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Abstract

This thesis describes the synthesis and characterization of several series of
functional boron dipyrromethenes (BODIPYs) and a silicon(IV) phthalocyanine.
Their applications as efficient photosensitizers in photodynamic therapy and

selective fluorescent sensors for metal ions are also reported herein.

Chapter 1 presents an overview of BODIPYs, including their general synthesis,
properties, reactivities, and applications. The use of these compounds as
photosensitizers for photodynamic therapy and fluorescent sensors for metal ions is

highlighted.

Chapter 2 reports the synthesis, spectroscopic characterization, photophysical
propreties, and in vitro photodynamic activities of a series of symmetrical distyryl
BODIPYs substituted with one to five hydrophilic oligoethylene glycol monomethyl
ether chain(s). In general, these compounds are essentially non-aggregated in DMF,
resulting in a strong fluorescence emission and relatively high efficiency in
generating singlet oxygen. Being formulated with 0.05% Tween 80, these
compounds act as efficient photosensitizers. The compound which contains five
triethylene glycol monomethyl ether chains exhibits the highest photocytotoxicity
with an IC50 value as low as 7 nM toward HT29 human colorectal carcinoma cells.

The high photodynamic activity of this compound can be attributed to its high



efficiency in generating singlet oxygen, low aggregation tendency, and high cellular
uptake. In addition, this compound also has a strong and selective affinity to the

endoplasmic reticulum of the cells, causing cell death mainly through apoptosis.

Chapter 3 reports a related study on a series of unsymmetrical distyryl
BODIPYs. These compounds possess three triethylene glycol monomethyl ether
chains and another substituent at the other styryl group. The effects of this
substituent on the photophysical properties, aggregation behavior, cellular uptake,
and subcellular localization have been explored. Furthermore, their in vitro
photodynamic activities have also been evaluated and compared with those of

symmetrical analogues reported in Chapter 2.

Chapter 4 describes a novel ratiometric near-infrared fluorescent dye based on
distyryl BODIPY with a 4-dimethylaminophenylethynyl group at the 2- and
6-positions. This compound exhibits a remarkable blue-shift in its absorption and
fluorescence emission positions upon protonation with trifluoroacetic acid in organic
solvents or HCI in water in the presence of 0.05% Tween 80. These changes can be

made reversible upon addition of a base.

Chapter 5 describes two monostyryl BODIPYs which contain two or four
water-soluble amide chains as the metal chelators. The photophysical properties of

these compounds and their spectral response to various metal ions have been



investigated. The results show that the compound with two amide chains can detect
Zn2+ ion in MeCN. They bind in a 1:1 stoichiometry with a binding constant of 2.2 x
104 The fluorescence emission increases remarkably in intensity and shifts
substantially to the blue from 620 to 572 run due to the inhibition of the
intramolecular charge transfer. The compound which contains four amide chains can

detect Cd2+ ion with a high selectivity in phosphate buffered saline.

Chapter 6 reports the synthesis and spectral properties of a silicon(IV)
phthalocyanine with two axial bis(2-picolyl)amine moieties which act as the binding
sites for metal ions. The effects of various metal ions on its absorption and

fluorescence spectra have been examined. The results indicate that this compound

shows a relatively high sensitivity to Zn 1ion. Moreover, the proposed binding mode

and the sensing mechanism are also discussed.

At the end of this thesis, the “H and NMR spectra of all the new

compounds are listed in the Appendix.
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Chapter 1

Introduction: An Overview of Boron Dipyrromethenes

1.1 General

Boron dipyrromethene (hereafter abbreviated as BODIPY) has received much
attention as one of the versatile functional dyes over the past two decades. Figure 1.1
shows the skeleton of BODIPYs. It is composed of two units of pyrrole which are
connected by a methene bridge in the 8-position and a boron atom, which is
coordinated by two fluorine atoms. The first member of the BODIPY family
(compound 1.1) was reported by Treibs and Kreuzer in 1968] Investigations of these
dyes were rare until the end of 1980s.* The application of this class of dyes for
biological labeling has been well recognized.” In fact, several BODIPY-based dyes"
have been designed and commercialized as labeling reagents for biomolecules. As a
consequence, BODIPYs have been known as photostable substitutes for fluorescein.
Apart from this application, fundamental studies on the chemical reactivity and
photophysical properties of these dyes have also been carried out. BODIPYs have
many attractive spectral characteristics, such as large absorption coefficient, high
fluorescence quantum yield, and long-wavelength emission. Other advantages of
BODIPYs include their slow rate of intersystem crossing, good solubility, high

chemical robustness, excellent thermal and photochemical stability, and insensitivity
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to changes in environment, such as polarity, pH, and oxygen content of the media,

etc.5

meso

|
8

I ccp

p' Yoy

Figure 1.1. The skeleton of BODIPYs.

A small modification of the BODIPY core enables tuning of their stability,
photophysical properties, and other characteristics.” Non-substituted BODIPY 1.2
had not been reported until Schmitt et al. succeeded in obtaining this compound in
2009.6 Ths may be due to the synthetic difficulties as a result of the fact that none of
the pyrrole-based carbons are blocked from electrophilic attack. This compound
exhibits a high photochemical but low thermal stability. However, the symmetrical
3,5-dimethyl-substituted compound 13" was prepared in 1977 and could be
considered as a reference to which other simple alkylated BODIPYs can be
compared. It exhibits a high photochemical and thermal stability. The absorption and
emission maxima appear at 507 and 520 nm, respectively, and the fluorescence
quantum yield is up to 0.81 in ethanol. When the symmetric tetra-, hexa- ° and
hepta-alkylated systems 14,8 15 Hﬂ{\ are included in the comparison, a clear
trend toward red-shifted electronic absorption and fluorescence emission maxima

with increased substitution becomes apparent.
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Bl
(XD 81, EtOH
>mebs = 503 nm *507 nm
Wm =512nm 520 nm

F F F
1.5
o80, EtOH Or = 0.56, EtOH of =0.70, EtOH
2 505 nm Aabs =528 nm Vabs = 517nm
516 nm A.em =536 nm Vem = 546 nm

A
-NBFL 'nDjbe;

F
1.8
<& = 0.19. MeOH Op = 0.65, MeOH
= 508 nm Xn ds =498 nm
Wm =521 nm Vem =508 nm

Alkylation or arylation at the 8-position, namely the meso site, has almost no
special effect on the electronic absorption and fluorescence emission wavelength
even though this substitution position is structurally unique (comparing 1.3 with
and 1.4 with 1.8"). In addition, the fluorescence quantum yield of compound 1.7 is
appreciably lower than that of the more substituted analogue 1.8. This has been
widely attributed to the 1,7-substituents which hinder the rotation of the phenyl

group, reducing the possibility of non-radiative decay.
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1.2 Synthesis of BODIPYs

The basic synthetic method for BODIPYs is based on the well-known pyrrole
condensation reaction, which was developed originally for the synthesis of certain
types ofporphyrins. A highly electrophilic carbonyl compound such as acyl chloride,
acid anhydride, or aldehyde is used to form the methene bridge between the two

pyrrole units.

1.2.1 Synthesis from Pyrroles and Acyl Chlorides or Acid Anhydrides
BODIPY dyes can be easily prepared via condensation of acyl chlorides with
pyrroles (Scheme 1.1). The transformations involve dipyrromethene hydrochloride
salts as intermediates. These intermediates can be handled and purified readily,
particularly as the ring-substitution increases, but even so, they are not generally
isolated in the synthesis of BODIPY dyes. BODIPYs 19 * 1I10™ 1.11, and 1,12*" are

selected examples which have been prepared using this method.

Ri ? Rs FJ Ra
R Cr . -
y=1 Hr VANHHAN —

Scheme 1.1. Synthesis of BODIPY dyes from pyrroles and acyl chlorides.

10 11 A2



Ph. D. Thesis-Hui He

Other activated carboxylic acid derivatives can also be used in place of acyl
chlorides. Scheme 1.2 shows how the BODIPY derivative 1.13 is prepared from
glutaric anhydride. 4 An attractive feature of this reaction is that a free carboxylic
acid is attached to BODIPY, which may later be used to conjugate with a probe for

targeting.

HOOC.

AV oA i. BFg.OFEta, reflux, 5h

NH + V ii. BFaOEts, FtgN
0

r.t., overnight

Scheme 1.2. Synthesis of BODIPY 1.13frompyrrole and glutaric anhydride.

1.2.2 Synthesis from Pyrroles and Aldehydes

Resembling those depicted in Schemes 1.1 and 1.2, a synthetic procedure of
BODIPY dyes from pyrroles and aldehydes is outlined in Scheme 13 > m which
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) or p-chloranil is frequently used
as an oxidizing reagent. BODIPYs 1.14,'* 1.15/6 j n “nd L.17" are selected

examples which have been synthesized using this method.
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21 A

R3 R4 R3

Scheme 1.3. Synthesis of BODIPY dyes from pyrroles and aldehydes.

H,COCO> ,0COCH3

14 .15 16 17

a,p-Unsubstituted BODIPYs, such as 1.18§™ 1.19 *> and 1.20 can also be
prepared from the corresponding aldehydes using neat conditions. The aldehyde is
dissolved in excess pyrrole at room temperature, and the dipyrromethane
intermediate is formed and isolated. The corresponding BODIPY dye can be
obtained after oxidation and treatment with boron trifluoride. This mild

aldehyde-based approach is preferred, which can prevent some undesirable side

reactions of acyl chlorides and unsubstituted pyrrole.
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In general, aliphatic aldehydes are barely applied in the preparation of BODIPY
derivatives. The synthesis of vinylic thioether substituted BODIPY 1.21 is an
exception. For the preparation of this compound, a catalytic amount of ytterbium(III)
trifluoromethane sulfonamide was used to mediate the condensation process. After
oxidation with DDQ, the intermediate dipyrromethane was treated with boron

trifluoride to obtain the product, though in a very poor yield ™

CI

X.

21

By using these synthetic methods, numerous BODIPY derivatives have been
prepared from the readily available pyrroles. These are direct and convenient

methods to access symmetrically substituted BODIPY dyes.

1.2.3 Synthesis from Pyrroles and Ketopyrroles

Generally, unsymmetrically substituted BODIPY dyes prepared via
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condensation of ketopyrrole intermediates with another pyrrole compound without a
blocking group at the o-position (Scheme 1.4). BODIPY 1.22 is one of the examples
prepared by using this method. In fact, this method has been successfully applied in

the synthesis of a series of BODIPY-based biological labels?”

R H
R, 2
H_ NH - m ] B ) . ] .
0O VnH NA it BRaOFa
R:

Scheme 1.4. General synthetic route for unsymmetrical BODIPY dyes.
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1.3 Reactivity of BODIPYs
1.3.1 Electrophilic Substitution

An examination of the various mesomeric structures of BODIPY reveals that
the 2,6-positions bear the least positive charge, so they should be most susceptible to
electrophilic attack (Figure 1.2). Sulfonation, halogenation, and nitration are some
common reactions. A general route leading to electrophilic substitution at the

2,6-positions is shown in Scheme 1.5.
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F F T FR
Figure 1.2. Mesomeric structures of tetramethyl-BODIPY.

2E+

/W o
E = SOsNa, Br, |, NO2

Scheme 1.5. A general route of electrophilic substitution at the 2,6-positions of

tetramethyl-BODIPY.

Treibs and Kreuzer' first realized that BODIPY dyes readily undergo
electrophilic substitution reactions at the 2,6-positions in the presence of
chlorosulfonic acid. This reaction was exploited later by Boyer et al. as a means to
synthesize some water-soluble ......... b To date, a handful of sulfonated
BODIPY dyes have been prepared by treating tetra- or penta-substituted BODIPY's
with chlorosulfonic acid at -50°C, followed by neutralization with a base.
Monosulfonated analogues can be obtained when only one equiv. of chlorosulfonic
acid is used. In general, introduction of sulfonate groups does not significantly
change the absorption and fluorescence emission maxima relative to the unsulfonated
analogues. The sulfonated BODIPY dyes 1.23 and 1.24 have been found to have a

higher stability than the parent dyes in aqueous media.
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2,6-Dibromo-pentamethyl BODIPY 1.25 was prepared by slow addition of Br2
into 1,3,5,7,8-pentamethyl-substituted BODIPY."* Similarly, 2,6-diiodo-tetramethyl
BODIPY 12625 was obtained by treating 1,3,5,7-tetrainethyl-substituted BODIPY
with iodine and iodic acid. Predictably, introduction of bromo or iodo substituents
onto the BODIPY core causes a significant red-shift of both the absorption and
fluorescence emission maxima, but quenches the fluorescence due to the internal
heavy-atom effect. Compound 1.26 is much more resistant to photo-bleaching than
Rose Bengal because the BODIPY core has a more positive oxidation potential than
the xanthone unit of Rose Bengal. Compound 1.26 is also an efficient photosensitizer.
The 2,6-difluoro and 2,6-dichloro substituted BODIPY derivatives 1.27" and 1.28™

have also been used as electroluminescent devices and sensitizers.

10
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The 2,6-dinitro BODIPY dye 1,29 can be obtained via nitration of the
pentamethyl-BODIPY with nitric acid at 0°C. Its fluorescence quantum yield is

dramatically decreased after incorporation of the nitro groups due to strong electron

transfer.i2’28

oM

1.3.2 Nucleophilic Substitution
A flexible approach to generate 3- and/or 5-substituted BODIPYs is to utilize
appropriately substituted pyrroles as precursors. Recently, a powerful method which

involves nucleophilic substitution of 3,5-dichloro-BODIPY 1.30 has received

11
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considerable attention. Different nucleophilic species, such as alkoxides, amines, and
thioalkoxides, as well as the diethyl malonate anion can be used. More importantly,
the substitution process can be controlled, giving selectively mono- or di-substituted

product (Scheme 1.6).

Nu"

30 1.31 1.32

Scheme 1.6. Nucleophilic substitution ofBODIPY 1.30.

The 3- and S-substituents have some significant effects on the photophysical
characteristics of the dyes. For example, introduction of two amino groups in
BODIPY 1.3329a or a thioester moiety in BODIPY results in remarkable
red-shifts in their absorption and emission postions. Their fluorescence quantum

yields are also reduced compared with the unsubstituted analogues.

COOH
.33 *34

12
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8-(co-Haloalkyl)-BODIPY dye 1.35 is an useful building block, which can be
readily functionalized by nucleophilic substitution reactions (Scheme 1.7)."° A series
of novel BODIPY analogues 1.36 have been prepared by this method which can be
used for chemoselective labeling of cysteine residues and chemosensors for metal

. 30a
10ns

Nu'

.36

Scheme 1.7. Preparation of BODIPY 1.36 via nucleophilic substitution reactions at

the 8-position.

1.3.3 Reactions of the Active Methyl Groups

BODIPYs bearing methy @roups at the 3,5-positions can be flinctionalized at
the methyl carbon atoms owing to their acidic nature and the strong nucleophilic
character of the resulting carbanions. These methyl groups can be deprotonated
under mild conditions. The resulting carbanions react readily with aromatic
aldehydes to generate a mixture of monostyryl substituted BODIPY (MS-BODIPY)

1.37 and distyryl substituted BODIPY (DS-BODIPY) 1.38 (Scheme 18) -

13
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1.37 1.38

Scheme 1.8. Condensation ofmethylated BODIPY's with aromatic aldehydes.

This synthetic procedure has been used to extend the degree of 7i-electron
conjugation, which consequently induces a pronounced bathochromic shift to both
the absorption and fluorescence emission maxima. Generally, MS-BODIPYs and
DS-BODIPYs without special groups exhibit the emission maxima at ca. 570 and
640 nm, respectively, while their parent BODIPYs without styryl substituents show
an emission maximum at ca. 500 nm. When a strong electron-donating group, such
as dimethylamino group is directly attached to the styryl group, a considerable red
shift will be observed due to intramolecular charge transfer (ICT). For example,
MS-BODIPY 1.39 and DS-BODIPY 1.40 exhibit the emission maximum at 738 and
791 nm, respectively.”* However, when the dimethylamino group is located at the
masopositiony the red shift is less substantial because this m”50-substituent is
nonplanar to the n system and exerts less influence on the photophysical properties

ofthe BODIPYs.33

14
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1,3.4 Metal-Catalyzed Cross-Coupling Reactions

Further extension of the conjugation and building of more sophisticated
structures can be achieved by using palladium-catalyzed coupling reactions. The
reactive halo groups can either be directly linked to the BODIPY core or the aryl

cunstituents 34 The halogen atoms can be introduced to the BODIPY core by using
1K

halogen-containing pyrrole precursors or by electrophilic halo substitution.®

Various types of coupling reactions, such as Sonogashira, Heck, Stille, and Suzuki
reactions, have been applied to connect alkynyl, ethenyl, and aryl groups to the
BODIPY frameworks (Scheme 1.9). Interestingly, the B-F bonds remain intact

during these cross-coupling reactions.

15
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palladium-catalyst

PhOCH, : " ' . - '
PhCH=CH, R /P X R R
SnPh4, or
PhB(0H)2
X + R
palladium-catalyst
R =C=Ph
CH=CHPh
Ph

Scheme 1.9. Palladium-catalyzed cross-coupling reactions of BODIPYs.

The extended conjugation of the resulting coupled products leads to red-shift of
their absorption and emission maxima. The absorption maxima for the
mono-substituted compound 1.41 and the di-substituted analogue 1.42, for example,
are red-shifted by 48 and 97 nm, respectively, compared with the non-alkynylated
analogue. The mono-substituted BODIPY 1.41 can be further modified by
nucleophilic substitution (see Section 1.3.2) or cross coupling reactions to give

unsymmetrical derivatives.*"

16
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1.3.5 Substitution of Fluoride in the BFi-Group

Substitution of the fluoride groups of BODIPYs had been rarely reported before
Murase et al. filed a patent in 2002?”* In this case, phenylmagnesium chloride was
used to carry out the replacement. The organometallic approach has been further
developed by Ulrich et al.? who introduce aryl? ehynylayl ° * o md ethynyr"
subunits in place of the fluoride. Depending on the nature of the substrate,
organolithium or Grignard reagents are commonly used to substitute the fluoride
groups (Scheme 1.10). This strategy has led to a dramatic increase in the versatility
ofBODIPY dyes, such as 1.43,1.44," 145" and 1.46.41 In particular, it allows the
construction of sophisticated arrays in which different functional groups are linked

up together at the boron sites.

Ri Rs R? RI RG  RY
R0 R4LiorR4MgX
Rs /BLl B ) -
R40Na
or
AICI3/R40H
Ri Ra R7
_ B Ra IR
R3 ? , \9 RS
R4 R4 R4 R4
R4 = aryl, alkyl, H R4 = aryl, alkyl, TMS

Scheme 1.10. Substitution of the fluoride groups in the BF2 moiety of BODIPYs.

17
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XX

1.43 44

/X

.46

Compound 1.47 was prepared by intramolecular displacement of the fluoride
groups with the o-phenoxyl groups located at the 3,5-positions in the presence of
BBr343 The fluoride can also be readily replaced with hydroxyl groups in the
presence of a strong Lewis acid. Compound 148 > for example, was prepared by
treatment of the corresponding BODIPY with AICI3 in dry CH2CI2 followed with

M

water.

A A

N U],
He/ \OH
47 1.48
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1.4 BODIPYs as Efficient Photosensitizers for Photodynamic
Therapy

1.4.1 Photodynamic Therapy

1.4.1.1 The Development ofPhotodynamic Therapy

The use of light for therapy was found three thousand years ago, but it was only
in the last century that photodynamic therapy (PDT) was developed.45 A German
medical student Rabb reported the killing of the microorganism paramecia with the
combination of acridine and light at the end of 19" century/* A few years later, von
Tappeiner and Jesionek treated skin tumors with topically applied eosin and white
light47 They went on to demonstrate the requirement of oxygen in the
photosensitization reaction, and in 1904 introduced the term "phododynamic action"
to describe this phenomenon/”* which was regarded as the milestone of PDT.

PDT is an innovative approach for the treatment of a range of cancers and wet
age-related macular degeneration.”* The treatment involves a combination process of
a photosensitizer, light, and oxygen. Each component is non-toxic by itself, but their
combination can lead to cellular and tissue damage. The photosensitizer is a
photosensitive compound which can be preferentially retained in malignant cells or
tissues. When a cancer is identified, a photosensitizer can be administered into body
by various means, such as intravenous injection or topical application to the skin.
Upon irradiating with visible light in an appropriate region, the photosensitizer is
activated, and then transfers its electron or energy to molecular oxygen to generate

reactive oxygen species (ROS). Because of the high reactivity and short lifetime of
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ROS, their biochemical reactions take place only in the immediate locale of the
photosensitizer. Therefore, the biological responses are induced only in the particular
areas of tissue which are exposed to light. Hence, the targeting of PDT is
accomplished mainly by the precise application of light through modem fiber optics
and endoscopy. Photosensitizers encapsulated in various carriers, such as polymeric
micelles and liposomes, can also increase their selectivity toward tumor cells/"\
PDT has several potential advantages over traditional cancer treatment
methods.49f First of all, it is comparatively non-invasive and can be targeted
accurately, mainly through the precise application of light. In addition, repeated
doses can be given to patients without the total-dose limitations associated with
radiotherapy. It also does not have multi-drug resistant problem which is the main
drawback of chemotherapy.”* The healing process usually results in little or no
scarring. Furthermore, PDT can usually be done in an outpatient or day-care setting,
which is convenient to patients. Finally, this method does not seem to have

significant and long-term side effects.

1.4.1.2 The Mechanisms of Photodynamic Therapy
1.4.1.2.1 Photophysical Mechanism

The photophysical mechanism involved in PDT is shown in Figure 1.3. Upon
illumination, the photosensitizer at its ground state (So) absorbs the energy to the first
excited singlet state (Si). This excited state can return to So by emitting fluorescence

or lose its energy via intersystem crossing (ISC) to populate the much longer-lived
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triplet state (Ti). The excited triplet state then interacts with tissue oxygen (*02) in
either a Type I or Type II mechanism. In Type I mechanism, an electron transfer
reaction occurs leading to the generation of super oxide (02 ~) Alternatively, the
triplet state can undergo an energy transfer with oxygen to form singlet oxygen ("62)
and this process is classified as the Type Il mechanism. Singlet oxygen is a highly
reactive oxygen species that can react rapidly with numerous biologically important
substrates, resulting in oxidative damage and ultimately cell death. It is generally
believed that the Type 11 mechanism predominates during PDT and singlet oxygen is

the most important cytotoxic species produced.™

RQS
S.
02*
Oxidative _
72 cellular i=> Tumor cell
E damage death
'02
Sr
i. Absorption ii. Fluorescence Hi Intersystem crossing

iv. Type |, electron transfer v. Type ll, energy transfer

Figure 1.3. The photophysical mechanism involved in PDT.

1.4.1.2.2 Cellular Mechanism

Significant effort has been directed toward understanding the cellular
mechanism of PDT in recent years. Cell death in a necrotic fashion can be induced
by organelle damage, such as membrane lipid peroxidation, disruption of lysosomal
membrane, membrane enzyme inhibition or damage to nuclear components. ™

Apoptosis is a type of programmed cell death.™ It is a process of deliberate suicide

21
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by unwanted cells. In contrast to necrosis, apoptosis results in acute tissue injury,
which is carried out in an ordered process. The cell genotype and the PDT dose have
been found to determine whether the cell death occurs by apoptosis or necrosis.54 For
instance, under low light doses, apoptosis was the predominant process of cell death
when murine leukemia P388 cells were treated with chloroaluminum phthalocyanine,

whereas necrosis was observed for high light doses

1.4.1.2.3 In vivo Mechanism
There are three main ways to induce tumor destruction in vivo by PDT. Firstly,
PDT can damage the tumor-associated vasculature, leading to tumor infarction. The
viability of tumor cells depends on the amount of nutrients supplied by the blood
vessels. It was reported that a greater percentage of tumor cells in vivo die after PDT
treatment because the vascular shutdown starves them of oxygen and nutrients.™
Secondly, PDT can generate ROS which can kill tumor cells directly when the
photosensitizer concentration is high within the tumor at the time of illumination. In
vivo studies showed that PDT can reduce the number of tumor cells through direct
Finally, several studies showed that PDT induces immune
modulation, either immune stimulating mediated by natural killer cells and
macrophages or immune suppressing. It was suggested that the modulation of

immune effects may play a role in PDT-induced destruction of tumors."*
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1.4.2 Photosentizers for Photodynamic Therapy

Photosensitizers are compounds that are capable of absorbing light of a specific
wavelength and transforming it into useful energy. In the case of PDT, this would
involve the production of lethal cytotoxic agents. In fact, there are hundreds of
natural and synthetic dyes that can function as photosensitizers for PDT. Several
comprehensive reviews have appeared, summarizing various types of
photosensitizers used n 7

The first-generation photosensitizers are hematoporphyrin derivatives (HpD). In
the 1960s, Liposn et al. found that hematoporphyrin derivatives (HpD) were useful
photosensitizing agents.™ HpD consist of a mixture of several monomelic and
oligomeric compounds. Photofiin (1.49), which is the most active component in HpD,
was isolated by high performance liquid chromatography or size exclusion gel
,,,,,,, ciovoooes 9 The oligomeric units are mainly linked with ester and ether
bonds.Photofrin, which was first approved in 1993 in Canada for the treatment of
bladder cancer, is also the most commonly used phtosensitizer in clinic to date.
However, this drug has a number of drawbacks}ijQ Firstly, it consists of about 60
ingredients and therefore it is difficult to reproduce its composition.** Secondly, the
longest-wavelength absorption band appears at 630 nm with a low molar extinction
coefficient of 1170 cm". The biological effects after irradiation at this
wavelength occur only to a tissue depth of about 5 mm. Thirdly, it is basically

non-selective toward tumors. Most importantly, the sensitizer is retained in
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cutaneous tissues for 2-3 months. Patients are therefore required to avoid bright light

for a long period of time.

HIC @H am . HK

The ether and ester-linked components in Photofrin (1.49)

In general, an ideal photosensitizer should meet the following criteria:™"* low
dark toxicity but strong photocytotoxicity; high selectivity toward tumor in order to
reduce side effects in peritumoral tissues; long-wavelength (e. g. 600-800 nm)
absorption in order to enhance light penetration; high extinction coefficient; rapid
removal from the body thus inducing a low systemic toxicity; desirable
photophysical properties including high triplet state quantum yield (Ot > 0.4), long
triplet state lifetime (tt > 20 | is), and ability to effectively produce singlet oxygen
and other ROS.

The second-generation photosensitizers have been developed with the goal of
overcoming some of the shortcomings of Photofrin. The first group of
second-generation photosensitizers 1is porphyrin derivatives. Tetrasulfonated

porphyrin  1.50 ~ and tetra(hydroxyphenyl)porphyrin 1.51% representative

examples of this series. The second group consists of chlorins and bacteriochlorins,

like chlorin e6 1.52,67 benzoporphyrin derivative 1.53,68 ﬁl:[ etiopurpurin 1.54,69 and
meso-tetra(hydroxyphQnyl) chlorin 1.55.70 The third group of potential candidates is

24
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expanded porphyrins such as lutetium texaporphyrin 1.567' The fourth group is
phthalocyanine-based photosensitizers such as the disulfonated aluminium
phthalocyanine 1.57" and silicon phthalocyanine Pc4 (1.58)7% The compounds

1.52-1.58 have been approved for clinical use or trial.

RN
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1.4.3 BODIPYs as Efficient Photosensitizers

Recently, BODIPYs containing heavy atoms, such as bromine and iodine,
directly on the core have been found to act as efficient photosensitizers. In 2005,

Nagano et al. reported diiodo-BODIPY 1.26, which was an efficient singlet oxygen
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generator. Its singlet oxygen generating efficiency was 1.3 fold higher than that of
Rose Bengal, while the non-iodo substituted analogue was not able to generate
singlet oxygen. The high efficiency in generating singlet oxygen was achieved due to
internal heavy-atom effect. The introduction of iodine atoms into the molecule
promoted the intersystem crossing (Si~Ti), thereby enhancing the formation of
singlet oxygen.74

More recently, Akkaya et al. have demonstrated that the dibromo distyryl
BODIPY 1.59, which has nine hydrophilic triethylene glycol chains, is a very
efficient singlet oxygen gerﬂator? > The compound has a strong absorption at 660
nm, which is considered to be well within the therapeutic window of mammalian
tissue. It exhibits good photo-induced cytotoxicity against K562 cells with an IC50
value of less than 200 nM. The dark toxicity is negligible at the concentration range
studied. The results suggest that it can act as a satisfactory photodynamic agent.

In addition, Lee et al. have reported a BODIPY 1.60, which shows good
photocytotoxicity against HL-60, HSC-2, and HKI cell lines.™" It has a selective and
high affinity to the mitochondria of the HSC-2 cells. It induces cell death through
mitochondria-dependent apoptosis rather than through damage to nucleic materials.
In addition, this compound is able to induce complete vascular occlusion, which is
considered favorable in PDT treatment of cancer. In spite of shorter wavelength
absorption, it still has potential to be explored as a clinically useful photosensitizing

agent, especially for the treatment of superficial tissues.
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1.59

In light of the very few examples of BODIPY-based photosensitizers, there is

much room for further development in this area.

1.5 BODIPYs as Fluorescent Sensors for Metal Ions
1.5.1 Fluorescent Sensing for Metal Ions

Besides the application of PDT, BODIPY dyes can also be used as fluorescent
sensors for metal ions which are essential in biological metabolism and many other
processes. s-Block metal ions, including Na+, K+ > M\ * ad Ca™ ions are involved in
biological processes such as transmission of nerve impulses, muscle contraction, and
regulation of cell activities, etc. In medicine, it is important to control the Lit+ level in
serum of patients under treatment for manic depression and K+ level in the case of
high blood pressure. Referring to A" ion, its toxicity is well recognized and there is
a controversy about its possible implication in Alzheimer's disease. In chemical

oceanography, it has been demonstrated that some nutrients are required for the

27



Ph. D, Thesis-Hui He

survival of microorganisms in sea water which contain Z¢?*, Fe", and M ions as
enzyme cofactors. Finally, highly toxic H2+ > By} and Cd™ ions are well known to
cause several diseases and environmental problems. Therefore early detection of
these ions in the environment is desirable.

For the purpose of quantitative determination of these metal ions, great efforts
have been devoted to the design and development of appropriate chemosensors.
The main issue in the design of effective chemosensors involves association of a
selective molecular recognition event with a physical signal which is highly sensitive
to its occurrence. Colorimetric and/or ratiometric responses can be observed and
recorded as output signals if appropriate chromophores or fluorophores are available.
For the optical and fluorimetric-based sensors, the latter type shows a higher
Censirivia . P It also has an additional advantage of being able to differentiate analytes
by time-resolved measurements.

In general, for fluorimetric determination of metal ions, chemosensors are
composed of two components, namely an ionophore and a fluorophore, which can be
bridged via a spacer or not (Figure 1.4). The ionophore is responsible for selective
and efficient binding of metal ions which depends on the ligand topology and the
characteristics of the metal ions, such as their ionic radius, charge, coordination
number, and hardness, etc. The fluorophore provides the means of signaling this

binding by changing its photophysical properties, such as emission position, intensity,
77 81

and lifetime, etc. The most commonly used ionophores are dipicolylamine 1.61,

amino substituted diacetic aid 1.62,82 “nd crown ethers such as 1.63. Fluorescein
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1.64,84 rhodamine 1.65"* and BODIPY” are well known fluorophores for this

application.
IOp)re
spaced Fluorophore
lonophore
integrated Fluorophore
Changes in Selectivity

photophysical properties complex stability

(e.g. emission position, quantum
yield, lifetime, etc.)

Metal-induced Ligand topology
photophysical processes:
characteristics
PET, ICT, FRET, of the metal ion,
excimer/exciplex solvent, pH ?
formation or extinction ionic strength, etc.

Figure 1.4. Main aspects of fluorescent sensors for metal ions.
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HOOC COOH

J-y-COOH COOH

X=HFCI
1.64

There are several mechanisms that control the response of a fluorophore upon
metal binding. These include photoinduced electron transfer (PET), intramolecular
charge transfer (ICT), fluorescence resonance energy transfer (FRET), and
excimer/exciplex formation or .......... .. PET and ICT are the most common

sensing mechanisms, which are briefly introduced in the following sections.

1.5.2 BODIPY-Based Fluorescent PET Sensors

Figure 1.5 illustrates how a metal ion can control the PET process in a
fluorescent sensor. The ionophore (also called the metal ion receptor) is usually an
electron donor (e. g. amino group) and the fluorophore serves as an electron acceptor.
Upon excitation of the fluorophore, an electron locating at the highest occupied
molecular orbital (HOMO) is promoted to the lowest unoccupied molecular orbital

(LUMO), which enables PET from the HOMO of the donor (belonging to the free
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ionophore) to that of the fluorophore, causing fluorescence quenching of the latter.
Upon metal binding, the redox potential of the donor is raised so that the relevant
HOMO becomes lower in energy than that of the fluorophore. Consequently, PET is
not possible and fluorescence quenching is suppressed. Hence, the fluorescence

intensity is enhanced upon metal binding.

LUMO LUMO
z
W
HOMO HOMO
L HOMO
Excited Free Excited Bound
Fluorophore  lonophore Fluorophore  lonophore

==
Cd 1 Q

Weakly Fluorescent Strongly Fluorescent

—

Figure 1.5. A schematic diagram showing the working principle of fluorescent PET

SENSors.

For constructing PET systems, a common strategy is to incorporate either an
amino donor or a nitro acceptor close to the fluorescent dye so that electron transfer
can compete with the fluorescence process. This approach can also be used to design
fluorescent probes as pH indicators. The thermodynamics of the system have to be
poised such that efficient electron transfer occurs in the “off > state, thereby ensuring

minimal fluorescence. Coordination of the proton or metal ion to the quencher
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changes the redox potential to such a level that fluorescence is restored. Thus, the
"on" state displays the fluorescence properties inherent to the dye.

Peng et al. have utilized this principle to prepare a BODIPY-based tum-on PET
sensor 1.66 In this compound, di-(2-picolyl)ainine is the ionophore and
1,3,5,7-tetramethyl-BODIPY is the fluorophore. Fluorescence emission of this
compound is pH-independent under a large physiological pH range. When it is bound

with Zn2+ ion, its fluorescence quantum yield increases from 0.08 to 0.86 due to the

inhibition of the PET process. This compound can detect Zn ion with a high

selectivity and sensitivity down to nanomolar in aqueous solution. The low toxicity
|

and good cell-permeability has made it a new Zn sensor suitable for biological
application. Similarly, compound 1.67,"" reported by Boens et al., can recognize Ca™"

ion in the neutral 3-(N-morpholino)propanesulfonic acid (MOPS) buffer solution.

AQ +

Chang et al. have prepared compound 1.68, which is the first Cu -selective
fluorescent probe with visible excitation and emission profiles. It gives a 10-fold
tum-on response for detecting this ion, and features excellent selectivity for Ciit+ ion
over other biologically relevant metal ions, including G\ ion. Moreover, confocal
microscopy experiments have established that this probe can be used for detecting
Cut levels within living HEK 293 cells. The same group has reported a unique
Ni2+-responsive fluorescent sensor 1.69, which can detect changes in NI levels

inside living A549 cells.
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Compared with BODIPY-based metal sensors, pH-responsive BODIPY dyes
remain little studied. Akkaya et al. have reported calix[4]arene substituted BODIPY
1.70,9]1 which exhibits a high fluorescence quantum yield at low pH values. However,
as the pH value increases, phenol is deprotonated to generate a phenolic anion,
promoting PET from the oxygen to BODIPY core. Therefore, this compound
exhibits a lower quantum yield at higher pH value. Boens et al. have synthesized a
series of phenol-substituted BODIPY's which show a large fluorescent
enhancement upon increasing the acidity of the solution. They can be used as
fluorescent pH probes in aqueous solution for the pH range from 7.5 to 9.3,

depending on the substituents.
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OH 7 dHQ
RI~H, RR—H
Ri ~ Hj R2= CH3
RJ—H, R2“ CI
R4 — Cl, R2— CcH3
.70

1.71

The PET process described above is usually called reductive PET. It occurs
from an ionophore to the excited fluorophore. The other kind of PET from an excited
fluorophore to the ionophore, which is called oxidative or reverse PET.* Upon metal
binding, the ionophore becomes more electron-deficient. Therefore, PET from an
excited fluorophore to the ionophore is promoted and the fluorescence of the
fluorophore is quenched.

Oxidative PET is well known™ but rarely utilized in sensing application.
Akkaya et al. have described 1.72.92 Its fluorescence is quenched by an oxidative
PET from the excited BODIPY unit to the bipyridyl unit complexed to metal ions.
The closed shell diamagnetic Zn™ ion is one of the most effective quenchers of
fluorescence in this system, demonstrating that the quenching is not simply related to
the facilitated intersystem crossing. Later, Ziessel et al. have reported another
Zn™-responsive  oxidative PET sensor based on terpyridine-functionalized

BODIPY.94 Kim et al. have reported calix[4]arene-functionalized BODIPY 1.73.95

nl
Its fluorescence is quenched upon addition of Ca ion. The quenching phenomenon
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is attributed to the reverse PET from the excited BODIPY unit to calix[4]arene unit

complexed to C2"" ion.

1.73

1.5.3 BODIPY-Based Fluorescent ICT Sensors

When a fluorophore with an electron-donating group (often an amino group) is
conjugated to an electron-withdrawing group, intramolecular charge transfer can
occur from the donor to the acceptor upon excitation by light. The consequent
change in dipole moment results in a Stokes shift that depends on the
microenvironment of the fluorophore and polarity probes have been designed on this
basis.96 It can thus be anticipated that metal ions in close interaction with the donor
or the acceptor moiety will change the photophysical properties of the fluorophore
because the complexed cation affects the efficiency of intramolecular charge
transfer.97

When a group (like an amino group) playing the role of an electron donor
within the fluorophore interacts with a metal ion, the latter reduces the
electron-donating character of this group. Owing to the resulting reduction of
conjugation, a blue shift of the absorption peak is expected together with a decrease

of the molar extinction coefficient. Conversely, a metal ion interacting with the
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acceptor group of the fluorophore enhances the electron-withdrawing character of
this group. Thus the absorption peak is red-shifted and the molar extinction
coefficient is increased (Figure 1.6). The fluorescence spectra are in principle shifted
in the same direction as the absorption spectra do. In addition to these shifts, changes
in fluorescence quantum yields and lifetimes are often observed. All these
photophysical changes are obviously dependent on the charge and the size of the
cation, and selectivity of these effects is expected.

The photophysical changes upon metal binding can also be described in terms

QD

of charge dipole interaction. Let us consider only the case where the dipole moment
in the excited state is larger than that in the ground state. Then, when the cation
interacts with the donor group, the excited state is more strongly destabilized by the
cation than the ground state, and a blue shift of the absorption and emission band is
expected. Conversely, when the cation interacts with the acceptor group, the excited
state is more stabilized by the cation than the ground state, and this leads to a red

shift ofthe absorption and emission band™*
I®

B®I
£
S ©
®.a

R
sh
Interaction with the donor group Interaction with the acceptor group

Figure 1.6. Principle of metal ion recognition by fluorescent ICT sensors.
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Rurack et al. have devised a highly sensitive fluorescent ICT sensor 1.74.99
acetonitrile, free 1.74 exhibits a dual fluorescence emission at 509 (locally excited,
LE emission) and 749 nm (charge transfer, CT emission). After binding with metal
ions, the intensity of the CT emission at the longer wavelength decreases and
eventually vanishes, while the intensity of LE emission at the shorter wavelength
increases with emission enhancement factors of 5900 for Hg2+ ion, 2500 for Cu™" ion,
and 2200 for Agt+ ion. The LE emission enhancement and CT emission quenching
are owing to the inhibition of ICT process because the electron-donating ability of
the donor is reduced after binding with metal ions. Later, this group has also reported
another crown ether substituted BODIPY 1.75, which exhibits a selective ratiometric

signaling for Fe;. ion in buffer solution.

-S S—

.74 .75

Boens et al. have synthesized the azacrown ether-functionalized BODIPY
1.76.1 [IThis compound exhibits a high selectivity for K+ ion over other alkali metal
ions. Both the absorption and fluorescence emission maxima shift hypsochromically

by 24 and 45 nm, respectively. Later, another similar compound has been reported
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which can detect Ca™ ion. I2 Very recently, Chang et al. have presented a new type
of ratiometric Cu+-specific fluorescent sensor 1.77, which can function in living
systems. It shows a high selectivity for Cut ion over other metal ions and a ca.

20-fold fluorescence ratio change with visible excitation and emission profiles."**

H
9 o

els

lmz
w2

N

;

Rurack et al. have reported an unsymmetrical MS-BODIPY dye 1.78.its

.76

fluorescence emission appears at a very long wavelength in the near infrared region
(731 nm) due to the strong electron-donating ability of the dimethylamino group.
After protonation, the electron-donating property of the dimethylamino group is
altered and the ICT process is switched off. Then the fluorescence emission
wavelength returns to normal range at 563 nm and the fluorescence quantum yield is
greatly increased. Another MS-BODIPY dye 1.79 has been reported by Peng et al.,
which can be used for selective imaging of Cd" ion in living cells. It can distinguish
Cd2+fromZn2+ ion by using both normal and ratiometric fluorescence microscopy.

Some other examples of MS-BODIPY-based ICT sensors have also been reported in

the literature. 106
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.78 .79

Akkaya et al. have reported two novel symmetrical DS-BODIPY Both
1.80 and 1.81 display opposite spectral shifts upon protonation with TFA in organic
solvents. This bidirectional switching of the dyes has been shown to be directly
related to the donor and acceptor characteristics of the substituents attached to the
BODIPY core. The spectral response of these two dyes could be very useful in the
design of novel near-infrared (NIR) fluorescent ratiometric pH probes. Later, this
group has described a novel unsymmetrical DS-BODIPY dye 1.82.  Its emission
band shifts hypsochromically from 730 to 680 nm upon binding with Zn ion. This
compound represents one of the very few water-soluble fluorescent chemosensors
emitting in the NIR region. Very recently a NIR DS-BODIPY-based ratiometric

fluorescent chemosensor for Hg2+ has also been reporcea [
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.80 81
R = {OCHaCHjOCHg

1.82

In summary, PET only induces changes in fluorescence intensity, while ICT can
induce changes in both the fluorescence intensity and the emission position.

Therefore, ICT-based sensors are generally more attractive.

1.6 Objectives of this Study

Because BODIPYs have many desirable properties which can be modified
readily, we aimed to explore their functions and applications, particularly as efficient
photosensitizers for photodynamic therapy and selective fluorescent sensors for

metal ions. The results are reported in the following Chapters.
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Chapter 2

Synthesis, Characterization, and Photodynamic Activities of

Novel Distyryl BODIPYs

2.1 Introduction

Photodynamic therapy (PDT) is a noninvasive technique for the treatment of
malignant tumors and age-related macular degeneration. It involves the combined
use of harmless visible light and a nontoxic photosensitizing drug] The
photosensitizer of minimal dark toxicity is first introduced into the body, which
accumulates preferentially in the tumor. The tumor is then selectively irradiated with
low-energy light of wavelength that can pass through the body's therapeutic window
(650-900 nm), resulting in excitation of the photosensitizer to generate reactive
oxygen species (ROS) and thus irreversibly damage the tumor cells. Therefore,
development of efficient photosensitizers for PDT is of much current interest?

Haematoporphyrin derivatives (HpD) are the first generation photosensitizers
Subsequently, other porphyrin derivatives, chlorins, bacteriochlorins, and
phathlocyanines have been studied as the second generation PDT agents. Recently,
distyryl BODIPYs substituted by heavy atoms in the pyrrole rings have been
reported to be another promising class of photosensitizers owing to their strong
absorption in the 650-680 nm region and high efficiency to generate singlet oxygen.”

BODIPY-based photosensitizers, however, remain very little studied. 7o our
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knowledge, only a few examples have been reported so far. "' Therefore, we have
explored a novel series of distyryl BODIPYs for the use of PDT. Their synthesis,
spectroscopic and photophysical properties, as well as their in vitro photodynamic

activities are reported in this Chapter.

2.2 Results and Discussion
2.2.1 Molecular Design and Chemical Synthesis

BODIPY derivatives are promising fluorescent dyes for various applications.
They show appealing properties including high extinction coefficients, high
fluorescence quantum yields, relatively resistant to photo-bleaching, and ease of
chemical modifications. The BODIPY unit originally has an absorption peak near
500 nm. However, by Knoevenagel condensation reaction ofthe methyl groups, their
absorptions can be turned to the red visible region/ As part of our continuing efforts
in the development of photosensitizers for PDT, we have synthesized a series of
iodinated distyryl BODIPYs containing different number of triethylene glycol or
polyethylene glycol chains. Polyethylene glycols are well-known pharmaceutical
vehicles, which can prolong circulating half-life, minimize nonspecific uptake, and
enable specific tumor-targeting through the enhanced permeability and retention
(EPR) effect.” It is hoped that these biocompatible ethylene glycol units can enhance
the water solubility and cellular uptakes of the distyryl BODIPYs. In addition, two

iodo groups were introduced at the 2- and 6-positions of the BODIPY core to
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promote the intersystem crossing and hence the singlet oxygen formation through the
heavy atom effect.

Scheme 2.1 shows the synthetic route used to prepare the target compounds
2.11a-2.11d. Treatment of 4-hydroxybenzaldehyde (2.1) with tosylated triethylene
glycol monomethyl ether 2.2 and K2CO3 in N,N-dimethylforinamide (DMF) gave
triethylene glycol monomethyl substituted benzaldehyde 2.3. It reacted with excess
2,4-dimethylpyrrole, followed by sequential oxidation by
2,3 -dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) and complexation with boron
trifluoride to afford triethylene glycol monomethyl substituted BODIPY 2.5. The 2
and 6 positions of the BODIPY skeleton were iodinated using a mixture of iodic acid
and iodine to give the diiodo BODIPY 2.6. Nucleophilic substitution reaction of
tosylate 2.2 or 2.7 with 3,4-dihydroxybenzaldehyde (2.8) to afford the disubstituted
benzaldehyde 2.9c or 2.9d. The tosylate 2.7 was prepared from the commercially
available polyethylene glycol methyl ether having an average molecular weight of
550. Afterwards, treatment of diiodo BODIPY 2.6 with benzaldehydes 2.3, 2.9c,
2.9d, and 2.10 in the presence of piperidine led to double Knoevenagel condensation
giving the corresponding distyryl BODIPYs 2.11a-2.11d. All of these compounds
were soluble in common organic solvents and possessed a high stability, which
facilitated the purification by silica gel column chromatography and size exclusion

chromatography.
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Scheme 2.1. Synthesis ofdistyryl BODIPYs 2.11a-2.11d.

2.2.2 Spectroscopic Characterization and Photophysical Properties

All of the new compounds were fully characterized with various spectroscopic

methods and elemental analysis. The data are given in the Experimental Section.

Figure 2.1 shows the "H NMR spectrum of compound 2.11a in CDCI3. The
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downfield signals from 6.9 to 8.2 ppm are due to the aryl and vinyl protons. The
upfield signals from 3.3 to 4.3 ppm are attributed to the triethylene glycol chain and
methoxy protons. The singlet around 1.5 ppm is due to the methy] protons at the
pyrrole rings. For the other three compounds 2.11b-2.11d, the assignment of the

NMR signals is similar to that of 2.11a. As expected, the number and length of the

ethylene glycol chains did not exert a significant influence on the chemical shifts of

these signals.

HO ™S

OCH,

LN ]
11
u
= m H
i g‘q i1
a0 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 ppm

Figure 2.1. 'H NMR spectrum of 2.11a in CDCI3 ; * indicates residual solvent signal.
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The 13c {"H} NMR data of these distyryl BODIPYs were also in accord with the
structures though some of the aryl carbon signals and the chain CH2 signals were
overlapped.

The ESI mass spectra of all the distyryl BODIPYs were also recorded. The
molecular ion [M + Nal+ isotopic cluster could be detected for all the cases. The
isotopic distribution was in good agreement with the corresponding simulated pattern.
The identity of these species was also confirmed by accurate mass measurements. In
the ESI mass spectrum of 2.11d, two major envelopes for the [M]2+ and sodiated [M
+ Nal+ species were observed (Figure 2.2). Within these envelopes, the clusters are
separated by 22 or 44 mass units, respectively, corresponding to the molecular mass

of the repeating unit of polyethylene glycol.

L5

2951

2ies ) o7 1
o o

tiiiiil m

Figure 2.2. ESI mass spectrum of 2.11d.

The electronic absorption and fluorescence spectra of distyryl BODIPYs

2.11a-2.11d were recorded in DMF and the data are summarized in Table 2.1. It was
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observed that the Q-band absorption became slightly weakened and red-shifted upon
introduction of the polyethylene glycol chains (Figure 2.3(a)). The absorption
positions of the Soret bands were also significantly changed for compounds 2.11c
and 2.1id. In order to investigate the aggregation behavior of these compounds, their
absorption spectra were recorded at different concentrations. Taking the spectrum of
2.11c as an example, it showed two broad Soret bands peaking at 331 and 387 nm, a
vibronic band at 460 rnn, and an intense Q band, which strictly follows the Lambert
Beer's law (Figure 2.4). Similar results were obtained for the other three compounds.
The results suggested that all these compounds are not significantly aggregated in

DMF.

600
Wavelength (nm)

750 775

Figure 2.3. Electronic absorption (a) and fluorescence emission spectra (excited at

610 nm) (b) of 2.11a-2.11d (8 M) in DMF.
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Table 2.1. Electronic absorption and photophysical data for compounds 2.11a-2.11d

in DMF.

Compound AMBX (nm) (log ) Jem (M)®
2.11a 319 (4.40), 378 (4.66), 447 @4) > &l (4.96) 689 019 042
2,11b 320 (4.40), 379 (4.64), 447 @1) > &2 (4.90) 690  0.18 045
2.11¢ 331 @48) > 387 (4.51), 460 (4.18), 667 (4.85) 703 0.09 043
2.11d 331 @3) * 3% (4.41),457 @) > &7 (470) 701 0.04 037

a Excited at 610 run." Relative to ZnPc (Op = 0.28 in DMF). ‘ Relative to ZnPc Oa =0.56 in
DMF).

[2.11¢] (*™"M)

Wavelength (nm)

Figure 2.4. Electronic absorption spectra of 2.11c at various concentrations in DMF.

The inset plots the Q-band absorbance versus the concentration of 2.11c.

The fluorescence emission spectra of these compounds were also recorded in
DMEF. Upon excitation at 610 nm, compounds 2.11a-2.11d showed a fluorescence
emission at 689-703 nm with a fluorescence quantum yield (Op) of 0.04-0.19 relative

to unsubstituted zinc(II) phthalocyanine (ZnPc) 07 = 0.28, (Figure 2.3(b) and
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Table 2.1). The relatively weak fluorescence emission may be attributed to the two
iodo moieties > which promote the intersystem crossing and triplet state population. It
was also observed that pegelation led to weakening and red shift of the fluorescence
emission. It is in accord with the general observation that the lower the energy of the
Q band, the smaller the OF value.”™ It has been suggested that the excited state
becomes unstable as the HOMO-LUMO gap decreases, probably due to the ease of
electron transfer.

The singlet oxygen quantum yields (()A) of these compounds were also
determined using 1,3-diphenylisobenzofliran (DPBF) as the scavenger. The
concentration of the quencher was monitored spectroscopically at 415 nm along with
time, from which the values of (A could be determined by the method described
previously.n These data are also summarized in Table 2.1. Figure 2.5 compares the
rates of decay of DPBF using these compounds and ZnPc as the photosensitizers. It
can be seen that all these compounds can induce photo-bleaching of DPBF and their
efficiencies are comparable except 2.11d. The lowest singlet oxygen generation
efficiency of 2.11d is probably due to the stronger dipole-dipole interaction of the

longer polyethylene glycol chains, which enhances the aggregation of the dye.
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Figure 2.5. Comparison of the rates of decay of DPBF (initial concentration = 75
7*"M) in DMF, as monitored spectroscopically at 415 nm, using 2.11a-2.11d as the

photosensitisers (4 j"M) and ZnPc (4 [M a the reference.

2.2.3 In Vitro Photodynamic Activities

The in vitro photodynamic activities of 2.11a-2.11d in Tween 80 emulsions
were investigated against HT29 human colorectal carcinoma cells. Figure 2.6 shows
the dose dependent survival curves for 2.11a-2.11d. It can be seen that all of the
compounds are essentially noncytotoxic in the absence of light. However, they
become cytotoxic upon illumination with red light { > 610 nm), except compound
2.11d, which is essentially noncytotoxic. Compound 2.11c, which contains five
triethylene glycol chains, is significantly more potent with an ICso value of 7 nM.
The ICs0 and ICgo values, defined as the dye concentrations required to kill 50% and
90% of the cells, respectively, are summarized in Table 2.2. The photoactivity

follows the order 2.11c > 2.11b > 2.11a > 2.11d. It was found that the potency
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increases as the number of triethylene glycol chains increases. However, compound
2.11d, bearing four polyethylene glycol moieties, only shows little photocytotoxicity

on the cells up to 8 uM.

(@
'8 O
I
2 6O
2 =3 =
> ]
8 6
200 400 600 800
12.11a] (dWI) [2.11b] (nM)
(d)

xS 1
£
S

25 50 75 100 125 3 4 5
S 12.11c] (nM) [2.11(1] (uM)

Figure 2.6. Effects of 2.11a-2.11d on HT29 cells in the absence (closed symbol) and
presence (open symbol) of light (k > 610 nm, 40 mW an—{_}® J cm™). Data are

expressed as mean values i S.EM. of three independent experiments, each

performed in quadruplicate.
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Table 2.2. ICs0 and ICgo values of compounds 2.11a-2.11d against HT29 cells.

Compound ICso ICo
2.11a 33"M >8 y'M
2.11b 78 nM 270 nM
2.11C mM 22 sM
2,11d >8 pM > 8 nM

a Defined as the dye concentrations required to kill 50% and 90% of'the cells, respectively, in

the presence of light (>.>610 nm, 40 mW 48 Jcm’.

To account for their different photodynamic activities, their aggregation
behavior in DMEM culture medium was examined by absorption and fluorescence
spectroscopic methods. Figure 2.7(a) shows the UV-Vis spectra of compounds
2.11a-2.11d in DMEM medium. It can be seen that the Q bands of compounds
2,1la-2.11¢c remain very sharp and intense, while that of 2.11d is significantly
broadened and split into two weaker peaks. These observations indicate that
compounds 2.11a-2.11c are essentially non-aggregated in the culture medium.
However, compound 2.11d, having four polymeric ethylene glycol moieties, is
significantly more aggregated in the medium. These conclusions were also supported
by their different fluorescence spectra. As shown in Figure 2.7(b), an intense
fluorescence emission can be observed for compounds 2.11a and 2.11b, while
compound 2.11c only shows moderate fluorescence emission and compound 2.11d
gives the least fluorescence emission. As molecular aggregation provides an efficient

nonradiative relaxation pathway for the singlet excited state of the dyes, the
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fluorescence intensity as well as efficiency at generating singlet oxygen will be
reduced as the aggregation tendency increases/” Thus, these results explain why

analogue 2.11d shows the lowest photocytotoxicity among this series of compounds.

(a)

/a)
H
v/

211a
2.11b
2.11c
2.11d

"

g

ic

]
< v

Lspunge0 10
:

750 775

Figure 2.7. Electronic absorption (a) and fluorescence emission spectra (excited at
610 nm) (b) of 2.11a-2.11d (8 "iM), formulated with 0.05% Tween 80 in the DMEM

culture medium.

To further explain the photocytotoxicity results, fluorescence microscopic
studies were also carried out to investigate the cellular uptake of these compounds.
HT29 cells were incubated respectively with all these compounds (1 jiM) for 2 h.
Upon excitation at 633 nm, the bright field and fluorescence images of the cells were
then captured (Figure 2.8(a)), and the intracellular fluorescence intensities were also
determined (Figure 2.8(b)). It was found that compound 2.11c showed a much
stronger intracellular fluorescence throughout the cytoplasm. The apparent intensity,
which reflects the extent of cellular uptake and aggregation of the dyes, follows the
order: 2.11¢ >2.11b >2.11a and 2.11d > which is in good agreement with the trend in

photocytotoxicity.
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Compound

Figure 2.8. (a) Visualization of bright field (upper row) and intracellular
fluorescence (lower row) images of HT29 cells after incubation with (i) 2.11a, (ii)
2.11b, (iii) 211c * and (iv) 2.11d (1 |xM) for 2 h. (b) Comparison of the intracellular
fluorescence intensity of compounds 2.11a-2.11d. Data are expressed as the mean :t‘

standard deviation (number of cells = 50).
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Owing to the highest potency of 2.11c, its subcellular localization was also
investigated. The cells were stained respectively with LysoTracker DND X °
MitoTracker Green FM, and ER-Tracker Green, which are specific fluorescence dyes
for lysosomes, mitochondria, and endoplasmic reticulum, respectively. As shown in
Figure 2.9, the fluorescence caused by the ER-Tracker Green (excited at 488 nm,
monitored at 510-560 nm) is well superimposed with the fluorescence caused by
2.11c (excited at 633 nm, monitored at 650-720 nm), indicating that 2.Hc has a
strong and selective affinity to the endoplasmic reticulum. The endoplasmic
reticulum is known to play an important role in the biosynthesis, transport of proteins
and lipids, and the release of intracellular calcium.” It has been reported that
accumulation of photosensitizers in the endoplasmic reticulum results in more
efficient triggering of cell death and higher cytotoxicity upon illumination. By
contrast, the fluorescence images of 2.11c and the LysoTracker (or MitoTracker)
cannot be overlapped (Figure 2.10), which indicates that 2.11¢ is not localized in the

lysosomes and the mitochondria.
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Figure 2.9. Visualization of intracellular fluorescence of HT29 cells using filter sets
specific for (b) ER-Tracker (in green) and (c¢) compound 2.11c (in red). The
corresponding superimposed image is given in (d), while the bright field image is

shown in (a).

Figure 2.10. Visualization of intracellular fluorescence of HT29 cells using filter sets
specific for (b) LysoTracker (upper low), MitoTracker (lower low) (in green), and (c)
2.11c (in red). The corresponding superimposed image is given in (d) , while the

bright field image is shown in (a).
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To study the mode of cell death induced by compound 2.11c, a flow cytometric
assay of Annexin V (Annexin-V) / Propodium Iodide (PI) co-staining was employed.
The population of cells at different phases of cell death, namely viable
(Annexin—V~/P I'), early apoptotic (Annexin-V*/Pr), and necrotic or late-stage
apoptotic (Annexin-V*~/Pr"), was examined at different drug doses. As shown in
Figure 2.11, the percentage of cells in the early apoptotic stage (i.e. extemalization of
phospholipid phosphatidylserine but not membrane leakage) increased from less than
10% for both the light (without compound 2.11¢) and dark (with 32 nM of compound
2.11c) controls to more than 60% after the treatment with 2.11¢ (32 nM) upon

irradiation. The percentage of apoptotic cells increased with the concentration of

,11c. A s gnificant amount of necrotic cells (less than 30%) was also observed.

snm ¥ 16 nM
1B 1B
14 20%
1(2 7765%. 720% 1(2 51 % %
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2945% Hp . 24656 © o 281%
2875% 4020% 8 &0 92099 % 591%
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Figure 2.11. Flow cytometric analysis of cell death mechanism induced by
compound 2.11c upon PDT treatment in HT29 cells. Data are expressed as mean

values i S.E.M. of three independent experiments, each performed in quadruplicate.
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2.3 Conclusion

In conclusion, we have prepared and characterized a series of distyryl BODIPY's
substituted with different ethylene glycol moieties. Their in vitro photodynamic
activities, cellular uptake, and aggregation behavior in the culture medium have also
been investigated. Compound 2.11c¢ is a highly promising photosensitizer, which
shows an extremely high photocytotoxicity, high cellular uptake, and selective
affinity to the endoplasmic reticulum of the cells. Flow cytometric study has also

revealed that compound 2.11c can induce apoptosis upon PDT treatment.

2.4 Experimental Section
2.4.1 General

All the reactions were performed under an atmosphere of nitrogen. DMF °
tetrahydrofuran (THF), toluene, and pyridine were distilled from barium oxide,
sodium benzophenone ketyl, sodium, and potassium hydroxide, respectively.
Chromatographic purifications were performed on silica gel (Macherey-Nagel,
70-230 mesh) columns with the indicated eluents. Size exclusion chromatography
was carried out on Bio-Rad Bio-Beads S-XI beads (200-400 mesh). All other
solvents and reagents were of reagent grade and used as received. Compound
and 2.715 were prepared as described.

1h and NMR spectra were recorded on a Bruker DPX 300 (“H, 300;
13c > 754 MHz) or AVANCE 1II 400 (“H, 400; “C, 100.6 MHz) spectrometer in

CDCI3, CD2CI2 ° o D20. Spectra were referenced internally using the residual solvent
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[*H: 8 7.26 (for CDCla), 5,32 (for CD2CI2), or 4.79 (for D20)] or solvent ("C: 8 77.2
for CDCI3) resonances relative to SiMe4. Electrospray ionization (ESI) mass spectra
were measured on a Thermo Fiimigan MAT 95 XL mass spectrometer. Elemental
analyses were performed by the Shanghai Institute of Organic Chemistry, Chinese

Academy of Sciences.

2.4.2 Electronic Absorption and Photophysical Studies

Electronic absorption and fluorescence emission spectra were recorded on a
Gary 5G UV-Vis-NIR spectrophotometer and a Hitachi F-7000 spectrofluorometer,
respectively. The excitation and emission slit widths were 5 nm and 10 nm,
respectively. The fluorescence quantum yields were determined by the equation:

=( ):[ sample/Fref) "ref/Jsaraple)(«sample2/«ref2)Eref ) > 16 where F’ A, and It are the

measured fluorescence (area under the emission peak), the absorbance at the
excitation position, and the refractive index of the solvent, respectively. The
unsubstituted zinc (IT) phthalocyanine (ZnPc) in DMF was used as the reference
[<F'Heef) = 0.28] To minimize re-absorption of radiation by the ground-state species,
the emission spectra were obtained in very dilute solutions where the absorbance at
610 nm was less than 0.03.

Singlet oxygen quantum yields (Oa) were measured by the method described by
Wohrle et al.u with some modifications. A mixture of DPBF (75 [iM) and the
photosensitizer (4 jiiM) in DMF was illuminated with red light coining from a 100 W

halogen lamp after passing through a water tank for cooling and a color glass filter
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(Newport, cut-on 610 nm). The decrease of the DPBF absorption at 415 nm was
monitored along with time. The quantum yield of the photoreaction /Dvesr was
defined as: opesr = -(VR/Iabs)'(ct-CO)/t, where VR is the reaction volume and vies 1S
related to the light intensity, which was not directly determined, oq and G are the
DPBF concentrations prior to and after irradiation, respectively, and t is the
irradiation time in second. The value of (labsVR)<UDPBF was determined for each
irradiation cycle using the extinction coefficient for DPBF (s = 23,000 dm”mor"cm""
at 415 nm). The singlet oxygen quantum yield [4 is related to 4 vesr according to the
equation: 1/<*pPBF = 1/0A + (I/OA)fe/M1)(I/[DPBF]), where kd is the decay rate
constant of singlet oxygen and ka is the rate constant of the reaction of DPBF with
singlet oxygen. By comparing the slope or y-intercept of the plot (VyiabsK1/DPBF)
versus 1/[DPBF] with those derived from the experiment using the reference ZnPc as
the sensitizer (@ = 0.56 in DMF) under the same conditions, the Al value of the
sensitizer could be determined. The ratio of the slope or y-intercept should be

inversely proportional to their ratio of PA

2.4.3 Synthesis

4-Triethylene glycol monomethyl ether substituted benzaldehyde 2.3.17 A
mixture of 2-hydroxybenzaldehyde (2.1) (0.98 g, 8.0 mmol), tosylated triethylene
glycol monomethyl ether 2.2 (2.14 g, 6.7 mmol), and K2CO3 (4.67 g, 33.8 mmol) in
DMF (40 mL) was stirred overnight at ambient temperature. The reaction mixture

was mixed with water (50 mL), then extracted with CH2CI2 (50 mL x 3). The
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combined organic portion was washed with brine, dried over anhydrous MgSCU, and
then evaporated in vacuo. The crude product was purified by silica gel column
chromatography using hexane/ethyl acetate (1:1, v/v) as the eluent to give a light
yellow oil (1.61 g > 8 %)* “H NMR (300 MHz, CDCB) : 6 9.87 (s, 1 H, CHO), 7.83 (d,
J =87 Hz, 2 H, ArH), 7.02 (d, J = 8.7 Hz, 2 H , AtH) , 422 (t, J - 4.5 Hz, 2 H,
OCH2), 3.89 (t, 5.1 Hz 2 H, OCHz2), 3.75-3.55 (m, 8 u> OCH2), 3.38 (s, 31"
OCH3).

Triethylene glycol monomethyl substituted BODIPY 2.5. To a solution of
compound 2.3 (0.81 g, 3.0 mmol) and 2,4-dimethylpyrrole (2.4) (0.63 g > 66 mmol)
in THF (90 mL) was added several drops of trifluoroacetic acid. The mixture was
stimed ~ at  ambient  temperature  overnight, then a  solution of
2,3-dichloro-5,6-dicyano-p-benzoquinone (0.68 g, 3.0 mmol) in THF (120 mL) was
added. The mixture was stirred continuously for another 4 h. After the addition of
triethylamine (18 mL, 0.13 rnol) > BFsOEt] (18 mL, 0.15 mol) was added dropwise to
the mixture, which was cooled in an ice-water bath. The mixture was kept stirring at
ambient temperature overnight, then filtered through a pad of celite. The residue was
rinsed with CH2CI2 (50 mL), then the combined filtrate was rotary evaporated to
dryness. The residue was redissolved in CH2CIz (100 mL) and washed with water
(100 mL X 2). The organic portion was dried over anhydrous MgS04, and then
evaporated in vacuo. The crude product was purified by silica gel column
chromatography using CHiCVethyl acetate (10:1, v/v) as the eluent to give an

orange-yellow solid (0.51 g, 35%). "HNMR (400 MHz, CDCI3) : 5 7.16 (d, J= 8.4
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Hz>2H > ArH), 7.02 (d > J= 84 Hz, 2 H > AH), 5.97 ¢ > 2H * pymole-H), 4.18 (t * =
4.8 Hz, 2 H, o-CH2), 391 (t,/= 4.8 Hz, 2 u > OCH2), 3.79-3.76 m > 2 H, OCH2),
3.72-3.66 (m, 4 H, OCH2) , 358356 (m, 2 H, OCH2) , 33 & , 3H, OCH3), 2.55 ¢, 6
H, CH3), 1.42 ¢> 6 u> CH3); 13c{lh} NMR (100.6 MHz, CDCI3): 6 159.4, 155.2,
1432, 141.9 > 1319, 129.2, 127.2 > 2> us2 > 72.0, 70.9 > 70.7 > 70.6, 69.8, 67.5,
59.1° 14.6; MS (ESI): isotopic clusters peaking at m/z 467 {20%, [M — F}+}” 509
100% > M + Na]+} * ad 525 {20%, [M + Kf}; HRMS (ESI): m/z caled for
C26H33BF2N2Na04 [M + Nal+: 509.2394, found: 509.2398. Anal, caled for
C26H33BF2N2O4 = C, 64.21; H, 6.84; N * 576. Found: C, 64.17; H, 6.97; N > 577.
Diiodo BODIPY 2.6. ITodic acid (0.35 g’ 2 mmol) dissolved in a minimum
amount of water was added dropwise to a mixture of BODIPY 2.5 (0.51 g, 1 mmol)
and iodine (0.63 g, 2.5 mmol) in EtOH. The mixture was heated at 60 °C for 2h.
After cooling, the mixture was evaporated in vacuo. The crude product was purified
by silica gel chromatography using CH2CI2/ethyl acetate (25:1, v/v) as the eluent
followed by recrystallization from CH2Cl2 and hexane to afford a bright red solid
(0.49 g, 66 %). '"H NMR (400 MHz, CDCI3) : 57.12 (d > 188 Hz, 2 H, ArH), 7.05
(d, J= 88 Hz, 2 H, ArH), 4.20 (t, J= 4.8 Hz, 2 H, OCH2), 3.92 (t > 4.8 Hz,2u>
OCH2), 3.80-3.77 m > 2 H, OCH2), 3.73-3.72 (m, 2 u* OCH2), 3.69-3.67 (m, 2 H,
OCH2), 3,59-3.56 (m, 2 H, OCH2) , 340 (s, 3 H, OCH3), 2.64 (s, 6 H, CH3), 1.446 , 6
H, CH3);"C[H} NMR (100.6 MHz, CDCI3): 5 1599 > 156.7, 1455 > 141.7, 131.8,
129.1, 1269 > 1156 > 857 > 720 > 710, 708 > 70.7, 69.8, 67.7 > 592, 17.3, 16.1; MS

(ESI): an isotopic cluster peaking at m/z 761 {100%, [M + Na]+}; HRMS (ESI): m/z
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caled for C26H31BF2 IiNsNaCU [M + Nal+: 761.0324, found: 761.0327. Anal, calcd
for C26H3IBF2DN204 - C ° 4231; H, 4.23; N, 3.80. Found: C, 42.40; H, 4.50;N * 357.
3,4-Bis(triethylene glycol monomethyl ether) substituted benzaldehyde
2.9¢.I7 A mixture of 3,4-dihydroxybenzaldehyde (2.8) (1.38 g, 10 mmol), tosylated
triethylene glycol monomethyl ether 2.2 (6.05 g, 22 mmol), and K2CO3 (6.91 g, 50
mmol) in DMF (40 mL) was stirred at 100°C for 4 days. The mixture was then
poured into water and the mixture was extracted with CH2Cl2 (100 mL x 3). The
combined organic portion was washed with saturated brine (100 mL), dried over
anhydrous MgS04, and then evaporated in vacuo. The crude product was purified by
silica gel column chromatography using CHsCli/acetone (10:1, v/v) as the eluent to
give a colorless oil (2.67 g, 62%). “"HNMR (400 MHz, CDCI3): 5 9.84 (s, 1 H, CHO),
7,44 (d,/= 7.6 Hz, 1 H, ArH), 7.43 (s, 1 H, AH) , 700 (d, 8.0 Hz, 1 H , A,
4.27-421 m > 4 H, OCH2), 3.93-3.89 m > 4 H, OCH2), 3.77-3.75 @m ’ 4 H, OCH2),
3.69-3.64 (m, 8 H, OCH2), 3.56-3.54 m *> 4 u > OCH2), 3.38 (s, 3 n > OCH3).
3,4-Bis(polyethylene glycol monomethyl ether) substituted benzaldehyde
2.9d. A mixture of 3,4-dihydroxybenzaldehyde (2.8) (0.43 g’ 3.1 mmol), tosylated
polyethylene glycol monomethyl ether 2.7 (5.05 g, 7.2 mmol), and K2CO3 (2.47 g,
17.9 mmol) in DMF (40 mL) was stirred at 100[ | for 4 days. The mixture was
filtered through a pad of celite and the residue was rinsed with CH2CI2 (100 mL).
The filtrate was rotary evaporated to dryness. The crude product was purified by
silica gel column chromatography using CHaCVacetone (10:1, v/v) as the eluent to

give a colorless oil (1.88 g, 50%). “"H NMR (400 MHz, CDCI3): 5 9.84 (s, 1 H, CHO),
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7.44 (d, 8.4 Hz, 1 H, ArH), 7.43 (s, 1 H > AH), 7.01 (d, J= 8.0 Hz, 1 H > A,
421-4.27 (m, 4 H, OCH2), 3.88-3.92 (m, 4 H, OCH2), 3.73-3.75 (m, 4 H, OCH2),
3.64-3.66 (m, ca. 80 H, OCH2), 3.54-3.56 m *> 4 H, OCH2), 3.38 ¢ * 6 H, OCH3). MS
(ESI): an isotopic clusters peaking at m/z 1246 {65%, [M + Nal]+ forn - 12}.
Distyryl BODIPY 2.11a. A mixture of dilodo BODIPY 2.6 (0.20 g, 0.27 mmol),
4-methoxybenzaldehyde (2.10) (0.11 g, 0.81 mmol), glacial acetic acid (0.41 mL, 7.2
mmol), piperidine (0.46 mL, 4.7 mmol), and a small amount of Mg(C104)2 in toluene
(60 mL) was refluxed for 2 h. The water formed during the reaction was removed
azeotropically with a Dean-Stark apparatus. The mixture was concentrated under
reduced pressure. The residue was purified by silica gel column chromatography
using ethyl acetate/hexane (1:1, v/v) as the eluent. The green colored fraction was
collected and rotary evaporated. It was then further purified by size exclusion
chromatography with Bio-beads S-XI beads using THF as the eluent followed by
recrystallization from CH2CIz and hexane to afford a green solid (86 mg, 33%). "H
NMR (400 MHz, CDCB) : 6 8.13 (d,J= 16.8 Hz, 2 H, CH=CH), 7.62 (d ’> 8.4 Hz,
4 H, ArH), 7.59 (d, /= 15.6 Hz, 2 H > CH=CH), 7.16 (d, J - 8.8 Hz, 2 H, ArH), 7.06
(d, 8.8 Hz, 2 H, ArH), 6.95 (d, J= 8.8 Hz, 4 H, ArH), 4.22 (t,/=4.8 Hz,2 H’
OCH2), 3.94 (t,J = 4.8 Hz, 2 H, OCH2) , 387 (s, 6 H, OCH2), 3.81-3.78 (m , 21,
OCH2) , 374372 (m, 2 H, OCH2), 3.70-3.68 (m, 2 H, OCH2) , 34 (s, 3 u , OCH3),
1.50 6 6 H, CH3) s 13c{1H} NMR (100.6 MHz, CDCB) : 5 160.8, 159.9, 150.5,145.9,

139.2 5 1387, 133.4, 1297 > 1294, 127.6, 1169 * 1156 * 1144, 82.8, 21 *> 711 * T0.8,

708 > 699, 677 * 592, 55.6, 17.9; MS (ESI): an isotopic cluster peaking at m/z 997
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100% , IM + Na]+}; HRMS (ESI): m/z caled for CisHqsBFzIzZNzNaOe [M + Nal+:
997.1164, found:997.1164. Anal, calcd for CA2H43BF22N206 . C° 5177, H, 4.45; N’
2.87. Found: C, 51.93; H, 4.84; N, 2.77.

Distyryl BODIPY 2.11b. According to the procedure described for 2.11a, a
mixture of diiodo BODIPY 2.6 (51 mg, 69 |imol), 4-triethylene glycol monomethyl
ether substituted benzaldehyde 2.3 (56 mg, 0.2 mmol), glacial acetic acid (0.1 nL °’
1.7 mmol), piperidine (0.12 mL, 1.2 mmol), and a small amount of Mg(C104)2 in
toluene (20 mL) was refluxed for 2 h. The crude product was purified by silica gel
column chromatography using CHCI3 as the eluent, followed by size exclusion
chromatography using THF as the eluent to afford a green solid (30 mg, 35%). "H
NMR (400 MHz, CDCI3) : 6 8.13 (d,J= 164 Hz, 2 H > CH=CH), 7.60 (d, J= 8.8 Hz,
4 H, ArH), 7.58 (d, J= 18.0 Hz, 2 H , CH=CH), 7.16 (d , 8.4 Hz, 2H , AH) , 706
(d, J= 8.4 Hz, 2 H, ArH), 6.96 (d > J= 8.8 Hz, 4 H, ArH), 4.18-4.23 (m, 6 n > OCH2),
3.94 (tJ= 4.8 Hz, 2 H, OCH2), 3.90 (¢ > J=4.8 Hz, 4 H, OCH2), 3.66-3.81 (m, 18 H,
OCH2), 3.55-3.60 (m, 6 H, OCH2), 3.40 ¢ * 3 u > OCH3), 3.39 (s, 6 H, OCH3), 1.50 ¢’
6 H’ CH3); i3¢{1h} NMR (100.6 MHz, CDCI3): 5 160.1, 1599 > 1505, 1459 > 139.1,
138.7 > 1334, 129.8 > 129.7 > m4 127.6, 1169 * 1156, 115.1 > 8.8+ 72.1, 71.0, 70.8,
70.7, 69.8, 677 > 592, 17.9; MS (ESI): an isotopic cluster peaking at m/z 1262
{100%, [M + Naf}. HRMS (ESI): m/z calcd for CjAHevBFjlzNzNaOis [M + Nal+:
12612737 * found: 1261.2723. Anal, caled for CAH67BF2DN2012 »  C, 52.36; H, 5.45;

N * 226 Found: C, 52.44; H, 5.63; N, 2.13.
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Distyryl BODIPY 2.11c. A mixture ofdiiodo BODIPY 2.6 (0.29 g, 0.4 mmol),
3.,4-bis(triethylene glycol monomethyl ether) substituted benzaldehyde 2.9¢ (0.52 g’
1.2 mmol), glacial acetic acid (0.8 mL, 14.0 mmol), and piperidine (1.0 mL, 10.1
mmol) in toluene (80 mL) was refluxed for 2 h. The water formed during the reaction
was removed azeotropically with a Dean-Stark apparatus. The mixture was
concentrated under reduced pressure, then the residue was purified by silica gel
column chromatography using CHCls/MeOH (100:3) as the eluent, followed by size
exclusion chromatography using THF as the eluent. The product was obtained as a
green solid (96 mg, 16%). “H NMR (400 MHz, CD2CL2): 5 8.08 (d, /= 16.4 Hz, 2 H,
CH=CH), 7.52 (d, J= 16.4 Hz, 2 H > CH=CH) 7.29 (dd, J= 1.6 Hz, 84 Hz, 2 H’
ArH), 7.21 (d,J= 8.4 Hz, 2 H, ArH), 7.17 (d,/= 1.6 Hz, 2 H, ArH), 7.10 (d,J= 8.4
Hz, 2 H, ArH), 6.97 (d, J= 8.4 Hz, 2 H, ArH), 4.20-4.24 m * 10 H, OCH2), 3.85-3.89
(m, 10 H, OCH2), 3.69-3.72 (m, 10 H, OCH2) > 356366 (m, 20 H, OCH2), 3.47-3.54
(m, 10 u, OCH2), 3.35 (s, 3 H, OCH3) , 333 6, 6 1, OCH3), 3,31 (s, 6 H, OCH3),
1.53 (s, 6 H, CH3); i3c{1h} NMR (100.6 MHz, CDCI3): 5 159.8, 1504 > 1489, 145.8,
139.2 > 138.8, 133.4° 130.4, 129.6,127.4, 121.6,1172, 115.5, w3 > 12> &3.1 » 71.9,
70.9, 707 ° 706 ° 705 ° 698 69.7 (two overlapping signals), 69.1 > 687, 67.6, 5.1 ?
590 °> 17.8; MS (ESI): an isotopic cluster peaking at m/z 1585 {100%, [M + Na]+}.
HRMS (ESI): m/z calecd for CssHgsBFzIsNsNaCbo [M + Na]™: 15854521 °
found:1585.4557. Anal, calcd for C68H9SBF2I2N2020 . C, 52.25; H, 6.13; N, 1.79.

Found: C, 51.97; H > 627, N ’ 164
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Distyryl BODIPY 2.11d. According to the procedure described for 2.11c, a
mixture of diiodo BODIPY 2.6 (0.29 g, 0.4 mmol), 3,4-bis(polyethylene glycol
monomethyl ether) substituted benzaldehyde 2.9d (1.42 g, 1.2 mmol), glacial acetic
acid (0.8 mL, 14.0 mmol), and piperidine (1.0 mL, 10.1 mmol) in toluene (80 mL)
was refluxed for 2 h. The crude product 2.lid was purified by silica gel column
chromatography using CHCls/MeOH (10:1) as the eluent, followed by size exclusion
chromatography using THF as the eluent to afford an oily green product (92 mg, 7%).
lh NMR (400 MHz, CD2Cl2) ¢ 6 8.08 (d > 16.4 Hz, 2 H, CH=CH), 7.52 {d,J =
16.4 Hz, 2 H> CH=CH), 7.30 (d, J = 8.4 Hz, 2 H, ArH), 7.22 (d, J = 84 Hz, 2 H,
ArH), 7.16 ¢ > 2 H, ArH), 7.10 @ > 1= 84 Hz, 2 H, ArH), 6.98 (d,J =84 Hz, 2 u>
ArH), 4.20-4.25 (m, 10 H, OCH2), 3.87-3.89 (m, 10 H, OCHz2), 3.70-3.72 (m, 10 -
OCH2), 3.54-3.67 (m, ca. 164 H, OCH2), 3.49-3.51 (m, 10 H, OCH2), 3.35 ¢ > 3 H,
OCH3), 3.33 (s, 12 H, OCH3), 1.53 ¢’ 6 H, CH3). MS (ESI): isotopic clusters

peaking at m/z 1574 {98% > [IME— forn = 12} and 3173 {20%, [M + NaH-forn . 12}.

2.4.4 In vitro Studies (in collaboration with Prof. Fong's Lab)
2.4.4.1 Cell Line and Culture Conditions

The HT29 human colorectal carcinoma cells (from ATCC, no. HTB-38) were
maintained in Dulbecco's modified Eagle's medium (DMEM; Invitrogen, cat
no. 10313-021) supplemented with fetal calf serum (10%), penicillin-streptomycin
(100 units mL~' and 100 mg mL~', respectively), L-glutamine (2 mM), and

transferrin (10 mg mL—1). Approximately 3 x 10" cells per well in the media were
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inoculated in 96-multiwell plates and incubated overnight at 37 in a humidified

5% CO2 atmosphere.

2.4,4.2  Photocytotoxicity Assay

Distyryl BODIPYs 2.11a-2.11d were first dissolved in DMF to give 1.6 mM
solutions, which were diluted to 80 M with an aqueous solution of Tween 80
(Arcos, 0.5% by volume). The solutions were filtered with a 0.22 |am filter, then
diluted with the culture medium to appropriate concentrations. The cells, after being
rinsed with PBS, were incubated with 100 |iL ofthese distyryl BODIPY solutions for
2 h at 37 °C under 5% (AR The cells were then rinsed again with PBS and refed
with 100 i"L of the culture medium before being illuminated at ambient temperature.
The light source consisted of a 300 W halogen lamp, a water tank for cooling, and a
color glass filter (Newport) cut-on 610 nm. The fluence rate (X > 610 ran) was 40
mW An illumination of 20 min led to a total fluence of 48 J cm"".

Cell viability was determined by means of the colorimetric MTT assay. ™ After
illumination, the cells were incubated at 37 °C under 5% @ overnight. An MTT
(Sigma) solution in PBS (3 mg m—) ’# jiiL) was added to each well followed by
incubation for 2 h under the same environment. A solution of sodium dodecyl sulfate
(SDS ’ Sigma; 10% by weight, 50 jiL) was then added to each well. The plate was
incubated in an oven at 60 °C for 30 min > then 80 |aL of iso-propanol was added to
each well. The plate was agitated on a Bio-Rad microplate reader at ambient

temperature for 10 s before the absorbance at 540 nm at each well was taken. The
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average absorbance of the blank wells, which did not contain the cells, was
subtracted from the readings of the other wells. The cell viability was then
determined by the following equation: % viability = [Z(y4i/4controi x 100)]/n, where A®
is the absorbance of the zth data (i = 1, 2, <<) > 7w is the average absorbance of
the control wells in which the distyryl BODIPY was absent, and « ( = 4) is the

number of the data points.

2.4.4.3 Intracellular Fluorescence Studies

About 1,2 X 10" HT29 cells in the culture medium (2 mL) were seeded on a
coverslip and incubated overnight at 37 °C under 5% CO2. The medium was
removed, then the cells were incubated with solutions of distyryl BODIPYs
2.11a-2.11d in the medium (1 |aM, 2 mL) for 2 h under the same conditions. The
cells were rinsed with PBS and then viewed with a Leica SP5 confocal microscope
equipped with a 633 helium neon laser. Emission signals from 650-720 nm (gain =
750 V) were collected and the images were digitized and analyzed by Leica
Application Suite Advanced Fluorescence. The intracellular fluorescence intensities

(total 50 cells for each sample) were also determined.

2.4,4,4 Subcellular Localization Studies
About 1.2 X 100 HT29 cells in the culture medium (2 mL) were seeded on a
coverslip and incubated overnight at 37 °C under 5% (X The medium was then

removed. The cells were incubated with a solution of 2.11¢ in the medium (1
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2 mL) for 2 h under the same conditions. For the study using ER-Tracker, the cells
were incubated with ER-Tracker green (Molecular Probe; 1 |iM in PBS) under the
same conditions for a further 30 min. For the study using LysoTracker and
MitoTracker, the cells were incubated with LysoTracker green DND 26 (Molecular
Probe; 0.2 jiM in the medium) or MitoTracker Green FM (Molecular Probe; 0.1 jaM
in the medium) for a further 10 min. For all the cases, the cells were then rinsed with
PBS and viewed with a Leica SP5 confocal microscope equipped with a 488 nm
Argon laser and a 633 helium neon laser. All the Trackers were excited at 488 nm
and monitored at 510-560 nm, whereas compound 2.11c was excited at 633 nm and
monitored at 650-720 nm. Images were digitized and analyzed using Leica
Application Suite Advanced Fluorescence. The subcellular localization of 2.11c was
revealed by comparing the intracellular fluorescence images caused by the

ER-Tracker, LysoTracker, or MitoTracker and this dye.

2.4.4.5 Flow Cytometric Studiesfor Cell Death Mechanism

Approximately 6 x 10" HT29 cells were seeded on a 35 mm dish and incubated
for 24 h at 37 °C under 5% CO2. The cells were then treated with 2.11c at various
concentrations and incubated under the same conditions for 2 h. The cells were then
rinsed three times with PBS and refed with 100 \iL of the culture medium before
being illuminated at ambient temperature. After 20 h incubation, the cells were
rinsed by PBS and then harvested by 0.25% Trypsin-EDTA (500 [iL, Invitrogen) for

5 min, followed by centrifugation at 2400 rpm for 3 min. The pellet was then washed
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again by PBS and then subject to centrifugation. The cells were suspended in 1 mL
of binding buffer (10 mM HEPES, 140 mM NaCl > 25 mM CaCh, pH 7.4) containing
5 fiL Annexin V-GFP and 2 /xg/mL propidium iodide. After incubation in darkness
for 15 min at room temperature, the signals of Annexin V-GFP and propidium iodide
were measured by the BD FACS Canto flow cytometer (Becton Dickinson) with 10"
cells counted in each sample. Both Annexin V-GFP and propidium iodide were
excited by a 488 nm argon laser while the emitted fluorescence was monitored at
500-560 nm for Annexin V-GFP and at > 670 nm for propidium iodide. The data

collected were analyzed by using WinMDI 2.9.
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Chapter 3

Synthesis, Characterization, and Photodynamic Activities of

Novel Unsymmetrical Distyryl BODIPYs

3.1 Introduction

Distyryl BODIPYs are promising photosensitizers which have much received
current attention.i In Chapter 2, we have reported a series of symmetrical distyryl
BODIPYs which contain one to five hydrophilic oligoethylene glycol monomethyl
ether chain(s). We found that the photocytotoxic potency increases as the number of
triethylene glycol chains increases. However, when the length of oligoethylene
glycol chains increases, the photocytotoxicity becomes lower. In order to fijrther
enhance the photodynamic activity, we modified these compounds by keeping three
triethylene glycol chains to ensure their hydrophilicity and introducing another
substituent at the other styryl group. In this Chapter, we describe a series of
unsymmetrical distyryl BODIPYs, including their preparation, spectroscopic and

photophysical properties, as well as in vitro photodynamic activities.

3.2 Results and Discussion

3.2.1 Molecular Design and Chemical Synthesis

Since naphthalene ring can lead to a bathochromic effect through extending the

Tc-conjugation system, we attempted to introduce a naphthalene ring into the distyryl
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BODIPY skeleton to shift the absorption and emission maxima to the red.
Alternatively, if an auxochromic amine group is added into the distyryl BODIPY
skeleton, the absorption and emission maxima should also shift. The amino group
can also be protonated or alkylated to give hydrophilic BODIPYs. Accordingly,
distyryl BODIPY 3.6a-3.6e have been designed and synthesized.

Scheme 3.1 shows the synthetic route used to prepare the target compounds
3.6a-3.6e. Treatment of diiodo BODIPY 2.6 with 3,4-bis(tricthylene glycol
monomethyl ether) substituted benzaldehyde 2.9c via Knoevenagel condensation
gave monostyryl BODIPY 3.1. Treatment of 2-N,N-dimethylaminoethanol (3.2) with
methylsulfonyl chloride (3.3) afforded mesylated 2-N,N-dimethylaminoethanol 34 °
which then reacted with 4-hydroxybenzaldehyde (2.1) to give amino-substituted
benzaldehyde 3.5d. Treatment of monostyryl BODIPY 3.1 with benzaldehydes
3.5a-3.5d via a further Knoevenagel condensation afforded the corresponding
unsymmetrical distyryl BODIPYs 3.6a-3.6d. Treatment of 3.6d with excess
iodomethane in chloroform gave the cationic N-methylated derivative 3.6e. All of
these compounds had good solubility in common organic solvents and possessed a
high stability, which facilitated the purification by silica gel column chromatography

and size exclusion chromatography.

86



Ph. D. Thesis-Hui He

\ G—W CH3COOH,
0

LN QD
HO
— I 2717 ] ~0"CHO -
JOD — X
0 G K3ax 0
A
, ¥
SR\ ¥
b 459
1B
W </>‘ i CS)
v ) 1\

Scheme 3.1. Synthesis ofunsymmetrical distyryl BODIPY's 3.6a-3.6e.

3.2.2 Spectroscopic Characterization and Photophysical Properties

All of the new compounds were fully characterized with various spectroscopic
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methods and the data are given in Section 3.4. Figure 3.1 shows the "H NMR
spectrum of compound 3.6d in CD2CI2. The downfield signals from 6,9 to 8.2 ppm
are due to the aryl and vinyl protons. The signals from 3.3 to 4.3 ppm are attributed
to the triethylene glycol chain protons. The two triplets at 2.7 and 4.1 ppm are due to
the methylene protons near the amino group. The singlet around 2.3 ppm is due to
the N-methyl protons. The singlet around 1.5 ppm is due to the methyl protons in the
pyrrole rings. For the other four compounds, the assignment of “H NMR signals is
similar to that of 3.6d. As expected, the substituents at the benzene rings exert a
significant influence on the chemical shifts of these signals. Additionally, for the
methylated derivative 3.6e, the signals of the methylene protons near the ammonium
group and the N-methyl protons are significantly shifted downfield compared with

non-methylated analogue 3.6d.

The NMR data of these compounds were also in accord with the
structures though some of the aryl carbon signals and the chain CH2 signals were
overlapped.

All of these compounds were further characterized with ESI mass spectrometry.
The isotopic distribution as well as the exact mass for the [M + Nal+ (for 3.6a—3.6c) ’
[M + H}+ (for 3.6d), or [M - IJ+ (for 3.6e) species were in good agreement with the

calculated ones.
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Figure 3.1. "HNMR spectrum of 3.6d in CD2C2; * indicates residual solvent signal.

The electronic absorption and fluorescence spectra of distyryl BODIPYs
3.6a-3.6e were measured in DMF and the data are summarized in Table 3.1. It was
observed that the Q-band absorption of 3.6b-3.6e was red-shifted compared with that
of 3.6a. Particularly 3.6¢c, in which a dimethylamino group is directly attached to the
benzene ring, exhibited a remarkable red-shift in the absorption due to the strong
intramolecular charge transfer (ICT) (Figure 3.2(a) and Table 3.1). In order to
investigate the aggregation behavior of these compounds, their absorption spectra
were recorded at different concentrations. The spectrum of 3.6a, for example,
showed a broad Soret band peaking at 340 nm, a vibronic band at 450 nm, and an

intense and sharp Q band at 653 nm, which strictly followed the Lambert Beer's law
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(Figure 3.3). Similar results were obtained for the other four compounds. It indicated

that all these compounds are essentially non-aggregated in DMF.

800 900 675 700
Wavelength (nm)

Figure 3.2. Electronic absorption (a) and fluorescence emission spectra (excited at

610 nm) (b) of3.6Q-3.6€ (8 M) in DMF.

Table 3.1. Electronic absorption and photophysical data for compounds 3.6a-3.6e in

DMF.
Compound Ak (10g 5) Opb
3.6a 340 455), 450 @12), 653 (4.88) 677 0.9 048
3.6b 340 (4.44), 390 454), 465 419), 659 (4.88) 688 0.5 038
3.6¢ 339 (4.53), 410 (4.53), 517 (4.35), 709 (4.81) . . 0.05
3.6d 327 (4.43), 382 (4.58), 453 (4.21), 665 (4.91) 695 0.18 040
3.6e 327 440), 377457), 450 @419), 661 (4.89) 686  0.15 048

a Excited at 610 nm. b Relative to ZnPc (Op = 0.28 in DMF).Rélative to ZnPc «Da = 0.56
DMF).
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Figure 3.3. Electronic absorption spectra of 3.6a at various concentrations in DMF.

The inset plots the Q-band absorbance versus the concentration of 3&.

The fluorescence emission spectra of these compounds were also recorded in
DMF. Upon excitation at 610 nm, compounds 3.6a-3.6e showed a fluorescence
emission at 677-695 nm with a quantum yield (Op) of 0.15-0.19 relative to ZnPc (OF
=0.28)? Compounds 36), Bﬁ], and 3& exhibited a red-shifted fluorescence
emission relative to }&, while 3& was basically non-fluorescent due to the strong
ICT process (Figure 3.2(b) and Table 3.1). The red shift of fluorescence emission is
consistent with the absorption data.

The efficiency of these compounds in generating singlet oxygen, as reflected by
the rate of decay of the singlet oxygen quencher, 1,3-diphenylisobenzofuran (DPBF),
was also compared. As shown in Figure 3.4’ all of these compounds can induce the
photo-bleaching of DPBF and their efficiencies are similar except 3@ The singlet

oxygen quantum yields (Al) relative to ZnPc (OA = 0.56)? are listed in Table 3.1.
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The poor efficiency of compound 3.6¢c in generating singlet oxygen is probably

attributed to the strong ICT process.

0.0

Time (min)

Figure 3.4. Comparison of the rates of decay of DPBF (initial concentration = 75
I"M) in DMF, as monitored spectroscopically at 415 nm, using 3.6a-3.6¢ as the

photosensitisers (4 pM) and ZnPc (4 [aM) as the reference.

3.2.3 InVitro Photodynamic Activities

The in vitro photodynamic activities of 3.6a-3.6e in Tween 80 emulsions were
investigated against HT29 human colorectal carcinoma cells. Figure 3.5 compares
the effects of these compounds on the cell line both in the absence and presence of
light. It can be seen that all of these compounds are essentially noncytotoxic in the
dark, but upon illumination, they exhibit a substantial cytotoxicity. Compound 3.6a
exhibits a good photocytotoxicity with an IC50 value of 41 nM. The photocytotoxic
potency is comparable with that of its symmetrical analogue 2.11b. Compound 3.6d

and 3.6e are significantly more potent with the same ICso value of 17 nM. The
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photocytotoxicity of 3.6b and 3.6c is significantly lower than that of 3.6a > 3.6d, and

3.6e. The corresponding ICs0 and ICgo values are compiled in Table 3.2. The results

show that the photoactivity follows the order 3&1 « 3& > 3&[ > 3& > 36).

@ ®
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[0

1 40

AN ANN
58 3 8 B

40 60 8 100 120

[Photosensitizeij (nM) [Photosensitizer] (1l

Figure 3.5. Effects of 3.6a-3.6e on HT29 cells in the absence (closed symbol) and
presence (open symbol) of light {X > 610 nm, 40 mW cm"", 48 J cm""). Data are

expressed as mean values i S.E.M. ofthree independent experiments each performed

in quadruplicate.

Table 3.2. IC50 and ICgo values of compounds 3.6a-3.6e against HT29 cells.

Compound IC50 ICgo
3.6a 41 nM 107 nM
3.6b LOLIM 2.60 "M
3.6¢c 0.47 M 126 "M
3,6d 17 aM 51 nM
3.6e 17nM 52 nM

"Defined as the dye concentrations required to kill 50% and 90% of'the cells, respectively, in

the presence of light (/\ > 610 nm, 40 mW cm™, 48 J cm™").
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To account for their different photocytotoxicity, their aggregation behavior in
DMEM culture medium was examined by absorption and fluorescence spectroscopic
methods. As shown in Figure 3.6(a), the Q bands of compounds 3.6a-3.6e remain
sharp and intense. It indicates that all of these compounds are essentially
non-aggregated in the culture medium. This conclusion is also supported by their
fluorescence spectra (Figure 3.6(b)). An intense fluorescence emission can be
observed for all the compounds except 3.@, which is non-fluorescent due to the
strong ICT process. Similar results were observed in DMF. Therefore, these results
showing their similar aggregation tendency cannot explain why these compounds

show different photocytotoxicity.

()
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Figure 3.6. Electronic absorption (a) and fluorescence emission spectra (excited at

610 nm) (b) of 3.6a-3.6e (8 formulated with 0.05% Tween 80 in the DMEM

culture medium.

We then performed fluorescence microscopic studies to investigate the cellular
uptake of these compounds. HT29 cells were incubated respectively with all these

compounds (2 jiM) for 2 h. Upon excitation at 633 nm, the bright field and
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fluorescence images of the cells were then captured (Figure 3.7(a)), and the
intracellular fluorescence intensities were determined (Figure 3.7(b)). It was found
that compounds 3.6d and 3.6e showed much stronger intracellular fluorescence
throughout the cytoplasm. The apparent intensity followed the order: 3.6d « 3.6e >
3.6a > 3.6b > 3.6c, which is generally in agreement with the trend in
photocytotoxicity except 3.6c. Since 3.6¢c is non-fluorescent in the medium, no
fluorescence would be observed even if 3.6¢ is present in the cytoplasm. Therefore, it
is inappropriate to use this method to evaluate the cellular uptake of 3.6¢c. Another
method should be employed to measure its cellular uptake. However, in the light of
the low photocytotoxicity of 3.6¢c, we put our focus on the highly photocytotoxic

compounds 3.6a, 3.6d ° and 3.6e.
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Figure 3.7. (a) Visualization of bright field (upper row) and intracellular
fluorescence (lower row) images of HT29 cells after incubation with (i) }&, (ii)
3.6b, (iii) 3.6¢, (iv) 3.6d’ and (v) 3.6e (2 M) for 2 h. (b) Comparison of the
intracellular fluorescence intensity of compounds 3.6a-3.6e. Data are expressed as

the mean j[: standard deviation (number of cells = 50).

Owing to the high photocytotoxicity of compounds ﬁ ﬂ and 3&, their

subcellular localization was also investigated. The cells were stained respectively

with LysoTracker DND 26, MitoTracker Green FM, and ER-Tracker Green, which
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are specific fluorescence dyes for lysosomes > mitochondria, and endoplasmic
reticulum > respectively. As shown in Figure 38 ’ the fluorescence caused by the
ER-Tracker Green (excited at 488 nm, monitored at 510-570 nm) is well
superimposed with the fluorescence caused by 3.6a (excited at 633 nm, monitored at
670-720 nm), indicating that 3.6a has a strong and selective affinity to the
endoplasmic reticulum. By contrast, the fluorescence images of 3.6a and the
LysoTracker (or MitoTracker) cannot be overlapped well > which indicates that 3&
is not localized in the lysosomes and the mitochondria. For compound 3.6d, the
fluorescence caused by the LysoTracker Green is well superimposed with the
fluorescence caused by 3.6d, while the fluorescence of the ER-Tracker or
MitoTracker cannot be overlapped well with that of 3.6d (Figure 3.9). It indicates
that 3.6d has a strong and selective affinity to the lysosome. It is well known that the
interior of the lysosome is acidic, while compound 3.6d contains an amine group.
Therefore, 3.6d is preferentially localized in the lysosome of the cells. For compound
36c ’ the fluorescence is clearly concentrated on the membrane of the cells. The
fluorescence of ER-Tracker, LysoTracker, and Mitotracker cannot be overlapped
well with that of 3.6e (Figure 3.10). The results show that compounds 3.6a, 3.6d, and
3.6¢ localize at various cellular compartments. Compound 3.6a, 3.6d, and 3.6e show
a strong and selective affinity to the endoplasmic reticulum, lysosome, and

membrane of the cells, respectively.
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@: (b) (c) _ (d:

Figure 3.8. Visualization of intracellular fluorescence of HT29 cells using filter sets
specific for ER-Tracker (top), LysoTracker (middle), or MitoTracker (bottom)
(shown in column (b), in green), and 3&[ (shown in column (c), in red). The
corresponding superimposed images are given in column (d) > whie the bright field

images are shown in column (a).
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(a) (b) (C) d -

Figure 3.9. Visualization of intracellular fluorescence of HT29 cells using filter sets
specific for ER-Tracker (top), LysoTracker (middle), or MitoTracker (bottom)
(shown in column (b), in green), and 3.6d (shown in column (c), in red). The
corresponding superimposed images are given in column (d), while the bright field

images are shown in column (a).
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Figure 3.10. Visualization of intracellular fluorescence of HT29 cells using filter sets
specific for ER-Tracker (top), LysoTracker (middle), or MitoTracker (bottom)
(shown in column (b), in green), and 3.6e (shown in column (c), in red). The
corresponding superimposed images are given in column (d), while the bright field

images are shown in column (a).

3.3 Conclusion

In conclusion, we have prepared and characterized a series of unsymmetrical
distyryl BODIPYs. Their aggregation behavior in the culture medium, cellular
uptake, subcellular localization, and in vitro photodynamic activities have also been
evaluated and compared. Compounds 3.6a, 3.6d, and 3.6e are highly potent

photosensitizers, which show extremely high photocytotoxicity and high cellular
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uptake. It is interesting that they localize at various cellular compartments.
Compounds 3.6a, 3.6d, and 3.6e show a strong and selective affinity to the

endoplasmic reticulum, lysosome, and membrane ofthe cells, respectively.

3.4 Experimental Section
3.4.1 General

Experimental details regarding the purification of solvents, instrumentation, and
in vitro studies are described in Section 2.4.1. The preparation of diiodo BODIPY

2.6 and benzaldehyde 2.9c are also reported in Section 2.4.3.

3.4.2 Synthesis

Monostyryl BODIPY 3.1. A mixture of distyryl BODIPY 2.6 (0.29 g, 0.4
mmol), 3,4-bis(triethylene glycol monomethyl ether) substituted benzaldehyde 2,9¢
(0.17 g, 0.4 mmol), glacial acetic acid (0.4 mL, 7.0 mmol), and piperidine (0.5 mL,
5.1 mmol) in toluene (40 mL) was refluxed for 2 h. The water formed during the
reaction was removed azeotropically with a Dean-Stark apparatus. The mixture was
concentrated under reduced pressure. The residue was purified by silica gel column
chromatography using CHCI3 as the eluent. The purple fraction was collected and
rotary evaporated. It was further purified by size exclusion chromatography with
Bio-beads S-XI1 beads using THF as the eluent to afford a purple solid (78 mg, 19%).
1h NMR (400 MHz, CD2C2) ° 5 8.05 (d, J= 16.8 Hz, 1 H* CH=CH), 7.47 (d, J -

16.8 Hz, 1 H, CH=CH), 723 (d, 8.4 Hz, 1 H, ArH), 7.19 (d, 8.8 Hz, 1H,
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ArH), 7.18 6 > 1 H, ArH), 7.09 (d, /= 8.8 Hz, 2 H, AIH) > 6% (d, J= 8.4 Hz, 2 H’
ArH), 4.19-4.25 (m, 6 H, OCH2), 3.85-3.89 (my 6 H, OCH2), 369372 (m, 6 H,
OCH2), 3.59-3.65 (my 12H, OCH2), 3.49-3.53 my 6 H, OCH2), 335 (s, 3 H, OCH3),
3.33 6> 3H, OCH3), 3.32 (s, 3 H > OCH3), 1.52 ¢ > 3H, CH3), 148 (s, 3 H, as)
i3c{1H} NMR (100.6 MHz, CDCI3): 6 159.9 > 156.8 * 150.4, 149.1, 146.2, 145.2,
140.4 > 139.1, 132.8, 132.4, 130.5°129.4-127.2>122.1 > 117.1 > 115.6 > 114.3 > 113.6 >
&.2, 8.5, 2.1, .0> D> N.7> 0.6, o9 69.8, 69.7°>69.1>a8°67.7> 32 118>
174 ° 163; MS (ESI): isotopic clusters peaking at m/z 1173 {100% °> [M + Na]+} and
1189 {45%, [M + K]+}; HRMS (ESI): m/z caled for C47TH62BF2I2N2NaOi2 [M + Naf:
1173.2424, found:1 173.2430.

Mesylated 2-N,N-dimethylaminoethanol 3.4.4 Methylsulfonyl chloride (3.3)
(275 g’ 24 mmol) was added dropwise into a solution of
2-N,N-dimethylaminoethanol (3.2) (1.78g, 20 mmol) in CH2CI2 (50 mL) at 0 | The
mixture was stirred for 2 h, then the white solid formed was filtrated and rinsed with
CH2CI2 (100 mL) (3.71g, 91%). “"H NMR (400 MHz, D20): 5 4.65 (t,J= 5.2 Hz, 2 H,
OCH2), 3.59 (t,J= 5.2 Hz, 2 H,NCH2),3.26 6 > 3 H > (1), 2.95 (s’ 6 H, NCH3),

Amino'substituted benzaldehyde 3.5d.* A mixture of 4-hydroxybenzaldehyde
(2.1) (1.83 g, 15 mmol), mesylated 2-N,N-dimethylaminoethanol 3.4 (3.67 g, 18
mmol), and K2CO3 (10.35 g, 75 mmol) in acetone (200 mL) was refluxed for 2 days.
The reaction mixture was concentrated in vacuo. The residue was mixed with water
(50 mL), then the mixture was extracted with CH2CI2 (50 mL x 3). The combined

organic portion was washed with saturated brine (50 mL), dried over anhydrous
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MgS04, and then evaporated in vacuo. The crude product was purified by silica gel
column chromatography using CHzCIs/MeOH (15:1 °> vA) as the eluent to give a
colorless oil (1.51 g, 52 %). “HNMR (400 MHz, CDCI3): 6 9.89 (s, 1 H, (HO), %
(d, J= 8.8 Hz, 2 H, ArH), 7.03 (d,J= 8.8 Hz, 2 H, ArH), 4.15 (t > 5.6 Hz, 2 H,
OCH2), 2.77 (t,J= 5.6 Hz, 2 H, NCHZ), 235 (s, 6 Hy NCH3).

Distyryl BODIPY 3.6a. According to the procedure described for monostyryl
BODIPY 3l ? a mixture of 3.1 (99.5 mg, 0.087 mmol), benzaldehyde (3.5a) (92 ng ’
0.87 mmol), glacial acetic acid (0.45 mLy 79 mmol), and piperidine (0.63 mL, 6.4
mmol) in toluene (30 mL) was refluxed for 2 h. The blue crude product was purified
by silica gel column chromatography using CHCI3 as the eluent, followed by size
exclusion chromatography with Bio-beads S-XI1 beads using THF as the eluent to
afford a greenish solid (21 mg, 20%). “H NMR (400 MHz, CDZGZ) : 5815d° /=
164 Hz, 1 H, CH=CH), 8.11 {d,J= 164 Hz, 1 H, CH=CH), 7.69 (d,J= 15.6 Hz, 1
H * CH=CH), 7.66 (d, J = 7.2 Hz, 2 H, ArH), 7.55 (d * J= 16.8 Hz, 1 H, CH-CH),
743 t° =72 Hz 2 H, ArH), 7.37 d > 7.2 Hz, 1 H, ArH), 7.28 (d *> J-8.4 Hz, 1
H, ArH), 7.22 (d, J= 8.8 Hz, 2 H, ArH), 7.21 (s, 1 H, ArH), 7.10 (d,J= 8,8 Hz, 2 H,
ArH), 6.98 (dy J=8.4 Hz, 1 H, ArH), 4.20-4.26 (my 6 H, OCHZ), 3.86-3.89 (m, 6 H,
OCH2), 3.70-3.72 m *> 6 H, OCH2), 3.57-3.66 (m *> 12 H, OCH2), 3.48-3.54 (m, 6 H °
OCH2), 3.35 (s, 3 Hy OCH3),3.34 (s, 3 H, OCH3), 3324 3 H, OCH3), 154 (s, 6 H,

as) ; NMR (100.6 MHz, CDCB) - 5 159.9, 151.1, 1506 * 1499 * 1491,

146.7, 145.6, 139.7 » 1393, 139.2, 1369 > 133.7, 1333 > 130.5, 129.6 » 1292, 128.9

127.7-127.4, 122.1, 119.0, 117.2, 115.6 > 114.4, 113.9-83.3- 8.8 > 72.1 > 71.0, 70.8,
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70.7 0 706 > 699, 698 ° 69.7 > 692, 68.9, 67.7, 59.2, 59.1, 17.9, 17.8; MS (ESI):
isotopic clusters peaking at m/z 1261 {100%, [M + Na]+} and 1277 {30%, [M + K]+};
HRMS (ESI): m/z caled for C54H67BF22N2NaOi2 [M + Nal+: 1261.2737,
found: 1261.2757.

Distyryl BODIPY 3.6b. According to the procedure described for monostyryl
BODIPY 3.1, a mixture of 3.1 (0.13 g > 011 mmol), naphthaldehyde (3.5b) (0.17 g°
1.09 mmol), glacial acetic acid (0.57 mL, 10.0 mmol), and piperidine (0.79 mL, 8.0
mmol) in toluene (40 mL) was refluxed for 2 h. The blue crude product was purified
by silica gel column chromatography using CHCI3 as the eluent, followed by size
exclusion chromatography with Bio-beads S-XI beads using THF as the eluent to
afford a greenish solid (20 mg > 12%). “H NMR (400 MHz, CD2CI2): 59.02 d’ J=
16.8 Hz> 1 H, CH=CH)’ 8.36 (d,J= 8.0 Hz, 1 H, ArH), 8.14 (d,J= 16.8 Hz, 1 H’
CH=CH), 8.00 (d, /= 7.2 Hz, 1 H, ArH), 792 (d,J= 7.6 Hz, 1 H, ArH), 7.90 (d,]J =
8.0 Hz, 1H *> AH), 7.78 (d,J= 16.8 Hz, 1 H, CH=CH), 7.54-7.62 (m, 4 H, CH=CH °’
ArH), 7.28 (d,J= 8.4 Hz, 1 H, ArH), 7.24 d ’> 88 Hz, 2 H > AH), 7.20 ¢ > 1 H,
ArH), 7.11 (d, /= 8.4 Hz, 2 H, ArH), 6.97 (d,J= 8.4 Hz, 1 H, ArH), 4.20-4.23 (m, 6
H, OCH2), 3.86-3.90 (my, 4 H, OCH2), 38 (t,J= 48 Hz,2 H, OCH2), 347372 (m,
24 H > OCH2), 3.36 (s, 3H > OCH3),3.34 ¢ > 3 H, OCHS) > 331 (s, 3 H, OCH3), 1.58 (s,
3 H > (), 1.56 (s, 3 H, CH3);i3c{1h} NMR (100.6 MHz, (DCB) - 5 159.9, 151.2,
150.6, 150.0 - 149.1 > 146.6, 145.6° 139.8 > 139.3 > 135.9, 134.4-133.9-133.7- 133.4 >
131.8, 130.5, 129.6, s8> 127.4 > 126.8, 126.1, 126.0>124.5, 124.0 > 121, 121.1,

117.2 > 1use, 1143 ° 113.8, 83.5, 83.2, 20> 71.0 > 70.9, 70.8 > 107 * 70.6, 69.8, 69.7,
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69.1, 688 * 677 ° 392, 59.1, 17.9, 17.8; MS (ESI): isotopic clusters peaking at m/z
1311 {100%, [M + Nal+} and 1327 {40%, [M + Kf}; HRMS (ESD): m/z calcd for
C58H69BF212N2NaOi2 [M + Naf: 1311.2893, found:1311.2891.

Distyryl BODIPY 3.6¢c. According to the procedure described for monostyryl
BODIPY 31, amixture of 3.1 (0.11 g, 0.1 mmol), 4-dimethylaminobenzaldehyde
(3.5¢) (0.15 g, 1.0 mmol), glacial acetic acid (0.52 mL, 9.1 mmol), and piperidine
(0.73 mL, 7.4 mmol) in toluene (30 mL) was refluxed for 2 h. The blue crude product
was purified by silica gel column chromatography using CHCI3 as the eluent,
followed by size exclusion chromatography with Bio-beads S-XI beads using THF
as the eluent to afford a greenish solid (36 mg, 28%). “H NMR (400 MHz, CD2CI2):
58.25(d,J= 16.4Hz, 1 H, CH=CH), 8.02 (d, /= 16.4 Hz, 1 H, CH=CH), 7.56 (d, J
=8.8 Hz, 2 H, ArH), 7.54 (d, /= 16.8 Hz, 1 H, CH=CH), 7.51 d > /=164 Hz, 1 u~
CH=CH), 7.27 (d, J= 8.8 Hz, 1 H, ArH), 7.21 (d, J= 8.4 Hz, 2 H, ArH), 7.28 (d,y =
8.4 Hz, 1H, ArH), 7.19 (s, 1H *> AH),7.08 (d,J= 8.4 Hz, 2 H, ArH), 6.98 d > 8.4
Hz, 1 H, ArH), 6.74 (d, J= 8.8 Hz, 2 H, ArH), 4.19-4.27 (m, 6 H, OCH2), 3.86-3.89
(m, 6 H, OCH2), 3.70-3.72 (m, 6 H, OCH2), 3.57-3.65 (m, 12 H > OCH2), 3.49-3.54
m’>6H> CIHZ) ’ 335(s,3H,OCH3),3.34(s’3H’G}B) > 331 63 H, OCH3), 1.53
(s, 3H, CH3), 1.51 (s, 3H> aB) 5 13c{1H} NMR (100.6 MHz, CDCI3): 6 159.7 * 1513,
151.5, 150.0, 149.0- 148.8 > 146.5> 144.1, 140.8 - 138.0, 137.4, 133.7, 132.9, 130.9 -
129.8, 129.6, 127.7, 124.9, 121.7, 117.7 > us5 114.5 > 141, 113.9, 112.2, 83.4, 2.2,
72.0, 71.0, 70.9 > 70.8, 07 > 70.6, 69.9, 69.8, 69.7, 69.1, 68.8, 67.6, 9.2, .1 40.4>

180 * 176; MS (ESI): isotopic clusters peaking at m/z 1304 {100%, [M + Na]+} and
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1321 {40%, [M + K]+}; HRMS (ESI): m/z calcd for CssHvsBFzIaNsNaOn [M + Nal+:
1304.3159, found:1304.3165.

Distyryl BODIPY 3.6d. According to the procedure described for monostyryl
BODIPY 3.1, a mixture of 3.1 (96.2 mg > 0.083 mmol), amino-substituted
benzaldehyde 3.5d (0.16 g, 0.83 mmol), glacial acetic acid (0.5 mL, 8.8 mmol), and
piperidine (0.73 mL, 7.1 mmol) in toluene (30 mL) was refluxed for 2 h. The blue
crude product was purified by silica gel column chromatography using CHCI3 as the
eluent, followed by size exclusion chromatography with Bio-beads S-XI beads using
THF as the eluent to afford a greenish solid (31 mg, 28%). “H NMR (400 MHz,
CD2CI2): 6 8.15 (d, J= 16.8 Hz, 1 H, CH=CH) > 807 (d,J= 164 Hz’ 1 H > CH=CH),
7.61 (dy J= 8.8 Hz, 2 H, ArH), 7.56 (d,J= 16.8 Hz, 1 H, CH:CH), 753 (d,J= 16.4
Hz, 1 H > CH=CH), 7.28 (d, J= 8.4 Hz, 1 H, ArH), 7.21 (d, /= 8.8 Hz, 2 H > AH),
7.19 6°1 H > AH), 7.09 (d,/= 8.8 Hz, 2 H, ArH), 6.98 (d, . 8.4 Hz, 1 H > Ad),
6.96 (d, /= 8.8 Hz, 2 H, ArH), 4.20-4.26 (m, 6 H > OCH2),4.12 (¢ * J=5.6 Hz, 2 H,
OCHZ), 383 (t,J= 4.4 Hz, 6 Hy OCH2), 3.70-3.72 (my 6 H, OCH2), 3.57-3.66 (m, 12
H, OCHZ), 347-3.54 (m, 6 H, OCH2), 3.35 (s, 3 H, OCHB), 334 (s, 3 H, OCH3), 3.31
6’3 H, OCH3), 2.73 (t,J= 5.6 Hz, 2 H, NCH2), 2.32 6 > 6 H, NCH3), 1.53 (s, 6 H”
(HS), s 13c{lh} NMR (100.6 MHz, CJIB) e 5 1600 ° 1598 * 1506 * 1504 ° 1503 °
149.0 > 146.0 > 145.7 > 1302, 1391 > 138.7 > 134 133.3>130.5, 129.7° 129.6, 19.3 >
127.5> 121.9, 1173 » 1168, 1156 > 1150 * 1143 7 140 > 82.9, 72.0>71.0> 0.9, 70.8>
707 2 706 > 699, 69.8 > 69.7, 69.1, 68.8, 677 > 661 > 592, 59.1 > 583, 46.0, 17.8; MS

(ESI): isotopic clusters peaking at m/z 1326 {95%, [M + H]+}and 1347 {10%, [M +
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Nal+}; HRMS (ESI): mfz caled for C58H77BF22N3013 [M + H]M: 1326.3621,
found: 1326.3592.

Distyryl BODIPY 3.6e. A mixture of 3.6d (48.1 mg > 0036 mmol) and a large
excess of iodomethane (2 mL) in chloroform (15 mL) was stirred at room
temperature for 30 min. Diethyl ether (50 mL) was then added for precipitation. The
precipitate formed was collected by filtration, washed with diethyl ether, and then
dried in vacuo (33 mg, 62%). “"H NMR (400 MHz, CD2CI2): 6 8.14 (d,J~ 17.2 Hz, 1
H, CH=CH), 809 (d,J= 17.3 Hz, 1 H, CH=CH), 7.65 (d .8 .8 Hz 2 H, ArH),
7.59 (d,J= 16.8 Hz, I H, CHECH) > 754 d’ ~164Hz, 1 H, CH=CH), 726 d > J=
84Hz, 1 H’> AH), 7.21 d > 8.8 Hz, 2 H, ArH), 7.20 (s, 1 H > AH), 7.10 (d *> J- 8.8
Hz, 2 H > AMH), 7.03 (d,J - 8.8 Hz, 1 H, ArH), 6.98 (d > 8.4 Hz, 2 H > AH), 4.56
(br s> 2 H, NCH2), 4.20-4.26 (m, 6 H, OCH2), 4.04 (t, J = 4.4 Hz, 2 H, OCH2),
3.87-3.89 (m, 6 H, OCH2), 370372 tmy 6 H, OCH2), 3.59-3.64 (my 12 H, OCH2),
3.50-3.54 (m, 6 H > OCH2), 3.37 (s, 9 H > OCH3), 3.35 (s, 3 H, OCH3), 3.34 (s, 3 H,
OCH3),3.31 623 H > OCH3), 1.546 > 6 H> GB) ’ | NMR (100.6 MHz *> CDCD3):
6 159.8, 158.1, 1505 > 1501 > 1489 > 1461 > 1459 1393 > 1390 > 1384 > 1334, 133.3,
1308 * 1303 > 1296, 129.3, 127.3, 121.7, 117.5 > 1172, 115.6 > 1150, 114.3, 1142 >
83.1, 8.9° 7.0, 71.9, 70.9 > 107, 70.6 > 70.5, 70.4, 69.8, 69.7, 69.6, 69.2, 68.8, 6].6°
65.1 > 624, 59.1, 59.0, 54.5, 544 ° 178 ° 177, MS (ESI): an isotopic cluster peaking at
m/z 1340 {100%, [M - 1H}; HRMS (ESI): m/z caled for C59H79BF22N3013 [M -1]+:

1340.3758, found: 1340.3780.
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Chapter 4

A Ratiometric Near-Infrared pH-Responsive Fluorescent

Dye Based on Distyryl BODIPY

4.1 Introduction

Development of organic chromophores with spectral properties in the
near-infrared (NIR) and red visible regions continues to attract considerable research
interest. These chromophores with controllable photophysical properties in the
650-900 rnn spectral region are potentially useful for a diverse range of material and
biological applications, such as optical data storage/ photoconductors,”
electrochromic devices,” chemosensors, immunoassay labels and bioconjugated
probes, and in vitro and in vivo imaging agents. Specifically, NIR dyes are
promising candidates as biomedical diagnostic agents due to the low
auto-fluorescence of endogenous chromophores in this spectral region and the deeper
light penetration.”

Biochemical processes frequently involve protonation and deprotonation of
biomolecules with concomitant changes in the pH of the surrounding."* Hence, H+ is
one of the most important targets among the species of interests in biological systems.
Currently, several classes of pH-responsive dyes have been described, such as
fluoresceins,™ tricarbocyaninesA, o BODIPYs/[| andza-BODIPYs, Distyryl

BODIPYs are desirable candidates for this application because their absorption and
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fluorescence emission maxima appear in the NIR region. They also have good
solubility and high photo- and therm-stability, and can be chemically modified
readily. We report herein a novel NIR pH-responsive fluorescent dye based on a
distyryl BODIPY, which is connected to two pH-sensitive dimethylamino groups at

the 2- and 6-positions via an arylethynyl bridge.

4.2 Results and Discussion
4.2.1 Molecular Design and Chemical Synthesis

It is well known that dimethylamino group has a very strong electron-donating
ability and is acid-sensitive. If it is conjugated to a distyryl BODIPY skeleton, a
strong intramolecular charge transfer (ICT) will occur resulting in a remarkably red
shift in the absorption and fluorescence positions. When this group is protonated, the
electron-donating ability is vanished. Hence, the ICT process is inhibited and the
absorption and fluorescence emission will shift to the normal range. Based on this

consideration, distyryl BODIPY 4.2 has been designed and synthesized.

Scheme 4.1. Synthesis of the target compound 4.2.
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As shown in Scheme 4.1, this compound was prepared readily by
palladium-catalyzed Sonogashira coupling reaction of distyryl BODIPY 2.11a with
4-dimethylaminophenylethyne (4.1). It was purified by silica gel column
chromatography and fully characterized with various spectroscopic methods and
elemental analysis.

Figure 4.1 shows the "H NMR spectrum of compound 4.2 in CD2CI2. The
downfield signals from 6.6 to 8.6 ppm are due to the aryl and vinyl protons. The
upfield signals from 2.9 to 4.3 ppm are attributed to the triethylene glycol chain,
methoxy groups, and N-methyl protons. The singlet around 1.6 ppm is due to the
methyl protons at the pyrrole rings.

m @ AiiiSSnillJTi

t Ag X' e® ) )

. %
m i T

é’J kO 7,5 7.0 6,5 6.0 5.5 5,0 45 4.0 15 10 15 2.0 pjpni

Figure 4.1. "H NMR spectrum of 4.2 in CD2CR 5 * indicates residual solvent signal.
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The NMR spectra of this compound showed clearly the expected
number of signals. This compound was further characterized with ESI mass
spectrometry. The isotopic distribution as well as the exact mass for the [M + H I

species was in good agreement with the calculated one.

4.2.2 pH-Responsive Photophysical Properties of 4.2 in CHCI3

The electronic absorption spectrum of 4.2 was first recorded in CHCI3. It
showed a Soret band at 401 nm with a shoulder at 365 nm, an intense and sharp Q
band at 708 nm, together with a vibronic band at 510 nm. The Q band strictly
followed the Lambert Beer's law showing that the compound is not significantly
aggregated in CHCI3 (Figure 4.2). Upon addition of trifluoroacetic acid (TFA), the Q
band at 708 nm gradually decreased in intensity and two new bands at 622 and 678
nm emerged giving three isosbestic points at 409, 475, and 554 nm (Figure 4.3).
Furthermore, the color of the solution turned from grass green to blue green upon
addition of 140 mM of TFA (Figure 4.4). It can be explained that in the presence of
TFA, the 4-dimethylamino groups were protonated. ICT process was inhibited

resulting in a blue shift.
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Figure 4.2. Electronic absorption spectra of 4.2 at various concentrations in CHCI3.

The inset plots the Q-band absorbance versus the concentration of 4.2.
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Figure 4.3. Change in absorption spectrum of 4.2 (5 |iM) in CHCI3 upon addition of
TFA (0-140 mM). The inset plots the Q-band absorbance at 678 nm versus the

concentration of TFA.
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Figure 4.4. The color observed for a solution of4.2 (10 fxM) in CHCI3 in the absence
(left) and presence (right) of 140 mM of TFA.

In the absence of TFA, compound 4.2 in CHCI3 gave a weak fluorescence at
736 nm with a fluorescence quantum yield of 0.005, relative to ZnPc in DMF (Of =
0.28). 13 Upon addition of TFA from 0 to 34 mM, the emission shifted to 694 nm and
increased in intensity gradually giving a very large blue shift of 42 nm (Figure 4.5).
Further addition of TFA (up to 140 mM) further increased the fluorescence intensity
at 694 nm. The fluorescence quantum yield reached the value of 0.46 after addition
of 140 mM of TFA (Figure 4.6). Moreover, the fluorescence emission turned to
bright red (Figure 4.7). The fluorescence enhancement and blue shift of emission

maximum further testified that the ICT process was blocked after protonation.
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Figure 4.5. Change in fluorescence spectrum (excited at 409 run) of 4.2 (1 [uM) in
CHCI3 upon addition of TFA (0-34 mM). The inset plots the fluorescence intensity at

694 nm versus the concentration of TFA.

694 nm [TFA ] (mM)

Wavelength (nm)

Figure 4.6. Change in fluorescence spectrum (excited at 409 nm) of 4.2 (1 }aM) in
CHCI3 upon addition of TFA (0-140 mM).
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Figure 4.7. The fluorescence observed for a solution of 4.2 (10 juM) in CHCI3 in the
absence (left) and presence (right) of 140 mM of TFA.

4.2.3 pH-Responsive Photophysical Properties of 4.2 in H20 with 0.05%
Tween 80

In contrast to the electronic absorption spectrum recorded in CHCI3, the
spectrum of 4.2 in H20 exhibited a very broad Q band indicating that it is highly
aggregated in H20. Upon addition of 0.05% (v/v) Tween 80, which is a common
non-ionic surfactant, the Q band was sharpened showing that the aggregation of 4.2
was significantly reduced (Figure 4.8(a)). In fact, the Q band at 717 nm also strictly
followed the Lambert Beer's law (Figure 4.9). It is worth noting that in more polar
solvents, such as DMF and H20 with 0.05% Tween 80, compound 4.2 was nearly

non-fluorescent (Figure 4.8(b)). This can be explained by the stronger ICT effect in

. o 1K
polar media resulting in a weaker fluorescence.
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@

-CHCI,

-DMF CHCI,
_H’o aN(I)F
* Hp wh (180 Then )

H,0 with 0.05% Tween 80

0.1

0.0
0o 600 700 700 725 800
Wavelength (nm) Wavelength (nm)

Figure 4.8. Electronic absorption (a) and fluorescence emission spectra (excited at

640 nm) (b) of 4.2 (5 [aM) in different solvents.
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Figure 4.9. Electronic absorption spectra of 4.2 at various concentrations in H20
with 0.05% Tween 80. The inset plots the Q-band absorbance versus the

concentration of 4.2.

Since compound 4.2 is essentially non-aggregated in H20 with 0.05% Tween 80,
its pH-dependent effects were studied under this condition. Figure 4.10 shows the
changes in absorption spectrum of 4.2 at different pH values. With decreasing the pH

value from 5.95 to 0.38, the Q band at 717 nm shifted gradually to the blue, giving
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two new bands at 628 and 682 nm with three isosbestic points at 423, 481, and 570
nm. The color of the solution also changed from grass green to blue green (Figure
4.11). The results are consistent with those obtained in CHCI3 and can be explained
similarly. A sigmoidal plot™* of the absorbance at 682 nm versus the pH afforded an

apparent pKa value of 0.95 jl: 0.07 (the inset of Figure 4.10).

0.1
00 4c 600 70

Wavelength (nm)

Figure 4.10. Electronic absorption spectra of 4.2 (5 juM) in H20 with 0.05% Tween
80 at different pH. The inset plots the Q-band absorbance at 682 nm versus the pH

value.

Figure 4.11. The color observed for a solution of 4.2 (10 xM) in H20 with 0.05%
Tween 80 at pH = 5.95 (left) and 0.38 (right).
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As shown in Figure 4.12, with decreasing the pH value from 5.95 to 038 > the
fluorescence emissions at 640 and 697 nm gradually enhance and the fluorescence
quantum yield finally reaches a value of 0.15 (Table 4.1). The fluorescence of the
solution also turns from light blue to bright red (Figure 4.13). As shown in the inset
of Figure 4.12, a sigmoidal plot"" of the fluorescence intensity at 697 nm versus the
pH affords an apparent pKa value of 0.83 :I__: 002 > which is very close to that obtained
from the absorption data. Hence, this compound is pH-responsive not only in organic

solvents, but also in aqueous media.

650 700
Wavelength (nm)

Figure 4.12. Fluorescence emission spectra (excited at 423 nm) of 4.2 (1 xM) in
H20 with 0.05% Tween 80 at different pH. The inset plots the fluorescence emission

intensity at 697 nm versus the pH value.
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Figure 4.13. The fluorescence observed for a solution of 4.2 (10 |aM) in H20 with

0.05% Tween 80 at pH = 5.95 (left) and 038 (right).

Table 4.1. Electronic absorption and fluorescence data for 4,2 in different conditions.

Solvent Acidic condition 7\%1(10}; 8) Aam (mn)
[TFA]=0 708 (5.15) 736
CHCI3
[TFA] = 140 mM 622 (4.76), 678 (5.32) 636, 694
H20 with 0.05% pH=15.95 717(4.95)
Tween 80 pH=0.38 628 (4.64), 682 (5.09) 640’ 697

Using ZnPc¢ in DMF as the reference (Op = 0.28).

To examine whether these pH-dependent changes are reversible,

0/
0.005
0.46

0.15

sodium

hydroxide (12 M) and HCI (12 M) aqueous solutions were used to change the pH

back and forth between 0.38 and 5.95. The ratios of the absorbance at 682 to 717 ran

were measured and the results are shown in Figure 4.14. It is clear that this process

has a high reversibility.
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Figure 4.14. Change of the ratio of the absorbance at 682 to 717 nm of 4.2 (5 [iM) in
H20 with 0.05% Tween 80. The pH value changes back and forth between 0.38 and
5.95.

4.3 Conclusion

In summary, we have described a novel near-infrared fluorescent dye 4.2 based
on distyryl BODIPY. It exhibits pH-responsive changes in absorption and emission
properties in CHCI3 and H20 with 0.05% Tween 80. Moreover, these changes have a

high reversibility.

4.4 Experimental Section
4.4.1 General
Experimental details regarding the purification of solvents and instrumentation
described in Section 2.4.1. The preparation of distyryl BODIPY 2.11a has been

reported in Section 2.4.3.
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The acidity of the Tween 80 aqueous solution was modulated by adding HCL
All pH measurements were made with a pH meter (Irion Model 420A).

The ?Ka values were determined by the sigraoidal fit,® which is a nonlinear
curve fitting model. The function used was the Boltzmann: y = y! + (yi - y2)/{l +
exp[(x-PX«)/dx]}, where y is the absorbance or emission intensity of 4.2 at different

pH value, yi is the initial y value, yi is the final y value, and x is the pH value.

4.4.2 Synthesis

Compound 4.2. A mixture of 2.11a (0.12 g > 012 mmol), Pd(PPh3)2CI2 (9 ng ’
0,012 mmol), Cul (6 mg, 0.03 mmol), 4-dimethylaminophenylethyne (4.1) (52 mg,
0.36 mmol), and triethylamine (5 mL) in THF (30 mL) was stirred at room
temperature overnight. The volatiles were removed in vacuo, then the dark green
residue was extracted with CH2CI2 (100 mL). The extract was washed with water (30
mL X 2), diad over anhydrous MgSO%*, then concentrated under reduced pressure.
The mixture was chromatographed using CHiCVethyl acetate (25:1, v/v) as eluent to
give a dark green solid (52 mg, 42%). "H NMR (400 vz > CD2CI2): 5 8.49 (d,] =
16.4 Hz, 2 H * CH=CH), 7.69 (d,J= 16.4 Hz, 2 H > CH=CH), 7.64 (d,J= 8.8 Hz,4 H?
ArH), 7.39 d * J= 8.8 Hz, 4 H > AH), 7.26 (d,J= 8.8 Hz,2 H * Af), 7.10 (d, /= 8.8
Hz, 2 H, ArH), 6.98 (d, /= 88 Hz, 4 H, ArH), 6.69 (d,/= 88 Hz * 4 H, ArH), 4.21 ¢°
J =44 Hz, 2 H, OCH2), 388 G J=52 Hz, 2 Hy OCH2), 387 & 6 H, OCH3),
3.73-3.71 > 21> OCH2), 3.66-3.61 (m, 4 H* OCH2) » 332 (m, 2 1> OO) »

3.35 (s, 3 H, OCH3), 3,00 ¢ * 12 H, NCH3) 1.64 (s, 6 H, CH3); NMR (100.6
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MHz, CDCI3): 6 160.6 > 159.6, 151.9, 150.1 > 1437 ° 1385 * 1383, 1332 * 1322, 1302 °
129.9, 129.3, 127.5, 117.2 > 1152, 1145 > 1144, 112.0, 110.5, 9.5, &.0° 7.0 71.0,
707 0 706 > M8 ° 676, 59.2, 555 7 403, 13.5; MS (ESI): isotopic clusters peaking at
m/z 1009 {100%, [M + H]+} and 1347 {30%, [M - F]+}; HRMS (ESI): m/z calcd for
C62H64BF2N4O6 [M + Hf: 1009.4881 ° found: 1009.4897. Anal, calcd for
C62H65BF2N407 (5.H20): C * 7251; H ? 638; N, 5.46. Found: C, 72.19; H, 6.00; N,

5.19.
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Chapter 5

Highly Sensitive and Selective Fluorescent Sensors Based on

Monostyryl BODIPY for Zinc and Cadmium Ions

5,1 Introduction

Both zinc and cadmium are Group 12 elements which play important roles in
our daily life. Zinc is the second most abundant transition metal in the human body,
where it plays an important role in many biological processes.1 It is also believed that
disorder of zinc homeostasis is implicated in a number of diseases, such as
Alzheimer's disease. Cadmium poses severe harm for human health and the
environment. Excessive exposure of the body to cadmium will lead to renal
dysfunction, calcium metabolism disorders, and an increased incidence of certain
form of cancers? Therefore it is meaningful to develop sensitive and specific
methods to detect Zn and Cd ions. Fluorescence signaling is an excellent choice
due to its high detection sensitivity and intrinsic operation simplicity. Hence the
design and development of novel fluorescent sensors which can selectively detect
and image Znl] 484 Cd™ ions has received much current interest/” Generally,
Zn2+ and Cd"™ ions have very similar chemical properties, so the discrimination
between them is very difficult. To date, only a few examples have been reported." " ®"
BODIPY dyes are desirable fluorophores because of their large extinction

coefficients, high quantum yields, ease of chemical modifications, good solubility
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and stability in many solvent systems.” Recently, this class of dyes has been widely
used as metal sensors."®* We report in this Chapter two fluorescent sensors based
on monostyryl BODIPY, containing different number of polyamide chains, which

exhibit a high selectivity for Zn™ and Ccf™" ions.

5.2 Results and Discussion
5.2.1 Chemical Synthesis and Spectroscopic Characterization

Scheme 5.1 shows the synthetic route used to prepare the target compounds
5.8a and 5.8b. Nucleophilic substitution of ethyl bromoacetate (5.2) with aniline
(5.1a) or 1,2-benzenediainine (5.1b) under a basic condition gave the intermediate
5.3a or Vilsmeier reaction ofthese compounds with phosphorus oxychloride
(5.4) in DMF afforded the ester substituted benzaldehydes 5.5a and
Condensation of triethylene glycol monomethyl substituted BODIPY 2.5 with
aldehyde 5.5a or 5.5b, followed by amidation with 2-ammoethanol (5.7) afforded the
monostyryl BODIPY 5,8a or 5.8b.

All of these compounds were purified by silica gel column chromatography and
characterized with various spectroscopic methods. Taking the “H NMR spectrum of
monostyryl BODIPY 5.8a as an example (Figure 5.1), the three singlets at 1.43, 1.46
and 2.58 ppm are due to the methyl protons in the pyrrole rings. The broad signal at
2.90 ppm is due to the hydroxyl protons. The signals from 3.3 to 4.2 ppm are
attributed to the triethylene glycol chain and all the methylene protons. The two

singlets at 5.99 and 6.57 ppm are due to the pyrrole ring protons. The singlet at 7.96
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ppm is due to the amide protons. The other signals from 6.5 to 7,5 ppm are due to the
aryl and vinyl protons. For the other target compound 5.8b, the assignment of "H
NMR signals is similar to that of 5.8a.

The NMR data of these monostyryl BODIPYs were also in accord with
the structures though some of aromatic carbon signals and the chain CH2 signals
were overlapped.

All of these compounds were further characterized with ESI mass spectrometry.
The isotopic distribution as well as the exact mass for the [M}+ (for 5.6a, 5.8a, and

5.8b) and [M + Nal+ (for 5.6b) species were in good agreement with the calculated

ones.
>=/ KIIK2HPO4 )y =1 DMF. pyridine w H
[ orNal/DIPEA 75 R
51a R,=nHz, R2=H 5.3a Rj=(YCHzCOOCzHs)" RA=H 80% 55a Rj=N(CH2COOC2Hs)2, R4=H 65%
5.1b Ri=R2=NH2 5.3b R3= R4 = N(CH2C00C2H5)2 61% 5.5b R3= R4 =II{CHjCOOCzHSs)? 62%

\ \

—

at.
CH3COOH
piperidine

Rt R B

5.6a R, =N(CH,C00C,H5),. R4=H 15% 5.8a R5=N(CH2CONHCH2CH20H)2" R"zH 70%

5.6b R3=R, = N(CH2C00C2H5)2 10% 5.8b R5=Re=NCCH"CONHCH"CH"OHh 12%

Scheme 5.1. Synthesis ofmonostyryl BODIPY's 5.8a and 5.8b.
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Figure 5.1. H NMR spectrum of 5.8a in CDCB3 5 * indicates residual solvent signal.

5.2.2 Spectral Response of 5.8a to Various Metal Ions in MeCN

The electronic absorption spectrum of 5.8a in MeCN exhibited an absorption
band at 586 nm (Figure 5.2). Upon addition of Zr?" ion, this band was attenuated
while a new peak appeared at shorter wavelength positioned at 563 nm, and the color
of the solution turned from light blue to light purple (Figure 5.3). Three isosbestic
points at 350, 452, and 571 nm were clearly observed during the spectral titration,
indicating the formation of a well-defined 5.8a-Zn™* complex. The response of the
absorption spectrum of 5.8a toward a variety of metal ions was also examined in
MeCN. A similar but weaker effect was observed for Pb?. ion. Addition of Hg2+ ion

led to a bathochromic shift of 7 nm for the absorption. Addition of Cu ion greatly
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decreased the maximum band at 586 rnn, which eventually disappeared. At the same
timey two new peaks at 500 and 700 rnn appeared with two isosbestic points at 430
and 521 run. Other metal ions such as Cdl | M2+, CalNet, ad K+ ions induced a
little effect on the absorption spectrum of 5.8a. All these spectral changes are shown
in Figure 5.4.

0.6

452 nm

0.0
350 400 600 650

Figure 5.2, Change in electronic absorption spectrum of 5.8a in MeCN (4 |jM) upon
addition ofZn”™" ion (0-200 NM).

Figure 5.3. The observed color change of 5.8a in MeCN (4 fiM) upon addition of
metal ions. From left to right: control, in the presence of Zn™** ion (200 [aM), and in

the presence of Cd ion (200
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Figure 5.4. Changes in electronic absorption spectrum of 5.8a in MeCN (4

upon addition of various metal ions (0-200 |[iM).
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As shown in Figure 5.5, free 5.8a exhibited a weak fluorescence emission at
620 nm with a fluorescence quantum yield (Of) of 0.066. Upon addition of Zn ion,
the fluorescence emission intensity at 620 nm remained essentially unchanged, while

a new emission band at 572 nm emerged, of which the intensity dramatically
2+

increased. The fluorescence quantum yield increased to 0.33 when 200 equiv. of Zn

ion was added. The fluorescence of the solution also turned from red to yellow
(Figure 5.6). The remarkable change in emission position and intensity resulted from
suppressing the intramolecular charge transfer (ICT) process because the
electron-donating ability of the nitrogen atoms in 5.8a was dramatically reduced

upon coordination with Zv?" ion.

550 600 65(
Wavelength (nm)

Figure 5.5. Change in fluorescence emission spectrum (excited at 535 nm) of 5.8a in
MeCN (1 |jM) upon addition of Zn ion (0-200 pM). The insert shows a nonlinear
curve fitting of the fluorescence intensity at 572 nm of 5.8a versus the concentration

of Zn2+ ion.
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The response of the fluorescence of 5.8a toward a variety of metal ions was also
examined in MeCN. The spectral changes are shown in Figure 5.8. Addition of Hg2+
ion quenches the emission band at 620 nm and a new band at 575 nm appears.
Addition of Cu™ ion also quenches the emission band at 620 nm in a more effective
manner, and a very weak band at 560 nm also appears. Addition of Po"" ion enhances
the fluorescence intensity of the bands at 575 and 620 nm. Other metal ions such as
cot, M@+ Ca2+ Net, and K+ ions have no significant effects on the fluorescence
spectrum of 5.8a. Figure 5.9 compiles the effects of all these metal ions. It is clear

that 5.8a can detect Zr?” ion with a high selectivity and sensitivity.
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Figure 5.8. Changes in fluorescence emission spectrum (excited at 535 nm) of 5.8a

in MeCN (1 "iM) upon addition of various metal ions (0-200 ~M).
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Figure 5.9. Fluorescence emission spectra (a) and change in fluorescence intensity at
572 nm (b) of 5.8a in MeCN (1 in the presence of 200 equiv. of various metal

ions.

5.2.3 Spectral Response of 5.8b to Various Metal Ions in Phosphate Buffered
Saline (PBS)
The electronic absorption spectrum of 5.8b in PBS solution (0.0IM, pH = 7.4,

containing 0.0027 M KCI and 0.137 M NaCI) exhibited an absorption band at 573

nm (Figure 5.10). Upon addition of Cd ion, the band at 573 nm was slightly
attenuated, and the color of the solution remained essentially unchanged. The
response of the absorption spectrum of 5.8b toward a series of metal ions was also
examined in PBS. As shown in Figure 511 ’ all these metal ions, including Zn ’
Hot, o+ b, M@+ Ca2+ Neb, and Kot have little effect on the absorption

spectrum of 5.8b.

136



Ph. D. Thesis—~Hui He

0.4
573 nm

&
;

0.1

0.0

500 600 700
Wavelength (nm)

Figure 5.10. Change in electronic absorption spectrum of 5.8b in PBS (6 jM) upon
addition of Cd!. ion (0-80 j"M).
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Figure 5.11. Changes in electronic absorption spectrum of 5.8b in PBS (6 |iM) upon

addition ofvarious metal ions (0-80 [J.M).
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Free 5.8b exhibited a weak fluorescence emission at 570 run in aqueous media
with a fluorescence quantum yield of 0.005. The fluorescence intensity was found to
be independent of the pH from 4 to 9 (Figure 5.12). Therefore, we performed the
metal binding studies in PBS solution (O.0OIM, pH = 74 > containing 0.0027 M KCl
and 0.137 M NaCl). Upon addition of Cd™ ion, the fluorescence intensity at 570 rnn
of 5.8b increased significantly with a hypsochromic shift of 5 nm (Figure 5.13), The
fluorescence quantum yield increased by ca.l5 fold (Op = 0.076). As shown in
Figure 5.14, the fluorescence of the solution turned from light purple to yellow.
These changes can be attributed to the binding of the nitrogen atoms in 5.8b with
Cd2+ ion which inhibits the ICT process. A Job's plot indicated that 5.8b chelated
Cd2+ ion with 1:2 stoichiometry (Figure 5.15). The association constants K| and Ki
were determined to be (4.4 j: 0.9) x 10" NT” and (1.3 j: 0.1) x 10* M"" respectively,

by a 1:2 nonlinear least-squares analysis'* of fluorescence intensity at 565 nm versus

|
the concentration of Cd ion (the inset of Figure 5.13).

Bt vro Ot

TV 3 E<0s<
s

Figure 5.12. Change in the fluorescence intensity at 570 nm of 5.8b in aqueous

media (1 jiM) with the pH value.
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565 nm

550 600 625 650
Wavelength (nm)
Figure 5.13. Change in fluorescence emission spectrum (excited at 530 nm) of 5.8b
in PBS (1 fiM) upon addition of Cd ion (0-80 |aM). The insert shows a nonlinear
curve fitting for the fluorescence intensity at 565 nm of 5.8b versus the concentration

of Cd2+ ion.

Figure 5.14. The observed fluorescence change of 5.8b in PBS (10 jiM) upon
addition of metal ions. From left to right: control, in the presence of Zn™ ion (200

W), and in the presence of Cd™ ion (200 "iM).
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Figure 5.15. Job's plot for the binding of 5.8b with Cd | ion. The total concentration

of 5.8b and Cd’ | ion was fixed at 4 j"M.

The response of the fluorescence of 5.8b toward a series of metal ions was also
examined in PBS. A similar but less intense effect was observed for Hg2+ ion.
However, the effects of other metal ions, including Zr?*, Cu” Pb2+ Ca” Nat,
and K+ exerted only a weak effect on the fluorescence spectrum, as shown in Figure

5.16. It can clearly be seen in Figure 5.17 that compound 5.8b shows a high

selectivity toward Cd ion.
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Figure 5.16. Changes in fluorescence emission spectrum (excited at 530 nm) of 5.8b

in PBS (1 |[iM) upon addition ofvarious metal ions (0-80 [aM).
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Figure 5.17. Fluorescence emission spectra (a) and change in fluorescence intensity

at 565 nm (b) of 5.8b in PBS (1 juM) in the presence of 80 equiv. of various metal

ions.

Competition experiments were also conducted. When 80 equiv. of various metal

ions was respectively added into a solution of 5.8b in PBS containing 80 equiv. of
|

Cd ion, the emission spectra displayed a similar pattern and the intensity at 565 nm

was not significantly changed as shown in Figure 5.18. The results suggest that

compound 5.8b has a stronger binding to Cd " ion compared with the other metal

Yy

1\ | HHV@' mZm

00-
control Pb™* Na*  K*

Metal lons

Figure 5.18. Change in fluorescence intensity at 565 nm of 5.8b in PBS (1 jiM)

containing 80 equiv. of Cd™" ion upon addition of 80 equiv. of various metal ions.
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5,3 Conclusion

We have developed two fluorescent sensors 5.8a and S5.8b based on a
monostyryl BODIPY fluorophore and a polyamide ionophore. Compound 5.8a
shows a high selectivity toward Zn™" ion in MeCN, while compound 5.8b exhibits a
high selectivity toward Cd™ ion in aqueous media. Both of them can distinguish Zn™

and Cd ions.

5.4 Experimental Section
5.4.1 General

Experimental details regarding the purification of solvents and instrumentation
have been described in Section 2.4.1. The preparation of triethylene glycol
monomethyl substituted BODIPY 2.5 has been reported in Section 2.4.3.

The salts used in this study were Zn(C104)2'6H20, Cd(a04)2H20,
Hg(C104)2.3H20 Cu(C104)2-6H20, Pb(C104)2.3H20 Mg(C104)2.6H20 ?
Ca(C104)2.4H20 °> NaCl104, and KCIOA4.

Fluorescence quantum yields were determined by using Rhodamine B in EtOH

as the reference [F(ref) = 0.49].

The association constants were determined by nonlinear least-squares analysis.
For the binding of 5.8a with Zr?”" ion, the 1:1 binding equation was used: y = lo + (i
lo)fco + X + UK - (co + X+ HKf - 4cox]il2bo, 9 where y is the emission
intensity of 5.8a in the absence or presence of Zn™" ion, lo is the initial emission

intensity of Zn™"-free 5.8a, Ii is the ultimate emission intensity of 5.8a in the
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presence of Zr?” ion, co is the initial concentration of 5.8a, x is the concentration of
Zn2+ ion, K is the association constant of 5.8a with Zr?” ion. For the binding of 5.8b
with Cd2+ ion, the 1:2 binding equation was used: y = (1 [/ hKjx + RKiK2X y{l +
KIX + where y is the emission intensity of 5.8b in the absence or presence
of Cd2+ ion, lo is the initial emission intensity of Cd\""-free S8b * Ii is the ultimate
emission intensity of a 1:1 5.8b-Cd™ complex, Kj is the first association constant of

5.8b with Cd2+ ion, 12 is the ultimate emission intensity of a 1:2 5.8b-2Cd"" complex,

1

K2 is the second association constant of 5.8b with Cd ion, x is the concentration of
Cd2+ ion. In fact, in the case of lower concentrations, where a 1:1 complex was

suggested, the equation y = (lo + [\Kix)/(I + Kjx) was first used to obtain K/ and 1i? ]

5.4.2 Synthesis

N,N-di[(2-hydroxyethyl)carbamoylmethyl]anilme (5.3a)7 A mixture of
aniline (5.1a) (2.67 g ? 287 mmol), ethyl bromoacetate (5.2) (14.3 g, 83.9 mmol),
potassium iodide (2.38 g, 14.3 mmol), and dipotassium hydrogen phosphate (12.5 g,
71.8 mmol) in MeCN (70 mL) was refluxed under nitrogen for 4 h. It was then
cooled and poured into water (100 mL). The resulting mixture was extracted with
CH2CI2 (100 mL X 3). The extract was dried over anhydrous sodium sulfate and
concentrated to give a brown oil. The residue was purified by flash chromatography
using hexane/ethyl acetate (5:1, v/v) as elute to give a white solid (6.1 g, 80%). "H

NMR (300 MHz, CDCI3): 6 7.22 (t,J= 7.5 Hz, 2 H, ArH), 6.78 (t,J= 7.2 Hz, 1 H,
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ArH), 6.62 (d.J= 8.1 Hz, 1 Hy A, 4.18-4.25 (m, 4 H, OCH2), 414§ 4 H, NCH2),
1.29 (virtual i,J= 6.6 Hz, 6 H, CH3).
N,N,N',N'-tetral(2-hydroxyethyl)carbamoylmethyl]-o-phenylenediaraine
(5.3b).6g A mixture of 1,2-benzenediamine (5.1b) (2.2 g, 20.4 mmol), ethyl
bromoacetate (5.2) (13.4 mL ? 121 mmol), sodium iodide (2.6 g, 17 mmol), and
diisopropylethylamine (DIPEA) (16.7 ml, 100 mmol) in MeCN (25 mL) was
refluxed under nitrogen for 7 h. It was then cooled and poured into water (100 mL).
The resulting mixture was extracted with CH2CI2 (100 mL x 3). The extract was
dried over anhydrous sodium sulfate and concentrated to give a brown oil. The
residue was purified by flash chromatography using hexane/ethyl acetate @1 > vA) as
elute to give a white solid (5.6 g * 61%). “"H NMR (400 MHz, CDCI3): 6 7.03-7.05 (m,
2 Hy, AH),6.93-6.96 (m, 2 Hy ArH),4.30 ¢ 8 H,N-CH2), 4.08-4.13 (m, 8Hy OCH2),
1.20 (t J=7.2 Hz, 12 H, CH3).
p-Formyl-N,N-di[(2-hydroxyethyl)carbamoylmethyl] aniline
Compound 5.3a (066g * 25 mmol) was dissolved in a mixture of DMF (25 mL) and
pyridine (5 mL). The mixture was cooled in an ice bath, then phosphorus oxychloride
(5.4) (19 mL, 0.2 mmol) was added dropwise in 30 min. The mixture was stirred at
0°C for 1 h and then heated at 75 °C for 2 h. After cooling, the mixture was mixed
with CH2CI2 (125 mL) and poured into crushed ice mixed with sodium carbonate
(42.4 g, 0.4 mol). The aqueous layer was extracted with CH2CI2 (125 mL x 3). The
combined extract was dried over anhydrous sodium sulfate and concentrated in

vacuo. The crude product was purified by flash chromatography using CH"Clz/ethyl

146



Ph.D. Thesis~Hui He

acetate (2:1 * vv) as elute to afford a light yellow oil (0.48 g , 65%). “H NMR (300
MHz, CDCh): 59.79 (s, 1Hy, CHO), 7.75 (d, J= 8.7 Hz, 2 H, ArH), 6.67 (dy J=9.0
Hz, 2 H, ArH), 4.20-4.28 (m, 8 Hy OCH2,NCH2), 1.29 d, J=7.2 Hz, 6 H, CH3).
4-FornN’>N°’N , N'-etetra[(2-hydroxyethyl)carbamoylmethyl]-1,2-

phenylene-diamine According to the procedure described for 5.5a,
compound 5.3b (1.13 g, 2.5 mmol) was converted to 5.5b as a light yellow solid
(0.74 gy 62%). 1h NMR (400 MHzy CDCI3): 59.83 & | H, CHO), 7.60 (virtual s, 1
H, ArH), 7.49 (virtual d,J= 8,4 Hz, 1 H, ArH), 7.10 (d * 8.4 Hz, 1 H, ArH), 4.42
(s, 4 H, NCH2), 4.28 (s, 4 H, NCH2), 4.09-4.16 @my 8 H, OCH2), 1.21 (tJ= 1] Hz,
12 H, CH3).

Monostyryl BODIPY 5.6a. A mixture of triethylene glycol monomethyl
substituted BODIPY 2.5 (0.20 g, 04 mmol), aldehyde 5.5a (0.15 g, 0.5 mmol),
glacial acetic acid (0.6 mL, 10.5 mmol), piperidine (0.8 mL, 81 mmol), and a small
amount of Mg(C104)2 in toluene (60 mL) was refluxed for 2 h. The water formed
during the reaction was removed azeotropically with a Dean-Stark apparatus. The
mixture was concentrated under reduced pressure. The residue was purified by silica
gel column chromatography using ethyl acetate/hexane (1:2, v/v) as the eluent. The
red fraction was collected and rotary evaporated. It was then further purified by size
exclusion chromatography with Bio-beads S-XI beads using THF as the eluent to
afford a purple solid (50 mg, 16%). “H NMR (300 MHz, CDCI3): 5 7.50 (d, 159
Hz, 1 Hy CH=CH), 749 (d,J= 8.4 Hz, 2 H, ArH), 7.18 (d, J= 8.4 Hz, 2 H, ArH),

7.17 (d,y= 15.9 Hz, 1 Hy CH=CH), 7.02 (d,/- 8.4 Hz, 2 H, ArH), 6.60 (d,J= 8.4
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Hz, 2 Hy AMH), 6.57 (s, 1 H, pyrrole-H), 597§ 1 Hy pymole-H), 4.17-4.27 (m, 10 H,
OCH2, NCH2, COOCH2), 3.91 (t,J= 4.8 Hz, 2 H, OCH2), 3.66-3.80 (m, 6 n » OCH2),
3.57 (t,J= 4.5 Hz, 2 0, OCH2),3.39 (s, 3 1, OCH3),2.58 ¢ >3 1, CH3),1.49 (s, 3 H,
CHs), 1.46 (s, 3 H, CH3), 1.29 (t,/= 6.9 Hz, 6 H, GB); "C{1N} NMR (100,6 MHz,
CDCI3) = 6 170.6, 159.4, 154.0 > 153.8, 148.7,142.9 > 141.7,139.7 > 136.7 » 133.5 > 131.9,
129.6, 1293 * 127.6, 127.0, 120.8 > 117.6 > 1159 » 1152, 112.6, 721 > 710 > 708, 70.7,
69.9, 676 ° 615, 59.2, 537 * 150, 14.8, 147 * 144; MS (ESI): isotopic clusters
peaking at m/z 742 {20%, [M—F]+} ) T62 {15% » [M+Hf}, 784 {100%, [M+Na]+} and
800 {95%, [M+K]+}; HRMS (ESI): M/Z calcd for CjiHsoBFzNgNaOs [M+Naf:
784.3551 ° found: 784.3543. Anal, calcd for C4IHSOBF2N30OS .« C° 6465; H, 6.62; N,

5.52. Found: Cy 6490; H, 7.06; N, 5.44.

Monostyryl BODIPY 5.6b. According to the procedure described for 5.6a, a
mixture of BODIPY 2.5 (0.20 g, 04 mmol), aldehyde 5.5b (0.24 g, 0.5 mmol),
glacial acetic acid (0.6 mL, 10.5 mmol), piperidine (0.8 mL, 8.1 mmol), and a small
amount of Mg(C104)2 in toluene (60 mL) was refluxed for 4 h. The crude product
was purified by silica gel column chromatography using ethyl acetate/hexane (12 ’
v/v) as the eluent. The red fraction was collected and rotary evaporated. It was then
further purified by size exclusion chromatography with Bio-beads S-XI beads using
THF as the eluent to afford a purple solid (38 mgy, 10%). “"H NMR (400 MHz,
CDCI3) : 67.51 (d,J= 16.0 Hz, 1Hy CH=CH), 7.30 (virtual d, J= 8.4 Hz, 2 H, ArH),
7.18 & J= 8.4 Hz, 2 Hy AM), 7.17 (s, 1 H, ArH), 7.14 (d, J= 19.6 Hz, 1 H,

CH=CH), 7.02 (dy J= 8.4 Hz, 2 H, ArH), 7.01 (d, J= 8.4 Hz, 1H, ArH), 6.56 &, 1H,
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pyrrole-H), 598 § 1 H, pyrrole-H), 4.35 (s, 4 Hy NCH2), 4.31 (s, 4 H, NCH2), 4.19
G J=44 Hz, 2 Hy OCH2), 410416 (m, 8 H, OCH2), 3.92 (t, J = 4.8 Hz, 2 u,
OCH2), 3.77-3.79 (m, 2 H, OCH2), 3.67-3.73 my 4 H, OCH2), 3.56-3.59 (m, 2 H,
OCH2), 3.40 & 3H, OCB), 258 (s, 3 H, CH3) 147 (s,3 H, G3), 143 (s, 3 H,
CH3), 1.22 (tJ= 7.2 Hz, 6 H, CH3), 1.21 ¢? J= 7.2 Hz, 6 H, (]-B) ; NMR
(100.6 MHz, CDCI3): 6 171.0, 170.9, 1594 * 1546 > 1533, 142.6, 142.5, 142.4, 1414 >
140.1, 136.3, 133.3, 132.2, 131.5, 129.5, 127.5 > 123, 121.6, 1215 > 121.0, 117.7,
117.6,115.2, 20 > 71.0 > 70.8 > 77, 69.8, 676 * 60.8, 59.2, 52.6 > 25, 15.0, 14.8°14.7>
14.3; MS (ESI): isotopic clusters peaking at m/z 929 {10%, [M—F]"‘} s M8 {30%,
[M]+} and 949 {20%, [M+H]""}; HRMS (ESI): m/z calcd for C49H63BF2N4012 [M]+:
948.4498, found: 948.4534.

Monostyryl BODIPY 5.8a. Compound 5.6a (15 mg, 0.020 mmol) was
dissolved in acetonitrile (5 mL) and 2-aminoethanol (5.7) (5 mL). The solution was
refluxed under nitrogen for 1.5 h. It was then cooled and concentrated in vacuo to
remove the acetonitrile before pouring into saturated brine (50 mL). The mixture was
neutralized with sodium dihydrogen phosphate, and extracted with CH2CI2 (100 mL
X 3). The combined extract was dried over anhydrous sodium sulfate and then
concentrated in vacuo. The product was purified by flash chromatography using
CH2CI12/methanol (15:1, v/v) as eluent to give a purple solid (11 mg, 70%). “H NMR
(300 MHz, CDCI3) 1 6 7.96 (s, 2 H, NH), 747750 (m, 3 H, CH=CH, ArH), 7.17 (d,
J=8.1 Hz, 2 H, ArH), 7.15(d,J - 17.7 Hz, 1 H, CH=CH), 7.02 d * J=8.4 Hz, 21>

ArH), 6.57 (s, 1 H ? pyrrole-H), 6.53 (d, J = 8.7 Hz, 2 H, ArH), 599 61 H,
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pyrrole-H), 4.17 (¢’ 4.8 Hz, 2 H, OCH2), 3.93 & 4 H, NCH2) 3.90 (t, 4.5 Hz,
2 H? OCH2), 3.67-3.80 m ? 10 H, OCHZ) » 357 (t,J= 4.5 Hz, 2 H ? OCH2), 3.47-3.46
(m, 4 H, NCH2), 340 (s, 3 H, OCH3), 2.90 (s, 2 H, OH), 2.58 & 3 H, CH3), 146 (s,
3H’>QB) 1463 H, CH3);"C{1H} NMR (100,6 MHz, CDCI3): 6 171.8 *> 15942,
153.8, 153.7 > 1474 > 143.1 > 1419 > 139.8, 136.7 1334 > 132.0, 129.6> 129.3, 127.4>
126.8 » 1209, 117.8 > us7 > 115.2, 112.1, 72.1, 71.0, 70.8, 70.7, 69.9, 61.6, 61.5 9.2>
57.0, 425 > 311 °> 150 * 148 14.7, MS (ESI): isotopic clusters peaking at m/z 111
(60%, MF]+}, B (100%, MI+}, ad 792 {60%, [M+H]+}; HRMS (ESD): m/z
caled for C4IH52BF2N508 [MJ+: 791.3872, found:791.3852. Anal, calcd for
CAIH52BF2N309 (5.8a H20): C, 60.82; Hy 672 Ny 865. Found: C, 60.61; H, 6.93; N,
8.32.

Monostyryl BODIPY 5.8b. According to the procedure described for 5.8a, a
mixture of 5.6b (19 mgy 0020 mmol) and 2-aminoethanol (5.7) (5 mL) in acetonitrile
(5 mL) was refluxed under nitrogen for 1.5 h. The crude product was purified by
flash chromatography using CHzClz/methanol (10:1 > vA) as eluent to afford a purple
solid (2.4 mg, 12%). “"H NMR (400 MHz, CDCI3 with a trace amount of CD30D): 5
8.13 (t,J= 5.2 Hz, 2 Hy NH), 8.07 (t,J~ 5.2 Hz, 2 H, NH), 7.42 (dy J 164 Hz, 1 H,
CH=CH), 7.24 (s, 1 H, ArH), 718 (d,J= 8.8 Hz, 2 Hy ArH), 7.15 (d,J= 7.2 Hz, 1 H,
ArH), 7.14 {dJ= 20.8 Hz, 1 H, CH=CH), 704 dy J=8.8 Hz, 2 H, ArH), 6.93 (d, J
-8.4 Hz, 1 Hy A), 6.59 (s, 1 H, pyrrole-H), 6.02 § 1 H, pyrrole-H), 4.20 (t, J =
42 Hz, 2 Hy, OCH),4.14 (s, 4 H, NCH2), 409 (s, 4 H, NCH2), 39 (4 J4.8 Hz, 2

H, OCH2), 3.77-3.80 (m, 2 H, OCH2), 3.67-3.73 (m, 4 H, OCH2), 3.55-3.59 (m, 10 H
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OCH2, NCH2CH2), 3.40 (s, 3 H * OCH3), 2.56 (br, 7 H > CH3, OH), 1.48 (s, 3 H * CH3),
1.45 (s, 3H, aB)s "C{Ih} NMR (100.6 MHz, CDCI3): 6 171.6 159.5, 154.7, 153.0,
143.0 - 142.8, 141.7° 140.4 > 136.4, 133.4, 132.2, 131.8, 129.5, 127.2, 123.9 > 1214,
120.1 > ns1, 117.5, 1153, 2.1 > 71.0> 0.8 > 10.7 > 6.9, 67.6 > 61.1, 9.2, 56.0, 42.2,
29.8 7 149, 14.8; MS (ESI): an isotopic cluster peaking at m/z 1008 {10%, [Mf};

HRMS (ESI): m/z calcd for C49H67BF2N8O12 [M]+: 1008.4934 * found: 1008.4918.
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Chapter 6

A Near-Infrared Fluorescent Sensor for Zn™ Ion Based on

Silicon(IV) Phthalocyanine

6.1 Introduction
6.1.1 Phthalocyanines

Phthalocyanines were derived from the Greek terms naphtha (rock oil) and
cyanine (dark blue). The metal-free unsubstituted derivative was discovered
accidentally by Braun and Tchemiac in 1907 as a byproduct in the reaction of
phthalamide and acetic anhydride.® This class of pigments exhibits unusual stability
toward alkaline, acid, and heat. They contain a highly conjugated macrocyclic tt
system with four imino-isoindoline units (Figure 6.1)." Their absorption spectra are
characterized by a very strong absorption at ca. 670 nm, which is termed as the Q
band, one to two weak absorption band(s) around 600 nm due to the vibrational
overtone(s) of the Q band, and a strong Soret absorption peak at ca. 350 nm. These

absorptions render a characteristic greenish blue color to these dyes.

Figure 6.1. General structure of metallophthalocyanines.
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Due to their intense color, and high thermal and chemical stability,
phthalocyanines were first employed as green and blue colorants in the photographic,
printing, plastics, and textile industries.® Their intriguing optical and electrical
properties also enable them to be used in various technological areas such as
photoconductors, optical recording materials, chemical sensors, and catalysts for
oxidative degradation of pollutants/ Apart from these applications, phthalocyanines

are also promising photosensitizing agents for photodynamic therapy.5

6.1.2 SiUcoii(IV) Phthalocyanines

Phthalocyanines with a Group IV metal center can be structurally modified via
the attachment of axial substituents. Axially ligated silicon phthalocyanines have
advantages over other peripherally substituted phthalocyanines. Firstly these
derivatives usually do not exhibit as isomers. Additionally, the axial ligands can not
only increase the solubility, but also prevent the aggregation of the phthalocyanines.

The preparation of these silicon phthalocyanines usually involves the silicon
phthalocyanine dichloride (SiPcCy (6.2) as a precursor, which can be prepared by
treating 1,3-diiminoisoindoline (6.1) with silicon tetrachloride in quinoline (Scheme
6.1).6 This compound has a poor solubility in common organic solvents and can only
be purified by Soxhlet extraction with different solvents. Different axial substituents
can then be introduced by replacing the axial chloro ligands by substitution reactions.
The resulting axially substituted phthalocyanines usually have improved solubility,

which allows their purification by column chromatography.
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Scheme 6.1. Synthesis of silicon phthalocyanine dichloride (6.2).

6.1.3 Design of a Metal Sensor Based on Silicoii(IV) Phthalocyanine

As mentioned in Chapter 5 ’ zic is the second most abundant transition metal
element in the human body and it plays an important role in many biological
processes. Therefore, the design and development ofnovel fluorescent probes which
can selectively detect and image Zn 1on in biological systems has received much
current interest. Near-infrared (NIR) dyes with emission wavelengths in the region
of 650-900 nm are regarded as ideal fluorophores due to their good transmission and
low autofluorescence in biological systemsSilicon(IV) phthalocyanines are
desirable candidates for this application because of their strong fluorescence
emission at ca. 670 nm and ease of conjugation with various metal chelators.
However, phthalocyanine-based fluorescence sensors remain little studied.” We
describe herein a silicon(IV) phthalocyanine with two axial bis(2-picolyl)aniine

ll

moieties which can act as aZn ion fluorescence sensor.
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6.2 Results and Discussion
6.2.1 Chemical Synthesis and Spectroscopic Characterization

The synthesis of compound 6.6 is depicted in Scheme 6.2. Firstly, N,N-bis(2-
picolyl)-2-aminoethanol  (6.5) was prepared by nucleophilic addition of
2-pyridinecarboxaldehyde (6.3) with 2-aminoethanol (6.4) followed by reduction
with a mixture of sodium cyanoborohydride and acetic It was then reacted
with silicon phthalocyanine dichloride (6.2) in the presence ofNaH in toluene to give
the target compound 6.6 in a relatively low yield. This compound was purified by

silica gel column chromatography and fully characterized with various spectroscopic

methods.
On
|
- f P
150 LY cl
0 6.4 6.2
N. "SL N
NBHON NaH, toluene
AN f
H-"O0 CH3COOH
CH30H OH

Scheme 6.2. Synthesisof phthalocyanine 6.6.

Figure 6.2 shows the "H NMR spectrum of phthalocyanine 6.6 in CDCI3. The
two downfield multiplets at 9.54-9.57 and 8.29-8.33 ppm are due to the

phthalocyanine a and @ringprotons, respectively. The four sets of signals from 5.47
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to 7.97 ppm are due to the pyridyl protons. In addition, two well-separated triplets
and a singlet are also observed for the methylene protons of the axial moieties. Due

to the shielding effect by the ring current, these signals are significantly shifted
upfield.

The 13c {IH} NMR spectra of this compound showed clearly the expected
number of signals. This compound was further characterized with ESI mass

spectrometry. The isotopic distribution as well as the exact mass for the [M + Nal+

species was in good agreement with the calculated one.

nr, 0 = ~
) ?9\/ {q <>
\/ # 7 T

I
m
{mh

Figure 6.2. H NMR spectrum of phthalocyanine 6.6 in CDCI3;

* indicates residual
solvent signal.
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6.2.2 Spectral Response to Various Metal Ions in MeCN

The electronic absorption spectrum of 6.6 was first recorded in MeCN. It
showed a Soret band peaking at 353 nm, an intense and sharp Q band at 672 nm,
together with two vibronic bands at 604 and 640 nm. The Q band strictly followed
the Lambert Beer's law showing that the compound was non-aggregated in MeCN

(Figure 6.3).

672 nm

1.4

[6.51 (fiM)

600
Wavelength (nm)

Figure 6.3. Electronic absorption spectra of 6.6 at various concentrations in MeCN.

The inset plots the Q-band absorbance versus the concentration of 6.6.

The spectral response of 6.6 toward various metal ions was then examined and
the results are shown in Figure 6.4. Upon addition of Zn""\, Cd™\, b, Nk, Kt
MgzF, o Ca2+ion, no significant change in the absorption spectrum was observed.
However, addition of Cu™ or Pb™ ion induced a bathochromic shift of ca. 10 nm to

the Q band.
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300 400 500 600 700 800
Wavelength (nm)

Figure 6.4. Changes in electronic absorption spectrum of 6.6 in MeCN (2 jxM) upon

addition ofvarious metal ions (0-30 fiM).

The fluorescence emission spectrum of 6.6 was also recorded in MeCN. It
exhibited a weak fluorescence emission at ca. 680 nm as a result of the efficient
photoinduced electron transfer (PET), which quenches the singlet excited state ofthe

silicon phthalocyanine by the lone pair of electrons at the nitrogen atoms in the axial

moieties (Figure 6.5). In the presence of Zn ion, the lone pair electrons at the
nitrogen atoms participated in coordination and the PET process was inhibited.
Therefore, upon addition of Zn™" ion, the fluorescence intensity at 676 nm gradually
increased and eventually reached a 5-fold enhancement.

The binding stoichiometry of 5.8a and Zn [_{vas examined by a Job's plot. The
result indicated that 6.6 chelated Zn™" ion with a 1:2 stoichiometry (Figure 6.6). The
overall association constant K was determined by a 1:2 nonlinear least-squares
analysis 11 of the change in fluorescence intensity with the concentration of Zn™ ion
(the inset of Figure 6.5). The value was found to be (6.2 i 0.9) x 10” ]Vrl The

proposed binding mode and the sensing mechanism can be depicted as Figure 6,7.
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Figure 6.5. Change in fluorescence spectrum (excited at 610 nm) of 6.6 in MeCN (2
I"'M) upon addition of Zn ion (0-30 |iM). The inset plots the fluorescence intensity

at 676 nm versus the concentration of Zn | ion.
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Figure 6.6. Job's plot for the binding of 6.6 with Zn  ion. The total concentration of

6.6and Zn was fixed at 4 )aM.
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Figure 6.7 Proposed binding mode and the sensing mechanism of 6.6 with metal

The response of the fluorescence emission of 6.6 toward other metal ions was
also examined in MeCN (Figure 6.8). The effects for Cd™ and Hg2+ ions were
similar to that for Zr?”, but somewhat weaker. Mg2+, Ca™, Nat, and K+ions had little
effect on the fluorescence spectrum of 6.6. Cu* ion quenched the fluorescence
effectively due to electron transfer, while Po™ ion reduced the emission intensity at
676 nm and at the same time induced a new emission at 688 nm. This band slightly

decreased in intensity upon addition of a large excess of Pb™* ion. As shown in

Figure 6.9, Zn 1ion induces the greatest fluorescence enhancement. Table 6.1
summarizes all these spectral data including the fluorescence enhancement factor
(FEF) and the binding constants of several systems. It can be seen that the FEF

increases as the binding constant between 6.6 and the metal ion increases.
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Figure 6.9. Fluorescence emission spectra (a) and change in fluorescence intensity at

676 nm (b) of 6.6 (2 |iM) in the presence of 30 piM various metal ions in MeCN.

Table 6.1. Electronic absorption and fluorescence data for 6.6 in the presence of 15

equiv. of various metal ions in MeCN.

Compound Am( (nm) (loge) Xm (nm) FEF
6.6 674 (5.31) 676 0.04
6.6-7m2+ 672 (5.32) 678 0.20 5 (6.2:£0.9) X10"
6.6-Cd2+ 675 (5.30) 679 0.17 4.3 (4.3:£0.6) X10"
6.6-Hg2+ 676 (5.29) 680 0.13 33
66-CU2+ 681 (5.25) 668 0.007 0.18
6.6-Pb2-+ 635 (5.27) 689 0.016 04
6.6-Na+ 672 (5.32) 676 0.04 1
6.6-K+ 672 (5.32) 676 0.04 1
6.6Mg2+ 673 (5.31) 678 0.06 1.5 (43 1.0)x 109
6.6-Ca2+ 673 (5.31) 677 0.05 1.3 (14 . 03) X109

Excited at 610 nm.b Relative to ZnPc (Dp = 0.28 in DMF). i
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6.3 Conclusion

In summary, we have synthesized a novel phthalocyanine which can serve as a
fluorescent sensor for Zr?” ion. The complexation leads to fluorescence enhancement

due to inhibition of the PET process.

6.4 Experimental Section
6.4.1 General

Experimental details regarding the purification of solvents and instrumentation
have been described in Section 2.4.1. The salts used for the complexation studies are
the same as those used in Chapter 5.

The association constants were determined by nonlinear least-squares analysis
using the 1:2 binding equation: y = (Iq + \Ky)l{1 + Kx L] Where y is the emission
intensity of 6.6 in the presence of metal ion, lo is the initial emission intensity of
metal-free 6.6,1 is the ultimate emission intensity of a 1;2 6.6-metal ion complex, K
is the overall association constant of 6.6 with metal ion, x is the concentration of

metal ion.

6.4.2 Synthesis

N,N-bis(2-picolyl)-2-aininoethanol (6.5).D To a solution of
2-pyridinecarboxaldehyde (6.3) (2.14 g, 20 mmol) in methanol (20 mL) containing
sodium cyanoborohydride (0.63 g, 10 mmol) was added dropwise a solution of

2-aminoethanol (6.4) (0.61 g, 10 mmol) in anhydrous methanol (20 mL) containing
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glacial acetic acid (0.12 g, 2 mmol). After the addition, the solution was stirred at
room temperature for 48 h. The solvent was evaporated in vacuo, then water (20 mL)
was added. The solution was neutralized by saturated aqueous NaiCOa and extracted
with chloroform (50 mL x 2) to give a brown oil. The residue was purified by
column chromatography using CHaCla/MeOH (20:1 > v/v) as eluent to afford a light
yellow oil (1.58 g, 65%). “"H NMR (300 MHz, CDCI3): 5 8.54 (d, J = 4.8 Hz, 2H,
CsHgN), 7.61 (1,1 — 7.8 Hz, 21, C5HAN), 7.32 (4. 7 —~ 7.8 Hz, 20> C5H4N), 7.15 (1, J
=6.6 Hz, 2H, G5HAN), 33 (s, 4H, NCH2), 3.69 (t,J= 5.1 Hz, 1, NCH2), 2% ¢ J
-5.1 Hz, 21, OCH2).

Phthalocyanine 6.6. A mixture ofN,N-bis(2-picolyl)-2-aminoethanol (6.5) (0.1
g ? 041 mmol), silicon phthalocyanine dichloride (6.2) (0.125 g, 0.21 mmol), and
NaH (20 mg, 0.83 mmol) in toluene (10 mL) was refluxed for 6 h. The solvent was
removed in vacuo and the residue was dissolved in dichloromethane and filtered. The
filtrate was then dried in vacuo and the residue was subject to column
chromatography using CHCls/MeOH/TEA (100:10:1 > v/v) as eluent. The greenish
blue solid obtained was further purified by reciystallization from CHaCh/hexane
(1:10 * v&) (26 mg, 12%). "H NMR (300 MHz, CDCI3) : 6 9.55-9.58 (m, 8H, Pc-Ha),
8.31-8.34 (my 8H, PcHp), 7.80 (d, J=4.8 Hz, 4H, C5H4N), 6.93 (t, J= 7.5 Hz, 4H,
C5H4N), 6.74 (t, J= 7.5 Hz, 1> C5H4N), 5.50 (d, J= 7.5 Hz, 41> C5H4N) > 1% (s,
8H, NCH2), -0.35 (1, 7 = 4.5 Hz, 44, NCH2), -2.00 (t, / = 4.5 Hz, 4u, OCH2);
13C{lh} NMR (75.4 MHz, CDCI3): 5 159.01 *> 14920, 147.95, 1358 > 135.51 >

130.85 > 123.67, 121.25 * 12095, 58.73 > 5341, 53.18; MS (ESI): isotopic clusters
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peaking at 782 {70%, [M - DPA}+}, 1047 {5%, [M + Na]+}; HRMS (ESI): m/z calcd

for C60H48Ni4Na02Si [M + Naf: 1047.3757; found: 1047.3747.
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Appendix 1. "H NMR and NMR spectra of compound 2.5 in CDClo
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Appendix 2. "H NMR and NMR spectra of compound 2.6 in CDCI3
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Appendix 3. “"H NMR spectrum of compound 2.9d in CDCI3
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Appendix 4. “"H NMR and NMR spectra of compound 2.11a in CDCI3
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Appendix 5. “"H NMR and NMR spectra of compound 2.11b in CDCI3
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Appendix 6. “H NMR (in CD2CI2) and NMR (in CDCI3) spectra of

compound 2.11¢
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Appendix 7. "H NMR spectrum of compound 2.lid in CD2CI2
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Appendix 8. “"H NMR (in CD2CI2) and

compound 3.1
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Appendix 9. "H NMR (in CD2CI2) and NMR (in CDCI3) spectra of

compound 3.6a
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Appendix 10. “H NMR (in CD2CI2) and NMR (in CDCI3) spectra of
compound 3.6b
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Appendix 11. “H NMR (in CD2CI2) and NMR (in CDCI3) spectra of

compound 3.6¢
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Appendix 12. “H NMR (in CD2CI2) and NMR (in CDCI3) spectra of

compound 3.6d
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Appendix 13. “"H NMR (in CD2CI2) and NMR (in CDCI3) spectra of

compound 3.6e
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Appendix 14. “"H NMR (in CD2CI2) and i3c{lh} NMR (in CDCI3) spectra of

compound 4.2
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Appendix 15. (HNMR and NMR spectra of compound 5.6a in CDCI3
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Appendix 16. "H NMR and NMR spectra of compound 5.6b in CDCI3
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Appendix 17. "H NMR and NMR spectra of compound 5.8a in CDCI3
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Appendix 18. NMR (in CDCI3 with a trace amount of CD30OD) and

NMR (in CDCI3) spectra of compound 5.8b
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Appendix 19. “"H NMR and

vr "wy V v
i
~
I 1m
= I 1 n
= =" s
T
1 1
= =
\1 \%

/e

Si

188

Ph.D. Thesis ~Hui He

NMR spectra of compound 6.6 in CDCI3
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