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And the end of our exploring
Will be to arrive when we started
And know the place for the first time...*

T.S. ELIOT



Summary

This thesis reports the synthesis, the charactemzand the biological evaluation of new
classes of metal-porphyrin conjugates for poteti@medical applications.
[Ru([9]aneS3)(N-N)(L)][Xk where N-N = nitrogen chelating ligand such as ethh2-
diamine (en) orbpy, L = S-dmso, Cl and X =3s6B; or Pk, n = 2 or 1 respectively),
[Ru([9]aneN3)(dms®),CI]Cl, fac-[**"Tc (CO}(H.O)]+ and [NE$], fac-[ReBr(CO)] were

chosen as metal fragments.

In the first section we describe different syntbetpproaches to the preparation of porphyrin
conjugates with Ru(ll) coordination compounds.

Ru (I) fragments were chosen they have shown enfging anticancer activity both in vitro
and in vivo, in murine models.

Water solubility in an important feature for bionead application but usually porphyrins are
fairly or not water soluble. The conjugation of atal fragment to a porphyrin, beside
increasing the solubility of the porphyrin macrdeyds an intriguing alternative for making
water soluble compounds that are expected to casrthim cytotoxicity to the metal fragment
to the phototoxicity of the porphyrins for an additantitumor effect.

We varied the number and charge of the periphesafr&yments, and described conjugates
whose total charge ranges from +4 to +8. We shaiaidthe connection can occur through a
single coordination bond (N(pyridyl)-Ru) or througtultiple coordination bond (through a
chelating bpy unit).

We demonstrated thamnesepyridylporphyrins (PyPs), besides being synthdiicanore
affordable, allow to tune the geometry of the cgajies.

We showed that in the series of porphyrins withteral bpy units amesopositions, it is
possible to vary the metal fragment and the leragtd the flexibility of the connectors
between the bpyAc peripheral moieties and itinesoC atoms to obtain compounds with
different solubility

Finally some or those conjugates were evaluategatential PDT agents.

Singlet oxygen quantum yield was evaluated fooathem as useful parameter.

The in vitro cell growth inhibition of some of sucbnjugates toward MDA-MB-231 human
breast cancer cells and HBL-100 human non tumoicggpithelial cells are reported, together

with their phototoxic effects onMDAMB-231 cells. |Alonjugates have Kgvalues in the low



micromolar range that decrease by 1 order of madeitipon irradiation of cell cultures with
visible light. This make them promising for PDTaaincer.

In the second section we describe the first exarapfé™Tc — porphyrins conjugates where
the connection between the metal fragment and ¢iphgrins macrocycle occurred at the
periphery of the cromophore, mesoposition.

In radiopharmaceutical chemistry it is comntorcomparehe retention time in the HPLC in
the radiochromatogram of tHé™Tc conjugate with the UV-vis trace of the corresfiog
non-radioactive Re congener to confirm the sucadsthe labeling and to characterize
unambiguously th&™Tc-conjugate.

By an accurate characterization of the water selylarphyrinic precursors and of the Re(l)
congeners, we were able to establish, for thetfiret, that only one’l™Tc (CO)]* fragment

is bounded at the periphery of the porphyrins.

Furthermore, all thé&°™Tc/Re-porphyrin conjugates were obtained with hpghity level and
reasonable to good yields. The total charge rafigas+1 to +3.

Stability studies performed by HPLC on t¥8Tc-conjugates revealed an high stability under
air at room temperature, in absence or presencellsfup to 30 minutes to 24 hours.

Since natural and synthetic porphyrins and metalpyrins are the most useful
photosensitizers for PDT, we decided to evaluagenthter soluble porphyrinic precursors and
the Re(l)-porphyrins conjugates as potential prestegizers for PDT.

The in vitro cell uptake, the cell growth inhibiidoward HelLa cells are reported, together
with their phototoxic effects on the same cell line

All conjugates revealed a negligible cytotoxicitZ4, values higher than 1QéM) after 24 h

of exposure. Those value decrease by 1 order onitodg upon irradiation with visible light
(590-700 nm) at mild light doses ( 5 JAmWe found that compounds uptake after 24h
exposure is significantly different, and it does affect appreciably their cytotoxicity. On the
contrary, the phototoxicity is directly related tioe ability of the compounds to penetrate
cells. They proved to have from moderate to goodlst oxygen quantum yields and high
photostability.

Taken together, those results make them promisinBDT of cancer.



List of abbreviations

bpyAc, 4-methyl-2,2-bipyridine-4'-carboxylic aci€@DMT = 2-chloro-4,6-dimethoxy-1,3,5-
triazine; DAPI, 4',6-diamidino-2-phenylindolyl hyatrhloride; DMA,9,10-
dimethylanthracene; DMAP, dimethylaminopyridine; BM N,N-dimethylformamide;
DMSO, dimethyl sulfoxide; DSS, 2,2-dimethyl-2,2agientane-5 - sulfonate; EDCI, N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochlie; EDTA,
ethylenediaminetetraacetic acid; en, ethane - ig@ide; HOBt, 1-hydroxybenzotriazole;
Hp, hematoporphyrin; LDL, low-density lipoproteifMTT, thiazolyl blue tetrazolium
bromide; NMM= N-methylmorpholine, PBS, phosphate-buffered salfieT, photodynamic
therapy; ROS, reactive oxygen species; 4'TCMePP, mese4d'-
tetracarboxymethylphenylporphyrin; TCPP, meso-#atarboxyphenylporphyrin;
4'-MPyTrMeP, 5- (4'-pyridyl) -10,15,20-tris (4'-¢caxymethylphenyl) porphyrin;
4'-transDPyDMeP, 5,15 — bis (4'-pyridyl) -10,20-glscarboxymethylphenyl) porphyrins;
4'-cisDPyDMeP, 5,10-bis (4'-pyridyl) - 15,20 — p#- carboxymethylphenyl) porphyrin;
4'-TrPyMMeP, 5,10,15-tris (4'-pyridyl) — 20 - (daboxymethylphenyl) porphyrin;

4'-TPyP, tetra-4' - pyridylporphyrin; TFA, trifluoacetic acid.
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1. Introduction



1.1. Natural and sythetic water soluble porphyrins

Porphyrins are a very interesting class of molegulespecially for their chemical and
biological properties. In fact they are currentlyder investigations in many research fields,
such as catalysi$,conversion of solar energyand spectroscopy.In addition, these

compounds play key roles in complex biological egst and, as photosynthetic mod&ls,

have been studied for their biological and biomaldapplications.

From the structural point of view, all the porpimgiare characterized by an heterocyclic
macrocycle composed of four modified pyrrole sulsimnterconnected at their carbon
atoms via methinebridges (=CH-) (Figure 1). Thedtre is completely aromatic with high
conjugation ande electrons delocalization on the ring. The tetraaemacrocycle defines a
cavity of dimensions nearly perfect to coordindtergly, after deprotonation of two protons
inside, a large number of metal such as Fe(lI{liprZn(11), Cu(ll) and Co(ll).

Another important feature, for chemical applicati@the stability of the porphyrin ring in
strong acid and basic conditions. Strong bases asdikoxides remove protons present on
the inner nitrogen atoms (pk 16) while pyrrolic nitrogen atoms have aypK9 and can be
easily protonated with acids such as trifluoroacatid?

The characteristic flathess, demonstrated by Xerggtallography and the extensive electron
delocalization in the macrocyclic core are decidmethe chemical activity and biological

function of macromoleculés.

Figure 1. Schematic drawing of a porphyrins macrocycle.

As a consequence of the extensive electron dekadan, porphyrins typically have very
intense absorption bands in the visible region duey are deeply colored; in fact the name

porphyrin comes from a Greek watdppupoc, purple



In a typical visible absorption spectra, porphyrumually show an intense Soret band at
around 400 nm, which results from the delocalizgdic electronic pathway, and several
weaker absorption bands (Q bands) between 450 dn8@mM nm, which are responsible for
the rich color (Figure 2).

Usually the insertion of peripheral substituenttba porphyrin ring induces relatively little
changes in the intensity and wavelength of absamptrhile the protonation of the two inner
nitrogen atoms or the insertion of a metal ionha tetradentate cavity significantly change
the absorption spectrum, with two typical Q-bandsueen 500 and 700 nm in addition to the

Soret band. These changes are very useful to deezacmetal porphyrins.
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Figure 2 A typical UV-vis spectrum of a porphyrin

Since porphyrins are able to absorb in all theblasiegion at specific ranges of wavelengths,
they are considered good chromophores and thustabileduce reversible or irreversible
chemical changes on the surrounding biological sates.

Furthermore, these macrocycles typically show pesfical uptake and retention by tumor
tissues, possibly via receptor-mediated endocytofsisw density lipoproteins (LDL). This
suggestion is mainly supported by the observatiwat fipoproteins readily incorporate
porphyrins, and that tumor cells have been foundexbibit elevated activity of LDL

receptor$:®*°
Since they are good chromophores with a good salgcfor tumor tissues, they are

promising candidate for PDT.



1.2. Photodynamic Therapy in Cancer
1.2.1 General aspects

Photodynamic therapy (PDT) is an approved therapeurbcedure for the treatment of a
variety of solid tumors and non-malignant lesiotis.involves the local or systemic
administration of a photosensitizet**{porphyrin-like, chlorophyll-like, or dye compound)
followed by irradiating the targeted disease siith won-thermal visible light of appropriate

wavelength(s) (Figure 3}:*°
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Figure 3. Schematic PDT treatment

The anticancer effect of PDT is a consequence lofnato-moderately selective degree of
photosensitizer (PS) uptake by proliferating madigincells, direct cytotoxicity of reactive
oxygen species (ROS, mairi§,) and a severe vascular damage that impairs biopglysto

the treated areH{!® Those biological effects of PDT are limited to tparticular areas of
tissues exposed to light.

Thanks to Thomas Dougherty’s pioneering work, i7@3.8 was demonstrated that the topical
administration of a photosensitizer namely hematolpgrin 1X, and red light, successfully
eradicated mammary and bladder tumor in mice. New&dPDT has been recognized as an
experimental tool for treatment of tumors locatedkin, lung, gall bladder, esophagous, head
and neck?

PDT as a treatment procedure has been acceptetiebyrited States Food and Drug
Administration for use in endo-bronchial and endoghageal cancét and also as a
treatment of premalignant and early malignant lesiof skin (actinic keratosis), bladder,

breast, stomach and oral cavity.



1.2.2 Photosensitizers

Photosensitizers (PS) are the key element in PO{€r #he approval of Photofrin for the PDT
treatment, researchers from all over the world apively involved in developing efficient
PSs.

Generally, a good photosensitizer must possessicgriotophysical properties. For example,
it should be able to produce singlet oxygen witghhguantum vyield @,).?? In addition, a
high molar extinction coefficient in the spectrabion of the excitation light, a high triplet
statequantum vyieldbt, a relatively long triplet state lifetimer§, and a high triplet-state
energy are other important factors. The photoblegctof a PS is another important
parameter. Aphotosensitizer that will photoblealdwby in tissues will be a better agent for
PDT. Finally the amphiphilicity and water solubjliare characteristic desiderable for a good
PS.

From biological point of view, it should posseshgglectivity in terms of target ceNersus
healthy cells, minimal skin photosensitivity anddark toxicity.

Photosensitizers are generally classified as ponmhyor non-porphyrins. In fact, in the
beginning, the attention has been focused on parghyand their analogues because their
presence in natural systems makes them ideal catedifor use in biological singlet oxygen
generation. As a result of their biological roldbgese photosensitizers generally lack
cytotoxicity in the absence of light, which provegortant in certain applications .

The porphyrins and their derivatives have the ghiti absorb several wavelengths in the UV-
vis range. The long-lived triplet states of manypbyrins allow for high quantum yields. The
introduction of different substituents on the mage allows the tuning of the porphyrins
properties. Some photosensitizers approved forcalilPDT treatments in humans are listed
in Table 1.



Biolitec Pharma

Chemical Photosensitizer .
P Type of diseases Country
classification tradename/company
Barrett's displasia U.S., Canada, EU, UK
Cervical cancer Japan
Endobronchial cancer | Canada, Most EU Countries,
Porfimer Na Japan, U.S.
Hematoporphyrin Photofrin
Esophageal cancer Canada, Most EU Countries,
Japan, U.S.
Gastric cancer Japan
Papillary bladder cancer Canada
Pro drug (5-
aminolevulinic
acid - ALA)
converted
. tophotoactive Actinic keratosis,
Protoporhyrin protoporhyrinX/ Basal cell carcinoma us., EU
Levulan, Levulan
Kerastick (for topical
use)/Dusa
Pharmaceuticals)
Temoporfin MTHPC / Foscan Head and neckcancer EU, Norway, Iceland

Verteporfin

Visudyne

Age-related Macular
Degeneration

Canada, Most EU Countries,

Japan, U.S.

Table 1.Photosensitizers approved in human diseases.

Commonly PSs are divided into three generationst-generation PS are hematoporphyrin,

its derivatives HpD, and the purified, commerciadlyailable and yet largely employed

Photofrin (Figure 4).
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Figure 4. Examples of photosensitizers approved for clifRiaT. Photofrin(a) and 5-ALA, as a prodrug of

Protoporhyrin (1X) b).



Photofrin showed some advantages, such as theabstmtrinsic toxicity, the possibility of
using small drug doses, the good clearance fromalotissue and the possibility of repeated
administrations without serious consequences. Beitcomplex composition, the prolonged
photosensitivity (up to 3 months), the poor seléitio.1-3%2% the slow clearance rate and
the relatively weak long-wavelength absorption nbtree research for new photosensitizes.
Such photosensitizes belongs to the second gemeralihey include benzoporphyrin
derivative, chlorins, phthalocyanines and texaghrias well as naturally occurring
compounds, such as hypericin, and 5-aminolevulamtic (5-ALA) and some of its related
esteré? that promote the endogenous production of theopmphyrin IX (PplIX) (Figure 4).
Now research is moving toward the synthesis of tthiel generation of photosensitizers,
where dark toxicity, solubility and tumor selectyvare characteristic under optimization.
From this point of view, the design of new photasgzers by using sugar moiefy,

peptides® and hormone&'or fullerene?® may afford excellent candidate PDT drugs.
1.2.3Photochemistry

Upon absorption of a photon, the photosensitizacisated to an exited single state (S1) and

then, by intersystem crossing (4), it can convieran exicited triplet state (T1) (Figure 5).
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Figure 5. Jablonski diagramshowing the various modes oftatian and relaxation in a chromophore.
(1) = exited state, (2) = fluorescence emission £3nternal conversion, (4) = intersystem crossi(s), =
fluorescence emission (6) = internal conversioh,5Teaction of triplet state with surrounding nmites (8) =

Type | reactions (9) = spin exchange with oxyged) @ Type Il reactions

Since phosphorescence is a spin-forbidden decayifétime of the T1 state is longer (from
102 to 10 ps) than that of the S1 state (fronf 1010°ns). Consequently, the molecule in T1



excited state can react with the surrounding mdésguaccording two types of reactions,
defined as Types | and II.

Firstly, in a Type | reaction, the photosensitizan react directly with the biomolecules, such
as the cell membrane constituents, and transfestarpor an electron to form a radical anion
or cation, respectively. These radicals may furttearct with oxygen to produce reactive
oxygen species (ROS). Alternatively in a Type laaton, the excited PS can transfer its
energy directly to molecular oxygen to form excitddte singlet oxygen that consequently
induce apoptosis and necrosis of targeted cellstigades (Type-1l PDT3>*%31t is highly
probable that in the presence of molecular oxygend as a direct result of the
photoirradiation of the PS molecule, both Type-Hdh pathways play a pivotal role in
disrupting cellular mechanisms and cellular strrectu

Type | mechanism is favored at high concentratibphmtosensitizer, hypoxic environment
or in the presence of others molecules that caedsly oxidized. Nevertheless, there is
considerable evidence to suggest that the Typadtgoxygenation process predominates in
the induction of cell damage, a consequence of itiberaction between the irradiated
photosensitiser and molecular oxygén.

The energy required for the triplet to singlet iéipn in oxygen is 22 kcal md] which
corresponds to a wavelength of 1274 nm (infrargtit)i*® Thus relatively low energy is
needed to produce singlet oxygen. The latter intEna usually involves energy transfer to
yield chemically highly active singlet oxygeriOg) which reacts with many biological
molecules, including lipids, proteins, and nuclkaiids, leading to cancer cell death.

Singlet oxygen’D,) is so reactive that it has a lifetime that ranfjesy 10-100 pis in organic
solvents. In an aqueous environment single oxygkfiesme is reduced to approximately 2
us because the energy of oxygen—hydrogen (O—Hglsing in water molecules nearly equals
the excited-state energies of singlet oxygen. Tteegy is dissipated as heat by the stretching
and vibrational motions of water molecules.

Because singlet oxygen reacts so rapidly, the tixelalamaged is highly localized to regions
no larger in diameter than the thickness of a oembrane. The sequence of reactions

involved in the process is summarized in Figure 6.



ISC

PS) P — P(T)
P(Ty) +°0; P(g) +'0;

Biomolecules +'0, — Products

Figure 6. P = photosensitizerO, = oxygen triplet ground statéQ, =excited singlet oxygen, SO and S1 =
ground state and first excited singlet state, Titsttriplet excited state, ISC = intersystem ciog.

When the photosensitizer returns from the triptetite ground state, it can absorb another
quantum of light and start again with a new cy@®me photosensitizes undergo rapid
decomposition in the presence @, (photobleachiny This can be deleterious since the
photosensitizer is no longer able to absorb ligid ¢hus to cause the phototoxic effect;

however, it could be an advantage in biologicaltays where rapid breakdown of the

photosensitizer after use is necessary.

The efficiency of production of singlet oxygen is ampirically determined quantity called

the singlet-oxygen quantum vyieldd). The singlet-oxygen quantum yield describes the
number of singlet oxygen molecules that are formed photon of energy absorbed and it
correlates with triplet-state quantum yiedand with the efficiency of energy transfer .

1.2.4Light

Selectivity in PDT can also be enhanced by selelstigielivering the light to the tumor tissue
and excluding it as fully as possible from the tieatissues nearbyNowadays different laser
systems and incoherent light sources are used h**D

A laser beam for its intrinsic characteristics eliff from ordinary light, as it is collimated
(parallel, with very low divergence), coherent (athves are in phase), monochrome (line
width 0.01 nmor less). The first feature allowditoit at the end of a thin quartz fiber and to
transmit it, by means of optical fibers in a beafm0a@ to 1 mm diameter. This allows to
irradiate tumors located internally and not jugiesticially.

The monochromatic wavelength allows to use the napgiropriate wavelength for the
absorption of light by the photosensitizer drug smthe maximize light transmission through
tissues.

Light upon interaction with a tissue surface can rb#ected, scattered, transmitted, or

absorbed (Figure 7) depending on optical featufethe tissue and on the light properties.
9



Light propagation in the tissue is affected by t&ratg occurring at inhomogenity sites, (e.g.
membranes, nuclei), and by a number of factors ssclhthe presence of absorbing dyes
(hemoglobin, melanin) and wat&rn generallight penetration depth is highly dependent on
the tissue type anits intensity decreases with penetration depthutinahetissue surface.
Since light penetration depthnto most biological tissues increases upon indngashe
wavelength light of the spectral range called “phototherapewtindow” (620-850 nm) is
predominantly used in phototherapy.

Compounds with aromatic systems and with extendegugation, such as porphyrins, are
able to absorb light with high efficiency. Althouge absorption spectra of porphyrins show
the Soret band, with higher absorption in the ng&r and blue, the activation of the
porphyrin is obtained with red light using the Qetlite bands®® *" This is mainly due to the
depth of penetration of light (from 3 to 8 mm) Iretrange from 630 to 800 nm (Figure 8).

surface reflection
and scattering
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Figure 7. Interactions of light with a tissue. From ref. 35.

Since light penetration depthnto most biological tissues increases upon indngashe
wavelength light of the spectral range called “phototherapewtindow” (620-850 nm) is
predominantly used in phototherapy

Compounds with aromatic systems and with extendegugation, such as porphyrins, are
able to absorb light with high efficiency. Althougte absorption spectra of porphyrins show
the Soret band, with higher absorption in the ngar and blue, the activation of the
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porphyrin is obtained with red light using the Qetlite bands. This is mainly due to the
depth of penetration of light (from 3 to 8 mm) hetrange from 630 to 800 nm (Figure 7).

800
100 700
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20t 550
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Figure 8. Relative diffusion depth of penetration with lighttvarious wavelengths (assuming the depth ofdissu
penetration at 800 nm is 10094)

The light dose administered is expressed in jopkes unit of surface (J/cth Typically
fluencies of 10 J/cfrare applied in therapy for second-generation P$s f@HPC)**and
this value depends to the extinction coefficienth&f photosensitizer.

The tumors are illuminated with a dose-rate noteeing 100 mW/cmto avoid the
appearance of thermal effects, being unspecifat, iy overlap with those photodynamic.
The total dose of light given usually depends antipe and size of the tumor. PDT induces

necrosis of the treated tumors, which appears anamthree days.

1.2.5Mechanism of Action/Damage and Subcellular Targets

Because of the limited migration &0, from the site of its formatioft, sites of initial cell
and tissue damage of PDT are closely related ttotradization of the sensitizé?.

The main damages induced by PDT occur where theopwsitizer localize within the cél.
Photosensitizers can accumulate almost everywhihenwhe cell; there they cause specific
detrimental effects. Nevertheless, plasma and &ysat membrane, mitochondria and
endoplasmic reticulum (ER) represent the prefeattaigets'

Due to its electrophilic naturéQ, can give cycloaddition and oxidation reactions amious
biomolecules, all of which are quite disruptivebiological processes.

The ideal target includes unsaturated lipids, saglkeholesterol, amdamino acid residues of
proteins (Scheme 1). Among these, tryptophan ismbet reactivé® but also histidine and

methionine can react.

Potter W. R., irProceedings of SPIE989 1065 88.
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Scheme 1Subcellular targets dD,

Hydroperoxide (cholesterol) or endoperoxides (wppian) can be easily generated. The fate
of these organic oxygenated compounds can be eliffeFor example, cholesterol peroxide
can trigger a massive immune respotissgusing the destruction of the cBlbr it can be
detoxified by using a membrane-based glutathionmexpase to catalyze the two-electron
reduction and detoxification of lipid hydroperoxifé

Since the unsaturated lipids and proteins are gakennstituents of biological membranes,
reactions between singlet oxygen and the compoménte membrane cause an alteration of
the permeability of the membrane that leads to lggi®, swelling, blistering on the cell
membrane, release of vesicles containing enzymhbgiiion of enzymes of membrane such
as Nd, K*-ATPase, destruction of the channels of th&"¢a

For example, in mitochondria these events can thadrelease of cytochrome*@nd the

subsequent rapid induction of apoptd§i§® According to some authors the variations of
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intracellular C&' level are responsible for the increase in mitochiah membrane
permeabilization.

Regarding the ER, it has been reported that, BIDEr, different heat shock proteins as well as
the ER chaperones, GRP78/Bip, calreticulin, calmexie induced in a time dependent

manner:

These photo-oxidated proteins can sustain theaddiv of unfolded protein response (UPR)
that is involved in cell death both in vitroandvivosystems. Therefore, a more accurate and

critical evaluation is required.

Although the effects of cell damage are importanttfie destruction of tumor tissue, vascular

damages are responsible of the complete deatmuafrtaffects of PDT.

After irradiation, in fact, there is a cascade mildgical responses, such as the accumulation
of macrophages and platelets, the release of awekiand prostaglandins, the platelet

aggregation with the consequent thrombus formafidme result of these events is the total

vascular stasis. This hypothesis is supported besexperimental observations. In particular,

using the porfimer sodium (Photofrin) at 10 and rB§/kg in rat caused a dose-related

constriction of arteriolein the site of applicatiofilight.>?

In the PDT vascular stasis is generally irreveesdntd it is followed by necrosis of the tumor
tissue>*The apoptotic response may contribute to antitueffect of PDT, especially if the
photosensitizer is localized preferentially in tm&ochondria, because these organelles are

capable to induce and control nuclear apoptosis.

Moreover, since most PDT sensitizers do not accatauh cell nuclei, PDT has generally a
low potential of causing DNA damage, mutations, @adcinogenesis’ thus allowing the
frequent repetition of phototherapeutic treatments.

Additionally, PDT leads to activation of tumor dited, systemic immune response’ >’

For example it has been demonstrated that PDT sangasion and leukocyte infiltration of
the tumor, events that are typical of acute inflation and immunity. In addition, PDT
appears to increase the presentation of tumor-erantigen to T cells. At the same time,
PDT stimulates the recruitment of host leukocytégmphocytes, neutrophils and
macrophages into tumor tissue, by up-regulatingriti@mmatory cytokines interleukin IL-6
and IL-1°® Once generated by PDT, these cells cause an immeastion that may be
important for the eradication of disseminated tucells and/or located in metastatic sites.
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2. Ru-Porphyrins conjugates
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2.1. Approaches toward the synthesis of water solidporphyrins

Synthetic porphyrins are of considerable interedtiology, especially for properties such as
the structural similarity with heme and vitamin,BNatural porphyrins are present in the
prosthetic group of hemoglobin and myoglobin whicine responsible for oxygen
transportation in red blood cells and oxygen steradiving tissue, and of some proteins with
enzymatic activity such as cytochromes, catalasdgparoxidases, involved especially in the
cellular respiration.

Unfortunately most porphyrins do not have an appl#e solubility in water, at pH close to
neutrality, to permit biological and biomedical &pations. An important goal is therefore to
increase the water solubility of these structuSssveral approaches have been developed to
synthesize water-soluble porphyrins. A well estdi#d strategy involves the attachment of
either hydrophilic or easily ionisable (or altogathcharged) functional groups to the
periphery of the chromophore, mainly at thesopositions.

Thus, it is possible to obtain either cationic ofoaic water soluble derivatives. Cationic
porphyrins are commonly derived fromesetetra(aminophenyl)porphyrin or frommese
tetrapyridylporphyrin by protonation or alkylatiof the pyridyl groups, respectively. Anionic
porphyrins are prepared by attachment of -OH, -COOH-SQNa functions to the aryl
groups inmesetetra-arylporphyrins .

Other strategies involve the introduction of watelduble biocompatible polymers such as
poly(ethyleneglycol) monomethyl eth&ror sugar unit§®

Some of these water soluble compounds, are of wtmtesest for biomedical applications,
and they have been extensively investigated inraéwgo-related fields, such asspecific
binding of DNA as intra/extra intercalating agefits, interactions with quadruplex DNA
and telomerase inhibitioff, iii. chemical or photochemical induced DNA cleavdya;.
antiviral activity, including HIV-1%* v. boron neutron capture therapy (BNCT) of tunfdng,
selective interaction with potassium chanrf@lsji. acetylcholinesterase inhibitid¥,viii.
antibacterial activity? andix. photodynamic therapy for the treatment of carfe&@T) % As
previously discussed PDT represents a succesgblicagon of porphyrins for the treatment
of cancer for the tumor-targeting properties of goephyrins and the absorption in the red
regionof the electromagnetic spectrum.

The coordination of water-soluble (e.g. chargediain@omplexes to peripheral sites of the
porphyrins is an intriguing alternative to the $gtic strategies described above for making
water-soluble compounds. Such conjugates might mapeoved characteristics for
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biomedical applications: if the metal complex possess anantiproliferaiggvity, they

might combine the phototoxicity of the porphyrifs@mophore and the cytotoxicity of the
metal fragment for additive antitumour effeict;they might behave as carrier ligands for the
active transport of anticancer metal fragments oatacer cells. Porphyrins show preferential
uptake and retention by tumor tissues (tumor-laasitbn properties)iii .provided that the
conjugates are sufficiently stable, the fluoreseemmission of the chromophore might be
exploited for tracking the biodistribution of theetal in the extra- and intra-cellular

environment of malignant cells through fluorescemieroscopy.
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2.2. Metal-based anticancer agents

Platinum complexes

Metal complexes became very attractive as anticaagents since 1965 when Rosenberg
observed for the first time the anti-proliferatiedfects of some chloro-ammino platinum
complexes. Cisplatinc{s[PtCl(NH3);]) is the parent compound of this class of agentsit

is still one of the most effective chemotherapeagents in clinical us€.lts ability to inhibit
tumor growth is related to its efficient binding tmclear DNA after release of the two
chloride ions: in other words, cisplatin is a proigithat is activated by hydrolysis.

In over three decades of dedicated efforts to dgvelsplatin analogues and Pt complexes
that break the cisplatin paradigm, only two Pt coomms, namely carboplatin
([Pt(cbdc)(NH),] where cbdc = 1,1-cyclobutane dicarboxylaté)and oxaliplatin
([Pt(ox)(DACH)] where ox = oxalate and DACH = diami cyclohexane), have been
approved for worldwide clinical use. Platinum compds have been the treatment of choice
for ovarian, testicular, head and neck, and sn&llllieng cancer for the past 20 years. Despite
its clinical success, cisplatin has several drakd&ac. severe toxicity, in particular
nephrotoxicity, neurotoxicity and emetogenesisapplicability to a relative narrow range of
tumors;iii. limited solubility in aqueous solutiony.spontaneous or acquired resistance to

some tumors.

Ruthenium complexes

The development of drug resistance, the toxic siflects of cisplatin, and the lack of activity
of platinum compounds against several types of @afihiave prompted the search for new
metal-based antitumor drugs. Since complexes okitian metals other than platinum may
exhibit antitumor activity markedly different frothat of cisplatin and its analogues, several
metals have been investigated. Among many transiticetal compounds, ruthenium
complexes have attracted great interest for thetierngial use as anti-cancer agents and have
been widely investigated in the past 30 years.

While Pt(ll) complexes are characterized by a tingase-planar geometry, Ru(lll) and Ru(ll)
(the more common oxidation states in aqueous solutire usually esacoordinate and with
octahedrical structure and are often fairly inefigand substitution.
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The two most representative compounds of this @des¥KP1019 and NAMI-A, developed in
the 1990s by Keppléf and Alessid® respectively (Figure 9).

They both have completed phase | clinical trialtwpromising result§® NAMI-A has started
already a phase Il combination study, whereas tlitusy salt of KP1019, KP1339, was
selected for further development because it is @38ttimes more water soluble than its
parent compound.

Both compounds are moderately cytotoxic in vitral,am animal models, have activities
different from established Pt drugs: KP1019 showedellent activity against platinum
resistant colorectal tumof5whereas NAMI-A was found to be particularly actagainst the
development and growth of metastases of solid tafi@ven in advanced stage.
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Figure 9. Schematic structures of NAMI-A (top, left), KPIMand KP1339 (top, right), RM175 (down, left),
RAPTA-C (down, right).

In recent years, entirely new classes of organdtimeRu(ll)-arene compounds, developed by
the groups of Sadl€l? Dyson? Keppler®?and other£*were found to have promising
anticancer activity both in vitro and, in some casalso in vivo in murine modef$.
Interestingly, some of them proved to be active algainst cisplatin-resistant xenogréfts.
Representative examples of these organometallicpoands (also calledpiano-stool
compounds) are [Ryf-arene)CI(L-L)["* (L-L = azotate chelating ligand, n = 1; L-L = oy
anionic chelating ligand, n = 0).
Among them, active compounds are [Buérene)Cl(en)](P§ (en = etilendiammine, arene =
benzenep-cymene (Cym), tetrahydroanthracene (THA), dihydtbeacene (DHA), biphenyl
(Bip). Representative examples are;®fiphenyl)Ru(en)CI][P§ (RM175) and [¢°-p-
cymene)- RuGlpta)] (RAPTA-C) (Figure 9).
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Since cytotoxicity of the metal fragment increaseth the lipophilicity?® Prof. Alessio’s
research group started a structure-activity ratatiqp investigation aimed to establish
whether thep®—arene fragment of these organometallic half sactiwbmpounds might be
effectively replaced with a neutral face-cappirgafid while maintaining the other ligands
unchanged.

Thus, they developed series of new half sandwicfilRaoordination compounds of the
general formula [Ru([9]ane&chel)L][X]., "8
such as en, 2,2'-bipyridine (bipy) or substitutgagypL = Cln =1, L =dmso n = 2, [X] =
CRSO5, PFR), were the aromatic ligand has been replaced bystifur macrocyle 1,4,7-

(where chel = neutrdl-N chelating ligand

trithiacyclononane ([9]aneS3)or by the correspogdimitrogen macrocycle 1,4,7-

triazacyclononane ([9]aneN3, also known ast&&(Figure 10).

Q.. &l G
~ w
Ru

) /\S"l, | ‘\‘\\\ ,‘NH’ | \\\\\
R I'RU“ L ',Ruo‘
H

Figure 10. Schematic structures of Ru(ll) compounds with atienligands (left) and Ru(ll) compounds with
1,4,7-trithiacyclononane(center), and 1,4,7-trigzanonane (right) .

In general, they demonstrated that Ru-[9]aneS3 ooimgs have a cytotoxicity comparable to
that of the corresponding organometallic analdgse most cytotoxic complex among this
class was [Ru([9]angien)CI][OTf], thatwas found to be ca. 10 times less cytotoxic than th
correspondingpiano-stool organometallic compound RM175 against human breaster
MDA-MB-231 cells.

Those data suggest that the aromatic fragmenteopiimo-stool Ru (II) compounds is not an
essential feature for the in vitro anticancer agtiand it might be effectively replaced by

another face-capping ligand with a low steric dedhsunch as [9]aneS3.
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2.3. Metal-porphyrin conjugates

The coordination of metal complexes to porphyristegns for biomedical applications has

been investigated over the past decade, but omlekamples are reported in literature.

Song et al. reported an increase of the antitumtvity of anionic and cationic porphyrin-
platinum conjugates (Figure 11) compared to theimlen complexes against murine
leukemia L1210 cell line?™ They found that the coordination of a Pt(ll) fragmh in
peripheral position did not affect the tumor-tanggproperties of the porphyrins.

NaO35—_H—4 \—.ﬁ‘fﬁ":]nNH:\_ Tol
Pr,
dmse”” T

R" - —:(1‘]2)3NH2 Cl
{1H1 \PII -
dmso” ~Cl1 8
9
O J
-CH :F'I/\ 9u: Ax=dmpda
TI_D A Oh: A,=dach
0
AN
"'_\O OHN_ {NI]-;
pI}t-_
Cl ( J

Figure 11 Schematic structure of cationic porphyrin—platifll) conjugates.Adapted from ref. 90.

Brunner et al. derivatized asymmetric tetraarylpgrins ®° and hematoporphyrittwith a
platinum(ll) fragment (Figure 12). Their aim was tombine the cytostatic activity of
cisplatin or oxaliplatin and thephotodynamic effefthematoporphyrin and or asymmetric

tetraarylporphyrins in the same molecule afteriation with red light® °*
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This study demonstrated an increase of the antituaotivity of the platinum moiety by an
additional light-induced toxicity. Some of the masttive conjugates of the two series of

compounds are shown in Figure 12.
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Figure 12. Schematic drawing of some Pt-porphyrin conjugates

More recently, Guo and co-workers described a daauccisplatin-phthalocyanine conjugate
that showed a remarkable enhancement of cytotgxiagainst tumor cell lines when
irradiated with red light?

Porphyrin units decorated at the periphery witthemium complexes have been already
reported in literature and promising preliminarguits were obtained in specific biologic

assay.

Therrien and co-workers recently reported that na¢éutonjugates ofmese3'- and 4'-
pyridylporphyrins with organometallipiano stool[Ru(r7>-arene)Cj] fragments (Figure 13)
are moderately cytotoxic in the dark against MeB@®han melanoma cells, and become
cytotoxic upon irradiation with visible light? Interestingly, photodynamic studies revealed
that, 3'-pyridyl photosensitizers were better plettitizers than 4'-pyridyl photosensitizers.
However, due to the very low solubility of the cdexes in water, the biological application
seems to be rather limited. Furthermore, the ptessilssociation of the arene moiety in vivo

leads a substantial risk of toxicity of these coonuts.
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Figure 13 Schematic structure of Ryftarene)-porphyrins. Adapted from ref. 93a.

Swavey and co-workers reported the synthesis amdcharacterization of new cationic
fluorinated porphyrins bearing one or two [Ru(b@)) fragments (Figure 143*%The

ruthenium porphyrin conjugates were able to bindAD&hd photocleave supercoiled DNA
when irradiated with low-energy light. In additiathjs complexes showed low dark toxicity

but initiates apoptosis in melanoma cells upordigtion in the visible range.

Figure 14. Schematic structure of fluorinated Ru-porphyridapted from refs. 94 and 95 respectively.
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2.4.Synthesis and Characterization of Ru(ll)-porphyin conjugates

The aim of this work was to synthesize water s@ubbmpounds that are expected to
combine the cytotoxicity to the metal fragment lte phototoxicity of the porphyrins for an

additive antitumor effect.
Conjugation strategies

The coordination of a porphyrin to peripheral mdtagments can occur either through a
single bond or through multiple bondse(through a chelating moiety). Typically, pyridyl
rings are used as peripheral ligands for the coatitin of late transition metal iori§:%"%
The former synthetic approach has an indubitablamtége: the commercially available, or
otherwise easily preparechesepyridylporphyrins (PyPs) can be exploited.

In PyPs, the pyridyl N atoms can be either in BY®) or, more commonly, in 4' position
(4'PyP). Even though synthetically more demandatgp PyPs in which the pyridyl rings are
not directly bound at themesapositions, but are connected thorough a spaceg begn used
occasionally’’ In the case of ruthenium, the vast majority of domjugates reported in the
literature involve the symmetrical coordination foiur equal Ru fragments to mese
tetrapyridylporphyrin (TPyP}®'*®in general, relatively few TPyP-(Rukonjugates were
explicitly prepared for biomedical investigatioms.such context, the peripheral Ru fragments
were typically of the type Ru(cheX, where chel is a polypyridyl ligand®® *°*The choice of
rutheniumpolypyridyl complexes was motivated by twain reasonsi. they have a good
affinity for DNA.*®* Thus, similarly to Pt(Il) fragments, they mighttaee as chaperones and
help localizing the porphyrins photosensitizer elo® DNA where the photoinduced
generation of ROS would be more effective for indgocell damageii. They are potential
photosensitizers, and some of them were found ¢apab DNA photooxidation and
photocleavagé® ' 1°®- %Examples of mono- and di-pyridylporphyrins conjieghtto Ru
polypyridyl fragments were also recently reported! @aheir DNA binding properties and
photocleavage capability describéd®°rhe residuamesephenyl groups may be exploited
for increasingwater solubilitye(g. through appropriate substituents) or forenhancimg t
photophysical propertieg (.by fluorination).

Besides the already mentioned compounds by Themissh coworker§® recently, we

described the preparation and characterizatioreeérsl new Ru-porphyrin conjugates that
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bear either negatively charged NAMI-A-type Ru(lllagments or negatively charged
ruthenium(INnitrosyl complexe?

Nevertheless, the single-bond conjugates might nsefficiently stable towards aquation
under in vivo conditions, with consequent loss ko peripheral Ru fragments. Conjugation
through multiple bonds increases the stability loé tadducts but poses the necessity of
developing affordable synthetic strategies towapasphyrins with peripheral chelating
moieties. Even though a few examples of such Rpipom conjugates are known in the
literature, we are unaware that any of them wadiattp prepared and investigated for

biomedical purposes so far.

Herein, both coniugation strategies were appliesitdhesize Ru—porphyrin conjugates.
4'PyPs and 3'PyPs were used for the coordinatiorRwffragments through a single
coordination bond (Figure 15a).

Furthermore we describe the preparation in accéptgblds of a series of porphyrins that
bear 4 peripheral bipyridinemoieties connectedughoan amide bond or through a flexible
linkers of variable length and hydrophilicity. Lbtethese porphyrins were used for the
coordination of Ru fragments through a double comatibn bonds (Figure 15b).
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2.4.1. Conjugates with meso 4'-tetrapyridylporphyrn (4'-TPyP).

We performed the coordination of 4 TPyP to halfesaich Ru(ll) fragments.

Treatment of 4TPyP with a slight excess of [RUA[#S3)(en)CI][CESO;] (in the presence
of Ag(CRSQ;) for removing the chlorido ligand) affords the awtionic conjugate
[4TPyP{Ru([9]aneS3)(en)}|CF3SO;s]s (2) in excellent yield (Scheme 2).

+
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HsC / | \S
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Scheme 2 Synthesis of [4' TPyP{Ru([9]aneS3)(ed]EF:SO;i; (2) *and
[4TPyP{Ru([9]aneS3)(bpyl[CFsSOi. (3).°

®Reactions and conditions: (a) methanol/chlorofodh, reflux (92%). (b) methanol/chloroform, 8h, el
(71%)

Compound, besides being soluble in organic solvents suahethanol and nitromethane, is
also well soluble in aqueous solution and in PB$Hp4).
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Figure 16.*H NMR spectrum (500 MHz) df in D,O. See Scheme 2 for numbering scheme.

Overall, the’'H NMR spectrum of is consistent with the symmetry of the compourit: a
peripheral Ru fragments are equivalent. All protesonances are sharp at 20 °C, with the
exception of thgdH signal that is remarkably broad (Figure 16). Ttwr equivalent pyridyl
rings give two well resolved doublets in the aramaegion of the spectrum. The upfield
region is similar to that of the precursor Ru coemplin D,O the two pairs of diastereotopic
protons on the equivalent Nigroups give two well resolved resonanced at4.17 and 5.09
(coupled in the H-H COSY spectrum), whereas the, @kbtons of en and of [9]aneS3
resonate as a series of partially overlapping plelis betweed = 2.6 and 3.1 (Figure 16).
Only four aliphatic'®C resonances are observed in the HSQC spectrum f¢oréne en
carbons and three for the [9]aneS3 carbons), densisvith aCs symmetry in solution for
each equivalent Ru fragment, as was found in teeypsor’

The corresponding conjugate [4TPyP{Ru([9]aneS3)[pp[CF3SO;]s, (3) with bpy in the
place of en, was obtained by treatment of 4 TPyRh[RuU([9]aneS3)(bpy)(dmso-
S)][CRSGs)2 upon replacement of dmso by the pyridyl group$iéBre 2). Compound was

also characterized in the solid state by X-ray tafi@graphy: the tetranuclear cation is
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composed of four [[Ru([9]aneS3)(bp$)]units bound to themesopyridyl moieties in a
centro-symmetric arrangement (Figure 17).

Figure 17. Molecular structure of the centro-symmetric comple cation of
[4'TPyP{Ru([9]aneS3)(bpy)y[CF3SO;]; (3).

The cation presents a pseudo four fold axis notm#he porphyrin mean plane: the four Ru
fragments are iso-oriented, with intermetallic sitistances of 14.303(4) A (Rul---Ru2) and
14.213(3) A (Rul---Ru2). The Ru centers have t@rtisl octahedral coordination sphere,
with Ru-S and RuN(bpy) coordination distances that average to 417 2.373(5) A,
respectively i(e. they are longer by ca. 0.05 and 0.03 A, respdgtitiean those found in the
Ru(ll) precursorf® The two independemhesopyridyl rings N5 and N6 form a dihedral angle
with the porphyrin mean plane of ca. 68° and devsdightly from a linear coordination, with
Ru-N(py)---Cfnes9 angles significantly narrower than 180° (168.3dari72.9°,
respectively). As a consequence, the bpy liganel€ansiderably canted towards the adjacent
mesopyridyl rings (dihedral angles between the meam@s of 62.4(4) and 72.8(4)°, Figure
18). A pyridine ring of each bpy is located approately in the porphyrin plane (Figure 18),
at a distance of ca. 4.45 A from a pyrrole hydrogtam. This feature, probably dictated by
packing effects, might be compatible with weak Cklinteractions.
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Figure 18. Top: side view of the complex cation ®falong the Ru2---Ru2' direction ([9]aneS3 ligartdR &
ions omitted for clarity). Bottom: top view showitige canting of the bpy ligands towards the pyrraigs.

Compound3 is mildly soluble in water and in phosphate butiepH 7.4.
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Figure 19. *H NMR spectrum (500 MHz) & in CD;NO,. See Scheme 2 for numbering scheme.
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As for 2, the™H NMR spectrum of3 in CDsNO(Figure 19) shows sharp signals at 20 °C
(with the exception of thBH resonance) and is consistent with the symmetith@imolecule
(Scheme 2). The single set of bpy and pyridyl dgy{faur and two, respectively) implies that
all four metal fragments are equivalent and thatheaf them has &s symmetry. The
anisotropic shielding of the bpy rings, that areppeadicular to the plane of the porphyrin,
more than counteracts the deshielding typicallyeoled upon coordination of 4'PyPs to
Ru(ll) fragments-’as a consequence, the resonances of 4 TPyP aredssiightly upfield
compared t@ (0 H2,6 = 8.63 iBvs 9.31 in2;6 H3,5 = 8.14 iMB vs 8.41 in2).

As already mentioned, bothand3 have very broa@H resonances at 20 °C, suggesting the
occurrence of conformational equilibria. Variablemperature (VT) NMR experiments
showed that foR, in CD;NO, solution, the resonance of the eight pyrrole prstbecomes a
sharp singlet at 65 °C, whereas at -30 °C ing@D solution it splits into two equally intense
sharp singletsdc 9.30 and 8.97) that are not correlated in the B®SY spectrum. (Figure
20).
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Figure 20. Temperature dependence of théH NMR spectrum (downfield region) of
[4TPyP{Ru([9]aneS3)(en)}[CF3SG;]s (2) in CD;OD. *: impurity.



The BH resonance of the bpy derivatidhas a very similar temperature dependence in
CD3OD/CD3NO; (99:1) solution and splits into two equally intersharp singlets at -40 °G (
= 8.89 and 8.51, Figure 21)

H3,3" H4,4' f
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H6,6° H2,6 H4,4" H3,5 H5,5'
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Figure 21. Temperature dependence of théH NMR spectrum (downfield region) of
[4TPyP{Ru([9]aneS3)(bpy)J[CF:SGC;s (3) in CD;OD/CD3NO, (99:1) solution.

The upfield singlet was assigned to the four pgrqmiotons that are directly shielded by the
bpy rings. TheBH NMR pattern found for botl2 and 3 at low T is compatible with the
presence in solution of a frozen conformer with.,a symmetry, with adjacent Ru fragments
arranged in a pairwise fashion: en (or bpy) ligaodsRu units amesopositions 5, 10 (and
15, 20) face each other, while those on iiesopositions 5, 20 (and 10, 15) are far apart
(Figure 20 and Figure 21). The two typesfi protons, a and b, are exchanged by the
concerted rotation of the four Ru complexes. Tleisrgetry is different from that found in the
solid state for3(Figure 22), where all Ru fragments are iso-orienteut is similar to that
found by us for the Re(l) conjugate [4TPyP{Re(gB)y)}s][CF:SOss.
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Figure 22. Schematic structure of the prevailing conformer2oét low T. Dotted lines indicate the two
symmetry planes. The two sets of equivalgit protons, responsible for the two singlets in kine t NMR
spectrum, are labeled a and b.

Both porphyrin conjugatezand3 are very stable in aqueous solution and in phdspha#fer
at physiological pH: their NMR and visible spectr@main unchanged for hours. This
behavior is consistent with the substitutionallyerin coordination sphere of the Ru(ll)

fragments.
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2.4.2.Conjugates with meso 3'-tetrapyridylporphyrin (3'-T PyP).

Photodynamic studies by Therrien et al. revealatl 3hpyridylporphyin photosensitizers are
more efficient than 4'-pyridylporphyrinanalog®® Starting from these observation, we
synthesized the 3'-pyridylporphyrin conjugates lmgain peripheral positions the same Ru(ll)
fragments, [Ru([9]aneS3)(eAf] and [Ru([9]aneS3)(bpy)], of Ru-4'TPyPs previously
described.

The synthesis of 3TPyP was performed following ndsgtic procedure reported in

literaturel*?

Scheme 3Synthetic strategy towards the synthesis of [3T{Ry[9]aneS3)(bpy)}l[PFds (5)* and
[3'TPyP{Ru([9]aneS3)(en)}[PFds (6)".
®Reactions and conditions: (a) methanol/chlorofoth, reflux (86%6) methanol/chloroform, 48h, reflux (76%).

Treatment of 3TPyP with a slight excess of eitfj&u([9]aneS3)(bpy)CI|[P§ or
[Ru([9]aneS3)(en)(CDH][P& (in the presence of AgRHFor removing the chlorido ligand)
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afforded the octacationic conjugates [3'TPYP{RWH[HS3)(bpy)}][PFe]s (5) or
[3TPyP{Ru([9]aneS3)(en)}[PFs]s (6), respectively, in excellent yield (Scheme 4).
While compound is soluble in water and in PBS5,is only mildly soluble in water but it is

soluble in organic solvents such as methanol aindmethane.

Compounds was characterized in solid state by single cry&tehy analysis. The structural
determination evidenced in the crystal the tetrBgarccomplex beside the pPFanions and
two nitromethane molecules per complex unit.

The complex, composed of four [Ru([9]aneS3)(bPy)inits bound to themeso pyridyl

moieties, has a fourfold symmetry being Iocatewabocrystallographia axis (Figure 23),
so that the metals are alternatively displaced alamd below the porphyrin mean plane.

Figure 23Side view of the complex cation [3'TPyP{Ru([9]ang®By)}4][PFsls (5) (porphirine moiety in
black)

The crystallographically independent metal unithelated by the nitrogens of bipyridine, by
the sulfur atoms of the tripodal ligand and compl#éte distorted octahedral coordination
sphere through the nitrogen donor of the pyriding bound to the meso position of the
porphyrin. The metals are separated by 12.357 Aewdingonal distance is 17.034 A (Figure
24).
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Figure 24 Molecular structure of the complex cation of [3"FRRu([9]aneS3)(bpy)}|[PFs]s (5) viewed down
the fourfold symmetry axis5J.

The Ru-N(bpy) bond distances (of 2.084(8) and A®88) are slightly shorter than those
relative of Ru-N(pyridine) (2.118(7) A), while tiRu-S are similar within their esd’s (range
2.299(3)-2.316(2) A). The coordination angles palevindication of the distortions in the
coordination sphere of the metal (coordinattangles between 78.3 (4) and 97.5 (3)°). The
geometrical parameters of the coordination sphezecamparable to those measured in the
corresponding complex [4'-TpyP{Ru([9]aneS3)(bipyj}. Thé¢H NMR spectrum of5 in
CD3NO, at room temperature is reported in Figure 25. Tognfield region is quite
complex: it shows a manifold of relatively broaddamverlapping multiplets suggesting the
coexistence of several conformers, owing to hindleatation about the @G(es9—C(pyridyl)
bond (and perhaps also the N-Ru bond) (Figures423Thus, no assignment was attempted.
This behavior has been already observed in the trspec of the rhenium-

3'tetrapyridylporphyrin derivative*
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Figure 25. 'H NMR spectrum 06 in CD;NO,.

The'H NMR spectrum of5 in CDsNO, at room temperature is reported in Figure 25. The
downfield region is quite complex: it shows a malufof relatively broad and overlapping
multiplets suggesting the coexistence of sevemalarmers, owing to hindered rotation about
the Cmesg—C(pyridyl) bond (and perhaps also about theRNM bond). The conformational
equilibria must be slow on the NMR time scale. Tihavior has been already observed for
similar conjugates of 3'TPyP with rhenium(l) comyas. Even though full assignment was
not attempted, the most downfield manifold of @ddt 5) singlets can be assigned to H2 on
the pyridyl ring. The number of H2 singlets is meicessarily coincident with the number of
conformers: this would be the case only if in eachformer the four bpy ligands are made
equivalent by the symmetry.

The 'H NMR spectrum of6 in CDsNO, (Figure 26) is similar to that 5, even though
obviously less crowded in the aromatic region. Tésonances were assigned by means of a

conventional H-H COSY spectrum.
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Figure 26.H-H COSY spectrum dd in CDsNO,. See Scheme 3 for numbering scheme.

All the aromatic resonances are very broad and thaysignal ab 9.70 shows a multiplicity.
The most upfield signal & 8.17, was assigned to the pyridyl proton 5 pyHad COSY
spectrum (Figure 26) displays two strong cross pdastween this resonance and vicinal
protons 4py & 9.37) and 6pyd 9.01). The resonances of protons 2py and 4py sideethe
coordinated N atom are the most downfiel® (70 and 9.37 respectively).

BH and the pyridyl proton 6py (9.02) overlap and are quite broad. The pyridykgma2py
which should resonate as a singlet consists of laptai that may reflect the presence of the
four conformers in solution.

In the upfield region the spectrum shows, besiéenthltiplets of [9]aneS3 and the multiplets
of the CH en that resonate togethérd.73 —3.02, 64 H), a broad multiplet at2.73 —3.02)
for the NHen that integrates for 8 protons. The resonan¢keofemaining 8 Nklen protons

overlaps with the resonance of residualsNB., as shown in Figure 26.
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2.4.3. Conjugates withmeso-tetra(bpy-phenyl)porphyrin (Bpy 4-PP)

We report here the preparation and characterizati@nporphyrin that bears 4 peripheral bpy
moieties atmesopositions,mesetetra(bpy-phenyl)porphyrin (BpyPP) (Figure 13) and its
conjugates with half-sandwich Ru(ll) fragments. BPY’ was obtained in excellent yield by
direct coupling of mese(p-aminophenyl)porphyrin, p(NH2)sPP  with 4-methyl- 2,2'-
bipyridine-4'-carboxylic acid (bpyAc), obtained B2% vyield starting from 4,4'-dimethyl-
[2,2-bipyridine by consecutive SeOand AgO oxidation without isolation of the

intermediates.

Scheme 4Synthesis of BpyPP 7)*
®Reactions and conditions: (a) EDCI, BpyAc, pyridigh, rt (91%).

The coupling reaction was carried out in pyridinsjng, N-(3-dimethylaminopropyl)N'-
ethylcarbodiimide hydrochloride (EDCI) as couplingagent. The'H NMR spectrum of
Bpys-PP is show in Figure 27. Assignments, performedutyh conventional 2D correlation
spectra, were consistent with those already regartehe literature for Bpy-PP and Bpy
cisppl3 14
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Figure 27:Downfield region ofH NMR spectrum ofin CDCk.See Scheme 4 for numbering scheme.

The six inequivalent bpyAc protons give six resdlvesonances (four doublets and two
singlets). The most downfield of them is typicalye H6 doublet, partially overlapped with
the BH resonance. The chemical shifts of all the aromegsonances, and that of H3 in
particular, were found to depend on the concepmaprobably because of aggregation
mediated byt-n stacking. The singlet of the methyl group in 4Sigon, that falls ata.d 2.5,

is correlated in a NOESY spectrum to the resonaotts adjacent H3' and H5' protons.
This feature, in conjunction with the H-H COSY sjpem, allowed us to distinguish the two
inequivalent halves of bpyAc. The amidic NH resareatypically falls in the rangé 10— 11
and rapidly decreases in time due to H/D exchanijje tive solvent. In BpyPP the eight
equivalent pyrrole protons resonate as a singlet.

The Bpy-PP was treated with a 4.4 amount of the half-safdwRu(ll) precursor
[Ru([9]aneS3)(dms@)[CFsSO;], in CHCk-acetone mixture: replacement of two adjacent
dmso ligands by the bpy moieties afforded the omweding conjugate [Bpy
PP{Ru([9]aneS3)(dmso-S)ICFsSGCs]s (8) in good yield.
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Scheme 5Synthesis of [bpyPP{Ru([9]aneS3)(dmso- S)ICF;SO;]5(8)

The conjugate has been characterized by mono- @nddnsional NMR spectroscopy (it is
soluble in CDC, CD,Cl,, CD3NO,, dmso but scarcely soluble in water. The modelpler
[Ru([9]aneS3)(bpyAc)(dms8)][CFsSOs], ®was characterized by NMR spectroscopy and X-
ray crystallography and it was used as referencBlfdR assignments.

In general, all proton NMR resonances of conjugatee slightly broader than those in the
free porphyrin orin the model complex® The H NMR spectrum of [Bpy
PP{Ru([9]aneS3)(dms&}} 4][CF3SOs]s (8) (Figure 28) shows in the upfield region, beside
the multiplets of [9]aneS3d2.9— 3.4), three singlets of equal intensities leetwd 2.7 and
2.9. By analogy with the spectrum of the model clemgd® the upfield singlet was attributed
to the methyl on bpyAc (attribution confirmed byetNOESY experiment) and the other two
to the diastereotopic methyls of dmSoin the downfield region, the six resonances @f th

bpyAc protons are shifted downfield of 0.3-0.5 ppm.
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Figure 28.'H NMR spectrum (500 MHz) of [BpyPP{Ru([9]aneS3)(dms&)} 4[CF;SOy]5(12). See Scheme 4
for numbering scheme.

Optically matched dmso solutions of BEYP 7 and conjugate8 showed very similar
fluorescence spectra upon selective excitatiometSoret band\éx = 425 nmAem = 656
nm). The emission intensity & is ca. 20% lower than that of the parent porphyrins as

expected because of the peripheral heavy atdms.
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Figure 29.Fluorescence spectradx = 425 nmAem = 656 nm) of optically matched dmsosolution8py,-PP
(7) (black) and [{Bpy-PPXRu([9]aneS3)(dmso-S)CF:SO;)s (8) (red)
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2.4.4. Conjugates with (TetbpyPP) and (TedabpyPP)

Basically the same multi-step synthetic route wabed to obtain the two new extended-
arms porphyrins, TetbpyPB)(and TedabpyPPLQ) (Scheme 6), that bear four peripheral bpy
fragments at thenesopositions.

CHO
a, b
rN  + © .
N
H
COOCH;

(759835 ]

HN

N SPacer K
' H

Iz

9 TetbpyPP (spacer = CH,CH,)
10 TedabpyPP (spacer = CH,CH,OCH,CH,OCH,CH,)

Scheme 6Synthetic route t® and10.2

a Reactions and conditions: (a) propionic acid, peflu5 h (21%); (b) KOH aq 40%, THF/GEH 2:1, 40 °C,
1 h (93%); (c) EDCI/HOBt/DMAP, NKCH,CH,OCH,CH,OCH,CH,NHBoc (72%) DMF, rt, 24 h or
EDCI/HOBt, NH,CH,CH,NHBoc, DMF, rt, 2.5 h; then TFA, rt, 2 h (100%); (EDCI/HOBt/DMAP, bpyAc,
DMF, rt, 24 h (96% and 74%).

First, the condensation of pyrrole and methyl 4¥fgrbenzoaté™® followed by hydrolysis in
basic conditions in THF/MeOH, gave theese4'-tetracarboxyphenylporphyrin, TCPP. The
hydroxybenzotriazole (HOBt) ester of TCPP was tloeupled with eitherN-Boc-2,2-
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diethylamine (yield 60%) oN-Boc-2,2-(ethylenedioxy)diethylamine (yield 72%) in DMF
These intermediates (TetNHBocPP aTedaNHBocCPP respectively) were quantitative
deprotected using TFA in (,Cl, and then coupledith bpyAc in the same eerimental
conditions, giving9 (74%) or 10 (96%), respectively. The extencarms bpy-porphyrins
were characterized by l-vis and'H NMR spectroscopy(Figures 30 and %), and by
electrospray rass spectromet (Figure 32).

Both porphyrins are well solubln dmsg but totally unsoluble in water, so that compae
biological tests could not be perform:

The'H NMR spectra 0B anc 10in dmsods and CBCl, show complex pattern of resonan
The chenrcal shifts of all theresonances were assigned by medreonventonal H-H COSY

spectra (Figure 30 and 3and by comparison with the k-porphyrins previously prepare

mPh + oPh
H3'
[ CH3
+H6+
BH-+HGB+H3 o
CONH k He' H5 Hs  SPacer
A} | | 1 " _ _
SE— ] U | W VS PO O, S SU— | SE—_L N 5, S L
P .
I
% =
—
_ g
] 8
_— =
e
=

G4 a0 B6 8.2 8 T4 1B 34

o

Figure 30. H-H COSY NMR spectrum of TbpyPP9 in dmsoés.

43



H3 CHaspacer

mPh oPh + H3'
BH
H6 H6' H5 CONH H5'

,#AKJ Lﬁd(vw“_Jm___,;;j;:H__ﬁ»ﬁ_mef &x__

3.6
-3.8
68
) . 7.0
— 7.2
. 1 7.4
= =7 77 6

51 =
78
i 8.0

ey
=] i
5 = 8.4
_ & @ 86
i 8.8
8.9 8.6 8.3 8.0 7.7 24 21 40 e
ppm

Figure 31 H-H COSY NMR spectrum of TedabpyRBin CD,Cl,.

For each porphyrin the six inequivalent bpyAc pnst@ive six resolved resonances (four
doublets and two singlets) equally spaced in bgictsa. Herin the NMR and ESI-MS
characterization afOis described (Figure 31).

The H-HCOSY spectrum df0 shows a strong cross peak between the doubleedfiého
8.62) and the doublet of the H5{.66). The proton H5' resonates as a doubkeb6a26 and it

is coupled with the doublet at8.35, attributed to the adjacent proton H6E'. Tinglst atd
8.74 integrating for 8H refers fiH pyrrolic protons. The two doublets@&B.11 and 8.18 are
related to th@/mPh protons. In the H-H COSY spectrumléfthis resonance at higher fields
overlaps with the resonance of the proton H3' amegrates for 12H. The two broadened
triplets até 7.21 and 7.31 were attributed to the resonanceékeofmide protons by HSQC
experiments.

In the upfield region the methyl protons of the bpgonate as a singlet&P.21 (12H). The
aliphatic CH protons resonate as multiplets of low intensitynaeins 3.65 and 3.88. They
both display a strong cross peak with the amidéopsoin the H-HCOSY spectrum. Finally,
the pyrrole NH protons resonatedat3.00 as a broad singlet.
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Compoundl10 was also characterized by spectrometry ESI-MS. Jpectrum reported in
Figure 32 displays the molecular peak Mat n/z 2096.7 together with the peaks M+Na
(M/z2118.6), M+K (m/z2134.5) and M+NarK* (m/z 2158.5).

Intens. | +MS, 0.0-0.3min #(1-19)

2118.6

1.5

1.0 4

2096.7

0.5 4 21585

1934.7 1964.7 21345

1860.6 15706 19127 2018.6 2149.6 21815

0.0

1850 1900 1950 2000 2050 2100 2150 "miz

Figure 32ESI-MS spectrum of 0.

Treatment of either porphyrirgsand10 with four equivalents of the neutral Ru (1) presor
[Ru([9]aneS3)(dmso)Gl in refluxing CHCIl,/MeOH mixtures afforded upon replacement
of the dmso and a chloride ligand by the bpy megetithe corresponding tetraruthenated
compounds in excellent yield: [TedabpyPP{Ru([9]aB¥3}4]Cls (1)) (Scheme 7) or
[TetbpyPP{Ru([9]aneS3)CH}Cl, (12), respectively.
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Scheme 7Schematic structure of the ruthenium-porphyrinjegate11?.
®Reactions and conditions: (a) methanol/diclometaah, reflux (92%)
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Figure 33 H-H COSY NMR spectrum dflin dmsoé.

Herein the more polar conjugété is described (Figure 33). Even though compolbbfias a
good solubility in water, its proton NMR spectrumD,O presents only broad peaks, possibly
due to aggregation occurring at NMR concentratiamreviously observed with other Ru-
porphyrin conjugate$'® For this reason the NMR spectra of both compouwnet® recorded
in dmsoés, where only sharp resonances are observed. Irgettee NMR spectra of both
conjugates are consistent with their expected folar-symmetry,i.e. all peripheral Ru
fragments are equivalenfhe 'H NMR spectrum ofl1 in the upfield region shows, beside
the multiplets of [9]aneS3 (2.40 — 2.85), a singlet &t2.53 for the methyl on bpyAc, and the
multiplets of the aliphatic space¥ 8.55 — 3.70). The two internal NH pyrrole prot@pugpear
as a broad singlet at~ -2.9. In the downfield region, the six resonanafethe bpyAc protons
maintain the same relative pattern as in the fredalbpyPP except for H3 and H6 (even
though, as typical for these compounds, they aghtyl broader than those in the free
porphyrins). While the resonances of H5,5' (seee®eh 7 for numbering scheme) are
scarcely affected by coordination to Ru, those 6faHand H3,3" are shifted downfield by ca.
0.5 ppm. Also the two triplets of the amide NH prad are remarkably shifted downfield (ca.
2 ppm compared to free TedabpyPP), but this effechost likely due to the change of
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solvent (dmsadsvs CD,Cl,). The correlation H-H COSY spectrum bi displays two strong
cross peaks between vicinal bipyridyl protons (Hi &6, H5' and H6'), and two weaker
peaks between the multiplets for the Gifotons of the spacer and the NH amide protons
(Figure 33). We attributed the most downfield Nldaeance to the amide group close to the
bpy moiety. The'H NMR spectrum of12 displays several overlapping resonances of the
bpyAc protons, and only those of H5,5' are welbhesd (Figure 34). Owing to its very low

solubility in water, compound2lwas not investigated further.

oPh + mPh
CONH + H3 +H6 BH + H6'

H3'

H5 5

L

AL L B S S S e S S B S B B S B S B S S S L S A S S e B s p —T— —T
9.8 96 9.4 9.2 3.0 88 8.6 8.4 8.2 8.0 7.8 76 74 7.2
Ppm

CONH

Figure 34. 'H NMR spectrum ofl.2 in dmsoein the aromatic region.

Consistent with what observed already for compo8nthe fluorescence spectrum bf is
very similar to that of the parent porphyrd® except for the ca. 25% quenching of the
emission intensity attributed to the peripheraMyegtoms (Figure 35).
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Figure 35 Emission spectra of 0.2 A solutionsindmso (red)11 in dmso (pink) and in water (cyami)y
421 nM A, 648 nm.

The fluorescence properties of porphyrins are ugefstudy their aggregation behavior in
solution. In fact porphyrins in their monomeric forusually show intense fluorescence
emissions, which are partially or completely quetlipon aggregation in solutihThe
fluorescence spectra of 0.2 A solutionsldfin dmso and in water upon excitation of the
Soret band showed an emission band at 648 nm; igmficant reduction in emission
intensity on going from dmso to,B (= 60 %) suggests that the ruthenium-porphyrin
conjugate aggregates in water (Figure 35). Thigliffign is consistent with the very low
resolution of théH NMR spectrum in BO. The time course of UV-vis absorbance spectrum
of 11 in aqueous solution was recorded at 25 °C. TheetSoand absorbance gradually
increased~ 14 %) until an almost constant value was reaclted & h (Figure 3& andb).

ab

055 /b = B

Boltzmann fit of D

T T T T T T T T 1
3500 400 450 500 550 600 650 7000 50 0 50 100 150 200 250 300 350 400
time (min)

Figure 36 (a) UV-vis spectra of1 (0.2 A solution in water) recorded at 10 min (83-min), 20 min (40 min
- 60 min), 30 min (1 h —2 h), 60 min (2 h — 6 tervals. (b) Boltzmann fitting of absorbance data.

No shape modification or shift of the Soret bandenvebserved, suggesting that no major
chemical modification of the porphyrin structureoiscurring and that the minor absorbance
increase might be due to chloride hydrolysis anthé&dion of the Ru-aquo species (Figure
36)%
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[TedabpyPP{Ru([9]anoN3)(dmso-S)}J(Cl) s (13)

We showed before that TedabpyPP is a good precitwsdhe efficient preparation of the
octacationic porphyrin conjugatel bearingthe sulphur macrocycle 1,4,7-tritiocyclononane
([9]lanes).

To extend the structure-relationship investigatioms synthesized a new Ru-porphyrin
conjugate in which tritiocyclononane is replaced the nitrogen macrocycle 1,4,7-
triazacyclononane ([9]aneN3, tacn).

With this aim we used the complex [Ru([9]aneN3)(dsCI|ClI as metal precursor to
obtain the conjugate[TedabpyPP{Ru([9]aneN3)(d83a}(Cl)s(13) (Scheme 8). For the
synthesis ofl3 it was necessary to vary the reaction conditiorevipusly described to
synthesizell, increasing the reaction time from 24 to 48h asidgia 1:5 ratioporphyrin / Ru
in dichloromethane/methanol 1:3.

At reaction completion, the solution was conceettand treated with diethyl ether to
precipitate the product. After filtering and waghiwith diethyl ether and diclorometane, the

porphyrins conjugat&3 was obtained in 79% yield.
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Scheme 8Synthetic route to [TedabpyPP{Ru([9]aneN3)(dn8p4](Cl)s (13).2
®Reactions and conditions: (a) methanol/diclometdBa, reflux (79%)

The ottacationic ruthenium conjugal8 was characterized by mono- and bidimensidhal
NMR spectroscopy.

All the resonances were assigned by means of ctiomah H-H COSY spectra and by
comparison with the bpy-porphyrins previously prepa

The H-H COSY spectrum of3 recorded in dmsos at room temperature shows in the
downfield region (Figure 37) a cross peak betwdmntivo well resolved doublets &t7.62
and 8.10 attributed to the bipyridil protons H5Hdt#6'and between protons H5 and H& at
7.62 and 9.16 respectively. The protons of [9]ane®Sonate as two boad multiplets &.06
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(4H) and 7.22 (8H), respectively. Those assignatare confirmed by HSQC experiments
(Figure 38a). The/mPh (16H) protons resonate in a multipled &31.

The two broad triplets ai 8.99 and 9.49 were attributed to the resonanceheofamide
protons by HSQC experiments (Figure 38a). Pheand H3' § 8.85), and the bipyridyl
protons H6' and H3(9.16) overlap and are quite broad.

Hp
H6 CONH oPh +mPh

CON
H6' + H3 H3' H5 H5'
NH tacn NH tacn

ba ..
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Figure37.H-H COSY NMR spectrum af3in dmsoés in the downfield region.

The HSQC spectrum of the porphyidB in dmsoésin the downfield region shows only CH
groups (Figure 38a). In particular, this experimemfirms the assignment of the NH of the
[9]aneN3 atd 6.06 and at 7.22 and of the CONHa8.49 and 8.99 (for the absence of cross
peaks). Furthermore it shows the overlap of two r€sbnances & 8.30 /mPh) and 9.17
(H6'and H3).
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Figure 38a.HSQC spectrum a3 in dmsoelin the downfield region. Read peaks: CH/Qioups.
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Figura 38b. HSQC spectrum ofl8 in dmsoegin the upfield region. Blue peaks: GHroups; read peaks:
CH/CH; groups. *:impurity.
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In the upfield region the HSQC shows the blue cpissks of CHgroup of the spacer. The
red cross peak of the GHypiridil at 6 2.56 correlates with a carbon that resonates@itab
20.

The protons of the methyl groups of the rutheniuwonded dmso correlate with carbon atoms
that resonates at abauél5. One of the two diastereotopic methyl grouponates aé 2.61,
the other overlaps with the resonance of the salven

Compound13, besides being soluble in organic solvents suctmathanol, is also well

soluble in aqueous solution and in PBS at pH=7.4.

2.2.5. Conclusions

In this part we have described different synthapproaches to the preparation of porphyrin
conjugates with Ru(ll) coordination compounds. Wavéhvaried the number and charge of
the peripheral Ru fragments, and described comngggahose total charge ranges from +4 to
+8. The connection can occur through a single Ndgi)Ru bond or through a chelating
bpy unit. The Ru compounds can either contain aield ligand or be coordinatively
saturated and substitutionally inert.

Mesecpyridylporphyrins (PyPs), beside being syntheljcalore affordable, allow to tune the
geometry of the conjugates. We have shown that \BHeyPs, instead of 4'PyPs, are used, the
peripheral metal fragments typically lay both abawnel below the plane of the chromophore,
thus giving access to diverse shapes and geometries

In the first serie of porphyrins with peripheralybpnits atmes@ositions described in this
work, bpy-PPs, the linker is relatively short and rigid.

Due to the mild solubility of these compounds, weveloped two novel “extended-
arms”versatile porphyrins, namely TetbpyPP and BpgRP, with a multistep approach and
reasonable overall yield. These porphyrins areiqudatly suited for the strong coordination
of peripheral metal fragments.

In general we demonstrated that all the porphyciaus effectively bind four half-sandwich

Ru(ll) coordination compounds to give the catiotnojugates in excellent yields.
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2.5. Determination of Singlet oxygen Quantum Yield®,)

The singlet oxygen quantum vyiel@/) is a key property of a photosensitising agent.

Since the most common mechanism of action of thd PDotosensitizers involves the
production of singlet oxygen upon photo-excitat{d@iype Il mechanism)®, was measured
for the conjugates previously described Most PDotpsensitizers clinically used typically
haved,values of ca. 0.5

The singlet oxygen generation by the Ru(ll)-pormyonjugates was measured using 9,10-
dimethylanthracene (DMA) as a substrate. This camdaeacts withO,and is converted to
the non-fluorescent 9,10-endoperoxide with 100%cieficy (no physical quenchingd)®

The amount of photogenerate®, was calculated by measuring the residual DMA
concentration as a function of the irradiation tiftie

In a typical experiment, 3 ml of an ethanol solotemntaining 1,5 ml of 20 uM DMA and 1,5
ml of a porphyrin solution of absorbance A = 0.4revplaced in a quartz cuvette of 1 cm
optical path and gently stirred during exposurettte Teclas lamp (100 mW/é&nat a
temperature of 20 +2 °C.

The results obtained using compouhds a substrate are reported here as an examme. Th
spectophotofluorimetric analysis to determine thBAD content was performed at 5-s
intervals up to a total irradiation time of 25 mifhe unirradiated and the irradiated DMA
solutions were excited at 360 nm and the fluoreseemission was observed in the 380 —
550 nm wavelength range (Figure 39). The DMA phxigation follows the first order
kinetic: thus, the rate constant of the photopreceas obtained from the slope of semilog
plot (Figure 40) and has been converted into quantield of singlet oxygen generation by
comparison with the rate constant for DMA photoation by hematoporphyrin (Hp)2
0.65 in ethanolj?°

55



900

i ———1t=0
800 | ——1t=1min
1 ——1t=2min
700 ——t=5min
- T —1t=10 min
= 600 ——t =15 min
g ) ——1t =20 min
e 500 ——t= 25 min
[0} 1 4= ;
L 40 t =30 min
o ¥
o N’ -
3 300 4
) i
=
[TH 200 +
100
0

— T T T
360 380 400 420 440 460 480 500 520 540

wavelenght (nm)

Figure 39. Photobleaching of an ethanol solution of DMA bwpon irradiation with a Teclas lamp (590-700
nm) at 100 mW/cr
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Figure 40.Photooxidation of 10 uM DMA in ethanol solution siized by2. k is the first-order rates constant
for the photoprocess as deduced from the slopeecdemilog plot.

Exposure of the porphyrins to the clinically usetd light (590-700 nm) for up 30 min using
the experimental condition specified before cawseadgligible decrease in the intensity of the
visible absorption bands. This process, generafindd as photobleaching, is usually related
to irreversible destruction of the tetrapyrroliceracycle.

All the compounds appeared to photosensitize theéation of the DMA according to first-
order kinetics; a behavior typically observed forosih photodynamically active

photosensitizers.
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For each porphyrin, the photokinetic experimentsewgerformed in ethanol. The results are
showed in Table 2.

kx 107*s’ | @,in
photosensitizer

in ethanol | ethanol
Hp 2.5716 0.65
4TPyP () 1.95290 0.49
[4'TPyP{Ru([9]aneS3)(en)}|CFsSOs]5(2) 2.50801 0.63
[4TPyP{Ru([9]aneS3)(bpyW[CF3SOs]4(3) 3.31698 0.84
3TPyP4) 1.71403 0.43
[3TPyP{Ru([9]aneS3)(en)}[PFs]s(6) 1.68385 0.43
[3'TPyP{Ru([9]aneS3)(bpy}d[PFe]s(5) 3.48938 0.88
Bpys-PP () 1.50587 0.38
[Bpys-PP{Ru([9]aneS3)(dms&)} 4][CF3SGs]s(8) | 1.39556 0.37
TedabpyPPXC) 1.5846 0.40
[TedabpyPP{Ru([9]aneS3)CJICl4(11) 1.40215 0.35
[TedabpyPP{Ru([9]aneN3)(dms8} 4](Cl)s(13) 1.0330 0.26

Table 2. Quantum yield of production of singlet molecularygen @,) and order ratess constant for the
photoprocess in ethanol upon irradiation with ald®tamp (590-700 nm) at 100 mW/fkm
% from reference 120

The investigated Ru-porphyrin conjugates have frooderate ¢, = 0.35 and 0.26 fotl
and 13, respectively) to goodd{, =0.84and 0.88 foB and5, respectively) singlet oxygen
quantum yield. In general Ru(ll)-porphyrins conjtegathrough single coordination bond
show @, values higher than conjugates through two cootdinabonds. Ru(ll)-porphyrins
conjugates through two coordination bonds have madeeinglet oxygen quantum yieldB,(

= 0.37 and 0.35 fo8 and 11, respectively). Thesé, values are not significantly different
from those of the corresponding parent porphyrth88, 0.40 for the precursors Dand 10,
respectively).
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2.6. Cell culture studies

Out of the above-mentioned porphyrin-Ru conjugate®, selected the four cationic
compounds described in Figure 41, representatilmthf types of connections, for biological
tests.

Compounds2 and 3 bear coordinatively saturated Ru compounds, wikeBeand 11 have
half-sandwich Ru fragments with a relatively lakileaso or Cl ligands and are therefore, in
principle, more prone to coordination to biologitaigets. All conjugates are either soluble in
water or in dmso; those conjugates that are not salble in aqueous solution usually
become moderately soluble in phosphate buffer gsiptogical pH or upon addition of small

amounts of dms&”®
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Figure 41 Schematic structures of ruthenium-porphyrin cgates2, 3, 8 andL1.
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2.6.1. Cytotoxicity

The cytotoxicity of conjugateg, 3, 8 and 11- in the dark —was evaluated by Dr. Alberta
Bergamo in the human breast cancer cells MDA-MB-281 in the non tumorigenic
epithelial cells HBL-100, after an exposure of 72The 1G, values are reported in Table 3
and are compared with those obtained by treatifly eath two half-sandwich Ru(ll)
complexes that closely mimic the peripheral fragiteenon the conjugates:
[Ru([9]aneS)(bpy)CI|[CRSO;] (14) and [Ru([9]aneg(en)CI[CRSO;] (15) (Figure 42).

Table 3. 1C5q values of porphyring,3,8 and11,and complexest and150n MDA-MB-231 and HBL-100 cells
after 72 h. (in the DarR)

1C 50 [uM]

MDA-MB-231 HBL-100
2 4+1 2+1
3 5+5 4-+5
8 4+6 10 <10
11 12 +2 26 + 2
[Ru([9]aneS)(bpy)CI|[CFR:SOy] (14) > 300* n.d.
[Ru([9]aneS)(en)CI][CRSO;] (15) 146 + 177* 175%*

MIDA-MB-231 cells grown in multi-well plates are &d with compound2- 11 at 0.1uM + 30 uM for 72
h, then cell cytotoxicity was detected by MTT s¢@re the mean + S.D. calculated from values obdsiim¢hree
separated experiments (compou@d41) or the values obtained in two separate experisn@umpounds, 8).
Statistics: unpaired t test.*from ref. 88. **frorafr 87

- )
o o~
/S’/:,, T “\\\\“\Cl /\S/,,,," T \\\\C|

N 0\

14 15 16

Figure 42 Schematic structures of [Ru([9]angBpy)CI[CRSO;] (14), [Ru([9]anel)(en)CI[[CRSO;] (15
and [Ru([9]aneg(bpyAc)(dmsoS)][CF3SO;]»(16).

While the reference Ru complexes are either mi{@iB) or not cytotoxic at alli4), the Ru-

porphyrin conjugate, 3 and8 show IG, values in the low micromolar range (2 + 10 M),
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l.e. up to two orders of magnitude lower than thosesuesd forl4. CompoundLl is slightly
less active in reducing cell proliferation as ibgls, in both cell lines, 1§ values statistically
higher than those of the other conjugates. Takgether, these results show that, even when
the cell growth inhibition per Ru fragment is catesied, conjugates remain remarkably more
cytotoxic compared to the reference Ru complexesdtition, their cytotoxic activity seems
to be scarcely dependent on the type of porphytireBnection on the total positive charge
of the adduct, and on the solubility in water (or@yand 11 are well soluble). These
observations suggest that the increase of cytofoaiency of the porphyrin conjugates with
respect to the Ru complexes might derive from aprawved uptake in cancer ceffs.In
addition, the cell growth inhibition, which is appatly independent on the presence of
substitutionally-labile ligands on the rutheniunagments (compar2 and 3 vs 8 andlLl),
probably does not involve direct coordination oé tbonjugates to biological targets. The
finding of cytotoxic activity in substitutionallynert metal complexes, which apparently
contradicts the paradigms established for anticgar®e compounds, is becomingly an
increasingly common feature in modern inorganiécancer researct?

Whereas for2 and 3 the IGo values are substantially independent of the ¢e# being
treated, compoundsandll are ca. two times more active against the highlgsive tumour
MDA-MB-231 cells than against the non tumorigeniBLlH100 cells, with 1G, values of
approximately 5uM and 10uM for compound8 (p = 0.0283 for MDA-MB-231vs HBL-
100), and of 12iM and 26uM for compoundll (p = 0.0009 for MDA-MB-231vs HBL-
100), respectively. Despite what might be a firght impression, the half-sandwich Ru
fragments of compoundsandl11 are remarkably similar: the investigation perfodhom the
reference complexes [Ru([9]ang®py)CI|[CRSO] (19 and
[Ru([9]aneS)(bpyAc)(dmso)][CESOs], (16) showed both dmso and Cl are relatively labile
ligands that are released in aqueous solifidius both8 and11, under in vivo conditions,
are likely to generate the same peripheral [Rut{@R)(bpy-PP)(HO)]**fragments. Thus, the
main structural difference dfl compared t®B are the flexible hydrophilic spacers between
the chromophore and the peripheral Ru fragmentpafgntly, this feature makekl less
cytotoxic but preserves its capability to distirgfuibetween the non tumorigenic HBL-100
and the highly invasive MDA-MB-231 cell line showirselectivity against this latter. This
finding suggests that compounfisand 11 might have a specific interaction with a target

differently expressed by the two cell lines.
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2.6.2. Phototoxicity

Conjugate<, 8 and11 were selected for performing a detailed invesiigeaof their cytotoxic
activity against MDA-MB-231 human breast canceldscehder irradiation with visible red
light (phototoxicity). These compounds, besides)gpedoluble in dmso, are also well énd
11), or at least appreciablg); soluble in water, and represent three typesogblpyrins with
increasing structural complexity and both typespofphyrin-Ru connections. The cells
cultures were exposed for 24 h at concentratiothetonjugates ranging from QuM to 10
uM, then were irradiated at 590-700 nm with a fluemate of 25 mWi/cand light doses
from 1 to 10 J/ch The exposure of control cells to these total dadees not induce an

inhibition of cell proliferation as reported in Fige 43.
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Figure 43. Cell viability of control cells exposed or notddferent total light doses. MDA-MB-231 human
breast cancer cells were irradiated or not (Daxrk} fluence rate of 25 mW/émand total light doses ranging
from 1 J/cri to 10 J/crA Cell cytotoxicity was determined 24 h after timel @f irradiation by MTT test. Bars
represent the mean £ S.D. of optical density vatiltained in a representative experiment perforimed
quadruplicate.

Cell cytotoxicity was determined using the MTT t@dt h after the end of the irradiation.
Cells treated with the same concentrations of ésé compounds, but kept in the dark, were
used as controls for photo-cytotoxicity, whereallsceot exposed to drugs neither to light
were used as controls for cytotoxicity. The optinatial light dose was determined in a
preliminary series of experiments usibfj as representative ruthenium-porphyrin conjugate
(Figure 44). By irradiating the tumour cells atrie@sing total light doses from 1 to 30 J¢m
the dose-response curve shifts to the left andG@bhgvalue correspondingly decreases. Light
doses greater than 10 Jfowere discarded as induced to excessive toxicity.
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Figure 44. Light dose-effect curves fatl as representative ruthenium-porphyrin conjugat® AMMB-231
human breast cancer cells were exposed,i®l 1o 10uM for 24 h, then cells were irradiated at a fluerate of
25 mWi/cnf and total light doses ranging from 1 Jfam 30 J/cri Cell cytotoxicity was determined 24 h after
the end of irradiation by MTT test. The dotted lo@responds to 50% inhibition of cell proliferatio

The phototoxicity of compound 8 and11 against MDA-MB-231 cells at increasing total
light doses is shown in Table 4. Cvalues are compared to those calculated from cell
cultures similarly treated with the Ru-porphyrimgaates but kept in the dark. For example,
compound? has an Igf 3.34uM in the dark, that becomes 1.i®1, 0.29uM (p< 0.05vs
dark) and 0.13M (p< 0.05vsdark) when cells are exposed to 1 JicBnJ/cnf and 10 J/cr
respectively. Similar results were observed for poond11, whose 1G, drops from 2.09M
(dark) to 0.10uM (10 J/cnf, p < 0.01vs dark). Under these experimental conditions,
compound is slightly less active than the others when aaléskept in the dark (Kg= 24.62
uM) but, after light exposure its ¥gvalue decreases by one order of magnitude, signiiar
the other two compounds: 1.EM at 10 J/crfi (p < 0.001vsdark, and p < 0.08s1 J/cnd).

Table 4. 1Csy values of compound®, 8 and11 in MDA-MB-231 cells treated for 24 h and then esed to
increasing doses of visible light (590-700 rfim).

1C 50 [nM]
Dark 1 J/em? 5 Jlent 10 J/ent
2 3.34 +1.87 1.73+1.10 0.29 + 0.02 0.13+0.04
8 24.62 + 6.38 10.64 + 1.61 3.93+1.24 1.71 +0.64
11 2.09+0.78 0.56 + 0.12 0.24 +0.10 0.10 + 0.04

MDA-MB-231 cells grown in multi-well plates wereetited with compoundd 8 and11 at 0.1uM + 10 uM
for 24 h, then cells were irradiated with visibight (590-700 nm) at 25 mW/dftuence rate and total light
doses of either 1 J/&n5 J/cni or 10 J/crfi Cell cytotoxicity was detected by MTT test 24 ftemirradiation.
Statistics: ANOVA Analysis of variance and Tukeyalfner post test.

It should be noted that the experimental conditiosesd in these experiments for determining
the cytotoxicity in the darki.e. 24 h of cell challenge with each compound followsd

further 24 h in a drug free medium and evaluatigrine MTT test) are different from those
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described abovei.é. 72 h continuous drug treatment followed by the M{E§t). The two
schedules do not affect thesf®f 2 but yield moderately different values f@rand11: 8 is

ca. 5 times more active after a continuative 7posure, whereas the opposite resule-a

ca. 5-fold decrease of the cytotoxic activity fasnd for compound 1 when cell treatment is
prolonged from 24 h to 72 h.

Most interestingly, compound® 8 and 11 are all good candidates for being used in PDT
because they are effective at mild light dosesJt@f), and show Ig, values one order of
magnitude lower than those calculated in the darkhe same experimental conditions.
Compounds2 and 11 are the most potent and most promising since #imady cause a
significant reduction of tumour cells growth areatment dose as low as 1 Jcm

2.6.3. Intracellular localization

The intracellular localization in MDA-MB-231 cellef compounds2, 8 and 11 was
determined after 16 h of exposure using fluoreseanicroscopy; the results for compound
11 are reported in Figure 45. The porphyrin-assodialeorescence revealed thatl
accumulates in the cytoplasm of the breast canglés (Figure 45B), yielding red emission
spots, but not in the nucleus as demonstrated ®éyterlay with the blue fluorescence of
DAPI (Figure 45C), a compound that selectivelyrsahe nucleus (Figure 45A). Compound
11 apparently accumulates in not yet identified glanstructures of the cytoplasm. Similar
results were obtained with compouritiand8 (data not shown). DAPI staining, several hours
after treatment, did not show morphological charagesuclear level typical of apoptosis. On
the basis of this observation the most likely medda of cell death seems to be necrosis,
consistent with literature data showing that bo#atd mechanisms are possible in PDT,
depending on the characteristics of the photodsimgjtagent?® on the cell lines used“and

on the treatment schedule u¥&d
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Figure 45 Evaluation of the intracellular localization @f in MDA-MB-231 human breast cancer cells by
fluorescence microscopy. MDA-MB-231 cells were gmuwn histological glass slides and exposed 1q10
uM) for 16 h in the dark. Cells were fixed in 4% fared formol, stained with DAPI and examined
(magnification 200x). (A) DAPI (excitation at 365n, (B) compound.1 (excitation at 535 nm), (C) overlay of
excitation at 365 nm for DAPI staining of cell neic(blue) and excitation at 535 nm, indicating anatation of
11 (red spots) in the cytoplasm of the cells.

2.6.4. Ruthenium cell uptake

The uptake of compoung by MDA-MB-231 and HBL-100 cells was measured bgnaic
absorption spectroscopy after treatment for 1 h, 2 h and 24 h. Two concentrations (4.5
uM and 10uM) were used for each cell line, that representi@ig values calculated for this
compound in MDA-MB-231 and HBL-100 cells after afv2xposure, respectively. Figure 46
shows theug of ruthenium/1B cells as a function of the time of treatment: athbcell lines
the ruthenium associated to cells increases priopaity to the duration of the treatment
reaching approximately the same maximum value b1§/1& cells in both cell lines (after
24 h at the concentration of 1), although the accumulation kinetic seems sloiuethe

human breast cancer cells in comparison to theumanrigenic cells.
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Figure 46. Ruthenium uptake in MDA-MB-231 and HBL-100 cellsated with compoun8. Cells grown in
multi-well plates were treated with compouBdat 4.5uM or 10 uM for 1, 2, 4 or 24 h. At the end of the
treatment ruthenium content was measured with atafv$orption spectroscopy.
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Thus, the large positive charge of the conjugatesdwmt seem to inhibit its cellular uptake.
Indeed, it has been demonstrated that highly cldamgetal complexes are capable of crossing

cell membranes even better than neutral or lowtivey charged complexée$®.

2.6.5. Conclusions

Compoundll, together with the three other cationic Ru-porphyonjugate<, 3, 8 were
investigated for in vitro cell growth inhibition w@rd MDA-MB-231 human breast cancer
cells and HBL-100 human non tumorigenic epithetialls. In the dark, all compounds
showed IG values in the low micromolar ranges. at least 2 orders of magnitude lower than
the corresponding Ru complexes.

Their cytotoxic activity is scarcely dependent ba type of porphyrin and of Ru fragment. In
other words, conjugation of the Ru(ll) half-sandwicompounds to the porphyrin led to a
remarkable increase of cytotoxicity, possibly duéntproved uptake (see above).

Three compounds were selected for investigating fifeototoxic effects on MDA-MB-231
human breast cancer cells upon illumination. Costjes2, 8, and11 became ca. 10 times
more cytotoxic after irradiation with visible ligh{90-700 nm) and proved to have from
moderate to good singlet oxygen quantum yields.ofdiag to fluorescence microscopy
experiments, they accumulate in the cytoplasm efaiteast cancer cells but do not penetrate
significantly into the nucleus. The most potent poomds2 and11 were active at nanomolar
concentration and very low light dose (1 Jnmaking them promising sensitizers for the
PDT of tumors
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2.7. Experimental Section

Mono and bidimensional (H-H COSYH NMR spectra were recorded at 400 or 500 MHz,
respectively, on a JEOL Eclipse 400FT or on a \rafi@0 spectrometer. All spectra were run
at ambient temperaturéd chemical shifts in BO were referenced to the internal standard
2,2-dimethyl-2,2-silapentane-5-sulfonate (DSS) at 0.00. In other solvents chemical shifts
were referenced to the peak of residual non-deteiisolventd = 7.26 for CDCY, 5.32 for
CD.Cl; 3.31 for CROD, 2.50 for dmsads). UV-vis spectra were obtained at T = 25 °C on a
Jasco V-500 UV-vis spectrophotometer equipped wifPeltier temperature controller, using
1.0 cm path-length quartz cuvettes (3.0 mL). Etsgray mass spectra were recorded in the
positive ion mode on a Bruker Esquire ESI-MS instent. Fluorescence spectra were
recorded on a F-4550 Hitachi spectrofluorimeter.

Column chromatography was performed on silica geA6(Merck, 230-400 mesh ASTM),
eluting with chloroform/ethanol mixtures as speszifbelow.

All chemicals were purchased from Sigma-Aldrich amkd without further purification
unless otherwise specified.

The porphyrin-Ru conjugates precipitate with vaeasimounts of crystallization solvent, that
depends on the batch. For this reason element@fss@f such conjugates did not afford
reliable and reproducible results and the valuesnat reported here (typically, some of the
elemental analysis values, especially for C, diffieem calculated values by > 0.5%).

Nevertheless, the proposed formulas are all cargistith the'H NMR and ES| spectra.
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Conjugates with 4'TpyP

[4'TPyP{Ru([9]aneS3)(en)}][CFsSOss (2).

A 46.5 mg amount of [Ru([9]aneS3)(en)CI](§30s) (0.14 mmol) dissolved in 2 ml of
MeOH was added to a suspension of 4TPyP (20 rf§20nmol) in 15 ml of CHGI After
addition of AQCESO; (35.7 mg, 0.14 mmol), the reaction mixture wastéedo reflux for 4
h. The reaction was monitored by TLC analysis dailgel, CHCI,/JEtOH 90:10). The dark
suspension was concentrated in vacuo to ca. 10nchlaafew drops of diethyl ether were
added. A purple solid formed upon standing, whiaswemoved by filtration and vacuum
dried. The solid was redissolved in 10 ml of MeOttl @entrifuged to eliminate AgCI. The
solution was evaporated to dryness under reducesspre to obtain the title compound.
Yield: 59 mg (92%).

'H NMR(D-0, 8, see Scheme 2for numberingscheme): 2.6 — 3.1 4, 6H, [9]aneS3 +
en), 4.17 (m, 8H, NbJ, 5.09 (m, 8H, NH), 8.52 (d, 8H, J = 5.67, H3,5), 9.11 (v br s, 8H,
BH), 9.36 (d, 8H, J = 5.71, H2,&, (CDsOD, 25 °C, see Scheme 2 for numbering scheme):
2.5 — 3.1 (m, 64H, [9]aneS3 + en), 4.38 (br m, 8Hy), 5.32 (M, 8H , NH),8.42 (d, 8H, J =
6.48, H3,5), 9.04 (v br, 8H8H), 9.33 (d, 8H, J = 6.34, H2,6), (CD;0D, -15 °C): 2.5 — 3.1
(m, 64H, [9]aneS3 + en), 4.46 (m, 8H , NH5.43 (m, 8H , NH), 8.42 (d, 8H, J = 6.21,
H3,5), 8.97 (s, 4H,BH), 9.30 (s, 4H,BH ), 9.34 (d, 8H, J = 6.18, H2,6). UV-
ViS(CHsOH)Amax,nm (relative intensity, %): 419 (100), 513 (7.349 (4.0), 589 (2.8), 646
(1.8).

[4TPyP{Ru([9]aneS3)(bpy)L][CF 3SCs]s (3).

A 89.5 mg amount of [Ru([9]aneS3)(bpy)(dmSHCF3SO;), (0.11 mmol) dissolved in 2 mi
of methanol was added to a suspension of 4 TPy (h§, 0.025 mmol) in 15 ml of CHEI
The mixture was heated to reflux for 8 h, untilagipearance of the spot of unreacted
porphyrin according to TLC analysis (silica gel, CEHEtOH 90:10). Dropwise addition of
diethyl ether to the solution induced the precimta of a purple solid, that was removed by
filtration and washed with diethyl ether and driedler vacuum at r.t. Yield: 70 mg (78%).
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'H NMR (CD;NO;  8): -3.35 (s, 2H, NH), 3.5 — 2.7 (m, 48H, €f9]aneS3), 7.92 (t, 8H,
H5,5", 8.13 (d, 8H, H3,5), 8.33 (t, 2H, H4,4%38.(m, 16HH + H2,6), 9.22 (d, 2H, H3,3"),
9.48 (d, 2H, H6,6"). UV-vis(CENO2)Amax NM (relative intensity, %): 425 (100), 518 (8.8),
553 (5.4), 590 (4.2), 646 (2.8).

Table 5.Crystallographic data and details of structurenesfients for compounds

4-4(CHsNOy) 10
Empirical formula Ci1eH116F24N 2002 RWSyg | CooHogFsNoOgRUSS
Formula weight 3805.78 871.89
Crystal system Monoclinic Monoclinic
Space group P 2i/c P 2i/c
a(A) 23.157(5) 10.026(3)
b (A) 16.581(4) 23.075(4)
c(A) 20.833(5) 14.057(3)
B(°) 97.01(3) 96.40(2)
Volume (&) 7939(3) 3231.8(13)
yA 2 4
Deaee (g €NT°) 1.592 1.792
p(mmi?) 0.890 0.958
F(000) 3844 1760
Bmas (°) 25.52 28.28
Reflns collected | 49860 35958
Unique reflectiong 4833 7081
Rint 0.0404 0.0532
Observed> 20 (1) | 3965 4120
Parameters 733 418
Goodness of fit 1.117 0.870
Rl (I>20(1)® ]0.0844 0.0427
wRe ™ 0.2515 0.1043
Ap (elR) 1.16%" -0.831 0.420 -0.425

BIR1 = 3 [TFo-Fc/ Z0Fol], wR2 = [Ew(Fo? — Fc?)% sw(Fo%)?*
I residual peak close to a triflate anion.
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Table 6. Selected coordination bond lengths (A) and an@le®r compounds.

Ru(1)-N(1) 2.175(12) Ru(2)-N(3) 2.152(12)
Ru(1)-N(2) 2.165(12) Ru(2)-N(4) 2.163(12)
Ru(1)-N(5) 2.194(11) Ru(2)-N(6) 2.212(12)
Ru(1)-S(1) 2.376(4) Ru(2)-S(4) 2.381(5)
Ru(1)-S(2) 2.378(5) Ru(2)-S(5) 2.361(4)
Ru(1)-S(3) 2.376(4) Ru(2)-S(6) 2.365(5)
N(1)-Ru(1)-N(5) 87.4(4) N(3)-Ru(2)-N(6) 88.2(4)
N(1)-Ru(1)-S(1) 175.6(4) N(3)-Ru(2)-S(4) 96.8(4)
N(1)-Ru(1)-S(2) 96.6(4) N(3)-Ru(2)-S(5) 175.7(4)
N(1)-Ru(1)-S(3) 92.7(3) N(3)-Ru(2)-S(6) 91.7(3)
N(2)-Ru(1}-N(5) 84.5(4) N(4)-Ru(2)-N(6) 87.0(5)
N(2)-Ru(1)-S(1) 99.1(4) N(4)-Ru(2)-S(4) 174.9(4)
N(2)-Ru(1)-S(2) 172.2(4) N(4)-Ru(2)-S(5) 97.4(4)
N(2)-Ru(1)-S(3) 95.3(3) N(4)-Ru(2)-S(6) 94.0(4)
N(5)-Ru(1)-S(1) 91.6(3) N(6)-Ru(2)-S(4) 91.1(3)
N(5)-Ru(1)-S(2) 91.4(3) N(6)-Ru(2)-S(5) 91.0(3)
N(5)-Ru(1)-S(3) 179.8(4) N(6)-Ru(2)-S(6) 179.0(4)
S(1)Ru(1)-S(2) 87.70(16) S(4)-Ru(2)-S(5) 87.43(16)
S(1FRu(1)-S(3) 88.32(15) S(4rRu(2)-S(6) 87.91(17)
S(2)-Ru(1)-S(3) 88.83(16) S(5)-Ru(2)-S(6) 89.12(16)

70




Conjugates with 3'TpyP
[3 TPyP{Ru([9]aneS3)(bpy)kI[PFels (5)

A 44.0 mg amount of [Ru([9]aneS3)(bpy)CI|@@HK0.07 mmol) was dissolved in 10 ml of
MeOH. After addition of AgP§E(17.7 mg, 0.07 mmol), the reaction mixture wastéedo
reflux for 1 h.After removal of AgCI by filtration, the yellow safion was concentrated in
vacuo to ca. 5 mland it was added to a solution of 3'TPyP (10 m@l®.mmol) in 5 ml of
CHCls. The mixture was heated to reflux for 48 h, untdagipearance of unreacted porphyrin
according to TLC analysis (silica gel, CHEtOH 90:10). Dropwise addition of diethyl ether
to the solution induced the precipitation of a peirpolid, that was removed by filtration,
washed with diethyl ether and dried under vacuunt.a¥ield: 48 mg (86%).

UV-vis (EtOH)Amax M €x 10°, dn molicm™): 418 (82), 513 (10.9), 546 (8.7), 587 (7.7),
643 (5.2).

Table7. Selected coordination bond lengths (A) and anglefor compoundb.

Ru(1)-N(1) 2.084(8) Ru(1)-S(1) 2.316(2)
Ru(1)-N(2) 2.080(8) Ru(1)-S(2) 2.308(2)
Ru(1)-N(3) 2.118(7) Ru(1)-S(3) 2.299(3)
N(2)-Ru-N(1) 78.3(4) N(1)-Ru-S(2) 97.5(3)
N(2)-Ru-N(3) 90.6(3) N(3)-Ru-S(2) 91.6(2)
N(1)-Ru-N(3) 88.7(3) S(3)-Ru-S(2) 87.69(9)
N(2)-Ru-S(3) 96.6(3) N(2)-Ru-S(1) 89.9(2)
N(1)-Ru-S(3) 174.7(3) N(1)-Ru-S(1) 93.0(2)
N(3)-Ru-S(3) 89.9(2) N(3)-Ru-S(1) 178.3(2)
N(2)-Ru-S(2) 175.2(3) S(3)-Ru-S(1) 88.44(9)
S(2)-Ru-S(1) 88.01(8)

[3TPyP{Ru([9]aneS3)(en)}][PFs]s(6)

To a 37.1 mg amount of [Ru([9]aneS3)(en)CIKPE®.07 mmol) dissolved in 10 ml of MeOH
a 17.8 mg amount of AgR®.07 mmol) was added and the reaction mixture hesged to
reflux for 1 h.After removal of AgCI by filtration, the yellow safion was concentrated in
vacuo to ca. 5 mland it was added to a solution of 3'TPyP (10.0 @16 mmol) in 5 ml of
CHCI;. The mixture was heated to reflux for 48 h, untisapipearance of the unreacted
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porphyrin according to TLC analysis (silica gel, CIIEtOH 90:10). Dropwise addition of
diethyl ether to the solution induced the precimta of a purple solid, that was removed by
filtration and washed with chloroform and diethyher and dried under vacuum at r.t. The

solidwas recrystallized from methanol/diethyl etiéeld: 38 mg (76%).

'H NMR (CDs;NO,, 8, see Scheme 3 for numbering scheme): -2.92 (s, 28, Rl73 — 3.02
(m, 64H, CH [9]aneS3 + en), 3.60 (m, 8H, MKI5.09 (m, 8H, NH), 8.17 (t, 4H, H5), 8.94 —
9.02 (d, 12HBH + H6), 9.37 (t, 4H, H4), 9.64 — 9.75 (m, 4H, H2).

UV-vis (EtOH)Amax M €x 103, dn molcm?): 421 (221), 513 (16.4), 546 (6.8), 587 (7.3),
643 (3.9).
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meso-tetra(bpy-phenyl)porphyrin (Bpy 4-PP) (7)

A 42.0 mg amount of bpyAc (0.196 mmol, 4.4 equand 58.8 mg of ECDI (0.274 mmol)
were dissolved in 4 ml of pyridine. The solutionsastirred for 30 min, then a 30.0 mg
amount ofp(NH)4PP (0.045 mmol) was added and stirring was condirate.t. The reaction
was monitored by TLC (silica gel, CHZEtOH 90:10). After 3h, water (20 ml) was added to
the reaction mixture. The purple precipitate wasaeed by filtration, washed with water (80
ml) and vacuum dried at r.t. Yield: 60 mg (91%).

'H NMR (CDCEL, 3 see Scheme 4 for numberingscheme): -2.76 (br sSNBH, 2.52 (s, 12H,
CHg), 7.26 (d, 4H, H5' overlapped with the resonaniceesidual CHCJ), 8.03 (dd, 4HJ=
0.7, 4.1 Hz, H5), 8.13 (d, 8H,= 8.3 Hz,mbg), 8.28 (m, 8H, = 8.2 Hzpbg), 8.38 (s, 4H,
H3), 8.55 (s, 4H, H3), 8.64 (d, 4Hl = 5.0, H6'), 8.95 (m, 12HBH + H6). UV-
ViS(CHCk)Amax, NM: 424, 518, 556, 594, 651. ESI-M#/z1481.5 [M+N4].

[Bpys-PP{Ru([9]aneS3)(dmso-S)J[CF 3SOs]s (8).

A 20.0 mg amount of BpyPP (0.014 mmol) dissolved in 10 ml of CH®Vas added to a
solution of [Ru([9]aneS3)(dmsg)CFsSGs], (47.5 mg, 0.058 mmol) dissolved in 45 ml of
acetone. The resulting solution was heated to xefibu 2 h, during which time a purple
precipitate formed. The solution was concentratedeu vacuum to ca. 15 ml. The solid was
removed by filtration, washed with diethyl etherdadried under vacuum. Yield: 46 mg
(81%).

'H NMR (CD;NO,, 3, see Scheme 5 for numberingscheme): -2.72 (br sN&H, 2.75 (s,
12H, CH), 2.81 (s, 12H, dms6}, 2.89 (s, 12H, dms8), 2.65 — 3.50 (m, 12H, CH
[9]aneS3), 7.76 (d, 4Hl = 5.4 Hz, H5"), 8.35 (m, 20H, H5mbg +obg), 8.75 (s, 4H, H3"),
8.98 (d, 4HJ = 5.8 Hz, H6"), 9.08 (m, 8H3H), 9.13 (s, 4H, H3), 9.33 (d, 4H,= 5.6 Hz,
H6), 9.92 (br s, 4H, CONH). UV-vis(dm3g)a, Nm (relative intensity, %): 424 (100), 519
(5.9), 557 (4.8), 593 (2.1), 651 (2.6).
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Conjugates with TetBpyPP and with TedabpyPP

4-formyl benzoate

HCI (g) was bubbled for 30 min in a solution of gkhylbenzoic acid (5 g, 0.33 mmol)
dissolved in 250 ml of methanol and cooled in abath. The mixture was heated to reflux
for 30 min and evaporated to dryness under redpoeskure to obtain a white solid that was
recrystallized from petroleum ether to obtain tkle tompound. Yield 4.17 g (77%). M 60

°C (lit. 60 °C).

'H NMR (CDCk, 8): 3.97 (s, 3H, Ch), 7.96 (d, H3,5] = 8.3 Hz), 8.20 (d, H2,6, = 8.2 Hz),
10.11 (s, CHO).

meso-4'-tetracarboxymethylphenylporphyrin (4'-TCMePP)

A 2.30 g amount of methyl 4-formyl benzoate (14 mMimo propionic acid (50 ml) was
heated at 120 °C. Freshly distilled pyrrole (1.0 t mmol) was added and the mixture was
refluxed for 1.5 h, then stored at —18 °C for 12The purple precipitate was removed by
filtration, thoroughly washedwith cold methanol added in vacuoat room temperature.
Yield 0.63 g (21%).

'H NMR (CDCE, 8): -2.81 (br s, 2H, NH), 4.12 (s, 12H, @H8.30 (d, 8HpPh, J = 8.1 Hz),
8.45 (d, 8HmPh,J = 8.1 Hz ), 8.82 (s, 8H, i). UV-vis (CHClI,, 25°C)Anax NM (relative
intensity, %): 420 (100), 515 (4.0), 550 (2.0), 5a04), 646 (1.0). Selected IR (KBr, &n
3313 (NH),1723 (s, C=0),1276 e 1020 (C-O).

meso-4'-tetracarboxyphenylporphyrin (4'-TCPP)

A 12 ml amount of a 40% KOH aqueous solution wageddto a 200 mg amount of 4'-
TCMePP (0.236 mmol) dissolved in 200 ml of a 2:1FIMeOH mixture. The reaction

mixture was stirred at 40 °C for 1 h, acidified witonc. HCI (pH 5) and extracted with
THF/CH,CI, 1:1 (4 x 50 ml). The organic fraction was evapedatinder reduced pressure
affording 174 mg of the desired purple product.l®:i©3%.
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'H NMR (dmsods, 8): - 2.94 (s, 2H, NH), 8.40 (m, 16Ph +oPh), 8.87 (s, 8H3H), 13.32
(s, 4H, COOH). UV-vis (EtOH\max nm (relative intensity, %) 416 (100), 513 (4.248
(2.1), 590 (1.3), 646 (0.9).

TedaNHBocPP

A 146 mg amount of EDCI (0.76 mmol) and a 103 mgam of HOBt (0.76 mmol) were
added to a solution of 4-TCPP (100 mg, 0.126 mmd@3olved in 4 ml of anhydrous DMF.
To this solution, after stirring for 30 min, a 1381 amount of N-Boc-2,2-
(ethylenedioxy)diethylamine (0.56 mmdff and a 68 mg amount of dimethylaminopyridine
(DMAP) (0.56 mmol) dissolved in 1 ml of anhydroub were added. The reaction mixture
was shielded from light and stirred at room tempeeafor 24 h, then the solvent was
removed on a rotary evaporator to yield a dark ssohd. A 1:1 THF/CHCI, mixture (100
ml) was added and the organic layer was washed watter (40 ml x 3) and dried over
anhydrous Nz50O,. The organic fraction was evaporated to drynesteunracuum and the
resulting solid was dissolved in 3 ml of g, and purified by column chromatography (4 x
20 cm) using CKCI,/EtOH (90:10) as eluent. The work-up afforded 153 of the product
as a purple solid (yield 72%).

'H NMR (CDCH, 8): -2.83 (br s, 2H, NH), 1.38 (s, 36H, §Boc), 3.35 (m, 8H, Chépace},
3.61 (t, 8H, CHspace}, 3.73 (m, 16H, Chkbpace}, 3.84 (m, 16H, Chkbpace), 5.04 (br s,
4H, NHCO), 8.24 (dd, 16H, 8APh + 8HoPh), 8.81 (s, 8H3H).

TetNHBocPP

A procedure similar to that described above was ,uséh the following parameters: 170 mg
of 4'-TCPP (0.215 mmol) in 10 ml of anhydrous DNM#,7.3 mg of EDCI (1.29 mmol) and
174 mg of HOBLt (1.29 mmol). To this solution a 21§ amount oN-Boc-ethylenediamine

127(1.72 mmol) was added and the reaction mixtuneestifor 2.5 h at r.t. Yield 176 mg

(60%).

'H NMR (CDCk, 8): -2.84 (br s, 2H, NH), 1.48 (s, 36H, €Boc), 3.56 (m, 8HCH,NHCO),
3.74 (m, 8H,CHNHBoC), 5.09 (m, 4H, NHBoc), 7.57 (m, 8i8H,NHCO) 8.24 (dd, 16H,
8H mPh + 8H oPh] = 8.22, 19.53 Hz ), 8.79 (s, 8BH).
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TedaNH,PP-4CRCOOH

A 6 ml amount of trifluoroacetic acid (TFA) was addto a solution of TedaNHBocPP (153
mg, 0.096 mmol) dissolved in 9 ml of anhydrous,CH. The mixture was shielded from
light and stirred at room temperature for 2 h,raftbich the solvent was completely removed
on a rotary evaporator to give a dark green seid-s6 the title porphyrin as triflate salt. A
small amount (20 mg ca.) was neutralized with ligktmine (2 drops), dissolved in methanol
(2 ml), precipitated with diethyl ether, filtereddathoroughly washed with diethyl ether for
characterization. The remaining product was usedha following step without further

purification.

IH NMR (free base) (CEDD, 5): 3.17 (t, 8H.CHyNH,), 3.80 (m, 40H, Chpace}, 8.32 (dd,
16H, mPh +0oPh), 8.90 (br s, 8H3H). UV-vis (MeOH)Amax M € x 10°, dnfPmol*cmi?) :
415 (479), 513 (20), 546 (11), 587 (7.1), 645 (SEHI-MSm/z 1312.7 (MH),
1334.6(M+N4), 1350.6 (M+K).

TetNH,PP-4CRCOOH

The same procedure as above was used, with thewfolj parameters: 189 mg of
TetNHBocPP (0.14 mmol) in 10 ml of anhydrous dicbioethane and 5 ml of TFA.

'H NMR (free base) (dmsds, 3): -2.93 (s, 2H, NH), 3.13 (d, 8GH.NH,), 3.63 (d, 8H,
NHCH,), 8.35 (dd, 16HmPh +oPh), 8.84 (m, 8HBH), 9.11 (m, 4H, NHCO). ESI-MS{/z)
959.4 (MH), 981.4 (M+Na4),

TedabpyPP (10)

A 115 mg amount of bpyAc (0.54 mmol), a 155 mg amaf EDCI (0.81 mmol), and a 109
mg amount of HOBt (0.81 mmol) were dissolved in bahanhydrous DMF. After stirring
for 30 min at room temperature, a solution of Telda®P (0.090 mmol) and 110 mg of
DMAP (0.90 mmol) in 5 ml of anhydrous DMF was addéte reaction mixture was stirred
for 24 h in the dark. At reaction completion (TL&uminium oxide, CHCI,/EtOH 90:10) the
solvent was evaporated under vacuum and the mgutlid was triturated with diethyl
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ether, filtered, thoroughly washed with diethyl eattand dried in vacuum. Yield: 180 mg
(96%).

'H-NMR (CD.Cl,, 8): -3.00 (s, 2H, NH), 2.21 (s, 12H, Gbpy), 3.68-3.83 (m, 48H, GH
space}, 6.96 (d, 4HJ = 4.72 Hz, H5'), 7.21 (t, 4H, NHCO bpy), 7.31(H,4ANHCO), 7.66
(dd, 4H,J = 1.64, 4.96 Hz, H5), 8.10 (s, 4H, H3"), 8.108H, J = 7.95 Hz,0Ph), 8.18 (d, 8H,
J=7.95 HzmPh), 8.35 (d, 4HJ) = 4.96 Hz, H6"), 8.62 (d, 4H,= 4.96 Hz, H6), 8.65 (s, 4H,
H3), 8.74 (s, 8HPH). ESI-MSm/z 2096.7 (MH)2118.6 (M+N4&), 2134.5 (M+K). UV-vis
(MeOH) Amax NM (relative intensity, %): 418 (100), 514 (4539 (2.4), 590 (1.5), 646 (1.1).

TetbpyPP (9)

The same synthetic procedure as above was usddfheitfollowing parameters: 191 mg of
bpyAc (0.89 mmol), 218 mg of EDCI (1.14 mmol) areBImg of HOBt (1.17 mmol) in 13
ml of anhydrous DMF. TetNH#PP (0.14 mmol), 154 mg of DMAP (1.26 mmol) in 7 ail
anhydrous DMF. Yield: 181 mg (74%).

'H-NMR (dmsods, 8): -2.94 (br s, 2H, NH), 2.40 (s, 12H, §H3.64 (m, 16H, Ch), 7.28 (d,
4H, H5"), 7.87 (d, 4H, H5), 8.26 (s, 4H, H3'), 81, 16H,0Ph +mPh), 8.57 (d, 4H, H6"),
8.84 (m, 16HBH+H6+H3), 9.00 (t, 4H, CONH), 9.16 (t, 4H, CONH)SEMS m/z 1744.7
(MH™"), 1766.7 (M+N4), 1782.6 (M+K). UV-vis (MeOH + 5% dmsO}may NM Ex10°, dn?
moltcm™): 416 (237), 512 (13), 547 (7.1), 589 (5.1), 63B).

[TedabpyPP{Ru([9]aneS3)CI}][CI] 4 (11)

A 50 mg amount of TedabpyPP (0.024 mmoli) was diesbin a mixture of MeOH (6 ml)
and CHCI, (2.5 ml). To this solution a 41 mg amount of [FRJ§nheS3)(dmso)G] (0.095
mmol) dissolved in 16 ml of hot MeOH was added. Theture was refluxed for 24 h and its
colour turned deep red. After reaction completidh@: aluminium oxide, CHCI/EtOH
90:10) the solvent was evaporated under vacuunthenesidue redissolved in a few drops of
methanol. Dropwise addition of diethyl ether to therple-brown solution induced the
precipitation of a purple solid, that was removeadfittration and washed repeatedly with

diethyl ether and dried under vacuum at r.t. Yig@:mg (92%).
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'H NMR (dmsoes, 8): -2.93 (s, 2H, NH), 2.40 — 2.85 (m, 48H, £l9]aneS3), 2.53 (s, 12H,
CHjs bpy), 3.55 — 3.70 (m, 48H, Gldpace} 7.50 (d, 4HJ = 5.03 Hz, H5"), 7.95 (d, 4H,=
5.12 Hz, H5), 8.30 (s, 16HPh +mPh) 8.65 (s, 4H, H3"), 8.82 (d, 4Bi= 5.75 Hz, HE"), 8.84
(s, 8H,BH), 8.93 (t, 4H, CONH), 9.01 (s, 4H, H3), 9.11 4d4, J = 5.74 Hz, H6), 9.27 (t, 4H,
CONH).ESI-MSm/z 841.5 (MH). UV-vis (MeOH) Amax, NM (relative intensity, %): 417
(100), 513 (5.5), 549(2.9), 590 (1.5), 645 (1.0).

[TetbpyPP{Ru([9]aneS3)CIL}[CI] 4(12)

The same synthetic procedure as above was usddtheitfollowing parameters: 25 mg of
TetbpyPP (0.014 mmol) in 25 ml of MeOH. 27 mg ofu{®]aneS3)(dmso)G] (0.063
mmol). Yield: 39 mg (92%).

'H NMR (dmsods, 8): -2.94 (br s, 2H, NH), 2.5 — 2.9 (m, 48H, £l9]aneS3), 7.49 (d, H5'),
8.03 (d, H5), 8.34 (dd, 16HPh + mPh) 8.78 (s, H3'). 8.84 (m, 16BH + H6'), 9.17 (m,
12H, CONH + H3), 9.52 (m, 4H, CONH).UV-vis (MeOB)as NM (relative intensity, %):
417 (100), 513 (8.1), 548 (3.9), 589 (2.6), 64B)1.

[TedabpyPP{Ru([9]aneN3)(dmso-S)}[CI] 4 (13)

A 30.0 mg amount of TedabpyPP (0.014 mmol) wasotlissl in a mixture of MeOH (10
ml) and CHCI, (3 ml). To this solution a 39.3 mg amount of [RJgneN3)(dmsceLl]
(0.086 mmol) dissolved in 7 ml of hot MeOH was adldehe mixture was refluxed for 48 h
and its colour turned deep red. After reaction detgn (TLC: aluminium oxide,
CH.CI,/EtOH 90:10) the solvent was evaporated under vacand the residue dissolved in a
few drops of methanol. Dropwise addition of dietlether to the purple-brown solution
induced the precipitation of a purple solid, thaaswremoved by filtration and washed
repeatedly with diethyl ether, diclorometane an@diunder vacuum at r.t. Yield: 36.8 mg
(79%).

'H NMR (dmsoée, 8) T = 25 °C: -2.94 (s, 2H, NH), 2.56 (s, 12H, £bpy), 2.61 (s, 12H,

CH; dmso), , 2.62 — 3.23 (m, 48H, ¢[9]anoN3), 3.53 — 3.75 (m, 48H, Gbpace}, 6.06 (s,
4H, NH tacn), 7.22 (m, 8H, NHtacn), 7.62 (d, 4Hs 5.05 Hz, H5'), 8.10 (d, 4H,= 4.95
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Hz, H5), 8.31 (m, 16HoPh +mPh) 8.85 (m, 12HBH + H3'), 8.99 (m, 4H, CONH), 9.16 (d,
8H, H6' + H3), 9.49 (m, 8H, H6 + CONH).

'H NMR (dmsods, 8) T = 50 °C: -2.87 (s, 2H, NH), 2.57 (s, 12H, £biy), 2.61 (s, 12H, CH
dmso), 2.60 — 2.90 (m, 48H, GlP]anoS3), 3.53 — 3.75 (M, 48H, gspace}, 6.04 (s, 4H,
NH tacn), 7.19 (m, 8H, NH tacn), 7.61 (d, 4Hs 5.05 Hz, H5", 8.09 (d, 4H,= 4.95 Hz,
H5), 8.30 (m, 16HpPh +mPh) 8.81 (s, 4H, H3"), 8.85 (m, 12pH + CONH), 9.16 (m, 8H,
H6' + H3), 9.41 (m, 4H, CONH), 9.50 (d, 4H, H6).

UV-vis (MeOH) Amax, NM (relative intensity, %): 416 (100), 513 (6.247 (3.7), 588 (2.3),
645 (1.4).
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Tumour cell lines for in vitro tests

The MDA-MB-231 — highly invasive — human breast @ancell line was kindly supplied by
Dr. P. Spessotto (Cro, Aviano, Italy), and mainggiim Dulbecco’s modified Eagle’s medium
(EuroClon&, Devon, UK) supplemented with 10% fetal bovine user (FBS, Gibco,
Invitrogen™, Paisley, Scotland, UK), 2 mM L-glutarai(EuroClon®, Devon, UK), 1% non-
essential aminoacids, and 100 1U/ml penicillin &@D pug/ml streptomycin (EuroCloffe
Devon, UK).

The HBL-100 human non-tumorigenic epithelial cefiel was kindly supplied by Dr. G.
Decorti (Department of Biomedical Sciences, Uniitgrsf Trieste, Italy), and maintained in
McCoy’'s 5A medium supplemented with 10% FBS, 2 mMlutamine, and 100 1U/mi
penicillin and 10Qug/ml streptomycin.

All cell lines were kept in a COncubator with 5% C@and 100% relative humidity at 37 °C.
Cells from a confluent monolayer were removed fritasks by a trypsin-EDTA solution.
Cell viability was determined by the trypan blueedgxclusion test. For experimental

purposes cells were sown in multiwall culture chust

Determination of cell cytotoxicity

Cell growth inhibition was determined by the MTTakility test [29]. Cellssown on 96-well
plates were incubated 24 h later with concentratioom 0.1uM to 30uM of the appropriate
compound, prepared by dissolving it in a mediumtamimg 5% of serum, for 72 h. Solutions
of the conjugateg — 11were prepared by diluting a freshly prepared ssmtion (107 M)

of each compound in dimethylsulfoxide (dmso) (Sigi8a Louis, MO, USA). Maximum
dmso concentration in the cell incubation mediuns w&.3% v/v. Cell toxicity analysis was
performed at the end of the incubation time. ByieMTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) dissolved in PBS (5 mf') was added (1@l per 100ul of
medium) to all wells and the plates were then iateth at 37°C with 5% CQOand 100%
relative humidity for 4 h. After this time, the mach was discarded and 2@0of dmso were
added to each well according to the method of Alewl.*?® Optical density was measured
at 570 nm on a SpectraCount Packard (Meriden, @3tjument. G, values were calculated
from dose-effect curves with GraphPad Prism verdio3 for Windows (GraphPad Software,
San Diego, CA, USA)
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Determination of cell phototoxicity

Cells grown in 96-well cell culture plates wereubated 24 h later with concentrations from
0.1 uM to 10 uM of compounds2,8 and 11, prepared by dissolving them in a medium
containing 5% of serum, for 24 h. Stock dmso sohgiof each conjugate were prepared as
described above. Maximum dmso concentration inctieincubation medium was 0.1%
vlv. Thereafter the media containing compounds weaced with drug-free medium
containing 5% of serum and cells were irradiatecb@@-700 nm at a fluence rate of 25
mW/cnf and light doses ranging from 1 Jkto 10 J/cri This wavelength interval was
isolated from the emission of a halogen lamp (T®dlaigano, Switzerland) by the insertion
of broadband optical filters. A plate similarly ated but not exposed to light was used as
reference for the dark cytotoxicity in the same eskpental conditions. Experiments were
conducted in quadruplicate and repeated trice. ySiglof cell phototoxicity using the MTT
assay as described above was performed afterreefunicubation of 24 h after irradiation and

compared to the values of control cells withouibtigradiation.

Determination of the quantum yield for singlet oxy@n generation

The quantum yield &,) of singlet oxygen generated by compour8 and 11 upon
photoexcitationwas measured using 9,10-dimethytandne (DMA) as substrate [31].
Typically, 1.5 ml of a 2QuM ethanol solution of DMA and 1.5 ml solution ofetiporphyrin
(0.4 A at Soret band maximum,10° M) in ethanol were placed in a quartz cuvette ol
optical path and irradiated with 590—-700 nm light dlifferent periods of time at 20 + 2 °C
under gentle magnetic stirring. The fluence-rates w80 mW/cri The DMA fluorescence
emission was recorded in the 380-550 nm waveleragtge with excitation at 360 nm. The
first-order rate constant of the photo-oxidation@¥IA by ‘O, was obtained by plotting
InFo/F as a function of the irradiation time t, whdfe and F represent the fluorescence
intensity at time 0 and at time t, respectivelyeThte constant was then converted i
quantum yield by comparison with the rate constanDMA photo-oxidation sensitized by

haematoporphyrin (Hp), for whicf, was shown to be 0.65°
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Microscopy experiments

MDA-MB-231 cells were grown on histological slidés complete medium until 75%
confluence was reached and exposed to compadyr@land11 (10 uM) for 16 h in the dark.
At the end of the treatment, after discarding thedmm containing the compound and
washing, cells were fixed for 10 min in bufferedrfml, and nuclei were stained with 4',6-
diamino-2-phenylindolyl hydrochloride (DAPI, Moldem Probes, Invitrogen, Italy)
according to the manufacturer’s instructions. Tlséides were mounted with 20% PBS-
glicerol and analyzed under a fluorescence micqs¢heica, DM 2000, Italy) with filters set
at 365 + 5 nm excitation light (BP 340/380, FT 40, 425) for DAPI, and 535 £ 25 nm
excitation light (BP 515-560, FT 580, LP 590) farphyrins.

Determination of ruthenium cell uptake

Ruthenium cell uptake was determined by atomic m@utem spectroscopy (AAS) on
samples processed with a modification of the procethy Tamura and Arai*®> MDA-MB-
231 and HBL-100 cells were seeded in complete nmediontaining 5% of serum in a 6-well
plate. When cells reached 75% confluence they wengbated with 4.5uM or 10 uM of
compound8 for 1, 2, 4 or 24 h at 37 °C. At the end of theatment the wells were washed
three times with PBS, the cells collected by asigfEDTA solution, counted with the trypan
blue exclusion test and the intracellular concéiainaof ruthenium was determined. The cells
were dried in Nalgerfecryogenic vials (a first drying step was perfornme@rnight at 80 °C
and a second step at 105 °C until the samples edaglconstant weight). The dried cells were
decomposed by the addition of an aliquot of tetthzlammonium hydroxide (25% in water)
(Aldrich) and of milliQ water at a ratio of 1:1 dutly in each vial at room temperature under
shaking. Final volumes were adjusted to 1 ml withligh water. The concentration of
ruthenium in treated cells was measured by flarsedésmic absorption spectroscopy using a
Zeeman graphite tube atomizer, model SpectrAA-uipped with a specific ruthenium
emission lamp (hollow cathode lamp P/N 56-101447-®arian, Mulgrave, Victoria,
Australia). Quantification of ruthenium was carrieat in 10ul samples at 349.9 nm with an
atomizing temperature of 2500°C, using argon asiezagas at a flow rate of 3.0 I/min.
Before each analysis, a five-point calibration eumwas obtained to check the range of
linearity using ruthenium custom-grade standard ®©@fml (InorganicVentures, Lakewood,
N.J.).
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Statistical analysis
Data obtained in the experiments were subjectedStatistical Analysis of Variance

(ANOVA) and Tukey-Kramer post-test, or to Unpairetdtest performed using
GraphPadInStat version 3.06 for Windows (GraphRathvare, San Diego, CA, USA).
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3. %™ ¢c/Re-Porphyrins conjugates
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3.1. Approaches towards the synthesis of target spéc radiopharmaceuticals

9Mmre is the ‘workhorse’ of diagnostic nuclear medéicind it is used in some chemical form
in the majority of diagnostic scans conducted ear in hospitals worldwidE?

Several oxidation states are available for Tc, waimarkably different chemical features. In
recent years the organometallic Tc(l) fragmfamt[**™Tc(CO)]* has attracted considerable
interest in the design of nov&l™c radiopharmaceuticatd’ This core offers a number of
attractive features: The synthetic precurséac-[*™Tc(COX(H-0)s]* can be readily obtained
in aqueous solution from the pertechnetate saleunelducing conditions as developed by
Alberto et al’®** Nowadays GMP-produced kits for preparing™Ic(H.O)s(CO)]" are
commercially availabldj. fac-[*™Tc(COx(H,0)s]" is water-soluble and the aqua ligands are
readily exchanged, in particular by chelating liggniii. The fac-[**™Tc(COY]* core is
chemically robust and maintains its integrity untdhex most forcing conditions (in addition, as
the Tc(l) ion has a low spid® electronic configuration, its complexes are typjciert), iv.

the core is lipophilic and organometallic in natumeaking the chelation more covalent in
charactery. it is relatively easy to characterize tW&Tc(l) adducts using the “cold” non-
radioactive (and diamagnetic) Re(l) analogue, whiah be prepared on the macroscopic
level and thoroughly characterizékb confirm the identity of th&>™Tc-labelled compound, it
is common in radiopharmaceutical chemistry to camitsmretention time in the HPLC
radiochromatogram with the UV-vis trace of the esponding non-radioactive Re congener:
if the two retention times are coincidemdentity — and therefore — characterization & th
9mre adduct is confirmedvi. Finally, since Re has tyeemitting isotopes suitable for
therapeutic applicationd®Re  (4,=3.8 d, Ew=1.07MeV) and '**Re (1,=0.7
d,Ena=2.12MeV), the possibility for combined diagnos&™c) and radiotherapy (Re)

emerges as an attractive concept for further eaptor.

In the last decade, the research in the are®"dfc radiopharmaceuticahas been mainly

focused towards developing radiotracers that peetally localize in neoplastic tissues. In
these & generation radiopharmaceuticals the “vehicle” tbatries the radionuclide to the
diseased tissue is often a “targeting biomolecthat must accumulate in tumor tissues with
high affinity and specificity. It is this high reg®r binding affinity and specificity that makes
receptor imaging (often called “molecular imaginggdvantageous over traditional
scintigraphic imaging using simple Tc complex raiiarmaceuticals or other imaging

modalities such as X-ray computed tomography (Q)asound (US), and nuclear magnetic
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resonance imaging (MRI).Thus, the labelling of bitally active molecules witf™Tc is a
field of intense researci*3413>13¢

Typically, the design of receptor/site-speciff€Tc compounds follows the ‘conjugate’ or
‘pendant’ method, in which &™Tc-chelate moiety is attached to a molecule thatéhaigh
binding affinity/selectivity for tumor tissues.

Bifunctional chelates, such as that schematicéligtrated in Figure 47, provide an effective
strategy for binding the radioactive metal catiothé biologically targeting molecuté’ 38139
The linker is important because it is able to iaflae the lipo- or hydrophilicity of the
radiopharmaceutical and because it separates thecthie part from the metal-complex
minimizing steric effects. Usually this strategyseres an appropriate accumulation of the
radiotracer in the diseased tissues.

targeting linker
< molecule >_<“ "V (spacer) W

2"d function

Figure47. Principle of bifunctionalchelator (BFC) and biogugate ready to be labelled in akit formulation.

Many biomolecules, including monoclonal antibodestibody fragments and small peptides,
have been studied for as‘“carriers” for radiondels.

Nowadays, due to the intense efforts, several mtdecare under developments. Table 8 lists
selected commercial *™Tc-target-specific radiopharmaceuticals and theiredical

applications.
Radiopharmaceutical | Trade name Primary uses
P Tc-Apcitide AcuTectl | Synthetic peptide for imagiDy T (deep vein thrombosis)
99T c-Arcitumomab Neotectl Monoclonal antibody forarelctal cancer
9" Tc-Depreotide Zevalin Somatostatin receptor-beapuignonary masses

Table 8. Selected target-specific diagnostic radiopharmécals.**°

As targeting molecule we choose water-soluble pgiph, as these macrocycles typically
show preferential uptake and retention by tumosuks, possibly via receptor-mediated
endocytosis of low density lipoproteins (LDL). Thesggestion is mainly supported by the
observation that lipoproteins readily incorporatephyrins, and that tumor cells have been
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found to exhibit elevated activity of LDL receptots” *° Thus, porphyrins might behave as
carrier ligands for the active transport of metahpounds into cancer cells.

Porphyrins can bind metal ions either inside thenmaycle (metalloporphyrins) or through
accurately designed peripheral binding sites (r@mbgbhyrin conjugates). Both
metalloporphyrins and metal-porphyrin conjugatesehbeen investigated by % and by
others'* as potential cytotoxic and photo-cytotoxic agerfier example, the in vitro
anticancer activity of the gold(l)-porphyrins dewmetd by Ch&? and co-workers is well
established, and several Ru(ll)-porphyrin conjugiaeveloped in particular by some of'tfs
and by Therrie?* and co-workers possess a promising phototoxinityced by visible light.
Furthermore, provided that the metal-porphyrin agajes are sufficiently stable, the
fluorescence emission of the chromophorecan beo#&glfor tracking the biodistribution of
the metal in the extra- and intra-cellular envir@minof malignant cells through fluorescence
microscopy. Notably, for porphyrin compounds ingetied for bio-medical purposes, water
solubility is an essential requisite.

There are relatively few examples Bf'Tc labelled porphyrins/porphyrins adducts, mainly
concerning ®™c(V). An earlier attempt in 1983 was made to labeimatoporphyrin
derivative (HpD, a complex mixture of hematoporphgracetate, monoacetate, vinyl
porphyrins, deuteroporphyrins and other analogsih wi®™TcOy]ion. The labeling
mechanism was unclear and it presumably occurredhat carboxylic chain of the
porphyrin*** Although ®*™Tc exhibited a high binding efficiency for HpD, theterogeneous
chemical composition of HpD caused the formatiotwaf major labeled species. Thus it was
not possible to determine the chemical nature edelspecies and the fraction responsible for
accumulatlon in tumour tissue was never identifieden though thé€*™Tc-HpD conjugate
was shown to accumulate in mammary adenocarcinarhasice, owing to the unclear
composition its utility was rather limited.

Following a similar approach to obtain tumour sped¢maging agents, Shetty et al. in 1996
tried to overcome those problems by A™[cO,] complexation with the water soluble
porphyrinsmesetetrakis[3,4-bis(carboxymethyleneoxy)phenylporphyT4CPP) andnese
5,10,15,20-tetrakis[3,4-bis(carboxymethyleneoxy)piporphyrin (T3,4BCPP) (Figure 48)
in buffered saline (pH = 7). Also in this case thieelling of TACPP and T3,4BCPP with the
9™re(V) ion seemed to occur at the peripheral —@CBb groups™®®. The authors do not
specify how many®"Tc-atom are bound to the porphyrins. They repogetiono®™Tc-
T3,4BCPP (Figure 48), but they stated that threeernould be potentially chelatéf.
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Ry = OCH,CO0H, Ry= H (T4 CPP)
Ry = Ry=0CH,CO0H (T3,4BCPP) OCH>COOH

Figure 48: Schematic structure of the porphyrins T4ACPP andBGPP and of*"Tc-5,10,15,20-tetrakis[3,4-
bis(carboxymethyleneoxy)phenyl] porphyrin (T3,4BgPHRom ref. 145 and 146.

The labelled products remained stable for more thaours at 25 °C and showed a selective
accumulation in abdominal 120-sarcoma (Swiss nift@nd in mammary tumor (rats)’

Since T/M (tumor to muscle) ratio in nuclear medicine isnaan important parameter to
evaluate the accumulation and the efficacy of aagimg agent]/M ratio was evaluated for
9Mre-T3,4BCPP in mammary tumor CH3H/J mice, in ratmveary tumor and in rat C6-
glioma and it was compared with those obtained wikie known tumor-seeking
radiopharmaceuticafS™c(V)-DMSA (DMSA = dimercaptosuccinic acid)’™Tc-citrate and
20MTICI. *°In the case of C6-gliomas, the ratios were 4.2TABCPP and 2.2, 4.0 and 3.0
for the others compounds while in the case #1/C mammary tumor, the ratios were 9.4, 8.8,
8.1 and 8.5, respectively.

Since an ideal agent should localize in the tatigstie with a target to non-target ratio greater
than 3.0}*%those data validate the hypothesis that this poipttan be good candidate for
tumor localizing agent. Furthermoté'Tc-T3,4BCPP appeared promising as a tumor imaging
agent because it showddM ratios higher than those evaluated for the wellkmdaumor-
seeking radiopharmaceuticals.

The chlorin analog of T3,4BCPC (Figure 49) was #delled with®*™Tc and investigated as
tumor imaging ageht®.

In vivo biodistribution studies of the labeled campd were carried out in rodent and murine
tumor models in comparison with™Tc(V)-DMSA, **™Tc-citrate and®*TICI using a gamma

camera computer system.

88



Also in this case they fountM values of 9.5 in C3H/J mammary tumor bearing 1&3,in
NMU-mammary tumor rats and 4.4 in C -glioma ratsgéneral appreciably higher than those

obtained with the well known tumor-seeking radiaphaceuticals.

Trying to improve the stability of such conjugatespre recently the same group labeled a
new water-soluble cyclam acid porphyrin (CAP), 51B20-tetrakis [4-{4',8',11'-
tris(carboxymethyl)-1'-(1',4',8",11'-tetraazacyetohdecane)amidomethyleneoxy}phenyl]
(Figure 49) with ®™c, using the tetraazacyclotetradecane as tetraigerliigand for
9mre 1% vivo distribution studies were performed in maarn tumour and gglioma
tumour-bearing rats.

Also in this case tumour to muscl&/l) ratio was determined and compared WiRIc(V)-
DMSA, #°™c-Citrate and®*TICI. In the case of mammary tumour rats the raiiese 6.93
for the porphyrins and 1.97, 5.30 and 3.29 fordtheers radiopharmaceuticals. In the case of
C6-gliomas the ratios were 5.58 for the porphy@nl8, 3.96 and 3.02 for thathers
compounds.

OCH,COR

OCH;COR

CHCOOR
N
vong

R= ( j
N N
. Ve “~CH,CO0R
ROOCH,C U

R = CH,CHz (2)
Ry=Ry= OCH,COOH (1) R-H @

OCH;COR

Figure 49 Schematic structureof 5,10,15,20-tetrakis[3,4fzidfoxymethyleneoxy)phenyl]chlorin (T3,4BCPC)
(from ref. 148) and cyclam acid porphyrin (CAP) hdu to themacrocyclic ligands 1,4,8,11-
tetraazacyclotetradecane (from ref. 148).

In general those studies revealed a promising fietefor detection of cancer by™Tc-
porphyrin conjugates but they also evidenced thngcal purity and stability of such
conjugates can be problematic.

The exploitation of othe’™Tc oxidation states, such as Tc(l), with differeate geometries

would allow to use new chelators and targetingtestrias. Surprisingly only very few papers
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describe the coordination of the [M(I)(C§YM = Tc or Re) fragment to a porphyrin.(l). In
all cases the coordination seems to occur insid@dnphyrinic macrocyle.

Tsutsuet al. reported in 1975 the unusual structures of [Tc@J4].-tetraphenylporphyrin
(TPP) (with the long-lived®Tc isotope) and [Re(l)(CG-TPP (Figure 50), obtained by
reacting TPP with either F(CO),00rRe(CO)din refluxing decaliné™ Both the rhenium and
technetium homodinuclear porphyrins were centromginc complexes having two metals
bonded to the porphyrin, one above and one bel@wvpthne of the macrocycle while the

porphyrins macrocycle was highly distorted.

Figure 50. The structure of [Re(I)(C@L-TPP. From ref. 151

More than 25 years later, in 2011, Yang at al riggbthe preparation of a metalloporphyrin

by the reaction of P™Tc(COlH.0)]" with  the  mesetetrakis(4-

sulfonatophenyl)porphyrin(TPRS(Figure51) 2
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Figure 51 Optimized 3D structure ot*™Tc(CO)-TPPS, From ref 152
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Despite the excellent labeling yield (more than 9884pH = 7-8) and the fairly chemical
stability achieved over a range of time, pH andperatures, th&™Tc(CO)-TPPSconjugate
showed very poor uptake or little retention in Hapghor cells and transplanted hepatoma
tissue. Thus, its potential biological applicatsmems to be rather limited.

For the reasons detailed above and for the poggibil new developments, it is of great
interest to study the coordination of long-livé8Mc(COY]* to porphyrins.

We have a considerable experience in the syntioésigetal-porphyrin conjugates. Recently,
we described the preparation for biomedical purpokseveral new Ru-porphyrin conjugates
that bear from one to four either negatively orifesly charged half-sandwich Ru(ll)
coordination compounds at the periphery of the apimore, at meso positidff?” ***

Since the concentration 8™Tc formulations in the bloot?®is typically in the picomolar
range, in this work we focused our attention onppgrins capable of binding only one
[*°™Tc(CO)]" fragment. Here we describe the synthesis and ctesization of two new
water soluble mesesubstituted porphyrins that have in peripheral itpws either a
diethylenetriamine unit for tridentate coordinati¢h8) or a bipyridyl bidentate chelator
connected to the macrocycle through a flexible agdrophilic linker @3) (Figure 52).
Furthermore we report the synthesis and charaateiz of their water-soluble conjugates
that bear in peripheral position either dae[Re(CO)]* (19 and24, respectively) or ontac-
[*°™Tc(CO)]* fragment {9a and 243, respectively) (Figure 52)repared in Zirich by Prof.

Alberto’s research group.
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19M= Re 24 M=Re, L= SCN,n=0
19aM= ¥MT¢ 24aM= "¢, L=H,0n=1

Figure 52. Schematic structures of the new porphyrins arttieif [Re(CO}]"/[**™Tc(CO)]* conjugates.

3.2. Synthesis and Characterization

3.2.1. Water soluble porphyrins

According to our experience in porphyrin-metal cmgtes, good solubility in water is
difficult to achieve. Typically, it requires thdtd metal fragments are highly hydrophilic (e.g.
they are charged and contain ligands capable abigges bonding, such as Nldr en) and/or

the porphyrin itself bears hydrophilic moieties. && aim was to bind to the porphyrin one
fac-[M(CO)3]* fragment (M = Re or®™Tc), which is typically quite hydrophobic, we
reasoned that — for ensuring sufficient water sttylio the conjugates — we had to rely on
appropriate functionalization of the chromophoréug, we designed two new porphyrins
with polydentate binding fragments in peripheralsipon via functionalization of the

carboxylic group of 5,10,15-tris(4'-pyridyl)-20<{darboxyphenyl)porphyrinl6, Scheme 9).

92



In one case (porphyrirtB) a diethylenetriamine unit was attached for tridés coordination,
affording at the same time excellent water soltpilin the other (porphyrin23) a bipyridyl
bidentate fragment was connected to the macrocytlthis case, despite the presence of a
flexible and hydrophilic linker, the aqueous solityiof the porphyrin turned out to be
insufficient; good solubility was obtained by mdttion of the three pyridyl N atoms, which
provided three extra positive charges.

The starting material 1d) was obtained (as the methyl ester) by condensatib 4-
pyridylcarboxyaldehyde, methyl 4-formyl benzoateanrole in a 3:1:4 molar ratio under
Adler—Longo conditions, followed by accurate chrooggaphic separation of the statistic
mixture of the six isomeric porphyrins (having fra@aro to four 4'-pyridyl rings in theeso
positions)*° Hydrolysis of the ester group in THF/@BH under basic conditions gave

porphyrinl5that was used for the synthesis of both porphytBand23 (Scheme 9).

b

Boc

» 23 - 3TFA

o e
— OH
f
7\ -
N

N/\/O\/\O/\/NHBOC
H

21

Scheme Synthetic routes toporphyriis and23.2

a Reactions and conditions: (a) EDCI/HOBt/DMAP, pGH,CH,(NBocCH,CH,N),NHBoc, DMF, rt, 24
h(83%); (b) TFA, rt, 2 h (100%).(c) EDCI/HOBt/DMANH,CH,CH,O0CH,CH,OCH,CH,NHBoc DMF, rt, 24
h(89%); (d) CHI, DMF 90 °C, 2 h (97%); (e) TFA, Ci&l,, rt, 2 h (100%); (f) CDMT/NMM, DMF, from 0 °C
tort, 24 h (78%).

The first step to porphyrih8 was the coupling reaction (activated by EDCI, HOBVAP in
DMF under nitrogen) between the primary amine groofp (2-Aminoethyl)-(2-(tert-
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butoxycarbonyl-(2-tert-butoxycarbonylaminoethyl)amjethyl)carbamic acid tert-butyl ester
(16) and the carboxylic acid df. ** After purification by column chromatography, thed
protected intermediatdd7 was obtained in high vyield. Its NMR characterizatiovas
unambiguous (see Figures 2 - 4); we notice thatdeenances of the two equivalent pyridyl
rings trans to one another are indistinguishable from thos#hefthird ring. Similarly, the 8
pyrrole protons {H) give a single unresolved multiplet (four doubletould be expected,

based on the symmetry).

CHz;Boc
CHCl,
H.0
26ppH omPh  35py \
\\\ /
*
*% NH
CHs
I [
*%
L }U\JU\ JL

T T T T T T T T T T T T T T T T T T T T T

9.5 8.5 7.5 6.5 5.5 4.5 35 2.5 1.5 0.5 -0.5 -1.5 -2.5 -3.5
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Figure 53a.’HNMR spectrum ofL7 in CDCk (see Figure 52 for numbering scheme). *: impusitie': diethyl

ether.
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Figure 53b."HNMR spectrum ofL.7 in CDCkdownfield region (see Figure 52 for numbering scepm
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Figure 54. HSQC spectrum of7 in CDCk.Blue peaks:Chligroups; read peaks:CH/Glgroups.(see Figure 52
for numbering scheme)*: impurities; **: diethyl eth

Deprotection of porphyring7 using TFA in CHCI,, afforded18 as TFA salt in good yield
and purity (as confirmed by the ESI-MS positivetpen, Figure 55).

We were unable to establish the charg&&f.e. how many amino groups were — on average
— protonated. The purple color of the porphyriradieindicates that the internal pyrrole rings
are not protonated (in that case the color tureerm. An NMR spectrum in GODD showed
that the pyridyl protons have chemical shifts thet similar to those of the precursbr,
suggesting that the pyridyl N atoms are not pragshgprotonation would be expected to
induce a consistent downfield shift of the resoeaotH 2,6). We expect to have 1-2 TFA
molecules for each porphyrin. As the exact charig&é8was unrelevant to its subsequent
coordination to the Re/Tc fragment, and the amoawgslable were always small, we did not

pursue its characterization further.
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Figure 55.ESI-MS spectrum 0f8;: m/z812.5 (M + N4).

The procedure for obtaining the bipy-substitutedppgrins 23 involved coupling ofl5, as
the hydroxybenzotriazole (HOBt) ester, witltBoc-2,2'-(ethylenedioxy)-diethylamine in
DMF (Scheme 9). Methylation of this intermediatehvexcess methyl iodide in DMF gave
the tricationic porphyrin®1 (as iodide salt) in almost quantitative yield. Aftgeeprotection
with an excess of TFA in Ci€l,, the mono-aminoporphyrin intermediate was couplét
4-methyl-2,2'-bipyridine-4'-carboxylic acid (bpyAty by using 2-chloro-4,6-dimethoxy-
1,3,5-triazine (CDMT or Kaminski's reagent)aridmethylmorpholine (NMM)**® The
desidered produc23 (as trifluoroacetate salt) was conveniently pudfidy Soxhlet
extraction.

The two porphyrins, as well as their intermediategre characterized by mono- and
bidimensionaH NMR spectroscopy and by electrospray mass spaetry (Figures 56 - 58).
Both 18 and 23, beside being soluble in organic solvents suclmathanol, are also well
soluble in aqueous solution and in phosphate b(#BS) at pH 7.4. As mentioned above, the
downfield region of théH NMR spectrum ofLl8 in CD;OD is similar to that of its precursor
17, except that all resonances are broader.'fiidMR spectrum of porphyring3in CD;OD

O

is similar to those already reported for other ksppstituted phenyl porphyritf
consistent with the geometry of the compound. Assignts were performed through
conventional 2D correlation spectra (Figure 56). gkbton resonances are sharp at 20 °C,
with the exception of thH resonance that is remarkably broad (Figure 56}hé upfield
region the spectrum shows a singlet for the meatfhypyAc até 1.52, and the multiplets of
the aliphatic spaceb (3.55 —3.70). The resonances of the methyl grompthe pyridyl rings
are hidden by the intense resonance £ Hn the downfield region, beside the two doublets
for the pyridyl protons @t9.39 (H2,6) and 8.98 (H3,5) and the multiplet loé o,m-phenyl
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protons atd 8.24, the spectrum shows six resolved resonamesspur doublets and two

singlets, for the bpyAc protons.The H-H COSY spautrof 23 (Figure 57) displays, beside
the expected cross peaks, also two long range wesrielation peaks between the £H
resonance of bpyAc and those of the H3' and HXopsothat allowed the unambiguous

assignment of the bpyAc resonances.
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Figure 56 HNMR spectrum oR3in CD;OD (see Figure 52 for numbering scheme).*: impurity
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Figure 57.H-H COSY NMR spectrum d23 in CD;OD (see Figure 52 for numbering scheme).*: impurity
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Figure 58.ESI-MS spectrum a23: m/z1032.5 (M); m/z(z = 2) 516.3.

The water soluble porphyring8 and 23 were used as ligandsr tridentate or bidentate
coordination to thac[M(CO)s]* moiety (M=Re,**™Tc) (Figure 52).As a first step, the

“cold” Re(CO) conjugates were synthesized and accurately chawstde

98



3.2.2. Re(l)-porphyrin conjugates

Porphyrin18 was treated with a slight excess|[diEty].fac[ReBr(CO)] in a MeOH/PBS
mixture at 70 °C, affording conjugai® in good yield (61%) and purity (as confirmed bg th
ESI-MS positive spectrum, Figure 59) after HPLCifeation (Figure 60). Conjugaté9
gives a single HPLC peak, with a retention timeincsly higher than the parent porphir;
according to HPLC analysis, a solutionl&fin PBS is stable at least up to 24 h. THANMR
spectrum ofl8 is not significantly different from that d© (Figure 61).

Intens. { +MS, 0.0-0.Tmin #{2-16)
x1084
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Figure 59 ESI-MSspectrum of9: m/z1060.4 (M); m/2099.4 (M + K).
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Figure 60 Comparison oHPLC traces 018 and19. Gradient A, See Experimental Section.
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2,6py pH onPh  3,5py

9.25 9.15 9.05 8.95 8.85 8.75 8.65 8.55 8.45 8.35 8.25 8.15
f1 (ppm)

Figure 61.*H NMR spectrum of.9in CD;0D in the downfield region (see Figure 52 for nunig scheme).

Whereas porphyrii8 bears a tridentate N-ligand capable of replacihgheee (relatively)
labile BF ligands infac-[ReBr(CO)]%, 23 has only a bidentate chelator and its reactioh wit
the Re(l) precursor is expected to affdedt-[ReBr(COX(23)](TFA)s;. However, we found
that, during HPLC purification, this derivative ginated a complex mixture of products,
presumably because the bromide ligand is stilleglabile and it partially exchanges with
water, methanol, and with TFA (present in the megiuA similar behaviour had been
previously observed by Alberto and co-workers veittother Re(l) bioconjugate: in that case,
replacement of Br with | afforded a single, stapteduct™>’After several attempts, we found
that in our case prolonged heating2@fwith a slight excessf [NEts].fac-[ReBr;(CO)] and
KSCN in a MeOH/PBS mixture afforded a product watlsatisfactorily HPLC analysis (see
below). Thus, conjugat24 (formulated asac-[Re(CO}(23)(SCN-«N)](TFA)3) was obtained
in good yield (65%) and purity after HPLC purificat. IR analysis o3 showed (beside the
CO stretching bands typical of the Re(G@&agment) the presence of a band at 2098 cm
attributed to the CN stretching mode of the S@Nlligand by analogy with the known model
complex fac-[Re(bpy)(CO}SCN-«N)] — whose X-ray structure was also determingd.
Whereas the ESI-MS spectrum 24 has a quite complicated pattern due to the 3+gehar

(Figure 62), its NMR spectra were highly informati(Figure 63). As in the model complex,
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coordination of thdac-[Re(COX(SCN)] fragment strongly affects the six resonanuethe
bpy protons, that are shifted downfield by 0.5 & gpm compared to the parentporphyi
Indeed, the NMR spectrum a# in CD;OD shows, immediately after dissolution, the pater
of one major 248 and one minor24b) species; very slowly the initially more abundada
species converts in@®4b, so that th4a24b ratio goes from 1:5 att = 0 to 6:1 after 3 days at
ambient temperature. A similar behavior had beesented by Probst®for the model
complexfac-[Re(bpy)(CO)(SCN-«N)] in dmso solution and had been attributed teAN¢o -

kS isomerization of the SChgand. This linkage isomerization has been obskalso with

other metals (e.g. in Ru(ll) complexes)’

Intens. +MS, 0.0-0.1min #(1-6)
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Figure 62 ESI-MS spectrum o24: m/z1359.5 (M); m/4z = 2) 680.5
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Figure 63 *H NMR spectra oR4 in CD;OD in the aromatic region at different times=t0; t = 24 h; §{ =48 h;
= 72 h.

The electronic absorption (Table 9) and emissicecsp of conjugate$9 and24 were not

significantly different from those of the parentrplyrins18 and23, respectively.

Compound| Soret QBand 1Y Qband|ll Qband !l Qdan
18 412 (100)| 510(4.8) | 543 (1.6 587 (1.b) 642 (0.6)
19 413 (100)| 511 (4.8) | 543 (1.6 588 (1.4) 642 (0.7)
23 426 (100)| 518 (7.2) | 555(3.7 591 (2.8) 647 (1.0)
24 427 (100)| 518 (11.7) 555 (6.9 591 (4.6) 647 (2.0)

Table9. UV-Visible and Absorption Maxima (Relative Intengitletermined in MeOH for all compounds.

The fluorescence properties of porphyrins are udefstudy their aggregation behavior in
solution. In fact, porphyrins in their monomericrrfo usually show intense fluorescence
emissions, which are partially or completely questthpon aggregation in solution.

Whereas in PBS solution a moderate decrease ofmfission intensity with time was
observed forl9 (ca. 30% after 24 h, Figure 64a), a significaniution was observed f@4
(ca. 80% after 24 h, Figure 64b), suggesting tlmjugate24 has a stronger tendence to
aggregate in PBS?
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Figure 64(a)Emission spectra of a ca. 10 uM solution18fin PBS at t=0 (black), t=5 h (red),and t=24 h
(blue)Aex 413 NM,A651 nm.(b)Emission spectra of a ca. 10 pM solutibdl in PBS at t=0 (black), t=5 h
(red),and t=24 h(bluejXe427 nmA,658 nm
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3.2.3.9°™¢(1)-porphyrin conjugates

The corresponding™c —porphyrinconjugate49a and 24a (Figure 52) were prepared at
trace level by ligand exchange reaction employingolution of fac-[**™Tc(COX(H-0)s]*
prepared from $¥™cO,]” according to literature procedures or with the owrcially
available Isolink kit (Covidien, Tyco-MallinckrodMed. B.V. Petten, NL}** '®2The
concentration ofac-[**"Tc(CO)(OH,)s]" was determined by the generator eluate and was
typically in the range I6— 10’ M depending on the “age” of tHéVlo/*°™Tc generator. The
solution was then buffered with 0.1 M phosphatefdsuto pH 7.4. The experimental
conditions for obtaining the tw8™Tc conjugates were optimized by testing differestation
times, concentrations and temperatures. HPLC asalysgh y-detection was performed to
quantify the conversion of tH&™Tc precursor. Typically, as mild as possible cdndi are
preferable for the preparation Bf'Tc-bioconjugates as some biomolecules are not gigrm
stable.

We found that, when the reactions were performed5@at °C, the peak offac-
[*°™Tc(CO)(H,0)4" in the radiochromatograms disappeared within 30 after the addition
of the porphyrins (at a concentration of ca®* M for 18, and 10 M for 23) (Figure 65a and
66a, dashed line). In both cases the formationshgle new peak was observed (Figure 65a
and 66a, solid line). According to HPLC, the laingl yield was quantitative for both
porphyrins. The retention times for the parent pgrms, the “cold” Re conjugates and the
corresponding®™Tc labelled porphyrins are given in Table 10.

First of all, the comparable retention times of tlwerresponding Re(C®) and
9mre(COxconjugates confirmed the identity of tA&Tc compoundsl9a and 24a (Figure
65b and 66b). The differences between RefCGmY *™Tc(CO) conjugates are explained by
the separation (void volume) between the UV-vis #ralradiodetector. It should be noted,
however, that we formulated the Re conjugdte as the SCN derivative, whereas the
correspondind®™Tc conjugate24ahas either an aquo or a clorido ligand in the ptafc8CN
(i.e.fac[Re(COY(23)(SCN«N)]**vsfac[*™Tc(CO)(23)(H-0)]* or fac-
[Re(COX(23)(CN]*).
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Figure 65. (a)Radioactive HPLC traces ofTTc(H,0)(CO)]* (dashed line) and of th&™Tc-porphyrin
conjugatd9a (solid line). (b) HPLC traces of porphyrd8 (black line), of th&™ c-porphyrin conjugaté9a(red
line), and of the Re-porphyrin conjugdt@ (blue line).
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Figure 66(a)Radioactive HPLC trace of['Tc(H,0)(CO)]* (dashed line) and of tHé™Tc-porphyrin conjugate
24a(solid line). (b) HPLC traces of porphyr@8(black line),of th&’™Tc-porphyrin conjugat@4a (red line), and
of the Re-porphyrin conjuga(blue line).

Table 10Retention times for porphyrifi8 and23 and for their Re an¥™T¢ conjugates. Elution conditions: C-8
column, buffer 0,1 % TFA, Gradient A(standard Trdélling gradient, See experimental section).

Porphyrin Retention timgl Conjugate with| Retention time Conjugate with Retention time
(min) Re(CO) (min) 9MTc(CO) (min)
18 9.72 19 11.70 19a 11.12
23 9.95 24 10.27 24a 10.46
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3.2.4. Stability of Tc conjugates in aqueous solwtn

The stability of both technetium conjugaté8a and 24a was assessed by HPLC analysis
under a variety of conditions. After the determioatof the formation of the technetium
conjugates by HPLC®™Tc conjugates were left at ambient temperature uadeand the
stability was confirmed by injecting the same votuaf the radioactive mixturd9aand24a
were both chemically stable for a period of at te24 h at room temperature in their
preparation reaction mixture and in cell culturedioen in the absence and presence of HeLa
cells.

The chromatograms obtained fifaand24afrom 30 min to 24h are shown in Figure 67 and
68. The slightly differences between the retentiores depends from the high sensitivity of

the technique used.

—— 30 min
—1h
—2h

——4h
—24h
I

counts

minutes

Figure 67. Radioactive HPLC traces of tH&Tc-porphyrin conjugatd9a at t=30 min (green line), 1h (purple
line), 2h (blue line), and 4h (red line), 24h (Kdme). Elution conditions: C-8 column, buffer 0,1 % TFA,
Gradient A(standard TFA labelling gradient, Seeegkpental section).
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Figure 68. Radioactive HPLC traces of t&"Tc-porphyrin conjugat@4aat t=30 min (green line), 1h (purple
line), 2h (blue line), and 4h (red line), 24h (Kdme). Elution conditions: C-8 column, buffer 0,1 % TFA,
Gradient A(standard TFA labelling gradient, Seeegkpental section).

3.2.5. Conclusions

We synthesized and accurately characterized twcerwabluble porphyrins, bearing a
tridentate and a bidentate chelator to evaluateptiesibility of labeling with $™Tc/Re(l)
(CO)y" fragment at the periphery of the cromophore.

By an accurate characterization of the conjugatswibg the [Re(1)(CQ)" fragment, we
were able to demonstrate that the connection betwles metal fragment and the porphyrin
macrocyle occured at the periphery of the cromophal the conjugates were obtained with
high purity level and reasonable to good yields Tdtal charge ranges from +1 to +3.

The same porphyrinic precursors were than label#d[#™c()(CO)]* fragments.

By comparison of the HPLC traces of tA®Tc conjugates (radiodetection) and the Re
analogues (UV detection) we were able to confirmmbiguously the success of the labeling,
the identity of such compounds and the purityhef’™Tc-conjugates.

Stability studies performed by HPLC on tH&Tc-conjugates revealed an high stability under
air at room temperature, in absence or presencellsfup to 30 minutes to 24 hours.
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3.3. Porphyrins and Re(l)-porphyrins as PDT agent

Since natural and synthetic porphyrins and metalolpyrins are the most useful
photosensitizers for PO, we decided to evaluate the porphyrir@sand 23 and the Re(l)-
porphyrins23 and19 (Figure 52) as potential PS for PDT.

The uptake and in vitro cell growth inhibition diet Re(l)-porphyrinsl9 and?4and ofthe
parent porphyrind8 and23 and was evaluated in HelLa cells.

Finally, the phototoxic effectsof the previously miened porphyrins on HelLa cells upon
irradiation with red light (590-700 nm) have beéundsed.

3.3.1. Cell Uptake
The time- and concentration-dependent uptake otiter soluble porphyrink8 and23 and

of the Re(l)-porphyrind9 and24 by HeLacells was investigated and the results laog/s in
Figure 69.
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Figure 69. Time- and concentration-dependent uptake of thiabeled porphyrirs8 and23, and of the Re(l)-
porphyrind9 and24 at 0.1uM up to 100uM by Hela cells. HelLa cells grown in multi-well & were treated
with compoundsl8, 23, 19, and24 at 0.1 — 10QuM for 1, 2, 4, 8, or 24 h. At the end of the inctiba the
medium was removed, cells were washed with PBSsahubilized using 0.25% Triton X-100

Finally fluorescence emission was read at 430/6T0(@xcitation/emission). Data reported in figure &ne
mean * S.D. calculated from values obtained inglseparate experiments.
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The uptake is time- and concentration-dependent,ao0.1uM and 1.0uM concentrations
for all the tested compounds, also prolonging e exposure until 24 h. A different ability
by the compounds to penetrate HelLa cells can lggesirout for treatments carried out at 10.0
UM and 100.0uM concentrations. The porphyridsS is readily and effectively taken up by
cells, its fluorescence signal constantly increases time at 10.QuM, and at 100.uM the
maximal uptake is reached already after 8 h oftimeat. The porphyrin3 shows a much
lower ability to accumulate in treated cells, nekeaching fluorescence levels comparable to
those of18. At the highest concentration tested the rateetifuptake is fast, and the maximal
fluorescence is achieved after 2 h of exposurer afhich it lasts practically unaltered. The
uptake of Re-porphyrii9 shows a trend similar to that of its unconjugaternterpartls,
although its accumulation in treated cells is giiatively slightly lower comparing the same
treatment concentrations and time points. On thdraoy, whether the metal fragment is
bound to the unlabeled porphyrig8to obtain the Re-derivativa4, the ability to enter HelLa
cells is clearly increased, overall at the 100M concentration. Considering the kinetic of
cell uptake, the comparison of the behaviorl6fand 24 indicates the first compound still
actively taken up at 24 h, and the attainment @hdy state levels after 4-8 h of treatment in
the case of Re-porphyrih

3.3.2.Cytotoxicity

The organometallic porphyrin complexes were ingagdd in vitro as potential drug
candidates for cancer therapy by evaluating thevtjranhibition of human HeLa cells.

The experiments were carried out with the watesislel compound49 and24, and with the
parent water-soluble porphyrid8 and23. The effects of these compounds on the cell growth
were evaluated after treatment for 1 h, 2 h, 4dhahh. Cell viability was determined of the
MTT assay, which measures mitochondrial dehydroggeaativity. (Table 11)

Representative concentration—effect curves ofhedl gorphyrins after 24 h of exposure are
shown in Figure 70.

All tested compounds affect tumor cell growth omigrginally and display 165 values higher
than 100uM, the maximal concentration used in this experitakesetting. Only in the case of
porphyrinsl8 it was possible to calculate ans§value of 74 uM. Considering, however, that
such value could only be obtained using the higbestentration of compoundd., 100uM)

for 24h, this is insufficient to define this compolas a cytotoxic agent.
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Provided that Re(l) and Tc(l) form analogous comjeg with very similar physical and
chemical properties that are expected to have #meespharmacokinetic behaviti‘and
considering that no cytotoxicity for the Re-conjtegawas revealed at 0.pM even after 24h

of exposure, the Tc(l) porphyrins conjugates apgeeted to display any toxicity>

Table 11 ICsq values of compoundks, 23,19, and?4 in HelLa cells treated for 1 h, 2h, 4h and 24h.

ICs0 [nM]
1h 2h 4h 24h
18 > 100 > 100 > 100 74.1+ 33.6
23 > 100 > 100 > 100 > 100
19 > 100 > 100 > 100 > 100
24 > 100 > 100 > 100 > 100

HelLa cells grown in multi-well plates were treateith and with the water soluble porphyrir@&and 23 and the
Re-conjugate49 and24. Cell cytotoxicity was detected by MTT test al0at — 100uM for 1, 2, 4, 8, or 24 h.
ICsp are the mean + S.D. calculated from values obtkim¢hree separate experiments.
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Figure 70. (a) and (b)Antiproliferative activity on HeLacells exposed 84 h to the Re-porphyri® and24
and to the parent porphyritBand23.

3.3.3. Phototoxicity

The porphyring8 and 23, and the Re(l)-conjugatel® and 24 have been studied to assess
their cytotoxic activity against HelLa cells undemdiation with visible light (phototoxicity).
To this end, cells were exposed for 24 h to comgaroncentrations ranging from 0.1 to 100
UM, followed by irradiation at 590-700 nm with a éluce rate of 9 mW/cfrand light doses
from 1 to 10 J/crh Cell cytotoxicity was determined using the MTEtt84 h post-irradiation.

Exposure of control cells to identical light doses induce inhibition of cell proliferation as
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reported in Figure 71. Cells treated with the sawmecentrations of the test compounds, but
kept in the dark, were used as controls for phdtdoyicity.
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Figure 71 Effects of the exposure to light on the prolifeda of untreated control cells. HeLa cells grown i
multi-well plates were kept in the dark or irragi@twith visible light (590 — 700 nm) at 9 mW/tftaence rate
and total light doses of 1 J/énb J/cmi or 10 J/cri Cell cytotoxicity was detected by MTT test 24 ftem
irradiation. 1Gg are the mean + S.D. calculated from values obthiiméour separate experiments.

All tested compounds show no cytotoxicity in Heledl€ kept in the dark, as indicated by the
ICso values reported in Table 12 These values are hitjfam 100uM, except for the Re(l)-
porphyrin conjugatel9 for which an 1@y value of 20uM was calculated. All compounds
become more cytotoxic after the exposure to lighd @ghe photocytotoxicity is directly
proportional to the total light dose applied, asady showed by the dose-effect curves
reported in Figure 72. The most potent compounthés unconjugated porphyrink3 for
which the IGo value drops from > 100 in the dark to 20 at the lowest light dose used in
our experimental settinge. 1 J/cni.

The conjugation of Re(l) to porphyrirds8 slightly modifies the phototoxic features of the
molecule, as confirmed by the fact the compod®dshows IG, values higher thani§,
although this difference tends to diminish withregmsing light doses. On the contrary, the
bonding of Re to porphyrin®3 improves the phototoxic properties of the compoumiself

much less active in comparisoni8.
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Table 12 1Cy, values of compounds$8, 23, 19, and24 in Hela cells treated for 24 h and then exposed to
increasing doses of visible light (590-700 nm).

ICs0 [UM]
dark 1 J/crh 5 J/cm 10 J/cr
18 > 100 2.0+1.3 0.5 0.1 0.2+ 0.1
23 > 100 > 100 24.0% 6.5 5.8+ 1.0
19 20.5+ 7.2 10.9+ 2.7 1.9+ 1.1 0.9+ 0.1
24 > 100 41.1+13.0 4.0¢2.8 3.3+ 2.3

Hela cells grown in multi-well plates were treateith compoundd48, 23, 19, and24 at 0.1 — 10QuM for 24 h,
then cells were irradiated with visible light (580700 nm) at 9 mW/cffluence rate and total light doses of
either 1 J/crf 5 J/cr or 10 J/cri Cell cytotoxicity was detected by MTT test 24fteairradiation. |G, are the
mean * S.D. calculated from values obtained inglmefour separate experiments.

Comparing the results obtained in the phototoxiexperiments performed in the dark with
those of the preliminary cytotoxicity determinati@irable 12), compoundk8 and19 seem to
behave in an opposite way. The nonconjugate poihy8 has an I, of 74uM after a 24 h
treatment (Table 11), and > 1QM after a further 24 h wash out period, a valud iba
similar to that obtained in phototoxicity studierformed in the dark. It is likely that the 24 h
of wash out after time that follows treatment alkogells recovering from the insult that was

detectable at the end of the treatment.
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Figure 72 Light dose- and concentration-dependent effenteziof unconjugated porphyrit&and23, and of
the Re(l)-conjugate$9and24. HeLa human cervix cancer cells were exposed topoands at 0.1 — 100M
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concentrations for 24 h, then cells were irradiaea fluence rate of 9 mw/énand total light doses ranging
from 1 to 10 J/ct Cell cytotoxicity was determined 24 h after thadiation by MTT test.

An opposite consideration can be formulated for &e(l)-porphyrii9 for which no
cytotoxicity could be detected immediately aftez #nd of the 24 h treatment (Table 11), but
which become cytotoxic after a further 24 h washpariod (Table 12). It is assumable that
19induces cell damage that needs some time to leetddt

Compounds uptake after 24h exposure is signifigatifferent, as reported in Figure 69, but
it does not affect appreciably their cytotoxici@n the contrary, the phototoxicity is directly
related to the ability of the compounds to penetcadls. In fact, the unconjugated porphyrins
18 and 23, for which the greatest and the lowest uptake maasured, are respectively the
most and the least phototoxic compounds. The inflaeof the different uptake of the
compounds on the phototoxicity fades by increasinegight doses.

Trying to draw some structure-activity relationshipseems reasonable state that:

1. cytotoxicity is not affected by whatever change mad the porphyrin core (presence
of diethylenetriamine or bipyridylbidentatechelatoonjugation with the Re(l)).

2. The presence of bipyridylbidentate chelator in carnigon to the diethylenetriamine,
as ligand on the porphyrin core or the presenc@fpositive charge on the pyridil
ring of the porphyrin lowers the cell uptake anohsequently the phototoxicity of the
compound.

3. The addition of Re on porphyrins8 marginally affects the compound uptake and
consequently weakly modify its phototoxocity.

4. On the contrary the addition of Re on porphyrig® improves the Hela cell
penetration giving a compound with more advantaggototoxic features.

3.3.4. Singlet oxygen quantum yield®,)

Since the most common mechanism of action of theqgsiensitizers used in PDT (Type I
mechanism) involves the production of singlet oxygpon photoexcitation, tH®, quantum
yield (®,) was measured for of the unconjugated porphyti®sand 23 and of the Re(l)-
porphyrins 19 and 24 using the red light (600-700 nm) following the pedure reported
before.

Here the spectophotofluorimetric data obtainedgi2Bas a substrate are reported.
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Figure 73Photobleaching of an ethanol solution of DMA 2% upon irradiation with a Teclas lamp (590-700
nm) at 100 mW/cr
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Figure 74. Photo-oxidation of 10 uM DMA in ethanol solutisansitized b3 (m)DMA is stable in the absence
of 23 (o). kis the first-order rates constant for the photoprocess as deduced frorsltipe of the semilog plot.

Compound Dy
18 0.33
23 0.66
19 0.36
24 0.62

Table 13 Singlet oxygen quantum yield)for the photosensitizetks, 19, 23and24.
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The investigated Re-porphyrin conjugates showedaratd ¢, = 0.36 forl9) to good @, =
0.62 for24) singlet oxygen quantum yields. Interestingly thés values are not significantly
different from those of the corresponding parenppygrins @, = 0.33 and®?, = 0.66 for the
precursors ofLl8 and 23 respectively) (Table 13). Those data suggesttti@peripheral Re
moieties do not affect by the, significantly.

However the phototoxicity of the investigated pomiis does not seem to be directly related
to this parameter. In fac,8 shows the higher potency in the phototoxic assdpvatlight
doses, despite8 has a lower singlet oxygen quantum vyield.

On the contrary23 displays the opposite behavior, in fact it showeshigher value of singlet
oxygen quantum yield and at the same time the I@@&zncy in the phototoxic assay at low
light doses.

It is worth noting thatP, values are determined in ethanol solution andrtiat likely other
parameters (e.g., hydrophobicity, cell uptake,play a more significant role in determining
the phototoxic activity of these conjugates undevriiro conditions.

3.3.5. Photostability of Compounds

The photostability of the various porphyrin derivas is shown in Table 14. In all cases,
exposure of the porphyrins to red light caused deabdecrease in the intensity of the visible
absorption bands, which is indicative of a photabléng proces¥” The data in Table 14
clearly suggest that all compounds have a highgstability under the conditions used for
the PDT tests. Furthermore the absorbance dedreadeed all the envelope of visible bands
of the compounds indicating that the photoproceskides a destruction of the aromatic
macrocycle with no formation of new visible lightsorbing products.

The reduced extent of photodegradation exhibiteddmypound4.8, 23, and19 and24 would
guarantee that the concentration of the photoagtiveeiple undergoes no important changes
during the required irradiation time in case of fghloerapeutic applications.

irradiation time (min)

Cmp 0 1 2 5 10 15 20 30
18 100 100 100 99 99 99 99 98
23 100 100 100 100 99 99 99 99
19 100 100 99 99 98 98 97 93
24 100 100 100 98 97 97 97 96

Table 14 Photostability percentage of the photosensitizadtar irradiation with red light (590-700 nm) for
different period of time.
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3.3.6. Conclusions

The water soluble porphyriris3, 19, 23 and24 previously synthesized were investigated as
potential PDT agents.

Uptake studies time- and concentration-dependenHeba cells revealed that for Re(l)-
porphyrin19 and for its parent compoud® the uptake at 10uM -100 uM is comparable after
24h. Interestingly, the uptake of Re(l)-porphyrd4)(is 4 times higher compared to its parent
porphyrin 23, suggesting a different mechanism of biological riatéon under in vitro
conditions.

In vitro cell growth inhibition toward HelLa cellsvealed no cytotoxicity. In fact they showed
ICso values higher than 1Q@M, the maximal concentration used in this experitakesetting
after 24 h of exposure.

Then the phototoxic effects on HelLa cells was eatalth upon illumination. Conjugatés,

19, 23 and24 became ca. 10 times more cytotoxic after irradiatvith visible light (590-700
nm) at mild light doses ( 5 J/énand proved to have from moderate to good sirmtggen
guantum yields. The most potent compourd® and 19 were active at micromolar
concentration and very low light dose (1 JfnTaken together, those results suggest that

those porphyrins are promising sensitizers forRBg" of tumors.
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3.4. Expermental Section

All chemicals and solvents were of reagent gradkewaere used without purification unless
stated otherwise.

The organometallic precursor [Re(G@r),][EtsN].was prepared according to a published
method.'®® The radioactive synthon®J"Tc(CO%(H.O);]" was prepared as described
elsewheré®3or using the Mallinckrodt IsoLink kit. N&"TcO, in saline solution was eluted
from a®*Mo/**™c generator Ultra-Techne Kow from Mallinckrodtdrd% saline solution.
4-Methyl-2,2"-bipyridine-4'-carboxylic acid (bpyAt)® 4-formyl benzoate**! and N-Boc-
ethylenediaminé®’ were prepared according to the published procedure

Mono and bidimensional NMR spectra were recordeé &arian 500 spectrometer or on a
Bruker 400 and 500 spectrometers at 400/500 raspBctAll spectra were run at ambient
temperature. In all the solvents chemical shiftsewseferenced to the peak of residual
nondeuterated solveri €7.26 for CDC4, 3.31 for CROD, 2.50 fordmsads). UV-vis spectra
were obtained at T = 25°C on aJasco V-500 UV-viscspphotometer equipped with a
Peltiertemperature controller, using 1.0 cm patiglke quartz cuvettes (3.0 mL). Electrospray
ionisation mass spectra (ESI-MS) were recorded bteik Hitachi M-8000 spectrometer in
the positive ion mode using methanol as the sol\ldnobrescence spectra were recorded on a
Perkin-Elmer LS50B fluorescence spectrometer.

Column chromatography was performed on silica @eJ&G(Merck, 230-400 mesh ASTM),
eluting with dichloromethane/methanol mixtures pectfied below.

RPHPLC analyses were performed oRarkin-Elmer system (LCPump, Series 200) coupled
to a UV-visdetector (LC 290; Perkin-Elmer) ang detector (LB 507 or LB 509; Berthold,
Germany) for th®™Tc compounds. Analytical separations were performrdacherey-
Nagel EC 250/3 Nucleodur C18 Gravity (i particle size, 100 A pore size, 40 x 250 mm)
or Waters XTerra RP8 columns (Bn particle size, 1 x 100 mm) with a flow rate 0% O.
mLmin™,

The gradients used for analyses were as follows:

Gradient A (MeOH): 0-3 min 85% A, 3.1-13 min 85-08 13-20 min 0% A, 20-25 min O-
85% A 25-30 min 85% A, flow rate 0.5 mLniinGradient B (MeOH): 0-3 min, 100% A; 3—
3.1 min, 100-75% A; 3.1-9 min, 75% A;9.1-20 min/0% A, 20-25 min, 0%A; 25-25.1
min 0-100% A; 25.1-30 min 100% A, flow rate 0.5 mibfh Gradient C (MeCN): 0-3 min
85% A, 3.1-13 min 85-0% A, 13-20 min 0% A, 20-25nn®85% A 25-30 min 85% A, flow
rate 0.5 mLmift.
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HPLC solvents were 0.1% trifluoroacetic acid (salv&) and MeOH HPLCgrade (solvent
B).

Preparative HPLC was performed on a Varian PraStstem by using a Macherey-Nagel VP
250/40Nucleosil RP C18 HD 100 A column and a flaterof 40 mLmift. The solvents were
0.1% trifluoroaceticacid (solvent A) and methanohoetonitrile (solvent B).

Synthesis of Compounds

meso-5-(4'-Methoxyphenyl)-10,15,20-tris(4'-pyridyl)porphyrins ord'TrPyMeP (14)

In a 250 ml round-bottom flask, equipped with aficent mechanical stirrer, were placed
consecutively: propionic acid (120 mL), methyl 4fftylbenzoate (1.13 g, 6.88 mmol, 1
equiv.) and 4-pyridinecarboxaldehyde (2.03 mL, 8émol, 3equiv.). After the dissolution
of the methyl 4-formylbenzoate, pyrrole (1.94 mlZ,53mmol, 4 equiv.) was added dropwise
(ca. 4 min) to the mixture. The reaction mixtureswaen refluxed for 2 h in the dark. The
solvent was partially distilled under reduced puesgo 40 ml. After the addition of a mixture
of ethylene glycol and methanol (60 mL, 1:1), itsnsgtored at -18°C for 12 h.The purple
precipitate was removed by filtration, thoroughlasked with coldmethanol, and dried
vacuoat room temperature.Yield 0.91g (18%).

Thin-layer chromatography of the crude product i{itiomethane/methanol 98:2) showed it
to be a mixture of the six possible porphyrin iseend'-TMeP (R= 0.95),4-MPyTrMeP (R
0.77), 4'transDPyDMeP (R = 0.55), 4'cisDPyDMeP (R = 0.43), 4-TrPyMMeP (R= 0.33)
and 4-TPyP (R= 0.13)}°

The isomers were separated using two columns chography in  serieg(,
dichloromethane/methanol 98:2). The fifth eluteadavas identifiedby TLC as 5,10,15,20-
tetrakis(4'-pyridyl)porphyrin (194 mg, 8%).

The identifications of the porphyrin was confirmleg comparing its Rvalue with those of

the crude mixture and By NMR spectroscopy.
'HNMR (CDCL, 8): -2.89 (br s, 2H, NH), 4.12 (s, 3H, @H8.17 (d, 6H,J = 5.6 Hz,

H3,5Py), 8.32 (d, 2l8Ph, J=8.1 Hz), 8.45 (d, 2iPh, J=8.1Hz), 8.86 (s, 8t8H), 9.05 (d,
6H,J = 5.6 Hz, H2,6PY).
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5-(4'-Carboxyphenyl)-10,15,20-tris(4'-pyridyl)porphyrin(4 TrPyMOHP) (15)

A 2.4 mLamount of a 40% KOH aqueous solution wadeddto a40 mg amount df4
(0.051mmol) dissolved in 40mL of a 2:1 THF/EPH mixture. The reaction mixture was
shielded from light andstirred at 40 °C for 1 hrAaction completion (TLC, Cil,/MeOH
90:10), the mixture was acidified with conc. HCH(p), and extracted with THF/GRBI,1:1
(4 x50 mL). After the evaporation of the organiaction, the solid was washed with

petroleum ether, collected by filtration and vacudmed. Yield: 38.4 mg, 98%.

"HNMR(dmso-@,9): -3.00 (s, 2H, NH), 8.27 (d, 6H,= 5.6 Hz, H3,5Py), 8.37(m,4rPh +
oPh), 8.90 (dJ = 2.4 Hz, 8HpH), 9.05 (d, 6HJ = 5.6 Hz, H2,6PYy).

RP-HPLC Waters XTerra RP8 (Gradient A): 13.59 m8i:KIS m/z 661.5 (MH).TLC:
Ri=0.28 (CHCI,/MeOH 90:10).

(2-Aminoethyl)-(2-(tert-butoxycarbonyl-(2-tert-

butoxycarbonylaminoethyl)amino)ethyl)carbamic acidtert-butyl ester (16)

A procedure similar to that described in literattffevas used with the following parameters:
2-acetyl-5,5-dimethyl-cyclohexane-1,3-dione (Dd&)dmg,1.65 mmol) in EtOH (5 mL) was
slowly added to an ice-cooled solution ®f N-bis-(2-aminoethyl)-ethane-1,2-diamine
(482mg,491uL, 3.29 mmol) dissolved in EtOH (5 mL). The reantimixture was stirred
overnight at rt.

At reaction completion (TLC, CiIl,//MeOH 80:20), the solvent was distilled under restlic
pressure and the resulting oil was stored at -I8fQ2 h.

The crude product (2.06 g) was dissolved in EtOBirlL) and cooled to 0°C. Dert-butyl-
pyrocarbonate((BOGp, 3.55 g) in EtOH (10 mL) was then slowly addettie reaction
mixture, which was subsequently stirred overnighttaExcess of (BOGD was quenched
with H,O (1 mL) and the mixture was stirred at 50°C forn3id.. A 25% aqueous hydrazine
solution (3.8 mL) was then added to the reactioxtuné and stirring was continued for 4 hat
.

The solvent was removed vacuo The resulting oil was purified by column chrongphy
using two columns chromatograpiry series(dichloromethane/methanol/NBH 100:10:1)

to yield a colorless oil (118mg, yield: 16% basadlwe amountof Dde).
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'H NMR (CDCE, 6): 1.42 (s, 9H, Boc); 1.46 (s, 18H, Boc), 2.23$b2H, NH), 2.83 (t, 2H,
CHyNHy), 3.32 (br, 10H, CH), 4.88 (br s, 1H, NHCO), 5.05 (br s, 2H, NHCO).

RP-HPLC Waters XTerra RP8 (Gradient A): 11.41 mixCT R=0.19 (CHCl,/MeOH/25%
NH4OH, 100:10:1).

(17)

A 17.4 mg amount of EDCI (0.090mmol, 1.5 equiv.dam 12.3 mg amount of HOBt
(0.090mmol, 1.5 equiv.) were added to a solutiodemmitrogen of TrPyMOHHAS5 (40mg,
0.060mmol) dissolved in 4 mLof anhydrous DMF. T tholution, after stirring for 45 min, a
40.2 mg amount 0f6 (0.090mmol) and a 8.0mg amount of dimethylaminmye (DMAP)
(0.066mmol, 1.1 equiv.) dissolved in 2 mL of antous DMF were added. The reaction
mixture was shielded from light and stirred at ot 24 h. At reaction completion (TLC,
CH,Cl,/MeOH 90:10), the solvent was distilled under restlpressure. The resulting dark
semisolid was dissolved in 3 mL of @El, and purified by column chromatography using
CH,CI,/MeOH (90:10) as eluent. The workup afforded 621%% of the product as a purple
solid (yield95%).

'H NMR (CDCH, 6): -2.89 (br s, 2H, NH), 1.47 (m, 27H, GBoc), 3.56 (m, 12H,C}), 4.78
(br s, 1H, NHCO), 4.98 (br s, 1H, NHCO), 5.51 (bdkl, NHCO), 8.16 (d, 6H) = 5.1 Hz,
H3,5Py), 8.25(s,4HnPh +oPh), 8.86 (s,8HsH), 9.06 (d, 6HJ = 5.1 Hz, H2,6PYy).
RP-HPLC WatersXTerra RP8 (Gradient A): 12.62 mi&I-EIS m/z 1090.6 (MHJ.TLC:
R=0.56 (CHCI,/MeOH 90:10).

(18)

A 300 puL amount of trifluoroaceticacid (TFA) was addedaasolution ofl7 (63.45 mg,
0.058mmol) dissolved in 5 mL of anhydrous £i}. The mixture was stirred at room
temperature for 3h in the dark. At reaction complet(TLC, CHCIl/MeOH 90:10), the
solvent was completely removed on a rotary evaporit give a purple solid of the title
porphyrin as trifluoroacetic salt. The product weed in the following step without further

purifications.
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'H NMR (trifluoroacetic salt) (CBOD, 6):3.09 — 3.49 (m, 10H,CH, 3.93 (m, 2H, ChNH,),
8.41 (s, 4AHMPh +oPh), 8.66 (m, 6H, H 3,5Py), 9.05 (b s, ), 9.26 (m, 6H, H 2,6PYy).
RP-HPLC Waters XTerra RP8 (Gradient A): 9.72 min.

ESI-MS m/z: 789.4 (M), 812.5 (M + N3).

TLC: R=0.65 (CHCI,/MeOH 90:10).UV-vis (CHOH) Amax nm (relative intensity): 412
(100), 510(4.8), 543 (1.6), 587 (1.5), 642 (0.6).

(19)

A 20 mg amount ol8 (0.020mmol) was dissolved in a mixture of £LHH (6 mL) and PBS
(2 mL).To this solution a 18.2mg amount of [NEiReBr(CO)] (0.023mmol) dissolved in 6
mL of PBS (pH = 7.4).was added. After stirring & & under nitrogen for 12h in the dark,
RP-HPLC(Waters XTerra RP8, gradient A) showed timmétion of the product.

The solvent was evaporated under vacuum and thduessvas redissolved in 8 mL of
methanol.

The crude material was purified by preparative HFN@cleosil RP C18 HD 100 A, gradient
C) to afford 9 mg (61%) of compourd® as a purple solid.

'H NMR (CD;0D, ¢): 3.42 — 3.67 (m, 8H, CHl 3.83 — 3.90 (m, 2H, CH| 4.04 — 4.12 (m,
2H, CH), 5.60 (m, 1H, CONH), 8.31 (dd, 6B,= 5.0 Hz, H 3,5Py), 8.39 (d, 2H,= 7.8 Hz,
oPh), 8.32 (d, 2HJ) = 7.8 Hz,mPh), 8.81 (br s, 8HiH), 9.02 (dd, 6H,J = 5.0 Hz, H 2,6PYy).
RP-HPLC Waters XTerra RP8 (Gradient A): 11.70 min.

ESI-MS m/z: 1060.4 (M), 1099.4 (M + K).

UV-vis (CH3OH) Amax, M (relative intensity): 413 (96), 511 (4.8), 5436), 588 (1.4), 642
(0.7).

(20)

A procedure similar to that described above wasl,uséh the following parameters: 30 mg
of TrPyMOHP (5) (0.045mmol) in 3 mL of anhydrous DMF, 13.04 mgEDCI (0.068
mmol, 1.5 equiv.), and 9.19 mg of HOBt (0.068mniok equiv.). To this solution, a 16.9 mg
amount of N-Boc-ethylenediamine (0.068mmol, 1.5 iefuand a 6.1 mg amount of
dimethylaminopyridine (DMAP) (0.049 mmol, 1.1 egliwere added and the reaction
mixture shielded from light and stirred for 12 hrat
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The resulting solid was washed with water, dissslie 3 mL of CHCI, and purified by
column chromatography using @El,/MeOH (90:10) as eluent. The workup afforded 35 mg
of the product as a purple solid (yield 89%).

'H NMR (CDCE, 6): -2.90 (br s, 2H, NH), 1.40 (s, 9H, GBbc), 3.35 (m, 2H, Chkpace},

3.63 (t, 2H,CHspace}, 3.74 (m, 4H, Chspace}, 3.85 (m, 4H, CHspace}, 5.04(br s, 1H,
NHBoc), 7.06 (br s, 1H, NHBoc), 8.16 (d, 6Bi= 5.6 Hz, H 3,5Py), 8.27 (dd, 4hPh +
oPh), 8.86 (br s, 8H3H), 9.06 (d, 6H,J = 5.6 Hz, H 2,6Py). TLC: R0.75 (CHCl,/MeOH

90:10).

(21)

A 22 mg amount of 4TrPyMetNHBocPR(Q) (0.024mmol) was dissolved in DMF (3 mL).
Subsequently CHil (77uL, 1.23mmol, 50 equiv.) was added to the solutiod the mixture
was heated under reflux for 21y

At reaction completion (TLC: silica gel, acetic d®fleOH/water 50:20:1), the solvent was
completely removed on a rotary evaporator. Theltiegusolid was washed with diethyl
ether, collected by filtration and vacuum driedeMi 30.3 mg, 97%.

'H NMR(dmso-@, ¢): -3.03 (br s, 2H, NH), 1.37 (s, 9H, GBbc), 3.04 (m, 1H, Chkkpace},
3.10 (m, 2H, CHspace}, 3.44 (t, 2H, NHCHspace}, 3.59 — 3.69(m, 8H, Cispace}, 4.71
(s, 9H, N-CH),6.80 (t, 1H, NHBoc), 8.35(m, 4HmPh +0oPh), 8.93 (t, 1H, NHBo0c),9.02(m,
8H, H 3,5Py28H), 9,06(br s, 4HpH), 9.15 (m, 2HpH),9.47 (d, 6HJ = 5.6 Hz, H 2,6PYy).
RP-HPLC Waters XTerra RP8 (Gradient A): 10.07 milMLC R;=0.26 (acetic
acid/MeOH/water 50:20).

(22)

A 150uL amount of trifluoroacetic acid (TFA) was added dosolution of21 (40mg,
0.031mmol) dissolved in 5 mL of anhydrous .

After stirring at room temperature for 3 h in tharkd RP-HPLC (Waters XTerra RPS8,
gradient A) showed the formation of the product.

The solvent was completely removed on a rotary esadpr to give a purple solid of the title

porphyrins as trifluoroacetic salt.Yield: 34.8 n87%.
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'H NMR (acetone-g 6): -2.87 (br s, 2H, NH), 3.72 (m, 2H, Gépace}), 3.73 — 3.78 (m, 2H,
CH; spacej, 3.80 (m, 4H,CHspace}, 3.94 (m, 2H, Chspace}, 4.00 (m, 2H, CHspace},
5.01 (s, 9H, N-CH), 8.33 (d, 2HmPh +0Ph), 8.43 (d, 2HmPh +0oPh), 9.07 (m, 2HAH),
9.15 (d, 6HJ = 5.3 Hz, H 3,5Py), 9.28 (m, 6/AH), 9.67 (d, 6H,) = 5.6 Hz, H 2,6PYy).

'H NMR (CD;0D, 6): 3.69 - 3.88 (m, 8H, Ckspace}, 3.93 (m, 2H, Chispace}, 4.02 (m,
2H,CH; space}, 4.98 (s, 9H, NC#), 8.33 (d, 2HmPh +0oPh), 8.41 (d, 2HmPh +oPh), 9.12
(d, 6H,J = 5.3 Hz, H 3,5Py), 8.83 - 9.47 (m, 8kH), 9.63 (d, 6H,) = 5.6 Hz, H 2,6PYy).
RP-HPLC Waters XTerra RP8 (Gradient A): 13.70 milMLC R;=0.16 (acetic
acid/MeOH/water 50:20).

(23)

A 471 mg amount of bpyAc (0.022mmol, 2 equiv.) d% mg amount of CDMT
(0.024mmol, 2.2 equiv.) were dissolved in DMF (3)mAfter dissolution, the mixture was
cooled at 0°C antl-methylmorpholine (2.6, 0.024mmol, 2.2 equiv.) was added.

After stirring for 4 h at 0°C, a solution @2 (14 mg, 0.011mmol) an-methylmorpholine
(2.65pl, 0.024mmol, 2.2 equiv.) in 1 mL of anhydrous DM&s added. The reaction mixture
was stirred for 24 h at rt in the dark. At reactmmpletion (TLC, acetic acid/MeOH/water
50:20:1) DMF was removed under reduced pressure.rébidue was washed with diethyl
ether, placed into a thimble of a Soxhlet apparanhg continuously extracted with 300 ml of
anidrous CHCI, for 12h. The residue on the thimble was dissolne®l ml of isopropanol and

vacuum dried to obtain the title compound. Yield:88 mg (85%).

'H NMR (CD;0D, 9): 1.52(s, 3H, CH), 3.66 (m, 2H, Chispace}, 3.79 — 3.82 (m, 10H, GH
space}, 6.22 (d,J = 4.8,1H, H5' bpy), 7.33 (s, 1H, H3' bpy), 7.62 d; 4.8,1H, H6' bpy),
7.67 (dd, 1H,J =1.50, 4.96 Hz, H5), 8.24 (m, 4FPh +0oPh), 8.33(t, 1H, NHCO bpy), 8.39
(s, 4H, H3, bpy), 8.62 (d, 4H,= 4.96 Hz, H6), 8.98 (d, 6H,= 5.3 Hz, H 3,5Py), 8.89 - 9.28
(m, 8H,H + NHCO), 9.39 (d, 6HJ = 5.6 Hz, H 2,6PYy).

RP-HPLC Waters XTerra RP8 (Gradient A): 9.95 mir§lHS m/z: 1032.5 (M), m/z
(z=2): 516.5.

UV-vis (CHsOH) Amax M €x 103 dnt molcm?): 426 (124), 518 (7.2), 555 (3.7), 591
(2.8), 647 (1.0).
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(24)

A 10 mg amount 023 (0.007mmol) was dissolved in a mixture of £LHH (6 mL) and PBS
(2 mL).

To this solution a 7.86 mg amount of [NEiReBrs(CO)] (0.010mmol, 1.) dissolved in 6 mL
of PBS (pH = 7.4) was added. After stirring at 7Qf@er N for 12h in the dark, RP-HPLC
(Waters XTerra RP8, gradient A) showed the comppeteduct formation. KSCN (0.011
mmol, 1.14 mg) dissolved in little @, was added and the solution heated to 70 °C fotd?
ensure complete formation of the product.

The solvent was evaporated under vacuum and thduessvas redissolved in 8 mL of
methanol.

The crude material was purified by preparative HFN@cleosil RP C18 HD 100 A, gradient
C) to afford 8 mg (65%) of compour2d as a purple solid.

There are two linkage isomers with a SCN- ligand, thiocyanato conjugate R&SCN
which converts to the thermodynamically favored &Nshd isothiocyanato conjugate Rle-
NCS. The spectral and analytical dat24éprepared in the present study were consistent with

those previously reportedf°

RP-HPLC Waters XTerra RP8 (Gradient A): 10.27 min

ESI-MS m/z 1359.5 (M} , m/z (z=2): 680.3calcd for [M] Isotopic distribution: 1361,38
(100,0%), 1362,39 (73,6%), 1359,38 (56,4%), 136(4330%).

'H NMR (t = 0, CROD, ¢): 2.32 (s, 3H, Ch), 3.57 — 3.86 (m, 12H, GHbspace),4.82 (9H,
N-CHjg), 7.28 (d,J = 6.06, 1H, H5' bpy), 7.94 (dd, 1Hd,=1.50, 4.96 Hz, H5), 8.30 (m, 5H,
mPh +oPh + H3' bpy), 8.42 (d] = 6.06, 1H, H6' bpy), 8.70 (d, 1H, J = 4.96 Hz, HBEP6
(m, 7H,J = 5.3 Hz, H 3,5Py +H3, bpy), 8.89 - 9.28 (m, &), 9.39 (d, 6HJ = 5.6 Hz, H
2,6Py).

UV-vis (CH3;0OH) Amax NM (relative intensity): 427 (100), 518 (11.79556.9), 591 (4.6), 647
(2.0).

Labelling with **™Tc

Na[*®™TcO,] was eluted from &Mo/**™Tc generator(Mallinckrodt, Petten, The Netherlands)

using 0.9% saline.
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The solution of the precursof T'Tc(H,0)s(CO)]*'was prepared fron?i"TcO4] (1 ml eluate)
using aborocarbonate kit containing;GO,BH; (4 mg, 0.029mmol), disodium tartrate
dihydrate (7 mg, 0.030 mmol) and borax decahydfateg, 0.018 mmol) owith an Isolink
kit®(Mallinckrodt-Tyco, Inc.), according to a previoyslescribed procedufé&(Solutions of
the precursor[*™c(H,0)s(CO)]*were prepared from{™TcO4] as described in the
literature or by using the Isolifikkit)

After stirring for 20 min at 95°C, the mixture wesoled down, neutralised with 0.1 M HCI
and the pH was adjusted to 7.4 byadding 0.1 M piatepbuffer (100-200ml).

Complete formation of P™Tc(H,O);(CO)]* was confirmed by HPLC analysis using RP-
HPLC HPLC coupled with gamma detector after cooling.t. (Macherey-Nagel EC 250/3
Nucleodur C18 Gravity, Gradient B). Rt f6PTTc(H,0)s(CO)]" = 5.25 min

In a nitrogen-purged glass vial, 1(Dof a PBS solution of the porphyrin (v for 18 and
10° for 23), was added to 90@I of the solution of fac¥ ™ c(COX(H-0)s]* previously
preparedThe mixture was allowed to heat in the dark at 5fftC30 min.

HPLC analysis with y-detection was performed to verify full conversioof the
[*°™Tc(H,0)s(CO)] *(Waters XTerra RP8 , Gradient A). Rt for'TTc(H,0)3(CO)]* = 3.53
min, R for 19a= 11.12 min; Rfor 24a= 10.46 min.

Determination of the quantum yield for singlet oxy@n generation

The quantum yield®,) of singlet oxygen generated by compoud8s 19 and 23 and 24
upon photoexcitation was measured using 9,10-diytetthracene (DMA) as substrdf8.
Typically, 1.5 ml of a 20 uM ethanol solution of BVand 1.5 ml solution of the porphyrin
(0.4 A at Soret band maximum,10° M) in ethanol were placed in a quartz cuvette el
optical path and irradiated with 590—700 nm light dlifferent periods of time at 20 + 2 °C
under gentle magnetic stirring. The fluence-rats w80 mW/cri The DMA fluorescence
emission was recorded in the 380-550 nm waveleragtge with excitation at 360 nm. The
first-order rate constant of the photo-oxidationD#A by 'O,was obtained by plotting In
Fo/F as a function of the irradiation time t, whé&gandF represent the fluorescence intensity
at time 0 and at time t, respectively. The ratestamt was then converted int®, quantum
yield by comparison with the rate constant for DMghoto-oxidation sensitized by

haematoporphyrin (Hp), for whiaf, was shown to be 0.65°
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Photostability studies

The stability of the porphyrin to red light irratd@n was determined by preparing a solution
of the appropriate compound in ethanol with an dieace of 0.4 at the maximum absoption
peak. This solution was placed in a quartz cuweitie al cm optical path and irradiated at 25
°C for different periods of time under gentle magmetirring by using 590-700nm light

(Techno Light 270, Karl Storzsource, 100 mWnifter each irradiation, the absorbance
spectrum was recorded by a Jasco V-500 UV-vis sgaubtometer equipped with a Peltier
temperature controller using 1.0 cm path-lengthrigueuvettes (3.0 mL). The value of the
absorbance at the maximum peak at time 0 was cauhpeth those recorded at the various

irradiation times.

Tumour cell lines for in vitro tests

The human cervix epitheloid carcinoma HelLa cek {[ATCC, CCL2, Rockville, Maryland)
was maintained in Dulbecco’s modified Eagle’s metiyEuroClon&, Devon, UK)
supplemented with 5% fetal bovine serum (FBS, Gilmatrogen™, Paisley, Scotland, UK),
2 mM L-glutamine (EuroClorfe Devon, UK), and 100 IU/ml penicillin and 1Q@y/ml
streptomycin (EuroClorfe Devon, UK).

The cell line was kept at 37 °C in a gi@cubator with 5% C@and 100% relative humidity.
Cells from a confluent monolayer were removed fritasks by a trypsin-EDTA solution.
Cell viability was determined by the trypan blueedgxclusion test. For experimental
purposes cells were “grown” in multiwell cultureafss.

All experiments were carried out in complete medzontaining 5% FBS (CM-5%).
In Vitro Cell Uptake of Re-Porphyrins Conjugates.

HeLa cells were plated at 10000 per well in a Go86well plate (Euroclone, Devon, UK)
and allowed to grow for 24 h. Compound’s stocksenfeeshly prepared in dimethylsulfoxide
(Sigma, St. Louis, MO, USA) at a concentration 6 M and then diluted into medium to
final working concentrations. Cells were exposed variable concentrations of each
compound (0.1-100 uM) for O, 1, 2, 4, 8, and 24Ahthe end of the incubation time, the
medium containing treatment was removed and ceadi® washed with 200l of PBS. Cells

were harvested upon addition of 2j0l0of 0.25% Triton X-100 (Sigma, St. Louis, MO, USA)
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in PBS. To determine the compounds uptake, fluerese emission was read at 430/670 nm
(excitation/emission) using a Tecan Infinite F 20&e reader (Tecan Austria GmbH, Grodig,

Austria). Experiments were conducted in quadrufgieand repeated tree times.
Determination of Cell Cytotoxicity.

Cell growth inhibition was determined by the MT Bbility test'’* Cells were sown at 10000
per well on 96- well plates and allowed to growt4ells were incubated for 1 h, 2h, 4h and
24h with variable concentrations (0.1-100 uM) oé t@ppropriate compound, obtained by
serial dilutions in CM-5% of stocks freshly prepdiia dimethylsulfoxide (Sigma, St. Louis,
MO) at 10° M concentration. Maximum dmso concentration in ¢e# incubation medium
was < 0.3% v/v. Cell toxicity analysis was performedthé end of the incubation time.
Briefly, MTT dissolved in PBS (5 mg nt) was added (1QL per 100uL of medium) to all
wells and the plates were then incubated at 37 it€ 5% CQ and 100% relative humidity
for 4 h. After this time, the medium was discarded 200uL of dmso were added to each
well according to the method of Alley et'&fOptical density was measured at 570 nm on a
SpectraCount Packard (Meriden, CT) instrumenty Kalues were calculated from dose-
effect curves with GraphPad Prism version 4.03 Windows (GraphPad Software, San

Diego, CA). Experiments were conducted in quadoapd and repeated tree times.
Determination of Cell Phototoxicity.

Cells were sown at 10000 per well on 96-well platad allowed to grow 24 h. Then, cells
were incubated with concentrations from 0.1 to 108 of the appropriate compound,
obtained by serial dilutions in CM-5% of stocksshéy prepared in dimethylsulfoxide
(Sigma, St. Louis, MO) at a concentration 0?14, for 24h. Maximum dmso concentration
in the cell incubation medium was0.3% v/v. Thereafter, the media containing compisun
were replaced with drug-free medium and cells weealiated at 590-700 nm at a fluence
rate of 9 mWi/crh and light doses ranging from 1 to 10 Jcifhis wavelength interval was
isolated from the emission of a halogen lamp (Techight 270, Karl Storz) by the insertion
of broadband optical filters. Control experimenterfprmed in the absence of any
photosensitizer indicated that light doses up td/t@f cause no evident cell damage. A plate
similarly treated, but not exposed to light wasduae reference for the dark cytotoxicity in

the same experimental conditions.
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Analysis of cell phototoxicity using the MTT assay described above was performed after a
further incubation of 24 h after irradiation andrquared to the values of control cells without

light irradiation. Experiments were conducted imduwplicate and repeated tree times.
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