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ABSTRACT

This work focuses on the development of red light-activated porphycene-based
photosensitizers for anti-tumor photodynamic therapy (PDT) under both normoxic
and hypoxic conditions. A total of seven water-soluble porphycenes have been
designed, synthesized and evaluated as potential PDT agents in terms of their
photophysical and photobiological properties using principally the human
nasopharyngeal carcinoma (HK-1) cells. Among the porphycenes synthesized, two
were neutral amphiphilic aryl porphycenes, TDEGPPo and Zn(II) TDEGPPo, with
relatively weak photo-cytotoxic activities even under normoxic condition. Two
cationic porphycenes, TPyBPo and TriPyPPo, exhibited strong photo-cytotoxic
activities, with LD50 of 0.3 M at a light dose of 3 J/cm2, under normoxic condition.
However, much lower photo-cytotoxicity was observed under hypoxic condition for
TPyBPo and TriPyPPo, with LD50 of 3 M and 3.5 M, respectively, obtained at high
light doses (>10 J/cm2). Two alkyl porphycenes with one and two sulfonoamide
diglycol functionalities, TBPoS-OH and TBPoS-2OH, were synthesized and shown to
exhibit very potent photo-cytotoxic activities, with respective LD50 of 53 nM and 20
nM (light dose 8 J/cm2) under normoxic conditions. Most importantly, comparably
potent photo-cytotoxicity was also observed for these porphycenes under hypoxic
conditions, with respective LD50 of 65 nM and 50 nM (light dose 8 J/cm2). In addition,
these porphycenes were taken up by the HK-1 cells very rapidly, with >90%
accumulated inside the cells after only 1 h of incubation. Confocal microscopy
revealed that these porphycenes were localized at the lysosomes, mitochondria as well
as endoplasmic reticulum. Furthermore, the predominant mode of cell death caused
iii

by the PDT action of these porphycenes was shown to be apoptosis. In an attempt to
effect mitochondria localization to enhance apoptotic cell death for these porphycenes,
TBPoS-OH was conjugated with rhodamine B to produce the TBPoS-Rh B conjugate.
This porphycene-Rh B conjugate also displayed very potent photo-cytotoxicity under
both normoxic and hypoxic conditions, with LD50 of 52 nM and 85 nM, respectively,
at a light dose of 8 J/cm2. However, confocal microscopy revealed its principal
subcellular localization was at the lysosomes, not the mitochondria. The PDT
activities of these porphycenes were compared to a well-known patented PDT agent,
EtNBS, which is active under both normoxic and hypoxic conditions, with LD50 of 58
nM and large than 1000 nM, respectively, towards the HK-1 cells. This comparison
clearly shows that our sulfonoamido-porphycenes, TBPoS-OH, TBPoS-2OH and
TBPoS-Rh B conjugate, display a 15- to 25-fold stronger hypoxic PDT activity
relative to EtNBS, thus making these porphycenes excellent candidates for hypoxic
anti-tumor photodynamic therapy.
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Chapter 1

Introduction

1

2

1.1 Photodynamic Therapy (PDT)
Conventional anti-cancer treatments are surgery, radiation therapy and chemotherapy.
However, surgery often cannot remove all the malignant cells and can therefore lead to
possible recurrence at the original disease site or at some distant sites through
metastasis. The use of high-energy radiation in radiation therapy, while very effective
in killing malignant cells, is a highly invasive and damaging treatment modality which
is not suitable for the physically weak and old age patients. Chemotherapy involves
the administration of anti-cancer cytotoxic agents to the patient’s body. Actions of
these drugs are likely to affect all cells, not just the malignant cells, leading to possible
systemic toxicity. Hence, new approaches for the treatment of cancer with less
invasiveness, little systemic toxicity and highly-selective targeting capabilities are
necessary.
Photodynamic therapy (PDT) has attracted increasing attention as a highly selective
treatment modality for small and superficial solid tumors.1 The potential of PDT as an
anti-cancer therapy has been demonstrated in the treatment of skin, lung, esophagus,
bladder, colorectal and prostate tumors.2-5 In PDT, a non-toxic photo-sensitizer (PS) is
administered into the patient and taken up by various tissues. Upon photo-irradiation
at the targeted tissue, the photo-sensitizer becomes activated and generates cytotoxic
species locally, therefore causing cell death. PDT is composed of 3 essential
components: sufficient quantities of PS, light of specific wavelength, and oxygen.
Each component is harmless by itself, but together they initiate a photo-chemical
reaction that produce reactive oxygen species (ROS), including singlet oxygen (1O2),
superoxide anion (•O2−), hydrogen peroxide (H2O2) and the hydroxyl radical (•OH).6,7
Antitumor effects of PDT have been related to 3 mechanisms: direct cytotoxic effects
3

on tumor cells, damage to the vasculature of tumor, and induction of an inflammatory
reaction that can bring out the development of systemic immunity. The performance of
mechanism depends on a variety of conditions, including the type and dose of PSs
used, the time between PS administration and light exposure, total light dose, tumor
oxygen concentration, and other unclear variables.8-11

1.1.1 Physico-Chemical Mechanisms of Photodynamic Therapy

Figure 1.1 Photosensitization Processes Illustrated by a Modified Jablonski Diagram
The physico-chemical mechanism of PDT can be illustrated using the Jablonski
diagram, depicted in Figure 1.1. Following the absorption of light, the PS is excited
from ground state (S0) to the first excited state (S1). This S1 state is unstable and can
return back to the S0 state by losing its energy via light emission (fluorescence) and/or
heat. Alternatively, S1 can undergo intersystem crossing (ISC) to form a more stable
triplet state (e.g., triplet, T1). From the T1 state, the PS can go back to the S0 ground
state by phosphorescence emission and/or through a non-radiative path. If the T1 state
has a sufficiently long lifetime and in the presence of other molecules, such as a
reaction substrate or molecular oxygen, it can generate radical intermediate species
4

via electron transfer (known as Type I reaction) or energy transfer to O2, producing
singlet oxygen, 1O2 (known as Type II reaction), respectively. Of course, this latter
process requires that the energy of T1 be higher than that of the singlet O2 state.12
As shown in Figure 1.1, a photosensitizer (PS) can undergo two kinds of reactions,
namely, Type I and Type II reactions. In a Type I reaction, the photo-excited sensitizer
(sensitizer*) reacts directly with a biological molecular via an electron transfer (ET)
reaction to generate a radical anion, which in turn reacts with the ground-state oxygen,
3
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Sensitizer－

Sensitizer* + Substrate
Sensitizer－
Substrate+

+

3

Sensitizer + O2－

O2

+ O2

+ Substrate+

－

Oxidation Products

In a type II reaction, the photo-excited singlet state sensitizer (1sensitizer*) undergoes
intersystem crossing (ISC) to generate a triplet state sensitizer (3sensitizer*) which
produces the cytotoxic singlet oxygen (1O2) via energy transfer (EnT) to the
ground-state oxygen (3O2) present. This reaction mechanism is shown below.

Since the singlet oxygen is derived from the triplet state sensitizer, singlet oxygen
quantum yield is expected to be lower or comparable to the triplet state quantum yield
of the sensitizer.7
5

1.1.2 Photosensitizers (PS) in PDT
Most of the PSs used in cancer therapy are porphyrin-like which have a tetrapyrrole
structure. The ideal PS should be a chemically pure compound. It should produce
reactive oxygen species (ROS), including singlet oxygen (1O2), superoxide anion
(•O2−), hydrogen peroxide (H2O2), hydroxyl radical (•OH) or some combination of
those ROS. It should have a large absorption peak between 600-800 nm (the so-called
therapeutic window) because wavelengths smaller than 600 nm are scattered and
absorbed by tissues and wavelengths greater than 800 nm are not able to provide
enough energy to excite oxygen but are absorbed by water.13,14 It should be eliminated
from normal tissue rapidly at the end of the therapeutic cycle. It should be amphiphilic,
as hydrophilic coupled with hydrophobic group is easy to pass through the
phospholipid membranes. It should be stable and easy solvated in injectable solvents.
The first PS used clinically for cancer therapy was hematoporphyrin derivatives (HPD)
and its purified fraction, porfimer sodium or Photofrin. Although porfimer sodium is
still the most widely used in the treatment in lung, esophagus, bile duct, bladder, brain,
and ovarian tumors, it exhibits several drawbacks, including poor selectivity between
tumor and normal tissues, a prolonging skin photosensitivity and a relatively low
molar absorptivity in the red region. Although the second generation PSs has
overcome several of these problems, other drawbacks still exist. These second
generation PSs include porphyrins, benzoporphyrins, phthalocyanines, chlorins, and
porphycenes as well as their derivatives. 6

1.1.3 What Affects PDT Efficacy
Light source

6

To initiate a photo-excitation process, the photosensitizers must absorb wavelengths of
light which are of sufficient energy to produce electronic excitation. For clinical
applications where the depth of light penetration through tissues is a critical factor,
blue and green light show the least penetration and therefore can only be used in
superficial treatment. Red and infra-red light of wavelengths between 600 and 1200
nm are preferred due to much greater tissue penetration in this spectral region called
the optical window of tissue. However, it should be noted that light with
wavelength >800 nm cannot produce 1O2 owing to the insufficient energy carried by
these wavelengths of light to produce the electronic excitation necessary for type II
photodynamic action.15 The clinical efficacy of PDT depends on many factors, such as
light intensity, exposure time and the mode of light delivery.14,16

Oxygen
Most normal tissues contain about 5% oxygen, which is supplied though blood
circulation. It is widely believed that solid tumors have little or no oxygen inside
(tumor hypoxia) owing to poor vascularization (Figure 1.2).17-19 Like radiotherapy and
chemotherapy, conventional PDT requires the targeted tissue to be well-oxygenated to
achieve maximum efficacy as it acts mainly via type II photosensitization where tissue
oxygen is excited by energy transfer to produce singlet oxygen which oxidize vital
cellular components and lead to cell death.17,20 In order to overcome tumor hypoxia, a
number of measures can be applied, such as the administration of hyperbaric oxygen
to patients,21 combining PDT and photothermal therapy to increase intratumoral blood
flow,22,23 modulating the oxygen capacity of hemoglobin, decreasing respiration rate,
using blood modifiers or nanoparticles to effect localized release of oxygen to the
hypoxic pockets in tumors.24 However, these cannot fundamentally resolve the
limitation that hypoxic micro-environment of tumors imposes poor responses to PS,
7

limiting the efficacy of conventional PDT.

Figure 1.2 Oxygen concentration gradient in tumors.
Another photosensitization reaction, namely, type I (electron transfer) mechanism, can, in
principle, work in the absence of oxygen. Some photosensitizers are able to photocleave
DNA in the absence of oxygen, but this does not always lead to cellular
photo-toxicity.25,26

PS Uptake and Localization
ROS in the biological systems often have a very small reactive range, which implies that
localization of the PS can be very important in the efficacy of the PDT agent. There are
many physical, chemical and biological properties of the PSs that affect their locations.
For example, in their administration by intravenous injection, different PS will bind to
different serum proteins, resulting in different pharmacokinetics and intracellular
localizations. Intracellular location of PSs is affected by the physico-chemical
characteristics of the PS of which the net ionic charge, degree of hydrophobicity
(lipophilicity) and the degree of asymmetry of PSs have been pointed out to be important.
The interaction between PSs and the cell membrane is strongly influenced by the net
charge of the PS. As cellular membranes are negatively charged, positively charged PSs
can readily pass through cell membrane, while the negative charge one cannot. PSs with
8

positive charge tend to localize in mitochondria, Golgi apparatus, lysosome, endoplasmic
reticulum (ER) and plasma membrane,27 while anionic PSs tend to be taken by lysosomes
via endocytosis.28

1.1.4 PDT at the Cellular Level
Localization of PSs plays a significant part in the cellular response to photodamage.
For example, the ability of cristal violet (CV) to generate ROS is much lower than
that of methylene blue (MB), but its ability to cause cell death is comparable to that of
MB. This is because CV localizes in mitochondria while MB localizes in cytosol and
lysosome.29
There are three known mechanisms of photo-induced cell death (Table 1.2), namely,
apoptosis, necrosis and autophagy. Apoptosis is a programmed cell death mode.30 It is
triggered by precise signals that lead to activation of caspases and precise cellular
events that degrade nucleic acids and polypeptide materials. In addition, caspases can
further stimulate other effectors to digest cellular contents. Morphological changes
observed in apoptotic cells include plasma membrane shrinkage and blebbing,
chromatin condensation and DNA degradation, cross-linkage and polymerization of
proteins, and finally, cellular fragmentation into apoptotic bodies and their subsequent
removal. PDT-induced damage of several organelles activates numerous pathways to
initiate apoptosis.31-33
In contrast to apoptosis, necrosis is a non-programmed cell death event.34 Necrosis
usually occurs when cells suffered from extensive damage, such as when exposed to
very high PDT dose (e.g., using large amounts of PS and light).35-38 Morphological
changes include cell swelling, loss of membrane integrity and organelle swelling.
9

Autophagy is a catabolic cellular mechanism that involves a recycling of damaged
organelles and cytoplasmic components. Morphological changes of autophagy include
decreased cell size, doubled membrane vesicles and organelle degradation. The
autophagic process begins with the formation of autophagosome to create a vesicle.
The vesicle is then transported to the lysosomes for degradation by lysosomal
hydrolases.39 Although it is considered to be a cyto-protective mechanism, autophagy
is also thought to be involved in PDT-induced cell death.40,41 When apoptosis is
impaired, autophagy seems to be the main process of cell death.

1.1.5 PDT at the Tumor Level
In clinical applications, PSs can be absorbed by both healthy and tumor cells. In
general, PSs in normal tissues will be eliminated or cleared in time. However, tumor
tissues cannot clear the absorbed PSs due to their lack of lymphatic system. This leads
to some degree of selective retention of the PDT agents in tumor tissues.42 It is often
referred to as the Enhanced Permeability and Retention (EPR) effect.43 There are three
main mechanisms for tumor destruction (Figure 1.3), namely, direct ROS damage to
tumor tissues, damage targeted at tumor vasculature, and the PDT-activated immune
response.

Figure 1.3 The mechanisms of antitumor effects triggered by PDT.
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Direct ROS Damage
PDT action is not limited at the cellular level, but at the tumor tissue level as well.
Tumors are made up of parenchyma, which is composed of malignant tumor cells and
stroma. Tumor stroma takes up almost 90% of the tumor mass.44 The direct tumor cell
killing effect of PDT is the killing of the parenchyma cells. Early studies showed that
direct killing of malignant tumor cells cannot cure cancers.45 PDT-induced stromal
damage is reflected in the destruction of structural proteins that disrupt essential
stromal-tumor signalling,46 and damage the stromal fibroblasts to inhibit tumor
progression.47,48
Damage to Tumor Vasculature
PDT-induced damage to tumor vasculature has been clinically proven.49-51 Following
PS administration, the direct destruction of blood vessels occurs under
photo-activation.52 Intravascular PDT action damage endothelial and subendothelial
cells, causing them to round up, widening cell junctions and exposing the underlying
tissues. Damaged endothelial cells may lead to platelets aggregation, thrombus
formation, vessel occlusion and decreased blood flow.51,53 All of these events result in
tissue hypoxia, nutrient deprivation and eventual tumor destruction.52
PDT-Activated Immune Reaction
PDT-induced oxidative stress in tumor tissue is associated with massive
photo-oxidative damage to the cancer cells, tumor vasculature and stroma, leading to
a release of proteins and other molecules, known as damage-associated molecular
patterns (DAMPs), which causes an invasion of leukocytes resulting in tumor
destruction.54 Oxidative stress triggers the signal pathway via toll-like receptors
11

(TLRs) to regulate the expression of heat shock proteins (HSPs), transcription factors
such as nuclear factor κB (NF-κB) and activator protein 1 (AP-1).55,56 NF-κB and
AP-1 can induce expression of inflammatory cytokines, such as interleukins (IL-1α,
-1β, -6), tumor necrosis factor (TNF), chemokines and interferons (IFN-α and β) that
stimulate neutrophilia.55,57,58 Moreover, PDT induction of chemokine and adhesion
molecule facilitates the migration of neutrophils into the treated tumor.59
Despite its ability to induce anti-tumor immunity, PDT can also be used in an
immunomodulatory treatment strategy known as photoimmunotherapy (PIT). In this
strategy, PS is conjugated to monoclonal antibodies (mAb), or their fragments,
specific to an antigenic determinant on tumor cells. This approach, first proposed by
Mew et al in 1983, enhances tumor targeting of the PS.65 Since then many studies
using various PSs conjugated to various antibodies have shown that PIT could be a
powerful tool in cancer treatment.66 But some problems remained to be solved: (i)
conventional PSs have low molar absorptivities, implying that a large number of PSs
has to be conjugated to a single antibody molecule, potentially reducing its binding
efficiency; (ii) hydrophobic PSs tend to aggregate in aqueous solutions, leading to
difficulties in their conjugation to antibodies and in vivo target accumulation; (iii)
absorption of PSs hinders the penetration of light in the tissue.67

1.1.6 Advantages of Photodynamic Therapy over Conventional Anti-Cancer
Chemotherapy
PDT is a light-activated therapeutic modality that is not limited to cancer treatment
but has demonstrated efficacy in many clinical applications, including ophthalmology,
infectious diseases, and cosmetic treatments.68 PDT lends itself to temporal and
spatial control of the treatment with minimal systemic toxicity.69 Spatial selectivity of
12

PDT is shown in the production of reactive molecular species or free radicals locally,
via the delivery of light to the malignant tissue locally68,69 and specifically targeting
the PS to the tumor using immunoconjugates or nanoconstructs.70-73 Compared with
conventional treatments, such as chemotherapy and radiation therapy, PDT presents
multiple advantages: minimally invasive, low mutagenic potential, low systemic
toxicity and precise targeting of tumor tissues when laser light is used.74 While drug
resistance has become a major challenge for conventional and targeted chemotherapy,
compromising their long-term repeated treatment, increasing evidence suggests that
the unique damage mechanisms produced by PDT to the tumor cells and their
microenvironment can be utilized to overcome cancer drug resistance, mitigate
compensatory induction of survival pathways and even to re-sensitize resistant cells to
conventional therapies.75

1.2 Synthesis of Porphycenes
Porphyrin-based photosensitizers have been studied extensively in the past several
decades, with a hematoporphyrin-based sensitizer (Photofrin) being the first
clinically approved PDT drug12. Porphyrin derivatives have been shown to exhibit
preferential accumulation in tumors, albeit the underlying mechanism is at present not
fully understood. Despite decades of research, porphyrin derivatives still fall short of
one crucial photophysical requirement of an ideal PDT drug, i.e., high absorptivity in
the range of 650-800 nm, the spectral region which allows maximum light penetration
through tissues.76
Porphycenes, a porphyrin isomers obtained by reorganizing the pyrrole and methine
moieties of the porphyrin structure, were first synthesized by Vogel et al. in 1986.77
Recently, this class of porphyrin isomer was investigated as a new type of PDT drug
13

owing to their much higher absorptivity at above 600 nm and other photophysical
properties (e.g., singlet oxygen yield) that are comparable to those of porphyrins.78 In
comparison with porphyrins, the structure of porphycenes has lower symmetry
(Figure 1.4), which results in their distinct absorption features in the red part of the
spectrum. These properties make them suitable candidates for photodynamic therapy
of tumors and, as expected, they show promising activity towards malignant cells.
Porphycenes can be functionalized to fine tune their photophysical properties as well
as their transport, cellular uptake and subcellular localization properties. Vogel et al.
(1995) found that porphycenes have stability comparable to that of porphyrins. This
stability has been attributed to the presence of strong NH-N hydrogen bonds.

Figure 1.4 Chemical Structures and Numbering of Porphycene (left) and Porphyrins
(right).

1.2.1 Classical Synthetic Routes of Porphycene
The synthesis of porphycene, first achieved by Vogel et al.,77 was accomplished by
using McMurry coupling to effect the reductive dimerization of diformyl-2,
2’-bipyrrole 2, followed by spontaneous oxidation with atmospheric O2 (Scheme 1.1).
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Scheme 1.1 Classical Synthetic Route of Porphycenes.
The parent porphycene 1a can be directly obtained via four steps from pyrrole,79,80 but
substituted derivatives require different synthetic strategies. There are three key
reactions in these syntheses: Ullmann reaction related to the formation of
2,2’-bipyrrole, Vilsmeier-Haack formylation to obtain the 2,2’-bipyrrole dialdehydes
and McMurry coupling to produce the aromatic porphycene via reductive coupling of
bipyrrole dialdehydes (Scheme 1.2). As the starting material of Ullmann coupling,
2-iodopyrroles can be obtained using robust synthetic methodologies. In the standard
synthesis of porphycene, pyrrole 6 was prepared using the simple β-keto esters 4 and
5. Then 6 were oxidized to the corresponding pyrrole monoacid 7 by using Br2 and
SO2Cl2 as reagents. Finally, the pyrrolecarboxylic acid 7 is converted to the
iodo-derivative 8 via the decarboxylative iodination with I2/KI.

Scheme 1.2 Standard Synthetic Route of Porphycenes.
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Scheme 1.3 Different Iodinated Pyrroles used in the Synthesis of Porphycenes.
A shorter synthetic route to 2-iodopyrroles 8, developed by Sessler et al.,
corresponded to a direct iodination of an -free pyrrole, was synthesized by the
reaction between an isocyanoacetate and an aldehyde (12f-i). The -free pyrrole can
also be obtained by replacing the aldehyde with an alkyne 14 or a nitro compound 15
(Scheme 1.3). Once the 2-iodopyrroles is obtained, the corresponding 2,2’-bipyrrole
can be prepared via the Ullmann coupling. In the Ullmann coupling reaction,
electron-withdrawing groups, such as esters, enhance the yield of this transformation.
Sessler and Hoehner81 claimed that yield can be enhanced by 20−30% when the
pyrrole nitrogen atom is protected with t-butyloxycarbonyl (Boc) group.
According to standard synthetic route (Scheme 1.2), once the 2,2´-bipyrrole is
obtained, the next step is formylation at positions 5 and 5t́o give the corresponding
2,2´-bipyrrole

dialdehydes

via

Vilsmeier-Haack

reaction.

To

prepare

the

corresponding ,´-free bipyrrole 10, which is an unstable intermediate, using the
procedure from Vogel et al.,77 the bipyrrole diesters 9 was treated with NaOH at high
temperatures (170−190 °C) in ethylene glycol to generate the ,´-free bipyrrole, a
dark green powder. The formylation reaction involves free bipyrrole treated with the
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Vilsmeier reagent prepared by DMF and POCl3, and hydrolysis of the intermediate
using a basic solution (NaOAc or NaOH). The yield of the Vilsmeier-Haack
formylation is usually excellent (80 −100%). To avoid passing through the unstable
intermediate 10, Nonell et al.82 developed another method for the installation of the
aldehyde (Scheme 1.4). This method is known as the MacFadyen-Stevens reaction,
which involves two distinct steps: (i) preparation of the tosyl (Ts) hydrazones of
bipyrroles 17c, and (ii) production of dialdehye 11c under hydrolysis.

Scheme 1.4 Alternative Method for the Installation of Aldehyde.

Scheme 1.5 Mechanism of the McMurry Coupling.
Once the diformyl derivative has been prepared, ring closure to afford the porphycene
is accomplished by reductive coupling via the McMurry reaction (Scheme 1.5). This
reaction, performed under strictly anhydrous conditions in refluxing THF, is a
practical way to obtain the porphycenes. The reaction involves a production of
low-valent titanium, which is prepared by reduction of TiCl4 using a reductant such as
LiAlH4, Zn, Zn/ Cu couple and Zn/CuCl.83 The TiCl4−Zn/CuCl system is now
commonly used in the synthesis of porphycene.

1.2.2 Expeditious Syntheses of Porphycene
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Lausmann et al.84 reported an approach to afford the 2,2´-bipyrrole 10e (Scheme 1.6)
by avoiding the Ullmann coupling. Protected pyrrole 23 is treated with lithium
2,2,6,6-tetramethylpiperidide (LTMP) to give a 2-pyrrole carbanion which is
transferred to 2,2´-bipyrrole 24e in the presence of CuCl. Inspired by this method,
Sánchez-García et al.85,86 reported another approach based on oxidative coupling of
2-(trimethylstannyl)pyrroles 26 to afford the -substituted pyrroles 27 upon the
addition of Cu(NO3)23H2O (Scheme 1.6). According to this procedure, the Michael
acceptor 25 is treated with tosylmethyl isocyanide (TosMIC) with 2 equiv of n-BuLi,
followed by an excess of Me3SnCl to give the 2-(trimethylstannyl)pyrroles 26 with
high yield. Once the pyrrole 26 has been prepared, -substituted pyrrole 27 can be
obtained by the oxidative coupling reaction. Finally, the synthetic sequence is
identical to the standard procedure (Scheme 1.2).

Scheme 1.6 Expeditious Syntheses of Porphycene.

Scheme 1.7 Syntheses of β-Octasubstituted Porphycenes, 1n and 1o.
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In 2014, Rana and Panda87 reported a novel method to synthesize the
β-octasubstituted porphycenes, 1n and 1o (Scheme 1.7). The starting material pyrrole
28 was treated with PIFA and TMSBr to give a dimerized pyrrole, which was directly
subjected to Vilsmeier−Haack formylation to afford the diformyl derivative 29. But
this method has a drawback that dimerization of the -pyrrole is substrate
dependent.88

1.2.3 Diversity-Oriented Synthesis of Porphycenes
In 2006, Borrell and co-workers89 reported a novel method to synthesize
diaryl-substituted bipyrroles, which can be used as starting materials to prepare
tetraaryl (or heteroaryl)-substituted porphycenes. This method introduces a key
intermediate dibrominated bipyrrole 31, which can be converted into various aryl
substituted 2,2-́bipyrroles 16 via Suzuki coupling.

Scheme 1.8 Synthesis of Diaryl-Substituted Bipyrroles.

1.2.4 Synthesis of Asymmetric Porphycenes
Most of the porphycenes mentioned above are symmetric, as formation of the
macrocyclic framework relies on McMurry reaction which involves a dimerization of
5,5´-diformyl-2,2´-bipyrrole using a low-valent titanium reagent. In order to modify
the photophysical and redox properties of these symmetric porphycenes, asymmetric
porphycenes need to be prepared and studied. There are four strategies to prepare
asymmetric

porphycenes:

crossed

McMurry
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reaction,

asymmetrization

by

β,β-́substitution, asymmetrization by β,β´-postmodification and asymmetrization by
meso-substitution.
A. Crossed McMurry Reaction
McMurry reaction is the last step in porphycene synthesis. It is called crossed
McMurry reaction when two different bipyrroles are used (Scheme 1.9). Hisaeda et al.
reported an asymmetric heme-like porphycene 33 which involved the condensation of
two different 2,2-́bipyrroles 11k and 32, following ion chelation and hydrolysis of the
ester.

In

2012,

Waluk

and

coworkers

reported

the

preparation

of

the

9,20-diphenylporphycene using dibenzoyl-bipyrrole 34 as well as 2,2´-bipyrrole 11a.

Scheme 1.9 Asymmetric Porphycenes Synthesis
B. Synthesis of β,β´-Substitution
Porphycene macrocycle easily reacts with electrophiles, such as in halogenation,
sulfonylation and nitration, owing to its aromatic characteristics. In the case of
bromination, monoborminated 36 and tetrabrominated porphycene 39 were first
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reported by Emanuel90 by exposing the macrocycle to Br2 in CCl4. Hisaeda and
co-workers91 reported the synthesis and photophysical properties of pure mono-, di-,
tri-, and tetra-brominated porphycenes 36-39 (Scheme 1.10). Similarly, iodination of
porphycene can be achieved by the use of I2 to give corresponding 3-iodoporphycene
40. When halogenating reagent was changed to N-iodosuccinimide (NIS), Waluk and
co-workers92 reported 3,13-diiodoporphycene 41 (Scheme 1.10). Interestingly, a
by-product, iodobromo derivative 42, was observed in the reaction mixture. In 2014,
Yamada

and

co-workers93

2,7,12,17-tetrahexylporphycene
3,13-diiodoporphycene 44

reported
to

give

the

selective

iodination

3-iodoporphycene

43

of
and

(Scheme 1.10) by using NIS with the aid of additives

such as TFA and silica gel. Tri- and tetra-iodinated porphycenes have not been
reported, presumably because of the steric hindrance of the iodine atoms.

Scheme 1.10 Synthesis of Porphycenes in the β´position
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Figure 1.5 Structures of Sulfonated Porphycenes 62-67
Water-soluble photosensitizers have been attracting much attention because of their
application in PDT. In 2004, Yoshio and co-workers94 reported sulfonated
porphycenes 62 and 63 (Figure 1.5) by using fuming sulfuric acid. An alternative
method to prepare sulfonated porphycenes was developed by Mak et al.95 using
chlorosulfonic acid to produce the corresponding chlorosulfonyl porphycene 45 which
reacts readily with amines to give the 3-substituted sulfonamidoporphycenes
64-67.96,97
C. Post-modification of Porphycenes

Scheme 1.11 Selective Modification of the β-Substituents of Porphycene.
Symmetric porphycenes can be converted into their asymmetric counterparts by
selective

modification

of

their
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β-substituents.

For

instance,

2,7,12,17-tetrakis(2-methoxyethyl)porphycene 46 was treated with boron tribromide
(BBr3) to give the mono-hydroxyethyl porphycene 47 and brominated porphycene 48
(Scheme 1.11) which can be easily conjugated to acids,98 sugars98 and DNAs.99
Similarly, a mixture of brominated porphycenes can be prepared using
2,7,12,17-tetrakis(p-(methoxymethyl)phenyl)porphycene 1i treated with 33% HBr in
acetic acid. Isolation of the tribromoporphycene 50, followed by treatment with
pyridine gave the tricationic porphycenes 51, which exhibit antimicrobial PDT
activity (Scheme 1.11).100
D. Synthesis of meso-Substituted Porphycene.
Two types of reactions are directed at the meso-positions of porphycenes, namely,
nitration and hydroxylation (Scheme 1.12). Nitration of parent porphycene 1a was
proposed by Vogel et al. by direct treatment with fuming nitric acid.98 In 2011,
Sánchez-García and co-workers101 reported the synthesis of mono-nitrated
porphycene 53 using silver nitrate in acetic acid, a softer reaction condition, with high
yield. Starting from nitroporphycene 52-53, the synthesis of 9-aminoporphycenes
54-55 can be easily achieved by reduction using the Zinin method with sodium
dithionite or other reducing agents, such as hydrazine monohydrate and Raney
nickel98 and SnCl2·2H2O.102 These 9-aminoporphycenes easily reacted with acid
chlorides to give the amide porphycenes 54-58 and are excellent linker to conjugate
with cationic polymers,103 antibodies104 or graphene.105 In 2015, Nonell and
co-workers106 obtained a thiazole-fused porphycene 60 prepared by treating
9-aminoporphycene 55 with 1,1´-thiocarbonyldi-2(1H)-pyridone (TCP), followed by
reaction with alkyl and aryl primary amines.
Another meso-substitution reaction is hydroxylation, which involves the introduction
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of an oxygen atom to the meso-position of porphycenes. Accordingly, the reaction of
porphycene 1b with Pb(OAc)2 in acetic acid to give 9-acetoxyporphycene 61, which
is treated with sodium methoxide to furnish the corresponding 9-hydroxyporphycene
62. Then the hydroxyl group can be easily converted to ethers107 and esters,108,109 such
as in the preparation of ferrocene–porphycenes 63-64.

Scheme 1.12 Sythesis of Porphycenes in the meso-position

1.3 Photophysical Properties of Porphycenes
The absorption spectra of symmetric porphycenes should be similar to those of the
porphyrins owing to their similar structures. Two absorption bands are observed
(Figure 1.6A), referred to as the Soret (350-400 nm) and the Q bands (500-700 nm),
corresponding to two π–π* electronic transitions. Compared to porphyrin, the Q band
of the porphycenes shows two nearly degenerate electronic transitions, Q1 and Q2,
which correspond to ground state to the first two singlet excited states, S1 and S2,
respectively. A third absorption band in the Q-band region, termed the Q3 transition, is
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derived from the vibrational splitting of the Q2 transition.110 Similarly, the Soret bands
of porphycenes are also split into two, termed B1 and B2, which correspond to
high-energy electron transitions of S3  S0 and S4  S0. When compared to their
porphyrin counterparts, the molar absorptivities of the Q-band transitions in
porphycenes are one order of magnitude higher. This is due to the lower symmetry of
the porphycene aromatic system as compared to that of the porphyrins. The ratio of
the molar absorptivity between the Q- and B-bands in porphycenes (ca. 0.4) is also
lower than that observed in porphyrins (ca. 5). Furthermore, the Soret bands of
porphycenes are blue-shifted but the Q-bands are red-shifted compared to their
porphyrin counterparts. These spectral features confer porphycenes a significant
advantage over porphyrins for PDT applications.

Figure 1.6 Absorption spectra of free base porphycene TPPo (black) and its
porphyrin counterpart TPP (gray) in toluene, (B) emission of TPPo and (C) emission
of TPP.
The position of substituents of porphycenes can affect the absorption spectrum, as
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shown in Figure 1.7. For β-substituted porphycenes 1a, 1b and 1c, there are little
changes both in the Q- and B-bands. In contrast, a significant red shift of the Q-bands
is observed in β´-substituted porphycenes 1k, 66 and 67. It indicates that geometric
alteration contributes to the red shift, with smaller influence for methyl substituent. A
similar behavior is observed in a series of β´-brominated porphycenes 36-39.91 Monoand dibromo-derivatives 36-37 are planar and exhibit small red shifts, whereas
tetra-bromo derivative 39 shows a larger shift. The latter is definitely nonplanar.91
Adding alkyl groups to the meso-position also induce a significant red shift of the
Q-bands.

Figure 1.7 Absorption spectra in acetonitrile of different substituted porphycenes.
From bottom to top: unsubstituted porphycene 1a, tetra-n-propylporphycene 1b,
tetra-t-butyl-

porphycene

1e,

2,7-di-t-butyl-10,19-dimethylporphycene
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65,

2,7,12,17-tetra-n-propyl-3,6,13,16-tetramethylporphycene
2,7,12,17-tetraethyl-3,6,13,16-tetramethyl-porphycene
2,3,6,7,12,13,16,17-octaethylporphycene

66,
1k
67

(etioporphycene),
(OEPc),

9,10,19,20-tetramethylporphycene 68, 9,10,19,20- tetra-n-propylporphycene 69.

Figure 1.8 Structures of different substituted Porphycenes
Fluorescence spectra of porphycenes show a main band and a second weaker band
(Figure 1.6B). The values of the basic photophysical parameters of the parent
porphyrin, porphycene and some of their derivatives are presented in Table 1.3. The
fluorescence quantum yields, ΦF, of porphycenes (Po, TPrPo and TPPo)78,112 are
larger than those generally observed for their porphyrin counterparts. TPPo shows
quantum yield ΦF = 0.15 in argon-saturated solutions and a fluorescence maximum at
667 nm. While this value is lower than that of TPrPo, ΦF = 0.38, it is still comparable
to TPP (ΦF = 0.13). Therefore, porphycenes have great potential for tumor imaging by
fluorescence as well as for photodynamic therapy.78 In addition, comparing the
fluorescence lifetime of these porphycenes, the values of planar porphycenes (Po,
TPrPo) are larger than those of nonplanar porphycenes (aryl substituted Po, meso-Po
and β´-Po). It indicates that the more of particular symmetry of the porphycene, the
higher of the radiative transition S0←S1.
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Table 1.1 Photophysical data of porphycenes and Porphyrins
ΦF

τF

ΦT

Φ∆

Solvent

Ref

Po

0.36

10.2

0.42

0.30

toluene

113

TPrPo

0.32

9.76

0.4

0.35

toluene

113

TPPo

0.15

4.8

0.33

0.19

toluene

78

61

0.22

4.3

_

0.19

toluene

114

53

0.033

3.9

_

0.16

toluene

114

55

0.004

0.81

_

0.09

toluene

112

62

0.33

8.38

_

0.29

D2O

94

63

0

_

_

0.01

CH3OD

94

36

0.08

1.4

0.9

0.9

toluene

91

37

0.03

0.754

0.95

0.95

toluene

91

38

0.006

0.053

0.72

0.71

toluene

91

39

0.002

0.053

0.53

0.49

toluene

91

P

0.043

9.6

_

_

toluene

30

TPP

0.13

13.6

0.84

0.68

cyclohexane

30

ΦF, quantum yield of fluorescene; τF, the fluorescence decay time (ns); ΦT, quantum yield of
triplet formation; Φ∆, quantum yield of singlet oxygen formation. Porphycene (Po),
2,7,12,17-tetra-n-propyl-porphycene

(TPrPo),

9-acetoxy-2,7,12,17-tetra-n-propylporphycene

(61),

9-nitro-2,7,12,17-tetra-n-propylporphycene(53),
(55),

tetraphenyl-porphycene

(TPPo),

Octaethylhemiporphycene

(67),

9-amino-2,7,12,17-tetra-n-propylporphycene

3-bromo-2,7,12,17-tetra-

n-propylporphycene

3,6-dibromo-2,7,12,17-tetra-n-propylporphycene
3,6,13-tribromo-2,7,12,17-tetra-n-propylporphycene

(37),
(38),

3,6,13,16-tetrabromo

-2,7,12,17-tetra-n-propylporphycene (39), meso-tetraphenylporphyrin (TPP), porphyrin (P).
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(36),

Table 1.2 Comparison of Half-Wave Potential Values from Cyclic Voltammogram of
Porphycenes and Porphyrins in CH2Cl2 (in volt vs SCE).
Oxidation

Reduction

Ref

Compound
2nd

1st

1st

2nd

t-Bu4Po

+1.44

+1.03

-0.95

-1.34

Our work

H2TPrPo

+1.35

+0.9

-0.97

-1.35

30

PdTPrPo

__

+0.88

-0.89

-1.28

30

TPPo

__

+1.08

-0.73

-0.98

30

PdTPPo

+1.17

+1.05

-0.73

-1.05

30

Po

—

+1.0

-0.73

-1.07

30

TPP

+1.18

+0.95

-1.05

-1.40

30

PdTPP

__

+1.02

-1.00

__

30

A photosensitizer (PS) can undergo two kinds of reactions, Type I and Type II. In a
Type I reaction, electron transfer occurs between the photo-excited PS and an
electron-rich substrate, which leads to the production of radicals or radical ions as the
primary reactive species attacking vital cellular components or targets leading to cell
death. As shown in Table 1.4, the redox potentials of most porphycenes, both free
base and metal complexes, show that they are more prone to reduction and therefore a
stronger tendency towards type I reaction than their porphyrin counterparts.115

1.4 Biological Applications of Porphycenes Derivatives
The unique photophysical properties of porphycenes make them suitable for
biological applications in anti-cancer116 and anti-microbial PDT.100
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1.4.1 Porphycenes for Tumor Imaging and PDT
Several symmetric tetraalkylporphycenes and tetraphenylporphycenes (TPPo) induce
photodamage and cell death in vitro. Photodynamic treatments of human lung
adenocarcinoma A549 cells and cervical carcinoma HeLa cells with TPPo and
PdTPPo can induce cytoskeletal damage, mitotic blockage, and dose-dependent
apoptotic or necrotic cell death.117,118 To improve the photophysical properties,
solubility, cellular uptake and subcellular distribution of the porphycenes, changing
the substituents to the β, β′ and meso-positions of porphycene have been proposed.
Richert

et

al.

reported

an

meso-substitued

porphycene,

acetoxy-2,7,12,17-tetrakis(β-methoxyethyl)porphycene (ATMPn), which exhibits
better cellular uptake and photo-cytotoxicity towards cultivated SSK2 cells compared
to TPrPo.119 The human cell-based studies (HaCaT keratinocytes, human dermal
fibroblasts, SCL1 and SCL2 squamous cell carcinomas and N1 fibroblasts120) and
animal in vivo tests studies (amelanotic melanomas implanted in Syrian Golden
hamsters121) make this porphycene a good PDT drug candidate.
Not only the meso-substituents, but also the β, β′-substituents of porphycene can
affect their photodynamic efficacy. Aromatic sulfonation of porphycenes on the β′
position gave a cationic sulfonamide porphycene67 which predominantly localize in
mitochondria, lysosomes and Golgi bodies of nasopharyngeal carcinoma cells.95,100

1.4.1 Porphycenes for Antimicrobial PDT
Porphycenes have also been applied in antimicrobial photodynamic therapy (aPDT).
There are four main strategies for applications in aPDT: (a) conjugation of the
porphycenes to polycationic polymers,122 (b) modification of β substituents,123 (c)
30

conjugation of porphycene to a cationic antimicrobial peptide and (d) binding of
porphycene to an antibody.124

1.5 Scope and Objective of This Thesis
The objective of this study is the synthesis, characterization and evaluation of
water-soluble porphycene-based photosensitizers for application in antitumor
photodynamic therapy, particularly under hypoxic conditions.
It is well known that most solid tumors contain hypoxic pockets, where the level of
oxygenation is so low that can compromise the efficacy of conventional
photodynamic treatment based on type II (singlet oxygen-generating) photosensitizers
which have an absolute O2-dependence. As a result, not all tumor tissues can be
eradicated in one single treatment, thus opening up the possibility of recurrence,
metastasis and drug resistance. Our aim is to develop photosensitizers which are
efficacious under both well-oxygenated (i.e., type II) and hypoxic (i.e., type I)
conditions so as to eradicate all tumor tissues in a single treatment cycle.
In chapter 2, two water-soluble cationic porphycenes have been synthesized and
shown to be good PDT agents under normoxic (well-oxygenated) conditions. But
under hypoxic conditions, these porphycenes showed a much lower PDT efficacy
In chapter 3, novel red-absorbing porphycenes capable of both type I and type II
photo-sensitizations were designed, synthesized and evaluated as antitumor PDT
agents towards human nasopharyngeal carcinoma (HK-1), HeLa and esophageal
squamous carcinoma KYSE 70 cells under hypoxic and normoxic conditions. These
porphycenes, TBPoS-OH and TBPoS-2OH, prepared using fewer steps, were shown
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to exhibit high photo-cytotoxicity under normoxic and hypoxic conditions, fast
cellular uptake, diverse subcellular localizations and predominantly apoptotic cell
death.
In chapter 4, we attempted to effect mitochondria localization to enhance apoptotic
cell death for these porphycenes. TBPoS-OH was conjugated with rhodamine B to
produce the TBPoS-Rh B conjugate. This design is based on the observation that
positively charged rhodamine, such as Rh B and rhodamine 123, accumulates
specifically in the mitochondria of living cells and has been used as probes to measure
mitochondrial membrane potential in bioassays. Our conjugate showed excellent PDT
efficacy both in well-oxygenated and hypoxic conditions. But interestingly, this
compound was found to localize at lysosome rather than the mitochondria.
Chapter 5 gives all the experimental details and procedures of our synthetic works,
photophysical measurements and bioassays. Characterization data (NMR, high
resolution MS) of all compounds synthesized are reported.
Chapter 6 gives the conclusions of this thesis work and describes some future
directions of this work.
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Chapter 2
Aryl-Porphycene-Based Photosensitizers
for Anti-Cancer Photodynamic Therapy
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2.1 Introduction
Photodynamic therapy (PDT) is an emerging cancer treatment that takes advantage of
the interaction between light and non-toxic photo-sensitizer (PS) to generate cytotoxic
species locally to cause cancer cell death.1 In PDT, a non-toxic photo-sensitizer is
administered into the patient’s body and allowed to accumulate inside the tumor.
When the tumor is irradiated by a laser with an appropriate wavelength that can excite
the sensitizer, the sensitizer produces a cytotoxic agent, usually a reactive oxygen
species, which then kills the cancer cells.2 There are two photophysical mechanisms
involved in PDT, type I and type II. In Type I mechanism, an electron transfer (ET)
occurs between the sensitizer in its excited triplet state, resulting in the production of
the sensitizer radical anion, which then interacts with ground state molecular oxygen
(3O2), affording the superoxide radical anion, O2 or the hydroxyl radical, HO. In
type II mechanism, the sensitizer is first photo-excited to its singlet excited state and
then undergoes an intersystem crossing (ISC) to its triplet state, which transfers its
excitation energy to the ground state molecular oxygen to produce the excited singlet
oxygen (1O2).3
It is widely believed that the photosensitizers currently approved for clinical use are
mainly type II PDT agents. Like radiotherapy, PDT with type II sensitizers, requires
the targeted tissue to be well-oxygenated in order to achieve maximum efficacy.
However, recent discovery showed that most solid tumors contain hypoxic (low
oxygen) regions which tend to compromise the effectiveness of these treatments.4,5 In
order to overcome tumor hypoxic, a number of measures can be applied, such as high
purity oxygen to the patient,6 combining PDT and photothermal therapy to increase
intratumoral blood flow7 and using nanoparticles to localize and release oxygen.8
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In this work, we intend to develop a novel photodynamic therapeutic modality based
on another type of photo-sensitization mechanism, known as type I sensitization,
where the anti-tumor activities of these Type I sensitizers are not critically dependent
on the tumor oxygenation level. Porphycene, a structural isomer of porphyrin, was
found to exhibit a 20-fold higher absorptivity than porphyrins in the red spectral
region owing to its lower molecular symmetry.9 Furthermore, this class of
porphyrinoid PS shows fast cellular uptake and diverse subcellular organelle
localizations.10,11 The redox potential shows porphycenes, either as a free base or as a
metal complex, is more prone to reduction, but more difficult oxidation than
porphyrins.12 To enhance Type I (electron transfer) reaction, electron-withdrawing
substituents should be introduced to the porphycene structure.13
Porphycene (Figure 2.1, R = H) is an aromatic macrocycle isomer of porphyrin
consists of two 2,2 9-bipyrrole subunits linked by two double bonds.10 It and its
derivatives have recently been investigated as a new type of PDT drug owing to
unique physical and optical properties, including strong absorptions in the red region
of the UV-Vis spectrum.14,15,10,16

Figure 2.1 Core Structure of Porphycene.
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2.2 Synthesis of Aryl-Porphycenes
Porphycene (Figure 2.1, R=H) was prepared in 1986 by Vogel and coworkers by using
McMurry

coupling

condition

to

effect

the

reductive

dimerization

of

diformyl-2,2’-bipyrrole 11a, followed by spontaneous oxidation with atmospheric O2
(Scheme 2.1). Generally, the dialdehyde 11a can be obtained from several routes
shown in Scheme 2.1.

Scheme 2.1 General Synthesis of Porphycene 1a.
Since aryl-substitution is synthetically available, a comparison of the photophysical
properties of aryl-substituted porphycenes to both the alkyl-substituted counterparts as
well as to aryl-substituted porphyrins is of interest for the development of
porphycene-based PDT photosensitisers

Scheme 2.2 General Routes for the Synthesis of Porphycene.
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From Scheme 2.2, the original Vogel methodology14 started from a dicarboxylate (6,
R1 = Et) bearing the desired R substituent. The α-methylpyrrole 6 was oxidized to the
corresponding pyrrole monoacid 7, which, in turn, via the decarboxylative iodination,
was converted to the iodopyrrole 8. Ullmann coupling of the iodopyrroles gave the
tetraester 9, which was hydrolyzed to give the tetraacid 9-1. Sublimation of 9-1
yielded the unstable bipyrroles 10 that underwent formylation to give the diformyl
derivative 11. This latter compound was transformed to porphycene 1 by McMurry
coupling.17 To avoid passing through the unstable intermediate 10, Nonell and his
co-workers18 started from a pyrrole 6 (R1 = Bn) bearing two orthogonal ester groups
in their synthesis of the bipyrrole 9 (R1 = Bn), from which the benzyl ester groups
were selectively removed to afford the diester 9-3. The latter was transformed to the
dialdehyde 11 by the McFayden–Stevens reaction.19
In 2006, Borrell and Nonell20 reported a new strategy to prepare substituted bipyrroles.
This strategy was based on the use of palladium chemistry and relied on the
thienobipyrrole 72, as depicted in Scheme 2.3. This precursor acts as a masked
bipyrrole with positions 3 and 3’ blocked. Thus, it allows the remaining positions to
be

halogenated

readily.

[β-(trimethylsilyl)ethoxy]methyl),

After
the

SEM

resulting

protection
dibrominated

(SEM
compound

=
73

underwent Suzuki coupling. The final substituted 2, 2’-bipyrrole 76 was obtained
following the removal of the sulfur atom and then the SEM protecting group. This
was accomplished by treatment with Raney Ni, followed by tetra-n-butylammonium
fluoride (TBAF). The thienobipyrrole 72 was prepared from commercially available
dicarboxaldehyde 70,21 by treatment with ethyl azidoacetate in base solution to afford
compound 71, which was transformed to the desired compound 72 by heating in
xylene.
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Scheme 2.3 Designed Synthetic Route for the Proposed Porphycenes.
Vogel’s method has been used in the synthesis of several alkyl-substituted
porphycenes, such as R = Me, C2H5, C3H7.14 However, the synthesis of
aryl-substituted porphycenes using this method was not successful, presumably due to
the unstable intermediate 10 involved in this synthetic scheme (Scheme 2.1). The
Nonell’s method features another key intermediate 74, which could led to the
preparation of a series of aryl-substituted thienodipyrrole 75 by Suzuki coupling. Thus,
in our synthesis of aryl- (or heteroaryl-) substituted porphycenes, we chose the
49

Nonell’s route.
It is commonly known that the best photosensitizers in PDT are often amphiphilic, i.e.,
having both hydrophilic and hydrophobic functional groups, in order to have
sufficient aqueous solubility as well as the ability to pass through cell membrane.22
Previous cancer cell-based studies showed that the relative uptake and cell killing
efficacy of this drug class follow the following order: cationic > neutral > anionic.23
Thus, we aim to prepare the following cationic aryl-substituted porphycenes:
Py3MeO-TBPo (51) and TMPyPo (84) for evaluation as PDT agents.

2.2.1 Synthesis of Water-Soluble Aryl porphycene Py3MeO-TBPo (51)
The water-soluble cationic aryl porphycene Py3MeO-TBPo 51, shown in Scheme 2.4,
was first synthesized by Xavier Ragàs in 2010 as potential photosensitizer for
antimicrobial photodynamic therapy.24

Scheme 2.4 Synthetic Route for the Proposed Porphycene Py3MeO-TBPo.
As 51 is a water-soluble porphycene, we chose to prepare this compound first.
According

to

Scheme

2.3,

its

synthesis

starts

from

reacting

thiophene-2,5-dicarboxaldehyde 7021 with ethyl azidoacetate to afford compound 71,
which was transformed to compound 72 by heating in xylene at reflux condition.
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Compound 72 was then treated with Br2 to yield compound 73, which reacted with
trimethylsilylethoxy-methyl chloride (SEM-Cl) to give the key intermediate 74.

Scheme 2.5 Synthesis of the Boronic Acid 83.
The Suzuki coupling between compound 73 and 4-(methoxymethyl)phenylboronic
acid 83, prepared using Scheme 2.5, in the presence of Pd(PPh3)4 and Na2CO3, in
1,4-dioxane, gave the diaryl-substituted dipyrrole 74a. Desulfurization of 75a was
accomplished by treatment with Raney Ni in ethanol to afford the bipyrrole 76a. The
SEM protecting groups were removed by tetra-n-butylammonium fluoride (TBAF) in
1,4-dioxane to yield the diaryl-substituted bipyrrole 77a. The latter was transformed
to the dialdehyde 80a using the McFayden–Stevens reaction.19 The McMurry
coupling of the dialdehyde was conducted in presence of TiCl4 /Zn/CuCl in refluxing
THF. This was followed by spontaneous oxidation of the product mixture with
atmospheric O2 to give the 2,7,12,17-tetra(4-(methoxymethyl)phenylporphycene 81a,
as shown in Scheme 2.3. As for the Br3MeO-TBPo 50, we were not able to get the
pure product owing to the low yield obtained by using the literature reaction
conditions.

2.2.2 Synthesis of 2,7,12,17-tetra-pyridylporphycene (TMPyPo), 84
The synthesis of another cationic water-soluble aryl porphycene, TMPyPo 84, is
shown in Scheme 2.6. The synthesis started with treating compound 73 with
commercially available 4-pyridinylboronic acid in the presence of Pd(PPh3)4 and
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Na2CO3 in 1,4-dioxane. A small amount of compound 74b was obtained, together
with a large amount of compound 74b-1, as shown in Figure 2.2. Considering the
electron-withdrawing effect of the pyridine nitrogen, which resulted in a reduced
reactivity

of

the

para-boronic

acid,

we

changed

the

solvent

to

N,N-dimethylformamide (DMF) and raised the reaction temperature. The desired
product 74b was obtained and then treated with Raney Ni in ethanol to afford the
bipyrrole 76b. However, no deprotection of the SEM group from 76b occurred using
TBAF.20 Subsequently, we found that by using CF3COOH/DCM (v/v = 1:10) to
remove the SEM protecting group, compound 75b was obtained in good yield.
Since compound 80b could not be prepared using the McFayden–Stevens reaction, we
tried using diisobutylaluminium hydride (DIBAL-H) and lithium aluminium hydride
(LiAlH4) to prepare the dialdehyde 80b or the diol (80b-1), shown in Figure 2.2, but
to no avail.

2.2.3 Synthesis of 2,7,12,17-tetra((2-(2-methoxyethoxy)ethoxy)methyl)phenylporphycene TDEGPPo 81e
After encountering substantial difficulties in the synthesis of the cationic porphycenes
51 and 84, we decided to prepare water-soluble porphycene with neutral substituents
derived from the benzylation of monoglyme 81d, as shown in Scheme 2.7, instead.

52

Scheme 2.6 Synthetic Route for the Proposed Porphycene TMPyPo 84.

Figure 2.2 Structure of Porphycenes 75b-1 and 80b-1.
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Scheme 2.7 Synthetic Route for the Proposed Porphycene 81d.
We started the synthesis by preparing the boronic acid 86 according to Scheme 2.8.
1-Bromo-4-(bromomethyl)benzene was treated with methyl carbitol and NaH in THF
to give 85, which was transformed to the desired compound 86 in presence of n-BuLi
and (MeO)3B in THF.

Scheme 2.8 Synthesis of Boronic Acid 86.
The synthetic route of compound 81d was the same as that of 81a, which was a dark
blue solid. We also measured the solubility of the compound 81d, which can reach 2
×10-5 mol/L in water containing 1% DMSO.
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2.2.4 Synthesis of Zinc-2,7,12,17-tetra((2-(2-methoxyethoxy)ethoxy)methyl)
phenyl porphycene ZnTDEGPPo
After completed the synthesis of TDEGPPo 81d, we prepared its Zn(II) complex
ZnTDEGPPo (81d-Zn), according to Scheme 2.9. The presence of Zn(II) ion in
porphyrins has been shown to increase its triplet state quantum yield, which results in
a higher singlet oxygen quantum yield of the Zn(II) porphyrin relative to its free base
counterpart. Thus, the introduction of Zn(II) ion into TDEGPPo might enhance its
singlet oxygen quantum yield, making it a more potent type II photosensitizer.

Scheme 2.9 Synthesis of Porphycene ZnTDEGPPo.
The yield of the ZnTDEGPPo was found to be lower than the Zn(II) metalation of
porphyrins. Furthermore, demetalation of Zn(II) from TDEGPPo occurred readily
when 81d-Zn was allowed to stand in CHCl3 overnight. However, ZnTDEGPPo is
soluble in aqueous solutions at pH >7. It remained stable and showed a higher
aqueous solubility than its free base counterpart 81d.

2.2.5 Synthesis of Asymmetric Cationic Porphycene PyDEGPPo 90.
Although we have successfully prepared two neutral porphycenes 81d and 81d-Zn,
our goal was to obtain an amphiphilic porphycene which can potentially have better
cellular uptake and cell killing efficacy. After our unsuccessful synthesis of TMPyPo
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84, we designed an asymmetric cationic porphycene from 81d, as shown in Scheme
2.10. But this synthetic route for the asymmetric PyDEGPPo 90 gave a very low yield,
apparently due to the many steps involved.

Scheme 2.10 Synthetic Route for the Asymmetric Porphycene PyDEGPPo 90.

2.2.6 Synthesis of 2,7,12,17-Tetrakis(-pyridinio-p-tolyl)porphycene (TPyBPo)
After the unsuccessful synthesis of PyDEGPPo 90, we decided to switch back to the
synthetic route of Py3MeO-DEGBPo (51) and used 81d, which we obtained in good
yield, as the starting material to prepare the cationic porphycene 92 according to
Scheme 2.11.

Scheme 2.11 Synthetic Route for the Cationic Porphycene 92.
Using Scheme 2.11, only very low yield of porphycene 92 was obtained. But
interestingly, when 81d-Zn was used as the starting material, we obtained TBrBPo
(93) as the major product. This compound 93, when treated with pyridine, gave
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TPyBPo (94) in high yield, as depicted in Scheme 2.12.

Scheme 2.12 Synthetic Route for the Cationic Porphycene TPyBPo 94.

Figure 2.3 Structure of 4-TMS-phenylboronic acid 101

2.2.8 Synthetic Procedures
Preparation of 2,5-Thiophenedicarboxaldehyde 70
Butyllithium (40 mL, 0.1 mol) was added to a solution of thiophene (4.2 g, 0.05 mol)
and TMEDA (11.8 g, 0.1 mol) in hexane (30 mL) at room temperature. The mixture
was heated to reflux for 30 min. THF (100 mL) was then added and the resulting
mixture was cooled to –4 ºC, excess DMF was then added over a 10 min period. The
temperature of the mixture was gradually raised to room temperature and stirring was
continued for 30 min. The suspension was then poured into a mixture of 30% HCl
(100 mL) and water (800 mL) at –20 to –5 ºC under vigorous stirring. Part of
dicarboxaldehyde may be separated during this hydrolysis. Saturated NaHCO3
solution was slowly added until the aqueous layer has reached pH 6. The organic layer
was separated and then dried. The solvent was removed in vacuo and the product
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crystallized from THF/Et2O (4:1) to afford the pure thiophene dicarboxaldehyde 70;
yield 4 g (57%).
Preparation of compound 71
A solution of 70 (0.8 g, 6 mmol) and ethyl azidoacetate (5.8 g, 46 mmol) in 30 mL of
dry absolute ethanol was added dropwise to 20 mL of sodium ethoxide solution (21%
in ethanol) at –40 ºC. The mixture was warmed to 0 ºC with further stirring for 30 min.
The resulting mixture was poured into a cold ammonium chloride solution (100 mL).
The yellow solid obtained was separated by filtration to give 1 g (50%) of 3. The
filtrate was extracted with diethyl ether, washed with water, dried with MgSO4, and
concentrated in vacuo to give an extra crop of 0.4 g of 71.
Preparation of compound 72
Compound 71 (0.5 g, 1.38 mmol) were suspended in 15 mL of xylene. The suspension
was heated to 115 ºC (nitrogen evolution) and then maintained at such temperature for 12
h. The white solid obtained was separated by filtration, washed with hexane, and dried to
give 73 (0.35 g, 1.1 mmol), yield 85%. 1H NMR (400 MHz, DMSO): δ = 11.15 (s, 2H,
NH), 7.15 (d, J = 2.0, 2H, Cpyrrole-H), 4.30 (q, J = 7.1 Hz, 4H, O-CH2CH3), 1.32 (t, J =
7.1, 6H, O-CH2CH3).
Preparation of 1-Bromo-4-(methoxymethyl)benzene (82, 85).

A solution of 4-bromobenzyl bromide (5 g, 0.026 mol) in 50 mL DMF was cooled to 0 ºC
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in an ice-bath, then sodium hydride (1.28 g, 0.028 mol) was added in portions. The
mixture was gradually warmed to room temperature and stirring was continued for 2 h.
TLC showed that the starting materials was consumed and cooled water was then added
to the reaction mixture. The mixture was extracted with ethyl acetate (2×100 mL) and the
organic layer was washed with water several times, dried, concentrated, purified using
silica gel column chromatography (20:1 hexane : ethyl acetate) to give 82 (4.5 g, 0.022
mol) as colorless oil. 1H NMR (400 MHz, chloroform-d): δ 7.48 (s, 2H, Ph), 7.21 (d, J
= 8.6 Hz, 2H, Ph), 4.41 (s, 2H, PhCH2), 3.38 (s, 3H, OCH3).
Preparation of Phenylboronic Acids (83, 86)

n-BuLi was added dropwise to a solution of 82 (4 g) in THF at -78 ºC, with stirring
for 1 h at this temperature. Distilled B(MeO)3 was added into the mixture at -78 ºC,
and the mixture slowly returned to room temperature with stirring overnight. Cooled
water added into the mixture, and mixture was extracted twice with ethyl acetate.
Adjusting the pH to 4 with 6 N HCl, extracted with ethyl acetate, the organic layer
was washed with water several times, dried, concentrated to give product 83. 1H
NMR (400 MHz, DMSO-d6): δ 8.00 (s, 2H, B(OH)2), 7.76 (d, J = 8.0 Hz, 2H, Ph),
7.27 (d, J = 8.1 Hz, 2H, Ph), 4.41 (s, 2H, PhCH2)3.28 (s, 3H, OCH3).
Preparation of compound 73
A solution of 3 mL of Br2 in 45 mL of AcOH was added dropwise to a suspension of
3.0 g (9.7 mmol) of 72 in a mixture of 250 mL of ethyl acetate and 100 mL of AcOH.
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The resulting mixture was stirred for 8 h at room temperature. The resulting
precipitate was filtered, washed with 3x50 mL of aqueous NaHCO3 solution, and
dried in vacuo (50 ºC) to yield 4.1 g (8.7 mmol, 89%) of 73 as a white solid. 1H NMR
(400 MHz, DMSO): δ = 11.15 (s, 2H, NH), 4.30 (q, J = 7.1 Hz, 4H, O-CH2CH3),
1.32 (t, J=7.1, 6H, O-CH2CH3)
Preparation of compound 74

0.525 g (131 mmol) of NaH (60% in mineral oil) was added in portions to a
suspension of 2.75 g (8 mmol) of 73 in 15 mL of anhydrous THF under N2
atmosphere. The resulting mixture was stirred for 15 min at room temperature. Then,
3.8 mL (20 mmol) of trimethylsilylethoxymethyl chloride (SEM-Cl) were added
dropwise and the resulting solution was stirred for 1 h at room temperature. Crushed
ice (30 g) was added and the resulting mixture was stirred until precipitate appeared.
The solid was filtered, washed with MeOH until it became white, then dried in vacuo
(50 ºC) to yield 3 g (3.8 mmol, 70%) of 74. 1H NMR (400 MHz, Chloroform-d): δ
6.29 (s, 4H, NCH2), 4.43 (q, J = 7.1 Hz, 4H, O-CH2CH3), 3.56 – 3.47 (m, 4H, OCH2),
1.45 (t, J = 7.1 Hz, 6H, O-CH2CH3), 0.88 – 0.79 (m, 2H, SiCH2 ), -0.07 (s, 9H,
Si(CH3)3).

13

C NMR (101 MHz, CDCl3): δ 160.71, 130.83, 128.64, 123.99, 99.63,

74.97, 65.90, 61.11, 17.81, 14.29, -1.48.
Preparation of Diaryl-Substituted Thienodipyrrole (75a, b, d, e).
An aqueous solution of 570 mg of Na2CO3 in 5 mL of water was added to a solution
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of 1 g of 74, 700 mg of the compound 83 in 500 mL of 1,4-dioxane. The resulting
mixture was deoxygenated with N2 for 30 min. Then, 50 mg of Pd(PPh3)4 were added
and the resulting mixture was refluxed for 16 h under Ar atmosphere. Then, 200 mL
of water were added to the cooled mixture and it was extracted with 3x50 mL of
hexane. The organic extracts were dried (MgSO4) and concentrated in vacuo to afford
the crude product. The residue obtained was column chromatographed using a 1:10
ethyl acetate/hexane mixture as eluent, and then crystallized from MeOH to give 1 g
(92%) of 75a.
75a 1H NMR (400 MHz, Chloroform-d): δ 7.50 – 7.42 (m, 4H, CH(Ar)), 7.39 – 7.32
(m, 4H, CH(Ar)), 6.31 (s, 4H, N-CH2), 4.50 (s, 4H, PhCH2), 4.17 (q, J = 7.1 Hz, 4H,
O-CH2CH3), 3.64 – 3.55 (m, 4H, O-CH2), 3.41 (s, 6H, OCH3), 1.07 (t, J = 7.1 Hz, 6H,
O-CH2CH3), 0.95 – 0.85 (m, 4H, SiCH2), -0.04 (s, 9H, Si(CH3)3).

13

C NMR (101

MHz, CDCl3): δ 161.95, 137.17, 133.92, 129.92, 129.28, 128.81, 127.30, 126.55,
122.58, 74.47, 65.64, 60.48, 58.03, 17.86, 13.78, -1.46.
75b 1H NMR (400 MHz, Chloroform-d): δ 8.64 (d, J = 6.0 Hz, 4H, CH(Py)), 7.40
(d, J = 6.1 Hz, 4H, CH(Py)), 6.34 (s, 4H, N-CH2), 4.21 (q, J = 7.1 Hz, 4H,
O-CH2CH3), 3.65 – 3.56 (m, 4H, O-CH2), 1.10 (t, J = 7.1 Hz, 6H, O-CH2CH3), 0.95 –
0.86 (m, 4H, SiCH2), -0.06 (s, 9H, Si(CH3)3).

13

C NMR (101 MHz, CDCl3): δ

162.59, 150.76, 143.97, 130.45, 130.07, 125.31, 124.83, 124.39, 76.21, 75.91, 67.16,
62.18, 26.07, 19.08, 14.91, -0.25.
75d 1H NMR (400 MHz, Chloroform-d): δ 7.44 (d, J = 8.2 Hz, 2H, CH(Ar)), 7.35
(d, J = 8.3 Hz, 2H, CH(Ar)), 6.30 (s, 2H, N-CH2), 4.60 (s, 2H, PhCH2), 4.16 (q, J =
7.1 Hz, 2H, O-CH2CH3), 3.72 – 3.64 (m, 8H), 3.68 – 3.53 (m, 4H), 3.38 (s, 3H,
OCH3), 1.06 (t, J = 7.1 Hz, 3H, O-CH2CH3), 0.94 – 0.85 (m, 2H, SiCH2), -0.05(s, 9H,
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Si(CH3)3). 13C NMR (101 MHz, CDCl3): δ 161.99, 137.34, 133.89, 129.97, 128.85,
126.62, 122.65, 74.66, 73.05, 71.97, 70.70, 69.42, 65.67, 60.49, 59.07, 17.88, 13.79,
-1.45.
75e 1H NMR (400 MHz, CDCl3) δ 7.41 (d, J = 8.8 Hz, 5H), 7.41 (d, J = 8.8 Hz, 4H),
6.92 (d, J = 8.8 Hz, 4H), 6.30 (s, 4H), 4.18 (q, J = 7.1 Hz, 4H), 3.84 (s, 6H), 3.59 (dd,
J = 8.7, 7.7 Hz, 4H), 1.11 (t, J = 7.1 Hz, 6H), 0.93 – 0.86 (m, 4H), -0.05 (s, 18H).
Preparation of Bipyrrole (76a, b, d, e).
1.3 mmol of 75a was added to a suspension of 5 g of Raney Ni (caution: pyrophoric)
in 200 mL of deoxygenated EtOH. The Raney Ni was previously washed with
deoxygenated EtOH. The mixture was heated at reflux for 4 h. The resulting
suspension was filtered, the residue was washed with acetone and the combined
organic solvent was concentrated in vacuo to give the product. The crude material
obtained was washed with water and dried to give 0.9 g (90%) of 76a.
76a 1H NMR (400 MHz, Chloroform-d): δ 7.40 (d, J = 8.2 Hz, 2H), 7.33 (d, J = 8.3
Hz, 2H), 7.26 (s, 3H), 5.57 (s, 2H), 4.50 (s, 2H), 4.17 (q, J = 7.1 Hz, 2H), 3.52 – 3.43
(m, 2H), 3.41 (s, 3H), 1.09 (t, J = 7.1 Hz, 3H), 0.91 – 0.82 (m, 2H), -0.05 (s, 9H). 13C
NMR (101 MHz, CDCl3): δ 161.64, 136.76, 135.42, 133.37, 129.28, 127.04, 120.71,
115.07, 74.55, 65.71, 60.32, 58.04, 17.95, 13.82, -1.49.
76b 1H NMR (400 MHz, Chloroform-d): δ 8.61 (d, J = 5.3 Hz, 2H, Py), 6.55 (s, 1H,
Cpyrrole-H), 5.58 (s, 2H, N-CH2), 4.20 (q, J = 7.1 Hz, 2H, O-CH2CH3), 3.54 – 3.45 (m,
2H, O-CH2), 1.12 (t, J = 7.1 Hz, 3H, O-CH2CH3), 0.92 – 0.83 (m, 2H, SiCH2), -0.04
(s, 9H, Si(CH3)3).
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C NMR (101 MHz, CDCl3): δ 160.01, 148.13, 142.97, 129.45,

128.13, 123.26, 120.19, 113.66, 73.26, 64.96, 59.73, 16.94, 12.70, -2.52.
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76d 1H NMR (400 MHz, Chloroform-d): δ 7.43 – 7.30 (m, 4H, CH(Ar)), 6.49 (s,
1H, Cpyrrole-H), 5.58 (s, 2H, N-CH2), 4.61 (s, 2H, PhCH2), 4.18 (q, J=7.1 Hz, 2H,
O-CH2CH3), 3.69 (dtd, J = 11.1, 4.7, 4.0, 2.1 Hz, 8H), 3.61–3.54 (m, 2H, O-CH2CH3),
3.52 – 3.42 (m, 2H, O-CH2), 3.39 (s, 3H, OCH3), 1.10 (t, J = 7.1 Hz, 3H, O-CH2CH3),
0.91 – 0.82 (m, 2H, SiCH2), -0.05 (s, 9H, Si(CH3)3). 13C NMR (101 MHz, CDCl3): δ
161.59, 136.83, 135.30, 133.35, 129.40, 127.03, 120.67, 115.02, 74.29, 73.08, 71.95,
70.69, 69.36, 65.69, 60.30, 59.06, 17.94, 13.82, -1.49.
76e 1H NMR (400 MHz, CDCl3) δ 7.39 (d, J = 8.8 Hz, 2H), 6.89 (d, J = 8.8 Hz, 2H),
6.27 (s, 2H), 4.74 (s, 2H), 4.16 (q, J = 7.1 Hz, 2H), 3.82 (d, J = 4.5 Hz, 3H), 3.61 –
3.53 (m, 2H), 3.46 (d, J = 5.5 Hz, 1H), 1.08 (t, J = 7.1 Hz, 3H), 0.91 – 0.83 (m, 2H),
-0.07 (s, 9H).
Preparation of Diaryl-Substituted Bipyrrole (77a, b, d, e).
A solution of 0.9 g of 76a in 100 mL DCM: TFA (10:1) was stirred at room
temperature for 1 h. The progress of the reaction was monitored by TLC. After
neutralization of the acid, the solid was filtered, washed with DCM, and concentrated
in vacuo to afford the crude product. The crude product obtained was column
chromatographed using a 1: 2 ethyl acetate/hexane mixture as eluent to give 0.5 g
(82%) of 77a.
77a 1H NMR (400 MHz, DMSO-d6): δ 7.52 (d, J = 8.2 Hz, 2H, CH(Ar)), 7.31 (d, J =
8.3 Hz, 2H, CH(Ar)), 6.89 (d, J=4 Hz, 1H, Cpyrrole-H), 4.44 (s, 2H, N-CH2), 4.23 (t, J
= 7.1 Hz, 2H, O-CH2CH3), 3.31 (s, 3H, OCH3), 1.21 (t, J = 7.1 Hz, 3H, O-CH2CH3).
77b 1H NMR (400 MHz, DMSO): δ 12.33 (d, J = 2.4 Hz, 2H, N-H), 8.56 (d, J = 5.9
Hz, 4H, Py), 7.55 (d, J = 6.1 Hz, 4H, Py), 7.04 (d, J = 2.7 Hz, 2H, Cpyrrole-H), 4.25 (q,
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J = 7.1 Hz, 4H, O-CH2CH3), 1.22 (t, J = 7.1 Hz, 6H, O-CH2CH3).

13

C NMR (101

MHz, DMSO): δ 160.19, 149.13, 142.46, 129.12, 127.78, 124.09, 118.54, 110.43,
60.25, 14.20. HRMS (ESI+) Found: 431.1704 (M+H) (calcd for C24H23N4O4+
431.1714)
77d 1H NMR (400 MHz, Chloroform-d): δ 7.44 – 7.31 (m, 4H, CH(Ar)), 6.48 (s, 1H,
Cpyrrole-H), 5.49 (s, 2H, N-CH2), 4.62 (s, 2H, PhCH2), 4.20 (q, J = 7.1 Hz, 2H,
O-CH2CH3), 3.75 – 3.64 (m, 3H), 3.62 – 3.54 (m, 1H), 3.39 (s, 3H, OCH3), 1.10 (t, J
= 7.1 Hz, 3H, O-CH2CH3). 13C NMR (101 MHz, CDCl3): δ 162.80, 137.10, 134.78,
134.09, 129.67, 128.61, 126.96, 120.59, 114.84, 73.03, 71.93, 70.67, 70.56, 69.66,
69.35, 60.89, 59.05, 13.79.
77e 1H NMR (400 MHz, DMSO) δ 11.99 (s, 2H), 7.46 (t, J = 16.3 Hz, 5H), 6.93 (d, J
= 8.6 Hz, 5H), 6.81 (s, 2H), 4.33 – 4.12 (m, 5H), 3.79 (d, J = 7.7 Hz, 8H), 1.23 (t, J =
7.1 Hz, 7H).
Preparation of Dicarbazoyl Bipyrrole (78a, d).
A suspension of hydrazine hydrate 80% (5 mL), ethanol (10 mL) and 77a (0.5 g, 0.96
mmol) was refluxed for 48 h, cooled to room temperature, filtered, washed with water
and dried. 0.43 g (93%) of 78a was obtained as a yellowish solid.
Preparation of Di-(N-tosyl)-hydrazinocarbonyl-bipyrrole (79a, d).
A solution of 0.7 g (4 mmol) of p-toluenesulfonychloride (TsCl) in 20 mL of pyridine
was added to a solution of 78a (0.6 g, 1.5 mmol) in pyridine (100 mL). The mixture
was stirred at room temperature for 1 h and then poured into ice-water. The precipitate
was filtered, washed with water and dried. 1 g (83%) of 79a was obtained.
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Preparation of Dialdehyde-bipyrrole (80a, d).
A mixture of 79a (1 g, 1.5 mmol), anhydrous sodium carbonate (2 g) and dry
diethylene glycol (20 mL) was stirred under nitrogen at 170 °C for 15 min. The warm
reaction mixture was poured into ice-water, the precipitate was filtered, washed with
water and dried, and 0.43 g (90%) of 80a was obtained as a dark-green solid.
Preparation of Aryl-Substituted Phenylporphycenes (16a, d, e).
Activated Zn (2.5 g, 39 mmol) and Cu2Cl2 (0.25 g, 2.6 mmol) were suspended in THF
(100 mL), TiCl4 (3.6 g, 19.8 mmol) was added dropwise and the resulting mixture
heated at reflux for 3 h. A solution of 15 (0.45 g, 1.3 mmol) in THF (30 mL) was
added dropwise, and the slurry was stirred at reflux for 3 min. Finally, the resulting
mixture is cooled to room temperature and filtered through a silica pad. The filtrate
was hydrolyzed at 0 ºC with 100 mL of 10% K2CO3 solution and stirred under oxygen
atmosphere for 30 min. The aqueous solution was extracted with dichloromethane (3
x 50 mL) and dried over MgSO4. The solvent was removed under reduced pressure
and the residue was purified using silica gel column chromatography (MeOH/CH2Cl2
1:50). Compound 16 was obtained (10 mg, 2%-10%).
81a 1H NMR (400 MHz, CDCl3-d):

δ 9.73 (s, 4H), 9.50 (s, 4H), 8.21 (d, J = 8.0

Hz, 8H), 7.70 (d, J = 8.0 Hz, 8H), 4.67 (s, 8H), 3.52 (s, 12H). 13C NMR (101 MHz,
CDCl3): δ 143.36, 141.49, 136.84, 134.87, 133.14, 130.45, 127.36, 122.66, 113.28,
73.64, 57.37. HRMS (ESI+) Found: 791.3621 (M+H) (calcd for C52H46N4O4
791.3591, Δm: 3.7909 ppm).
81d 1H NMR (400 MHz, DMSO-d6)：δ 10.14 (s, 4H), 10.02 (s, 4H), 8.41 (s, 8H),
7.85 (s, 8H), 5.76 (s, 2H), 4.80 (s, 8H), 3.79 – 3.67 (m, 16H), 3.67 – 3.60 (m, 8H),
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3.56 – 3.49 (m, 8H), 3.31 (s, 12H). 1H NMR (400 MHz, Chloroform-d): δ 9.92 (s,
4H), 9.69 (s, 4H), 8.32 (d, J = 8.0 Hz, 8H), 7.81 (d, J = 8.1 Hz, 8H), 4.86 (s, 8H), 3.91
– 3.80 (m, 8H), 3.84 – 3.75 (m, 8H), 3.77 (d, J = 2.9 Hz, 8H), 3.69 – 3.62 (m, 8H),
3.45 (s, 12H).

13

C NMR (101 MHz, DMSO): δ 144.04, 142.00, 138.46, 134.72,

133.95, 131.11, 128.41, 71.91, 71.36, 69.40, 58.12, 54.90. HRMS (ESI+) Found:
1143.5699 (M+H) (calcd for C68H79N4O12+ 1143.5689, Δm: 0.87 ppm).
81e 1H NMR (400 MHz, CDCl3): δ 9.92 (s, 4H), 9.68 (s, 4H), 8.31 (d, J = 8.1 Hz,
8H), 7.78 (d, J = 8.2 Hz, 8H), 5.04 (s, 8H), 1.08 – 1.05 (m, 36H), 0.30 – 0.21 (m,
24H).
87 1H NMR (400 MHz, CDCl3): δ 9.95 – 9.87 (m, 2H), 9.68 (s, 2H), 8.31 (dd, J =
8.1, 2.3 Hz, 4H), 7.79 (t, J = 8.2 Hz, 4H), 5.30 (s, 1H), 5.04 (s, 2H), 4.86 (s, 2H), 3.89
– 3.81 (m, 4H), 3.77 (dd, J = 3.7, 2.7 Hz, 2H), 3.76 (s, 1H), 3.67 – 3.63 (m, 2H), 1.09
– 1.05 (m, 9H), 0.27 – 0.24 (m, 6H). HRMS (ESI+) Found: 1167.5713 (M+H) (calcd
for C71H88N4O8Si2 1167.5705, Δm = 0.68 ppm).
Preparation of Zinc(II)-porphycene (ZnTDEPPo, 81d-Zn)
TDEGPPo 81d (1 equiv) and Zn(II) acetate (10 equiv) were dissolved in MeOH and
heated to reflux for 72 h. The mixture was cooled to room temperature. The solvent
was removed under reduced pressure and the residue was purified using silica gel
column chromatography (MeOH/CH2Cl2 1:50) to afford TDEGPPo 81d (60%) and
ZnTDEPPo 81d-Zn (30%).
1

H NMR (400 MHz, CDCl3) δ 9.91 (s, 1H), 9.47 (s, 1H), 8.25 (d, J = 8.0 Hz, 2H),

7.59 (d, J = 8.0 Hz, 2H), 4.57 (s, 2H), 3.56 – 3.49 (m, 2H), 3.45 – 3.39 (m, 2H), 3.33
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– 3.26 (m, 2H), 3.20 – 3.13 (m, 2H), 3.02 (d, J = 7.4 Hz, 3H). HRMS (ESI+) Found:
1204.4754 (M+H) (calcd for C68H76N4O12Zn 1204.4745, Δm = 0.75 ppm).
Preparation of Bromomethylporphycene (91 and 93).
ZnTDEGPPo (81d-Zn) were dissolved in 20 mL of anhydrous DCM. Then, 4.3 mL of
hydrogen bromide solution (33 wt % in AcOH) were added dropwise while keeping
the mixture standing in a water/ice bath overnight. Finally, the reaction mixture was
diluted with 20 mL cooled water and the organic phase was extracted with DCM. The
organic layer was washed with saturated NaHCO3. The organic extract was dried over
Na2SO4 and removed under reduced pressure. The crude brominated mixture was
purified by a silica gel column (hexane/DCM; 1:1) to obtain the desired product.
Tetrabrominated porphycene was difficult to dissolve, it was attached with MS.
HRMS (MALDI-TOF) Found: m/z 986.9604 (M+H) (calcd for C48H34Br4N4 m/z
986.9556, Δm = 4.86 ppm).
Preparation of Porphycene 88
To a solution of 87 (1 equiv) and TBFA (10 equiv) in THF was stirred at room
temperature for 1 h. The solvent was removed under reduced pressure and the residue
was purified using silica gel column chromatography (CH2Cl2) to obtain the alcohol
porphycene, yield 100%.
1

H NMR (400 MHz, CDCl3) δ 9.81 (s, 4H), 9.58 (d, J = 10.7 Hz, 4H), 8.29 (dd, J =

9.6, 8.1 Hz, 8H), 7.80 (t, J = 7.6 Hz, 9H), 4.99 (s, 4H), 4.86 (s, 4H), 3.86 (qdd, J = 5.2,
3.6, 1.9 Hz, 9H), 3.80 – 3.75 (m, 4H), 3.68 – 3.63 (m, 4H), 3.46 (s, 6H), 3.42 (s, 2H),
2.05 (s, 2H). HRMS (MALDI-TOF) Found: 938.1796 (M+H) (calcd for C58H58N4O8
938.1736, Δm: 6.40 ppm).
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Preparation of Pyridyl-porphycenes, TriPyPPo (92) and TPyBPo (94)
Brominated porphycene was placed in a 5 mL round-bottom flask and dissolved with
2 mL of pyridine. The solution was heated at 80 ºC for 2 h and the precipitated solid
recovered after centrifugation. The solid was washed with tert-butyl methyl ether (5
mL) and dried under vacuum.
TriPyPPo (92) 1H NMR (400 MHz, DMSO) δ 10.27 – 10.11 (m, 4H), 10.10 – 9.98
(m, 4H), 9.45 (d, J = 5.9 Hz, 6H), 8.75 (t, J = 7.8 Hz, 3H), 8.50 (d, J = 8.0 Hz, 6H),
8.39 (d, J = 7.8 Hz, 2H), 8.36 – 8.31 (m, 6H), 8.05 (d, J = 7.9 Hz, 6H), 7.84 (d, J =
8.1 Hz, 2H), 6.16 (s, 6H), 4.80 (s, 2H), 3.83 (s, 2H), 3.76 (d, J = 5.6 Hz, 2H), 3.71 (d,
J = 5.2 Hz, 2H), 3.63 (dd, J = 5.7, 3.7 Hz, 2H), 3.54 – 3.50 (m, 2H), 3.30 (s, 3H).
HRMS (ESI+) Found: 340.8237 (calcd for C68H54N83+ 340.8247 Δm: 2.94 ppm)
TPyBPo (94) 1H NMR (400 MHz, DMSO) δ 10.20 (s, 4H), 10.02 (s, 4H), 9.47 (d, J
= 5.7 Hz, 8H), 8.76 (t, J = 7.8 Hz, 4H), 8.49 (d, J = 7.8 Hz, 8H), 8.34 (t, J = 6.9 Hz,
8H), 8.07 (d, J = 7.8 Hz, 8H), 6.18 (s, 8H), 3.82 (s, 2H). 13C NMR (101 MHz, DMSO)
δ 146.19 (s), 144.94 (s), 143.40 (s), 141.95 (s), 136.50 (s), 133.99 (s), 131.92 (s),
129.83 (s), 128.65 (s). HRMS (ESI+) Found: 245.6124 (calcd for C68H54N84+
245.6112 Δm: 0.82 ppm)

2.3 Results and Discussion
2.3.1 Photophysical Properties
The linear photophysical properties of TDEGPPo (81d), ZnTDEGPPo (81d-Zn),
TriPypPo (92) and TPyBPo (94) have been investigated as below. From Figure 2.4,
the UV−Vis spectra of the porphycenes TDEGPPo, TriPyPPo and TPyBPo showed
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one characteristic intense Soret band at 375 nm and three weaker Q-bands at 582, 627,
and 658 nm. The lowest energy band is 22 nm blue-shifted compared to
octaethylporphycene16 due to the presence of the electron-rich phenyl groups. The
UV−Vis spectra of the metalloporphycene ZnTDEGPPo showed red-shifted Soret
band at 390−400 nm compared to the free base porphycene TDEGPPo and also
display one Q-band at 658nm. The fluorescence emission spectra of TDEGPPo,
TriPyPPo and TPyBPo were similar with a main band at 675 nm, which matched the
typical fluorescence spectra of porphycenes, while ZnTDEGPPo showed a 5 nm
red-shift owing to the presence of metal ion.

Figure 2.4 UV/Vis absorption and emission (inset) spectra of the porphycenes in this
study. A) TDEGPPo (inset, λem = 668 nm, λex = 376 nm) in CHCl3. B) ZnTDEGPPo
(inset, λem = 680 nm, λex = 396 nm) in CHCl3. C) 92 (inset λem = 675 nm, λex = 375 nm)
in EtOH. D) 94 (inset, λem = 675 nm, λex = 375 nm) in EtOH.

69

Table 2.1 Photophysical Properties of Porphycenes Synthesized.
Compound
(solvent)

λabs/nm (ε×10-4/
M-1cm-1)

λem /
nm

ΦFa

ΦΔb

TPyBPo
(H2O)

675

0.25

0.07

1.42

This work

TriPyPPo
(H2O)

658 (2.49)
627 (2.19)
585 (1.79)
375 (5.55)
658 (2.24)
627 (1.93)

675

0.16

0.17

1.04

This work

TDEGPPo
(CHCl3)

584 (1.66)
375 (5.06)
659 (1.94)
627 (1.82)

668

0.19

0.30

3.53

This work

680

0.06

0.45

5.22

This work

675

0.15

0.23

4.8

ZnTDEGPPo
(CHCl3)
TPPo
a

585 (1.35)
376 (3.94)
658 (2.51)
605 (0.56)
396 (2.58)
659

F

Ref

(ns)

Ref12

The fluorescence quantum yields (λem = 550–800 nm, λex = 417-430 nm). bThe 1O2

quantum yields (λex = 420 nm) were measured based on its phosphorescence emission
intensity at 1270 nm relative to the reference meso-tetraphenylporphyrin, H2TPP (ΦΔ=
0.55 ±0.11) in CHCl3.
In addition, the emission lifetime, τF (TDEGPPo), 3.53 ± 0.17 ns (χ2 = 1.108); τF
(ZnTDEGPPo), 5.22 ±0.67 (χ2 = 1.095); τF (TriPyPPo), 1.42 ±0.19 ns (χ2 = 1.08); τF
(TPyBPo), 1.04 ±2.61ns (χ2 = 0.79); and the fluorescence decay curves are shown in
appendix. Lastly, the observed absorption and emission at the tissue-transparent
region suggest that these porphycenes can serve as a potential tumor imaging agent as
well provided that it shows preferential accumulation in tumor tissues.
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2.3.2 Photodynamic Activity
The potential application of TDEGPPo (81d), ZnTDEGPPo (81d-Zn), TriPyPPo
(92) and TPyBPo (94) as PDT agents was evaluated by their photo-cytotoxicity (λ >
500 nm, filtered light, and λex = 640±15 nm, red LED light source) towards human
nasopharyngeal carcinoma (HK-1) cells using MTT assay. The results of the PDT
activities of 81d, 81d-Zn, 92 and 94 towards human nasopharyngeal carcinoma
(HK-1) cells using different light sources (λ > 500 nm, filtered light, and λex = 640±
15 nm, red LED light source) are shown in Figures below.

Figure 2.5 Photo-cytotoxic dose-response curves of the ZnTDEGPPo (A) and
TPyBPo (B) towards (HK-1) cells under normoxic conditions using filtered light
source (λ > 500 nm)

Figure 2.6 Photo-cytotoxic dose-response curves of the TDEGPPo (A), ZnTDEGPPo
(B) using red LED ( = 640 ±15 nm) light source under normoxic conditions.
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Figure 2.7. Photo-cytotoxic dose-response curves of the TriPyPPo (A) and TPyBPo
(B) using red LED ( = 640 ±15 nm) light source under normoxic conditions.

Figure 2.8. Photo-cytotoxic dose-response curves of the ZnTDEGPPo (A), TriPyPPo
(B) and TPyBPo (C) towards (HK-1) cells in hypoxic conditions.
Comparing the different light sources, specific wavelength LED light had an excellent
PDT results. In LED light source, the two neutral amphiphilic porphycenes,
TDEGPPo and ZnTDEGPPo, showed no significant photo-cytotoxic activity towards
the human nasopharyngeal carcinoma (HK-1) cell, while two cationic porphycenes,
TPyBPo (LD50 = 1 M under a light dose of 2 J cm-2) and TriPyBPo (LD50 = 0.8 M
under a light dose of 2 J cm-2) exhibited potent PDT activity in normoxic conditions.
This result clearly indicates the potential application of TPyBPo as a type II PDT
agent. From Figure 2.8, two cationic porphycenes showed some hypoxic (type I) PDT
activity.
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2.3.3 Cellular Uptake of Porphycenes
From the observed photo-cytotoxic activity of the four porphycenes studied, the two
neutral amphiphilic porphycenes, TDEGPPo and ZnTDEGPPo, showed no significant
photo-cytotoxic activity towards HK-1 cells. Thus, we focus our further biological
evaluation of these porphycenes to the two cationic porphycenes, TPyBPo and
TriPyPPo which showed much more potent photo-cytotoxicities. To study the cellular
uptake of these cationic porphycenes, 1 M of TPyBPo and TriPyPPo were
incubated with HK-1 cells for 4 h, 7 h and 24 h. Flow cytometry analysis showed that
the two porphycenes were readily taken by the cells. Over 95% of the tumor cells
were found positively stained by the TriPyPPo porphycenes after 7 h of incubation
and about 90% cells stained by TPyBPo after 7 h (Figure 2.9). The fluorescent
intensity of TriPyPPo and TPyBPo in HK-1 cells was almost similar (from 4 to 24 h).
It indicated that the two cationic porphycenes can quickly come through cell
membrane owing to the charge the compound have.

Figure 2.9 Flow cytometric analysis of cellular uptake of 500 nM of TriPyPPo (A)
and TPyBPo (B) by HK-1 cells.
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Figure 2.10 Colocalization images of TPyBPo (A) and TriPyPPo(B) in HK-1 cells.
Cells were incubated with 1 µM 24 h and then incubated with 500 nM LysoTracker
Green, 200 nM MitoTracker Green and 1 µM ER Tracker for 30 min.
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2.3.4 Subcellular Localization
To further determine the subcellular localization of the two porphycenes, TriPyPPo
and TPyBPo loaded HK-1 cells were co-stained with LysoTracker Green (for
lysosomes), MitoTracker Green (for mitochondria) or ER Tracker Green (for
endoplasmic reticulum, ER) and the localization was determined by confocal
microscopy. As shown in Figure 2.10A, the red fluorescence signal from TPyBPo
was found to overlap strongly with Lyso Tracker Green, showing its principal
localization at the lysosome, with minor localization at the mitochondria. As for
TriPyPPo (Figure 2.9B), its fluorescence appears to overlap also strongly with the
Lyso Tracker, therefore suggesting that its principal distribution site is at the
lysosome.

2.4 Conclusion
The two cationic porphycenes, TriPyPPo and TPyBPo, exhibited strong PDT
activities at low drug and light doses under normoxic conditions, but much lower
photo-cytotoxicity was observed for these two porphycenes under hypoxic conditions.
Nonetheless, these two porphycenes showed fast cellular uptake and localized
specifically in lysosome.
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Chapter 3

Novel Red-Absorbing Porphycene-Based
Photosensitizers for Hypoxic Anti-Tumor
Photodynamic Therapy
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3.1 Introduction
In chapter 2, we designed and synthesized two cationic porphycenes, TPyBPo and
TriPyPPo, which exhibited photo-cytotoxic activities both under normoxic (LD50 of
0.3 M at a light dose of 3 J/cm2) and hypoxic (LD50 of 1 M at a light dose of 20
J/cm2) conditions. These two cationic porphycenes are potent type II photosensitizers
but only modest hypoxic (type I) photo-cytotoxic activities were observed. More
importantly, these porphycenes were prepared using rather lengthy synthetic route with
low yields. The drawbacks shown by these porphycenes push us to find better synthetic
routes to afford porphycene-based photosensitizers that are efficacious under both
normoxic (type II) and hypoxic (type I) conditions.
In 2003, Mak et al. reported the synthesis of a water-soluble porphycene with high
yield.1 This synthetic method furnishes a reactive sulfonyl chloride group to the
porphycene 45 (Figure 3.1), which reacted with an amine to give the targeted
porphycene 67 (Figure 1.5). When we used aryl-porphycene 81a (Scheme 2.7) as the
staring material and treated it with sulfurochloridic acid to carry out this reaction, we
did not obtain the desired product. We surmised that this method might not be suitable
for aryl porphycenes. So we tried with an alkyl-porphycene, t-Bu4Po 1e, which can be
prepared by shorter synthetic route from inexpensive precursor compounds and in
high yield (Scheme 3.1).
Porphycene is a class of photosensitizers that absorbs strongly in the
tissue-penetrating spectral window of 600−700 nm and has been extensively studied
as a conventional PDT agent due to its tumor-localizing properties.2,3 The redox
potentials of porphycenes show that they are more prone to reduction than their
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porphyrin counterparts,4 which makes their tendency for type I reaction more
favorable, i.e., with potential hypoxic PDT activity.

Scheme 3.1 Synthetic Route for t-Bu4Po. Reaction conditions: (a) benzenesulfonyl
chloride, NaOH, DCM, rt; (b) AlCl3, t-butyl chloride, DCM, 0 ºC; (c)
2,2,6,6-tetramethylpiperidine, n-BuLi, CuCl2, 78ºC; (d) MeOH, Mg, reflux, 8 h; (e)
DMF, POCl3, N2, 80 ºC; (f) TiCl4 /Zn/Cu2Cl2, THF, reflux, 90 min.
In this chapter, we designed and synthesized porphycene-based PS which exhibited
potent photo-cytotoxicity towards nasopharyngeal carcinoma (HK-1), cervical
carcinoma (HeLa) and esophageal squamous carcinoma (KYSE 70) cells and one
non-cancer cell line, namely, human vascular endothelial cells (HUVEC) under both
hypoxic (type I) and normoxic (type II) conditions. Our designed porphycenes,
TBPoS-OH and TBPoS-2OH (Figure 3.1), contain two kinds of substituents to
facilitate their biological application, i.e., the hydrophilic diglycol bound to the β
position of the porphycene core via a sulfonamide linkage, and the lipophilic tert-butyl
groups, which facilitate transport across cell membrane. It should be noted that the
PDT activity of porphycene containing such sulfonamide linkage under normoxic, but
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not hypoxic, conditions have been reported before.15 To evaluate the hypoxic PDT
activities of our compounds, we purposely-built a hypoxic chamber (Figure 5.2)
equipped with red LED light source (λem = 640 ± 15 nm) and compared the
photo-cytotoxicity measured for our porphycenes against a well-known hypoxic PDT
agent, EtNBS, reported earlier.5

Figure 3.1 PDT and Structures of the Designed Porphycene-Based Photosensitizers.
2,7,12,17-Tetra-tert-butylporphycene (t-Bu4Po), prepared using known procedure,6 was
stirred in sulfurochloridic acid to give the originally expected β-chlorosulfonyl
derivative of t-Bu4Po. Instead, unexpected products, TBPoS-Cl and TBPoS-2Cl, with
one and two t-butyl groups displaced by the chlorosulfonyl substituent, respectively,
were obtained in high yields (Scheme 3.2). In the previous study involving
tetra-n-propylporphycene (81b), no such substitution of the alkyl group by the
chlorosulfonyl group was observed. TBPoS-2Cl was obtained by allowing a much
longer reaction time. The two stable intermediates, after purified by silica column
chromatography, were taken to react with 2-(2-aminoethoxy)ethan-1-ol to afford the

83

final products, TBPoS-OH and TBPoS-2OH, which were characterized by NMR and
mass spectrometry.

Scheme 3.2 Synthetic Route of TBPoS-OH and TBPoS-2OH. Reaction conditions: (a)
sulfurochloridic acid, rt, 48 h; (b) sulfurochloridic acid, rt, 240 h; (c)
2-(2-aminoethoxy)ethan-1-ol, pyridine, CH2Cl2, N2, rt.

3.2 Synthesis Procedure
3.2.1 Materials
The hypoxic photo-sensitizer EtNBS was prepared according to literature procedure.7
Titanium tetrachloride (TiCl4), Rhodamine B, phosphorus (V) oxychloride (POCl3),
zinc power, n-butyllithium (n-BuLi) and t-butyl chloride were purchased from
Sigma-Aldrich. Cuprous chloride (CuCl), 2-(2-Aminoethoxy)ethan-1-ol, magnesium
(Mg), sulfurochloridic acid and 2,2,6,6-tetramethylpiperidine (TMPP) were purchased
from ACROS. Benzenesulfonyl chloride and aluminium chloride (AlCl3) were
purchased from TCI (Shanghai). Tetrahydrofuran (THF), dichloromethane (DCM),
dimethyl formamide (DMF) and pyridine were dried over calcium hydride (CaH2).
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Solvents was purchased from DUKSAN and used as received unless otherwise
specified. Analytical thin-layer chromatography (TLC) silica gel 60 F254 fitted on
aluminium sheets was used for monitoring reaction product formation. 1H and

13

C

NMR spectra were recorded on Bruker NMR 400 MHz (1H: 400 MHz, 13C:100 MHz)
spectrometer. The following abbreviations were used to indicate the observed spin
multiplicities on NMR spectra: s = singlet, d = doublet, t = triplet, q = quartet, dd =
doublet of doublets, m = multiplet, br = broad. High resolution mass spectra (HRMS)
was recorded on Bruker Autoflex MALDI-TOF mass spectrometer.

3.2.2

Synthesis

of

7,12,17-Tri-tert-butylporphycene-3-sulfonyl

chloride

(TBPoS-Cl)
t-Bu4Po (0.1 g, 0.418 mmol) was dissolved in neat
sulfurochloridic acid, also known as chlorosulfonic acid
(10 mL), at room temperature with stirring for 24 h,
before the mixture was poured onto crushed ice (500 g).
The mixture was extracted with DCM (50 mL x 3), and the organic layer was
separated, washed with diluted sodium carbonate and dried over magnesium sulfate.
The solvent was evaporated in vacuo, and the resultant solid was dissolved in a
minimal volume of DCM-hexane (3:5) and purified on a silica column with
DCM-hexane (3:5) to give TBPoS-Cl as a dark blue solid (86 mg, 80%). 1H NMR
(400 MHz, CDCl3) δ 10.20 (d, J = 12 Hz, 1H, Ha), 10.05 (s, 1H, Hb), 10.04 (d, J = 12
Hz, 2H, Hc), 9.4 (d, J = 12 Hz, 1H, Hg), 9.33 (d, J = 2 Hz, 1H, Hd), 9.23 (d, J = 2 Hz,
1H, He), 9.16 (s, 1H, Hf), 4.44 (s, 1H, NH), 3.82 (s, 1H, NH), 2.19-2.21(m, 27H). 13C
NMR (101 MHz, CDCl3) δ 159.0, 154.7, 150.7, 140.8, 140.0, 138.9, 138.7, 134.9,
130.2, 129.8, 127.4, 124.8, 121.9, 120.5, 115.6, 114.9, 114.6, 113.2, 34.6, 34.4, 34.3,
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33.6, 33.6, 29.7. HRMS (MALDI-TOF) Found: 576.2333 [M+H]+ (calcd for
C32H38ClN4O2S+ 576.2320, Δm: 2.26 ppm).
3.2.3

Synthesis

of

7,17-Di-tert-butylporphycene-3,13-disulfonyl

chloride

(TBPoS-2Cl).
The procedure for preparation of TBPoS-2Cl was similar to that
of TBPoS-Cl, with merely extended the reaction time to 300 h at
room temperature. The final products, TBPoS-2Cl (yield 70%),
were obtained. The yield of TBPoS-2Cl increased as the reaction
time became longer. TBPoS-2Cl 1H NMR (400 MHz, CDCl3) δ 9.63 (s, 2H, Ha), 9.60
(s, 2H, Hb), 9.57 (s, 2H, Hc), 8.76 (s, 2H, Hd), 5.76 (s, 1H, NH), 5.73 (s, 1H, NH),
2.15 (s, 18H). 13C NMR (101 MHz, CDCl3) δ 160.1, 146.5, 143.3, 137.5, 135.8, 127.9,
123.1, 117.9, 115.3, 34.6, 33.3. HRMS (MALDI-TOF) Found: 618.0913 [M]+(calcd
for C28H28Cl2N4O4S2+ Exact Mass: 618.0929, Δm: -1.78 ppm.)
4.2.4

Synthesis

of

7,12,17-Tri-tert-butylporphycene-3-N-(2-(2-hydroxye

-thoxy)ethyl)sulfonamide (TBPoS-OH)
2-(2-Aminoethoxy)ethan-1-ol (10 mg, 1
mmol) and pyridine (100 µL) was dissolved
in DCM (10 mL) under N2 atmosphere.
TBPoS-Cl (30 mg, 0.05 mmol) was added to
the mixture under N2 atmosphere with the
temperature kept under 0 ºC. The reaction mixture was then warmed to room
temperature and stirred overnight. The mixture was evaporated and purified on a silica
gel column with DCM-MeOH (10:1-5:1) to obtain the deep blue TBPoS-OH (30 mg,
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90%). 1H NMR (400 MHz, CDCl3) δ 10.39 (d, J = 12 Hz, 1H), 10.14 – 10.00 (m, 4H),
9.39 (d, J = 2 Hz, 1H), 9.33 (d, J = 2 Hz, 1H), 9.26 (s, 1H), 5.89 (s, 1H, NSO2-H), 3.91
(s, 1H, NH), 3.58 (s, 1H, NH), 3.50-3.40 (m, 6H), 3.18 – 3.10 (m, 2H), 2.19-2.21 (m,
27H). 13C NMR (101 MHz, CDCl3) δ 157.9, 153.9, 151.1, 149.2, 141.4, 138.9, 137.1,
133.6, 131.4, 130.7, 128.2, 124.2, 121.63, 120.7, 114.6, 114.2, 112.7, 71.9, 69.2, 61.5,
43.5, 34.8, 34.2, 34.0, 33.4. HRMS (MALDI-TOF) Found: 646.3399 [M+H]+ (calcd
for C36H48N5O4S+ 646.3432, Δm: -5.18 ppm).

4.2.5

Synthesis

of

7,17-Di-tert-butylporphycene-3,13-di-N-(2-(2-hydroxy-

ethoxy)ethyl)sulfonamide (TBPoS-2OH).
2-(2-Aminoethoxy)ethan-1-ol (5 mg, 0.5
mmol) and pyridine (50 µL) was dissolved
in DCM (10 mL) under N2 atmosphere.
TBPoS-2Cl (10 mg, 0.02 mmol) was added
to the mixture under N2 atmosphere with the
temperature kept under 0 ºC. The reaction
mixture was then warmed to room temperature and stirred overnight. The mixture was
evaporated and purified on a silica gel column with DCM-MeOH (5:1-3:1) to obtain
the deep blue TBPoS-2OH (10mg, 90%). 1H NMR (400 MHz, DMSO) δ 10.42 (s,
2H), 10.31 (s, 2H), 10.29 (s, 2H), 9.83 (s, 2H), 8.50 (t, J = 5.5 Hz, 2H, NSO2-H), 4.89
(s, 1H, Npyrrole-H ), 4.76 (s, 1H, Npyrrole-H), 4.52 (t, J = 5.5 Hz, 2H, OH), 3.53-3.25 (m,
16H), 2.20 (s, 18H). 13C NMR (101 MHz, DMSO) δ 157.7, 144.6, 139.4, 138.3, 136.4,
129.5, 127.4, 124.4, 116.5, 72.0, 69.0, 59.9, 42.8, 34.3, 33.1. HRMS (MALDI-TOF)
Found: 779.2912 [M+Na]+ (calcd for C36H48N6O8S2Na+ 779.2912, Δm: 5.77 ppm).
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3.3 Results and Discussion
3.3.1 Synthesis of Porphycenes
The synthetic route of the two porphycenes is shown in Scheme 3.1.

Figure 3.2 Structure of t-Bu4PoS-Cl and Porphycene 45.
Briefly, starting material t-Bu4Po was prepared according to the previous report.
Compounds 22 and 23 have relatively high yields,8 and the choice of the protecting
group of compound 23 determines the synthesis of the critical dipyrrole intermediate
24. Initially, we chose TsCl as the protecting group, but did not get product 24. In the
deprotection of the product 24, both sodium hydroxide and magnesium powder9 gave
a high yield. It is worth noting that product 10e and product 24 appeared as one spot
on TLC under UV lamp. We finally succeeded in separating the two products with
iodine. McMurry reaction is the most critical step. We found that, with the extension
of time, the product yield did not increase, with more and more impurities appeared.
Finally, it is best to define the reaction time between 15 and 30 min. Based on the
previous study,1 treating t-Bu4Po with sulfurochloridic acid (Figure 3.2) should afford
the expected product t-Bu4PoS-Cl, which we did not observed. Instead, an unexpected
product TBPoS-Cl was obtained in high yield when the t-Bu4Po was stirred in
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sulfurochloridic acid (Scheme 3.2). TBPoS-2Cl can be obtained when the reaction
time was extended to 2 weeks.
A proposed reaction mechanism for the replacement of the tert-butyl group by the
chlorosulfonyl group is shown in Scheme 3.3. The t-Bu4Po, when treated with the
strongly oxidizing sulfurochoridic acid, generated a stable t-butyl radical which
capture a hydrogen atom from the sulfurochoridic acid to produce a sulfurochoridic
radical which in turn reacted with the β-position radical created on the porphycene to
give the TBPoS-Cl.

Scheme 3.3 Proposed reaction mechanism for the formation of TBPoS-Cl
The two stable sulfonyl chloride porphycenes were purified using silica column
chromatography and they react readily with 2-(2-aminoethoxy)ethan-1-ol to afford the
final products, TBPoS-OH and TBPoS-2OH. These products were characterized by
NMR and high-resolution mass spectrometry (HRMS).
Compared to the 1H NMR spectrum of t-Bu4Po and TBPoS-Cl (Figure 3.3), product
lose a t-butyl group according to the number of proton. Introduction of a strong
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electron-withdrawing sulfamide group results in a significant shift of its nearby Hb
and Ha proton (Figure 3.3). Coupling constant of Ha, Hc and H is same as 12 Hz and
COSY NMR (Figure 3.4) of TBPoS-OH also showed the four protons are conjugated.
All this proves that the structure of this compound is showed in Figure 3.1.
MALDI-TOF mass spectrum of TBPoS-Cl gave a peak at m/z of 576.2333, which
compared favorably (Δm = 2.26 ppm) to the calculated m/z of 576.2320. In addition,
theTBPoS-2OH has two possible structures with either 2,12-substituents or
2,20-substituents (Figure 3.5, A and B). While NMR and HRMS could not give an
accurate differentiation, we were fortunate that single crystal of TBPoS-2OH was
obtained (Figure 3.6). X-ray crystallographic analysis gave the definitive structure of
TBPoS-2OH, which corresponded to structure B in Figure 3.5.

Figure 3.3 1H NMR of TBPoS-Cl (400 MHz, CDCl3)
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Figure 3.4 COSY NMR of TBPoS-Cl (100 MHz, CDCl3)
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Figure 3.5 Possible Structures of TBPoS-2OH

Figure 3.6 X-ray crystal structure of TBPoS-2OH. Crystallographic data: Monoclinic,
a = 25.3216(13) Å, b = 12.9640(7) Å, c = 29.3016(15) Å, β = 107.7500(10), V =
9160.9(8) Å3, T = 297K, space group C2/c, Z = 8, 79183 reflections measured, 10990
unique (Rint = 0.0784) which were used in all calculations. R1 = 0.0550, wR2 = 0.1419
for I>2σ.
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3.3.2 Photophysical Properties

Figure 3.7 The absorption spectra of t-Bu4Po (black), TBPoS-2OH (blue) and
TBPoS-OH (red) in CHCl3, inset emission (black).
The absorption spectra of TBPoS-OH and TBPoS-2OH (Figure 3.7) show the typical
features of porphycene, i.e., an intense Soret band with three weaker Q-bands.
Absorption peak maxima of TBPoS-OH display a 6 nm red-shift than TBPoS-2OH
owing to its better asymmetric. The fluorescence emission spectrum of TBPoS-OH
and TBPoS-2OH showed the similar spectral feature, with one emission band at about
661 nm, which matches the typical fluorescence spectra of porphycenes, while
displayed a 20 nm red-shifted emission peak compared to parent porphycene t-Bu4Po.
The detailed photophysical data, including fluorescence quantum yields and lifetimes
as well as singlet oxygen quantum yields, of these porphycenes are given in Table 3.1.
Interestingly, their absorption peak maxima appear to lie somewhere in between those
observed in tetraalkylporphycene (e.g., TPrPo: λabs/nm = 637, 604, 565, 372)10 and
tetraphenylporphycene (TPPo: λabs/nm = 659, 628, 586, 378).3
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Table 3.1 Photophysical Data of Selected Porphycenes

Compound
TBPoS-OH

Absa

emb

650 (3.87),614 (2.76)

666

ΦFc

τFd

ΦΔe

0.29

8.12

0.47f
0.56g

570 (2.92),374 (9.60)
TBPoS-2OH

644 (3.58),614 (3.18)

661

0.14

5.49

0.61f
0.68g

575 (2.75),378 (8.47)
t-Bu4Po

637

641

0.06

9.76

0.34f

TPPo

659

667

0.15

4.8

0.1920

TPrPo

637

639

0.38

9.76

0.3518

Po

633

635

0.36

10.2

0.3419

a), Absorption λabs/nm (ε×10-4/ M-1cm-1); b) emission (λem / nm); c) fluorescence
quantum yield (λem=550-800 nm, λex =365 nm); d) fluorescence lifetime (in ns)
measured in CHCl3; e)1O2 quantum yield, measured in terms of its phosphorescence
emission intensity at 1270 nm relative to using the following reference compounds,
meso-tetraphenylporphyrin, H2TPP (f, ΦΔ = 0.55 ± 0.11, λex = 400 nm, CHCl3) and
Zn(II) tetraphenylporphyrin, ZnTPP (g, ΦΔ = 0.73 ± 0.11, λex = 355 nm, toluene).
Fluorescence parameters of TBPoS-OH and TBPoS-2OH were again in between those
observed in TPrPo (λem/nm = 641, ΦF = 0.38, τF = 9.76 ns)6 and in TPPo (λem/nm =
667, ΦF = 0.15, τF = 4.8 ns).11 The singlet oxygen quantum yields of TBPoS-OH (ΦΔ =
0.56) and TBPoS-2OH (ΦΔ = 0.68) in toluene were both higher than their alkyl- and
aryl-porphycene counterparts (ΦΔ(TPrPo) = 0.36 and ΦΔ(TPPo) = 0.23), indicating
their potent type II photo-sensitizing capability.

94

Figure 3.8 A) Near-IR phosphorescence spectra of the 1O2 generated from the
following photosensitizers: H2TPP (black), TBPoS-OH (red) and TBPoS-2OH (green)
excited at 400 nm in CHCl3; B) Emission spectra of the fluorescence quantum yield.
Fluorescence quantum yield standard, quinine sulfate (ΦF = 0.54, 1.0 N H2SO4, λex =
365 nm), TBPoS-OH (red), TBPoS-2OH (blue).

4.3.3 Redox Properties

Figure 3.9 Cyclic voltammograms for reduction (A) and oxidation (B) of t-Bu4Po
(dark) TBPoS-OH (red) and TBPoS-2OH (blue) in CH2Cl2 containing 0.1 M TBAPF6.
Sweep rate: 100 mV/s.
The reduction properties of porphycene derviatives (t-Bu4Po, TBPoS-OH and
TBPoS-2OH) were examined by cyclic voltammetry. As shown in Figure 3.9 (A),
tetra-t-butyl porphycene gave two quasi-reversible reduction waves with peak
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potentials at –1.06 and –1.45 V (vs. Ag|AgCl reference). The peak separations of the
two

reduction

processes

were

86

and

130

mV,

respectively.

The

sulfonyl(aminoethoxy)ethanol substituted derivative TBPoS-OH showed similar
voltammetric responses and two cathodic peaks were observed at –0.78 and –1.11 V.
The TBPoS-OH derivative was easier to get reduced as compared to the parent
compound. On the other hand, cyclic voltammograms of the di-substituted derivative
TBPoS-2OH showed two quasi-reversible reduction peaks at –0.51 and –0.84 V,
indicating that this derivative could be reduced at less negative potentials. The
oxidation of the three porphycene derviatives (t-Bu4Po, TBPoS-OH and TBPoS-2OH)
were also examined. As shown in Figure 3.9 (B), t-Bu4Po gave two quasi-reversible
oxidation waves with peak potentials at +0.99 and +1.45 V (vs. Ag|AgCl). The peak
separations of the two oxidation processes were 20 and 220 mV, respectively. On the
other hand, the oxidation peaks of TBPoS-OH shifted to more positive potentials,
showing a quasi-reversible peak at +1.19 V and an irreversible oxidation at +1.58 V.
Only one irreversible oxidation wave was observed for TBPoS-2OH at +1.52 V. The
sulfonyl(aminoethoxy)ethanol derivatives (TBPoS-OH and TBPoS-2OH) were more
difficult to get oxidized as compared to the parent compound t-Bu4Po and the other
porphycene compounds such as Po, TPrPo and TPPo.12

3.3.4 Cellular Uptake
To study the cellular uptake of the two porphycenes, 500 nM of TBPoS-OH and
TBPoS-2OH were incubated with HK-1 cells for 1 h, 4 h and 24 h. Flow cytometry
analysis showed that the two porphycenes were readily taken by the cells. Over 95%
of the tumor cells were found positively stained by the two porphycenes after 1 h of
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Figure 3.10 Flow cytometric analysis of cellular uptake of 500 nM of TBPoS-OH and
TBPoS-2OH by HK-1 cells after 1 h (blue), 4 h (green), 24 h (red) and cell control
(gray).
incubation (Figure 3.10). The fluorescent intensity of TBPoS-OH in HK-1 cells was
increased (from 1 to 24 h) in a time-dependent manner. However, TBPoS-2OH was
found to accumulate rapidly in the tumor cells. At 1 h after incubation, the fluorescent
intensity of TBPoS-2OH-stained tumor cells was ca. 10-fold higher than the
TBPoS-OH-stained cells, indicating that the presence of the additional diglycol group
in TBPoS-2OH might enhance the cellular uptake of TBPoS-2OH by the tumor cells.
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Figure 3.11 Photocytotoxic dose-response curves (A) of TBPoS-OH (OH),
TBPoS-2OH (2OH) and EtNBS towards HK-1 cell using Red LED ( = 640 ± 15 nm)
light source at a fixed light dose of 8 J/cm2 under normoxic (N) and hypoxic (H)
conditions and dark cytotoxicity (B) of TBPoS-OH, TBPoS-2OH and EtNBS.
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Table 3.2 Comparison of the Dark Cytotoxicity (Dark LD50) and the Photo-Cytotoxicity (LD50) of
TBPoS-OH and TBPoS-2OH Towards Different Cell Lines under Hypoxic (H) and Normoxic (N)
Conditions.
Light LD50 (nM)

Dark LD50 (M)
HUVEC HK-1

HeLa

KYSE 70 HK-1

Dark

N

HeLa

KYSE 70

H

N

H

N

H

TBPoS-OHa

>100

>100

>100

>100

53 65

15

49

34

35

TBPoS-2OH

25

28

29

24

20 50

68

340

15

55

a

The maximum water solubility of TBPoS-OH was ca. 100 µM in PBS containing 1% DMSO.

3.3.5 Photocytotoxicity of Porphycenes
An

ideal

PDT

agent

should

possess

a

high

photo-therapeutic

ratio

(photo-cytotoxicity/dark cytotoxicity), i.e., a strong photo-cytotoxicity together with a
low dark cytotoxicity. Thus, the cytotoxicity of TBPoS-OH and TBPoS-2OH was
measured first without photo-irradiation on three human cancer cell lines, namely,
nasopharyngeal carcinoma (HK-1), cervical carcinoma (HeLa) and esophageal
squamous carcinoma (KYSE 70) cells and one non-cancer cell line, namely, human
vascular endothelial cells (HUVEC). The cells were exposed to increasing
concentrations of these compounds, up to their maximum solubility, and their dark
LD50 values were determined. The results are shown in Figures 3.11 (B) and Table 3.2.
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Figure 3.12 Photocytotoxic dose-response curves of TBPoS-OH (A, HeLa; D, KYSE
70), TBPoS-2OH (B, HeLa; E, KYSE 70) and EtNBS (C, HeLa; F, KYSE 70) using
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red LED ( = 640 ± 15 nm) light source at a fixed light dose of 8 J/cm2 under
normoxic and hypoxic conditions. Dark cytotoxic dose-response curves of
TBPoS-OH and TBPoS-2OH towards the various cell lines studied (G, HUVEC; H,
KYSE 70; I, HeLa) under normoxic conditions.
The dark LD50 values of the two porphycenes indicate no significant cytotoxicity for
these compounds towards both normal and cancer cells without photo-irradiation.
The photo-cytotoxicity (Red LED,  = 640 ± 15 nm, 8 J/cm2) of the two porphycenes
were then measured using the three aforementioned human cancer cell lines, HK-1,
HeLa and KYSE 70 cells, and the results obtained are compared to a well-known
hypoxic PDT agent, EtNBS. Figure 3.11 (A) shows the photo-cytotoxic dose-response
curves of TBPoS-OH, TBPoS-2OH and EtNBS towards the HK-1 cells under both
normoxic and hypoxic conditions at 24 h after irradiation. The LD50 of the two
porphycenes obtained from the three cancer cell lines under both normoxic and
hypoxic conditions are given in Figure 3.12 and Table 3.2. First of all, the
photo-cytotoxicity observed for all compounds studied are higher under normoxic than
under hypoxic conditions. This is because under normoxic conditions, both Type I and
II photo-sensitizations are operational whereas under hypoxic conditions only the
O2-independent Type I (electron transfer) reaction can operate. The very low (nM
range) LD50 observed for both porphycenes under hypoxic conditions in all three
cancer cell lines clearly demonstrates their potent hypoxic PDT activities. When
compared with the hypoxic PDT activity of EtNBS, where its LD50 towards the HK-1
cells is apparently > 1 µM, these porphycenes are more efficacious by ca. 15 to 20
folds.
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Figure 3.13 Colocalization of TBPoS-OH (A) and TBPoS-2OH (B) in HK-1 cells.
Cells were incubated with 200 nM for 24 h and then incubated with 500 nM
LysoTracker Green, 200 nM MitoTracker Green or 1 µM ER Tracker for 30 min.
Confocal images were captured under a confocal microscope.
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3.3.6 Subcellular Localization
To further determine the intracellular localization of the two porphycenes, TBPoS-OH
and TBPoS-2OH-treated HK-1 cells were stained with Lyso-, Mito- or ER-Tracker.
Results in Figure 3.13 showed that the fluorescent signals of TBPoS-OH and
TBPoS-2OH overlapped with the signals from Lyso-, Mito- or ER-Tracker. This
observation indicated that both porphycenes localized at the lysosomes, mitochondria
and ER.

3.3.7 Cell Death Mode
Finally, Annexin V-FITC/propidium iodide (PI) staining method was used to study the
mode of TBPoS-Rh B PDT-HK-1 cell. Apoptosis is a normal physiological process that
occurs during embryonic development. The apoptosis process include plasma
membrane asymmetry and adhesion damage, cytoplasmic and nuclear condensation,
and DNA kelp cleavage. In apoptotic cells, membrane phosphatidylserine is displaced
from the inside of the plasma membrane, exposing it to the external cell environment.
Annexin V is a 35-36 kDa Ca2+-dependent phospholipid-binding protein that has a high
affinity for phosphatidylserine and binds to cells with exposed phosphatidylserine.
Annexin V may be conjugated to fluorochromes, such as fluorescein isothiocyanate
(FITC), and retains its high affinity for phosphatidylserine, thus it is often used as a
sensitive probe for flow cytometry analysis of cells that are undergoing apoptosis. So
FITC Annexin V staining can identify apoptosis at an earlier stage than assays based on
nuclear changes. Propidium iodide (PI) is used often for nuclear staining. So PI is
widely used in conjunction with Annexin V to determine whether cells survive,
apoptotic or necrotic through plasma membrane integrity and permeability differences.
Compared with the untreated control group, cells receiving TBPoS-OH or TBPoS-2OH
103

PDT (Q2 regions) display intense Annexin V/PI staining, indicating apoptosis was the
principal cell death mode (Figure 3.14).

Figure 3.14 Annexin V/PI analysis of HK-1 cells incubated with 100 nM of
TBPoS-OH (OH) and TBPoS-2OH (2OH) with (+) or without (−) photo-irradiation (4
J/cm2) under normoxic (Norm) and hypoxic (Hypo) conditions. The quadrants from
Q1 to Q4 represent necrotic, late apoptotic, healthy, early apoptotic cells, respectively.

3.4 Conclusion
In conclusion, we have successfully developed novel dual hypoxic (type I) and
normoxic (type II) porphycene-based photosensitizers with high efficacy for
anti-cancer PDT. These two porphycenes showed fast cellular uptake and localized at
the lysosomes, mitochondria and ER. Apoptosis was found to be the principal mode
of cell death resulted from the PDT mediated by these compounds.
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Chapter 4
Alkyl-Porphycene Conjugate in
Studies

for

Photodynamic

against Hypoxic Tumors

107

vitro

Therapy
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4.1 Introduction
Subcellular localization of the photosensitizers (PSs) has been observed to correlate
with their induced cell death mode. For example, apoptosis is often associated with
photo-damage at mitochondria where necrosis is often associated with photo-damage
in lysosomes. Since apoptosis is a programmed cell death mode with little to no
release of the cellular contents to the bloodstream causing inflammatory response, it is
considered a more desirable cell death mode.3,4 Thus, mitochondrial localization
constitute an important factor in the design of the PDT agent.
In chapter 3, our sulfonoamido-porphycenes, TBPoS-OH and TBPoS-2OH, display a
50- to 80-fold stronger hypoxic PDT activity relative to EtNBS, thus making these
porphycenes excellent candidates for hypoxic anti-tumor photodynamic therapy.
However, these porphycenes showed a diverse subcellular localization in
mitochondria, lysosome and endoplasmic reticulum. In order to effect a more
selective localization at the mitochondria, therefore enhancing apoptotic cell death
resulted from the PDT actions of these porphycenes, TBPoS-OH was conjugated with
rhodamine B (Rh B), which accumulate selectively in mitochondria, to produce the
TBPoS-Rh B conjugate for mitochondria targeting.
While mitochondria targeting of phthalocyanines (Pc)5,6 and porphyrins7 has been
achieved

by

conjugation

to

rhodamine

B

or

rhodamine

123,

no

porphycene-rhodamine conjugate have been reported. Presumably, this is due to the
lengthy synthetic route of porphycene (Po) and the resulting low yields. Furthermore,
most of the Po were prepared using McMurry reaction which cannot be directly
coupled to other targeting molecule.8 To overcome this problem, we designed a route
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to synthesize an aryl-porphycene (81a)-Rh B conjugate with a diglycol linkage (105).
This synthetic route is depicted in Scheme 4.1. The photophysical properties and
photo-cytotoxicity (under both normoxic and hypoxic conditions) of this conjugate,
especially its subcellular localization, were investigated. The entire synthesis took
about 20 steps, including the synthesis of the starting material 81a (Chapter 2,
Scheme 2.3).

Scheme 4.1 Synthesis of Porphycene-Rhodamine B Conjugate 105
In chapter 3, we synthesized a reactive sulfonyl chloride porphycene TBPoS-Cl
(Chapter 3, Scheme 3.2) which reacted readily with amine. Hence, we developed a
new route for alkyl-porphycene conjugated with Rh B (Scheme 4.2). This design is
based on the fact that positively charged Rhodamine (Rh), such as Rh B and Rh 123,
accumulates specifically in the mitochondria of living cells and has been used as
probes to measure and monitor mitochondrial membrane potential in bioassays. On
the other hand, TBPoS-OH in chapter 3 has shown an efficacious both in nomoxic and
hypoxic anti-tumor PDT activities which makes it possible for porphycene Rh B
conjugate have similar PDT efficacy. To evaluate the hypoxic PDT activities of our
compounds, EtNBS also had to be a negative control, respectively.
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4.2 Synthetic Procedures
4.2.1 Chemicals
The hypoxic photo-sensitizer EtNBS was prepared according to literature procedure.18
Titanium tetrachloride (TiCl4), rhodamine B, phosphorus (V) oxychloride (POCl3),
zinc power, n-butyllithium (n-BuLi) and t-butyl chloride were purchased from
Sigma-Aldrich. Cuprous chloride (CuCl), 2-(2-Aminoethoxy)ethan-1-ol, magnesium
(Mg), sulfurochloridic acid and 2,2,6,6-tetramethylpiperidine (TMPP) were purchased
from ACROS. Benzenesulfonyl chloride and aluminium chloride (AlCl3) were
purchased from TCI (Shanghai). Tetrahydrofuran (THF), dichloromethane (DCM),
dimethylformamide (DMF) and pyridine were dried over calcium hydride (CaH2).
Solvents was purchased from DUKSAN and used as received unless otherwise
specified. Analytical thin-layer chromatography (TLC) silica gel 60 F254 fitted on
aluminium sheets was used for monitoring reaction product formation. 1H and

13

C

NMR spectra were recorded on Bruker NMR 400 MHz (1H: 400 MHz, 13C: 100 MHz)
spectrometer. The following abbreviations were used to indicate the observed spin
multiplicities on NMR spectra: s =singlet, d = doublet, t = triplet, q = quartet, dd =
doublet of doublets, m = multiplet, br = broad. High resolution mass spectrum
(HRMS) was recorded on Bruker Autoflex MALDI-TOF mass spectrometer.

4.2.2

Synthesis

of

7,12,17-Tri-tert-butylporphycene-3-sulfonyl

(TBPoS-Cl)
Chapter 3.
4.2.2 Synthesis of Rhodamine B-NHBoc.
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chloride

To a solution of rhodamine B (0.05 g, 0.1 mmol) in
1,2-dichloroethane (5 mL), POCl3 (0.1 mL) was
added. The solution was refluxed for 4 h. The
reaction was cooled to room temperature and
evaporated to give the rhodamine B acid chloride, which was directly used in the next
step without purification. In another 50 mL three-necked flask, t-butyl
(2-(2-hydroxyethoxy)ethyl)carbamate (0.1 mL) was dissolved in dichloromethane (10
mL), followed by the addition of triethylamine (20 L). The mixture was stirred in an
ice/water bath for 30 min. Rhodamine B acid chloride dissolved in dichloromethane
(5 mL) was added in a dropwise fashion into the flask. The reaction mixture was
stirred overnight and then evaporated to dryness under reduced pressure. The residue
was dissolved in dichloromethane and washed with water three times. The organic
layer was collected and dried with anhydrous sodium sulfate overnight. The mixture
was evaporated and purified on a silica gel column with DCM-MeOH (10:1-5:1) to
obtain a purple solid rhodamine B-NHBoc (50 mg, 70%). 1H NMR (400 MHz,
CDCl3) δ 8.32 (dd, J = 7.8, 1.1 Hz, 1H), 7.78 (dtd, J = 29.1, 7.6, 1.3 Hz, 2H), 7.30 (d,
J = 6.9 Hz, 1H), 7.07 (d, J = 9.5 Hz, 2H), 6.91 (dd, J = 9.5, 2.3 Hz, 2H), 6.86 (s, 2H),
5.04 (s, 1H), 4.15 (dd, J = 5.3, 3.8 Hz, 2H), 3.65 (q, J = 7.1 Hz, 8H), 3.54 – 3.29 (m,
5H), 3.21 (q, J = 5.5 Hz, 2H), 1.42 (s, 9H), 1.32 (t, J = 7.1 Hz, 12H). 13C NMR (101
MHz, CDCl3) δ 165.03, 158.69, 157.82, 155.57, 133.66, 133.19, 131.42, 131.26,
131.20, 130.33, 129.77, 114.27, 113.59, 96.44, 70.00, 68.45, 64.52, 46.19, 28.44,
12.70.

4.2.3 Synthesis of 7,12,17-Tri-tert-butylporphycene-3-sulfonyl Rhodamine B
(TBPoS-Rh B).
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To

a

solution

of

rhodamine

B-NHBoc (0.05 g, 0.07 mmol) in
1,2-dichloroethane (5 mL), TFA (0.1
mL) was added. The solution was
stirred for 1 h. Twenty milliliters of DCM was then added and the mixture was
washed with NaHCO3aq. The organic layer was evaporated to dryness under reduced
pressure to afford the crude rhodamine B-NH2, which was directly used in the next
step without purification. In another 50 mL three-necked flask, TBPoS-Cl (10 mg,
0.016 mmol) was dissolved in dichloromethane (3 mL), followed by the addition of
pyridine (100 L). The mixture was stirred in an ice/water bath for 30 min and then
rhodamine-COCl dissolved in dichloromethane (5 mL) was added in a dropwise
fashion into the flask. The reaction mixture was stirred overnight and then evaporated
to dryness under reduced pressure. The residue was dissolved in dichloromethane and
washed with water three times. The organic layer was collected and dried with
anhydrous sodium sulfate overnight. The mixture was evaporated and purified on a
silica gel column with DCM-MeOH (10:1-5:1) to get a purple solid TBPoS-Rh B (10
mg, 55%). 1H NMR (400 MHz, CDCl3) δ 10.40 (d, J = 11.7 Hz, 1H), 10.07 (dd, J =
10.0, 3.9 Hz, 4H), 9.40 (d, J = 1.8 Hz, 1H), 9.36 (d, J = 1.5 Hz, 1H), 9.27 (s, 1H),
8.27 (dd, J = 7.8, 1.2 Hz, 1H), 7.68 (dtd, J = 26.3, 7.6, 1.3 Hz, 2H), 7.22 (dd, J = 7.5,
1.1 Hz, 1H), 7.03 (d, J = 9.5 Hz, 2H), 6.80 (d, J = 2.4 Hz, 2H), 6.71 (dd, J = 9.5, 2.4
Hz, 2H), 6.58 (t, J = 5.5 Hz, 1H), 4.02 (dd, J = 5.2, 3.4 Hz, 2H), 3.89 (s, 1H), 3.60 (s,
1H), 3.47 – 3.12 (m, 15H), 2.21 (d, J = 5.3 Hz, 23H), 1.04 (t, J = 7.1 Hz, 12H).
HRMS (MALDI-TOF) Found: 1070.5573 (M+) (calcd for C64H76N7O6S+ 1070.5583,
Δm: 0.9341 ppm).
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4.3 Results and Discussion
4.3.1 Synthesis of Porphycene-Rhodamine B Conjugate

Scheme 4.2 Synthesis of the Studied Compounds. Reaction conditions: (a)
benzenesulfchloride, NaOH, DCM, rt; (b) AlCl3, t-butyl chloride, DCM, 0ºC; (c)
2,2,6,6-tetramethylpiperidine, n-BuLi, CuCl2, -78ºC; (d) MeOH, Mg, reflux, 8 h; (e) DMF,
POCl3, N2, 80ºC; (f) TiCl4 /Zn/Cu2Cl2, THF, reflux, 90 min; (g) sulfurochloridic acid, rt,
48h; (h) pyridine, DCM, N2, rt; (i) DMAP, DCM, (Boc)2O; (j) Rhodamine B, POCl3, Et3N;
(k) TFA, DCM.
The synthetic route for porphycene-rhodamine B conjugate is shown in Scheme 4.2.
Briefly, t-Bu4Po was prepared according to procedure detailed in chapter 3.
Rhodamine-NH2 was synthesized according to literature procedure,9 in 53% yield
after deprotection of the Boc group. All products were characterized by NMR and
high-resolution mass spectrometry.
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4.3.2 Photophysical Properties.
The UV-Vis and fluorescence spectra of TBPoS-Rh B, t-Bu4Po and Rh B are shown in
Figure 4.1. The simultaneous appearance of the Rh B and Po characteristic absorption
confirmed the porphycene-rhodamine B conjugate structure. Comparing the spectra of
TBPoS-Rh B and t-Bu4Po, red shifts in both absorption and emission bands were
observed.

Figure 4.1

The UV/vis spectrum (A) of TBPoS-RhB (red), t-Bu4Po (blue) and RhB

(black) and the emission spectrum (B).
The detailed photophysical data, including fluorescence quantum yields and lifetimes
as well as singlet oxygen quantum yields, of these porphycenes are given in Table 4.1.
The absorption maxima of TBPoS-Rh B showed a red shift of 17 nm compared to the
starting material t-Bu4Po. The fluorescence parameters of TBPoS-Rh B was smaller
than those observed in t-Bu4Po (λem / nm = 641, ΦF = 0.06, τF = 9.76 ns) and in the
unsubstituted porphycene Po (λem/nm = 635, ΦF = 0.46, τF = 4.8 ns).10 The singlet
oxygen quantum yields of TBPoS-Rh B (ΦΔ = 0.52) in toluene was both higher than
their parent porphycene 1a (0.3) and t-Bu4Po (ΦΔ = 0.34), indicating their potent type
115

II photo-sensitizing capability. Near-IR phosphorescence spectra of the 1O2 showed in
Figure 4.2, and the emission quantum yield spectrum showed in Figure 4.3. It is well
know that the tumor cells within the pH to be somewhat smaller than normal tissue.
The normal tissue pH in man varies from 7.0 to 8.06, whereas 5.85 to 7.68 in human
tumors. To determine the effect of pH on drug, absorption spectra of TBPoS-Rh B in a
range of pH 3.4 to pH 8.8 was showed in Figure 4.4. It indicated that this compound
was relatively stable at different pH values.

4.3.3 Cellular Uptake
To study the cellular uptake of this conjugate, 500 nM of TBPoS-Rh B was incubated
with HK-1 cells for 1 h, 4 h and 24 h. Flow cytometry analysis showed that
porphycene-Rh B conjugate readily taken by the cells. Over 90% of the tumor cells
were found positively stained by TBPoS-Rh B after 1 h of incubation (Figure 4.5).
The fluorescence intensity reached a plateau about 24 h after incubation. The
fluorescent intensity of this compound in HK-1 cells was increased (from 1 to 24 h) in
a time-dependent manner. At 24 h after incubation, the fluorescent intensity of
conjugate-stained tumor cells was ca. 10-fold higher than 1 h incubation.
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Table 4.1 Photophysical Data of the Studied Compounds
Compound

TBPoS-RhB

Absoption λabs/nm

Fluorescence

(ε×10-4/ M-1cm-1)

(λem / nm)

651 (3.48), 616 (2.61)

667

ΦFa

ΦΔ

τTd
(ns)

0.02

0.48b

5.55

0.52c

560 (12.1), 372 (9.22)
t-Bu4Po

634

641

0.06

Po (1a)

630

635

0.36e

0.34
0.3e

9.76
10.2e

a), The emission quantum yields (λem=550-800 nm, λex =365 nm). The 1O2 quantum
yields were measured in terms of its phosphorescence emission intensity at 1270 nm
relative to the reference compounds, meso-tetraphenylporphyrin H2TPP (b, ΦΔ = 0.55 ±
0.11, λex = 400 nm, CHCl3) and Zinc(II) tetraphenylporphyrin ZnTPP (c, ΦΔ = 0.73 ±
0.11, λex = 355 nm, toluene). d) In CHCl3. e) data from literature.10

Figure 4.2 Near-IR phosphorescence spectra of the 1O2 generated from the following
photosensitizers: (a) H2TPP (black), TBPoS-Rh B (red) excited at 400 nm in CHCl3;
(b) ZnTPP (black), TBPoS-Rh B (red) excited at 600 nm in toluene.
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Figure 4.3 Spectra of TBPoS-Rh B in CHCl3 with absorption (A) and emission (B)
spectra of the fluorescence quantum yield. Fluorescence quantum yield standard,
quinine sulfate (ΦF = 0.54, 1.0 N H2SO4, λex = 365 nm)

Figure 4.4 Absorption spectra of compound TBPoS-RhB at concentration of 2 µM in
a) pH 3.4, b) pH 5.00, c) pH 7.70, d) pH 8.80, e) PBS (pH 7.23), f) Selected spectrum
(normalized to the same absorption at Q-band and combined into one spectrum).
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Figure 4.5 Flow cytometric analysis of cellular uptake 1 µM of TBPoS-Rh B by
HK-1 cells after 1 h (blue), 4 h (green), 24 h (red) and cell control (gray).

Figure 4.6 Colocalization of TBPoS-Rh B in HK-1 cells. Cells were incubated with
500 nM for 24 h and then incubated with 500 nM LysoTracker Green, 200 nM
MitoTracker Green or 1 µM ER Tracker for 30 min. Confocal images were captured
under a confocal microscope. Scale bars = 25 μm. BF = bright field.
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4.3.4 Subcellular Localization

To further determine the intracellular localization of the porphycene conjugate,
TBPoS-Rh B loaded HK-1 cells were co-stained with LysoTracker Green (for
lysosomes), MitoTracker Green (for mitochondria) or ER Tracker Green (for
endoplasmic reticulum, ER) and the localization was determined by confocal
microscopy. As shown in Figure 4.6, the red fluorescence signal from TBPoS-Rh B
was found to overlap strongly with Lyso Tracker Green, showing its principal
localization at the lysosome.

4.3.5 Photocytotoxicity of TBPoS-Rh B towards HK-1 cells
An

ideal

PDT

agent

should

possess

a

high

photo-therapeutic

ratio

(photo-cytotoxicity/dark cytotoxicity), i.e., a strong photo-cytotoxicity together with a
low dark cytotoxicity. Thus, the cytotoxicity of TBPoS-Rh B was measured first
without photo-irradiation on nasopharyngeal carcinoma (HK-1). The cells were
exposed to increasing concentrations of these compounds, up to their maximum
solubility, and their dark LD50 values were determined. The results are shown in
Figures 4.7. Here EtNBS was used as a positive control because of its well-known PDT
efficacy on both normoxic and hypoxic conditions, unlike the majority of clinically
available PDT regimens. The dark LD50 values of the porphycene was 33 M, which
higher than that of EtNBS (7 M), indicating no significant cytotoxicity of this
conjugate towards cancer cells without photo-irradiation.
The photo-cytotoxicity (red LED,  = 640 ± 15 nm, 8 J/cm2) of the porphycene
conjugate and EtNBS were then measured using HK-1 cells. Figure 4.8 shows the
photo-cytotoxic dose-response curves of TBPoS-Rh B and EtNBS towards the HK-1
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cells under both normoxic and hypoxic conditions at 24 h after irradiation. First of all,
the photo-cytotoxicity observed for all compounds studied are higher under normoxic
than under hypoxic conditions. This is because under normoxic conditions, both type I
and II photo-sensitizations are operational whereas under hypoxic conditions only the
O2-independent type I (electron transfer) reaction can operate. The very low (nM range)
LD50 observed for this porphycene conjugate under hypoxic conditions clearly
demonstrates its potent hypoxic PDT activity. When compared to the hypoxic PDT
activity of EtNBS, where its LD50 towards the HK-1 cells was > 1 M, this porphycene
conjugate is more efficacious by ca. 20 folds

Figure 4.7 Cytotoxic dose-response curves of TBPoS-Rh B (red) and EtNBS (blue)
towards HK-1 cells in the absence of light.
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Figure 4.8 Photocytotoxic dose-response curves of TBPoS-Rh B (A) and EtNBS (B)
towards HK-1 cells using Red LED ( = 640 ± 15 nm) light source at a fixed light
dose of 8 J/cm2 under normoxic and hypoxic conditions and dark cytotoxicity.
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4.3.6 Cell Death Mode

Figure 4.9 Annexin V/PI analysis of HK-1 cells incubated with 500 nM of TBPoS-Rh
B under normoxic (B) and hypoxic (A) conditions with photo-irradiation (4 J/cm2) and
the control (C) without photo-irradiation. The quadrants from Q1 to Q4 represent
necrotic, late apoptotic, healthy, early apoptotic cells, respectively.

Finally, Annexin V-FITC/propidium iodide (PI) staining method was used to study the
cell death mode of TBPoS-Rh B PDT-HK-1 cell. Compared with the untreated control
group, cells receiving TBPoS-Rh B PDT (Q1 regions) display intense Annexin V/PI
staining, indicating necrosis was the principal cell death mode (Figure 4.9).
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4.4 Conclusion
In conclusion, novel water-soluble red-absorbing porphycene-rhodamine B conjugate
capable of both type I and type II photo-sensitizations was synthesized and evaluated
as anti-cancer photodynamic therapeutic (PDT) agent towards human nasopharyngeal
carcinoma (HK-1) under hypoxic and normoxic conditions. This porphycene,
TBPoS-Rh B, exhibited potent photo-cytotoxicity under normoxic (LD50 < 52 nM)
and hypoxic (LD50 < 85 nM) conditions. The dark cytotoxicity (LD50) towards HK-1
cells was >33 M. Confocal microscopy revealed its principal subcellular localization
was at the lysosomes, not the mitochondria. Flow cytometry showed a fast cellular
uptake (>90% uptake after 1 h of incubation). A necrosis cell death was observed after
PDT. Comparing the normoxic and hypoxic photo-cytotoxicities of TBPoS-Rh B
conjugate with those of TBPoS-OH and TBPoS-2OH, this conjugate certainly showed
comparable normoxic and hypoxic PDT activities, especially against its parent
compound, TBPoS-OH. But, when compared to the well-known patented hypoxic
PDT agent, EtNBS (hypoxic LD50 of > 1000 nM towards the HK-1 cells), TBPoS-Rh
B is clearly a much stronger hypoxic anti-tumor PDT agent.
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Chapter 5
Experimental Details
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5.1 Synthesis and Characterization of t-Bu4Po
General information for synthesis. Tetrahydrofuran (THF), dichloromethane (DCM),
Methanol (MeOH), sodium methoxide (MeONa), n-butyllithium (n-BuLi), Trimethyl
borate

((MeO)3B),

ethyl

alcohol

(EtOH),

sodium

ethoxide

(EtONa),

Tetramethylethylenediamine (TMEDA), ethyl azidoacetate, xylene, bromine (Br2),
acitic acid (AcOH), 2-(Trimethylsilyl)ethoxymethyl chloride (SEM-Cl), sodium
hydride (NaH), Pd(PPh3)4, Na2CO3, Dimethyl Formamide (DMF), Raney Ni,
trifluoroacetic acid (TFA), NH2NH2, tosyl chloride (TsCl), pyridine, diethylene glycol,
Na2CO3, titanium tetrachloride(TiCl4), Zn, CuCl, 4-Pyridineboronicacid, methyl
iodide

(MeI),

Sulfurochloridic

acid,

2-(2-aminoethoxy)ethan-1-ol,

benzenesulfchloride, NaOH, AlCl3, t-butyl chloride, 2,2,6,6-tetramethylpiperidine
(TMPP), Mg, POCl3. All reactions were carried out with anhydrous solvents unless
otherwise specified. All of the chemicals for the synthesis were purchased from
certified suppliers (Sigma-Aldrich Hong Kong, TCI China, and Merck China) and
used as received. The reactions were monitored by thin-layer chromatography (TLC)
silica gel 60 F254 fitting on Aluminium sheets (EMD Millipore, Germany). 70-200 and
200-300 mesh silica gel was using for flashing column chromatography. The 1H and
13

C NMR spectra were recorded on Bruker NMR 400MHz (1H: 400 MHz,

13

C:100

MHz). The MALDI-TOF mass spectra were recorded in Bruker MALDI-TOF
microflex LRF mass spectrometer.

Synthetic Procedures of t-Bu4Po
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Scheme 5.1 Synthetic Route for t-Bu4Po. Reaction conditions: (a) benzenesulfonyl
chloride, NaOH, DCM, rt; (b) AlCl3, t-butyl chloride, DCM, 0 ºC; (c)
2,2,6,6-tetramethylpiperidine, n-BuLi, CuCl2, 78ºC; (d) MeOH, Mg, reflux, 8 h; (e)
DMF, POCl3, N2, 80 ºC; (f) TiCl4 /Zn/Cu2Cl2, THF, reflux, 90 min.
Preparation of 1-(Phenylsulfonyl)-1H-pyrrole 22
A solution of benzenesulfonyl chloride (28.2 mL, 185 mmol) was
added to a solution of pyrrole (10 g, 199 mmol) and NaOH (28.9 g,
0.6 mol) in dichloromethane (DCM, 100 mL) at 0 ºC. After stirring for
30 min, the reaction mixture was allowed to warm to room
temperature and stirred overnight. The mixture was quenched with water and the
products were extracted with DCM. The extract was washed several times with water,
dried over Na2SO4, and evaporated under reduced pressure to give product 22 as a
gray solid (30.1 g, 100%). Recrystallization from methanol gave colorless cube-like
crystals. 1H NMR (400 MHz, CDCl3

J = 2.3 Hz, 2H), 7.17 (t, J = 2.3 Hz,

2H), 7.47-7.52 (m, 2H), 7.56-7.62 (m, 1H), 7.83-7.88 (m, 2H); 13C NMR (100 MHz,
CDCl3): 113.70, 120.80, 126.75, 129.37, 133.82, 139.07.
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Preparation of 3-(tert-Butyl)-1-(phenylsulfonyl)-1H-pyrrole 23
22 (25 g, 100 mmol) was added to a stirred mixture of aluminum
chloride (48.3 g, 360 mmol) and DCM (100 mL) cooled in an ice
bath. A solution of tert-butyl chloride (14 g, 150 mmol) in DCM
(100 mL) was added dropwise to the mixture, which was then
allowed to warm to room temperature, stirred for 4.5 h, and poured
onto crushed ice. Following the usual work-up, the solvent was removed to afford the
product as yellow oil (30 g, 98%) that slowly crystallized. Recrystallization from
methanol gave 23. 1H NMR (400 MHz, CDCl3) δ 7.87 – 7.80 (m, 2H), 7.64 – 7.52 (m,
1H), 7.50 (dd, J = 10.5, 4.8 Hz, 2H), 7.08 (dd, J = 3.2, 2.3 Hz, 1H), 6.89 (t, J = 2.0 Hz,
1H), 6.25 (dd, J = 3.2, 1.7 Hz, 1H), 1.18 (s, 9H).
Preparation of 4,4'-di-tert-butyl-1,1'-bis(phenylsulfonyl)-1H,1'H-2,2'-bipyrrole 24
A solution (114 mL) of n-BuLi (2.5 M) was added dropwise to
a solution of 2,2,6,6-tetramethylpiperidine (24.4 g, 173 mmol)
in dry THF (200 mL) at –78 ºC under N2 atmosphere. After
stirring for 30 min at –78 ºC, 23 (40 g, 152 mmol) in dry THF
(250 mL) was added dropwise to this solution. The resulting solution was stirred for 3
h at –78 ºC. To this solution, CuCl2 (40 g, 300 mmol) was added and the solution was
stirred for 2 h at –78 ºC and then for another 18 h at room temperature. The reaction
was quenched with saturated NH4Claq (300 mL). The mixture was extracted with ethyl
acetate (AcOEt), and the organic layer was washed with saturated glycineaq and
saturated NaClaq, and then dried over Na2SO4. After removal of the solvent under
reduced pressure, the product was purified by silica column chromatography
(hexane/AcOEt = 5/1) to yield compound 3 as a white solid (26 g, 65%).1H NMR
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(400 MHz, CDCl3) δ 7.57 (ddd, J = 7.0, 4.1, 1.3 Hz, 2H), 7.54 – 7.50 (m, 4H), 7.46 –
7.38 (m, 4H), 7.19 (d, J = 2.0 Hz, 2H), 5.89 (d, J = 2.0 Hz, 2H), 1.24 (s, 18H).

13

C

NMR (101 MHz, CDCl3) δ 138.9, 137.0, 133.5, 128.8, 127.5, 122.5, 118.7, 118.4,
31.0, 30.8.
Preparation of 4,4'-di-tert-butyl-1H,1'H-2,2'-bipyrrole 10e
Magnesium (7.9 g, 344 mmol) was added to the solution of 24
(18 g, 34 mmol) in 300 mL methanol. After stirred for 18 h, the
reaction was quenched with saturated NH4Claq followed by
extraction with AcOEt. The organic layer was washed with
brine and water, dried with Na2SO4. After removal of the solvent under reduced
pressure, the product was purified by silica column chromatography to obtain a gray
solid, bipyrrole 10e (3.5 g, 95%).1H NMR (400 MHz, CDCl3) δ 7.92 (s, 2H), 6.52 (s,
2H), 6.12 (s, 2H), 1.26 (s, 18H). 13C NMR (101 MHz, CDCl3) δ 136.6, 125.9, 112.2,
102.0, 31.7, 30.6.
Preparation of 4,4'-di-tert-butyl-1H,1'H-[2,2'-bipyrrole]-5,5'-dicarbaldehyde 11e
To a cooled stirred solution of 10e (4 g, 13.3 mmol) in dry
DMF (80 mL) under nitrogen, was added POCl3 (55 mmol)
dropwise. The mixture was heated to 60 °C for 2 h, and then
hydrolysed in water (800 mL) containing NaOH (13 g). This
mixture was then heated at 80 °C for 1 h. Compound 5 precipitated out as a yellow
fluffy solid which was filtered off, washed with water, and dried under vacuum to
give a yellow powder, dicarbaldehyde 11e (4.4 g, 90%). 1H NMR (400 MHz, CDCl3)
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δ 12.41 (s, 2H), 10.05 (s, 2H), 6.56 (d, J = 2.7 Hz, 2H), 1.49 (s, 18H). 13C NMR (101
MHz, CDCl3) δ 179.2, 149.0, 129.9, 109.7, 33.2, 32.6.
Preparation of 2,7,12,17-tetra-tert-butylporphycene (t-Bu4Po)
Activated Zn (4.1 g, 43 mmol) and Cu2Cl2 (2.1 g, 32
mmol) were suspended in THF (200 mL). TiCl4 (30 g,
160 mmol) was added dropwise at 0 ºC and the
resulting mixture was refluxed for 3 h. A solution of
11e (3.2 g, 10.7 mmol) in THF (50 mL) was added
dropwise and the slurry was stirred under reflux for 3
min. Finally, the resulting mixture was cooled to room temperature and filtered
through a silica pad. The filtrate was hydrolyzed at 0 ºC with 300mL of 10% K 2CO3
solution and stirred under oxygen atmosphere for 60 min. The aqueous solution was
extracted with dichloromethane (150 mL x 3) and dried over anhydrous MgSO4. The
solvent was removed under reduced pressure and the residue was purified using silica
column chromatography (hexane/AcOEt 20:1). The product t-Bu4Po was then
obtained (400 mg, 10%). 1H NMR (400 MHz, CDCl3) δ 10.04 (s, 4H), 9.31 (s, 4H),
3.46 (s, 2H), 2.16 (s, 36H). 13C NMR (101 MHz, CDCl3) δ 152.4, 141.5, 131.7, 120.9,
111.6, 33.3, 32.8. HRMS (MALDI-TOF) Found: 534.3689 (M+) (calcd for C36H46N4+
534.3717, Δm: -5.24 ppm).

5.2 Photophysical Measurement
5.2.1 Linear induced photo-physical properties
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UV–Vis absorption spectra were acquired using a Cary UV 300 spectrophotometer.
The singlet oxygen quantum yields (ΦΔ) was determined by its phosphorescence
emission at 1270 nm using an InGaAs detector on a PTI QM4 luminescence
spectrometer

relative

to

the

following

reference

compounds,

meso-tetraphenylporphyrin, H2TPP (ΦΔ = 0.55 ± 0.11, λex = 400 nm, CHCl3) and Zn(II)
tetraphenylporphyrin, ZnTPP (ΦΔ = 0.73 ± 0.11, λex = 355 nm, toluene), according to
equation (1):

where ΦΔ is the singlet quantum yield, η is the refractive index of the solvent, GΔ is
the emission intensity, A is the absorbance at the excitation wavelength, and REF and
S refer to the reference and the sample.
The fluorescence quantum yields (ΦF) of the porphycenes were determined in
chloroform relative to the reference compound, quinine sulfate (ΦF = 0.54, 1.0 N
H2SO4, λex = 365 nm) according to the following equation (2):

where ΦF is fluorescence quantum yield, I is the area of the fluorescence peak, η is the
refractive index of the solvent, A is the absorbance at the excitation wavelength, and
REF and S refer to the reference and the sample.

5.2.2 Cyclic Voltammetry
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20 M solutions of the compounds were prepared by dissolving the appropriate
amounts of materials in CH2Cl2. The solutions were degassed with a gentle stream of
dry N2 gas (~2 min) before voltammetric measurements were carried out. All
electrochemical experiments were carried out by a CHI 630C electrochemical
Analyzer (CH Instruments, Inc., USA). A traditional three-electrode system
employing a glassy carbon (GC) working electrode, a platinum wire counter electrode
and Ag|AgCl reference electrode was used. All potentials were quoted versus the
Ag|AgCl reference electrode unless stated otherwise. Glassy carbon electrodes (GC,
CH Instruments, Inc., 3 mm in diameter) were carefully polished with 0.3 and 0.05
μm alumina slurry on a microcloth (Buehler, USA), followed by ultra-sonication in
ethanol and deionized water for 2 min.

5.2.3 X-ray crystallography.
Selected crystal was used for intensity data collection on a Bruker AXS Kappa Apex
II Duo diffractometer at 173 K using frames of oscillation range 0.3°, with 2° < θ <
28°. An empirical absorption correction was applied using the SADABS program. The
structures were solved by the direct method and refined by full-matrix least-squares
on F2 using the SHELXTL program package.

5.3 Evaluation of Protocol and Setup for Hypoxic PDT
The procedure for photo-cytotoxicity measurement under hypoxic conditions is
basically the same as that conducted under normoxic conditions except for the use of
the hypoxic PDT chamber purposely-built for such experiment. A photograph of this
hypoxic PDT setup is shown in Figure 5.1.
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Figure 5.1 Photograph of our purposely-built hypoxic PDT setup.

Figure 5.2 Change of HIF-1α level in HK-1 cells incubated for 3 and 4 h under
normoxic and hypoxic conditions. C = Control (Normoxic); T = Treatment (Hypoxic).
β-actin was used as a loading control.
The hypoxic state of the cells was verified by an over-expression of the HIF-1
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protein which plays an important role in cellular response to oxygen level in tumor, as
revealed by Western Blot. Figure 5.2 shows the difference in the level of expression of
HIF-1 after 3 h and 4 h of hypoxic incubation relative to that measured under
normoxic (control,

C) conditions

using

our setup

(Figure 5.1) without

photo-irradiation. From Figure 5.2, more than three-fold increase in HIF-1
expression after 4 h incubation clearly indicated the hypoxic state of the incubated
cells. Hence, it can be concluded that a 4 h-incubation of cells inside our hypoxic
PDT chamber brought these cells to a hypoxic state for measurement of the hypoxic
PDT activity of a photosensitizer.

5.4 In Vitro Studies
5.4.1 Cell Culture
The cervical carcinoma HeLa cell line was purchased from American Type Cell
Culture Collection (ATCC, USA). The human nasopharyngeal carcinoma (HK-1)
cells were obtained from The Chinese University of Hong Kong. The human
umbilical vein endothelial cells (HUVEC) were obtained from Lonza (Walkersville,
MD, USA). The esophageal squamous carcinoma cells (KYSE 70) were obtained
from Leibniz Institut DSMZ. The HeLa and HK-1 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco), supplemented with 5% heat-inactivated
fetal bovine serum (FBS; Gibco), 5% heat-inactivated new born calf serum, 1%
penicillin solution (Gibco). KYSE 70 cells were cultured in RPMI-1640 medium
(Gibco) containing 10% FBS, 100 unit/mL penicillin (Gibco), 100 µg/mL
streptomycin. HUVEC cells were cultured in M199 medium (Gibco), supplemented
with 20% FBS, 2 mM penicillin/streptomycin, 2 mM amphotericin B (Gibco), 2 mM
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glutamine, 10 mM HEPES (Gibco), endothelial growth supplement (ECGs, Gibco)
and 100 µg/mL heparin. Cells were incubated at 37 oC in a CO2 (5%) incubator with
constant humidity. For both the dark- and photo-cytotoxicity measurements, the cells
(HK-1, HeLa, KYSE 70 and HUVEC) were seeded in 96-well plates at a density of
1×104 cells per well for 24 h prior to treatment with the studied compounds.

5.4.2 Cellular Uptake
HK-1 cells (1 x 105) cultured overnight were incubated with the studied
photo-sensitizers (500 nM) for 1-24 h on Petri dishes. Cells were washed with
phosphate-buffered saline (PBS) to remove the excess photo-sensitizers. Cells were
then digested by trypsin and centrifuged, washed once with PBS and re-suspended in
PBS for flow cytometry analysis (BD FASCSCanto II flow cytometer). A laser line
with wavelength of 633 nm was used for excitation, and the fluorescence signal was
detected using the APC channel. At least 10,000 events were counted.

5.4.3 Subcellular Localization
Approximately 5 × 104 HK-1 cells were seeded on Petri dishes in culture medium and
incubated for 24 h with porphycenes at 37 °C in a CO2 (5%) incubator with constant
humidity. The medium was discarded, the cells were then washed twice with PBS and
fresh medium was added afterwards. The cells were incubated with different
organelle-specific dyes, LysoTracker Green (Invitrogen, 500 nM) for lysosomes,
ER-Tracker Green (Invitrogen, 1 µM) for endoplasmic reticulum and MitoTracker
Green FM (Invitrogen, 200 nM) for mitochondria. After 30 min of incubation, the
cells were washed twice with PBS and examined under a Leica Microsystems (Leica,
Japan) confocal microscope.
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5.4.4 In Vitro Cytotoxicity Assay
The cytotoxicity of the photosensitizers on HK-1 cells was determined by MTT assay.
Briefly, HK-1 cells were first seeded to three 96-well plates with density of 1 × 104
cells per well in 100 μL medium, which was incubated at 37 °C for 24 h. After
washing with PBS, HK-1 cells were incubated with 100 μL culture medium
containing serial concentrations of TBPoS-OH and TBPoS-2OH for 24 h. One plate
was kept in the dark for studying dark cytotoxicity, the second plate was irradiated
using a red LED (λ = 640 ± 15 nm) light source at a fixed light dose of 8 J/cm2. The
procedure for photo-cytotoxicity measurement under hypoxic conditions is basically
the same as that under normoxic conditions except for the use of the hypoxic chamber
purposely built for such experiment. A picture of this hypoxic PDT setup is shown in
Figure 5.1. The last plate was transferred to the hypoxic chamber which was then
purged with purified nitrogen gas (at a flow rate of 15 L/min) for 1 min and the
oxygen concentration inside the chamber was measured to be < 1% using an oxygen
gas monitor (ToxiRAE II, USA). The cells were left in the hypoxic chamber for 4 h to
ensure that all the dissolved oxygen in the culture medium was used up by the cells
before photo-irradiation. The hypoxic state of the cells was verified by an
over-expression of the HIF-1 protein as revealed by Western Blot, which is showed
in Figure 5.2. The cells were then photo-irradiated. After the light treatment, the cells
were returned to the incubator and allowed to grow for another 24 h. The cells were
washed twice with PBS. Then, 100 μL of 5 mg/mL MTT solution in medium was
added to each well. After 4 h of incubation, 70 μL of the medium was removed
carefully from each well, and 100 μL of DMSO was then added to each well to
solubilize the formazan crystals in the cells. After shaking for 30 min, the optical
density of the dissolved formazan crystals was measured using an iEMS Analyzer
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(Lab-system, Type 1401) at wavelengths of 540 nm and 690 nm. The percentage of
cytotoxicity was then calculated by the following equation:
Cell cytotoxicity (%) = (ODcontrol group -ODtreatment group)/ODcontrol group × 100%.
5.4.5 Cell Death Mode Studied by Flow Cytometry
To study the mode of cell death mediated by porphycenes PDT actions, Annexin
V-FITC/propidium iodide (PI) staining method was used and the results were
analyzed by flow cytometry. HK-1 cells were incubated with 100 nM of the studied
porphycene for 24 h. Photo-irradiation was performed under the same normoxic
(NORM) or hypoxic (HYPO) conditions as used in the PDT experiment at a fixed
light dose of 4 J/cm2. The cells were then stained by Annexin V-FITC and propidium
iodide according to the protocol from Invitrogen. The cells were counted using the
BD FASCSCanto II flow cytometer. At least 10,000 cells were counted per analysis.
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Chapter 6
Conclusion and Future Work
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6.1 Conclusion
This work focuses on the development of red light-activated porphycene-based
photosensitizers for anti-tumor photodynamic therapy (PDT) under both normoxic and
hypoxic conditions. A total of seven water-soluble porphycenes have been designed
and synthesized. Preliminary photo-cytotoxic study of these porphycenes suggested the
following porphycenes, TPyPPo, TriPyPPo, TBPoS-OH, TBPoS-2OH and TBPo-Rh B
for detailed evaluation as potential PDT agents based on their photophysical and
photobiological properties using principally the human nasopharyngeal carcinoma
(HK-1) cells.
A comparison of the cytotoxicity (dark and light LD50, 8 J/ cm2) and subcellular
localization of the porphycenes studied are shown in Table 6.1. Five porphycenes,
TPyBPo, TriPyPPo, TBPoS-OH, TBPoS-2OH and TBPo-Rh B exhibited potent
photo-cytotoxic activities in normoxic conditions with respective LD50 of 100 nM,
100 nM, 53 nM, 20 nM and 52 nM. Under hypoxic conditions, modest
photo-cytotoxicity was observed for TPyBPo and TriPyPPo, with LD50 of 1 µM and 1
µM,

respectively,

obtained

at

high

light

doses

(>20

J/cm2).

Solfonoamido-porphycenes, TBPoS-OH, TBPoS-2OH and TBPoS-Rh B conjugate
displayed very potent photo-cytotoxicity under hypoxic conditions, with respective
LD50 of 65 nM, 50 nM and 85 nM (light dose 8 J/cm2). These results indicate that
porphycenes TBPoS-OH, TBPoS-2OH and TBPoS-Rh B conjugate are very potent
hypoxic (type I) and normoxic (type II) photosensitizers. The PDT activities of these
porphycenes were compared to a well-known hypoxic PDT agent, EtNBS, which is
also active under both normoxic and hypoxic conditions, with LD50 of 58 nM and >
1000 nM, respectively, towards the HK-1 cells. This comparison clearly shows that
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our sulfonoamido-porphycenes, TBPoS-OH, TBPoS-2OH and TBPoS-Rh B
conjugate, display at least 15-20 fold stronger hypoxic PDT activity relative to EtNBS,
thus making these porphycenes excellent candidates for hypoxic anti-tumor
photodynamic therapy.
Table 6.1 Comparison of Cytotoxicity (Dark and Light LD50, 8 J/cm2) and
Subcellular localization of the Studied Porphycenes Towards HK-1 cells.
PS

Light LD50 (nM)
Normoxic
Hypoxic

Dark LD50
(M)

Subcellular
Localization

TBPoS-2OH

20

50

28

TBPoS-OH

53

65

100

TBPoS-Rh B

52

85

33

ER, lysosome,
mitochondria
ER, lysosome,
mitochondria
Lysosome

TriPyPPo

100(5J/ cm2)

1 µM (5J/ cm2)

8.5

Lysosome

TPyBPo

100 (5J/ cm2)

1 µM (5J/ cm2)

15

Lysosome

EtNBS

58

4000

5

Mitochondria
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6.2 Future Works
6.2.1 In vivo PDT Study
We have obtained porphycene-based photosensitizers that are efficacious both in
well-oxygenated (type II) and hypoxic (type I) conditions in vitro, especially the
following sulfonoamido-porphycenes, TBPoS-OH, TBPoS-2OH and TBPoS-Rh B
conjugate. Suitable hypoxic animal models should be identified for further evaluation
of these porphycene photosensitizers as pre-clinical anti-tumor PDT drugs. Table 6.2
gives some suitable hypoxic animal models found from literature.
Table 6.2 Hypoxia Animal Models.
Tumor cell

Animal model

H460

nude mice

Implantation
site
lateral flank

tumor
Measure
volume ment
225

Hypoxia
3

HT-29

nude mice

lateral flank

HT29-9HRE-TKeG
Fp(#C53) tumor

nude mice

hind limbs

SK-RC-52 tumors

nude mice

shoulder

mm
400
mm3
400
mm3

marker
Hypoxia
marker
PET
imaging

632
mm3

PET
imaging

Ref
1

2

3

4

6.2.2 Development of Metalloporphycenes as Hypoxic Anti-Tumor PDT Agents
Measured redox potentials of TBPoS-OH and TBPoS-2OH show that reduction of
these porphycenes is quite favorable, suggesting a strong propensity towards type I
photosensitization, allowing them to act as hypoxic PDT agent. In order to increase
the ease of reduction of these porphycenes, thereby enhancing their type I reactivity,
highly electropositive metal ions, such as Sn(IV) and Fe(III), can be complexed to
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these porphycenes as depicted in Figure 6.1. The hypoxic PDT activities of these
metalloporphycenes will be measured, together with other photophysical and relevant
photobiological properties.

Figure 6.1 Structure of Metalloporphycenes, FeIII TBPoS-2OH and SnIV TBPoS-2OH

6.2.3 Design and Synthesis of Porphycenes with Larger Red-Shifted Absorption
Since red light has higher light penetration depth in tissue, photosensitizers that
absorb at longer wavelengths in the red region can be applicable in the PDT treatment
of more deep-seated tumors. At present, our sulfonoamido porphycenes absorb at
round 630 nm in the Q-band region, it is desirable if their absorption can be extended
to longer wavelengths by having a larger red-shifted Q-band. Previous studies of the
photophysical properties of porphycenes showed that an introduction of an amino
group5 to their meso-positions can induce a significant red shift to their Q-bands. The
following two porphycenes (shown in Figure 6.2) will be synthesized and evaluated
as deep red PDT agents.
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Figure 6.2 Designed Porphycenes with Larger Red-Shifted Absorption.

6.2.4 Development of porphycenes conjugated to specific targeting peptide
Integrin αvβ3 is over-expressed on activated endothelial cells (for angiogenesis) as
well as many tumor cells, making it a suitable anti-cancer drug target. We propose to
improve the tumor-targeting property of porphycene by conjugating it to a cyclic
peptide carrying the RGD motif that allow to bind specifically to the integrin αvβ3
over-expressed in tumors. 6 Some photosensitizers have been conjugated to c{RGD}
for better tumor targeting,7-9 but no porphycene-c{RGD} conjugate have been
prepared yet. We will attempt to synthesize such conjugate (Figure 6.3) and evaluate
its tumor targeting and hypoxic PDT properties on hypoxic tumor animal model.

Figure 6.3 Proposed Sulfonoamide Porphycene-c{RGD} peptide Conjugates.
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Appendix

Figure S1. 1H NMR spectrum of compound 74 in CDCl3

Figure S2. 13C NMR spectrum of compound 74 in CDCl3
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Figure S3. 1H NMR spectrum of compound 75a in CDCl3

Figure S4. 13C NMR spectrum of compound 75a in CDCl3
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Figure S5. 1H NMR spectrum of compound 75b in CDCl3

Figure S6. 13C NMR spectrum of compound 75b in CDCl3
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Figure S7. 1H NMR spectrum of compound 75d in CDCl3

Figure S8. 13C NMR spectrum of compound 75d in CDCl3
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Figure S9. 1H NMR spectrum of compound 76a in CDCl3

Figure S10. 13C NMR spectrum of compound 76a in CDCl3
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Figure S11. 1H NMR spectrum of compound 76b in CDCl3

Figure S12. 13C NMR spectrum of compound 76b in CDCl3
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Figure S13. 1H NMR spectrum of compound 76d in CDCl3

Figure S14. 13C NMR spectrum of compound 76d in CDCl3
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Figure S15. 1H NMR spectrum of compound 77a in DMSO-d6

Figure S16. 13C NMR spectrum of compound 77a in DMSO-d6
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Figure S17. 1H NMR spectrum of compound 77b in DMSO-d6

Figure S18. 13C NMR spectrum of compound 77b in DMSO-d6
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Figure S19. 1H NMR spectrum of compound 77d in CDCl3

Figure S20. 13C NMR spectrum of compound 77d in CDCl3

158

Figure S21. 1H NMR spectrum of compound 81d in CDCl3

Figure S22. 13C NMR spectrum of compound 81a in CDCl3
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Figure S23. High Resolution MALDI-TOF Spectrum of 81a

Figure S24. 1H NMR spectrum of compound 81d in DMSO-d6
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Figure S25. 13C NMR spectrum of compound 81d in DMSO-d6

Figure S26. High Resolution MALDI-TOF Spectrum of 81d
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Figure S27. 1H NMR spectrum of compound 81d-Zn in CDCl3

Figure S28. High Resolution MALDI-TOF Spectrum of 81d-Zn
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Figure S29. 1H NMR spectrum of compound 81e in CDCl3

Figure S30. 1H NMR spectrum of compound 87 in CDCl3
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Figure S31. 1H NMR spectrum of compound 88 in CDCl3

Figure S32. 1H NMR spectrum of compound TPyPPo in DMSO-d6
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Figure S33. 13C NMR spectrum of compound TPyPPo in DMSO-d6

Figure 34. HRMS (ESI, negative ion mode) Spectrum of TPyPPo
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Figure S35. 1H NMR spectrum of compound TtiPyPPo in DMSO-d6

Figure S36. HRMS (ESI, negative ion mode) Spectrum of TriPyPPo
166

Figure S37. 1H NMR spectrum of compound t-Bu4Po (1e) in CDCl3

Figure S38. 13C NMR spectrum of compound t-Bu4Po (1e) in CDCl3
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Figure S39. High Resolution MALDI-TOF Spectrum of t-Bu4Po

Figure S40. 1H NMR spectrum of compound TBPoS-Cl in CDCl3
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Figure S41. 13C NMR Spectrum of TBPoS-Cl in CDCl3

Figure S42. High Resolution MALDI-TOF spectrum of TBPoS-Cl.
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Figure S43. 1H NMR spectrum of compound TBPoS-2Cl in CDCl3

Figure S44. 13C NMR Spectrum of TBPoS-2Cl in CDCl3
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Figure S45. High Resolution MALDI-TOF Spectrum of TBPoS-2Cl.

Figure S46. 1H NMR spectrum of compound TBPoS-OH in CDCl3
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Figure S47. 13C NMR Spectrum of TBPoS-2Cl in CDCl3

Figure S48. High Resolution MALDI-TOF Spectrum of TBPoS-OH.
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Figure S49. 1H NMR spectrum of compound TBPoS-2OH in DMSO-d6

Figure S50. 13C NMR spectrum of compound TBPoS-2OH in DMSO-d6
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Figure S51. High Resolution MALDI-TOF spectrum of TBPoS-2OH.
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