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Abstract

Synthesis, characterization and biological evaluation of

N-substituted asymmetric squaraines for photodynamic therapy

Hyung Jin Choi
Advisor : Prof. Lee Jong Dae, Ph.D,
Department of Chemistry,

Graduate School of Chosun University

Photodynamic therapy (PDT) is a clinically established and highly evolving
treatment modality for cancer. PDT utilizes a light responsive drug called
photosensitizer that selectively destroys tumor cells upon light irradiation. Squaraine
dyes are a class of organic dyes with strong and narrow absorption bands in the
near-infrared. Despite high molar absorptivities and fluorescence quantum yields,
these dyes have been less explored than other dye scaffolds due to their
susceptibility to nucleophilic attack. Recent strategies in probe design including
encapsulation, conjugation to biomolecules, and new synthetic modifications have
seen squaraine dyes emerging into the forefront of biomedical imaging and other
applications. In addition, squaraines are a class of dyes possessing all favorable
characteristics of a photosensitizer and have been considered to be a potent
candidate for next generation PDT. In this study we chose an N-alkylated
asymmetric derivatives of squaraine which has been reported for its tumor
specificity but least studied for its cellular and molecular functions. Our studies
revealed that the N-alkylated asymmetric derivatives of squaraine possess maximum
photodynamic activity in human colon cancer cells HCT116 and had very little
cytotoxicity in normal colon cells Ccd-18co. We analyzed its pro and anti-apoptotic
events initiated by oxidative stress exploring a proteomic approach and delineated

other critical molecular pathways and key proteins involved in regulating the
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complex network of cellular response upon PDT. Our study showed that,
N-alkylated asymmetric squaraines predominantly accumulate in mitochondria and
induce mitochondriamediated apoptosis. Our study also reveals the novel
mechanistic role of N-alkylated asymmetric squaraines to induce oxidative stress

there by activating both protective and death inducing pathways post PDT.
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1. Introduction

1.1. Therapy: Photodynamic Therapy (PDT)

In clinical practice, photodynamic therapy (PDT) is an innovative therapy approved for
use in certain neoplastic and non-neoplastic diseases. In the case of cancer, this technique
has generated great interest in the scientific community because it offers some advantages

relatively to conventional treatments, namely, chemotherapy and radiotherapy.'

1.2. PDT: Historical Facts

PDT origin dates to ancient Egypt, Greece and India, being that these people used
sunlight in combination with a photosensitizing plant to treat various skin diseases,
including vitiligo and psoriasis.” However, it was only in the beginning of the 20th
century, that PDT, as a therapeutic modality, began to develop. This is largely due to the
work done by German medical student Oscar Raab, which working with Professor Herman
von Tappeiner in Munich, discovered the photodynamic effect of acridine orange on
protozoa and parasites in the presence of sunlight’ Three years later, the same group
published the first treatment in patients.*

In the following years, the phototoxicity and fluorescence of hematoporphyrin was
investigated.” In the 1960s, Lipson and Buckets synthesized a hematoporphyrin derivative
(HpD) compound to increase tumour accumulation of the dye, and subsequently this
compound was used as a fluorescent marker for diagnosis of cancer. But in 1972, Diamond
et al. showed that HpD, besides being a diagnostic tool, could also have therapeutic
applications, evidencing its efficacy in rat gliomas.® Subsequently, in 1975, Dougherty et al.
demonstrated complete eradication of breast tumours in animal models after treatment with
HpD.” In 1976, Kelly and Snell conducted the first clinical study of HpD in bladder cancer
treatment. Even in this same decade, in 1978, Dougherty et al. have shown several
successful case results obtained in patients undergoing PDT.

After these outcomes, PDT studies were intensified, and several clinical cases were
published, showing PDT potentialities in the treatment of various kinds of tumours, such as

bladder, brain, intraocular, pancreatic, and liver, among others.® Despite the promising
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results of PDT in cancer treatment, it was only in 1993 that the first photosensitizer was
approved in Canada, an HpD designated Photofrin®, for the treatment of bladder cancer.’
This was, in 1995, approved by the FDA for the treatment of oesophageal cancer, and

later in several countries in Europe.

1.3. PDT: Fundamentals

Photodynamic therapy consists of a therapeutic approach that requires the combination
of three factors: a light source with adequate wavelength, the presence of molecular oxygen
and an intermediary agent, called photosensitizer (PS), capable of absorbing and transferring
energy from the light source to the oxygen, leading to the formation of reactive oxygen
species (ROS), which are cytotoxic, causing damage and, consequently, cell death."

In the clinical practice, the procedure consists in the administration of the
photosensitizer, which should be preferentially accumulated in the tumour cells, later the
excitation and activation of the photosensitizer is carried out, at the wavelength
corresponding to an absorption band of PS, leading to the generation of cytotoxic species

and tumour destruction.'!

1.4. PDT: Advantages and Disadvantages

PDT has a local action, which at the same time may have advantages and
disadvantages. The high selectivity of this therapy is due to the ability of many PS to
accumulate preferentially in tumour cells, and because the cytotoxic action occurs only in
the time interval and in the place where light interacts with the PS. Selective PS
accumulation in the tumour is facilitated if the application is topical, since the PS is
applied locally only on the lesion to be treated. In cases where administration is
intravenous, it is necessary that the PS be kept in circulation for long enough to reach and
accumulate in the tumour, taking advantage of the specific microenvironment of most solid
tumours. These have fenestrated blood capillaries, reduced lymphatic drainage and low pH,
which favours the passage and accumulation of the PS into the desired site."

Despite the reduced systemic effects, temporary cutaneous photosensitivity reactions
have been identified as the most significant adverse effect of this therapy. This is a
problem that occurs due to accumulation of PS in the skin of patients. PS molecules

accumulated in the skin can initiate the photodynamic reaction, by the action of sunlight or

_2_
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strong artificial light, causing skin lesions or photosensitivity. The same can occur at the
ocular level. To avoid this problem, patients should stay at home a few weeks after
treatment, until PS levels in the skin decrease to safe values. As such, it is essential that
PS have fast kinetics of elimination of the organism."

The main disadvantage of the localized character of PDT is that it does not allow the
treatment of metastatic tumours.'* As such, many research groups have attempted to
understand and modulate the response of the immune system, favouring a specific antitumor

immune response.'

1.5. PDT: Light — Matter Interaction

As result of the interaction of light with matter, light energy can be transformed into
other forms of energy (absorption, light emission, heat release and photochemical reactions).
The search for an understanding of this interaction led to a series of studies in different
areas of knowledge.

Photophysics and photochemistry are respectively concerned with describing the
physical and chemical processes induced by the absorption of light, involving energetic,
structural and dynamic studies. A molecule by absorbing light and being excited can lose
its energy through physical processes or participate in chemical reactions. To quantify each
of these processes, quantum yield (®) measurements are used, where ® is the ratio of the
number of photons involved in a specific process by the number of photons absorbed or

number of molecules of product formed per unit of time.

1.6. PDT: Photochemistry and Photophysics

The incidence of light on a photosensitive compound can provide sufficient energy to
trigger photochemical processes. When a PS, in the ground state (Sy), absorbs light, one
electron is excited to a higher orbital level. This electron maintains its spin according to
the spin selection rule. The excitation to a higher singlet state can be from highest
occupied molecular orbital (HOMO) to lowest unoccupied molecular orbital (LUMO) or to
a higher orbital, being that singlet excitation states (S,) can have different energies (Figure
1). S,>S; have a short lifetime (nanoseconds), so the photosensitizer rapidly loses energy to
the first singlet excited state (S;) by internal conversion (IC). From this state, the

photosensitizer can experience two types of processes, one radiative and one non-radiative.'®

_3_
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Figure 1. Perrin-Jablonski energy diagram for a photosensitizer.

In the radiative process, the photosensitizer returns to the S;, by emission of
fluorescence (Figure 1). Fluorescence emission is only possible in the transition from the S,
state to the So state, whereby, normally, the fluorescence wavelength is less than the
excitation wavelength. The difference between the maximum excitation wavelength and the
maximum emission wavelength is referred as the Stokes shift.'” In this case the
photodynamic reaction doesn’t occur with therapeutic effect, however this property can
potentially be used for diagnosis by obtaining fluorescence images.'

In the non-radiative process, the electrons undergo a spin inversion, called intersystem
crossing (ISC), passing to a triplet excited state (T;), Figure 1. The production of this state
by the photosensitizer determines its phototherapeutic effects and the probability of triplet
state formation. A high triplet state formation is required for a high efficacy of the
photosensitizer in PDT. In this state (T,), the photosensitizer may dissipate energy and
return to the S, through a radiative emission process, referred to as phosphorescence,
Figure 1, or may undergo quenching (nonradiative de-excitation process). The quenching
mechanisms of the triplet excited state occur according to two types of photodynamic
reactions, Type I and Type II, Figure 1.

In the Type I reaction, the photosensitizer in the T, state reacts directly with the
substrate(s), such as cell membranes or molecules, with the transfer of an electron or a
proton between them, giving rise to an anion radical or a radical cation, respectively.' In
the presence of oxygen, and because these free radicals are highly unstable species, most

react instantly to produce the superoxide anion (O®°). In biological systems, this radical

_4_
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reacts with water to produce hydrogen peroxide (H,O,). Hydrogen peroxide can cross cell
membranes and cause damage directly on cell compartments. At higher concentrations, the
superoxide anion can form highly reactive hydroxyl radicals (‘OH), which attack and
oxidize biological molecules.”’

On the other hand, in the Type II reaction, the photosensitizer in the T, state can
transfer its energy directly to the molecular oxygen, whose ground state alone is also a
triplet state, producing the excited state of oxygen, the singlet oxygen ('O,). Singlet oxygen
is a highly reactive species with a very short lifetime that reacts directly with biological
molecules near its site of formation. Theoretically, singlet oxygen can only interact with
nearby molecules and structures within its range of action.

Reactive oxygen species (ROS) formed by the photodynamic reaction are known to
trigger various reactions with biomolecules including: amino acid residues in proteins,
unsaturated lipids, such as cholesterol, and bases of nucleic acids. These interactions cause
damage, potential destruction of cell membranes and deactivation of enzymes, inducing cell
death. The singlet oxygen is considered the main cytotoxic species formed during the
photodynamic process.”’ Both reactions (Type I and II) occur simultaneously, and the ratio
between them depends on the type of photosensitizer used, the substrate and oxygen
concentration and the amount of available oxygen. The efficiency of the Type II reaction
depends on the duration (lifetime) of the triplet state and the triplet quantum yield of the
photosensitizer. Both reaction types have been implicated in the efficacy of the
photosensitizer and are also involved in the distinction between the two types of

photodynamic reactions (Type I and II).

1.7. PDT: Characteristics of an Ideal Photosensitizer

An ideal photosensitizer for PDT must have the following characteristics: high purity
and chemical stability; easy synthesis; low dark toxicity of photosensitizer and their
metabolites; strong absorption in the infrared region, of the -electromagnetic spectrum
(600-850 nm, the so-called "therapeutic window"); have suitable photophysical characteristics
such as low quantum fluorescence yield, high quantum singlet oxygen yield and a triplet
state with a high half-life, as well as a partition coefficient suitable for the intended route

of administration and allowing dissolution in biocompatible formulations, if necessary.*
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1.8. PDT: Mechanisms of Tumor Cytotoxicity

Tumour destruction may occur due to direct tumour cell death, or indirectly due to
injury to the tumour vasculature or induction of inflammatory reaction with subsequent
immune system activation.”

Several clinical studies have shown that PDT may be curative, particularly in the case
of non-advanced tumours. On the other hand, it is known that it can prolong survival in
the case of inoperable tumours and improve the patients’ quality of life.**

Cytotoxic effects caused by PDT in vivo are multifactorial and depend on the type of
tumour and its level of oxygenation, the characteristics of the photosensitizer, its
concentration, location at the moment of irradiation, the time between its administration and
irradiation, light sources’ power and total light energy received.” The balance of these
parameters influences the extent of the various mechanisms of tumour destruction: direct
destruction of tumour cells (apoptosis, autophagy or necrosis), destruction of tumour

vascularization and activation of an immune response.

1.9. Direct Cytotoxicity of PDT

The direct action of PDT on tumour cells is the most studied effect when this
therapeutic strategy is applied to cancer. The three main mechanisms of cell death,
necrosis, apoptosis and cell death associated with autophagy can be activated in response to
ROS produced in the photodynamic reaction.

Oxidative damage irreversibly destroys biomolecules and key cellular structures leading
to cell death. The mechanism of cell death may be influenced by the cellular organelles
where the PS molecules were located at the time of irradiation.”®

Typically, photosensitizers located in the mitochondria or endoplasmic reticulum induce
cell death by apoptosis, whereas PS located on the plasma membrane or lysosomes may
induce cell death by necrosis. There is also evidence that autophagy can be induced by
PDT. Autophagy is activated in an attempt by the cell to repair and survive damage to
certain key organelles. If this response fails, it is transformed into a cell death signal.”’

The known results suggest that in more aggressive PDT protocols (high doses of PS,
high light doses, or both, and short times between PS administration and irradiation) tend
to cause extensive necrotic cell death, unlike less intense protocols, which seem to favour

cell death by apoptosis.”®
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1.10. Effect of PDT in Blood Vessels

PDT may not only have tumour cells as the targets of action. Since the early 1980s,
an additional indirect mechanism coexists with the cytotoxic effect of PDT, which is the
effect of vascular obstruction, which causes death by induction of ischaemia and therefore
provides another pathway for the treatment of solid cancers. As such, there has been a
great deal of research into the development of photosensitizing molecules both with high
selectivity for tumour cells and for tumour vasculature itself.”’

The vascular damage of PDT is because the photosensitizers are irradiated, confined in
the bloodstream or accumulated in the endothelial cells or still attached to vessel walls,
inducing loss of the tight junctions in the endothelial cells. These primary damages within
the vessel lumen lead to thrombus formation and induce a cascade of reactions, namely,
platelet aggregation, release of vasoconstricting molecules, lymphocyte adhesion, and
increased vascular permeabilization. This collapse of the microvasculature associated with

microhaemorrhage can cause severe hypoxia and, as such, tissue death.*

1.11. Immunity response to PDT

Several studies suggest that PDT induces an immune response in the host, and the
innate immune system can be activated as the adaptive.”’

Direct destruction of tumour cells, vessel occlusion, and ischemia caused often result
in an acute local inflammatory reaction initiated by the secretion of proinflammatory
mediators (innate immunity), such as tumour necrosis factor o (TNF-o), interleukin-1 (IL-1)
or interleukin-6 (IL-6), thereby activating adaptive immunity components, such as
neutrophils, mast cells, macrophages and dendritic cells, which will restore homeostasis to
the region affected by the treatment (local inflammation).”

Crosstalk between innate immunity and adaptive immunity is established through
dendritic cells (DC). DCs, when activated by inflammatory mediators, pick up the tumour
antigens, and go to the nearest lymph nodes. There, they expose the antigens to CD4+ T
lymphocytes, making them active. In turn, these cells activate CD8+ T lymphocytes, which
recognize and destroy tumour cells.”

As such, in response to the photodynamic action of PDT, a local inflammatory
response, as well as a systemic inflammatory response, may occur in the long term, thus

allowing the eradication of metastases that are far from the irradiated site. In 2015, Rocha

_7_
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et al. have developed a photosensitizer that can eliminate the primary tumour, eliciting a
systemic immune response capable of controlling the metastasis.*

However, numerous clinical studies have demonstrated that PDT can not only trigger a
stimulatory response on the immune system, as well as an immunosuppressive response.”
The precise mechanisms that lead to each of these responses are not yet fully described,
however, they are known to be related to the immune system, the treated area and the
type of photosensitizer.”® Immunosuppressive effects have only been associated with local
reactions in skin lesion treatments with high irradiation areas.”’

To improve the efficacy of clinical treatment by PDT, a greater understanding of the

mechanisms associated with the immune response is needed.*®

1.12. Squaraine Dyes

Near infrared dyes absorb light in the range of 700 —1500 nm.” Within this range lie
the first and second therapeutic windows wherein scattering as well as absorption and
autofluorescence from biomolecules are minimized allowing for increased penetration of NIR
light for in vivo imaging and therapeutic applications. There are relatively few classes of
NIR dyes that are easily synthesized or readily available, including cyanine dyes,"
squaraine dyes,"' phthalocyanines,” porphyrins, and BODIPY (borondipyrromethane)*
analogues.

Since cyanine dyes were first discovered by C. H. Greville Williams in 1856,* the
cyanine class has been broadly studied for various applications, such as in vivo imaging,
ex vivo imaging (pH sensing and DNA stains), blood spatter analysis, and solar energy
conversion.® Cyanine dyes consist of two heteroaromic nuclei connected by an
odd-numbered chain that allows for a push/pull system between the two heterocycles. The
delocalization of electrons across this bridge causes them to exhibit long wavelength
absorptions.” Monomethine and trimethine cyanine dyes absorb in the visible range,
pentamethine cyanines absorb in the near-infrared region (>700 nm), and heptamethine

% These dyes are widely used in semiconducting

cyanines absorb beyond 1000 nm.*
materials, laser materials, optical recording media, paints, and biological imaging
applications.

Phthalocyanines are two-dimensional tetrapyrrolic macroheterocycles that contain 18
delocalized m-electrons, which are responsible for their intense absorption in the NIR

region.*
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Phthalocyanine dyes are thermally and chemically stable and highly conjugated aromatic
macrocycles that have attracted interest not only for the preparation of dyes and pigments
butalso as building blocks for the construction of new molecular materials for electronics
and optoelectronics. In the last few years, phthalocyanines have been intensively studied as
targets for optical switching and limiting devices, organic field effect transistors, sensors,
light-emitting devices, low band gap molecular solar cells, optical information recording
media, and photosensitizers for photodynamic therapy.”

The first member of the BODIPY dyes (the difluoroboraindacene family) was
discovered by Treibs and Kreuzer in 1968.°" This versatile class of dyes tend to be
strongly UV absorbing small molecules that emit relatively sharp fluorescence peaks with
high quantum yields.”> They have increased in popularity over the last decades thanks to
their excellent thermal and photochemical stability, high fluorescence quantum yield,
negligible triplet-state formation, intense absorption profile, good solubility, and chemical
robustness.” These attractive properties make them desirable for applications as laser dyes,

molecular photonic wires, chemosensors, fluorescent switches, electron transfer reagents, and

{% %% Q}
& o - oo

Figure 2. Common structure of Squaraine dyes.

bioprobes.™

Squaraine dyes are a class of organic dyes with an electron deficient central
four-membered ring that have a resonance stabilized zwitterionic structure and were
discovered by Treibs and Jacob in 1965.° Squaraines are derived from the highly electron
deficient aromatic squaric acid core and feature -electron-donating aromatic rings at
diametrically opposite sides of the four-member ring. Due to their planar structures and

zwitterionic properties, squaraine dyes exhibit strong absorption and emission in the NIR

_9_
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region. A general structure of the squaraine chromophore is shown in Figure 2 with Ar,
and Ar, generally being electron-rich anilines or heterocycles such as trimethylindolenine,
benzothiazoles, and benzoselenazoles. Additionally, the squaric core can be modified by
nucleophilic substitution leading to the formation of aminosquaraine and dicyanomethylene
squaraine dyes.”

Squaraines have extremely intense absorption bands, high molar absorption coefficient,
and good photoconductivity.”” Squaraine dyes also tend to demonstrate a narrow absorption
in the NIR range, excellent photostability,”® and high quantum yield.”” Additionally, they
are prepared through a straightforward synthetic procedure.”’ Squaraine dyes can be
synthesized with functional groups providing potential sites for conjugation to enhance
targeting specificity without sacrificing photophysical properties.®’ Cytotoxicity studies using
various squaraines®” and squaraine rotaxanes” have shown that these compounds are
nontoxic even at concentrations far above the therapeutic/imaging dosages, although with
significant changes to the molecular structure this may change. Therefore, squaraine dyes
inherently benefit from excellent photophysical and chemical properties and are adaptable to

functional groups.

1.13. Synthesis of Squaraine Dyes

1.13.1. Symmetrical Squaraine Dyes

Symmetrical squaraine dyes consist of two of the same electron-donating groups on
both sides of the oxocyclobutenolate core. The starting material for the majority of
squaraine dyes syntheses is squaric acid, a colorless solid. The synthesis of symmetrical
squaraines is simply the condensation of two equivalents of the aryl donor groups with a
single equivalent of a squaric acid acceptor. The aryl donor groups can be pyrroles,
phenols, N,N-dialkyl anilines, azulenes, and activated methylene heterocycles like Fisher
bases, etc.*® For the preparation of squaraine dyes, the choice of proper conditions strongly
effects the success of the reaction. Initially, Treibs and Jacob used acetic anhydride in the
preparation of squaraine dyes.”” This method was later improved by Sprenger and
Ziegenbein by using a one to one mixture of butanol and benzene which allowed
azeotropic removal of the byproduct water and greatly improved yields.®® This is still the
preferred method of preparing squaraines although benzene has been replaced with the less

toxic toluene.”” As illustrated in Scheme 1, the synthesis of squaraine dyes begins when

_']O_
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squaric acid is activated by alcohol and forms a “half ester” squarate, followed by active
attack of a nucleophilic compound (Nu-H) and the subsequent loss of alcohol or acetic acid
molecule. This leads to the formation of an intermediate semisquaraine. The next attack of
nucleophile with the subsequent elimination of another alcohol or acetic acid molecule

occurs at the 3-position and generating the symmetrical squaraine dye.

o o o 0 o o o OH
ROH Nu-H
Tp» ~— . —_—
RO
HO OH RO OH RO OH N OH
*-ROH
+ - -
o Nu o OH o o o [§)
Nu Nu-H 5
<W - - -
=2
Nu o) Nu OH Nu OH Nu OH

Scheme 1. Suggested Mechanism for Symmetrical Squaraine Dye Formation

1.13.2. Unsymmetrical Squaraine Dyes

Unsymmetrical squaraines contain two different substituents on the first and third
carbons of the squaric acid moiety. There are two general synthetic routes to obtain
unsymmetrical squaraine dyes, both starting from derivatives of squaric acid. The first
strategy is using thionyl chloride or oxalyl chloride to prepare
3,4—dichlorocyclobut—3—ene—1,2—dione,68 with the subsequent addition of one equivalent of an
activated aromatic compound, followed by immediate hydrolysis to obtain the intermediate
semisquaraine, as shown in Scheme 2. Then the semisquaraine is then allowed to react

with a different aromatic compound to afford the final unsymmetrical structure.

_']']_
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Scheme 2. Synthesis of Unsymmetrical Squaraine Dyes Using Thionyl Chloride

In the second strategy, unsymmetrical squaraine dyes containing more reactive
N-alkylated heterocyclic structures such as alkyl-indolinium, alkyl-benzothiazolium, and
alkylquinolinium salts can be synthesized through the use of
3,4-dialkoxy-cyclobut-3-ene-1,2-dione, as shown in Scheme 3. Activated heterocyclic
compounds react with 3,4-dialkoxycyclobut-3-ene-1,2-dione in a 1:1 ratio in ethanol with
triethylamine (TEA), resulting in the semisquaraine intermediate. The semisquaraine is then
reacted with another heterocyclic compound, generating the anticipated unsymmetrical
structure. However, the regioselectivity should not be ignored during condensation of
semisquaraine with the second equivalent of donor. During the reaction, the
1,2-condensation byproduct can be formed along with the desired 1,3-condensation

product.”

X4 R X3
1
1<y —
N+
XN \Rz X4 [} Xz
—_— N =N+
= 5 Se, C(CHy); Xz =S, Se, C(CHy); £ N\ — 'Y

HO o

R=EtorBu =~
Fe) o

Scheme 3. Synthesis of Unsymmetrical Squaraine Dyes with N-Alkylated Heterocyclic

Structures.
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2. Experimental Section

2.1. General considerations

All manipulations were performed under either a dry nitrogen atmosphere using either
standard Schlenk techniques. Ethanol, and acetic acid were purchased from Samchun Pure
Chemical Company and used without further purification. Acetonitrile was dried over
sodium/benzophenone before use. Glassware, syringes, magnetic stirring bars, and needles
were dried overnight in a convection oven. 4-Bromoaniline, 3-methylbut-2-one, iodoethane,
iodobutane, iodohexane, 3,4-dihydroxycyclobut-3-ene-1,2-dione, n-butanol, tin (II) chloride
dihydrate, and triethylamine were purchased from Aldrich Chemicals. All compounds were
synthesized by modified literature procedure.[37] IR spectra were recorded on an Agilent
Cary 600 Series FT-IR spectrometer using KBr disks. The 'H and “C NMR spectra were
recorded on a Bruker 300 spectrometer operating at 300.1 and 75.4 MHz, respectively. All
'"H and C NMR chemical shifts were measured relative to the internal residual CHCls
from the lock solvent (99.9% CDCl;). Reactions were monitored by thin-layer
chromatography (TLC) on aluminium plates with 0.25 mm of silica gel (TLC Silicagel 60
F254, Merck, Darmstadt, Germany), which were, whenever necessary, visualized by UV
detection. Purification by column chromatography was carried out on silica gel 60 (70-230
mesh) using a mixture of ethyl acetate and petroleum ether (1:1) or CH,Cl, as eluent.
Elemental analyses (Carlo Erba Instruments CHNS-O EA1108 analyzer) were performed by
the Ochang branch of the Korean Basic Science Institute. All melting points were

uncorrected.

2.2. In Vitro Cytotoxicity Evaluation

The cytotoxicity of compounds 3a, 3b, 3¢, 4a, 4b, and 4c¢ to C6 glioma cell line (rat
brain cancer cell) was assessed by the MTT cell viability assay. In summary, C6 glioma
cells were seeded into a 96-well microplate at a density of 5 x 10%ells/well in 100 pL of
Ham’s F-12 medium, supplemented with 10% fetal bovine serum (FBS), and allowed to

adhere overnight at 37°C in 5% CO,. The medium was then replaced with the same
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volume of Ham’s F-12 containing different concentrations (0—10 pM) of compounds 3a,
3b, 3¢, 4a, 4b, and 4c¢ and afterward, cytotoxicity was assessed in 2 h incubation at 37 °C
for 4 h in the dark after addition of compounds 3a, 3b, 3c, 4a, 4b, and 4c. Then, the
cells were washed twice with PBS, and 100 pL of MTT (5 mg/mL in PBS) was added to
each well and the plates were incubated at 37 °C for 4 h in the dark. The medium was
removed and 200 pL of DMSO was added to dissolve the blue formazan crystals for 20
min. The absorbance was read on an ELISA Reader at 540 nm. The relative cell viability
was calculated by dividing the mean optical density value of the control group, and the
average value was obtained from six parallel samples. The effect of UV irradiation was
investigated after treating of C6 glioma cells with the aforementioned compounds in a
range of concentrations from 0 to 10 pM for 2 h at 37 °C in 5% CO, and then exposing
them to UV lamp (365nm) with a 10 cm distance for 3 min. Immediately after UV
irradiation and illumination with greenligh (532nm) for 90 s, the cell viability was
measured using the technique mentioned before. All experiments were performed in

triplicate.

2.3. Synthesis

2.3.1. Synthesis of
(E)-3-[(1-ethyl-3,3-dimethylindolin-2-ylidene)methyl]-4-butoxycyclobut-3-ene-1,2-diones (1a)

General Procedure. 2,3,3-Trimethyl-2-methyleneindoline (7.9 g, 20.0 mmol) and 1.2 equiv of
3,4-dibutoxycyclobut-3-ene-1,2-dione (5.4 g, 22.0 mmol) with 22.0 mmol of NEt; dissolved
in anhydrous ethanol (50 mL) and the mixture was stirred at 25 °C for 7 h. The progress
of the reaction was monitored by thin layer chromatography. After completion of the
reaction, the removal of the solvent at the rotary evaporator gave a crude product, which
was then extract with Et,O at 3 times. The combined organic layer concentrated by rotary
evaporator then recrystallized in EtOH to yield 1a. Yield: 19%, (0.13 g, 0.38 mmol). M.P.
76 — 77 °C. Elemental Analysis : Cy;H»sNO;, Found : C, 74.31; H, 7.42; N, 4.13; O,
14.14. '"H NMR (CDCl-d) & 0.96 (t, 3H, CH;), 1.33 (m, 2H, CH,), 1.66 (m, 2H, CH,),
1.49 (d, indoline CHj3), 3.10 (q, N—CH3), 3.96 (m, O—CH,), 5.64 (s, C—H), 6.35 (m, 1H,
indoline C—H), 6.50 (m, 1H, indoline C—H), 6.91 (m, 1H, indoline C—H), 6.86 (m, indoline
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C-H). "C NMR (CDCl:-d) & 13.4, 14.1, 26.8 (CHs), 19.2, 32.4 (CH,), 47.9 (N-CH,), 51.1
(=C-C), 659 (O-CH,), 949, 172.8 (C=C), 113.2, 1169, 126.8, 127.0 140.9, 144.1
(indoline ring), 128.3, 176.2 (C=C), 187.0 (C=0).

1b: Yield: 15% (0.11 g, 0.4 mmol). M.P. 79 — 80 °C. Elemental Analysis : Cy3HyNOs3,
Found : C, 75.17; H, 7.95; N, 3.81; O, 13.06. 'H NMR (CDCls-d) & 0.96 (t, 3H, CH;),
1.33 (m, 2H, CH,), 1.52 (m, 2H, CH,), 1.66 (m, 2H, CH,), 1.47 (d, indoline CHs), 3.06
(q, N—CH,), 3.96 (m, O—CH,), 5.62 (s, C—H), 6.33 (m, 1H, indoline C—H), 6.48 (m, 1H,
indoline C—H), 6.79 (m, 1H, indoline C—H), 6.84 (m, indoline C—H). *C NMR (CDCl;-d)
5 13.8, 14.1, 27.0 (CH3), 19.2, 32.4, 30.6, 44.9 (CH,), 44.8 (N-CH,), 51.2 (=C-C), 65.9
(O—CH,), 95.0, 172.9 (C=C), 113.3, 117.0, 126.7, 127.1 141.0, 144.2 (indoline ring), 128.3,
176.2 (C=C), 187.0, (C=0).

lc: Yield: 17% (0.13 g, 0.34 mmol). M.P. 78 — 79 °C. Elemental Analysis : CysH33NOs,
Found : C, 75.91; H, 8.41; N, 3.54; O, 12.14. '"H NMR (CDCl;-d) § 0.96 (t, 3H, CH;),
1.29 (m, 2H, CH,), 1.33 (m, 2H, CH,), 1.52 (m, 2H, CH»), 1.65 (m, 2H, CH,), 1.46 (d,
indoline CHj), 3.06 (q, N—CH;), 3.95 (m, O—CH;), 5.61 (s, C—H), 6.32 (m, 1H, indoline
C-H), 647 (m, 1H, indoline C—H), 6.88 (m, 1H, indoline C—H), 6.83 (m, indoline C—H).
BC NMR (CDCli-d) & 45.1 (N-CH,), 14.1, 143 (CHs), 19.4, 22.8, 26.9, 27.2, 28.4, 31.6,
32.6 66.1 (CHp), 66.3 (O—CH,), 51.3 (=C-C), 95.1, 173.0 113.1, 116.8, 126.7, 126.1
140.8, 144.0 (indoline ring), (C=C), 128.5, 176.4 (C=C), 187.1 (C=0).

2a: Yield: 15% (0.12 g, 0.3 mmol). M.P. 75 — 76 °C. Elemental Analysis : C;HxBrNO;,
Found: C, 60.29; H, 5.78; Br, 19.10; N, 3.35; O, 11.47. '"H NMR (CDCl;-d) 8 'H NMR
(CDCl3-d) & 0.96 (t, 3H, CH3), 1.34 (m, 2H, CH,), 1.68 (m, 2H, CH;), 1.50 (d, indoline
CH;), 3.11 (g, N-CHy), 3.97 (m, O—CH,), 5.65 (s, C—H), 7.08 (m, 1H, indoline C—H),
7.03 (m, indoline C—H), 6.24 (m, 1H, indoline C—-H). *C NMR (CDCl-d) & 13.6, 14.1,
26.9, 26.9 (CH3), 19.5, 32.7 (CHy), 48.1 (N—CH,), 51.2 (=C-C), 66.1 (O—CH,), 95.1, 173.0
(C=0C), 111.2, 1154, 129.7, 131.7, 143.1 (indoline ring), 128.5, 176.4 (C=C), 187.0
(C=0).
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2b: Yield: 17% (0.15 g, 0.34 mmol). M.P. 77 — 78 °C. Elemental Analysis :C;HsBrNO;,
Found: C, 61.89; H, 6.32; Br, 17.90; N, 3.14; O, 10.95. 'H NMR (CDCl5-d) o '"H NMR
(CDCl3-d) & 0.96 (t, 3H, CH5), 1.33 (m, 2H, CH,), 1.52 (m, 2H, CH), 1.67 (m, 2H,
CH,), 1.51 (d, indoline CHj), 3.06 (q, N—CH,), 3.98 (m, O—CH,), 5.66 (s, C—H), 6.26,
7.10 (m, 1H, indoline C—H), 7.05 (m, indoline C—-H). *C NMR (CDCl-d) & 13.8, 14.1,
27.3 (CH3), 19.7, 20.6, 31.0, 32.9 (CH,), 44.8 (N-CH,), 51.6 (=C—-C), 66.3 (O—CH,), 95.5,
173.4 (C=C), 111.6, 115.8, 130.1, 132.1, 143.4, 143.5 (indoline ring), 128.7, 176.6 (C=C),
187.0 (C=0).

2¢: Yield: 18% (0.18 g, 0.38 mmol). M.P. 80 — 81 °C. Elemental Analysis : C,sH3,BrNO;,
Found: C, 63.29; H, 6.80; Br, 16.84; N, 2.95; O, 10.12. 'H NMR (CDCls-d) & '"H NMR
(CDCl3-d) & 0.97 (t, 3H, CH3). 1.29 (m, 2H, CH), 1.33 (m, 2H, CH,), 1.36 (m, 2H,
CH,), 1.52 (m, 2H, CH), 1.68 (m, 2H, CH,), 1.53 (d, indoline CHj), 3.07 (q, N—CH,),
3.99 (m, O—CH,), 5.67 (s, C—H), 6.27 (m, indoline C—H), 7.06 (m, indoline C—H), 7.11
(m, 1H, indoline C—H). *C NMR (CDCl-d) & 142, 27.4 (CH;), 19.8, 22.8, 2.72, 28.4,
31.6, 33.0 (CHy), 51.7 (=C-C), 45.1 (N-CH,), 66.4 (O—CH»), 95.6, 173.5 (C=C), 111.7,
115.9, 130.2, 132.2, 143.6, 143.5 (indoline ring), 128.8, 176.7 (C=C), 187.1, 187.1 (C=0).

2.3.2. Synthesis of
4-[(E)-(1-ethyl-3,3-dimethylindolin-2-ylidene)methyl]-2-[( E)-(1-butyl-3,3-dimethylinolin-2-yliden
e)methyl]-3-oxocyclobut-1-enone (3a)

General Procedure. 1a (2.82 g, 10.0 mmol) and 1.2 equiv of
1-butyl-2,3,3-trimethyl-3H-inolium iodide (4.11 g, 12.0 mmol) with 12.0 mmol of n-butanol
dissolved in anhydrous toulene (50 mL) and the mixture was stirred at 120 °C for 12 h.
The progress of the reaction was monitored by thin layer chromatography. After completion
of the reaction, the removal of the solvent at the rotary evaporator gave a crude product,
which was then column chromatographed (SiO2, EA:Hx 2:1) to yield 3a. Yield: 13%, (0.12
g, 0.26 mmol). M.P. 78 — 79 °C. Elemental Analysis : Cs;H37N,O,, Found : C, 79.80; H,
7.74; N, 5.82; O, 6.64. '"H NMR (CDCl-d) & 0.96 (t, 3H, CHs), 1.33 (m, 2H, CH,), 1.52
(m, 2H, CH,), 1.49 (d, indoline CHj3), 3.06 (q, N—CH,), 3.10 (q, N—CH;), 3.72 (m, C—H),
5.09 (s, C-H), 5.64 (s, C-H), 6.35 (m, 1H, indoline C—H), 6.50 (m, 1H, indoline C—H),

_']6_

Collection @ chosun



6.91 (m, 1H, indoline C-H), 6.86 (m, indoline C—H). *C NMR (CDCls-d) & 13.4, 13.8,
20.6, 26.7, 26.8, 30.6 (CHs), 44.8, 47.8 (N-CH,), 47 (=C-C, squaraine), 51.1 (=C-C),
90.7, 94.9, 151.0, 172.8 (C=C), 113.2, 116.9, 126.8, 127.0 140.9, 144.1 (indoline ring), 130
(=C-0, squaraine), 144 (C=C, squaraine), 196.5 (—C=0, squaraine).

3b: Yield: 10% (0.1 g, 0.2 mmol). M.P. 80 — 81 °C. Elemental Analysis : CsHsN>Os,
Found: C, 80.12; H, 8.11; N, 5.50; O, 6.28. '"H NMR (CDCl;-d) & 0.96 (t, 3H, CH;), 1.31
(m, 2H, CHy), 1.35 (m, 2H, CH), 1.54 (m, 2H, CH), 1.53 (d, indoline CH;), 3.08 (q,
N-CH,), 3.12 (g, N-CH,), 3.70 (m, C-H), 5.11 (s, C-H), 5.66 (s, C—H), 6.37 (m, 1H,
indoline C—H), 6.52 (m, 1H, indoline C—H), 6.93 (m, 1H, indoline C—H), 6.88 (m, indoline
C-H). "C NMR (CDCl;-d) & 13.4, 14.1, 26.7, 26.8 (CHs), 22.8, 27.2, 28.4, 31.6 (CH,),
45.1, 47.8 (N-CH,), 47.2 (=C-C, squaraine) 51.1 (=C—C), 90.7, 94.9, 151.0, 172.8 (C=0O),
113.5, 117.2, 127.1, 127.3 141.2, 144.4 (indoline ring), 131 (=C-0, squaraine), 145 (C=C,
squaraine), 196.8 (—C=0, squaraine).

3c: Yield: 11% (0.12 g, 0.22 mmol). M.P. 79 — 80 °C. Elemental Analysis : Cs;H37N>O»,
Found : C, 80.41; H, 8.43; N, 5.21; O, 595. '"H NMR (CDCl:-d) & 0.96 (t, 3H, CH;),
1.30 (m, 2H, CH), 1.35 (m, 2H, CH,), 1.53 (m, 2H, CH,), 1.50 (d, indoline CH3), 3.07
(9@, N-CH,), 3.75 (m, C-H), 5.08 (s, C-H), 5.66 (s, C—H), 6.36 (m, 1H, indoline C-H),
6.51 (m, 1H, indoline C—H), 6.92 (m, 1H, indoline C—H), 6.87 (m, indoline C—H). Bc
NMR (CDCl-d) & 14.2, 14.3, 26.8, (CH;), 20.9, 23.2, 27.5, 28.7, 30.9, 31.9 (CH,), 44.7,
453 (N-CH,), 47.5 (=C-C, squaraine), 51.1, 51.3 (=C-C), 94.9, 90.9, 151.2, 172.8 (C=0O),
1134, 117.1, 1269, 127.1 141.9, 144.0 (indoline ring), 130.5 (=C—O, squaraine), 144.4
(C=C, squaraine), 196.6 (—C=0, squaraine).

4a: Yield: 16% (0.2 g, 0.32 mmol). M.P. 80 — 81 °C. Elemental Analysis : C3H3sBroN,O,
Found: C, 60.11; H, 5.52; Br, 24.99; N, 4.38; O, 5.00. '"H NMR (CDCl;-d) & 0.96 (t, 3H,
CHs), 1.33 (m, 2H, CH), 1.52 (m, 2H, CH,), 1.49 (d, indoline CHs), 3.06(q, N—CH>),
3.10 (g, N—CH,), 3.72 (m, C—-H), 5.09 (s, C-H), 5.64 (s, C—H), 6.24 (m, 1H, indoline
C-H), 6.35 (m, 1H, indoline C—H), 7.08 (m, 1H, indoline C—H), 7.03 (m, indoline C—H).
BC NMR (CDCli-d) & 13.4, 13.8, 26.7, 26.8 (CH3), 20.6, 30.6 (CH,), 47 (=C-C,
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squaraine), 44.8, 47.8 (N-CH,), 50.4, 51.1 (=C-C), 90.7, 94.9, 151.0, 172.8 (C=C), 1114,
115.5, 129.9, 131.8 143.2, 143.2 (indoline ring), 130 (=C-O, squaraine), 144 (C=C,
squaraine), 196.5 (—C=0, squaraine).

4b: Yield: 12% (0.16 g, 024 mmol). M.P. 79 — 80 °C. Elemental Analysis
CssH39BroN,O,, Found: C, 61.18; H, 5.89; Br, 23.94; N, 4.20; O, 4.79. '"H NMR (CDCls-d)
6 098 (t, 3H, CH;), 129 (m, 2H, CHy), 1.36 (m, 2H, CH,), 1.55 (m, 2H, CH,), 1.51
(d, indoline CHs;), 3.08 (q, N—CH,), 3.13 (q, N—CH,), 3.73 (m, C—H), 5.09 (s, C—H), 5.68
(s, C-H), 6.35 (m, 1H, indoline C—H), 7.11 (m, 1H, indoline C—H), 7.06 (m, indoline
C-H). "C NMR (CDCly-d) & 12.4, 14.1, 22.4, 25.7 (CHs), 22.8, 27.2, 284, 31.6 (CH,),
45.8, 46.8 (N-CH;), 47.2 (=C—C, squaraine), 50.1, 50.9 (=C-C), 90.2, 93.9, 150.5, 171.8
(C=0), 110.2, 114.4, 128.7, 130.7 142.1, 142.1 (indoline ring), 130.2 (=C—O, squaraine),
144.5 (C=C, squaraine), 196.8 (—C=0, squaraine).

4c: Yield: 19% (026 g, 0.38 mmol). M.P. 80 — 81 °C. Elemental Analysis
CssHasBroN2O,, Found : C, 62.16; H, 6.23; Br, 22.98; N, 4.03; O, 4.60. '"H NMR
(CDCls-d) & 092 (t, 3H, CH5), 1.24 (m, 2H, CH,), 1.36 (m, 2H, CH,), 1.37 (m, 2H,
CH,), 1.55 (m, 2H, CH), 1.56 (m, 2H, CH,), 1.51 (d, indoline CHj3), 3.08 (q, N—CH,),
3.76 (m, C—H), 5.02 (s, C—H), 5.68 (s, C—H), 6.38, 7.09 (m, 1H, indoline C—H), 7.06 (m,
indoline C—H). *C NMR (CDCl>-d) § 14.1, 14.3, 26.8, 26.9 (CHs), 20.8, 22.9, 27.5, 28.6,
30.9, 31.8 (CHy), 44.9, 45.8 (N-CH,), 46.6 (=C-C, squaraine), 50.8 (=C-C), 90.9, 95.9,
151.8, 173.8 (C=C), 111.6, 115.7, 123.1, 131.9 143.4, 143.4 (indoline ring), 131.2 (=C-O,
squaraine), 145.6 (C=C, squaraine), 197.3 (—C=0, squaraine).
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3. Results and Discussion

3.1. Synthesis of mono-indolinium substituted squaraine derivatives (la -~

2¢)

The synthetic route used to prepared
(E)-3-[(5-bromo-1-alkyl-3,3-dimethylindolin-2-ylidene)methyl]-4-butoxycyclobut-3-ene-1,2-diones
is depicted in Scheme 4. The la — 2c¢c are prepared in moderate yield from
1-alkyl-2,3,3-trimethyl-2-methyleneindolinium iodide salt and 1.2 equiv of
3,4-dibutoxycyclobut-3-ene-1,2-dione in anhydrous ethanol at room temperature for 7 h. The
synthesis of N-alkylated indolium iodide salt has been describe previous using a somewhat
more complicated method. The relatively electron withdrawing and steric effect of the
iodide than bromide activated alkyl iodide to such an extent that it reacts more fast with
2,3,3-trimethylindole as starting material in the ecthanol solvent to give target compound.
However, as the alkyl chain in the alkyl iodide precursor increases in length, the

temperature and reaction time required to complete the reaction also increases.

NEt;
+ —_—
@/ s EtOH

R

_ Et Bu Hx
X=H,Br X=H 1a 1b 1c
R = CyHs, C4Hg, CeH13 X =Br 2a 2b 2c

Scheme 4. Synthesis of spiropyrane derivatives la — 2c.

Reaction of 1-alkyl-2,3,3-trimethylindolin-2-ylidenium iodide salt with 1.2 equiv of
3,4-dibutoxycyclobut-3-ene-1,2-dione in ethanol with triethylamine (NEt3) affords the
(E)-3-[(5-bromo-1-alkyl-3,3-dimethylindolin-2-ylidene)methyl]-4-butoxycyclobut-3-ene-1,2-diones
in moderate yields (1a 19%, 1b 15%, 1¢ 17%, 2a 15%, 2b 17%, 2c¢ 18%), respectively.

The disappearances of the starting materials was monitored by TLC. For mono-substituted
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squaraine derivatives were diluted with Et,O and then washed with distilled H,O. The
combined orgainc layer evaporated by rotary evaporator then purified by recrystallization in
cold ethanol. They are stable in air and showed no signs of decomposition up to room
temperature.

The mono-substituted squaraine derivatives were characterized using 1H, and 13C nuclear
magnetic resonance (NMR) spectroscopy. The 'H NMR spectra of la — 2¢ show
resonances at around & = 1.29 — 1.68 ppm due to the methyl proton in the —CH; and N—
CH, unit and at around & = 3.00 — 3.11 ppm, 3.95 — 3.97 (O—CH,). The “C NMR
spectra of la — 2c¢ exhibit resonances at around 6 = 14 — 27 (-CHj), 44 — 45 (N-CH,),
95 — 173 (C=0), 187 (C=0), 66 — 67 (O—CH) and 113 — 144 (indoline ring).

3.2. Synthesis of unsymmetrical di-indolium substituted squaraine

derivatives (3a — 4c¢)

A similar protocol was applide to the preparation of unsymmetrical di-indolium substituted
squaraine derivatives as shown in Scheme 5. The unsymmetrical di-indolium substituted
squaraine derivatives prepared from la — 2c¢ with N-alkylated 2,3,3-trimethylindole and
n-butanol using an analogous method. For target compounds,
4-[(E)-(5-bromo-1-R;-3,3-dimethylindolin-2-ylidene)methyl]-2-[(E)-(5-bromo-1-R;-3,3-dimethylin
dolin-2-ylidene)methyl]-3-oxocyclobut-1-enones (3a — 4¢) were filtered off with silica gel in
order to remove the impurities formed during the carbon-carbon coupling reaction, then
washed with cold ethanol. The target compounds are powder form at room temperature and
were further purified by column chromatography (EA:Hx 2:1). They are stable in air and

showed no signs of decomposition up to room temperature.
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EtOH
S —— +
NaOH , 40T e/ o
\ |
R'
X=H,Br X=H,Br
R= CzH5, C4H9, CGH13 R'= CZHSv C4Hg, C6H13

Toluene
n - butanol
reflux

Et Bu Hx
X=H 3a 3b 3c
X =Br 4a 4b 4c

Scheme 5. Synthesis of N-alkylated spiropyran derivatives 4 — 6.

The 3a — 4c were characterized using 'H and "“C nuclear magnetic resonance (NMR)
spectroscopy. The most noteworthy feature of the 'H NMR spectra of the 3a — 4c is the
characteristic resonance for the neutral N-CH, and N-CH, cation protons. In most

compounds this proton is observed at around 44 — 45 ppm, but no clear trends are present.

3.3. Biological activity of unsymmetrical squaraine derivatives

All the synthesized unsymmetrical squaraine derivatives were screened for their in vitro
cytotoxicity. All tested unsymmetrical squaraine derivatives in the present study with a
chain length of C,, C,, and Cs at the N-position consistently show higher cytotoxicity—i.e.
lower ICsy values—than the corresponding increasing carbon number. Among the ethyl-butyl
substituted unsymmetrical squaraine derivatives (3a and 4a) are less cytotoxicity within the

tested concentration range with an ICs; value around 1000 pM. A relatively high
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cytotoxicity was found for the butyl-hexyl substituted unsymmetrical squaraine derivatives
(3¢ and 4c¢) as shown in Figure 2 and 3. This suggests an intrinsic cytotoxicity effect of
the well known side chain length effect of the nitrogen atom was supported by our results
when looking at unsymmetrical squaraines of which all three different side chains were

tested.

140

120 -

100
80 -
60
40 -
20 -
0.

0

Figure 2. Cytotoxicity evaluation of 3a — 3¢ for HCT116 cancer cells.
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Figure 3. Cytotoxicity evaluation of 4a — 4¢ for HCT116 cancer cells.s

The cytotoxicity of the unsymmetrical squaraine derivatives are normalized with various

alkyl chain lengths. The results obtained in our study are discussed along to the following
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questions: (i) Can the impact of the alkyl chain be attributed to physical and/or chemical
properties of the compounds and if so, which mode of action might be responsible for the
observed cytotoxic effect? (ii) Can the impact of the alkyl chain lengths be explained by
the intrinsic cytotoxicity of the squaraines? (iii) Is a simple model of mixture toxicity
helpful in predicting the cytotoxicity of unsymmetrical squaraine derivatives that have not

been investigated yet?

The presented results clearly demonstrate that anions can influence the cytotoxicity of
unsymmetrical squaraine derivatives. In the following section the alkyl chain lengths
exhibiting a significant effect are analyzed in detail using the various programs to elucidate
physical and/or chemical properties that are responsible for the observed unsymmetrical

squaraine derivatives cytotoxicity.

4. Conclusions

In summary, we have synthesized six water soluble unsymmetrical squaraine derivatives
having very good extinction coefficient ranging in the order of 104 - 105 in the
phototherapeutic window. Presence of N-alkylated dimethylindole moieties in these
molecules can improve its intersystem crossing efficiency to the triplet state as refluxed
from their good triplet quantum yield and a long triplet lifetime. Good triplet excited
properties combined with the presence of indole groups allow to study the in vitro
cytotoxic effect in live cells by MTT exclusion method.

In general, the model-based prospective estimation of the cytotoxicity combined with
experimentally derived cytotoxicity data for anions and cations complemented by
consideration of structure-property relationships opens up the opportunity to overcome the

above mentioned dilemma of an unmanageable pool of possible ionic liquids.

In this iterative approach chemists creativity is guided by the structural properties of cation
and anion species, which leads to a reduced number of task specific and intrinsically safer

ionic liquids. Through such a process more sustainable ionic liquids can be realized.
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