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ABSTRACT

This thesis reports the synthesis, spectroscopic characterization, and
photo%‘lysical and biological properties of several series of novel silicon(1V)
phthalocyanines which are specially designed as efficient and selective
photosensitizers for photodynamic therapy.

Chapter 1 presents an overview of photodynamic therapy, including its
historical development, photophysial and biological mechanisms, and current clinical
situation. A brief review of second-generation photosensitizers and the different
approaches for targeted photodynamic therapy are also given.

Chapter 2 reports the synthesis and characterization of a silicon(1V)
phthalocyanine which is substituted axially with two diamino moieties, together with
its di- and tetramethylated derivatives. The non-methylated analogue shows a high
photocytotoxicity toward HT29 human colorectal adenocarcinoma and HepG2 human
hepatocarcinoma cells with IC50 values down to 0.01 NM.  Interestingly’ this
compound also exhibits a pH-dependent behavior. The fluorescence quantum yield
increases by four folds and the singlet oxygen quantum vyield increases by three folds
in water when the pH decreases from 7.0 to 5.0. The preliminary results suggest that
this compound is a promising photosensitizer of which the photodynamic activity can
be modulated by changing the pH of the environment. Furthermore, this compound
can be used as a near-infrared fluorescence probe for optical imaging of intracellular

acidic level.



Chapter 3 reports a novel series of aminophenyl-substituted silicon(lV)

phthalocyanines. The aminophenyl moieties in these conjugates can also modulate

the photophysical and photosensitizing properties of the phthalocyanine core through

changing the pH of the environment. These phthalocyanines exhibit a low

photocytotoxicity under physiological conditions (pH 7.4). Itis likely that the amino

groups, in the free amine form, can quench the singlet excited state of phthalocyanine

by a photoinduced electron transfer (PET) mechanism, and reduce the chance of

intersystem crossing and the efficiency in generating singlet oxygen. The strong

aggregation tendency of these compounds in this pH environment is another major

reason for the low photocytotoxicity. When the pH is lower to 6.4-6.9 > the amino

groups are protonated so that they are no longer electron donors, and the compounds

become less aggregated. These changes lead to an increase in photocytotoxicity. The

results of this study are reported in this Chapter.

Chapter 4 describes a new series of silicon(1V) phthalocyanines conjugated

axially with various polyamine derivatives. Polyamines are naturally occurring

compounds which are involved in a number of cell processes including cell

proliferation and differentiation. Their biosynthetic activity and polyamine levels in

some tumor cells are significantly higher than those in normal cells. Conjugation of

polyamine analogues is therefore one of the promising approaches to improve the

tumor-targeting property of photosensitizers. This Chapter describes the synthesis,

spectroscopic characterization, and photophysical properties of these compounds.

Their photodynamic activities toward HT29 and Chinese hamster ovary (CHO) cells



have also been studied in detail. Their cellular uptake, subcellular localization, cell
death mechanism, and in vivo photocytotoxicity have also been studied.

In Chapter 5, we report a series of silicon(1V) phthalocyanines containing one
or two cholesterol unit(s) at the axial position(s), including their synthesis,
spectroscopic characterization, photophysical properties, and in vitro photodynamic
activities. These cholesterol-containing photosensitizers can form stable conjugates
with low-density lipoprotein (LDL), which is the major lipoprotein carrier for
cholesterol in human plasma. On the basis that cancer cells generally express
significantly more LDL receptors than normal cells, these cholesterol-conjugated
phthalocyanines are designed with a view to enhancing their selectivity toward tumor.
Unfortunately, conjugation of cholesterol reduces the photodynamic activity of the

silicon(1V) phthalocyanines as a result of their higher aggregation tendency.

At the end of this thesis’ and NMR spectra for all the new compounds and

the crystallographic details for the X-ray structure are given as Appendices.
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CHARPTER 1

Introduction

L1 Historical Development of Photodynamic Therapy

The concept of cell death being induced by the interaction of light and
chemicals has been recognized for a century." This was first reported by a German
medical student Oscar Raab in 1900.2 During the course of his study on the effects of
acridine on malaria-causing protozoa, he discovered that the combination of acridine
red and light had a lethal effect on infusoria. A few years later, von Tappeiner and
Jodlbauer used topical administration of eosin combined with sunlight to treat skin
tumor patients/ They went on to demonstrate the requirement of oxygen in
photosensitization reaction and in 1904 introduced the term "phododynamic action" to
describe this phenomenon."* This marked the beginning of photodynamic therapy
(PDT). The treatment involves three individually non-toxic components namely a
photosensitizer, light > and oxygen, which are combined to cause cellular and tissue
damage.”» Photosensitizers are generally given intravenously and preferably can be
localized in neoplastic tissue. Upon activation by visible light in an appropriate
wavelength region in which the drug has a strong absorption, the excited
photosensitizer reacts directly with organic substrates to produce free radicals or
reacts with ground-state triplet oxygen to generate reactive oxygen species (ROS).™
This photodynamic process causes irreversible oxidation of one or more critical
cellular components, including plasma membranes, mitochondria, and lysosomes,
inducing necrosis and/or apoptosis of the treated tissue. PDT also induces oxidative

damage to the microvasculature > contributing to ischemic tumor death. > In the mid-
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1950s > Liposn et al. found that hematoporphyrin derivatives (HpD) were useful
photosensitizing agents”™ The clinical therapeutic application of PDT took a long time
to develop. In 1983, Dougherty discovered that the HpD contain a complex mixture of
porphyrin derivatives. He partially isolated and identified the active components of
HpD and named the active components as Photofrin@) PDT was first approved in
1993 in Canada using Photofrin® as the photosensitizer for the treatment of bladder
cancer. Nowadays, a number of photodynamic drugs have been approved for clinical
use and several photosensitizers are in clinical trials. Selected examples are presented
in Table 1 and Table 2, respectively/) The chemical structures of these
photosensitizers are shown in Figure 1.1.

Table 1.1. List of clinically approved photosensitizers.[]

Photosensitizer Commercial Name  Cancer Type
Polyhematoporphrin ether/ester Photofrin Cervial cancer
(1.1) Endobronchial Cancer

Bladder cancer
Esophageal cancer
Gastric cancer

we/a-Tetrahydroxyphenylchlorin Foscan Head and neck cancer

(1.2) Prostate and pancreatic
tumors

5-Aminolevulinic acid (1.3) Levulan Actinic keratoses

Basal cell carcinoma

5-Aminolevulinic acid methyl Metvix Basal cell carcinoma

ester (1.4) Non-melanoma skin
cancers

Mono-L-aspartyl-chlorin e6 (1.5)  Laserphyrin Lung cancer

Talaporfm Sodium

Benzoporphyrin derivative Verteporfin or Basal cell carcinoma

monoacid ring A (1.6) Visudyne

Sulphonated Aluminium Photosense Lung cancer

Phthalocyanine (1.7) Head and neck cancer
Skin cancer

Breast cancer
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Table 1.2. List of photosensitizers in clinical trials.

Photosensitizer Commercial Name  Cancer Type

Hexyl aminolevulinate (1.8) Hexvix Diagnosis of bladder
tumors

Benzyl aminolevulinate (1.9) Benzvix Gastrointestinal cancers

Silicon phthalocyanine (1.10) Pc4 Cutaneous and

subcutaneous lesions from
diverse solid tumor origins

Lutetium (I11) texaphyrin (1.11) Antrin Lutex Cervical cancers
Motexafm Prostate cancers
Lutetium Brain tumors

Recurrent breast cancer

Tin ethyl etiopupurin (1.12) Photrex Cutaneous metastatic
Breast cancer
Basal cell carcinoma

2-[ 1 -Hexyloxyethyl]-2-di vinyl Photochlor Basal cell carcinoma
pyropheophorbide-a( 1.13)

Pd-bacteriopheohorbide (1.14) Tookad Prostate cancers
Diseases involving
proliferation of neovessels

OH

HO7C CO.H COJH

.1 (Photofrin contains ether-linked oligomers) (Photofnn contains esterr-linked oligomers)
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Figure 1.1. Structures of the photosensitizers listed in Table 1 and Table 2.

PDT has several potential advantages over traditional cancer therapeutic

methods."™" First of all, it is comparatively non-invasive and can be targeted
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accurately mainly through the precise application of light. In addition, repeated doses
can be given to the patients without the total-dose limitations associated with
radiotherapy. It also does not have the multidrug resistant problem which is common
for chemotherapy. Furthermore, PDT can usually be done in an outpatient or day-care
setting, which is convenient to patients. Finally, this method does not have significant
and long-term side-effects. Notwithstanding the many positive results with PDT, both
preclinical and clinical protocols are still being optimized to address the major reasons
that PDT sometimes fails to eradicate the targeted tumor. Failure generally results
from (a) minimal differential in photosensitizer level between tumor and surrounding
normal tissue; (b) poor penetration of light to some parts of the tumor; and (c)
inability to ensure that the entire tumor remains sufficiently well oxygenated during
the full photoiiradiation period.‘” The next phase of development of PDT will aim to

resolve these problems and develop more efficient and selective photosensitizers.

1,2 Mechanisms of Photodynamic Therapy

1.2.1 Photophysical Mechanisms

The photochemical and photophysical principles of PDT involve the following
processes. Firstly, upon illumination, the photosensitizer is excited from the ground
state (So) to the first excited singlet state (Si), followed by conversion to the triplet
state (Ti) via intersystem crossing. The longer lifetime of the triplet slate enables the
interaction of the excited photosensitizer with the surrounding molecules, and it is
generally accepted that the generation of the cytotoxic species during PDT occurs in
this state. The excited triplet state can react in two ways, defined as Type | and Type
I mechanisms. The Type | mechanism involves hydrogen-atom abstraction or

electron-transfer reactions between the excited state of the sensitizer and a biological
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substrate to yield free radicals and/or radical ions. These species are generally highly
reactive and can readily interact with molecular oxygen to generate ROS such as
superoxide anions and hydroxyl radicals causing irreparable biological damage. These
reactions produce oxidative damage that is eventually expressed as biological lesions.
By contrast, the Type Il mechanism involves an energy transfer between the excited
triplet state of the sensitizer and the ground state molecular oxygen, generating the
first excited state of oxygen, singlet oxygen. 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 accepted that
the Type Il process predominates during PDT and that singlet oxygen is the primary
cytotoxic agent responsible for the biological effects” The overall photophysical

processes of PDT are summarized in Figure 1.2.

Singlet Triplet
n_

Hyrogel
or electrc

Direct

DRl fandée

Oxygen (NO))

Figure 1.2. Photophysical mechanism of photodynamic therapy.
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1.2.2 Cellular Mechanisms

Significant effort has been directed toward understanding the cellular
mechanisms of PDT in recent years. Cell death in a necrotic fashion can be induced
following organelle damage, such as membrane lipid peroxidation, disruption of
lysosomal membrane, membrane enzyme inhibition or damage to nuclear
components.'™ Apoptosis is a major type of programmed cell death.‘” It is a process of
deliberate suicide 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 cell death occurs by apoptosis or
necrosis." For instance, apoptosis was the predominant mode of cell death when
murine leukemia P388 cells were treated with chloroaluminam phthalocyanine
(AIPcCI), under low light doses, whereas necrosis was observed for high light

doses.',

1.2.3 In Vivo Mechanisms

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. Jt was reported that a greater percentage of tumor cells in vivo die after PDT
treatment because 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 cells at the time of illumination.
In vivo studies showed that PDT can reduce the number of tumor cells through direct
photodamage.'™ Finally, several studies showed that PDT induces immune moJul ition,

either immune stimulating mediated by natural killer cells and macrophages or
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immune suppressing. It was suggested that the modulation of immune effects may

play a role in PDT-induced destruction of tumors.[l

1.3 Photosensitizers 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. There are hundreds of natural
and synthetic dyes that can function as photosensitizers for PDT, ranging from plant
extracts to complex synthetic macrocycles." The key characteristic of any
photosensitizer is its ability to preferentially accumulate in diseased tissue and to then
generate cytotoxic agents to induce the desired biological effects. In general, for solid
tumors an ideal photosensitizer should meet at least some of the following criteria]™

(1) low dark toxicity but strong photocytotoxicity;

(2) high selectivity toward tumor in order to reduce side effects in peritumoral tissues;

(3) long wavelength (e.g. 600-800 nm) absorption allowing a deeper light
penetration;

(4) high extinction coefficient (¢) at a long wavelength position where tissue
penetration of light is at a maximum while the energy is high enough to produce
singlet oxygen;

(5) rapid removal from the body, thus inducing a low systemic toxicity;

(6) desirable physical properties including high triplet state yield (Oj > 0.4) and long
triplet state lifetime (tj > 20 |is) and be able to effectively produce singlet oxygen

and other ROS.
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1.3.1 The First Generation Photosensitizers

The first generation photosensitizers are haematoporphyrin derivatives (HpD)

v

such as Photofrin® (1.1).~* HpD were originally synthesized by treating
haematoporphyrin with 5% H2SO4 in acetic acid at room temperature. In order to
prepare solutions for injection, HpD were treated with an aqueous base and then
neutralized. HpD consist of a mixture of several monomeric and oligomeric
compounds. Partial purification of the most active oligomers by high-performance
liquid chromatography or size-exclusion gel chromatography leads to the isolation of
Photofrin®. It is the most commonly used photosensitizer in clinic to date. However,
this drug has a number of disadvantages.™* Firstly, the longest-wavelength absorption
band appears at 630 nm with a low extinction coefficient (170 M™ cm™). The
biological effects after irradiation at this wavelength occur only to a tissue depth of [H
mm. Secondly, the non-selective accumulation in the tumor results in distribution of
drug between the tumor and the skin > with a tumor/skin ratio of [J2:10nly 0.1-3% of
the injected photosensitizer amount is found in the tumor tissue. Most importantly, the
sensitizer is retained in cutaneous tissues for 2-3 months, which requires that the
patients avoid bright light. Lastly, it consists of about 60 compounds and therefore it

is difficult to reproduce its composition.

1.3.2 The Second Generation Photosensitizers

The second generation photosensitizers have been developed with the goal of
overcoming some of the shortcomings of photofrin® and take advantage of their more
ideal properties. These photosensitizers have absorption mainly in 650-800 nm. Light

with this wavelength penetrates into tissues to a depth of up to 2-3 cm. The,



Ph. D. Thesis -Xiong-jie Jiang

interpretation of dose-response relationships for these photosensitizers is easier
because their chemical composition is well defined. ™M

The first group of second generation of photosensitizers is porphyrin
derivatives. me”o-Tetraphenyl porphyrin (H2TPP) (1.15), tetrasulfonated porphyrin
H2TPPS4 (1.16)'27 and the o-, m- and p-isomers of tetra(hydroxyphenyl)porphyrins
(1.17-1.19) are some of the representative examples. The second group consists of
chlorins and bacteriochlorins, like chlorin e6 1.5/" benzoporphyrin derivative 16 JI|
Sn etiopurpurin 1.12,~" and me50-tetra(hydroxyphenyl) chlorin The third group
of potential candidates is expanded porphyrin such as lutetium texaporphyrin 1.11.

The fourth group is phthalocyanine-based photosensitizers such as the disulfonated

aluminium phthalocyanine Photosense (1.7)" and silicon phthalocyanine Pc4 (1.10)?-

.15 .16

17 .18 .19

10



Ph. D. Thesis -Xiong-jie Jiang

1.3.3 Phthalocyanines as Efficient PhotosensUizers

Phthalocyanines are porphyrin analogues that have an additional benzo ring on
each of the four subiinits, which are linked by nitrogen atoms. These modifications
result in a red-shift of the absorption and a higher molar absorptivity (2 x 10 M" cm™
at 670 nm), and therefore allow a deeper light penetration into tissue. These
compounds also possess favorable photophysical and chemical properties which can
be altered through incorporation of appropriate substituents either on the periphery of
the macrocyles or at the axial positions linked to the metal center/) The photophysical
properties of phthalocyanines are strongly influenced by the central metal ion.
Complextion of phthalocyanines with an open shell or paramagnetic metal ion such as
Cu2+ > Co2+ > and NP results in shortening the excited state lifetimes due to the effects
of the unpaired electrons, which in turn makes the compounds photoinactive.
Phthalocyanines containing a closed d shell or diamagnetic metal ion such as 27 and
JU " generally have high triplet state quantum yields with long triplet state lifetimes.
The triplet state of these metallophthalocyanines varies in energy from 110 to 126 KJ
mol", which is sufficient to trigger the formation of singlet oxygen (94 KJ mol™). As
a result, these metallophthalocyanines usually also have a high singlet oxygen
quantum vyield.36 Phthalocyanines with a group IV metal center can be modified
readily via the attachment of axial substituents. Axially substituted silicon
phthalocyanines have advantage over other peripherally substituted phthalocyanines.
Firstly, these derivatives usually are free from structural isomers. Additionally, the
axial ligands can prevent aggregation of the phthalocyanines and enhance their
stability. Aggregation of phthalocyanines results in quenching of the excited state,

thus preventing both fluorescence emission and singlet oxygen formation. ™

11
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1.4 Targeting Delivery Systems for Photodynamic Therapy
1.4.1 Passive Targeting Systems

Due to the fast angiogenesis in malignant tissue, tumor vessel walls show an
enhanced vascular permeability with fenestra of a pore size of 100 to 1200 nm/™
Furthermore, as tumor tissue lacks a functional lymphatic system, extravasated
macromolecules do not return efficiently to the central circulation.d*tiposomes, oil
dispersions, and polymeric micelles and nanoparticles are considered as passive
targeting systems due to the phenomenon known as enhanced permeability and

retention (EPR) effect."™*"

1,4,1.1 Liposomes

Liposomes are uni- or multi-lamellar phospholipidic submicroscopic vesicles.
Their components (phospholipids and cholesterol) are materials also existing in the
body in high amounts and may provide a good biocompatibility. For PDT, liposomal

preparations are currently used as effective delivery systems in experimental studies
41

and in clinical trials. The preparation involves simple aqueous dispersions of the
drugs.42 Using the benzoporphyrin derivative monoacid ring A (BPD-MA) (1.6) as
photosensitizer, Richter et al. compared the biodistribution and clearance of an
unilamellar liposomal formulation (L-BPD-MA) with a dimethyl sulfoxide solution
(DMSO-BPD-MA) and a PBS solution (PBS-BPD-MA)." The in vivo study in Ml
rhabdomyosarcoma-bearing DAB/2 male mice showed that L-BPD-MA was rapidly
and significantly accumulated in the tumor tissue and the efficiency was significantly

higher than that of both DMSO-BPD-MA and PBS-BPD-MA formulations.

L4.1.2 Polymeric Micelles

12
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Most photosensitizers easily form aggregates in aqueous media through their
T7=C stacking and hydrophobic interactions. Such aggregate formation severely
decreases ROS formation due to the self-quenching of the excited state
Encapsulation of photosensitizers into nanocarriers such as polymeric micelles might
reduce their aggregation, resulting in enhancement of PDT efficacy.”*"" However, it is
generally difficult to incorporate such very hydrophobic compounds into nanocarriers.
To solve this problem > some ionic dendritic photosensitizers were prepared,”™ Li et al.
reported a polyion complex formed via electrostatic interactions between a negatively
charged poly(benzyl ether) dendritic porphyrin (DP) (1.20) and positively charged
poly(ethylene glycol)-Woc/:-poly(L-lysine) (PEG-Z>-PLL) (1.21)/~ Dynamic light
scattering (DLS) measurements and transmission electron microscopy (TEM) showed
that DP-PEG-73-PLL complex formed a core-shell-type nanocarrier micelle. DP-
loaded micelle exhibited almost comparable fluorescence lifetimes and oxygen
consumption abilities to the free DP. The incorporation of DP into micelle resulted in
an appreciable increase in the cellular uptake. The photocytotoxicity was also
enhanced greatly compared to that of the free DP.

Jang et al. reported another polymeric micellar system in which the anionic
dendritic zinc(ll) phthalocyanine (DPcZn) (1.22) complexes with the polymer PEG-73-
PLL (1.21) via electrostatic interactions/ This polymeric micelle (DPcZn/m)
exhibited a strong Q-band absorption around 650 nm. Dynamic light scattering (DLS)
studies indicated that the DPcZn/m system has a relevant size of 50 nm for
intravenous administration. Under light irradiation, either DPczZn or DPcZn/m
exhibited efficient consumption of dissolved oxygen in a medium to generate ROS.
The photocytotoxicity of DPcZn was drastically improved by incorporation into the

polymeric micelles (by ca. 100 times).

13
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1.4.1.3 Polymeric Nanoparticles

Biodegradable polymeric nanoparticles, perceived a™ an alternative to
liposomes, have received tremendous attention as a possible means of delivering
antineoplastic agents. Their main advantages lie in high drug loading - the possibility
of controlling the drug release, and the existence of a large variety of materials and

manufacturing processes/*~ The chemical composition and architecture of polymers

15
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can be readily designed to accommodate drugs with varying degrees of
hydrophobicity, molecular weight, and charge. In addition, the surface properties,
morphologies, and composition of polymer matrices can be easily optimized for
controlled polymer degradation and drug release kinetics. For example, modifying the
surface of nanoparticles with polymers like poly(ethylene glycol) and poly (ethylene
oxide) increases the ci”ulation times, Ricci-Junior el al. reported the preparation,
characterization, and results of the photocytotoxicity of Poly (D, L latic-co-glycolic
acid) (PLGA) nanoparticles containing zinc(ll) phthalocyanine (ZnPc), | These ZnPc-
loaded nanoparticles were prepared by a spontaneous emulsion-difTiision method.
Their photophysical behavior was maintained after the encapsulation process and the
in vitro photodynamic activity of ZnPc-loaded PLGA nanoparticles was enhanced

suggesting that it is a promising drug delivery system for PDT.

1.4.2 Active Targeting Systems

Active targeting encompasses the strategy of coupling a specific targeting entity
to photosensitizers, enhancing their selective interaction with cells or tissues through
binding with specific membrane-located markers. The objective of active targeting is
to enhance tumor-selective accumulation through target binding, thereby increasing
the photodynamic effect. In this way, active targeting aims at minimizing undesired

$

side-effects related to non-specific photosensitizer accumulation.

1,4.2.1 Lipoprotein-Mediated Delivery
Cholesterols, triacylglycerols, and other lipids are transported in the serum by
lipoproteins classified according to their density, namely chylomicrons, chylomicron

remnants, very low density lipoproteins (VLDLSs), intermediate density lipoproteins.

16
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low density lipoproteins (LDLs) and high density lipoproteins (HDLs).~~ Basically, a
lipoprotein is a particle consisting of a central core of hydrophobic lipids surrounded
by a shell of hydrophilic polar lipids and apoproteins. These serum particles have two
important biological functions. They solubilize highly hydrophobic lipids and allow
the transportation of these important molecules throughout the body. They also
contain signals that regulate the movement of the particular lipid into and out of
specific cells and tissues. Of these lipoproteins, the most important in terms of drug
delivery are the LDLs. LDLs are the major carriers of cholesterol in the blood.”
Having a diameter of 22 nm and a mass of approximately 3 million Da, these LDI
particles contain a core of about 1500 esterified cholesterol molecules surrounded by
a shell of phospholipids and unesterified cholesterols. This outer shell also contains a
single copy of the very large (514 kDa) B-IOO apolipoprolein. It is this apolipoprotein
that is responsible for recognition and binding by the LDL receptor and leads to
receptor-mediated endocytosis of the LDL particles”™ As cholesterol is a key
component of all eukaryotic plasma membranes and is thus essential for the growth
and viability of cells in higher organisms, it is natural that tumor cells and tumor
vascular endothelial cells over express the LDL receptor. This makes LDL particles
extremely attractive vehicles for drug delivery and targeting. It has been found that
photosensitizers mixed non-covalently with LDL before administration leads to an
increase in photodynamic efficiency in comparison with the administration of
photosensitizer alone.Allison et al. noted that at 3 h post-injection, an increased
level of BPD-MA (1.6) was delivered to M-1 tumor when the drug was mixed with
LDL or HDL.Furthermore, in vivo cytotoxicity assays also showed a higher
photodynamic efficiency. Schmidt-Erfurlh et al. covalently linked Chlorin (Ce6) (1.5)

to LDL by a peptide 1inkage.” The optimal binding ratio, which provides the maximal

17
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cellular uptake efficiency, was 50:1 (Ce6: LDL). At this optimal ratio, the in vitro
uptake of Ce6-LDL conjugate by fibrosarcoma and retinoblastoma cells was 3- to 4-
fold higher than the dye alone. After irradiation of light at 10 J cm", Ce6-LDL
conjugate provided 20% survival of retinoblastoma cells against 80-90 % with a

mixture of Ce6 and LDL or ca. 100% with free dye.

1.4.2.2 Antibody-Targeted Delivery

Monoclonal antibody (MAb)-based drug delivery is another approach to
improve the specificity of PDT and to overcome side effects associated with this
therapy.The strategy consists of linking photosensitizers with Mabs against specific
antigens of malignant cells. To date, the American Food and Drug Administration
(FDA) has approved 11 MAbs/MAb conjugates for therapy (and several others for
diagnosis).59 At least 400 other MAbs/MAD conjugates are in clinical trials worldwide,
among which several are in phase Il trials for treating cancer”*™ Some in vitro and in
vivo investigations of MAb-conjugated photosensitizers have given encouraging
results, particularly for small tumors and ascite tumors which are suitable for this type
of treatment. It has been established that the linkage of MAb to molecules including
photosensitizers and cytotoxic agents does not significantly reduce the drug activity
and MAD specificity. The results of these investigations have also shown that a lower
effective dose of MADb-conjugated photosensitizer is necessary to produce higher
selective phototoxicity effect over drug or MAb alone. Vrouenraets et al. investigated
the photodynamic activities of the MAb 425 conjugate of tetrasulfonaled aluminum
phthalocyanine (AlIPcS4)-MAb 425 (1.23) and me”o-tetra(hydroxyphenyl) chlorin
(mTHPC)-MAb (1.24).~" Preliminary in vitro data showed that AlPcS4-MAb 425

conjugate was highly toxic to A431 cells. This conjugate was 7500 times more toxic

18
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than the free photosensitizer (IC50: 0.12 vs. 900 nM), and about 60 times more toxic
than mTHPC-MAb 425 (1.24) in the same model. In an extended in vitro evaluation,
mMTHPC- and AIPcS4-MADb conjugates with three Mabs (BIWA4, E48 and 425) were
directly compared using 5 squamous cell carcinoma (SCC) cell lines as the targets,’
In contrast to free AIPCS4 (IC50 > 700 nM), MADb-conjugated AIPCS4 was found to be
highly photocytotoxic in all the 5 cell lines. AIPcS4-BIWA4 was most consistently
effective with IC50 values ranging from 0.06 to 5.4 nM. mTHPC-MAb conjugates
were in general ineffective. These results showed that AIPcS4-MAb conjugates have a

high potential than mTHPC-MADb conjugates for use in PDT.
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Recently, Malatesti et al. have reported a series of cationic isothio”yanato
diphenyl porphyrins (1.25-1.27) which can be conjugated to anti-EpCAM and anti-
CD104 Mabs.(L2Their photocytotoxicities toward both LoVo human colon
adenocarcinoma and CORL23 human lung large cell carcinoma cell lines have also
been evaluated. In contrast to the free porphyrins of which the IC50 values range from
3.23 to 9.95 |iM, the MAb-conjugated photosensitizers show a high photocytotoxicity

(IC50 = 0.17-1.11 ~NM).
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1.4,3 Photosensitizers Covalently Bound to Biomolecules

Many attempts have been made to increase the uptake of the dyes by the target
cells and tissues and to improve subcellular localization so as to deliver the dyes to
photosensitive sites within the cells, [ Théollowing sections give an overview of the
development of photosensitizers covalently conjugated with biomolecules that may

serve these properties.

1.4.3.1 Photosensitizers Conjugated with Glucose

Malignant cells are known to have accelerated metabolism which requires a
high glucose uptake. Transport of glucose across the plasma membrane of mammalian
cells is the first rate-limiting step for glucose metabolism and is mediated by
facilitative glucose transporter (GLUT) proteins. Increased glucose transport in

malignant cells has been associated with increased and deregulated expression of
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glucose transporter proteins. Hence overexpression of GLUTI and/or GLUT3 is a
characteristic identified in many cancerous cells.”

Zheng et al. used near-infrared confocal microscopy to show that glycosylated
pyropheophorbide 1.24 was selectively taken up by 9L glioma cells, > In the presence
of 50 mM a-D-glucose » the fluorescence of 1.24 was drastically decreased. This
competitive experiment showed that the glycosylated species 1.24 js taken up via

GLUT proteins.

Lo et al. reported the preparation’ photophysical properties, and photodynamic
activities of two glucoconjugated silicon(1V) phthalocyanines 1.25 and 1.26.#y With
two axial 1,2:5,6-di-O-isopropylidene-a-D-glucofuranose substituents linked to the
silicon center through tetraethylene glycol chains, both compounds are highly
photocytotoxic against HT29 and HepG2 cells, particularly the non-chlorinated
phthalocyanine 1.25, of which the IC50 values are as low as 5.5 nM. The lower
photodynamic activity of the chlorinated derivative (IC50 = 17.2-21.3 nM) can be
attributed to its higher aggregation tendency in the biological media, leading to a

lower efficiency to generate ROS inside the cells. Fluorescence microscopic studies
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also revealed that compound 1.25 has a high and selective affinity to the lysosomes -

but not the mitochondria, of HT29 cells.

7<0o0:

.25R=H
.26 R=Cl

Liu et al. described the preparation and in vitro photodynamic activities of a
series of tetraethylene-glycol-linked glucosylated zinc(ll) phthalocyanines (1.27-
g number and position of the substituents have a great influence on the in

vitro photocytotoxicity. Their photocytotoxicity follows the order: di-a-substifuted >
t

di-P-substituted > mono-a-substituted > tetra-P-substituted derivatives. The di-ot-
substituted analogue 1.28 shows the highest photocytotoxicity against HT29 and
HepG2 cells with i1cs0 values down to 0.03-0.04 }aM. Removal of the isopropylidene
protection groups leads to an adverse effect on the photocytotoxicity. The i1cso values
of 1.29 increase to 2.5-3.0 jiM. The different photodynamic activities of these
compounds can be explained by their different extent of cellular uptake and

aggregation tendency.
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L4.3,2 Photosensitizers Conjugated with Steroid Hormones
Steroid hormones are all derived from cholesterol. They are an interesting class

of biomolecules that can target cancer cells. In particular, cholesterol is a vital
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component of eukaryotic cell membranes and can be taken up quickly by cancer
cells. It thus appears that covalent coupling of cholesterol to a photosensitizer could
favor its association with LDL and increase its photodynamic efficiency. Based on
this approach, the dicholesteryl-substituted Ge(1V) photosensitizer (GePc) (1.33) was
prepared by Segalla at al™ GePc incorporated in small unilamellar liposomes (CGP
55398) was injected systemically into mice bearing an intramuscularly implanted MS-
2 fibrosarcoma. The photosensitizer was quantitatively transferred to serum
lipoproteins and localized in the tumor tissue with a good efficiency. Irradiation of the
GePc-loaded fibrosarcoma caused a fast and massive tumor necrosis involving both

the malignant cells and blood vessels.
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To improve the uptake of photosensitizers by receptor-rich endocrine tumors,
van Lier et al. prepared several phthalocyanine-estradiol conjugates using the
palladium-catalyzed Sonogashira coupling reaction/® They prepared a series of
lipophilic tri(/er/-butyl) phthalocyanine-estradiol conjugates (Scheme 1.1) and

compared their biological activities with those of the hydrophilic water-soluble
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trisulfonated conjugates (Scheme 1 T h e photocytotoxic activity of these
compounds and their relative binding affinity for estrogen receptors were measured on
murine EMT-6. Lipophilic conjugates 1.34-1.38 were photo-inactive up to 1 "M, but
they exhibited dark toxicity at 5 ~M. The highest receptor binding affinities were
observed with lipophilic conjugates coupled via a relatively long spacer while the
sulfonated analogues showed little binding affinities. Surprisingly, the most
hydrophilic trisulfonated phthalocyanines 1.37a and 1.37b showed the highest
photocytotoxicity (Lb9o = 2.9 and 3.0 J cm ] - respectively, where LDp90o is the light
dose (J cm™) required to kill 90% of the EMT-6 cells after incubations with | of
the conjugate) for 24 h, which are comparable to those of the non-conjugated ZnPcS}.

The nature of the spacer did not seem to influence the biological activity.
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Scheme 1.1 Preparation of estradiol-contaimng zinc(ll) tn(/er/-butyl)-phthalocyanines.

25



Ph. D. Thesis -Xiong-jie Jiang

YOjS

Scheme 1.2. Preparation of estradiol-containing zinc(ll) trisulfonated phthalocyanines.

1.4,3.3 PhotosensUizers Conjugated with Folic Acid

Folic acid is a vitamin that binds selectively the folate receptor (FR), a
glycosylphosphatidylinositol-anchored cell surface receptor that is overexpressed in
many human tumors.” Upon receptor interaction, the folic acid-FR complex is taken
up by cells and moves through many organelles.?? The folate receptor mediated
endo”osis was largely investigated to expand the therapeutic value of drugs by
facilitation their delivery to the target tissue. Examples pf targetable drug delivery
carriers conjugated with folic acid conjugation include ...lonuclide deferoxamine-

folate complexes for radiopharmaceutical imaging > ? ; protein toxin-folate complexes,?"*
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chemotherapeutant-folate conjugates/” folate-immunotherapeutic agent complexes;[]
liposome-folate encapsulated drugs’'~ and folic acid decorated nanoparticles.
Recently, Schneider et al. have reported for the first time the conjugation of
tetraphenylporphyrin to folic acid (139-1.40).~~ The photodynamic activities of
conjugates 139 and 1.40 toward KB cells, which overexpress the folate receptor (297
X 10 folate receptors/cell), have been evaluated. It has been found that after 24 h
incubation, cellular uptake of conjugates 1.39 and 1.40 is on average 7-fold higher
than that of tetraphenylporphyrin (TPP) (1.15). This suggests an active transport via
receptor-mediated endocytosis. The cellular uptake of 139 and 1.40 shows a
reduction of 70% in the presence of a competitive concentration of folic acid. The in
vitro photocytotoxicity of the porphyrin-folate conjugates 1.39 and 1.40 is also higher
than that of TPP. Under the same experimental conditions, TPP displays no
photocytotoxicity while conjugats 1.39 and 1.40 are potent with ID50 values of 22.6

and 6.7 Jcm™, respectively.
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1.4.3.4 Phqtosensiiizers Conjugated with Polyamines

The native polymines such as putrescine, spemidine, and spermine play
multifunctional roles in a number of cell processes including cell proliferation and
differentiation » These compounds, in a polycationic form at physiological pH > can
be biosynthesized internally and imported from exogenous sources through specific
active transport systems. In the rapidly proliferating cells such as cancer cells, the
polyamine requirement exceeds biosynthetic capabilities. The activity of these

polyamine transporters (PAT) is therefore higher in these cells to increase the uptake

of these materials to sustain the rapid cell division. These characteristics have led to
the use of polyamines as potential vectors for the selective delivery of
chemotherapeutic and DNA targeted agents into cancer cells™ Consequently, a
substantial number of polyamine conjugates with cytotoxic drugs such as
chlorambcil - 83  nitroimidazole,"  aziridine,  acridine,”~ enediyne,~  taxol,™
camptothecin, and anthrancen have been reported. In most of the cases, the
cytotoxicity and drug selectivity for tumor cells is enhanced.

Recently, Sol et al. have recently reported a series of tritolyiporphyrin and
protoporphyrin IX polyamine conjugates (1.41-1.44).*~" These compounds contain one
or two polyamine imit(s) (spermidine or spermine) covalently tethered to macrocycles

via the N* polyamine position. The photocytotoxicity of these compounds has been
I

evaluated against K562 human chronic myelogenous leukemia cells and compared
with that of Photofrin lI®. These polyamine conjugates 1.41-1.44 exhibit a much
higher photocytoxicity compared with photofrin Il® and induce necrosis in the treated

cells.
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1.4.3.5, Activatable PhotosensUizers

Vious activable photosensitizers have been reviewed very recently.*" The
function of same photosensitizers can be switched on by changing the environment.
For examply, the singlet oxygen production efficiency of photosensitizers is
dependent on solvent properties including pH and hydrophobicity. The common
photosensitizers methylene blue (1.45) and toluidine blue (1.46) display a ca. 5-fold
enhancement in singlet oxygen quantum vyield as the pH increases from 5 to 9 and the
photosenistizers become deprotonated. Solvent hydrophobicity also plays a high role
in determining the photosensitizer efficiency. For example, Pb-bacteriopheohorbide
(1.14) undergoes an approximately 2-fold change in singlet oxygen quantum vyield as

the solvent chagnes from acetone to deuterated water.

1.45 1.46
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Although the effects of solvents and pH have long been known to affect
singlet oxygen production, these factors have recently been applied for the design of
activated photosensitizers. Recently » McDonnell et al. have developed a novel series
of amine-containing BF2-chelated azadipyrromethenes 1.47-1.50 for application in
PDT,” These compounds can be switched on and off in the fluorescence and singlet
oxygen production in DMF by changing the pH environment. Upon addition of HCI,
the amino groups are protonated, which inhibits the photoinduced electrion transfer,

thereby promoting singlet oxygen generation. The rate for 1.48, for example,

increases by up to 8.5-fold.
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A major difference between various solid tumors and the surrounding normal
tissues IS the nutritional and metabolic environment. The vasculature of tumors is
often insufficient to supply enough oxygen and nutritional needs for the growth of
tumor ceils. The production of lactic acid under hypoxic conditions and the hydrolysis
of ATP in an energy-deficient environment contribute to an acidic micro-environment,
which has been found in many types of tumors.” Most solid tumors have lower
extracelluar pH (pHe) (< 7.2) than the surrounding tissues and blood (pH The

extracellular pH values of some tumors and normal tissues are shown in Table 1.3 %
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The extracellular pH difference between tumors and normal tissues has been proposed

to be a factor contributing to

photosensitizers %

the tumor selective activation of the pH-sensitive

Table 1.3. Extracellular pH values of some tumors and normal tissues

Tissue

Breast cancer
Sucutis

Glioblastoma
Adjacent normal brain

Astrocytoma
Adjacent normal brain

Ca Uterus/vulva
Subcutis/muscle

Melanoma
Subcutis

31

Average extracellular pH

7.27 ¢0.23
7.58 d0.15

6.87 d0.24
7.12dt0.22

6.75 ©0.40
7.12dt0.04

6.92 d0.37
7.65 dc0.28

6.76 ®0.09
7.43 d¢fc0.08
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CHAPTER 2

A Tetraamino Silicon(1V) Phthalocyanine
and Its N-methylated Derivatives.
Synthesis, Photodynamic Activity,

and pH-Dependent Behavior
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2.1 Introduction

Photodynamic therapy (PDT) is an attractive modality for the treatment of
malignant tumors and other diseases such as age-related macular degeneration.* It
utilizes the combined action of photosensitizer, light, and oxygen to generate reactive
oxygen species (ROS), particularly singlet oxygen, to destroy cancer cells. The
therapeutic outccjpie greatly depends on the photosensitizer’s photophysical properties
and its selectivity toward cancer cells. Phthalocyanines have emerged to be a
promising class of second-generation photosensitizers because of their desirable
features, including strong absorption in the red visible region and high efficiency at
generating singlet oxygen? However, they have a strong tendency to aggregate in
aqueous media > which results in some inevitable problems such as poor delivery in
blood circulation, short triplet state lifetime, low fluorescence quantum yields, and
low singlet oxygen quantum yields.] Development of hydrophilic and nonaggregated
phthalocyanines is therefore important and potentially useful. To date, only few
examples of water-soluble and nonaggregated phthalocyanines have been reported.
Most of them they contain anionic™ or cationic"™ substituents. However, these ionic
photosensitizers are difficult to penetrate the lipid bilayer membrane of the tumor
cells resulting in poor cellular uptake > ,5 To our knowledge, there are very few non-
ionic phthalocyanines which exist in monomeric form in physiological pH in the
absence of surfactants or other disaggregating agents. We report herein a tetraamino
silicon(1V) phthalocyanine (2.1) together with its di- and tetra-N-methylated
derivatives (2.2 and 23). All these compounds are non-aggregated in aqueous
solutions. Their photophysical properties, cellular uptake, and in vitro
photocytotoxicity have also been investigated. Interestingly, the non-ionic compound

2.1 exhibits a pH-sensitive property. In the free amino form, the amine moieties
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effectively quench the singlet excited state of phthalocyanine by photoinduced
electron transfer (PET), reducing the chance of intersystem crossing and hence
hindering the singlet oxygen generation. In the acidic environment, the amine
moieties are protonated - which are no longer electron donors, thus restoring the

singlet oxygen production.

2,2 Results and Discussion

2.2.1 Synthesis and Characterization

Scheme 2.1 shows the synthetic route to prepare phthalocyanines 2.1-2.3,
Treatment of the readily available silicon(1V) phthalocyanine dichloride with 2-{[2-
(dimethylamino)ethyldJmethylamino}ethanol in the presence of pyridine in toluene led
to the formation of the disubstituted product 2.1 in satisfactory yield. Reaction of 2.1
with excess iodomethane in CHCI3 gave the di-N-methylated derivative 2.2. Further
methylation of 2.2 with iodomethane in DMF gave the tetra-N-methylated derivative
2.3. Phthalocyanine 2.1 has a good solubility in CHCI3, while the cationic derivatives
2.2 and 2.3 are not soluble in CHCI3. Due to the difference in solubility, all these

compounds could be purified readily by washing with different solvents.
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Scheme 2.1. Synthetic route of phthalocyanines 2.1-2.3.

Compounds 2.1-2.3 were fully characterized with various spectroscopic
methods and elemental analysis. The 'H NMR spectra of these compounds showed
two typical downfield (8 = 8-10 ppm) AA'BB' multiplets for the a and p protons of
the phthalocyanine ring and upfield-shifted signals for the axial substituents due to the
ring current effect. Figure 2.1 shows the 'H NMR spectrum of compound 2.1 in
CD30D. The two downfield multiplets at 5 9.57-9.61 and 8.30-8.34 are due to the
phthalocyanine a and p ring protons, respectively. In addition, four well-separated
triplets and two singlets are also observed for the methylene and methyl protons of the
axial chains, respectively. Due to the shielding effect by the ring current, these signals
are significantly shifted upfleld (up to 8 -1.9). For the methylated derivatives 2.2 and

2.3, the signals of the methylene and methyl protons are shifted downfield.
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Figure 2.1. 'H NMR spectrum of 2.1 in CD30D.

2.2.2 Electronic Absorption and Photophysical Properties

Figure 2.2 (a) and (b) show the UV-Vis spectra of compounds 2.1-2.3 in DMF
and H20. The spectra are typical for non-aggregated phlhalocyanines, all showing a
B-band at 350-357 nm, as well as an intense and sharp Q-band at 674-684 nm. Upon
excitation at 610 nm, compounds 2.1 and 2.2 showed a weak fluorescence emission
with a fluorescence quantum yield (Op) of 0.01-0.05 in both DMF and H20. By
contrast, the letracationic derivative 2.3 gave a strong fluorescence emission in both
solvents (>f = 0.35 in DMF; Op = 0.21 in water) (Figure 2.2). The data are

summarized in Table 2.1 and Table 2.2.
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Figure 2.2. UV-Vis and fluorescence spectra of 2.1-2.3 (2 |iM) in DMF and water (in

the presence of 0.1% DMF).

To evaluate the photosensitizing efficiency of these compounds, their singlet
oxygen quantum yields (Oa) were determined by a steady-state method with 1,3-
diphenylisobenzofuran (DPBF) as the scavenger.'” It was found that the telra-cationic
derivative 2.3 is an excellent singlet oxygen generator with a value of 0.37 in DMF.
However, compounds 2.1 and 2.2 exhibit very low Oa values (Figure 2.3). It is likely
that the amino moieties in 2.1 and 2.2 quench the singlet exited state of the
phlhalocyanine by PET process, resulting in a weaker fluorescence emission and

lower singlet oxygen generation efficiency.
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Figure 2.3. Comparison of the rate of degradation of DPBF in DMF using 2.1-2.3 and

the unsubstituted zinc(ll) phthalocyanine (ZnPc) as the photosensitizers.

Table 2.1. Electronic absorption and photophysical data for 2.1-2.3 in DMF.

compound Xmex (nm) (log e) Am (nmJ~

354 (4.87), 606 (4.57),

644 (4.51), 674 (5.36) 676 0.01 0.02
357 (490), 607 (4.58),

647 (4.50), 676 (5.36) 679 0.05 0.05
346 (4.85), 610 (4.53), - - .

678 (5.28)

“ Excited at 610 nm. Using ZnPc in DMF as the reference [fluorescence quantum

yield (Of) = 0.28]. ( Using ZnPc as the reference [singlet oxygen quantum yield (O%)

=0.56 in DMF].

47



Ph. D. Thesis -Xiong-jie Jiang

Table 2.2. Electronic absorption and photophysical data for 2.1-2.3 in water*.

compound XMax (nm) (log e) (nm) Of'
2.1 352 (4.84), 614 (4.50), 684 (5.29) 689 0.05
2.2 351 (4.89), 615 (4.53), 683 (5.31) 689 0.03
2.3 350 (4.84), 616 (4.48), 683 (5.25) 689 0.21

a In the presence of 0.1% DMF. ~Excited at 610 nm. ~ Using ZnPc in DMF as the

reference [fluorescence quantum yield (Of) = 0.28].

The electronic absorption and fluorescence spectra of compound 2.1 were also
measured in citrate buffer solutions with different pH values. There is no obvious
change in the absorption spectrum of compound 2.1 at different pH (from 3.0 to 9.0)
(Figure 2.4). However > the fluorescence emission spectrum changes remarkably with
pH (Figure 2.5). The fluorescence intensity of 2.1 increases significantly as the pH
decreases, due to protonation of the amine moieties which prevents the PET process.
The fluorescence intensity increases by 6 folds when the pH decreases from 7.0 to 4.0.
As the intracellular pH is in the range of 4.5-7.4/ it is believed that compound 2.1 is
potentially useful for intracellular pH imaging. Intracellular pH plays a pivotal role in
many cellular events.”* Changes in the pH of cytoplasm or acidic organelles may be an

- u
indication of some diseases.
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Figure 2.4. Flectronic absorption spectra of 2.1 (2 M) in citrate buffer solutions

with different pH values.
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Figure 2.5. Fluorescence spectra of 2.1 (2 fiM) in citrate buffer solutions with
different pH values. The inset plots the relative fluorescence intensity (F) vs. the pH

value. Excitation was made at 610 nm.
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An additional examination was carried out to determine whether metal ions
will affect the pH-sensitive property of compound 2.1. It is well known that many
metal ions such as Hg2+ and Zn:. can coordinate with free amines/) As shown in
Figure 2.6, the relative fluorescence intensity of compound 2.1 remains essentially
unchanged in the presence of various metal ions. These results suggest that the pH-

dependent property of compound 2.1 will not be affected by metal ions.

™pH
lpH74

Figure 2.6. Relative fluorescence intensity of 2.1 (2 |aM) in the absence or presence
of 100 }iM of Cu2+ s Zn2+, Hg2+ » Ca¥™, or Mg2+ ions in citrate buffer solutions at pH 5.0

and 7.4. Excitation was made at 610 nm. 1: 2.1 only; 2: 2.1 + Cu™ 3: 2.1 + zZv\"©

Hg2+ ; 5:2.1 + Ca2+ ; 6: 2 Mg2+.
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Compound 2.1 exhibits an acid-triggered photooxidation property in DMF. In
the absence of acid, this compound is not an efficient singlet oxygen generator. Its
singlet oxygen quantum yield (Oa) is only 0.02 in DMF (Table 2.1). However, the
singlet oxygen quantum yield increases significantly upon addition of HCI (Figure
2.7). The value of (I>a increases by about 26 folds after the addition of 100 equiv. of
HCI. In addition, its ability to generate superoxide radical (02") was also determined
using dihydroethidium (DHE) as a probe in different buffer solutions. DHE is
oxidized by superoxide radical to form ethidium, which fluoresces strongly at around
550 to 650 nm upon excitation." Figure 2.8 compares the rate of oxidation of DHE by
2.1 in buffers with different pH values. It can be seen that the fluorescence intensity

increases steadily upon irradiation and the rate of enhancement is about 3 folds faster

at pH 6.0 compared with that at pH 7.4. It further demonstrates that compound 2.1

$

exhibits an acid-triggered photooxidation property in aqueous solution. On the basis
that solid tumor has a lower extracellular pH profile than normal tissue,” the pH-
controlled photocytotoxicity can provide an alternative way to enhance the selectivity
of PDT. This strategy has been demonstrated briefly by O'Shea et al. using a series of

amine-containing BFi-chelated azadipyrromethenes.*

51



Ph. D. Thesis -Xiong-jie Jiang

.S

E

¢

) o

I .

.

a

B

go 5 no sensitizer

Mo 2.1 + Oeq. HCI

J 2.1+ 25 eq. HCI
° 2.1 + 50 eq. HCI

2.1+ 100 eq. HCI

0 > 4 6 10
Time of irradiation<min)

Figure 2.7. Comparison of the rate of degradation of DPBF in DMF using 2.1 (2 |j.M)
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Figure 2.8. Changes in fluorescence intensity of ethidium with the irradiation time.
The mixtures contained dihydroethidium (20 ~iM) and phthalocyanine 2.1 (4 |iM) in

citrate buffers with different pH.
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Vitro Studies
The cellular uptake of compounds 2.1-2.3 by human colon adenocarcinoma

HT29 cells was studied by confocal laser scanning microscopy. Compound 2.1 gave a
I

strong intracellular fluorescence emission. By contrast, the cationic derivatives 2.2
and 2.3 showed very weak intracellular fluorescence emission (Figure 2.9). Since the
fluorescence quantum yields of these compounds in H20 follow the order 2.1 ~ 2.2 <
2.3, the apparent cellular uptake of the dyes is in the order; 2.1 > 2.2 > 2.3. These
results indicate that cationic substituents hinder the cellular uptake process.

The intracellular fluorescence of 2.1 in living cells under different pH
conditions was also investigated to evaluate the suitability of 2.1 as intracellular pH
sensor. The HT29 cells were incubated with 2.1 (0.5 ™M) at 37 for 30 min, then
with the ionophore nigericin at different pH (5.0, 6.0, and 7.4) for 20 min. Nigericin is
an HVK+ antiporter, which enables the eleclroneutral transport of extracellular H+ ions
in exchange for intracellular K+ ions, and can equilibrate intracellular and
extracellular pH."” The intracellular fluorescence images of 2.1 were obtained by
confocal microscopy. As shown in Figure 2.10, almost no intracellular fluorescence
of compound 2.1 can be observed when the intracellular pH is 7.4. However, at pH
6.0 or 5.0, compound 2.1 gives a very strong fluorescence emission. The intensity

increases by around 16 folds when the intracellular pH decreases from 7.4 to 6.0.
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Figure 2.9. Visualization of intracellular fluorescence of HT29 cells after incubation

with 2.1 (2 "M), 2.2 (8 ~iM), and 23 (8 ~iM) for 2 h - respectively.
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Figure 2.10. Comparison of the relative intracellular fluorescence intensity of 2.1 in
different intracellular pH. Data are expressed as mean + SD (number of cells = 25).
The insert shows the intracellular fluorescence images of HT29 cells after incubation
with 2.1 (0.5 [iM) for 30 min, followed by 20 min incubation with nigericin solutions

(25 jiM) at pH 6.0 and pH 7.4.
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The photodynamic activities of phthalocyanines 2.1-2.3 were investigated
against HepG2 (human heptocarcinoma) and HT29 cells. The IC50 values defined as
the dye concentration required to Kkill 50 % of the cells are summarized in Table 2.3.
All these compounds are essentially non-cytotoxic in the dark, but upon illumination,
they exhibit substantial cytotoxicity (Figures 2.11 and 2.12). Compound 2.1 exhibits a
very high photocytotoxicity with IC50 values down to 0.01 |iM against HepG2 cells
which are about 20 times lower than those of 2.2 and about 180 times lower than
those of 2.3. The results suggest that the higher positive charged compounds show a
lower photodynamic potency > which may be due to their lower cellular uptake as

described above.

20

0 t

60

0N

40

20H

0.0 0.5 0 2 4 6 8

[Photosensitizer] (*M)

OA

Figure 2.11. Effects of 2.1 (squares), 2.2 (triangles), and 2.3 (stars) on HepG2 in the
absence (closed symbols) and presence (open symbols) of light (X > 610 nm, 40 mW
cm-2 > 48 J cm-2). Data are expressed as mean values + S.E.M. of three independent

experiments, each performed in quadruplicate.
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Figure 2.12. Effects of 2.1 (squares), 2.2 (triangles), and 2.3 (stars) on HT29 in the
absence (closed symbols) and presence (open symbols) of light (X > 610 nm, 40 mW
cm', 48 J cm [J)Data are expressed as mean values + S.E.M. of three independent

experiments, each performed in quadruplicate.

Table 2.3. Comparison of the IC50 values of phthalocyanines 2.1-2.3 against HepG2

and HT29 cells.

IC50 (NiM)
Compound
HepG2 HT29
0.01 0.01
2.2 0.23 0.13

2.3 1.82 1.47
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The pH-dependent photocytotoxicity study of the pH-sensitive derivative 2.1
against HT29 and HepG2 cells was also performed. However, when the cells were
maintained in an acidic medium (e.g. pH = 6.5) for several hours, most of the cells
were killed even in the absence of the drug. Therefore, the study could not give

meaningful results.

2.3 Conclusions

In summary, a novel silicon(1V) phthalocyanine substituted with two diamino
axial groups together with its di- and tetramethylated derivatives have been
synthesized and characterized. The non-ionic analogue 2.1 exists mainly as
monomeric species in physiological condition and shows a high photocytotoxicity
toward HT29 and HepG2 cancer cells with IC50 values down to 0.01 “M.
Interestingly, this compound exhibits a pH-dependent behavior. The intracellular
fluorescence intensity increases by 16-fold and the superoxide radical generation
efficiency increases by 3-fold when the pH changes from 7.4 to 6.0. The preliminary
results suggest that this compound is a promising photosensitizer of which the

photodynamic activity can be modulated by changing the pH of the environment.

2.4 Experimental Section
2.4.1 General

All the reactions were performed under an atmosphere of nitrogen. DMF,
pyridine, and toluene were distilled from barium oxide, calcium hydride > and sodium,
respectively. All the other solvents and reagents were of reagent grade and used as

received.
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'H and NMR spectra were recorded on a Bruker DPX 300
spectrometer (‘H, 300; '“C, 75.4 MHZ) in CDCI3, CD30D, or DMSO-Jtf. Spectra
were referenced internally using the residual solvent (‘H: 8 3.31 for CD30D, 6 2.49
for DMSO-6/6; '~C:. 5 77.0 for CDCI3, 6 39.5 for DMSO-"/e) resonances relative to
SiMe4. Blectrospray ionization (ESI) mass spectra were recorded on a Thermo
Finnigagn MAT 95 XL mass spectrometer. Elemental analyses were performed by
Shanghai Institute of Organic Chemistry, Chinese Academic of Sciences, China.

UV-Vis and steady-state fluorescence spectra were taken on a Cary 5G UV-
vis-NIR spectrophotometer and a Hitachi F-4500 spectrofluorometer, respectively.
The Of values were  determined by the equation: Of(sampe) —
(F'sample/|  rcf)(Act/Clampic)(“sanipic2/«rcf  rfiF(ref) » where F, A, and n are the measured
fluorescence (area under the emission peak), the absorbance at the excitation position
(610 nm), and the refractive index of the solvent, respectively. The unsubstituted
zinc(ll) phthalocyanine (ZnPc) in DMF was used as the reference [Opfrco — 0.28].
To minimize reabsorption of radiation by the ground-state species, the emission
spectra were obtained in very dilute solutions where the absorbance at 610 nm was

about 0.03. The values were measured in DMF by the method of chemical

guenching of DPBF using ZnPc as reference (<Da=0.%). [ $

ROS measurements of 2.1 were performed at different pH in the citrate buffer
solutions. Firstly, a mixture of phthalocyanine (4 faM) and dihydroethidiiim (20 |iM)
in buffer solution (3 mL) was prepared in a quartz cell. It was illuminated with red
light from a 100 W halogen lamp with a color glass filter (Newport) cut-on 610 nm
every 5 seconds and then immediately monitored by fluorescence spectroscopy

(excitation at 465 nm and emission at 500-700 nm). The rate of oxidation of
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dihydroethidium," which indicates the ROS generating efficiency of photosensitizers,

was monitored for totally 30 seconds.

2.4,2 Synthesis

Preparation of SiPc(OCH2CH2N(CH3)CH2CH2N(CH3hh (2.1). A mixture of 2-

{[2-(dimethylamino)ethylJmethylamino}ethanol (0.42 g, 2.87 mmol), silicon(1V)

phthalocyanine dichloride (0.22 g, 0.36 mmol), pyridine (0,5 mL), and toluene (15

mL) was relluxed under nitrogen for 4 h. After cooling, the solvent was evaporated in

vacuo. The residue was washed with water (500 mL) and hexane (250 mL), then

dissolved in CH2CI2 (100 mL) and dried over anhydrous NazSCV The product (0.24 g,
81%) was obtained as a blue solid after evaporation of the solvent. 'H NMR (CD30D):
5=9.69-9.72 (m, 8 H, Pc-H«)' 8.45-8.48 (m, 8 H > Pc-Hp), 1.59 (s, 12 H, CH3), 1.09

(vt, J=7.5 Hz, 4 H, CH2), 0.69 (vt, J=6.9 Hz, 4 H, CH2), 0.41 (s, 6 H, CH3), -0.63 (t,

J=6.0 Hz, 4 H, CH2), -1.91 (t, 4 H, J = 6.0 Hz, OCH2); '"C{'"H}NMR (CDCI3): 6=
149.2, 136.0, 130.8, 123.6, 56.6, 56.3, 54.2, 53.1, 45.1,41.3; HRMS (ESI): m/z calcd

for C46H50Ni202SiNa [M+Na]': 853.3841; found: 853.3842; elemental analysis (%)

calcd for C46H50Ni202Si: C 66.48, H 6.06, N 20.22; found: C 66.23, H 6.02, N 20.16.

Preparation of SiPc(OCH2CH2N(CH3)CH2CH2N (CH3)3r)2 (2.2). A mixture of 2.1
(0.16 g, 0.19 mmol) and iodomethane (0.29 g, 2.04 mmol) in CHCI3 was stirred at
room temperature for 5 min. The resulting green precipitate was collected by filtration,
washed thoroughly with CHCI3, CH2CI2, and THF, and then dried in vacuo (0.17 g,

79%). 'H NMR (DMSO0-"6): 6= 9.67-9.70 (m, 8 H, Pc-Ha), 8.52-8.55 (m, 8 H, Pc-
I

Hp) > 2.18 (s, 18 H, CH3), 2.14 (t, J = 6.6 Hz, 4 H>CH2)>0.95 (vt, J = 7.2 Hz, 4 H>

CH2), 0.11 (s, 6 H, CH3), -0.74 (t, J = 5.7 Hz, 4 H, CH2), -2.06 (I, J: 5.7 Hz, 4 H,
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OCH2); '""C{'H}NMR (DMSO-C"g): 6= 148.8, 134.9, 132.2, 123.7, 60.4, 55.0, 52.5,
51.8, 49.7; HRMS (ESI): m/z calcd for C48H56N,202Si [M-21] : 430.2204; found:
430.2208; elemental analysis (%) calcd fordsHssNijONg#PH20) : C 50.89, H

5.16, N 14.84; found: C 50.51, H 5.48, N 14.50.

Preparation of SiPcfOCHzCHzN+fCHjhl CHzCHzN (CHjhl h (2.3) A mixture of
2.2 (0.11 g, 0.10 mmol) and iodomethane (2.84 g, 20.01 mmol) in DMF (10 mL) was
stirred at room temperature for 1 h. The mixture was then poured into diethyl ether
(100 mL) to give green precipitate, which was filtered and washed thoroughly with
CHCI3, CH2CI2, THF, and diethyl ether. The residue was then dried in vacuo (0.13 g,
90%). 'H NMR (DMSO-JA) : 5= 9.73-9.76 (m, 8 H, Pc-Ha), 8.58-8.60 (m, 8 H, Pc-
Hp), 2.60 (vt, 4 H, J = 7.5 Hz, CHj), 245 (s, 18 H, CH3), 2.06 (vl, J: 6.9 Hz, 4
H CH2), 0.76 (s, 12 H, CH3), 056 (s, 4 H, CH2), -1.73 (s 4 H, OCH2); '~"C{'H}NMR
(DMSO-JN): 6 = 148.9, 134.7, 132.5, 124.0, 62.6, 55.7, 55.5, 52.2, 49.2, 48.2; HRMS
(ESI): m/z calcd for CsoHbaNijOzSi [M-41] : 222.6217; found: 222.6218; elemental
analysis (- /- ) caed for CsoHTONIjOftSiU (2.3-4H20): C 40.83, H 4.80' N 11.43; found:

C41.14'H4.93’N 11.37.

2.4.3 In Vitro Studies

Cell Lines 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, no.10313-021) supplemented with fetal calf serum (10%),
penicillin-streptomycin (100 units mL" and 100 jig mL'\ respectively), L-glutamine
(2 mM), and transferrin (10 |ig mL"). The HepG2 human hepatocarcinoma cells

(from ATCC, no. HB-8065) were maintained in RPMI medium 1640 (Invitrogen, no.
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23400-021) supplemented with fetal calf serum (10%) and penicillin-streptomycin
(100 units mL" and 100 jig mL™, respectively). Approximately 3x10"” (for HT29) or
4 X icy* (for HepG2) cells per well in these media were inoculated in 96-multiwell

plates and incubated overnight at 37 °C in a humidified 5% CO2 atmosphere.

Photocytotoxicity Assay. Phthalocyanines 2.1-2.3 were first dissolved in DMF to
give 1.6 mM solutions, which were diluted to appropriate concentrations with the
culture medium. The cells, after being rinsed with PBS, were incubated with 100 |iL
of these phthalocyanine solutions for 2 h at 37 °C under 5% CO2. The cells were then
rinsed again with PBS and refed with 100 fiL 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 nm) was 40 mW cm”™. 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% CO2 overnight. An
MTT (Sigma) solution in PBS (3 mg mL", 50 |iL) 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 |iL) was then added to each well. The plate
was incubated in an oven at 60 °C for 30 min, then 80 of /50-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
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
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following equation: % viability = //~aontrd X 100)]//i, where A, is the absorbance
of the /thdata (/ = 1, 2, ---, [oontrdl is the average absorbance of the control wells in

which the phthalocyanine was absent, and n (= 4) is the number of the data points.

Cellular Uptake Studies. About 6.0 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 then removed. The cells were incubated with a solutions of 2.1-2.3 in
the medium (2 |iM for 2.1, 8 |iM for 2.2 and 2.3, 2 mL) for 2 h under the same
conditions. Then the cells were rinsed with PBS and viewed with a Leica SP5
confocal microscope equipped with a 633 helium neon laser. Phthalocyanies 2.1-2.3
were excited at 633 nm and monitored at 640-700 nm. Images were digitized and

analyzed using Leica Application Suite Advanced Fluorescence.

Effect of pH on the Intracellular Fluorescence of Photosensitize!*. About 1.2 X
104 HT29 cells in the growth medium (2 mL) were seeded on a coverslip and

incubated overnight at 37 [ Cunder 5 % CO2. The medium was removed, then the

cells were incubated with a solution of phthalocyanine 2.1 in the medium (0.5 fiM, 2
mL) for 30 min under the same conditions. The cells were then rinsed with PBS and
incubated with nigericin (Sigma) in PBS (25 (iM, 2 mL) at different pH (pH 74, pH
6.0, and pH 5.0) for further 20 min under the same conditions. The cells were viewed
with a Leica SP5 confocal microscope equipped with a 633 nm helium neon laser
(Laser power = 15 %, Gain = 750 V). Emission signals from 640-700 nm were

collected and the images were digitized and analyzed by Leica Application Suite,
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Advanced Fluorescence. The intracellular fluorescence intensities of cells (totally 25

cells for each pH solution) were also determined.
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CHAPTER 3

Phthalocyanine-Aryl Polyamine Conjugates
as pH-Controlled Photosensitizers for

Photodynamic Therapy



Ph D. Thesis -Xiong-jie Jiang

3.1 Introduction

Photodynamic therapy (PDT) is a noninvasive therapeutic modality for a
variety of premalignant and malignant diseases. A introduction has been mentioned in
Chapters 1. Recently, considerable effort has been devoted to improving the
selectivity of phtotosensitizers toward malignant tissues. For targeted delivery of
photosensitizers to cancer cells, various approaches have been explored. These
include conjugation of photosensitizers to tumor-specific vectors such as antibodies,
synthetic peptides, epidermal growth factor, and adenoviruses,’ and encapsulation of
photosensitizers in colloidal carriers such as liposomes, polymeric micelles, and silica
nanoparticles.2 An alternative strategy takes advantage of the lower extracellular pH
in tumors (ca. 6.8) as compared to normal tissues (ca. 7.3)/ The different pH
environment may change the stability, aggregation tendency - lipophilicity, and
cellular uptake of the photosensitizers, thereby offering a new level of selectivity.

The pH-dependent behavior of several classes of photosensitizers such as
porphyrins/ chlorins/"~ chalcogenopyrylium dyes, and phenylene vinylenes™ has
been briefly examined. Recently, O'Shea et al. have reported a novel series of amine-

containing BF2-chelated azadipyrromethenes which can switch on and off the singlet

o

oxygen production in DMF through changing the pH environment. Upon addition of
HCI, the singlet oxygen generation rates increase by up to 10 folds. In addition to pH-
sensitive photosensitizers, pH-responsive fluorescence probes) and polymeric
micelles [1 have also received much current attention because of their potential
application in in vitro and in vivo cancer imaging, and targeted delivery of
chemotherapeutic agents, respectively. All of them work on the basis of the slightly

acidic extracellular pH environment of solid tumors.
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In Chapter 2, we report a silicon(1V) phthalocyanine substituted with two
diamino axial groups. This compound exhibits a pH-dependent behavior and is a
promising photosensitizer of which the photodynamic activity can be modulated by
changing the pH of the environment. As a continuing effort, we report herein another
series of pH-controlled photosensitizers in which a silicon(1V) phthalocyanine core is
axially substituted with aryl polyamine moieties (compounds 3.1-3.5). These
substituents can modulate the photophysical and photosensitizing properties of the
macrocycles in both organic and aqueous media at different pH values. An acid-
enhanced fluorescence emission effect has also been observed at the cellular level.
These compounds therefore serve as potential tumor-selective photosensitizers for
PDT. The pH-dependent behavior as well as the in vitro photodynamic activity of

these compounds is reported.

3,2 Results and Discussion

3.2.1 Synthesis and Characterization

Scheme 3.1 shows the synthetic route used to prepare phthalocyanines 3.1-
3.5. Treatment of hydroxyamines 3.6-3.7 with benzaldehydes 3.8-3.11 and NaBFLj
led to reductive amination giving compounds 3.12-3.16 in good vyields. The
procedure was similar to thai reported earlier for the preparation of bis(2-
pyridylmethyl)amine.i4  These compounds were then treated with silicon(1V)
phthalocyanine dichloride (3.17) in the presence of pyridine in toluene to give the
disubstituted products 3.1-3.5, which were purified by extraction with CH2CI2
followed by recrystallization from a mixture of CHCI3 and 1-hexane (1:4 v/v). All the
new compounds were characterized with various spectroscopic methods and

elemental analysis (or accurate mass measurement for hydroxyamines 3.13-3.16).
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m
HOAJAANH j OHC- VI:% MeOH
H n % ’ NaBH,
36 n=0 38 Ri R2=H R2 = H (94%)
37 n=1 39 Ri CLRj=H R2 = H (87%)
310R, OMe.R2=H Cl.R2 = H (85%)
311 R, R,=0Me OMe. R2 = H (83%)
' R2 = OMe (78%)
Cl
Cl
317

pyridine, toluene

J LOH jn
R,
31 n=1Ri =R2 = H (76%)
32 n=2 R2 = H (62%)
33 n=2 ClL. R2= H (67%)
34 n=2 OMe. R2 = H (71%)
35 n=2 R2 = OMe (74%)

Scheme 3.1. Preparation of phthalocyanines 3.1-3.5.

The 'H NMR spectra of all phthalocyanines 3.1-3.5 showed two typical
downfield-shifted AA'BB' multiplets at 5 8-10 for the a and p protons of the
phthalocyanine ring. The axial ethylamino linker resonated as two triplets at very
upfield positions (down to 8 = -2 ppm) due to the shielding effect of the
phthalocyanine ring. Figure 3.1 shows the 'H NMR spectrum of compound 3.3 in
CDCI3 as an example. The two downfield multiplets at 5 9.57-9.61 and 8.30-8.34 are
due to the phthalocyanine a and p ring protons, respectively. The four triplets at 8

1.55, 0.89. -0.34, and -1.97 are due to the ethylene protons, which are shielded by the
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phthalocyanine ring current. A singlet at 5 3.21 (for the benzyl CH2 protons) and two

doublets at 6 7.19 and 6.89 (forp-phenylene protons) are also observed.

8
s

Vi

>>

PTTTTITT 5 TTriTe™

Figure 3.1. '"H NMR spectrum of 3.3 in CDCI3.

3,2.2 Electronic Absorption and Photophysical Properties

UV-Vis spectra of phthalocyanines 3.1-3.5 were measured in DMF and the data
are summarized in Table 3.1. The spectra are typical for nonaggregated
phthalocyanines, all showing a Soret band at 354 nm > two vibronic bands at 607 run
and 644 nm, together with a sharp Q band at 674 nm [see the spectra of 3.1 (Figure
3.2) given as an example]. The absorption positions of all these compounds are
identical, suggesting that the axial substituents do not perturb the phthalocyanine n
system. Upon excitation at 610 nm, these compounds showed a weak fluorescence
emission at 675-677 run with a fluorescence quantum yield (Op) of 0.01-0.04 relative

to ZnPc. The weak fluorescence is due to the presence of amino moieties, which
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quench the singlet excited state of the phthalocyanine core by intramolecular
photoinduced electron transfer (PET). Upon addition of HCI (0.6 mM) > the emission
band of all the compoimcfs shifted slightly to the red (by 3-5 nm) and increased greatly
in intensity (Figure 3.3). The fluorescence quantum yield increased significantly to
0.26-0.30 (Table 3.1). The great changes can be attributed to protonation of the

amino moieties under an acidic environment, which inhibits the PET process."*”

2 i
[3.1] _
0 0 5.0
¢ 4.0
0.8 . 0 3.0
0
}) o0 20
0 § Y0 1.0
0 [3.1[0AxM)

700

Wavelength (nm)

Figure 3.2. UV-Vis spectra of 3.1 in DMF. The inset plots the Q-band absorbance

versus the concentration of 3.1.
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Figure 33. Fluorescence spectra of 3.1-3.5 (1 xM) in the absence (dash lines) and

presence (solid lines) of HCI (0.6 mM) in DMF.

The absorption and fluorescence spectra of 3.1-3.5 were also measured in
citrate buffer solutions with different pH. Figure 3.4 shows the UV-Vis spectra of 3.3
in the buffers given as an example. It can be seen that the Q band remains sharp and
intense at pH 4-6. However, it becomes weaker and broadened when the pH increases
to 7-8. It is likely that under acidic conditions, the amino moieties are protonated.
The charged substituents induce mutual repulsion reducing the aggregation of the
phthalocyanine. This results in the occurrence of a sharp and intense monomeric Q
band. By contrast, the compound remains aggregated under neutral and slightly
alkaline conditions in the buffers leading to a broad and weak Q band. Figure 3.5
shows the fluorescence spectra of 3.3 in citrate buffer solutions. It can be seen that
almost no fluorescence emission is observed at pH 8.0. When pH value decreases, this

compound gives strong fluorescence emission.
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Figure 3.4. UV-Vis spectra of 3.3 (3 |iM) in citrate buffer solutions with different pH.
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Figure 3.5. Fluorescence spectra of 3.3 (3 (iM) in citrate buffer solutions with

different pH. Excitation was made at 610 nm.
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All of the phthalocyanines 3.1-3.5 showed a similar pH-dependent behavior’ but
the extent was different for different compounds. Figure 3.6 plots the variation of the
Q-band absorbance at 684 nm with the pH value for all these compounds. Generally,
the absorbance decreases as the pH increases. Compound 3.3 shows the most distinct
decrease in absorbance when the pH increases from 6.0 to 7.4, which can roughly
mimic the environment around tumors and normal tissues, respectively. The change
in fluorescence intensity with pH for all these compounds also follows a similar trend
as depicted in Figure 3.7. Again, compound 3.3 shows the most remarkable change in
the region between pH 6.0 to 7.4. The results show that the axial substituents of 3.1-
3.5 can modulate the pH-dependent absorption and emission properties of the
phthalocyanines in aqueous media, probably through adjustment of the aggregation
tendency, and that compound 3.3 exhibits the most desirable pH-dependent spectral

changes.
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Figure 3.6. Change m the Q-band absorbance at 684 nm with pH for 3.1-3.5 (3 NiM)

in citrate buffer solutions.

-3.1
< 000
. 3.4
)
S
T 000
1
a
g
£ 2000
L
P
]
0
3 4 5 6 7 8 9

Figure 3.7. Change in the fluorescence intensity with pH for 3.1-3.5 (3 |iM) in citrate

buffer solutions upon excitation at 610 nm.
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To evaluate the photosensitizing efficiency of these compounds, their singlet
oxygen quantum yields (Oa) were determined by a steady-state method using 1,3-
diphenylisobenzofuran (DPBF) as the scavenger.'™ The concentration of the quencher
was monitored spectroscopically at 414 nm with time (Figure 3.8), from which the
values of Oa could be determined. As shown in Table 3.1, all of the phthalocyanines
3.1-3.5 can generate singlet oxygen in DMF but with a low efficiency. The values of
Oa are only 0.03 to 0.07 relative to ZnPc. However, in the presence of HCI (600
equiv.), their <Da values are greatly enhanced to 0.34-0.65 and follow the order 3.1 =
3.2 ~3.4 <3.5<3.3(Table 3.1). The significant enhancement can again be attributed
to the protonation of the amino moieties, which inhibits the PET process and

promotes the intersystem crossing and eventually the singlet oxygen formation.
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Figure 3.8. Comparison of the rate of photodegradation of DPBF in DMF (open
c

symbols) and in acidic DMF (in the presence of 1.2 mM HCI - closed symbols) using

3.1-3.5 (2 ™M) as the photosensitizers.
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Table 3.1. Electronic absorption and photophysical data for 3.1-3.5 in DMF.

In the Absence of HCI In the Presence of HCT
Dye xAX (nm) (log E)
om (D/ XY of

354 (4.85), 607 (4.59),
© 644 (4.52), 674 (5.38)
354 (4.80), 607 (4.54),
© 644 (4.47), 674 (5.34)
354 (4.74), 607 (4.49),
© 644 (4.43), 674 (5.30)
3.4 9ot (480, 607 (4.50), 676 001 004 681 029 036
644 (4.49), 674 (5.36)
354 (4.83), 607 (4.54),

‘ 644 (4.49), 674 (5.32)

676 0.04 0.06 681 0.30 0.34

677 0.01 0.03 680 0.28 0.38

676 0.01 0.07 681 0.30 0.65

675 0.02 0.06 680 0.26 0.47

a 600 Equiv. relative to phthalocyanine. Excited at 610 nm. ( Using ZnPc in DMF as

the reference = 0.28). “ Using ZnPc as the reference (O™ = 0.56 in DMF).

To better mimic the biological environment, the superoxide radical (02.)

generation efficiency of phthalocyanines 3.1-3.5 was also examined in the buffer
solutions using dihydroethidium (DHE) as a probe for superoxide radical.” It is
generally believed that ethidium is the oxidized product, which fluoresces strongly at
around 600 nm upon excitation. Figure 3.9 shows the change in fluorescence
intensity of ethidium with time using compound 3.3 as the sensitizer at two different
pH environments (6.0 and 7.4). In the absence of light, no fluorescence could be
detected at both pH values, showing that compound 3.3 could not generate superoxide
radical under these conditions. By contrast, the fluorescence intensity increased
steadily upon irradiation and the rate of enhancement was much faster at pH 6.0

compared with that at pH 7.4. The results show that compound 3.3 works as an
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efficient superoxide radical generator > particularly at a low-pH environment. All of
the compounds 3.1-3.5 exhibit a similar behavior and the results are summarized in
Table 3.2. It can be seen that all of them can generate superoxide radical and are
more efficient at pH 6.0 than at pH 7.4. The difference is most remarkable for

compound 3.3, for which there is a 9.5-fold increase.

10000  _5_ pHe6 O Light
pH 6.0 Dark
-A- pH 7.4 Light
8000 . oH74 Dark
¢ 6000
llC
9} 4000
o3
@ 2000
9
ul 0
10 15 20 25 30 35

Time (s)

Figure 3.9. Change in fluorescence intensity of ethidium with irradiation time (open
symbols). The mixture contained phthalocyanine 3.3 (4 fiM) and dihydroethidium
(20 |j.M) in citrate buffer solution at pH 6.0 (squares) or 7.4 (triangles), and was
irradiated with red light (X > 610 nm). The corresponding data obtained without

irradiation are given as closed symbols as a control.
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Table 3.2. Comparison of the rates of superoxide radical generation using 3.1-3.5 as

the photosensitizers at pH 6.0 and 7.4.

Rate of 02" Rate ofOTr Relative Rate of O2'
oy Generation (pH 6.0)J Generation (pH IAf Generation”
3.1 39 13 3.0
3.2 345 236 1.5
3.3 331 35 9.5
34 341 220 1.6
3.5 238 76 3.1

"Determined as the slope of the best-fitted line plotting the fluorescence intensity of
ethidium versus irradiation time (as shown in Figure 3.9). ™ Ratio of the rate of

superoxide radical generation at pH 6.0 to that at pH 7.4.

3,2,3 In Vitro Photodynamic Activities

The pH-dependent fluorescence emission of 3.3 at the cellular level was also
examined. In this study, human colon adenocarcinoma HT29 cells were incubated
with 3.3 followed with the ionophore nigericin at different pH (6.0, 6.5, 7.4, and 8.0).
The bright field and fluorescence images of the cells were then captured with a
confocal microscope (Figure 3.10a), and the intracellular fluorescence intensities were
determined (Figure 3.10b). As shown in Figure 3.10, the intracellular intensities are
much stronger at pH 6.0 and 6.5 compared with those at pH 7.4 and 8.0. The results
further demonstrate that compound 3.3 is a promising fluorescence probe and

photosensitizer that can target tumor on the basis of its remarkable pH-responsive
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properties in the region between pH 6.5 and 7.4, which are the general pH

environments for tumors and normal tissues, respectively.”

@ >

pH6.0 pH6.5 pH7.4 pH8.0

Figure 3.10 (a) Visualization of bright field (upper row) and intracellular
fluorescence (lower row) images of HT29 cells after incubation with 3.3 (0.5 pM) for
30 min, followed with nigericin solutions (25 ~M) at (i) pH 6.5 and (ii) pH 7.4 for 20
min. (b) Comparison of the intracellular fluorescence intensity of 3.3 in the presence

of nigericin at different pH. Data are expressed as mean + SD (number of cells — 25).

The photodynamic activities of phthalocyanines 3.1-3.5 were also evaluated
against two different cell lines - namely HT29 and human heptocarcinoma HepG2
cells. Figure 3.11 shows the effects of 3.3 on HT29 cells, which are typical for all
these phthalocyanines. All of them are essentially noncytotoxic in the absence of
light, but exhibit high photocytotoxicity. The IC50 values, defined as the dye
concentration required to kill 50% of the cells, are summarized in Table 3.3.
Compounds 3.2-3.5 are highly potent with ICso values in the range of 0.03 to 0.06
which are comparable with those of some other silicon(lV) phthalocyanine-based

photosensitizers reported by us earlier.’” Compound 3.1, which only has one
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amino group in the axial substituent is significantly less photocytotoxic. This can
easily be seen in Figure 3.12, which compares the effects of 3.1 and 3.2 on HepG2
cells. The IC50 values of 3.1 (0.45-0.49) are roughly 10-folds higher compared with
those of the other analogues (Table 3.3). It is believed that the extra ethylamino unit
in 3.2-3.5 can increase the water-solubility and enhance the cellular uptake of the

phthalocyanines, resulting in higher photocytoloxicity.

100
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Figure 3.11. Effects of 3.3 on HT29 in the absence (closed symbol) and presence
(open symbol) of light. For the latter, the cells were illuminated with a red light (X >
610 nm, 40 mW cm"®, 48 J cm'?). Data are expressed as mean values + S.E.M. of three

independent experiments, each performed in quadruplicate.
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Figure 3.12. Effects of 3.1 (square) and 3.2 (triangle) on HepG2 in the absence
(closed symbols) and presence (open symbols) of light. For the latter, the cells were
illuminated with a red light (X > 610 nm, 40 mW cm'®, 48 J cm'”). Data are expressed
as mean values + S.E.M. of three independent experiments, each performed in

guadruplicate.

Table 3.3. Comparison of the IC50 values of phthalocyanines 3.1-3.5 against HT29

and HepG2 cells.

IC50 (mM)
Compound
HT29 HepG2
3.1 0.45 0.49
3.2 0.03 0.06
3.3 0.05 0.06
3.4 0.03 0.03

5.5 0.03 0.06
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The subcellular localization of 3.3 in HT29 cells was also investigated. The
cells were stained with 3.3 together with LysoTracker Green DND 26 or MitoTracker
Green FM, which are specific fluorescence dyes for lysosomes and mitochondria,
respectively. As shown in Figures 3.13a-c, the fluorescence caused by the
LysoTracker (excited at 488 nm, monitored at 500-570 nm) is well superimposed with
the fluorescence caused by 3.3 (excited at 633 nm, monitored at 640-700 nm). The
very similar fluorescence intensity profiles of 3.3 and LysoTracker traced along the
green line in Figure 3.13c (Figure 3.13d) also confirms that compound 3.3 can target
lysosomes of the cells. By contrast, the fluorescence images of 3.3 and the
Mitotracker (excited at 488 nm, monitored at 500-570 nm) cannot be superimposed

(Figure 3.14), indicating that 3.3 is not localized in the mitochondria.
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2 4 6 8 10
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Figure 3.13. Visualization of intracellular fluorescence of HT29 using filter sets
specific for (a) phthalocyanine 33 (in green) and (b) LysoTracker (in red), and (c) the
corresponding superimposed image. Figure (d) shows the fluorescence intensity

profiles of 33 (green) and LysoTracker (red) traced along the green line in Figure (c).

Figure 3.14. Visualization of intracellular fluorescence of HT29 using filter sets
specific for (a) phthalocyanine 3.3 (in green) and (b) MitoTracker (in red), and (c) the

corresponding superimposed image. Figure (d) shows the bright field image.
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3.3 Conclusions

We have prepared and characterized a series of novel silicon(1V)
phthalocyanines axially substituted with aryl polyamine moieties. These compounds
show pH-dependent UV-Vis and fluorescence spectroscopic properties in DMF and
citrate buffer solutions. In acidic media, all of them can generate ROS including
singlet oxygen and superoxide radical effectively. Compound 3.3 is of particular
interest because of its remarkably different behavior in the pH range (ca. 6.5 to 7.4)
differentiating the tumor and normal tissue environments. Phthalocyanines 3.1-3.5
also exhibit high photocytotoxicity against HT29 and HepG2 cells with IC50 values as
low as 0.03 }iM. As revealed by confocal microscopy, compound 3.3 also shows a
high selectivity toward lysosomes of the cells. The results presented herein show that
these phthalocyanines, particularly compound 3.3, are promising pH-controlled and

tumor-selective photosensitizers for PDT.

3,4 Experimental Section

3.4,1 General
Details regarding the purification of solvents, instrumentation, photophysical

measurements, and in vitro studies have been described in Chapter 2.

Subcellular Localization Studies. About 6.0 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 then removed. For the study using LysoTracker, the cells
were incubated with a solution of 3.3 in the medium (0.5 |iM, 2 mL) for 115 min

under the same conditions. LysoTracker Green DND 26 (Molecular Probes; 4 fiM in
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the culture medium) was then added, and the cells were incubated under .these
conditions for a further 5 min. For the study using MitoTracker, the cells were
incubated with MitoTracker Green FM (Molecular Probes; 0.2 ~M) in the medium (2
mL) for 30 min. Then the cells were rinsed with PBS and incubated again with a
solution of 3.3 in the medium (2 [j.M, 2 mL) for 2 h under the same conditions. For
both 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. Both
LysoTracker and MitroTracker were excited at 488 nm and monitored at 500-570 nm,
while compound 3.3 was excited at 633 nm and monitored at 640-700 nm. Images
were digitized and analyzed using Leica Application Suite Advanced Fluorescence.
The subcellular localization of 3.3 was revealed by comparing the intracellular

fluorescence images caused by the LysoTracker or MitoTracker and this dye.

3.4,2 Synthesis

Preparation of Hydroxyamine 3.12. A solution of benzaldehyde (3.8) (2.80 g, 26.4
mmol) in methanol (150 mL) was, cooled in an ice-bath. 2-Aminoelhanol (3.6) (1.40
g » 22.9 mmol) was then added - and the mixture was stirred at room temperature for 8
h. Sodium borohydride (2.00 g, 5.9 mmol) was added slowly to the reaction mixture,
which was maintained at 0  using an ice-bath. After the addition - the mixture was
stirred at room temperature for 12 h. The reaction was quenched by the addition of
HCI (6 M) with cooling until the pH was adjusted to 4. The solvent was removed
under reduced pressure. The residue was dissolved in water (100 mL) and washed
with CH2CI2(100 mL x 3) to remove the organic impurities. The aqueous phase was
separated and its pH was adjusted to 10 using solid NaaCO}. It was then extracted

with CH2CI2 (150 mL). The organic portion was dried over anhydrous MgSO* and
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evaporated in vacuo to give the product as a colorless oil (3.25 g, 94%). 'H NMR: 5
7.27-7.33 (m, 5 H > ArH), 3.80 (s, 2 H, CH!) » 3.65 (t, 5.1 Hz, 2 H, CHj) > 2.80 (t, J
=5.1 Hz, 2 H, CHi). NMR: 8 138.9, 128.10128.0126.8, 60.0' 53.0, 50.3.

The NMR data are essentially the same as those given elsewhere."

Preparation of Hydroxyamine 3.13. According to the procedure described for 3.12,
compound 3.13 was prepared as a colorless oil by treating benzaldehyde (3.8) (2.12 g,
20.0 mmol) with 2-(2-aminoethylamino)ethanol (3.7) (2.08 g, 20.0 mmol), followed
by reduction using sodium borohydride (1.52 g, 40.2 mmol) (3.38 g, 87%). NMR:
57.27-7.33 (m'5 H > ArH), 3.78 (s, 2 H, CH2), 3.62 (t, J= 5.1 Hz, 2 H, CH2), 2.71-
2.74 (m, 6 Il, CH2). '“C{'H} NMR: 5 139.9, 128.2, 128.0, 126.8, 60.4, 53.7, 51.2,
48.7, 48.4. MS (FAB): miz 195 (100%, [M+H].). HRMS (FAB): m/z calcd for

C11HION2O [M+Hr 195.1492, found 195.1490.

Preparation of Hydroxyamine 3.14. According to the procedure described for 3.12,
compound 3.14 was synthesized by treating 4-chlorobenzaldehyde (3.9) (1.97 g, 14.0
mmol) with 2-(2-aminoethylamino)ethanol (3.7) (1.46 g, 14.0 mmol), followed by
reduction using sodium borohydride (1.06 g, 28.0 mmol). The product was isolated as
a brown oil (2.72 g, 85%). 'H NMR: 6 7.22-7.29 (m, 4 H, ArH), 3.73 (s> 2 H, CH}J),
361 (t, J =54 Hz, 2 H, CH2) » 2.69-2.72 (m, 6 H, CH2). '~C{'H} NMR: 8 138.5,
132.5, J29.4, 128.4, 60.6, 53.0, 51.2, 48.7 48.5. MS (FAB): m/z 229 (100%, [M]+).

HRMS (FAB): miz calcd for CnHNCINjO |[MI' 229.1102, found 229.1094.

Preparation of Hydroxyamine 3.15, According to the procedure described for 3.12,

4-methoxybenzaldehyde (3.10) (1.91 g 14.0 mmol) was treated with 2-(2-

86



Ph. D. Thesis -Xiong-jie Jiang

aminoethylamino)ethanol (3.7) (1.46 g, 14.0 mmol) and sodium borohydride (1.06 g,
28.0 mmol) to give 3.15 as a brown oil (2.61 g, 83%). 'H NMR: 8 7.24 (d,J =8.7 Hz -
2 H' ArH) > 0.87 (d’ 8.7 Hz, 2 H» ArH), 3.80 (s, 3 H, CH3), 3.74 (s, 2 H, CH2), 3.64
(t, J= 5.4 Hz>2 H> CH2), 2.75-2.79 (m> 6 H, CH2). '~C{'H} NMR: 5 158.7, 131.7,
129.5, 113.8, 60.5, 55.2, 53.1, 51.0, 48.4, 48.1. MS (FAB): mh 121 (100%,
[C6H4(0CH3)CH2]+)' 225 (54%, [M+H]+). HRMS (FAB): mh calcd for C12H2IN202

[M+H]+ 225.1598, found 225.1605.

Preparation of Hydroxyamine 3.16. According to the procedure described for 3.12,
3,4,5-trimethoxybenzaldehyde (3.11) (2.75 g, 14.0 mmol) was reacted with 2-(2-
aminoethylamino)ethanol (3.7) (1.46 g, 14.0 mmol) and sodium borohydride (1.06 g,
28.0 mmol) to give 3.16 as a brown oil (3.11 g, 78%). 'H NMR: 6 6.56 (s> 2 H, ArH),
3.87 (s, 6 H, CH3), 3.83 (s, 3 H, CH3) > 3.74 (s, 2 H, CH2), 3.64 (t, J= 5.1 Hz, 2 H,
CH2), 2.75-2.78 (m, 6 H, CH2). '~C{'H} NMR: 6 153.2, 136.8, 135.6, 104.9, 60.8,
60.7, 56.1, 54.1, 51.0, 48.5, 48.4. MS (FAB): miz 181 (100%, [C6H2(OCH3)3CH2]+) -
285 (130/0, [M+HJ+). HRMS (FAB): calcd for C14H25N204 [M+H]' 285.1809, found

285.1806.

Preparation of Phthalocyanine 3.1. A mixture of silicon(1V) phthalocyanine
dichloride (3.17) (0.20 g: 0.33 mmol), 2-benzylaminoethanol (3.12) (0.15 g, 1.0
mmol), and pyridine (0.5 mL) in toluene (30 mL) was refluxed for 4 h. After
evaporating the solvent in vacuo, the residue was dissolved in CH2CI2 (100 mL) and
then washed with water (100 mL x 3). The organic layer was collected and
evaporated under reduced pressure. The crude product was recrystallized from

CHCDb/I-hexane (1:4 v/v) to give the product as a blue solid (0.21 g > 76%). NMR:
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5 9.60-9.64 (m, 8 H, Pc-Ha), 8.32-8.36 (m, 8 H’ Pc-Hp), 6.94 (t, J=7.2 Hz, 2 H, ArH),
6.84 (t,J = 7.2 Hz, 4 H, ArH), 6.09 (d, J = 7.2 Hz, 4 H, ArH), 2.01 (s' 4 H:>CH!) -
0.27 (l,y= 5.4 Hz’ 4 H, CHz), -1.93 (t, J= 5.4 Hz, 4 H, CFb). NMR: 5 149.2,
139.5, 135.9,.130.9, 127.7" 126.9, 126.0, 123.7" 53.7, 51.3, 47.6. HRMS (ESI): miz
calcd for C50H40NioNa02Si [M+Na]* 863.2997, found 863.2999. Anal. Calcd for

C50H40Ni002Si: C, 71.41; H, 4.79; N, 16.65. Found: C, 71.56; H, 5.06; N, 16.36.

Preparation of Phthalocyanine 3.2. According to the procedure described for 3.1,
silicon(1V) phthalocyanine dichloride (3.17) (0.20 g 0.33 mmol) was treated with
hydroxyamine 3.13 (0.19 g, 1.0 mmol) and pyridine (0.5 mL) in toluene (30 mL) to
give 3.2 as a blue solid (0.19 g 62%). 'H NMR: 6 9.58-9.62 (m, 8 H, Pc-H - ) » 829
8.33 (m’ 8 H, Pc-Hp), 7.20-7.25 (m, 6 H, ArH), 7.00 {d,J= 7.5 Hz, 4 H ArH), 3.26 (s,
4 H, CH2) > 1.58 (t, 6.0 Hz, 4 H> CHiX 0.88 (t,J = 6.0 Hz, 4 H' CFb) > -0.35 (t,J =
5.4 Hz, 4 H, CH2), -1.97 (t, 7 = 5.4 Hz, 4 H, CH2). '"C{'H} NMR: 5 149.2, 140.3,
135.9, 131.0° 128.1, 127.9, 126.6, 123.6, 53.7, 53.3, 47.8 (two overlapping signals),
46.9. HRMS (ESI): m/z calcd for C54H5iN,202Si [M+H]+ 927.4022, found 927.4029.
Anal. Calcd for C54H52Ni203Si (3.2 H20): C, 68.62; H, 5.55; N, 17.78. Found: C,

68.45; H, 5.79; N, 17.33.

Preparation of Phthalocyanine 3.3. According to the procedure described for 3.1,
silicon(1V) phthalocyanine dichloride (3.17) (0.20 g, 0.33 mmol) was treated with
hydroxyamine 3.14 (0.23 g, 1.0 mmol) and pyridine (0.5 mL) in toluene (30 mL) to
give 3.3 as a blue solid (0.22 g, 67%). “HNMR: 5 9.57-9.61 (m, 8 H, Pc-Ha), 8.30-
8.34 (m, 8 H, Pc-Hp), 7.19 (d,J= 84 Hz, 4 H, ArH), 6.89 (d, J = 84 Hz > 4 H, ArH),

3.21 (s, 4 H, CH2) > 1.55 (I, / = 5.7 Hz, 4 H, CH2), 0.89 (t,J =5.7 Hz, 4 H, CH2), -0.34
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(t, y= 5.1 Hz, 4 H, CHz), -1.97 {UJ = 5.1 Hz, 4 H, CHj). NMR: 6 149.2'
138.9, 135.9, 132.2, 131.0' 129.1, 128.2, 123.6, 53.8, 52.5, 47.9, 47.7, 46.9. HRMS
(FAB): m/z calcd for CsMUQCIINNQISi  [M+H]+ 995.3242, found 995.3214. Anal.
Calcd for C54H48CI2Ni202Si: C, 65.12; H > 4.86; N, 16.87. Found: C: 64.75; H, 4.62;

N, 16.56.

Preparation of Phthalocyanine 3.4. According to the procedure described for 3.1,
silicon(1V) phthalocyanine dichloride (3.17) (0.20 g, 0.33 mmol) was treated with
hydroxyamine 3.15 (0.22 g, 1.0 mmol) and pyridine (0.5 mL) in toluene (30 mL) to

give 3.4 as a blue solid (0.23 g, 71%). 'H NMR: 5 9.59-9.62 (m, 8 H, Pc-H,), 8.30-

>

8.33 (m, 8 H, Pc-Hp), 6.91 (d, J = 8.4 Hz, 4 H, ArH), 6.76 (d, J = 8.4 Hz, 4 H, ArH),
3.78 (s 6 H, CHj), 3.19 (s, 4 H, CH2) > 1.56 (t,J = 6.0 Hz, 4 H, CH2), 0.88 {UJ= 6.0
Hz, 4 H, CH2)' -0.36 (t,J=5.4 Hz, 4 H, CH2), -1.98 {UJ= 5.4 Hz, 4 H, CH2).

NMR: 6 158.3, 149.2, 135.9, 132.5, 130.9, 129.0, 123.7, 113.5, 55.2, 53.8, 52.7, 47.9,
47.7 46.9. HRMS (FAB): m/z calcd for C56H55Ni204Si [M+H]+ 987.4233, found
987.4196. Anal. Calcd for CseHseNizOsSi (3.4 H20): C, 66.91; H, 5.62; N, 16.72.

Found: C, 67.36; H, 5.53; N, 16.45.

Preparation of Phthalocyanine 3.5. According to the procedure described for 3.1,
silicon(1V) phthalocyanine dichloride (3.17) (0.20 g, 0.33 mmol) was treated with
hydroxyamine 3.16 (0.28 g, 1.0 mmol) and pyridine (0.5 mL) in toluene (30 mL) to
give 3.5 as a blue solid (0.27 g, 74%). NMR: 6 9.59-9.62 (m, 8 H, Pc-Ha), 8.31-
8.34 (m, 8 H > Pc-Hp), 6.20 (s’ 4 H' ArH), 3.78 (s, 6 H, CH3), 3.72 (s > 12 H, CH3)" 3.19
(s, 4 H, CH2), 1.59 (UJ= 6.0 Hz, 4 H, CH2), 0.91 (t, 6.0 Hz, 4 H > CH2),-0.34 (t, J

=5.1 Hz,4H > CH2) > -1.96(t, J=5.1 Hz, 4 H, CH2). NMR: 8 152.9, 149.2,
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136.5, 136.1, 135.9, 131.0, 123.6, 104.5, 60.8" 55.9, 53.7, 53.5, 47.9" 47.7" 46.9.
HRMS (FAB): m/z calcd for CeoHesNizOgSi [M+H]+ 1107.4656, found 1107.4604.
Anal. Calcd for CfioHMNIizOgSi (S.S HjO): C, 64.04; H, 5.73; N, 14.94. Found: C,

64.21; H, 5.91; N, 14.79.
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CHAPTER 4

Synthesis and Photodynamic Activities of

Phthalocyanine-Polyamine Conjugates
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4.1 Introduction

The native polyamines such as putrescine, spemidine, and spermine play
multifunctional roles in a number of cell processes including cell proliferation and
differentiation. * All cells have methods of manufacturing polyamines from amino acid
sources. In addition, cells can import polyamines from outside the cells via polyamine
transporters (PATs). Many cancer cells'are unable to produce enough polyamines to
sustain their growth and therefore rely upon polyamine import to grow." These
characteristics lead to the use of polyamines as potent vectors for the selective
delivery of chemotherapeutic and DNA targeted agents into cancer cells.
Consequently, a substantial number of polyamine conjugates with cytotoxic drugs
such as chlorambcil/ nitroimidazole/ aziridine,”™ acridine, enediyne/ taxol**
camptothecin/™ anthrancen,'® and porphyrin' ‘ have been reported. In most of the cases,
the cytotoxicity and drug selectivity for tumor cells is enhanced. In this Chapter, we
report a new series of polyamine-containing silicon(rv) phthalocyanines, including
their synthesis, photophysical properties, and photodynamic activities, both in vitro

and in vivo.

4.2 Results and Discussion

4.2.1 Preparation and Characterization

Scheme 4.1 and Scheme 4.2 show the synthetic routes of the precursors 4.9a-
4.9e and 4.13, respectively. According to the amino-alcohol strategy developed
earlier, reaction of 3-aminopropanol (4.2a) or 4-aminobutanol (4.2b) with excess
methyl formate followed by reduction with LiAIH4 led to the A™-methyl product 4.4a

or 4.4b. Sequential protection of 4.4a (or 4.4b) with di-/er/-butyl dicarbonate
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[(Boc)20] and reaction of methanesulfonyl chloride (MsCIl) in the presence of
triethylamine gave compound 4.6a (or 4.6b). Further mesylate displacement reaction
with amino alcohol 4.2a, 4.4a or 4.7 afforded 4.8a-4.8e, which then underwent JV-Boc
deprotection with hydrochloric acid to give the hydroxyl diamines 4.9a-4.9e. By
repeating the A™-Boc protection followed by O-sulfonylation procedure, compound
4.8a was converted to 4.11. Substitution reaction of compound 4.11 with (3-
hydroxylpropyl)methylamine (4.4a) followed by N-Boc deportection gave the
hydroxyl triamine 4.13.

The precursors 4.4a-4.4b, 4.9a-4.9e, and 4.13 were then treated with
silicon(1V) phthalocyanine dichloride in the presence of pyridine in toluene to give
the disubstituted products 4.1a-4.1i (Scheme 4.3). The products could be purified
readily by extraction with CHzCh/water > followed by recrystallization using a mixture

of CHCI3 and 1-hexane (1:4 v/vwV

0]
HONHMNH, HOAXANMNH hcTAHTAN'
H
4.2a:n 4.3a: n: 44a:n=1 4.5a:
4.2b: n 4.3b: n 44b: n=2
HcrVTAMR
H
42a;n=1.R=H
47:n=0.R=Me
MsONVAN'
R Boc Boc
m=1,ne R=H m=1 R . m
m=1,n R H m=1 Rs
m=0,n RNE 48 m=0 RN
m=1,n Hi m=1
m=1,n- R m=1 R
R Rl

Scheme 4.1. Reagents and conditions: (@) HCOOMe, 16 h; (b) LiAIH*" THF, 16 h; (c) (Boc)20 »
ESN. MeOH, 16 h; (d) M ~, EtjN, CHjCb, 16 h; (€) CH3CN, 16 h; (f) i: 4 N HCI' MeOH, 16 h,

ii: NazCO;j.
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.10 4.1

4.4a
HO CN'
! Br oo
A3 4.12
Scheme 4.2. Reagents and conditions: (a) (Boc)20' EtsN, MeOH, 16 h; (b) MsCI, EtsN,

CH2CI2, 16 h; (c) CH3CN, 16 h; (d) i: 4 N HCI, MeOH, 16 h, ii: NazCOLI.

H
R=0 H R= O
R=0 419
R= ’ H IhR=0
H U R= | H H

Scheme 4.3. Structure of phthalocyanines 4.1a-4.1i.

Phthalocyanines 4.1a-4.1i were ftilly characterized with various spectroscopic
methods and elemental analysis. Figure 4.1 shows the 'H NMR spectrum of 4.1d in
CDCI3. The two downfield multiplets at 5 9.63-9.66 and 8.34-8.37 are due to the
phthalocyanines a and p ring protons, respectively. The axial groups resonate as a
singlet at 5 2.25 (for the methyl protons), four triplets at 5 2.05, 1.29, -0.06, and -2.06
(for NCH2 and OCH2 protons), and two multiplets at 5 0.68-0.78 and -1.35 to -1.31
(for CCH2C protons). These signals appear at very upfield positions due to the

shielding effect of the phthalocyanine ring.



Ph. D. Thesis -Xiong-jie Jiang

o

Figure 4.1. '"H NMR spectrum of 4.1d in CDCI3.

4.2.2 Electronic Absorption and Photophysical Properties

The electronic absorption and photophysical data for 4.1a-4.1i measured in
DMF are summarized in Table 4.1. All the compounds give typical absorption spectra
of non-aggregated phthalocyanines, showing the B-band at 354-356 nm, Q band at
672-674 nm, together with two vibronic bands at 604-607 nm and 643-647 nm. The
very similar Q-band absorptions indicate that the macrocyclic % system is not
perturbed by the axial ligands. Figure 4.2 shows the UV-Vis spectra of 4.1a in DMF
at various concentrations given as an example. The Q band absorption strictly follows
the Lambert Beer's Law, suggestion that aggregation is not significant for this
compound. Upon excitation at 610 nm, all these compounds show a weak
fluorescence emission at 676-678 nm with a fluorescence quantum yield (Op) of 0.03-

0.08 relative to ZnPc (Of = 0.28). The weak fluorescence is attributed to the axial
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amino moieties, which can quench the singlet excited state of the phthalocyanine core

by intramolecular photoinduced electron transfer (PET).
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Figure 4.2. UV-Vis spectra of 4.1a in DMF. The inset plots the Q-band absorbance

versus the concentration of 4.1a.

To evaluate the photosensitizing efficiency of these compounds, their singlet
oxygen quantum yields (<Da) were determined by a steady-state method using 1,3-
diphenylisobenzofiiran (DPBF) as the scavenger. The concentration of the quencher
was monitored spectroscopically at 414 nm with time of irradiation (Figure 4.3), from
which the values of Oa could be determined. As shown in Table 4.1, all of the
phthalocyanines 4.1a-4.1i can generate singlet oxygen in DMF » but not in an effective
manner. The values of & are only 0.03 to 0.15 relative to ZnPc (Oa = 0.56). The low

singlet oxygen generation efficiency can also be attributed to the PET process.
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Figure 4.3. Comparison of the rates of photooxidation of DPBF in DMF using 4.la-

4.1i and ZnPc as the photosensitizers
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Table 4.1. Electronic absorption and photophysical data for 4.1a-4.1i in DMF.

Compound X~ax (nm) (log e) Am (nm)' Op'

354 (4.81), 604 (4.55),

la 643 (448), 672 (5.35) 676 0.03 0.06
354 (4.85), 606 (4.58), 678 008 013
644 (4.50), 673 (5.38) ) ’
o 356 (4.77). 606 (4.51), ¢ oo o
644(4.45), 673 (5.31) 77 07 15
354 (4.78), 606 (4.52),
644 (4.45), 673 (5.32) 677 0.06 0-09
o 356 (4.85), 606 (4.57), 677 004 015
644 (4.50), 673 (5.37) ’ '
356 (4.86), 607 (4.57),
It 647 (4.51), 674 (5.37) 677 0.07 014
354 (4.85), 606 (4.59),
678 0.08 0.1
Ig 644 (4.52), 674 (5.39) 3
356 (4.83), 606 (4.55),
644 (448), 673 (5.34) 677 004 0.06
I 354 (4.82), 606 (4.56), 677 0.03 0.03

644 (4.49), 673 (5.35)

a Excited at 610 nm. Using ZnPc in DMF as the reference [[Dp= 0.28].0sing ZnPc

as the reference [<Da = 0.56 in DMF].

All the compounds 4.la-4.1i are also soluble in water because of the
hydrophilicity of the axial amino substituents. In the presence of 0.1% THF (for 4.1a-

4.1c) or 0.1% MeOH (for 4.1cM.li)’ all the compounds exist mainly in monomeric

A)

form in water as shown by their absorption spectra. Figure 4.4 shows the absorption

spectra of phth”ocyanines 4.1a and 4.1b in water (with 0.1% THF). Both spectra
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show the B-band at 352 nm, a vibronic band at 614 nm, and a Q-band at 683 nm. The
Q-band of 4.1b is particularly intense indicating that this compound is essentially non-
aggregated in water. Compounds 4.1c-4.1i show similar spectra features and it can be
concluded that they are also essentially non-aggregated in water. Upon excitation at
610 nm, these compounds show a fluorescence emission at 687-688 nm with a
fluorescence quantum yield (Op) of 0.12-0.21. The fluorescence quantum yields of
these compounds are relatively higher in water than those in DMF because the amino
moieties are protonated in the aqueous environment, resulting in the inhibition of PET
process. The absorption as well as the fluorescence emission data of these compounds
are compiled in Table 4.2. Compared with the data recorded in DMF, both the Q-band

absorptions and fluorescence emissions are slightly red-shifted.

0.6

<QNO—=0MCOonm

0.2

0.0
300 400 500 600 700 800

Wavelength (nm)

Figure 4.4. UV-Vis spectra of 4.1a and 4.1b (3.0 NiM) in water (with 0.1% THF).
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Table 4.2. Electronic absorption and photophysical data for 4.1a-4.1i in water.

Compound Xtax (nm) (log e) O n{nm)’ of

352 (4.71), 614 (4.39),

683 (4.99), 774 (4.23) 687 0-14
352 (4.85), 614 (4.52), o
683 (5.26) 19
352 (4.76), 614 (4.44),
683 (5.16) 687 0.16
352 (4.77), 614 (4.44)
683 (5.21) 687 0.21
352 (4.79), 614 (4.46),
683 (5.23) 687 0-19
352 (4.85), 614 (4.51),
683 (5.27) 687 0-16
352 (4.85), 614 (4.49),
g 683 (5.29) 687 0.18
) 352 (4.81), 614 (4.46), o
683 (5.24) 13
352 (4.79), 614 (4.46), 677 010

683 (5.23)

Eikcited at 610 nm. Using ZnPc in DMF as the reference [Of = 0.28].

The electronic absorption and fluorescence spectra of these polyamine-
phthalocyanine conjugates were also measured in citrate buffer solutions with
different pH values. Figure 4.5 plots the variation of the Q-band absorbance at 684 nm

with the pH value for all these compounds. Compound 4.1a is relatively aggregated
i
in the pH region between 5.0 to 9.0. The other compounds are non-aggregated

essentially under a neutral or acidic condition (pH < 8). The changes in fluorescence
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intensity with pH for these compounds are summarized in Figure 4.6. All these
compounds exhibit a pH-dependent property in fluorescence emission. Interestingly,
while the absorption spectra of all these phthalocyanines with axial amino substituents
are almost identical, the amino groups exhibit a great effect on the aggregation
tendencies and photophysical properties of the macrocycles in aqueous solutions. For
example, the aryl polyamino derivatives 3.2-3.5 show remarkable pH-dependent
aggregation and fluorescence emission properties in the buffer solution in the pH
regon between 6.0 to 8.0, the polyamino derivatives 4.1b-4.1i show a pH-dependent
fluorescence emission in the region between pH 7.0 to 9.0, and the tetraamino
derivative 2.1 shows the most distinct change in fluorescence intensity when pH

increases from 4.0 to 7.0.

Q Q
I Y]

N

@go-«mo—mom‘} v O
)
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Figure 4.5. Change in the Q-band absorbance at 684 nm with pH for 4.1a-4.1i (2 |iM)

in citrate buffer solutions.
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Figure 4.6. Change in the fluorescence intensity with pH for 4.1a-4.1i (2 fiM) in

citrate buffer solutions upon excitation at 610 nm.

4.2.3 In Vitro Studies

The photodynamic activities of phthalocyanines 4.la-4.li were evaluated
against two different cell lines, namely human colon adenocarcinoma (HT29) and
Chinese hamster ovary (CHO) cells. The latter cell line has chosen because of its
higher PAT activity. This part of study was in collaboration with Prof. Wing-Ping
Fong of the Biochemistry Department. Figure 4.7 shows the effects of 4.1b on both
cells give as an example. It is essentially noncytotoxic in the absence of light, but
exhibits high photocytotoxicity. All the compounds show similar survival curves and
their 1cso values are summarized in Table 4.3. Interestingly, most of the
phthalocyanines show stronger photodynamic action against HT29 cells. It can be
seen that the i1cso values of 4.1b and 4Jc against CHO cells are about 30-fold higher
than those for HT29 cells. These results show that these phthalocyanines are selective

toward HT29 tumor cells rather than CHO normal cells.
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Figure 4.7. Comparison of the cytotoxic effects of 4.1b on CHO cells (squares) and
HT29 cells (triangles) in the absence (closed symbols) and presence (open symbols)
of light (k > 610 nm, 40 mW cm"?, 48 J cm™?). Data are expressed as mean values +:

S.E.M. of three independent experiments, each performed in quadruplicate.

Table 4.3. Comparison of the icso values of phthalocyanines 4.1a-4.1i against HT29

and CHO cells.
Compound 1690 (ni)

HT29 CHO

11.4 61.9

b 1.1 35.0

1.4 33.1

d 5.5 29.0

31.3 25.8

21.7 36.5

8.8 15.6

234 21.3

22.8 46.2
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For the light source that we used (halogen lamp, X > 610 nm), only a narrow
region of the light (at ca. 610-700 nm) is absorbed by the compounds to initiate the
photodynamic action. Hence, the actual total fluence required should be much lower
than 48 J cm'. To study the effects of light dose » the cytotoxicity of 4.1b on HT29
cells, upon illumination with a diode laser at 675 nm, was also evaluated. It was found
that a total fluence of 16 J cm™ (power = 0.2 W) is sufficient to attain a similar effect
(ic50 = 1 nM) (Figure 4.8). By reducing the total fluence to 4 J cm™?, the photoactivity

was lower giving an ic50 value of 14.5 nM.

20
00
5. 80
>
f e
S OnM
> 0 — 1 nM
—16nM
0 250 nM
0
0 6 8 10 12 14 16

Light dose (J cm'™)
Figure 4.8. Light dose dependent photocytotoxicity of 4.1b against HT29 cells. The
cells were illuminated with a diode laser at 675 nm. Data are expressed as mean

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

It has been reported that PDT can initiate apoptosis causing cell death." A
hallmark of apoptosis is the change in membrane permeability that is demonstrated by
phosphatidylserine extemalization on the outer leaflet of the plasma membrane.”
Annexin V-GFP is a sensitive probe for identifying apoptotic cells with a high affinity

for phosphatidylserine. Propidium iodide (PIl) is a standard flow cytometric viability
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probe which is used to distinguish viable from nonviable cells. In this experiment, the
apoptosis determination is conducted by the dual fluorescence of Annexin V-GFP/PI
and is measured by flow cytometry to distinguish necrotic cells (GFP+/Pl+)’ apoptotic
cells (GFP+/Pr) > and intact cells (GFPVPI'). To investigate cell death mechanism
triggered by these phthalocyanines, the most potent compound 4.1b was selected to
kill HT29 cells. HT29 cells were treated with phthalocyanine 4.1b (16 nM) for 2 h.
After illumination, they were stained with Annexin V-GFP and Pl. As shown in
Figure 4.9, most of the cells were negative with either Annexin V-GFP or Pl in the
absence of light, indicating that 4.1b is noncytotoxic toward HT29 cells in darkness.
After illumination, 94% of the cells were Annexin-postive and Pl-negative. From
these results, it can be concluded that these amino phthalocyanines induce apoptosis

extensively.

4.1b. 16 nM 4.1b. 16 nM, light

0% 3%

m<3SOo—Munncw

10*

Annexin V-GFP Fluorescence
Figure 4.9. Contour diagram of Annexin V-GFP/PI flow cytometry of HT29 cells
after incubation with 4.1b (16 nM) in the absence and presence of light (k > 610 nm,
40 mW cm™, 48 J cm'). The lower left quadrants of each panels show the viable cells -
negative for Annexin V-GFP and PIl. The upper right quadrants contain necrotic cells,
positive for Annexin V-GFP and PIl. The lower right quadrants represent the apoptotic

cells, Annexin V-GFP positive and Pl negative, demonstrating cytoplasmic membrane
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integrity. The distribution of cell populations was determined by three independent

trials with standard deviations obtained.

The subcellular localizations of 4.1b and 4.1e in HT29 cells were also
investigated. The cells were incubated with these phthalocyanines together with
LysoTracker Green DND 26 or MitoTracker Green FM > which are specific
fluorescence dyes for lysosomes and mitochondria, respectively. As shown in Figure
4.10, the fluorescence caused by the LysoTracker (excited at 488 nm, monitored at
500-570 nm) is well superimposed with the fluorescence caused by both 4.1b and 4.1e
(excited at 633 nm, monitored at 640-700 nm). The very similar fluorescence
intensity profiles of phthalocyanine and LysoTracker traced along the green line also
confirms that these compounds can target lysosomes of the cells. By contrast, the
fluorescence images of these compounds and the Mitotracker (excited at 488 nm,
monitored at 500-570 nm) cannot be superimposed, indicating that these compounds

are not localized in the mitochondria.
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Figure 4.8. Visualization of intracellular fluorescence of HT29 using filter sets

specific for phthalocyanines 4.1b, and 4.1e, Mito Tracker, and Lyso Tracker. The

corresponding superimposed images and the fluorescence intensity profiles of these

phthalocyanines and Mito Tracker or Lyso Tracker traced along the green line in the

overlap images are also shown.
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4.2,4 In Vivo Studies,

Phthalocyanines 4.1b and 4.1e were selected for in vivo evaluation of their
PDT effectiveness. The study was performed by Prof. Wing-Ping Fong of the
Biochemistry Department. Nude mice bearing HT29 cells were treated with an
intravenous dose of phthalocyanine (1 |imol Kg'), and tumors were illuminated (30J
crrf2) 24 h post-injection. The tumor size was monitored continuously for 2 weeks
after PDT. As shown in Figure 4.11, phthalocyanines 4.1b and 4.1le are able to
suppress and even reduce the tumor growth in mice. No significant difference in
tumor regression could be seen for 4.1b and 4.1e, despite their in vitro icso values are

remarkably different (Table 4.3).
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Figure 4.11. Tumor growth delay after PDT by phthalocyanines 4.1b (a) and 4.1e (b).
Nude mice bearing HT29 cells subcutaneously were treated with an intravenous dose
the of drug (1 pmoi kg"). Hlumination with laser light (30 J cm™”?) was applied for the
PDT (n = 5 for each group) and the light-only group control (n = 3). The mice for
dark control (n = 3 for each group) and no treatment control (n = 6) were kept in

darkness. The tumor size was monitored continuously for 2 weeks after PDT.

The in vivo dark toxicity of phthalocyanines was determined by using plasma
enzyme assay. The blood was collected from mice at the end of tumor regression
study by cardiac puncture. Hepatic enzymes aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) marker enzymes activity levels in serum were
detected. As shown in Figure 4.12, no significant injuries in liver of the mice were

detected.
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Figure 4.12. In vivo toxicity of 4.1b and 4.1e. The blood was collected from mice (n
=3 for each group) at the end of tumor regression study by cardiac puncture. Hepatic
(AST and ALT) marker enzymes activity levels in serum were detected. The error
bars represent the standard deviation. No significant injuries in liver of the mice were

detected.

4.3 Conclusions []

We have prepared and characterized a series of novel silicon(1V)
phthalocyanines axially substituted with polyamine moieties. These hydrophilic
compounds are nonaggregated in aqueous media. The in vitro photocytotoxic
experiments show that most compounds are highly potent and the effects on HT29
cells are greater than those on CHO cells. For example, the icso value of compound
4.1b against HT29 ceils is 1.1 nM, while the value agaist CHO cells is 35.0 nM.
These results indicate that these compounds may exhibit a higher potency for certain
tumor cells such as HT29 cells, although the precise mechanism of selectivity remains

elusive. Phthalocyanine 4.1b predominately induces apoptosis in HT29 cells. As
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revealed by confocal microscopy, 4.1b and 4.1e show a high selectivity toward
lysosomes of the HT29 cells. The two compounds also inhibit the growth of tumor in
vivo. All of these results indicate that this series of novel phthalocyanine-aryl

poiyamine conjugates are promising photosensitizers for PDT.

4.4 Experimental Section

Details regarding the purification of solvents, instrumentation, photophysical

measurements, and in vitro studies have been described in Chapter 2.

4.4,1 Synthesis

yV-(3-Hydroxypropyl)formaiiiide (4.3a). This compound was prepared by a modified
literature procedure. Treatment of 3-hydroxyproprylamine (4.2a) (35.1 g, 0.47 mol)
with methyl formate (90.1 g, 1.5 mol) gave the formamide 4.3a (47.6 g, 98%). 'H
NMR (300 MHz » CDCI3) : 6 8.17 (s, 1 H, HCO), 6.58 (s, 1 H, NH), 3.66-3.76 (m, 2 H>
OCH2)’ 3.36-3.48 (m, 2 H, NCH2), 1.69-1.80 (m - 2 H, CH2).

A
1

AN-(4-Hydroxybutyl)formaiiiide (4.3b).According to the procedure described for
43a, treatment of 4-hydroxybutylamine (4.2b) (5.0 g, 56.1 mmol) with methyl
formate (10.2 g, 0.17 mol) gave the formamide 4.3b (6.5 g > 99%). 'H NMR (300 MHz,
CDCI3) : 6 8.17 (s, 1 H, HCO), 5.82 (s, 1 H, NH), 3.68-3.72 (m’ 2 H, OCH?2), 3.27-

3.37 (m, 2 H, NCH2), 1.63-1.67 (m~ 4 H, CH2).

yV-Methyl-3-hydroxypropylamine (4.4a). This compound was prepared by a
modified literature procedure.”™ It was synthesized by adding a solution of 4.3a (44.0

g 043 mol) in THF (50 mL) to a vigorously stirred suspension of LiAIRi (22.1 g,
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0.58 mol) in THF (200 mL) at O °C. After addition, the mixture was heated at reflux
for 16 h. The suspension was then cooled to O °C. Water (30 mL) and then NaOH
(10% w/w, 100 mL) were added to hydrolyze the mixture. The mixture was stirred at
room temperature for 30 min. The insoluble precipitate was filtered off, and the
filtrate was evaporated in vacuo. The residue was purified by distillation under
reduced pressure (29.7 g, 77%). 'H NMR (300 MHz, CDCI3) : 6 3.78 (t, J = 5.7 Hz, 2
H > OCH2), 2.82 (t°J = 6.0 Hz, 2 H, NCH2), 2.42 (s, 3 H, CH3), 1.66-1.74 (m, 2 H,

CH2).

/V-Methyl-S-hydroxybutylamine (4.4b).According to the procedure described for
4.4a, treatment of 4.3b (5.1 g, 43.1 mmol) with LiAIR, (5.1 g 0.13 mol) in THF (200
mL) gave 4.4b (4.4 g, 98%). 'H NMR (300 MHz, CDCI3) : 8 3.57 (t°J = 4.8 Hz, 2 H,
OCH?2), 2.62 (t, J = 5.7 Hz, 2 H, NCH2), 2.42 (s, 3 H' CH3), 1.60-1.68 (m, 4 H, CH2).

%
yV-(/e/t-Butoxycarbooyl)-7V-methyl-3-hydroxypropylamine (4.5a).A solution of
4.4a (5.1 g, 57.2 mmol) in triethylamine/MeOH (1:7 v/v, 150 mL) was stirred at O
for 10 min. A solution of di-/err-butyldicarbonate (21.2 g, 97.1 mmol) was added
dropwise over 10 min. The mixture was stirred for 1 h under a N2 atmosphere. The
temperature was allowed to gradually rise to room temperature and the solution was
stirred overnight. The solution was dissolved in CH2CI2 and washed with deionized
water. The organic layer was separated, dried over anhydrous Na2S04, filtered, and
concentrated to give 4.5a as a clear oil Q9 p. 92%). 'H NMR (300 MHz, CDCI3) : 6
3.55 (vt, 2 H, OCH2), 3.39 (vt, 2 H, NCH2), 2.84 (s, 3 H> NCH3), 1.68 (br, s, 2 H,

CH2), 1.47 (s, 9 H CH3).
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AN-(ler/-Butoxycarbonyl)-A™-methyl-3>hydroxybutylamine (4.5b).'® According to
the procedure described for 4.5a, treatment of 4.4b (5.0 g, 48.5 mmol) with d\-tert-
butyldicarbonate (15.4 g, 70.5 mmol) gave 4.5b as a clear oil (9.7 g, 98%) 'H NMR
(300 MHz, CDCb) : 5 3.57 (vt 2 H, OCH2), 3.16 (t,7=6.3 Hz, 2 H, NCH2), 2.76 (s° 3

H, NCH3), 1.46-1.52 (m, 4 H, CH2), 1.38 (s, 9 H CH3).

3-[(/fr/-Butoxycarbonyl)(inethyl)ainino|propyl methanesulfonate (4.6a).""" The
synthetic procedure of 4.6a was similar to that reported earlier for the preparation of
3-[(/err-butoxycarbonyl)(methyl)amino]propyl methanesulfonate.** A solution of 4.5a
(9.5 g, 50.2 mmol) and triethylamine (20.2 g 0.20 mol) in CH2CI2 (130 mL) was
stirred at 0°C. Methanesulfony chloride (11.5 g 0.10 mol) was added dropwise over
30 min under a N2 atmosphere. The reaction mixture was stirred at 0°C for 1 h, then it
was slowly warmed to room temperature and stirred overnight under N2. The reaction
mixture was cooled to O then a 4 M NaOH solution (50 mL) was added slowly
with vigorious stirring. The organic phase was separated and washed with water (70

mL X 3). It was then dried over anhydrous Na2S04, and concentrated to give 4.6a as a

{

yellow oil (12.5 g, 93%). The product was used in the next step without further
purification.  NMR (400 MHz > CDCh): 5 4.25 (t,J= 6.0 Hz, 2 H, SCH2) » 345 (t, J
=6.8 Hz, 2 H, NCH2), 3.03 (s, 3 H, CSH3), 2.86 (s, 3 H, NCH3), 1.94 - 201 (m, 2 H’
CH2), 1.46 (s> 9H > CH3).

4-[(/e/t-Butoxycarbonyl)(methyl)amino)butyl methanesulfonate (4.6b). According
to the procedure described for 4.6a, treatment of 5b (5.0 g, 24.6 mmol) with

methanesulfony chloride (5.8 g, 50.6 mmol) gave 4.6b as a yellow oil (6.3 g, 91%).
NMR (400 MHz, CDCI3) : 5 4.26 (t,J — 6.4 Hz, 2 H, SCH2), 3.26 (t-J = 6.8 Hz, 2
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H, NCHz), 3.02 (s, 3 H, SCH3), 2.84 (s, 3 H NCH3) ’ 1.70-1.78 (m, 2 H, CH2), 1.60-

1.68 (m, 2 H, CH2), 1.46 (s * 9 H, CH3).

[3-(3-Hydroxypropylaiiiino)propyl](methyl)carbainic acid /ert-butyl ester (4.8a).
The synthetic procedure of 4.8a was similar to that reported earlier for the preparation
of [3-(3-hydroxypropylamino)propyl]carbamic acid tert—buiy\ ester.The mesylate
4.6a (5.1 g 19.1 mmol) and 4.2a (10.0 g 0.13 mol) were dissolved in acetonitrile (20
mL). The mixture was then stirred at 75 under a N2 atmosphere for 48 h. The
solution was concentrated under reduced pressure. The residue was dissolved in
CH2CI2 (30 mL) and washed with 10% aqueous Na2C03 (100 mL x 3). The organic
layer was separated and dried with anhydrous Na2S04. After concentration in vacuo,
the residue was purified by flash column chromatography (Si02, 10% MeOH/CHCh)
to afford 4.8a as light yellow oil (1.6 g’ 34%). '"H NMR (300 MHz, CDCI3) : 5 3.81 (,
5.1 Hz, 2 H, OCH2), 3.28 (vt, 2 H > NCH2), 2.83 (vt, 2 H, NCH2), 2.83 (s, 3H>
NCH3), 2.60 (I, J = 6.3 Hz, 2 H, NCH2) > 1.67-1.74 (m’ 4 H, CH2), 1.46 (s, 9 H, CH3).

HRMS (EI) calcd for Q2H26N203 [M]+ 246.1938’ found: 246.1935.

(4-(3-Hydroxypropylainino)butyl)(methyl)carbaiiiic acid tert-buty\ ester (4.8b).
According to the procedure described for 4.8a > treatment of 4.6b (5.1 g, 18.1 mmol)
with 4.2a (10.0 g’ 0.13 mol) gave 4.8b as a yellow oil (1.7 g, 36%). 'H NMR (40D
MHz, CDCI3): 5 3.81 (t,y= 5.2 Hz, 2 H> OCH2), 3.21 (vt, 2 H, NCH2), 2.88 (1,7=5.6
Hz > 2 H, NCH2), 2.83 (s, 3 H, NCH3) » 2.63 (t,7=6.8 Hz, 2 H, NCH2), 1.67-1.71 (m, 2
H > CH2), 1.51-1.54 (m, 2 H, CH2), 1.43-1.47 (m->2 H>CH2), 1.46 (s, 9 H, CH3).

HRMS (EI) caled for C13H28N203 [M]+ 260.2094, found: 260.2093.
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{3-[(2-Hydroxyethyl)(methyl)amino](propyl)}(methyl)carbamic acid /er/-butyl
ester (4.8c). According to the procedure described for 4.8a, treatment of 4.6a (3.6 g,
13.5 mmol) with 4.7 (3.8 g, 51.1 mmol) gave 4.8c as a yellow oil (2.0 g, 60%). 'H
NMR (400 MHz, CDCI3): 6 3.59 (t, J = 5.2 Hz, 2 H, OCH2) » 3.26 (vt, 2 H, NCH2),
2.85 (s> 3 H, NCH3), 2.52 (t,J = 5.2 Hz, 2 H, NCH2), 2.40 (t,J = 7.2 Hz, 2 H, NCH2),
2.25 (s, 3 H, CH3), 1.66-1.73 (m - 2 H, CH2), 1.46 (s, 9 H, CH3). HRMS (EI) calcd for

C12H26N203 [M]+ 246.1938, found: 246.1935.

{3-]|(3-Hydroxypropyl)(methyl)ainino](propyl)}(methyl)carbamic acid /ert-butyl
ester (4.8d). According to the procedure described for 4.8a, treatment of 4.6a (4.9 g,
18.3 mmol) with 4.4a (10.0 g, 0.11 mmol) gave 4.8d as a yellow oil (1.6 g, 33%). 'H
NMR (300 MHz, CDCI3) : 5 3.80 (t,J = 5.1 Hz>2 H, OCH2), 3.23 (vt, 2 H, NCH2)’
2.85 (S, 3 H, NCH3)' 2.59 (t» J= 5.7 Hz, 2 H > NCH2), 2.34 (I,J = 7.5 Hz, 2 H, NCH2),
2.25 (s, 3 H, NCH3), 1.67-1.75 (m, 4 H’ CH2), 146 (s, 9 H, CH3). HRMS (EI) calcd

for C13H28N203 [M]+ 260.2094, found: 260.2096.

{4-((3-Hydroxypropyl)(methyl)amino|(butyl)}(methyl)carbamic acid /er/-butyl
ester. (4.8e). According to the procedure described for 4.8a - treatment of 4.6b (5.0 g,
17.8 mmol) with 4.4a (10.1 g, 0.11 mol) gave 4.8e as a yellow oil (2.4 g, 49%). 'H
NMR (400 MHz, CDCI3): 6 3.80 (t, J = 5.2 Hz, 2 H, OCH2), 3.22 (vt, 2 H > NCH2),
2.83 (s, 3 H, NCH3), 2.59 (t,J = 5.6 Hz, 2 H, NCH2), 2.38 (t,J = 7.2 Hz, 2 H, NCH2),
2.24 (s, 3 H NCH3), 1.67-1.72 (m, 2 H, CH2), 1.48-1.51 (m, 4 H, CH2), 1.45 (s, 9 H,

CH3). HRMS (EI) calcd for C13H28N203 [M]+ 274.2251, found: 274.2242.
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3-f3-(Methylamino)propylamino]propan-l-ol (4.9a). A solution of Boc-protected
4.8a (1.5 g, 6.1 mmol) in MeOH (10 mL) was stirred at O for 10 min. A 4 M HCI
(10 mL) solution was added to the reaction mixture dropwise. The mixture was stirred
at O for 20 min and then at room temperature overnight. The solution was
concentrated under reduce pressure to give a yellow oil. The oil was mixed with
aqueous NazCO] solution (20% w/w, 10 mL) and the solvent was evaporated. The
residue was dissolved in CH2CI2. The solution was dried with anhydrous MgS04, and
then concentrated in vacuo to give a clear oil. (0.82 g 92%). | H NMR (400 MHz,
CDCI3): 8 3.78 (t,J= 5.4 Hz, 2 H, OCH2), 2.85 (t, J= 5.6 Hz, 2 H> NCH2) 2.67 (t,J
=7.2 Hz, 2 H,NCH2) » 2.62 (t> J = 7.2 Hz, 2 H, NCHz), 2.42 (s, 3 H, NCH3), 1.65-1.71
(m- 4 H> CH2). NMR (75.5 MHz, CDCI3) : 6 64.1, 50.2" 49.9, 48.1, 36.5, 30.7,

29.9. HRMS (El) calcd for CvHM O [M]+ 146.1414, found: 146.1411.

3-(4-(Methylaiiiino)butylaiiiino]propan-1-ol (4.9b). According to the procedure
described for 4.9a, treatment of 4.8b (1.5 g, 5.8 mmol) with 4 M HCI (10 mL) and
then agueous NaaCC” solution (20% w/w, 10 mL) gave 4.9b as a clear oil (0.85 g,
91%). 'H NMR (400 MHz - CDCI3): 5 3.80 (t,J = 5.2 Hz, 2 H, OCH2), 2.87 (tJ= 5.6
Hz, 2 H> NCH2), 2.63 (t,J = 6.4 Hz> 2 H, NCH2), 2.57 (t,J = 6.8 Hz>2 H, NCH2),
2.42 (s, 3 H, NCH3), 1.66-1.72 (m-2 H, CH2), 1.50-1.53 (m, 4 H, CH2).

NMR (75.5 MHz, CDCI3): 5 64.6, 51.9, 50.1,49.7, 36.5 ® 30.5, 27.7 » 27.6. HRMS (EI)

caled for CgHzoNzO [M]+ 160.1570, found: 160.1567.

2-{Methyl[3-(methylamino)propyllamino}ethanol  (4.9c). According to the
procedure described for 4.9a, treatment of 4.8¢c (1.8 g, 7.3 mmol) with 4 M HCI (10

mL) and then aqueous Na2CO03 solution (20% w/w, 10 mL) gave 4.9c as a clear oil
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(1.09 g, 93%). '"H NMR (400 MHz, CDCI3): 6 3.61 (t,J=5.2 Hz>2 H, OCH2), 2.69 (t,
J =6.8 Hz, 2 H, NCH2), 2.48-2.54 (m, 4 H, NCH2), 2.44 (s, 3 H, NCH3), 2.26 (s, 3 H"
NCH3), 1.66-1.73 (m - 2 H, CH2). NMR (100.6 MHz, CDCI3): 6 58.8, 55.1,
50.2, 42.2, 36.1, 26.7. HRMS (ESI) calcd for C7THI9N20O [M+H]+ 147.1492, found:

147.1489.

3-{Methyl[3-(methylainino)propyl]amino}propan-l-ol (4.9d). According to the
procedure described for 4.9a, treatment of 4.8d (1.6 g, 6.1 mmol) with 4 M HCI (10
mL) and then aqueous Na2C03 solution (20% w/w, 10 mL) gave 4.9d is a clear oil
(0.83 g, 85%). 'H NMR (300 MHz, CDCI3) : 8 3.79 (t,J = 5.1 Hz, 2 H, OCH2), 2.57-
2.63 m, 4 H, NCH2), 2.43 (t, 7.2 Hz, 2 H, NCH2), 2.43 (s’ 3 H, NCH3), 2.25 (s, 3
H, NCH3), 1.66-1.73 (m, 4 H, CHz). '"*"C{'"H} NMR (75.5 MHz, CDCI3): 6 64.2, 58.0,
56.1, 50.1, 41.9, 36.5, 27.8, 27.4. HRMS (El) calcd for CgHjoNiO [M]+ 160.1570’

found: 160.1576.

3-{Methyl|3-(inethylaiiiino)propyl]lamino}propaii-I>ol (4.9e). According to the
procedure described for 4.9a, treatment of 4.8e (1.5 g, 5.5 mmol) with 4 M HCI (10
mL) and then aqueous NaaCO; solution (20% w/w > 10 mL) gave 4.9e as a clear oil
(0.66 g, 69%). 'H NMR (400 MHz, CDCI3): 5 3.80 (t,J=5.2 Hz' 2 H - OCH2), 2.57-
2.61 (m, 4 H> NCH2), 2.43 (s, 3 H, NCH3), 2.38 (t,J= 6.8 Hz, 2 H, NCH2), 2.24 (s> 3
H, NCH3), 1.68-1.72 (m, 2 H, CH2), 1.46-1.54 (m, 4 H, CH2). NMR (100.6
MHz, cpcis) : 6 64.7, 58.5, 58.1° 51.9, 41.9, 36.4’ 27.6 (two overlapping signals),

25.0. HRMS (EI) calcd for COH22N20 [M]+ 174.1727’ found: 174.1723.

118



Ph. D. Tfiesis -Xiong-jie Jiang

{3-[(3-/err-Butoxycarbonyl)(3-hydroxypropylainino](propyl)}(methyl)carbaniic

acid terT-butyH ester . .., According to the procedure described for 4.5a - treatment
of 4.8a (5.1 g, 20.7 mmol) with di-/er/-butyldicarbonate (10.5 g, 48.1 mmol) gave
4.10 as a clear oil (6.5 g, 91%). 'H NMR (300 MHz, CDCI3): 8 3.54 (vt, 2 H, OCH2)’
3.38 (vt, 2 H, NCH2), 3.22 (vt, 2 H, NCH2), 3.13 (vt, 2 H, NCHZ2), 2.85 (s, 3 H, NCH3),
1.59-1.80 (m - 4 H, CH2), 1.46 (s, 18 H, CH3). HUMS (EI) calcd for C17H34N205 [Mf

346.2462, found: 346.2460.

propyl methanesulfonate (4,11). According to the procedure described for 4.6a,
treatment of 4.10 (5.1 ¢, 14.7 mmol) with methanesulfony chloride (10.1 g, 88.1
mmol) gave 4.11 as a yellow oil (5.2 g, 83%). 'H NMR (300 MHz, CDCI3): 6 4.25 (t,
J =63 Hz, 2 H, OCH2), 3.29-3.32 (m ' 2 H, NCH2), 3.15-3.23 (m, 4 H, NCH2), 3.03 (S’
3 H, scH3), 2.80 (s, 3 H, ncH3), 1.95-2.01 (m, 2 H, CH2) » 1.70-1.79 (m, 2 H,

CH2)'1.46 (S, 18 H, CH3).

3-1 (3-]{3-|(/e/f-Butoxycarbonyl)(inethyl)amiiio]propyl}(tert-

buoxycanbonyl)amino) propyl}(methyl)aniino| propan-I-ol (4.12). According to
the procedure described for 4.8a, treatment of 4.11 (5.1 g, 12.0 mmol) with 4.4a (5.1
g, 57.2 mmol) gave 4.12 as a clear oil (3.0 g, 60%). 'H NMR (400 MHz, CDCI3): 6
3.79 (t,y= 5.2 Hz, 2 H, OCH2), 3.20 (br, s, 6 H, CH2), 2.85 (s, 3 H, NCH3), 2.59 (t, J
=5.6 Hz, 2 H, NCH2), 2.37 (t,J= 7.2 Hz, 2 H, NCH2), 2.25 (s, 3 H, NCH3), 1.68-1.75
(m - 6 H, CH2), 1.46 (s, 18 H, CH3). HRMS (EI) calcd for C21H43N305 [M]+ 417.3197,

found: 417.3187.
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3-[(3-{[3-(Methylaiiiino)propyl]Jammo}propyl)(methyl)] propan-I-ol (4.13).
According to the procedure described for 4.9a, treatment of 4.12 (1.6 g, 3.8 mmol)
with 4 M HCI (10 mL) and then aqueous NaiCCh solution (20% w/w, 10 mL) gave
4.13 as aclear oil (0.69 g, 84%). 'H NMR (400 MHz, CDCI3) : 5 3.78 (t,J= 5.2 Hz, 2
H > OCH2), 2.61-2.68 (m 6 H, NCH2), 2.58 (UJ= 5.6 Hz, 2 H> NCH2),2.42 (t, J=7.2
Hz, 2 H > NCH2), 2.42 (s, 3 H, NCH3), 2.24 (s, 3 H, NCH3), 1.65-1.72 (m, 6 H, CH2).
NMR (100.6 MHz, CDCI3) : 6 64.2, 58.0 * 56.2, 50,5, 48.4" 48.0 ° 42.0, 36.5’

30.0 ° 27.8, 27.6. HRMS (EI) caled for C11H27N30 [M]+ 217.2149, found: 217.2153.

Preparation of Phthalocyanine 4.1a. A mixture of silicon(lV) phthalocyanine
dichloride (0.20 g, 0.33 mmol), 2-(methylamino)ethanol (0.22 g, 2.93 mmol), and
pyridine (0.5 mL) in toluene (30 mL) was refluxed for 4 h. After evaporating the
solvent in vacuo, the residue was dissolved in CH2CI2 (100 mL) and then washed with
water (100 mL x 3). The organic layer was collected and evaporated under reduced
pressure. The crude product was recrystallized from CHCb/I-hexane (1:4 v/v) to give
the product as a blue solid (0.18 g, 79%). NMR (400 MHz, CDCI3): 6 9.63-9.65
(m, 8 H, Pc-Ha), 8.34-8.36 (m, 8 H, Pc-Hp), 0.73 (s, 6 H, NCH3), -0.38 (UJ= 5.2 Hz,
4 H, CH2), -2.00 (t, 5.2 Hz, 4 H, OCH2). NMR (100.6 MHz, CDCI3): 5
149.2, 135.9, 131.0, 123.7, 53.5, 50.1, 34.0. HRMS (FAB) calcd for CjsHazNioOjSi
[M]. 688.2473, found: 688.2459. Anal. Calcd for CsgHjzNioQjSi: C, 66.26; H, 4.68;

N 20.33. Found: C, 65.80; H, 4.55; N, 19.96.

Preparation of Phthalocyanine 4.1b According to the procedure described for 4.1a,
silicon(1V) phthalocyanine dichloride (0.15 g, 0.25 mmol) was treated with

hydroxyamine 4.2a (0.21 g, 2.36 mmol) and pyridine (0.5 mL) in toluene (30 mL) to
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give 4.1b as a blue solid (0.13 g, 72%). 'H NMR (400 MHz, CDCI3): 5 9.63-9.65 (m,
8 H, Pc-Ha), 8.33-8.35 (m, 8 H, Pc-Hp), 1.16 (s, 6 H, NCH3), -0.08 (1,7= 6.4 Hz, 4 H,
NCH2), -1.35-1.31 (m, 4 H, CH2), -2.04 (t'J = 5.6 Hz, 4 H, OCH2). NMR
(100.6 MHz, CDCI3) : 5 149.2, 135.9, 131.0 » 123.6, 53.9' 47.9 > 35.2" 28.6. HRMS
(FAB) calcd for C40H37N,002Si [M+H]. 717.2865, found: 717.2863. Anal. Calcd for

C40H36N,002Si: C, 67.02; H, 5.06; N, 19.54. Found: C, 67.00; H, 5.22; N - 19.36.

Preparation of Phthalocyanine 4.1c. According to the procedure described for 4.1a,
silicon(1V) phthalocyanine dichloride (0.15 g, 0.25 mmol) was treated with
hydroxyamine 4.2b (0.25 g, 2.43 mmol) and pyridine (0.5 mL) in toluene (30 mL) to
give 4.1c as a blue solid (0.14 g, 76%). | H NMR (400 MHz, CDCI3) : 6 9.62-9.64 (m,
8 H, Pc-Ha), 8.32-8.34 (m, 8 H’' Pc-Hp), 1.61 (s, 6 H, NCH3), 0.76 (t, J= 7.2 Hz, 4 H,
NCH2), -1.22--1.14 (m, 4 H, CH2) » -1.65-1.58 (m, 4 H, CH2) > -2.09 (t,J = 6.0 Hz, 4
H, OCH2). "C{IH} NMR (100.6 MHz, CDCI3): 5 149.2 > 136.0' 130.8' 123.7, 54.6,
50.1° 35.5, 26.7 > 24.1. HRMS (FAB) calcd for C42H4iN,002Si [M+H]+ 745.3178 -
found: 745.3195. Anal. Caled for C42H42Nio03Si (4.IC H20): C, 66.12; H, 5.55; N,

18.36. Found: C, 66.68; H ’ 5.44; N > 17.93.

Preparation of Phthalocyanine 4.1d. According to the procedure described for 4.1a -
silicon(IV) phthalocyanine dichloride (0.13 g, 0.21 mmol) was treated with
hydroxyamine 4.8a (0.23g, 1.58 mmol) and pyridine (0.5 mL) in toluene (30 mL) to
give 4.1d as a blue solid (0.11 g 62%). NMR (300 MHz, CDCI3): 5 9.63-9.66 (m,
8 H, Pc-Ha), 8.34-8.37 (m, 8 H, Pc-Hp), 2.25 (s, 6 H, NCH3), 2.05 (t, J=7.2 Hz, 4 H,
NCH2), 1.29 (t,y= 7.2 Hz, 4 H, NCH2)’ 0.68-0.78 (m, 4 H, CH2), -0.06 (t, J= 6.3 Hz,

4 H, NcH2), -1.35-1.31 (m, 4 H, cH2), -2.06 (t,J = 5.7 Hz, 4 H, ocH2).
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NMR (75.5 MHz, CDCI3): 5 149.2, 135.9, 130.9 > 123.7, 53.8, 50.0 > 47.0, 45.6" 36.3’
29.3' 28.7. HRMS (FAB) calcd for C~HsiNizOiSi [M+H]+ 831.4022, found:
831.4040. Anal. Calcd for C46H52N,2Q3Si (4.1d H20): C, 65.07; H, 6.17; N 19.80.

Found: C, 65.32; H, 5.90; N, 17.47.

Preparation of Phthalocyanine 4.1le. According to the procedure described for 4.1a,
silicon(1V) phthalocyanine dichloride (0.14 g, 0.23 mmol) was treated with
hydroxyamine 4.8b (0.28 g, 1.75 mmol) and pyridine (0.5 mL) in toluene (30 mL) to
give 4.le as a blue solid (0.12 g > 61%). 'H NMR (400 MHz, CDCI3): 6 9.69-9.72 (m,
8 H, Pc-Ha), 8.46-8.48 (m, 8 H > Pc-Hp), 2.29 (s, 6 H, NCH3), 2.26 (1,7= 7.6 Hz> 4 H’
NCH2), 1.24 (t, J=7.2 Hz, 4 H, NCH2) > 0.98-1.05 (m 4 H’ CH2), 0.54-0.61 (m’ 4 H,
CH2) > -0.11 (t,y=6.8 Hz, 4 H, NCH2), -1.26-1.20 (m, 4 H, CH2), -1.99 (t, J= 5.6 Hz,
4 H, OCH2). "C{1H} NMR (100.6 MHz, CDCI3) : 6 149.2, 135.9, 130.9’ 123.6’ 53.8,
51.7, 48.7> 45.5, 36.3’' 28.6, 27.2, 27.0. HRMS (FAB) calcd for C48H55Ni202Si
[M+H]+ 859.4335, found: 859.4347. Anal. Calcd for C48H56N,203Si (4.1e H20): C,

65.73; H, 6.44; N, 19.16. Found: C, 65.66; H - 6.34; N, 18.67.

Preparation of Phthalocyanine 4.1f. According to the procedure described for 4.1a,
silicon(1V) phthalocyanine dichloride (0.15 g, 0.25 mmol) was treated with
hydroxyamine 4.8c (0.25 g, 1.71 mmol) and pyridine (0.5 mL) in toluene (30 mL) to
give 4.1f as a blue solid (0.13 g, 64%). '"H NMR (300 MHz, CDCI3) : 6 9.61-9.65 (m,
8 H, Pc-Ho), 8.32-8.35 (m, 8 H, Pc-Hp), 2.06 (s> 6 H, NCH3), 1.63 (t > 6.9 Hz, 4 H,
NCHZ2), 0.47 (t,y= 6.3 Hz, 4 H, NCH2), 0.45 (s, 6 H, NCH3), 0.27-0.37 (m, 4 H, CH2),

-0.79 (t,y= 6.3 Hz, 4 H, NCH2), -1.97 (t,J = 6.3 Hz” 4 H, OCH2). N MR

(100.6 MHz, CDCI3) : 5 149.2, 136.0 ° 130.8, 123.6 * 56.0, 54.3, 53.3, 49.7, 41.1, 36.2,
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26.5. HRMS (FAB) calcd forOsHsiNizOjB4+H]+ 831.4022, found: 831.4025.
Anal. Calcd for CMHsiINiiONSi (4.1f H20): C, 65.07; H, 6.17; N, 19.80. Found: C>

65.19; H - 6.24; N, 19.31.

Preparation of Phthalocyanine 4.1g. According to the procedure described for 4.1a,
silicon(1V) phthalocyanine dichloride  (0.20 g, 0.33 mmol) was treated with
hydroxyamine 4.8d (0.20g, 1.25 mmol) and pyridine (0.5 mL) in toluene (30 mL) to
give 4.1g as a blue solid (0.18 g, 64%). 'H NMR (400 MHz, CDCI3): 5 9.62-9.64 (m,
8 H, Pc-Ha), 8.32-8.35 (m* 8 H, Pc-Hp), 2.18 (s, 6 H, NCH3), 1.99 (t,J = 6.8 Hz, 4 H>
NCH2), 1.15(1,7=7.2 Hz, 4 H, NCHz), 1.03 (s, 6 H, NCH3) » 0.68-0.75 (m, 4 H’ CH2),
-0.57 (t » 7.6 Hz, 4 H, NCH2), -1.52-1.45 (m, 4 H, CH2), -2.06 (tJ= 5.6 Hz, 4 H,
OCH2). '~C{'H} NMR (100.6 MHz' CDCI3) : 6 149.2 * 136.0, 130.8, 123.6, 54.6, 53.2,
52.3, 50.1" 41.3, 36.3' 26.5 (Two overlapping signals). HRMS (FAB) calcd for
C48H55Ni202Si [M+HTf 859.4335, found: 859.4350. Anal. Calcd for C48H56N,203Si

(4.19.H20): C- 65.73; H, 6.44; N, 19.16. Found: C, 66.16; H’' 6.23; N, 18.85.

Preparation of Phthalocyanine 4.1h. According to the procedure described for 4.1a,
silicon(1V) phthalocyanine dichloride (0.25 g, 0.41 mmol) was treated with
hydroxyamine 4.8e (0.41 g- 2.36 mmol) and pyridine (0.5 mL) in toluene (30 mL) to
give 4.1h as a blue solid (0.19 g, 51%). NMR (400 MHz, CD30D): 6 9.66-9.68 (m,
8 H > Pc-Ha), 8.43-8.46 (m, 8 H, Pc-Hp), 2.28 (s, 6 H, NCH3), 2.22 (t,J= 7.2 Hz, 4 H,
NCH2), 1.20 (t, J = 7.6 Hz, 4 H, NCHz), 1.04 (s, 6 H > NCH3), 0.96-1.02 (m, 4 H,

CH2), 0.54-0.60 (m, 4 H, CH2), -0.66 (t, J = 7.6 Hz, 4 H, NCH23|, -1.38-1.31 (m, 4 H,

CH2), -2.00 (t, J= 5.6 Hz, 4 H, OCH2). NMR (100.6 MHz, CD30D): 6 150.8,

137.1 ° 132.8, 124.8, 57.4, 54.5, 53.0, 52.2, 41.2 > 35.9, 27.8, 26.9, 24.5. HRMS (FAB)
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calcd for C50H59NI202Si [M+H]+ 887.4648, found: 887.4682. Anal. Calcd for
C50H60NI203Si (4.1h H20): C, 66.34; H, 6.68; N, 18.57. Found: C, 66.40; H, 6.27; N

18.14.

Preparation of Phthalocyanine 4.1i. According to the procedure described for 4.1a,
silicon(1V) phthalocyanine dichloride (0.19 g, 0.31 mmol) was treated with
hydroxyamine 4.13 (0.34 g, 1.57 mmol) and pyridine (0.5 mL) in toluene (30 mL) to
give 4.1i as a blue solid (0.14 g’ 45%). “"H NMR (400 MHz, CD30OD): 5 9.67-9.70 (m,
8 H, Pc-H,), 8.44-8.46 (m, 8 H, Pc-Hp), 2.46 (t J = 11 Hz, 4 H, NCH2), 2.33 (t,J =
7.2 Hz, 4 H, NCH2), 2.30 (s, 6 H, NCH3), 2.02 (tJ= 7.6 Hz, 4 H, NCH2), 1.47-1.54
(m, 4 H, CH2), 1.21 (t,J= 7.2 Hz, 4 H, NCH2), 1.06 (s’ 6 H, NCH3) s 0.74-0.82 (m, 4
H, CH2), -0.59 (UJ= 12 Hz> 4 H,NCH2),-1.39-1.33 (m, 4 H, CH2), -1.98 (t, J=5.6
Hz, 4 H, OCH2). NMR (100.6 MHz, CD30D): 5 150.8, 137.1, 132.8, 124.8,
55.4, 54.5, 53.4, 50.5, 48.4 > 48.3, 41.3 > 35.8, 29.3 » 27.1, 26.2. HRMS (FAB) calcd for
C54H69N,402Si [M+Hr 973.5492, found: 973.5466. Anal. Calcd for C54H72N,404Si

(4.1i.2H20): C, 64.26; H, 7.19; N, 19.43. Found: C, 66.40; H, 6.69; N, 19.19.

4,42 In Vitro Studies

Cell Lines and Culture Conditions. Chinese hamster ovary cell CHO (ATCC No.
CCL-61) was cultured in RPMI-1640 medium with 2 mM aminoguanidine, 10% FBS,
100 U/ml penicillin, and 100 jig mL™ streptomycin. The ccil cultures were maintained

at 37 °C with 5% CO2, where cells from to 19/ passages > used for the study.
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Light-dose Dependent Toxicity of Phthalocyanine 4.1b. For the study of light-dose
dependent toxicity of 4.1b on HT29 cells, the cells were incubated with the drug at
concentrations of 250, 16 and 1 nM for 2 h. Light energy at various doses was
delivered by laser of bandwidth 675 4 3 nm with a power of 0.2 W (CeramOptec

GmbH). The viability of cell was determined as described in Chapter 2.

Flow Cytometric Studies. HT29 cells were seeded on a 35 mm dish at a density of
2.5 X 104 cells mL™ and incubated for 24 h. The cells were then treated with 4.1b (16
nM) for 2 h in darkness. After washing the cells twice with PBS, 2 mL of fresh
DMEM was added to each dish. The plates were then subject to illumination for 20
min by a halogen lamp. After 24 h of incubation, the cells were trypsinized and
centrifiiged at 664 x g for 3 min at room temperature. The pellet was resuspended in
binding buffer (10 mM HEPES-NaOH, 140 mM NaCl and 2.5 mM CaCb at pH 7.4)
containing annexin V-GFP and PI. After incubation in darkness for 15 min at room
temperature, the proportion of viable (Ix 10™cells per sample), necrotic and apoptotic
cells were determined by a flow cytometer FACScanto (BD Falcon). Annexin V-GFP
and Pl were excited by a 488 nm argon laser. The emitted fluorescence at 509 run for
annexin V-GFP and at 562-588 nm for Pl was collected. The data collected were

analyzed by using WinMDI 2.9.

4.4.3 Animal Tumor Model

Male nude mice were inoculated at the back of the animal subcutaneously with
1 X 10" HT29 cells for growth of tumor. Tumor size was calculated by di x d2 x da x
76 mm~” where di, di, and d] represent the width, length, and thickness of the tumor

measured by using a digital caliper. Only mice bearing tumor of size ranging from 80
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to 120 mm™ were adopted for the experiment. To make a 2.5 mM stock for each
phthalocyanines, 4.1e was dissolved in absolute ethanol and 4.1b in THF with
sonication. The drugs were further diluted by 5% cremophor EL to make a dose of 1
~unol per kg body weight. The phthalocyanines were administrated 24 hours prior to
illumination vm intravenous injection route. The tumor areas of the treatment groups
and the light-only controls were illuminated by a laser of bandwidth 675 £ 3 nm with
a power of 0.1 W (CeramOptec GmbH) for 5 min, in order to deliver 30 J cm™® energy.
The tumor size of each group of animals was monitored for 2 weeks after PDT.

The in vivo toxicity of phthalocyanines was determined by using plasma
enzyme assay. The blood was collected by cardiac puncture and subsequently
centHfiiged at 2655 x g at room temperature for 5 min with the supernatant collected.
The activity levels in serum of hepatic enzymes aspartate aminotransferase (AST) and

alanine aminotransferase (ALT) were assaved by using standard kits (Stanbio).
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CHAPTER 5

Synthesis, Characterization and in vitro
Photodynamic Activities of Cholesterol-

Containing Silicon(1V) Phthalocyanines
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5.1 Introduction

Cholesterol is a key component of all eukaryotic plasma membranes and is
essential for the growth and viability of cells in higher organisms. Hence it is natural
that tumor cells and tumor vascular endothelial cells over-express the low-density
lipoprotein (LDL) receptor for the demand of increased proliferation membrane

turnover.’ Conjugation of pholosensilizers to cholesterol favors their binding to LDL,

>

which in turn promotes the interaction with LDL receptors over-expressed on tumor
cells and enhances the selectivity of tumor loading." This strategy has been employed
for several photosensitizers such as pyropheophorbide,” germanium(lV)
phthalocyanine? zinc(ll) phthalocyanine/ and silicon(1V) phthalocyanine/ but only a
limited selectivity for tumors has been demonstrated. We report herein the synthesis,
characterization, and in vitro photodynamic activities of a new series of silicon(1V)
phthalocyanines axially substituted with one or two cholesterol unit(s) via a long
ethylene glycol chain. Owing to the presence of oligo hydrophilic ethylene glycol
chains and hydrophobic cholesterol anchor(s), these amphiphilic derivatives could be
stably intercalated into the phospholipids monolayer of LDL particles as an effective

way to deliver photosensitizers into tumor cells.

5.2 Results and Discussion

5,2.J Synthesis and Characterization

Scheme 5.1 shows the synthetic route used to prepare phthalocyanines 5.1-5.6.
Treament of silicon(1V) phthalocyanine dichloride with a large excess of tri- or tetra-
ethylene glycol in the presence of NaH in toluene led to the formation of the
disubstituted product 5.1 or 5.2. Displacement reaction of cholesteryl chloroformate

with the hydroxyl groups of phthalocyanines 5.1-5.2 in the presence of pyridine in



Ph. D. Thesis -Xiortg-jie Jiang

CH2CI2 gave a mixture of mono- and di-substituted products 5.3-5.6, which were
purified by column chromatography. All the new compounds were characterized with

various spectroscopic methods and elemental analysis.

O~H
' /n
HO Ov~OH
4 ln N
toluene, reflux. 24 h
“ HO k- h
5.1n=2(17%)
n = 3(15%)
R
/n
RCI
N
pyridineCH2CPR.
/n In
5.3 n=2(18%) 5.5 n =2 (14%)
5.4 n=3 (22%) 5.6 n = 3(15%)

Scheme 5.1. Preparation of phthalocyanines 5.1-5.6.

The NMR spectra of all phthalocyanines 5.1-5.6 in CDCI3 showed two

typical downfield AA’'BB’ multiplets (5 = 8-10 ppm) for the a and p protons of the
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phthalocyanine ring, and several upfield-shifted signals for the axial substituents due
to the shielding by the phthalocyanine ring current. Figure 5.1 shows the 'H NMR
spectrum of compound 5.1 in CDCI3 given as an example. The two downfield
multiplets at 5 9.65-9.68 and 8.34-8.37 are due to the phthalocyanine a and p ring
protons, respectively. In addition, six well-separated triplets are also seen for the
methylene protons of the axial chains. Due to the shielding effect by the ring current,

these signals are singnificantly shifted upfield (up to 6 -1.9).

HO

Figure 5.1 '"H NMR spectrum of 5.1 in CDCI3.
A 'H NMR spectrum of compound 5.3 in CDCI3 is given in Figure 5.2. Apart

from the signals for the phthalocyanine ring protons and the ethylene groups, the
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spectrum also shows a doublet at 6 5.35 (Chol-6-CH), a multiplet at 6 4.35-4.39
(Chol-3-CH), a singlet at 6 0.68 (Chol-1S-CHa), and several multiplets in the region 6

0.87-2.32 for the cholesterol protons.

O o O
8
a p
6 3 : b
k j J Kk
:
) YR 8

Figure 5.2 | HNMR spectrum of 5.3 in CDCI3.

Compound 5.1 was also characterized structurally by X-ray diffraction analysis.
Single crystals of 5.1 were obtained by slow evaporation of a DMF solution. Figure
5.3 shows a perspective view of the molecular structure of 5.1, which contains an

inversion center (at the silicon atom) relating the two halves of the molecule. The
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silicon atom is hexacoordinated with a Si-O bond distance of 1.702 A and an average

Si-N bond distance of 1.920 A.

Figure 5.3. Molecular structure of 5.1 showing the 30% probability thermal ellipsoids

for all non-hydrogen atoms.

5.2.2 Electronic Absorption and Photophysical Properties
These data for the new phthalocyanines 5.1-5.6 measured in DMF are
summarized in Table 5.1. The absorption spectra of 5.1-5.6 in DMF are typical for

non-aggregated phthalocyanines, showing a B-band at 356 nm, an intense and sharp Q

band at 674 nm, together with two vibronic bands at 606 and 645 nm. The absorption
positions of all these compounds are very similar showing that the phthalocyanine n
system is not significantly perturbed by the axial substituents. Figure 5.4 shows the
absorption spectra of 5.1 in DMF in different concentrations. By plotting the Q-band
absorbance versus the concentration, a straight line is obtained indicating that
compound 5.1 is essentially free from aggregation under these conditions. Upon

excitation at 610 nm, all the compounds 5.1-5.6 show a strong fluorescence emission
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at 678 nm with a Stoke shift of 4 nm and a fluorescence quantum yield (Op) of 0.32 to
0.42. To evaluate the photosensitizing efficiency of these phthalocyanines, their
singlet oxygen quantum yields (Oa) were also determined by a steady-state method
with 1,3-diphenylisobenzofiiran (DPBF) as the scavenger. The concentration of the
guencher was monitored spectroscopically at 414 nm against time (Figure 5.5), from
which the values of O” could be determined. As shown in Table 5.1 all the
phthalocyanines generate singlet oxygen efficiently in DMF with Oa ranging from

0.36 to 0.44.

20 E¥o
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Figure 5.4 UV-Vis spectra of 5.1 in DMF in different concentrations. The insert plots

the absorbance at 674 nm versus the concentration of 5.1.
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Figure 5.5 Comparison of the rate of decay of DPBF in DMF as monitored
spectroscopically at 414 nm, using phthalocyanines 5.1-5.6 as the photosensitizers and

ZnPc as the reference.
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Table 5.1. Electronic absorption and photophysical data for 5.1-5.6 in DMF.

Compound X~x (nm) (log e) (nmr of' O,

356 (4.76), 606 (4.46), 645(4.38),

5.1 678 0.40 0.44
674(5.26)
356 (4.81), 606 (4.52), 645(4.45),
5.2 678 0.38 0.39
674(5.32)
356 (4.86), 606 (4.61), 645(4.53),
5.3 678 0.38 0.40
674(5.42)
356 (4.83), 606 (4.54), 645(4.47),
5.4 678 0.39  0.37
674(5.34)
356 (4.85), 606 (4.57), 644(4.50),
5.5 678 0.32 0.38
674(5.38)

356 (4.87), 606 (4.58), 645(4.51),
5.6 678 0.42  0.36
674(5.38)
Ekcited at 610 nm. ° Using ZnPc in DMF as the reference (Of = 0.28).  Using ZnPc

as the reference (Oa = 0.56 in DMF).

5.2.3 In Vitro Photodynamic  Activities

The in vitro photodynamic activities of compounds 5.1-5.6 in Cremophor EL
(CEL) emulsions (16 nmol phthalocyanine per mg of CEL) were investigated against
HepG2 human hepatocarcinoma cells which are over-expressed with LDL receptors °
Due to the fact that the Q band of phthalocyanine appears at a relatively short-
wavelength position (ca. 675 nm), a color glass filter cut-on 610 nm was used. Figure

5.6 shows the dose-dependent survival curves for 5.1 on HepG2 cells. It can be seen
I

that while the compound is essentially 4ion-cytotoxic in the absence of light, it
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exhibits a very high photocytotoxicity upon illumination. The corresponding 1cs0
values of these phthalocyanines, defined as the dye concentration required to kill 50%
of the cells, are summarized in Table 5.2. The cholesterol-free phthalocyanines 5.1
and 5.2 show very high photocytotoxicity with i1cso values down to 0.01 uM.
However, phthalocyanines 5.3 and 5.4 containing one cholesterol moiety are
significantly less photocytotoxic, of which the icso values are higher by two orders of
magnitude than those of compounds 5.1 and 5.2. Phthalocyanines 5.5 and 5.6 are not
photocytotoxic up to 8 |iM.

The photocytotoxicities of the cholesterol-containing phthalocyanines 5.3-5.6
in LDL emulsions (80 nmol phthalocyanine per mg of LDL) were also investigated
against HepG2 cells. Figure 5.7 compares the effects of compound 5.4 in CEL and
LDL emulsions on HepG2 cells both in the absence and presence of light. It can be
seen that this compound in LDL emulsion has a slightly higher photodynamic activity
compared with the CEL emulsion. Compound 5.3 in CEL emulsion and LDL
emulsion shows a similar photoactivity. The results indicate that LDL cannot increase

the photodynamic activities of compounds 5.5-5.6 against HepG2 cells.
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Figure 5.6. Cytotoxic effects of 5.1 in CEL emulsion (16 nmol 5.1 per mg of CEL) on

HepG2 cells in the absence (¢) and presence (*) of light X > 610 nm, 40 mW cm™,

48 J cm-2). Data are expressed as mean values + S.E.M. of three independent

experiments, each performed in quadruplicate.

Table 5.2. Comparison of the icso values of 5.1-5.6 against HepG2 cells.

Compound

5.1

5.2

5.3

5.4

ccC

5.6

16 nmol phthalocyanine per mg of CEL.

non-photocytotoxic up to 8 NiM.

IC50 ("M)
In CEL emulsion” In LDL emulsion
0.01
0.01
1.21 1.20
2.22 1.64

80 nmol phthalocyanine per mg of LDL.
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0 2 4 6 8
[5.4]
Figure 5.7. Comparison of the effects of 5.4 in LDL emulsion (80 nmol
phthalocyanine per mg of LDL, squares) and CEL emulsion (16 nmol phthalocyanine
per mg of CEL, triangles) on HepG2 cells in the absence (closed symbols) and
presence (open symbols) of light {X > 610 nm, 40 mW cm', 48 J cm"?). Data are
expressed as mean values £ S.E.M. of three independent experiments, each performed

in quadruplicate.

Figure 5.8 shows the UV-Vis and fluorescence spectra of the cholesterol-free and
cholesterol substituted phthalocyanines 5.1-5.6, formulated with CEL or LDL, in the
RPMI culture medium. Compounds 5.1-5.4 formulated with CEL give a sharp Q-band
absorption and intense fluorescence emission’ showing that these compounds are not
significantly aggregated under these conditions. By contrast, compound 5.6 in CEL
emulsion gives a broad Q band at 676 nm, which indicates that this compound is
slightly aggregated in the medium. Compound 5.5 > which contains shorter ethylene
glycol chains, is significantly aggregated under this condition. It can be seen that

longer ethylene glycol chains can increase the hydrophilicity of the compounds
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effectively. The UV-Vis and fluorescence spectra of compounds 53-5.6 in LDL
emulsion are shown in Figure 5.8 (c) and (d) - respectively. These compounds show
weak and broad Q-bands at 710 nm and very weak fluorescence intensities,
indicating that they are significantly aggregated in the medium. This may explain the

null photodynamic activity of these compounds.

a
2.0 P In CEL emulsion b
676 nm I In CEL emulsion
5 A 2
S
S
0
0 A
- G,
3) 400 500 600 700 650 200 750 200

V\/Avelength (nm) Wfavevenclth (ryn)

(c
2.0 InLDL emulsion " 400 In LOL emision

1 o
710 nm

0 £2C

0 i}

300 400 500 600 700 800 " So n
Wavelength (nm) \/\Mength (nm)

Figure 5.8. UV-Vis and fluorescence spectra of phthalocyanines 5.1-5.6 (8 ~iM) in the
RPMI medium, (a) and (b): in CEL emulsion, 16 nmol phthalocyanine per mg of CEL;

(c) and (d): in LDL emulsion, 80 nmol phthalocyanine per mg of LDL.
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Figure 5.9 shows the fluorescence microscopic images of HepG2 cells after
incubation with phthalocyanines 5.2, 5.4, and 5.6 for 2 h. It can be seen that
compound 5.2 gives a strong intracellular fluorescence emission at low concentration.
By contrast, the images for cholesterol-containing derivatives 5.4 and 5.6 are almost
invisible showing thai the uptake of this compound is minimal and/or these
compounds are highly aggregated within the cells, both of which disfavor the

photodynamic action.

Figure 5.9. Visualization of intracellular fluorescence of HepG2 cells after incubation

with 5.2 (0.5 [iM\ 5.4 (8 ~M), and 5.6 (8 ~iM) for 2 h.

5,3 Conclusions

In summary, we have prepared and characterized a new series of silicon(1V)
phthalocyanines axially substituted with one or two cholesterol unit(s) via a long
ethylene glycol chain. The mono-cholesterol substituted phthalocyanines 5.3-5.4 in
CEL emulsion are relatively non-aggregated in the culture medium, while the di-
cholesterol substituted compounds 5.5-5.6 are highly aggregated. The in vitro
photodynamic activities of these compounds against HepG2 cells have been evaluated
and compared. It has been found that the cholesterol-free compounds 5.1-5.2 in CEL

emulsion are highly potent with ICso values down to 0.01 |iM. However - conjugation
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of cholesterol leads to an adverse effect on the photocytotoxicity, both in CEL and

LDL emulsions.

5.4 Experimental Section

Details regarding the purification of solvents, instrumentation, photophysical

measurements, and in vitro studies have been described in Chapter 2.
y

5.4.1 Synthesis
Preparation of Phthalocyanine 5.1. A mixture of silicon phthalocyanine dichloride
(0.96 g, 1.57 mmol), triethylene glycol (2.25 g, 14.98 mmol), and NaH (60% in
mineral oil, 0.83 g, 20.75 mmol) in toluene (50 mL) was refluxed for | day. After
evaporating the solvent under reduced pressure, water (2 mL) was added slowly to the

residue. The residue was dissolved in CH2CI2 (150 mL) and then washed with water
%

(100 mL X 3). The organic layer was separated, dried over anhydrous Na2S04, and
evaporated under reduced pressure. The crude product was purified with silica-gel
column chromatography using eihyl acetate as eluent to give the product 5.1 as a blue
solid (0.23 g, 17%). 'H NMR (300 MHz, CDCI3) : 6 9.65-9.68 (m, 8 H, Pc-Ha), 8.34-
8.37 (m, 8 H, Pc-Hp), 3.31-3.36 (m, 4 H, OCH2), 2.96 (t,J = 4.5 Hz, 4 H> OCH2),
2.41-2.45 (m, 4 H, OCH2) > 1.51 (t,J= 4.8 Hz, 4 H> OCH2) > 049 (t,J = 5.1 Hz, 4 H,
OCH2), -1.90 (t,y= 5.1 Hz, 4 H, ocH2); 13c NMR (300 MHz, cpc13): 149.3, 136.0,
130.9, 123.7, 71.8 » 69.4, 69.3, 68.5, 61.4 > 55.0 ; MS (ESI): isotopic clusters peaking at
m/z 861 {100%, [M+Na]+}; HRMS (ESI): miz calcd for C44H42N8Na08Si [M+Na]+:
861.2787, found 861.2797; Anal. Calcd for C44H42N808Si: C 62.99 * H 5.05, N 13.36;

found: C 6243 > H 5.05, N 13.08.
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Preparation of Phthalocyanine 5.2. According to the procedure described for 5.1,
siiicon(1V) phthalocyanine dichloride (0.93 ¢, 152 mmol) was treated with
tetraethylene glycol (2.83 g, 14.57 mmol) and NaH (60% in mineral oil, 0.95 g, 23.75
mmol) in toluene (50 mL) to give 5.2 as a blue solid (0.21 g, 15%). 'H NMR (300
MHz, CDCb): 5 9.61-9.65 (m, 8 H, Pc-H[181B2-8.36 (m, 8 H, Pc-Hp), 340 (m, 4 H,
OCH2), 3.27 (t,J = 4.8 Hz, 4 H, OCH2), 3.19(1, J= 5.1 Hz, 4 H, OCH2), 292 t-J =
4.8 Hz, 4 H, OCH2), 2.45 (t,J=5.1 Hz, 4 H, OCH2), 1.66 (I,J = 4.8 Hz >4 H, OCH2),
042 (t, J = 54 Hz, 4 H, ocH2), -1.91 (t, J = 54 Hz, 4 H, OCH2); '“C{'H}
NMR:149.3, 136.0’ 130.9, 123.7, 72.1, 69.9, 69.8, 69.3 (two overlapping signals),
68.5, 61.4 * 54.8; MS (ESI): isotopic clusters peaking at m/z 949 {100%, [M+Na]'};
HRMS (ESI): m/z calcd for C48H50N8NaO,0Si [M+Na]': 949.3311, found 949.3315;
Anal. Calcd for C48H50N80,0Si: C 62.19, H 5.44, N 12.09; found: C 61.74’ H 5.31, N

12. 06.

Preparation of Phthalocyaoines 5.3 and 5.5. A solution of cholesteryl
chloroformate (201.23 mg, 0.45 mmol) and pyridine (2 mL) in CH2CI2 (10 mL) was
added to a solution of phthalocyanine 5.1 (101.25 mg, 0.12 mmol) in CH2CI2 (30mL).
The mixture was stirred at room temperature for 2 h. After evaporating the solvent
under reduced pressure, the residue was subject to column chromatography on neutral
alumina using cHc13 as eluent, followed by gel permeation chromatography using
THF as eluent. The first and second green bands were collected respectively. After
removing the solvent, the residue of the first band was purified again with silica-gel
column chromatography using cHci3 as eluent to give the product 5.5 (28.45 mg,
140/0) as a blue solid. The residue of the second band was purified again with silica-

gel column chromatography using ethyl acetate as eluent to give the product 5.3
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(26.67 Mg, 18%) as a blue solid. 5.3: NMR (300MHz, CDCI3): 59.63-9.66 (M, 8 H,
Pc-Ha), 8.33-8.36 (m, 8 H, Pc-Hp), 5.35 (d, J = 4.5 Hz, 1 H, Chol-6-CH), 4.35-4.39
(m’ I H, Chol-3-CH), 3.86 (t-J=4.8 Hz, 2 H, ocH2), 3.32 (I,J =4.8 Hz, 2 H, oCcH2),
300 (t,J =45 Hz, 2 H, ocH2), 295 (t,J =45 Hz>2 H, 0OCH2), 2.41-2.45 (m, 4 H,
OCH2) > 1.82-2.32 (m, 8 H, Choi), 1.65 (t, J= 4.8 Hz, 2 H > OCH2), 0.86-1.56 (m > 34
H, ocH2 and Choi), 0.68 (s’ 3H, Chol-IS-CHs), 0.48 (t,J=4.8 Hz, OB), 0.41 (t,J
=5.1 Hz, ocH2), -1.91 (t, J = 4.8 Hz, 4 H, ocH2); MS (ESI): isotopic clusters
peaking at m/z 1273 {100%, [M+Na]+}; HRMS (ESI): miz calcd for
C72H86N8Na0O,0Si [M+Na]+: 1273.6128, found 1273.6131; Anal. Calcd for
C72H86N80IoSi: C 69.09' H 6.93° N 8.95; found: C 68.50, H 6.94, N 8.93. 5.5: 'H
NMR (300 MHz' cpbc13): 6 9.62-9.64(m, 8 H, Pc-Ha), 8.33-8.35 (m, 8 H' Pc-Hp),
5.35 (d,J = 4.2 Hz, 2 H, Chol-6-CH), 4.35-4.39 (m- 2 H, Chol-3-CH), 3.86 (t,J 4.5
Hz, 4 H - 0CH2), 3.00 (t,J = 4.8Hz, 4 H, ocH2), 244 (I,J =45 Hz, 4 H, oCH2) -
I.73-2.32 (m, 16 H, Choi), 1.64 (t,J =45 Hz, 4 H, ocH2), 0.86-1.56 (m, 64 H, Choi),
0.68 (s, 6H, Chol-18-CH3), 0.40 (t, J=5.1 Hz, 4 H, OCH2) » -1.92 (I,J = 5.4 Hz, 4 H,
ocH2); MS (ESI): isotopic clusters peaking at m/z 1687(100%, [M+Na]'}; HRMS
(ESI): m/z calcd for CiooHnoNgNaOizSi [M+Na]+: 1685.9470, found 1685.9485; Anal.

Calcd for CiooHnoNgOuSi: C 72.12 » H 7.87 > N 6.73; found: C 71.85, H 7.93, N 6.58.

Preparation of Phthalocyanines 5.4 and 5.6. According to the procedure described
for 5.3 and 5.5 phthalocyanine 5.2 (121.25 mg, 0.13 mmol) was treated with
cholesteryl chloroformate (221.53 mg, 0.49 mmol) in the presence of pyridine (2 mL)
in cH2ci2 (50 mL) to yield 5.4 (37.55 mg, 22%) and 5.6 (35.89 mg, 15%) both as a
blue solid. 5.4: '"H NMR (300 MHz, cpcIs) : 5 9.62-9.66 (m, 8 H' Pc-Ha), 8.33-8.37

(m, 8 H, Pc-Hp), 5.36 (d' J = 4.5 Hz, 1 H, Chol-6-CH), 4.41-4.44 (m’ 1 H, Chol-3-
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CH), 4.09 (t, 5.1 Hz, 2 H, OCH2), 3.41-3.45 (m > 4 H, OCH2), 3.27 (t,J=4.8 Hz, 2
H, OCH2), 3.18-3.22 (m, 4 H’ OCH2), 2.91-2.97 (m, 4 H, OCH2), 2.43-2.46 (m, 4 H,
OCH?2), 1.82-2.36 (m, 8 H, Choi), 1.66 (t,J = 4.8 Hz, 4 H > OCH2), 0.85-1.57 (m, 32 H,
Choi), 0.68 (s’ 3H, Chol-1S-CH[1)0.38-0.44 (m, 4 H, OCH2), -1.92 (m > 4.8 Hz, 4
H, OCH2); MS (ESI): isotopic clusters peaking at m/z 1362 {100%, [M+Naf};
HRMS (ESI): m/z calcd for C76H94N8NaOioSi [M+Na]+: 1361.6653, found 1361.6639;
Anal. Calcd for C76H94N80,0Si: C 68.14, H 7.07* N 8.36; found: C 68.87, H 6.62, N
8.44. 5.6: '"H NMR (300 MHz, CDCI3): 5 9.61-9.64 (m, 8 H' Pc-H[1)8.33-8.36 (m, 8
H, Pc-Hp), 5.36 (d,7=4.5 Hz, 2 H, Chol-6-CH), 4.40-4.44 (m, 2 H, Chol-3-CH), 4.09
(t, J = 4.8 Hz, 4 H, OCH2) » 344 (t,J = 5.1 Hz' 4 H> OCH2), 3.22 (t,J = 54 Hz, 4 H,
OCHZ2), 2.95 (t, J=5.1 Hz, 4 H, OCH2), 2.44 (t'J = 4.8 Hz, 4 H, OCHZ2), 1.67-2.36 (m,
16 H, Choi), 1.65 (t, J=5.1 Hz, 4 H, OCH2), 0.86-1.56 (m, 64 H, Choi), 0.68 (s, 6H -
Chol-18-CH3), 0.39 (t,J= 5.4 Hz, 4 H> OCH2) > -1.92 (m,y=5.4 Hz, 4 H, OCH2); MS
(ESI): isotopic clusters peaking at m/z 1775(100%, [M+Na]+}; HRMS (ESI): m/z
calcd for CKMHusNgNaOnSi [M+Na]+: 1773.9994, found 1773.9988; Anal. Calcd for

CiogH,3gN80i4 : C 71.28, H 7.94 > N 6.39; found: C 71.18 » H 7.79, N 6.22.

5.4,2 X-ray Crystallographic Analysis of 5.1.

Crystal data and details of data collection and structure refinement are given in
Table 5.3. Data were collected on a Broker SMART CCD diffractometer with an
MoKa sealed tube (X = 0.71073 A) at 293 K, using a o scan mode with an increment
of 0.3[Preliminary unit cell parameters were obtained from 45 frames. Final unit cell
parameters were obtained by global refinements of reflections obtained from
integration of all the frame data. The collected frames were integrated using the

preliminary cell-orientation matrix. SMART software was used for collecting frames
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of data, indexing reflections, and determination of lattice constants; SAINT-PLUS for
integration of intensity of reflections and scaling;® SADABS for absorption
correction;” and SHELXL for space group and structure determination, refinements,

0
graphics, and structure reporting.
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Table 5.3. Crystallographic data for 5.1.

Code

Formula

Mr

Crystal size [mm]]
Crystal system
Space group

a[K]

MA]

c[k\

pn

yn

z

J (000)

Pealed [Mg mJj

fj. [mm™"]

vz rang f]

Reflection collected
Independent reflections
Parameters

R1 [1 > 2af/J]

wR2 [l > 2af/]]

Goodness of fit

o.
CA8H46N408Si
834.98

0.30 X 0.20 X 0.10
Monoclinic
PVn

12.190 (2)
9.8182(17)
15.935 (3)

90

93.637

90

1903.3 (6)

880

1.457

0.129

2.04 to 28.05

12595

4592 (Rn, = 0.0563)
211

0.0664

0.1683

1.038

Jiang
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Appendix A-2.1 'H NMR Spectrum of 2.1 in CD30OD and '“"C{'H} NMR Spectrum

of 2.1 in CDCI3
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NMR Spectra of 2.2 in DMSO-t/6
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Appendix A-2.3 'Hand'*"C{"H} NMR Spectra of 2.3 in DMSO-J"
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NMR Spectra of 3.1 in CDCh
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Appendix A-3.2 'H and NMR Spectra of 3.2 in CDCl:

ih

Q.

3.2

A h A
o
S m m
8 a *H !
C13
p: RRe as

VN/

154



Ph. D. Thesis -Xiong-jie Jiang

Appendix A-3.3 'H and NMR Spectra of 3.3 in CDCI3
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Appendix A-3.4 '"H and NMR Spectra of 3.4 in CDCI3
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Appendix A-3.5 'H and NMR Spectra of 3.5 in CDCI3
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Appendix A"3.6  and NMR Spectra of 3.13 in CDCI3
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Appendix A-3.7 'H and NMR Spectra of 3.14 in CDCI3
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Appendix A-3.9 and NMR Spectra of 3.16 in CDCI3
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Appendix A-4.1 'H and NMR (300 M Hz) spectra of compound 4.9a in

CDCI3
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Appendix A-4.2 'H and NMR (400 M Hz) spectra of compound 4.9b in
CDCI3
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Appendix A-4.3  and NMR (400 M Hz) spectra of compound 4.9c in
CDCI3
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Appendix A-4.4 'H and NMR (300 M Hz) spectra of compound 4.9d in
CDCI3
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Appendix A-4.5 'H and NMR (400 M Hz) spectra of compound 4.9¢ in
CDCI3
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Appendix A-4.6 'H and NMR (400 M Hz) spectra of compound 4.13 in
CDCI3
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Appendix A-4.7 '"Hand'X{'"H} NMR (400 M Hz) spectra of compound 4A,
CDCh
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Appendix A-4.8 and NMR (400 M Hz) spectra of compound 4.1b in
CDCI3
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NMR (300 M Hz) spectra of compound 4.1d in
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Appendix A-4.11 and NMR (400 M Hz) spectra of compound 4.1e in
CDCI3
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Appendix A-4.12 and NMR (300 M Hz) spectra of compound 4.1f in
CDCI3
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Appendix A-4.14 'H and "C{1H} NMR (400 M Hz) spectra of compound 4.1h in
tCDsOD
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Appendix A-4.15 'H and NMR (400 M Hz) spectra of compound 4.1i in
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NMR spectra of compound 5.1 in CDCI]
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NMR spectra of compound 5.2 in CDCIS3.
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Appendix A-5.3 '"H NMR spectrum of compound 5.3 in CDCI3.
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Appendix A-5.5 '"H NMR spectrum of compound 5.4 in CDCI3.
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Appendix B-5.1 Crystallographic details of compound 5.1
Table 1. Crystal data and structure refinement for 5.1 (see section 5.4.2 in Chapters).

Table 2. Atomic coordinates (x 10*) and equivalent isotropic displacement
parameters (AN x 107N for 5.1. U(eq) is defined as one third of the trace of the

orthogonalized Uy tensor.

X y z U(eq)

SiOd 5000 5000 0] 25(
o(1) 4197(2)  6285(2)  333(1)  3(
0(2) 4873(2)  7797(3)  1900(2) o)
0(3) 5585(2)  8665(3)  4051(2) 9( )
0(4) 5300(3)  8479(5)  5875(2)  88(])
N() 4025(2)  3801(3) 535(2)  27(
N(2) 5928(2)  5130(3)  1023(2)  26(
c) 7344(2)  6637(3)  589(2)  20(
C(2) 6888(3)  5864(3)  1144(2)  29(
C(3) 7341(3)  5690(3)  2001(2)  29( )
C(4) 8294(3)  6170(4)  2423(2)  35(])
C(5) 8471(3)  5800(4)  3259(2)  40(
C(6). 7750(3)  4971(4)  3656(2)  39(
C(7) 6801(3)  4486(4)  3239(2)  34(
C(8) 6613(3)  4858(3)  2399(2)  29(
C(9) 5735(3)  4510(3)  1772(2)  28(
C(10)  4929(2)  3682(3)  1931(2) 8(
C(1l)  4155(3)  3344(3)  1356(2)  27( )
C(12)  3203(3) 2385(3) 1518(2) 28()
C(13)  3094(3)  1622(4) 2227(2)  36( )
C(14)  2214(3) 735(4)  2162(2) 2()
C(15) 1550(3)  616(4)  1426(2)  44(1)
C(16) 1734(3)  1397(4)  722(2)  40(
C(17) 2620(3) 2283(3) 782(2) =k
C(18) 3085(3)  3193(3) 179(2)  31(1)

N—r

181



C(19)
C(20)
C(21)
C(22)
C(23)
C(24)"

4392(3)
.4085(3)
4744(3)
5656(3)
6377(3)
6244(4)

7688(4)
8224(4)
8467(4)
7966(4)
8195(5)
8925(6)

Ph. D. Thesis -Xiong-jie Jiang

431(2)  38(1)

1262(2)  39(1)
2675(2)  41(1)
3275(2)  44(1)
4675(2)  54(1)
5488(3)  66(1)

Table 3. Bond lengths [A] and angles [ (1 fpr 5.

Si(1)-0(1)
Si(1)-0(1)#1
Si()-N()#
Si(1)-N(I)
Si(1)-N(2)
Si(l)-N(2)#I
0(1)-C(19)
0(2)-C(20)
0(2)-C(21)
0(3)-C(23)
0(3)-C(22)
0(4)-C(24)
N(1)-C(18)
N()-C(Il)
N(2)-C(9)
N(2)-C(2)
C(1)-C(18)#I
C(1)-C(2)
C(2)-C(3)
C(3).C(4)

1.702(2)
1.702(2)
1.911(3)
1.911(3)
1.928(2)
1.928(2)
1.405(4)
1.417(4)
1.417(4)
1.419(5)
1.421(4)
1.408(6)
1.382(4)
1.383(4)
1.374(4)
L.377(4)
1.311(4)
1.315(4)
1.450(4)
1.388(5)

0(1)-Si(1)-0(1)#1
0(1)-Si(1)-N(h)#l

0(1)#1-Si(1)-N(I)#l

0(1)-Si(1)-N(I)
0(1)#1-Si(1)-N(I)
N(D)#1-Si(1)-N(1)
o()-Si(I"N(2)

0(1)#1-Si(1)-N(2)
N(1)#-Si(1)-N(2)
N(1).Si(1).N(2)

0(1)-Si(1)-N(2)#I

0(L)#1-Si(1)-N(2)#
N(D)#1-Si(1)-N(2)#

N(1)-Si(l)-N(2)#l
N(2)-Si(l)-N(2)#I
C(19)-0(1)-Si(l)

C(20)-0(2)-C(21)
C(23)-0(3)-C(22)
C(18)-N(I)-C(ll)
C(18)-N(I)-Si(l)

180.00(14)
93.93(11)
86.07(11)
86.07(11)
93.93(11)
180.00(13)
90.28(11)
89.72(11)
89.34(10)
90.66(10)
89.72(11)
90.28(11)
90.66(10)
89.34(10)
180.00(16)
131.7(2)
112.4(3)
112.1(3)
106.9(3)
127.3(2)
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C(3).C(8) 1.389(4) C(I)-N()-Si(l) 125.8(2)
C(4)-C(5) 1.385(5) 6 C(9)-N(2)-C(2) 107.5(3)
C(5)-C(6) 1.381(5) C(9)-N(2)-Si(l) 125.6(2)
C(6)-C(7) 1.381(5) C(2)-N(2)-Si(l) 126.9(2)
C(7)-C(8) 1.392(4) C(18)#I-C(1)-C(2) 122.7(3)
C(8)-C(9) 1.457(4) C()-C(2)-N(2) 126.8(3)
C(9)-C(10) 1.311(4) C(1)-C(2)-C(3) 123.3(3)
C(10)-C(Il) 1.315(4) N(2)-C(2)-C(3) 109.9(3)
C(I1)-C(12) 1.447(4) C(4)-C(3)-C(8) 121.2(3)
C(12)-C(13) 1.389(4) C(4)-C(3)-C(2) 132.4(3)
C(12)-C(17) 1.392(5) C(8)-C(3)-C(2) 106.4(3)
C(13)-C(14) 1.380(5) C(5)-C(4)-C(3) 116.9(3)
C(14)-C(15) 1.388(5) C(6)-.C(5)-C(4) 122.1(3)
C(15)-C(16) 1.389(5) C(5).C(6)-C(7) 121.3(3)
C(16)-C(17) 1.385(5) C(6)-C(7)-C(8) 117.0(3)
C(17)-C(18) 1.453(4) C(3)-C(8)-C(7) 121.5(3)
C(18)-C(l)#l 1.311(4) C(3)-C(8)-C(9) 106.7(3)
C(19)-C(20) 1.495(5) C(7)-C(8)-C(9) 131.8(3)
C(21)-C(22) 1.5Q2(5) C(10)-C(9)-N(2) 127.8(3)
C(23)-C(24) 1.498(6) C(10)-C(9)-C(8) 122.7(3)
N(2)-C(9)-C(8) ] C(16)-G(17)-C(12) 121.2(3)
C(9)-C(10)-C(Il) 122.4(3) C(16)-C(17)-C(18) 132.5(3)
C(10)-C(I1)-N(I) 127.6(3) C(12)-C(17)-C(18) 106.2(3)
C(10)-C(I)-C(12) 122.5(3) C(1)#1-C(18)-N(I) 126.8(3)
N(1)-C(I1)-C(12) 109.8(3) C(1)#1-C(18)-C(17) 123.1(3)
C(13)-C{12)-C(17) 121.5(3) N(1)-C(18)-C(17) 110.0(3)
C(13)-C(12)-C(n) 131.5(3) 0(1)-C(19)-C(20) 113.2(3)
C(17)-C(12)-C(ll) 107.0(3) 0(2)-C(20)-C(19) 109.6(3)
C(14)-C(13)-C(12) 117.1(3) 0(2)-C(21)-C(22) 106.5(3)

C(13)-C(H)-C(15) .121.7(3) 0(3)-C(22)-C(21) 108.1(3)



C(14)-C(15)-C(16)

C(17)-C(16)-C(15)

121.4(3)
117.2(3)
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0(3)-C(23)-C(24) 110.1(4)

0(4)-C(24)-C(23) 111.5(4)

Symmetry transformations used to generate equivalent atoms:

#l -x+1@ -y+I10@

-Z

Table 4. Anisotropic displacement parameters (A" x 10%) for 5.1. The anisotropic

displacement factor exponent takes the form: -27i[(ha*)"Uii + ...+ 2hka*b*Ui2].

Si(1)
0(1)
0(2)
0(3)
0(4)
N(1)
N(2)
c()
C(2)
C(3)
C(4)
C(5)
C(6)
C(7)
C(8)
C(9)
C(10)
c(I)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
C(21)
C(22)

ull

28(1)
32(1).
54(2)
53(2)
79(2)
30(1)
29(1)
19(1)
34(2)
33(2)
36(2)
43(2)
51(2)
42(2)
36(2)
35(2)
21(1)
30(2)
31(2)
39(2)
45(2)
42(2)
39(2)
32(2)
31(2)
51(2)
42(2)
'48(2)
46(2)

u22

29(1)
31(1)
55(2)
59(2)
134(4)
29(2)
28(1)
25(2)
30(2)
28(2)
36(2)
40(2)

38(2)

35(2)

28(2)

28(2)

22(2)
29(2)
29(2)
38(2)
41(2)
40(2)
43(2)
31(2)
31(2)
31(2)
'39(2)
40(2)
49(2)

u33

19(1)
34(1)
36(1)
33(1)
54(2)
20(1)
22(1)
16(1)
23(2)
26(2)
32(2)
34(2)
26(2)
26(2)
22(1)
21(2)
11(1)
23(2)
26(2)
31(2)
40(2)
51(2)
38(2)
29(2)
29(2)
34(2)
37(2)
37(2)
38(2)

u23

-1(1)
-4(1)

-9(1)

12(2)

-2(1)

0(D)

-2(1)

-2(1)
-2(1)

0(1)

-2(2)

0(2)
0(1)

-3(1)

0(1)
3(1)
0(1)
2(1)
6(2)
12(2)
4(2)

“1(1)

1(1)

-11(2)
-11(2)

ul13

0(1)
1(1)
-4(1)

-5(1)

18(2)

0(1)
-1(1)
-3(1)
-1(1)
-2(1)

-2(1)
-13(2)
-10(2)

-1(1)

-3(1)

-1(2)

-1(1)
5(1)
4(1)
6(1)
10(2)
11(2)
5(2)
6(1)
2(1)
6(2)
1(2)
5(2)
1(2)

ul2

“1(2)

2(1)

12(1)
14(1)

28(2)

°1(1)
-1(1)
-6(1)

1(1)
2(1)

-2(2)

-2(2)
0(2)
0(2)
4(1)
5(1)
0(1)
4(1)
1(1)
1(2)
-3(2)
-12(2)

-10(2)

“1(1)

“1(1)
4(2)

5(2)
0(2)
3(2)
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C(23) 50(2) 72(3) 40(2) -3(2) «2(2) 13(2)
C(24) 62(3) 98(4) 38(2) -2(2) <5(2) 16(3)

Tabic 5. Hydrogen coordinates (x 10*) and isotropic displacement parameters (A’

100 for 5.1.

y U(eq)
H(4A) 4906 9134 5961 133
H(I) 7998 7082 4N 24
H(4B) 8791 6715 2156 42
H(5A) 9095 6120 3563 48
H(6A) 7906 4735 4217 46
H(7A) 6311 3934 3507 41
H(I0A) 4904 3322 2469 22
H(13A) 3534 1705 2723 43
H(14A) 2063 203 2624 50
H(15A) 968 1 1403 53
H(16A) 1283 1327 231 48
H(19A) 3975 8173 13 46
H(19B) 5165 7866 ‘370 46
H(20A) 4056 9211 1245 47
H(20B) 3364 7888 1383 47
H(21A) 4035 8250 2885 50
H(21B) 4792 9446 2606 50
H(22A) 5586 6992 3360 53
H(22B) 6362 8142 3048 53
H(23A) 7111 8352 4493 65
H(23B) 6287 7223 4757 65
H(24A) 6888 8768 5865 80

H(24B) 6188 9896 5383 80

185



