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ABSTRACT

Porphyrins are ideal candidates for PDT (Photodynamic therapy). Their ability to
localise preferentially in diseased tissue allows specific targeting of cancerous tissue in
certain areas. In recent years, linking photosensitisers to sugar moieties has attracted
great interest. Glycosylated porphyrins have increased solubility which enhances their
uptake into cells, and also selectivity of the porphyrins. Cationic porphyrins have also
been studied due their increased solubility and selective accumulation into mitochondria.

In this project, we have successfully combined these two properties of water-
soluble derivatives of porphyrins to enhance their efficacy as potential PDT agents.
Thioglycosylated cationic porphyrins have been synthesised, characterised and their
photocytotoxicity assays against human colorectal adenicarcinoma cells (HT-29)
assessed.

Metalloporphyrins on the other hand were synthesised with the intention of using
them as molecular oxygen sensors. Oxygen-dependant changes in phosphorescence
lifetime can be used to measure oxygen concentration in biological systems. A versatile
method was developed which allowed palladium metal insertion into porphyrin
macrocycles. The metalloporphyrins were synthesised, purified and analysed using TLC,
MS, '"H NMR and UV spectroscopy. Further functionalisation of the metalloporphyrins
was achieved by the selective substitution of the para-fluoro substituent of the
pentafluorophenyl group with thiols. In this way, a range of palladium(II) porphyrins

were synthesised.



Failure of eells to internalise these porphyrins using conventional methods has

prompted further considerations of encapsulating them in nanoparticles.
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CHAPTER ONE INTRODUCTION

1.1 GENERALAIM

The general aims of the project are to synthesise porphyrins which have increased
water solubility and functionality to precisely target different cells and organelles. Such
porphyrins could be investigated their ability to act as photosensitisers in photodynamic
therapy. The project also involves advancement to porphyrin functionality by inserting
palladium into the porphyrin core in order to examine their capability as oxygen sensors.
Earlier studies conducted by Vanderkooi ef al ' involved the synthesis of metal derivative
of water-soluble porphyrins for measuring the dioxygen concentration based on
quenching of phosphorescence.

This chapter is made up of five subsections, which cover all applications of
porphyrins. These are:
1.1 GENERAL AIM
1.2 PHOTODYNAMIC THERAPY
1.3 PORPHYRINS AS TOOLS FOR BIOLOGICAL ANALYSIS
1.4 PORPHYRINS IN BIOLOGICAL iMAGING
1.5 FURTHER DEVELOPMENT
This chapter serves as a literature review, including relevant background reading
into the project by reviewing work that has been done by others prior to this project in the

areas of interest.



1.2 PHOTODYNAMIC THERAPY

Photodynamic therapy (PDT) is a form of both phototherapy and
photochemotherapy.? Phototherapy involves treatments where chemical reactions
induced by light are used to treat a disease. This use of "therapeutic light" can be traced to
1900 when Raab reported that the combination of aciridine orange and light could destroy
paramecium 3 (a type of bacteria). Photochemotherapy is a form of phototherapy, in
which a chemical substance is used in addition to light. The combination of molecular
oxygen, light and a photosensitising drug in photodynamic therapy (PDT) is a promising
new approach for treating several diseases, most remarkably cancer. Generally, PDT has
been used in the treatment of bladder cancers, breast metastases, brain cancers, skin
cancers, thoracic malignancies, gynaecological malignancies, colorectal cancers, and
head, oral and neck cancers.* A major advantage of this technique versus conventional
chemotherapy is the relatively low inherent toxicity of the photosensitisers in the absence
of light.

The selectivity is based on a difference in the photosensitiser concentration
between normal and tumour tissues and 6n the directing of light to the tumour tissue. The
observation on the partial accumulation of the photosensitiser in tumour cells was made
as early as 1923 by Policard > who found that target tissue was notably more fluorescent
than healthy tissue. Between 1940 and 1960, Figge et al *® and Ramussen-Taxdal et al ®
administered natural porphyrins to patients and tumour bearing animals in order to more
accurately detect tumour tissue by fluorescence. Synthetic porphyrins

(tetraphenylporphines) were also used as early as 1960 by Winkelman '*'2 to detect



tumour tissue.

121 Photochemistry of Photodynamic Therapy

The photochemical reactions involved in PDT are illustrated in the diagram
below. The ground electronic state of a photosensitiser is a singlet state (S0).
Illuminating the photosensitiser with light of the appropriate wavelength excites it to the
short-lived first excited singlet- state (Si). The photosensitiser can return to its ground
state by emitting a fluorescence photon or, alternatively, the Si photosensitiser can
convert to the first excited triplet state (Ti) via intersystem crossing. The process of
intersystem crossing is spin-forbidden as this requires a change of electron spins and

hence these transitions occur to a very small extent.13

excited vibrational states
(excited rotational states not shown)

A= photon absorption
F=fluorescence (émission)
P =phosphorescence

S =singlet State

T =triplet State

IC =internai conversion
ISC = intersystem Crossing

—
cO o
AV

electronic ground state

Fig. 1. The Jablonski diagram 4



A good photosensitiser has a high yield of triplet-state which is sufficiently long
lived to be involved in further chemical reactions. The T, photosensitiser can return to its
ground state by emitting phosphorescence or by transferring energy to another molecule
via a radiationless transition during collisions with other molecules.'*

The T, photosensitiser can undergo further photodynamic‘ reactions in order to
return to its ground state (So). There are two types of photodynamic reactions '* which are
often denoted Type I and Type II photoprocesses. Type I photoprocesses are electron or
hydrogen-transfer reactions between other molecules and the T, photosensitisers. These
processes involve the production of harmful reactive intermediates such as hydroxyl,
hydrogen peroxide, hydroperoxyl and superoxide radicals, thereby returning the
photosensitiser to its ground state (So). Type II photoprocesses are involved in the
formation of singlet oxygen '0, by energy transfer from T; photosensitiser to triplet
oxygen >0,. This involves spin exchange between the T; photosensitiser and >0, and as
the singlet oxygen is generated, the photosensitiser returns to the S, state. '0,is
considered to be the main mediator of phototoxicity in PDT. In both types of reactions,
various reactive intermediates are generated and eventually, the photosensitiser is
degraded by light, by a process which is known as photobleaching.

Singlet oxygen is a powerful oxidant and reacts with many kinds of biomolecules
such as cholesterol, phospholipids, amino acids such as tryptophan, histidine and
methionine, unsaturated triacyl glycerols as well as nucleic acid bases such as guanine

16,17, 18,19, 20,

and guanosine. 21 Singlet oxygen is very short lived and hence reacts at its

site of formation. Areas of photodamage depend on the photosensitiser used as they



differ in distribution and accumulation. Cells die as a result of necrosis or apoptosis after
PDT treatment.?>?*2* Necrosis is defined as degenerative cell death due to extensive
cellular damage whereas apoptosis refers to the mechanism of genetically programmed
death of old cells in both pathological and physiological conditions of a living organism.
24,25 During apoptosis, the contents of a cell are disposed in an organised manner without
widespread inflammation.?

The blood-flow hindering vascular damage is also responsible for tissue damage
by PDT. The lack of *O, protects cells from photodynamic damage but cells die instead
due to >0, shortage.>2*2¢-2":2%.29 Inflammation, caused by phagocytic immunity and
oxidative damage also plays an important role in cell death., Postoncolytic immunity
develops against the target cells, which leads to long term accomplishment of PDT

treatment and to obliteration of target cells outside the target area.?> 2*24%7

1.2.2 Properties of an ideal Photosensitiser

Early photosensitisers, and the side effects associated with their activity, have
been linked with the large number of oligomeric components formed during synthesis and
are often inseparable by HPLC. Consequently the ideal photosensitiser should be a pure
and single product. It should be relatively easily synthesised and the starting materials
readily available. For large-scale synthesis, the reaction should be feasible to make it cost
effective with the least number of intermediates to make it high yielding and cost
effective.”’ The photosensitiser should not be toxic in the absence of light and should not

self aggregate much in the body as this would reduce the yield of the excited triplet-state



yield and singlet oxygen yield.

The photosensitiser should be selective in its accumulation in the target tissue and
be eliminated from the body fairly quickly to avoid generalised skin photosensitisation.
The photosensitiser should also absorb light of adequately long wavelengths ~700nm, the
red region of the electromagnetic spectrum. This would allow the penetration of light
through tissues to be at a maximum because absorption by endogenous compounds and
scattering of light would be minimum.3® Desirably, the photosensitiser should not
strongly absorb light of the region 400-600 nm as this would reduce the risk of
generalised photosensitivity caused by sunshine.*!

The excited triplet-state of the photosensitiser should be adequately long lived so
as to generate singlet oxygen and should be stable enough to avoid degradation processes
such as photobleaching. Finally, the sohibility of the photosensitiser should be

compatible to the desired method of drug delivery to the target tissue.

1.2.3  First-generation photosensitisers: hematoporpphyrin and its
derivatives

Amongst the earliest recognised photosensitisers was hematoporphyrin derivative
(HpD) which was isolated and studied by Schwartz and Lipson.’>3* Later in 1970s,
Dougherty made the discovery that fluorescein diacetate could photodynamically destroy
rat and mice tumour cells in vitro.** Dougherty then later began to treat tumour-bearing
animals with fluorescein and found that it acted as a photosensitiser.>> Meanwhile,

Weishaupt et al discovered the cytotoxic product of the photochemical reaction to be



singlet oxygen *® and it was soon realised that fluorescein had a low singlet oxygen
quantum yield and absorbed light in the green portion of the electromagnetic spectrum
rather than in the red and as a result, did not penetrate deeply into tissue. Efforts were
therefore made to test porphyrin photosensitisers for their singlet oxygen generation and
also examine their absorption in the red part of the electromagnetic spectrum.

It was then that HpD was "rediscovered” and found to have a high singlet oxygen
quantum yield and an absorption maximum in the red. It was also found to be selectively
retained in tumour tissue.>* Several years later, Dougherty isolated and identified the
active fractions of HpD and produced a purified version named Photofrin®.*’
Photofrin® (formerly Photofrin II) became commercially available in 1987 when phase
111 clinical trials first began.*®° The ability of HpD to act as a photosensitiser in vivo is
mainly due to its oligometric components. The fraction enriched with oligometric
components is called "fraction D" “ and using HPLC, the monomeric and oligometric
components of this fraction can be partially separated. However, the precise composition
of fraction D has not yet been determined. Many commercial versions of HpD such as
Photofrin®, Photosan®, Haematodrex®, and Photocarcinorin® 2 are obtained from this
fraction.

Use of HpD is limited due to some major disadvantages. Due to the nature of the
complex mixture of monomers, dimers and oligomers, separation is difficult and some of
the fractions are not photoactive.'®*' The precise composition of the mixture is not
known “? and has been found to vary from batch to batch.> The components of HpD can

also be modified in tissues: ester bonds can be hydrolysed and aggregates broken down.*



These differences in chemical activity complicates studies and particularly dose-response
studies and makes the results hard to interpret.> '-*"** Asaresult, their distribution and
photodynamic properties in tissues differ from one HpD preparation to another and
predicting their therapeutic effect is difficult.'4:4>%5  Selective targeting of tumour
tissue versus healthy tissue is also a problem and consequently, the PDT effect is also
experienced in other tissues other than the target tissue.2*>% The only organ which
demonstrated high selectivity in the accumulation of HpD was in the treatment of brain
tumours. This is due to the blood brain barrier that stops the photosensitiser from
accumulating in healthy brain tissue.*’

The enrichment factor of HpD in other tumours other than those in the brain is
only 3-5 '* and therefore there is a risk of damage to healthy tissues as a result of PDT.
Studies have shown that only 0.1-3 % of HpD accumulates in tumour 19 and the rest of the
photosensitising components are free to accumulate elsewhere in the body. One organ
that has generally shown the effects of the photosensitiser after PDT treatment is the skin.
Patients who have had PDT treatment often suffer from photosensitivity for 1-2 months
after injection.>'® 18,20,22.41 The number of treatments a patient can receive is therefore
limited due to the long-term photosensitivity associated with the treatment.

However there is one limitation of HpD that exceeds all other, which is due to the
electronic absorption spectrum of HpD. The etiotype spectrum typically contains a Soret
band and four Q-bands and is less than ideal for PDT.*"“! The Q-band with the longest
wavelength of approximately 630 nm which is used in PDT as light of this wavelength

penetrates deepest into tissues and unfortunately this is the weakest absorption of HpD.



As a result, HpD absorbs light of very short wavelength which is insufficient as it does
not allow penetration into deep tissues, 2% 2324 41,42, 49,50
The depth at which a reduction to 37% of the power of radiation is observed is

known as the effective penetration depth of light.*”>**>' The effective penetration depth
into soft tissues of light with A at 630 nm is typically 1-2 mm *’ and about double for light

“with A of 700-850 nm. The effective penetration depth for HpD is about 5-10 mm >°
which indicates its incapability to be used as a photosensitiser to target tissues which
require deep penetration for effective treatment. The intensity of the Q-band with
absorption at 630 nm is also very weak; its molar extinction coefficient is only 3500 M
cm™ and as a result large doses of the photosensitiser and light are required to achieve a
reasonable therapeutic effect.'”* The more doses of photosensitiser and light used the
more the risk of harmful side effects increases. Hence there still exists a need for

research and development to discover the ideal photosensitiser which would have

maximum impact with least side effects.

1.2.4 Second-generation photosensitisers

Second-generation photosensitisers have been developed with the intention of
improving the efficacy of PDT. Most of these exhibit a strong absorption in the red

wavelength region and absorb light of longer wavelengths. These photosensitisers

41,52

already in clinical trials can be grouped as porphyrins, texaphyrins, phthalocyanines,

chlorins and bacteriochlorins.



1.2.5 Endogenous second-generation photosensitisers

Alternative strategies for triggering photosensitisation is through the use of the

endogenous photosensitiser Pp %% 4%3!

(protoporphyrin) produced in the biosynthesis of
protoheme. In the production of Pp, the rate-limiting step involves the formation of 5-
aminolevulinic acid (ALA) from succinyl-coenzyme A and glycine. Administering
exogenic ALA as a “prodrug” into the tissue increases the production rate of Pp.

Pp also accumulates in the tumour tissue as well as in healthy tissues and causes
generalised photosensitisation.”> However, the advantages of using ALA is the
administration as it can be injected, given orally or applied topically on the target tissue.>
16,24,54 The tissue can be irradiated 3-6 h later and the skin photosensitisation caused by
ALA is mild ** and short-lived.'®** ALA is the first prodrug of a second generation
photosensitiser for which marketing clearance was obtained.>> As early as 1990,
Kennedy was using ALA for the treatment of skin disorders 2> and at present Pp via
ALA as a prodrug is being investigated for the treatments of cutaneous and
gastrointestinal cancers, psoriasis, and precancerous lesions.'?*%*55 The relatively

simple synthesis of ALA and its accessibility in a pure form has prompted intensive

research to be undertaken with this prodrug.

1.2.6 Synthetic second-generation photosensitisers

Synthetic second-generation photosensitisers can be placed into four main groups:
e Substituted porphyrins

 Phthalocyanines and naphthalocyanines

10



¢ Chlorins and bacteriochlorins

e Porphycenes and texaphyrins

Substituted porphyrins

- Advancements in porphyrin synthesis involve preparation of single, well
characterised compounds that absorb light of longer wavelengths which have strong
absorption in the red region of the electromagnetic spectrum.”® Simple and straight
forward chemical modifications have improved the solubility and amphiphilic character
of the photosensitisers. 3,10,15,20-Tetra(3-hydroxyphenyl)porphyrin (m-THPP) [1] and
5,10,15,20-Tetra(4-sulfonatophenyl)porphyrin (p-TPPS,) [2] are two porphyrins
investigated for their use as new potential photosensitisers. m-THPP has shown to be 25-
30 times as effective at photosensitisation as HpD or Photofrin.>® Sulfonation to give p-
TPPS, has the effect of increasing the hydrophilic nature of the porphyrins hence making
the delivery of the drug much more effective. This eradicates the use of a carrier, often
required to avoid self aggregation of the photosensitiser in the plasma, which ultimately

reduces the singlet oxygen yield.

11
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5,10,15,20-Tetra(3-hydroxyphenyl)porphyrin (m-THPP)
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Fig. 2. Potential photosensitisers for PDT



Phthalocyanines and naphthalocyanines

An expansion of the basic porphyrin core and extending its conjugated n-system
by joining four benzene or naphthlene rings to the B-pyrrolic positions of the porphyrins,
and substituting the methine-bridge carbons with nitrogens, generates phthalocyanines
and naphthalocyanines. This modification in ring structure results to strong absorption of
phthalocyanines (Pcs) and napthalocyanines (Ncs) at longer wavelengths, which in turn
reduces '® the light and drug doses required for their use as PDT agents. Moreover,
phthalocyanines and naphthalocyanines absorb light with A in the range of 400-600 nm
less efficiently than porphyrins and consequently the risk of generalised photosensitivity
due to sunlight is greatly reduced.*®*” The tumour uptake is at a maximum 1-3 h post
injection and Pcs and Ncs are effectively eliminated from the body in 24 hours, therefore
cutaneous photosensitivity is only temporary.

The extra conjugation of the n-system in Pcs and the associated increase in
hydrophobicity is often counterbalanced by introducing polar substituents to avoid
solubility préblems.z’ 4 Sulfonation is an effective way to introduce polarity into these
macrocycles. However, a mixture of polysulfonated products are obtained which require
intricate separation using chromatography.** An example of a sulfonated phthalocyanines
is Chloro(phthalocyaninedisulfonato)-Al(III) (AIPcS;,) [3] which has been extensively
investigated as a PDT photosensitiser in vivo,'® >

Coordination of Pcs with diamagnetic metal cations increases their overall triplet
state yield and lifetime. 3! 46 AI(III), Zn(Il) and Ga(III) have all previously been inserted

into Pcs. Some well known examples include previously mentioned AlPcS, and

13



phthalocyaninato-Zn (II) (ZnPc) [4] which is being developed for commercial
production.2 The hydrophobic nature of ZnPc is overcome by using liposomes as carriers
in the body 2and they cause only mild generalised photosensitivity.*> Further
developments include attempts to synthesise sufficiently hydrophilic Pcs, which are
isomerically pure in order to obtain an ideal photosensitiser in PDT.!* 45

Nes are hydrophobic and hence insoluble in most bio-compatible solvents.® They
have been found to absorb light at long-wavelengths (~ 700nm) very strongly and are
therefore efficient as PDT photosensitisers. Some examples include Bis(trihexylsiloxo)
naphthalocyaninato-Si(IV) (SiNc) [S] and naphthalocyaninato-Zn(II) (ZnNc) [6] which
have been found to be active in vivo *! and further research continues in the use of Ncs in

PDT treatment of strongly pigmented tumours.

R\\ _ /R
\ N N
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R/ = >\

3]
R = H, H, SO5, SO37; AlPcSy;Chloro(phthalocyaniniedisulfonato)-Al(IIT)

14



S N
i\j | \\;
N \M/ N
WA,
o

[4]
M = Zn(I), ZnPc; Phthalocyaninato-Zn(Il)

Ree et

Si

/N A
\
[5]

F
N
L = OSi(CeHi3)13;

SiNc; Bis(trihexylsiloxo)naphthalocyaninato-Si(IV)
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[6]
Naphthalocyaninato-Zn(II)

Fig. 3. Phthalocyanine and naphthalocyanine derivatives in PDT

Chlorins and bacteriochlorins

Chlorins are obtained by the reduction of one exocyclic bond of a porphyrin. The
resulting dihydroporphyrin obtained has a stronger absorption at longer wavelengths i.c.
absorbs further into the red region of the electromagnetic spectrum.'® In bacteriochlorins,
two exocyclic bonds on opposite sides of the porphyrin macrocycle are reduced. This
intensifies and moves the absorption even further to the red end of the electromagnetic
spectrum. Isobacteriochlorins are produced when two adjacent double bonds on adjacent

pyrrole units are reduced. Their absorption is similar to that of chlorins and as synthesis

16



of isobacteriochlorins is more complex than that of chlorins, chlorins are often the

preferred choice for PDT photosensitisers.”

Synthetic chlorins that have been investigated as PDT sensitisers are 5,10,15,20-
Tetra(3-hydroxyphenyl)chlorin (m-THPC) [7], 5,10,15,20-Tetra(3-

hydroxyphenylbacteriochlorin) (m-THPBC) [8] and ethiopurpurinato-Sn(IV) (SnET)) [9].

HO

[7]
5,10,15,20-Tetra(3-hydroxyphenyl)chlorin (m-THPC)
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5,10,15,20-Tetra(3-hydroxyphenyl)bacteriochlorin (m-THPBC).
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[10]
Octaetyl Benzochlorin

Fig. 4. Synthetic chlorins and bacteriochlorin derivatives in PDT

The reduced forms of the well established 5,10,15,20-Tetra(3-
hydroxyphenyl)porphyrin (m-THPP) are found to be more active in PDT.!” Chlorins are
often stabilised, to avoid oxidation back to chlorins, by placing large substituents or an
exocyclic ring next to the reduced pyrrole ring.16’ 18.49 This approach is illustrated in the
structures of SnET, and benzochlorin [10]. Dimagentic metal cations are also often
coordinated by the macrocycles to intensify the absorption of red light by the
photosensitisers and to move their absorption bands to longer wavelegths.’ These
improvements have led to the commercialisation of the these chlorins, and continued

research to find more chlorins and bacteriochlorins for application in PDT.
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Porphycenes and texaphyrins

Structural isomers of porphyrins are known as porphycenes where as texaphyrins
are modified porphyrins where a phenyl ring substitutes one pyrrole ring. In 1986, Vogel

I % synthesised the first porphycene [11] via a McMurry rearrangement of bipyrrole

eta
dialdehydes. Sessler * synthesised the first texaphyrin by a '3+1' type condensation
reaction between a tripyrromethane and 1,2-diamino-3,4-dimethylbenzene. Texaphyrins
have good singlet oxygen yield and can also be coordinated to large metal cations to give
metal complexes that are photoactive in vivo. '8 Ln(II) and Lu(ll) are often the metals
associated with texaphyrin complexes. The Lu(Il)-complex of a texaphyrin (Lu-Tex) [12]
is a very stable, hydrophilic PDT photosensitiser. It has the advantage of selectively
accumulating into tumours and irradiation can be performed three hours post injection.
However, research is still going on to overcome some of the side effects of Lu-Tex,

which include cutaneous pain during PDT.%***3! These problems, together with poor

yields and separation problems, contribute to more research being needed in this area.

[11]
R = H, Porphycene
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(CH,CH,0);CH;

O(CH,CH,0),CH;,

[12]
Texaphyrinato-Lu(III)

Fig 5. Porphycenes and texaphyrins in PDT

1.2.7 Modified Naturally Occurring second-generation

photosensitisers

Modified naturally occurring second-generation photosensitisers involve the use
of naturally available precursors for their modification for a variety of chlorins. There are

two major categories:-
e Chlorins from protohemin or bilirubin

e Chlorophyll derivatives
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Chlorins prepared from protohemin or bilirubin

Protohemin [chloro(protoporphyrinato)-iron(III)] is a vital natural precursor for
many partially chlorins. Protohemin was isolated in pure form from bovine blood ® as
early as 1957. Functional modifications to produce proto-, meso-, deutero-, carboxylic
and hematoporphyrins using simple synthetic methods have been developed. ¢

Vinyl porphyrins were also investigated for their role in the production of chlorin-
like products using Diels-Alder type reactions.*> Benzoporphyrin derivatives (BPD) were
later produced by Dolphin and co-workers * ® as well as Smith and co-workers.®
Benzoporphyrin derivative mono acid ring A (BPD-MA) [13] has proven to be a
promising photosensitiser, which has recently been clinically approved for the treatment
of solid tumours.®’ Synthesis was achieved by the Diels-Alder reaction of dimethyl ester
of protoporphyrin with dimethyl acetylenedicarboxylate (DMAD). BPD-MA is virtually
insoluble in water, requiring a liposomal system for its administration. BDP-MA is
currently available commercially, as Visudyne® for the treatment of Age-related Macular
degeneration (AMD). Long wavelength absorption properties and the ability to clear

rapidly from the system have made it an ideal candidate for the treatment of this common

eye condition.
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R'0,C CO,R?
[13]
R!(R)=CH; R*RY)=H;
BPD-MA; benzoporphyrin derivative mono acid ring A

Fig 6. Benzoporphyrin derivative mono acid ring A

Monforts and co-workers have developed various chlorins, which involve further
functional modifications to afford more hydrophilic chlorins.%® % Other compounds
derived from naturally occurring bile pigment bilirubin include azachlorins. Azochlorins
are cyclic tetrapyrroles that have one to four nitrogen bridges instead of methine bridges.
Synthesis involves a route via the production of the intermediate 5-oxoniumporphyrinato-
Zn(IT). Azochlorins exhibit good triplet and singlet oxygen yield. Their photophysical

parameters are excellent and hence promising research continues.

Chlorophylls and related chlorins

Chlorophyll is a component of the photosynthetic pathway is involved in
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acquiring light and transforming it to chemical energy. Chl a and Chl b are both
abundant in all green plants and are the most common of the natural chlorophylls.
Natural bacteriochlorophylls, e.g. BChl g, are Mg(II)-complexes of bacteriochlorins
occurring in certain photosynthetic bacteria. However, bacteriochlorophylls have been

found to be unstable under PDT conditions 27*!

and hence more stable analogues have
been sought.

An advantage of using natural chlorins and bacteriochlorins is their availability
and ease of obtaining abundant amounts from plants and algae. Leaves from plants such
as spinach, beans, clover can be used to isolate Chl a and Chl 4 in sufficient amounts by
simple extraction and precipitation methods.” Other methods for separation of
stereochemically pure Chl a and Chl b can be obtained by separation using a sucrose

column.”" Further functional modification by partial synthesis is required to yield a great

variety of Chl-related derivatives.”

[14] R' = phytyl, R = CH;=Chl a
[15] R'=H, R? = CH;=Chlid a
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COR!

[16] R' = phytyl, R*=CH; R® =H =Phe a
[17] R' = phytyl, R?= CHO, R® = H =Phe b

Fig 6. Structure of Chl a, Chlid a, Phe a and Phe b.

Chl a, containing the lipophilic phytyl group, is a hydrophobic photosensitiser and
has hydrophilic components such as Mg(II)-atom, the 13 and 17° ester carbonyls (Fig 6) .
Chl g aggregates in aqueous solvents and in non polar organic solvents, which inhibits its
ability to generate 'O2. The low solubility and high aggregation tendency has
consequently led to Chl a being only rarely used as a photosensitiser in biological
systems.21 Derivatives of Chl g, such as Chlid a, Phe a, Phe b have all been made in
attempt to increase hydrophilicity and minimise aggregation problems. Ongoing research

is being conducted to synthesise the ideal photosensitiser from chlorophyll.
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1.2.8 Third generation photosensitisers

Second generation photosensitisers have the ability to be taken up by proliferating
tumour cells at a faster rate than of normal cells. Consequently, they tend to accumulate
more in tumour tissue than in healthy tissue. Photodynamic therapy relies on this

preferential, higher uptake of the photosensitiser in order to target tumour tissue and

cause minimal damage to healthy tissue.

However, lack of sufficient selectivity of the second generation photosensitisers
have led to a large research effort aimed at developing photosensitisers, which have
structural characteristics that contribute to more specific localisation. Third generation
photosensitisers involve bioconjugates of biological active targeting molecules and
photosensitisers. Conjugation with porphyrins, phthalocyanines, chlorins and
bacteriochlorins can either occur via covalent or non covalent interactions. Conjugation
of various biologically active molecules has been investigated to enhance the localisation

properties of PDT sensitisers, some examples are:
+  Serum albumin

e Antibodies

e Polymers

*  Sugars
The aim would be to attach a biologically active molecule to the photosensitiser

via a functional group present on the macromolecule, whilst preserving the
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pharmacokinetic properties of the biologically active molecule as well as the
photophysical properties of the sensitiser. Also in doing so, improve the systematic

introduction of the conjugate by increasing the degree of water solubility.

Serum Albumin conjugates

Covalent conjugation of a photosensitiser to a ligand that is specifically
recognised and internalised by a cell-surface receptor may be a way of improving the
selectivity of photodynamic therapy (PDT). Serum albumin is a highly abundant blood
protein that is produced in the hepatocytes of the liver. It has a molecular mass of
66500Da and is well characterised in the literature. It has been shown to be a general
purpose carrier of metabolites and drugs around the body, providing a high capacity
reservoir to stabilise the concentrations of many free ligands. It is also a carrier for

nutrients such as vitamins, amino acids, metal ions [Cu(II) and Zn(II)] and steroids.

Tumour cells which are rapidly dividing require an elevated supply of nutrients.
Hence the procedures by which such nutrients are delivered to the cells are enhanced and
as albumin itself is a nutrient which is digested in cells, an increased uptake of albumin
would allow a higher accumulation of the attached photosensitiser in the tumour tissue.
Therefore albumin is a good candidate for bioconjugation with photosensitisers to

enhance their localisation.

The earliest investigation carried out on photosensitisers covalently attached to

serum proteins was reported by Hamblin and Newman.”™ ™ The investigation involved
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the study of covalently attached hematoporphyrin with bovine serum albumin, transferrin,
low density lipoprotein (LDL), high density lipoprotein (HDL). They investigated the
uptake and phototoxicity of the conjugates in three different cell lines: human
adenocarcinoma cells (HT29) and mouse fibroblasts (3T3) in J774 which is derived from
Balb/c mice that in vitro behaves as macrophages. Noticeably the phagocytic cell line
J774 displayed the higher uptake of BSA and lipoprotein conjugates compared to the
other cell lines. In non-phagocytic cell lines, HT29 and 3T3, the BSA-hematoporphypin
conjugates were found to accumulate predominantly at the cell surface whereas
transferrin and LDL conjugates showed receptor mediated internalisation. Comparison
studies indicated that these conjugates displayed an elevated Ievel of toxicity to all cell

lines compared to the unconjugated hematoporphyrin.

Phthalocyanine conjugation with serum albumin was investigated by Brasseur et
al ™ who targeted the delivery of aluminium tetrasulfophthalocyanine (AIPcS) to the
scavenger receptor of macrophages, via coupling to maleylated bovine serum albumin
(mal-BSA). AlPcS,was covalently coupled to BSA via one or two sulfonamide-
hexanoic-amide spacer chains to yield the BSA-phthalocyanine conjugates. The study
investigated the uptake and phototoxicity of the conjugates in two cell lines: J774, which
is derived from Balb/c mice that in vitro behaves as macrophages and non-phagocytic

EMT-6 cells.

Both conjugates were shown to be non-specifically taken up by EMT-6 cells. But

majority of both conjugates remained accumulated with the cell surface, an observation
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explained by the inherent low phtotoxiciy exhibited by both AIPcSs-mal-BSA as well as
AlPcS4-BSA. On the other hand J774 cells displayed specific and receptor mediated
uptake of the conjugate. Comparative studies indicated that the conjugates were
recognised by the scavenge receptor. The coupling with mal-BSA also improved the
binding affinity. Phototoxicity of the conjugates towards J774 cells corresponded to their
relative affinity, with mal-BSA-AIPcS, coupled via two spacer chains exhibiting the
highest activity. In conclusion, conjugates displayed less phototoxicity toward the EMT-
6 cell line than J774 cell line but in both cases, conjugated AlPcS, was found to have
lower activity than that of free disulfonated AlPcS,.

Further research was conducted by conjugating Chlorin (es) covalently to bovine
serum albumin to give conjugates with BSA and mal-BSA. Photosensitiser uptake was
measured by target J774 murine macrophage like cells and non-target OVCAR-5 human
ovarian cancer cells. The conjugates were found to be abundant in the J774 cells and
overall a high degree of photoinduced cytotoxicity was observed whereas the OVCAR-5
cells showed a very small uptake and no phototoxicity towards the conjugates. The
uptake and phototoxicity decreased after incubation of the J774 cells at 4 °C suggesting
the internalisation of the photosensitiser which was confirmed using confocal microscopy
indicating lysosomal localisation. Addition of the mal-BSA conjugates indicated
competitive uptake and phototoxictity. The study concluded the higher degree of
specificity towards macrophages upon conjugation and therefore an overall improvement

in the photoactivity and localisation of the photosensitiser.
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Antibody conjugates

Antibody conjugates target antigens expressed by tumour cells hence allowing
selective accumulation of the photosensitiser in these cells. Selective administration to
the tumour would avoid the use of high drug doses and consequently minimum
photosensitivity side effects would be experienced. Natural immunisation of animals
gives rise to various antibodies which differ in important properties such as specificity,
subclass and affinity. These antibodies are known as polyclonal as they arise from many
different lymphocytes coming into contact with the antigen when the animal is exposed.
Monoclonal antibodies (Mab) vary from polyclonal antibodies as they have homogenous
properties. To obtain monoclonal antibodies, plasma B cells are obtained from the spleen
of an animal and are all subsequently fused with malignant myeloma cells. This gives
rise to heterogeneous populations of hybrid cells which are separated into homogenous

populations and grown in vitro to generate a high yield of monoclonal antibodies.

The earliest studies of Mab-conjugates was reported in 1983 7 where
hematoporphyrin derivative was conjugated to a Mab directed against DBA/2J
myosarcoma M-1. The study found that the time interval between injection and light
activation was an important factor in tumour suppression. The study also showed that the
conjugated photosensitiser inhibited nHﬁour growth compared to the controls used. The
same research group investigated benzoporphyrin derivative mono acid ring A (BPD)-
Mab conjugation with a polyvinyl alcohol linker.” However no therapeutic applications

have been reported so far. Further work was conducted by Goff et al 7 who used
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polyglutamic acid as a linker in conjugation of chlorin (es) with Mab. Overall results
from the study concluded improved survival where the conjugates were used as compared

to the unconjugated chlorin és.

Oseroff et al ”° also reported the use of chlorin es-Mab conjugates in studying the
selective photolysis of human T-cell leukemia cells in vitro. Cytotoxicity assays were
performed using HPB-ALLT-leukemia cells and two Leu-1 antigen negative cell lines.
Control conjugates and free chlorins were also administered as controls but showed no
significant toxicity to the HPP-ALL cell line. In contrast, the anti -Leu-1-dex-chlorin e

showed significant photolysis of these cells in a high dose dependant manner.

More recent antibody conjugation studies involve one of the most promising
second generation photosensitisers, mefa-tetra hydroxyphenyl chlorin (mTHPC).® m-
THPC is a well characterised and highly efficient photosensitiser used in the treatment of
head and neck cancers, as well as in the treatment of early second primary squamous cell
carcinoma of the oesophagus, bronchi and mouth.*! However, m-THPC based PDT lacks
tumour selectivity which can result in severe normal tissue damage after PDT of large
surface areas. Recent developments have allowed conjugation of m-THPC with Mabs
directed against tumour associated antigens. This enables the photosensitiser to be
targeted selectively at the tumour. The m-THPC-Mab conjugates have been found to be
suitable for the treatment of multiple tumour foci in large areas. This advancement has
minimised the problem of phototoxicity as the Mabs have limited access to the skin.

The m-THPC-Mab conjugate synthesis has not been fully exploited and a serious
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problem encountered is the poor water solubility of m-THPC. Other problems include
cross linking during conjugation, change in the pharmacokinetic activity of the antibody
as well as the photochemical activity of the photosensitiser. In the study, aggregation and
solubility problems were overcome by attaching four m-THPC molecules to a monoclonal
antibody and after 48 hours post injection, there was a higher concentration of the
conjugate in the blood in respect to the unconjugated m-THPC. Tumour selectivity of
Mab-conjugated m-THPC increased in comparison to the unmodified m-THPC and after
48 hours, the level of Mab-conjugated m-THPC in the skin was much lower than that of
the unconjugated m-THPC. This minimised the photosensitivity experienced during PDT

and improved its efficacy as a targeting photosensitiser.

Polymer conjugates

A limiting factor for second generation PDT photosensitisers in their use against
intracavity tumours, such as disseminated ovarian cancer, is its selectivity of the
photosensitiser for tumour tissue compared with normal tissue. Covalent attachment of
water-soluble polymer allows the delivery of hydrophobic photosensitisers 82 and
conjugation with a polymer may also increase selectivity of the photosensitiser.

Westermann ef al 83

investigated the use of polyethylene glycol (PEG-5000) to
improve the selectivity and biodistribution of meta-tetra hydroxyphenyl chlorin (m-
THPC). The study involved attaching PEG to the four hydroxyl groups of m-THPC

covalently and conducting comparative studies using conjugated and unconjugated m-

THPC in nude mice bearing human colon carcinoma LS174T xenografts. Results
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indicated that pegylation of m-THPC resulted in a higher tumour uptake and higher
tumour to normal tissue ratio at all times. These results indicate that pegylation had

improved the selectivity of the conjugate for tumour cells over healthy tissue.

Other studies include work carried out by Brasseur et al ** who used water-soluble
polymers (PEG-2000 and polyvinyl alcohol) for the delivery of the hydrophobic
photosensitiser chloroaluminium phthalocyanine (AICIPc) to Balb/c mice bearing
interdermal EMT-6, or colon carcinoma colo-26 tumours. Results indicated that the
AlPc-PVA conjugate had prolonged plasma half life, lower retention by the liver and
spleen and a considerably higher tumour to normal cell ratio in comparison to
unconjugated AlIC1Pc.

Further work was carried out by Hamblin et al ¥ and involved the attachment of
polyethylene glycol (pegylation) to a polyacetylated conjugate of poly-1-lysine and
chlorin e;. Conjugates were investigated in vitro using an ovarian cancer line (OVCAR-
5) and the macrophage cell line (J774). Comparative studies with the unconjugated
chlorin indicated that the conjugate increased the relative phototoxicity towards the
ovarian cancer line (OVCAR-5) whilst reducing it towards the macrophage cell line
(J774). Notably, this was not the case with the unconjugated chlorin, and interestingly
the increase in phototoxicity observed was reflected by the reduced oxygen consumption
and aggregation. Confocal fluorescence microscopy revealed greater mitochondrial
localisation in the OVCAR-5 than J774 and, on illumination switching of the cell death
mechanism from necrosis to apoptosis was observed only in the OVCAR-5 cell line.
Upon injection of the conjugates into nude mice bearing OVCAR-5 tumours, pegylated
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conjugates gave higher amounts of photosensitiser in the tumour as well as a high tumour
to normal tissue ratio and also increased the physical depth to which chlorin e would

penetrate unconjugated. All factors pointed out to an increase in efficacy of

photodynamic therapy for ovarian cancer using pegylated PDT agents.

Sugar (carbohydrate) conjugates

Second generation photosensitisers and the problems encountered during PDT,
such as low selectivity and slow clearance leading to long lasting photosensitivity, have
led to research on new photosensitisers that have well defined structure, exhibit higher
selectivity for tumour tissue as well as being quickly eliminated from healthy tissue. As
previously described, compounds showing strong absorption of light in the red region of

the visible spectrum are also preferred.

The mechanism for photosensitiser uptake by tumour cells has been well studied,
but many factors are still uncertain. However, there is evidence that hydrophobic or
amphiphilic sensitisers are carried by low density proteins and this route of delivery is
efficient due to the high level of LDL receptors found on cancer cells.®>* Furthermore,
many amphiphilic porphyrins linked to sugar moieties have been synthesised and results
show porphyrins bearing one or two carbohydrate substituents gave encouraging results.’
Porphyrins with sugar moieties have been found to have good solubility in aqueous

solutions and possibly acquire specific membrane interactions.®* *

Synthesis of glycoconjugated porphyrins are found mostly by using sugar
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derivatised pyrroles, dipyrromethanes and aldehydes. Early work includes that of
Maruyama and co-workers % who synthesised tetra-glycosylated porphyrins via
aldehydes derived from ribose, fructose and galactose which were converted to their
corresponding nitroalkenes by condensation with nitroethane. The studies found that the
tetra-glycosylated porphyrin was not as effective as hematoporphyrin and Rose bengal in
generating singlet oxygen and prompted more work to be carried out to obtain more
efficient photosensitisers. Many porphyrins linked to sugar moieties have been

synthesised since then and some derivatives have proved to possess activity in PDT.”"**

Sol et al ¥ investigated the synthesis and characterisation of amino acid
glycosylporphyrin derivatives and compared their in vifro photocytotoxic activity with
hematoporphyrin (HP). Synthesis involved the condensation in different ratios of two
benzaldehydes with pyrrole using Lindsey’s conditions.!® In order to improve cell
membrane recognition, glucose and other sugar molecules were substituted at the meso
positions of the tetra pyrrolic macrocycles. The phototoxicity of these synthetic
porphyrins was tested against K562 human chronic myelogenous leukemia cells and
found that the intermediate dead cell counts were always higher for the modified
porphyrins than those observed with HP. Furthermore, the sensitising abilities of these

compounds are of considerable interest for photodynamic therapy.

Other glycoconjugated porphyrin studies include work done by Mikata et al.!®!
The study concentrated on finding the correlation between the hydrophilicity of the

compound and the phototherapeutic activity. New tetraphenylporphyrin derivatives
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having eight glucose molecules were synthesised and their activity compared to
tetraglucosylated tetraphenylporphyrins. The photosensitising ability of the compounds
was evaluated '°2 and so was the calculation of the singlet oxygen yield (‘O). The results
indicated that the sugar-linked porphyrins were as effective as hematoporphyrin (HP) and
tetraphenylporphyrin tetrasulfonic acid (TPPS), both well established PDT
photosensitisers and 10, generators. The phototoxic properties of the octa-glucosylated
sensitisers were measured against the HeLa cell line. Comparative studies were
conducted using TPPS and a, B, ¥, 6-tetrakis(1-methylpyridinium-4-yl)porphyrin-p-
toluenesulfonate (TMPyP). The glucosylated compounds indicated minimal cytotoxicity
in the dark at low drug concentrations. Results also showed porphyrins having four
protected sugar groups (tetraacetylglucose) were most photoactive suggesting that the
glucose moiety prote;ted with acetyl groups increased the uptake of the drug into the cell.
However it is worth noting that porphyrins having eight glucose moieties (octa-
glucosylated derivative) did not exhibit any marked effect, possibly due to the increased
steric bulk associated with the eight acetyl groups.

More recent developments involve conjugation of glucose with chlorins. Due to
the enhanced activity of chlorins over TPP 33 chlorins were considered better candidates
for derivatisation with sugars in order to improve their solubility, targeting and

localisation ability. Laville et al 103

studied the synthesis of tri and tetra (meta-
hydroxyphenyl)chlorins and the effect of the glycoconjugation on the photoactivity of the

molecule. Comparative studies were performed in HT29 human adenocarcinoma cells of

the glycoconjugated chlorins and m-THPC, Foscan®. Results indicated that m-THPC
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was poorly internalised and weakly photoactive. In contrast, the amphiphilic tri(meta-
hydroxyphenyl)chlorin demonstrated much higher phototoxicity compared to m-THPC.
Studies concluded that internalisation proceeded via an active receptor-mediated
endocytosis mechanism and the higher phototoxicity was linked to higher mitochondrial
uptake by the ambhiphilic tri(lmeta-hydroxyphenyl)chlorin. Overall, studies confirmed
that in most cases, glycoconjugation improved photoactivity and targeting. Further work

in sugar derivatives of PDT agents still continues as results are proving to be promising.

1.2.9 Further research in photodynamic therapy

Currently, many developments based on new porphyrin photosensitisers are being
investigated. However, there is still a lot of research required into the third generation of
photosensitisers. The use of biological substrates for conjugation and as carriers for the
photosensitiser has included some exotic and unique applications. The use of third
generation photosensitisers has placed emphasis on the study of their pharmacokinetics,

biochemistry, immunology, catalysis and drug metabolism.

Many synthetic pathways that have been developed but still are low yielding and
often involving many steps and giving a mixture of by-products. Hence more work is
needed to develop efficient, high yielding and synthesis of pure photosensitisers.
Furthermore, the most important emphasis for this research is the focus on targeting,
delivery and mode of activity of the photosensitisers in the cells. In vitro and in vivo

work needs to be done to establish the mechanism of action of the photosensitisers in
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tumour cells in order to improve selectivity and subcellular localisation of the

photosensitisers.

1.3 PORPHYRINS AS TOOLS FOR BIOLOGICAL ANALYSIS

The aim of this section is to discuss the underlying principles for porphyrins being
suitable for biological analysis. Emphasis is placed on their use as optical oxygen sensors

for the measurement of oxygen concentration.

1.3.1 Optical sensor systems

Molecular oxygen has various applications in cells which are often highly
dependant on the amount of oxygen present. Basic physiological and biochemical
processes are highly dependant on local oxygen pressure to maintain cellular
homeostasis.'® Many methods have been established to measure oxygen and each
method has its advantages and disadvantages. A particular method or a combination of
methods may be used to determine the oxygen concentration at the site in question.
Direct oxygen measurements can be taken in the circulatory system but this approach has
many limitations. Such measurements of blood gases are invasive, time consuming and

provide discontinuous data.'%

Moreover, the largest limitation of measurements in the
circulatory system is that they do not give oxygen levels within the tissues where most
interactions take place. Therefore, more methods of determining the partial pressure of

oxygen (PO,) are being sought.
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_1.3.2 Measuring oxygen concentrations in vivo

Several methods exist for the measurement of oxygen levels in vivo. The most

appropriate method will depend on several factors and those that should be considered

include:

* The site under investigation.

e The oxygen levels likely to exist and the accuracy required for the measurements.

e The time resolution required.

e The overall number of measurements required, i.e. single or multiple.

e Other physiological information to be considered to obtain the oxygen measurements
i.e. membrane barriers etc.

e The extent of invasiveness that can be experienced without affecting the

‘measurements.

1.3.3 Ideal oxygen sensor

Most molecular oxygen sensors have limited applications, low sensitivity and are difficult

to synthesise or set up. Some qualities that are required for optimum results are:

* Non-invasiveness - Measurements should be preferably taken with causing minimal
disruption of the system.

* Repeatability - Measurements should be ideally made frequently over a long amount
of time within a system.

* Accuracy - Repeated measurements should display marginal variability and the data

obtained should be accurate and correlate closely to measurements taken by other
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reference methods.

* Sensitivity - Sensors should enable measurements to be made at a range of PO, and
especially at low PO, levels.

* Little or no toxicity - The sensors should not exhibit any form of toxicity or cause any
adverse side effects in the system.

e Multiple measurements - More than one measurement should be taken so as to
improve the viability and accuracy of the results.

* Synthesis - Synthesis of molecular sensors should involve single, pure compounds
with minimum synthetic steps and purification procedures so as to obtain the sensors

in adequate yields.

1.3.4 Methods of measuring oxygen

The approach to our research is based on metalloporphyrins as oxygen sensors.
However, before discussing this approach in detail, it is necessary to review some other

related and complementary techniques for measuring oxygen concentrations.

Luminescence quenching

Luminescence based optical sensors have been widely investigated.'% Heavy
transition metals such as Ru(Il) complexes have been used for their high yield of
luminescence.'®” Some sensors involve the absorption of the dye in a polymer layer such
as the absorption of ionic insoluble dyes on the surface of carrier particles (e.g. silica)

entrapped within a silicone rubber matrix allowing the immobilisation of the dye. !¢
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Other Ru(II) complexes have been directly dissolved in glassy polystyrene layers.'%®
Luminescence quenching of tris(4, 7'-diphenyl-1, 10'-phenanthroline)Ru(Il)
perchlorate, dissolved in a polystyrene layer has been investigated for its use as an oxygen

sensor.''® This method has been found to be effected by temperature, concentration and
aggregation qualities. Other dyes that have also been studied include tris(2, 2'-
bipyridyl)Ru(IT)dichloride in poly(vinyl alcohol) and poly(vinyl pyrrolidine) matrices '"
as well as RuPh,PhenCl; in plasticised cellulose acetate.'1?

However, as these oxygen sensors are invasive, insensitive and often require

calibration to stabilise the systems, this method is often used in conjunction with other

methods.

Polarography

This is the most commonly used method for measuring oxygen concentrations and
the technique is best for obtaining spatially resolved, accurate and multiple measurements
of PO, in vivo. It provides measurements of PO, and in forms such as the Eppendorf
histograph, displaying partial oxygen against time in order to provide a profile
measurement of PO, values along a track. Disadvantages of this method include possible
tissue damage during insertion of the electrodes, fragility of the system, unsuitability for
repeated measurements and the variation in results in the electrode region due to the
consumption of O,. However, it is still considered as the “golden standard™ for

measurements of PO, and hence often used as a reference method in many systems.'®
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Near Infra-red spectroscopy

Near Infra-red (NIR) spectroscopy can be used to measure the concentration of
certain organic species and can be applied to even challenging media. Bonds in
biologically important molecules such as aliphatic, alkene and aromatic C-H, amine N-H,
hydroxyl O-H as well as C-O absorb in the NIR range. As each chemical structure is
related to a specific position, shape and size of the analyte’s absorption band, the
concentration can be calculated from the data obtained. However, often advanced data-
analysis algorithms are required to obtain accurate data.

This technique has potential advantages, especially when combined with other
methods that measure PO, directly in tissues, such as polarography. NIR measurements
of haemoglobin provide quantifiable data on intravascular haemoglobin content and
saturation, hence producing additional data on the supply of oxygen to the tissue from the
vascular system and the total oxygen capacity. Recent developments allow time-resolved
or frequency-domain light measurements, which improve the accuracy of the results
obtained. The system has been studied to quantify the exact haemoglobin concentration

and oxygen saturation within bulk tissue 13

as well as providing data from relatively deep
tissue sites and the opportunity for imaging haemoglobin with modest spatial
resolution.!™* The method allows data acquisition for haemoglobin and PO,, hence
facilitating the investigation of the demand and supply of oxygen within a tissue. The

information obtained can be vital for determining the response of a tissue to damage or

the viability of a tissue.
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NMR methods

The wide availability of NMR instruments and the advantage of being non-
invasive makes this method of measuring O, concentration very favourable. NMR has
been used to make direct measurements of local PO,, by measuring the oxygen sensitive
T, relaxation rate of perfluorocarbons.'”* Previous studies involved the introduction of
perfluorocarbons into the area under investigation by direct injection 16 or vascular
infusion.!'” The injection method was shown to allow the direct placement of the
perfluorocarbons where as vascular infusion limited the distribution and localisation of
the perfluorocarbons. In the later case, the localisation of the perfluorocarbons was based
on the cellular uptake and as a consequence deposition was restricted to perfused regions
only.l 18 Simple washings would allow the manipulation of the incubation times and
hence measurements could be made hours after direct injection or several days after being
taken up by the cells. The sensitivity of the technique was investigated and shown to
have improved chemical composition by increasing more fluorine atoms of identical
chemical shifts to improve the signal and T, measurements. The method provided
enhanced sensitive PO, data which was very similar to that obtained with the Eppendorf
microelectrode without causing any disturbance to the cells. Recent developments
include blood-oxygen level dependent imaging (BOLD) which has been used to
investigate deviations in local oxygenation. This area is still being studied and is seen as
a challenging area of research in NMR studies.

NMR studies of myoglobin has proved to be a useful technique for measuring O,

119

concentrations in tissues that are enriched with myoglobin.”” The method again was
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non- invasive but indicated limited sensitivity. The method has been applied to study low
oxygen level conditions such as radiobiological oxygen effect and ischaemia/reperfusion
injury.

NMR methods have the advantage of being sensitive over the observed range of
haemoglobin saturation and are potentially useful to measure oxygen levels in all tissues.
However, the methods also have limitations as measurements only reflect changes in
haemoglobin saturation and hence additional information is required to obtain PO,

1
values.'?% 12

1.3.5 Phosphors - method of choice for measuring O, concentration

During the past few years, the use of oxygen-dependant quenching of
phosphorescence has proved to be a reliable and reproducible technique in measuring the
oxygen levels at subcellular regions.'® The choice of phosphors for investigation in this
project is metalloporphyrins and will be discussed in detail later.

The use of phosphors as a method of oxygen measurement has many advantages
over the conventional methods and one of them is the response time. The response time
associated with this method allows accurate measurement of the oxygen pressure
throughout the physiological important range of 760 torr down to 102 torr and can be
applied to all living cells without invasion of the tissue. The most desirable and useful
aspect of this technique is that simple optical measurements can be used to calculate the
oxygen pressure in the area under investigation.

The Stern-Volmer relationship can be applied to convert the phosphorescence into
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quantitative measurements. The equation below shows the Stern-Volmer relationship:-

Io/I=To/T=KqTo[02] (1)

Where I, and  are phosphorescence intensities in the absence and presence of oxygen
concentration [O,] respectively, 7, and 7 are the singlet lifetimes in the absence and the
presence of oxygen respectively and K, is the bimolecular quenching constant. The
bimolecular quenching constant is related to the rate of diffusion of oxygen of the
particular metalloporphyrin / luminophore (a molecule that gives out light).

The detailed discussion of the photochemistry of porphyrins involved has been

covered previously. In summary, upon illumination of the luminophore, photoexcitation

allows the molecule to be raised to an excited state S’ which has a lifetime 7. From the

excited state, the luminophore has several ways of returning to the ground state. The first

possibility is by emitting a photon:

S’ — S +h e (rate k) )]

Another route is for S to return to its excited state non-radiatively:

S" — S + heat (rate ky) 3)
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Yet another common route involves the return to the ground state by energy transfer to
other molecules (quenching). In biological systems, the most abundant quenching agent

is oxygen.

S"+ 30, > '0,+ S + heat (rate k, [0]) “4)

The higher the concentration of oxygen available, the more this third pathway is
preferred. Consequently, as the concentration of oxygen increases, the phosphorescence
emission intensity decreases. This is the basis of using phosphors for measuring oxygen

concentration.

1.3.6 Molecular oxygen interactions

Knowledge of the different energy states is important in order to understand the
interaction of the luminophore with oxygen. It can be concluded that photoexcitation of a
luminophore allows it to be raised to a higher energy state S* and the luminophore returns
to the ground state via many mechanisms including phosphorescence. Oxygen is an
abundant quenching agent, available in most biological systems, and therefore the energy
released during phosphorescence may be quenched by oxygen in its ground state *0,

producing the higher in energy 10, state.
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1.3.7 Choice of metal in metalloporphyrins

The choice of metal coordinated to the central nitrogen atoms of the porphyrin
macrocycle determines the types of reaction the porphyrin undergoes. The introduction
of divalent central metals forms highly electronegative porphyrin complexes in the order
MgP > ZnP > CuP > NiP > PdP."” The high electron density around the centre, makes
the centre of the porphyrin macrocycle quite stable and hence any reactions would
involve the substitution at the meso-carbons other than the B positions.

Pt (I) and Pd (II) are particularly important metals for their use as optical sensors
to detect low oxygen concentrations. These metals have the electronic configurations 6d®
and 5d°respectively. These electrons are involved in the backbonding between the d
orbitals of the metal and the 7" orbitals of the porphyrin and allow rapid intersystem
crossing. This results into little or no fluorescence during the conversion of the
luminophore from its singlet state to its triplet state. Consequently, this leads to their

phosphorescene quantum efficiency to be higher than that of other metalloporphyins.

1.3.8 Metalloporphyrins as phosphors

In most oxygen quenched phosphorescence sensors, palladium and platinum
complexes are employed. A range of studies have taken place to establish this desirable
property of metalloporphyrins without the associated tissue damage obtained by
porphyrins acting as PDT agents. This is achieved by using minimal amounts of the
metalloporphyrin. These include studies where the porphyrin is embedded in an
appropriate polymer matrix such as polystyrene to produce a solid-state phosphorescent
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coating.'>'**!* Molecular oxygen penetrates the coating and quenches the
phosphorescence intensity and consequently shortens the lifetime via phosphorescence
quenching. In most studies, the phosphorescence lifetime of the oxygen probe which has
been found to be independent of the concentration, geometrical as well as instrumental
factors is used for quantification of oxygen. Singlet lifetime can be monitored on a real

time-scale using phase-modulation tecniques.'?®

In early studies, experiments provided
time-resolved data that were analysed to give “apparent” oxygen concentrations.
Recently, frequency domain time-resolved phosphorometry has provided a more
practical, technical and significant system for measuring oxygen distribution, 228

Early studies conducted by Vanderkooi et al Yinvolved water-soluble derivatives
of porphines and fluoresceins as triplet state probes of oxygen. The probes include
fluoresceins derivitives, 4> 5°-diiodofluorescein, eosin Y,5(and 6)-carboxyeosin,
erythrosin and 5(and 6)-carboxyerythrosin as well as Zn(II), Y(III), Sn(IV), Lu(IIl) and Pd
(ID) derivitives of meso-tetra-(4 - sulfonatophenyl)-porphine, meso-tetra-(N-methyl-4-
pyridyl)-porphine and coproporphyrin. Using the Stern-Volmer relationship, the
phosphorescence lifetimes of the probes were found to be dependent on the concentration.
Binding of the probes to bovine serum albumin (BSA) prolonged the half-life of the
probes by inhibiting self quenching and protection from collision with quenchers. The
study indicated the possibility of measuring oxygen from ~ 250 pM (air saturation) down
to nanomolar range. Hence a simple, reliable, stable and sensitive method of measuring

oxygen was described.

A further study investigated the involvement of oxygen in the production of
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adenosine triphosphate (ATP) which is required for energy release in bioprocesses such
as biosynthesis, transport and mechanical work.'”® This study concentrated on the effects
of oxygen deficiency using an understanding of the dependence of the oxygen
concentration on mitochondrial oxidative phosphorylation. The method involved the
phosphor palladium corpoporphyrin as an oxygen indicator. The phosphorescence-
lifetime method allowed rapid ( < 100 ms ) measurement of oxygen concentration. Using
isolated rat liver mitochondria, the results indicated that overall, in the absence of oxygen,
cytochrome ¢ reduction was observed. Also, pH dependence of the suspending medium
on the reduction of cytochrome c was established, where reduction was notably observed
at even higher oxygen concentrations when the pH was made more alkaline. This
investigation confirmed that the method was able to measure oxygen concentrations from
greater than 10° M to less than 10® M. The technique was fast and the measurements
were repeatable. Overall an efficient method of measuring oxygen concentration in vitro
was obtained.

In 1988 Rumsey et al ' investigated the possibility that phosphorescence
measurements could be used to obtain images of oxygen distribution in tissue without
invasion of that tissue. The choice of phosphor used in the study was palladium (Pd)
coproporphyrin because it remained in the perfusate and was not taken up by the tissue.
This was shown by the complete disappearance of the image within 2 mins, after the
tissue had been returned to the perfusion medium without the probe. Isolated rat livers
were perfused through the portal vein with media containing palladium corpoporphyrin,

As the tissue was illuminated and the Pd corpoporphyrin excited to its triplet state, the
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liver was imaged at various perfusion rates. As oxygen is a powerful quenching agent for
phosphors, a large increase in phosphorescence was observed from well-perfused liver to
anoxia (no flow of oxygen).

More in vivo studies were made with two new phosphors called Oxyphor R2 and
Oxyphor G2.*! One was based on Pd-meso-tetra- (4-carboxyphenyl)porphyrin and the
other on Pd-meso-tetra-(4-carboxyphenyl)-tetra-benzoporphyrin. In the study, the
phosphors used were second generation polyglutamic Pd-porphyrin-dendrimers bearing
16 carboxylate groups on the outer layer. Both were found to be highly soluble in
biological fluids such as blood plasma and their ability to penetrate biological membranes
was found to be low. In vivo applications demonstrated the use of Oxyphor G2 to non-
invasive determination of oxygen distribution in a subcutaneous tumour growing in rats.
The calibration constants of the phosphors were found to be independent of pH in the
physiological range (6.4 to 7.8) hence making them good probes for measuring oxygen
concentration.

Furthermore, oxygen pressure distribution in R3230 AC mammary tumours
growing in dorsal flap window chambers in rats was also investigated."”? The study
involved the use of oxygen dependent quenching of phosphorescence after the injection
of Oxyphor R2 into the tail vein. Oxygen pressure maps were obtained, which detailed
that the oxygen pressure in the growing edge of the tumours was lower than those in the
central core of the tumour and much lower than those of the host tissue. In conclusion the
studies showed that using the phosphor Oxyphor R2 allowed the oxygen distribution in

the tumour to be studied without invasion of the tissue.
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Pd-meso-tetra-(4-carboxyphenyl)porphyrin has been widely used as a phosphor to

133

measure oxygen concentrations in tumour cells "*° and also in self-assembled membranes

on alumina (SAM).** SAM techniques have been exploited as effective methods to
design a solid surface with a well defined composition, structure and thickness for
interfacial optical studies.'” Compounds enriched with the carboxyl functional group are
the most effective in preparing a SAM of an organic compound on a metal oxide surface.
Pd porphyrins in general exhibit strong room temperature phosphorescence with high
quantum yield and a long natural lifetime."* Pd TCPP was found to be a suitable optical
oxygen sensitising device using SAM due to the stable membrane formation on alumina
and its carboxyl group.

Recently more “exotic” palladium complexes have been adopted for their use in
oxygen concentration measurements. In the study, Pd (and Pt) porphyrins which were
previously used as basic phosphors were encapsulated inside dendrimers. A series of
polyglutamic Pd-porphyrins-dendrimers,"*’ Pd-tetra-benzoporphyrin-dendrimers '** and
phthalocyanine-dendrimers 13 have been synthesised and investigated for their ability to
measure oxygen concentrations. Studies have indicated that dendrimers regulated that
access of oxygen to the phosphors cores, and adjusting the dendrimers size allowed
tuning of the phosphorescence oxygen quenching properties. Further studies indicated
that hydrophobic dendrimers allowed folding of the lipophilic dendritic matrix in water
and diminished the mobility of the protecting shell and hence were found to enhance
oxygen diffusion barriers.'® At the same time the study observed that multiple

peripheral functionalities served as anchor points for linking hydrophilic modifiers
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( PEGs, polyalcohols etc) and resulted in minimum interactions with proteins and other

macromolecules in vivo, making the phosphorescence quenching specific only to oxygen.
Overall, Pd porphyrins have been studied for their role as oxygen sensors and

have indicated a wide variety of methods, applications and outcomes which all designate

their ability as sufficient oxygen measuring phosphors.

14 PORPHYRINS IN BIOLOGICAL IMAGING

Biological imaging has been developed on a tissue, cell and intercellular level
where porphyrin molecules are introduced and due to their fluorescent nature, can be
traced upon elimination of light, a process which can assist in displaying the structure and
the properties associated with the specific cell or organelle. Fluorescence has been
introduced previously and is the basis of the way in which these imaging agents work.

The basic principle of fluorescence involves a fluorophore which is in the ground
state. Upon illumination with light and at the correct wavelength, the fluorophore
absorbs energy in the form of a photon, which increases its energy state placing it in an
excited energy state. Some of the energy from the light may be lost internally within the
fluorophore but in order to return back to its ground state, energy must be released in the
form of emitted light (fluorescence). As the energy released from the fluorophore is via a
photon of lower energy, the emitted light is a different colour. The exact magnitude of
the excitation and emission light are both dependent upon the fluorophore involved.
Hence, a fluorophore in the form of a fluorescent dye / porphyrin can be attached to a

specific molecule in a sample / cell/ system and selectively only those molecules of
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interest in the sample would be seen.

An ideal fluorophore used for imaging would have a high fluorescence quantum
yield (FQY). FQY is the ratio of the number of photons emitted to the number of photons
absorbed and is given as a value between zero and one. Fluorophores are often designed
so as to allow minimal depopulation of the S, state by incorporating rigid functionalities
into the porphyrin macrocycle. This inhibits thermal relaxation and has an overall
influence of prolonging the lifetime of S, and consequently increasing fluorescence
emission. An ideal fluorophore would also display a large Stokes shift and hence allow
greater sensitivity in the measurement of the phosphorescence. Stokes shift is defined as
the difference in wavelength between the excitation and emission Amax of a fluorophore.
A large Stokes shift value enhances the sensitivity as it allows the emission photons to be
detected against a low background level isolated from excitation photons.

Undesirable qualities in a fluorophore include photobleaching and fluorescence
quenching. Photobleaching refers to the eventual degradation of a fluorophore by light,
which is an irreversible process and an inevitable destiny of fluorophores. Fluorescence
quenching is also an undesirable effect that reduces FQY and may arise due to self
quenching, collisional quenching or from the formation of non-fluorescent ground state
species. Fluorescence in porphyrin macrocycles is susceptible to rigid quenching due to
their propensity to be involved in -n stacking. Other quenching agents include proteins

and water.'!
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1.4.1 Fluorescence Microscopy

Microscopy is used to detect structures, molecules or proteins within the cell
through visualisation of fluorescence. Basic forms of microscopy, such as optical
microscopy, are based on macroscopic specimen features, such as phase gradients, light
absorption, and birefringence. Fluorescence microscopy on the other hand allows the
imaging of a fluorophore via the distribution of a specific molecular species based solely
on the properties of fluorescence emission. Fluorescence microscopy can hence be used
easily to investigate the precise location of intracellular components labelled with specific
fluorophores. Other information such as the associated diffusion coefficients, transport
characteristics, and interactions with other biomolecules can also be easily determined.
Additionally, the dramatic response in fluorescence to localised environmental variables
enables the investigation of refractive index, viscosity ionic concentrations, membrane

potential, pH and solvent polarity in living cells and tissues.

1.4.2 Basic principles of fluorescence microscopy

The underlying principle of fluorescence microscopy involves the use of a dye
which is often used to stain cells. The dye is illuminated with filtered light at the
absorbing wavelength, specific to the dye being used. The emitted light from the dye is
then filtered through another filter that allows only the emitted wavelength to reach the
eyepiece or camera port of the microscope and the dye is seen to glow brightly against a
dark background.

Sometimes, the fluorescent molecule itself can be used as a direct stain or probe

54



for precise structures. Alternatively, the fluorescent dye can be bound to another non-
fluorescent probe that recognises specific structures. Some examples include the
fluorescent molecule, thodamine which may be conjugated to phalloidin, which binds the
filamentous actin. Yet another important method to identify specific proteins is to couple

fluorescent dyes to antibodies that bind very specifically to macromolecules in the cell.

1.4.3 Fluorescent probes

As mentioned earlier, a desirable property of fluorophores is to have a large FQY
value. Many of the currently available commercial fluorophores have been designed to
have a high FQY value. The majority of the fluorophores have an aromatic ring

substituent '*

which increases their degree of conjugation hence allowing the wavelength
to shift into the red region of the spectrum. FQY values may also be increased by the
introduction of ring activators and electron-donating groups.

Incorporation of different substituents has different effects on the FQY values. A
decrease in FQY values is prompted by the depopulation of the excited state and may be
achieved by adding electron withdrawing groups as well as heavy atoms to the aromatic |
ring systems. Heavy atoms encourage the depopulation of the excited state by allowing
intersystem crossing to occur more rapidly to the triplet excited state. This allows other
processes such as phosphorescence to dominate and minimises fluorescence activity of
the fluorophore. Halogen substituents also have a marked effect on their FQY values.

They behave as fluorescence quenchers and hence reduce the overall fluorescence

obtained in the order I > Br > Cl.
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Commercial fluorescence probes are designed to be extremely efficient and are
manufactured to be compatible with most imaging instruments. This allows
investigations into processes such as mitosis, apoptosis, substrate degradation and
respiration. Recent advances include incorporation of fluorophores with antibodies,
especially monoclonal antibodies, allowing investigations into organelle structure and
activity in live cells with minimum interruption of the cellular function.'*®* Fluorophores
display a range of absorption characteristics, solubilities and bioconjugate functionality so
that they may target specific organelles within the cells. Organelles which attract a great
deal of interest are mitochondria, lysosomes, endoplasmic reticullum and the Golgi
apparatus.

In this project, the main interest is with mitochondrial probes which are discussed

in detail below.

1.4.4 Probes for mitochondria

Mitochondria are often referred to as the “energy stations” of the cells. This is
where ATP (Adenosine Triphosphate) molecules which release energy are produced. The
energy is stored in high energy phosphate bonds in the ATP molecule . ATP is converted
from adenosine diphosphate by adding the phosphate group with the high-energy bond.
Various reactions in the cell can either use energy (whereby the ATP is converted back to
ADBP, releasing the high energy bond) or produce it (whereby the ATP is produced from
ADP).

ATP is synthesised in two different pathways, the first pathway requires no
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oxygen and is called anaerobic metabolism. This pathway is called glycolysis and it
occurs in the cytoplasm outside the mitochondria. During glycolysis, glucose is broken
down into pyruvate. However, only 4 ATP molecules can be made by one molecule of
glucose run through this pathway. The other process is aerobic and involves
mitochondria and oxygen which are involved in the Kreb’s cycle to produce many
hydrogen ions. The enzyme ATP synthase uses the energy of the hydrogen ion gradient
to form ATP from ADP and Phosphate. It also produces water from the hydrogen and the
oxygen. The Kreb’s cycle generates 24-28 ATP molecules out of one molecule of
glucose in addition to the 4 molecules that glycolysis yields.

Found in eukaryotic cells, they make up about 10 % of the total cell volume.
They are pleomorphic (many physical forms) and exhibit structural variations depending
on the cell type, cell cycle stage and intercellular metabolic state. Mitochondria are
involved in energy production through oxidative phosphorylation and lipid oxidation.
They have shown to play a significant role in apoptosis,'* a mode of cell death that is
programmed into normal cell types.”5

Mitochondrial selective fluorophores allow studies involving mitochondrial
activity, localisation and abundance. Different types of commercially available
fluorophores exist, conventional fluorescent probes include Rhodamine 123 which is
often used as a reference stain in most experiments. The diagram below shows the

structure of Rhodamine 123.
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Fig7 Chemical structure of Rhodamine 123

Rhodamine 123 is a cationic, lipophilic dye which has been used as a
mitochondrial fluorophore. Rhodamine 123 (Rh 123) has been shown to be retained in
human carcinoma cells for more than 24 hours hence making it a potential anticancer
agent for photodynamic therapy.'* Rh 123 has been used as a mitochondrial-selective
fluorophore in many studies including apoptosis,'*” bacterial viability and vitality, 8
multidrug resistance,'*’ and mitochondrial enzymatic activities, !>

New commercial mitochondrial probes have been developed that are specifically
concentrated by active bacteria and are well retained during cell fixation. The series of
fluorophores designed by molecular probes include; Chloromethyl-X-rosamine [CMX
Ros],'*""152 3, 3"-Dihexyloxacarbocyanine iodide [DiOC(3)),'** '** Nonylacridine orange
[NAO],"’ MitoTracker green " [MTG],'% Tetramethylrhodaminemethylester [TMRM],'
aﬁd many more. Many studies have involved the use of these commercially available
fluorophores tc‘) examine mitochondrial activity, !5 159

Numerous fluorophores are now available for visualisation of mitochondria in
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cells and tissues. These differ in their oxidation states, fixability, solubility, bioconjugate
functionality as well as spectral characteristics and can be chosen to suit special

requirements of the studies.

1.4.5 Mitochondrial targeting

Porphyrins have been known for their success as photodynamic therapy
photosensitisers. This in itself is a limitation of porphyrins as fluorophores. Their role as
PDT agents involves depopulation of the S, state and the consequent population of the
triplet excited state hence reducing the overall fluorescence emitted by the fluorophore .
Therefore, there have been no examples of non toxic porphyrin fluorophores which do
not express photosensitising action.

However, the ability of porphyrins to fluoresce allows them to be visualised
within living tissues without the need for auxiliary labelling. Therefore, by incorporating
certain functionalities would allow selective accumulation of the porphyrin sensitiser in
specific organelles and facilitate further investigations of the photosensitiser activity in
the cell.

Sanberg et al ' '®! have established that the intracellular distribution of
porphyrins is determined by the different functional groups present. Later, Woodburn et
al 12 studied the in vitro subcellular distribution patterns of ten porphyrins, varying in
charge and hydrophobicity. Two cell lines were investigated, V79 and Cs glioma and the
distribution of porphyrins were studied using confocal laser scanning microscopy, with
Rh-123 used as a control fluorescent probe. The results indicated that all the porphyrins
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were taken up by both cell lines, however distinct differences were observed in the
porphyrin distribution patterns. Porphyrins with cationic side chains were identified to
localise in the mitochondria whereas those with anionic character predominantly localised
in lysosomes.

Dummin et al 16

investigated the effect of photosensitiser lipophilicity on the
photodynamic efficacy in vitro. The study involved the use of HeLa cells and their
photosensitisation by a series of cationic Zn(II)phthalocyanines bearing lipophilic side
chains. The results indicated that the most lipophilic photosensitiser of the series,
ZnPcAg was also the most photodynamically active, and was found to accumulate
selectively in the inner mitochondrial membrane.

Several studies have implicated the mitochondria as a sensitive target for
photodynamic therapy. This is based on the findings that apoptotic cell death was
initiated by PDT.!**'$> Further studies have indicated a link between cell death and
mitochondrial photodamage.'**'® Mitochondrial based apotosis of cells can be indicated
by disruption of the transmembrane potential during apoptosis 5> '3 as well as the
release of intermembrane proteins such as AIF and cytochrome ¢ which trigger
apoptogenic caspases and nucleases.'s” '**

Studies conducted by Kessel ef al '* involved the use of P388 and L1210 murine
leukemia cell lines and their treatment with Lysyl chlorin p6 (LCP), porphycene
monomer (PcM) and porphycene dimer (PcD) and the cationic porphyrin MCP. The

results indicated that PDT induced an apoptotic response after mitochondrial damage, but

not after selective damage to lysosomes or to the cell membrane. The results also
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indicated that the release of mitochondrial contents triggered an apoptotic response and
further studies indicated the specific release of cytochrome ¢ to have an impact on
apoptosis.'®

Further studies were conducted by Kessel et al investigated the effect of Lu-Tex,
an agent that was known to localise in lysosomes, which was found to initiate apoptotic
response in animal tumour models.’*'”" The study involved the use of a series of
photosensitising agents with known sub-cellular targets in L1210 cells. These include the
capronyloxyethyl porphycene (CPO),'® a monocationic porphyrin (MCP),' tin
etiopurpurin (SnET,),'” aluminium phthalocyanine (AlPc),'™ LuTex; N-aspartyl chlc;rin
e (NPeg),'” lysyl chlorin p6 (LCP),'” tin octaethylpurpurin amidine (SnOPA),"® and
lysyl chlorin p6 imide (LCI).166 The study suggested that mitochondrial and combined
(mitochondrial with lysosomal) damage led to a rapid apoptotic response, related to the
release of cytochrome ¢ from mitochondria into the cytosol. Lysosomal damage led to
the immediate release of cathepsins and other proteolytic enzymes, the apoptotic response
to lysosomal photodamage being slow and incomplete where many non-viable cells were
shown to exhibit no apoptotin morphology. The study therefore indicated a clear
distinction between mitochondrial targeted and lysosomal targeted photosensitisers and

their ability to induce apoptosis in cells.

1.5 Further development

Apart from the use of porphyrins for photodynamic therapy, the use of porphyrins as

tools for biological analysis covers a large number of applications. The two main areas of
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interest for this project are in their use as phosphorescence quenching oxygen sensors and
fluorescence imaging fluorophores.

Ideally, a multifunctional porphyrin design would be where the porphyrin could
act as an oxygen sensor and also as a fluorophore. However, oxygen sensors are often
palladium based and this allows rapid intersystem crossing and maximum
phosphorescence yield. The opposite effect is needed for an efficient fluorophore, where
minimal intersystem crossing should occur hence maximising the fluorescence quantum
yield (FQY).

Current developments in fluorescence imaging, such as monoclonal antibody
conjugation allow specific organelle targeting and therefore minimises the doses needed
and light required for visualisation of the dyes. Further work would involve discovery of
more organelle-specific fluorophores that would allow investigations into distribution and
subcellular localisation of the fluorophores to be determined.

Oxygen sensors have been investigated in more detail recently and, as it is a fairly
new concept, more work requires to be done in terms of developing simple and less
trivial synthesis as well as purification with high yields, Solubility, aggregation problems
as well as selective targeting of specific organelles within a cell are areas that require

attention for the identification of more efficient metalloporphyrin oxygen sensors.
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CHAPTER TWO PORPHYRIN SYNTHESIS

2.1 SYNTHESIS OF FUNCTIONALISED PORPHYRINS

As mentioned in the previous chapter, porphyrins and other photosensitisers have
been investigated since the early 1900s.' Since then, significant advancements have been
made especially in their synthesis. Discoveries in the last century for porphyrin synthesis
have led to two Nobel prices: Hans Fischer (1930) for synthesis of Iron protoporphyrin IX
177 and R.B Woodward (1965) for synthesis of chlorophyll a.!”®

All porphyrins include a macrocyclic framework composed of carbon-hydrogen
and nitrogen (porphine) which make up the core of this class of molecules. The diagram
below shows the structure of porphine indicating different positions for substituent
attachment. Interestingly, all naturally occurring porphyrins are substituted at the f3-

positions and bear meso-substituents, only when part of an exocyclic fused ring.

meso

Fig 8: Structure of porphine
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Porphyrin synthesis is not at all trivial; processes are lengthy and involve tedious
purification steps which are often uneconomical and impractical. Generally, the more
symmetric the distribution of substituents around the macrocyclic core the simpler the
synthesis becomes, and for the most extreme examples, such as 5, 10, 15, 20-tetraphenyl-
or2,3,7,8, 12, 13, 17, 18-octaethylporphyrin, multigram preparations are possible. Any
variation to give unsymmetrical porphyrins however complicates synthesis considerably.
Separation of the different products also becomes more difficult and the yields obtained

are often very low due to the number of different isomers formed.

2.1.1 Adler-Longo method

In 1936 Rothmund '” synthesised the first tetraphenylporphyrin (TPP) [18]. The
reaction, performed in a sealed bomb, involved heating the starting material at 150 °C.
The reaction was very low yielding and hence an improvement to the method was

suggested by Adler and Longo 180 in 1967.

!/ \5 + propionic acid
N [0]
(o] H

18]
Scheme 9: Adler-Longo method for formation of tetraphenylporphyrin '
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Their method involved reacting pyrrole and benzaldehyde in refluxing propionic acid

open to air for 30 minutes. These conditions also allowed the condensation of oth
er

substituted benzaldehydes to give multigram yields of up to 20% of the desired product

2.1.2 Porphyrins synthesised in this project using Adler-Longo

method.

In this project, using the Adler-Longo method, symmetrical and unsymmetrical

porphyrins were synthesised. Symmetrical substituted porphyrins were synthesised by

using pyrrole and the appropriate substituted benzaldehyde in propionic acid. Using this

method, 5,10,15,20-tetra-(4-acetamidophenyl)porphyrin [19], 5,10,15,20-tetra-(4-

pyridyl)porphyrin [20], 5, 10,15,20-tetra-(pentafluorophenyl)porphyrin[21] and

5,10,15,20-tetra-(4-bromophenyl)porphyrin [22], were synthesised. The full experimental

procedures are outlined in chapter four but the scheme below shows the experimental

outline.

65



T

R
/ \ propionic acid
+ RCHO > R R
N [0]
R

[20] R= g \ /N

f21] R= § F

221 R= g——@—-sr

Scheme 10: Symmetrical tetrasubstituted porphyrins synthesised in project.

The Adler-Longo method can also be used to obtain unsymmetrical
tetrasubstituted porphyrins by using more than one type of aldehyde under the same
conditions.’®® By varying the stoichiometry of the reagents, yields of the desired product
can be maximised. In such circumstances, chromatographic separation of the products

can be complicated involving many different solvent systems to obtain the desired pure

product.
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The table below indicates the products achieved by using the Adler-Longo conditions.

Porphyrin | Rl R2 R3 R4
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Scheme 11: Unsymmetrical tetrasubstituted porphyrins synthesised in project.
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In this project, the synthesis of 5-(4-acetamidophenyl)-10,15,20-tris-(3, 5-
dimethoxyphenyl)porphyrin {23] and 5-(4-pyridyl)-10,15,20-tri-(pentafluorophenyl)
porphyrin [24] are examples where the aldehydes used were varied stoichiometrically to
obtain the asymmetric porphyrins. Other syntheses that involved lengthy separation and
characterisation were of porphyrins [25], [26], [27], [28] which were obtained as a result
of the reaction using pentafluorobenzaldehyde and 4-methoxybenzaldehyde together in a
1:1 ratio. These products are 5-(4-methoxyphenyl)-10,15,20-tris-(pentafluorophenyl)
porphyrin [25] and 5,15-di-(4-methoxyphenyl)-1 0,20-di-(pentafluorophenyl)porphyrin
[26] and 5-(pentafluorophenyl)-10,15,20-tris-(4-methoxyphenyl)porphyrin [27] and
5,10,15,20-tetrakis-(4-methoxyphenyl)porphyrin [28]. Such complicated separations of
unsymmetrical porphyrins give low yields as seen in the synthesis procedure.

The Adler-Longo method however has limitations as it does not allow
benzaldehydes bearing acid sensitive groups to be condensed, therefore limiting the
synthesis of TPP analogues to those bearing less acid sensitive functionality. An example
would be 5-(4-aminophenyl)-10,15,20-tris-(3,5-dimethoxyphenyl)porphyrin [29], where
the amino group on the phenyl is acid sensitive and hence could not be directly
synthesised using the Adler-Longo conditions. The porphyrin was alternatively derived
from the treatment of 5-(4-acetamidophenyl)-10,15,20-tris-(3,5-dimethoxyphenyl)
porphyrin [19] with acid. Other major drawbacks involve the production of chlorins and
other pyrrole polymers which contaminate the final product and require lengthy and non-

trivial chromatographic purification to obtain the pure product.
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2.1.3 Lindsey method

In 1987, Lindsey et al '*! proposed a different method for the synthesis of TPP.
The Lindsey method involved a milder set of conditions which included using a catalytic
amount of Lewis acid and gentle heating. This method relies on the formation of
porphyrinogen as an intermediate in porphyrin synthesis. Equilibrium is established
between the porphyrinogen and the benzaldehyde/pyrrole starting materials, a quinone
based oxidant is then added which irreversibly converts the porphyrinogen to porphyrin.

Lindsey's synthesis of porphyrins involved using pyrrole, benzaldehyde,
triethylorthoacetate as a water scavenger with boron trifluoride at room temperature.
These conditions enabled the synthesis of porphyrins from sensitive aldehydes in higher
yields and with easier purification. However, the requirement of high dilution conditions
means that the reaction cannot be easily scaled up indefinitely and hence this method was
not used in this research.

The scheme below outlines the Lindsey conditions for porphyrin synthesis.
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Scheme 12: Formation of tetraphenylporphyrin using Lindsey conditions '®'

Apart from tetra-substituted porphyrins, the synthesis of disubstituted porphyrins
has been widely used in this project. Simple disubstituted porphyrins offer the possibility
of performing reactions at the vacant 10,20- meso positions as well as the f positions,

which are less sterically hindered compared to TPP. Disubstituted porphyrins are
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synthesised using the “2+2 porphyrin synthesis method” discussed below.

2.1.4 2+2 Porphyrin synthesis of disubstituted porphyrins

2+2 Porphyrin synthesis involves the formation of disubstituted porphyrins by the
condensation of two dipyrromethanes (fragments containing two pyrrole units). The
process relies on the formation of the porphyrin from two dipyyromethane units, each
containing two pyrrole units. The synthesis of dipyrromethane involve reacting pyrrole,
the appropriate benzaldehyde and trifluoroacetic acid. Early work in this area was
conducted by Mac Donald '*2 who proposed the synthesis involving the use of one
dipyrromethane with no o~ substitution and another dipyrromethane bearing two formyl
groups alpha (a) to the pyrrolic nitrogens.

Honeybourne et al '* used a modified Mac Donald method to synthesise
dipyrromethanes containing different substituted positions and formyl groups at the
terminal o positions. The use of 5-phenyldipyrromethane for the synthesis of

diphenylporphyrin (DPP) was reported by Bruckner and co-workers in 1998.'%

2.1.5 Dipyrromethane and disubstituted porphyrin synthesis in

project.
In our research, different dipyrromethanes were synthesised using the Mac Donald

182 method. The scheme below outlines the synthetic procedures involved.
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Scheme 13: Dipyrromethanes synthesised in project.

Our work involving the condensation of 5-phenyldipyrromethane [30] with
triethylorthoformate, in dichloromethane at room temperature followed by air oxidation
of the intermediate porphyrinogen gave DPP [34]. The full details of the experiment is
found in chapter four. Unsymmetrical disubstituted porphyrins were also synthesised
using similar conditions. Equivalent amounts of (4-methoxyphenyl)-dipyrromethane [32]
and pentafluorophenyl dipyrromethane [33] were condensed together with

triethylorthoformate to give a mixture of three products, 5,15~dipentaﬂuorophenyl
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porphyrin [35], 5-pentafluorophenyl-15-(4-methoxyphenyl) porphyrin [36] and 5,15-di-
(4-methoxyphenyl) porphyrin [37]. This synthesis involved the complex purification of
the three products which can usually be problematic where R values for the porphyrins
are similar. Secondly, the yield for the desired product was very low due to the 1:2:1
statistical mixture of products. The reaction is outlined in the scheme below. However,

the full method is detailed in chapter four.

OMe

Scheme 14: Unsymmetric disubstituted porphyrins synthesised in project.
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2.2 DEVELOPMENT OF CATIONIC WATER-SOLUBLE

PORPHYRIN SYNTHESIS

A series of water-soluble porphyrins have been derived from porphyrin precursors
insoluble in water, such as phenyl or pyridyl porphyrins, by the introduction of ionic
groups such as -SO5’, =N"-CHj, COO “or N'(CH,CH;);. These peripheral, charged
groups influence the chemical, spectral and redox properties of the porphyrins and their
metal complexes.'®* Pasternack et al '®° reported in 1972, the three most common water-

soluble porphyrins as seen below.

Ry

o}
(TCPP) Rj=Ry=R;=R,= —@-{
o
Re R
: (TMPyP) R|=R2=R3=R4= —@*——
0
(TPPS4) Ry=R=R;3= S//—O' R~
R3 \\
o}

Figure 15 : The most common water-soluble porphyrins '*

The synthesis and characterisation of the porphyrins was demonstrated and these
have been used since as basic templates for the development of more complex water-
soluble porphyrins. The study of these water-soluble porphyrins in neutral aqueous
medium indicated that the cationic group on the molecule allowed = electron density to be

drawn away from the macrocycle core and hence reducing the potential for dimerisation.
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Further studies conducted by Pasternack et al 18 involved tetrakis(4-N-
methylpyridyl)porphyrin and a number of its metal derivatives. Cationic porphyrins
derived from the alkylation of the tetrapyridylporphyrin (TPyP) system have a wide
variety of uses including that as antiviral agents, 8’ DNA binding,'*® RNA binding,'®
antibacterial agents.'”® Studies have shown that the metal derivatives of TPyP interact
differently with the GC regions on the DNA than with the AT regions.'!

112 reported the distribution of porphyrins within the cell as being

Georgiou ef a
dependant upon the structure of the pendant side chains. In summary it was suggested
that the predominantly cationic side chains have a clear tendency to localise in the

mitochondria, whereas those with anionic character tend to localise in lysosomes.

2.2.1 Synthesis of cationic porphyrins in project

In order to demonstrate the alkylation of the nitrogen proton, a basic reaction was
conducted. This involved reacting 4-mercaptopyridine with excess iodomethane, in
anhydrous DMF. The product obtained indicated the preferential methylation of the
nitrogen on the pyridyl group which had a "H NMR peak at approximately 4.4 ppm. The

reaction is outlined in the scheme below.
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Figure 16 : Reaction of 4-mercaptopyridine and iodomethane

Cationic porphyrins synthesised in this project were synthesised by alkylation of
the parent tetrapyridylporphyrin (TPyP) to give various pyridiniumyl porphyrins. Initial
TPyP synthesis was obtained using Adler Longo methodology.'® 4-Pyridine
carboxybenzaldehyde, pyrrole and propionic acid were reacted together and the mixture
separated to obtain the parent TPyP [20]. The yield of the reaction was 5%, considerably
low due to the chromatographic separation of the product. Alkylation of the pyridyl
nitrogen was performed by reaction with an excess of the alkylating agent. Different
alkylating agents were considered but the most effective alkylating agents were found to
be alkyliodides. By reaction of the parent TPyP with excess alkylating agent the reaction
could be driven to completion. This avoided the use of chromatographic separation and
hence allowed the reaction to proceed in high yield >50%. Porphyrins [39], [40] and [41]

are all straight forward alkylation reactions.
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Scheme 17: Synthesis of tetracationic porphyrins varying in lipophilicity.

An unsymmetrical substituted cationic porphyrin, 5-(N-methyl-4-pyridyl)-
10,15,20-tris-(pentafluorophenyl)porphyrin was also synthesised. Preparation of the
unsymmetrical parent porphyrin, 5-(4-pyridyl)-10,15,20-tris-(pentafluorophenyl)
porphyrin [24] involved the of Adler Longo mixed condensation reaction of pyrrole,
together with pentafluorobenzaldehyde and pyridine-4-carboxybenzaldehyde in a 1:3

molar ratio, in propionic acid. After chromatographic purification and characterisation,
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the product was treated with a large excess of methyl iodide at room temperature to
obtain the 5-(N-methyl-4-pyridyl)-10,15,20-tris-(pentafluorophenyl)porphyrin [42] in

38% yield. The scheme below outlines the reactions involved.

[42]

Scheme 18: Synthesis of 5-(V-methyl-4-pyridyl)-10,15,20-tris-(pentafluorophenyl)

porphyrin
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2.2.2 Synthetic achievements in cationic porphyrins in project

In conclusion, porphyrins bearing cationic side chains have been synthesised
successfully. Both symmetrical and unsymmetrical parent porphyrins were synthesised

using the Adler Longo method and purified using flash column chromatography. After

characterisation, the parent porphyrins were treated with excess alkyl iodides to obtain the

cationic porphyrins.

Previously, work had already been done on the localisation and PDT activity of
the symmetrical porphyrins.'”? However, the advancement in this project was to design
unsymmetrical porphyrin [42] which was used as a control porphyrin in further PDT

studies. This aspect of cationic porphyrins will be discussed later on in section 2.4,

2.3 DEVELOPMENT OF CARBOHYDRATE- PORPHYRIN

SYNTHESIS

As discussed in chapter one, sugar-porphyrin conjugates have been an area of
considerable interest in the past few years. Their potential as second generation
photosensitisers in PDT arises from the solubility of such molecules in water %, which
allows them to be compatible with biological media. Porphyrins bearing sugar moieties
have also been found to improve specific cancer targeting.'”® Also, carbohydrates have
been found to be specifically recognised by carbohydrates found on cell surfaces.!%*
These carbohydrates on the cell surface play critical roles in cell-cell recognition,
adhesion, signalling between cells, and as markers for disease progression. Sugar-

specific receptors (lectins) are present on cells, and interact with sugars on other cells,

79



This results to adhesion of the two cells via carbohydrates and specific cell-surface
receptors. Such carbohydrate-directed cell adhesion appears to be important in many
intercellular activities including infection by bacteria and viruses, communication among
cells of lower eukaryotes, specific binding of sperm to egg; and recirculation of
lymphocytes, among others. Neural cells for instance use carbohydrates to facilitate
development and regeneration and viruses recognise carbohydrates to gain entry into host
cells. Each lectin has specificity toward a particular carbohydrate structure, some lectins
will bind only to structures with mannose or glucose residues, while others may recognise
only galactose residues. Some lectins require that the particular sugar be in a terminal
non-reducing position in the oligosaccharide, while others can bind to sugars within the
oligosaccharide chain. Some lectins do not discriminate between o and § anomers, while
others require not only the correct anomeric structure but a specific sequence of sugars for
binding. The porphyrin glycoconjugates with sugar moieties would mimic the receptor-
sugar interaction and as a result attach to the cell surface and hence allow the porphyrin to
express its therapeutic effect.

Syntheses of glycosylated porphyrins has previously utilised Lindsey's method '*'
involving condensation of pyrrole with different sugar based benzaldehydes.” Such
synthetic routes are not ideal as they require attachment of the sensitive sugar residue
before porphyrin formation, followed by extensive chromatographic separation of the
porphyrin-sugar conjugates. Early studies have involved symmetrically substituted
porphyrin-sugar conjugates that bave been screened for photodynamic activity and

195

compared to photosensitisers currently in the clinic.”™ The compounds were found to be

active but the results were disappointing and, as a result, porphyrins bearing both sugar
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substituents and also other functional groups, such as quaternised pyridyl moieties * and
amino acid residues * were synthesised and screened.

1% introduced the idea of glycosylated cationic porphyrins as potential

Krausz et a
agents in cancer phototherapy. Their approach to the synthesis involved initially
acetylating salicylaldehyde B-D-glucoside with acetic acid in pyridine at 0 °C to obtain
the protected sugar benzaldehyde. The porphyrins were then synthesised by condensation
of 4-pyridine carboxyaldehyde, the protected sugar benzaldehyde and pyrrole according to
the Adler-Longo method.'®® After chromatographic purification, only 7% yield was
obtained of the desired 5-(2-tetraacetyl-pB-D-glucopyranosylphenyl)-10,15,20-tris-(4-
pyridyl)porphyrin. Finally, the porphyrins were quaternised using different alkyl halides
and then deprotected to yield the final products. This approach to synthesise glycosyla;ed
cationic porphyrins was tedious as it involved finding a suitable sugar bezaldehyde and
also protecting it before synthesis. This limits the types of functional groups that can be
used as the harsh conditions of porphyrin synthesis may not be well suited for sensitive
functional groups.

Another modification which has been suggested are porphyrin-sugar conjugates
linked by a thioether bond, as this has been reported to reduce sensitivity of the
conjugates to enzymic hydrolysis.'® S-Glycosides are preferred conjugates because they
are considered to be good mimics of O-glycosides with improved stability towards
enzymatic hydrolysis. The research found that glycoconjugates With a S-glycoside link
were more stable during the formation, during subsequent reactions, and in the presence
of different functional groups. Therefore, they allowed successful synthesis of
glycoconjugated porphyrins in high yield and with increased hydrolytic stability towards
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enzymes. The glycoconjugates formed however exhibited poor photoactivity due to the
amphiphatic character of the macrocycles and hence improvement was required so as to
make these glycoconjugated porphyrins more photoactive.

Our aim in this project was to bring together the synthesis involving S-
glycoconjugation '*®and apply it to produce glycosylated cationic porphyrins % in high

yields and good hydrolytic stability.

2.3.1 Synthesis of thioglycosylated porphyrins in project.

Previously our research group had developed a number of synthetic methods to
displace the fluorine at the para position of a pentafluorinated phenyl ring with thiolate
nucleophiles.m Further work was also done by reacting thiophenolate intermediate
formed by treatment of pentafluorophenyl bearing porphyrins with sodium sulphide, to
attack electrophiles. '*® Both substitution reactions involved mild conditions and the
synthesis was efficient. These conditions allowed a wide range of functional groups such
as hydroxy, amido and nitro substituents including sensitive groups such as amino groups
to be incorporated.

It was envisaged that this method could potentially be adapted to allow the facile
introduction of sugar residues onto pre-formed porphyrins, and that their conjugation
would link sugar to porphyrin via the more hydrolytically stable thioether bond. To
investigate the viability of this reaction a range of precursor porphyrins were prepared,
including symmetrical and unsymmetrical porphyrins. Conditions were then sought
which could be adapted to the wide range of porphyrins with good yields.

The type of sugar thiol used was 2,3,4,6-tetra-0-acetyl-B-D-thioglucopyranose, This was
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the preferred glycoconjugate as it bears the glucose residue which is recognised by the
carbohydrate cell receptors found on the cell surface. Along with its structural stability in

the pyranose form and ease of solubility, was presumed to be the best candidate for

porphyrin-sugar conjugation.

2.3.2 General procedure for carbohydrate conjugation in project

Initially, the symmetrical 5,10,15,20-tetra(pentafluorophenyl)porphyrin [21] was
treated with 2,3,4,6-tetra-O-acetyl-B-D-thioglucopyranose in anhydrous DMF at room
temperature. TLC analysis of the reaction showed the initial development of a series of
well separated spots, which were separated by chromatographic purification (SiO,;:
toluene/acetone 80/20) as detailed in the experimental section. The product, 5,1 0,15,20-
[4-(2',3',4',6'"-tetra-O-acetyl-B-D-glucopyranosylthio)-2,3,5,6-(tetrafluorophenyl))
porphyrin [43] was obtained. This reaction is outlined in the scheme 19 below.

Due to the recent interest shown in porphyrins substituted with sugar residues and
other functional groups, the versatility and generality of the reaction for the synthesis of
such unsymmetrically substituted macrocycles was investigated. Porphyrins substituted
with one pentafluorophenyl group and bearing 4-methoxyphenyl groups at the remaining
meso-positions, 5-(pentafluorophenyl)-10,15,20-tris-(4-methoxyphenyl)porphyrin 27
was synthesised and reacted with 2,3,4,6-tetra-O-acetyl-B-D-thioglucopyranose in
anhydrous DMF at room temperature. The reaction gave the expected product 5-[4-
(2',3',4',6',-tetra—0—acetyl-B-D-glucopyranosylthio)—2,3,5,6-(tetraﬂuoropheny1)]_ 10,15,20-
tris-(4-methoxyphenyl)porphyrin [44] in which, the 4-fluoro atom of the

pentafluorophenyl group was substituted by a thioglycosyl residue. The full procedure is
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detailed in the experimental section. The scheme 20 below outlines the procedure.

2,3,4,6-tetra-O-acetyl-B-D-thioglucopyranose
anhydrous DMF
room temeperature

OAc

OAc

143]

Scheme 19: Synthesis of 5,10,15,20-[4-(2',3',4',6'-tetra-O-acetyl-B-D-
glucopyranosylthio)-2,3,5,6-(tetrafluorophenyl)] porphyrin [43]
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2,3,4 6-tetra-O-acctyl-B-D-thioglucopyranose
anhydrous DMF
room temeperature

127}

OMe

OAC

OAc

OMe
144]

Scheme 20: Synthesis of 5-[4-(2',3',4',6',-tetra-O-acetyl-B-D-glucopyranosylthio)-

2,3,5,6-(tetraﬂuor0phenyl)]-10,15,20-tris-(4-methoxyphenyl)porphyrin [44]
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2.3.3 General procedure for carbohydrate deprotecion in project

Removal of the protecting acetyl group on the sugar residues proceeded via the
treatment of the porphyrin with excess sodium methoxide in dichloromethane/methanol
for 16 hours at room temperature. However, the analysis of the product indicated that,
while all the sugar residues had been efficiently deacetylated, a mixture of products were
obtained corresponding to substitution of one to four fluorines by methoxy groups.
Rationalising that kinetics for acetyl deprotection should be significantly faster than for
SnAr displacement of fluorine by methoxide ion, a series of parallel reactions were run
varying both the time and temperature of the reaction. Optimised conditions involved a
strictly controlled temperature of 20 °C for one hour, which resulted in efficient
deprotection of the acetyl group, with no other fluorine displacements in yield > 90% for
compound 5 -[4-(B-D-glucopyranosylthio)-2,3,5,6-(tetraﬂuoropheny])]— 10,15,20-tris-(4-
methoxyphenyl)porphyrin [45]. Scheme 21 below summarises the reactions involved.

Although the synthesis may sound trivial, this was absolutely not the case. Many
failed attempts were made earlier due to different conditions such as lack of temperature
control which resulted into the decomposition of the porphyrin at hi gh temperature.,
Exact timing was required as prolonged exposure of the 2,3,4,6-tetra-O-acetyl-B-D-
thioglucopyranose with the porphyrin resulted to displacement of fluorine atoms at
positions other than the para-position of the pentafluorophenyl ring. Different solvent
systems were tested for the chromatographic separation of the glycoconjugated
porphyrins which involved changing solvents, solvent ratios and eventually the type of
silica used in the chromatography was sought, which would be able to separate

porphyrins that have polar sugar substituents. Many experiments were done on a small
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scale to determine the reaction conditions, and they were all put together, fine tuned and

applied to synthesise the glycoconjugated porphyrins obtained.

OAc

OMe

OoH -

OH

Scheme 21: Deprotection of acetyl groups on sugar residue.
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2.3.4 Achievements in sugar porphyrin synthesis within project

In conclusion, the synthetic method described allows easy access to a diverse
range of symmetrical and unsymmetrical porphyrins bearing sugar residues with
hydrolytically stable thioether bonds. Level of sugar substitution was easily varied and
the reaction was found to be tolerant of a range of secondary functional groups attached to
the porphyrin. The acetyl protecting groups on the sugar groups were selectively
removed in high yield by careful control of reaction conditions.

It was next decided to attempt to incorporate the water-solubility and selectivity
properties of cationic and sugar porphyrins to give “hybrid” sugar-cationic porphyrins.
This brings together concepts and synthetic achievements discussed in sections 2.2 and
2.3 to create a novel class of compound with potential as sensitisers for use in

photodynamic therapy.'®

2.4 THIOGLYCOSYLATED CATIONIC PORPHYRINS

It is desirable, for ease of systematic administration, that photodynamic sensitisers
have full water solubility, thus avoiding the need for complex and expensive delivery
vehicles. It has also been shown that porphyrins bearing one positive charge tend to
localise around the mitochondria of the cell.'® Photodynamic damage to the
mitochondria has been implicated in rapid induction of apoptosis, and this subcellular site
is therefore a major target for PDT. Cationic water soluble porphyrins, such as the
commercially available 5,10,15,20-tetrakis(N-methyl-4-pyridyl)porphyrin and 5,10,15,20-
tetrakis[4-(trimethylammonio)phenyl]porphyrin are powerful photosensitisers; however

they have also demonstrated significant toxicity in the absence of light, often referred to
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as "dark" toxicity.

Recently, interest has been shown in porphyrins bearing both sugar residues and
positively charged groups as PDT sensitisers, this combination of functionalities allow
water solubility, but also greater membrane permeability, compared with porphyrins
solubilised solely by multiple charged groups.”® Previously, glycosyl cationic porphyrins
have been synthesised by condensing mixtures of sugar substituted benzaldehydes with 4-
pyridinecarboxyaldehyde and pyrrole in propionic acid at reflux, followed by
chromatographic purification of the required porphyrins from the resulting statistical
mixture.”® Subsequent quaternisation of the porphyrin gave the required compounds.
Although this method was successful, it requires sensitive and sterically bulky sugar
residues to be introduced prior to porphyrin formation. Hence a method of synthesis was
sought that would allow the synthesis of such sensitive porphyrins without much

complications.

2.4.1 Route to thioglycosylated cationic porphyrins with direct
porphyrin-sugar conjugation in project.

After establishing optimum conditions for the synthesis of glycoconjugated
porphyrins, the same reaction conditions were applied to the conjugation of the sugar
moieties in the formation of the cationic thioglycosylated porphyrins

We have developed a method to generate a small series of 5-(N-alkyl-4-pyridyl)-
10,15,20-tris(4-thioglycosyl-2,3,5,6-tetrafluorophenyl)porphyrins.'*® The precursor
porphyrin in the synthesis was 5-(4-pyridyl)-10,15,20-tris(pentafluorophenyl)porphyrin

[24]). This was synthesised by Adler-Longo conditions '**in propionic acid using a 1:3
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molar ratio of pentafluorobenzaldehyde and pyridine-4-carboxyaldehyde respectively.

Once the porphyrin had been synthesised, the next step was glycoconjugation via
the displacement of para fluorine atoms by the S-glycosides. 5-(Pyridyl)-10,15,20-tris
(pentafluorophenyl)porphyrin was dissolved in dry anhydrous DMF (3 ml). 2,3,4,6-
Tetra-O-acetyl--D-thioglucopyranose (4.5 eq) in DMF (4 ml) was added. The mixture
was stirred at room temperature and the reaction monitored by TLC. After 16 hours, the
solvent was evaporated in vacuo, followed by chromatographic separation to obtain the
product in high yield (77 %). The full synthesis of thioglycosylated cationic porphyrins is
discussed in chapter four, but a general overview of the synthesis is given in scheme 22.

Quaternisation using the alkyl iodides was fairly straight forward due the excess
use of the alkylating agent ensuring completion of the reaction. Treatment of 5-(4-
pyridy1)-10,15,20-tris[4-(2°,3°,4°,6’-tetra-O-acetyl-B-D-glucopyranosylthio)-2,3,5,6-
tetrafluorophenyl] porphyrin [46] with a small range of alkyl iodides gave the cationic 5-
(N-alkyl-4-pyridyl)-10,1 5,20-tris-4-(2°,3 ’,4’,6’-tetra-O—acetyl-B-D—glucopyranosylthio)-
2.3,5,6-tetrafluorophenyl] porphyrins. This reaction is schematically shown in scheme
23. |

Finally the sugar residues were deprotected by stirring with sodium methoxide in
methanol at room temperature for one hour, to give 5-(N-alkyl-4-pyridy1)-10, 15, 20-tris-
[4-(B-D-glucopyranosylthio)-2,3,5,6-tetrafluorophenyl] porphyrins. All compounds were
shown to be single compounds by TLC and were characterised by '"H NMR , MS
(MALDI-TOF) and UV spectroscopy. This reaction is summarised in scheme 24 and the

full details can be found in chapter four.
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Scheme 22: Initial S-glycosylation
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[46]

excess RI, DMF, RT, 16h

RS

147} R*= C1i,
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I50] R*= benzyl

OAc SR

Scheme 23: Quaternisation of sugar conjugated porphyrins
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Scheme 24: Deprotection of sugar residues
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Once synthesised and characterised, the compounds [51--54] were then investigated for

their photodynamic activity in vitro.

2.4.2 Cytotoxicity of thioglycosylated cationic porphyrins

Four of the thioglycosylated cationic porphyrins [51], [52], [53] and [54] as well
as (5-methyl-4-pyridyl)-10,15,20-(pentaﬂuorophenyl)porphyrin [42] were all used for
cytotoxicity evaluations as PDT agents. HT-29 (Human colorectal adenocarcinoma cells)
were incubated in the dark for 1 hour at different concentrations of the compounds for
control purposes and also to evaluate "dark toxicity" associated with the PDT agents.

Briefly, the assays consisted of incubating HT-29 cells with the porphyrins for one
hour followed by washing to remove the photosenstiser, which had failed to associate
with the cells. Cells were plated in 96 well plates in quadruplicate and irradiated with
cooled filtered red light (630nm; 3.6J cm 2). After irradiation, SpL FCS (Fetal Calf
Serum) was added to each well and the cells were incubated overnight. Finally, cell
survival was determined by MTT (3-(4,5-dimethylthiazol-2-yl)-2, S-diphenyltetrazolium
bromide) assay. '

MTT assay as described by Mossman *® involved the addition of 10 uL of MTT
at Smg/mL PBS (phosphate buffered saline) at 24 hours post irradiation, to each well.
The plates were placed back into the incubator for 1 hour to allow the colour to develop.
Afterwards, 150 pL of isopropanol containing HCL (0.04 N) was added to stop the
reaction. The cells were lysed, and the blue formazan crystals produced by the
mitochondria of living cells were dissolved by vigorous pipetting. The plates were then

read at 570 nm using a Bio-Tek Elx 800 plate reader. The percentage of cell survival was
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calculated in proportion to the number of cells incubated without photosensitiser.

2.4.3 Cytotoxicity results

In order to access the efficiency of the compounds as PDT agents and any trends
that can be deduced, graphs are plotted for each compound displaying % cell survival
versus concentration (M). Two sets of data are presented for each compound; irradiated

(IRR) and non-irradiated (NI). The final figure (Fig 30) indicates a combined graph

which displays all the results obtained for both irradiated and non irradiated.

5- (7V-Methvl-4-DvridvD 10,15,20- tris|4-(-B-D-gluconyranosyltliio)-

2.3.5,6-tetrafluorophenyll porphyrin 1511

——IRR ave
Nl ave

Fig 25 : Cytotoxicity data for 5- (Af-mcthyl-4-pyridyl)-10,15,20- tris|4-(-P-D-

glucopyranosylthio)-2,3,5,6-tctrafluorophcnylJd porphyrin|511
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5- (JV-Hexvl-4-pyridvhl0,15,20- tris|4-(-B-D-gluconvranosylthio)-
2.,3.,5.6-tetrafluorophenyll porphyrin 1521

Fig 26 : Cytotoxicity data for 5- (/V-hexyl-4-pyridyl)-10,15,20- tris|4-(-P-1I)-

glucopyranosylthio)-2,3,5,6-tetrafluoroplienyl| porphyrin|52|

5- (7V-Octadecvl-4-nvridyl)l0,15,20- tris[4-(-B-D-glucopvranosvlithio)-

2.3.5,6-tctrafluorophenyll porphyrin 1531

Fig 27 : Cytotoxicity data for 5- (/V-octadecyl-4-pyridyl)-10,15,20- tris|4-(-P-D-
glucopyranosylthio)-2,3,5,6-tetrafluorophenyl| porphyrin|53|
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5- (7V-Benzyl-4-pyridyl)I0,15,20- tris|4-(-B-D-g|Uconvranosylthm)-
2,3,5,6-tetrafluoronhenvll norphvrin |54|

Fig 28 : Cytotoxicity data for 5- (yV-benzyl-4-pyridyl)-10,15,20- tris|4-(-P-D-
glucopyranosylthio)-2,3%,6-tctrafluoroplicnyl] porphyrin|54|

(5-methvl-4-nvridvn-10,15, 20-(pentafluoroDhcnyl)nornhvrin 1421

Fig 29 : Cytotoxicity data for 5- (mcthyl-4-pyridyl)-!0,15,20-

(pcntafluorophcnyl)porphyrin|69|
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Graph showing all thioglvcosvlated cationic porphyrins with irradiated

and non-irradiated cytotoxicity results.

Fig 30 : Cytotoxicity data for all thiogycosylated cationic porphyrins synthesis

2.4.4 Discussion

Comparison of concentrations required to kill 90% of cells (LD*,; SD < 0.05) for
the four glycosyl cationic porphyrins indicated that all compounds were active to this
level in the micromolar range with |54| the most active (LD= 25 pM) and [54] the least
active (LD9o= 50 pM). Compounds [51[ and [52] displayed intermediate activity of 35
and 45 pM respectively. All compounds showed neglible toxicity to cells in the absence
of light at the highest concentration used (5 x 10'5mol/L). In order to investigate the

effect of the cationic porphyrin in the absence of sugar residues. (5-methyl-4-pyridyl)-

98



10,15,20-(pentafluorophenyl)porphyrin iodide salt [42] was synthesised and its
photodynamic potential was also determined. Interestingly, porphyrin [42] was even
more active than any of the glycosyl cationic porphyrins with an (LDgy= 5

uM). However in this case significant “dark” toxicity was encountered, with 80% of cells

killed in the absence of light at 50 pM.

2.4.5 Conclusion

In conclusion, using the synthetic procedure developed in our research group to
displace the fluorine at the para position of a pentafluorinated phenyl ring with thiol

%7 glycosylated thiols were reacted with porphyrins bearing a pyridyl group

nucleophiles,
at one meso position. Following quaternisation and deacylation of the sugar hydroxyl
groups, gave a series of thioglycosylated cationic porphyrins. This method of synthesis
was flexible, moderate and good yield were obtained of the photosensitisers. PDT results
on HT-29 (Human colorectal adenocarcinoma cells) indicated that the glycosyl

substituents played an important role in the moderation of the “dark” toxicity associated

with many cationic PDT agents.

2.4.6 Further work suggestions

An extension of this work would be the systematic investigation of the effect of

the N-alkyl group on PDT activity. Alkyl sidechains on the pyridyl nitrogen ranging from

methyl to octadecyl sidechains could be made with an increment of one carbon atom at a

time. This would enable any trends to be seen more clearly between the values of LDy
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and carbon chain length.

Also, perhaps further insight into the localisation of the glycosylated porphyrins in
the cells using confocal microscopy would give a clearer picture with regards to the
mechanism of cell death during PDT. At this moment, without further proof one can only
speculate as to whether necrosis or apoptosis is responsible for the cell death during

PDT.
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CHAPTER THREE METALLOPORPHYRINS

3.1 INTRODUCTION TO METALLOPORPHYRINS

Metalloporphyrins were previously introduced in chapter one. In this chapter, the

development of a synthetic procedure is described that allows the insertion of palladium

(ID) into the different porphyrin macrocycles synthesised. Many factors had to be taken

into consideration prior to the achievement of this aim and progress was slow in obtaining

a sensible synthetic route that could be adapted for a wide range of porphyrins.

Our aim in this project was to use a range of porphyrins which could be

coordinated with palladium and thereafter under go further modifications to yield

hopefully suitable oxygen sensors. The different categories of porphyrins used include

symmetrical, unsymmetrical tetraarylporphyrins as well as symmetrical and

unsymmetrical diarylporphyrins. Hence a method was sought that would allow the metal

insertion to the different types of porphyrins with high yields.

3.1.1 General considerations for metalation reactions

The metalation of porphyrin free bases can be divided into five stages:-

1.

2.

Deprotonation of the free base
Dissociation of the metal salt/complex
Coordination of the ligand to the metal ion
Adjustment of the charge balance

Completion of the most stable coordination sphere for the metal complex.
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Steps one and two required a solvent in which the metal salt and porphyrin were
soluble. Since step one was an equilibrium step, the solvent could not be too acidic as
this would protonate the porphyrin competitively. Unfortunately, most organic solvents
do not dissolve common metal salts, but refluxing N, N-dimethylformamide and

benzonitrile were investigated in our project.

3.1.2 Synthetic approach to palladium metal metalation.

The aim was to synthesise palladium porphyrins that have some water solubility
for use in biological systems. As mentioned in chapter one, cationic porphyrins with
positively charged side chains were the obvious initial choice. The basic porphyrin
skeleton used was 5,10,1 5,20~tetrakis—(4—pyridyl)—porphyrin [20] which was synthesised
using the Adler Longo conditions.'™ 4-Pyridine carboxybenzaldehyde, pyrrole and
propionic acid were reacted together and the product separated from linear polypyrroles.
The yield of the reaction was 5%, of analytically pure product. Alkylation of the pyridyl
nitrogen was performed by reaction with excess alkylating agent.

As mentioned earlier, insertion of palladium into porphyrin macrocycles is not at
all trivial. Many attempts were made where different conditions were used in order to
obtain a general method which was applicable to all the porphyrins being considered.
Intensive research was carried out with both quaternised and unquaternised pyridiniumy]
porphyrins on metal insertion reactions. A general summary of the reactions carried out

is described below:-
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1. Solvent
2. Metal salt
/
/N

Scheme 31: Attempted reactions of palladium metalation.,
Where R = CHj, or C¢H,3 , Metal salt = palladium acetate or palladium chloride

(+K2C03)

Solvent = DMF, DCM, MeCN, CHCl,, benzonitrile or methanol.

Unfortunately, all attempts to obtain the desired products using the general
reactions outlined in scheme 31 were unsuccessful. Attempts were made to insert the
metal both before and after quaternisation with the R group (methy! or hexyl) but to no

avail. On a number of occasions, only the starting material was obtained or alternatively,
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a black solid resulted that was insoluble in both polar and non-polar solvents. It was
thought that the poor solubility was due to the formation of supramolecular polymeric
species of limited solubility. The n-n interaction would allow the porphyrin to form a

metal-porphyrin aggregate. This suggestion would be similar to the illustration below.

Fig 32: Proposed structure of supramolecular complex formed
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The exact nature of any putative supramolecular complex was, however, impossible to
ascertain, due to the insoluble nature of the product obtained. Only speculation can
therefore be made on the products from these synthetic approaches, however there are
several reports in the literature of supramolecular complex formation between pyridyl
porphyrins and metals.

Due to the failure to obtain any positive results from the synthetic procedures
demonstrated above, a different approach was adapted from a study conducted by
Vanderkooi et al.! The study involved the synthesis of metal derivatives from water-
soluble porphyrins for measuring the dioxygen concentration based on the quenching of
phosphorescence. Their work involved the "imidazole melt method” for the preparation
of the palladium metal complexes where the imadazole, porphyrin and palladium chloride
were all reacted together in a reaction vessel. Unfortunately, in our hands the product of
this reaction was identified as the starting material and even after altering factors such as
the concentration of palladium chloride, the reaction time, the temperature and the
amount of imidazole used, no product was obtained other than the starting material.

In the work conducted by Vanderkooi ef al ! the palladium porphyrins used were;
coproporphyrin 1, meso-tetra-(N-methyl-4-pyridyl)porphyrin (TMPP) and meso-tetra-(4-
sulfonatophenyl)porphyrin (TSPP). Careful consideration showed that the reaction did
not work in the project as the porphyrin TMPP was unquartenised and hence the lone pair
of electrons on the nitrogen of the pyridyl group may have interfered in the reaction
pathway yielding an unsuccessful reaction. Therefore, this reaction pathway was also
found to be inappropriate for synthesising palladium metal complexes. The scheme

below outlines the "imidazole melt method" adapted from work conducted by Vanderkooi
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et al ! to obtain metalloporphyrins.

Imidazole
palladium chloride

Scheme 33: Imidazole melt synthetic route for metalation.

The next approach attempted was to incorporate metals other than palladium into
the 5,10,15,20-tetra(4-pyridyl)porphyrin centre. This approach yielded zinc(IT)-
5,10,15,20-tetra(4-pyridyl)porphyrin [S5] with 93% yield. Successful metalation with
zinc metal was also observed to yield yet another symmetric tetraarylporphyrin, zinc(II)-
5 ,10,15,20-tetra—(4-bromophenyl)porphyrin [56]. The synthesis involved using
chloroform as a solvent and adding a saturated solution of zinc acetate in methanol and

heating the reaction mixture under reflux for 30 minutes before purification. The scheme
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below outlines the reaction procedure followed.

chloroform, 140 °c
zinc acetate, methanol

R

Scheme 34: Successfull metalation of tetraarylporphyrins with zinc in project.

Having obtained evidence of a successful metal insertion into the tetrapyridyl
complex, the next step was to obtain evidence of palladium insertion into a simple
porphyrin, and tetraphenylporphyrin (TPP) was the porphyrin of choice. Using purified
palladium acetate, potassium carbonate and DMF, the palladium tetraphenylporphyrin
complex was obtained in 73% yield. The scheme below outlines the procedure followed

for succussfull metalation into TPP.
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1. DMF
2. palladium acetate
3. pottasium carbonate

18]

157)

Scheme 35: Initial metalation of tetraphenylporphyrin with Palladium in project.

These experiments revealed that tetrapyridyl porphyrin could undergo metal
insertion reactions and also that palladium metal could be inserted into other porphyrin
macrocycles. It was therefore deduced that the size of the metal, its electron density as
well as that of the porphyrin macrocycle had an effect upon metal insertion into the
porphyrin macrocycle. Other reactions that were attempted, but did not give any positive
results, were reactions involving the insertion of the palladium into porphyrin

macrocycles with halogenated phenyl substituents. The scheme below is an example of
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the reactions attempted.

Br

Br

1. DMF
2. palladium acetate
/3. 190 °C

/N

Br

Br

Scheme 36: Attempted palladium metal insertion into halogenated porphyrin.

The "HNMR obtained indicated the absence of the signal for the N-H bonds in the
centre of the porphyrin macrocycle, which suggested that the metal had been incorporated
as desired. However, it also indicated the signal for the P hydrogens to be a multiplet
suggesting that they were non-equivalent. It was thought that the palladium meta] may
have inserted into the bromine-carbon bond just as it does during the initial stages of the

Suzuki coupling reactions and hence this would make the B hydrogens non-equivalent
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This behaviour has recently been confirmed by Amold ef al **!

who found it was possible
to isolate the product of such palladium insertion reactions.

Unsatisfactory results were also obtained for reactions attempted using palladium
5,10,15,20-tetra-(pentafluorophenyl)porphyrin using DMF. The findings were explained
using results obtained from a study conducted by Kadish ef al. 22 They suggested that
where the solvent used was DMF, the final product produced was not simply a metal
centred derivative. DMF can break down at reflux to give dimethylamine, which can also
substitute the halogen at the para-positions of the phenyl rings. This explained why the
data obtained was not easily interpretable. The material produced was a mixture of
partially or fully substituted products with one, two, three or all four fluorines at the para-
positions substituted with N(CH;), groups. The mixture also contained the starting
material and the metal inserted, but unsubstituted, porphyrin which could not be separated
easily. This evidence explained why the signal for the  hydrogens was no longer a broad
singlet, but a multiplet. A strategy that was suggested in order to overcome this side
reaction was to use other solvents such as acetonitrile and benzonitrile.

Previous work done by Tyulyaeva et al ** indicated the use of boiling
benzonitrile to produce stable platinum complexes. Benzonitrile was also used by Soini
et al ® to give platinum metal porphyrins and hence, a method was designed using
benzonitrile as the solvent in our research. Many other factors contributed to the
successful insertion of palladium metal into the porphyrin macrocycles. In our research,
it was found that reactions were successful when the metal acetate was used as opposed to

the corresponding metal chlorides, which failed to insert cleanly. This was explained

simply by the fact that the metal acetates were more soluble than the metal chlorides in
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the solvent systems used. Also, during the reactions, metal acetate was required in an
excess of almost ten times relative to the porphyrin used for the reaction to take place.
Other factors that were found to be important were purity of the metal salt, purity of the
solvent, dryness of the solvent, amount of light entering the reaction flask and having an
inert gas atmosphere during the reaction. Once all the above mentioned factors were
discovered and the reaction conditions optimised, it was possible to design a synthetic
procedure that allowed palladium metal insertion into porphyrin macrocycles.

. In conclusion it was observed that the best reaction conditions for palladium
insertion into porphyrins were; benzonitrile, excess palladium acetate, 240 °C, inert gas

atmosphere and lack of light during the reaction.

3.1.3 General synthetic procedure in project

With the aim of developing a versatile method, a range of basic porphyrins were
subjected to metal insertion. The general method given involved using a ten times molar
excess of Pd(OAc), dissolved in a minimum amount of benzonitrile (~5 ml). The
reaction mixture was heated under reflux at 240 °C, for 30 minutes under argon and
protected from light. The porphyrin was then added whilst heating and the mixture
stirred under reflux for 72 hours. Upon cooling, the solvent was removed in vacuo and
the resulting solid redissolved into a minimum amount of benzene. The mixture was
filtered through a neutral alumina column and the filtrate collected, dried and the solvent
removed in vacuo to obtain the product. The product was recrystallised using chloroform

and dried to give the final product. The full details of each experiment is discussed in the
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experimental chapter four.

3.1.4 Synthetic achievements in project of Pd metalation using

benzonitrile method.

Different types of porphyrins were metalated which were symmetrical and
unsymmetrical, tetraarylporphyrins and diarylporphyrins. Symmetrical
tetraarylporphyrins which were successfully metalated using Pd, included 5,10,15,20-
(tetraphenyl)porphyrin [§7] and 5,10,l5,20-tetra(pentaﬂuorophenyl)porphyrin [58]. The

scheme below outlines the reaction procedure.

R R
R R benzonitrile, 240 °c
palladium acetate, R R
R

R
181 R = 5‘@ IS7IR = 5@
K F R F
[21] R= SQF [58] R= F
F F F F

Scheme 37: Palladium metal insertion into symmetric tetraarylporphyrins.
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Unsymmetric tetraarylporphyrins were also metalated successfully to give Pd(II)-
5-(pentafluorophenyl)-10,15,20-tris-(4-methoxyphenyl)porphyrin [§9] and Pd(II)-5-(4-

methoxyphenyl)-10,15,20-tris-(pentafluorophenyl)porphyrin [60].

R R
benzonitrile, 240 °c
R R - R
palladium acefate, R

R
RF
[27] Rl g‘é‘ OMG |59l Rl =€<§j—\F Rz_‘s OMe
FF
F R F
[25] Ry = %__@_ Ryy= §~§:§~F (60] Rn"’é—Q—OMe Ryu= 3 F
F F F

Scheme 38: Successfull palladium metal insertion into unsymmetric

tetraarylporphyrins.

Diarylporphyrins were also successfully metalated using identical conditions to
give both symmetrical and unsymmetrical diarylporphyrins. In both cases, Pd(II)-
diphenylporphyrin [61] and Pd(II)-5-(pentafluorophenyl)-1 5-(4-methoxyphenyl)porphyrin

[62] were synthesised respectively. The scheme below outlines the reaction summary.
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benzonitrile, 240 °c

R -
! Re palladium acetate,

R4

[34] R; = g—@ R; = §—© 161] R,=g—© R; = 2—@
R F

R F
Ry =
361 RF@‘QF ’ %_O—OM" 162) R1=§—§ é‘F R, =§—®_0Me
F F

F F

Scheme 39: Successfull palladium metal insertion into diarylporphyrins.

Following this general procedure, palladium metal porphyrins were obtained in

good yields (37-85%) and were fully characterised by 'H NMR, *C NMR, MS, UV and

TLC.

3.1.5 Characterisation of palladium porphyrins

This section is aimed at describing the methods used to investigate the molecular
structure of compounds. Basic organic analytical procedures such as 'H NMR, 1*C NMR,
MS, UV and TLC were all used in this project. The underlying principles of the
analytical methods will not be discussed but rather emphasis placed on the use of these

analytical methods to determine important molecular information.
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Notable features of ‘H NMR spectra.

The most recognised feature of a free base 'H NMR is the presence of a signal
with a negative chemical shift relative to TMS ~ -2ppm. The signal represents two highly
shielded central pyrrolic NH protons. The negative signal is due to the efficient shielding
by the powerful aromatic ring current caused by the conjugated macrocycle. The other
signal that is unusually low field (9 ppm), representing the protons at the p positions.
These protons lie outside the macrocyclic ring current and as a result experience a
deshielding effect, which in turn has an effect of increasing the chemical shift values to

be higher than is normally expected for aromatic protons.

N7 g2 N

Fig 40: Shielding effect of aromatic ring on porphyrin.
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Metalloporphyrins on the other hand do not have a negative signal associated with
the central pyrrolic NH protons. This is due to the metal coordination to the pyrrolic
nitrogens and the loss of the protons previously found on the nitrogens. The lack of the
signal at ~-2 ppm is often an indicator used alongside other analytical methods including

UV-vis spectroscopy, to ensure metal insertion.

k

Cllllliona)

Fig 41: '"H NMR for free base 5,10,15,20-tetra(pentafluorophenyl)porphyrin [211
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Fig 42: 'H NMR for Pd(ll) 5,10,15,20-tetra(pentafluorophenyl)porphyrin |58|

Noticeable difference in both '"H NMR spectra is the lack of the signal at -2.9 ppm

for the palladium porphyrin.
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3C NMR spectra features

3C NMR spectroscopy is often used in analysis of complex porphyrin
macrocycles to give information regarding symmetry. Broad band decoupling
experiments *C-{'"H}may be used to give sharp peaks, each representing different
environments in the compound. Hence a general "carbon count” may be used to evaluate
the different carbon environments in the porphyrin macrocycle. Porphyrins tend to have
signals that are broadened and overlapping, sometimes beyond detection making the
"carbon count" impossible for porphyrins and metalloporphyrins. Therefore, this method
of analysis is often restricted to diarylporphyrins and was not often used in identification

of products in this project.

Mass spectroscopy features

Mass spectrometric analysis of porphyrins and metalloporphyrins has been
generally carried out using a MALDI-TOF spectrometer. Matrix assisted laser desorption
ionisation (MALDI) involves the transfer of energy from a laser beam to the sample in
order to produce molecular ions. Time of flight (TOF) analysis relies on the time taken
for an ionised sample to travel a certain distance and consequently determine the mass to
charge ratio, which varies inversely with the speed of the particles.

This method was found to be well adapted to porphyrins and metalloporphyrins
for determining molecular weights, it was also effective, sensitive and reliable for such
large molecules such as free base porphyrins as well as metal inserted porphyrins,
MALDI is a non-fragmenting mild ionisation method, and when used in this project,

produced protonated molecular ions for both free base and metal inserted porphyrins, for
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palladium porphyrins, a specific isotope pattern was observed, which was due to the
several natural stable isotopes of palladium. This specific characteristic isotope pattern

was a clear indication of the presence of the metal ion.

Fig 43: MS for Pd(Il) 5,10,15,20-tetra(pentafluorophenyl)porphyrin [58]
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Fig 44: MS showing isotopic patterns due to Pd in Pd(l1) 5,10,15,20-

tetra(pentafluorophenyl)porphyrin [58]

UV spectroscopy

A typical porphyrin absorption spectrum includes five absorption bands in the UV
visible spectrum. This includes an intense near UV band called the B or Soret band,
typically at -400 nm, and four less intense bands, the Q bands, often seen between x =
500-600 nm. These absorptions arise from n (highest occupied molecular orbital, HOMO)
to n* (lowest unoccupied molecular orbital, LUMO) transitions associated with the

delocalised conjugate system. The unsymmetrical nature of the free base due to the
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proton axis, excitations along the x axis and y axis are not degenerate. Hence, Q(0,0),
which represents excitations from the lowest vibrational level of the ground state singlet
to the lowest vibrational level of the first excited singlet electronic state, would be
represented as two different peaks and denoted as Qx(O-O) and Qy(O-O). Similarly Qx(0-
1) and Qy(O-I) would be the other Q bands which represent the quantum of vibration in
the first excited singlet electronic state.2b

In metalloporphyrins, the visible spectrum contains 3 bands, the most intense
band is usually still the B (Soret band). However the Q bands often collapse to either 2
bands or 1 major band with satellites. This is due to an increase in the symmetry of the
porphyrins. The squared symmetry of these bands are due to the degenerate excited states
with x and y polarisation, making vibration components of electronic transitions Q(0-0)

and Q(0-1) equivalent in metalloporphyrins.

N\ > Tomar

Fig 45: UV spectra for Pd(11) 5,10,15,20-tetra(pentafluorophenyl)porphyrin |58|



Fig 46: UV spectra showing collapsed Q bands for Pd(Il) 5,10,15,20-

tetra(pentafluorophenyl)porphyrin [58|

3.2 FURTHER MODIFICATIONS OF PALLADIUM PORPHYRINS

Following the development of successful conditions for the metalation of
porphyrins, the next step was to modify the porphyrins to introduce a more synthetically
useful functional handle onto the porphyrin macrocycle.

Previous work by our research team involving selective substitution of the 4-
fluoro substituent in pentafluoraphenyl porphyrins 197,18prompted the investigation of
similar substitution reactions on metalloporphyrins. The range of thiols available were 4-
mercaptophenol, 2-mercaptoethanol, benzyl mercaptan, benzenethiol,

octadecanemercaptan and 4-aminobenzenethiol. With the different palladium porphyrins
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available, an investigation was undertaken into their selective substitution reactions at the

para-position of the pentafluoraphenyl substituent on metalloporphyrins.

3.2.1 Selective Substitution ofthe para-fluorine

Studies conducted by Kadish et al **? on metalloporphyrins containing Co(Il),
Cu(Il) and Ni(II) confirm the substitutions by dimethylamino formed by the
decomposition of DMF, at the para-position with fluorine. The study suggested that by
using refluxing DMF, a mixture of products was obtained with NMe, substituted at the
para-position of the phenyl ring as well as the nucleophiles. Hence products obtained
were neither straight forward nor the expected porphyrin products.

In 1991 Battioni et al ** confirmed the findings from Kadish ef al %, and
suggested proper conditions for the preparation of functionalised polyhalogenated
porphyrins in one step and with high yields, by selective substitution of the para-fluorine
substituent on C¢ Fs groups of the metalloporphyrins by various nucleophiles. Battioni et
al ** found that nucleophilic groups, such as amines, alcohols or thiols enabled selective
substitution of fluorine at the para-position with high yields. Other nucleophiles, such as
CN’, gave complex mixtures and low yields. Their work used the metalloporphyrin
Zn(TFsPP) and the nucleophiles used were NEt,, NHPr, OEt, OPh™ and SBu". The
procedure outlined in their work found DMF to be the best the solvent but reaction

conditions to be at room temperature to avoid DMF degradation and competitive

substitution.
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3.2.2 Paladium Metalloporphyrin substitution of para-fluorine

substituents in project.

Unlike zinc porphyrins, palladium porphyrins were much harder to synthesise and
as described earlier, required very harsh and inert conditions. Using reaction conditions
outlined by Kadish et al ** on metalloporphyrins and their substitution of the para-
fluorine position on the pentafluorophenyl substituent with NMe; obtained by the
breakdown of DMF, palladium porphyrins were reacted with (CH;),NH.HCl in DMF.
The reaction was driven to completion by using an excess of (CH3),NH.HCI and both
symmetrical and unsymmetrical tetraarylporphyrins were reacted.

Unsymmetrical Pd(II)-S-(4-methoxyphenyl)-10,15,20-tris(pentaﬂuorophenyl)
porphyrin [60] was reacted with (CH;);NH.HC1 in DMF. The scheme 47 below outlines
the reactions involved. The product obtained, Pd(I1)-5-(4-methoxyphenyl)-10,1 5,20-
tris(2,3,5,6-tetraﬂuoro-N,N-dimethyl-4-aniiliniumyl)porphyrin [63], indicated that all the
para-fluorine position on the pentafluorophenyl substituent were substituted with NMe,.

Similarly, symmetrical Pd(I)-5,10,1 3,20-tetra~(pentafluorophenyl)porphyrin [58]
was reacted under the same conditions to give 5,10,15,20-tetrakis(2,3,5,6-tetrafluoro-
N,N-dimethyl-4-aniiliniumyl)porphyrin [64). Again, the reaction indicated that all the
para-fluorine position on the pentafluorophenyl substituent were substituted with NMe,.
The reaction was driven to completion and none of the mono, di- or tri-substituted

products were isolated. Scheme 48 shows a summary of the reaction.
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Scheme 47: Synthesis of Pd(II)-5-(4-methoxyphenyl)-10,15,20-tris(2,3,5,6-

tetrafluoro-N,N-dimethyl-4-aniiliniumyl)porphyrin [63]
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NMe,

164]

Scheme 48: Synthesis of 5,10,15,20-tetrakis(2,3,5,6-tetrafluoro-N,N-dimethyl-4-

aniiliniumyl)porphyrin [64].
Other than reactions with (CH3),NH.HCl, reaction conditions were sought which

would allow thiol substitution reactions at para-fluorine positions selectively. The
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method would also be required to be applicable to diarylporphyrins as well as symmetric

and unsymmetric tetraarylporphyrins.

3.2.3 General Method for thiol substitution of para-fluorine

substituents on Pd-Metalloporphyrin

Following the general method outlined in previous work by our research team
involving selective substitution of the 4-fluoro substituent in pentafluoraphenyl
porphyrins, '™ *® reaction conditions were optimised for palladium porphyrins.
Palladium porphyrin bearing pentafluorophenyl substituent was reacted with the thiol in a
minimum amount of anhydrous DMF ovemnight, at room temperature and under argon
and protected from light. The solvent was evaporated in vacuo and the solid re-dissolved
into dichloromethane. The solution was then washed with saturated hydrogencarbonate,
separated and concentrated to give the final product. The products were then analysed

using TLC, UV, 'H NMR and MS. Individual experiments are detailed in chapter four.

3.2.4 Synthetic achievements in thiol substitution of para-fluorines in

project.

In instances where the diarylporphyrin Pd(I)-5-(4-methoxyphenyl)-15-
(pentafluorophenyl)porphyrin was used, no extra purification of product was obtained as
the thiol selectively substituted at the para-fluorine position on the pentafluorophenyl
substituent. No further displacement of other fluorines was observed and the reactions

always reached completion under the conditions used. The scheme below outlines the
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reactions and products obtained.

RSH % yield
4-mercaptophenol [65] 78
Benzylmercapatan [66] 85

Benzenethiol [67] 40
2-Mercaptoethanol [68] 54
4-Aminobenzenethiol 69] 30
octadecanethiol [70] 40

Fig 49: Substitution reactions of Pd(II) 5-(pentafluorophenyl)-15-(4-

methoxyphenyl)porphyrin using thiols.

For unsymmetrical Pd-tetraarylporphyrins with more than one pentafluorophenyl
substituent, such as Pd(IT)-5-(4-methoxyphenyl)-10,15,20-tris(pentafluorophenyl)

porphyrin [60], fluorines at the para-positions of all three pentafluorophenyl substituents
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were replaced. In these cases, preparative TLC was used to separate the products. The
mono-, di- and tri-substituted products were successfully purified as detailed in the
experimental section [71-73] and characterised using TLC, UV, ' H NMR and MS. The

scheme below outlines the synthetic achievement.

H3CO

F DMF
11 K F
[60] g s
=0
Porphyrin Yield (%)
Pd(ID)-5-(4-benzylthio-2,3,5,6-tetrafluorophenyl)-10, 15-di- 8

(pentafluorophenyl)-20-(4-methoxyphenyl)porphyrin [71]

Pd(10)-5, 10-di-(4-benzylthio-2,3,5,6-tetrafluorophenyl)-15- 9

(pentafluorophenyl)-20-(4-methoxyphenyl)porphyrin [72]

Pd(ID)-5, 10, 15-tris-(4-benzylthio-2,3,5,6-tetrafluorophenyl)-20-(4- | 2

methoxyphenyl)porphyrin [73]

Fig 50: Substitution reactions of Pd(II)-5-(4-methoxyphenyl)-10,15,20-

tris(pentafluorophenyl) porphyrin using benzylmercapatan.

129




To avoid further multistep purifications, unsymmetrical Pd-porphyrins containing
only one pentafluorophenyl substituent were synthesised. Pd(ID-5-(pentafluorophenyl)-
10,15,20-tris(4-methoxyphenyl)porphyrin [59] was reacted further with different thiols.

The table and scheme below outlines the reactions achieved.

H3CO

OCHy

RSH % Yield
4-mercaptophenol [74] 30
Benzenethiol [75] 40
2-Mercaptoethanol [76] 60
4-Aminobenzenethiol [77] 41
Octadecanethiol [78] 82

Fig 51: Thiol substitution reactions for Pd(II) S-(pentafluorophenyl)-1 0,15,20-tris(4-

methoxyphenyl)porphyrin
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All the products obtained were analysed using TLC, UV, 'H NMR and MS and
were found to be single compounds.
Symmetrical tetraarylporphyrin, Pd(Il)-5,10,15,2 O-tetra(pentafluorophenyl)

porphyrin was used to react with different thiols. In certain cases, only the tetra-

substituted product was obtained. These reactions are summarised in the scheme below.

SR
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RSH % yield
4-mercaptophenol [79] 25
Benzenethiol [80] 9
2.3,5,6-tetra-O-acetyl-B-D-thioglucopyranose [81] 44
4-Aminobenzenethiol [82] 33

Fig 52: Thiol substitution reactions for Pd(II) 5,10,15,20-tetra-(pentafluorophenyl)
porphyrin

However, in other cases, the mono-, di-, tri-, and tetra-substituted thiol
metalloporphyrins were obtained. Again, only fluorines at the para-positions were
displaced selectively. Using preparative TLC, the different products were separated and
analysed. The separations were tedious and time consuming but gave a range of pure
metalloporphyrins which had similar functionalities that could be used for further
investigations. This was the case when the thiols:- benzylmercapatan, 2-mercaptoethanol
and octadecanethiol were reacted with Pd(II) 5,10,15,20-tetra-(pentafluorophenyl)
porphyrin [58]. The table below indicates which substituted products were obtained,
represented with a tick and the porphyrin number associated. The full experimental

details are found in chapter four.

RSH mono- di- tri- tetra-
benzylmercapatan v [83] v [84] v [85] v [86]
2-mercaptoethanol v [87] v [88] v [89] X
octadecanethol v [90] v 9] v 192] v 93]

Fig 53: Thiol substitution reactions for Pd(Il) 5,10,15,20-tetra-(pentafluorophenyl)

where the mono-, di-, tri- and tetra-substituted products were obtained.
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3.2.5 Conclusions.

The development of a synthetic procedure that would allow the palladium metal
insertion into different porphyrins was achieved. Various Pd-metalloporphyrins were
synthesised, purified and then analysed using some common analytical methods. TLC,
UV, 'HNMR and MS were used to identify and characterise these metalloporphyrins.

Pd porphyrins containing one, two, three or four pentafluorophenyl substituents
were also synthesised. Once synthesised, the Pd-metalloporphyrins were reacted with
different thiols for the selective substitution of para-fluorines on pentafluorophenyl
substituents. The products obtained were purified and analysed to give a range of
porphyrins that could be used for further work in future.

These Pd metalloporphyrins were initially synthesised to be used in studies as
oxygen sensors. However, after the long and tedious effort to synthesise and
functionalise the porphyrins, it was discovered that they were unsuitable for this purpose.
This was due to the failure of cells incubated with the compounds to internalise the
metalloporphyrins. The subject of the cells inability to uptake these metalloporphyrins is
under investigation and may be developed further by future research into this area.

Further work suggestions include incorporating these metalloporphyrins into
PEBBLE:s (probes encapsulated by biologically localised embedding). Similar work has
been done to use porphyrin PEBBLE:s as oxygen sensors 2% and also in particular
platinum tetrakis(pentafluorophenyl)porphyrin immobilised in PEBBLEs 2*® has been

used to measure oxygen concentrations in plants.
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CHAPTER FOUR: EXPERIMENTAL

4.1 EQUIPMENT

1 13
Hand C NMR spectra were recorded on either a JEOL JNM-LA400 or JEOL
JNM-GX270 NMR spectrometer. Chemical shifts (5) are quoted in ppm relative to

SiMe,, which was used as an internal standard. Coupling constants are given in Hertz.

UV-visible spectra were measured on an Agilent 8453 diode array spectrometer.
Mass spectra were recorded using either a Bruker Reflex IV matrix assisted laser
desorption ionisation-time of flight (MALDI-TOF) mass spectrometer or a
ThermoFinnigan LCQ Classic electrospray mass spectrometer. Samples analysed
using MALDI-TOF were run in the absence of a matrix unless otherwise stated.

Samples analysed by electrospray were directly loop injected through the inject/direct

. +
valve. Where present, the mass ion of the compound is indicated by M and does not

include counter ions.
Melting points were recorded on a Gallenkemp or Philip Harris melting point
instrument and are uncorrected. Melting points for porphyrins and metalloporphyrins
were not obtained as they decompose at temperatures of >350 °C.

Thin-layer chromatography (TLC) was performed using Merck aluminium plates

coated with silica gel 60 F,, and visualised using either bromine vapour or under UV

light. Gravity percolation chromatography was performed using Fluorochem Silica
Gel 35-70 p 60 A or ICN Silica Gel 32-63 n 60 A.
Solvents for TLC and chromatographic separation were purchased in house and used

without further purification.
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e Tetrahydrofuran was distilled over sodium wire under a nitrogen atmosphere with
benzophenone as an indicator. All other reaction solvents and reagents were
purchased from Aldrich, Avocado, Acros or Lancaster and used without further
purification unless otherwise stated.

¢ Dryness of the products was assured by air drying the products as well as drying them

1
under pressure. Dryness was confirmed by the lack of a H NMR peak representing

water protons in the product analysis.

42 METHODOLOGY

[18] 5,10,15,20-Tetraphenylporphyrin

To benzaldehyde (8.00 ml, 0.08 mol) dissolved in propionic acid (300 ml) was added
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freshly distilled pyrrole (5.60 ml, 0.08 mol) and the solution stirred under reflux for 30
rr;in. After cooling, the solution was filtered and the resulting solid was triturated
thoroughly with methanol and then hot water. The purple crystals obtained were air dried
and then finally dried under vacuum to remove any adsorbed acid (2.11 g, 17%); 'H NMR
[400MHz, CDCl3] 6 -2.77 (2H, br s, NH), 7.76 (12H, m, Ar-3, 4,5-H), 8.23 (8H,d, J* =
8Hz, Ar-2, 6-H), 8.85 (8H, s, BH); "°C NMR [67.50 MHz, CDCl;] 5 120.19, 126.73,
127.75, 131.14 (overlap), 134.60, 142.22; MS (MALDI-TOF) m/z 614.70 [calc’d for

CasH3oNy, M* 614.75].

[19] 5,10,15,20- Tetra-(4-acetamidophenyl)porphyrin
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4-Acetamidobenzaldehyde (10 g, 0.06 mol) was dissolved in propionic acid (300 ml).
Pyrrole (4.30 ml, 0.07 mol) was added and the mixture stirred under reflux for 30 min.
After cooling, the solvent was removed in vacuo and the residual oil triturated thoroughly
with methanol. The crude solid product was filtered and the mixture of porphyrin isomers
purified by flash column chromatography (silica, eluent: CHCl;/MeOH 19:1). Relevant
fractions were combined and the solvent evaporated in vacuo to yield the product as a
purple solid. (0.56 g, 5%); Rf = 0.8 (silica, CHCl;/MeOH, 3:2); 'TH NMR [400 MHz,
CDCl;] 8 -2.9(2H, br s, NH), 2.32 (12H, s, NHCOCH), 8.05 (8H, m, 10, 15, 20-Ar- 4, 6-
H), 8.15 (8H, m, 5, 10, 15, 20-Ar-3, 5-H), 8.9 (8H, br s, BH), 10.4 (4H, br s, NHCOCH,);
UV-vis (CH2CL) Amax 423, 456, 522, 556, 598,655 nm; MS (MALDI-TOF) m/z 843

[calc’d for Cs;HiOsNz, M 842.96).

{20] §,10,15.20-Tetra-(4-pyridyl)porphyrin
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Pyridine-4-carboxyaldehyde (7.55 ml, 0.08 mol) was dissolved in propionic acid (300 ml)
at 90 °C. Pyrrole (5.40 ml, 0.08 mol) was added and the mixture stirred under reflux for
30 min. Upon cooling the solvent was evaporated in vacuo and the residual oil was
purified using flash column chromatography (silica, eluent: CHCly/ MeOH, 19:1).
Relevant fractions were combined and the solvent evaporated in vacuo to yield the
product as a purple solid. The product was recrystallised from (9:1) chloroform and
methanol (0.60 g, 5%); Rf = 0.42 (silica, CHCly/ MeOH, 19:1); 'HNMR [400 MHz,
CDCl;] 8 -2.93 (2H, br s, NH), 8.17 (8H, m, Py-2, 6-H), 8.88 (8H, s, BH), 9.08 (8H, m,
Py-3, 5-H); UV-vis (CHCL) Amax 416, 512, 545, 587, 642 nm; MS (MALDI-TOF) m/z

618 [calc’d for C4H6Ng, M' 618.69 1.

[21] 5,10,15,20-Tetra-(pentafluorophenyl)porphyrin
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Pentafluorobenzaldehyde (10 ml, 0.08 mol) was dissolved in propionic acid (300 ml).
Pyrrole (5.60 ml, 0.08 mol) was added and the solution stirred under reflux for 30 min.
After cooling, the solvent was removed in vacuo and the residual oil was triturated
thoroughly with‘methanol. The resulting purple crystals were filtered, air dried and
finally dried under vacuum to remove any adsorbed acid (0.70 g, 4%); Rf = 0.73 (silica,
hexane); "H NMR [400 MHz, CDCl;3] 8 -2.92 (2H, br s, NH), 8.92 (8H, s, BH); UV-vis
(CH,Cly) Amax 412, 500, 583, 637, 656 nm; MS (MALDI-TOF) m/z 974.59 [calc’d for

CasH1oNaFz0, M* 974.56 ].

[22] 5.10,15.20-Tetra-(4-bromophenyl)porphyrin

4-Bromobenzaldehyde (16.96 g, 0.09 mol) was dissolved in propionic acid (300 ml).

Pyrrole (6.40 ml, 0.09 mol) was added and the solution stirred under reflux for 30 min.
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After cooling, the solution was filtered and the solid obtained was then triturated
thoroughly with methanol. The resulting purple crystals were air dried and finally dried
under vacuum to remove any adsorbed acid (4.44 g, 20%); Rf = 0.88 (silica, CHCL;); 'H
NMR [400 MHz, CDCIl;] 6 -2.88 (2H, br s, NH), 7.92 (8H, m, Ar-3, 5-H), 8.08 (8H, d, J*
= 8Hz, Ar-2, 6-H), 8.84 (8H, s, BH); °C NMR [67.5 MHz, CDCl;] § 77.52, 119.01,
122.67, 130.04, 131.32, 135.85, 140.84; MS (MALDI-TOF) m/z 930.42 [calc’d for

C44H2(,N4BI‘ 4 M+ 930.3 3] .

[23] 5-(4-Acetamidophenyl)-10,15,20-tris-( 3, S-dimethoxyphenyl)porphyrin

4-Acetamidobenzaldehyde (5.04 g, 0.03 mol) and 3,5-dimethoxybenzaldehyde (15 ml,

0.09 mol) were stirred in propionic acid (450 ml) at 90 °C. Pyrrole (8.25 ml, 0.12 mol)
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was then added and the mixture stirred under reflux for 30 min. Upon cooling the solvent
was evaporated in vacuo to yield a dark purple solid. The crude mixture of porphyrin
isomers was purified by flash column chromatography (silica, eluent: CH,Cl,/EtOAc,
4:1). Relevant fractions were combined and the solvent evaporated in vacuo to yield the
product as a purple solid. (0.56g, 2%); Rf = 0.5 (silica, CH,Cl,/EtOAc, 4:1); '"HNMR
[400 MHz, CDCl;] & -2.80 (2H, br s, NH), 2.32 (3H, s, NHCOCH3), 3.93 (18H, s, 3,5-
OCH,), 6.89 (3H, s, 10, 15, 20-Ar-4-H), 7.39 (6H, s, 10, 15, 20-Ar- 2, 6-H), 7.85 (2H, d,
J* = 8 Hz, 5-Ar-3,5-H), 8.14 (2H, d, , J* = 8 Hz, 5-Ar-2, 6-H), 8.84-8.94 (8H, m, H),
9.17 (1H, br s, NHCOCH;); MS (MALDI-TOF) m/z 852 [calc’d for Cs,H,s0;N5, M*

851.96 1.

[24] 5-(4-pyridyD-10,15,20-tris-(pentafluorophenyl)porphyrin
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Pentafluorobenzaldehyde (3.70 ml, 0.03 mol) and pyridine-4-carboxyaldehyde (8.60 ml,
0.09 mol) were stirred in propionic acid (450 ml) at 90 °C. Pyrrole (8.25 ml, 0.12 mol)
was then added and the mixture stirred under reflux for 30 min. Upon cooling the solvent
was evaporated in vacuo and the crude product was dissolved in a minimal amount of
dichloromethane. Silica (= 5 g) was added and the solvent evaporated in vacuo to yield
the crude product adsorbed onto the silica. The mixture was purified using flash column
chromatography (silica, eluent: CHCly/ MeOH, 19:1). The product was obtained as a
purple solid which was recrystallised from (9:1) chloroform-methanol (0.60 g, 5%); Rf =
0.42 (silica, CH,Cl,); '"H NMR [400 MHz, CDCl,] § -2.9 (2H, br s, NH), 8.25 (2H, m,
Py-2, 6-H), 8.9 (8H, m, BH), 9.11 (2H, m, Py-3, 5-H); UV-vis (CH,Cl,) Aex 413, 508,

584, 638, 654 nm; MS (MALDI-TOF) m/z 885.70 cale’d for CysHiaNsFs, M* 885.5931]
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[25] 5-(4-methoxyphenyl)-10,15.20-tris-(pentafluorophenyhporphyrin and

[26] 5,15-di-(4-methoxyphen 1)-10,20-di-(pentafluorophenyporphyrin and

[27] S-(pentafluorophenyl)-10,15,20-tris-(4-methoxyphenyl)porphyrin and

[28] 5,10,15.20-tetrakis-(4-methoxyphenyl)porphyrin

5- (4-methoxyphenyl)-10, 15, 20-tris-(pentafluorophenyl)porphyrin
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OCH3

5, 15-(4-methoxyphenyl)-10, 20-tris-(pentafluorophenyl)porphyrin

OCH;

5-(pentafluorophenyl)-10, 15, 20-tris-(4-methoxyphenyl)porphyrin
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OCH;

5, 10, 15, 20-tetrakis-(4-methoxyphenyl)porphyrin

Pentafluorobenzaldeyde (6.20 ml, 0.05 mol) and 4-methoxybenzaldehyde (18.3 ml, 0.15
mol) were dissolved in propionic acid (250 ml) at 90 °C. Pyrrole (14 ml, 0.20 mol) was
added and the solution stirred under reflux for 30 min. After cooling, the mixture was
filtered and the purple crystals obtained were dried in vacuo. Following adsorption onto
silica gel (5 g), purification by flash column chromatography was carried out (silica,
eluent: CH,Cly/ hexane, 1:1). Four fractions were obtained, the first being 5- (4-
methoxyphenyl)-10, 15, 20-tris-(pentafluorophenyl)porphyrin which had Rf =0.8. The
next fraction was 5, 15-(4-methoxyphenyl)-10, 20-tris-(pentafluorophenyl)porphyrin, Rf
= 0.6, followed by 5-(pentafluorophenyl)-10, 15, 20-tris-(4-methoxyphenyl)porphyrin,
Rf = 0.4, and finally 5, 10, 15, 20-tetrakis-(4-methoxyphenyl)porphyrin Rf = 0.1,

Concentration of the first fraction yielded a purple crystalline solid (0.03 g, 0.07%); 'H
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NMR [400 MHz, CDCL] § -2.83 (2H, brs, NH), 4.12 (3H, s, CHy), 7.34 (2H, d, J* =
9Hz, 2, 6-Ar-H), 8.14 (2H, d, J* = 9Hz, 3, 5-Ar-H), 8.81 (2H, m, BH), 8.9 (4H, m, pH),
9.01 (2H, m, BH); UV-vis (CH;Cl) Ama 412, 510, 542, 638, 654 nm; MS (MALDI-TOF)

m/z 916.69 [calc’d for CysH ;N Fs0, M* 914.63].

Concentration of the second fraction yielded a purple crystalline solid (0.13 g, 0.30%); 'H
NMR [400 MHz, CDCL;] & -2.74 (2H, br s, NH), 4.11 (6H, s, CHy), 7.32 (4H, d, J* =
9Hz, 2, 6-Ar-H), 8.13 (4H, d, J* = 9Hz, 3, 5-Ar-H), 8.76 (2H, m, BH), 8.84 (2H, s, BH),
8.89 (2H, s, BH), 8.98 (2H, m, BH); UV-vis (CH,Cl,) Ay, 420, 514, 548, 590, 650 nm;

MS (MALDI-TOF) m/z 855.6 [calc’d for CysHa4N,F10;, M* 854.7052],

Concentration of the third fraction yielded a purple crystalline solid (0.51 g, 1.30%); 'H
NMR [400 MHz, CDCL] 2.73 (2H, br s, NH), 4.10 (9H, 5, CHy), 7.31 (6H, d, J* =
9Hz, 2, 6-Ar-H), 8.13 (6H, &, J* = 9Hz, 3, 5-Ar-H), 8.75 (2H, m, BH), 8.89 (4H, m, BH),
8.9 (2H, m, BH); UV-vis (CH,Ch) Anac 419, 516, 553, 591, 649 nim; MS (MALDI-TOF)

m/z 795.6 [calc’d for C47;H3N,F503, M* 794.7789].

Concentration of the final fraction yiclded a purple crystalline solid (2.56 g, 7%); 'H
NMR [400 MHz, CDCls] 8 -2.75 (2H, br s, NH), 4.09 (12H, s, CHs), 7.30 (8H, d, /* =
9Hz,2, 6-Ar-H, ), 8.11 (8H, d, J* = 9Hz, 3, 5-Ar-H, ), 8.86 (8H, m, BH): UV-vis
(CH2ClL) Anex 422, 518, 554, 592, 650 nm; MS (MALDE-TOF) m/z 734 [cal’d for

C4sH3gN,O4, M' 914.6315].
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[29] 5-(4-Aminophenyl)-10,15,20-tris~(3, S-dimethoxyphenyDporphyrin

NH;

5-(4-Acetamidophenyl)-10,15,20-tris-( 3, S-dimethoxyphenyl)porphyrin (500 mg, 0.59
mmol) was dissolved in 18% HCI (100 ml) and the solution heated for two hours under
reflux. Upon cooling the solvent was evaporated in vacuo to yield a green solid. The
solid was redissolved in a 9:1 mixture of dichloromethane / triethylamine (200 ml) and
stirred for 10 min at room temperature. The solution was then washed with water 3 x
200 ml) and brine (200 ml), the organic layer separated and dried (Na,SO,). The solvent
was evaporated in vacuo and the crude purple solid purified by flash column
chromatography (silica, eluent: CH;CL/EtOAc, 4:1). Relevant fractions were combined
and the solvent evaporated in vacuo to yield the product as a purple solid. (0.48 g, 91%);
Rf = 0.86 (silica, CH;C1/EtOAc, 4:1); 'H NMR [400 MHz, CDCl3} 8 -2.20 (2H, br s,

NH), 3.96 (18H, s, 3,5-OCHj3), 6.90 (3H, s, 10, 15, 20-Ar-4-H), 7.06 (2H, d, J* = 8 Hz, 5-
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Ar-3, 5-H), 7.40 (6, s, 10, 15, 20-Ar- 2, 6-H), 7.99 (2H, d, J* = § Hz, 5-Ar-2, 6-H), 8.92
(8H, m, BH); UV-vis (CH,Cl,) Amax 442, 517, 583, 593, 651 nm; MS (MALDI-TOF) m/z

809 [calc’d for CsoHs306Ns, M* 809.92].

[30] 5- Phenyldipyrromethane

To freshly distilled pyrrole (150 ml, 2.16 mol) was added benzaldehyde (6 ml, 0.06 mol).
The reaction mixture deoxygenated by bubbling argon through a stirred solution for 15
min. Trifluoroacetic acid (0.45 ml, 0.06 mol) was added and then the mixture stirred
under argon for 15 min at ambient temperature. Excess pyrrole was removed in vacuo to
yield dark tan oil. The oil was dissolved in a minimum amount of dichloromethane and
purified by flash column chromatography (silica, eluent: hexane/CH,Cl,, 1:4). Relevant
fractions (visualised by bromine vapour) were combined and the solvent removed in
vacuo to yield the product as a grey solid (3.30 g, 25%); Rf = 0.26 (silica, eluent: hexane/
CH,Cl,, 2:8); mp = 98-102 °C; '"H NMR [400 MHz, CDClL3] 8 5.42 (1H, 5, 5-H), 5.89
(2H, m, 3-H), 6.15 (2H, m, 2-H), 6.64 (2H, m, 1-H), 7.18-7.32 (5H, m, Ar-H), 7.82 (2H,
br s, NH); C NMR [67.50 MHz, CDCl;] & 43.43, 107.37, 108.53, 117.81, 127.10,

128.53, 128.76, 132.44, 142.2; MS (MALDI-TOF) m/z 222.15 [calc’d for CisHi4N,, M*

222.12].

148



[31] S-(4-Carboxyphenyl)dipyrromethane

To freshly distilled pyrrole (100 ml, 1.44 mol) was added 4-carboxybenzaldehyde (5 g,
0.03 mol). The reaction mixture was deoxygenated by bubbling argon through the stirred
solution for 15 min. Trifluoroacetic acid (0.23 ml, 0.03 mol) was added and the mixture
stirred under argon for 15 min at ambient temperature. The solvent was removed in
vacuo to yield pale brown oil which was dissolved into minimum amount of chloroform
and 25% ethyl acetate and purified by flash column chromatography (silica, eluent:
EtOAc/CH5Cl, 1:3). Relevant fractions (visualised by bromine vapour) were
concentrated in vacuo to yield the product as a beige solid (3.3 g, 38%); Rf = 0.05 (silica,
eluent: EtOAc/CH;Cl, 1:3); mp = 164-165 °C; "H NMR [400 MHz, CDCl3] 8 5.52 (1H,
s, 5-H), 5.81 (2H, m, 3-H), 6.05 (2H, m, 2-H), 6.68 (2H, m, 1-H), 7.27 (2H,d,J* =82
Hz, Ar-2, 6-H), 7.94 (2H, d, J* = 8.2 Hz, Ar-3, 5-H), 9.17 (2H, br s, NH), 11.97 (1H, brs,

COO}{), MS (MALDI-TOF) m/z 266 [calc’d for C]6H1402N2, M* 26630]
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[32] 5-(4-Methoxynhenzl)digzrromethane

To freshly distilled pyrrole (150 ml, 2.16 mol) was added 4-methoxybenzaldehyde (9 g,
0.06 mol). The reaction mixture was deoxygenated by bubbling argon through the stirred
solution for 15 min. Trifluoroacetic acid (0.45 ml, 0.06 mol) was then added and the
mixture stirred under argon for a further 15 min at ambient temperature. The solvent was
evaporated in vacuo to yield dark tan oil. The oil was purified by flash column
chromatography (silica, eluent: hexane/CH,Cl,, 2:8). Relevant fractions (visualised by
bromine vapour) were combined and concentrated in vacuo to yield the product as a grey
solid (3.30 g, 25%); Rf = 0.26 (silica, eluent: CH,CL,); mp > 138-140 °C ; 'H NMR [400
MHz, CDCl;] 6 3.80 (3H, s, OCH;), 5.42 (1H, s, 5-H), 5.90 (2H, m, 3-H), 6.17 (2H, m, 2-
H), 6.69 (2H, m, 1-H), 6.87 (2H, d, J* = 8.6Hz, Ar-2, 6-H), 7.14 (2H, d, J* = 8.6Hz, Ar-
3, 5-H), 7.9 (2H, br s, NH); MS (MALDI-TOF) m/z 252 [calc’d for Ci6H6ON,, M*

252.32).
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[33] S-(Pentafluorophenyl)dipyrromethane

To freshly distilled pyrrole (150 ml, 2.16 mol) was added pentafluorobenzaldehyde (7.28
ml, 0.06 mol). The reaction mixture was stirred at room temperature and deoxygenated
by bubbling nitrogen through the solution for 15 min. Trifluoroacetic acid (0.45 ml, 0.06
mol) was then added and the mixture stirred, under nitrogen for 15 min at ambient
temperature. The solvent was evaporated in vacuo to yield dark brown oil. The oil was
then purified using flash column chromatography (silica, eluent: CH,Cl,). The desired
fractions (visualised by bromine vapour on TLC) were combined and concentrated in
vacuo 1o yield the product as a pale beige solid (11.07 g, 60%); Rf = 0.68 (silica,
CH,Cl,); mp 134 °C; '"H NMR [400 MHz, CDCl:] 5.77 (1H, s, 5-H), 5.79 (2H, m, 3-H),
5.94 (2H, m, 2-H), 6.65 (2H, m, 1-H), 10.7 (2H, br s, NH); MS (MALDI-TOF) m/z 312

[cale’d for CysHoN,Fs, M* 312.24].
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[34] 5.15-Diphenylporphyrin

o3

To a solution of 5-phenyldipyrromethane (0.50 g, 2.30 mmol) in dichloromethane (630
ml) was added trimethylorthoformate (18 ml, 0.17 mol). Trichloroacetic acid (8.83 g, 54
mmol) in dichloromethane (230 ml) was then added drop wise over a period of 15 min.
After complete addition of the acid, the reaction was stirred under argon and protected
from light for 4 hours at room temperature. The reaction was quenched by the addition of
pyridine (15.60 ml) and the mixture stirred under argon and protected from light for a
further 17 hours at room temperature. The solution was purged with compressed air for
10 min and then stirred open to air and light for 4 hours at room temperature. The solvent
was removed in vacuo to yield a black solid which was purified using flash column
chromatography (silica, eluent: hexane/CH,Cl,, 1:9). Relevant fractions were combined
and the solvent evaporated in vacuo to yield the product as purple crystalline solid (0.06
g, 12%); 'H NMR [400 MHz, CDCL] § - 3.12 (2H, br s, NH), 7.81 (6H, m, Ar-3,4,5-H),
8.29 (4H, m, Ar-2,6-H), 9.10 (4H, d, J* = 5 Hz, BH), 9.41 (4H, d, J* = § Hz, BH), 10.33
(2H, s, 10, 20-H); *C NMR [67.50 MHz, CDCl;] 8 105.30, 119.10, 127.00, 127.80,
131.10, 131.70, 134'.90, 141.40, 145.30, 147.20; MS (MALDI-TOF) m/z 462 [calc’d for

Cs2H2oNs, M 462.18).
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[35] 5,15- Di-(pentafluorophenyl)porphyrin and

[36] 5-pentafluorophenyl-15-(4-methoxyphenylhporphyrin and

[37 5,15-di-(4-methoxyphenyl)porphyrin

5-pentafluorophenyl-15-(4-methoxyphenyl)porphyrin

HaCO
OCH,

5, 15-di-(4-methoxyphenyl)porphyrin

To a solution of 5-(4-methoxyphenyl)dipyrromethane (0.96 g, 3.8 mmol) and 5-

(pentaﬂuorophenyl)dipyrromethane (1.2g, 3.8 mmol) in dichloromethane (2000 ml) was
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added trimethylorthoformate (57 ml, 527 mmol). Trichloroacetic acid (28 g, 171 mmol)
in dichloromethane (700 ml) was then added drop wise over a period of 30 min. After
complete addition of the acid, the reaction was stirred under argon and protected from
light for 4 hours at room temperature. The reaction was quenched by the addition of
pyridine (50 ml) and stirred under argon and protected from light for a further 17 hours at
room temperature. The solution was purged with compressed air for 10 min and then
stirred open to air and light for 4 hours at room temperature. The solvent was removed in
vacuo to yield a black solid. The crude product was purified using flash column
chromatography (silica, eluent: hexane/CH,Cl,, 1:2). Three different porphyrins were
obtained and relevant fractions were combined and evaporated in vacuo to yield the
products as purple crystalline solids.

The first fraction was 5, 15- di(pentafluorophenyl)porphyrin Rf = 0.88 (silica, eluent:
hexane/CH,Cl, 1:2); (0.01 g, 0.5%); "H NMR [400 MHz, CDCl;] § -3.01 (2H, br s, NH),
9.02 (4H, m, BH), 9.50 (4H, m, H), 10.40 (2H, br s, 10,20-H); MS (MALDI-TOF) m/z

642.43 [calc’d for CsH oNgFio M' 642.46).

The second fraction was 5-pentafluorophenyl-15-(4-methoxyphenyl)porphyrin Rf = 0.82
(silica, eluent: hexane/CH,Cl,, 1:2); (0.01 g, 0.6%); '"H NMR [400 MHz, CDCl;] 6 -3.1
(2H, br s, NH), 4.14 (3H, br s, OCH,), 7.38 (2H, m, Ar-3, 5-H), 8.2 (2H, m, Ar-2, 6-H),
9.02 (4H, m, BH), 9.49 (4H, m, BH), 10.34 (2H, br s, 10,20-H); MS (MALDI-TOF) m/z

582.46 [calc’d for C33HioN,O Fs M' 582.53].

The final fraction was 5, 15-di-(4-methoxyphenyl)porphyrin Rf = 0.7 (silica, eluent:
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hexane/CH,Cl,, 1:2); (0.03 g, 1.6%); "H NMR [400 MHz, CDCl;] § -3.1 (2H, br s, NH),
4.13 (6H, br s, OCH,), 7.37 (4H, m, Ar-3, 5-H), 8.2 (4H, m, Ar-2, 6-H),9.12 (4H, m,
BH), 9.40 (4H, m, BH), 10.31 (2H, br s, 10,20-H); MS (MALDI-TOF) m/z 522.52 [calc’d

for C34H26N402, M+ 522605]

[38] N-Methyl-4-mercaptopyridinium iodide

SH

B
/
N®
I ©
CH,

4-Mercaptopyridine (0.10 g, 9 x 10* mol) was added to anhydrous DMF (10 ml) and
iodomethane (0.05 ml, 9 x 10“mol) was added. The mixture was stirred for 48 hours
under argon and protected from light at ambient temperature. The solvent was
evaporated in vacuo to yield the product as a beige solid (0.08 g, 35 %). Rf = 0.76 (silica,
eluent: water/potassium nitrate/acetonitrile, 1:1:8); 'H NMR [400 MHz, CDCl3] 6 2.17
(1H, s, S-H), 4.4 3H, s, CH3), 7.76 (2H, d, J* = 7 Hz, Ar- 2, 6-H), 8.47 (2H, d, J* =7

Hz, Ar- 3, 5-H); MS (MALDI-TOF) m/z 127 [calc’d for C¢HgNS, M™ 126.20]
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[39] 5.10,15,20-Tetra-(4-N-methylpyridiniumyl)porphyrin tetraiodide

5,10,15,20-Tetra-(4-pyridyl)porphyrin (100 mg, 0.16 mmol) was dissolved in warm DMF
(5 ml). Iodomethane (2 ml, 0.03 moles) was added and the mixture stirred under argon
and protected from light for 24 hours at room temperature. The solvent was evaporated
in vacuo to yield a purple solid (0.04 g, 20%); Rf = 0.13 (silica, eluent: water/potassium
nitrate/acetonitrile, 1:1:8); 'H NMR [400 MHz, CDCl;] § -3.10 (2H, br s, NH), 4.71 (12h,
br s, N-CH3), 8.99 (8H, m, Py-2, 6-H), 9.18 (8H, s, pH), 9.48 (8H, m, Py-3, 5-H); UV-vis
(CH,Cl,) Amax 416, 519, 550, 627, 660 nm; MS (MALDI-TOF) m/z 678 [calc’d for

CasH3sNg, M 678.84].
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[40] 5,10,15.20-Tetra-(4-N-hexvlpyridiniumyl)porphyrin tetraiodide

5,10,15,20-Tetra-(4-pyridyl)porphyrin (136 mg, 0.22 mmol) was dissolved in warm DMF
(10 ml). Iodohexane (6.50 ml, 0.04 moles) was added and the mixture stirred under
argon and protected from light for 24 hours at room temperature. The solvent was
evaporated in vacuo to yield a purple solid (0.48 g, 150%); Rf = 0.78 (silica, eluent:
water/potassium nitrate/acetonitrile, 1:1:8); 'H NMR [400 MHz, CDCI3] 8 -3.09 (2H, br
s, NH), 0.99 (3H, m, CHj), 1.49 (4H, m, CH,CH,), 1.62 (2H, m, CH;), 2.29 (2H, m,
CH,), 4.96 (2H, m, N-CH,), 9.03 (8H, m, Py-2, 6-H), 9.23 (8H, s, BH), 9.58 (8H, m, Py-
3, 5-H); UV-vis (CH,CL) Amax 445, 528, 599, 653 nm; MS (MALDI-TOF) m/z 959.01

[calc’d for CesHrsNs, M 959.39].
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[41] 5,10,15,20-Tetra-(4-N-hexylpyridiniumylporphyrin tetraiodide

5,10,15,20-Tetra~(4-pyridyl)porphyrin (136 mg, 0.22 mmol) was dissolved in warm DMF
| (10 ml). Iodohexane (6.50 ml, 0.04 moles) was added and the mixture stirred under
argon and protected from light for 24 hours at room temperature. The solvent was
evaporated in vacuo to yield a purple solid (0.48 g, 150%); Rf = 0.78 (silica, eluent:
water/potassium nitrate/acetonitrile, 1:1:8); 'H NMR [400 MHz, CDCl;] § -3.09 (2H, br
s, NH), 0.99 (3H, m, CH3), 1.49 (4H, m, CH,CHy,), 1.62 (2H, m, CH,), 2.29 (2H, m,
CHy), 4.96 (2H, m, N-CHy), 9.03 (8H, m, Py-2, 6-H), 9.23 (8H, s, BH), 9.58 (8H, m, Py-
3, 5-H); UV-vis (CH,Cl;) Amax 445, 528, 599, 653 nm; MS (MALDI-TOF) m/z 959.01

[calc’d for C64H73N8, 1\/1+ 95939]
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[42] 5-(4-N-Methylpyridiniumyl)-10,15,20-tris-(pentafluocrophenyl)porphyrin iodide

s

5- (4-Pyridy1)10,15,20-tris-(pentafluorophenyl)porphyrin (20 mg, 2.3 x 10" mol) was
dissolved in warm anhydrous DMF (5 ml). Iodomethane (0.5 ml, 0.01 moles) was added
and the mixture stirred for 24 hours at room temperature, under argon and protected from
light . The solvent was evaporated in vacuo to yield a purple solid (0.01 g, 38 %); Rf =
0.13 (silica, eluent: water/potassium nitrate/acetonitrile, 1:1:8); 'H NMR [400 MHz,
CDCl5] 8 -2.94 (2H, br s, NH), 4.69 (3H, br s, N-CHj3), 8.22 (8H, m, Py-2, 6-H), 8.30
(2H, m, Py-3, 5-H), 8.87 (2H, m, 8H), 9.01 (2H, m, H), 9.10 (2H, m, BH), 9.4 (2H, m,
BH); UV-vis (CHCL) Amax 416, 520, 552, 625, 662 nm; MS (MALDI-TOF) m/z 900.67

[calc’d for [C44H17N5 F[s], M+ 90063]
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[43] 5.10.15.20-tetrakis[4-(2’, 3°, 4, 6’-tetra-O-acetyl-B-D-gluco ranosylthio)-2

5.6-tetrafluorophenyllporph rin

OAc

R= Q g
A0
OAc

5,10,15,20-Tetra(pentafluorophenyl)porphyrin (20 mg, 2.05 x 10° mol) was dissolved in
anhydrous DMF (3 ml). 2,3,4,6-Tetra-O-acetyl-B-D-thioglucopyranose (6 eq, 44 mg, 1.23
% 10“*mol) in DMF (3 ml) was added. The solution was stirred at room temperature and
the reaction monitored by TLC. After 18 hours, the solvent was evaporated in vacuo,
followed by separation using preparative TLC (silica eluent: toluene/acetone, 8:2) to yield
the desired product as a purple brown solid (25 mg, 52 %); Rf = 0.24 (silica, eluent:
toluene/acetone, 8:2); mp > 350 °C decomp; 'H NMR [400 MHz, CDCl;) 6 -2.86 (2H, br
s, NH), 2.08 (12H, s, OAc), 2.09 (12H, s, OAc), 2.10 (12H, s, OAc), 2.24 (12H, 5, OAc),

3.92 (4H, m, H-5°0s¢), 432 (8H, ,J*=3.1 Hz, H-6, and H-6," ose), 5.20 (41, ¢, J# -
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10.1 Hz, H-40se), 5.26 (8H, m, H-1°, 2* ose), 5.38 (4H, t, J*= 9.3 Hz, H-3"0s¢), 9.03
(8H, br s, BH); "C NMR [100.5 MHz, CDCL] § 20.7, 61.9, 68.1, 70.7, 73.9, 76.5, 84.5,
104.3, 111.9, 122.1, 1313, 145.1, 145.8, 147.6, 148.3, 169.4, 1702, 170.7; UV-vis
(CH,Cl) Amax 415, 508, 538, 584 and 658 nm; MS (MALDI-TOF) m/z 2353 [calc’d for

C100H3s6NsF1654036, M* 2352]

[44] 5-[4-(2°, 3, 4, 6’-tetra-O-acetyl-B-D-glucopyranosylthio )-2,3.5.6-
tetrafluorophenyl)|-10,15,20-tris-( 4-methoxyphenyl)porphyrin

OAc

R= Q g
Ao

OAc

OMe

5-(Pentaﬂuorophenyl)-l0,15,20-tris(4-methoxyphenyl)porphyrin (20 mg, 2.5 x 10° m ol)
was dissolved in anhydrous DMF (3 ml). 2,3,4,6-Tetra—0—acetyl-B-D-thioglucopyranose
(1.5 eq, 13 mg, 3.77 x 10°mol) in DMF (3 ml) was added. The solution was stirred at

room temperature and the reaction monitored by TLC, After 18 hours, the solvent was
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evaporated in vacuo, followed by separation using preparative TLC (silica eluent:
CH,Cl,) to yield the desired product as a purple brown solid (27 mg, 94 %); Rf = 0.61
(silica eluent: CH>Clz); mp > 350 °C decomp; 'H NMR [400 MHz, CDCl3] 8 -2.71 (2H,
br s, NH), 2.07 (3H, s, OAc), 2.08 (3H, s, OAc), 2.09 (3H, s, OAc), 2.22 (3H, s, OAc),
3.89 (1H, m, H-5’0se), 4.07 (3H, s, O-CH3), 4.30 (2H, m, H-6,’ and H-6,’ ose), 5.12 (1H,
t,J*=9.8 Hz, H-4’0se), 5.23 (2H, m, H-1", 2’ os¢), 5.36 (IH, t,J*=9.2 Hz, H-3’0se),
7.28 (6H, dd, J* = 8.4 and 4.0 Hz, H-2,6-methoxyphenyl), 8.11 (6H, dd, J*=8.7 and 3.9
Hz, H-3, 5-methoxyphenyl), 8.82 (2H, d, J* = 4.8 Hz, BH), 8.85 (2H, d, J*=4.8 Hz, BH),
8.86 (2H, d, J*=4.8 Hz, BH), 8.96 (2H, d, J* = 4.8 Hz, $H); "C NMR [100.5 MHz,
CDCl3] 8 20.7, 29.7, 30.0, 30.2, 55.6, 112.3, 112.4, 122.1, 135.6, 159.6, 169.4, 161.7,
170.7; UV-vis (CH2Cly) Amax 422, 517, 553, 591 and 648 nm; MS (MALDI-TOF) m/z

1140 [calc’d for C61H50N4F48012, M* 1 13914]

162



[45] 5-14-(B-D-Glucopyranesylthio)-2,3,5.6-tetrafluorophenyl)|-10,15.20-tris-(4-
methoxyphenyDporphyrin

MeOr
OMe

OH

OH

OMe

5-[4-(2°,3’,4°,6°-T etra-O-acetyl-B—D-glucopyranosylthio)—2,3,5,6-tetraﬂuorophenyl)]-1 0,

15,20-tris-(4-methoxyphenyl)porphyrin (30 mg, 2.6 x 10 mol) was dissolved in a
mixture of [dichloromethane/methanol , 7:3] (3 ml) and sodium methoxide 0.5M solution
in methanol (1.5 eq/OAc) was added. The mixture was stirred for an hour at 20 °C and
the porphyrin was precipitated by the addition of hexane and filtered, giving a purple
solid (23 mg, 92 %); Rf = 0.32 (silica eluent: methanol/CH,Cl, , 1:9); mp > 350 °C
decomp; 'H NMR [400 MHz, CDCls] § -2.72 (2H, br s, NH), 3.51 (1H, m, H-ose), 3.81
(1H, m, H-ose), 4.04 (9H, s, 0-CH;), 4.73 (1H, br s, H-o0se), 5.06 (1H, d, J* =90 Hz, H-
ose), 5.19 (1H, br s, H-ose), 5.42 (1H, br s, H-ose), 5.84 (1H, br s, H-ose), 7.38 (6H, dd,

J*=8.7 Hz and 3.9 Hz, H-2, 6-methoxyphenyl), 8.14 (6H, dd, J* = 8.7 Hz and 3.9 Hz, 3.
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5- methoxyphenyl), 8.87 (4H, br s, BH), 8.93 (2H, d, J*= 4.8 Hz, BH), 9.09 (211, d, J* =
4.8 Hz, BH); °C NMR [100.5 MHz, CDCL] § 28.9, 29.2, 5.4, 61.4, 704, 74.8, 78.1,
81.9, 84.6, 112.6, 120.4, 133, 135.4, 159.3; UV-vis (CH,CL;) Amax 420, 515, 551, 592 and

649 nm; MS (MALDI-TOF) m/z 971.89 [calc’d for Cs3HqaN,F,S0;, M* 970.99).

[46] 5-(4-pyridy})-10,15.20-tris{4-(2°, 3°, 4°, 6°-tetra-O-acetyl-B-D-

lucopyranosylthio)-2,3.5.6-tetrafluorophenyl] porphyrin

5-(Pyridyl)-10,15,20-tris-(pentafluorophenyl)porphyrin (15 mg,1.69 x 10”* mol) was
dissolved in dry anhydrous DMF (3 ml). 2,3,4,6- Tetra-O-acetyl-B-D-thioglucopyranose
(4.5 eq, 27.7 mg, 7.61 x 10°° mol) in DMF (4 ml) was added. The mixture was stirred at
room temperature and the reaction monitored by TLC. After 16 hours, the solvent was

evaporated in vacuo, followed by chromatographic purification (silica, elunt: toluene/
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acetone, 7:3) yielding a purple solid (25 mg, 77 %); Rf = 0.23 (silica, eluent:
toluene/acetone, 7:3); mp > 350 °C decomp; 'H NMR [400 MHz, CDCl;] § - 2.85 (2H, br
s, NH), 2.07 (9H, s, OAc), 2.09 (9H, s, OAc), 2.10 (9H, s, OAc), 2.23 (9H, s, OAc), 3.92
(3H, m, H-5’-0se), 4.33 (6H, d, J* = 3.4Hz, H-62’, 6b’ose), 5.24 (9H, m, H-1",2°, 4’0se),
5.4 (3H, t, J* = 9.0Hz, H-3"-ose), 8.20 (2H, m, Py-2,6-H), 8.93 (2H, d, J* = 4.8Hz, p-
H), 8.97 (2H, d, J* = 4.8Hz, B-H), 9.01( 4H, br s, B-H), 9.09 (2H, m, Py-3,5-H); UV-vis
(CH,CL2) Amax 416, 510, 540, 585 and 624 nm; MS (MALDI-TOF) m/z 1920.3 [calc’d for

CgsH7NsF128:027, M 1918.67].

[47] 5-(N-Methyl-4-pyridy])10,15.20- tris[4-(2°, 3°, 4’, 6’-tetra-O-acetyl-8-D-

glucopyranosylthio)-2,3.5.6-tetrafluorophenyl] porphyrin

OAc

R= 0 g
A%

OAc
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5-(4-Pyridyl)-10,15,20-tris[4-(2’, 3°, 4°, 6’-tetra—O-acetyl-B-D-glucopyranosylthio)-
2,3,5,6-tetrafluorophenyl] porphyrin (0.01 g, 4.7 x 10 mol) was added to anhydrous
DMF (5 ml). Methyliodide (0.5 ml, 0.01 mol) was then added and the mixture stirred
overnight at room temperature, under nitrogen and in the dark. The mixture was analysed
using TLC (silica, eluent: water/potassium nitrate/acetonitrile, 1:1:8) and the solvent
evaporated in vacuo to yield the product as a purple solid (0.03 g, 71 %); '"H NMR
[400MHz, CDCl;] & -2.90 (2H, br s, NH), 2.07 (9H, s, OAc), 2.09 (9H, s, OAc), 2.10
(9H, s, OAc), 2.23 (9H, s, OAc), 3.95 (3H, m, H-5’-0se), 4.32 (6H, d, J* = 3.4Hz, H-6a’,
6b’ose), 4.99 ( 3H, br s, N-CHy), 5.23 (9H, m, H-1°,2°, 4’0se) 5.39 (3H, t, J* = 9.0Hz, H-
3’-ose) 8.89 (2H, m, Py-2,6-H), 9.04( 4H, m, B-H), 9.21( 4H, m, B-H), 9.52 (2H, d, Py-
3,5-H); UV-vis (CH2Cly) Amax 420, 513, 552, 588 and 643 nm; MS (MALDI-TOF) m/z

1933.16 [calc’d for CgeH74NsF12S3027, M'1933.16].
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[48) 5-(N-Hexyl-4-pyridyl)10,15,20-tris-[4-(2’, 3°, 4°, 6’-tetra-O-acetyl-B-D-

lucopyranosylthio)-2.3,5,6-tetrafluorophenvl] porphyrin

CeHq3

OAc

“ Ago 2 g

cO
OAc

5-(4-Pyridyl)-10,15,20-tris[4-(2’,3’,4°,6’-tetra-O-acetyl-B-D-glucopyranosylthio)-2,3,5,6-
tetrafluorophenyl] porphyrin (0.01 g, 4.7 x 10 mol) was added to anhydrous DMF (5
ml). Hexyliodide (0.5 ml, 3.47 x 10” mol) was added and the mixture stirred at room
temperature overnight, under nitrogen and in the dark. The mixture was analysed using
TLC (silica, eluent: water/potassium nitrate/acetonitrile, 1:1:8) and the solvent evaporated
in vacuo to yield the product as a purple solid (0.03 g, 39 %); 'H NMR [400MHz, CDC,)
& '"H NMR [400MHz, CDCl;] 8 - 2.89 (2H, br s, NH), 0.84 ( 3H, m, CH3), 1.43 (4H, m,
CH,CHy), 1.60 (2H, m, CH,), 2.07 (9H, s, OAc), 2.09 (9H, s, OAc), 2.10 (9H, s, OAc),
2.23 (9H, s, OAc), 2.36 (2H, m, CHy), 3.96 (3H, m, H-5"-0se), 4.32 (6H, d, J* = 3.4Hz,

H"6a’, 6b’OSC), 5.15 ( 2H, m, CH'N)s 5'25 (9H9 m, H'l ,’2,; 4’088) 5.38 (31’{, t, J¥=
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9.0Hz, H-3’-0s¢), 8.89(2H, m, Py-2,6-H), 9.04( 4H, m, B-H), 9.19( 4H, m, p-11), 9.50
(2H, d, Py-3,5-H); UV-vis (CH:CL) Amax 421, 513, 549, 589 and 660 nm; MS (MALDI-

TOF) m/z 2004.6 [calc’d for Co1HgyNsF12830,7, M' 2003.24].

[49] 5-(N-Octadecyl-4-pyridyl)10,15,20-

-tetra-0Q-acetyl-B-D-

lucopyranosylthio)-2,3.5.6-tetrafluorophenyll porphyrin

C18Ha7

5-(4-Pyridyl)-10,15,20-tris-[4-(2°,3 ’,4’,6’-tetra-O-acetyl-B-D-glucopyranosylthio)—
2.3,5,6-tetrafluorophenyl] porphyrin (0.01 g, 4.7 x 10 mol) was added to anhydrous
DMF (5 ml). Octadecaneiodide (0.5 g, 1.31 x 10 mol) was added and the mixture
stirred overnight at room temperature, under nitrogen and in the dark . The mixture was

analysed using TLC (silica, eluent: water/potassium nitrate/acetonitrile, 1:1:8) and the
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solvent evaporated in vacuo to yield the product as a purple solid (0.06 g, 62 %); & - 2.87
(2H, br s, NH), 0.89 (3H, m, CHj3), 1.41 30H, m, CH,CHy), 1.67 (2H, m, CH,), 2.07
(9H, s, OAc), 2.09 (9H, s, OAc), 2.10 (9H, s, OAc), 2.23 (9H, s, OAc), 3.66 (2H, m,
CH,), 3.95 3H, m, H-5"-ose), 4.32 (6H, d, J* = 3.4Hz, H-6a’, 6b’0se), 5.22 (9H, m, H-
1°,2’, 4’0se), 5.40 (3H, t, J=9.0Hz, H-3’-0s¢), 8.94 (2H, m, Py-2,6-H), 9.04 (4H, m, B-
H), 9.15 (4H, m, B-H), 9.35 (2H, d, Py-3,5-H); UV-vis (CH,CL) Amax 421, 514, 552, 590
and 660 nm; MS (MALDI-TOF) m/z 2172.3 [calc’d for Cyo3H 0sNsF283027, M*

2172.20].

[50] 5-(N-Benzyl-4-pyridy)10,15,20- tris-[4-(2’, 3°, 4°, 6’-tetra-O-acetyl-B-D-

glucopyranosylthio)-2,3,5,6-tetrafluorophenyl] porphyrin
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5~(4-Pyridyl)-10,15,20—tris-[4—(2’,3’,4’,6’-tetra-O-acetyl-B-D-glucopyranosylthio)-
2,3,5,6-tetrafluorophenyl] porphyrin (0.01 g, 4.7 x 10 mol) was added to anhydrous
DMF (5 ml). Octadecaneiodide (0.5 ml, 4.2 x 10® mol) was then added and the mixture
stirred overnight at room temperature, under nitrogen and in the dark. The mixture was
analysed using TLC (silica, eluent: water/potassium nitrate/acetonitrile, 1:1:8) and the
solvent evaporated in vacuo to yield the product as a purple solid (0.04 g, 44 %); '"H NMR
[400MHz, CDCl;] & -2.93 (2H, br s, NH), 2.07 (9H, s, OAc), 2.09 (9H, s, OAc), 2.10
(9H, s, OAc), 2.23 (9H, s, OAc), 3.89 (3H, m, H-5"-ose), 4.32 (6H, d, J* = 3.4Hz, H-62’,
6b’ose), 4.71 (2H, m, CH,Ar), 5.23 (9H, m, H-1°,2°, 4’0se), 5.38 (3H, t, J* = 9.0Hz, H-
3’-o0se), 7.36 (4H, m, Ar-H), 8.77 (2H, m, Py-2,6-H), 9.04 ( 8H, m, B-H), 9.78 (2H, d, Py-
3,5-H); UV-vis (CH;CL) Amax 421, 513, 548, 587 and 660 nm; MS (MALDI-TOF) m/z

2010.2 [calc’d for C92H78N5F1283027, M+ 200991]
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5-(N-Methyl-4-pyridyl)-10,15,20-tris-{4-(2°,3°,4°,6 ’-tetra-O-acetyl-B-D-
glucopyranosylthio)-2,3,5,6-tetrafluorophenyl) porphyrin (17 mg, 8.8 x 10 mol) was
dissolved in a mixture of {dichloromethane/methanol , 7:3] (3 ml) and sodium methoxide
0.5M solution in methanol (1.5 eq/OAc) added. The mixture was stirred for an hour at 20
°C and the porphyrin was precipitated by the addition of hexane and filtered, giving a
purple solid (7 mg, 32 %); mp > 350 °C decomp'H NMR [400MHz, DMSO] §-3.15
(2H, br s, NH), 3.50 (3H, m, H-ose), 3.83 (3H, m, H-ose), 4.70 (3H, brs, N-CHy), 4.81
(3H, m, H-ose), 5.10 GH, m, H-ose), 5.15 (3H, br s, H-ose), 5.32 (3H, br s, H-ose), 5.80
(3H, br s, H-ose), 9.09 (2H, m, Py-2,6-H), 9.32 (8H, m, B-H), 9.48 (2H, m, Py-3,5-H);

UV-vis (CH:CL) Anax 414, 486, 512, 586 and 657 nm; MS (MALDI-TOF) m/z 1428.80
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[calc’d for C52H50N5F1253015, W 142963]

[52] 5-(N-Hexyl-4-pyridy)10,15.20- tris-| 4-(-B-D—gluconxranosylth i0)-2,3.5,6-
tetrafluorophenyl] porphyrin

OH

A

OH

5-(N-Hexyl-4-pyridyl)-10,15,20-tris-[4-(2",3 '4°,6’-tetra-O-acetyl-B-D-
glucopyranosylthio)-2,3,5,6-tetrafluorophenyl] porphyrin (12 mg, 5.99 x 10 mol) was
dissolved in a mixture of [dichloromethane/methanol , 7:3] (3 ml) and sodium methoxide
0.5M solution in methanol (1.5 eq/OAc) added. The mixture was stirred for an hour at 20
°C and the porphyrin was precipitated by the addition of hexane and filtered, giving a
purple solid (4 mg, 44 %); mp > 350 °C decomp; 'H NMR [400MHz, DMSO] §-3.2
(2H, br s, NH), 0.8-2.5 (11H, m, CH,), 3.50 (3H, m, H-os¢), 3.83 (3H, m, H-ose), 4.73

(3H, br s, H-ose), 4.92 3H, m, H-ose), 5.11 (3H, d, H-ose), 5.15 (2H, m, CH,-N), 5.32
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(3H, br s, H-ose), 5.90 (3H, br s, H-ose), 9.12 (2H, m, Py-2,6-H), 9.32 ( 8H, m, B-H),
9.57 (2H, m, Py-3,5-H); UV-vis (CH,CL) Amax 418, 486, 511, 582 and 657nm; MS (MALDI-

TOF) m/z 1499 [calc’d for Cs7HsoN5F128;0;5, M¥ 1499.17).

[53]) 5-(N-Octadecxl-4-2xridxl)10,15,20-@-]4-(—13-1)-21ucopxranosxlthio)—2,3,5,6-
tetrafluorophenyl] porphyrin

CigHay

o P

OH

5-(N-Octadecyl-4-pyridyl)-10,15,20-tris-[4-(2°,3° 4’ ,6’-tetra-O-acetyl-B-D-
glucopyranosylthio)-2,3,5,6-tetrafluorophenyl] porphyrin (28 mg, 1.29 x 10 m ol) was
dissolved in a mixture of [dichloromethane/methanol , 7:3] (3 ml) and sodium methoxide
0.5M solution in methanol (1.5 eq/OAc) added. The mixture was stirred for an hour at 20
°C and the porphyrin was precipitated by the addition of hexane and filtered, giving a

purple solid (9 mg, 43 %); mp > 350 °C decomp; 'H NMR [400MHp, DMSO] §-3.2

173



(2H, br s, NH), 0.85 (3H, m, CH3), 1.23 (30H, m, CH,), 2.02 (2H, m, CH,), 3.50 (3H, m,
H-ose), 3.81 (3H, m, H-ose), 4.70 (3H, br s, H-ose), 4.90 (3H, m, H-ose), 5.09 (3H, brs,
H-ose), 5.15 (2H, m, CHy), 5.32 (3H, br s, H-ose), 5.90 (3H, br s, H-ose), 9.12 (2H, m,
Py-2,6-H), 9.32 (8H, m, B-H), 9.57 (2H, m, Py-3,5-H); UV-vis (CH,Cl;) Ay 41 7, 509,
541, 585 and 639 nm; MS (MALDI-TOF) m/z 1667.3 [calc’d for C9HgaNsF1,8;05, M*

1667.7]

[54] S-(N-Benzyl-4-pyridyl)10.15.20-tris-[4-(-B-D-glucopyranosylthio)-2.3.5.6-

tetrafluorophenyl] porphyrin

OH

5-(N-Benzyl-4-pyridyl)-10,15,20-tris-[4-(2’, 3°, 4, 6’-tetra-O-acetyl-B-D-

glucopyranosylthio)-2,3,5,6-tetrafluorophenyl] porphyrin (28 mg, 1.39 x 1¢° mol) was
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dissolved in a mixture of [dichloromethane/methanol , 7:3] (3 ml) and sodium methoxide
0.5M solution in methanol (1.5 eq/OAc) added. The mixture was stirred for an hour at 20
°C and the porphyrin was precipitated by the addition of hexane and filtered, giving a
purple solid (11 mg, 52 %); mp > 350 °C decomp; 'H NMR [400MHz, DMSO] §-3.15
(2H, br s, NH), 3.50 (3H, m, H-ose), 3.70 (3H, m, H-ose), 4.70 (3H, br s, H-ose), 5.10 (
3H, m, H-ose), 5.20 ( 2H, m, CH,N), 5.31 (3H, br s, H-ose), 5.40 (3H, br s, H-ose), 5.80
(3H, br s, H-ose), 7.5 (2H, m, Ar-H), 7.7 (2H, m, Ar-H), 9.12 (2H, m, Py-2,6-H), 9.32
(8H, m, B-H), 9.57 (2H, m, Py-3,5-H); UV-vis (CH,Cl;) Amax 418, 511, 585 and 641 nm;

MS (MALDI-TOF) m/z 1504.5 [calc’d for CesHsiNsF128;0,5, M* 1505.36].

[55] Zn(ID)-5.10,15,20-Tetra-(4-pyridyl)porphyrin

5,10,15,20-Tetra-(4-pyridyl)porphyrin (0.22 g, 0.162 mmol) was dissolved in chloroform

(15 ml). The mixture was stirred at 140 °C under argon and protected from light for 30

175



min. A saturated solution of zinc acetate in methanol (1 ml) was added and the solution
was heated for 30 min under reflux. After cooling, the solution was filtered and the solid
obtained was then triturated thoroughly with methanol. The resulting purple crystals
were air dried and finally dried under vacuum to yield the product as lustrous purple
crystals (0.23 g, 93%); Rf = 0.13 (silica, CHCL,); '"H NMR [400 MHz, CDCl,) § 7.82
(8H, m, Py-2, 6-H), 8.09 (8H, m, Py-3, 5-H), 8.91 (8H, s, BH); UV-vis (CH,CL2) Anax 429,

567, 607 nm; MS (MALDI-TOF) m/z 682 [calc’d for ZnCyqoH»4Ns, M™ 682.06 ].

[56] Zn(ll[-5,10,15,20-Tetra-(4-br0moghenylmornhxrin

5,10,15,20-Tetra-(4-bromophenyl) porphyrin (0.27 g, 0.29 mmol) was dissolved in hot
chloroform (15 ml). The mixture was stirred at 140 °C under argon and protected from

light for 30 min. A saturated solution of zinc acetate in methano} (1 ml) was added and
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the solution was heated for 30 min under reflux. After cooling, the solution was filtered
and the solid obtained was then triturated thoroughly with methanol. The resulting purple
crystals were air dried and finally dried under vacuum to yield the product as lustrous
purple crystals (0.18 g, 62%); Rf=0.84 (silica, CHCl;/MeOH, 19:1); 'HNMR [400
MHz, CDCl;] 8 7.89 (8H, m, 5, 10, 15, 20-Ar-3, 5-H), 8.08 (8H, d, /* = 8Hz, 5, 10, 15,
20-Ar-2, 6-H), 8.95 (8H, s, BH); UV-vis (CH,Cl) Amax 417, 549, 589 nm; MS (MALDI-

TOF) m/z 994.34 [calc’d for ZnCysHy4N,Bry, M 993.70 ).

[S7] Pd(I1)-5,10,15,20-Tetraphenylporphyrin

Palladium acetate (0.40 g, 1.78 mmol) was dissolved in anhydrous DMF (5 ml) and the
mixture was stirred at 140 °C under argon and protected from light for 30 min.
5,10,15,20-Tetraphenylporphyrin (0.22g, 0.04 mmol) was then added and the solution

stirred under reflux for a further seven hours. Upon cooling, the solvent was evaporated
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in vacuo to yield the product as a purple solid (0.18g, 73%); Rf = 0.44 (silica, eluent:
CH,Cly/hexane 1:1); 'H NMR [400 MHz, CDCl;] & 7.72 (12H, m, Ar-3, 4,5-H), 8.10
(8H, d, J* = 8Hz, Ar-2, 6-H), 8.74 (8H, s, PH); UV-vis (CH,Clp) Apax 417, 523, 552 nm;

£

MS (MALDI-TOF) m/z 719 [calc’d for PdCysHsNa, M* 719.15].

[58] Palladium 5,10,15,20-tetra-(pentafluorophenyl)porphyrin

Palladium acetate (0.29 g, 1.30 mmol) was dissolved in benzonitrile (40 ml). The
mixture was heated under reflux at 240 °C, for 30 min under argon and protected from
light . 5,10,15,20-Pentafluorophenylporphyrin (0.13 g, 0.13 mmol) was added and the
mixture stirred under reflux for a further 72 hours. Upon cooling, the solvent was
evaporated in vacuo and the crude product redissolved in a minimum amount of benzene.

The solution was filtered through a neutral alumina column. The filtrate was collected
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and the solvent removed in vacuo to obtain the product, which was recrystallised from
chloroform to give the product (0.12 g, 85%); Rf = 0.4 (silica, ethyl acetate/ hexane, 1:4);
'H NMR [400 MHz, CDCl;] & 8.92 (8H, s, BH); UV-vis (CH,CL) Amax 406, 519, 552 nm;

MS (MALDI-TOF) m/z 1078.5 [calc’d for PAC4sHgN4F,0, M™ 1078.96].

[59] Pd(ID)-5-(Pentafluorophenyl)-10,15,20-tris-(4-methoxyphenyl)porphyrin

OCHs

Palladium acetate (0.2 g, 8.9 x 10™ mol) was dissolved in benzonitrile (10 ml). The
mixture was heated under reflux at 240 °C, for 30 min under argon and protected from
light. 5-(Pentafluorophenyl)-10,15,20-tris- (4-methoxyphenyl)porphyrin (0.07 g2 89x10
5 mol) was then added and the mixture stirred under reflux for a further 72 hours. Upon

cooling, the solvent was evaporated in vacuo and the solid redissolved in a minimum
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amount of benzene. The mixture was filtered through a neutral alumina column, The
filtrate was collected and the solvent removed in vacuo to obtain the product, which was
recrystallised from chloroform to give the product (0.03 8, 37 %); Rf = 0.6 (silica, eluent:
CH,CL,); "TH NMR [400 MHz, CDCl;] § 4.10 (9H, s, CHy), 7.42 (6H, m, Ar- 3, 5-H), 8.08
(6H, m, Ar-2, 6-H), 8.72 (2H, m, BH), 8.80 (4H, m, BH), 8.93 (2H, m, BH); UV-vis
(CHzCly) Amax 419, 525, 555 nm; MS (MALDI-TOF) m/z 898.40 [calc’d for

PdC47H2903N,Fs, M* 899.18]

[60] Pd(I1)-5-(4-methoxyphenyl)-10,1520-tris-(pentafluoro henyl)porphyrin

Palladium acetate (0.06 g, 0.25 mmol) was dissolved in benzonitrile (5 ml). The mixture
was heated under reflux at 240 °C, for 30 min under argon and protected from light . 5-
(4-methoxypheny1)-10,15,20-tris-(pentafluorophenyl)porphyrin (0.05g, 0.03 mmol) was
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added and the mixture stirred under reflux for 72 hours. Upon cooling, the solvent was
evaporated in vacuo and the solid redissolved in a minimum amount of benzene. The
mixture was filtered through a neutral alumina column. The ﬁltrate was collected and the
solvent removed in vacuo to obtain the product, which was recrystallised from
chloroform to give red crystalline solid (0.04 g, 69%); Rf = 0.2 (silica, eluent; CH,CL,);
"H NMR [400 MHz, CDCl;] 6 4.11 (3H, s, CH3), 7.92 (2H, m, Ar- 3, 5-H), 8.1 H, m,
Ar-2, 6-H), 8.8 (2H, m, BH), 8.88 (4H, m, BH), 8.99 (2H, m, BH); UV-vis (CH,CL) A ey
411, 521, 554 nm; MS (MALDI-TOF) m/z 1018.61 [calc’d for PdC4sHsON,F,s, M*

1019.11].
[61] Pd(I) 5.15-diphenylporphyrin

R

Palladium acetate (0.05 g, 2.2 x 10 mol) was dissolved in benzonitrile (5 ml). The

mixture was heated under reflux at 240 °C, for 30 min under argon and protected from
light . 5,15- Diphenylporphyrin (0.01 g, 2.2 x10”° mol) was added and the mixture stirred
under reflux for a further 72 hours. Upon cooling, the solvent was evaporated in vacuo
and the crude solid redissolved in a minimum amount of benzene. The solution was
filtered through a neutral alumina column. The filtrate was collected and the solvent

removed in vacuo to obtain the product, which was recrystallised from dichloromethane
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to give the final product (0.01 g, 67%); Rf = 0.9 (silica, CH,CL,); 'H NMR [400 MHz,
CDCl;] & 8.16 (6H, m, Ar-3, 4,5-H), 8.73 (4H,m, Ar-2, 6-H), 8.95 (4H, d, J* = 4.8Hz,
BH), 9.42 (4H, d, J* = 4.8Hz, BH), 10.23 (2H, 5, 10, 20-H); UV-vis (CH;CL5) Apey 403,

513, 545 nm; MS (MALDI-TOF) m/z 566.40 [calc’d for PAC3,HyoNs, M* 566.59].

[62] Pd(D-5-(pentafluorophenyl)-15-(4-methoxyphenyl)porphyrin

Palladium acetate (0.05 g, 2.2 x 10* mol) was dissolved in benzonitrile (5 ml). The
mixture was heated under reflux at 240 °C, for 30 min under argon and protected from
light . 5-(Pentafluorophenyl)-15-(4-methoxyphenyl)porphyrin (0.01 g, 2.2 x 10% mol) was
added and the mixture was stirred under reflux for a further 72 hours. Upon cooling, the
solvent was evaporated in vacuo and the solid redissolved into a minimum amount of
benzene. The mixture was filtered through a neutral alumina column. The filtrate was
collected and the solvent was removed in vacuo to obtain the solid, which was
recrystallised from dichloromethane to give the product (0.01 g, 60%); Rf = 0.74 (silica,
CH,Cly); 'H NMR [400 MHz, CDCl;] 8 4.13 3H, br s, CH3), 7.38 (2H, m, Ar-3, 4,5-H),
8.13 (2H, m, Ar-2, 6-H), 9.07 (4H, m, J* = 4.8Hz, BH), 9.4 (4H, m, J* = 4.8Hz, BH),

10.34 (2H, 5, 10, 20-H); UV-vis (CH;CL) Amgy 403, 513, 546 nm; MS (MALDI-TOF) m/z
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6864 [calc’d for PdC33H27N4OF 5 M+ 68694]

[63] Pd(I)-5-(4-methoxyphenyl)-10,15,20- tris-(2,3.5.6-tetrafluoro-N, N-dimethyl-4-

aniliniumyl)porphyrin

N Meo

5-(4-Methoxyphenyl)-10,15,20-tris(pentafluorophenyl)porphyrin (0.01 g, 5 x 10 mol)
was added to anhydrous DMF (10 ml). The mixture was stirred under reflux at 140 °C,
for 30 min under argon and protected from light . (CH;),NH.HCI (1.6 x10 g, 1.96 x 10
mol) was added and the mixture heated under reflux for a further 24 hours. The reaction
was cooled to room temperature and the solvent evaporated in vacuo to yield the crude
solid, which was further triturated with water to obtain the product as a red solid (0.01 g
59 %); Rf = 0.64 (silica, CH,CL); 'H NMR [400 MHz, CDCl5] § 3.3 (18H, 5, NMe,),
4.33 (3H, s, OCH;), 7.9 (2H, m, Ar- 3, 5-H), 8.12 (2H, m, Ar-2, 6-H), 8.83 (2H, m, BH),
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8.89 (4H, m, BH), 8.93 (2H, m, BH); UV-vis (CH2Cly) Amax 418, 523, 554, 607 nm; MS

(MALDI-TOF) m/z 1093.9 [calc’d for CsHzN-F1,0Pd, M* 1094.34].,

[64] Pd(ID)Meso-tetrakis(2.3,5.6-tetrafluoro-N, N-dimethyl-4-anilinyl)porphyrin

5,10,15,20- Pentafluorophenylporphyrin (0.13 g, 0.13 mmol), palladium acetate (0.29 g,
1.30 mmol) were added to anhydrous DMF (40 ml). The mixture was stirred under reflux
at 140 °C, for 48 hours under argon and protected from light . (CH;),NH.HCl (032 g,
3.9 mmol) was added and the mixture heated under reflux for a further 30 min. The
reaction was cooled to room temperature and the solvent evaporated in vacuo to yield the
crude product, which was purified further using flash column chromatography (silica,

eluent: hexane/ethyl acetate, 8:2). Relevant fractions were combined, the solvent
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removed in vacuo to yield the product. The product was recrystallised from chloroform
to give purple crystals (0.02 g, 14%); Rf = 0.34 (silica, hexane/ethyl acetate, 8:2); 'H
NMR [400 MHz, CDCl;] 8 3.29 (24H, s, NMe;), 8.9 (8H, br s, BH); UV-vis (CH,Cly)
Amax 418, 522, 554, 607 nm; MS (MALDI-TOF) m/z 1178.4 [calc’d for PdCs,H3,NgF;s,

M*'1179.27).

[65] Pd(II)-5-(4-thiophenol-2, 3, 5, 6-tetrafluorophenyl)-15-(4-

methoxyphenyl)porphyrin

Pd (I)-5-(4-methoxyphenyl)-15-(pentafluorophenyl)porphyrin (9 mg, 1.3 x 10 mol) was
dissolved in anhydrous DMF (5 ml) to which mercaptophenol (8.2 x107 g, 6.5 x 10
mol) was added. The mixture was stirred at room temperature under argon and protected
from light for 18 hours. The solvent was evaporated in vacuo and the solid redissolved in
dichloromethane (10 ml). The mixture was washed with saturated sodium hydrogen
carbonate (2 x 10 ml), separated and the organic layer dried in vacuo. The product was

obtained as a reddish solid (0.08 g, 78%) Rf=0.32 (silica, eluent: hexane/CH,Cl, 1:1);
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mp > 350 °C decomp; 'H NMR [400 MHz, CDCl;] § 4.13 3H, s, CHy), 6.79 (2H, d, J* =
8.5 Hz Ar-H), 7.37 (2H, m, 15-m-H), 7.74 (2H, d, J* = 8.5 Hz, Ar-H), 8.14 (2H, m, 15-0-
Ar-H), 8.80 (2H, m, BH), 8.94 (2H, m, BH), 9.07 (2H, m, BH), 9.37 (2H, m, BH), 10.3

(2H, s, 10, 20-H); UV-vis (CH,Cl,) Amax 405, 514, 547 nm; MS (MALDI-TOF) m/z 792.5

[calc’d fOI' PdC39H22028N4F4, NI+ 79310]

[66] Pd(II)-5-(4-benzylthio-2, 3, 5, 6-tetrafluorophenyl)-15-

4-methoxyphenyl)porphyrin

Pd(II)-S-(4—methoxyphenyl)—15-(pentaﬂuorophenyl)porphyrin (9mg, 1.3 x 107 mol) was
dissolved in anhydrous DMF (5 ml) and benzylmercaptan (0.1 ml, 2 x 10" mol) was
added. The mixture was allowed to stir at room temperature under argon and protected
from light for 18 hours. The solvent was evaporated in vacuo and the solid redissolved
in dichloromethane (10 ml). The solution was then washed with saturated sodium
hydrogen carbonate (2 x 50 ml), separated and the organic layer concentrated in vacuo.
The product was obtained as a red solid (8.5 x 107 g, 85%) Rf = 0.4 (silica, eluent:
hexane/CH,Cly, 1:1); 'H NMR [400 MHz, CDCL;] 3 4.1 (3H, s, CHy), 4.5 (2H, m,
CH,Ph), 7.12 2H, m, Ar- 3, 5-H), 7.23 (SH, m, Ph-H), 7.32 (2H, m, Ar-2, 6-H), 8.71
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(2H, m, BH), 8.80 (4H, m, BH), 8.98 (2H, m, BH), 10.1 (2H, s, 10, 20-H); UV-vis
(CH2C12) Amax 407, 512, 546 nm; MS (MALDI-TOF) m/z 791.5 [calc’d for

PdC.oH,4OSN,Fs, M* 791.1294].

[67] Pd(1I)-5-(4-benzenethio-2,3,5,6-tetrafluorophenyl)-15-(4-

methoxyphenyl)porphyrin

Palladium-5-(4-methoxyphenyl)-15-(pentafluorophenyl)porphyrin (0.03 g, 4.1 x 107 mol)
was added in anhydrous DMF (5ml). Benzene thiol (5 pl, 4.9 x 10° mol) was then added
and the mixture stirred for 72 hours at room temperature, under argon and protected from
light. The solvent was evaporated in vacuo and the residue redissolved in
dichloromethane (20 ml). The mixture was washed with saturated sodium hydrogen
carbonate (2 x 50 ml), separated and the organic layer concentrated in vacuo. The
product was obtained as a red/brown solid (0.01 g, 40 %) Rf=0.48 (silica, eluent:
hexane/CH,CL;, 1:1); "H NMR [400 MHz, CDCl;] & 4.12 (3H, m, OCH3), 7.73 (SH, m,
Ar-H), 8.16(2H, m, Ar- 3, 5-H), 8.8 (2H, m, Ar-2, 6-H), 9.00 (2H, s, BH), 9.10 (2H, s,
BH), 9.38 (2H, s, BH), 9.44 (2H, s, BH), 10.38 (2H, s, meso-H); UV-vis (CH,Cl,) Apax

405, 514, 547 nm; MS (MALDI-TOF) m/z 776.39 [calc’d for PdCssH,SON,F,, MY
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777.10].

[68] Pd(11)-5-[4-(2-hydroxyethylthio)-2,3.5,6-(tetrafluorophenyl)}-15-(4-

methoxyphenyl)porphyrin

Pd(II)-5-(4-methoxyphenyl)-15 -(pentafluorophenyl)porphyrin (6 x 107 g, 8.7 x 10 mol)
was dissolved in anhydrous DMF (5 ml) and 2-mercaptoethanol (10 pl, 0.1 mmol) was
added. The mixture was stirred for 24 hours at room temperature, under argon and
protected from light . The solvent was evaporated in vacuo and the residue redissolved in
dichloromethane (20 ml). The mixture was washed with saturated sodium hydrogen
carbonate (2 x 50 ml), separated and the organic layer concentrated in vacuo. The product
was analysed using TLC (silica, eluent: hexane/CH,Cl,, 1:1). The product was obtained
as a reddish solid (3.5 x 10? g, 54 %) Rf = 0.6 (silica, eluent: hexane/CH,Cl,, 1:1); 'H
NMR [400 MHz, CDCl;] 8 2.9 (2H, m, SCH;), 3.94 (2H, m, CH,0H), 4.13 (3H, br s,
OCHS), 7.83 (2H, m, Ar- 3, 5-H), 8.14 (2H, m, Ar-2, 6-H), 9.08 (4H, m, BH), 9.38 (4H,
m, BH), 10.31 (2H, s, 10, 20-H); UV-vis (CH,Cl,) Amax 406, 513, 547 nm; MS (MALDI-

TOF) m/z 744.5 [calc’d for PdC35H22028N4F4, M+ 745 05]

188



[69] Pd(ID)-5-(4-aminobenzenethio-2,3,5.6-tetrafluorophenyl)-15-(4-

methoxyphenyDporphyrin

HoN

Palladium-5-(4-methoxyphenyl)-15-(pentafluorophenyl)porphyrin (0.03 g, 4.1 x 10" mot)
was added in anhydrous DMF (5Sml). 4-Aminobenzenethiol (6 mg, 4.9 x 10 mol) was
then added and the mixture stirred at room temperature for 72 hours, under argon and
protected from light . The solvent was evaporated in vacuo and the residue redissolved in
dichloromethane (20 ml). The mixture was washed with saturated sodium hydrogen
carbonate (2 x 50 ml), separated and the organic layer concentrated in vacuo. The
product was obtained as a red/brown solid (0.01 g, 30 %) Rf = 0.56 (silica, eluent:
hexane/CH,Cl, 1:1); '"H NMR [400 MHz, CDCl;] 8 4.02 (2H, s, NH,), 4.12 (3H, m,
OCHy), 6.81 (2H, m, Ar-H), 7.36 (2H, m, Ar-H), 7.66 (2H, m, Ar- 3, 5-H), 8.98 (2H, m,
Ar-2, 6-H), 8.98 (2H, s, BH), 9.09 (2H, s, BH), 9.36 (2H, s, BH), 9.42 (2H, s, BH), 10.36
(2H, s, meso-H); UV-vis (CH,Cly) Amax 406, 514, 547 nm; MS (MALDI-TOF) m/z 791.41

[ca]c’d for C39H23N5F4P dSO, M+ 79212]
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[70] Pd-5-(4-octadecylthio-2, 3, 5, 6-tetrafluorophenyl)-15-(4-

methoxyphenyl)porphyrin

Palladium-5-(4-methoxyphenyl)-15-(pentafluorophenyl)porphyrin (7.81 x 10%g, 1.06 x
10" mol) was added in anhydrous DMF (5 ml). Octadecanethiol (4 mg, 1.3 x 10”° mol)
was then added and the mixture stirred for 72 hours at room temperature, under argon and
protected from light . The solvent was evaporated in vacuo and the residue redissolved
in dichloromethane (20 ml). The mixture was washed with saturated sodium hydrogen
carbonate (2 x 50 ml), separated and the organic layer concentrated in vacuo. The solid
was analysed using TLC (silica, eluent: hexane/CH,Cl,, 1:1) which indicated a mixture of
two components. The solid was further purified using flash column chromatography
(silica, eluent: hexane/CH,Cl, 1:1) to obtain the product as fraction A. The product was
obtained as a red solid (0.01 g, 40 %) Rf = 0.36 (silica, eluent: hexane/CH,Cl,, 1:1); 'H
NMR [400 MHz, CDCl;] 3 0.84 (3H, m, CHy), 1.23 (30H, m, CHy), 1.86 (2H, m,
CH,CH,SH), 3.28 (2H, m, CH,SH), 4.12 3H, m, OCH3), 7.37(2H, m, Ar- 3, 5-H), 7.5
(2H, m, Ar-2, 6-H), 8.15 (2H, s, BH), 9.1 (2H, s, BH), 9.38 (2H, s, BH), 9.44 (2H, s, BH),
10.38 (2H, s, meso-H); UV-vis (CH2CL) Amax 405, 513, 547 nm; MS (MALDI-TOF) m/z

952.75 [calc’d for CsHsiN4F,PdSO, M" 953.50].
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[71] PA(ID)-5-(4-benzylthio-2.3,5.6-tetrafluorophenyl)-10, 15-di-

(pentafluorophenyl)-20-(4-methoxyphenyl)porphyrin and
[72] PA(ID)-5, 10-di-(4-benzylthio-2,3.5.6-tetrafluorophenyl)-15-

entafluorophenyl)-20-(4-methoxyphenylporphyrin and

[73] Pd(D-5, 10, 15-tris-(4-benzylthio-2,3,5,6-tetrafluorophenyl)-20-(4-

methoxyphenyl)porphyrin

Pd (II)-S-(4-benzylthio-2,3,5,6-tetraﬂuorophenyl)— 10,15-(pentafluorophenyl)-20-(4-

methoxyphenyl)porphyrin
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Pd (I)-5,10-(4-benzylthio-2,3,5,6-tetrafluorophenyl)-15-(pentafluorophenyl)-20-(4-

methoxyphenyl)porphyrin
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Pd(II)-5,10,15-(4-benzylthio-2,3,5,6-tetrafluorophenyl)-20-(4-methoxyphenyl)porphyrin

Pd(I)-5-(4-methoxyphenyl)-10, 15, 20-tris-(pentafluorophenyl)porphyrin (37 mg, 3.7 x
10* mol) was dissolved in anhydrous DMF (10 ml) to which benzylmercaptan (0.5 ml,
3.5 x 107 mo}) was added. The mixture was stirred at room temperature under argon and
protected from light for 24 hours. The solvent was evaporated in vacuo and the solid was
redissolved in dichloromethane (10 ml). The mixture was washed with saturated sodium
hydrogen carbonate (2 x 50 ml), separated and the organic layer concentrated i1 vacuo.
The product was analysed using TLC (silica, eluent: hexane/CH,Cl,, 1:1). TLC analysis

indicated a total of 6 products, which were further separated using preparative TLC. The
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fractions were isolated, dissolved in dichloromethane and filtered through a silica
column. Each fraction was then concentrated in vacuo to obtain the final products A-F.

Fraction C was analysed to be the starting material and fraction D to be Pd (I1)-5-
(4-benzylthio-2, 3,5,6-tetrafluorophenyl)-10,15-(pentafluoropheny!)-20-(4-
methoxyphenyl)porphyrin. Fractions E and F were further analysed to be Pd (I1-5,10-(4-
benzylthio-2,3,5,6-tetrafluorophenyl)-15-(pentafluorophenyl)-20-(4-
methoxyphenyl)porphyrin and Pd(ID)-5,10,15-(4-benzylthio-2,3,5,6-tetrafluorophenyl)-
20-(4-methoxyphenyl)porphyrin respectively.

Fraction D (0.01 g, 8 %); Rf = 0.65 (silica, eluent: hexane/CH,Cl, 1:1); 'H NMR
[400 MHz, CDCL;] & 4.11 (3H, s, CH3), 4.42 (2H, m, CH,Ph), 7.29 (2H, m, Ar- 3, 5-H),
7.49 (5H, m, Ph-H), 8.09 (2H, m, Ar-2, 6-H), 8.71 (2H, m, BH), 8.84 (4H, m, BH), 8.98
(2H, m, BH); UV-vis (CH;Cl;) Amax 411, 521, 554 nm; MS (MALDI-TOF) m/z 1122.4
[calc’d for PACs;H;OSNF e, M™ 1123.23].

Fraction E (0.01 g, 9 %); Rf = 0.6 (silica, eluent: hexane/CH,Cl;, 1:1); 'HNMR
[400 MHz, CDCl;] 8 4.12 3H, s, CH3), 4.42 (4H, m, CH,Ph), 7.29 (2H, m, Ar- 3, 5-H),
7.49 (10H, m, Ph-H), 8.09 (2H, m, Ar-2, 6-H), 8.64 (2H, m, BH), 8.82 (4H, m, BH), 8.96
(2H, m, BH); UV-vis (CH,CL) Amax 411, 521, 554 nm; MS (MALDI-TOF) m/z 1226.5
[calc’d for PACsoH290S;NyF 3, M" 1227.43].

Fraction F (0.01 g, 2 %); Rf=0.53 (silica, eluent: hexane/CH,Cl,, 1:1); 'HNMR
[400 MHz, CDCl;] § 4.12 (3H, s, CH;), 4.43 (6H, m, CH,Ph), 7.29 (2H, m, Ar- 3, 5-H),
7.56 (15H, m, Ph-H), 8.07 (2H, m, Ar-2, 6-H), 8.63 (2H, m, BH), 8.69 (4H, m, BH), 8.95
(2H, m, BH); UV-vis (CHzCl2) Amax 411, 521, 554 nm; MS (MALDI-TOF) m/z 1330.6

[calc’d for PACesH360OS3N4Fiz M" 1331.62].
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methoxyphenyl)porphyrin

HO,

OCHg3

Palladium-5-(pentafluorophenyl)-10,15,20-(4-methoxyphenyl)porphyrin (0.01 g, 1.1 x 10
5 mol) was added in anhydrous DMF (5 ml). Thiophenol (1.7 x 10®g, 1.26 x 10 mol)
was added and the mixture stirred for 72 hours at room temperature, under argon and
protected from light . The solvent was evaporated in vacuo and the residue redissolved in
dichloromethane (20 ml). The mixture was washed with saturated sodium hydrogen
carbonate (2 x 50 ml) and the organic layer concentrated in vacuo. The product was

obtained as a red solid (0.01 g, 30%) Rf = 0.7 (silica, eluent: hexane/CH,CI, 1:1); 'H
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NMR [400 MHz, CDCls] 8 4.09 (9H, m, OCHy), 6.97 (2H, m, Ar-H), 7.31 (6H, m, Ar- 3,
5-H), 7.6 (2H, m, Ar-H), 8.09 (6H, m, Ar-2, 6-H), 8.8 (2H, s, PH), 8.89 (4H, s, BH), 8.95
(2H, s, BH); UV-vis (CH,CL,) Anax 420, 475, 525 nm; MS (MALDI-TOF) m/z 1004.69

[calc’d for Cs3sH3aN,F4PdSO,, M 1005.35].

[75] Pd(ID)-5-(4-thiobenzene-2, 3,5,6-terafluorphenyl)-10,15.20-tris-(4-

methoxyphenyl )porphyrin

OCHj

Palladium-5-(pentafluorophenyl)-10,15,20-(4-methoxyphenyl)porphyrin 0.01g,1.1 x 10
> mol) was added in anhydrous DMF (5 ml). Benzenethiol (1.37 x 10°ml, 1,33 x 10

mol) was added and the mixture stirred for 72 hours at room temperature, under argon
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and protected from light . The solvent was evaporated in vacuo and the residue
redissolved in dichloromethane (20 ml). The mixture was washed with saturated sodium
hydrogen carbonate (2 x 50 ml), separated and the organic layer concentrated in vacuo.
The product was obtained as a red solid (0.01 g, 40 %) Rf = 0.63 (silica, eluent:
hexane/CH,Cl,, 1:1); 'H NMR [400 MHz, CDCls] & 4.09 (9H, m, OCH3), 7.30 (6H, m,
Ar- 3, 5-H), 7.34 (2H, m, Ar-H), 7.52 (2H, m, Ar-H), 8.1 (6H, m, Ar-2, 6-H), 9.0 (21, s,
BH), 9.1(4H, s, BH), 9.2 (2H, s, BH); UV-vis (CH,Cl;) Ama 420, 475, 525 nm; MS

(MALDI-TOF) m/z 988.7 [calc’d for Cs3H3,N,F,PdSO;, M* 989.35).

[76] Pd(ID)-5-[4-(2 hydroxyethylthio)-2.3.5.6-tetraflucrophenyl]-10,15,20-tris-(4-

methoxyphenyl)phenvlporphyrin

HO

OCHj
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Palladium-5-(pentafluorophenyl)-10,15,20-tris-(4-methoxyphenyl)porphyrin (0.01 g 1.1
x 10° mol) was added in anhydrous DMF (5 ml). 2-Mercaptoethanol (9.4 x 10 ml, 1.34
x 10" mol) was added and the mixture stirred for 72 hours at room temperature, under
argon and protected from light . The solvent was evaporated in vacuo and the residue
redissolved in dichloromethane (20 mil). The mixture was washed with saturated sodjum
hydrogen carbonate (2 x 50 ml), separated and the organic layer concentrated in vacuo.
The product was obtained as a red solid (0.01 g, 60 %) Rf = 0.72 (silica, eluent:
hexane/CH,Cl,, 1:1); 'H NMR [400 MHz, CDCl;] & 3.4 (2H, m, SCH,), 4.0 (211, m,
CH,0OH), 4.09 (9H, m, OCH3), 7.3 (6H, m, Ar- 3, 5-H), 8.09 (6H, m, Ar-2, 6-H), 8.78
(2H, s, BH), 8.88 (4H, s, BH), 8.96 (2H, s, BH); UV-vis (CH,Cl,) Amax 420, 475, 525 nm;

MS (MALDI-TOF) m/z 956.68 [calc’d for C49H34N4F4PdSO4, 1\4+ 957.31]
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OCH3

Pd(II)-5-(Pentaﬂuorophenyl)—10,15,20-tris-(Lmethbxyphenyl)porphyrin (0.02g,2.2 x
10 mol) was added in anhydrous DMF (5ml). 4-Aminobenzenethiol (3.34 x 103g,2.7 x
10" mol) was added and the mixture stirred at room temperature for 72 hours, under
argon and protected from light . The solvent was evaporated in vacuo and the residue
redissolved in dichloromethane (20 ml). The mixture was washed with saturated sodium
hydrogen carbonate (2 x 50 ml), separated and the organic layer concentrated in vacuo,
The product was analysed using TLC (silica, eluent: hexane/CH,Cly, 1:1). TLC analysis
indicated a mixture of products which were further purified using flash column

chromatography (silica, eluent: hexane/CH,Cl,, 1:1) to yield the 6 fractions which were
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collected, concentrated in vacuo and analysed. .

Fraction C was analysed as the desired product (0.01 g, 41 %) Rf = 0.8 (silica, elucnt:
hexane/CH,Cl;, 1:1); '"H NMR [400 MHz, CDCl5] 6 4.09 (2H, br s, NI1,), 4.10 (9H, brs,
OCHjy), 7.22 (2H, m, Ar- 3, 5-H), 7.30 (6H, m, Ar-10, 15, 20-3,5-H), 7.68 (2H, m, Ar-2,
6-H), 8.09 (6H, m, Ar-10, 15, 20-2,6-H), 8.73 (2H, s, pH), 8.85 (4H, m, BH), 8.93 (211,
m, BH); UV-vis (CH;CL) Amex 420, 525, 557 nm; MS (MALDI-TOF) m/z 1003.65 [calc’d

for C53H3503N5F4SPd, M+ 1004.37].

[78] Pd(II)-5-(4-octadecylthio-2,3.5.6-tetrafluorophenyl)-tris-10,15,20-(4-

methoxyphenyl)porphyrin

OCH;,
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Palladium-5-(pentafluorophenyl)-10,15,20-tris-(4-methoxyphenyl)porphyrin (0.02 g, 2.2
x107 mol) was added in anhydrous DMF (5 ml). Ocatdecanethiol (9 mg, 2.7 x 10° mol)
was added and the mixture stirred for 72 hours at room temperature, under argon and
protected from light . The solvent was evaporated in vacuo and the residue redissolved in
dichloromethane (20 ml). The mixture was washed with saturated sodium hydrogen
carbonate (2 x 50 ml), separated and the organic layer concentrated in vacuo. The solid
was analysed using TLC (silica, eluent: hexane/CH,Cly, 1:1) which indicated a mixture of
three components. The solid was further purified using flash column chromatography
(silica, eluent: hexane/CH,Cl,, 1:1) to obtain the product as the first eluting fraction. The
product was obtained as a red solid (0.01 g, 35 %); Rf = 0.82 (silica, elucnt:
hexane/CH,Cl,, 1:1); 'H NMR [400 MHz, CDCl;] & 0.84 (3H, m, CH3), 1.23 (3011, m,
CHy), 1.88 (2H, m, CH,CH,SH), 3.27 (2H, m, CH,SH), 4.08 (9H, m, OCH;), 7.31 (611,
m, Ar- 3, 5-H), 8.09 (6H, m, Ar-2, 6-H), 8.79 (2H, s, BH), 8.88 (4H, s, BH), 8.90 (211, s,
BH); UV-vis (CHCl2) Amax 419, 476, 525 nm; MS (MALDI-TOF) m/z 1164.92 [calc’d

for C65H(,6N4F4PdSO3, M+ 1 16574]
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[79] Pd(11)-5,10,15,20-(4-thiophenol-2,3.5.6-tetrafluoro henylporphyrin

OH

OH

Pd(D)-5,10,15,20-tetra-(pentafluorophenyl)porphyrin (20 mg, 1.85 x 10° mol) was
dissolved in anhydrous DMF (5 ml) to which mercaptophenol (10 pl, 9.3 x 10”° mol) was
added. The mixture was stirred at room temperature under argon and protected from light
for 18 hours. The solvent was evaporated in vacuo and the solid redissolved into

dichloromethane (10 ml). The mixture was washed with saturated sodjum hydrogen
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carbonate (2 X 50 ml), separated and the organic layer dried in vacuo, The product was
analysed using TLC (silica, eluent: hexane/CH,Cl,, 1:1). TLC analysis indicated a single
product (0.01 g, 25 %); Rf = 0.72 (silica, eluent: hexane/CH,Cl, 1:1); '"H NMR [400
MHz, CDCl3] 8 6.79 (2H, d, J* = 8.5 Hz Ar-H), 7.36 (2H, d, J* = 8.5 Hz Ar-11), 8.87
(8H, m, BH); UV-vis (CH2Cl) Amax 411, 521, 554 nm; MS (MALDI-TOF) m/z 1502.8

[calc’d for PdCesH28S404N,F 16, M 1503.63].

[80] Pd(IN)-5,10,15,20-tetra-(4-benzenethio-2,3.5.6-tetraphenyDporph rin

Palladium 5,10,15,20-(tetrapentaﬂuoropheny])porpyhrin (0.14 g, 9.6 x 10 mol) was

added in anhydrous DMF (10ml). Benzene thiol (0.64 ml, 4.8 x 10* mol) was added and
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the mixture stirred for 72 hours at room temperature, under argon and protected from
light . The solvent was evaporated in vacuo and the residue redissolved in
dichloromethane (20 ml). The mixture was washed with saturated sodjum hydrogen
carbonate (2 x 50 ml), separated and the organic layer concentrated in vacuo. The
product was analysed using TLC (silica, eluent: hexane/CH,Cl,, 1:1). The product was
obtained as a reddish solid (0.01 g, 9 %) Rf = 0.8 (silica, eluent: hexane/Cl LCL, 1:1); 'I
NMR [400 MHz, CDCl;] 8 7.63 (8H, m, Ar- 3, 5-H), 7.71 (8H, m, Ar-2, 6-11), 8.89 (811,
s, BH); UV-vis (CH,Cly) Ay 411, 421, 554 nm; MS (MALDI-TOF) m/z 1439.63 [calc’d

for P dC68Hzgs4N4F 165 W 14406]

[81] Pd(I1)-5,10,1520-tetrakis[4-(2", 3*, 4°, 6*-tetra-O-acetyl-B-D-

lucopyranosylthio)-2,3.5.6-tetrafluorophenyl orphyrin

AcQ

OAc
AcQ

AcO

AcO OAc

OAc
AcO

OAc
OAc

AcO
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Pd(I)-5,10,15,20-Tetra(pentafluorophenyl)porphyrin (20 mg, 1.86 x 10 mol) was
dissolved in anhydrous DMF (3 ml). 2,3,4,6-Tetra—0-acetyl-B-D—thioglucopyranose (6 eq,
44 mg, 1.23 x 10*mol) in DMF (3 ml) was added. The solution was stirred at room
temperature and the reaction monitored by TLC. After 18 hours, the solvent was
evaporated in vacuo, followed by separation using preparative TLC (silica eluent:
toluene/acetone, 8:2) to yield the desired product as a purple brown solid (20 mg, 44 %);
Rf=0.20 (silica, eluent: toluene/acetone, 8:2); mp > 350 °C decomp; 'H NMR [400
MHz, CDCl;] 8 2.04 (12H, s, OAc), 2.05 (12H, s, OAc), 2.06 (1211, 5, OAc), 2.18 (1211,
s, OAc), 4.1(4H, m, H-5’0se), 4.3 (8H, m, H-6,’ and H-6,’ ose), 5.20 (4H, t, J* = 10.1
Hz, H-4’0se), 5.26 (8H, m, H-1", 2’ ose), 5.4 (4H, t, J*=9.3 Hz, H-3’0se), 9.2 (811, br s,

BH), MS (MALDI-TOF) m/z 2456.5 [calc’d for PdC]()ol 134N4F|6S4036, M* 245640]
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[82] Pd(IN)-5,10,15,20-tetra-(4-aminobenzenethio-2,3,5,6-

tetrafluorophenyl)]porphyrin

NH;

HoN

Palladium 5,10,15,20-(tetrapentafluorophenyl)porpyhrin (0.05 g, 4 x 10" mol) was added
in anhydrous DMF (5 ml). 4-Aminobenzenethiol (0.03 g, 2.2 x 10* mol) was added and
the mixture stirred for 72 hours at room temperature, under argon and protected from
light. The solvent was evaporated in vacuo and the residue redissolved into
dichloromethane (20 ml). The mixture was washed with saturated sodium hydrogen
carbonate (2 x 50 ml) and the organic layer concentrated in vacuo. The solid was

analysed using TLC (silica, eluent: hexane/CH,Cl,, 1:1) which indicated a mixture of five
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components. The solid was further purified using flash column chromatography (silica,
eluent: hexane/CH,Cly, 1:1) to obtain the product as fraction E. The product was

obtained as a reddish solid (0.02 g, 33 %) Rf = (.82 (silica, eluent: hexane/CHzClz, 1:1);
'H NMR [400 MHz, CDCl;] 6 4.09 (8H, br s, NH,), 6.77 (8H, m, Ar- 3, 5-H), 7.63 (811,
m, Ar-2, 6-H), 8.92 (8H, s, BH); UV-vis (CH;Cl,) Anex 411, 521, 554 nm; MS (MALDI-

TOF) m/z 1498.63 [calc’d for PdC68H3284N3F16, foundl49969]
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[83] Pd(ID)-5-(4-benzylthio-2.3.5,6-tetrafluorophenyl)-10,15.20-

(pentafluorophenylporphyrin and
[84] Pd(I)-5,10-di-(4-benzylthio-2.3,5,6-tetrafluorophenyl)-15,20-di-

(pentafluorophenyl)porphyrin and
[85] Pd(I1)-5.10,15-tris-(4-benzylthio-2,3,5.6-tetrafluorophenyl)-20-

entafluorophenylDporphyrin and

[86] Pd(ID-5 10,15,20-tetra-(4-benzylthio-2.3.5,6-tetrafluorophenyDporphyrin

Pd(II)-5- (4-benzylthio-2,3,5,6-tetrafluorophenyl)-10,15,20-(pentafluorophenyl)porphyrin
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Pd()-5,10-di-(4-benzylthio-2,3,5,6-tetrafluorophenyl)-15,20-di-

(pentafluorophenyl)porphyrin
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Pd(11)-5,10,15 —tris-(4-benzylthio-2,3,5,6-tetrafluorophenyl)-20-

(pentafluorophenyl)porphyrin
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Pd(ID)-5,10,15,20-(4-benzylthio-2,3,5,6-tetrafluorophenyl)porphyrin

Pd(Il)-S,lO,l5,20-tetra-(pcntaﬂuorophenyl)porphyrin (20 mg, 1.85 x 10" mol) was
dissolved in anhydrous DMF (5 ml) to which benzylmercaptan (10 pl, 9.3 x 10’ mol)
was added. The mixture was stirred at room temperature under argon and protected from
light for 18 hours. The solvent was evaporated in vacuo and the solid was then
redissolved in dichloromethane (10 ml). The mixture was washed with saturated sodium
hydrogen carbonate (2 x 50 ml), separated and the organic layer concentrated in vacuo,

The solid was analysed using TLC (silica, eluent: hexane/CH,Cl,, 1:1) which indicated a
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total of 5 products. The mixture was further separated using preparative TLC. The
fractions were isolated, dissolved into dichloromethane and filtcred through a silica
column. Each fraction was then concentrated in vacuo to obtain the products A-E.
Fraction A was analysed to be the starting material and as expected, the following
fractions were mono-, di-, tri- and tetra- thiol substituted porphyrins respectively.
Fraction A, which eluted near the solvent line Rf = 0.9 as mentioncd earlicr was found to
be the unreacted starting material.

Fraction B (0.01 g, 25 %); Rf = 0.56 (silica, eluent: hexane/CI1,Cl3, 1:1); ' NMR [400
MHz, CDCl;] & 4.42 (2H, m, CH,Ph), 7.50 (SH, m, Ph-H), 8.76 (211, m, pH), 8.87 (611,
m, pH); UV-vis (CH,Cl;) Amax 406, 519, 552 nm; MS (MALDI-TOF) m/z 1182.6 [calc’d

for PdCSl}{uSN‘gF]g, M+ 1 18315]

Fraction C (0.01 g, 17 %); Rf = 0.46 (silica, eluent: hexane/CIH,Cl,, 1:1); 'HNMR [400
MHz, CDCl;] & 4.36 (4H, m, CH,Ph), 7.43 (10H, m, Ph-H), 8.68 (4H, m, BHI), 8.79 (41,
m, BH); UV-vis (CH;CL) Amex 406, 519, 552 nm; MS (MALDI-TOF) m/z 1286.7 [calc’d

for PdC53H2282N4F18, I\/I+ 1287.35].

Fraction D (0.01 g, 8 %); Rf = 0.36 (silica, eluent: hexane/CH.Cl,, 1:1); 'H NMR (400
MHz, CDCl;] 8 4.36 (6H, m, CH,Ph), 7.42 (15H, m, Ph-H), 8.66 (6H, m, BH), 8.77 (211,
m, BH); UV-vis (CHzCl;) Amax 406, 519, 552 nm; MS (MALDI-TOF) m/z 1390.8 [calc’d
for PACesHa29S3N4F 17, MY 1391.54].

Fraction E (0.01 g, 36 %); Rf = 0.28 (silica, eluent: hexane/CH,Cl,, 1:1); 'HNMR [400

MHz, CDCl;] & 4.38 (8H, m, CH,Ph), 7.45 (20H, m, Ph-H), 8.66 (8H, brs, BH); UV-vis
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(CH,Cly) Amax 406, 519, 552 nm; MS (MALDI-TOF) m/z 1496.8 [calc’d for

PAC,Hs6S4NeFis, M* 1495.74].

(pentafluorophenyl)porphyrin and
[89] Pd(ID)-5.10,15-tris-[4-(2-hyroxyethylthio)-2.3,5,6-tetrafluorophenyl]-20-

(pentafluorophenyl)porphyrin

Pd(II)-5-[4-(2-hydroxyethyl)thio-2,3,5,6-tetrafluorophenyl]-10,15,20-

(pentafluorophenyl)porphyrin
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Pd(II)-5,10-di-[4-(2-hydroxyethyl)thio-2,3,5,6-tetrafluorophenyl]-15,20-di-

(pentafluorophenyl)porphyrin
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HO

Pd(II)-5,10,15 -tris-[4-(2-hyroxyethy])thio-2,3,5,6-tetrafluorophenyl]-20-

(pentafluorophenyl)porphyrin

Pd(II)-S,l0,15,20-tetra-(pentaﬂuorophenyl)porphyrin (20 mg, 1.85 x10°° mol) was
dissolved in anhydrous DMF (5 ml) to which 2-mercaptoethanol (10 pl, 0.1 mmol) was
added. The mixture was stirred at room temperature under argon and protected from light
for 18 hours. The solvent was evaporated in vacuo and the solid redissolved in
dichloromethane (20 ml). The mixture was washed with saturated sodium hydrogen
carbonate (2 x 50 ml), separated and the organic layer dried in vacuo. The solid was
analysed using TLC (silica, eluent: hexane/CH,Cl,, 1:1) which indicated a total of 4

products. The four products were further separated using preparative TLC. The fractions
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were isolated, dissolved in dichloromethane and filtered through a silica column, Each
fraction was then concentrated to obtain the products A-D. Fraction A was analyscd to be
the starting material and as expected, the following fractions were mono-, di-, and tri-
thiol substituted porphyrins respectively. In this occasion, the tetra-thiol substituted
product was not obtained.

Fraction A, which eluted near the solvent line Rf = 0.9 as mentioned earlicr was found to
be the unreacted starting material.

Fraction B (0.01 g, 33 %); Rf = 0.56 (silica, eluent: hexane/CH,ClI, 1:1); 'H NMR [400
MHz, CDCls] 8 3.46 (2H, t, J* = 5.5Hz, SCH,), 4.05 (2H, m, CH,0H), 8.92 (811, br s,
BH); MS (MALDI-TOF) m/z 1136.5 [calc’d for PAC4cH,;SN,F,o, M* 1137.08].

Fraction C (0.01 g, 41 %); Rf = 0.67 (silica, eluent: hexane/CH,Cl,, 1:1); '"H NMR [400
MHz, CDCL3] & 3.46 (4H, t, J* = 5.5Hz, SCH,), 4.05 (4H, m, CH,OH), 8.89 (811, m,
pH); MS (MALDI-TOF) m/z 1194.5 [calc’d for PAC4H 3SN,F 30, M* 1 195.21]).
Fraction D (0.01 g, 22 %); Rf = 0.31 (silica, eluent: hexane/CI LCL, 1:1); 'IH NMR [400
MHz, CDCl3] 6 3.46 (6H, t, J* = 5.5Hz, SCHy), 4.05 (6H, m, CH,OH), 8.89 (8H, m,

BH); MS (MALDI-TOF) m/z 1252.4 [cale’d for PAC4gH ;SN Fis, M* 1253.33],
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[90] Pd(ID)-5-(4-octadecylthio-2,3,5.6-tetrafluorophenyl)-10,15,20-

entafluorophenyl)]porphyrin and

[91] Pd(I1)-5,10-di-(4-octadecylthio-2.3,5.6-tetrafluorophenyl)-15,20-di-

entafluoropheny]porphyrin and

[92] Pd(ID)-5,10,15-tris-(4- octadecylthio-2,3,5.6-tetrafluorophenyl)-20-

entafluorophenyl)lporphyrin and

[93] Pd(ID)-5,10,15,20- tetrakis(4- octadecylthio-2,3,5.6-tetrafluorophenyl)porphyrin

C1eHa7\

F
Pd(ID)-5-[(4-octadecylthio) -2,3,5,6-(tetrafluorophenyl)-10,15,20-

(pentafluorophenyl)]porphyrin
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F
Pd(11)-5,10-di-[(4- octadecylthio)-2,3,5,6-(tetrafluorophenyl)-15,20-di-
(pentafluorophenyl)]porphyrin

C1aH37\
S

C1gHa7

Pd(ID)-5,10,15-tris-[(4- octadecylthio)-2,3,5,6-(tetrafluorophenyl)-20-

(pentafluorophenyl) |porphyrin
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C1gHa7

Pd(I)-5,10,15,20-tetrakis[(4- octadecylthio)-2,3,5,6-(tetrafluorophenyl)porphyrin

Pd(II)-5,10,15,20-tetra-(pentafluorophenyl)porphyrin (0.05 g, 4.3 x 105 mol) was
dissolved in anhydrous DMF (5 ml) and octadecanemercaptan (0.06 g, 2.2 x 10 mol)
was added. The mixture was stirred for 18 hours at room temperature, under argon and
protected from light. The solvent was evaporated in vacuo and the residue redissolved in
dichloromethane (10 ml). The mixture was washed with saturated

sodium hydrogen carbonate (2 x 50 ml), separated and the organic layer concentrated in
vacuo. The solid was analysed using TLC (silica, eluent: hexane/CH,Cl,, 1:1) which
indicated a total of 5 components. The mixture was attempted to be separated using

preparative TLC. Fraction A was analysed to be the starting material and as expected, the
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following fractions were mono-, di-, tri- and tetra- thiol substituted porphyrins
respectively.

Fraction A, which eluted near the solvent line Rf = 0.9 as mentioned earlier was found to
be the unreacted starting material. The later fractions Rf = 0.7, 0.55, 0.46 and 0.38
however were not separable using preparative TLC or flash column chromatography.
Their presence was confirmed using; MS (MALDI-TOF).

Fraction B; Rf = 0.7 (silica, eluent: hexane/CH,C,, 1:1); MS (MALDI-TOF) m/z 1345
[calc’d for CeHasF1sN4PdS, M1345.5).

Fraction C; Rf = 0.55 (silica, eluent: hexane/CH,Cl,, 1:1); MS (MALDI-TOF) m/z 1611
[calc’d for CgoHgFis NyPdS;, M1612.06].

Fraction D; Rf = 0.46 (silica, eluent: hexane/CH,Cl,, 1:1); MS (MALDI-TOF) m/z 1879
[calc’d for CogH 15F17N4PdS3, M'1878.61].

Fraction E; Rf = 0.38 (silica, eluent: hexane/CH,Cl,, 1:1); MS (MALDI-TOF) m/z 2145

[calc’d for Cy1¢His6F16N4PdSs, M*2145.17].
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