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ABSTRACT

STUDIES ON CHIRAL SPIROPYRAN DERIVATIVES

Sentiirk, Bengi
Master of Science, Chemistry
Supervisor: Prof. Dr. Akin Akdag

August 2021, 134 pages

Spiropyrans are a class of organic molecules that possess photochromic
characteristics. Their isomerization to the merocyanine form can be induced by light,
heat, polarity, and pH of the environment. The merocyanine form is obtained from
the heterolytic cleavage of the bond between spiro carbon and the oxygen, which
results in a transformation of the optically active spiropyrans into an achiral form.
The back conversion of the achiral merocyanine to the spiropyrans leads to
racemization. In this study, D and L forms of alanine and phenylalanine derivatives
were incorporated into a spiropyran with alcohol fuctionality to obtain optically
active spiroyprans. Their photochemical and photophysical properties were studied
in methanol, isopropanol, dichloromethane and hexane. The results showed that
these spiropyrans display different characteristics in their spectroscopic analyses.
The effect of the benzyl and methyl units on the ring closure rate of the merocyanines
was also investigated. For this purpose, ring closure kinetics of different
merocyanines containing hydroxy group as well as D-alanine and D-phenylalanine
derivatives were compared. The results reveal that the ring closure rate of the
merocyanine with benzyl group attached is faster than the rate of the structures with

methyl or hydroxy groups.

Keywords: Spiropyran, Merocyanine, Chirality, Photoisomerization
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KIiRAL SPIROPIRAN TUREVLERI UZERINE CALISMALAR

Sentiirk, Bengi
Yiiksek Lisans, Kimya
Tez Yoneticisi: Prof. Dr. Akin Akdag

Agustos 2021, 134 sayfa

Spiropiranlar fotokromizm gdsteren madde tiirlerinden biridir. Is1, 151k, pH ve
polaritenin etkisiyle merosiyanine doniisiirler. Spiro karbon ve oksijen arasindaki
bagin heterolitik olarak kirilmasi sonucunda merosiyanin formu elde edilir ve bu da
optik olarak aktif spiropiranlart akiral forma doniistiiriir. Uygun kosullar
saglandiginda ve merosiyanin formunun spiropirana doniisii tetiklendiginde
rasemizasyon meydana gelir. Bu ¢alismada, biinyesinde alkol grubu bulunduran bir
spiropirana, D ve L alanin ve fenilalaninden tiirevlendirilmis gruplar eklenmistir.
Boylece optik olarak aktif spiropiranlar elde edilmistir. Sonrasinda, bu maddelerin
fotokimyasal ve fotofiziksel ozellikleri metanol, isopropanol, diklorometan ve
hekzan gibi c¢oziiclilerin  igerisinde incelenmistir. Sonuglar, maddelerin
spektroskopik ozelliklerinin farkli oldugunu gostermistir. Bunlara ek olarak bu
caligmada benzil ve metil gruplarinin, merosiyaninlerin halka kapanmasi iizerindeki
etkisi incelenmistir. Bu amagla, D-alanin, D-fenilalanin tiirevleri ve hidroksi igeren
merosiyaninler karsilastirilmistir. Bu calisma benzil grubu iceren merosiyaninin
halka kapanma hizinin metil ve hidroksi icerenden daha yiiksek oldugunu ortaya

cikmugtir.

Anahtar Kelimeler: Spiropiran, Merosiyanin, Kiralite, Fotoisomerizasyon
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CHAPTER 1

INTRODUCTION

1.1 Photoswitchable Compounds

Photochromism is one of the most studied concepts in recent years. Hirshberg first
declared the term photochromism in the middle of the twentieth century and
explained it as the reversible and photo-induced transformation of a compound
between two isomers.! The isomers have not only different geometrical structures
but also distinctive absorption spectra, refractive index, and dielectric constant as a
result of the conversion triggered by illumination of specific wavelengths.
Photochromic action can act towards both products and reactants sides. The intense
color can be observed upon exposure to irradiation, or an initial colorless state can

be accessed after subjected to heat or light.!

In the 1860s, Fritsche pointed out that a tetracene solution with orange color bleached
under sunlight and turned back to its initial state color in the dark (Scheme 1a). It
was the first report of the photochromic phenomena. Afterwards, it was reported by
E. ter Meer in 1876 that the color of the potassium salt of the solid-state dinitroethane
altered from red in the daylight to yellow in the dark (Scheme 1b). In 1899,
Markwald published the reversible color change of 2,3,4,4-tetrachloronaphthalen-
1(4H)-one (B-TCDHN) (Scheme 1c¢).!



a)

(O == Gl
A

orange colorless

b) J\K+ hv J\

O0.N” SN-0 K
O,N" 7 "NO, dark 2

Potassium salt Potassium salt
of dinitroethane of ethylnitrolic acid
(yellow) (red)
c) 0]
OO
Cl
Cl Cl

Scheme 1. a) Photochromism of tetracene solution b) Change in the structure of the
solid-state dinitroethane c) Structure of f-TCDHN

Studies on photochromism were scarce between the 1940s and 1960s, while
synthetic studies were still being developed by the research groups of Fischer and
Hirshberg, who first referred to the term photochromism in 1950.% During the 1960s,
the advancement of organic synthesis and characterization techniques such as X-ray,
IR, and NMR pushed photochromism research forward. Along with these lines,
various applications such as photochromic micro image (PCMI) and glasses were
developed.? Nonetheless, photodegradation of present organic compounds exhibiting
photochromism restricted their applications until the 1980s. Then, chromenes and
spirooxazine derivatives, resistant to photo fatigue, were synthesized.?
Accomplishment in photochromic studies rendered the manufacture of ophthalmic

lenses possible.?

The compounds possessing photochromism are known as photochromic or
photoswitchable compounds.? Such compounds are widely reported and extensively
explored in the literature.* This brings a broad range of applications across various
research disciplines such as material science, biological science and physics. Today,

photoswitchable compounds are mainly utilized in photopharmacology, optical data



storage, and fabrication of smart materials.’ Azobenzenes, diarylethenes, and

spiropyrans are the most prevalent examples of this group of compounds.*

1.1.1 Azobenzenes

Azobenzenes consist of two aryl rings attached to each other with an azo group (—
N=N—). They have inherently two isomers, £ and Z. The trans-form (E isomer) is
planar, whereas their cis isomer (Z form) is nonplanar. Azobenzenes undergo
photoisomerization when exposed to irradiation. In other words, the conversion
between £ and Z forms takes place as shown in Scheme 2, and this renders such
compounds photochromic. Their simplest member is an azobenzene containing two
unsubstituted phenyl rings. When azobenzene is subjected to the 365 nm irradiation,
n-m* transition occurs, which results in the transformation of the E isomer into Z.°
Although 450 nm irradiation stimulates photoisomerization, the Z form is not
entirely converted into £ isomer. Therefore, £ isomer cannot be obtained in 100%
yield at 450 nm. The reason for that is the proximity and overlapping of the

wavelengths required to produce the n-n* transitions present in the cis and trans
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Scheme 2. Photoisomerization of azobenzenes

The recent studies on photoisomerization have shown that the absorbance maxima
of £ and Z forms of azobenzenes can differ substantially with respect to the nature
of substituents introduced to the phenyl ring.® In the case that the substituent on
phenyl rings has the electron-withdrawing nature such as fluorine, the electron
density on the azo group (—N=N—) decreases.” Provided that substituent with

electron-donating ability exists on the rings, the relative energy of the highest



occupied molecular orbital (HOMO) in trans isomer increases, resulting in a red-
shift.’ In case that substituents generate steric hindrance, the sp? character of the N=N
bond is reduced. Correspondingly, a red-shift occurs owing to the resultant increase
in the energy of HOMO.” In other words, n-t* bands of E and Z isomers can differ
considering the types of substituents. When the appropriate difference is acquired in
the structure of the azobenzene, cis and trans isomers are selectively obtained by
exploiting the visible light. As reported by Bleger et al., it is possible to obtain the Z
isomer in 90% yield when an azobenzene derivative accommodating fluorine at its
para-position and an ester at ortho-position (compound AB-1, Figure 1) is
synthesized. Subsequently, the photoisomerization is induced by green light (A >
500nm) in order to obtain the Z isomer. The fact that the £ isomer of that azobenzene
derivative is recovered in 97% yield as a result of exploiting blue light (A=410 nm)
was also noted.” Likewise, Samanta and coworker have reported that for the cis
isomer in 98% yield to be obtained, red light (A=635nm) could be facilitated for an
azobenzene derivative with crosslinked peptide and tetra-ortho-methoxy substituents
(compound AB-2, Figure 1). Upon irradiation of 450 nm (blue light), the trans

isomer in 85% yield could be obtained.’
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Figure 1. Azobenzene derivatives synthesized by Blege (compound AB-1) and
Samanta (compound AB-2)

1.1.2 Diarylethenes

Diarylethenes consist of a C=C double bond with appended aryl groups at 1 and 2
positions. Their simplest example is a stilbene, including two unsubstituted phenyl

groups.'? Stilbenes undergo the E to Z isomerization under the UV light illumination



as depicted in Scheme 3. Subsequent 6m electrocyclization is followed by the
formation of dihydrophenanthrene. Then, phenanthrene can be obtained,
accompanying an irreversible hydrogen elimination step.® Apart from the last step,

the other steps are reversible, and thus photochromic.

M o = G O
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E-stilbene Z-stilbene dihydrophenanthrene phenantherene

Scheme 3. Photoisomerization of stilbenes and its irreversible oxidation to
phenanthrene

Dithienylethenes with improved stability can be formed by the replacement of the
phenyl rings of stilbenes with thiophene. They are the most popular members of the
diarylethenes owing to their enhanced stability. Also, another modification can be
acquired by replacing the C=C double bond with a six-membered ring such as
benzoquinone DE-1, or a five-membered ring such as cyclopentene DE-2,
fluorocyclopentene DE-3 and maleic anhydride moiety DE-4 (Figure 2).

Malononitrile unit DE-5 can also be used for the modification.!?
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Figure 2. Examples of dithienylethenes with different linkers

Apart from the other photochromic compounds, the reverse isomerization of

diarylethenes is not triggered thermally.!! As an example of the changes in



geometrical and electronic structures, 1,2-bis(5-dimethyl-3-
thienyl)perfluorocyclopentene can be examined (Figure 3a). Considering the ring
open form of that compound (ODE), its UV-Vis absorption spectrum is in
accordance with the substituted thiophene since m-conjugation does not extend all
over the molecule. On the other hand, the delocalization of t-conjugation throughout
the molecule is induced by ring closing (CDE). Hence the decrease in the gap
between HOMO and LUMO leads to a shift of the absorbance band to a longer
wavelength (red shift or bathochromic). The red color on the spectrum given in
Figure 3b represents the delocalization of m-conjugation, which demonstrates the

change in the compound's electronic and geometrical structure.!!
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Figure 3. a) Photoisomerization between compounds ODE and CDE b) Absorption
spectra of the two photoisomers
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In addition, another approach to acquire a shift in the absorbance maximum to the
longer wavelengths is to extend the length of m-conjugation. In the work of Tosic et
al., a bathochromic shift was attained by incorporating unsaturated ethyl benzoate
moiety DE-6 or a tetraalkene derivative DE-7 into the dithienylethene (Figure. 4).
Prior to 420 nm (blue light) illumination, these compounds primarily adopted a ring-
open form whose absorption wavelength is approximately 340 nm. After the
irradiation, the ring-closed form was obtained, and the absorbance maximum shifted

to a longer wavelength than 630 nm.!!



DE-6 DE-7

Figure 4. The ditihienylethenes with unsaturated ethyl benzoate moiety and
tetraalkene derivatives

1.1.3 Spiropyrans

The word “spiropyran” is the combination of two words, which are spiro and pyran.
In chemistry, the two words have meaning. Spiro stands for at least two rings

12,13

connected to each other through one atom, while pyran is a heterocyclic

compound. Spiropyran, as a word, could indicate the existence of two pyran rings

approximately orthogonal to each other, as shown in figure 6.!%!

1.1.3.1 Structure

At the beginning of the twentieth century, Decker et al. had reported the synthesis of
a compound (Figure 5) coincidentally while trying to synthesize a coumarin
derivative. The compound had two benzopyran hybrid rings attached through a chiral
center and displayed no photochromism (Figure 5). He then named this compound

“spiropyran”.'6

Spiro Carbon (Cgpiro)

COY
,“‘\
o (@]

Figure 5. The first record of spiropyrans



From this date forward, the word spiropyran has been accepted as a general term for
such compounds that usually have two heterocyclic aromatic rings provided that one
of the rings is pyran. The two rings are attached with a spiro carbon (Cspiro) With sp?

hybridization. The basic structure of a spiropyran is illustrated in Figure 6.!7

'o <D

Figure 6. The basic structure of a spiropyran

The Ar; and Ar ring shown in Figure 6 can be functionalized such as thiophenol,
anthracene, benzene, indoline, and naphthalene. However, they should be aromatic

rings.!8

Over the following decades, various non-photochromic spiropyrans have been
reported. In the middle of the twentieth century, Fischer and Hirshberg managed to
synthesize spiropyrans exhibiting photochromism (Figure 7).!° Photochromic
indolino-benzospiropyrans, on the other hand, have been broadly studied owing to
facile synthesis and their potential to have applications in many areas of technology,

including optical switching and data storage (Figure 7).20-21.1.22

CLo

N

Indolino-naphthospiropyran Indolino-benzospiropyran

Figure 7. The spiropyrans reported by Fischer and Hirshberg

Considering the structure of spiropyrans, due to the orthogonality of two rings
connected through Cipiro, the absence of the conjugation can be easily deduced.
Accordingly, prior to UV illumination, the absorption peaks of spiropyrans show up

within 200-400 nm in the UV region of the electromagnetic spectrum.?? Upon



exposure to UV irradiation, their structure changes since the cleavage of the bond
between the oxygen and Cgpiro 0ccurs, which induces planarity (Scheme 4). The non-
conjugated ring-closed form turns into a fully conjugated system. The compound
having a different structure and properties than spiropyrans is called merocyanine.**
The transformation of spiropyrans (SP) into merocyanine (MC) leads to a red shift

in the absorption spectrum. The absorption peaks of merocyanines appear in the

25,26,27

visible spectral region, generally within 500-600 nm.

Spiropyran (ring-closed form) Merocyanine (ring-open form)

Scheme 4. The conversion between spiropyran and merocyanine

In a solution of spiropyrans, the ring-open form tends to be in equilibrium with the
ring-closed form. External stimulants such as light, pH, temperature, and polarity of
the environment can trigger a shift in the equilibrium, resulting in a change in the
color of the solution. A solution containing predominantly spiropyrans is colorless,
whereas it becomes colored due to the conversion of spiropyrans into
merocyanines.?® These two forms have remarkably different properties, i.e., dipole
moment, dielectric constant, and absorption spectra, as well as geometrical structure
and color.?” Another difference between these two forms is their stereochemistry.
Spiropyrans are chiral molecules due to the stereogenic center on the spiro carbon.
However, their synthesis generally leads to a racemic mixture. When the enantiomers
are separated and individually undergo photoisomerization to the corresponding
merocyanine form, the loss of the chirality is observed (Scheme 5). The back
conversion of the merocyanine into the spiropyran leads to racemization. In other

words, an optically active spiropyran solution will be inactive after isomerization.'®
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Scheme 5. Racemization during photoisomerization of the spiropyran
1.1.3.2 Synthesis

The preparation of an indolino-benzospiropyran can be examined into two parts.*°
The first method includes the reaction of an ortho-hydroxy aromatic aldehyde with
a methylene base, especially the Fischer base, in a proper solvent (Scheme 6). The

solvent of choice is generally ethanol.'8

OH
_O >

Methylene Indoline Salicylaldehyde Spiropyran

Scheme 6. The first method for the synthesis of a spiroypran

The alternative way includes the reaction between the salt form of the methylene
base (indolium) and aromatic ortho-hydroxy aldehyde (Scheme 7). The reaction
proceeds in the presence of a base such as piperidine and pyridine. This procedure is
a modification of the first method described in this thesis. The alternative way
facilitates the formation of the Fischer base (methylene indoline) in sifu rather than

isolating.

10
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Scheme 7. A modification of the first method

The proposed mechanism for the synthesis of an indolino-benzospiropyran is
depicted in Scheme 8.! The reaction starts with the nucleophilic attack of the
methylene indoline to the salicylaldehyde and is followed by the attack of the
hydroxy oxygen to the spiro carbon to afford a spiropyran (Scheme 8).
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Scheme 8. The mechanism of the spiropyran synthesis

In the second method, the thermodynamically or kinetically stable merocyanine form
rather than the spiropyran form is isolated due to the reaction between the
heterocyclic cations having an active methylene group and an aromatic ortho-
hydroxy aldehyde (Scheme 9). The reaction takes place in acidic conditions, and a
catalytic amount of perchloric acid is used. After removing perchlorate with an

organic base such as ammonia and amines, the spiropyran form is obtained. To attain

11



higher yields in this reaction, benzene or ether solution of dry ammonia should be

used.?®
® R
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Scheme 9. The second method for the synthesis of a spiropyran

1.1.3.3  Properties

The direction of equilibrium between spiropyran and merocyanine can shift towards
either the ring-open form (MC) or ring-closed form (SP). The aforementioned
external stimulants, which are electromagnetic radiation, solvent, pH, and
temperature, can trigger this shift, and thus the color of the initial spiropyran solution
changes. Accordingly, spiropyrans and merocyanines exhibit photochromism,
solvatochromism, acidochromism, and thermochromism, depending on the

condition.?’

1.1.3.3.1 Photochromism

Photochromism is described as a reversible transformation of a compound into a
chemical species with different physical properties, induced by the absorption of
electromagnetic radiation. As a result of this process, the absorption spectrum and
the color of the solution change necessarily.>! With this approach, when a colorless

compound is converted into an intensely colored one by means of irradiation, the

12



process is considered positive photochromism. The exact opposite case is referred to
as negative photochromism.’? A spiropyran solution, either colored or colorless,
contains both the spiropyran and the merocyanine forms but in different proportions.
The amount of spiropyran and merocyanine forms in a solution determines the type
of photochromism.?

All colorless spiropyran solutions, upon exposure to the UV light, transform into the
merocyanine form and become colored regardless of solvent polarity. The colored
solutions, i.e., solutions containing the merocyanine form dominantly, become
intensely colored, and their absorption intensity increases after the UV irradiation.
These two situations are the example of positive photochromism.?¢

Since the environment in which spiropyrans and merocyanines are present can alter
the type of photochromism, it might be inappropriate that the classification is done
without considering the environmental factors.?” Correspondingly, it was reported in
the literature that spiropyran bearing carboxyl, free hydroxyl or nitro groups are
dissolved in a polar solvent and then irradiated with visible light. Negative
photochromism is observed since polar solvents can stabilize the merocyanine form
superior to non-polar solvent.** In this regard, the study conducted by Barachevsky
and his coworkers revealed the effects of substituents attached to the pyran ring of
the spiropyrans on photochromism (Figure 8).>! According to this study, increasing
the acidity of pyran fragment by the electron-withdrawing groups, especially at 5’
and 7’ positions, raises merocyanine’s stability and hence, leads to an increment in
the intensity of the absorption band. Besides, replacing the nitro group at position-7’
by bromide brings about a shift of the equilibrium to the ring-closed form

accompanied by a decrease in the absorption band intensity.*!

Figure 8. Numbering of an indolino-benzospiropyran
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In literature, there are many reports that focus on the photochemistry and
photophysics of SP-A (Scheme 10). Kyu et al. studied this spiropyran in hexane.
They observed that the solution was initially colorless and, there was no discernable
UV-Vis absorption peak in its spectrum. Afterwards, SP-A solution became dark
blue upon exposure to the UV irradiation (Scheme 10). While the initial solution
contains the spiropyran form predominantly, the solution consists of mainly the
merocyanine form after 4 minutes UV illumination. The absorption band around 590
nm can be attributed to the predominance of the ring open form. When UV light is
removed, the solution turns back to its colorless state, which confirms the reversible

nature of SP-MC photoisomerization.**

O - UV irradiation
’\{O O NO, Visible irradiation

Scheme 10. Photoisomerization of SP-A

When the same spiropyran is dissolved in ethanol, the color of the initial solution is
pale pink.% After UV irradiation, it becomes intensely colored. In the same manner,
the major component of the solution is initially the ring-closed form, accompanying
the ring-open form. The absorption band around 550 nm shows the existence of the
merocyanine form. The increase in the intensity at this wavelength demonstrates the
shifting of the equilibrium towards MC-A.*>> The results also highlight the

importance of solvents and reveal the necessity to discuss the term solvatochromism.

1.1.3.3.2 Solvatochromism

Solvatochromism refers to a change in position of the absorption band and/or an
alteration in its intensity and shape. It mainly depends on the nature of solvents,
particularly the polarity.>® The effect of solvents during a chemical reaction has been
inspected extensively. Also, whether changing polarity of solvents induces any

difference in an absorption band and equilibrium constant has been studied.>” The
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idea of correlating the polarity with some parameters such as dipole moment and
dielectric constant has not been very successful because of the excessive
simplifications. Accordingly, the polarity of a solvent can be associated with its
solvating behavior. Therefore, the influence of intermolecular forces such as
hydrogen bonding and dispersion force comes into prominence in the comprehension
of solvent effect on the spectral properties of a solute. Solute-solvent interactions can
be categorized into two groups, which are general and specific.’’

Induced dipole-induced dipole, dipole-dipole, and dipole-induced dipole are the
types of electrostatic forces and can be examined under the category of general
solute-solvent interactions. In the case that the dipole moment of solute molecules
increases during their excitation, for example n-n" transitions, the excited state is
better stabilized by a polar solvent in comparison with the ground state.
Consequently, since the difference between excited and ground state decreases, the
absorption takes place at a longer wavelength; that is, red shift occurs. This effect is
known as positive solvatochromism or bathochromic shift.?* On the other hand, a
blue shift is observed if the dipole moment decreases upon the excitation process.
This shift arises from the polar solvents stabilizing the ground state. n-n” transitions
are the example of this situation, which is also known as negative solvatochromism.?
Besides, as the second group, specific solute-solvent interactions can bring about a
considerable change in the spectral properties of solutes. Charge transfer
interactions, hydrogen bonding, and complexation are example of this type of
interaction. It takes place between the chromophore part of the solute and the solvent.
In the case of hydrogen bonding formed, the energy of the electronic state is
decreased by virtue of the attraction between the positively polarized hydrogen atom
of the solute and the lone pair electrons of the atom, connected to the solute and
having a basic character, regardless of excited state or ground state. The formation
of hydrogen bonds prevents the migration of charge density from the basic atom
during excitation, leading to a blue shift. On the contrary, a red-shift is observed
when hydrogen bond formation opposes the migration of electron density towards

basic atom during the excitation process.*’
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It is also known that solvatochromism is the property related to the molecules having
n-electron conjugated system. Accordingly, the merocyanine form rather than the
spiropyran form possesses this property.*® At that point, examining the merocyanine
form can be helpful. There are eight isomers of it as shown in Figure 9. These isomers
are primarily classified as cisoid (E) and transoid (Z) with respect to the double bond
positioned in the middle of the molecule. Then, the position of «, £, and y bonds
between spiro carbon and the phenolate part is considered while classifying.!'®
Although there are several isomers of a merocyanine form, their energies are
similar.*® This phenomenon is confirmed by monitoring their spectroscopic
properties.'® The identification of its four fransoid isomers was performed through
Raman and multiple dimensional NMR spectroscopies.'® Additionally, Ernsting et
al. worked on the unsubstituted indolino-benzospiropyran. They demonstrated by
theoretical calculations and time-resolved studies that the TTC isomer of the
corresponding merocyanine form was the most stable among other transoid isomers

considering their relative energies.*

a) cisoid-merocyanines
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Figure 9. Isomers of the merocyanine form

Solvatochromism of merocyanines is observed when there is a gradual coloration in
accordance with the increase in solvent polarity. It is the indication of the

merocyanine form being predominant in the solution.*® Accordingly, the polar
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merocyanine forms are better stabilized by polar solvents, which results from the
ability of these solvents to lower the energy of the ring-open form in consideration
of the information mentioned earlier.*! The decrease in the energy required to
convert a spiropyran into the corresponding merocyanine form is observed. Also, it
leads to a maximum 40 nm shift in the absorption of the merocyanine. Sometimes
the existence of a shoulder in its absorption band can be observed. The shoulder

indicates the presence of other transoid isomers.'®
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Figure 10. Potential energy diagram displaying solvatochromism of merocyanines
redrawn inspired from reference 41

When the merocyanine form of indolino-benzospiropyrans is considered, the ground
state is better represented by a zwitterionic structure while the excited state resembles
a quinoidal form primarily (Figure 10). As a result of the decrease in the dipole
moment during the excitation process, the ground state is stabilized by polar solvents.

Thus the gap between So and S, increases, which produces a blue-shift.*?

NO,
O — UV irradiation y O
) (0] O NO, Visible light '> 3
SP-B McC-B

Scheme 11. Isomerization of SP-B
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Tian and coworker investigated the photochromic and solvatochromic properties of
SP-B (Scheme 11).2° They reported that the SP-B in non-polar solvents, such as
petroleum ether and hexane, displays positive photochromism. Their solutions are
initially colorless when they are kept in the dark place. Then, they become colored
with UV illumination. According to this report, a red shift is observed in the SP-B
solutions starting from polar solvents to non-polar solvents. They showed that the
merocyanine’s charge distribution is altered considerably by the alcohols owing to
their ability to make hydrogen bonds. Moreover, it was reported that the absorption
intensity of the merocyanine continuously declines with the decrease in solvent

polarity.?

1.1.3.3.3 Acidochromism

Acidochromism is a phenomenon in which the treatment of a compound with acid
induces a change in the absorption spectrum.! Nowadays, it is known that the
merocyanines are better stabilized compared to the spiropyrans in the presence of
protons owing to their charged structure. Prior to photochromism of spiropyrans, the
alteration in the color of non-photochromic spiro compounds in the presence of acids
was a general phenomenon. However, whether or not acids possess sufficient
strength to protonate the ring-closed form and induce the ring-opening was an

important concern.!64

In 1995, Sammes and Roxburgh reported that spiropyrans
exhibit acidochromism upon addition of trifluoroacetic acid, whereas that was not
the case in the presence of acetic acid. They also confirmed the existence of an
intermediate cisoid species, whose lifetime is limited, by utilizing 'H NMR
spectroscopy.* Besides, Zhou et al. indicated that the intermediate form is such a
protonated structure whose bond between the spiro carbon and the oxygen atom has
been broken. However, the planarization has not yet been achieved (Scheme 12).4
Then, the planar structure was supported by Shiozaki’s research on the treatment of

spiropyrans with sulfuric acid, trifluoroacetic acid, and hydrochloric acid.* The

results are essential to show the existence of protonated or unprotonated cisoid and
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transoid structures of merocyanines. Moreover, the change in the response of
indolino-benzospiropyran derivatives to acid strength and the fact that acids stronger
than phenolate stimulate the ring-opening render the pH-gated photochromism
possible. It is noted that the absorption of the protonated £-merocyanine can be seen
somewhere about 400 nm in a UV-Vis spectrum, whereas that of Z-merocyanine is
absent when pH is between 2 and 8. The fact that Z-merocyanines have lower pKa
than that of E-merocyanines renders the usage of spiropyrans as a photoacid
possible.*’ In order for spiropyrans to be exploited as a photoacid, pKa of the acid
employed is required to be lower than those of the cisoid merocyanine and ring-
closed form. In such systems, the proton uptake does not occur since the pK, of acid
employed is larger than that of spiropyrans. Upon exposed to the UV irradiation, the
E-merocyanine, which tends to be protonated since its affinity to the proton is higher
than the acid, is obtained, causing the increase in pH. The isomerization of the E-
merocyanine to Z-merocyanine is induced by exposing the visible light irradiation,
and consequently, pK. of the molecule decreases the accompanying release of the

proton. The ring-closure takes place concurrently.*
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Scheme 12. Acidochromsism of an indolino-spiropyran

1.1.3.3.4 Thermochromism

It was not noted until 1926 that the color of spiropyrans changes while heated and

returns to their original state upon cooling. At the beginning of the 1960s,
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spiropyrans could be the most studied among the compounds exhibiting
thermochromism since they can be examined without using an optical device.*
Nonetheless, the fact that the color of dibenzospiroyrans does not change upon
heating and thermochromism is possessed mainly by naphtho- and
indolinospiropyrans were reported.>® The work of Wizinger showed that polarization
of the spiro center by incorporating indolino group as shown in Figure 11 renders

benzospiroyrans thermochromic. !¢

Dibenzospiropyran Benzo-B-naphthospiropyran
Colorless upon heating Colored upon heating

~
~

N (0]
\
Di-B-naphthospiropyran Indolinobenzospiropyran
Colored upon heating Colored upon heating

Figure 11. Spiropyrans derivatives exhibiting thermochromism

The ring-opening that occurred at elevated temperatures was anticipated due to the
heterolytic cleavage of the bond between the spiro-carbon and the oxygen atom.
Even though Heller ef al. announced a weak signal in EPR for the ring-open form,
the assessment that the conversion of spiropyrans into merocyanines takes place
through free radical mechanism was abandoned.’! Even if the experimental results
mainly designate the zwitterionic form as an accurate structure, either quinoidal or
zwitterionic forms can be the most plausible description for the ring-open form
depending on the nature of solvents, substituents on the pyran ring, and the type of
heterocycle.* Accordingly, since the stability of merocyanine form greatly results
from the delocalization of charge, substituents on the compound have a significant
effect. In order for the quinoidal form to be obtained, aromaticity is required to be
lost. Therefore, the tendency of benzospiropyrans to be transformed into

merocyanines is lower compared to that of naphthospiropyrans.®? In
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naphthospiropyrans, the heterocyclic ring contributes to the stabilization owing to its
ability of charge delocalization. In order for benzospiroyrans to possess
thermochromism, at least one of their pyran rings needs to be naphthopyran. Another
aspect contributing to stabilization of the ring-open form at elevated temperatures is
the substituents on the pyran ring stabilizing the phenolate along with the electron-

donating ability of the heterocyclic ring (Scheme 13).1¢

i Zwitterionic form of merocyanine
. increased when A = electron withdrawing
\

Spiropyran
When X= N, benzopyran

thermally accessible ring opening

E When X= O, naphthopyran for

Quinodial form of merocyanine
increased when B = electron donating

Scheme 13. Thermochromism of spiropyrans with different substituents

In 1953, Hirshberg and Fischer identified the merocyanine's isomers having different
colors at elevated temperatures starting from 105 K. When the temperature increased
progressively, solutions with distinct colors were observed at 123 K and 165 K.
These solutions became colorless at ambient temperature.>® The findings support the
idea of existing energetically different cisoid and transoid structures at different
temperatures. Besides, the number of accessible isomers increases while
approaching the boiling point of solvents. As it is mentioned before, there are

energetically distinct eight isomers for merocyanine form.!6
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1.1.3.4  Applications

Parallel with the features mentioned before, spiropyrans have some distinctive
characteristics such as high sensitivity, high photo fatigue resistance, reversibility,
ease of synthesis, and showing fast response to multiple stimuli.’* Since the two
isomers manifest significantly different chemical and physical properties,
spiropyrans have been used in the fabrication of many smart polymers. In the
literature, there are numerous reports referring to their attachment to polymers. As a
result of the isomerization between spiropyrans and merocyanines, the physico-
chemical properties of polymer matrices are altered. Thus, especially photo- and
thermochromism of spiropyrans can extend the utilization of the polymers to drug-
delivery systems, bioimaging, and chemosensors.’* For example, Chen ef al. have
synthesized a block copolymer bearing N-isopropylacrylamide (NIPAM) and
spiropyran, providing responsiveness to pH, light, and temperature changes. The
polymers can self-assemble into micellar nanoparticles in an aqueous medium. The
hydrophobic core is formed by spiropyrans, and there is a hydrophilic shell due to
the existence of the NIPAM block. In this study, the encapsulated coumarin-102
loaded into these micellar nanoparticles. When they were subjected to UV
illumination, or the medium was acidic, coumarin 102 was released with the

dissociation or swelling of the micellar nanoparticles (Scheme 14).5
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Scheme 14. Schematic illustration of controlled release of coumarin 102

Temperature, pH, and polarity of the environment can induce the isomerization of
spiropyrans and alter the spectral properties of these compounds as well. Also, some
organic and inorganic molecules contributing to the resonance form of merocyanines
can lead to a reversible change in fluorescence or absorbance spectra of
merocyanines. Observation of their spectral properties makes the detection of these
molecules, metal ions, anions, and even biomolecules possible.’® Furthermore, by
utilizing the photochromism of spiropyrans, materials used for optical data storage,

photoreceptors, and photochromic lenses have been fabricated.*°
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CHAPTER 2

AIM OF THE STUDY

Spiropyrans are a class of well-known compounds with photoswitching ability.
Several studies in literature focus on the synthesis and the photochemistry of
indolino-spiropyran derivatives. These compounds possess point chirality with the
stereogenic center on the spiro-carbon. However, when external stimuli trigger the
isomerization to the corresponding merocyanine form, the optical activity is lost due
to the heterolytic cleavage of the bond between spiro-carbon and the oxygen on the
pyran ring. Hence, the conversion of the merocyanine back to the spiropyran results
in racemization. Although spiropyrans are widely studied in literature, studies on the
spiropyrans containing a chiral moiety are limited. With this in mind, in this study,
the aim is to incorporate a chiral unit into a spiropyran and to investigate the effect
of the chiral center on the configuration of the spiro-carbon after photoisomerization.
Towards this goal, spiropyrans containing D and L enantiomers of alanine and
phenylalanine (SPA-I, SPA-II, SPA-III, and SPA-IV) derivatives will be
synthesized, and their photoisomerization will be studied. Furthermore, ring closing
kinetics of these compounds will be investigated to determine the effects of alanine

and phenylalanine derived units on the ring-closure.

NOZ NOQ NOZ NOZ
ﬁ,ﬁ;@ o:S,.NO;:@ d}?@ C;jg;@

SPA-I SPA-II SPA-III SPA-IV
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Preliminary Studies on Spiropyrans

In this study, our goal was to synthesize spiropyrans bearing chiral moieties, and to
analyze the effect of this chiral unit on the configuration of spiro carbon after the
ring opening and closure. For this purpose, we have studied synthesis of the simplest
spiropyran and its spectroscopic properties. Firstly, 2,3,3-timethyl-3H-indole (1)
was synthesized form phenyl hydrazine and isopropyl methyl ketone (Scheme 15a).
The synthesis furnished 2,3,3-timethyl-3H-indole (1) in 68% yield. According to 'H
NMR spectrum, the obtained indole derivative was found to be pure enough to be
used in the next step without any further purification. Next, compound 1 was treated
with iodomethane in acetonitrile to yield Compound 2 in 67% (Scheme 15b). Lastly,
compound 3 was obtained as a result of the treatment of compound 2 with the 2 M
NaOH solution. Subsequently, compound 3 was reacted with salicylaldehyde in

ethanol in order to obtain the target spiropyran in 90% yield (Scheme 15c).

O
©/ NH2 + AcOH ©\)@
68% /

HaC—I
MeCN
67%
©\)§7 B @ EtOH

3 90%

Scheme 15. Synthesis of compound 4
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The characterization of compound 4 was done with 'H NMR and UV-Vis
spectroscopy (Figure 12a-b). The spectroscopic data were consistent with the
literature.>”>® In '"H NMR spectrum, the two doublets at 5.6 ppm and 6.8 ppm
showed the formation of the spiropyran form with the coupling constants of 10.4 Hz

and 10.5 Hz. 12
a)

Absorbance

o

200 300 400 500 600 700
Wavelength(nm)

b)

FAPA T T T

Figure 12. a) 'H NMR of Compound 4 b) UV-Vis spectrum of Compound 4 (10
M in acetonitrile)

To further expand our experience, we decided to irradiate compound 4 at 365 nm.
However, the spiropyran could not be converted into the corresponding merocyanine

form under these conditions (Scheme 16).

SP-4 MC-4

Scheme 16. The conversion of compound 4 into the corresponding merocyanine

With the failed result, we decided that the synthesis of the nitro-substituted

spiropyran should be done. The reason for that is the dipole moment in the latter
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compound would be better than that of compound 4, which helps the conversion of
nitro-substituted spiropyran into the merocyanine form. Therefore, to synthesize
nitro-substituted spiropyran, salicylaldehyde was nitrated with nitric acid to get 2-
hydroxy-5-nitrobenzaldehyde (5) followed by the treatment with compound 2 in the
presence of piperidine and methanol to yield compound 6 in 74% yield (Scheme 17).

©\)§; /@C’/H piperidine
P + —_—
N+ O.N -0 EtOH

\ 2 74%

Scheme 17. The synthesis of compound 6

The compound was characterized with 'H NMR (Figure 13) and UV-Vis

spectroscopy. The results were in accordance with those described in literature.>

|
J& lU J'”k JMA JM\ M

T | MLT L.

T AR T T

Figure 13. '"H NMR spectrum of compound 6

Compound 6 was loaded to chiral HPLC. As expected, two peaks on the
chromatogram (fifty-fifty to each other) appeared, which are the enantiomers of each
other (Figure 14). This result showed us the HPLC could be a good method to

monitor stereoselectivity of such compounds.
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Figure 14. HPLC chromatogram of compound 6 (Chiralcel OD-H, eluent 90:10 n-
Hexane:'PrOH, flow rate 1.0 ml/min, tg: 9.8, 10.9 min)

The photoisomerization of compound 6 to the merocyanine form was studied. First,
UV-Vis spectrum of compound 6 was measured (Figure 15). It was found that
irradiating compound 6 at 365 nm will convert it into the merocyanine form.
Compound 6 was exposed to 365 nm light. Then, UV-Vis measurement on the
resulting solution showed a new absorption band at Amax 556 nm which is due to the
merocyanine form. Furthermore, such observation was seen upon addition of nitric

acid which shows that the compound is acidochromic as well (Appendix E).*8

1

———SP-6
MC-6
= N NO, °
\ 365 nm 2
N 2 |
N\ /N 2 </
SP-6 MC-6 <
0 T T r T v T v ¥
250 350 450 550 650

Wavelength (nm)
Figure 15. UV-Vis spectrum of compound 6 (10~ M) in acetone and after irradiating
with 365 nm light for 2.5 min

3.2 Synthesis of the Spiropyrans Containing a Chiral Moiety

With the experience on spiropyran synthesis and photochemical studies, we decided

to synthesize a spiropyran dimer linked through a moiety derived from tartaric acid
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(Figure 16). The moiety will provide a chiral environment. Therefore, when the
racemic spiropyran unit opens to the merocyanine which closes back to the

spiropyran would be stereoselective.

Figure 16. The designed spiropyran containing chiral moiety derived from tartaric
acid

The linker unit synthesis started with L-tartaric acid esterification. Diol unit on
compound 8 was then protected with 2,2-dimethoxypropane in DMF (Scheme 18a).
Compound 9 was reduced to diol 10 with sodium borohydride in methanol.

Afterwards, compound 10 was tosylated to get ditosyl 11 as depicted in Scheme 18b.

0 0 o
a
) HO OH SOCl, HO o \oXo/ , pTSA ><o o
—_— >
Ho N MEOH Ho N O DMF 0" N O~
100% 83%
© o)
9

b) o
o o~ _ NaBH, TsCl, Et3N OTs
><O:¢O\ MeOH >< t DCM >< tOTs

(0]

9

15% 10%

Scheme 18. Synthesis of compound 11

Previously, it was shown that indoline 1 reacted with iodomethane through Sn2
reaction. With this in mind, ditosyl 11 was treated with compound 1 in acetonitrile
as shown in the Scheme 19. The expected product (12) was not observed. The
reaction was monitored with TLC for 2 days and did not proceed as we expected.

Then, the synthesis of the target compound 7 was abandoned.

31



s O

o A

N® OsN g Z

><0~C0Ts . o~" .
o \OTs 4 MecN DA .
N o

11 1 N
PO

12

Scheme 19. Synthetic pathway for compound 7

The failure of the synthesis of compound 7 led us to think that the dimer formation
would be problematic. Therefore, we turned our attention to monotosylated D-ribose

unit and designed compound 13 as shown in the Figure 14.

NOQ
ks,
0]
: \

0" )
o
13

Figure 17. The spiropyran containing chiral moiety derived from D-ribose

The synthesis of the chiral moiety started with the diol protection of D-ribose and
methyl glycoside of it. D-ribose was treated with acetone and methanol mixture in
the presence of HCl solution to get methyl 2,3-O-isopropylidene-f3-D-ribofuranoside
(14) in 72% yield (Scheme 20a). The hydroxy at position 5 was then tosylated in
pyridine (Scheme 20b). The tosylated compound 15 was treated with compound 1 in
acetonitrile. The desired product formation was not observed (Scheme 20c). Then,
the same reaction was carried out in DMF and acetone. In these solvents, the product
13 did not form either. With these results, it was thought that tosyl group is not that

active to drive the reaction forward.
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The iodinated compound 17 synthesized from the tosylated compound 15 as shown
in Scheme 21a. Iodinated compound 17 was then treated with the compound 1. Both
in DMF and MeCN, the reaction did not proceed to furnish desired compound 16.
The reason that the reaction did not work might be due to the steric hindrance of the

neighboring carbon.®

Q) T0 0O~ I 0O~
Ld ol \_d
0 MEK 0
O7§ 59% O7§
15 17

Scheme 21. Alternative way for the synthesis of compound 16

With the failed results accounted for the steric hindrance attributed to the groups next
to the reactive carbon, we decided to attach a group having functional group, that
will be suitable for further modification, to indoline (1). Bromoethanol was found to
be perfect fit for this purpose. Therefore, four new compounds were designed as seen
in Figure 18. The designed compounds will have the chirality due to the two amino
acids. Both enantiomers of the amino acids will be attached. Alanine and
phenylalanine are distinct from each other by a phenyl group. With these target
compounds, we will not only study the effect of chirality on the spiro carbon
configuration, but also ring opening and ring closure kinetics of alanine and phenyl
alanine attached spiropyrans will be compared in order to investigate the effect of

benzyl and methyl groups on these processes.
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Figure 18. The target compounds; SPA-I, SPA-II, SPA-III, and SPA-IV

Towards the synthesis of the new targets, indoline was treated with bromoethanol
(Scheme 22a). In this reaction, we expected compound 20. However, it was not
isolated. Upon addition of potassium hydroxide solution, compound 19 was isolated
in 56% yield. Hemiaminal ethers can undergo a transformation into enamine as

shown in Scheme 22b.

B 7

a)
+ Br\/\OH —_— N/@ Br@ ﬂ» O
N/ MeCN \\\ H,O N\)
56%
1
B 18 OH | 19

b)
N\) N

19

Scheme 22. Synthesis of Compound 19

Afterwards, compound 19 was treated with 5-nitrosalicylaldehyde (5) in ethanol at
78°C. The reaction yielded compound 21 in 59% yield (Scheme 23). This compound

would be further modified through alcohol functionality.
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Scheme 23. Synthesis of compound 21

Both enantiomers of phenylalanine and alanine were treated with phthalic anhydride
to protect the amino group (Scheme 24). Phthalimides will contribute to the steric
hindrance, which would affect the chiral center on spiropyrans. Furthermore, ease of
procedure without racemization could be another reason for choosing phthalic

anhydride.

22a-S: X=CHj (68%)
22a-R: X=CHj, (85%)
22b-S: X=Bn  (81%)
22b-R: X=Bn  (86%)

Scheme 24. Amino protection of both enantiomers of alanine and phenylalanine

The amino protected L-alanine was modified to the corresponding acyl chloride with
the action of thionyl chloride as shown in Scheme 25a Then, compound 22a-S-Cl
was treated with compound 21 to get esterification product SPA-I (Scheme 25b).
Even through SPA-I was obtained from the reaction, the yield was less than 5%. The
low yield is accounted for the high reactivity of the corresponding acyl chloride. The

coupling reactions are alternative to the acyl chloride esterification procedure.
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Scheme 25. Synthesis of SPA-I through acyl chloride esterification procedure

The first coupling reaction employed in our study was to esterification reaction with
CDI due to its relatively simple work-up conditions. Compound 21 and 22b-S were
dissolved in DMF and subsequently CDI and DBU were added (Scheme 26). The
reaction was stirred at 85°C for approximately 24 hours, which was monitored with

TLC. After 24 hours, the product formation was not observed.

____________________________________ SPA-IlI
(0]
7 N/l( b N\
_; N
N N N
(CDI) (DBU)

Scheme 26. Synthesis of SPA-III through CDI coupling procedure
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The same reaction was carried out by adopting EDC coupling procedure to the
synthesis of SPA-III as seen in Scheme 27. Amino protected L-phenylalanine 22b-
S was treated with compound 21 in the presence of EDC (free base form) in DCM.
DMAP was used as a base in this reaction. After 24 hours, TLC showed the product
formation. However, the starting materials were not consumed fully. Nevertheless,

the desired compound was isolated in 28% yield.

: peSan
0
OH N
EDC, DMAP
oMo ¢ DCM o Q
28% (0]
N
22b-(S) = memmmeememmemmmemeeeieeee o
f I SPA-IlI
,C’rN\/\/N\ '

Scheme 27. Synthesis of SPA-III through EDC coupling procedure

Even though DCC coupling is cumbersome, its cost efficiency was attractive.
Therefore, we decided to synthesize the target compounds implementing DCC
coupling procedure. Amino protected amino acids 22a-S, 22a-R, 22b-S, and 22-R
with compound 21 in the presence of DCC and DMAP in DCM to get the desired
compounds (Scheme 28). The final compounds were isolated after performing
column chromatography several times. This was due to the difficulty of separating
N-N’-dicyclohexylurea from the products. Nevertheless, all the desired compounds
were in hand characterized with 'H, 3C NMR and HRMS successfully (Appendices
A and C).
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SPA-IIl: X=CH; *R (52%)
SPA-IIl: X=Bn *:S  (44%)
SPA-IV: X=Bn *:R (58%)

Scheme 28. Synthesis of SPA-I, SPA-II, SPA-III, and SPA-IV

33 Photophysical and Photochemical Studies

3.3.1 UV-Vis Spectroscopy Studies

UV-Vis spectra of all spiropyrans were measured in methanol, isopropanol,
dichloromethane and hexane. These solvents were chosen due to their different
dielectric constants, which will affect the transformation of the spiropyrans into the
corresponding merocyanine forms.? The ground state of the merocyanine includes
its zwitterionic form, and thus, it is expected to be stabilized in polar solvents. All

compounds showed similar features on their spectra.
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Figure 19. UV-Vis spectra of a) SPA-I b) SPA-II ¢) SPA-III d) SPA-IV (10> M)
in different solvents prior to 365 nm illumination

As seen in the Figure 19, the spiropyrans containing both enantiomers of alanine and
phenylalanine derivatives showed a Amax around 340 nm. This band extended to 400
nm, which is due to the spiropyran form. According to the first law of
photochemistry, any light with wavelength less than 400 nm will convert the
spiropyrans into the merocyanie form. With the availability of the 365 nm light
source, we conducted the studies on the photoisomerizations of SPA-I, SPA-II,
SPA-III and SPA-IV in different solvents. The concentrations of all spiropyrans in
methanol, isopropanol, dichloromethane, and hexane were set to 10° M, and

irradiated for 2, 6, 12, 20, and 30 minutes with 365 nm light.
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3.3.1.1 UV-Vis Spectroscopy Studies of SPA-I

NO,
Y,
N O N/ S
\—\ 365 nm ® 0
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(0]
(0)
SPA-I MCA-I

Scheme 29. Photoisomerization of SPA-I to MCA-I

For SPA-I in methanol, it was shown that there is no significant increase in the
intensity of the merocyanine absorption band around 550 nm after 20 minutes
illumination (Figure 20a). In isopropanol, Amax of merocyanine form shifted to ca.

570 nm. With the irradiation, MCA-I concentration in the solution increased (Figure

20b).

a) b)
0.4 0.3
Omin Omin
2min
1 )
Y V\ e
c ©
e 2
2 ] o
S 3
e} <
<
0 — T T T 0.0 , ; . r
250 350 450 550 650 250 350 450 550 650
Wavelength (nm) Wavelength (nm)

Figure 20. UV-Vis spectra of SPA-I (10 M) in a) methanol b) isopropanol

Upon 365 nm illumination in dichloromethane, it was observed that there is no
significant increase in the merocyanine concentration after 6 minutes, and it started
to decrease after 12 minutes irradiation (Figure 21a). Besides, with the illumination,
a new absorption band in ca. 430 nm appeared. The intensity of this absorption band

increased as the time of the irradiation increases. The possible explanation may be
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the presence of the excited state isomers of MCA-L. In hexane, contrary to
expectations, the merocyanine form of the SPA-I was observed (Figure 21b). After
6 minutes illumination, it was seen that the intensity of merocyanine absorption band
around 580 nm started to decrease. This could be due to both the spiropyran and
merocyanine forms not having great solubility in hexane. Therefore, spiropyran
molecules in hexane were close to the interface between hexane and the walls of the
quartz cell. When they were irradiated, the merocyanine was formed and sticked to
the walls of the quartz cell. This observation was further seen when we transferred
the solution from the cells to another container. The quartz cell was purple colored

after the analysis.
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Figure 21. UV-Vis spectra of SPA-I in (10> M) a) dichloromethane b) hexane

It can be concluded that the conversion of SPA-I into the merocyanine was smooth
in methanol and isopropanol. However, in aprotic solvents such as dichloromethane
and hexane, the conversion of this compound was not smooth. This could be
explained by the stabilization of the merocyanine by the polar protic solvents. In
addition, it was observed that polarity of the solvent increases, the absorption band

of the merocyanine form shifts to the longer wavelengths.
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3.3.1.2  UV-Vis Spectroscopy Studies of SPA-II
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Scheme 30. Photoisomerization of SPA-II to MCA-II

SPA-II solution in methanol showed similar features with SPA-I (Figure 22a). As
the solution was irradiated with 365 nm light (Scheme 30), the merocyanine
concentration (MCA-II) in the solution increased. However, there was no significant
increase in the merocyanine absorption intensity after 20 minutes irradiation. In
isopropanol, MCA-II concentration reached its maximum with 12 minutes

irradiation and then started to decrease (Figure 22b).
a) b)
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Figure 22. UV-Vis spectra of SPA-II (10> M) in a) methanol b) isopropanol

Similar with SPA-I, a shoulder around 440 nm was observed in dichloromethane
and there was no significant increase in the concentration of MCA-II after 2 minutes

irradiation. When SPA-II was subjected to 365 nm illumination, the concentration
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of MCA-II in the solution reached its maximum

and started to decline after 2

minutes.
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Figure 23. UV-Vis spectra of SPA-II in (10> M) a) dichloromethane b) hexane

3.3.1.3  UV-Vis Studies of SPA-III
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Scheme 31. Photoisomerization of SPA-III to MCA-III

In methanol, the absorption intensity of the merocyanine form increased with the
increased irradiation time (Figure 24a). Unlike methanol, the concentration of MCA-

III in isopropanol started to decrease after 12 minutes illumination as shown in

Figure 24b.
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Figure 24. UV-Vis spectra of SPA-III (10> M) a) methanol b) isopropanol

In dichloromethane, the absorption of the excited state MCA-III isomers is more
apparent around 460 nm (Figure 25a). When the exposure time increased, the
merocyanine absorption intensity ca. 600 nm decreased, which was accompanied by
the increase in absorption around 460 nm (Figure 25b). In hexane, there was no
significant increase in the concentration of the merocyanine form after 12 minutes

as in the case of MCA-II.
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Figure 25. UV-Vis spectra SPA-III (10> M) a) dichloromethane b) hexane
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3.3.14 UV-Vis Studies of SPA-1IV

SPA-IV

Scheme 32. Photoisomerization of SPA-IV to MCA-IV

In methanol and isopropanol, contrary to the expectations, the MCA-IV absorption
intensity decreased after 20 minutes illumination (Figure 26a-b). The decrease in

intensity was more pronounced in methanol.

a) b)
0.4 - 0.3
Omin Omin
2min 2min
6min 6min
(] . ()
S 12min e 12min
© i ©
2 20min 2 20min
o o
wv %]
2 2 30min
| M . | - ' —
250 350 450 550 650 250 350 450 550 650
Wavelength (nm) Wavelength (nm)

Figure 26. UV-Vis spectra of SPA-IV (10~ M) a) methanol b) isopropanol

In dichloromethane and hexane, SPA-IV solutions showed similar feature with

SPA-III (Figure 27a-b).
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Figure 27. UV-Vis spectra of SPA-IV (10~ M) a) dichloromethane b) hexane
3.3.2 Kinetics of Ring Closure

With studies on photoisomerization of the spiropyrans in hand, we investigated the
transformation of the merocyanines into spiropyrans. The focus of this study is to
examine whether attached alanine and phenylalanine derivatives alter the
spectroscopic properties and switching behavior of compound 21. We chose to
conduct this experiment in isopropanol due to the fast kinetics of ring opening.
Furthermore, the solubilities of the compounds in isopropanol are better compared
to dichloromethane and hexane and toxicity of methanol led us consider isopropanol

as the solvent of choice.

Both D-phenylalanine and L-phenylalanine derived compounds were considered to
behave similarly. Therefore, we chose one of the compounds for the survey.

Likewise, the same was applied to the spiropyrans containing alanine derivative.

Compound 21, SPA-II and SPA-IV were subjected to 365 nm for 15 minutes and
then UV-Vis spectra were taken to observe the corresponding merocyanine forms.
Afterwards, MCA-21 was kept in dark for 15 minutes and MCA-II and MCA-IV
were kept in dark for 10 minutes. UV-Vis spectra were recorded in one minute
intervals, as shown in Figure 28. It was observed that the concentrations of the
corresponding merocyanine forms decrease with the time (Figure 28). After 10

minutes, MCA-II and MCA-IV turned back to the spiropyran forms completely. On

47



the other hand, MC-21 was not fully converted into compound 21. The difference

between their ring closure kinetics is more pronounced in 6 minutes.
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Figure 28. Studies on ring-closure of a) Compound 21 b) SPA-II and ¢) SPA-IV

All compounds showed first order kinetics in the conversion of the merocyanines

into the spiropyrans.
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Concentration is directly proportional to absorbance as stated in Beer’s Law.
Accordingly, the absorbance versus time graphs for the compounds were drawn by
fitting the absorbance values at Amax=561 nm to the equation 1. In this equation, a is
the absorbance value at t=0, K is the rate constant, t is the time and b is the baseline

offset (Figure 29).

y=ae*+b Equation 1
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Figure 29. Ring closure kinetics of a) Compound 21 b) SPA-II c) SPA-IV with the
exponential fitting

According to the first order rate constants (kmc-21=0.229 s, kmca-r=0.681 s and
kmca-v=0.743 s!), it was shown that the merocyanines form of both alanine and
phenylalanine derived spiropyrans are converted into their initial state (the
spiropyran form) faster at room temperature. It was further seen that among those
alanine and phenylalanine attached merocyanines, the one with phenylalanine closes
faster. This may arise from due to the fact that benzyl group contributes the
hydrophobicity compared to the methyl group. Hydrophobic groups on charged
molecules probably create a micro hydrophobic environment, which destabilizes the

charge formation. Therefore, chargeless spiropyran forms were favored.
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3.3.3 CD Measurements

CD measurements of SPA-I, SPA-II, SPA-III, and SPA-IV were performed. CD
spectra of these compounds in isopropanol (10~ M) are shown in Figure 30a. The
CD spectra of the spiropyrans with L and D-alanine derivatives are symmetric, as
expected, to each other. The CD activity was observed in the region of UV absorption
band. Similarly, the CD spectra of L and D-phenylalanine derived spiropyrans were

also measured. Again, the CD spectra are symmetric with respect to each other

(Figure 30b).
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Figure 30. CD spectra of SPA-I, SPA-II, SPA-III, SPA-IV in isopropanol

To determine if the chiral unit on the molecule has an effect on the merocyanine
form, we subjected the spiropyrans III and IV, which have L and D phenylalanine
derivatives, to 365 nm light. Both compounds showed similar pattern at around 500
nm. Specifically, they had positive CD signal ca. 500 nm. In the region below 300
nm, their CD spectra are symmetric to each other. It can be concluded that the

chirality transfer to the chromophore (merocyanine form) was not observed.

3.34 Fluorescence Studies

Fluorescence measurements of the spiropyrans (SPA-L, II, III, and IV) were

attempted. The problem observed was that when we excite the spiropyrans, they are
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converted into the merocyanine form, and thus, we observed fluorescence due to the
the transoid merocyanine forms of these compounds in isopropanol. The

fluorescence spectra are given in Appendix D.

3.4  HPLC Studies

HPLC studies were conducted to observe the ratio between diastereomers of the
spiropyrans after photoisomerization. Firstly, compound 21 as a reference compound
was loaded to HPLC equipped with a chiral column. The ratio between the

enantiomers of Compound 21 was observed to be fifty-fifty (Figure 31).
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Figure 31. HPLC chromatogram of compound 21 (Chiralcel OD-H, eluent 90:10
n-hexane:isopropanol, flow rate 1.0 mL/min, #z:9.8, 10.9)

With the analysis of the enantiomers using a chiral column, we decided to analyze
the spiropyrans by using a reversed phase achiral column in the first place. The
reason was that the spiropyrans synthesized in this study were obtained to be a
diastereomeric mixture. The diastereomers would have a different affinity to the
nonpolar stationary phase since their physical properties are different. Accordingly,
SPA-II was loaded to achiral C18 column. However, the separation of the
diastereomers could not be observed (Figure 32), which is ascribed to the fact that

the polarity difference between the diastereomers is too small to be monitored.
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Figure 32. HPLC chromatogram of SPA-II (Phenomenex ODS C18, eluent 90:10
methanol:water, flow rate 1.0 mL/min, r: 9.2)

With these in mind, chiral OD-H column was attempted to separate the diastereomers
(Figure 33). It was concluded that there is no significant difference between the ratio

of the diastereomers after photoisomerization.
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Figure 33. HPLC Chromatogram of SPA-II (Chiralpak OD-H, eluent 75:25
hexane:isopropanol, flow rate 1.0 mL/min, fr: 12.4, 14.9)
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CHAPTER 4

CONCLUSION

In this thesis, chiral units attached spiropyrans were studied. In this context, four new
compounds were synthesized. The synthesized spiropyrans contained both
enantiomers of amino protected alanine and phenylalanine. '"H NMR spectra of SPA-
I, SPA-II, SPA-IIL, and SPA-IV were consistent with the structures. This multistep
synthesis were proved to be efficient for the synthesis of these compounds. The
compounds were characterized and studied with optical spectroscopic methods; UV-
Vis, Circular Dichroism and Fluorescence Spectroscopies. With UV-Vis
spectroscopy, the photoisomerization of the spiropyrans to the corresponding
merocyanines was monitored. It was seen that there is different kinetics of the
photoisomerization in different solvents. The conversion of the merocyanine forms
into the spiropyrans was also investigated. It was observed this conversion is faster
in the spiropyran containing phenylalanine unit compared to that of bearing alanine

derivative. This was attributed to the hydrophobic nature of benzyl group.

In the CD measurements, we expected that the effect of the chiral unit on the
merocyanine form is observed to be a stereospecific ring closure when the
merocyanine transforms into the spiropyran. In this study, contrary to expectations,
we did not observe such a phenomenon. This may primarily arise from the distance
between the chiral center and chromophore.To obtain chiral spiropyrans and to

prevent racemization, chiral centers might be introduced closer to spiropyrans.

HPLC studies were conducted to monitor the ratio between the diastereomers after
photoisomerization. Nevertheless, any significant difference was not observed as a

result of the analyses.
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CHAPTER 5

EXPERIMENTAL

5.1 Methods and Materials

All starting materials and solvents except ethyl acetate and hexane were purchased
from Sigma Aldrich and were used without further purifications. Solvents used for
Flash Chromatography were distilled prior to use (EtOAc and Hexane over CaCly).
The reactions were monitored by thin layer chromatography (TLC) (Merck Silica
Gel 60 F254) and visualized by UV light at 254 nm.

Structural evaluation of the synthesized compounds was accomplished with the

instruments stated below.

'H and '3C nuclear magnetic resonance spectra of the compounds were recorded in
deuterated solvents with Bruker Avance III Ultrashield 400 Hz NMR spectrometer.
The chemical shifts were stated in parts per million (ppm) with tetramethylsilane
(TMS) as internal reference. Spin multiplicities were indicated as s (singlet), d
(doublet), dd (doublet of doublet), t (triplet), tt (triplet of triplet), m (multiplet) and
coupling constants (J) were reported as in Hz (Hertz). 1H NMR,13C NMR, and other
NMR techniques spectra of compounds were given in Appendix A. NMR spectra

were processed with MestReNova program.

Infrared (IR) Spectra were recorded with Thermo Scientific Nicolet iIS10 ATR-IR
spectrometer. Signal locations were reported in reciprocal centimeter (cm-1). The IR

spectra of the compounds synthesized are given in Appendix B.

UV-Vis measurements were recorded with Shimadzu UV-2450 spectrophotometer.

Spectroscopic measurements were carried out in methanol, isopropanol,
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dichloromethane, and hexane. UV absorption spectra were processed with

Miscrosoft Excel and OriginPro 2019.

High Resolution Mass Spectra (HRMS) were processed in positive mode on (ES+)
using Time of Flight mass analyzer. The high-resolution mass spectra of compounds

synthesized are given in Appendix C.

Fluorescence measurements were recorded with Perkin Elmer LS55
spectrofluorometer. Spectroscopic measurements were carried out in isopropanol of
spectroscopic grade. The fluorescence spectra of the compounds synthesized are
given in Appendix D. Fluorescence spectra were processed with OriginPro 2019

program.

High Performance Liquid Chromatography (HPLC) was carried out with Agilent
1100 Series equipped a diode array detector for absorption measurements at room
temperature. Chiralcel OD-H column and Phenomenex ODS (C18) column were

used.

Irradiation experiments were performed with fluorescence light source emitting 365

nm. This light is usually used in TLC monitoring.

CD measurements were recorded with Jasco J-1500 CD Spectrometer. Spectroscopic
measurements were carried out in isopropanol of spectroscopic grade. CD spectra

were processed with Microsoft Excel.
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5.2 Synthesis of the Chiral Unit Attached Spiropyrans

5.2.1 Synthesis of 2,3,3-trimethyl-3H-indole®!

Crs-

1

Isopropyl methyl ketone (5.48 mL, 50.0 mmol, 1.0 eq.) and phenyl hydrazine (4.95
mL, 50.0 mmol, 1.0 eq.) were mixed in a 50 mL round-bottomed flask. The mixture
was then refluxed for 4 hours with stirring. After cooled down to room temperature,
it was extracted with water and diethyl ether. The organic layer was separated and
dried over anhydrous MgSOs4. Red liquid was obtained after removing diethyl ether
under vacuum. The resulting product was mixed with acetic acid (15 mL). Then, the
reaction mixture was stirred at 90°C for 3 hours. After it was cooled to ambient
temperature, ethyl acetate was added, and the mixture was neutralized with saturated
Na2COs solution. The aqueous layer was washed with ethyl acetate several times
and dried with anhydrous MgSOa. After removal of the solvent under vacuum, the
product was used in the next step without any further purification. (5.5 g, 68%) 1H
NMR (400 MHz, Chloroform-d) ¢ 7.6 (d, J=7.5. Hz, 1H), 7.34 —7.21 (m, 2H), 7.17
(m, 1H), 2.26 (s, 3H), 1.27 (s, 6H).

522 Synthesis of 1,2,3,3-tetrimethyl-3 H-indolium iodide®!
Crs-
N+
\
2

2,3,3-trimethyl-3H-indole (1) (7.39, 45.0 mmol, 1.0 eq.) was dissolved in 30 mL of
acetonitrile. To the solution was then added iodomethane (5.7 mL, 90.0 mmol, 2.0

eq.). The reaction was carried out under reflux for 5 hours with stirring. The yellow
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precipitate was obtained. After being collected by filtration, the product was
recrystallized in ethanol. (9.1g, 67%) 1H NMR (400 MHz, DMSO-d¢) & 7.94 — 7.89
(m, 1H), 7.85 - 7.81 (m, 1H), 7.65 — 7.60 (m, 2H), 4.02 — 3.97 (s, 3H), 2.76 (s, 3H),
1.53 (s, 6H).

5.23 Synthesis of 1,3,3-trimethyl-2-methyleneindoline®?

10 mL Et;0 and 30 mL of 2M NaOH solution was mixed in a 100 mL round bottomed
flask. Then, 1,2,3,3-tetrimethyl-3 H-indolium iodide (0.72 g, 2.12 mmol, 1.0 eq.) was added
and the mixture was allowed to stir at room temperature for 30 min. After the phases are
separated, the organic layer was washed with water twice, and dried over MgSOs. The pink
oil was obtained after evaporation of the solvent under vacuum. (0.35 g, 93 %)'H NMR
(400 MHz, CDCl3) 6 7.21 — 7.12 (m, 2H), 6.81 (t, J = 7.4,1H), 6.59 (d, J = 7.8 Hz,
1H), 3.90 (s, 2H), 3.08 (s, 3H), 1.43 (s, 6H).

524 Synthesis of (R/S)- 1',3',3'-trimethylspiro[chromene-2,2'-indoline]’®

1,3,3-trimethyl-2-methyleneindoline (3) (1.8 g, 10 mmol, 1.0 eq.) and
salicylaldehyde (1.1 mL, 10.0 mmol, 1.0eq.) were mixed in the presence of ethanol
(50.0 mL). The mixture was then heated under reflux overnight before being
concentrated under vacuum. The residue was dissolved in chloroform and washed
with 3 M NaOH solution. The combined organic phases were dried over MgSO4 and

concentrated under vacuum. The crude product was purified by column
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chromatography on silica gel (EtOAc/Hexane 1:5) to yield pink solid. (2.5g, 90%)'H
NMR (400 MHz, CDCl3) 6 7.19 (t,J="7.8 Hz, 1H), 7.13 — 7.02 (m, 3H), 6.89 — 6.79
(m, 3H), 6.72 (d, J = 8.1. Hz, 1H), 6.54 (d, J = 7.8 Hz, 1H), 5.68 (d, J = 10.2 Hz,
1H), 2.74 (s, 3H), 1.31 (s, 3H), 1.17 (s, 3H).

5.2.5 Synthesis of 2-hydroxy-5-nitrobenzaldehyde®’

Salicylaldehyde (2.55 mL, 24 mmol, 1.0 eq.) was dissolved in 13.5 mL of acetic
acid. Then, nitric acid (9.0 mL, 120.0 mmol, 5.0 eq.) was added dropwise. The
reaction mixture was allowed to stir at room temperature overnight. A pale-yellow
precipitate was collected by filtration, which was then washed with distilled water.
The crude product was purified by column chromatography on silica gel
(EtOAc/Hexane) to afford as a white solid. (3.3 g, 83%) 'H NMR (400 MHz, CDCl5)
0 11.62 (s, 1H), 10.00 (s, 1H), 8.57 (d, J = 2.8 Hz, 1H), 8.42 (dd, J = 9.2, 2.8 Hz,
1H), 7.13 (d, J=9.4 Hz, 1H).

5.2.6 Synthesis of (R/S)-1',3',3'-trimethyl-6-nitrospiro[chromene-2,2'-

indoline]®*

2-hydroxy-5-nitrobenzaldehyde (1.9 g, 11.7 mmol, 1.0 eq.) was mixed with 1,2,3,3-
tetrimethyl-3H-indolium iodide (2) (2.0 g, 11.7 mmol, 1.0 eq.) in 50.0 mL of ethanol.
Piperidine (0.6 mL) was added to the reaction mixture. Subsequently, the solution was

refluxed for 4 hours. After cooling, it was allowed to stand overnight, the. yellow
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precipitate was collected by filtration and washed with methanol. (2.8 g, 74%) 'H NMR
(400 MHz, CDCl;) 6 8.03 (d, /= 2.8 Hz, 1H), 8.00 (s, 1H), 7.23-7.18 (m, 1H), 7.10
(dd, J=17.3, 1.3 Hz, 1H), 6.97 — 6.86 (m, 2H), 6.77 (d, /= 8.3 Hz, 1H), 6.57 (d, J =
7.8 Hz, 1H), 5.86 (d, /= 10.3 Hz, 1H), 2.74 (s, 3H), 1.30 (s, 3H), 1.19 (s, 3H).

5.2.7 Synthesis of (2R,3R) dimethyl 2,3-dihydroxysuccinate®’

Thionyl chloride (17.5 mL, 0.24 mol, 3.5 eq.) was added dropwise to a solution of
L-tartaric acid (10.0 g, 66 mmol, 1.0 eq.) in methanol (150 mL) at 0°C. The reaction
was maintained at this for an hour. Then, it was refluxed for 3 hours. After cooled
down to ambient temperature, excess methanol, thionyl chloride, and gaseous
hydrogen were removed under vacuum. The crude product was sufficiently pure to
be used directly in the next step. (11.2 g, 100%) 'H NMR (400 MHz, CDCIs) 8 4.50
(s, 2H), 3.80 (s,6H).

5.2.8 Synthesis of (4R,5R) dimethyl 2,2-dimethyl-1,3-dioxolane-4,5-di

carboxylate®

p-toluenesulfonic acid monohydrate (3.0 g, 15.8 mmol, 0.25 eq.) was added to the
mixture of compound 8 (11.2 g, 62.8 mmol, 1.0 eq.) and 2,2 dimethoxy propane
(47.26 mL, 38.6 mmol, 6.14 eq.) in DMF (25 mL). The reaction mixture was heated
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to reflux. It was stirred and maintained for 4 hours. After cooling, the solution was
neutralized with NaHCO3, and then extracted with ethyl acetate. Organic phases
were collected and washed with water several times in order to remove DMF. Then,
it was dried over MgSO4. After removal of ethyl acetate, the product was obtained
as areddish oil and used in the next step without any further purification. (13.7, 83%)
'"H NMR (400 MHz, CDCl3) 6 4.75 (s, 2H), 3.76 (s, 6H), 1.43 (s, 6H). *C NMR (101
MHz, CDCI3) 6 170.0, 113.8, 76.9, 52.8, 26.2.

5.2.9 Synthesis of ((45,55)-2,2-dimethyl-1,3-dioxolane-4,5 diyl)di

methanol®’

O\“ OH
10

(4R,5R) dimethyl 2,2-dimethyl-1,3-dioxolane-4,5-dicarboxylate (9) (1.0 g, 45.0
mmol, 1.0 eq.) was dissolved in methanol (20 mL). The solution was cooled down
to 0°C. Then, NaBH4 (0.846 g, 220 mmol, 4.97 eq.) was added in small portion at
this temperature. The reaction mixture was allowed to stir at room temperature
overnight. After methanol was evaporated, the mixture was dissolved in ethyl acetate
and washed with water and saturated NH4Cl solution respectively. The organic layers
were combined and dried over anhydrous MgSOs. It was concentrated to be obtained
as a pale-yellow oil, which was used in the next step without any further purification.
(0.1 g,15%) 'H NMR (400 MHz, CDCl3) & 4.0-3.96 (m, 2H), 3.82-3.75 (m, 2H),
3.72-3.66 (m, 2H), 1.43 (s, 6H).
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5.2.10 Synthesis of ((4S5,55)-2,2-dimethyl-1,3-dioxolane-4,5-diyl)bis

(methylene)bis(4-methylbenzenesulfonate)
><O OTs
O\‘ ’ OTS
1

((48,55)-2,2-dimethyl-1,3-dioxolane-4,5-diyl)dimethanol (10) (0.69 g, 4.27 mmol,
1.0 eq.) was dissolved in DCM (25 mL) and solution was cooled down to 0°C. Then,
EtsN (1.25 mL, 8.9 mmol, 2.1 eq.) and TsCI (1.7 g, 8.9 mmol, 2.1 eq.) was added.
The reaction mixture was allowed to stir at room temperature overnight. It was
washed with water, 5% CuSQj4 solution, saturated NaHCO3 and brine respectively.
The organic phases were combined, dried over MgSQOs, and then filtered. After DCM
was removed, the target compound was purified with column chromatography on
silica gel (EtOAc: Hexane, 1:5) to obtain white solid. (0.04 g, 10%) "H NMR (400
MHz, CDCls) 7.77 (d, J = 8.4 Hz, 4H), 7.36 (d, J= 7.96 Hz, 4H), 4.09 (m, 4H), 4.01
(m, 2H), 2.45 (s, 6H), 1.29 (s, 6H).!3C NMR (101 MHz, CDCIl3) & 145.2, 132.4,
130.0, 128.0, 110.8, 75.0, 68.4, 26.7, 21.6.

5.2.11 Synthesis of Methyl 2,3-O-isopropylidene-f-D-ribofuranoside®’

14

D-ribose (10.0 g, 67.0 mmol, 1.0 eq.), acetone (38.4 mL, 0.5 mol, 7.86 mmol), conc.
HCI (6 mL) and methanol (75 mL) were mixed, and the reaction mixture was heated
under reflux. After cooled to room temperature, the solution was neutralized with
saturated aq. KHCOs. It was concentrated under vacuum and then extracted with

chloroform. The combined organic phases were washed with water several times and
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dried over Na;SOs. The solvent was evaporated to get yellowish oily product. (9.8
g, 72%). 'H NMR (400 MHz, CDCl3) & 4.87 (s, 1H), 4.72 (d, J = 6.0 Hz, 1H), 4.49
(d, J=5.9 Hz, 1H), 4.33 — 4.28 (m, 1H), 3.59-3.48 (m, 2H), 3.32 (s, 3H), 1.41 (s,
3H), 1.22 (s, 3H).

5.2.12 Synthesis of ((3aR,4R,6aR)-6-methoxy-2,2-dimethyltetrahydro
furo[3,4-d][1,3]dioxol-4-yl)methyl 4-methylbenzenesulfon®®

TSO@,J‘O\

To a solution of methyl 2,3-O-isopropylidene-b-D-ribofuranoside (3.0 g, 14.6 mmol,
1.0 eq.) in pyridine (8 mL) p-toluenesulfonyl chloride (3.8 g, 22.0 mmol, 1.5 eq.)
was added. The reaction was stirred at room temperature until the complete
disappearance of the stating material. Then, the mixture was poured into slurry ice-
water. After stirring vigorously, the product precipitated. It was washed with water
and dried to be obtained as a white solid. (4.8 g, 96%) 'H NMR (400 MHz, CDCl5)
0 7.80 (d, J=8.4 Hz, 2H), 7.36 (d, J= 7.9 Hz, 2H), 4.93 (s, 1H), 4.56 (dd, J =20.36,
6.0, 2H), 4.53 (d, J=5.9 Hz, 1H), 4.36 —4.25 (m, 1H), 4.09 — 3.95 (m, 2H), 3.23 (s,
3H), 2.46 (s, 3H), 1.44 (s, 3H), 1.28 (s, 3H).
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5.2.13 Synthesis of (3a5,4S5,6S5,6aR)-4-(iodomethyl)-6-methoxy-2,2-di
methyltetrahydrofuro[3,4-d][1,3]dioxole®

Nal (0.88 g, 5.8 mmol, 2.0 eq.) was added to the solution compound 15 (1.0 g, 2.9
mmol, 1.0 eq.) in methyl ethyl ketone. The reaction mixture was allowed to reflux
for 24 hours. After cooled down to ambient temperature, the solvent was removed
under reduced pressure. The resulting mixture was extracted with ethyl acetate and
washed with water and brine. After dried over MgSO4 and concentrated under
vacuum, reddish oily product was obtained. (0.54 g, 59%) 'H NMR (400 MHz,
CDCl3) 6 5.08 — 5.01 (m, 1H), 4.76 (m, 1H), 4.62 (t, J = 5.3 Hz, 1H), 4.47-4.39 (m,
1H), 3.40 — 3.33 (m, 3H), 3.33 — 3.23 (m, 1H), 3.16 (m, 1H), 1.48 (s, 3H), 1.32 (s,
3H).

5.2.14 Synthesis of (R/S)-9,9,9a-Trimethyl-2,3,9,9a-tetrahydrooxazolo|3,2-

ajindole”

i

19

2-bromoethanol (9.17 mL, 73.0 mmol, 1.5 eq) was added to a solution of 2,3,3-
trimethyl-3H-indole (1) (9.17 g, 49.0 mmol, 1.0 eq.) in 40 mL of acetonitrile. The
reaction mixture was heated under reflux for 1 d. After cooled down to room
temperature, acetonitrile was removed under reduced pressure. The viscous red
residue was taken up in chloroform, and then washed with water. The aqueous layer

was made basic upon addition of 1 M KOH solution. the color of the solution became
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milky white, and the solution was extracted with diethyl ether. The organic phase
was washed with water, brine and then dried over MgSOs. (5.9 g, 56%) 'H NMR
(400 MHz, CDCl3) 6 7.21 — 7.14 (m, 1H), 7.12 (d, J= 7.4, 1H), 6.96 (t, /= 7.4, Hz,
1H), 6.79 (d, J = 7.8 Hz, 1H), 3.89 — 3.81 (m, 1H), 3.76 — 3.67 (m, 1H), 3.62 - 3.49
(m, 2H), 1.49 (s, 3H), 1.43 (s, 3H), 1.23 (s, 3H).

5.2.15 Synthesis of (R/S)-2-(3',3'-dimethyl-6-nitrospiro[chromene-2,2'-
indolin]-1'-yl)ethan-1-01"°

21

A solution of (R/S5)-9,9,9a-Trimethyl-2,3,9,9a-tetrahydrooxazolo[3,2-a]indole (19)
(0.6 g, 2.6 mmol, 1.0 eq.) and 2-hydroxy-5-nitrobenzaldehyde (0.72g, 4.1 mmol, 1.5
eq.) was mixed in the presence of 15 mL of ethanol. The reaction mixture was heated
under reflux for 3 hours. After cooled down to ambient temperature, it was filtered.
The resultant purple solid was washed with ethanol. The crude product was purified
by recrystallization from ethanol. (0.5g, 59 %) 'H NMR (400 MHz, CDCls) & 8.06 —
7.97 (m, 2H), 7.24 — 7.17 (m, 1H), 7.15 - 7.07 (m, 2H), 6.93-6.87 (m, 2H), 6.77 (d,
J=28.0 Hz, 1H), 6.68 (d, /= 7.1 Hz, 1H), 5.89 (d, J= 10.4 Hz, 1H), 3.85-3.77 (m,
1H), 3.77-3.69 (m, 1H), 3.37-3.29 (m, 1H), 3.52 — 3.42 (m, 1H), 1.29 (s, 3H), 1.20
(s, 3H).
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5.2.16 Synthesis of (S)-2-(1,3-dioxoisoindolin-2-yl)propanoic acid’!

@)
\)kOH
N

O o)

22a-S

L-alanine (1.0 g, 11.22 mmol, 1.0 eq.) and phthalic anhydride (1.66 g, 11.22 mmol,
1.0 eq.) were mixed in the presence 15 mL of acetic acid. The reaction mixture was
allowed to reflux overnight. After acetic acid was evaporated under reduced
pressure. Distilled water was then added to the resulting white solid. The solution
was heated to reflux for 1 h. After filtration, white solid was obtained. (1.46 g, 68%)
'"H NMR (400 MHz, CDCl3) & 7.93-7.82 (m, 2H), 7.79-7.69 (m, 2H), 5.04 (m, 1H),
1.72 (d, J=7.4 Hz, 3H).

5.2.17 Synthesis of (R)-2-(1,3-dioxoisoindolin-2-yl)propanoic acid’!

22a-R

D-alanine (1.0 g, 11.22 mmol, 1.0 eq.) and phthalic anhydride (1.66 g, 11.22 mmol,
1.0 eq.) were mixed in the presence 15 mL of acetic acid. The reaction mixture was
allowed to reflux overnight. After acetic acid was evaporated under reduced
pressure. Distilled water was then added to the resulting white solid. The solution

was heated to reflux for 1 h. After filtration, white solid was obtained. (1.9 g, 85%)
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'H NMR (400 MHz, CDCl3) & 7.86 — 7.84 (m, 2H), 7.77-7.71 (m, 2H), 5.05 (p, J =
7.4,5.8 Hz, 1H), 1.72 (d, J= 7.1 Hz, 3H).

5.2.18 Synthesis of (S)-2-(1,3-dioxoisoindolin-2-yl)propanoic acid’!

22b-S

L-phenylalanine (1.0 g, 11.22 mmol, 1.0 eq.) and phthalic anhydride (1.66 g, 11.22
mmol, 1.0 eq.) were mixed in the presence 15 mL of acetic acid. The reaction mixture
was allowed to reflux overnight. After acetic acid was evaporated under reduced
pressure. Distilled water was then added to the resulting white solid. The solution
was heated to reflux for 1 h. After filtration, white solid was obtained. (1.5 g, 81%)
'"H NMR (400 MHz, CDCl3) 8 7.79-7.75 (m, 2H), 7.71-7.65 (m, 2H), 7.21 — 7.12 (m,
5H), 5.22 (dd, /=9.1, 7.4 Hz, 1H), 3.59 (d, J = 8.8 Hz, 2H).

5.2.19 Synthesis of (R)-2-(1,3-dioxoisoindolin-2-yl)-3-phenylpropanoic acid

22b-R
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D-phenylalanine (1.0 g, 11.22 mmol, 1.0 eq.) and phthalic anhydride (1.66 g, 11.22
mmol, 1.0 eq.) were mixed in the presence 15 mL of acetic acid. The reaction mixture
was allowed to reflux overnight. After acetic acid was evaporated under reduced
pressure. Distilled water was then added to the resulting white solid. The solution
was heated to reflux for 1 h. After filtration, white solid was obtained. (1.5 g, 86%)
'"H NMR (400 MHz, CDCls) & 7.87 — 7.74 (m, 2H), 7.73-7.64 (m, 2H), 7.25 — 7.09
(m, 5H), 5.23 (m, 1H), 3.60 (d, J = 6.4 Hz, 2H).

5.2.20 Synthesis of SPA-I
O — O NO,
N O
\_\O 0]
o:§- ;\:Ej
N
0]
Spiropyran (0.1 g, 0.28 mmol, 1.0 eq.) and protected amino acid 22a-S (0.08 g, 0.34
mmol, 1.2 eq.) were mixed in 50 mL of DCM. The mixture was cooled down to 0°C
under argon. DCC (0.07 g, 1.02 mmol, 1.2 eq.) and DMAP (4 mg, 0.03. mmol, 0.1
eq.) were added respectively. The color of the solution was initially purple red. After
addition of DMAP, it became dark blue, then yellow. The ice-bath was removed, and
the reaction mixture was allowed to stir at room temperature. After completion of
the reaction, the mixture was washed with water and dried over MgSOs. The crude
product was purified by column chromatography on silica gel (EtOAc: Hexane, 1:25)
to yield pink solid. (80 mg, 52%) '"H NMR (400 MHz, CDCls) 6 8.03 — 7.96 (m, 3H),
7.90 (d, J = 2.8 Hz, 1H), 7.88-7.83 (m, 2H), 7.78-7.70 (m, 6H), 7.15-7.10 (m, 1H),
7.08 — 6.95 (m, 3H), 6.89-6.82 (m, 2H), 6.77 — 6.68 (m, 4H), 6.57 (dd, J=16.5, 7.8
Hz, 2H), 5.79 (dd, J=20.2, 10.3 Hz, 2H), 4.93 (qd, /= 7.3, 2.4 Hz, 2H), 4.37 - 4.20

(m, 4H), 3.56 — 3.28 (m, 4H), 1.65 (dd, J = 8.6, 7.3 Hz, 6H), 1.23 (s, 6H), 1.13 (s,
3H), 1.05 (s, 3H). °C NMR (101 MHz, CDCls) & 169.7, 169.6, 167.2, 167.1, 159.3,
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159.2, 146.61, 146.4, 141.1, 141.0, 141.0, 135.6, 135.4, 134.2, 134.1, 131.8, 131.8,
128.3, 128.1, 127.8, 127.7, 125.9, 123.5, 123.4, 122.8, 122.7, 121.7, 121.7, 121.7,
121.7, 121.5, 119.9, 118.4, 118.3, 115.5, 115.5, 106.6, 106.5, 106.4, 106.4, 77.3,
77.0, 76.7, 64.4, 63.7, 52.7, 52.6, 47.5, 47.3, 47.2, 42.2, 42.1, 25.81, 25.71, 22.6,
22.6,22.3,19.8,15.3,15.2. IR: 1779 cm!, 1743 cm™!, 1710 cm™! (C=0), 1517 cm’!,
1338 cm! (NO2), 951 ecm™ (Cspir)) HRMS: (ESI-MS) m/z: [M+H]" Caled for
C31H2sN307" 554.1927, found 554.1927

5.2.21 Synthesis of SPA-II
NO,
N O

O O
o:§ ) >\>’:©
neN

O
Spiropyran (0.1 g, 0.28 mmol, 1.0 eq.) and protected amino acid 22a-R (0.08 g, 0.34
mmol, 1.2 eq.) were mixed in 50 mL of DCM. The mixture was cooled down to 0°C
under argon. DCC (0.07 g, 1.02 mmol, 1.2 eq.) and DMAP (4 mg, 0.03. mmol, 0.1
eq.) were added respectively. The color of the solution was initially purple red. After
addition of DMAP, it became dark blue, then yellow. The ice-bath was removed, and
the reaction mixture was allowed to stir at room temperature. After completion of
the reaction, the mixture was washed with water and dried over MgSOs. The crude
product was purified by column chromatography on silica gel (EtOAc: Hexane, 1:25)
to yield pink solid. (80 mg, 52%) '"H NMR (400 MHz, CDCl3) 6 8.03 —7.97 (m, 3H),
7.90 (d,J=2.8 Hz, 1H), 7.86 (dd, J= 5.4, 3.1 Hz, 2H), 7.80-7.70 (m, 6H), 7.15-7.08
(m, 1H), 7.08 — 6.94 (m, 4H), 6.89-6.81 (m, 2H), 6.78 — 6.67 (m, 4H), 6.57 (dd, J =
16.4, 7.8 Hz, 2H), 5.79 (dd, J = 20.1, 10.4 Hz, 2H), 4.93 (qd, J = 7.4, 2.5 Hz, 2H),
4.36-4.21 (m, 4H), 3.50 — 3.33 (m, 4H), 1.65 (t, /= 7.9 Hz, 6H), 1.23 (s, 6H), 1.13
(s, 3H), 1.05 (s, 3H). 3C NMR (101 MHz, CDCl3) § 169.7, 169.6, 167.2, 167.1,
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159.3, 159.3, 146., 146.49, 141.0, 135.6, 135.4, 134.2, 134.1, 131.8, 131.8, 128.3,
128.1, 127.8, 127.7, 125.9, 123.5, 123.4, 122.8, 122.7, 121.7, 121.7, 121.7, 121.5,
119.9,118.4,118.3, 115.5, 115.5, 106.6, 106.5, 106.4, 106.4, 77.3, 77.2, 77.0, 76.7,
64.4,63.7,52.7,52.6,47.3,47.2,42.2,42.1,25.8,25.7,22.6,22.6,22.3, 19.81, 15.3,
15.2. IR: 1779 ecm™!, 1743 cm!, 1710 cm™! (C=0), 1517 cm™!, 1338 cm™! (NO»), 951
cm! (Cspiro) HRMS: (ESI-MS) m/z: [M+H]* Caled for C31H2sN307" 554.1927, found
554.1926

5.2.22 Synthesis of SPA-IIT

Spiropyran (0.1 g, 0.28 mmol, 1.0 eq.) and protected amino acid 22b-S (0.1 g, 0.34
mmol, 1.2 eq.) were mixed in 50 mL of DCM. The mixture was cooled down to 0°C
under argon. DCC (0.07 g, 1.02 mmol, 1.2 eq.) and DMAP (4 mg, 0.03. mmol, 0.1
eq.) were added respectively. The color of the solution was initially purple red. After
addition of DMAP, it became dark blue, then yellow. The ice-bath was removed, and
the reaction mixture was allowed to stir at room temperature. After completion of
the reaction, the mixture was washed with water and dried over MgSOs. The crude
product was purified by column chromatography on silica gel (EtOAc: Hexane, 1:25)
to yield pink solid. (80 mg, 44%) '"H NMR (400 MHz, CDCl3) 6 8.02-7.96 (m, 3H),
7.90 (d,J=2.7 Hz, 1H), 7.78-7.74 (m, 2H), 7.73 — 7.65 (m, 6H), 7.2-2.07 (m, 11H),
7.06 — 6.97 (m, 3H), 6.88 — 6.80 (m, 2H), 6.77 — 6.68 (m, 4H), 6.60 (d, J = 7.8 Hz,
1H), 6.55 (d, J = 7.8 Hz, 1H), 5.78 (dd, J = 22.5, 10.4 Hz, 2H), 5.09 (dt, J = 11.3,
5.6 Hz, 2H), 4.41-4.23 (m, 4H), 3.56 — 3.34 (m, 8H), 1.23 (s, 6H), 1.13 (s, 3H), 1.04
(s, 3H). 3C NMR (101 MHz, CDCl3) & 168.9, 168.7, 167.2, 167.1, 159.3, 146.5,
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146.4, 141.1, 136.5, 135.6, 135.5, 134.2, 134.1, 131.5, 131.4, 128.8, 128.8, 128.6,
128.5, 128.3, 128.1, 127.8, 127.7, 126.9, 125.9, 123.5, 123.4, 122.8, 122.7, 121.8,
121.7, 121.6, 121.6, 120.0, 118.3, 115.5, 115.5, 106.6, 106.5, 106.4, 106.3, 64.4,
63.9, 53.2, 53.1, 52.7, 52.7, 42.3, 42.2, 34.7, 34.6, 25.8, 25.7, 19.8, IR: 1773 cm’!,
1732 cml, 1711 cm! (C=0), 1514 cm, 1335 cm™! (NO2), 955 em™! (Cepir)) HRMS:
(ESI-MS) m/z: [M+H]" Caled for C37H3N307" 630.2240, found 630.2240

Protected L-phenyl alanine 22b-S (80 mg, 0.28 mmol, 1.0 eq.), EDC (0.06 mL, 0.34
mmol, 1.2 eq.) and DMAP (20 mg, 0.14 mmol, 0.5 eq.) were mixed in the presence
of 5 mL of DCM at 0°C. After an hour, spiropyran (0.1 g, 0.28 mmol, 1.0 eq.) was
added and then resulting mixture was allowed to stir at room temperature. The
reaction was monitored by TLC. After 24 hours, it was quenched by the addition of
water. The phases were separated, and organic phase was dried over MgSOs4. The
solvent was evaporated. The crude product was purified by column chromatography

on silica gel (EtOAc:Hexane, 1:25). (50 mg, 28%)

5.2.23 Synthesis of SPA-IV

Spiropyran (0.1 g, 0.28 mmol, 1.0 eq.) and protected amino acid 22b-R (0.1 g, 0.34
mmol, 1.2 eq.) were mixed in 50 mL of DCM. The mixture was cooled down to 0°C
under argon. DCC (0.07 g, 1.02 mmol, 1.2 eq.) and DMAP (4 mg, 0.03. mmol, 0.1
eq.) were added respectively. The color of the solution was initially purple red. After
addition of DMAP, it became dark blue, then yellow. The ice-bath was removed, and

the reaction mixture was allowed to stir at room temperature. After completion of
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the reaction, the mixture was washed with water and dried over MgSOs. The crude
product was purified by column chromatography on silica gel (EtOAc: Hexane, 1:25)
to yield pink solid. (90 mg, 58%) '"H NMR (400 MHz, CDCl3) 6 8.03-7.96 (m, 3H),
7.90 (d,J=2.7 Hz, 1H), 7.78-7.75 (m, 2H), 7.72-7.65 (m, 6H), 7.19 — 7.10 (m, 11H),
7.03-6.97 (m, 3H), 6.89 — 6.80 (m, 2H), 6.78 — 6.68 (m, SH), 6.60 (d, J = 7.8 Hz,
1H), 6.55 (d, J = 7.7 Hz, 1H), 5.78 (dd, J = 22.9, 10.4 Hz, 2H), 5.10 (dt, J = 11.3,
5.6 Hz, 2H), 4.39 — 4.27 (m, 4H), 3.54 — 3.38 (m, 8H), 1.23 (s, 6H), 1.13 (s, 3H),
1.04 (s, 3H). 3C NMR (101 MHz, CDCl3) & 193.8, 167.2, 167.1, 165.6, 165.54,
157.6, 157.6, 144.9, 144.8, 139.4, 139.4, 134.8, 134.8, 134.0, 133.8, 132.55, 132.4,
132.3, 129.8, 129.7, 127., 127.15, 126.9, 126.9, 126.8, 126.6, 126.5, 126.1, 126.01,
125.3, 124., 121.86, 121.8, 121.1, 121.0, 120.2, 120.1, 120.0, 119.9, 118.37, 116.7,
116.7, 113.9, 113.8, 104.9, 104.9, 104.8, 104.7, 75.6, 75.3, 75.0, 62.8, 62.2, 61.3,
51.5,51.4,51.0, 51.0, 42.3, 40.6, 40.5, 33.0, 32.9, 28.0, 24.1, 24.0, 18.1. IR: 1774
cm’l, 1743 em!, 1712 cm! (C=0), 1516 cm™!, 1336 cm™! (NOz), 953 cm™ (Cspiro)
HRMS: (ESI-MS) m/z: [M+H]" Calcd for C37H32N307" 630.2240, found 630.2239
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APPENDICES

A. NMR Spectra

NMR spectra were recorded at Bruket Avance III Ultrashield 400 Hz. CDCl; and

DMSO were used as solvent in all records.
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Figure 34. 'H NMR spectrum of Compound 1
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Figure 35. 'H NMR spectrum of Compound 2
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Figure 36. 'H NMR spectrum of Compound 3
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Figure 37. 'H NMR spectrum of Compound 4
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Figure 38. 'H NMR spectrum of 2-hydroxy-5-nitrobenzaldehyde (5)
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Figure 40. 'H NMR spectrum of Compound 8
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Figure 42. >*C NMR spectrum of compound 9

94



OH
OH

10

N

Figure 43. '"H NMR spectrum of Compound 10

95

J TR

|

F-o09

gl |

I¥88L

YSSI, -

15

2.0

25

4.0

45

6.5

7.0

85

95




1 424

1 an—g

»_ | aw-—T
© | 202-T

617 =X

1 6.00—=

L

ot

X

0]

s10

mmﬂw

Figure 44. "H NMR spectrum of Compound 11
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Figure 45. °C NMR spectrum of Compound 11
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Figure 46. 'H NMR spectrum of Compound 14
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Figure 48. 'H NMR spectrum of Compound 17
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Figure 50. 'H NMR spectrum of Compound 21
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Figure 54. "H NMR spectrum of Compound 22b-R
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Figure 56. °C NMR spectrum of SPA-I
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Figure 57. DEPT90 NMR spectrum of SPA-I
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Figure 58. DEPT135 NMR spectrum of SPA-I
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Figure 60. °C NMR spectrum of SPA-II
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Figure 62. DEPT90 NMR spectrum of SPA-II
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Figure 64. "H NMR spectrum of SPA-III
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Figure 65. °C NMR spectrum of SPA-III
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Figure 66. DEPT90 NMR spectrum of SPA-III
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Figure 67. DEPT135 NMR spectrum of SPA-III
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Figure 68. 'H NMR spectrum of SPA-IV
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Figure 69. °C NMR spectrum of SPA-IV
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Figure 70. COSY NMR spectrum of SPA-IV
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Figure 71. DEPT90 NMR spectrum of SPA-IV
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Figure 72. DEPT135 NMR spectrum of SPA-IV
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B. IR Spectra

IR spectra were recorded at Thermo Scientific Nicolet iS10 ATR-IR spectrometer.
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Figure 73. IR spectrum of SPA-I
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Figure 76. IR spectrum of SPA-IV
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C. HRMS Spectra

High Resolution Mass Spectra (HRMS) Spectra were processed in positive mode

on (ES+) using Time of Flight mass analyzer.
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Figure 77. HRMS spectra of SPA-I, SPA-II, SPA-III, and SPA-IV
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D. FLUORESCENCE Spectra

Fluorescence spectra were recorded at Perkin Elmer LS55 spectrofluorometer.
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Figure 78. Fluorescence absorption and emission spectra of SPA-I in isopropanol
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Figure 79. Fluorescence absorption and emission spectra SPA-II in isopropanol
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Figure 80. Fluorescence absorption and emission spectra of SPA-III in

isopropanol
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Figure 81. Fluorescence absorption and emission spectra of SPA-IV in
isopropanol
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E. UV-Vis Spectra

UV-Vis measurements were recorded with Shimadzu UV-2450 spectrophotometer.
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Figure 82. Acidochromism of Compound 6
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