. The phenomenon
involving bimolecular reactions such as photocycloaddition are referred to as negative or
inverse photochromism depending on the difference between Amax(A) and Amax(B).

In the case of photochromic molecules, light can induce various chemical processes
such as, isomerisation, tautomerisation, bond cleavage, cyclization, coordination changes,
redox reactions, electron-hole pair generation, spin crossover etc.2> Through the photochemical
processes, the more stable state or the isomeric form of the photochromic molecule can be
converted into a less stable state or isomer. The reversal or attainment of the original status of
the photochromic molecules can be achieved either thermally or photochemically (by
irradiating the sample with a different wavelength of light).

In recent times, several organic photochromic compounds such as azobenzenes,
stilbenes, spiropyranes, fulgides, diarylethenes, chromenes etc have been explored. Most of
these compounds show excellent photochromic behaviour and reversibility. Based on the
mechanism associated with the molecular transformation, these photochromic compounds may
belong to one of the following three major classes:

(1) E-Z-E isomerization (C=C bond or N=N bond)

(i1) Electrocyclic reaction

(i11))  Photoinduced tautomerisation.
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Chapter 1. General Introduction

Depending on the energy barrier between the two-isomeric species involved, there can
be two possible types of photochromic molecules,? namely

(1) T-type (Thermally reversible type): If this barrier is low, the metastable and
can be spontaneously converted back to the more stable isomer. Such systems
are called T-type referring to the thermally induced reaction. e.g., stilbenes,
spiropyranes, chromenes and azobenzenes.

(i1) P-type (photochemically reversible type): If the barrier is high, only light can
be able to induce the isomerization between them. The resulting bistable system
is called P-type, which represents photo-induced photochromism. e.g.,

stilbenes, diarylethenes and fulgides.
1.2 Important families of organic photochromic molecules

1.2.1 Spiropyrans

Spiropyrans belongs to the oldest families of photochromic molecules. The spiropyran
based photochromic molecules consist of two types of heterocyclic groups, an indoline and a
chromene moiety which are bound together by a spiro junction at carbon atom while both
heterocyclic moieties are orthogonal to each other. These molecules exhibit photochromism
between structurally distinct molecules, spiropyran (a closed ring isomer) and merocyanine (an
open ring isomer) mainly in solution state with the cleavage of the Cspiro—O bond. Merocyanine
isomer is the result of the ring-opening reaction, either by heterolytic C—O bond cleavage
(Scheme 1.1) or as a 6m electrocyclic ring opening. Due to C-O bond cleavage this
merocyanine isomer has the zwitterionic or the quinoidal resonance forms, respectively.?®

There is a large change in polarity of the isomers after isomerization.

Spiropyran Merocyanine

Scheme 1.1: Photoisomerization in spiropyran
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Chapter 1. General Introduction

1.2.2 Fulgides

Fulgides are P-type photochromic molecules, which exhibit light-driven processes
through electrocyclic ring closing and ring opening mechanism.?” Typically, these molecules
possess a heteroaromatic ring in their structure. It exhibits three thermally stable isomers E-,
Z- and C-forms. Among the three, E£- and Z-isomers exist in the ring opened form, which can
undergo photoisomerization between them. Indeed, the E-Z isomerization channel competes
with the ring-closing reaction of the E-isomer leading to the C-form. During the isomerization,
polarity changes occurred to a small extent. Once the C-isomer is formed, this reaction is
thermally irreversible. However, C-isomer can photochemically revert back to the E-isomer in
an electrocyclic ring-opening reaction. The substituents present around the triene influence the
conformations of E- and/or Z-isomers of the fulgides in the ground state. These substituents

also affect the quantum yields in photoisomerization reaction.

A3
—_—
-
Ay
Z- isomer E- isomer C- isomer
(colorless) (colorless) (colored)

Schemel.2: Photoisomerization in fulgides

1.2.3 Stilbenes

The stilbene is a 1,2-diphenylethylene, which exists in the most stable trans geometry
(E-stilbene) in the ground (So) state that can isomerize to cis structure (Z- stilbene) using light.?®
The melting point of E-isomer is found to be approximately 125 °C, whereas it is 6 °C for the
Z-isomer. X-ray analysis has determined a nearly planar structure of E-stilbene in the solid
state. For unsubstituted stilbene, the isomerization can be induced by irradiating at 313 nm UV
light that leads to the formation of Z-isomer. Interestingly, the Z- stilbene attains a propeller-
shaped conformation, in which the angle between the planes of phenyl rings is between 30-50°.
The photoisomerization mechanistic investigations of stilbene predicted that E-Z

photoisomerization happens through the rotation around the C=C double bond at the excited
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Chapter 1. General Introduction

state. The energy barrier for the thermal Z— F reverse isomerization is found to be 41-46 kJ/mol
and so, the thermal reverse isomerization is negligible at room temperature. One of the
limitations in the stilbene photoisomerization process is the formation of dihydrophenanthrene
from Z-isomer upon prolonged irradiation that can undergo oxidation to phenanthrene. After

the formation of phenanthrene, this system will be no longer reversible.

X * Oxidation
MorA AgOrA\ :

E-|somer Z-isomer
= n#0

Scheme 1.3: Photochromic behaviour of stilbene

1.2.4 Diarylethenes

The diarylethenes belong to the thermally irreversible (P-type) photochromic
compounds.?** Indeed, diarylethenes are the first examples of P-type photochromic molecules
that were reported in the 1960s. Among organic photochromic compounds these diarylethenes
have heterocyclic aryl substituents. Electron withdrawing group on these aryl ring decreases
the thermal stability of the closed form of diarylethenes. The photochromic behaviour is
photochemically driven by the electrocyclic mechanism. These compounds show excellent
resistance to fatigue and the switching cycles can be repeated up to ten thousand times. The
most striking features of the compounds fatigue resistance and thermal irreversibility are

significant for applications to optoelectronic devices, such as memories and switches.

Scheme 1.4: Photoisomerization of diarylethenes.

1.2.5 Chromenes

Chromenes are photochromic compounds with a benzopyran moiety that can reversibly
open its ring. Becker and co-workers have studied the photochromic behaviour of chromenes.?’
These chromenes show excellent resistance to photodegradation, which is similar to that of

spirooxazines. These are T-type photochromic compounds.
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Chapter 1. General Introduction

Ph

O M ~ “Ph
A Pz
Ph Ay orA ‘

(0] Ph

(0]
Colorless Colored
Closed form Open form

Scheme 1.5: Photoisomerization of chromene

Among all the photochromic compounds, azobenzenes are one of the most widely used
organic photochromic molecules, which have very broad applications in numerous fields.
Azobenzene is one among the T-type photochromic compounds exhibiting E-Z-E geometrical
isomerization. Since the heterocyclic and substituted analogues have been extensively used
throughout this investigation, a brief introduction related to various properties of azobenzenes

have been described based on the literature reports in the following section.

1.3 Azobenzenes

1.3.1 Introduction to azobenzenes

The azo compounds are known since the 19" century. Azobenzene was first time
described in 1834 by Eilhard Mitscherlic. Initially these molecules have been utilized in the
dye industry owing to the bright colours. Certain azobenzene derivatives such as Prontosil have
also been exhibited antibiotic properties and so utilized as drugs in medicinal chemistry. In
1937, Hartley first investigated the cis form of azobenzene. The cis state was observed through
irradiation of the solution of azobenzene in acetone with light. Azobenzene is a derivative of
organic diazene (HN=NH), whereas both hydrogens of diazene are replaced by phenyl groups,
which have two geometric isomers either trans (E) or cis (Z) state around the N=N bond like
as a C=C double bond. Azobenzene is an organic photochromic compound, which undergoes
reversible photoswitching between two different states or isomers trans to cis isomerization
and vice versa. The E to Z isomerization occurs by using an appropriate wavelength of light on
the other hand Z to E isomerization occurs spontaneously thermally or photochemically into a
thermodynamically more stable £ isomer. (Scheme 1.6) Various chemical methods have been
developed for the synthesis of azobenzenes and variety of applications have been explored over

the decades in this regard.*°

8|Page



Chapter 1. General Introduction

E-isomer Z-isomer

Scheme 1.6: Photoisomerization of azobenzene.

Primarily, numerous derivatives of AB have been investigated. These azobenzenes can
be synthesised readily with commonly available cheaper starting materials. This synthetic
accessibility led to variation in the structure of azobenzenes including the number of azo units,
the nature of aromatic ring such as benzene, naphthalene, pyrrole, thiazole etc., the
substitutions at the aromatic rings with the electron donating and electron withdrawing groups
and also the position (ortho-, meta-, and para-) of the substituents that can influence the
spectroscopic, photophysical and chemical properties of azobenzene derivatives. In general,

azobenzene and its derivatives are rigid molecules and anisotropic.

1.3.2 Photoisomerization in azobenzene

The most fascinating properties of all the azo compounds are the efficient and reversible
photoisomerization, which occurs upon the irradiation with an appropriate wavelength of light.
Typically, E-azobenzene exhibit a strong n-n* (in the UV region) and a weak n-n* (in the
visible region) absorption bands, whereas the Z-isomer shows a blue shifted and lower intense
n-n* and strong n-n* bands. In general, irradiation at a wavelength of light corresponding to
n-n* absorption of the E-azobenzene will lead to the forward (E-Z) isomerization. However,
the reverse reaction can be achieved either under irradiation conditions (photochemically) with
an appropriate wavelength corresponding to n-n* absorption of the Z-isomer or under thermal
conditions. The activation barriers for E- to Z- and Z- to E- isomerization is a key parameter
for governing the properties of photoswitchable molecules. This activation barrier quantity can
be computed by using theoretical methods, but the experimental prediction is not
straightforward. The E-isomer of azobenzene is around 10-12 kcal/mol more stable than the Z-
isomer. Furthermore, the interconversion thermal barrier of Z- to E- isomer is around 18
kcal/mol. When the molecules are in solution, the switching is affected by the aryl substituents,

temperature, viscosity and polarity of the solvent and when embedded in polymers, the
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conformational change is affected by the polymer matrix. Photoswitchable molecules mainly
do not change their conformation in the pure crystalline state.

According to the literature reports, the properties and the investigation of both the
thermal and photochemical isomerization of azobenzene have been extensively studied by
computational methods, UV-Vis spectroscopy, NMR spectroscopy, X-ray studies, IR
spectroscopy studies, Raman spectroscopy etc. other techniques predict the properties and
photochemistry of azobenzene. Many mechanisms have been proposed with respect to the
forward (photochemical conditions) as well as reverse switching (photochemical and thermal

condition) of azobenzenes."!

Excited state

Energy

Z- isomer

E- isomer

Figure 1.1: Schematic energy profile diagram for the photoswitching process in azobenzene

1.3.3 Spectroscopic investigations of the photochemistry in azobenzene
X-ray of azobenzenes*?

X-ray emission spectroscopy echoes the electronic structure, which is sensitive to the
geometry. The isomerization-based photoreactions can be tracked by X-ray emission
spectroscopy without considering vibrational effects, as it considers the electronic effects. X-
ray emission spectra for E- and Z-isomers are close interrelation to their electronic
configuration. Electronically excited states have been tracked along the dihedral angle (one of
the internal coordinates). X-ray studies data indicated that the E-azobenzene has a planar
structure and Con symmetry, whereas Z-azobenzene adopts a nonplanar and C2 symmetric

structure.
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UV-vis spectroscopy of azobenzenes™?

UV-vis absorption spectroscopy has been used as a qualitative analytical technique. In
UV-vis spectroscopy, studies the vibrational motions of the nuclei, which affect the electronic
transitions in the UV-vis region via fine structure and broadening of the spectrum. UV-vis
spectroscopy predicts the intensity shifts of the photoswitchable molecules before and after
irradiation. In addition to that, UV-vis absorption spectroscopy has also been applied as a
quantitative technique for kinetic studies of the thermal isomerization of (Z- to E-) azobenzene.
Among the four possible transitions in organic molecules (viz, c—c*, T—m*, n—c* and n—m*),
only n—m* and n—n* are the lower energy transitions and absorption spectrum can see in UV-
vis region, whereas the n—c* and 6—o* are higher energy transitions. UV-Vis spectra of E -
azobenzene indicates two well-separated bands at 320 nm and 450 nm. In E-azobenzene the
strong UV band found Amax at 320 nm (g ~ 22000 L mol~! cm™), which rises due to a m—n*
symmetry allowed transition, and a weaker band Amax at 450 nm (g ~ 400 L mol~! cm™') appears
due to n-n* forbidden transitions in the visible region. In case of Z-azobenzene, the two n—m*
band Amax at 270 nm (g ~ 5000 L mol~! ecm™) and Amax at 250 nm (¢ ~ 11000 L mol~! cm™!) are
observed, which are weaker as compared to E-isomer, however, in the visible region, the n-rt*
transition Amax at 450 nm (¢ ~ 1500 L mol~! cm™") appears as a stronger band than in the case
of E-azobenzene. During irradiation, the n—n* and n—n* transitions excite azobenzene from Sy
(ground state) to S1 (n—n*) and S2 (n—7*) excited states, respectively.

As discussed earlier, the E to Z isomerization of azobenzene can be achieved by
irradiation of appropriate wavelength of light. On the other hand, Z to E isomerization can
occur either thermally or photochemically. The E to Z isomerisation of azobenzene follows
both So—Si (n—n*) and So—S: (n—n*) excited states, respectively. Similarly, the
photochemical Z to E reverse isomerization in azobenzene can be achieved by exciting into
either Sy or S; state. Indeed, the sum of quantum yields in both isomerization @£z and @z
do not show unity indicating that both isomerizations happen through multiple pathways.
During the photoisomerization of E—Z azobenzene, Si (n—n*) state has the higher quantum
yield than S> (n—n*) state, which violates the Kasha’s rule. Typically, azobenzene absorbs
radiation of the same wavelength or frequency leading to the establishment of an equilibrium
state between the £ and Z-isomer, known as the photostationary state (PSS). Also, the quantum

yield depends on the solvent polarity, viscosity and temperature.
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NMR Spectroscopy

NMR spectroscopy has been extensively used to investigate the thermal and
photoisomerization of azobenzene. Both E- and Z-isomer of azobenzenes exhibit different
NMR spectra. In the 'H NMR spectra of azobenzene in a deuterated solvent upon UV
irradiation at an appropriate wavelength, the signals of the E-isomer decrease in intensity and
the new signals corresponding to the Z-isomer typically appear at shielded regions. The upfield
shifts for Z-isomer are due to the ring effect or the two phenyl rings of an azobenzene moiety.
In this context, the integration ratio of the signals provides the information of conversion
between E- and Z-isomers of the azobenzene by photoirradiation at the given wavelength of

light in the PSS.

1.3.4 Mechanistic aspects in the azobenzene photoisomerization

D .
& A T O

Rotation

P — e\
\
/

Concerted inversion
Cis
/‘J
- NN

o O

Inversion assisted rotation

Scheme 1.7: The four proposed mechanisms in photoisomerization of azobenzene

The mechanistic studies of frans to cis photoisomerization of azobenzene has been
investigated through various spectroscopic techniques and computations. The photochemical
isomerization has been proposed to be through any one of the channels, viz, rotation, inversion,
concerted-inversion, or inversion-assisted rotation with inversion mechanisms. On the other
hand, under thermal conditions, the reverse isomerization happens either through the inversion

mechanism, or through the rotation mechanism.!
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The azobenzene photoswitching can be described in terms of the ground and excited
state potential energy surface (PES). Among these four isomerization pathways, two pathways
rotation and inversion isomerization mechanism are commonly considered to take place. The
rotation and inversion mechanism adhere to the diazo bond while both of these mechanisms
proceed through relaxation from the excited state. In 1966, Curtin and McCarthy proposed the
inversion mechanism,** which is analogous to the inversion mechanism state of imines. Magee
and Eyring have investigated the Z—FE thermal isomerization and proposed a rotation
mechanism with the planar transition state where the N=N bond is broken.*

During photoirradiation, upon electronic excitation from HOMO (w or n orbital) to
LUMO (=* orbital), the molecular geometry attains different positions of the surfaces that will
be different in an excited state as compared to the ground state. As a consequence, in the excited
state, the molecule experiences a transient force on its external as well as internal coordinates.
The transition state formed in inversion, rotation and inversion- assisted rotation pathway
possess polar transition state, whereas the transition state formed in concerted inversion
mechanism has no net dipole moment. In the inversion pathway mechanism does not involve
the rupture of the N=N n-bond. In this mechanism, the C-N=N-C dihedral angle remains fixed
at 0°, while one N=N-C angle increases to 180°, which is related to the in-plane inversion.
Moreover, in-plane inversion generates a transition state, which results in one sp hybridized
azo-nitrogen atom.’® The rotational pathway associated with the cleavage of N=N r-bond,
which changes the C—-N-N-C dihedral angle although the N-N—C angle remains unchanged
at ~ 120°. Due to the rupture of N=N n-bond, which allows the free rotation about the N-N
bond.?” In the concerted inversion mechanism, both N=N-C bond angles increases to 180°,
which generates a linear transition state. In the inversion-assisted rotation mechanism, there
are significant (smaller) changes in the N=N-C bond angles while a large change in C-N=N-C
dihedral angles occurred simultaneously. All these four isomerization pathways involved the
relaxation from transition states that can confer either £ or Z isomer. In these mechanisms, we
can predict the photostationary states involving both £ and Z isomers.

So far, the photoisomerization of Z-azobenzenes has not been investigated
experimentally. According to theoretical studies, only one conical intersection found between
Si and So states along the rotational pathway, on that account both E-azobenzene and Z-
azobenzene adopt the same conformation following the So—S; excitation before attaining the
ground state. While advance theoretical calculations predict Z-azobenzene undergoes

isomerization following both So—Si; and Sp—S, excitation by the rotational pathway.
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Resonance Raman intensity analysis and dynamic simulations theoretical studies predicted that

rotation dominates Z—FE isomerization following So—S; excitation.

1.3.5 Thermal Z-E reverse isomerization in azobenzene

Unlike photoisomerization, the Z-isomer can easily be converted into its
thermodynamically stable E-isomer even under dark. As indicated before, either inversion or
rotation pathway has been proposed for the isomerization mechanism. This thermal
isomerization happens through unimolecular reaction and so follows a first order rate.
Typically, the isomerization rate can provide information about the half-life of the Z-isomer.
Various factors such as irradiation wavelength, the polarity of the solvent, the viscosity of the
solvent, temperature, type and position of substituents, acids etc., which affects the quantum
yield of the isomerization. Indeed, many of these factors also influence the rate of the thermal

reverse isomerization.

Solvent effect:33° According to the literature reports, as the solvent polarity increases, the rate
of thermal isomerisation (Z- to E-isomer) increases with a concomitant decrease in the
activation energy. On the other hand, the £ to Z isomerization through the n-n* transition,
increases with increasing solvent polarity. However, the solvent polarity does not affect the
quantum yield of photoisomerisation. Solvent viscosity and polarity also influence the
isomerization mechanism of azobenzene. Viscous nonpolar solvents favour the inversion

mechanism, whereas non-viscous polar solvents prefer rotation mechanism.

Substituents effects: The effect of aryl substituents at ortho, meta and para positions relative
to the azo group influence the photoswitching aspects. The insertion of electron-rich
substituents in all four positions of ortho to the N=N group exhibit a slight bathochromic and
hypochromic shift of the n—mn* band, whereas the n—n* band exhibit bathochromic and
hyperchromic shifts. A red shift in the n—n* band and a blue shift in the first n—m* band are
expected if the ortho positions are increased with steric bulkiness. The red shift is due to the
repulsive interaction between the ortho substituents and the lone pair on the more distant
nitrogen to the azo group. These ortho substituents to raise the energy of the nonbonding orbital
on nitrogen, with a lowering of the n-n* excitation energy. The blue shift is occurred due to
the decrease in the conjugation among the azobenzene molecule, and the result is due to the

phenyl ring twisting, an effect caused by the bulky groups at ortho position, which lowers the
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energy of uppermost filled m—orbital and/or to raise the energy of the lowest empty n* orbital,
thus increasing the m—m* energy gap i.e. proximal steric effects from ortho-substituents. Apart
from these shifts, at ortho positions, substituents also increases the n—mn* and n—n* separation.
On the other hand, bulky substituents at ortho positions increase the rate of thermal
isomerization from Z to E isomer.** When the azobenzene, in which all four of the ortho
positions are substituted with bulky electron-rich substituents, the isomerization can effectively
be induced by visible light.*! The steric effect in the reverse isomerization rate can be measured
through a Taft plot.*’ For the ortho-substituted derivatives, a Taft plot can be plotted between
the log(kr/kme) Vs the steric substituent constant (Es), where kg is the isomerization rate of the
ortho-substituted derivatives and ke is the rate corresponding to the ortho-CH3 derivative.

Similarly, Hammett relationship can provide the electronic effects of a substituent in an
aromatic system. This is a linear free energy relationship (LFER) based on the ratio of the rate
constants in the substituted systems relative to the unsubstituted ones and a parameter called
substituent constant (0).** The Hammett constant (o) depends on the relative position of the
substituent with respect to the reactive group and so, the values for meta- and para-substituted
derivatives are om and o, respectively. Previous investigations on the substituent effects of the
thermal reverse isomerization of azobenzene derivatives revealed a non-linear (V-shaped)
relationship, which has been explained on the basis of a change in the mechanism from the
rotation to inversion.*

The substituents on the aryl rings of azobenzene produce substantial changes on the
absorption, emission and photochemical properties of azobenzene. The azobenzenes are
classified into three types based on their electronic states n—n*and n—n* absorption bands:*’

(a) Azobenzene type: These types of compounds have well-separated n—n*and n—n*

band, where the n—n* band is very intense and the n—n* band is weak.

(b) Aminoazobenzene type: These types of compounds have overlapping n—n* and

n—7* bands in the UV-vis region. These type of compounds have electron donor

substituents in the ortho or para positions to azo bond.

(c) Pseudostilbene type: These types of molecules have nearly degenerate n—n* and

n—nt* band, whereas n—n* absorption band shifted to bathochromic with respect to

n—nt* band. These molecules have electron donating group and electron withdrawing
group at the 4 and 4’ positions of phenyl rings. In general, these molecules undergo fast

reverse switching.
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Catalytic effects of acids: Acids accelerate the thermal isomerization of Z-azobenzene.*® The
catalytic mechanism involving the conjugate acid of azobenzene due to the H ions. The H"
was accepted by N=N bond and forms its conjugate acid, which lowers the activation barrier

of Z to E isomerization.

Temperature effects: Temperature does have a significant effect on the Z—FE isomerization.
However, the Z—F thermal isomerization increases significantly with increases in temperature,
because the rate of isomerization increases with increase in the temperature. Although the £E-Z
isomerization is possible only through photochemically, the effect of temperature is not
pronounced for E—Z isomerization. However, the thermal reverse isomerization can compete
with the photoisomerization channels at a higher temperature that can decrease the efficiency

of the light induced isomerization.

Hydrogen-bonding effects: The hydrogen bonding influences both the E-Z as well as Z-F
isomerization. In general, there are two types of effects, namely, intramolecular and
intermolecular hydrogen bonding. For example, the intramolecular and intermolecular
hydrogen bonding in 2-hydroxy azobenzene and 4-hydroxyazobenzene, respectively can lead
to tautomeric equilibria, due to which both of them undergo fast photoswitching. Similar
solvent assisted tautomerization mechanism through hydrogen bonding, particularly in protic
solvents has also been proposed for the fast isomerization in aryazoimidazoles*’ and

phenylazoindoles.*®

H-o o H O
(a) 'R Pz

e e
W)
o

Scheme 1.8 Tautomerization in 2-hydroxy and 4-hydroxyazobenzene through intramolecular

and intermolecular hydrogen bonding.
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1.4 Multi-state photochromic systems:

A single molecule, which has at least two or more photochromic units exhibit multi-
state photochromism. However, multiple states containing photochromic systems have been
known in few literatures. For example, multi-state photochromic systems such as spiropyrans
moities*, diarylethenes moities®’, azobenzene’! are known, which have different photoisomer
in a single molecule during the photoisomerisation. In these type of photochromic systems, one
photochromic moiety does not affect the properties and photochromic behaviour of the
neighbouring photochromic group. We can characterise and examine these multi-state
photochromic systems using UV/Vis and NMR spectroscopy. In spite of these reports, the
multi-state photochromic systems are still in the exploratory stage with more scope of

improvement and applications.

1.5 Solid-phase and liquid crystalline phase photochromism

In recent decades, the efficiency of solution phase photoswitching of azoarenes has
been tremendously improved. However, for practical applications, solid-state photoswitching
is highly desirable. Lately solid-state bistable compounds showed promising applications in
nonlinear optics, molecular machines, information storage, optical switches sensors, displays
imaging, in particular reversible writing and erasing part etc.’> A wide range of a structurally
diverse class of molecules are known for their solid state photochromic properties. However,
only some of the photochromic systems are using in these applications in the solid state, which
are fulfilling the criteria as a rapid response, better thermal stability, and low fatigue natures of
photo isomerised form should be necessary during the photoisomerization process. In the
majority of those cases, the light-driven switching has been used for printing, however, thermal
conditions are required for erasing. Apart from that, the systems need extensive synthesis or
polymeric linkages for enabling the reversible writing and erasing processes.>*-

Another important challenge in enabling solid-state photoswitching is to design
molecular systems with large free-volume that requires control in molecular packing and
aggregation. Particularly n-stacking and other supramolecular interactions such as hydrogen
bonding needs to be controlled for better efficiency in the light-driven isomerization
processes.>!?

Photochromic liquid crystals (LC) are very useful as they can change their

mesomorphic state upon irradiation.’’>® Among the various photochromic groups like
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spirooxazines, diarylethenes, azobenzenes etc., azobenzene systems are widely studied owing
to the rich photochemistry of azo chromophore and ease of functionalization at aryl groups.
Usually, the LC phases of azobenzene incorporated compounds changed to the isotropic phase

on irradiation because of the destabilization of the LC phases by Z-azobenzene.>

1.6 Motivation and scope of the thesis:

In contrast to simple and substituted azobenzenes, heteroazobenzene compounds have
been less explored at least in the initial period of this thesis. However, this trend completely
changed after the introduction of Fuchter and coworkers report on N-methyl pyrazole
connected azoarene that showed an enhanced cis-isomer stability up to 1000 days.*° Since the
introduction of phenylazopyrazole, many groups utilized them for various applications.
However, there are no systematic studies on tuning or the effect of substitutions in the aryl
rings with respect to the photoswitching behaviour, and cis-isomer stability. This motivated us
to explore the substituent effect of pheylazopyrazole derivatives. The strategy and results are
discussed in the second chapter. We utilized a common strategy to synthesize various
substituted pyrazole-based azoarenes in good to excellent yields. The influence of position
(ortho-, meta- and para-) and nature (electron donating vs electron withdrawing) of the
substituents have been investigated. Also, the role of substituents in photoswitching behaviour,
thermal reverse isomerization kinetics, and half-lives of the Z-isomers has been studied using
UV-Vis and NMR spectroscopic techniques. The synthesis of wide range of pyrazole-based
substituted azoarenes, their photoswitching properties and thermal reverse isomerization
kinetics studies in understanding the effects of electronic, steric and hydrogen bonding are part
of chapter 2.

After the understanding of the substituent effects and also the influence of pyrazole NH
in the destabilization of cis-isomer through hydrogen bonding in arylazopyrazoles, we decide
to functionalize them. The amide linkage at NH using trimesic acid provided the access to
various substituted triscarboxamide derivatives. The photoswitching, and kinetics of the
resulting system provided a highly efficient, multi-state and solvent processible
photoswitchable systems. Interestingly, they showed solid state switching, which provided
chances for many applications. All of these results are discussed in chapter 3.

In the next part of the work, we explored the possibility of these tricarboxamide
derivatives towards the discotic liquid crystalline material, by connecting long alkoxy chain at

the aryl rings of the phenylazopyrazole units. However, the presence of the two methyl groups

18| Page



Chapter 1. General Introduction

prevented the supramolecular assembly of these systems, and so we needed to redesign the

target systems without the methyl groups. Also, for enhancing the stability of the amide

functionality, we utilized the long alkoxy chain containing aminoazobenzene units for making

tricarobxamides with the trimesic acid. The resulting derivatives showed promising

photoswitching in solution phase and solid phase. The salient feature is that these derivatives

showed discotic liquid crystalline phases, and they showed promising switching without

affecting the columnar phase. All of these studies are included in chapter 4.
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Appendix 1A

1.3.5 Kinetic representation for isomerization:?*

For the thermal reverse isomerization process of azobenzenes, the representation of the
kinetics rates for isomerization processes is relatively straightforward. The thermal reverse
isomerization process from Z to E-state is a simple exponential decay, which follows the first

order rate equation. The rate of thermal reaction Z—FE can be written as:

__ 4z _dEle _
rafe=——= =—3=>= = K[Z](t) ooeveervrmrmriiiininieiian Eqn. 1

where [E] and [Z] are the frans and cis isomers concentrations, respectively at time ¢
and £ is the first order rate constant in the thermal reverse isomerisation process. As we know
that the total number of molecules is constant. Assuming that at t = oo all the molecules are
converted back into the E-isomer, which gives:
[Eleo = [E]1+ [Z] covveeeeeeeeeeee Eqn. 2
So that,
[Z]=[Ele = [E] ceeoeeeeeeeeeeee Eqn. 3

According to the Beer—Lambert’s law, applying on the above equation, the rate of

thermal reverse isomerization
Ay = [A0)= Aoy 1XP(—KE) + A(co) corrrrmerririeiiieicie. Eqn. 4
The integrated rate law may be written as
In(Ae —Ap) ==kt + In(Aco — Ag) woeevvereeeeeeeeeene Eqn. 5

where, A¢, Ag and A, are the absorbances at time t, t, and t,, respectively.

The rate constant depends on the temperature, which can be used to determine the
activation energy (E,)of the reaction and the Arrhenius constant (A). According to the

Arrhenius equation, the equation can be:
Ink=—222 4010 A . Eqn. 6
RT

For the calculation of photoisomerisation rate, the above equation (Eqn. 4) is
unsatisfactory due to the number of variables and the conditions under which the experiment
has been performed. Thus, a complete numerical solution can be obtained by the rate of reaction
involved in the three isomerization processes, photoisomerisation from £ to Z and Z to E-
isomer and the thermal reverse isomerization Z to E-isomer.

The rate of the reaction of these three isomerization processes can be solved with the

continuity equation, as indicated in the equation (Eqn. 7).
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Continuity, MNrotal =NE TNz T NG ceviieieieeeeeieee e, Eqn. 7
A
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Figure 1.2: Energy level diagram for the photoisomerisation processes of azobenzene.

Excitation of £ and Z- isomers populate a common transition state (TS)

On the other hand, the photostationary state (PSS) can be calculated by the equation

UZpgs =00 Eless yq00 Eqn. 8

The photoisomerisation kinetics of azobenzene was calculated by monitoring the
absorbance of n—n* absorbance band. The experimental data can be analysed by according to
the equation

In(Ao - Aw)/(At - Ax) =K1t o Eqn. 9

where Ao, At and Aco are the trans isomer absorbances corresponding to the time 0, t
and at photostationary state respectively and t is the irradiation time. The ki is the rate constant
has the expression

ki=keoz+kzoe=l(0r-zEE+ ¢z-EE)INTO0 .ooiiiiiiiiiiie, Eqn. 10

where kr—z and kz_.¢ are the rate constants for the E—Z and Z—E photoisomerization
reactions respectively, while ¢£—z and ¢z are the quantum yields of the same processes, €&
and ezare the molar extinction coefficients of the £ and Z isomers respectively at the irradiation
wavelength light.

On the other hand, thermal Z—F isomerization of azobenzene follows the first order
kinetics. The kinetic equation should be in this case:

In(Ax - Ao)/(Aw - Ar) = kot

where kj is the rate constant of the Z— E isomerization reaction.
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The unimolecular thermal Z to E isomerization process in the dark obeys
AA; = AAs + AAge™
where AAy, AA; and AA. correspond to the absorbance change at time zero, t and
infinity, respectively and 7 is the half-life (relaxation time) of the Z-isomer. The half-life can
be derived from the plot of the absorbance, A4 versus times by fitting the above equation to the

data.
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Chapter 2. Evaluation of Substituent Effect in Z-
Isomer Stability of Arylazo-1H-3,5-dimethylpyrazoles

2.1 Introduction to arylazo-1H-3,5-dimethylpyrazoles

The salient features of azobenzene as photoswitchable molecules are robustness
in switching, the rate of E-Z forward switching, the extent of photostationary state
(PSS) and thermal half-life of Z-isomer. Based on the gap between n—n* and n—n*
transitions of the azo group, azoarenes have been classified as azobenzenes (well-
separated), aminoazobenzenes (overlapping), and pseudo-stilbenes (nearly
degenerate).! Such classifications are mainly due to the type of substitutions that can
dictate the switching ability as well as the stability of Z-isomer. Furthermore, the choice
and the introduction of specific substituents such as fluoro and alkoxy at all the four
ortho positions with respect to the azo group can lead to visible light induced
isomerization in azoarenes.> Hence, the position of the substituent in the aryl ring is
equally important in controlling the photoswitching characteristics. For a variety of
applications, all these properties need to be altered. Replacing arenes with heterocycles
is an alternative strategy, which is an emerging area in this regard. Pyridine containing
heteroazoarenes are one of the well-known photoswitches that have found many
interesting applications.® Despite the presence of many kinds of literature on the
analogous five-membered heteroazoarenes, the studies on them have been limited to
synthesis and evaluation of medicinal properties in the past.* However, such systems
found a considerable attention only after their photoswitching properties have been
evaluated. Herges and coworkers have synthesized an imidazole-connected azoarene,
which had a long half-life in its Z-form.> Fuchter and coworkers enhanced the stability
of Z-isomer up to 1000 days, when they introduced N-methyl pyrazole moiety.® After
these findings, many groups started utilizing them for various light-driven processes

and as photoswitches.’

Fuchter’s group has explored the effects of N-methyl five-membered
heterocycles towards tuning the photoswitching behaviour.® Using experimental rate
constants and computational data, they investigated the influence of heterocycles on the

stability of Z-isomer. Recently, Konig and coworkers have tuned the lifetimes of Z-
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isomer of phenylazoindoles from nanoseconds to days by controlling the hydrazone
tautomerization.’ Despite the presence of enormous literature on azoarenes and their
derivatives, including their mechanistic studies, the general role of substituents in the
photoswitching is not explored in a systematic way. Few issues like the choice of
substituents in enhancing the Z-isomer stability and the role of electronic effects in
photoswitching behavior and reverse isomerization can be vital in the design and
development of azoarene based molecular switches. In order to address these issues,
we have chosen phenylazopyrazole 1d as our target, which structurally lacks the N-
methyl group (le) that was previously reported by Fuchter and co-workers.® The
advantages of this choice are the ease of synthetic access to a variety of substituted
derivatives, and also the possibility of post-functionalization at pyrazole N-H. Apart
from that, the kinetic studies on such NH phenylazopyrazole 1d showed almost three
order of magnitude higher rate constant than that of le, which provide a better
opportunity to study the enormous insights into the role of substituents. In this regard,
the modus operandi of substituents, particularly with respect to the photoswitching
behavior, stability of Z-isomer, and their influence in the thermal reverse switching of
the Z-isomer, which are the primary focus of this investigation. The influence of
position (ortho-, meta- and para-) and nature (electron donating vs electron
withdrawing) of the substituents have been investigated. Also, the role of substituents
in photoswitching behavior, thermal reverse isomerization kinetics, and half-lives of
the Z-isomers has been studied using UV-Vis and NMR spectroscopic techniques. The
synthesis of a wide range of pyrazole based substituted azoarenes, their photoswitching
properties and Z-isomer stability in understanding the effects of electronic, steric and

hydrogen bonding are described in this chapter in detail.

2.2 Synthesis

\N N
HN-N
N

NH, N,X: M /S)\
NaNO,,

HCI

R
0-5°C NaOAc NazCOs DMSO, RT
H20 EtOH reflux

1-38a 1-38b 1-38¢ 1-38d 1,3,6,9,15 and 18e
Scheme 2.1. Synthesis of N-H [1-38d] and selected N-methyl phenylazopyrazoles [R
= H(1e); 3-F(3e); 3-Cl(6e); 3-Br(9e); 3-OCH3z(15e); 3-CF3(18e)]
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Table 2.1. Synthesis of substituted phenylazopyrazoles 1-38d and N-methyl
phenylazopyrazoles 1e, 3e, 6e, 9¢, 15e and 18e.

S Step-22 Step-3
No. Substituent Product T(lll:;e Y(l(;ol)d Product Condition T(lll:;e ‘g;:)d
1 Nil 1c 5 97 1d A 6 85
2 2-F 2¢ 10 99 2d A 10 96
3 3-F 3¢ 6 97 3d A 8 82
4 4-F 4c 13 99 4d A 12 93
5 2-Cl 5¢ 3 98 5d A 17 61
6 3-Cl 6¢ 3 98 6d A 10 70
7 4-Cl 7c 5 95 7d A 6 93
8 2-Br 8¢ 7 96 8d A 6 70
9 3-Br 9¢ 7 95 9d A 6 90
10 4-Br 10c¢ 6 73 10d A 6 72
11 2-OH 11c 5 98 11d A 10 93
12 3-OH 12¢ 10 60 12d A 5 92
13 4-OH 13¢ 12 94 13d A 8 79
14 2-CF3 14c¢ 4 97 14d A 10 72
15 3-CF; 15¢ 5 91 15d A 14 74
16 4-CF; 16¢ 5 91 16d A 23 83
17 2-OMe 17¢ 8 82 17d A 10 70
18 3-OMe 18¢ 8 87 18d A 12 98
19 4-OMe 19¢ 10 95 19d A 8 87
20 2-NO2 20c 13 76 20d A 24 81
21 3-NO2 21c 13 69 21d A 13 83
22 4-NO» 22¢ 8 82 22d A 8 97
23 2-CH;3 23c 7 98 23d A 8 95
24 3-CH;3 24c¢ 3 67 24d A 6 96
25 4-CHs 25¢ 3 63 25d A 8 92
26 3-COOH 26¢ 8 75 26d A 11 56
27 4-COOH 27c¢ 2 98 27d A 12 81
28 3-NHAc 28¢ 3 85 28d A 10 57
29 4-NHAc 29c¢ 5 89 29d B 5 93
30 2-Et 30c 8 98 30d A 3 99
31 2,4,6-triMe 31c 18 85 31d A 6 99
32 Ar = a-Np 32¢ 3 66 32d A 22 63
33 2,5-diCl1 33c 14 54 33d A 18 45
34 2,6-diCl 34¢ 3 62 34d A 12 89
35 2,4-diF 35¢ 3 99 35d A 9 78
36 2,5-diF 36¢ 5 99 36d A 8 54
37 2,6-diF 37c 10 98 37d A 10 53
38 3,5-diF 38¢c 4 99 38d A 11 87
Step-4
Product T(lll:;e Y(lozl)d Condition
39 Nil le 4 88 C
40 3-F 3e 3 82 C
41 3-Cl 6e 4 90 C
42 3-Br 9e 3 94 C
43 3-CF; 15e 3 90 C
44 3-OMe 18e 3 85 C

Temperature = RT; Ar = o-Np (a-Naphthyl), Condition-A: Na,CO3 (3.0 eq.),
NH>NH2.2HCI (1.5 eq.), EtOH, reflux; Condition-B: NH>NH»>.H>O (1.0 eq.), EtOH, 40
°C; Condition-C: CH3I (1.2 eq.), KOH (3.0 eq.), DMSO, RT.

A two-step strategy has been adopted to prepare the desired 1H-3,5-
dimethylpyrazole connected azoarene derivatives. The first step is to synthesize the

arylazoacetylacetone derivatives (1¢-38¢).! These derivatives can be accessible
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through the diazotization of readily available aryl amines, followed by the treatment
with acetylacetone (Scheme 2.1 and Table 2.1). The yields are particularly high when
aqueous sodium acetate has been used along with acetylacetone. On reacting the
isolated 1c¢-38¢ with hydrazine led to the target pyrazole-based substituted
heteroazoarene derivatives (1d-38d). Additionally, N-methylation has been performed
at the pyrazole NH using KOH as a base and CH3I on a set of pyrazole derivatives 1d,
3d, 6d, 9d, 15d and 18d. This led to the synthesis of the corresponding N-methylated

pyrazole connected azoarenes 1le, 3e, 6e, 9¢e, 15e and 18e.

2.3 Analysis of photoswitching through UV-Vis and
NMR spectroscopic techniques

Traditionally UV-Vis spectroscopic studies play a very important role in
understanding the E-Z isomerization of azobenzenes. This is because of the
distinguishable spectral features for E£- and Z-isomers, arising due to drastic changes in
the electronic structure. In order to understand the effects of substituents on their
electronic spectra, the spectral data of the £E- and Z-isomers of phenylazopyrazole
derivatives 1-38d have been compared. For comparison, all the photoswitching and
kinetics experiments have been carried out in acetonitrile, and at a temperature of 25 +
1 °C in order to minimize the errors due to external parameters. Electronic spectroscopic
parameters such as Amax and molar extinction coefficient (&) have been obtained for all
the E- and Z- isomers in this regard (Figure 2.1 and 2.2). Upon irradiation at a
wavelength of 365 nm, almost all of the derivatives exhibited £ to Z isomerization. The
data on the shifts in the Amax corresponding to n—m* and n—n* absorptions of Z-isomers
have been included in table 2.2. The ¢ values of n—n* and n—n* transitions of Z-isomers
have been estimated based on the PSS composition and its corresponding absorption
values.!! The plots on the absorption maxima vs € of the individual n—m* transitions of
E- and Z-isomers show that only the former is sensitive to the electronic effects (Figure
2.1a and 2.1b). Due to the breaking of conjugation, the azo group in Z-isomers is less
sensitive to the electronic influence, and so the majority of the substituted Z-
arylazopyrazoles exhibit similar m—n* absorption properties. However, there is a
reasonable steric influence, which can be understood from the deviation for those

derivatives having ortho substituents in the phenyl ring with respect to the parent 1d.
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On the other hand, both E£- and Z-isomers show more deviation in the n—n* absorption
properties (Figure 2.1¢ and 2.1d) that can be attributed to the electronic effects of

substituents on the azo nitrogen.
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Figure 2.1. Effect of substituents in the absorption properties of £E- and Z-isomers of
the substituted phenylazopyrazoles: (a) and (b) corresponding to n—n* absorptions for
E- and Z-isomers, respectively; (¢) and (d) corresponding to n—x* absorptions for E-
and Z-isomers, respectively. (The absorption variation and Amax shifts are separated into

four quadrants with respect to the absorbance and Amax of parent 1d as the origin.)

For all the E-isomers of the substituted derivatives, the changes in the spectral
features have been compared with respect to the parent compound 1d. Most of the
substituents not only showed red shifts, but also hyperchromic shifts for the n—mn*
transitions relative to 1d. Only a few substituents such as 2,6-disubstitutions lead to
blue shifts, a characteristic of the influence of the steric factor in affecting the planarity
and conjugation. Surprisingly, mono-ortho substitutions extend the conjugation to a
certain degree in spite of potential steric factors that can be realized from the
bathochromic absorptions for the n—n* transitions. Interestingly, the meta substitutions
did not influence much in the Amax shifts of such transitions, however, the absorbance
values, ¢ drastically change upon varying the electronic factors. On the other hand,

para-substitution did not follow any such trend with respect to the absorbance
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behaviour. This can be attributed to varied contributions of electronic effects majorly

through resonance and inductive effects.
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Figure 2.2 Representative figures on photoswitching in phenylazopyrazole derivative
1d: (a) Analysis of photoswitching of 1d in DMSO using UV-Vis spectroscopy
(Spectral trace in blue — (E)-1d; red — after 365 nm irradiation to attain PSS); (b)
Reversible photoisomerization of 1d; (c) First order kinetics trace corresponding to the
thermal reverse Z-E isomerization of 1d (using NMR spectroscopy); NMR spectrum of
(E)-1d in DMSO-ds (d) before irradiation, and (e) after irradiation at 365 nm for 30
minutes.

For the E-isomers of many derivatives, the n—n* absorption bands have been
observed as a shoulder to m—n* absorptions, hence, the identification of exact Amax
corresponding to such transitions are cumbersome. In this regard, we adopted a
Gaussian fitting to obtain the Amax values in such cases. Upon comparison of the n—n*
absorptions of all those substituted E-isomers of phenylazopyrazoles, we observed a
resemblance in the spread of the Amax and € values of meta-substituted ones as in the
case of m—n* absorptions. Similarly, the ortho-substituted derivatives also showed a
narrow deviation with respect to the substituent effect. The only difference between
them is the observation of red shifts in the case of ortho, whereas, meta substitutions
led to blue shifts in the Amax values relative to the parent 1d. In contrast, the behaviour
of n—m* absorptions of para-substituted systems did not show any trend at all.

On comparing the Amax values, (Figure 2.1¢ and 2.1d) the meta-derivatives

showed a very similar trend as in the case of E-isomers. Similarly, the ortho-
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substituents showed little variation in the Amax of both n—n* and n—n* absorptions of
Z-isomers. Once again, the para-substitution showed a larger variation upon changing
the substitutions. The difference between the n—n* transitions of E- and Z-isomers have
been calculated and the results are tabulated as Alconjugation in Table 2.2. The values are
indicative of the extent of breaking of conjugation upon isomerization from E to Z.
Conversely, the larger the value of Alconjugation, the attainment of non-planarity is the
dominant feature. On comparison of these values for various substituents, we found out
that the majority of substitution at ortho position provided a larger deviation from
planarity or conjugation breaking upon isomerization, followed by meta and then para.
The steric reason might provide a necessary condition to alter its geometry to attain
non-planarity upon isomerization, which could be a plausible reason for this behaviour.

Few derivatives such as 2-hydroxy 11d and 4-hydroxy phenylazopyrazole 13d
derivatives exhibit minimal spectral changes albeit a small to a substantial decrease in
their intensities. Interestingly, the spectral features of 11d with two split-up bands in
the m—n* region resemble that of 2-hydroxyazobenzene. The intramolecular hydrogen
bonding and/or solvent assisted tautomerization leading to the hydrazone form may be

the plausible reason for this behaviour.'

Similarly 2-nitro 20d and 4-nitro
phenylazopyrazole 22d also showed a little change in the spectra after irradiation.
Presumably, both of them behave like a push-pull type azobenzene, for which the
switching rates are expected to be fast. Furthermore, the 3-nitro phenylazopyrazole 21d
also showed a very high reverse isomerization (Z-E) rate. The reasons for this non-
switching nature of 20d and 22d can be attributed to resonance, whereas inductive
effects of the nitro group influence a fast reverse switching in 21d that renders a push-

pull type mechanism. The plausible tautomers and resonance structures of 11d, 13d,

20d and 22d are indicated. (Scheme 2.1)
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Table 2.2. UV-Vis spectroscopic and photoswitching data of (£)- and (Z)- isomers of phenylazopyrazole derivatives 1-38d and N-methyl

derivatives le, 3e, 6e, 9¢, 15¢e and 18e.

Chapter 2. Evaluation of Substituent Effect...

E-isomer Z-isomer*
E
S E . N
i g. R= % :‘% 13 % A? 2 S % H ki T 2 g < ke, min™! [uM] pmol.L"!
o & 2 L : s NT &= < 3 3E 3

1 1d H 330 (19369 £ 278) 421 (1199 + 57) 91 85 293 (7186) 436 (2251) 143 77 37 1.31x 103 +£5.99 x 10 37
2 2d 2-F 334 (23807 + 862) 418 (910 + 108) 84 90 294 (7701) 442 (2716) 155 75 47 2.73x 103 +£9.48 x 10 29
3 3d 3-F 334 (25338 £2314) 417 (1129 + 116) 83 87 292 (8957) 437 (2853) 145 74 42 3.35x10%+2.22x 107 29
4 4d 4-F 330 (19853 +278) 426 (1532 + 26) 96 85 293 (9542) 436 (3137) 143 96 37 6.13x10°+1.85x 107 27
5 5d 2-Cl 339 (34674 £ 681) 426 (1641 + 125) 87 84 292 (20294) 432 (7482) 140 86 47 1.53x10° + 1.33 x 107 21
6 6d 3-Cl 336 (32797 £ 278) 418 (3694 + 185) 82 80 290 (15263) 418 (5328) 128 77 46 1.14x 102+ 7.89 x 107 19
7 7d 4-Cl 336 (29398 + 1823) 430 (2397 + 106) 94 90 295 (12801) 439 (4347) 144 94 41 3.59x 104+ 1.28 x 107 23
8 8d 2-Br 340 (23530 £ 1509) 424 (1383 + 83) 84 88 289 (12758) 431 (2944) 142 72 51 429x103+1.13x10° 22
9 9d 3-Br 335 (20818 £ 1147) 416 (1293 + 34) 81 86 296 (10174) 437 (3406) 141 73 39 587 x102+4.82x 10* 24
10 10d 4-Br 337 (21721 £ 1530) 416 (1355 +52) 79 92 293 (7924) 440 (2464) 147 72 44 1.79 x 103 £5.39 x 10°¢ 31
ol I Bl W - N - - >
12 12d 3-OH 330 (16678 £ 1556) 412 (1179 + 52) 82 86 292 (6211) 437 (2187) 145 69 38 497x10%+1.37x10° 38
13 13d 4-OH*** 342 (16786) 400 (1433) 58 - - - - - - 39
14 14d 2-CF3 335 (19703 + 1221) 428 (1122 + 26) 93 41 327 (29819) 437 (3957) 110 87 8 3.28x 101 +7.12x 107 31
15 15d 3-CF3 332 (22045 £ 392) 419 (1320 + 84) 87 83 294 (9002) 436 (2953) 142 86 38 2.65x10°+£9.46 x 10 24
16 16d 4-CF;3 334 (22010 + 858) 392 (1578 £ 53) 58 79 297 (8459) 436 (2728) 139 80 37 2.96x 102+ 1.15x 10 29
17 17d 2-OMe 350 (13044 + 338) 421 (1483 +42) 71 92 294 (6434) 430 (2427) 136 56 56 1.04x10° £ 1.71 x 10° 45
18 18d 3-OMe 330 (21893 + 364) 419 (1605 + 3) 89 85 292 (9039) 437 (3313) 145 65 38 2.97x 103 £2.00 x 10° 24
19 19d 4-OMe 342 (33110 + 1817) 403 (2293 + 68) 61 92 301 (15000) 441 (4463) 140 68 41 5.72x 104+ 1.53x 10° 16
20 20d 2-NOp*** 339 (32724) - - - - - - - - 41
21 21d" 3-NO** 332 (17420 + 630) 421 (897) 89 24 277 (36509) 426 (4009) - 91 - 3.54x 10"+ 1.01 x 10° 37
22 22d 4-NOy*** 360 (29247) - - - - - - - - 33
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23 23d 2-CHs 336 (34578 + 3434) 423 (2914 £ 197) 87 92 292 (15881) 435 (4752) 143 80 44 6.92x10°+£1.16 x 107 18
24 24d 3-CHs 331 (18375 £ 1608) 419 (1046 + 35) 88 88 292 (6575) 441 (2060) 149 61 39 1.99x 103 £1.15x 107 30
25 25d 4-CH; 335 (16747 £ 2099) 416 (1262 £ 18) 81 90 295 (6531) 437 (2011) 142 73 40 1.45x 103 £3.24x 10 31
26 26d 3-COH 332 (19329 + 235) 419 (1045 £ 15) 87 81 295 (7846) 435 (2395) 140 65 37 3.04 x 102+ 6.50 x 10° 27
27 27d 4-COH 342 (15675 + 967) 410 (1002 + 66) 68 83 268 (8002) 441 (2159) 141 81 42 4.41x102+£1.22x10* 38
28 | 284 3-NHAc 329 (16296 + 858) 423 (1024 + 72) 94 86 285 (7088) | 438 (2335) 153 78 44 544x 102+ 1.43 x 10 34
29 29d 4-NHAc 350 (19166 + 886) 410 (2382 + 46) 60 91 291 (9896) 445 (2983) 142 68 47 1.44 x 103 £ 4,99 x 10 36
30 30d 2-Et 337 (20424 £ 1608) 425 (1096 + 57) 88 92 293 (8455) 436 (2425) 143 74 44 1.30x 102+ 1.08 x 10° 29
31 31d 2,4,6-triMe 324 (18479 + 881) 431 (950 £ 125) 107 79 288 (12596) 429 (2823) 141 71 36 3.62x 103 +£5.46 x 10° 26
32 32d Ar = o-Np 366 (18852 + 882) - - 89 307 (11028) 446 (3944) 139 72 59 435x10°£3.69x 10° 32
33 33d 2,5-diCl 346 (19153 £ 419) 425 (1140 £ 43) 79 92 294 (8030) 432 (2437) 138 68 52 445x102+3.23x 107 30
34 34d 2,6-diCl 307 (12943 + 732) 423 (609 £ 38) 116 33 298 (27684) 421 (3755) 123 92 9 1.89x 103 £2.52x 10° 44
35 35d 2,4-diF 336 (14567 + 635) 418 (1442 + 34) 82 85 292 (5908) 427 (2094) 135 69 44 3.26x10°+9.69 x 10°° 36
36 36d 2,5-diF 343 (21844 £ 1048) 428 (1653 £ 35) 85 66 300 (18741) 429 (5798) 129 71 43 2.83x 10" £2.31x 107 26
37 37d 2,6-diF 321 (20491 + 559) 418 (1482 +37) 97 62 299 (14838) 421 (4100) 122 81 22 6.46x 10°+1.21 x 10° 26
38 38d 3,5-diF 334 (22857 £ 1168) 426 (1069 + 63) 92 56 294 433 (3260) 139 84 40 8.27x 102 +3.77 x 10* 23
39 1e Nil 334 (19252 + 435) 423 (1055 £ 57) 89 87 296 (8373) 429 (3513) 133 73 38 1.86x 103 £ 1.42x 10* 34
40 3e! 3-F 338 (18843 + 536) 426 (1058 + 46) 88 89 298 (6452) 441 (2414) 143 89 40 1.06 x 103 £5.28 x 107 47
41 6¢' 3-Cl 339 (19171 £ 511) 421 (1153 £ 15) 82 93 299 (6129) 441 (2358) 142 79 40 7.43x10%+1.34x10* 37
42 9e! 3-Br 339 (22171 £ 465) 427 (1661 + 98) 88 89 299 (7654) 430 (3443) 131 86 40 9.29x 10+ 1.80x 10+ 32
43 15¢! 3-CFs3 337 (21283 £ 358) 423 (1240 £ 72) 86 91 299 (7460) 441 (2689) 142 89 38 2.09 x 103 £3.70 x 10" 36
44 18¢! 3-OMe 335 (17123 + 244) 421 (1143 £ 25) 86 87 295 (7040) 442 (2580) 147 81 40 1.44x 103 £2.77 x 10* 51

The values of Amax are given in nm and € in L.mol™".cm™; ®A)twans is the difference between n—m* and n-m* absorption maxima of E-isomer; ‘PSS
at 365 nm for E-Z isomerization has been estimated; Alis is the difference between n—n* and n-n* absorption maxima of Z-isomer; °PSS at white
light (CFL lamp) for Z-E isomerization has been estimated using UV-Vis spectroscopy with an uncertainty 2-5%; (as indicated in the literature
reference 21); "Alconjugation is the difference between m—n* absorption maxima of E- and Z-isomers; £Kinetics have been performed in CH3CN at
25+ 1 °C; "Kinetics has been measured in DMSO at 23 + 1 °C; ‘Kinetics have been performed in CH3CN at 40 + 1 °C. (**Upon 365 nm irradiation,
the absorptions showed a decrease with the isosbestic points. ***For 4-OH derivative, photoirradiation did not lead to any spectral change.)
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Scheme 2.1. Possible intramolecular or solvent assisted tautomerism in hydroxy-
phenylazopyrazole derivatives 11d, and 13d; Influence of resonance and solvent
assisted tautomerism in nitro- derivatives 20d and 22d leading to push-pull type
azoarenes with fast switching.

The photoswitching studies have also been carried out using NMR spectroscopy.
Both photoswitching and reverse thermal isomerization kinetics have been studied in
CD3CN at 25 °C. In order to understand the influence of the substituents in the structural
features of the £- and Z-isomers, a closer inspection at the NMR spectral analysis was
carried out. Upon switching from E- to Z-isomer, the ortho-protons of the aryl group,
the two methyl groups of the pyrazoles and also the N-H protons exhibited major shifts
towards shielding regions. In spite of showing shifts upon isomerization from £ to Z,
the meta- and para-protons of the aryl group are not considered in this analysis due to
the overlapping nature of the signals. The changes in the chemical shift values (Ad) for
all the substituents that we studied are included (Table 2.3). The results showed that
the ortho proton showed a larger upfield shift when the electron-withdrawing
substituent is present either at the ortho or meta position. Also, the same effect is
observed, when electron-donating power increases for the substituent at the para
position. Upon isomerization, the two methyl groups showed upfield shifts in the range
between 0.67 and 0.72, except for 3,5-difluoro-substituted system that showed a shift
of 0.62. This clearly indicates that the methyl groups of the pyrazoles showed less
perturbation upon isomerization due to the remote distance from the position of
substituents at the aryl ring. Also, their shifts further confirm that the role of a steric
factor, which is nearly equal in all the cases irrespective of the position of the

substituents. Similarly, N-H protons also showed only a negligible effect in the
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chemical shift values upon varying the substituents. The same trend was observed in
the case of N-methylated derivatives as well. For all these molecules, Z-E reverse
isomerization kinetics have been followed and the rates have been tabulated (Appendix
2A). However, we found that the rates are quite different from the UV-Vis kinetics
experiments, which can be attributed to electronic and steric effects apart from the

difference in the concentration and the reasons are explained in section 2.4 and 2.5.

Table 2.3. NMR spectroscopic data of the selected protons of E- and Z-isomers of
different substituted phenylazopyrazoles and N-methyl phenylazopyrazoles.

———
N - H region® CHj region® Aromatic region

E % Ng (ortho-H)
= 7
Z & £ §
& § 2 £ (E)- - AS (E)- 2)- AS (E)- 2)- Ad
@) »n o
1d H 89 | 10.83 10.66  0.17 2.49 1.77 0.72 7.77 7.00 0.77
2d 2-F 85 | 10.88 10.71 0.17 2.49 1.81 0.68 7.72 6.94 0.78

Sd 2-Cl 81 10.88 10.72  0.16 2.51 1.83 0.68 7.69 6.66 1.03
14d 2-CF3 69 | 10.93 10.85  0.08 2.49 1.79 0.70 7.83 6.70 1.13

3-F 85 | 10.88 10.69  0.19 2.49 1.81 0.68 7.63 6.84 0.79
6d 3-Cl 89 | 10.88 10.70  0.18 2.49 1..81 0.68 7.72 6.95 0.77
9d 3-Br 77 | 10.89 10.73 0.16 2.49 1.81 0.68 7.76 6.99 0.77
15d 3-CF3 92 | 10.90 10.71 0.19 2.50 1.78 0.72 8.02 7.21 0.81
2.49 1.81 0.68 7.38 6.59 0.79

0N N[hA W~
w
(=%

9 184 3-OCHs 63 | 1076 1063 0.3 | Jecc 300 o | 7300 6850 0.84¢
10 4d 4F 8 | 1083 1065 0.18 | 248 180 068 | 7.81 708 073
11 7d  4Cl 8 | 1085 1067 0.18 | 248 18 068 | 776  7.02  0.74
12 10d 4Br 8 | 1083 1067 0.6 | 248 180 068 | 767 695  0.72
13 16d 4-CF; 88 | 1092 1072 020 | 250 179 071 | 791 717 074

2.47 1.80 0.67

14 19d 4-OCHs; 62 10.71 10.59 0.12 3.85¢ 3.78¢ 0.07¢ 7.76 6.89 0.87
15 36d 2,5-diF 89 | 1094 10.77 0.17 2.49 1.80 0.69 7.47 6.82 0.65
16 384 3,5diF 80 | 1094 1078 0.16 2.48 1.86 0.62 7.40 6.67 0.73
. . Aromatic region®
— b b
N — H region CH3s region (ortho—H)
17 le H 26 3.73 3.60 0.13 241 147 0.94 7.76 7.02 0.74

2.55 2.15 0.40

241 1.50 0.91
18  3e 3-F 35 3.73 3.61 0.12 255 210 0.40 7.63 6.86 0.77

2.40 1.49 0.91
19  6e 3-Cl 45 3.73 3.62 0.11 255 211 044 7.72 6.96 0.76

2.40 1.49 0.91
20 9e 3-Br 51 3.73 3.62 0.11 255 211 044 7.76 6.99 0.77

2.42 1.46 0.96
21 15e 3-CF3 62 3.74 3.61 0.13 257 208 047 8.05 7.41 0.64

241 1.51 0.90
22 18e 3-OCHs 76 3.73 3.60 0.13 255 208 047 7.38 6.60 0.78

-7 conversion during photoisomerization using 365 nm at PSS; °Chemical shift
values are in ppm; “Bold = OMe protons; “Two distinct ortho protons have been

observed (All the spectra have been recorded in CD3;CN at 298 K in 400 MHz NMR).
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2.4. Effects of substituents and hydrogen bonding in
the stability of Z-isomers

The effects of substituents on the stability of Z-isomer have been studied
through thermal reverse isomerization kinetics using UV-Vis spectroscopy in CH3CN
at 25 £ 1 °C Appendix 2B. All of the substituted phenylazopyrazole derivatives have
been switched from E- to Z-isomer using a light of wavelength 365 nm, followed by
the thermal reverse isomerization kinetics have been measured. The photoisomerization
has been performed in such a way that maximum Z-isomer conversion is observed or
the irradiation is done until the establishment of the photostationary state (PSS). Upon
the thermal reverse isomerization, the exponential rate of formation of the E-isomer has
been plotted at an absorbance Amax corresponding to the n—n* transition of the £-isomer.
Using the first order rate constant, the half-life of the Z-isomer has also been deduced.
For comparison, the kinetics experiments have been studied for the selected substituents
using NMR spectroscopy and also computations (Table 2A1.1 in Appendix 2A). For
minimizing the solvent effects, the kinetics experiments have been done in CD3CN (for
NMR) experiments and using acetonitrile as a solvent model (for computations). In the
case of NMR studies, a CD3CN solution of E-isomer in a quartz NMR tube has been
irradiated at 365 nm to reach a PSS, subsequently the formation of E-isomer has been
followed. Using the integral ratios of identical protons of both the isomers (often
aromatic ortho protons, which are non-overlapping), the growth rate of E-isomer has
been estimated (Appendix 2C).

For understanding the effects and influence of the substituents in the stability of
Z-isomer, a quantitative relationship of the involvement of steric and electronic effects
comprising resonance, field and inductive effects, respectively in the reverse
isomerization kinetics is necessary. In this regard, we have considered the Taft!? (for
ortho-substitution) and Hammett'? (for meta and para-substitution) relationships. For
the ortho-substituted derivatives, a Taft plot has been plotted between the log(kr/kme)
vs the steric substituent constant (Es), where kr is the isomerization rate of the ortho-
substituted phenylazopyrazole derivatives and kwme is the rate corresponding to the 2-
CHj3 derivative 23d (Figure 2.3). The resulting plot showed a good correlation with a
negative slope indicating the influence of steric factors (arising from the ortho -

substitutions at the phenyl ring) in the thermal reverse isomerization processes. This
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indicates that the transition state possesses less steric repulsion relative to the
corresponding Z-isomer. Indeed, these results show consistentency with the earlier
reports on azoheteroarenes possessing ortho substituents, whose rates of thermal
isomerization were high.® Due to this reason, for the NMR and computational kinetics
studies, we have considered only the electronic effects and so focused on the meta and

para substituents.

201 y = -0.9786x + 0.1832
R? = 0.8665

154 [CF-

log(ks/K,,e)
o
[6)]
Mo
rJ]I

0.0- CH

sl

1.0 »
45 40 05 00 05 10 15

steric parameters (E)) ——

Figure 2.3. Taft plot for the steric effects in the kinetics of reverse thermal
isomerization of phenylazopyrazole 1d and their ortho-substituted derivatives using
UV-Vis spectroscopy in CH3CN at 25 = 1 °C.

For meta and para substituents, we have considered the Hammett relationship
by plotting log(kr/kn) vs substituent constants. On utilizing the kinetics rate constants
derived from UV-Vis spectroscopic data, we observed a non-linear correlation,
however, it showed a reasonable positive trend in both the cases (Figure 2.4). Based
on the linear free energy relationships, it is very clear that electronic factors strongly
influence the reaction rates. Either change in the mechanism (rotation vs inversion)
upon changing the substituents or the combined perturbations due to solvents (solvent
assisted tautomerism) and steric factors (due to the two methyl groups) along with the
electronic effects could be the reason for the non-linearity.!* To understand this
behaviour, Mayank Saraswat has plotted the Hammett relationship using computed rate
constants (Figure 2.5d, e). Not only those plots showed a very good correlation with
positive slopes for both meta- and para- substituted arylazopyrazoles, but also
confirmed the presence of substantial electronic effects in the rate of isomerization.
Apparently, accumulation of negative charges has been observed at the two azo

nitrogens for both the transition states.

39|Page



Chapter 2. Evaluation of Substituent Effect...
(a) (b)
1.8 -
164 |y=1.8041x + 0.1776
o] (RP=063s
1.4 4 CF.-
15 ][y =1.2524x+0.4213 [CooH] 12
R?=0.1297 -
1.0 4
— Clm - .-
% =
fm 08 5\108-
= .3
% oo B > 06
0.4 4 __— OCH.- CF = 044
NS oH- -y
0.0 1 0.0 4 . v
0.2 T ¥ T T T T T 1 02 OCH'B- T ¥ T
-0.1 0.0 0.1 0.2 03 04 0 0.0 05

substituent constants ——

substituent constants ———

Figure 2.4. Substituent effects in the kinetics of reverse thermal isomerization of

phenylazopyrazole derivatives using UV-Vis spectroscopy in CH3CN at 25 £ 1 °C:

Hammett plots for (a) meta-substitutions; (b) para-substitutions.
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thermal isomerization of

phenylazopyrazole derivatives using NMR

spectroscopy in CD3CN at 298 K: Hammett plots for (a) meta-substitutions; (b) para-

substitutions; (c) N-methylated meta-substitutions; using computations at B3LYP/6-

311G(d,p) level of theory: Hammett plot for (d) meta-substitutions; (e) para-

substitutions; (f) N-methylated meta-substitutions.

In contrast, the Hammett relationships for meta and para-substituted

phenylazopyrazoles using rate constants derived from NMR revealed a trend with a

negative slope (Figure 2.5a, b). This trend is completely opposite to the computational
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(in the gas phase) and UV-Vis (in acetonitrile) based relationships. The major
difference between the rate of the reverse isomerization kinetics in NMR and UV-Vis
spectroscopic experiments can be the concentration. For UV-Vis spectroscopy, the
experiments have been performed at uM concentration, whereas, for NMR studies, we
have utilized a concentration range of mM. The higher concentration, in principle can
influences the rates in the following ways namely, supramolecular interactions through
n-stacking or through hydrogen bonding. Due to the presence of two methyl groups,
the m-stacking interactions can be unfavourable. However, the presence of a free N-H
in phenylazopyrazole derivatives can potentially form hydrogen bonding at various
sites that include azo nitrogens, pyrazole nitrogen and the hydrogen bond acceptor
substituents, if any. Also, due to the steric reasons only the azo nitrogens of Z-isomer
can accept intermolecular hydrogen bonding. This assumption is particularly fitting
very well with the change in the slope for Hammett plots, upon increasing the
concentration. Under such circumstances, the charge at the inverting azo nitrogen
center is expected to gain more positive values or less negative charge, which is in
perfect corroboration with the computed charges at azo nitrogen centers. The hydrogen
bonding at one of the azo nitrogen’s led to lowering of negative charges at the adjacent
nitrogen atom, which undergoes inversion. Apart from the substantial electronic effects,
the hydrogen bonding is expected to play a crucial role in the reverse switching of
phenylazopyrazole derivatives.

In order to downplay the hydrogen bonding, six meta-substituted N-methyl
phenylazopyrazole derivatives (le, 3e, 6e, 9e, 15e and 18e) have been chosen and
Hammett relationship has been studied. Since the unsubstituted N-methyl derivative 1e,
has been extensively studied by Fuchter and coworkers, the rate constant for its thermal
isomerization has been taken from their studies.®® For the rest of the derivatives, the Z-
E isomerization kinetics have been performed in CD3;CN at 298 K and the Hammett
relationship has been plotted (Figure 2.5¢). The results for N-methylated derivatives
revealed that the plot once again reverted back to a positive slope, which is similar to
their corresponding computational plot in figure 2.5f. This clearly demonstrates the role

of pyrazole NH in hydrogen bonding.
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2.5 Concentration dependency and solvent effects in Z-

isomer stability

During our investigations on photoswitching and reverse isomerization
behaviour of substituted phenylazopyrazoles, we realized the importance of the effects
of concentration. Apart from the reverse isomerization rate, photoswitching efficiency
also strongly depend on the concentration. In this regard, we did the concentration-
dependent kinetics for the compound 1d. The results suggested that the half-life of the
(Z£)-1d decreases by three times (21.6 min to 8.2 min) when the concentration increases
by approximately 14 times (0.004 M to 0.055 M). The results clearly confirm that at
the higher concentration, the Z-E isomerization rate constant increases and the half-life
of Z-isomer decreases. Besides, we observed a marginal downfield shift in the N-H
proton of 1d, whereas other protons showed no significant shifts upon increasing the
concentration. On the other hand, the rest of signals did not show any appreciable shifts.
These observations clearly confirm the possibility of hydrogen bonding involving
pyrazole N-H. To understand the mode of hydrogen bonding in concentration
dependency, we estimated the association constant of the hydrogen bonding dimer of
the (E)-1d. Using NMR spectroscopy in CD3;CN at 298 K, the spectral shifts of the
pyrazole NH protons accompanying the concentration changes (relative to the residual
protons of the solvent) have been considered. Using the open access web-based bindfit
program, a non-linear fitting process has been executed in this regard.'

(E)-1dmonomer + (E)-1dmonomer = (E)-1ddimer
The resulting binding constant for the 1:1 (E)-1d dimer was found to be 1.47 x
107 £ 1.69 x 10% L mol™’. (See the details in Figure 2.6 and 2.7).
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Figure 2.6. Effect of concentration in chemical shift of N-H of 1d in acetonitrile (a)
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Figure 2.7. Screenshot of the results from the estimation of the association constant of
(£)-1d dimer using bindfit program available as open access in the website
supramolecular.org (Method: Nelder-Mead/NMR dimer aggregation) The data can be
archived from the unique URL: http://app.supramolecular.org/bindfit/view/29d630ea-
1bfd-40cc-a5dc-1375£5308416
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In order to differentiate the solute-solute and solute-solvent interactions, the
phenylazopyrazole 1d has been subjected to NMR kinetics in DMSO-ds, which is
known for the breaking of intermolecular hydrogen bonding (Figure 2.2). As a result,
the half-life of the Z-isomer has increased and the rate of reverse isomerization has been
decreased.

To emulate such hydrogen bonding possibilities and also to understand the
effects of it in the thermal reverse isomerization, computations are highly desired. In
this regard, we explored the barriers for the thermal isomerization step using simple
pyrazole as a model compound, with and without hydrogen bonding. From those
calculations, we inferred that the thermal isomerization barriers indeed showed a
lowering of Gibbs free energy of activation upon hydrogen bonding. Although the
changes in the barrier energies are found to be very small, it indeed significantly
influenced the rate constants and half-lives. A similar trend has also been observed
when actual dimeric phenylazopyrazole dimers are invoked in the computations.

In the same context, we have also studied the effects of solvents in the thermal
reverse Z-E isomerization rate by varying the polarity of the solvents at the identical
concentration. The results are tabulated (Table 2.4). Based on the results, the polar
protic solvents such as ethanol and methanol showed a maximum influence such that
1d underwent fast thermal Z-E isomerization. Indeed in methanol the rate could not be
determined. On the other hand, rate constants are estimated to be smaller in the case of
non-polar solvents such as toluene, whereas the polar aprotic solvents still influence the
rate from moderate to high.

To relate the effects of solvents in the reverse isomerization, ' various properties

of the solvents such as Kamlet-Taft parameters for hydrogen bonding ability (o) and

hydrogen donating ability (B) and the solvatochromism scales n*!7!* and Er 2 have
been considered. Previous studies on a limited number of azobenzenes revealed that the
solvent polarity rather than the viscosity of the solvents is vital for the thermal
isomerization kinetics.!®®° The correlation between the individual parameters with the
rate constants, (plots of Ink vs solvent parameters) have been clearly showed a
remarkable influence of hydrogen bonding effects (Figure 2.8). Particularly the
solvents with a higher proton donating abilities strongly influence the reverse
isomerization rates. The exceptions in the case of DMSO and THF can be rationalized

on the basis of their hydrogen bond breaking abilities. All these observations show
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consistentency  with

results

related

to

the

arylazoimidazoles?! and

phenylazoindoles’, where the involvement of protic molecules has been proposed for

fast isomerization through tautomerization mechanism.

Table 2.4. Solvent effects in the UV-Vis spectroscopic thermal reverse isomerization

(Z-E) rates of phenylazopyrazole 1d and N-methyl phenylazopyrazole 1e.

S.

Solvent Parameters”

No. Solvent? a B - B~ K (min) Kk (min™")
- 7.27x 1073 +
1.  Acetonitrile 0.19 0.40 0.66 0.460 250 x 105 -
2.67x107° +
2. Chloroform 0.20 0.10 0.69 0.259 196 x 105 -
-3
3. Dichloromethane 0.13 0.10 0.73 0.309 2.20x 10 ,si -
1.18x 10
6.72x102+ 429x10°+
4. DMF 0.00 0.69 0.88 0.386 120 x 10°3 6.83 x 105
1.00x 1072+
5. Ethyl acetate 0.00 045 045 0.228 135 % 105 -
837x102+ 232x1073+
6. Ethanol 0.86 0.75 0.54 0.654 555 x 10°5 1.77 x 104
7. Methanol 098 0.66 0.60 0.762 -
3.00x 107+ 542x1073+
8.  Toluene 0.00 0.11 049 0.099 131 %105 1.16 x 104
1.20x 1073 £
9. THF 0.00 0.55 0.55 0.207 184 % 105 -
9.73x103+ 4.12x103%+
10. DMSO 0.00 0.76 1.00 0.444 421 x 10~ 1.10 x 104

2All the solutions of 1d have been studied in different solvents at an identical
concentration (29 uM) and the rates have been measured at 25 + 1 °C; ®Solvent
parameters are the Kamlet-Taft parameters for hydrogen bonding ability (o) and
hydrogen donating ability (B) and the solvatochromism scales m* and Er™; ¢All the
solutions of 1e have been studied in different solvents at an identical concentration (34

puM) and the rates have been measured at 60 + 1 °C.
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Figure 2.8. Solvent effects in the thermal Z-E isomerization rate of 1d. (a) Graphical
plots showing the relation between Ink and the Kamlet-Taft parameters for hydrogen
donating ability, B; (b) Possible mechanism for the solvent assisted thermal Z-E
isomerization through tautomerization (Relative energies in kcal/mol are computed at
B3LYP/6-311G(d,p) level of theory).

In a similar way, solvent effects have been studied for the N-methylated
derivative le. Due to the very slow rate of Z-E isomerization, the studies have been
performed at 60 °C (Figure Appendix D). Hence, the experiments have been
performed only in low volatile solvents such as DMSO, DMF, toluene and ethanol.
Remarkably, the isomerization rates in all these solvents have been estimated to be in
the same order (Table 2.4). All these data clearly demonstrate that the hydrogen
bonding and proton donation are the most influential factors for the faster Z-F
isomerization kinetics. Particularly when the azo groups are forming hydrogen
bonding, the rates are very high, whereas, the non-covalent interactions involving the
solvents and the pyrazole-NH decrease the thermal isomerization rates.

Based on all these studies, we obtained the following general trends: (1)
Hydrogen bonding either increases the rate of reverse isomerization and/or inhibits the
photoswitching efficiency; (2) Any solvent that can protonate azo nitrogen or forming
hydrogen bonding with them increases the rate of the thermal reverse isomerization
through tautomerization mechanism; (3) At higher concentration, the hydrogen
bonding interactions competitively play important roles in deciding the photoswitching
behaviour. For designing new photoswitches, the intermolecular hydrogen bonding
possibilities may also need to be taken care, in particular, for controlling the Z-isomer

stability.
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2.6 Conclusions

In summary, we have synthesized 38 substituted phenylazopyrazole derivatives
and six N-methylated phenylazopyrazole derivatives using a two/three-step synthetic
method with good to excellent yields. The UV-Vis spectroscopic investigations on
those molecules revealed the importance of steric factor in attaining highly strained Z-
isomer geometries that favour a faster reverse switching. Taft plot clearly proved the
release of a steric factor during reverse isomerization in ortho substituted
phenylazopyrazoles. In contrast, the meta and para substituted azopyrazoles undergo
reverse isomerization with electronic influence, however, Hammett plot exhibited a
deviation from linear correlation. Substantial influences of electronic effects have been
further confirmed by Hammett plots using computed rate constants for the selected
meta and para-substituted derivatives. The NMR spectroscopic studies also revealed
the influence of electronic effects in thermal reverse isomerization, however, the slopes
are completely opposite to that of UV-Vis spectroscopic and computational studies.
The similar studies on the N-methylated derivatives with meta substitution reverted
back to the positive slope in the Hammett plot. Concentration dependency in the half-
life of the Z-isomer, NMR shifts in the pyrazole NH, solvent effects and also the
computations clearly demonstrate the decisive role of hydrogen bonding. The solvent
or any proton donor can influence the isomerization rate through assisting in the
protonation leading to tautomerization. Thus, the non-linear behaviour in the
substituent effects of isomerization rate and Z-isomer stability can be due to a combined
effect of steric, electronic effects and the hydrogen bonding. At higher concentrations,
hydrogen bonding dominates and at lower concentrations, apart from the electronic and
steric factors, solvent assisted tautomerization also prevail in deciding the rate of

thermal reverse isomerization, in turn, the stability of Z-isomers.
2.7 Experimental section

General procedure for the synthesis of arylazoacetylacetone derivatives (1-38c¢):
A mixture of aniline or substituted anilines (20.0 mmol) and deionized water in

a two neck round bottom flask was cooled to 0 °C. To this 37% conc. HCI (6.5 mL)

was added and stirred to get a clear solution. Then a cold aqueous solution of sodium

nitrite (1.52 g, 22.0 mmol in 20 mL of water) was added dropwise into the reaction
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mixture slowly. After the addition, the diazonium salt started forming. The reaction
mixture was allowed to stir for half an hour for completion. Afterwards, at 0 °C a cold
aqueous solution of sodium acetate (5.90 g, 70.0 mmol) and acetylacetone (2.00 g, 20.0
mmol in 100 mL of water and 10 ml of ethanol) was added. The reaction was continued
at room temperature and was monitored by TLC. After completion of the reaction, the
reaction mixture was filtered off to obtain a yellow-orange solid product, which was
dried under vacuum to yield the desired product.

General procedure for the synthesis of arylazopyrazole derivatives (1-38d):

A mixture of arylazoacetylacetone derivative (1.0 mmol), hydrazine
dihydrochloride (2.0 mmol) and Na;CO3 (4.0 mmol) in 10 mL absolute ethanol was
refluxed. The reaction was followed using TLC upto the completion of the reaction.
After completion of the reaction, the product was purified by column chromatography.

(Eluent: 1:1 ethylacetate/n-hexane)

Arylazoacetylacetone Derivatives

3-(2-Phenylhydrazono)pentane-2,4-dione (1c):

Yellow solid, mp = 81-83 °C, 198.1 mg, 97% yield. '"H NMR (400 MHz, CDCls) § 2.52
(s, 3H), 2.63 (s, 3H), 7.22-7.25 (m, 1H), 7.43-7.44 (d, /= 4.3 Hz, 4H), 14.76 (s, 1H);
3C NMR (100 MHz, CDCls) § 26.65, 31.69, 116.26, 125.91, 129.66, 133.21, 141.52,
197.13, 197.95; HRMS (ESI-TOF): calcd. for CiiHi2N2O2[M-H]": 203.0821,
experimental found: 203.0810.

3-(2-(2-Fluorophenyl)hydrazono)pentane-2,4-dione (2¢):

Yellow solid, mp = 117-120 °C, 219.9 mg, 99% yield. '"H NMR (400 MHz, CDCl3) &
2.52(s,3H), 2.64 (s, 3H), 7.16-7.17 (td, /= 7.8, 5.5, 4.5 Hz, 2H), 7.18-7.19 (m, 1H),
7.16=7.17 (t, J = 8.4 Hz, 2H), 14.75 (s, 1H); >*C NMR (100 MHz, CDCl:) § 26.65,
31.72,115.97 (/=18 Hz), 166.42, 125.15, (J = 3.63 Hz), 125.89 (J = 7.24 Hz), 130.08,
(/=9 Hz), 134.35, 152.05 (J=246 Hz), 197.09, 197.95; HRMS (ESI-TOF): calcd. for
CiiH11FN2O2[M-H]": 221.0726, found: 221.0716.

3-(2-(3-Fluorophenyl)hydrazono)pentane-2,4-dione (3c):
Yellow solid, mp = 115-118 °C, 215.6 mg, 97% yield. '"H NMR (400 MHz, CDCl3) §
2.51 (s, 3H), 2.62 (s, 3H), 6.88-6.92 (td, J = 8.3, 2.1 Hz 1H), 7.10-7.12 (dd, J = 8.1,
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1.3 Hz, 1H), 7.20-7.23 (dt, J= 7.9, 2.1 Hz, 1H), 7.34-7.40 (ddd, J = 8.1, 6.1 Hz, 1H),
14.63 (s, 1H); *C NMR (100 MHz, CDCls) 6 26.65 31.76, 103.27 (J=20.3 Hz), 112.09
(/=2.89 Hz), 112.49 (J=21.56 Hz), 130.98 (J = 9.25 Hz), 133.55, 143.23, 163.97 (J
= 245.29 Hz), 196.99, 198.24; HRMS (ESI-TOF): calcd. for CiiHiiFN2O>[M-H]":
221.0726, found: 221.0713.

3-(2-(4-Fluorophenyl)hydrazono)pentane-2,4-dione (4c¢):

Yellow solid, mp = 127-129 °C, 220.0 mg, 99% yield. 'H NMR (400 MHz, CDCl3) §
2.50 (s, 3H), 2.62 (s, 3H), 7.11-7.16 (m, 2H), 7.39-7.43 (m, 2H), 14.83 (s, 1H); °C
NMR (100 MHz, CDCls) & 26.64, 31.68, 116.48, 116.71, 117.66 (J = 8.14 Hz),, ,
133.20, 137.81 (J = 2.77 Hz), 160.60 (J = 244.36 Hz), 196.98, 198.04; '3C NMR (100
MHz, CDCL): 6 26.64, 31.68,116.48, 116.71, 117.62, 117.70, 133.20, 137.80, 159.38,
161,83, 196.98, 198.04; HRMS (ESI-TOF): calcd. for C11Hi1FN,O2[M-H]": 221.0726,
found: 221.0715.

3-(2-(2-Chlorophenyl)hydrazono)pentane-2,4-dione (5c¢):

Yellow solid, mp = 137-139 °C, 233.9 mg, 98% yield. 'H NMR (400 MHz, CDCl3) §
2.52 (s, 3H), 2.64 (s, 3H), 7.12-7.16 (td, J= 1.5, 8.0 Hz, 1H), 7.34—7.38, (t, /=8.2 Hz
1H), 7.40-7.43 (d,J=1.3,8.0 Hz 1H), 7.80-7.83 (d, /= 1.5, 8.2 Hz 1H), 14.89 (s, 1H);
3C NMR (100 MHz, CDCls) § 26.69, 31.73, 116.27, 122.06, 125.91, 127.68, 128.10,
129.86, 130.09, 134.34, 138.35, 196.99, 198.05; HRMS (ESI-TOF): calcd. for
C11H11CIN2O2[M-H]": 237.0431, found: 237.0427.

3-(2-(3-Chlorophenyl)hydrazono)pentane-2,4-dione (6¢):

Yellow solid, mp = 135-138 °C, 233.9 mg, 98% yield. 'H NMR (400 MHz, CDCl3) §
2.52 (s, 3H), 2.63 (s, 3H), 7.17-7.19 (dq, J = 7.9, 0.9 Hz 1H), 7.23— 7.26, (dq, J = 8.1
Hz 1H), 7.32-7.36 (t,J = 8.0 Hz 1H), 7.46-7.47 (t,J=2.0 Hz 1H), 14.62 (s, 1H); *C
NMR (100 MHz, CDCl3) & 26.69, 31.76, 114.49, 116.11, 125.65, 130.68, 133.67,
135.67, 142.73, 197.03, 198.27; HRMS (ESI-TOF): calcd. for C;iH;;CIN2O>[M-H]":
237.0431, found: 237.0421.
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3-(2-(4-Chlorophenyl)hydrazono)pentane-2,4-dione (7c):

Yellow solid, mp = 112-115 °C, 226.7 mg, 95% yield. '"H NMR (400 MHz, CDCl3) §
2.49(s, 3H), 2.61 (s, 3H), 7.34— 7.39, (m, 4H), 14.62 (s, 1H); 3*C NMR (100 MHz,
CDCl3) 626.64,31.73,117.33,129.37, 129.76, 130.98, 133.42, 140.15, 196.94, 198.16;
HRMS (ESI-TOF): caled. for C11H11CIN202[M-H]": 237.0431, found: 237.0418.

4-(2-(2-Bromophenyl)hydrazono)pentane-2,4-dione (8c):

Yellow solid, mp = 121-123 °C, 271.8 mg, 96% yield. '"H NMR (400 MHz, CDCl3) §
2.53 (s, 3H), 2.65 (s, 3H), 7.06-7.09 (t,J= 8.0 Hz, 1H), 7.39—7.43, (t,J=7.7 Hz, 1H),
7.58-7.60 (d, J = 8.0 Hz, 1H), 7.79-7.82 (d, J = 8.2 Hz, 1H), 14.89 (s, 1H); *C NMR
(100 MHz, CDCIl3) 6 26.70, 31.72, 111.16, 116.64, 126.33, 128.71, 133.04, 134.27,
139.57, 197.09, 197.71; HRMS (ESI-TOF): calcd. for C;;Hi;iBrN2O2[M-H]":
283.0082, 285.0062, found: 283.0118, 285.0096.

3-(2-(3-Bromophenyl)hydrazono)pentane-2,4-dione (9c¢):

Yellow solid, mp = 129-131 °C, 268.9 mg, 95% yield. 'H NMR (400 MHz, CDCl3) §
2.50 (s, 3H), 2.61 (s, 3H), 7.26-7.33 (m, 4H), 7.58-7.59 (t, J = 1.8 Hz, 1H), 14.60 (s,
1H); *C NMR (100 MHz, CDCl3) § 26.71, 31.78, 114.92, 119.01, 123.55, 128.55,
130.92, 133.67, 142.80, 196.99, 198.24; HRMS (ESI-TOF): calcd. for
C1iH1iBrN202[M-H]": 280.9926, 282.9905, found: 280.9913, 282.9884.

3-(2-(4-Bromophenyl)hydrazono)pentane-2,4-dione (10¢):

Yellow solid, mp = 136-139 °C, 206.7 mg, 73% yield. '"H NMR (400 MHz, CDCl3) §
2.51(s, 3H), 2.63 (s, 3H), 7.30-7.32 (d, /= 8.9 Hz, 2H), 7.53— 7.55, (d, /= 8.8 Hz, 2H),
14.70 (s, 1H); *C NMR (100 MHz, CDCl3) § 26.67, 31.76, 117.67, 118.66, 132.70,
133.48, 140.15, 196.98, 198.23; HRMS (ESI-TOF): calcd. for C11H11BrN2O>[M-H]":
280.9926, 282.9905, found: 280.9913, 282.9891.

3-(2-(2-Hydroxyphenyl)hydrazono)pentane-2,4-dione (11¢):

Yellow solid, mp = 167-169 °C, 215.8 mg, 98% yield. "H NMR (400 MHz, DMSO-dy)
02.42 (s, 3H), 2.49 (s, 3H), 6.92—6.97 (m, 2H), 7.04-7.09 (m, 1H), 7.65-7.67 (dd, J =
8.0, 1.5 Hz, 1H), 10.54 (s, 1H), 14.60 (s, 1H); 3C NMR (100 MHz, DMSO-ds) & 29.94,
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31.68, 115.36,116.22,120.67, 126.64, 129.73, 133.63, 146.81, 196.66, 196.83; HRMS
(ESI-TOF): calcd. for C11H12N203[M-H]": 219.0770, found: 219.0758.

3-(2-(3-Hydroxyphenyl)hydrazono)pentane-2,4-dione (12c¢):

Yellow solid, mp = 187-189 °C, 132.1 mg, 60% yield. '"H NMR (400 MHz, CDsOD) §
2.48 (s, 3H), 2.54 (s, 3H), 6.65-6.67 (d, J= 8.1, 1.8 Hz, 1H), 6.89-6.91 (d, /= 7.9 Hz,
1H), 7.01 (t, J = 2.0 Hz, 1H), 7.21-7.25(t, J = 8.1 Hz, 1H); '°C NMR (100 MHz,
CD;0OD) & 25.16, 30.21, 102.35, 107.42, 112.81, 126.90, 130.17, 142.81, 158.68,
197.15, 197.60; HRMS (ESI-TOF): calcd. for C11Hi12NO3[M-H]": 219.0770, found:
219.0761.

3-(2-(4-Hydroxyphenyl)hydrazono)pentane-2,4-dione (13¢):

Yellow solid, mp = 174-176 °C, 207.0 mg, 94% yield. '"H NMR (400 MHz, DMSO-
ds) 6 2.37 (s, 3H), 2.46 (s, 3H), 6.83-6.85 (d, J= 8.8 Hz, 2H), 7.42-7.44 (d, /= 8.8 Hz,
2H), 9.67 (s, 1H, OH), 14.51 (s, 1H); *C NMR (100 MHz, DMSO-ds) & 29.89, 31.56,
116.53, 116.60, 118.50, 132.51, 134.14, 156.35, 196.38; HRMS (ESI-TOF): calcd. for
C11H12N203[M-H]": 219.0770, found: 219.0758.

3-(2-(2-(Trifluoromethyl)phenyl)hydrazono)pentane-2,4-dione (14c):

Yellow solid, mp = 107-109 °C, 264.1 mg, 97% yield. 'H NMR (400 MHz, CDCl3) §
2.53 (s, 3H), 2.64 (s, 3H), 7.26-7.30 (tt, J = 8.6, 0.9 Hz, 1H), 7.62-7.66 (m, 2H),
7.97-7.99 (d, J = 7.9 Hz, 1H), 15.09 (s, 1H); *C NMR (100 MHz, CDCl;) § 26.68,
31.62,116.73,117.80, 122.39, 124.76, 125.10, 126.43, 126.53, 126.58, 133.39, 134.76,
139.39, 197.01, 198.05; HRMS (ESI-TOF) calcd. for Ci1H11F3N20:[M-H]"™: 271.0694,
found: 271.0681.

3-(2-(3-(Trifluoromethyl)phenyl)hydrazono)pentane-2,4-dione (15c¢):

Yellow solid, mp = 110-113 °C, 247.7 mg, 91% yield. '"H NMR (400 MHz, CDCl3) §
2.53 (s, 3H), 2.64 (s, 3H), 7.45-7.47 (d, J = 7.2 Hz, 1H), 7.55-7.58 (m, 2H), 7.68 (s,
1H), 14.70 (s, 1H); *C NMR (100 MHz, CDCl3) § 26.67, 31.78, 112.82, 112.86,
119.19, 121.03, 122.01, 122.05, 122.26, 124.97, 129.93, 130.29, 132.10, 132.43,
133.87, 142.11, 196.97, 198.42; HRMS (ESI-TOF) calcd. for Ci1Hi1F3N202[M-H]":
271.0694, found: 271.0693.
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3-(2-(4-(Trifluoromethyl)phenyl)hydrazono)pentane-2,4-dione (16c¢):

Yellow solid, mp = 105-108 °C, 247.7 mg, 91% yield. '"H NMR (400 MHz, CDCl3) §
2.53 (s, 3H), 2.64 (s, 3H), 7.49-7.59 (d, J = 8.3 Hz, 2H), 7.67-7.69 (d, /= 8.0 Hz, 2H),
14.61 (s, 1H); *C NMR (100 MHz, CDCl3) § 26.60, 31.81, 115.99, 118.01, 126.61,
126.95, 126.98, 127.12, 134.11, 114.28, 196.97, 198.45; HRMS (ESI-TOF) calcd. for
C1iH11F3N202[M-H]": 271.0694, found: 271.0689.

3-(2-(2-Methoxyphenyl)hydrazono)pentane-2,4-dione (17¢):

Yellow solid, mp = 112-115 °C, 192.1 mg, 82% yield. 'H NMR (400 MHz, CDCl3) §
2.51 (s, 3H), 2.63 (s, 3H), 3.98 (s, 3H), 6.96-6.98 (d, J = 8.2, Hz, 1H), 7.03-7.07 (t, J
=7.9Hz, 1H), 7.16-7.20 (td, J= 7.6, 1.6 Hz, 1H), 7.74-7.76 (d, J= 8.0 Hz, 1H), 14.82
(s, 1H); *C NMR (100 MHz, CDCl3) § 26.71, 31.67, 55.92 111.09, 115.18, 121.47,
126.09, 130.79, 133.66, 148.57, 197.26, 197.32; HRMS (ESI-TOF) calcd. for
C11H14N203[M-H]": 233.0926, found: 233.0913.

3-(2-(3-Methoxyphenyl)hydrazono)pentane-2,4-dione (18c):

Yellow solid, mp = 123-126 °C, 203.8 mg, 87% yield. '"H NMR (400 MHz, CDCl3) §
2.47 (s, 3H), 2.59 (s, 3H), 3.83 (s, 3H), 6.72-6.75 (dd, J = 8.3, 2.4 Hz, 1H), 6.92-6.95
(dd, J=8.0, 1.8 Hz, 1H), 6.97-6.98 (t, /= 2.2 Hz, 1H), 7.26-7.31 (t, J = 8.0 Hz, 1H),
14.65 (s, 1H); *C NMR (100 MHz, CDCls) § 26.61, 31.69. 55.36, 101.76, 108.89,
111.38, 130.47, 133.09, 142.74, 160.76, 197.01, 197.88; HRMS (ESI-TOF) calcd. for
C1iH14N203[M-H]": 233.0926, found: 233.0915.

3-(2-(4-Methoxyphenyl)hydrazono)pentane-2,4-dione (19c¢):

Yellow solid, mp = 118-120 °C, 222.5 mg, 95% yield. '"H NMR (400 MHz, CDCl3) §
2.50 (s, 3H), 2.62 (s, 3H), ), 3.86 (s, 3H), 6.96-6.98 (d, J=9.0, Hz, 2H), 7.39-7.40 (d,
J =9.0 Hz, 2H), 15.00 (s, 1H); *C NMR (100 MHz, CDCls) § 26.65, 31.60, 55.62
114.94, 117.69, 132.68, 135.09, 158.07, 197.16, 197.65; HRMS (ESI-TOF) calcd. for
C1iH14N203[M-H]": 233.0926, found: 233.0913.
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3-(2-(2-Nitrophenyl)hydrazono)pentane-2,4-dione (20c):

Yellow-orange solid, mp = 177-179 °C, 189.4 mg, 76% yield. '"H NMR (400 MHz,
CDCl) 6 2.57 (s, 3H), 2.67 (s, 3H), 7.26-7.30 (td, J=7.2, 1.3 Hz, 1H), 7.72-7.76 (t, J
= 8.4 Hz, 1H), 8.14-8.17 (dd, J = 8.5, 1.1 Hz, 1H), 8.29-8.31 (dd, J = 8.5, 1.4 Hz,
1H), 15.51 (s, 1H); '*C NMR (100 MHz, CDCl;) & 26.80, 31.78, 117.24, 124.04,
126.16, 135.85, 136.22, 138.40, 197.10, 197.19; HRMS (ESI-TOF) calcd. for
CiiH1i1N304[M-H]": 248.0671, found: 248.0662.

3-(2-(3-Nitrophenyl)hydrazono)pentane-2,4-dione (21c¢):

Yellow-orange solid, mp = 182-184 °C, 171.9 mg, 69% yield. '"H NMR (400 MHz,
CDCls) 6 2.55 (s, 3H), 2.65 (s, 3H), 7.58-7.63 (t, J = 8.1 Hz, 1H), 7.69-7.72 (dq J =
8.1, 1.0 Hz, 1H), 8.03-8.06 (dq, J = 8.1, 1.0, Hz, 1H), 8.27-8.28 (t, J=2.1 Hz, 1H),
14.66 (s, 1H); *C NMR (100 MHz, CDCl3) § 26.68, 31.79, 110.78, 119.75, 121.53,
130.58, 134.34, 142.87, 149.35, 196.83, 198.63; HRMS (ESI-TOF) calcd. for
C1iH1i1N304[M-H]": 248.0671, found: 248.0660.

3-(2-(4-Nitrophenyl)hydrazono)pentane-2,4-dione (22c¢):

Orange-red solid, mp = 173-176 °C, 204.4 mg, 82% yield. '"H NMR (400 MHz, CDCls)
3 2.55 (s, 3H), 2.66 (s, 3H), 7.51-7.53 (d, J = 9.1 Hz, 2H), 8.34-8.32 (d, / = 9.1 Hz,
2H), 14.56 (s, 1H); *C NMR (100 MHz, CDCls) & 26.71, 31.91, 115.83, 125.82,
134.98, 146.60, 148.54, 196.87, 198.78; HRMS (ESI-TOF) calcd. for C11H11N304[M-
H]": 248.0671, found: 248.0659.

3-(2-(o-Tolyl)hydrazono)pentane-2,4-dione (23c¢):

Yellow solid, mp = 139-141 °C, 213.9 mg, 98% yield. '"H NMR (400 MHz, CDCl3) §
2.41 (s, 3H), 2.53 (s, 3H), 2.65 (s, 3H), 7.12-7.16 (t, J = 7.5, Hz, 1H), 7.22-7.24 (d, J
= 7.4 Hz, 1H), 7.30-7.34 (t, J = 7.8 Hz, 1H), 7.76-7.78 (d, J = 8.2 Hz, 1H), 15.01 (s,
1H); 3C NMR (100 MHz, CDCls) § 17.02, 26.72, 31.66, 114.96, 125.59, 125.72,
127.49, 131.08, 133.72, 139.69, 197.33, 197.85; HRMS (ESI-TOF) calcd. for
C11H14N202[M-H]": 217.0977, found: 217.0969.
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3-(2-(m-Tolyl)hydrazono)pentane-2,4-dione (24c):

Yellow solid, mp = 132-135 °C, 146.2 mg, 67% yield. '"H NMR (400 MHz, CDCl3) §
2.42 (s, 3H), 2.52 (s, 3H), 2.63 (s, 3H), 7.03-7.05 (d, J = 7.4 Hz, 1H), 7.24-7.33 (m,
3H), 14.75 (s, 1H); *C NMR (100 MHz, CDCl3) § 21.55, 26.69, 31.69, 113.50, 116.85,
126.83, 129.50, 133.11, 139.76, 141.49, 197.17, 197.86; HRMS (ESI-TOF) calcd. for
C11H14N202[M-H]": 217.0977, found: 217.0970.

3-(2-(p-Tolyl)hydrazono)pentane-2,4-dione (25¢):

Yellow solid, mp = 131-133 °C, 137.5 mg, 63% yield. '"H NMR (400 MHz, CDCl3) §
2.38 (s, 3H), 2.50 (s, 3H), 2.62 (s, 3H), 7.21-7.23 (d, J= 8.1 Hz, 2H), 7.324-7.34 (d, J
= 8.3 Hz, 2H), 14.75 (s, 1H); *C NMR (100 MHz, CDCl3) & 21.04, 26.68, 31.67,
116.24, 130.21, 132.87, 135.97, 139.21, 197.11, 197.77; HRMS (ESI-TOF) calcd. for
C11H14N202[M-H]": 217.0977, found: 217.0967.

3-(2-(2,4-Dioxopentan-3-ylidene)hydrazinyl)benzoic acid (26¢):

Yellow solid, mp = 193-196 °C, 186.2 mg, 75% yield. 'H NMR (400 MHz, DMSO-dy)
d 2.41 (s, 3H), 2.48 (s, 3H), 7.51-7.55 (t, J = 7.7 Hz, 1H), 7.72-7.80 (d, J = 7.4 Hz,
2H), 8.09 (s, 1H), 13.18(s, 1H), 13.88 (s, 1H); *C NMR (100 MHz, DMSO-ds) § 26.71,
31.69, 117.12,120.85, 126.14, 130.28, 13258, 134.33, 142.66, 167.22, 196.65, 197.28;
HRMS (ESI-TOF) calcd. for C12H12N204[M-H]": 247.0719, found: 247.0707.

4-(2-(2,4-Dioxopentan-3-ylidene)hydrazinyl)benzoic acid (27¢):

Yellow solid, mp = 197-199 °C, 243.27 mg, 98% yield. '"H NMR (400 MHz, DMSO-
ds) 6 2.39 (s, 3H), 2.46 (s, 3H), 7.55-7.56 (d, J = 8.5 Hz, 2H), 7.93-7.96 (d, J = 8.5 Hz,
2H), 13.79 (s, 1H); 3C NMR (100 MHz, DMSO-ds) § 26.78, 31.71, 116.06, 120.08,
131.30, 134.99, 145.29, 167.73, 172.60, 196.81, 197.66; HRMS (ESI-TOF) calc. for
C11H14N202[M-H]": 247.0719, found: 247.0710.

N-(3-(2-(2,4-Dioxopentan-3-ylidene)hydrazinyl)phenyl)acetamide (28¢):

Yellow-orange solid, mp = 187-189 °C, 222.1 mg, 85% yield."H NMR (400 MHz,
CD;0D) 6 2.15 (s, 3H), 2.44 (s, 3H), 2.51 (s, 3H), 7.01-7.11 ( d, J=7.3, Hz, 1H),
7.27-7.33 (m, 2H), 7.91 (s, 1H), ); *C NMR (100 MHz, CD;0D) § 22.6, 25.3, 30.3,
106.8,111.4,116.4,129.6, 132.8, 140.1, 142.0, 170.4, 197.2, 197.5; HRMS (ESI-TOF)
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caled for C13HsN3O3[M-H]*: 260.1035; found: 260.1026; IR (ATR, cm™') 3292, 3078,
1666, 1624, 1596, 876.

N-(4-(2-(2,4-Dioxopentan-3-ylidene)hydrazinyl)phenyl)acetamide (29¢):

Yellow solid, mp = 181-183 °C, 232.5 mg, 89% yield. '"H NMR (400 MHz, CDCl3) &
2.22 (s, 3H), 2.50 (s, 3H), 2.62 (s, 3H), 7.38-7.40 (d, J = 8.9 Hz, 2H), 7.50 ( b, 1H),
7.58-7.61 (d, J = 8.9 Hz, 2H), 14.86 (s, 1H); 3*C NMR (100 MHz, CDCls) & 24.64,
26.70, 31.70, 116.89, 121.02, 133.04, 135.87, 137.79, 168.30, 197.11, 197.89; HRMS
(ESI-TOF) calcd. for Ci3H;sN303[M-H]": 260.1035, found: 260.1023.

3-(2-(2-Ethylphenyl)hydrazono)pentane-2,4-dione (30c¢):

Yellow solid, mp = 103-106 °C, 227.47 mg, 98% yield. 'H NMR (400 MHz, CDCl3) §
1.33-1.36 (t, J= 7.6 Hz, 3H), 2.53 (s, 3H), 2.65 (s, 3H), 2.75-2.80 (q, /= 7.6 Hz, 1H),
7.17-7.21 (m, 1H), 7.25-7.27 (m, 1H), 7.31-7.35 (td, /= 8.2, 1.0 Hz, 1H), 7.79-7.81
(d, J=8.1 Hz, 1H), 15.14 (s, 1H); '*C NMR (100 MHz, CDCl;) & 13.88, 24.05, 26.74,
31.64,115.26,125.99, 127.47, 129.30, 131.68, 133.72, 139.05, 197.24, 197.89; HRMS
(ESI-TOF) calcd. for C11H14N2O2[M+H]": 233.1290, found: 233.1280.

3-(2-Mesitylhydrazono)pentane-2,4-dione (31c¢):

Yellow solid, mp = 110-111 °C, 209.4 mg, 85% yield. '"H NMR (400 MHz, CDCl3) §
2.32 (s, 3H), 2.42 (s, 3H), 2.43 (s, 3H), 2.64 (s, 3H), 6.94 (s, 2H), 15.03 (s, 1H); °C
NMR (100 MHz, CDCl) 6 19.3, 20.9, 27.0, 31.6, 129.8, 130.3, 133.4, 135.7, 136.3,
197.3, 197.5; HRMS (ESI-TOF) caled for CisHisN,O2[M-H]": 245.1290, found:
245.1278; IR (ATR, cm™') 2790, 2918, 1714, 1656, 1611.

3-(2-(Naphthalen-1-yl)hydrazono)pentane-2,4-dione (32c¢):

Yellow solid, mp = 153-155 °C, 167.89 mg, 66% yield. '"H NMR (400 MHz, CDCls) §
2.59 (s, 3H), 2.72 (s, 3H), 7.56-7.66 (m, 3H), 7.75-7.77 (d, J = 8.2 Hz, 1H), 7.93-7.95
(d,J=7.9 Hz, 1H), 8.05-8.07 (d, J = 8.1 Hz, 1H), 15.78 (s, 1H); 3*C NMR (100 MHz,
CDCl3) 6 26.8, 31.8, 112.0, 119.6, 123.4, 126.1, 126.1, 126.6, 127.1, 128.8, 134.1,
134.3,136.5, 197.3, 198.2; HRMS (ESI-TOF) calcd for C1sH14N202[M-H]"™: 253.0977,
found: 253.0965; IR (ATR, cm™!) 3057, 2987, 2921, 1661, 1621, 1494.
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3-(2-(2,5-Dichlorophenyl)hydrazono)pentane-2,4-dione (33c¢):

Yellow-orange solid, mp = 151-153 °C, 147.5 mg, 54% yield. '"H NMR (400 MHz,
CDCl) 6 2.55 (s, 3H), 2.66 (s, 3H), 7.10-7.12 (dd, J = 8.6, 2.4 Hz, 1H), 7.35-7.37 (d,
J = 8.5 Hz, 1H), 7.77 (s, 1H), 14.78 (s, 1H); *C NMR (100 MHz, CDCl3) & 26.77,
31.78, 116.21, 121.51, 125.55, 126.24, 130.78, 198.11; HRMS (ESI-TOF) calcd. for
C11H10CI2N202[M-H]": 271.0041, found: 271.0029.

3-(2-(2,6-Dichlorophenyl)hydrazono)pentane-2,4-dione (34c¢):

Yellow-orange solid, mp = 149-152 °C, 169.3 mg, 62% yield. 'H NMR (400 MHz,
CDCl3) 6 2.45 (s, 3H), 2.65 (s, 3H), 7.11-7.16 (t,J= 8.3 Hz, 1H), 7.41-7.43 (d, J=8.1
Hz, 2H), 14.58 (s, 1H); '*C NMR (100 MHz, CDCls) § 26.83, 31.75, 126.76, 127.48,
128.30, 129.66, 134.49, 135.35, 197.52, 198.20; HRMS (ESI-TOF) calcd. for
C11H10C1aN202[M-H]": 271.0041, found: 271.0027.

3-(2-(2,4-Difluorophenyl)hydrazono)pentane-2,4-dione (35¢):

Yellow solid, mp = 126-129 °C, 237.8 mg, 99% yield. '"H NMR (400 MHz, CDCl3) §
2.51 (s, 3H), 2.64 (s, 3H), 6.94-7.01 (m, 2H), 7.73-7.78 (m, 1H), 14.76 (s, 1H); °C
NMR (100 MHz, CDCl3) ¢ 26.62, 31.67, 104.52, 104.79, 112.23, 112.27, 112.46,
112.49, 117.16, 117.25, 134.39, 158.49, 160.96, 161.06, 196.89, 198.01; HRMS (ESI-
TOF) calcd. for C11Hi0F2N202[M-H]*: 239.0632, found: 239.0620.

3-(2-(2,5-Difluorophenyl)hydrazono)pentane-2,4-dione (36¢):

Yellow solid, mp = 129-131 °C, 237.8 mg, 99% yield. '"H NMR (400 MHz, CDCl3) §
2.52 (s, 3H), 2.63 (s, 3H), 6.80-6.85 (m, 1H), 7.09-7.16 (m, 1H), 7.43-7.48 (m, 1H),
14.59 (s, 1H); *C NMR (100 MHz, CDCl3) § 26.63, 31.74, 103.29, 103.58, 111.56,
111.63, 111.80, 111.88, 116.72, 116.81, 116.92, 117.02, 131.04, 131.14, 134.77,
146.77, 149.18, 158.24, 160.66, 160.68, 196.92, 198.20; HRMS (ESI-TOF) calc. for
caled. for C11H10F2N202[M-H]": 239.0632, found: 239.0621.

3-(2-(2,6-Difluorophenyl)hydrazono)pentane-2,4-dione (37¢):

Yellow solid, mp = 114-117 °C, 235.4 mg, 98% yield. 'H NMR (400 MHz, CDCl3) §
2.45 (s, 3H), 2.64 (s, 3H), 7.00-7.05 (m, 2H), 7.10-7.16 (m, 1H), 14.46 (s, 1H); *C
NMR (100 MHz, CDCl3) 6 26.45, 31.71, 112.42, 112.47, 112.59, 112.64, 135.03,
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152.86, 152.89, 155.36, 197.45, 198.15; HRMS (ESI-TOF) caled for C11H10F2N2O2[M-
H]": 239.0632, found: 239.0663.

3-(2-(3,5-Difluorophenyl)hydrazono)pentane-2,4-dione (38¢):

Yellow solid, mp = 151-153 °C, 237.8 mg, 99% yield. '"H NMR (400 MHz, CDCl3) §
2.51 (s, 3H), 2.63 (s, 3H), 6.62—6.67 (tt,J=9.1, 2.2 Hz, 1H), 6.93-6.96 (d, J= 8.0, 1.9
Hz, 1H), 14.49 (s, 1H); 3*C NMR (100 MHz, CDCls) § 26.6, 31.8, 99.5 (J =20.3, 9.0
Hz), 100.6 (J=25.7 Hz), 133.9, 144.0, 163.8 (J=247.0, 14.2 Hz), 196.9, 198.5 HRMS
(ESI-TOF) calcd for CiiHioFaN2O2[M-H]™: 239.0632, found: 239.0620; IR (ATR,
cm™') 3059, 1675, 1602, 1524, 1471, 1407.

Arylazopyrazole Derivatives

(E)-3,5-Dimethyl-4-(phenyldiazenyl)-1 H-pyrazole (1d):

Yellow solid, mp = 141-143 °C, 170.2 mg, 85% yield. '"H NMR (400 MHz, CDCl3) §
2.64 (s, 6H), 7.41-7.43 (m, 1H), 7.78-7.52 (t, J = 7.2 Hz, 2H), 7.82-7.84 (m, 2H); *C
NMR (100 MHz, CDCl3) 6 12.2, 121.9, 128.9, 129.5, 134.7, 141.5, 153.6; HRMS (ESI-
TOF) calcd for C11H12Ns [M+H]": 201.1140, found: 201.1132; IR (ATR, cm™') 3114,
3042, 2968, 2887, 1411, 1322, 1118, 829.

(E)-4-((2-Fluorophenyl)diazenyl)-3,5-dimethyl-1 H-pyrazole (2d):

Yellow solid, mp = 158-160 °C, 209.5 mg, 96% yield. '"H NMR (400 MHz, CDCl3) §
2.63 (s, 6H), 7.35-7.43 (m, 2H), 7.69-7.72 (dt, J = 7.7, 1.7 Hz, 1H), 7.78-7.79 (t, J =
1.7 Hz, 1H); *C NMR (100 MHz, CDCl3) § 12.3, 120.9, 121.3, 129.2, 130.0, 134.7,
134.9, 141.8, 154.4; HRMS (ESI-TOF) calcd for C11Hi1FN4 [M+H]": 219.1046, found:
219.1038; IR (ATR, cm™') 3173, 3110, 2966, 2883, 1400, 1315, 1184, 776.

(E)-4-((3-Fluorophenyl)diazenyl)-3,5-dimethyl-1 H-pyrazole (3d):

Yellow solid, mp = 128-131 °C, 178.9 mg, 82% yield. '"H NMR (400 MHz, CDCl3) §
2.64 (s, 6H), 7.09-7.13 (tdd, /= 8.2, 2.6, 0.7 Hz, 1H), 7.42-7.51 (m, 2H), 7.63-7.65 (dt,
J=6.8, 1.4 Hz, 1H); *C NMR (100 MHz, CDCl3) § 12.2, 107.0 (d, J=22.7 Hz), 116.2
(d,J=22.1 Hz), 119.5 (d, /= 2.8 Hz), 130.1 (d, J= 8.6 Hz), 134.6, 141.9, 155.1 (d, J
= 6.8 Hz), 163.4 (d, J = 245.1 Hz); HRMS (ESI-TOF) calcd for Ci1Hi1FN4 [M+H]":
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219.1046, found: 219.1035; IR (ATR, cm™") 3198, 3115, 3051, 2965, 2896, 1666, 1408,
1324, 1108, 867.

(E)-4-((4-Fluorophenyl)diazenyl)-3,5-dimethyl-1 H-pyrazole (4d):

Yellow solid, mp = 166-168 °C, 202.9 mg, 93% yield. 'H NMR (400 MHz, CDCl3) §
2.63 (s, 6H), 7.15-7.19( t, J = 8.6 Hz, 2H), 7.80-7.84 (dd, J = 8.6, 5.2 Hz, 2H); 13C
NMR (100 MHz, CDCI3) 6 12.2, 115.8 (d, J=22.8 Hz), 123.6 (d, J= 8.7 Hz), 134.5,
141.5, 150.0 (d, J = 2.9 Hz), 163.5 (d, J = 247.9 Hz); HRMS (ESI-TOF) calcd for
C11H11FN4 [M+H]": 219.1046, found: 219.1057; IR (ATR, cm™') 3605, 2385, 2308,
1421, 1218, 831.

(E)-4-((2-Chlorophenyl)diazenyl)-3,5-dimethyl-1H-pyrazole (5d):

Yellow solid, mp = 170-172 °C, 143.2 mg, 61% yield. '"H NMR (400 MHz, CDCl3) §
2.67 (s, 6H), 7.31-7.34 (m, 2H), 7.53-7.55 (m, 1H), 7.69-7.72 (m, 1H); *C NMR (100
MHz, CDCL) 6 12.3, 116.8, 127.1, 130.2, 130.4, 134.3, 135.6, 142.1, 149.4; HRMS
(ESI-TOF) caled for C11H1CINs [M+H]": 235.0750, found: 235.0741; IR (ATR, cm™)
3192, 3113, 3052, 2914, 1491, 1395, 1194, 889.

(E)-4-((3-Chlorophenyl)diazenyl)-3,5-dimethyl-1 H-pyrazole (6d):

Yellow solid, mp = 170-172 °C, 164.3 mg, 70% yield. '"H NMR (400 MHz, CDCl3) §
2.65 (s, 6H), 7.18-7.26 (m, 2H ), 7.34-7.40 (m, 1H), 7.69-7.73 (td, /= 1.8, 7.9 Hz 1H);
3C NMR (100 MHz, CDCl3) § 12.2, 116.8 (d, J = 19.7 Hz), 117.1, 124.1 (d, J = 3.8
Hz), 130.7 (d, J = 8.0 Hz), 135.5, 141.4 (d, /= 7.0 Hz), 141.9, 159.4 (d, J = 25.4 Hz);
HRMS (ESI-TOF) calcd for CiiHi1CINs [M+H]": 235.0750, found: 235.0741; IR
(ATR, cm™') 2984, 1502, 1359, 1303, 1177, 1063, 922, 767, 680.

(E)-4-((4-Chlorophenyl)diazenyl)-3,5-dimethyl-1H-pyrazole (7d):

Yellow solid, mp = 167-169 °C, 218.3 mg, 93% yield. 'H NMR (400 MHz, CDCl3) §
2.62 (s, 6H), 7.43-7.46 ( d, J = 8.7 Hz, 2H), 7.73-7.77 (d, J = 8.7 Hz, 2H); '*C NMR
(100 MHz, CDCl3) 6 12.22, 123.10, 129.12, 134.67, 135.18, 141.73, 151.88; HRMS
(ESI-TOF) caled for C11H1CINs [M+H]": 235.0750, found: 235.0759; IR (ATR, cm™)
3192, 2957, 2875, 2820, 1506, 1412, 829.
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(E)-4-((2-Bromophenyl)diazenyl)-3,5-dimethyl-1H-pyrazole (8d):

Yellow solid, mp = 165-168 °C, 195.4 mg, 70% yield. 'H NMR (400 MHz, CDCl3) §
2.68 (s, 6H), 7.23-7.27 (t,J = 7.2 Hz, 1H), 7.36-7.40 (t, J= 7.5 Hz, 1H), 7.68-7.70 (d,
J=17.4Hz, 1H), 7.73-7.75 (d, J = 7.9 Hz, 1H); *C NMR (100 MHz, CDCls) § 12.4,
117.1, 124.8, 127.8, 130.5, 133.5, 135.5, 142.1, 150.4; HRMS (ESI-TOF) calcd for
C11H11BrN4[M+H]": 279.0245, 281.0225, found: 279.0236, 281.0209; IR (ATR, cm™)
3194, 3105, 3051, 2966, 2915, 1498, 1405, 854.

(E)-4-((3-Bromophenyl)diazenyl)-3,5-dimethyl-1 H-pyrazole (9d):

Yellow solid, mp = 168-170 °C, 251.2 mg, 90% yield. 'H NMR (400 MHz, CDCl3) §
2.63 (s, 6H), 7.34-7.38 (t, J = 7.9 Hz, 1H), 7.51-7.53 (ddd, J = 7.9, 1.9, 0.9 Hz, 1H),
7.74-7.76 (ddd, J= 7.5, 1.7, 0.7 Hz, 1H), 7.93-7.94 (t, J = 1.8 Hz, 1H); '*C NMR (100
MHz, CDCL) 6 12.3, 121.8, 123.0, 123.8, 130.3, 132.1, 135.0, 142.1, 154.5; HRMS
(ESI-TOF) caled for CiiHiiBrNg [M+H]™: 279.0245, 281.0225, found: 279.0232,
281.0208; IR (ATR, cm™) 3176, 3114, 2965, 2921, 1495, 1393, 1312, 901, 773.

(E)-4-((4-Bromophenyl)diazenyl)-3,5-dimethyl-1H-pyrazole (10d):

Yellow solid, mp = 166-168 °C, 201.1 mg, 72% yield. "H NMR (400 MHz, CDCl3) §
2.61 (s, 6H), 7.60-7.62 ( d, J = 8.8 Hz, 2H), 7.68-7.71 (d, J = 8.8 Hz, 2H); '*C NMR
(100 MHz, CDCl3) 8 12.2, 123.4, 123.6, 132.1, 134.7, 141.7, 152.2; HRMS (ESI-TOF)
calcd for Ci1HiiBrNs [M+H]™: 279.0245, 281.0225, found: 279.0235, 281.0211; IR
(ATR, cm™') 3194, 3103, 2961, 2879, 1415, 827, 774.

(E)-2-((3,5-Dimethyl-1H-pyrazol-4-yl)diazenyl)phenol (11d):

Yellow solid, mp = 164-166 °C, 201.1 mg, 93% yield. 'H NMR (400 MHz, CDCl3) §
2.60 (s, 6H), 6.99-7.06 (m, 2H), 7.27-7.31 (td, J = 6.0, 1.5 Hz, 1H), 7.80-7.83 (dd, J =
7.9, 1.6,Hz, 1H); *C NMR (100 MHz, CDCl3) § 12.3,117.9 119.8, 131.5, 131.6, 132.5,
137.6,140.9, 152.1; HRMS (ESI-TOF) calcd for C11H12N+O [M+H]": 217.1089, found:
217.1077; IR (ATR, cm™) 3281, 3116, 2914, 2807, 1418, 1221, 820.

(E)-3-((3,5-Dimethyl-1H-pyrazol-4-yl)diazenyl)phenol (12d):
Yellow solid, mp = 199-203 °C, 198.9 mg, 92% yield. '"H NMR (400 MHz, DMSO-ds)
0 2.39 (s, 3H), 2.50 (s, 3H), 6.82-6.84 (dd, J = 8.0, 1.3 Hz, 1H), 7.13 (1H), 7.19-7.21
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(d,J=7.8 Hz, 1H), 7.28-7.32 (t, J="7.9 Hz, 1H), 9.68 (s, IH, OH), 12.85 (s, 1H, NH);
13C NMR (100 MHz, DMSO-de) 5 10.5, 14.2, 106.8, 114.5, 117.1, 130.3, 134.5, 138.8,
143.0, 154.8, 158.5; HRMS (ESI-TOF) calcd for C11Hi2N4O [M+H]": 217.1089, found:
217.1080; IR (ATR, cm™') 3335, 3246, 3060, 2922, 1590, 1470, 1411, 1128, 1114, 857.

(E)-4-((3,5-Dimethyl-1H-pyrazol-4-yl)diazenyl)phenol (13d):

Yellow solid, mp = 198-205 °C, 170.8 mg, 79% yield. '"H NMR (400 MHz, DMSO-ds)
0 2.40 (s, 3H), 2.46 (s, 3H), 6.86-6.89 (d, J = 8.9 Hz, 2H), 7.61-7.63 (d, J = 8.9 Hz,
2H), 9.97 (s, 1H, OH), 12.72 (s, 1H, NH); '*C NMR (100 MHz, DMSO-ds) & 10.4,
14.1, 116.1, 123.6, 134.2, 137.7, 142.9, 146.6, 159.5; HRMS (ESI-TOF) calcd for
C11H12N4O [M+H]": 217.1089, found: 217.1081; IR (ATR, cm™') 3291, 3190, 3119,
2917, 1482, 1420, 1134, 1061, 825.

(E)-3,5-Dimethyl-4-((2-(trifluoromethyl)phenyl)diazenyl)-1 H-pyrazole (14d):

Yellow solid, mp = 170-172 °C, 193.1 mg, 72% yield. 'H NMR (400 MHz, CDCl3) §
2.65 (s, 6H), 7.46-7.50 (t, J= 7.8 Hz,1H), 7.60-7.64 (t, J= 7.9 Hz, 1H), 7.79-7.81 (d, J
= 8.0 Hz, 2H); *C NMR (100 MHz, CDCls) § 12.1, 115.8, 124.2 (q, J = 273.7 Hz),
126.3 (q,J=5.5Hz), 127.3 (q,/=30.7 Hz), 128.9, 132.4, 135.5, 142.4, 150.4; HRMS
(ESI-TOF) calcd for C12H11F3Ns [M+H]™: 269.1014, found: 269.1002; IR (ATR, cm™)
3196, 3107, 3049, 2883, 2308, 1497, 1408, 1122, 1035, 762.

(E)-3,5-Dimethyl-4-((3-(trifluoromethyl)phenyl)diazenyl)-1 H-pyrazole (15d):

Yellow solid, mp = 153-155 °C, 198.5 mg, 74% yield. 'H NMR (400 MHz, CDCl3) §
2.66 (s, 6H), 7.55-7.59 (t, J= 7.8 Hz, 1H), 7.63-7.65 (d, J="7.7 Hz, 1H ), 7.95-7.97 (d,
J=17.9 Hz, 1H), 8.05 (s, 1H); '3*C NMR (100 MHz, CDCl3) § 12.2, 118.8 (q, J = 3.8
Hz), 124.0 (q, J=272.04 Hz), 124.9, 125.71 (q, J= 3.7 Hz), 129.5, 131.42 (q, J = 32.6
Hz), 134.7, 142.0, 153.5; HRMS (ESI-TOF) calcd for Ci2H 1 F3Ns [M+H]": 269.1014,
found: 269.1004; IR (ATR, cm™") 3201, 3126, 2958, 2916, 1488, 1319, 1106, 787, 689.

(E)-3,5-Dimethyl-4-((4-(trifluoromethyl)phenyl)diazenyl)-1 H-pyrazole (16d):
Yellow solid, mp = 138-140 °C, 222.6 mg, 83% yield. 'H NMR (400 MHz, CDCl3) §
2.65 (s, 6H), 7.70-7.72 (d, J = 8.3 Hz, 2H), 7.84-7.86 (d, J = 8.2 Hz, 2H); 1*C NMR
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(100 MHz, CDCls) § 12.2, 122.0, 124.1 (q, J = 272 Hz), 126.1 (q, J = 3.4 Hz), 130.8
(q, J = 32.4 Hz), 134.9, 142.1, 155.4, 155.4; HRMS (ESI-TOF) calcd for C12H; 1 F3Ny
[M+H]": 269.1014, found: 269.1001; IR (ATR, em™") 3197, 3109, 2973, 2890, 1673,
1416, 1317, 1113, 895, 840.

(E)-4-((2-Methoxyphenyl)diazenyl)-3,5-dimethyl-1H-pyrazole (17d):

Yellow solid, mp = 156-159 °C, 161.2 mg, 70% yield. '"H NMR (400 MHz, CDCl3) §
2.66 (s, 6H), 4.01 (s, 3H, OCH3), 7.01-7.05 (td, /= 7.6, 1.1 Hz, 1H), 7.07-7.09 (dd, J =
8.3, 0.7 Hz, 1H), 7.36-7.40 (td, J = 8.5, 1.7 Hz, 1H), 7.62-7.64 (dd, J = 7.9, 1.6 Hz,
1H); 3C NMR (100 MHz, CDCls) & 12.1, 56.47, 112.8, 116.3, 120.9, 130.8, 135.7,
141.3,143.2, 156.2; HRMS (ESI-TOF) calcd for C12H14N4O [M+H]": 231.1246, found:
231.1235; IR (ATR, cm™!) 3193, 3109, 3042, 2877, 2826, 2308, 1586, 1408, 1110, 892.

(E)-4-((3-Methoxyphenyl)diazenyl)-3,5-dimethyl-1H-pyrazole (18d):

Yellow solid, mp = 144-145 °C, 225.7 mg, 98% yield. 'H NMR (400 MHz, CDCl3) §
2.66 (s, 6H), 3.91 (s, 3H, OCH3), 6.97-7.00 (ddd, J = 8.0, 2.6, 1.1 Hz, 1H), 7.37-7.47
(m, 3H); 3C NMR (100 MHz, CDCl3) § 12.2, 55.4, 105.5, 115.7, 115.8, 129.7, 134.6,
141.5, 154.8, 160.2; HRMS (ESI-TOF) calcd for C12H14N4O [M+H]": 231.1246, found:
231.1235; IR (ATR, cm™!) 3120, 3045, 2957, 2897, 1737, 1475, 1404, 1133, 834, 675.

(E)-4-((4-Methoxyphenyl)diazenyl)-3,5-dimethyl-1H-pyrazole (19d):
Yellow solid, mp = 174-177 °C, 200.3 mg, 87% yield. '"H NMR (400 MHz, CDCl3) §
2.62 (s, 6H), 3.90 (s, 3H, OCH3), 6.99-7.01 (d, J = 9.0 Hz, 2H), 7.80-7.82 (d, J = 9.0
Hz, 2H); 3C NMR (100 MHz, CDCl3) § 12.2, 55.5, 114.0, 123.4, 134.5, 141.0, 147.9,
160.8; HRMS (ESI-TOF) calcd for Ci2HisNsO [M+H]": 231.1246, found: 231.1250;
IR (ATR, cm™) 3740, 2921, 2544, 1494, 1412, 1144, 1016, 832, 770.

(E)-3,5-Dimethyl-4-((2-nitrophenyl)diazenyl)-1H-pyrazole (20d):

Orange solid, mp = 170-172 °C, 198.6 mg, 81% yield. 'H NMR (400 MHz, CDCl;) &
2.60 (s, 6H), 7.47-7.51 (td, J = 7.6, 1.3 Hz, 1H), 7.61-7.66 (td, J = 7.2, 1.3 Hz, 1H),
7.70-7.73 (dd, J= 8.1, 1.2 Hz, 1H), 7.82-7.84 (dd, J= 8.0, 1.1 Hz, 1H), 11.87 (br, 1H,
NH); *C NMR (100 MHz, CDCl5) § 12.2, 118.0, 123.7, 129.1, 132.6, 135.5, 142.8,
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145.9, 147.4; HRMS (ESI-TOF) calcd for Ci1Hi1NsO2 [M+H]": 246.0991, found:
246.0994; IR (ATR, cm™') 3192, 2886, 1588, 1519, 1406, 1110, 848, 757.

(E)-3,5-Dimethyl-4-((3-nitrophenyl)diazenyl)-1 H-pyrazole (21d):

Orange solid, mp = 227-229 °C, 203.5 mg, 83% yield. 'H NMR (400 MHz, CDCl;) &
2.64 (s, 6H), 7.65-7.69 (t,J= 8.0 Hz, 1H), 8.14-8.16 (d, J="7.9 Hz, 1H), 8.25-8.27 (d,
J=28.0Hz, 1H), 8.62 (s, 1H); '>*C NMR (100 MHz, CDCl3) § 12.4, 116.2, 123.5, 128.24,
129.7, 134.9, 143.2, 149.0, 154.0; HRMS (ESI-TOF) caled for Ci1HiNsO, [M+H]":
246.0991, found: 246.0979; IR (ATR, cm™") 3185, 3096, 2967, 2881, 2823, 1412, 1340,
865, 803.

(E)-3,5-Dimethyl-4-((4-nitrophenyl)diazenyl)-1 H-pyrazole (22d):

Orange solid, mp = 198-200 °C, 237.8 mg, 97% yield."H NMR (400 MHz, CDCls) &
2.65 (s, 6H), 7.90-7.93 (d, J = 8.8 Hz, 2H), 8.34-8.37 (d, J = 8.8 Hz, 2H); 1*C NMR
(100 MHz, CDCl3) 6 12.3, 122.4, 124.7, 135.4, 143.0, 147.7, 156.9; HRMS (ESI-TOF)
calcd for C11H11NsO2 [M+H]": 246.0991, found: 246.0980; IR (ATR, cm™') 3195, 3101,
2969, 2886, 1507, 1400, 898, 849.

(E)-3,5-Dimethyl-4-(o-tolyldiazenyl)-1H-pyrazole (23d):

Yellow solid, mp = 163-165 °C, 207.5 mg, 95% yield.'"H NMR (400 MHz, CDCl;) §
2.67 (s, 6H), 2.68 (s, 3H), 7.26-7.36 (m, 3H), 7.64-7.67 (dd, J = 7.3, 1.4 Hz, 1H); 13C
NMR (100 MHz, CDCl3) & 12.3, 17.9, 114.7, 126.3, 129.5, 131.1, 135.4, 136.8, 141.4,
151.5; HRMS (ESI-TOF) calcd for Ci2HiaN4 [M+H]": 215.1297, found: 215.1290; IR
(ATR, cm™") 3193, 3109, 3042, 2877, 2826, 2308, 1586, 1494, 1408, 892, 820, 763.

(E)-3,5-Dimethyl-4-(m-tolyldiazenyl)-1 H-pyrazole (24d):

Yellow solid, mp = 148-152 °C, 205.7 mg, 96% yield. '"H NMR (400 MHz, CDCl3) §
2.47 (s, 3H), 2.65 (s, 6H), 7.22-7.24 (d, /= 7.5 Hz, 1H), 7.36-7.40 (t, J = 8.4 Hz, 1H),
7.62-7.64 (m, 2H); '*C NMR (100 MHz, CDCls) § 12.2, 21.4, 119.1, 122.4, 128.7,
130.3, 134.8, 138.8, 141.5, 153.6; HRMS (ESI-TOF) calcd for Ci2HisNs [M+H]":
215.1297, found: 215.1310; IR (ATR, cm~') 3193, 3102, 3043, 2954, 2918, 1595, 1497,
1480, 1404, 842, 782.
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(E)-3,5-Dimethyl-4-(p-tolyldiazenyl)-1H-pyrazole (25d):

Yellow solid, mp = 153-155 °C, 197.1 mg, 92% yield. '"H NMR (400 MHz, CDCl3) §
2.44 (s, 3H), 2.63 (s, 6H), 7.28-7.30 (d, /= 8.2 Hz, 2H), 7.72-7.74 (d, J = 8.2 Hz, 2H);
13C NMR (100 MHz, CDCl3) & 12.2, 21.4, 121.8, 129.6, 134.6, 139.8, 141.6, 151.6;
HRMS (ESI-TOF) calcd for Ci12H1aN4 [M+H]": 215.1297, found: 215.1288; IR (ATR,
cm™') 3195, 3113, 3041, 2874, 2820, 2310, 1591, 1409, 816, 770.

(E)-3-((3,5-Dimethyl-1H-pyrazol-4-yl)diazenyl)benzoic acid (26d):

Yellow solid, mp = 230-233 °C, 136.8 mg, 56% yield. '"H NMR (400 MHz, CD;OD) §
2.55 (s, 6H), 7.47-7.50 (t, J= 7.7 Hz, 1H), 7.82-7.84 (d, J= 7.8 Hz, 1H), 8.00-8.02 (d,
J=17.5Hz, 1H), 8.39 (s, 1H); 1>*C NMR (100 MHz, CDs0D) & 10.6, 122.3,122.9, 128.0,
129.9, 134.2, 138.9, 141.2, 153.3, 173.5; HRMS (ESI-TOF) calcd for C12H12N4O2
[M+H]": 245.1039, found: 245.1030; IR (ATR, cm™') 3736, 3207, 2918, 2388, 1677,
1368, 1269, 1164, 1062, 864, 764.

(E)-4-((3,5-Dimethyl-1H-pyrazol-4-yl)diazenyl)benzoic acid (27d):

Yellow solid, mp = 219-223 °C, 197.8 mg, 81% yield. "H NMR (400 MHz, DMSO-dy)
0247 (s, 6H), 7.78-7.81 (d, J = 8.4 Hz, 2H), 8.06-8.08 (d, J = 8.4 Hz, 2H), 13.00 (br,
1H); 3C NMR (100 MHz, DMSO-dy) 6 12.5, 121.8, 131.0, 131.4, 135.1, 141.6, 156.0,
167.4; HRMS (ESI-TOF) calcd for C12H12N4O2 [M+H]*: 245.1039, found: 245.1030;
IR (ATR, cm™) 3737, 3199, 2923, 2314, 1407, 1292, 1061, 996, 767.

(E)-N-(3-((3,5-Dimethyl-1 H-pyrazol-4-yl)diazenyl)phenyl)acetamide (28d):

Yellow solid, mp = 209-212 °C, 146.7 mg, 57% yield."H NMR (400 MHz, DMSO-ds)
02.07 (s, 3H, NHCOCH3), 2.40 (s, 3H), 2.51 (s, 3H), 7.41-7.43 (m, 2H), 7.62-7.65 (m,
1H), 7.98 (s, 1H), 10.12 (br, 1H), 12.87 (br, 1H); '3C NMR (100 MHz, DMSO-ds) §
10.5, 14.2,24.5, 111.9, 117.1, 120.3, 129.8, 134.5, 139.0, 140.6, 143.0, 153.8, 169.0;
HRMS (ESI-TOF) caled for C13HsNsO [M+H]": 258.1355, found: 258.1367; IR (ATR,
cm1) 3390, 3307, 3198, 3138, 2918, 1659, 1548, 1493, 1428, 885.

(E)-N-(4-((3,5-Dimethyl-1H-pyrazol-4-yl)diazenyl)phenyl)acetamide (29d):
Yellow solid, mp = 222-225 °C, 239.2 mg, 93% yield. '"H NMR (400 MHz, DMSO-dy)
02.08 (s, 3H), 2.42 (s, 3H), 2.47 (s, 3H), 7.68-7.74 (dd, J = 8.9, 7.9 Hz, 4H), 10.18 (s,
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1H), 12.78 (s, 1H); '*C NMR (100 MHz, DMSO-ds) § 24.6, 119.6, 122.6, 134.4, 141.0,
149.0, 169.0; HRMS (ESI-TOF) calcd for Ci3HisNsO [M+H]": 258.1355, found:
258.1343; IR (ATR, cm™) 3266, 3176, 3088, 3039, 2958, 2871, 2310, 1659, 1598,
1531, 1419, 836.

(E)-4-((2-Ethylphenyl)diazenyl)-3,5-dimethyl-1H-pyrazole (30d):

Yellow solid, mp = 154-156 °C, 226.0 mg, 99% yield. '"H NMR (400 MHz, CDCl3) §
1.30-1.34(t, J = 7.5 Hz, 3H), 2.65 (s, 6H), 3.08-3.14 (q, J = 7.5 Hz, 2H), 7.26-7.30 (m,
1H), 7.35-7.36 (m, 2H), 7.64-7.66 (d, J = 7.8 Hz, 1H); '*C NMR (100 MHz, CDCls) &
12.26, 16.21, 24.95, 114.70, 126.40, 129.60, 129.78, 135.37, 141.42, 142.80, 150.93;
HRMS (ESI-TOF) caled for Ci3H¢N4 [M+H]": 229.1453, found: 229.1444; IR (ATR,
em1) 3199, 3116, 3047, 2873, 2311, 1406, 1322, 1113, 839, 762.

(E)-4-(Mesityldiazenyl)-3,5-dimethyl-1H-pyrazole (31d):

Yellow solid, mp = 168-170 °C, 239.8 mg, 99% yield. 'H NMR (400 MHz, CDCl3) §
2.34 (s, 3H), 2.39 (s, 6H), 2.58 (s, 6H), 6.95 (s, 2H); '*C NMR (100 MHz, CDCl;) &
12.2, 19.6, 21.0, 129.9, 130.9, 135.3, 137.3, 149.4; HRMS (ESI-TOF) caled for
C14H1sNs [M+H]": 243.1610, found: 243.1599; IR (ATR, cm™') 3194, 3110, 3043,
2955, 2879, 2312, 1419, 846.

(E)-3,5-Dimethyl-4-(naphthalen-1-yldiazenyl)-1H-pyrazole (32d):

Yellow solid, mp = 180-182 °C, 157.7 mg, 63% yield. '"H NMR (400 MHz, CDCl3) §
2.77 (s, 6H), 7.55-7.67 (m, 3H), 7.80-7.82 (dd, J= 7.5, 0.8 Hz, 1H), 7.92-7.95 (dd, J =
7.9, 3.5 Hz, 2H), 8.82-8.84 (d, J = 8.4 Hz, 1H); '*C NMR (100 MHz, CDCls) & 12.6,
110.8, 123.5, 125.7, 126.2, 126.5, 127.9, 129.8, 131.0, 134.3, 135.9, 141.6, 148.7;
HRMS (ESI-TOF) caled for CisH4N4 [M+H]": 251.1297, found: 251.1307; IR (ATR,
cm') 3177, 3112, 3042, 2964, 2923, 2877, 2309, 1412, 965, 765.

(E)-4-((2,5-Dichlorophenyl)diazenyl)-3,5-dimethyl-1 H-pyrazole (33d):

Yellow solid, mp = 238-242 °C, 121.1 mg, 45% yield. 'H NMR (400 MHz, DMSO-dy)
0 2.42 (s, 3H), 2.53 (s, 3H), 7.47-7.49 (dd, J = 8.6, 1.8 Hz, 1H), 7.62 (d, J = 0.4 Hz,
1H), 7.65-7.68 (d, J = 8.6 Hz, 1H), 13.06 (s, 1H); *C NMR (100 MHz, DMSO-ds) &
10.55, 14.30, 116.84, 130.30, 131.60, 132.34, 133.10, 135.66, 140.86, 143.60, 149.83;
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HRMS (ESI-TOF) caled for CiiHjoCbNs [M+H]": 269.0361, found: 269.0351; IR
(ATR, cm™) 3201, 3112, 3044, 2957, 2870, 1415, 1367, 1335, 882, 836, 768, 708.

(E)-4-((2,6-Dichlorophenyl)diazenyl)-3,5-dimethyl-1H-pyrazole (34d):

Yellow solid, mp = 178-181 °C, 239.5 mg, 89% yield. 'H NMR (400 MHz, CDCl3) §
2.64 (s, 6H), 7.13-7.18 (dd, J = 8.4, 7.8 Hz, 1H), 7.40-7.42 (d, J = 8.0 Hz, 2H); 13C
NMR (100 MHz, CDCl3) 6 12.2,127.2, 127.6, 129.1, 135.4, 142.4, 148.7, HRMS (ESI-
TOF) caled for C11H10CLN4 [M+H]™: 269.0361, found: 269.0353; IR (ATR, cm™)
3188, 3089, 2958, 2881, 2821, 2310, 1405, 1327, 1256, 893, 771.

(E)-4-((2,4-Difluorophenyl)diazenyl)-3,5-dimethyl-1 H-pyrazole (35d):

Yellow solid, mp = 185-187 °C, 184.3 mg, 78% yield. '"H NMR (400 MHz, CDCl3) §
2.63 (s, 6H), 6.91-7.00 (m, 2H), 7.70-7.76 (m, 1H); '*C NMR (100 MHz, CDCls) §
12.2,104.5 (J=25.5Hz), 111.5 (J=22.4 Hz), 118.1 (J=9.8 Hz), 138.3 (J=4.0 Hz),
141.9, 159.6 (J= 216.8, 4.6 Hz), 163.4 (J = 246.1, 11.4 Hz); HRMS (ESI-TOF) calcd
for C11H1oF2N4[M+H]": 237.0952, found: 237.0941; IR (ATR, cm™') 3430, 3198, 3108,
2882, 2312, 1404, 1261, 961, 848.

(E)-4-((2,5-Difluorophenyl)diazenyl)-3,5-dimethyl-1 H-pyrazole (36d):

Yellow solid, mp = 196 -198 °C, 127.6 mg, 54% yield. '"H NMR (400 MHz, CDCls) §
2.63 (s, 6H), 7.04-7.10 (m, 1H), 7.17-7.23 (td, J=9.3, 4.6 Hz, 1H), 7.41-7.46 (m, 1H);
3C NMR (100 MHz, CDCls) § 12.2, 103.4 (J = 24.9 Hz), 116.9 (J = 25.0, 8.1 Hz),
117.6 (J = 22.5, 8.5 Hz), 135.4, 141.9 (J= 5.9, 2.8 Hz), 142.3, 155.7 (J =250.3, 2.4
Hz), 158.9 (J = 242.3, 2.3 Hz); HRMS (ESI-TOF) calcd for Ci1HoF2Ns [M+H]":
237.0952, found: 237.0944; IR (ATR, cm™") 3192, 3113, 2876, 2819, 2310, 1388, 1240,
869, 725.

(E)-4-((2,6-Difluorophenyl)diazenyl)-3,5-dimethyl-1H-pyrazole (37d):

Yellow solid, mp = 145-148 °C, 125.2 mg, 53% yield. 'H NMR (400 MHz, CDCl3) §
2.61 (s, 6H), 7.00-7.04 (m, 2H), 7.22-7.28 (m, 1H); '*C NMR (100 MHz, CDCls) §
12.2, 112.3 (J = 18.2, 5.6 Hz), 128.5 (J = 10.1 Hz), 132.0, 136.2, 142.1, 155.7 (J =
255.2, 4.8 Hz); HRMS (ESI-TOF) calcd for CiiHioF2Ns [M+H]": 237.0952, found:
237.0941; IR (ATR, cm™) 3204, 2971, 2913, 2301, 1405, 1233, 1014, 774.
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(E)-4-((3,5-Difluorophenyl)diazenyl)-3,5-dimethyl-1H-pyrazole (38d):

Yellow solid, mp = 185-190 °C, 205.5 mg, 87% yield. '"H NMR (400 MHz, CDCl3) §
2.62 (s, 6H), 6.83-6.87 (tt, J = 8.5, 2.4 Hz, 1H), 7.33-7.35 (m, 2H); 3*C NMR (100
MHz, CDCls) 6 12.3, 104.3 (/=26.0 Hz), 105.0 (/= 19.3, 7.0 Hz), 134.5, 142.4, 155.6
(/ = 9.0 Hz), 163.3 (J = 246.1, 13.2 Hz); HRMS (ESI-TOF) calcd for Ci1HioF2N4
[M+H]": 237.0952, found: 237.0942; IR (ATR, cm™") 3193, 3098, 3046, 2878, 2822,
1406, 1256, 856, 770, 657.

The general procedure of synthesis of (E)-1,3,5-trimethyl-4-(phenyldiazenyl)-1H-
pyrazole Derivatives:

A mixture of arylazopyrazole (1.0 mmol) and 1 ml of DMSO was taken in a round
bottom flask. To this solution, pulverized potassium hydroxide (3.0 mmol) was added
and the resulting suspension was stirred for 1 h at 80 °C. Then cooled to room
temperature, and then methyl iodide (1.2 mmol) in 1 ml of DMSO was added over a
period of 1 h at 20 °C. The mixture was then allowed to stir for 3 h and monitored by
TLC. After completion of the reaction, the product was extracted with chloroform and

water, evaporated and column purification. (Eluent: 1:9 ethylacetate/n-hexane).

(E)-1,3,5-Trimethyl-4-(phenyldiazenyl)-1H-pyrazole (1e):

Orange solid, mp = 60-63 °C, 189 mg, 88% yield. 'H NMR (400MHz, CDCl;) & 2.50
(s, 3H), 2.57 (s, 3H), 3.77 (s, 3H), 7.35-7.38 (t, J = 7.0 Hz, 1H), 7.44-7.48 (t, J="7.9
Hz, 2H), 7.77-7.79 (d, J = 8.1 Hz, 2H); '*C NMR (100 MHz, CDCl; ) § 10.1, 14.0,
36.1, 121.9, 129.0, 129.4, 135.2, 138.9, 142.5, 153.7, HRMS (ESI-TOF) calcd for
C12H14N4 [M+H]": 215.1297, found: 215.1291; IR (ATR, cm™') 1556, 1513, 1408, 766.

(E)-4-((3-Fluorophenyl)diazenyl)-1,3,5-trimethyl-1H-pyrazole (3e):

Yellow solid, mp = 45-48 °C, 191 mg, 82% yield. 'H NMR (400MHz, CDCl3) § 2.48
(s, 3H), 2.56 (s, 3H), 3.77 (s, 3H), 7.03-7.07 (t, J = 7.2 Hz, 1H), 7.38-7.47 (m, 2H),
7.58-7.60 (d, J = 7.9 Hz, 1H); 3C NMR (100 MHz, CDCls ) § 10.0, 14.0, 36.1, 106.9
(d, J=22.5 Hz), 116.0 (d, J = 22.0 Hz), 119.5 (d, J = 2.7 Hz), 130.1 (d, J = 8.6 Hz),
135.1, 139.6, 142.6, 155.3 (d, J = 6.8 Hz), 155.3 (d, J = 6.8 Hz), 163.4 (d, J = 244.9
Hz); HRMS (ESI-TOF) calcd for C12Hi3FNs [M+H] : 233.1202, found: 233.1191; IR
(ATR, cm™) 1556, 1514, 1406, 1112, 784.

66|Page



Chapter 2. Evaluation of Substituent Effect...

(E)-4-((3-Chlorophenyl)diazenyl)-1,3,5-trimethyl-1 H-pyrazole (6e):

Yellow solid, mp = 90-93 °C, 225 mg, 90% yield. '"H NMR (400MHz, CDCI3) § 2.48
(s, 3H), 2.57 (s, 3H), 3.78 (s, 3H), 7.31-7.40 (m, 2H), 7.66-7.68 (d, J = 7.8 Hz, 1H),
7.75 (br, 1H); 3C NMR (100 MHz, CDCl3) § 10.1, 14.1, 36.2, 120.8, 121.4, 129.1,
130.0, 135.0., 135.2, 139.7, 142.6, 154.6; HRMS (ESI-TOF) calcd for Ci12H13CINg
[M+H]": 249.0907, found: 249.0897; IR (ATR, cm™! ) 1556, 1514, 1403, 693, 784.

(E)-4-((3-Bromophenyl)diazenyl)-1,3,5-trimethyl-1 H-pyrazole (9e):

Yellow solid, mp = 99-102 °C, 275 mg, 94% yield. '"H NMR (400MHz, CDCls) § 2.48
(s, 3H), 2.58 (s, 3H), 3.79 (s, 3H), 7.31-7.35 (t, /= 7.9 Hz, 1H), 7.47-7.49 (d, J= 7.6
Hz, 1H), 7.71-7.73 (d, J = 7.8 Hz, 1H), 7.90 (s, 1H); 1*C NMR (100 MHz, CDCl3) §
10.1, 14.1, 36.2, 121.9, 123.1, 123.8, 130.4, 132.0, 135.2, 139.7, 142.7, 154.7; HRMS
(ESI-TOF) caled for CioHi3sBrNs [M+H] *: 293.0402, 295.0381 found: 293.0392,
295.0371; IR (ATR, cm™) 1514, 1555. 1401, 783, 703.

(E)-1,3,5-Trimethyl-4-((3-(trifluoromethyl)phenyl)diazenyl)-1 H-pyrazole (15e):
Yellow solid, mp = 100-103 °C, 255 mg, 90% yield. '"H NMR (400MHz, CDCl3) § 2.51
(s, 3H), 2.61 (s, 3H), 3.81 (s, 3H), 7.56-7.64 (m, 2H), 7.95-7.97 (d, J = 7.6 Hz, 1H),
8.03 (s, 1H); '*C NMR (100 MHz, CDCls) § 10.1, 14.1, 36.1, 118.7 (q, J = 3.8 Hz),
122.8,125.1,125.6 (q, J=2.4 Hz), 129.5,131.5(q,J=32.3 Hz), 135.3, 139.8, 142.7,
153.7; HRMS (ESI-TOF) calcd for Ci3Hi3F3N4 [M+H]™: 283.1171, found: 283.1163;
IR (ATR, cm™) 1554, 1433, 1323, 1111, 801.

(E)-4-((3-Methoxyphenyl)diazenyl)-1,3,5-trimethyl-1 H-pyrazole (18e):

Yellow solid, mp = 70-74 °C, 275 mg, 85% yield. 'H NMR (400MHz, CDCl3) § 2.50
(s,3H),2.57 (s, 3H), 3.78 (s, 3H), 3.88 (s, 3H), 6.93-6.95 (d, /= 6.9 Hz, 1H), 7.33-7.42
(m, 3H); 3C NMR (100 MHz, CDCl3) § 10.1, 14.0, 36.1, 55.5, 105.6, 115.66, 115.69,
129.7, 135.2, 139.0, 142.6, 155.0, 160.3; HRMS (ESI-TOF) calcd for
Ci13HisNsO[M+H]": 245.1402, found: 245.1390; IR (ATR, cm™) 1556, 1514, 1407,
1130, 785.
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Appendix 2A:

Table 2A.1. Comparison of rate constants of selected substituted phenylazopyrazoles

obtained from UV-Vis, NMR spectroscopies and computations®

E 5 UV-Vis Data NMR Data Comp“tag‘i';‘;; i‘]t)a (Weight
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dComputations have been performed at B3LYP/6-311G(d,p) at 298 K; Rate constant

in 57" and half-life in min; Normal font - gas phase, and italics inside parentheses — in

CH3CN (solvent model).
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Appendix 2B:
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Figure 2B.1: UV-Vis photoswitching studies of 1d (a) in CH3CN solvent; (b) first-
order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (c)

n—n* absorption and (d) n—n* absorption.
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Figure 2B.2: UV-Vis photoswitching studies of 2d (a) in CH3CN solvent; (b) first-

order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (¢)

n—n* absorption and (d) n—n* absorption.
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Figure 2B.3: UV-Vis photoswitching studies of 3d (a) in CH3CN solvent; (b) first-
order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (¢)

n—n* absorption and (d) n—n* absorption.
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Figure 2B.4: UV-Vis photoswitching studies of 4d (a) in CH3CN solvent; (b) first-
order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (¢)

n—n* absorption and (d) n—n* absorption.

73| Page



Chapter 2. Evaluation of Substituent Effect...

0.88 -
Before irradiation 0.88 4
0.77 4 ~—— After irradiation at 365 nm
——— After irradiation at 405 nm
0.774
0.66 £
= c
o e
S 0554 3 0%
H ® =" Model ExpGro1
H xpGro
£ o4a 8 0.55 .-' Equation  y=Al"exp(xitl) + y0
o c -
13
2 d © - Reduced Ch 2.49613E-
I 0B £ 044+ . Adj.RSqua  0.99992
2 F i Value  Standard Error
0.224 <onl 4 B ¥0 093268  8.63843E4
: i 8 A1 068117  8.78399E4
0.1 o B 2] -248.2519 097893
0.224 8 K -0.00403  1.58842E-5
8 tau 72,0751 0.67854
0.00 > 2 2 . T T T T T T T T Ll
20 e 08 5% e 0 100 200 300 400 500 600 700 800
Time (min)
1.50 0.08 -
A, ..=339nm
135 e Ay, =426 nm
0.07
1204
& 1054 3 0.6+
3 K
o o
£ 090+ £ 005+
£ 075 H
2 @ 0.04 Equation  y=a+b'x
< 060 Equation y=a+bx 2 Weight No Weighting
Weight HoWelghting Residual Sum 1.81686€-
0.45 4 Residual Sum  0.00126 0.03 of Squares 5
:‘lf"::ﬂ'l‘l 0.99923 Pearson's r 0.99424
0.30 Adj.R-Square  0.99807 M Adj. R-Square 098278 -
Value Standard Er 0.02 Value tandard Er
0.154 8 Intercept  0.00237 001775 8 Intercept  0.01151  0.00318
Slope. 34674.561 681.972 Slope 1641.071  125.06716
T T T T N 0.01
0.00001 0.00002 0.00003 0.00004 0.00005 0.00001 0.00002 0.00003 0.00004 0.00005
Concentration (M) Concentration (M)

Figure 2B.5: UV-Vis photoswitching studies of 5d (a) in CH3CN solvent; (b) first-

order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (¢)

n—n* absorption and (d) n—n* absorption.
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Figure 2B.6: UV-Vis photoswitching studies of 6d (a) in CH3CN solvent; (b) first-

order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (¢)

n—n* absorption and (d) n—n* absorption.

74| Page



Chapter 2. Evaluation of Substituent Effect...

0.77
Before irradiation .
—— After irradiation at 365 nm 0.66 4
0681 ~——— After irradiation at 405 nm
After irradiation at CFL light 0.55 4
0.55 -
k] £ -
@ € 0.44 o
2 0.44 ~ o~
s @ o Model ExpGrot
.g o35 é 033 ...' Equation  y=At"exp{xt1) + y0
8 ™ 71 ® 'l Reduced Chi- 9.24017E-
2 o Pl Adj. R-Square 099969
0.22 4 < 0.224 o Value  Standard Er
. ! 8 ¥ 096093 0.00934
o 3 At 08609  0.00851
011 ® 8 " 597.972 109038
0.11 4 - B K 0.00167 3.04941E-5
8 tau 414482 7.55794
0.00 4 . i » 3 0.00 T T T T T T T
200 300 400 500 600) 0 100 200 300 400 500 600 700
Wavelength/nm Time (min)
155 0.08
A,_.=336nm Ry =430 NM
0.88 - 0.07
0.77 4 §
E E 0.06
@ o
2 0.66- e
E E 0.05
5 0.55- S
2 Equation  y=a+b'x 2 0044 Equation yeasbx
< 0t Woight No Weighting < Weight No Weighting
.44 4 Rosidual Sum 6.96388E-4 Rosidual Sum 23866
of ros 0.03 4 of Squares
03y) Poarson's r 099618 Poarson's 099803
s Adj.R-Square  0.98855 Adj. R-Square 099409
Value  Standard Er 0.02 4 Valuo  Standard Err
0224 = Intorcopt 007634 0.03745 3 Intercopt 0.00295 0.00219
Slope 29398.036 1823.16751 Slope 23974012 106.58342
T T T 1 0.01 T T T T
0.000015 0.000020 0.000025 0.000030 0.000012 0.000016 0.000020 0.000024 0.000028
Concentration (M) C ation (M)

Figure 2B.7: UV-Vis photoswitching studies of 7d (a) in CH3CN solvent; (b) first-

order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (¢)

n—n* absorption and (d) n—n* absorption.
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Figure 2B.8: UV-Vis photoswitching studies of 8d (a) in CH3CN solvent; (b) first-

order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (¢)

n—n* absorption and (d) n—n* absorption.
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Figure 2B.9: UV-Vis photoswitching studies of 9d (a) in CH3CN solvent; (b) first-

order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (¢)

n—n* absorption and (d) n—n* absorption.
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Figure 2B.10: UV-Vis photoswitching studies of 10d (a) in CH3CN solvent; (b) first-

order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (¢)

n—n* absorption and (d) n—n* absorption.
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Figure 2B.11: UV-Vis photoswitching studies of 11d (a) in CH3CN solvent; (b) first-

order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (c)

n—n* absorption and (d) n—n* absorption.
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Figure 2B.12: UV-Vis photoswitching studies of 12d (a) in CH3CN solvent; (b) first-

order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (c)

n—n* absorption and (d) n—n* absorption.
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Figure 2B.13: UV-Vis photoswitching studies of 13d (a) in CH3CN solvent; (b) first-

order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (c)

n—n* absorption and (d) n—n* absorption.
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Figure 2B.14: UV-Vis photoswitching studies of 14d (a) in CH3CN solvent; (b) first-
order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (c)

n—n* absorption and (d) n—n* absorption.
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Figure 2B.15: UV-Vis photoswitching studies of 15d (a) in CH3CN solvent; (b) first-

order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (¢)

n—n* absorption and (d) n—n* absorption.
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Figure 2B.16: UV-Vis photoswitching studies of 16d (a) in CH3CN solvent; (b) first-

order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (¢)

n—n* absorption and (d) n—n* absorption.
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Figure 2B.17: UV-Vis photoswitching studies of 17d (a) in CH3CN solvent; (b) first-

order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (¢)

n—n* absorption and (d) n—n* absorption.
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Figure 2B.18: UV-Vis photoswitching studies of 18d (a) in CH3CN solvent; (b) first-

order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (¢)

n—n* absorption and (d) n—n* absorption.
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Figure 2B.19: UV-Vis photoswitching studies of 19d (a) in CH3CN solvent; (b) first-
order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (c)

n—n* absorption and (d) n—n* absorption.
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Figure 2B.20: UV-Vis photoswitching studies of 20d (a) in CH3CN solvent; (b) first-
order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (c)

n—n* absorption and (d) n—n* absorption.
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Figure 2B.21: UV-Vis photoswitching studies of 21d (a) in CH3CN solvent; (b) first-
order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (c)

n—n* absorption and (d) n—n* absorption.
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Figure 2B.22: UV-Vis photoswitching studies of 22d (a) in CH3CN solvent; (b) first-
order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (c)

n—n* absorption and (d) n—n* absorption.
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Figure 2B.23: UV-Vis photoswitching studies of 23d (a) in CH3CN solvent; (b) first-
order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (¢)

n—n* absorption and (d) n—n* absorption.
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Figure 2B.24: UV-Vis photoswitching studies of 24d (a) in CH3CN solvent; (b) first-
order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (¢)

n—n* absorption and (d) n—n* absorption.
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Figure 2B.25: UV-Vis photoswitching studies of 25d (a) in CH3CN solvent; (b) first-

order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (¢)

n—n* absorption and (d) n—n* absorption.
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Figure 2B.26: UV-Vis photoswitching studies of 26d (a) in CH3CN solvent; (b) first-

order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (¢)

n—n* absorption and (d) n—n* absorption.
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Figure 2B.27: UV-Vis photoswitching studies of 27d (a) in CH3CN solvent; (b) first-

order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (¢)

n—n* absorption and (d) n—n* absorption.
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Figure 2B.28: UV-Vis photoswitching studies of 28d (a) in CH3CN solvent; (b) first-

order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (¢)

n—n* absorption and (d) n—n* absorption.
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Figure 2B.29: UV-Vis photoswitching studies of 29d (a) in CH3CN solvent; (b) first-
order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (¢)

n—n* absorption and (d) n—n* absorption.
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Figure 2B.30: UV-Vis photoswitching studies of 30d (a) in CH3CN solvent; (b) first-
order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (¢)

n—n* absorption and (d) n—n* absorption.
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Figure 2B.31: UV-Vis photoswitching studies of 31d (a) in CH3CN solvent; (b) first-
order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (¢)

n—n* absorption and (d) n—n* absorption.
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Figure 2B.32: UV-Vis photoswitching studies of 32d (a) in CH3CN solvent; (b) first-
order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (¢)

n—n* absorption and (d) n—n* absorption.
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Figure 2B.33: UV-Vis photoswitching studies of 33d (a) in CH3CN solvent; (b) first-
order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (¢)

n—n* absorption and (d) n—n* absorption.
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Figure 2B.34: UV-Vis photoswitching studies of 34d (a) in CH3CN solvent; (b) first-
order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (¢)

n—n* absorption and (d) n—n* absorption.
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Figure 2B.30: UV-Vis photoswitching studies of 35d (a) in CH3CN solvent; (b) first-
order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (¢)

n—n* absorption and (d) n—n* absorption.
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Figure 2B.36: UV-Vis photoswitching studies of 36d (a) in CH3CN solvent; (b) first-
order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (¢)

n—n* absorption and (d) n—n* absorption.
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Figure 2B.37: UV-Vis photoswitching studies of 37d (a) in CH3CN solvent; (b) first-
order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (¢)

n—n* absorption and (d) n—n* absorption.
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Figure 2B.38: UV-Vis photoswitching studies of 38d (a) in CH3CN solvent; (b) first-
order kinetics plots; Estimation of molar extinction coefficient (in CH3CN) for the (¢)

n—n* absorption and (d) n—n* absorption.
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Appendix 2D:
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Figure 2D.1. UV-Vis photoswitching spectra (a) and kinetics plot (b) of 1e in DMF
at 60+1 °C.
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Figure 2D.2. UV-Vis photoswitching spectra (a) and kinetics plot (b) of 1e in DMSO
at 60+1 °C.
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Figure 2D.3. UV-Vis photoswitching spectra (a) and kinetics plot (b) of 1d in EtOH
at 60+1 °C.
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Figure 2D.4. UV-Vis photoswitching spectra (a) and kinetics plot (b) of 1d in
Toluene at 60+1 °C.
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Chapter 3. Tripodal N-Functionalized Arylazo-3,5-
dimethylpyrazole Derivatives of Trimesic Acid

3.1 Introduction

Photochromic materials are one of the versatile functional materials that can be useful in
applications such as data storage, optical sensors, and rewritable imaging applications.'-* Various
photoswitchable molecules such as stilbenes, spiropyrans, diarylethenes, fulgides etc are popularly
used in this regard. Despite all these molecules, one of the most widely used systems is
azobenzenes. Starting as dye molecules, it has evolved over the last century with a plethora of
applications that include antibiotic drug (prontosil), indicator (methyl orange) and attained a status
photoswitches. Since the discovery of its photoswitching properties due to E-Z isomerization,
numerable applications of azobenzenes have been reported. The ease of synthesis and
functionalization are the main reasons in this regard. In azobenzenes, the forward isomerization (£
to Z) is a light induced process, whereas the reverse isomerization (Z to £) can be expected either
through light or under dark. Due to thermal reverse isomerization, the molecules are expected to
have a half-life, tuning of which is very crucial for various applications.

Recently bistable compounds showed promising applications in imaging, in particular
reversible writing and erasing part.* Mostly the light-driven switching has been used for printing,
whereas thermal conditions are required for erasing. Apart from that, the systems need extensive
synthesis or polymeric linkages for enabling the reversible writing and erasing processes.>® Due
to the tunability in Z-isomer stability, we devised a simple strategy to connect multiple
phenylazopyrazoles to a core moiety such that highly absorbing multistate photoswitchable
compounds can be obtained. In this regard, we have designed and synthesized 18
phenylazopyrazole tricarboxamide based derivatives in good to excellent yields. Such molecules
have several advantages such as ease of synthesis, the scope for derivatives, excellent multi-state
photoswitching and higher conversion in photoisomerization, better solubility, long-term
photoswitching stability and etc. This makes those molecules as potential candidates in reversible
imaging and erasing processes. In this regard, our systems have advantages. Through these
investigations, we discuss the synthesis, solution phase and solid-state photoswitching studies as

a new class of multi-state and solid-state photoswitchable molecules.
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3.2 Synthesis
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Scheme 3.1. Synthesis of tripodal arylazo-3,5-dimethylpyrazole derivatives of trimesic acid 4a-r.
Conditions: (i) PCls, toluene, reflux, 3 h; (ii) Pyridine, toluene, reflux, 5 — 7 h.

Table 3.1. Synthesis of tripodal arylazo-3,5-dimethylpyrazole derivatives of trimesic acid 4a-r.

S.  Compound R= %Yield® | S. Compound R= %Yield®
No. No.
1 4a H 69 10. 4j 4-CF; 85
2 4b 3-F 67 11. 4k 2-NO» 72
3. 4¢ 4-F 81 12. 41 3-NO» 92
4. 4d 3-Cl 80 13 4m 4-NO» 92
5. 4e 4-Cl 82 14. 4n 4-1 80
6 4f 3-Br 62 15. 40 4-Me 68
7 4g 4-Br 63 16. 4p 4-CN 73
8. 4h 2-CF; 89 17. 4q 4-OMe 69
9. 4i 3-CF; 88 18. 4r 3,5-di-F 70
4solated yields

For synthesizing the target molecules, we have adopted a two-stage acid-amine coupling
using trimesic acid and various substituted phenylazopyrazoles 3a-r.° (Scheme 3.1) In the first
stage, the trimesic acid has been refluxed with PCls in toluene to obtain the corresponding
trimesoyl chloride, which was carefully taken to next stage without isolation and reacted with the

respective arylazopyrazole derivatives in the presence of pyridine to obtain the tripodal target
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molecules 4a-r in good to excellent yields. (Table 3.1) All the target molecules 4a-r have been

characterized by using 'H, '*C-NMR, HRMS, IR and UV-Vis spectroscopic data.

3.3 Analysis of photoswitching studies using UV-Vis
spectroscopy

All the synthesized molecules have been subjected to photoswitching in chloroform using
UV-Vis spectroscopy at uM concentration. All the derivatives showed the appearance of a very
strong n—7*, and a weak n—nt* absorption bands almost close to each other. (Figure 3.1a) Among
them, 4-NO,, 4-1 and 4-OCH3 derivatives exhibited red shifts in both the bands relative to the
parent. Due to the presence of three arylazopyrazole units and C3 symmetric structure, their molar
extinction coefficients were estimated to be two to three times higher than the corresponding
unfunctionalized arylazopyrazoles with free NH. All of the derivatives exhibited nearly a
quantitative photoswitching at 365 nm that can be rationalized based on the disappearance of the
n—n* absorption of the EEE-isomer. Apparently, the expected ZZZ-isomer appeared with a blue
shifted n—n* and n—n* absorption bands. Due to the appearance of only one set of n—n* and n—n*
absorption bands, UV-Vis spectroscopy cannot be able to differentiate among the individual EEZ,
EZ7Z and ZZZ-isomeric species. (Figure 3.1e) Interestingly, irradiation of the photoproducts of 4a
at 490 nm readily converted back to EEE-isomer. Similarly, all of the derivatives have also been
subjected to reverse switching using different wavelengths of light. The individual wavelengths of
light required for the reverse isomerization of various derivatives have been indicated along with

their respective PSS composition in terms of EEE-isomer. (Table 3. 2)
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Figure 3.1. Photoswitching in 4a: (a) UV-Vis spectroscopic data depicting photoswitching of 4a

O )
\N &

ZZ

N

(222)-4a

in CHCl; (10 uM) with an insert showing the colour of solution, before and after irradiation at 365
nm; (b) UV-Vis spectroscopic data depicting photoswitching of 4a in solid-state (KBr medium);
Estimation of molar extinction coefficient (¢) of (¢) n—=n*, and (d) n—n* absorption bands in 4a;

(e) Possible photoisomerization products of 4a.
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Apart from that, we have also tested the photoswitching stability for reversibility for the
parent compound 4a. We have followed the reversible switching up to a maximum of 11 cycles,
and we observed that the molecule did not show any fatigue. (Figure 3.2) The thermal stability of
the ZZZ-isomer of the parent compound 4a was also attempted. Due to the indistinguishable nature
of the intermediates from the initial and final isomeric forms (ZZZ, ZZE, ZEE and EEFE), and
slowness of the reverse isomerization kinetics, we focused on the same experiment using NMR

spectroscopy (vide infra).

0.6
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Absorbance
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0.1+
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Irradiation steps
Figure 3.2. Long-term photoswitching stability of 4a up to 11 cycles in CHCI3 (For forward
switching 365 nm was used, whereas reverse isomerization was induced using 490 nm light;

absorbance changes at 352 nm).
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Table 3.2. UV-Vis spectroscopic data of the 4a-r in solution phase (CHCl3) and solid phase (in KBr medium).

Before irradiation (EEE-isomer)
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PSS composition in solution

The fraction of molecules
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o £¢5 2S5 5.5 5 -2 22z E
h'-i o m omm e E h'-i m %
1 4a H 10 | 334 (64126 £ 1172) | 440 (2600 £ 75) 293 442 76 91 56 79
2 4b 3-F 9 | 336 (84181 £5251) | 445 (3136 + 114) 286 439 79 95 47 76
3 4c 4-F 5.4 1335(91126 £3684) | 441 (3704 + 35) 296 443 82 87 63 80
4 4d 3-C1 | 7.3 | 337 (86337 +£2187) | 443 (2988 = 164) 289 443 86 87 65 81
5 4e 4-Cl | 5.5 | 341 (99190 +4483) | 439 (4281 +142) 299 447 90 86 70 83
6 4f 3-Br | 7.2 | 337 (73230 £4851) | 444 (2744 £ 181) 287 444 85 91 59 80
7 4g 4-Br 8 |342(90500 +3117) | 443 (3600 + 152) 296 445 92 79 67 82
8 4h | 2-CF; | 10 | 337 (62700 + 3865) | 440 (1250 £76) 299 447 86 80 82 85
9 4i 3-CF; | 8.5 ]334 (78014 £1019) | 444 (2452 +144) 290 442 79 88 59 75
10 | 4j 4-CFs | 15 | 334 (47645 +£1606) | 447 (1483 £74) 286 444 82 86 64 83
11 | 4k | 2-NO, | 13 336 432 - - - - 96 96
12 | 41 | 3-NOy | 10 | 332 (69224 +£3653) | 447 (2086 £71) 256 442 69 81 76 86
13 | 4m | 4-NO; | 9.9 | 349 (77894 £2740) | 447 (3636 £110) 287 454 80 83 95 95
14 | 4n 4-1 7.9 | 347 (84325 £3756) | 447 (3885 £ 120) 304 446 92 84 66 83
15 | 40 4-Me | 9.8 | 341 (70532+265) | 444 (2666 +119) 300 443 87 79 67 86
16 | 4p | 4-CN | 10 | 343 (67360 +3226) | 445 (2600 £ 40) 270 449 90 81 717 85
17 | 49 | 4-OMe | 9.4 | 352 (77889 £2225) | 443 (3999 + 108) 313 446 87 86 73 89
18 | 4r | 3,5-diF | 15 | 334 (72804 £2100) | 436 (3580 £ 89) 289 444 83 73 85 82
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3.4 Analysis of photoswitching studies using NMR

spectroscopy

The photoswitching studies have also been carried out using "H-NMR spectroscopy at
a relatively higher concentration in the range of mM. Unlike the UV-Vis spectroscopy, the
NMR data was very useful in identification of the individual isomeric species such as EEZ,
EZZ and ZZZ. Upon isomerization all of the protons experienced an upfield shift that
progressively shifted towards the shielded region. Due to the overlapping nature, the individual
isomeric species are indistinguishable on the basis of the protons attached to phenylazopyrazole
units or the two methyl groups. In contrast, the chemical shifts of the benzene core protons are
very useful in this regard. Due to the C3-symmetric structure, the three-benzene core protons
of the parent 4a-EEE appear as a singlet at 8.93 ppm. Upon isomerization with 365 nm
wavelength light, we observed not only upfield shifts, but also the appearance of multiple
signals. (Figure 3.3) The most downfield shifted singlet at 8.75 ppm is corresponding to the
ZZZ-isomer. In between, the two singlets due to EEE and ZZZ-isomers, two sets of signals at
an intensity ratio of 2:1 that can be rationalized as EEZ and EZZ isomers. For rationalizing the
chemical shifts, we have utilized the NMR data from the kinetics experiments, the details of
which will be explained in the following section. At different intervals of time, changes in the
composition of individual isomers have been utilized in identifying the signals. Using the
integral ratios of the benzene core protons, we were able to identify the PSS composition at
both forward as well as reverse switching. (Table 3.3 and Appendix 3A) Among the various
derivatives, we observed, 4-OCHj3 and 4-CH3 showed a maximum photoisomerization leading
to ZZZ-isomer. On the other hand, 2-NO; derivative showed no switching at all. Presumably,
this molecule might be switching back rapidly. In the case of 2-nitro derivative 4Kk, the solution
phase irradiation did not exhibit photoisomerization, however, in the solid phase (in KBr
medium), it indeed produces appreciable changes in the absorption spectrum. Since the stability
of the photoisomers is expected to be more in the solid phase, we observe the isomerization to
a lesser extent. Hence, faster reverse isomerization might be responsible for no
photoisomerization in the solution phase.

In order to understand whether the light induced isomerization is concentration
dependent, we have performed the forward switching at different concentrations. The results
revealed a low dependency of the concentration in photoswitching. Even at a concentration of
11 mM, we observed a conversion of 66% ZZZ-isomer, whereas no EEE-isomer was detected.

(Figure 3.4 and Table 3.4) The low dependency of the concentration in photoswitching is
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contrary to a recent observation on tris-azobenzenes connected benzenetricarboxamides, where
the forward photoswitching efficiency depends on the concentration due to the supramolecular
interactions.['%8] As we initially assumed, the presence of the two methyl groups at pyrazole
prevented such interactions in 4a, which might be responsible for moderate to good

isomerization even at higher concentration.
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Figure 3.3: NMR photoswitching studies of 4a in CDCI3 (8.5 mM) (a) before irradiation; (b)

after irradiation with 365 nm; (¢) after irradiation with 490 nm.
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Table 3.3. NMR studies of photoisomerization in tripodal arylazo-1H-3,5-dimethylpyrazole

derivatives of trimesic acid 4a-r.

%Composition of individual isomers at PSS

Compound R= A (nm)

No. EEE EEZ EZZ 777

1. 4a H 365 0 0 17 &3
490 35 40 20 5

2. 4b 3-F 365 0 7 31 62
435 93 7 0 0

3. 4c 4-F 365 - 5 28 67
490 76 21 3 0

4, 4d 3-Cl 365 3 16 40 41
505 46 38 14 2

5. 4e 4-Cl 365 1 2 19 78
450 41 34 18 7

6. 4f 3-Br 365 1 4 25 70
505 48 37 13 2

7. 4g 4-Br 365 7 6 18 69

435 32 23 22 13

8. 4h 2-CF3 365 2 4 27 67
505 55 37 8 0

9. 4i 3-CF; 365 20 37 31 12
490 60 32 8 -

10. 4j 4-CF3 365 1 7 33 59
435 37 35 23 5

11. 4k 2-NO, b 100 - - -
b 100 - - -

12. 41 3-NO; 365 6 24 41 29
505 50 40 10 -

13 4m 4-NO, 365 11 26 38 25
505 84 16 - -

14. 4n 4-1 365 20 35 32 13
505 40 37 18 5

15. 40 4-Me 365 10 19 34 37
450 65 30 5 -

16. 4p 4-CN 365 1 5 25 68
505 68 28 4 -

17. 4q 4-Ome 365 - 1 11 88
505 72 25 3 -

18. 4r 3,5-di-F 365 17 22 34 27
505 c c c c

4PSS has been established for individual derivatives through prolonged irradiation at 365 nm
(forward isomerization from EEE-isomer, represented in normal font) such that no further
isomerization happens; The compositions have been deduced using 'H-NMR in CDCl3 at 25 +
1 OC; The integral ratios of benzene core protons have been used for the estimation of
individual isomers; °No photoisomerization was observed with different irradiation
wavelengths; ‘Due to overlapping signals, the species were indistinguishable. (For all the
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derivatives 8.5 mM concentration samples have been used, however, due to poor solubility, 41
and 4r, the exact concentrations were unknown.)
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Figure 3.4. The composition of photoisomers of compound 4a at different concentration: (a)
EEE-4a spectrum at 11.43 mM (before irradiation); After irradiation of the sample at 365 nm,
(b) at 11.43 mM; (c) at 5.72 mM; (d) at 2.86 mM; (e) at 1.43 mM; (f) at 0.71 mM and (g) at
0.36 mM. (All the "H-NMR spectra depict the signal(s) corresponding to benzene core protons
in the aryl region of 4a).

Table 3.4. Concentration dependency in photoswitching of 4a.

S. No Composition at photostationary state® Concentration
T % EEE % EEZ % EZZ % 72727 (mM)
1° 100 0 0 0 11.43
2 0 4 28 68 11.43
3 0 4 27 69 5.72
4 0 4 27 69 2.86
5 0 0 28 72 1.43
6 0 0 16 84 0.71
7 0 0 16 84 0.36

aThe CDCls solutions of 4a in different concentrations have been subjected to 365 nm
irradiation up to a maximum of 120 min, depending on the attainment of PSS. (The samples
with low concentrations, 0.71 and 0.36 mM reached the PSS within 5 min of irradiation)
"Before irradiation.
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3.5 Thermal reverse isomerization Kinetics studies using

NMR spectroscopy

In order to understand the stability of the ZZZ- and other isomers, the thermal reverse
isomerization kinetics has been followed. In this regard, the parent compound 4a was subjected
to 365 nm irradiation to reach the PSS, followed by NMR spectroscopic studies that have been
carried out at 25 + 2 OC for more than 40 days. (Table 3. 5)

Table 3.5. Thermal reverse isomerization kinetics data of 4a in CDClz at 25 + 2 °C using NMR

spectroscopy.

S. No Time (min) NZZZ %ZZE %ZEE %EEE
1 0 71 26 3 0
2 45 71 26 3 0
3 61 70 27 3 0
4 1187 63 31 7 0
5 2645 57 35 7 1
6 4584 48 39 11 2
7 5931 41 42 15 2
8 7432 36 43 19 3
9 8701 33 43 20 4
10 10340 28 44 24 5
11 11589 26 44 25 6
12 13012 23 43 27 7
13 14543 19 42 31 8
14 15971 17 39 34 10
15 20294 11 36 39 15
16 21569 9 35 39 16
17 22830 8 36 39 17
18 24255 8 33 41 19
19 28873 6 27 43 25
20 31853 4 24 44 27
21 34322 3 20 45 34
22 38877 2 17 42 39
23 44423 1 14 40 44
24 55269 0 9 38 53
25 61295 0 5 35 60

In 4a, upon isomerization using 365 nm light a mixture different photoisomers, namely ZZZ-,
ZZE- and ZEE- along with the native isomer EEE-4a have been observed at PSS. The thermal
reverse isomerization kinetics have been followed using a 400 MHz NMR at 298 K. For
following the kinetics, the sample temperature has been maintained at 25 + 2 °C. The collected
data through NMR spectroscopy and changes in the composition of individual isomers over a
period of 40 days have been shown. (Figure 3.5) We observed a consecutive reaction in three

steps.
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Figure 3.5. Thermal reverse isomerization kinetics profile of 4a at 25 + 2 °C using '"H-NMR.

The rate constants for the individual steps have been deduced by Mayank Saraswat
using numerical solutions and fitting the data using a program ROOT (version 6.08) available
online (in https://root.cern.ch.) The details of calculating the rate constants by numerically
solving the rate expressions are indicated in Appendix. (Appendix 3C) For confirming the
experimentally observed trend in the isomerization rates, DFT level computations at B3LYP/6-
311G(d,p) level of theory have been performed. The trends in the computed rates and barriers
have been indicated. (Table 3.6) Based on these data, it is evident that the ZZZ-isomer is more
stable in solution phase. In figure S7 and table S3. Three consecutive reactions have been
considered for obtaining the rate laws and corresponding rate constant for the thermal

isomerization processes.

Table 3.6 Thermal reverse isomerization kinetics data of 4a.

NMR Data? Computed

S. No. Step K(minT) Half il Barriersb
I 77Z-77ZE 89876 X 10°% 65434 x 107 5.36 24.1(6)
2 ZZE-ZEE  5.9765x 107+ 6.0645 x 107 8.05 24.1(0)
3 ZEE-EEE  29570x 10554019 107 1627 24.1(6)

aKinetics studies have been performed in CDCls (8.5 mM) at 25 + 2 °C; "B3LYP/6-311G(d,p)
level of theory; “Half-life in days; YEnergies in kcal/mol.
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3.6 Solid-state photoisomerization

Similar to the solution phase photochemistry, solid-state photochemistry has also been
followed using UV-Vis spectroscopy. The UV-Vis spectroscopic studies through reflectance
mode in KBr medium showed prominent changes in the n—n* band. (Figure 3.1b) Therefore,
the solid-state photoswitching studies have been extended to all of the derivatives using UV-
Vis spectroscopy. In all of the cases, signals have been observed at n—n* and n—n* regions for
the native sample in KBr medium. Upon irradiation with 365 nm, all derivatives exhibited
prominent changes in the n—n* region. The increase in the intensity in that region clearly
showed the isomerization.

The fraction of the sample that undergoes photoswitching has been estimated and
tabulated. (Table 3.2) The percent conversion of the EEE isomer into the ZZZ, ZZFE and ZEE
photoisomers at the photostationary state by UV irradiation has been estimated on the basis of
the following equation!'®! using the absorbance value changes in the n—nt* region for the solid
sample (in KBr medium) and in the n—n* region for the solution phase samples (in CHCl3).
Using the same expression, the reverse isomerization conversions at the PSS have also been

obtained.

absorption after irradiation at 365 nm

% conversion of EEE isomers = 1 — - ; —
absorption before irradiation

In order to quantify the extent of isomerization, we have dissolved the irradiated sample
(as a pellet in KBr medium) of 4b in CDCIs under dark and immediately a "H-NMR has been
recorded. The spectra showed that nearly 77% of sample underwent isomerization with the
appearance of varying % of EEZ, EZZ and ZZZ-isomers. (Figure 3.6) Based on this
observation, we have a clear evidence for the solid-state photoswitching. For selected
derivatives, we have also performed the solid state switching for reversibility. The reversibility
has been performed for 10 cycles by alternately irradiating the sample with 365 nm and 490

nm lights. In solid state also, these molecules showed consistency and switching stability.
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Figure 3.6: "H-NMR spectrum of 4b in CDCl; (aromatic region corresponding to the benzene
core protons) depicting the composition of individual isomers after irradiating the sample as a
homogeneous mixture in KBr. (The irradiated sample was dissolved in CDCI3 under dark and

the '"H-NMR has been recorded immediately)

3.7 Summary

In summary, 18 derivatives of tripodal arylazo-3,5-dimethylpyrazole-1-carboxamides
have been synthesized in good to excellent yields. Due to the presence of methyl groups in the
pyrazoles, their supramolecular interactions are hindered and so these molecules showed better
solubility. Due to the presence of three switchable arylazopyrazole groups, not only they
showed better light absorption properties, but also photoswitching ability predominantly
towards high %ZZZ-isomer. The only exception is the 2-nitro derivative, which did not undergo
isomerization at all, presumably experiencing faster reverse switching. Kinetics studies and
reversibility studies using 4a predicted the higher thermal stability of ZZZ-isomer and long-
term switching prospects, respectively. Besides the solution phase switching properties, these
class of molecules showed excellent solid state switching as well. The stability of the ZZZ-
isomer and solid state photoswitching makes these molecules a new class of compounds that

can be useful in various applications including the light-driven imaging and erasing.

3.6 Experimental Section

Arylazopyrazoles (3a-r) were prepared as mentioned in the procedure indicated in chapter 1.
General method for the synthesis of tripodal arylazo-3,5-dimethylpyrazole derivatives of

trimesic acid 4a-r. An oven dried 100 ml round bottom flask was charged with trimesic acid

110|Page



Chapter 3. Tripodal arylazo-3,5-dimethylpyrazole Derivatives of Trimesic Acid

(105.1 mg, 0.5 mmol) and phosphorus pentachloride (0.25 gm, 2.5 mmol) and refluxed in dry
toluene (15 mL) under a nitrogen atmosphere for three hours to prepare trimesoyl chloride.
This trimesoyl chloride was transferred (without isolation) to another oven dried 250 mL round
bottom flask containing the corresponding arylazopyrazole 3a-r (0.320 mg, 1.6 mmol), toluene
(30 mL) and pyridine (0.791 mg, 10 mmol) under a nitrogen atmosphere at 0 °C. The Reaction
mixture was stirred at 110 °C for 5-7 hours. The precipitate was filtered and washed well with
dry ethanol to remove pyridine hydrochloride and the starting material to get the desired
product.

Benzene-1,3,5-triyltris((3,5-dimethyl-4-((£)-phenyldiazenyl)- 1 H-pyrazol-1-yl)methanone)
(4a):

Yellow solid, mp = 185-186 °C, 261.11 mg, 69% yield. '"H NMR (400 MHz, CDCl3) & 2.54 (s,
9H), 3.07 (s, 9H), 7.44-7.53 (m, 9H), 7.85-7.87 (d, J = 7.3 Hz, 6H), 8.91 (s, 3H); *C NMR
(100 MHz, CDCls) 6 12.35, 15.38, 122.33, 129.08, 130.68, 132.77, 137.88, 137.93, 145.98,
146.31, 153.22, 166.79; HRMS (ESI-TOF): calcd. for C42H37N1203[M+H]*: 757.3112, found:
757.3100; IR (ATR, cm™'): 3054, 2918, 1706, 1581, 1440, 1406, 1346, 1287, 1215, 1176, 1078,
1042, 1012, 903, 850, 785, 770, 680, 650.

Benzene-1,3,5-triyltris((4-((E)-(3-fluorophenyl)diazenyl)-3,5-dimethyl-1 H-pyrazol-1-
yl)methanone) (4b):

Yellow solid, mp = 238-239°C, 271.62 mg, 67% yield. "H NMR (400 MHz, CDCls) & 2.55 (s,
9H), 3.09 (s, 9H), 7.14-7.18 (t, J = 7.7 Hz, 3H), 7.45-7.55 (m, 6H), 7.68-7.70 (d, J = 7.7 Hz,
3H), 8.91 (s, 3H); '*C NMR (100 MHz, CDCl3) 6 12.50, 15.53, 107.41, 107.63, 117.41, 117.63,
120.20, 130.33, 130.43, 132.81, 137.92, 138.10, 146.30, 146.89, 154.81, 154.88, 162.25,
164.71, 166.83; '"F NMR (376.5 MHz, CDCIl3) & -111.30; HRMS (ESI-TOF): calcd. for
C42H34F3N1,03[M+H]": 811.2829, found: 811.2868; IR (ATR, cm™"): 3020, 1708, 1594, 1579,
1489, 1429, 1407, 1372, 1349, 1292, 1214, 1011, 669.

Benzene-1,3,5-triyltris((4-((E)-(4-fluorophenyl)diazenyl)-3,5-dimethyl-1 H-pyrazol-1-
yl)methanone) (4¢):

Yellow solid, mp = 285-286°C, 328.37 mg, 81% yield. '"H NMR (400 MHz, CDCl3) § 2.52 (s,
9H), 3.05 (s, 9H), 7.16-7.21 (t, J = 8.6 Hz, 6H), 7.85-7.89 (dd, J = 8.9, 5.2 Hz, 6H), 8.89 (s,
3H); 3C NMR (100 MHz, CDCl3) & 12.48, 15.53, 116.05, 116.28, 124.32, 124.41, 132.86,
137.89, 138.03, 146.13, 146.36, 149.85, 166.89; 'F NMR (376.5 MHz, CDCls) & -113.02;
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HRMS (ESI-TOF): calcd. for C42H34F3N1203[M+H]": 811.2829, found: 811.2720; IR (ATR,
cm™): 3115, 1705, 1594, 1499, 1470, 1434, 1405, 1378, 1347, 1289, 1229, 1174, 1136, 1089,
1040, 1020, 1009, 989, 934, 897, 837, 817, 758, 746, 736, 728, 712, 671, 640, 627.

Benzene-1,3,5-triyltris((4-((E£)-(3-chlorophenyl)diazenyl)-3,5-dimethyl- 1 H-pyrazol-1-
yl)methanone) (4d):

Yellow solid, mp = 219-220°C, 344.0628 mg, 80% yield. "H NMR (400 MHz, CDCl3) § 2.52
(s, 3H), 3.07 (s, 3H), 7.40-7.46 (m, 6H), 7.75-7.78 (d, J = 6.4 Hz, 3H), 7.83 (s, 3H), 8.91 (s,
3H); HRMS (ESI-TOF): calcd. for CsH34CIsN1203[M+H]": 859.1942, found: 859.1988,
861.1957; IR (ATR, cm™): 3115, 2918, 1726, 1710, 1576, 1426, 1403, 1372, 1345, 1291,
1269, 1218, 1189, 1174, 1019, 924, 902, 879, 782, 757, 734, 713, 673.

Benzene-1,3,5-triyltris((4-((E)-(4-chlorophenyl)diazenyl)-3,5-dimethyl-1 H-pyrazol-1-
yl)methanone) (4e):

Yellow solid, mp = 275-276°C, 352.66 mg, 82% yield. "H NMR (400 MHz, CDCls) § 2.52 (s,
9H), 3.06 (s, 9H), 7.46-7.48 (d, J= 8.7 Hz, 3H), 7.79-7.81 (d, J = 8.7 Hz, 6H), 8.90 (s, 3H);
3C NMR (100 MHz, CDCl3) & 12.51, 15.54, 123.70, 129.47, 132.84, 136.68, 138.00, 138.06,
146.34, 146.50, 151.71, 166.86; HRMS (ESI-TOF): calcd. for C4H3CIsN12O3[M+H]*
859.1942, found: 859.2005; IR (ATR, em™): 3116, 2920, 2851, 1719, 1707, 1579, 1498, 1482,
1426, 1406, 1374, 1345, 1301, 1287, 1220, 1175, 1091, 1047, 927, 894, 830, 783, 757.

Benzene-1,3,5-triyltris((4-((E)-(3-bromophenyl)diazenyl)-3,5-dimethyl-1 H-pyrazol-1-
yl)methanone) (4f):

Yellow solid, mp = 245-246°C, 307.99 mg, 62% yield. "H NMR (400 MHz, CDCl3) & 2.52 (s,
9H), 3.08 (s, 9H), 7.37-7.41 (t, J= 7.6 Hz, 3H), 7.56-7.58 (d, /= 7.3 Hz, 3H), 7.80-7.82 (d, J
= 7.4 Hz, 3H), 7.98 (s, 3H), 8.90 (s, 3H); '*C NMR (100 MHz, CDCl3) § 12.55, 15.58, 122.41,
123.28, 124.39, 130.60, 132.81, 133.42, 137.99, 138.10, 146.28, 147.02, 154.23, 166.83;
HRMS (ESI-TOF): calcd. for C42H34BrsN1203[M+H]": 991.0427, found: 993.0449; IR (ATR,
cm™): 3116,2924, 1720, 1700, 1579, 1499, 1478, 1462, 1431, 1402, 1380, 1345, 1273, 1216,
1186, 1175, 1119, 1055, 1046, 1019, 939, 907, 879, 837, 800, 719, 648.
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Benzene-1,3,5-triyltris((4-((E)-(4-bromophenyl)diazenyl)-3,5-dimethyl-1 H-pyrazol-1-
yl)methanone) (4g):

Yellow solid, mp = 236-236°C, 312.96 mg, 63% yield. '"H NMR (400 MHz, CDCls) § 2.52 (s,
9H), 3.05 (s, 9H), 7.62-7.64 (d, J = 8.3 Hz, 3H), 7.72-7.74 (d, J = 8.4 Hz, 6H), 8.89 (s, 3H);
3C NMR (100 MHz, CDCls) & 12.52, 15.57, 123.94, 125.10, 132.44, 132.81, 138.00, 138.06,
146.32, 146.60, 152.04, 166.84; HRMS (ESI-TOF): calcd. for Cs2H34BrsNi203[M+H]™:
991.0427, found: 991.0389; IR (ATR, cm™!): 3115,2925,2349, 1722, 1708, 1578, 1498, 1477,
1427, 1406, 1375, 1345, 1301, 1286, 1220, 1174, 1122, 1094, 1068, 1047, 1019, 1006, 961,
927, 893, 838, 826, 780, 758, 732, 713.

Benzene-1,3,5-triyltris((3,5-dimethyl-4-((E)-(2-(trifluoromethyl)phenyl)diazenyl)- 1 H-
pyrazol-1-yl)methanone) (4h):

Yellow solid, mp = 262-263°C, 427.57 mg, 89% yield. '"H NMR (400 MHz, CDCls) & 2.53 (s,
9H), 3.10 (s, 9H), 7.52-7.56 (t, /= 6.9 Hz, 3H), 7.63-7.67 (t, J= 7.9 Hz, 3H), 7.81-7.83 (d, J
= 7.6 Hz, 6H), 8.91 (s, 3H); '3C NMR (100 MHz, CDCl3) & 12.49, 15.30, 115.90, 126.66,
128.08, 128.39, 130.19, 132.67, 132.80, 138.07, 138.65, 146.50, 147.91, 150.10, 166.83; '°F
NMR (376.5 MHz, CDCI3) 6 -61.41; HRMS (ESI-TOF): calcd. for CssH34FoN1203[M+H]":
961.2733, found: 961.2696; IR (ATR, cm™'): 3137,2934, 1712, 1696, 1600, 1579, 1517, 1495,
1435, 1407, 1373, 1350, 1310, 1285, 1268, 1219, 1196, 1168, 1107, 1052, 1035, 1020, 953,
911, 889, 756, 732, 717, 653.

Benzene-1,3,5-triyltris((3,5-dimethyl-4-((E)-(3-(trifluoromethyl)phenyl)diazenyl)- 1 H-
pyrazol-1-yl)methanone) (4i):

Yellow solid, mp = 256-257°C, 422.76 mg, 88% yield. 'H NMR (400 MHz, CDCIl3) & 2.55
(s, 9H), 3.09 (s, 9H), 7.61-7.65 (t,J = 7.7 Hz, 3H), 7.70-7.72 (d, J=7.5 Hz, 3H), 8.02-8.04 (d,
J=7.8 Hz, 3H), 8.10 (s, 3H), 8.93 (s, 3H); 3C NMR (100 MHz, CDCl3) § 12.57, 15.59, 119.51,
122.65, 125.47, 127.05, 129.83, 131.69, 132.02, 132.80, 138.03, 138.13, 146.24, 147.26,
153.26, 166.81; '"F NMR (376.5 MHz, CDCls) 8 -65.87, HRMS (ESI-TOF): calcd. for
CasH34FoN1,03[M+H]": 961.2733, found: 961.2770; IR (ATR, cm™"): 3123, 1701, 1581, 1493,
1335, 1404, 1382, 1372, 1350, 1327, 1295, 1218, 1184, 1166, 1120, 1092, 1045, 1022, 1003,
933, 906, 803, 736, 718, 691, 657.
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Benzene-1,3,5-triyltris((3,5-dimethyl-4-((E)-(4-(trifluoromethyl)phenyl)diazenyl)- 1 H-
pyrazol-1-yl)methanone) (4j):

Yellow solid, mp = 237-238°C, 408.35 mg, 85% yield. "H NMR (400 MHz, CDCls) & 2.54 (s,
9H), 3.09 (s, 9H), 7.75-7.77 (d, J = 8.3 Hz, 6H), 7.92-7.94 (d, J = 8.2 Hz, 6H), 8.92 (s, 3H);
3C NMR (100 MHz, CDCls) & 12.55, 15.59, 122.63, 126.41, 126.45, 131.87, 132.30, 132.73,
138.15, 146.17, 147.49, 155.09, 166.78; 1°F NMR (376.5 MHz, CDCl;3) 6 65.69; HRMS (ESI-
TOF): calcd. for C4sH34F9N1203[M+H]*: 961.2733, found: 961.2776; IR (ATR, cm™): 3128,
3088, 2931, 1703, 1613, 1574, 1427, 1406, 1361, 1320, 1290, 1221, 1169, 1114, 1065, 1013,
894, 847, 828, 742, 717, 648.

Benzene-1,3,5-triyltris((3,5-dimethyl-4-((E)-(2-nitrophenyl)diazenyl)-1 H-pyrazol- 1 -
yl)methanone) (4k):

Orange solid, mp = 242-243°C, 321.06 mg, 72% yield ."H NMR (400 MHz, CDCl3) & 2.45 (s,
9H), 3.08 (s, 9H), 7.53-7.57 (t, J= 7.5 Hz, 3H), 7.68-7.72 (m, 6H), 7.86-7.88 (d, J = 7.9 Hz,
3H), 8.89 (s, 3H); '*C NMR (100 MHz, CDCl3) 6 12.51, 15.45, 118.17, 124.03, 130.42, 132.70,
132.92, 138.11, 138.64, 145.74, 146.42, 147.80, 148.43, 166.73; HRMS (ESI-TOF): calcd. for
C42H34N1509[M+H]": 892.2664, found: 892.2626; IR (ATR, cm™'): 2927, 1729, 1700, 1580,
1535, 1514, 1472, 1428, 1406, 1340, 1288, 1222, 1175, 1139, 1118, 1086, 1044, 1012, 954,
888, 857, 772, 745, 716, 668, 609.

Benzene-1,3,5-triyltris((3,5-dimethyl-4-((E)-(3-nitrophenyl)diazenyl)-1 H-pyrazol- 1 -
yl)methanone) (41):

Orange solid, mp = 216-217°C, 410.24 mg, 92% yield, "H NMR (400 MHz, CDCl3) & 2.56 (s,
9H), 3.11 (s, 9H), 7.68-7.72 (t, J = 8 Hz, 3H), 8.18-8.20 (d, /= 7.8 Hz, 3H), 8.30-8.32 (d, J =
7.0 Hz, 3H), 8.66 (s, 3H), 8.93 (s, 3H); HRMS (ESI-TOF): calcd. for C42H34N150o[M+H]":
892.2664, found: 892.2638; IR (ATR, cm™"): 3104, 2924, 2355, 2262, 1702, 1609, 1580, 1530,
1503, 1470, 1432, 1403, 1372, 1344, 1290, 1219, 1173, 1120, 1076, 1043, 1020, 1003, 944,
904, 867, 855, 804, 787, 666.

Benzene-1,3,5-triyltris((3,5-dimethyl-4-((E)-(4-nitrophenyl)diazenyl)-1 H-pyrazol-1-
yl)methanone) (4m):

Orange solid, mp = 234-235°C, 410.24 mg, 92% yield. "H NMR (400 MHz, CDCl3) & 2.55 (s,
9H), 3.11 (s, 9H), 7.96-7.98 (d, J = 8.6 Hz, 6H), 8.37-8.39 (d, J = 8.6 Hz, 6H), 8.93 (s, 3H);
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BC NMR (100 MHz, CDCls) & 12.62, 15.62, 123.05, 124.94, 132.71, 138.20, 138.46,
146.09,148.40, 148.61, 156.44, 166.69; HRMS (ESI-TOF): calcd. for C42H3aN1509[M+H]":
892.2664, found: 892.2637; IR (ATR, cm™'): 3104, 2927, 1770, 1699, 1607, 1575, 1523, 1466,
1432, 1403, 1373, 1336, 1285, 1219, 1170, 1149, 1103, 1043, 1018, 1005, 893, 859, 830, 775,
755,726,717, 679,

Benzene-1,3,5-triyltris((4-((E)-(4-iodophenyl)diazenyl)-3,5-dimethyl-1 H-pyrazol-1-
yl)methanone) (4n):

Yellow solid, mp = 233-234°C, 453.81 mg, 80% yield. "H NMR (400 MHz, CDCls) & 2.51 (s,
9H), 3.05 (s, 9H), 7.57-7.59 (d, J = 8.6 Hz, 6H), 7.83-7.85 (d, J = 8.6 Hz, 6H), 8.89 (s, 3H);
3C NMR (100 MHz, CDCl3): 8 12.52, 15.56, 97.28, 124.07, 132.80, 138.00, 138.08, 138.46,
146.33, 146.63, 152.65, 166.83; HRMS (ESI-TOF): calcd. for CsHzsI3N12O3[M+H]":
1135.0011, found: 1135.0063; IR (ATR, cm™'): 3115, 2921, 2349, 1726, 1711, 1580, 1496,
1475, 1426, 1404, 1387, 1344, 1286, 1221, 1176, 1046, 1003, 825, 777, 758, 735, 628, 609.

Benzene-1,3,5-triyltris((3,5-dimethyl-4-((E)-p-tolyldiazenyl)-1 H-pyrazol-1-yl)methanone)
(40):

Yellow solid, mp = 235-236°C, 271.63 mg, 68% yield ."H NMR (400 MHz, CDCIl3), & 2.44 (s,
9H), 2.53 (s, 9H), 3.05 (s, 9H), 7.29-7.31 (d, J = 8.1 Hz, 6H), 7.75-7.77 (d, J = 8.2 Hz, 6H),
8.90 (s, 3H); *C NMR (100 MHz, CDCls) & 12.47, 15.51, 21.63, 122.41, 129.84, 132.90,
137.98, 141.31, 145.59, 146.50, 151.46, 166.93; HRMS (ESI-TOF): calcd. for
CssHasN1O3[M+H]™: 799.3581, found: 799.3545; IR (ATR, cm™): 3112, 2925, 2349, 1721,
1708, 1602, 1583, 1502, 1434, 1408, 1377, 1345, 1309, 1289, 1219, 1177, 1150, 1120, 1104,
1043, 1019, 1007, 894, 821, 759, 737, 709, 674, 623.

4,4' 4"-((1E,1'E,1"E)-((benzene-1,3,5-tricarbonyl)tris(3,5-dimethyl- 1 H-pyrazole-1,4-
diyl))tris(diazene-2,1-diyl))tribenzonitrile (4p):

Orange solid, mp = 260-261°C, 303.63 mg, 73% yield '"H NMR (400 MHz, CDCl3) & 2.53 (s,
9H), 3.09 (s, 9H), 7.79-7.81 (d, J = 8.3 Hz, 3H), 7.91-7.93 (d, J = 8.3 Hz, 6H), 8.92 (s, 3H);
3C NMR (100 MHz, CDCls) § 12.57, 15.59, 113.74, 118.65, 122.99, 132.71, 133.38, 138.18,
138.30, 146.11, 148.04, 155.20, 166.70; HRMS (ESI-TOF): calcd. for C4sH3aN1s03[M+H]":
832.2969, found: 832.2938; IR (ATR, cm™"): 3114, 2923, 2851, 2228, 1704, 1578, 1497, 1427,
1406, 1371, 1343, 1285, 1220, 1174, 1103, 1042, 1011, 893, 846, 794, 758, 721, 647.
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Benzene-1,3,5-triyltris((4-((E)-(4-methoxyphenyl)diazenyl)-3,5-dimethyl- 1 H-pyrazol-1-
yl)methanone) (4q):

Yellow solid, mp = 250-251°C, 292.18 mg, 69% yield ."H NMR (400 MHz, CDCls) & 2.52 (s,
9H), 3.04 (s, 9H), 3.90 (s, 9H), 6.99-7.01 (d, J = 8.6 Hz, 6H), 7.84-7.86 (d, J = 8.7 Hz, 6H),
8.88 (s, 3H); 3C NMR (100 MHz, CDCl3) & 12.46, 15.50, 55.74, 114.32, 124.22, 132.96,
137.94, 140.88, 144.94, 146.59, 147.77, 161.92, 166.97; HRMS (ESI-TOF): calcd. for
CasHasN12Os[M+H]": 847.3429, found: 847.3455; IR (ATR, cm™): 2836, 1704, 1599, 1585,
1503, 1464, 1433, 1417, 1372, 1350, 1314, 1290, 1247, 1177, 1147, 1104, 1031, 1020, 1007,
898, 832, 804, 769, 758, 738, 724, 711, 637, 614.

Benzene-1,3,5-triyltris((4-((E)-(3,5-difluorophenyl)diazenyl)-3,5-dimethyl-1 H-pyrazol-1-
yl)methanone) (4r):

Yellow solid, mp = 263-264°C, 302.67mg, 70% yield. '"H NMR (400 MHz, CDCl3) § 2.51 (s,
9H), 3.07 (s, 9H), 6.89-6.92 (t, J = 8.5 Hz, 3H), 7.39-7.40 (d, J = 5.6 Hz, 6H), 8.91 (s, 3H);
HRMS (ESI-TOF): calcd. for C42H31FsN1203[M+H]*: 865.2546, found: 865.2543. IR (ATR,
cmt): 3095, 2925, 2349, 1714, 1614, 1599, 1578, 1499, 1483, 1452, 1432, 1407, 1378, 1349,
1282, 1226, 1202, 1179, 1118, 1043, 1013, 993, 980, 915, 869, 852, 757, 729, 716, 665, 621.
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Appendix 3A
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Figure 3A1: UV-Vis photoswitching studies of 4a (a) in CHCI3 solvent (10.0 uM); (b) in KBr
solid medium; Estimation of molar extinction coefficient for the (c) n—n* absorption and (d)

n—n* absorption.
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Figure 3A2: UV-Vis photoswitching studies of 4b (a) in CHCl3 solvent (9.0 uM); (b) in KBr
solid medium; Estimation of molar extinction coefficient for the (¢) n—n* absorption and (d)

n—n* absorption.
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Figure 3A3: UV-Vis photoswitching studies of 4¢ (a) in CHCI3 solvent (5.4 uM); (b) in KBr
solid medium; Estimation of molar extinction coefficient for the (¢) n—n* absorption and (d)

n—n* absorption.
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Figure 3A4: UV-Vis photoswitching studies of 4d (a) in CHCl;3 solvent (7.3 uM); (b) in KBr
solid medium; Estimation of molar extinction coefficient (in CHCI3) for the (¢) n—=n*

absorption and (d) n—

m* absorption.
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Figure 3A5: UV-Vis photoswitching studies of 4e (a) in CHCI3 solvent (5.5 uM); (b) in KBr
solid medium; Estimation of molar extinction coefficient (in CHCI3) for the (¢) n—=n*
absorption and (d) n—n* absorption.
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Figure 3A6: UV-Vis photoswitching studies of 4f (a) in CHCl3 solvent (7.2 uM); (b) in KBr
solid medium; Estimation of molar extinction coefficient (in CHCI3) for the (¢) n—=n*
absorption and (d) n—n* absorption.
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Figure 3A7: UV-Vis photoswitching studies of 4g (a) in CHCIl3 solvent (8.0 uM); (b) in KBr
solid medium; Estimation of molar extinction coefficient (in CHCI3) for the (c) n—=n*

absorption and (d) n—n* absorption.
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Figure 3A8: UV-Vis photoswitching studies of 4h (a) in CHCIl3 solvent (10 uM); (b) in KBr
solid medium; Estimation of molar extinction coefficient (in CHCI3) for the (¢) n—=n*

absorption and (d) n—n* absorption.
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Figure 3A9: UV-Vis photoswitching studies of 4i (a) in CHCl3 solvent (8.5 uM); (b) in KBr
solid medium; Estimation of molar extinction coefficient (in CHCI3) for the (c) n—-rn*

absorption and (d) n—n* absorption.
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Figure 3A10: UV-Vis photoswitching studies of 4j (a) in CHCl3 solvent (15 uM); (b) in KBr
solid medium; Estimation of molar extinction coefficient (in CHCI3) for the (c) n—=n*
absorption and (d) n—n*absorption.
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Figure 3A11: UV-Vis photoswitching studies of 4k (a) in CHCI3 solvent (uM); (b) in KBr
solid medium; Estimation of molar extinction coefficient (in CHCI3) for the (c) n—=n*

absorption and (d) n—n*absorption.
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Figure 3A12: UV-Vis photoswitching studies of 41 (a) in CHCl3 solvent (10 uM); (b) in KBr
solid medium; Estimation of molar extinction coefficient (in CHCI3) for the (c) n—=n*

absorption and (d)

n—n* absorption.
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Figure 3A13: UV-Vis photoswitching studies of 4m (a) in CHCI3 solvent (9.9 uM); (b) in KBr
solid medium; Estimation of molar extinction coefficient (in CHCI3) for the (¢) n—=n*
absorption and (d) n—n* absorption.

0.77 0.55 - R
before irradiation
0.66 . . after irradiation at 365 nm
” —— before irradiation _ after irradiation at 505 nm
T —— after irradiation at 365 nm g S|
1 %] after rradiation at 505 nm|
§ 0.44 i g7
5 g
0.33 g
S / 0.22 4
@
g1\ B
0.22 -\,_/ 2
0.11 4
0.1+ ( a ) ( b)
0.00 T .-/\. -~ il e | 0.00 T T T T B '
300 400 500 600 700 300 400 500 600 700
Wavelength/nm —= Wavelength/nm ——~
L — 0.777 4 o V=arby
Poot B Plot B
0.0304 [ Yoy A Weight No Weighting o
Intercegt 1 83756E-4 = 628888 e Intescept 0.0683 £+ 0.01966 P
i S 3885 28014 120147 e 0.666 | 0re B4325 81535537562 o~
Resdual Sumof Squa 10675866 7 P
‘ 0025 [ aowst > R omdian -
RSqurelCOD) Jasti - 0.555 | |R-Sauareicon) 090408 el
=3 Adj R-Square 009819 i 5. e 2k 099211 ¥
Qoo T = Ad. RSquare
: g
§ 0.015 € 0.444 -
Q i 17} -
< 0.010+ .__/'/ g 0.333 a
0.005 - Vi
(c) 0.222 ._,.--" (d)
0.000 T T T T r T T T
0.000002 1000004 . 0.000006 0.000008 0.000002 0.000004 0.000006 0.000008
Concentration/M—= Concentration/M —

Figure 3A14: UV-Vis photoswitching studies of 4n (a) in CHCI3 solvent (7.9 uM); (b) in KBr
solid medium; Estimation of molar extinction coefficient (in CHCI3) for the (c) n—-=n*
absorption and (d) n—n* absorption.
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Figure 3A15: UV-Vis photoswitching studies of 40 (a) in CHCl3 solvent (9.8 uM); (b) in KBr
solid medium; Estimation of molar extinction coefficient (in CHCI3) for the (c) n—-=n*

absorption and (d) n—n* absorption.
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Figure 3A16: UV-Vis photoswitching studies of 4p (a) in CHCl3 solvent (10 uM); (b) in KBr
solid medium; Estimation of molar extinction coefficient (in CHCI3) for the (c) n—=n*

absorption and (d) n—n* absorption.
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Figure 3A17: UV-Vis photoswitching studies of 4q (a) in CHCl3 solvent (9.4 uM); (b) in KBr
solid medium; Estimation of molar extinction coefficient (in CHCI3) for the (¢) n—=m*
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Figure 3A18: UV-Vis photoswitching studies of 4r (a) in CHCI3 solvent (15 uM); (b) in KBr

solid medium; Estimation of molar extinction coefficient (in CHCI3) for the (c) n—-=n*

absorption and (d) n—n* absorption.
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Figure 3B.2: NMR photoswitching studies of 4b in CDCl; (8.5 mM) (a) before

irradiation; (b) after irradiation with 365 nm; (c) after irradiation with 435 nm.
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Figure 3B.3: NMR photoswitching studies of 4¢ in CDCI3 (8.5 mM) (a) before
irradiation; (b) after irradiation with 365 nm; (c) after irradiation with 490 nm.
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Figure 3B.4: NMR photoswitching studies of 4d in CDCl; (8.5 mM) (a) before

irradiation; (b) after irradiation with 365 nm; (c) after irradiation with 505 nm.
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Figure 3B.6: NMR photoswitching studies of 4f in CDCIz (8.5 mM) (a) before
irradiation; (b) after irradiation with 365 nm; (c) after irradiation with 505 nm.
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Figure 3B.7: NMR photoswitching studies of 4g in CDCl; (8.5 mM) (a) before

irradiation; (b) after irradiation with 365 nm; (c) after irradiation with 435 nm.
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Figure 3B.8: NMR photoswitching studies of 4h in CDCl; (8.5 mM) (a) before
irradiation; (b) after irradiation with 365 nm; (c) after irradiation with 505 nm.
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Figure 3B.9: NMR photoswitching studies of 4i in CDCl; (8.5 mM) (a) before
irradiation; (b) after irradiation with 365 nm; (c) after irradiation with 490 nm.
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Figure 3B.10: NMR photoswitching studies of 4j in CDClz (8.5 mM) (a) before

irradiation; (b) after irradiation with 365 nm; (c) after irradiation with 435 nm.
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Figure 3B.15: NMR photoswitching studies of 40 in CDCI3 (8.5 mM) (a) before
irradiation; (b) after irradiation with 365 nm; (c) after irradiation with 450 nm.
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Figure 3B.16: NMR photoswitching studies of 4p in CDCl; (8.5 mM) (a) before
irradiation; (b) after irradiation with 365 nm; (c) after irradiation with 505 nm.
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Figure 3B.17: NMR photoswitching studies of 4q in CDCl; (8.5 mM) (a) before
irradiation; (b) after irradiation with 365 nm; (c) after irradiation with 505 nm.
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Appendix 3C

k| ky ks
777 Z7E ZEE EEE
t =0 min a b c 0
t=tmin X y z p

total concentration (at time t=0min) u=a+b+¢

total concentration (at time t=tmin) u=x+y+z+p

a, b and c are the initial concentrations of ZZZ, ZZF and ZEE, respectively.
X, ¥, z and p are the concentrations of ZZZ, ZZE, ZEE and EEE, respectively during the kinetics at any given
time "t".
Change in the concentration of ZZZ isomer

d[ZZZ]_k 777
= = ki[227]

d
or — S =k [x]

x=ae *t (Eqnl)

Change in the concentration of ZZE isomer

d[ij] = k,[ZZE] — k,[22Z]

dly]
BT ko lyl — kqlx]

— Ao—kat k1 —kqt
y(t) = Ae™" 2t + @ © 1

Initial condition t=0,y=b, then A=b—a

(k2—k1)

Y=(b—a il )e‘k2t+

ko—kq
ki kst
a T— e (Eqn 2)

Change in the concentration of ZEE isomer

d[ZEE]
— = k3[ZEE] — k,[ZZE]
dt
d
—% = k3[C] - kzb’]

= - ky _k2 N, -kt ks ko N ,-kqt —kst
Z(t)—(b “kz-kl) (CE)e et + at=(T2)e ™ +Ce
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Initial condition t=0, z=c,

Then C = [c — (b— a—x )( k2 ) ky ky je kst

—a
(ky—ky) (k3—kyy

(kp—k1) kz—k;
ky k, kq ka
z(t) = (b—a ) ekt 4 ¢ e kit 4 [¢
2 S L R [
_ (b _a 1 ) 2 _q 1 2 Jekat
ky — ki) (k3 — k3) (ky — kq) (k3 — kq)
........................ (Egn

3)

All the rate constants have been estimated from the data points by fitting them
using ROOT (version 6.08) programme. (available at https://root.cern.ch/) Rate

constants ki, k2 and ks have been estimated from the Eqn 1, Eqn 2 and Eqn 3,

respectively.
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Figure 3C1: Plots corresponding to the fitting of the thermal reverse isomerization

kinetics and deducing the rate constants using the ROOT programme for the processes:

(a) ZZZ-ZZE, (b) ZZE-ZEE and (¢) ZEE- EEE, respectively.
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4.1 Introduction

Recently, there have been increasing interest in discotic liquid crystalline (DLC)
materials!'3! endowed with photoresponsive groups.[*?l These materials have emerged as
fascinating functional materials as it combines the optical properties of the photochromic group
and self-assembling and dynamic features of DLCs.!**<! Photochromic liquid crystals (LC) are
very useful as they can change their mesomorphic state upon irradiation.>” Among the various
photochromic groups like spirooxazines, diarylethenes, azobenzene etc., azobenzene

[405-7) are widely studied owing to the rich photochemistry of azobenzene

systems
chromophores and the ease of functionalization. Usually, the LC phases of azobenzene
incorporated compounds changed to the isotropic phase on irradiation because of the
destabilization in the LC phases due to Z-azobenzene.!®! Azobenzenes compounds can be very
useful in making light modulated switches.[*-!!

The planar structural feature in £-isomer of azobenzenes, and the versatile tunability of
it provides many opportunities in design and incorporation of azobenzenes in the molecular
systems. Particularly when multiple azobenzenes are introduced through amide linkages, the
resulting system can form an interesting supramolecular assembly. The n—n stacking provides
the necessary driving force in this regard. Such systems have found applications in remote-
controllable actuators®, photoresponsive surfactants'?, and light induced mass transport'? etc.
Lee et al. explored the stimulus responsive supramolecular assemblies such as fibres, gels, and
spheres using these photoswitchable triamides.'* Recently, Thiele and coworkers reported the
cis-trans isomerization processes of multi-state photochromic benzentricarboxamide system

using in-situ NMR spectroscopy.'> The photoisomerization and the reverse thermal

isomerization processes are not cooperative. and equally depending on the concentration.

Interestingly, the use of such azobenzene attached benzenetricarboxamide cores in the
making of liquid crystals has not been investigated so far. Furthermore, the utilization of these
azobenzenetricarboxamide based core can create discotic liquid crystals, due to the well-known
behaviour for the formation of columnar mesophase. Considering the fact that these cores are
found to be C3 symmetric with a propeller-like structure, the aggregation of the alkyl chain
extensions from the core can presumably provide a large porous architecture. In this context,

we designed two different C3-symmetric azoarene incorporated benzenetricarboxamide core
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with alkyl connected through an ethereal linkage. In the first design, we utilized the 4-
alkoxyphenylazopyrazole derivatives, whereas in the later, we utilized the 4-
alkoxylphenylazobenzene tricarboxamide derivatives. Herein, we discuss the investigations on

the liquid crystalline properties and photoswitching behaviour of both of those systems.

4.2 Tripodal alkoxyphenylazopyrazole based derivatives of

trimesic acid

4.2.1 Synthesis

After the successful design and synthesis of the arylazopyrazole based benzene
tricarboxamides, we paid our attention to derivatize them towards making discotic liquid
crystals. In this regard, we designed the target molecules in such a way by considering
arylazopyrazole based benzene tricarboxamides as our core and introduced the flexibility by
attaching peripheral alkoxy groups. In this regard, three analogous target molecules 7a-c by

varying the alkoxy chains viz, Cs, Cg and Cio have been synthesized as follows. (Scheme 4.1)

O O HN-N HN—N
NHz M /%)\ /%)\
(0] N.\H (ii) Ney (iii) Ney
O O
OH M
OH OH OR
OR

1 2 3 © 4a-c

N= //NOOR R = CgH43 (7a),
| N CgH47 (7b),
HOOC COOH clocC COCl HN_/ da-c C1oHa1 (7€)
iv, \)
COOH ) cocl )
5 6

Scheme 4.1: Synthesis of tripodal alkoxy chain connected arylazo-3,5-dimethylpyrazole
derivatives of trimesic acid 7a-c¢. (i) conc. HCI, NaNO», Aq. NaOAc, 0 °C, 4 h, 87%; (ii)
NH>NH>.2HCI

NaxCOs, EtOH, Reflux, 13 h, 79%; (ii1) K2CO3, R-Br, cat. KI, dry DMF, 100°C, 24 h; 4a-71%,
4b-72%, 4¢-71%; (iv) PCls, Toluene, reflux; (v) pyridine, Toluene, RT, 12 h, 7a-96%, 7b-95%,
7¢-98%.
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4.2.2. Photoswitching Studies:

All of the three target molecules have been subjected to photochemistry by using UV-
Vis spectroscopic technique. All of them exhibited similar UV-Vis spectral data with almost
identical absorption maxima. Even after switching with 365 nm light, the spectral appearance

did not differ much. The spectral data are included below. (Figure 4.1 and Table 4.1)
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Figure 4.1. Photoswitching studies using UV-Vis spectroscopy for the target molecules (a) 7a;
(b) 7b; (c) 7c. All the spectra are recorded in CHCl3; (Black — Before irradiation; Red - After

irradiation at 365 nm).

Table 4.1. Spectral properties of all-trans and -cis isomers using UV-Vis spectroscopy in

CHClz at 25 °C.

S. No. Compound Amax (EEE) Amax (After irradiation)
1 7a 353 316, 447
2 7b 353 316, 445
3 Tc 353 316, 446

4.2.3. Liquid crystalline studies
After the successful synthesis and photoswitching studies, we have tested these
molecules for liquid crystalline properties in collaboration with Dr. Santanu Kumar Pal’s

group. The preliminary Polarized Optical Images (POM) showed that these molecules were
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lacking liquid crystalline properties. Presumably the methyl groups of pyrazole units in the
core moiety did not allow the molecules to stack. So, we could not utilize these molecules as
photoswitchable liquid crystals. This led to redesign our molecules in such a way that they are
stable as well as decorated with photoswitchable moieties in the core to enable it as a

photoswitchable discotic liquid crystals.

4.3 Alkoxyphenylazobezene based tricarboxamide

derivatives

4.3.1 Synthesis:

NHCOCH, NHCOCH; NH,

5 L 0L0.

() 1 Q) \. Mo

N N

N N N
NHCOCH,
OH
8
’ OH OR
10

OR

11a-c 12a-c

_N OR
N/
( l _H /( ]
N (o} N
(o}

iy

HOOC COOH cloc COCI |1|
(iv) v)
> —_— H R = CgHq; (13a),
°N o CgH47 (13b),
COOH cocl Coobs (136)
5 6
13a-c
Ny
N
OR

Scheme 4.2: Synthesis of aminoazobenzene incorporated tripodal molecules 13a-c. (i) conc.
HCI, NaNO», Phenol, Aq. NaOAc, 0 °C, 4 h, 91%; (i1) K»COs, R-Br, cat. KI, dry DMF, 100
°C, 6-8 h; (1i1)) Conc. HCl, EtOH, reflux, 5-6 h, 12a-82%, 12b-84%, 12¢-84%; (iv) PCls,
Toluene, reflux; (v) pyridine, Toluene, RT, 12 h, 13a-76%, 13b-72%, 13¢-75%.
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The target molecules 13a-¢ have been synthesized using 4-aminoacetanilide 8 as the
starting material. (Scheme 4.2) The compound 8 has been diazotized and treated with phenol
to obtain the hydroxyazobenzene derivative 9 as per the literature procedure.!® In order to
obtain the ethers 3a-c, the O-alkylation has been performed with different alkyl bromides (n-
hexyl, n-octyl and n-pentyl bromides) using potassium carbonate as a base in the presence of a
catalytic quantity of potassium iodide. Without purification of the acetanilide derivatives 11a-
¢, they were subjected to acid hydrolysis led to their corresponding amine products 12a-c in
good yields. Finally the in situ generated trimesoyl chloride 6 has been used to react with the
amine compounds 12a-c to obtain the corresponding triamide target molecules 13a-c. All the
intermediates and the target molecules have been characterized by 'H, ?*C-NMR, IR, UV-Vis

and HRMS spectral techniques.

4.3.2. Photoswitching Studies

UV-Vis Spectroscopy: The photoswitching behaviour of all the target molecules 13a-¢ have
been performed in CHCIl3 and DMSO as solvents at room temperature using UV-Vis
spectroscopy. All the three targets showed almost identical absorption spectra for both trans as
well as cis isomers. A band with a Amax at 369 nm has been attributed to the n—n* absorption
of trans isomer, whereas the n—n* absorption band appeared as a shoulder in all the three
targets. (Figure 4.2) This clearly indicated that the chain length did not perturb the absorption
spectrum of all the three molecules at all. Also, switching behaviour was found to be quite
similar in all the three molecules. Upon irradiation at 365 nm light, the molecules were found
to isomerize to all-cis isomers, inferred from the spectral changes in the n—n* and n—n*
absorptions. To envisage the thermal stability of the cis isomer, kinetics have been followed
for all the three isomers. The net rate of formation of all-trans isomer is found to decrease upon

increasing the alkyl chain length. (Table 4.2 and Appendix 4A).
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Before irradiation

Before irradiation

129 T — After irradiation at 365 nm 1.20 T —— After irradiation at 365 nm
™ — After irradiation at CFL lamp o — After irradiation at CFL lamp
Q 3]
= 0.80 € 0.80 +
8 (@ 8§ (b)
8 o
£0.40 20.40
< <
0.00 : | 0.00 + + ; |
250 45?1 650 250 350 450 550 650
Wavelength (nm) Wavelength (nm)
1.20 Before irradiation
—— After irradiation at 365 nm
3 —— After irradiation at CFL lamp
c0.80
2 (c)
£0.40
<
0.00

250 350 450 550 650
Wavelength (nm)

Figure 4.2. Photoswitching behaviour using UV-Vis spectroscopy for the target molecules (a)
13a; (b) 13b; (c) 13¢. All the spectra are recorded in CHCls; (Colour codes: Blue colour -
spectra due to the all-trans; red colour - spectra recorded after irradiation at 365 nm; green

colour - spectra recorded after reverse switching using white light (CFL lamp)).

Table 4.2. Spectral properties and solution phase formation rate constants of all-frans isomers

using UV-Vis spectroscopy.

S. Half life
Compound  Amax (Trans) Amax (Cis) k (sec)?
No. (min)?
369 (CHCL;) 323, 446 (CHCIs)
1 13a 2.82x 107 410

375 (DMSO) 320, 448 (DMSO)

369 (CHCL) 323, 446 (CHCl3)
2 13b 4.00 x 107 286

375 (DMSO) 320, 448 (DMSO)
369 (CHCL;) 323, 446 (CHCL)

3 13¢ 432x10° 267
375 (DMSO) 320, 448 (DMSO)

4Rate constants and the half-lives have been measured in DMSO at 25 °C.
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Figure 4.3. Photoswitching behaviour in the solid-state for 13a: (a) in KBr; (b) in a thin film;
(c) in LC state. The black coloured spectra are due to the all-trans (EEE) isomer (before
irradiation), whereas the red one indicates the changes after irradiation at 365 nm. The spectra

appearing in blue in (c) was observed after reverse switching on heating.

Interestingly, the compounds were showing photoswitching behaviour in the solid-state
also. The solid-state reflectance mode absorption spectra of the irradiated sample showed a
significant increase in the n—n* region along with a decrease in the n—n* absorption band,
which clearly indicates the E-Z isomerization (Figure 4.3). Firstly, the solid-state UV-Vis
spectrum of 13a has been recorded in KBr (Figure 4.3a). The one band at 377 nm was observed
corresponding to m—m * transition in its trans state. After irradiating the sample for 10 min with
365 nm UV light, it shows two bands at 377 nm and 445 nm which have been attributed to
n—n* and n—m* transitions, respectively. Secondly, the solid-state UV-Vis spectra were
recorded in the form of a thin film of 13a (Figure 4.3b). In a similar manner (as in KBr), the
one peak was perceived at 365 nm in its trans state, however, little blue-shifted as compared to
KBr one and after irradiation for 10 min it shows two peaks at 345 nm for n—n* and 445 nm
n—7* transitions. Thirdly the solid-state UV- Vis studies were carried out in its LC state (Figure
4.3¢). For that the compound 13a was first heated to its isotropic temperature and then cooled

back to room temperature LC state as observed through POM. Then the same sample was
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subjected to UV- Vis which shows one peak at 370 nm corresponding to m—n* transitions in
its trans configuration. On irradiating the sample with 365 nm UV light for 15 min, the
compound switches to its cis configuration, which gives rise to two peaks at 370 nm and 445
nm identified as n—n* and n—n* transitions. And on heating the sample (criteria for reverts
back the trans configuration), the n—n* peak disappears (Figure 4.3¢) which indicates that cis
configuration has changed back to its stable trans configuration. However, after observing the
irradiated film under POM, the optical textures for irradiated LC sample still retained the same
without exhibiting any appreciable change in the mesophase. Although the sample was also
irradiating for a long time to observe some change in the POM textures but no change was
detected. This indicates that the columnar self-assembly has not perturbed when the molecule
is going from its trans-state to cis-state which probably because the azobenzene is acting as a
flexible part as that of alkyl chains. All of these experimental evidences clearly envisage the

possibility of photoswitching in these target molecules.

NMR Spectroscopy: All the three target molecules (13a-c) possess three photochromic
groups, hence, there can be a maximum of four possible isomeric species, namely EEE, EEZ,
EZZ and ZZZ that can exist under photoswitching conditions. Since UV-Vis spectroscopy is
unable to differentiate between these individual species, we shifted our attention to NMR
spectroscopy for understanding their presence. The NMR spectra of all the three targets
recorded in CDCIl3; showed broadness in almost all the signals even at a lower concentration.
Presumably the aggregation or supramolecular n-stacking interactions lead to the broadness.
As a result, the photoswitching studies were not clear. On the other hand, when the spectra
were recorded using DMSO-ds, the signals were found to be well-resolved and appeared sharp.
Besides that, we also observed the formation of a photostationary state upon irradiation at 365
nm, where all of the four species coexist. (Figure 4.4 and 4.5) Based on the spectral changes,
we observed that upon E to Z isomerization, the signals were found to be shifted to the upfield
region. Due to non-overlapping nature, the aromatic benzene core protons (appeared as a
singlet in EEE-isomer) have been used for identifying the individual isomers. Indeed, with each
successive E to Z isomerization step, this signal was separated into two singlets before
appearing once again as a simple singlet in the case of ZZZ-isomer. Also, the signals were
clearly showed a progressive upfield shift as a result of gaining more Z-configuration. At the
PSS, the major species was found to be ZZZ-isomer, which showed a maximum upfield shifting

of the benzene core protons. The appearance of signals with 1:2 and 2:1 integral ratios have
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been used to differentiate between the EEZ and ZZE-isomers. Based on the photoswitching
studies, it is clear that maximum ZZZ-isomer conversion (64%) can be achieved at 14.1 mM
concentration. The corresponding amide -NH signal also showed a similar kind of trend, which

also can be useful in identifying the individual species.

.............................................

Figure 4.4. NMR spectra of (a) The spectra shown in blue colour is corresponding to (EEE)-
13a as a 4.8 mM concentration in CDCIs. (b) The red colour spectrum is corresponding to the

same solution subjected to irradiation at 365 nm for 1 h.
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Figure 4.5. NMR spectra of 13a. (a) The spectrum corresponding to (EEE)-13a as a 14.1 mM
concentration in DMSO-ds. (b) The spectrum corresponds to the same solution after subjected
to irradiation at 365 nm for 130 min. (c) The expanded region corresponding to benzene core
protons of spectrum “b” with normalized integral values corresponding to EEE, EEZ, EZZ and

777 isomers of 13a.
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4.3.3 Thermal behaviour

The thermal behaviour of the newly synthesized target molecules 13a-¢ were first
studied by polarised optical microscopy (POM) and differential scanning calorimetry (DSC).
All the compounds were found to exhibit liquid crystalline behaviour at ambient temperature.
Under POM, compound 13a consisting peripheral chain length of six exhibiting liquid
crystalline behaviours at room temperature (but the textures mobility was less) and melts into
an isotropic liquid at 238 °C. On cooling from its isotropic melt, it exhibits needle-like textures
consisting rectilinear defects and homeotropic domains (Figure 4.6a) specifies Coln
mesophase, which then transforms to four brushes textures (Figure 4.6b & c) at 160.4 °C
representative of Col; mesophase which then stays up to room temperature (Figure 4.6d).
Unexpectedly in DSC, no thermal transition was observed, which may be because of low
enthalpy change involved in the transitions although the mesomorphic behavioural change was
very clearly and simply observed from POM and X-ray diffraction (XRD) studies. Compound
13b also exhibiting liquid crystalline behaviour at room temperature which on pressing gives
some birefringence texture (Figure 4.7a) which was not so clear and further phase
confirmation leads to the existence of Col, phase as done by XRD technique (Appendix 4A).
And also on shearing in one direction the compound was giving homogeneous domains (Figure

4.7b) which is a characteristic of liquid crystal.

Figure 4.6. Photomicrographs of compound 13a: (a) at 220 °C (Cols, X500) (b) at 160.4 °C
(transition from Coly to Col;, X100) (c) at 120 °C (Col, X500) (d) at room temperature (X500),
on cooling from isotropic liquid with a scan rate of 5 °C/min.

In DSC, it shows mesophase to isotropic transition at 190 °C while on cooling it shows

no observable transition may be due to the same reason as explained before. Similar to
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compound 13b, compound 13c¢ also giving birefringent textures but in some areas, rectilinear
defects characteristic of Coln phase (Figure 4.7c¢) were found. And on heating, it exhibits
mesophase to isotropic transition at 175 °C. So, all the compounds exhibit enantiotropic
mesomorphic behaviour as very well observed by POM and X-ray studies but unpredictably,
some of the transitions were not observed from DSC because of some low enthalpy change
involved in the transitions as reported in the earlier reports also.l!7-1%]

In all of the three compounds, we have noted that textures mobility on pressing the top
of glass slide was less which may be due to the strong amide interactions (three amide bonds

present in the compound) with the hydrophilic glass surface, as the compounds were

sandwiched between the two glass surfaces.

Figure 4.7. Photomicrographs of compound 13b (a) at 68.6 °C (Coli, X100) (b) at room
temperature (Coln, X100), for compound 13¢ (¢) at 69.2 °C (Coln, X500) (d) at 35.2 °C (X200),

observed on cooling with a scan rate of 5 °C/min.

Table 4.3. Thermal properties of the target compounds.

Compound Phase transitions, T [°C]
Col; 165 Colp, 238 Isol?
13a
Iso 230 Colh 160.4 Col,!
Coln 190 Iso!®
13b
Iso 185 Coly™
Coly 175 Isof®
13¢

Iso 165 Isol®

[a] Transition temperature from POM & X-ray. [b] Transition temperature from POM, DSC &
X-ray. Abbreviations: Col,= Columnar rectangular, Coly= Columnar hexagonal, Iso= isotropic

liquid.
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4.4 Summary

Through these investigations, we have synthesized six long chain alkoxy azoarene
connected derivatives of trimesic acid (7a-c and 13a-c). All of the six target molecules showed
solution state photoswitching. Under uM concentration range, all of the six molecules showed
nearly complete photoswitching that was realized from the UV-Vis spectroscopy. However, at
a higher concentration in the mM range they were found to show partial photoswitching, which
was confirmed by the NMR spectroscopy. Interestingly, all of them exhibited solid state
photoswitching. Due to the lack of supramolecular n-stacking interactions, the pyrazole-based
derivatives 7a-c exhibited no discotic liquid crystalline behaviour. In contrast, the targets 13a-
¢ showed DLC properties. Interestingly, 13a exhibited temperature-dependent changes in the
mesophases. A columnar rectangular phase was observed at low temperature, whereas, a
columnar hexagonal at higher temperature was seen. The other two higher homologues 13b,¢c
revealed only columnar hexagonal phases at all temperature ranges. Thus, the tris-

azobenzenetricarboxamides based systems are found to be versatile DLCs.

4.5 Experimental Section

General procedure for the synthesis of target compounds, 7a-c:
3-(2-(4-Hydroxyphenyl)hydrazono)pentane-2,4-dione (2):

A mixture of aniline or substituted anilines (20.0 mmol) and deionized water in a two
neck round bottom flask was cooled to 0 °C. To this 37% conc. HCI (6.5 mL) was added and
stirred to get a clear solution. Then a cold aqueous solution of sodium nitrite (1.52 g, 22.0 mmol
in 20 mL of water) was added dropwise into the reaction mixture slowly. After the addition,
the diazonium salt started forming. The reaction mixture was allowed to stir for half an hour
for completion. Afterwards, at 0 °C a cold aqueous solution of sodium acetate (5.90 g, 70.0
mmol) and acetylacetone (2.00 g, 20.0 mmol in 100 mL of water and 10 ml of ethanol) was
added. The reaction was continued at room temperature and was monitored by TLC. After
completion of the reaction, the reaction mixture was filtered off to obtain a yellow-orange solid

product, which was dried under vacuum to yield the desired product.

0]

/N_
HO@NH (0]

150 |Page



Chapter 4. Photoswitchable discotic liquid crystals

Yellow solid, mp = 168-171 °C, 191.6 mg, 87% yield."H NMR (400 MHz, DMSO-dy) & 2.37
(s, 3H), 2.46 (s, 3H), 6.83-6.85 (d, J= 8.8 Hz, 2H), 7.42-7.44 (d, J = 8.8 Hz, 2H), 9.67 (s, 1H,
OH), 14.51 (s, 1H); 3C NMR (100 MHz, DMSO-ds) 5 29.89, 31.56, 116.53, 116.60, 118.50,
132.51, 134.14, 156.35, 196.38; HRMS (ESI-TOF): caled. for C1iHaN2O3[M-H]": 219.0770,
found: 219.0758.

(E)-4-((3,5-Dimethyl-1H-pyrazol-4-yl)diazenyl)phenol (3):

A mixture of arylazoacetylacetone derivative (1.0 mmol), hydrazine dihydrochloride
(2.0 mmol) and Na,CO3 (4.0 mmol) in 10 mL absolute ethanol was refluxed. The reaction was
followed using TLC upto the completion of the reaction. After completion of the reaction, the

product was purified by column chromatography. (Eluent: 1:1 ethylacetate/n-hexane)

Nn— N
avas

Yellow solid, mp = 198-205 °C, 170.8 mg, 79% yield. '"H NMR (400 MHz, DMSO-dj) & 2.40
(s, 3H), 2.46 (s, 3H), 6.86-6.89 (d, J= 8.9 Hz, 2H), 7.61-7.63 (d, J = 8.9 Hz, 2H), 9.97 (s, 1H,
OH), 12.72 (s, 1H, NH); *C NMR (100 MHz, DMSO-ds) & 10.4, 14.1, 116.1, 123.6, 134.2,
137.7,142.9, 146.6, 159.5; HRMS (ESI-TOF) calcd. for C11H12N4O [M+H]": 217.1089, found:
217.1081; IR (ATR, cm™): 3291, 3190, 3119, 2917, 1482, 1420, 1134, 1061, 825.

General method for the synthesis of alkoxy arylazopyrazole derivatives 4a-c: To a dry
DMF (35 mL) solution of compound 3 (14.5 mM), potassium carbonate (14.5 mM) and a pinch
of potassium iodide have been charged and stirred at RT. After ten minutes alkyl bromide (14.5
mM) was added slowly and then the reaction mixture was heated to 100 °C. The reaction was

monitored by TLC and after the completion, the DMF was evaporated under vacuum.

(E)-4-((4-(Hexyloxy)phenyl)diazenyl)-3,5-dimethyl-1H-pyrazole (4a):

N— A
C6H13OON/ /N

Yellow Solid, mp = 168-170 °C, 213.3 mg, 71% yield. '"H NMR (400 MHz, CDCls) § 0.91-
0.94 (t, J = 6.7 Hz, 3H), 1.35-1.36 (m, 4H), 1.45-1.50 (m, 2H), 1.78-1.85 (m, 2H), 2.59 (s,
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6H), 4.00-4.03 (t, J= 6.6 Hz, 2H), 6.95-6.97 (d, J = 8.4 Hz, 2H), 7.76-7.79 (d, J = 8.3 Hz, 2H);
13C NMR (100 MHz, CDCl3) § 12.26, 14.28, 22.74, 25.84, 29.34, 31.73, 68.41, 114.67, 123.48,
134.60, 141.08, 147.80, 160.60; HRMS (ESI-TOF) calcd. for C17H24NsO[M+H]": 301.2028,
found 301.2020; IR (ATR, em'): 3110, 2927, 1488, 1410, 1144, 1051, 826 640, 675.

(E)-3,5-Dimethyl-4-((4-(octyloxy)phenyl)diazenyl)-1H-pyrazole (4b):

N—/ N
c3H17o@N’ =N

Yellow Solid, mp = 165-167 °C, 229.9 mg, 70% yield '"H NMR (400 MHz, CDCls) § 0.88-0.91
(t, J = 6.8 Hz, 3H), 1.30-1.33 (m, 8H), 1.44-1.49 (m, 2H), 1.78-1.85 (m, 2H), 2.60 (s, 6H),
4.00-4.03 (t, J = 6.5 Hz, 2H), 6.95-6.97 (d, J = 8.1 Hz, 2H), 7.76-7.78 (d, J = 8.0 Hz, 2H); '*C
NMR (100 MHz, CDCl3) & 12.24, 14.24, 22.79, 26.17, 29.38, 29.50, 31.95, 68.41, 114.67,
123.48, 134.59, 141.03, 147.80, 160.59; HRMS (ESI-TOF) calcd. for C21H3NsO[M+H]":
329.2341, found 329.2326; IR (ATR, cm™): 3150, 3111, 2901, 1472, 1408, 1144, 1091, 825,
686, 644.

(E)-4-((4-(Decyloxy)phenyl)diazenyl)-3,5-dimethyl-1 H-pyrazole (4c):

Nn— N
C10H21O@N' =N

Yellow Solid, mp = 166-168 °C, 256.6 mg, 72% yield 'H NMR (400 MHz, CDCls) § 0.87-0.92
(t, J= 7.0 Hz, 3H), 1.28-1.35 (m, 12H), 1.46-1.49 (m, 2H), 1.79-1.83 (m, 2H), 2.60 (s, 6H),
4.00-4.03 (t, J = 6.6 Hz, 2H), 6.95-6.97 (d, J = 9.0 Hz, 2H), 7.76-7.79 (d, J = 9.0 Hz, 2H); 3C
NMR (100 MHz, CDCls) § 12.26, 14.27, 22.83, 26.17, 29.37, 29.47, 29.55, 29.70, 29.72, 32.04,
68.41, 114.67, 123.48, 134.60, 141.07, 147.80, 160.60; HRMS (ESI-TOF) calcd. for
CoiH:N4O[M+H]™: 357.2654, found 357.2610; IR (ATR, cm™'): 3130, 3110, 2912, 1480,
1405, 1139, 1081, 828, 660, 651.

General method for the synthesis of tripodal alkoxy arylazo-3,5-dimethylpyrazole
derivatives of trimesic acid 7a-c: An oven dried 100 ml round bottom flask was charged with

trimesic acid (0.5 mmol) and phosphorus pentachloride (2.5 mmol) and refluxed in dry toluene
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(15 mL) under a nitrogen atmosphere for three hours to prepare trimesoyl chloride. This
trimesoyl chloride was transferred (without isolation) to another oven dried 250 mL round
bottom flask containing the corresponding arylazopyrazole 4a-c¢ (1.6 mmol), toluene (30 mL)
and pyridine (10 mmol) under a nitrogen atmosphere at 0 °C. The Reaction mixture was stirred
at 110 °C for 5-7 hours. The precipitate was filtered and washed well with dry ethanol to remove

pyridine hydrochloride and the starting material to get the desired product.

Benzene-1,3,5-triyltris((4-((E)-(4-(hexyloxy)phenyl)diazenyl)-3,5-dimethyl- 1 H-pyrazol-1-
yl)methanone) (7a):

Yellow Solid, mp = 107-109 °C, 1015.1 mg, 96% yield. '"H NMR (400 MHz, CDCl3) § 0.92 (t,
9H), 1.36 (m, 12H), 1.49 (m, 6H), 1.80-1.84 (m, 6H), 2.52 (s, 9H), 3.03 (s, 9H), 4.01-4.04 (t,
J=6.4 Hz, 6H), 6.97-6.99 (d, J = 8.3 Hz, 6H), 7.82-7.84 (d, J= 8.3 Hz, 6H), 8.90 (s, 3H); 1°C
NMR (100 MHz, CDCl3) & 12. 44, 14.19, 15.48, 22.74, 25.83, 29.30, 31.72, 68.49, 114.79,
124.19, 132.94, 137.89, 137.93, 144.81, 146.59, 147.58, 161.56, 166.95; HRMS (ESI-TOF)
caled for CeoH7aN1206[M+H]": 1057.5776, found 1057.5731; IR (ATR, cm™): 3335, 3013,
2991, 2910, 2781, 2655, 2576, 1651, 1530, 1400, 1321, 960, 830, 665, 641.

Benzene-1,3,5-triyltris((3,5-dimethyl-4-((E)-(4-(octyloxy)phenyl)diazenyl)-1 H-pyrazol-1-
yl)methanone) (7b):

Yellow Solid, mp = 122-124 °C, 1084.6 mg, 95% yield. 'H NMR (400 MHz, CDCls) & 0.88-
091 (t, J= 6.7 Hz, 9H), 1.30-1.34 (m, 24H), 1.45-1.48 (m, 6H), 1.79-1.85 (m, 6H), 2.52 (s,
9H), 3.03 (s, 9H), 4.02-4.05 (t, J = 6.5 Hz, 6H), 6.97-7.00 (d, J = 8.8 Hz, 6H), 7.82-7.85 (d, J
= 8.8 Hz, 6H), 8.88 (s, 3H); '*C NMR (100 MHz, CDCls) § 12.45, 14.27, 15.50, 22.81, 26.16,
29.34, 29.38, 29.50, 31.96, 68.50, 114.78, 124.19, 132.94, 137.87, 137.92, 144.81, 146.59,
147.56, 161.55, 166.95; HRMS (ESI-TOF) calcd. for CesHsaN120s[M+H]": 1141.6715, found
1141.6741; IR (ATR, cm™): 3330, 3010, 2981, 2908, 2771, 2650, 2581, 1660, 1520, 1402,
1311, 961, 832, 672, 651.

Benzene-1,3,5-triyltris((4-((£)-(4-(decyloxy)phenyl)diazenyl)-3,5-dimethyl- 1 H-pyrazol-1-
yl)methanone) (7¢):

Yellow Solid, mp = 116-118 °C, 1201.2 mg, 98% yield. '"H NMR (400 MHz, CDCls) § 0.87-
0.90 (t, /= 6.8 Hz, 9H), 1.28 (m, 36H), 1.44-1.48 (m, 6H), 1.78-1.84 (m, 6H), 2.52 (s, 9H),
3.03 (s, 9H), 4.02-4.05 (t,J = 6.5 Hz, 6H), 6.97-7.00 (d, J = 8.7 Hz, 6H), 7.82-7.85 (d, J = 8.6
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Hz, 6H), 8.88 (s, 3H); *C NMR (100 MHz, CDCl3) § 12.32, 14.14, 15.35, 22.70, 26.03, 29.21,
29.34, 29.40, 29.57, 29.59, 31.91, 68.38, 114.67, 124.06, 132.82, 137.74, 137.81, 44.67,
146.47, 147.45, 161.43, 166.83; HRMS (ESI-TOF) calcd. for C7HosN120s[M+H]":
1225.7654, found: 1225.7703; IR (ATR, cm™'): 3338, 3018, 2981, 2918, 2772, 2671, 2567,
1661, 1527, 1415, 1319, 970, 837, 668, 643.

Synthesis of (E)-N-(4-((4-hydroxyphenyl)diazenyl)phenyl)acetamide (10):

H3COCHN‘©7N\
D)o

A mixture of p-aminoacetanilide (3.3 g, 22 mM) and deionized water in a two neck round
bottom flask was cooled to 0 °C. To this 37% conc. HCI (6.5 mL) was added and stirred to get
a clear solution. Then a cold aqueous solution of sodium nitrite (1.52 g, 22 mM in 20 mL of
water) was added dropwise into the reaction mixture. After the addition, the diazonium salt
started forming. The reaction mixture was allowed to stir for half an hour for completion. After
half an hour, at 0 °C a cold aqueous solution of sodium acetate (5.9 g, 70 mM) and phenol (2.16
g, 23 mM in 100 mL of water) was added. The reaction was monitored by TLC. After
completion of the reaction, the reaction mixture was filtered off and to obtain an orange solid

product, which was dried under vacuum to yield the desired product. 3 h (Yield = 91%)

Dark orange solid, m.p. = 157-161 °C, 'H NMR (400 MHz, DMSO-ds) § 2.10 (s, 3H, -COCH3),
6.92-6.94 (d, J = 8.4 Hz, 2H), 7.74-7.78 (m, 2H), 10.30 (s, 1H, -OH); *C NMR (100 MHz,
DMSO-ds) 6 24.59, 116.43, 119.58, 123.45, 124.97, 141.87, 145.52, 148.02, 161.42, 169.19;
HRMS (ESI-TOF) caled. for CisHiaN3O2[M+H]": 255.1008, found: 256.1086; IR (ATR,
cm1): 640, 675, 834, 965, 1142, 1226, 1264, 1322, 1369, 1401, 1500, 1529, 1587, 1651, 2586,
2660, 2789, 2920, 2998, 3043, 3341.

General procedure for the synthesis of (FE)-N-(4-((4-alkoxyphenyl)diazenyl)phenyl)

acetamide (11a-c):

H3COCHN—®‘N\
N OR
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To a dry DMF (35 mL) solution of compound 1 (3.7 g, 14.5 mM), potassium carbonate (20.04
g, 14.5 mM) and a pinch of potassium iodide have been charged and stirred at RT. After ten
minutes alkyl bromide (2.4 g, 14.5 mM) was added slowly and then the reaction mixture was
heated to 100 °C. The reaction was monitored by TLC and after the completion, the DMF was
evaporated under vacuum. The crude compound was used for the hydrolysis step without

further purification. (5 h)

General procedure for the synthesis of (£)-4-((4-alkoxyphenyl)diazenyl)aniline (12a-c):

w
o

To the crude p-alkyloxyazoacetanilide derivatives (3a-c) (1.75 g, 5.16 mM) in ethanol (150
mL), 37% con. HCI (4 mL) was added and let it refluxed. The reaction was monitored by TLC.
After completion of the reaction, the reaction mixture was neutralised by adding an aqueous
sodium bicarbonate solution. The extraction of the reaction mixture was done in ethyl acetate.
The extracted organic layer was washed with brine solution and evaporated to dryness and was

subjected to purification by column chromatography. (Eluent: ethylacetate:n-hexane 20:80)

(E)-4-((4-(hexyloxy)phenyl)diazenyl)aniline (12a):

O
N@OCH2(0H2)4CH3

Orange Solid, m.p. = 96-99 °C, 243.86 mg, 82% yield. '"H NMR (400 MHz, CDCls) & 0.92-
0.96 (t,J= 7.0 Hz, 3H), 1.36-1.40 (m, 4H), 1.48-1.50 (m, 2H), 1.82-1.85 (quin., 2H), 4.02 (br,
2H, -NH>»), 4.03-4.06 (t, J = 6.6 Hz, 2H), 6.75-6.77 (d, J= 8.7 Hz, 2H), 6.99-7.01 (d, J= 8.9
Hz 2H), 7.78-7.80 (d, J = 8.7 Hz, 2H), 7.84-7.87 (d, J = 8.9 Hz, 2H); *C NMR (100 MHz,
CDCh) 6 14.07, 22.63, 25.73, 29.21, 31.61, 68.30, 114.63, 114.74, 124.04, 124.64, 145.66,
147.05, 148.93, 160.81; HRMS (ESI-TOF) calcd. for CisH24N3O[M+H]": 298.1919, found
298.1906; IR (ATR, cm™): 633, 717, 825, 1008, 1112, 1130, 1240, 1299, 1384, 1498, 1580,
2000, 2854, 2923, 3037, 3379, 3481.
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(E)-4-((4-(octyloxy)phenyl)diazenyl)aniline (12b):

ey
NQOCHz(CHz)ScHs

Orange Solid, m.p. = 105-108 °C, 273.4 mg, 84% yield. '"H NMR (400 MHz, CDCl3) § 0.91-
0.94 (t,J= 6.8 Hz, 3H), 1.32-1.37 (m, 8H), 1.46-1.54 (m, 2H), 1.81-1.85 (quin., 2H), 4.01 (br,
2H, -NH>»), 4.02-4.05 (t, J = 6.5 Hz, 2H), 6.74-6.76 (d, J= 8.6 Hz, 2H), 6.99-7.02 (d, J= 8.9
Hz 2H), 7.79-7.81 (d, J = 8.6 Hz, 2H), 7.86-7.88 (d, J = 8.8 Hz, 2H); *C NMR (100 MHz,
CDCl3) ¢ 14.17, 22.71, 26.07, 29.27, 29.29, 29.41, 31.86, 68.32, 114.66, 114.74, 124.06,
124.66, 145.63, 147.06, 149.00, 160.82; HRMS (ESI-TOF) calcd. for C20HosN3O[M+H]":
326.2232, found: 326.2247; IR(ATR, cm™): 632, 716, 826, 1010, 1132, 1239, 1297, 1387,
1460, 1494, 1582, 2548, 2853, 2922, 3037, 3192, 3380, 3480.

(E)-4-((4-(decyloxy)phenyl)diazenyl)aniline (12¢):

O
NOOCH2(0H2)3CH3

Orange Solid, m.p. = 111-113 °C, 296.9 mg, 84% yield. '"H NMR (400 MHz, CDCl;) & 0.92-
0.93 (t, J = 6.7 Hz, 3H), 1.31-1.36 (m, 12H), 1.48-1.52 (m, 2H), 1.82-1.85 (quin., 2H), 4.01
(br, 2H, -NH>), 4.03-4.06 (t, J = 6.5 Hz, 2H), 6.75-6.77 (d, J = 8.1 Hz, 2H), 6.99-7.01 (d,J=
8.2 Hz 2H), 7.78-7.80 (d, J= 7.8 Hz, 2H), 7.85-7.87 (d, J = 8.0 Hz, 2H); '3C NMR (100 MHz,
CDCl3)§ 14.15, 22.70, 26.04, 29.25, 29.34, 29.42, 29.58, 29.59, 31.91, 68.31, 114.63, 114.72,
124.03, 124.63, 145.66, 147.05, 14892, 160.80; HRMS (ESI-TOF) calcd. for
C22H3N;O[M+H]": 354.2545, found: 354.2545; IR (ATR, cm™): 634, 714, 829, 1014, 1057,
1139, 1238, 1303, 1392, 1462, 1499, 1584, 2642, 2851, 2914, 3040, 3205, 3346, 3476.

General synthetic procedure for the synthesis of 13a-c:

To the trimesic acid (0.05 g, 0.24 mM) in a two neck round bottom flask, dry toluene (25 mL)
was added under the argon atmosphere. To the insoluble reaction mixture, PCls (0.25 g, 1.2
mM) was added in portions. After the complete addition of PCls, the reaction mixture was
refluxed upto the formation of a transparent reaction mixture. (Note: The trimesylchloride is
highly sensitive to moisture) A mixture of 12a-c (0.35 g, 1.2 mM), pyridine (0.19 g, 2.4 mM)

and dry toluene (50 mL) have been taken in a two neck round bottom flask and stirred for ten
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minutes under an argon atmosphere and cooled to 0 °C. Now trimesoyl chloride solution in
toluene from the previous stage of the reaction was carefully transferred into this reaction
mixture. The reaction mixture was then allowed to stir at room temperature and the reaction
was monitored by TLC. After the completion of the reaction, the toluene was evaporated in a
rotary evaporator. Then the crude product was purified by column chromatography on silica

gel (EtOAc:n-hexanes = 40:60) to obtain a pure product as dark orange colour solids.

N N? N°-tris(4-((E)-(4-(hexyloxy)phenyl)diazenyl)phenyl)benzene-1,3,5-tricarboxamide
(13a):

Yellow solid, m.p: see Table 4.3, 796.7 mg, 76% yield. '"H NMR (400 MHz, CDCls) § 0.94 (t,
J =5.3 Hz, 9H), 1.36 (br, 12H), 1.47 (t, J = 5.7 Hz, 6H), 1.79 (t, J= 5.7 Hz, 6H), 3.92 (t, J =
6.6 Hz, 6H), 6.81-6.84 (d, J= 8.0 Hz, 6H), 7.74 (br, 21H), 9.87 (br, 3H, N-H); *C NMR (100
MHz, CDCl) 6 14.09, 22.64, 25.74, 29.26, 31.68, 68.20, 114.42, 120.43, 123.57, 124.78,
128.71, 135.70, 139.47, 146.74, 149.47, 161.32, 165.61; IR (ATR, cm™): 624, 719, 839, 935,
1011, 1104, 1138, 1150, 1241, 1301, 1315, 1402, 1417, 1454, 1469, 1496, 1522, 1582, 1593,
1651, 1660, 2859, 2927, 3296, 3418; HRMS (MALDI) calcd. for CeHeoNoOs[M+H]':
1048.5449, found: 1048.5369.

N N? N°-tris(4-((E)-(4-(octyloxy)phenyl)diazenyl)phenyl)benzene-1,3,5-tricarboxamide
(13b):

Yellow solid, m.p: see Table 4.3, 815.4 mg, 72% yield. '"H NMR (400 MHz, CDCl3) § 0.92 (t,
J=6.7 Hz, 9H), 1.32 (br, 24H), 1.47 (t, J = 6.8 Hz, 6H), 1.80 (t, /= 5.5 Hz, 6H), 3.94 (t, J =
4.3 Hz, 6H), 6.83-6.85 (d, J= 8.3 Hz, 6H), 7.76 (br, 21H), 9.91 (br, 3H, N-H); *C NMR (100
MHz, CDCl3) 6 14.16, 22.72,26.10, 29.32, 29.50, 31.90, 68.23, 114.42, 120.45, 123.63, 124.80,
128.73, 135.81, 139.47, 146.76, 149.54, 161.33, 165.79; HRMS (MALDI) calcd. for
CeoHgiNoOs[M+H]": 1132.6388, found: 1132.6343; IR (ATR, cm™): 623, 719, 789, 833, 910,
962, 1020, 1104, 1138, 1238, 1301, 1402, 1417, 1454, 1468, 1496, 1520, 1581, 1594, 1658,
2853, 2922, 3018, 3306.

N N? N°-tris(4-((E)-(4-(decyloxy)phenyl)diazenyl)phenyl)benzene-1,3,5-tricarboxamide
(13¢):

Yellow solid, m.p: see Table 4.3, 912.5 mg, 75% yield. '"H NMR (400 MHz, CDCls) § 0.92 (t,
J=6.9 Hz, 9H), 1.31 (br, 28H), 1.47 (br, 6H), 1.80 (t, /= 6.5 Hz, 6H), 3.93 (t, /= 6.3 Hz, 6H),
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6.83-6.85 (d, J="7.7 Hz, 6H), 7.76 (br, 21H), 9.89 (br, 3H, N-H); '3C NMR (100 MHz, CDCls)
514.17,22.74,26.11,29.36, 29.42, 29.59, 29.69, 31.97, 68.23, 114.43, 120.52, 123.52, 124.77,
128.86, 135.45, 139.39, 146.69, 149.40, 161.36, 165.27; HRMS (MALDI) caled. for
C75HosNoOs[M+H]": 1216.7327, found: 1216.7275. IR (ATR, cm™'): 624, 719, 835, 943, 1013,
1104, 1139, 1240, 1302, 1402, 1417, 1454, 1468, 1497, 1524, 1582, 1595, 1659, 2852, 2921,
3047, 3307.
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Appendix 4A

Kinetics plots for the formation constants of all-frans isomers using UV-Vis spectroscopy:

Abs@375nm in DMSO

1.0
0.5 Model ExpGro1
Equation y = Al*exp(x/t1) + y0
Reduced Chi-  3.09439E-6
Adj. R-Squar 0.99994
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i B y0 1.41887 0.00422
B Al -1.27272 0.00389
B t1 -592.131 3.1426
B k -0.00169  8.963E-6
B tau -410.433 2.17829
0.0 -— . - . .. . . .
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Figure 4A.1. First order formation kinetics for the reverse switching in 13a (10.8 mM solution

in DMSO)
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Figure 4A.2. First order formation kinetics for the reverse switching in 13b (8.0 mM solution

in DMSO)
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Figure 4A.3. First order formation kinetics for the reverse switching in 13¢ (7.5 mM solution
in DMSO)
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Appendix 4B

X-ray diffraction (XRD) studies: X-ray scattering experiments were performed to deduce the
exact structure of the assembly of the mesophases. The compound 13a at a lower temperature,
in the temperature range of 25 °C to 160 °C exhibits many peaks in the small angle region. In
addition, there are ha and hc peaks in the wide angle region. The h, peak is mainly originated
due to the liquid-like the order of the fluid chain and hc peak appears due to the core-core
separation and it is indicative of m-m interaction, reflecting the columnar nature of the
mesophase (Figure 4B.1). The peaks of the small angle could be indexed on the rectangular
lattice. The calculated 2D lattice parameters are a = 57.2 A, b = 44.84 A (at 140 °C). The h,
peak set the value of the of the other lattice parameter i.e. ¢ = 3.89 A. The details are
summarized in the Table 3. In brief, the observed phase is Col.. Further, this phase transformed
into Col, phase at temperature of 160.4 °C, and persists in the temperature range of 160.4 °C to

238 °C. The phase is confirmed by the observation of three peaks in the small angle region with

d-spacing in ratios 1:1/+/3: 1/v/7 and these peaks were assigned to reflections from (10), (11)
and (21) planes, respectively of the hexagonal lattice (Figure 4B.1b, and Table 4B.1).

Further, h, and he peaks were also observed in the wide angle region where he peak
confirmed its columnar nature. The calculated lattice parameter is found to be a = 39.24 A and
the other lattice parameter which is set by the value of the spacing of h. peak i.e. ¢ = 3.62 A.
In summary, the compound 13a exhibit Col; phase at lower temperature (25-160 °C) and Coln
phase at higher temperature (160.4-238 °C). This phase behaviour is also well supported by
POM.

In contrast, compounds 13b and 13c¢ showed only Col, phase (Figure 4B.1c and
4B.1d). The lattice parameters are found to be a = 43.35 A and 49.74 A (Table 4B.1),
respectively, which reflect the increasing trend. This trend is obvious because the periphery

chain length (size of the molecule) is increasing from compound 13a to 13c.
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Figure 4B.1. X-ray diffraction pattern: (a) compound 13a in the Col; at 140 °C; (b) compound
13a in the Coly at 190 °C; (c) compound 13b in the Col; at 25 °C; (d) compound 13¢ in the Coly
at 115 °C, obtained on cooling from the isotropic liquid, ha and h. are the spacings appear due

to alkyl chain-chain and core-core correlation, respectively.
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Table 4B.1. The Indices, observed and calculated d-spacings and planes of the diffraction
peaks of the lattices.

Compounds "1; Phase Lattice constants  doss (A)®  dews . Miller Indices
°O) (A) (A (hk)
140  Col; a=57.20 44.78 44.84 01
b=44.84 35.16 35.29 11
c=3.89 28.91 28.6 20
23.90 24.11 21
20.83 20.87 12
17.93 17.65 22
15.28 14.95 03
13a
14.14 14.30 40
11.46 11.44 50
10.59 10.44 24
9.93 9.66 34
9.54 9.53 60
4.81 ha
3.8 he
190 Coln a=39.24 33.99 10
c=3.62 19.57 11
13.15 21
4.95 ha
3.62 he
25 Coln a=4547 39.38 39.38 10
c=3.88 19.89 19.69 20
13b 15.14 14.88 21
4.79 ha
3.88 he
115 Coln a=49.76 43.09 43.09 10
13¢ c=3.62 4.94 ha
3.73 he

164 |Page



Chapter 4. Photoswitchable discotic liquid crystals

[a] dobs: experimental d-spacing. [b] dcai: calculated d-spacing for Col: by using the relation:
2 2 2 2

diz = % + I;—Z] ; for Colh: d—lz = [% + %] h, k are the indices of the reflections corresponding

to the columnar rectangular phase (Col;) and columnar hexagonal phase (Colp); a, b & c are the

unit cell parameters, ha & hc spacings appear due to alkyl chain-chain and core-core correlation,

respectively.
Reconstructed electron density maps: Electron density map for the columnar rectangular and
hexagonal phase of compound 13a was reconstructed (Figure 4B.2a,b). The procedure to

reconstruct the electron density map is described in the earlier literature.['8-2!]

-

{a) 3
.0:0 o: »
Aprioprio}.
“o:o o:o s P
L hd Yekd
—n"ta Iﬁi!t -

Figure 4B.2. (a) Reconstructed electron density map of columnar rectangular (Col;) and (b)

columnar hexagonal (Coly) phase. The red represents the highest electron density and deep blue

is the lowest.
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Figure 4C.7. '"H NMR spectrum of Benzene-1,3,5-triyltris((4-((£)-(4-(hexyloxy)phenyl)
diazenyl)-3,5-dimethyl-1H-pyrazol-1-yl)methanone) (7a)

o o TR MN O o N

n 0 a-NOH & ® oM I\G’\MMQF\H

o Mmoo — ~NO Y O — O Mg cog;

© SEIRRN £ S To® T SRNoNT A<
mmm — NI — N N LN o

23 Eq-iﬁq-n-n-n — — l\l\ﬁ% CH, M?\I\NNHEH

Lo Sier = [ ~— SN -

{
s
/

T |& “H ll

T T T T T T T T T

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
f1 (ppm)

Figure 4C.8. '°C NMR spectrum of Benzene-1,3,5-triyltris((4-((E)-(4-(hexyloxy)phenyl)
diazenyl)-3,5-dimethyl-1H-pyrazol-1-yl)methanone) (7a)

169|Page



Chapter 4. Photoswitchable discotic liquid crystals

v 8% 28183 m a8 S JIRSLSRaNS882RR
® e NG S99 © WNREAITMNMNMANG®®
© NN NN OO < < o+ ) N A" HO0O0O0
| O~ ~— | |
5 /J/\)\
i , , ‘ 1.80 1.5 1.4 1.3 0-?12 _—
7.85 7.00 f1 (ppm) 1 (ppm) ppm
f1 (ppm) f1 (ppm)
HC o
e ——
4.05
l L L f1 (ppm) JL
= == E = Rl A5 b ! /"‘: t
o < o [«)] [a] ] tTMmMmm [=)]
S o o N o o tTHdg ©
™M O O O (=) (=) O ON (=)
95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0
f1 (ppm)
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Figure 4C.11. '"H NMR spectrum of Benzene-1,3,5-triyltris((4-((E)-(4-(decyloxy)phenyl)
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Appendix 4D
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Figure 4D.1. '"H NMR spectrum of (E)-N-(4-((4-hydroxyphenyl)diazenyl)phenyl)acetamide
(10)

~169.19

161.42
14802
~145.52
~141.87
12497
~123.45
~119.58
\116 .43
—24.59

CH;

HNAO
N§N

.

OH

T —

70 60 50 40 30 20 10 0

180 170 160 150 140 130 120 110 100 90 80
f1 (ppm)

Figure 4D.2. °C NMR spectrum of (E)-N-(4-((4-hydroxyphenyl)diazenyl)phenyl)acetamide
(10)
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Figure 4D.10. '3C NMR spectrum of N!,N>-bis(4-((E)-(4-(hexyloxy)phenyl)diazenyl)phenyl)-
N>-(4-((E)-(4-((pentyloxy)methyl)phenyl)diazenyl)phenyl)benzene-1,3,5-tricarboxamide
(13a)
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Figure 4D.11. 'H NMR spectrum of N!,N>-bis(4-((E)-(4-(octyloxy)phenyl)diazenyl)phenyl)-
N>-(4-((E)-(4-((pentyloxy)methyl)phenyl)diazenyl)phenyl)benzene-1,3,5-tricarboxamide
(13b)
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Figure 4D.12. 1°C NMR spectrum of N',N>-bis(4-((E)-(4-(octyloxy)phenyl)diazenyl)phenyl)-
N>-(4-((E)-(4-((pentyloxy)methyl)phenyl)diazenyl)phenyl)benzene-1,3,5-tricarboxamide
(13b)
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Figure 4D.13. '"H NMR spectrum of N',N*-bis(4-((E)-(4-(decyloxy)phenyl)diazenyl)phenyl)-
N>-(4-((E)-(4-((pentyloxy)methyl)phenyl)diazenyl)phenyl)benzene-1,3,5-tricarboxamide
(13¢)
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Figure 4D.14. °C NMR spectrum of N',N>-bis(4-((E)-(4-(octyloxy)phenyl)diazenyl)phenyl)-
N>-(4-((E)-(4-((pentyloxy)methyl)phenyl)diazenyl)phenyl)benzene-1,3,5-tricarboxamide
(13¢)

178 |Page



Chapter 4. Photoswitchable discotic liquid crystals

@
5 " NERE R 8a%
wn QO T =T ® =HW;mN
< o TR o B T A0
— (o)) NN OO ™ NN
| el | Sl
(o] (o]
= (f H,C I CH,
/)
“NH
OH
T 7T —_-——r——r——r— T T T
7.50 7.40 6.90 6.80 2.5 2.4 2.3
f1 (ppm) f1 (ppm) f1 (ppm)
BN BN o o,
o © o N oM
© © O v N
- i N A oM
15 14 13 12 11 10 8 7 5 4 3 2 1 0
1 (ppm)

Figure 4D.17. '"H NMR spectrum of 3-(2-(4-hydroxyphenyl)hydrazono)pentane-2,4-dione(2)
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Figure 4D.19. '"H NMR spectrum of (E)-4-((3,5-dimethyl-1H-pyrazol-4-yl)diazenyl)phenol (3)
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Figure 4D.20. *C NMR spectrum of (E)-4-((3,5-dimethyl-1H-pyrazol-4-yl)diazenyl)phenol (3)
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5.1 Evaluation of substituent effect in Z-isomer stability of arylazo-1H-3,5-

dimethylpyrazoles

Recently, Fuchter and coworkers reported that N-methyl phenylazopyrazoles showed
very high stability in Z-form, with a half-life of 1000 days. However, if the molecule has methyl
groups in the ortho position to the azo group, the half-life dropped to 10 days. The same group
also modified various heterocycles and tuned the half-life of the heteroazylazobenzenes. So far
there is no studies have been carried out with respect to the aryl group substitutions. In this
regard, we attempted to understand the electronic and steric effects of the substituents in the
phenylazopyrazoles and N-methyl phenylazopyrazoles. To follow the reactions conveniently
through spectroscopy, we have chosen the system with two methyl groups in the pyrazole unit.
A series of 38 substituted derivatives of arylazopyrazole molecules (1-38d) with various
substitutions at ortho-, meta- and para-positions and six derivatives of N-methyl
arylazopyrazoles (1e) with meta-substitutions [3e (3-F), 6e (3-Cl), 9e (3-Br), 15e (3-CF3), 18e
(3-OMe)] have been synthesized. (Scheme 5.1) For all the molecules, photoisomerisation
studies, percentage conversion at photostationary states (PSS), and first-order rate constants
through kinetics studies of thermal reverse isomerization processes have been performed using
UV-Vis spectroscopic techniques. For those derivatives with substitutions at meta- and para-
positions, the above-mentioned studies have been performed using NMR. The rate constants
have been computationally deduced using density functional theory (DFT) at B3LYP/6-
311G(d,p) level of theory. For understanding the substitution effects, Hammett and Taft plots
have been studied using the rate constants computed through all the three methods. Based on
the studies, we understood that apart from substantial steric and electronic effects through aryl
substitutions, a compelling involvement of hydrogen bonding in determining the rates. To
establish the above points, we have utilized the studies on N-methyl arylazopyrazoles with
meta-substitutions, which provided clear support for our hypothesis. Kinetics studies at
different concentration, solvent effects and computations have confirmed the decisive role of
hydrogen bonding in this regard. Thus, the complex interplay of steric, electronic and hydrogen
bonding as factors in dictating the stability of Z-isomers in arylazopyrazoles has been

demonstrated.
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Scheme 5.1. Synthesis of substituted phenylazopyrazoles and N-methyl phenylazopyrazoles

5.2 Tripodal arylazo-3,5-dimethylpyrazole derivatives of trimesic acid

After the understanding of the substituent effects, functionalization strategy of the
arylazopyrazoles has been considered. A simple synthetic and purification method has been
developed in connecting various aryl-substituted phenylazopyrazoles with trimesic acid
through aroylazole linkage at the pyrazole nitrogen. The resulting fris(arylazopyrazole)
connected 18 derivatives (4a-r) are capable of undergoing photoisomerization between EEE,
EEZ, EZZ and ZZZ-isomers. (Scheme 5.2) Through UV-Vis and NMR spectroscopic studies,
the multi-state photochromic properties of these molecules have been investigated. Apart from
that, these new class of molecules exhibit many interesting properties such as better solubility,
higher photoisomerization conversions towards ZZZ-isomers, enhanced stability of ZZZ-
isomers, and long-term switching stability. Above all, these molecules show solid-state
reversible photoisomerization as well as colour changes that make them potential candidates

for the rewritable imaging applications.

@

(ii)

COOH cocl

U
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Scheme 5.2. Synthesis of tripodal arylazo-3,5-dimethylpyrazole-1-tricarboxamides 4a-r.
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5.3 Photoswitchable discotic liquid crystals

Once the functionalization strategy has been established, we explored the possibility of
utilizing azoarenes connected photoswitchable discotic liquid crystals. We have successfully
optimized a method for obtaining benzentricarboxamides functionalized photoswitchable units
in good yields. Since these molecules are expected to be planar in all-trans geometry, a
supramolecular assembly of such molecules can be expected to attain a disc-like structure. If
the peripheries of those photoswitchable units are connected with a flexible chain, the resulting
molecules may behave like discotic liquid crystals (DLC) that can be tuned by light-induced
photoisomerization. With this motivation, long chain alkoxy containing arylazopyrazole with
varying chain length Cs, Cg and Cio have been incorporated into a benzene core through
aroylazole linkage. (Scheme 5.3) Those molecules showed photoswitching in solution phase,
however, they did not show any liquid crystalline properties. Presumably, this can be attributed
to the methyl groups present in the pyrazole units, which might prevent the m-stacking. To
overcome this issue, we redesigned our strategy and incorporated alkoxy chains (Cs, Cg and
Cio) linked aminoazobenzenes have been incorporated into a benzenetricarboxamide core.

(Scheme 5.4)
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6

A

O O HN-N HN—I\\I
\
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_©_ W R = C¢Hy3 (7a),
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Scheme 5.3: Synthesis of tripodal alkoxy chain connected arylazo-3,5-dimethylpyrazole-1-
tricarboxamides 7a-c.

Once again, we have performed the photoswitching studies using UV/Vis and NMR
spectroscopic techniques. These molecules exhibit photoswitching behaviour not only in the

solution form, but also in the solid (KBr), in thin films and also in the liquid crystalline forms.
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Polarized optical microscopic (POM) images and small angle X-ray scattering (SAXS) studies
confirmed that all the three derivatives showed DLC properties. Interestingly, the compounds
with peripheral Cs alkyl chain exhibit two different mesophases: namely a columnar
rectangular (Col;) phase at low temperature, and a columnar hexagonal (Coly) at a higher
temperature. In contrast, the other two higher homologues revealed only Coln phases at all
temperature ranges. Despite the molecules showing photoswitching properties in the DLC
phase, we could not observe any texture change in the POM images. Thus, we designed,

synthesized and demonstrated a photoswitchable DLC molecules.

NHCOCH;,3 NHCOCH3; NH,

NH,
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Scheme 5.4: Synthesis of aminoazobenzene incorporated tripodal molecules 13a-c.

5.4 Perspectives:

In conclusion of my thesis work, we have done the synthesis of arylazopyrazole,
tripodal arylazo-3,5-dimethylpyrazole derivatives of trimesic acid, and aminoazobenzene
incorporated benzenetricarboxamides derivatives from readily and cheaply available starting

materials such as phenol, aniline and its substituted derivatives. We have obtained good to
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excellent yields for the synthesis of intermediates and also the final products. Furthermore, we
have investigated the influence of steric effects, electronic effects of substituents, and the
influence of hydrogen bonding in the stability of cis-isomer. Studies through Taft and Hammett
plots revealed the substantial influence of steric and electronic effects, respectively. Apart from
that, the hydrogen bonding is equally influential, which can be understood from the solvent
effects, and N-methylation or functionalization at the pyrazole nitrogen. By synthesizing a new
class of tripodal arylazo-3,5-dimethylpyrazole derivatives of trimesic acid, and
aminoazobenzene incorporated benzenetricarboxamides derivatives, we have demonstrated the
enhancement in the stability of cis-isomer. Apart from that, both the classes of such derivatives
showed potential applications in the reversible, rewritable imaging and photoswitchable DLCs,

respectively. The applications of those molecules can be further explored.

185 | Page



186 |Page
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All the reactions have been carried out under argon or nitrogen atmosphere and the
glass wares are dried in the oven as well as under vacuum by heating. The reagents (AR grade
or LR grade) and solvents were purchased from commercially available sources such as Sigma
Aldrich, Merck and TCI etc. Anhydrous solvents for the reactions and for column
chromatography have been distilled before use. The NMR spectra have been recorded in
Bruker Avance-III 400 MHz spectrometer. 'H and '*C NMR were recorded at operation
frequencies 400 MHz and 100 MHz, respectively. For recording the samples, CDCl3 and
DMSO-ds have been used as the solvents. The chemical shift (8) values are reported in parts
per million (ppm) and the coupling constants (J) are reported in Hz. In all the cases the signals
due to residual solvents in CDCI3 (7.26 ppm) and DMSO-ds (2.50 ppm) have been used for
internal calibration. High-resolution mass spectra have been recorded using Waters Synapt G2-
Si Q-TOF mass spectrometer. HRMS were obtained from a TOF mass analyser using
electrospray ionization (ESI) in both positive and negative modes. Melting points were
recorded on SMP20 melting point apparatus, which are uncorrected. FT-IR spectra were
recorded on a Perkin-Elmer ATR spectrometer. Column chromatography was performed over
silica gel (100-200 mesh) using EtOAc/hexane as an eluent. Thin layer chromatography was
performed on Merck Silica gel 60 Fas4 TLC plates and visualized using UV (A = 254 nm)
chamber or iodine stain. UV-Vis photoswitching and kinetics studies have been performed
either using a Cary 5000 spectrophotometer. For forward photoswitching (E-Z isomerization)
samples were irradiated at 365 nm using a LED light source either from Applied Photophysics,
SX/LED/360 with bandwidth 20 nm or a commercial 9W LED light source. The reverse
isomerization has been induced by using either a 35 W CFL lamp. The PSS has been
established by irradiating the sample for a prolonged time such that no further spectral change

1s observed.

187 |Page






CURRICULUM VITAE

SUDHA DEVI

Plot No. 10-A, New Patel Nagar,
Herjendera Nagar, Kanpur, Uttar Pradesh-208007

E-Mail: sudhapatel . knp@gmail. com, sudhadevi@iisermohali.ac.in
Phone No. 9501524730.

& ACADEMIC RECORD

e M.Sc. in Chemistry from C.S.J.M. University, Kanpur in 2009.
D. Pharmacy from Board of Technical Education, Lucknow, U.P. in 2007.
B.Sc. in Chemistry and Zoology from C.S.J.M. University, Kanpur in 2005.
Intermediate from UP Board in 2002.
Matriculation from UP Board in 2000.

DOCTORAL DETAIL
e Thesis Title: “Tuning, Controlling and Applications of Cis-isomer Stability in
Azoheteroarenes and Multiple Azoarenes Connected Systems”
e Supervisor: Dr. Sugumar Venkataramani, Assistant Professor, IISER Mohali, India

@ TEACHING
e July 2009 to January 2012.

& ACHIEVEMENTS
e CSIR-UGC JRF in Dec.-2011 (Rank 86).
o A valid GATE score 2012 (Rank 520).

@ EXTRA-CURRICULAR
e Two year worked in National Service Scheme.
e Worked as a Chemist for three months.
e Active participation in Cultural activities.

& TECHNICAL SKILLS
e Instrumentations- NMR, IR, UV/Vis, Fluorescence, HRMS, XRD, and DSC.

SUDHA DEVI



