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water-solubilizing segment (which may be provided in the form of a poly(oxyalkylene)-containing substituent, for example), which
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WATER SOLUBLE TETRAPYRROLE COMPLEXES CONTAINING BILADIENE
LIGANDS USEFUL IN PHOTODYNAMIC THERAPY

Cross-Reference to-Related Application

This application claims priority to United States Provisional Application No.
62/714,854, filed & August 2018, the entire disclosure of which is incorporated hergin
by reference in its entivety for all purposes.

Government License Rights

This invention was made with government support under Contract No.
CHE1352120 awarded by the National Science Foundation {NSF) and Contract No.
P2OGM104316 awarded by the National Institutes of Health {(NIH). The government
has certain rights in the invention.

Figld of the Invention

The present invention relates to substilited derivatives of linear tetrapyrroles
{biladienes) which are capable of forming water soluble metal complexes useful as
photochemotherapeutic agents in photodynamic therapy and other applications. Such
complexes are referred to herein as “tetrapyrrole complexes” and are described in
more detail below.

Background of the Invention

Photodynamic therapy (PDT) represents a minimally invasive and highly
localized treatment strategy to ablate tumors in patients with few side effects. In PDT,
photosensitizers embedded within tumors are activated by light and undergo
intersystem crossing foliowed by energy transfer to molecular oxygen, resulting in the
production of toxic singlet oxygen. The singlet oxygen thereby produced is capable of
destroying tumor cells, In PDT, photosensitizing compounds are either intratumorally
or intraveneously injected and circulated throughout the body prior to irradiation of &
tmor site.

PET is a promising treatment strategy for at least certain types of cancers and
skin conditions because it is less invasive than surgical options, has fewer side effects
than radiation or chemotherapy, and has been shown to stimulate antitumor
responses. Despite these promising benefits of PDT, its widespread clinical use is met
with three key limitations. First, photosensitizers often have high toxicity to healthy
tissues even without light application, which limits the allowable administered dosages.
Further, successful PDT requires sufficient oxygen gresence in the native tissue to
produce toxic 'Oz, However, the microenvironment deep within solid tumors is often
hypoxic, thereby rendering the pholosensitizers ineffective in these regions. Lastly,
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most photosensitizers for POT are activated by short wavelengths of light {<600 nm)
that cannot deeply penetrate tissue, resulting in uneven therapeutic effects throughout
the tumor space. Photosensitizers have been developed that can be activated with
longer wavelengths of light for enhanced tissue penetration, but unfortunately this
approach is still ineffective in hypoxic tumor regions and these photosensitizers still
suffer from relatively high off-target foxicities even without light application.

ideally, a photosensitizer intended for use in PDT has the following
characteristics:

- Low dark toxicity

- A high degree of chemical purity

- Easy/inexpensive to synthesize

- High O guantum yield

- Soluble in agueous environments

- Selective for tumaor cells

- Strong absorption betwesen 600 and 850 nm

Achieving all of these characteristics simultaneously have proven to be very
challenging. Thus, there is still a significant need for improved photosensitizers usefut
in PDT.

summary of the Invention

A robust, linear tetrapyrrole palladium(Il) complex, referred to as PA[DMBIl1]
and having the following structure, has previously been reported. See Potocony et al,,
Electrochemical, Spectroscopic, and *0. Sensitization Characteristics of Synthetically
Accessible Linear Tetrapyrrole Complexes of Palladium and Platinum. Inorg. Chem.
2017, 56, 12703-13711.

pdiDMBIIL]

This complex is characterizad by its facile and modular synthesis, broad
absorption profile, and efficient 'O, quantum vield of ®s = 0.8 in organic media.
However, the insolubllity of this porphringid derivative In aguecus solution prevents its
use under biologically relevant conditions.

Water soluble digrganobiladiens derivatives have now been developed that are appended

with one or more water-solubilizing segments, in particular polylatkylene) glycol functionalities
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such as a poly{ethylene) glyeod functionality,  Such derivatives provide fetrapyrrole complexes
which are comprised of a metal, such as Pd or P, complexed by a 10,10-diorgano-
5,.15-diaryibiladiene ligand which bears at least one substituant comprised of a water-
solubilizing segment.

Such functionalized complexes, exemplified by PA[DMBIl1}-PEGss,, are capable of
maintaining the attractive photophysical properties of the corresponding parent complexes under
biclogically relevant conditions. Introduction of the poly{alkylene} glvcol functionality has been
found to overcome the inherent hydrophobicity of the biladiene architecture. The addition of this
functionality endows the linear tetrapyrrole complex with water solubility while having little effect
on its photophysical properties, thus generating a biccompatible compound that retains the ability
to generate singlet oxygen with a high quantum yield under biologically relevant conditions. While
such functionalized biladiene complexes are highly nontoxic in the dark, they can serve as
extremely potent chematherapeutic agents for treatment of cancer cells and drive apoptotic cell

death with a high phototoxicity index.

%/

2 CHa

PA{OMBIIL}-PEGsss {n = ca. 17}

Mare specifically , the absorption profile of PA[DMBHI]-PEG;se, for example, closely
matches that of PA{DMBI1] and obeys the Beer-Lambert Law, suggesting that the complex does
not aggregate under biologically relevant conditions, Additionally, the emission spectrum of
PA{OMBII1}-PEGyso retains the fluorescence and phosphorescence features characteristic of
PAIDMBIIL] Importantly, the PEGylated photosensitizer generates 'O, with @, = 0.57, which is waed]
within the range to warrant interrogation as a potential photodynamic therapy (FDT) agent for
treatment of cancer cells. The PJA[DMBI1]-PEGys is biologically compatible, as it is taken up by
MEA-MB-231 triple negative breast cancer {TNBC) cells and has an EDs of only 0.354 uM when
exposed 1o Aw > 500 nm light for 30 minutes, Impressively, the LDs of PA{DMBH1]-PEG;sp without
Hight exposure is 1.87 mM, leading to a remarkably high phototoxicity index of ~5300, which is
vastly superior to existing photosensitizers that form the basis for dinical PDT treatments. Further,

through flow cytometry experiments, it has been shown that PDT with PA{DMBIl1]-PEGyse induces
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primarily apoptotic cell death in MDA-MB-231 calls. Qverall, these results demonstrate that
PA{DMBHL]-PEGs. is an easily prepared, biologically compatible, and well-tolerated
photochemotherapeutic agent that can efficiently drive the photoinduced apopiotic death of TNBC
cells.

&s described in more detall below, the tetrapyrrole complexes of the present invention are
useful as PDT photosensitizers for treatment of cancers. Such complexes have been found to be
well tolerated by cancer cells such as TNBC cells and are potent ‘0, sensitizers, Moreover, the
inventive tetrapyrrole complexes may be readily synthesized using & comparatively small number
of steps from commercially available starting materials and can be purified and isolated using
modular methods. Further, the properties and characteristics of the complexes can be easily tuned
as may be desired for particular end use applications by varying the different substituents present
on the biladiens skeleton of the ligand.

Description of the Drawings

Fig. 1 shows, in summary form, a reaction sequance which can be used to

prepare 3 water soluble tetrapyrrole complex in accordance with the invention.

Detailed Description of Embodiments of the Invention

Tetrapyrrole Complexes

The tetrapyrrole complexes of the present invention may be described as
compaunds in which a metal such as palladium or platinum is complexed by a 10,10~
digrgano-5, 15~diaryibiladiene ligand which bears at least one substituent comprised of
a water-solubitizing segment such as poly{oxyalkylens) segment. Such ligands have an
a,c-biladiene framework structure containing four linked pyrrole rings, which is non-
cyclic {Mlinear”):

The complexed metal may be, for example, Pd or Pt, but any other meatal may also
be amploved such as platinum group metals generally {Pd, Pt, Ry, Rh, Qs, Ir),
transition metals {(such as Ni, Cu, Zn, Fe, Cd), Group 13 metals {(&.g., Al, In, Th, Ga),
and other metals {e.g., Mg). The metal may be in ionic form, for example as a
divalent, trivalent or tetravalent ion. One or more other anions may be present and
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associated with the complex if needed to compensate for any charges that may exist as
a result of the complexed metal being selected and iis valency.

The ligand is disubstituted at the 10 position with grgang groups, which may be the
same as or different from each other. The organo groups may be hydrocarbon groups,
but cauld also be organd groups containing one or more heteroatoms such as halogean,
nitrogen, oxygen, sulfur and so forth., Suitable hydrocarbon groups include, for
example, alkyl groups and/or aryl groups. For exampie, the alky! groups may be C1-
CE atkyl groups, straight chain or branched, such as methyl, ethyl, propyl, butyl and
the like. Suitable aryl groups include phenyl groups and other aromatic (including
hetroaromatic) or conjugated groups. The alkyl or aryl groups may be substituted, for
gxample with halo groups or gther heterpatom-containing groups. According to various
gmbodiments, the 10 position is substituted with two alkyl groups (e.g., two methyl
groups), two aryl groups {e.g., two phenyl groups), or both an alkyl group and an aryl
group {2.9., 8 methyl group and a phenyl group). Having organc groups present as
substituents at the 10 position of the ligand helps to improve the oxidative stahility of
the tetrapyrrole ligand and metal complexes thereof. If the organo groups are replaced
by hydrogens, the ligand can rapidly decompose in the presence of air,

The 10,10-diorganc-5,15-diaryibiladiene ligand is substituted with ong or more
substituents comprised of a water-solubilizing segment. The water-sclubilizing
segment{s) help to improve the water solubility, and thus the biocompatibility, of the
tetrapyrrole complex, owing to the hydrophilicity of the water-solubilizing segment. As
used herein, the term “water-solubilizing segment” refers to a segment {moiety)} within
the ligand that functions 1o increase the solubility in water of a complex comprising
such ligand as comparad to the solubility in water of a complex comprising an
analpgous ligand that is identical in structure except that it does not comprise such a
segment,

According to certain embodiments of the invention, the water-salubilizing
segment is oligomeric or polymeric in character and is comprised of two or more
hydrophilic repeating units, Suitable water-solubilizing segments include, for example,
poly{oxyalkylene) sagments, polysaccharide segments, polypeptide segments,
poly{thioaikyiene} segments, poly{aminoalkyleng) segmenis, polyvinylpyrrolidane
segments, aliphatic polyester segments, polyamide segments, polyvinyl alcohol
segments, polyacrylic acid segments, polvacrylamide segments, polyoxazoline
sagments, aliphatic polycarbonate segments, polyphosphate segments, and
polyphosphazene segments. According to certain embodiments of the invention, the
water-solubliizing segment may contain an average of at least three monpmer units
with a combined mass of at least 200 g/mol {in anather embodiment, a combined mass
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of at feast 300 g/mol). By increasing the size and/or average molscular weight of the
water~-solubilizing segment, the water solubility of the resulting tetrapyrrole complex
rmay generally be increased. For example, the number average molecular weight of the
water-solublizing segment may be as high as 50,000, 40,000, 30,000, 20,000, 10,008
or 5000 g/mol, although the use of even higher number average molecular weight
water-solubilizing segments is possible.

The ligand may bear one, two, threg, four or more substituents comprising
water-solubilizing segments and such substiiuent or substituents may be present at
any position of the biladiene skeleton, provided such positioning does not interfere with
the ability of the ligand to complex with a selected metal. In particular, the substifuent
or substituents comprising a water-solubilizing segment, such as a poly{oxyalkylene)
segment, may for example be substituted on one or both of the aryl groups which are
present at the 5 and L5 positions of the a,c-biladiene framework of the ligand.

If a poly{oxyalkylene) segment or poly{oxvatkylene) segments is or are utilized,
such segmeant{s) may be an aliphatic polyether moiety containing repeating
oxyalkylene units, such as oxymethyleng, oxyethylens, axypropylens and oxybutvlene
units or combinations thereof (for example, oxyethyleng/oxypropyieng). Such
poly{oxyvalkyleneg) segments may be formed, for example, by the ring-opening
polymerization of ¢yclic ethers (such as oxetanes, epoxides, and oxolanes) and/or by
the condensation of aliphatic glycols such as ethylene glycol, propviene glycol and
butyiens glycol. According to preferred embodiments of the invention, the
poly{oxyalkylens) segment(s) may be polv{oxyethyleng) segments. Such
poly{oxyethylene segments may correspond to the structure ~{CH:CH0)-, wherein n
is an integer from 3 to 258, Depending upon how the ligand is synthetically prepared,
there may be a distribution of polv{oxyethyleneg) segments in which the valus of n
varies, In such cases, n may refer to the average number of axyethylene repeating
units per segment. According to certain embodiments, n may be from about 3 to about
250 on average, for example. According to other embodiments, the poly(oxyalkylene)}
segment may have a number average molecular weight of at least 200 g/mol.

The at least one substituent comprised of a water-solublilizing segment such as
a polv{oxyatkyleng) segment may be additionally comprised of a terminal group
selected from the group consisting of alkyl groups and atkyl groups substituted with at
least one functional group. Suitable alkyl groups include, for, example, methyl, ethyl,
propyl, butyl and the like, which may be straight chain, branched or cyclic, Suitable
functional groups include, without limitation, -SSR, NRz, CQ:R, ~C{=0}NR», -SOsR,
-POsR, -PR:Y, or -NRsY, wherein each R is independently H or an organo group {such as
alkvi, aryl or the like).
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Further, the at least one substituent comprised of at least one water-solubilizing
segment {e.qg., a polv{oxyaltkylene} segmeni) may be additionally comprised of a
linking moiety which links (directly or indirectly} the water-solubilizing segment to the
biladiene skeletor of the ligand {for example, to an aryl group pendant to the biladiene
skeleton). Any of the linking moisties known in the arl may be empioved.

According to certain embodimants, the linking moiety may for example be

selected from the group consisting of:

O

wherein X is O, S, Se, Te, NH, NR, CHz, CHR, and CR;, with R being an organc group
{e.g., an atkyl group).

For example, the linking molety may be divalent and may be selected from the
group consisting of ~SCHC{=0INH- (wherein the nitrogen atom is covalently bonded
to a carbon atom of the water-solubilizing segment, e.g., a poly{oxysthylene)} segment)
and ~O-~CHa-triazole- (wherein a nitrogen atom of the triazole ring is covalently bonded
to a carbon atom of the water-solubilizing segment {e.q., a poly{oxyalkyieneg)
segment}.

The structure of the linking moiety ~-5CHC{=0)NH~ may be depicted as:

O

<

-5  HN

The structure of the linking molety ~0-CH:-triazole- may be depicted as:

;-NK:’E?E
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The at least one substituent comprised of at least one water-solubilizing
segment may comprise at least one biclogically active group {(which may be a part of
the water-solubflizing segment, linking moiely and/or terminal group, but may also be
present in the water-solubilizing segment in addition to the water-solubtlizing segmaeant,
linking molety or terminal group). The term "biclogically active group”™ can be any
group that selectively promotes the accumulation, elimination, binding rate, or
tightness of hinding in a particular biclpgical environment. For example, one category
of biologically active groups is the substituents derived from sugars, specifically, (1}
aldoses such as glyceraldehyde, erythrose, threose, ribose, arabinose, xylose, lyxose,
allose, altrose, glucose, mannose, gulose, idose, galactose, and talose; (2) ketoses
such as hydroxyacetane, erythrulose, rebulose, xylulose, psicose, fructose, verboss,
and tagatose; {3) pyranoses such as glucopyranose; {4) furanoses such as fructo-
furanose; (8) O-acyl dervatives such as penta-0O-acetvl-a-glucpse; {6} O-methyl
derivatives such as methyl a-glucoside, methyl p-glucoside, methyl a-glucopyranoside
and methyi-2,3,4,6-tetra-G-methy! glucopyranoside; {7} phenvilosazones such as
glucose phenviosazoneg; {8) sugar alcohols such as sorbitol, mannitol, glycers!, and
myo-inositol; (9) sugar acids such as gluconic acid, giucaric acid and glucuronic acdid, o-
gluconolactone, S-glucuronolactone, ascorbic acid, and dehydroascorbic acid; (10)
phasphoric adid esters such as a-glucose 1-phosphoric acid, a-glucose &-phosphoric
acid, a-fructose 1,6-diphosphoric acid, and a-fructose &-phosphoric acid; (11} deoxy
sugars such as Z2-deoxy-ribose, rhammose {deoxy-mannose)}, and fructose {6-deoxy-
galactose); {12) amino sugars such as glucosaming and galadosaming; muramic acid
and neurarninic acid; {13) disaccharides such as maltose, sucrose and trehalose; (14)
trisaccharides such as raffinose {fruciose, glucose, galactose) and melaritose {glucose,
fructose, glucose); (15} polysaccharides {glycans) such as glucans and mannans; and
{16} storage polysaccharides such as a-amvylose, amyiopectin, dexirins, and dextrans.

Amino acid derivatives are also ussful biclogically active groups, such as those
derived from valine, leucing, isoleucine, threoning, methionine, phenylalanine,
tryptophan, alanine, arginine, aspartic acid, ¢ystine, cysteine, glutamic acid, glycineg,
histidine, proline, sering, tyrosing, asparagine and glutamine. Also useful are peptides,
particularty pHilip peptides, celi-penetrating peptides and those peptides known to have
affinity for specific receptors, for example, oxviodin, vasopressin, bradvkinin, LHRH,
thrombin and the like.

Another useful group of biclogically active groups are those derived from
nucieosides, for example, ribonucleosides such as adenosine, guanosine, cvtidine, and
uriding; and 2'-deoxyribonucieosides, such as 2'-deoxyadenpsing, 2'-deoxyquanosine,
2'~deoxycytidine, and 2'-deoxythymidine,
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Another category of biclogically active groups that is particularly useful is any
figand that is specific for a particular biological receptor. The term "ligand specific for a
receptor” refers {0 a moiety that binds a receptor at cell surfaces, and thus contains
corttours and charge patterns that are complementary (o those of the bislogical
receptor. The ligand is not the receptor itself, but a substance complementary to it It
is well understood that a wide variety of cell fypes have specific receptors designed to
bind hormones, growth factors, or neurctransmitters. However, while these
embodiments of ligands specific for receptors are known and understood, the phrase
"ligand specific for a receptor”, as usad herein, refers to any substance, natural or
syntheatic, that binds specifically to a receptor.

Examples of such ligands incdlude: {1) the sterocid harmones, such as
progesterone, estrogens, androgens, and the adrenal cortical hormones; (2) growth
factors, such as epidermal growth factor, nerve growth factor, fibroblast growth factor,
and the like; {(3) other protein hormones, such as human growth hormone, parathyroid
hormone, and the like; {4) neurotransmitters, such as acetyicholine, ssrotonin,
dopaming, and the like; and {5) antibodies. Any analog of these substances that also
succeeds in binding to a biclogical receptor 5 also included.

The aryl groups substituted at the 5 and 15 positions of the 18,18-diorgang-

5, 15-diarylbiladiene ligand may be substituted phenyi groups having one ar more
substituents selected from the group consisting of halogen, alkyl, nitrogen-containing
substituents {(e.g., amine groups)}, sulfur-containing substituents {e.g., thiol, thio
ethar), oxygen-containing substituents {e.g., hvdroxyl, carboxyiate, hydroxyalkyl,
alkoxy} and combinations thereof, subject to the proviso that at least one of the
substituted phenyl groups is substituted by at least one water-solubilizing segment-
containing substituent {(such as a polv{oxyalkylene) segment-containing substituent).
As used herein, the term "substituted phenyl group” means a phenyl group which is
substituted at at least one carbon of the aromatic ring with a substituant other than
hydrogen. According to one embodiment, all substituents on the substituted phenyl
groups other than water-solubilizing segment-containing substituents are halogen
{e.q., fluorine}. In other embodiments, a water-solubilizing segment-containing
substituent, such as a poly{oxyalkylene) segment-containing substituent, is attached to
the position on the pheny! group which is para to the carbon atom which attaches the
phenyl group to the 5 or 15 position of the 10,10-diorgane-5,15-diaryibiladiene ligand.
The 14,10-diorgano-5.15-diaryibiladiene lgand, according to certain embodiments
of the invention, may be substituted at one or bath of the 2 and 18 positions with a »-

conjugation-extending substituent., A n-conjugation-extending substituent is a
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substituent which extends the n-conjugation present within the 10,10-diorgano-5,15-
diaryibiladiene ligand. For example, the r-conjugation-extending substituent may be
selected from the group consisting of carbonyl-containing substituents, imine-
containing substituents, aromatic substituents, vinylaromatic substituents and
ethynviaromatic substituents. Suitable aromatic substituents include phenyl groups,
naphthyl groups, anthreny! groups and the like {including both unsubstituted and
substituted versions thereof). A vinylaromatic substituent may have structure -
CH=CH-Ar, wherein Ar is an aryl group such as phenyi, which may be substituted or
unsubstituted. An ethynylaromatic substituent may have structure ~CsC-Ar, wherein
Ar is an aryl group such as phenyl, naphthy! or anthrenyil, which may be substituted or
unsubstituted. According to certain embodiments, a n-conjugation-extending
substituent is present at the 2 and 18 positions of the 10,10-diorgano-5,15-~
diarylbiladiene ligand. It is also possible for a single w-conjugation-extending
subsstituent to bridye between the 2 and 18 positions of the 10, 10-diorgano-5,15-
diarvibiladiene ligand {thereby making the ligand macrocyclic rather than linsar).
Exemplary ethynylaromatic substituents include:

1
i

i‘
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and analoguss of any of the ethynylaromatic substituents depicted above, where the
carbon-carbon triple bond is replaced by a carbon-carbon double bond.

It is also possible for one or more of the pyrrole rings to be substituted,
particularty at the 2 and/or 18 position of the biladieng, for example with substituents
such as bromine or other halogen. In this context, “substituted” means that a
hydrogen atom otherwise present on the biladiene skeleton is replacad by a non-
hydrogen substituent.

According to certain embodiments of the invention, the tetrapyrrole complex has
a structure corresponding fo Formula (I
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wherein M is a metal; each X is independently selected from the group consisting of
hydrogen, halogen, alkyl, and water-solubilizing segment-containing substituents,
subject to the proviso that at least one X is a water-solubilizing segment-cantaining

5  substituent, each R is independently subjected from the group consisting of hydrogen,
halogen, and n-conjugation-extending substituents, and each R’ is independently
salected from the group consisting of alkyl groups and aryl groups.

M may be Pd or Pt or any of the other metals previously described. R and R’ may
independently be methyi or phenyl. The poly{oxyalkylene) segmeni may have a

il number average molecular weight of from 300 to 2000 g/mol. The poly{oxyatkylene)
segment may be a poly{oxyethyleng) segment. The al least one substituent comprised
of a poly{oxyalkyleneg) segment-containing substituent may have a terminal group
selected from the group consisting of alkyl groups and alkyl groups substituted with at
least one functional group. The at least one substituent comprised of a

15 poly{oxyalkyleng) segment-containing substituent may be linked to a phenyl group
through 3 linking moiety. The linking molety may, for example, be selected from the
group consisting of

Q
—X HN—
and
m'}i‘\ ﬁ%ﬁ
A\

20
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wherein X is O, &, Sg, Te, NH, NR, CH:, CHR, and CR;, with R being an organo
group such as an atkyl group.
Specific illustrative examples of suitable linking moieties include:

-S  HN-

5 and

-0 Ny
\\ i
N,

According to certain embodiments, one or two X groups (in Formula {I}) may be
poly{oxyalkylene) segment-containing substituents and the remaining X groups may be
fluorine. The water-solubilizing segment-containing substitutent{(s) {a.g.,

10 poly{oxvatkylene) segment-containing substituents) may be attached to the phenvl
group in the para position.  Each R may be a n-conjugation-extending substituent
selected from the group consisting of carbonyl-containing substituents, imine-
cortaining substituents, aromatic substituents, vinylaromatic substituents and
ethynviaromatic substituents. The water-solubilizing segment may have structure -

15 {CHCH:O )~ wherein n is from about 3 o sbout 250 on average. According to
particular embodiments of the invention, the poly{oxyailkylene} segmeant-containing
substituent(s) may be selected from:

O

/4

-8  HN

O
o,

or
20



10

is

WO 2020/046543 PCT/US2019/045250

~14-

Ny e
\(\/\G’}ﬁCHS

whaerein i is from about 3 to about 258 on average.

In certain embodiments, the trapyrrole complex is characterized by having a
phenyl group of Formulia (11} attached at one or both of the 2 position and the 15
position of the biladiene skeleton:

X X
\
Y
X X (1)

wherein each X is the samae or different and is selected from the group consisting of
hydrogen, halogen, alkyl, nitrogen-containing substituents {e.g., aming groups), sulfur-
containing substituents {e.g., thiol, thio sther}, oxygen-containing substituents {e.4.,
hydroxyl, carboxylate, hydroxyatkyl, alkoxy) and combinations thereof, and Y is a
poly{oxyalkylene) segment-containing substituent {in particular, a poly{oxyethyleng)
segment-containing substifuent). According to certain embodiments, Y is:

O

or

wherein n is from about 3 to about 250 an average.
The following are illusirative examples of specific tetrapyrrole complaxes in
accordance with the present invention:
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In sach case, n may be from 3 to 250 on average.

Methods of Making Tetrapyrrole Complexes

Tetrapyrrole complexes in accordance with the present invention are
synthetically accessible by introducing water-solubilizing {e.g., poly{oxvalkyiene})
funciionality into a base telrapyrrole complex that does not contain such functionality.
Suitable unfunctionalized base tetrapyrrole complexes are known in the art; their
synthesis {and that of related tetrapyrroles containing sp™ hybridized meso-carbons) is
described, for example, in the following publications, the entire disclosure of each of
which is incorporated herein by reference in its entirety for all purposes: Potocny et al.,
Etectrochemical, Spectroscopic, and Q: Sensitization Characteristics of Synthetically
Acceassible Linear Tetrapyrrole Complexes of Palladium and Platinum. Inorg. Chem.
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2017, 5p, 12703-12711; Pistner et al., Electrochemical, Spectroscopic and Singlat
Oxygen Sensitization Characteristics of 10,10-Dimethylibiladiene Complexes of dinc and
Copper. J Phys, Chem A., 2014, 118, 10639-10648; Pistner &t al., A Telrapyrrole
Macrocycle Displaying a Multielectron Redox Chemistry and Tunable Absorbance Profile.
J. Phys, Chem , 2012, 116, 16918-16924; Pistner et al., Synthesis, Electrochemistry
and Photophysics of & Family of Phlorin Macrocycles that Display Cooperative Fluoride
Binding. J. Am. Chem. Soc., 2013, 135, 6601-6607; and Pistner &t al., Factors
Controlling the Spectroscopic Properties and Spramolecular Chemistry of an Electron
Deficient 5,5-Dimethyiphlorin Architecture. J. Phys. Chem C., 2014, 118, 14124-14132.

According to one embodiment, a leaving group on an aryl group attached to the
5 or 15 position of the tetrapyrrole {(biladiene) ligand backbone can be displaced via
nucteophilic aromatic substitution. The leaving group can be a halogen, for example
{e.q., fluorine}, and can be positioned as a parg substituent on a phenyl group. The
niucieophile may be a thick-containing compound, such as mercaptoacetic acid, that
gither already contains a poly{oxyalkyiene} segment or contains a functional group,
such as a carbowylic acid group, that is capable of being derivatized to introduce a
poly{oxyatkylene) segment., For example, where the funcional group that can be
derivatized to provide a poly{oxvatkyieng) segment is a carboxylic acid group, tha
poby{oxyatkyleng) segment can be provided in the form of an amino-functionalized
poly{oxvalkylens} glycol, wherein the amino functionality reacts with the carboxylic
acid group to form an amide linkage. Carbodiimide coupling chemistry may be used,
for example, to convert a3 mercaptoacetic acid substituent into an N-
{methoxyPEG)mercapteacetamide. An -SCH:CO0:H functionalized complex may be
initially reacted with A-hydroxysuccinimide {(NHS) and {-ethyl-3-(3-
dimethylaminopropylicarbodiimide hydrochloride {ERC) to form an NHS
mercapioacetate intermediate. Further treatment with a tertiary amine such as
trimethylamine and 2 methoxy-PEG-amineg results in the formation of a {methoxy-
PEG}-containing substituent on the complex.

Suitable amino-functionalized poly{oxvalkviene} ghycols include, for example,
amino-functionalized poly(oxyethyiene} glycols carresponding to Formula (111}

HN{RDCHCHD{CHCHA0):R? {TIT)
wherein R is hydrogen or alkyl (e.g., C1-C6 atkyl}, R? is alkyl (e.g., C1-C6 alkyl) or
~CH:CH2RY, wherein RS is ~OH, -0Alk, -NHz, -NHAIK, -NHAcy!, -N(AIK)2, -C{=0)R?, or
~QCHC{=ORY, Alk is alkyl, RY s ~DH, -DAlk, -NH:, -NHAIK or ~N{Alk):, and nis 2 to
249,

Besides thiol groups, other functional groups that are capable of acting as
nucieophiles in a nucleophilic aromatic substitution reaction include any of the
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nucieophiles known i the art of nucleophilic aromatic substitution, such as hydroxyl
groups and primary or secondary aming groups.

A specific, Hustrative example of this synthetic approach Lo tetrapyrrole
complexes i accordance with the present invention is grovided in Fig. 1 and further
described in detaill in the Examples.

Another way to link a water-solubilizing segment-containing substituent to an
aryl group is to first react a leaving group {e.g., a halogen such as fluorine) on an aryl
group attached 1o one or both of the 5 or 15 positions of the tetrapyrrole {biladieneg)
ligand backbone with propargy! alcohol to introduce a propargy! substituent on the aryl
group, then react the ethynyl functionality of the propargy! substituent with an azide-
functionalized reactant also containing a water-solubiiizing segment such as a
poly{oxvatkylene segment). The ethynyl functionality reacts with the azide group to
form a triazole finkage.

Suitable azide-functionalized poly{oxvalkylane) glycols include, Tor example,
azide-functionalized poly{oxysthylene) glycols carresponding to Formuia (IV):

Ny-CHCHO{CHCHO.RY (IV)
wherein R is alkyl (e.g., C1-C6 alkyl} or ~CH:CHRS, wherein R is -QH, ~0Alk, -NH;,
-NHAK, -NHAcyl, -N(AlK):, ~C{(=0)R%, or -OCH:C(=0)R%, Alk is alkyl, R is ~OH, -QAlk,
~NHz, ~NHAK or -N{aAlk):, and nis 2 0 249,

It is also possible to attach 8 water-solubilizing segment-containing substituent
directly to an aryl group using a reactant that contains a water-solubilizing segment as
well as a nucleophilic group capable of displacing a leaving group on the aryl group in a
nucleophilic aromatic substitution reaction.

The one or more water-solubilizing segment-containing substituents need not he
substituted on an aryl group attached to one or both of the 5 or 15 positions of the
tetrapyirole {biladiene) ligand backbone., Reactive functionality anywhere in a starting
tetrapyrrole ligand may be utilized for the purpose of infroducing a water-sclubilizing
segmeant-containing substituent. Such reactive functionality may include, for example,
an ethynyl group, a primary or secondary amino group, a3 halogen group, or a
carboxylic acid group. A reactant containing both a functional group reactive with the
reactive functionality present in the starting tetrapyrroie ligand and a water-solubilizing
segment may be reacted with the starting tetrapyrrole ligand.

The tetrapyrrole complexes of the presant invention may also be prepared by
first preparing a suitable 10,10-diprganp~5,15-diaryibiladiene ligand which bears at
least one substituent comprised of 3 water-solubilizing segment and then reacting such
igand with a source of the metal to be complexed (for example, a metal salt}. Such
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ligands may, for example, have a structure corresponding to that of Formula {I)
wherein M is replaced by two hydrogens.
Formulations containing Tetrapyrrole Complexes

The tetrapyrrole complexes disclosed herein can be prepared as or formulated
into a formuiation (pharmaceutical composition) suitable for use in the treatment,
therapeutic, or diagnostic methods slso described heresin. For example, the
formutlations can further comprise one or more pharmaceutically acceptable
excipient{s} and/or carrnier(s), in addition to one or more tetrapyrrole complexes. The
pharmaceutically-accepltable excipient{s) and/or carrier{s) can be administered with the
tetrapyrrole complaxes disclosed above as well as possibly other components such as
nanoparticles which emit heat in response to iaser light. The formulation can be
administered in vivo in a pharmaceutically acceptable carrier. In view of the water
solubility of the tetrapyrrole complexes, the use of water or other agueocus-based
carrier is preferred in at least certain embodiments. The tetrapyrrole complex may be
fully or partially dissolved in the carrier. By "pharmaceutically acceptable” is meant a
material selected to minimize any degradation of the active ingredient{s) and to
minimize any adverse side effecdts in the subject, as would be well known to one of skill
in the art.

Suitable carriers and excipients are described in Remington: The Science and
Practice of Pharmacy {(19th ed.) ed. A. R. Gennaro, Mack Publishing Company, Easton,
Pa. 1995, An appropriate amount of a pharmaceutically-acceptable salt may be used in
the formulation to render the formulation isotonic. Examples of pharmaceutically-
acceptable carriers include, but are not limited to, saling, Ringer's solution and
dextrose solution. The pH of the solution is preferably from about 5 to about 8, and
more preferably from about 7 to about 7.5, If will be apparent to those persons skilled
in the art that certain carriers may be more preferable depending upon, for instance,
the route of administration and concentration of tetrapyrrole complex and possibly
other components being administerad.

The formulations can be administered orally, parenterally {e.g., via intravenous
injection, intraperitoneal injection, intramuscular injection, intratumoral injection,
intraartertal injection}, transdermally, extracorporeaily, topically ar the like, including
by topical intranasal administration or administration by inhalant, or a combination
thereof. As used herein, "topical intranasal administration” means delivery of the
formulation into the nose and nasal passages through one or both of the nostrils and
can comprise delivery by a spraying mechanism or droplet mechanism, or through
aerpsolization of the formulation. Administration of the formulation by inhalant ¢an be
through the nose or mouth via delivery by a spraying or droplet mechanism. Delivery
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can also be directly to any area of the respiratory system {e.g., lungs) via intubation.
The axact amount of the formulation reguired will vary from subject to subject,
depending on the species, age, weight and general condition of the subject, the type of
disorder or disease being treated, the location of the diseased tissue being treated, the
particular tetrapyrrole complex, s mode of administration and the like. Thus, it is not
possible fo specify an exact amount for every formulation. However, an appropriate
amount can be determined by one of ordinary skill in the art using only routine
expearimentation given the teachings herein.

Formulations for parenteral administration include sterile aqueous or non-
agqueous solutions, suspensions, and emuisions. Examples of non-agueous solvents are
prapylene ghycol, polysthylene glycol, vegetabie olls such as olive oil, and injectable
grganic esters such as ethyl oleate. Agqueous carriers include water, alcoholic/agusous
solutions, emulsions or suspensions, including saline and buffered media. Parenteral
vahicles include sodium chloride solution, Ringer's dextross, dextrose and sedium
chioride, lactated Ringer's, or fixed cils, Intravenous vehicles include fluid and nutrient
replenishers, electrolyte replenishers {(such as those based on Ringer's dextrose), and
the like. Preservatives and other additives may also be present such as, for axample,
antimicrobials, anti-oxidants, chelating agents, and inert gases and the like.

Formulations for topical administration of the tetrapyrrole complexes can include
gintments, iotions, creams, gels, drops, suppositories, spravs, liquids and powders.
Conventional pharmaceutical carriers, aqueous, powder or oily bases, thickeners and
the like can be desirable.

The formulations can further include, in addition to one or more tetrapyrrole
complaxes in accordance with the present invention, one or more active ingredients
such as antiimicrobial agents, anti-inflammatory agents, anesthetics, and the like.
Nanoparticles which emit heat in response to laser light, as described glsewhere herein,
could also be included in the formulations, so that tetrapyrrole complex{es) and such
nanoparticles may be co-administered.

Methods of Using Tetrapyrrole Complexes/Methods of Treatment

The disclosed tetrapyrrole complexes, and formulations comprising them, ¢an be
administered {0 an individual to kill endogencus tissue or cells. The tissue can be
undesirable tissue that has arisen due to transformation, such as a tumor, cancer, or
endometriosis; adipose tissug; plagues presant in vascular tissue and over-proliferation
such as those formed in restenosis; birthmarks and other vasauar fesions of the skin;
scars and adhesions; and irregularities in connective tissue or bone, such as bone
spurs, As used herein, the term "cancer” includes a wide variety of malignant salid
neoplasms. These can be caused by viral infection, naturally occurring transformation,
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or exposure o environmental agents. Parasitic infections and infections with
organisms, especially fungal, that lead to disease may also be targeted.

in some examples, the tetrapyrrole complexes of the present invention and
formulations containing such complexas can be useful for causing photodynamic
damage to cancer cells. Photodynamic damages to cancer cells include, but are not
limited to, preventing or reducing the development of a cancer, reducing the symptoms
of cancer, suppressing or inhibiting the growth of an established cancer, preventing
metastasis and/or invasion of an existing cancer, promoting or inducing regression of
the cancer, inhibiting or suppressing the proliferation of cancerous cells, reducing
angiogenesis or increasing the amount of apoptotic cancer cells, thereby treating
cancer.

Generally, the methods can include contacting a cell with an effective amount of
the tetrapyrrole complex or a formulation comprising the tetrapyrrole complex as
described herein. One of siill in the art recognizes that an amount can be considered
therapeutically effective even if the condition is not totally eradicated but improved
partiatly. The formuiations can be injected directly into the target tissue, or can be
administered systemically. More specifically, the formulations can be administered
using any suitable method indluding intravenous {i.v.), intraperitoneal (i.p.),
intramuscular (.m.), intratumoral (i.8), intraarterial {1.3.), topically, andfor by
inhalation. Intravenous administration is particularly preferred for solid tumaors, while
i.p. administration is preferred for pancreatic, liver, and gastric tumors,
Advantageously, even when administerad systemically, the tetrapyrrole complexes
preferentially sccumulate in the cancerous tissue, and preferably actively integrate in
the cancerous tissue, as opposed to surrounding healthy tssue,

The disclosed methods can also include the application of external fonizing
radiation for the purpose of exciting the tetrapyrrole complex. The rate and time at
which the cancerous celis are tradiated may depend on the resuits required. The
cancerous celis can be irradiated at an effective fluence rate and time to cause
therapeutic injury resulting in the reduction of at least one of the surface ares, the
depth, and the amount of the tissue affected by the canceraus condition, The
irradiation regime may alsp be dependent an the structure of the telrapyrrole complex,
the maximum safe dose of radiation that can be tolerated by the patient, or the
targeted cell or material.

Embodiments of the present invention are directed to methods of inhibiting the
growth of cancer cells, in vitro or in vivo, comprising the steps of contacting the cancer
cells with a tetrapyrrole complex of the prasent invention, and expasing the cancer
cells to an effective amount of artificial rradiation. In one aspect, the invention



10

15

20

25

30

35

WO 2020/046543 PCT/US2019/045250

21

provides methods of inhibiting the growth of cancer cells, such as breast, lung,
pancreas, bladder, ovarian, testicudar, prostate, retinoblastoma, Wilm's tumor,
adrenocarcinoma or melanoma.

In accordance with the practice of this invention, the subject may ba a human,
equine, porcine, bovine, murine, caning, feline, and avian subjects. Other warm
blooded animals are also included with the scope of this invention.

The present invention also provides a method for treating a subject suffering
from cancer. The subject may be a human, dog, ¢at, mouse, rat, rabbit, horse, goat,
sheep, cow, chicken. The cancer may be identified as 3 breast, lung, pancreas, bladder,
gvarian, testicular, prostate, retinoblastoma, Wiln's tumor, adrenocarcinoma or
melanoma and is generally characterized as a group of cells which over-exprass and/or
have an over-abundance of the target. This method comprises the steps of
administering to the subject a cancer killing amount of one or more tetrapyrrole
complex of the present invention.

Also provided is a method of inhibiting the proliferation of mammalian tumaor
cells which comprises the steps of contacting the mammalian tumor cells with a
sufficient concentration of the tetrapyrrole complex of the invention, and exposing the
mammalian tumor cells to artificial irradiation.

The sublect invention further provides methods for inhibiting the growth of
human tumor cells, treating a tumor in a subject, and treating a proliferative-type
disease in a subject. These methods comprise the steps of administering to the subject
an gffective ampunt of the tetrapyrrole complex of the invention.

The present invention also provides for a method of treating a disease state
comprising administering to a target tissue of a patient a tetrapyrrole complex of the
present invention and irradiating the tetrapyrrole complex, which functions as a
photosensitizer, thereby killing the target tissue. Irradiation of the tetrapyrrole
complex can lead to generation of singlet oxygen in proximity to the target tissue.

The present invention encompasses formulations (pharmaceutical
caompositions), combinations and methods for treating human carcinomas. For
example, the invention indudes formulations {pharmaceutical compeositions) for use in
the treatment of human carcinomas comprising a pharmaceutically effective amount of
one or more tetrapyrrole complexes in accordance with the present invention and a
pharmaceutically acceptable carrier. Such formulations may additianally include other
drugs or antibodies effective for treating carcinomas.

The tetrapyrrole complexes of the invention ¢an he administered using
conventional mades of administration including, but not imited to, intravenous,
intraperitoneal, oral, intralymphatic, or administration directly into a tumor.
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The tetrapyrrole complexes of the invention may be provided in a variety of
dosage forms which include, but are not limited to, liquid solutions or suspension,
tablels, pills, powders, suppositories, polymeric microcapsules or microvesicles,
liposomes, and injectable or infusible solutions. The form depends upon, among other
things, the mode of administration and the therapeutic application.

The most effective mode of administration and dosage regimen for the
tetrapyrrole complexes of this invention and formulations comprising such complexes
depends upon the severity and course of the disease, the patient's health and response
to treatment and the judgment of the treating physician. Accordingly, the dosages of
the tetrapyrrole complexes should be titrated to the individual patient. Nevertheless, an
effective dose of the tetrapyrrole complexes of this invention may be in the range of
from about 1 to about 2000 mg/kg. The dosage can also be from about 2 to about
1000 mg/kg, about 4 to about 400 mg/kg, or about 5 to about 100 mg/ikg.

Adjustments in the dosage regimen may be made to optimize the tumor call
growth inhibiting and killing response, 2.4., doses may be divided and administered on
a datly basis or the dose reduced proportionally depending upon the situation (e.q.,
several divided doses may be administerad daily or proportionally reduced depanding
on the specific therapeutic situation). In certain embodiments, the tetrapyrrole
complex may be administerad on a one time basis or on an as-needead basis, depending
upon the patent’s response to previously-administered doses.

The dose of the tetrapyrrole complex of the invention required to achieve cures
or remission may be further reduced with schedule optimization.

The human or other subject is preferentially exposed to artificial irradiation
which is selected from the group consisting of artificial ultraviolet, infrared (IR},
gamma-irradiation, x-ray and visible Hght. In certain embodiments the irradiation is IR
ov near-infrared (NIR). According to certain embodiments, the artificial irradiation is
light having a wavelength of from 358 to 1000 nm. The artificial irradiation can be
applied about 5 minutes to about 3 hours after administering the tetrapyrrole complex
of the present invention or the artificial irradiation is applied about 10 to about 60
minutes after administering the tetrapyrrole complex of the present invention.

In another embadiment, in the methods of freating cancer ¢of the present
invention, the artificial irradiation can be applied for about 10 seconds to about 80
minutes, or the artificial irradiation is applied for about 15 seconds to about 30
rinutes.

In yet angther embodiment, the present invention further provides
pharmaceutical compositions which comprise the tetrapyrrole complexes of the present
invention and a pharmaceutically acceptable carrier.
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The present invention further provides a method for treating cancer in a subject
having cancer comprising the steps of administering {0 the subject a therapeutically
effective amount of a tetrapyrrole complex in accordance with the present invention.

The tetrapyrrole complexes of the present invention and formulations containing
such compounds are also useful in applications other than dynamic phototherapy, such
as diagnostic imaging.

Use of Tetrapyrrole Complexes in Combination with Light-Activated Nanoparticles

As previously mentioned, the tetrapyrrole complexes of the present invention
may be emploved in combination with nanoparticles that are capable of emitting heat
when irradiated {that is, materials in nanoparticulate form that are capable of
converting light into hest, sometimes referred o as light-activated heating
nanoparticles). Such combinations make possible the implementation of dual
photothermal therapy/photodynamic therapy (PTT/PDT) for treatment of cancer and
gther disorders. The use of both nanoparticles and tetrapyrrole complexes in
accordance with the present invention may help overcome certain limitations of each
type of therapy itself 1o provide a more comprehensive and effective solution for
treatment of cancers such as solid tumor cancers. Under at least some conditions, PTT
{using light-activated heating nanoparticles) and PDT {using tetrapyrrole complexes in
accordance with the present invention) have been found 1o work synergistically to
induce more cell death than either therapy alone. Dusl PTT/PDT in accordance with the
invention may primarily induce apoptotic cell death over necrosis at low light dosages

As an example, nanoparticles and tetrapyrrole complexes may be introduced
into a subject, either consecutively or simuitaneously, by a suitable means such as
intravenous injection and allowed to accumulate within targeted tissue {such as a solid
tumor) based on the enhanced permeability and retention {EPR) effect. Then, scurces
of artificial light effective to activate each of the administered components may be
applied, For example, a 700 nm to 1000 nm continuous wave laser and 350 to 600 nm
wavelength light may be applied to activate the nanoparticles {e.g., nanoparticles
having a silica core and a gold shell coated by polyethviene giycol) and the telrapyrrole
complex, respectively, to produce heat and singlat oxygen that is toxic to the
surrcunding cancer cells. In some embodiments, the irradiation source effective to
activate the nanpparticles can comprise a single emission wavelength or a range of
emission wavelengths. In some embodiments, the emission wavelength range can be a
wavelength range that causes minimal or no celiular damage. In some embodiments,
the emission wavelength range can De in the near-infrared wavelength range, e.q.,
from about 750 nm to about 1250 nm. In some embodiments, the irradiation source
can comprise a single emission wavelength from about 750 nm o about 1250 nm. In
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some ambodiments, the irradiation source can be a laser with a single emission
wavelength of from about 750 nm to aboul 1250 nm. In some embodiments, the
irradiation source can be g laser with an emission wavelength range of from about 750
nm to about 1250 nm. In some embodiments, the irradiation source can be an 808 nm
diode laser.

The types of nanoparticles useful in such PTT/PDT treatment strategies is not
particularly limited and any of the nanoparticles known in the PTT field may be utilized,
such as gold nanospheres, holiow gold nanocages, gold nanostars and gold nanorods.
Suitable nanoparticles include nanoparticles characterized by containing non-metallic
cores (e.g., silica cores) and metallic shealis {e.g., gold shells), which are sometimes
referred to as nanoshells, Other types of metal~containing nanoparticles may alse be
emploved. The use of nanoparticles which do not contain metal, such as grapghite
nanoparticles, graphene nanoparticles, carbon nanotubes or other carbon-bhased
nanoparticles is also possible,

Suitable nanoparticles may be from 10 to 300 nm in dismeter or 100 to 200 nm
in diameter, for example. The nanoparticles may be coated with or conjugated to a
hydrophilic or passivating material or ligand such as poly{ethylene giycel) {(PEG). Such
treatments can increass the biocompatibility of the nanoparticles, The hydrophilic or
passivating material may be attached to the outer surface of the gold shell using gold-
thiol conjugation chemistry. In some embodiments, the nanoparticles can absorb
wavelangths of light in the near-infrared (NIR} spectrum. Irt some embodiments, the
nanoparticles can absorb wavelengths of light between about 750 nm and about 1250
nm. In some emboadiments, the nanoparticles can have a maximum absorption peak of
about §00-810 nim {in other words, the nanoparticles can have a UV-vis maximum
absorption peak of about 800-810 nm).

Yarious non-limiting aspects of the present invention may be summarized as
follows:

Aspect 1: A tetrapyrrole complex comprising 2 metal complexed by a 10,10~
digrgano-5, 15~diaryibiladiene ligand which bears at least one substituent comprised of
a water-solubilizing segment.

Aspect 21 The tetrapyrrole complex of Aspect 1, wherein the water-splubilizing
segment is selected from the group consisting of poly(axyalkylene) segments,
polysaccharide segments, polypseptide segments, poly{thioalkylene} segments,
poly{aminoalkylene) segments, polyvinyipyrrolidone segments, aliphatic polyester
segments, polyamide segments, polyvinyl aicohol segments, polyacrylic acid segments,
polyacrylamide segments, polyoxazoline segments, aliphatic polycarbonate segments,
polyphosphate segments, and polyphosphazene segments,
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Aspect 3: The tetrapyrrole complex of Aspect 1, wherein the water-solubilizing
segment is a poly({oxyalkyleneg} segment.

Aspect 4: The tetrapyrrole complex of any of Aspects 1 to 3, wherein at igast
onea aryl group substituted af the 5 or 15 position of the 18,10-diorganc-5,15-
diarvibiladiene ligand bears al least one substituent comprised of a water-solubilizing
segment.

Aspect 51 The tetrapyrrole complex of any of Aspects 1 to 4, wherein at least
one ary! group substituted at the 5 or 15 position of the 10,10-diorgano-5,15-
diarvibiladiene ligand bears at lzast one substitusnt comprised of a water-solubilizing
segment selected from the group consisting of poly{oxyalkylene) segments,
polysaccharide segments, polypseptide segments, poly{thioalkylene} segments,
poly{aminoalkylene) segments, polyvinyipyrrolidone segments, aliphatic polyester
segments, polvamide segments, polyvinyl alcohol segments, polvacrylic acid segmaents,
polyacrylamide segments, polyoxazoline segments, aliphatic polycarbonate segments,
polyphosphate segments, and polyphosphazene segmaents.

Aspect 6: The tetrapyrrole complex of any of Aspects 1 to 5, wherein at least
one aryl group substituted at the § or 15 position of the 10,10-diorgano-5,15-
diarylbiladiene ligand bears at least one substituent comprised of a poly{oxyalkylens)
segment.

Aspect 7: The tetrapyrrole complex of any of Aspects 1 to 6, whergin the meatal
is Pd or PL.

Aspect 8: The tetrapyrrole complex of any of Aspeds 1 to 7, wherein the
10,10-diorgano-5,15%-diaryibiladiene ligand is a 10,10-dialkyl-5,15-diaryibiladiena
igand, a 10-alkyl, 10-aryl-5, 15-diaryibiladiene ligand, or a 10,10-diaryl-5,15-
diaryibiladiene ligand.

Aspect 9 The tetrapyricle complex of any of Aspects 1 to B, wherein the
10,10-diorgano-5,15-diaryibiladiene ligand is a 10,10-dimethyl-5,15-diaryibiladiene
ligand, a 10-methyl, 10-phenyi-5,15-diaryibiladiene ligand, or a 10,10-diphenyl-5,15-
diarylbiladiene ligand.

Aspect 10: The tetrapyrrole complex of any of Aspects 1 to 9, wherein the
water-splubilizing segment is a poly{oxyaltkylene) segment having a number average
maolecular weight of at least 200 g/mal.

Aspect 11: The tetrapyrrole complex of any of Aspects 1 to 10, whergin the
water-solubilizing segment is a poly{oxyethylene) segment.

Aspect 12: The tetrapyrrole complex of any of Aspects 1 1o 11, wherein the at
least one substituent comprised of a water-solubilizing segment is additionally
comprised of a terminal group selected from the group consisting of alkyl groups and
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alkyl groups substituted with at least one functional group selected from -8R, NR;,
COR, ~C{=0Q)INR;, ~S0:R, ~-POsR, -PRsY, or -NRs%, wherein each R is independently H or
an organoc group.

Aspect 13: The tetrapyrrole complex of any of Aspects 1 {o 12, wherein the at
least one substituent comprised of & water-solubflizing segment is additionally
comprised of a linking molety which links the water-solubilizing segment to the 10,18-
diorgano-5, 15-diarylbiladiene ligand.

Aspect 14: The tetrapyrrole complex of Aspect 13, wherein the linking moiety is
salected from the group consisting of:

4 i(}
e X HN~—

and
—X Naeyy
i

wherein X 5 Q, §, Se, Te, NH, NR, CH:, CHR, and CR:, with R being an organo
group such as an atkyl group.

Aspect 15: The tetrapyrrole complex of any of Aspects 1 to 14, wherein the aryl
groups substituted at the 5 and 15 positions of the 10,10-diorganoe-5,15-diaryibiladiene
ligand are substituted phenyl groups having one or more substituents selected from the
group consisting of halg, alkyl, oxvgen-containing substituents, sulfur-containing
substituents and nitrogen-containing substituents, subject to the proviso that at least
one of the substituted phenyl groups is substituted by at least one water-solubilizing
segment-containing substituent.

Aspect 16: The tetrapyrrole complex of any of Aspects 1 to 15, wherein the aryl
groups substituted at the 5 and 15 positions of the 10,10-diorgano-5,15-diaryibiladiene
ligand are substituted phenyl groups, at least one of the substituted phenyl groups is
substituted by a polv{oxysikylene) segment~-containing substituent, and all substituents
on the substituted phenyl groups other than poly{oxyalkylene) segment-containing
substituents are fluorine.

Aspect 17: The tetrapyrrole complax of any of Aspects 1 to 16, wharein the
10, 10-diorganc-5,15-diaryibiladiene ligand is substituted at one or both of the 2 and 18

positions with a r-conjugation-extending substituent,



%51

16

1%

20

25

WO 2020/046543 PCT/US2019/045250

~ @ F-

Aspect 18: The tetrapyrrole complex of Aspect 17, wherein the n-conjugation-
extending substituent is selected from the group consisting of carbonvyi-containing
substituents, imine-containing substituents, aromatic substituents, vinylaromatic
substituents and ethynviaramatic substituents.

Aspect 19: The telrapyrrole complex of Aspect 1, wherein the tetrapyrrole
complex has a structure corresponding o Formula (1)

R R
ﬁ"w Q’Qﬁc\fﬁ‘,\“‘\\\i ::.‘,;:?f\
X X / i X X
N £ ; ; "{:f \ "f
N\ _/ N\ NN
S—— 3 z gy £
& < S ‘e"’ ! \}\ a{?
\‘ — ,-"j \\\}\}N v \ , w{,—‘f S
s AN SN Ny é
x} \x .-" s{\\\ ?s 5{ \\ X"‘ \x
H H -
Q%\.,f”f z\\/
:
| {
R R 1)

wherein M is 2 metal; each X is independently selected from the group consisting of
hydrogen, halogen, alkyl, and water-solubilizing segment-containing substituents,
subject to the provise that at feast one X is a waler-solubilizing segment-containing
substituent, each R is independently subjected from the group consisting of hydrogen,
halogen, and r-conjugation-extending substituents, and each R’ is independently
selected from the group consisting of atkyl groups and ary! groups.

Aspect 20: The tetrapyrrole complex of Aspect 19, wherein M is Pd or PL

Aspect 21: The tetrapyrrole complex of Aspect 18 or 20, wherein R' and R are
independently methyt or phenyl

Aspact 22: The tetrapyrrole complax of any of Aspects 19 tg 21, wherein the
water-solubliizing segment-containing substitueni(s} comprise{s) at least one water-
solubilizing segment selected from the group consisting of pobrl{oxyalkylene) segments,
polysaccharide segments, polypeptide segments, poly(thicalkylene) segments,
polty{aminoaltkylene) segmaents, polyvinylpyrrolidone segments, aliphatic polyester
segments, polvamide segments, polyvinyl alcohol segments, polyacrylic acid segmeants,
polvacrylamide segments, polyoxazoline segments, aliphatic polycarbonate segments,
polyphosphate segments, and polyphosphazens segments.

Aspect 23: The tetrapyrrole complex of any of Aspects 19 to 22, wherein the
water-solubilizing segment-containing substituent({s) comprise(s) at least one
poly{oxvalkylene) segment.
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Aspect 24: The tetrapyrrole complex of Aspect 23, wherein the at least ons
polty{oxyalkylene) segment has a number average molecular weight of at least 200
g/mol (s.g., 300 to 5000 g/mol).

Aspact 25: The tetrapyrrole complax of Aspect 23 or-24, wherein the at lsast
ane poly{oxyalkylene) segment is a poly{oxvethylene) segment.

Aspect 26: The tetrapyrrole complex of any of Aspects 23 to 25, wherein the
water-solubilizing segment-containing substituent has a terminal group selected from
the group consisting of alkyl groups and alkyl groups substituted with at least one
functional group.

Aspect 27: The tetrapyrrole complex of any of Aspects 19 to 26, wherein the
water-solubilizing segmaent-containing substituent is linked to a3 phenyl group through a
linking moiety.

Aspect 28: The tetrapyrrole complex of Aspect 27, wherein the linking moiety is
selectaed from the group consisting of

wherein X is Q, S, Se, Te, NH, NR, CH:, CHR, and CRz, with R being an organo
group such as an atkyl group.

Aspect 29: The tetrapyrrole complex of any of Aspects 19 {o 28, wherein at
least one X group is a poly{oxyalkylene) segment-containing substituent and the
remaining X groups are fluorine.

Aspect 30: The tetrapyrrole complex of any of Aspects 19 to 29, wherein sach
R is a =m~conjugation-extending substituent selected from the group consisting of
carbonyi-containing substituents, imine-containing substifuents, aromatic substituents,
vinylaromatic substituents and ethynylaromatic substituents.

Aspect 31: The tetrapyrrole compiex of Aspect 25, wherein the
poly{oxyethylene) segment has structure —{(CH:CH:Q)n- and n is from about 3 to about
250 on average.
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Aspect 32: The tetrapyrrole complex of any of Aspects 19 to 31, wherein the
water~-solubilizing segment-containing substituent{s)} is or are selected from:

£ :O
-8  HN

O

or

|
N. |

wherein nis from about 3 to about 250 on average.

Aspect 33: A method of using a tstrapyrrole complex in accordance with any of
Aspects 1 to 32, comprising adniinistering the tetrapyrrole complex to 8 patient and,
after a period of time, irradiating targeted tissue of the patient with an eanergy source
that excites the tetrapyrrole complex thereby producing a desived therapeutic rasponse
in the targeted tissue,

Aspect 34: The method of Aspect 33, whersin the targeted tissue comprises
tumor cells.

Aspect 35: The method of Aspect 33 or 34, wherein the tetrapyrrole complex is
administered intravenously or intratumorally.

Aspect 36: The method of any of Aspects 33 to 35, wherein the tetrapyrrole
complex is administered intravenously as an aqueous solution,

Aspect 37: A process of photodynamic therapy for treatment of diseased
tissues comprising a) delivering a formulation comprised of a tetrapyrrole complex in
accordance with any of Aspects 1 o 32 and a pharmaceutically acceptable vehicle to
diseased tissue at a specific treatment site; b) aliowing the formulation to preferentially
accumuiate in the diseased tissue, and ) irradiating the specific treatment site with
light of a sufficient power and wavelength to activate the tetrapyrrole complex.



10

15

20

25

30

35

WO 2020/046543 PCT/US2019/045250

<30=

Aspect 38: The process of Aspect 37, wherein the light has a wavelength of
from 350 to 1000 nm.

Aspect 39: The process of Aspect 37 or 38, wherein the process is carried out in
coordination with photothermal therapy.

Aspect 40 The process of Aspect 39, wherein the photothermal therapy
comprisaes embedding within the diseased tissug nanoparticles which emit heat in
response to laser light.

Aspect 41: The process of Aspect 40, wherein the nanoparticles are comprised
of g silica-containing core and a gold-containing shell

Aspect 42: A formulation useful for photodynamic therapy, comprising a
tetrapyrrole complex in accordance with any of Aspects 1 to 32 and & pharmaceutically
acceptable vehicle,

Aspect 43: The formulation of Aspect 42, wherein the pharmaceutically
acceptable vehicle is comprised of water.

Aspect 44: A tetrapyrrole Hgand, wherein the tetrapyrrole ligand is 3 10,10-
diorgano-5, 15-diaryibiladiene ligand which bears at irast one substituent comprised of
a water-solubilizing segment.

The examples below explain the invention in more detail. The following
preparations and examples are given to enable those skilled in the art to more clearly
ynderstand and to practice the present invention. The present invention, however, is
not imited in scope by the exemplified embodiments, which are intended as
Hustrations of aspects of the invention only, and methods and components which are
functionally eguivalent are within the scope of the invention. Indeed, various
madifications of the invention in addition to those described herein will become
apparant to those skilled in the art from the foregoing description and accompanying
drawings. Such medifications are intended to fall within the scope of the appended
claims.

Examples

General Experimeantal Methods

ensral Materials and Methods, Alr sensitive reactions were carried ol under a
nitrogen atmosphare using standard schienk technigues and flasks fitted with Suba-
seal® rubber sepla. Solvents used in synthesis weare of reagent grade or beller, and
anhydrous solvents were dried beforg use via passage through activated alumina,
Phosphate buffered saline (PBS) selutions were oblained by dissolving one PES tablet,
purchased from Sigma-Aldrich, per 200 mi of Millipore™ water. All P83 solutions wers
8.0027 M in potassium chioride, 0.137 M in sodium chioride, and had a pHof 7.4,
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Mercaptoacetic acid and the mathoxy-RPEG-amiine were purchased from Sigma-Aldrich.
Triethyiaming, dimethylformamide, methanol, chioroform, hexane angd ethyl acatate
ware purchasead from Fisher, A-hydroxysucoinimigde was manufactured by Alfg Agsar,
1-Ethyl-3-{ 3 -dimsthviaminopropyl Jcarbodiimide hydrochioride {(EDRC) and
athyirichiorostiane were manufactured by Acrps. Dichioromethane was purchased
from Fisher or VWR, All deuterated solvents were purchased from Cambridos Isotopes
Laboratories. Column chromatography was carried out using 40-63 wm silica gel from
Silicycle, Thin layver chiromatography (TLO) was done on precoated glass plates from
Silicycls, and visualized with UV light, PO DMBHLY was prepared according {0
praviousty published procedures, Cell culture reagents, including cell culture media
components and the Alamar blug viability reagent, were purchassed from VWER and
Tharmo Fisher, respactively,

Freparation of Co-silica. 500 g of 40-63 wry silica gel from Silicycle was added to
1.0 L of chioroform in a round bottomad flask, which was cooled in an ice bath, The
reaction flask was sparged with Na for 15 mins. Ethyitrichiorositane (24.8 g, 151.4
rmrna) was added slowly under an N: atmosphere and allowed to stir while allowing
the reaction mixture to slowly warm o rpom temperature ovamight. The
functionatized silica was then collected vig vacuum filtration, washed 4 times with 500
mik portions of chioroform followed by § washes with 500 mb portions of methanol,
and dried in an oven at 188 °C overnight,

Tetrapyrrole complex characterization. The ‘M NMR, C NMR, and YF NMR
spectra of PIA{DMBHL I-SCHCU:H were measured at 25 °C on a Bruker 406 MHz
spectromster with a oryvogenic QNP probe, The M NMR, YC NMRE, and *°F NMBR
spectra of PA{DMBHL]-PEGrso ware measured at 257C on a Bruker 800 MHz
spectrometar with 8 5~ Bruker SMART probe, Proton spectra are referenced to
the residual proton resonanga ofthe deuterated solvent {TDT: =07 28 and carbon
specira arereferenced to the carbon resanances of the solvent (COCH = § 77,18}
Fluorine spectra are referenced to an external triffuoroacetic acid standard {TFA = &
7655 in CD:CNYL Chemical shifts are reported using the standard & notation in
parts-par-million. High resolution mass spectromestry analysis was performed st the
Mass Spechrometry Laboratory in the Department of Chemistry and Biochemistry at
the Univarsity of Delaware. Liguid injection figld dasorption ionization mass
spectromelry was carried out using & Waters GCT Premier high-resolution time of
flight mass spectrometer. Blectrospray ionization mass spactromelry was conductad
with a Tharmo G-Extractive Orbitrap high resolution mass spectrometer UV-Vis
Absorption Experiments. All UV-visible absorbance spectra were measured using a
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SiellarNet CCD array UV-vis spectrometer. Samples were prapared in gquarts
cuvettes (&Q) with 1.0 om pathlangth meanufaciured by Fivefly Sciantific,
Absorption spectra were collacted for soiutions of PAIDMBH L 1-PEG»ss In room
temperature methans! or FBS at concentrations of 4.4, 8.0, 12.4, 164, 20.8, and
28,0 M,

Photodegradation Experiments. & 1.0 om pathlength quarte cuvette (6Q)
fused o a graded quartz to pyrax tube was filled nearly o the fop with 10 mbL of a
24.0 g solution of PAIDMBH1I-PEGse in PBS. The cuvelle setup was sealed
with a kontes valve, and the solution was stirred for 2 hr at room temperaturs
whitle the gusartz o pyrex tube was Hluminated with Hght from a 150 Watt halogen
lamp (Nikon, Inc,, Model MKIT) fitted with & 10 0m FWHM bandpass filter centered
at 550 rum {Thor Labs, FBREQ-18). Over the course of the 2 br ilumination period,
the absorption spectrum of the solution was recorded evary minute by a StellarNet
CCD array UV-vis spectrometer,

Eriission Experimants. Emission specira ware collectad with an avtomsaied Photon
Technology International {(PT1} QuantaMaster 40 flugrometer eguipped with an LPS-
2208 lamg power supply, a 75-W Xenon arg lamp and 2 Hamamatsy R2858
photomuitiptier tubg. Oxygen-free solutions of PA{DMBELT-PEG e in meathano! or
FBS were prapared in a nitrogen-filled glovebox and transferrad to 1.0 om pathiength
guartz cuvettes with screw cap closures from Firefly Scientific. The solution of

PE{ MBI L I-PEGse in mathano! was prepared at 3 concentration of 21.4 uM such
that its absorbance af 500 nm closely matched the & = 580 nm absorbance of a8 128
ubt solution of [Rubpy 1 {PFa)z in acetonitrile {used as an emission standard where
P = 5,094 under g nitrogen atmosphere). The sample and stendard were than
excitad at Ae = 500 nm and emission was monitorad from Aew = 515 - 1000 nm. The
solution of PAIDMEBHI-PEGyse In PBS was prapared at a concentration of 80 uM such
that i&s absorbance st 460 nm clossly matched that of a 32 puM standard solution of
[Ru{bpy 1 HPFe)r In acetanitrile at that wavelength, The sample and standard ware
than excited at Ax = 460 nm and emission was monitored from Axa= 518 ~ 1000 nm.
Emission spactra of the methano! and PBS solutions of PA[DMBHI I-PEGrss were re-
rmeasurad after exposure of the samples ta alr. All reported spectra are the average of
5 individual acquisitions collected using & step size of 1 nm and an integration time of
§8.25 sac. Emission guantum vields were calculated using the following expression:
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o~ | Lo | Aa| L
s Fref

Ifﬁf . As A ]7 ref .

whare @ and $wr are the emission quantum vields of the sample and referencs,
respactively, Iy and ke are the integrated emission intensities of the sample and
referance, respactively, &s and &w are the measured absorbances of the sample and
raference at the excitation wavelength, and ns and e are the refractive indices of the
solvents used o dissolve the sample and reference, respactively.

Singiet Oxygen Experiments. Data was coliected using the automated Photon
Tachnology International (PTI GuantaMaster 40 fluorameter setup mentioned
above for the emission experimants. Al *0: experiments were conducted in 1.0
o path length guartz cuvettes (8Q) from Firefly Sclentific, 1Qr gquantum yislds
wearg ¢alculatad using the foliowing sguation:

B

O =P | 2

ref

m N &

ref . s

where il and Qe represent Whguantumyisldsfor the sampleandareference
standard, respectively, ms and mwe are the rates of consumption of a singlet
axygen trapping tetrapyrrole complex in the presence of the sample and standard
respactivaly, and & and &« are the sxtinction cosfficients of the sample and

standard at the wavelength of iradiation. Reported fo, guantum yields are
averages pblained from at least three trisals,

e production in mathano! was measured by monitoring the attenuation of
fluorescence from the rapping agent 1, 3~diphenylisobenzofuran {DPBEF) asit
reacted with *O» 1o form a non-emissive product. {(Ru{bpy s I{PF:): was used a5 the
standard (D= §.815. Cuvelles were prapared to contain 2.0 mb of methanol that
was 1.0 gM in DPBF and 10.0 uM in either PAIDMBHLI-PEGsoor [Ru{bpy 1 }{PFeda.
Athird cuvetle served as a control and contained only 2.0 mbl of a 1.0 M solution
of DPEF in methangl. Consumplion of DPBF was monltored by obsarving the
decrease in the integrated intensity of its emission profile following &, 10, 26, 34,
and 40 sac of irradiation with light from a 150 Watll halogen lamp (Nikon, Inc.,
Model MKID) fitted with a 10 nm FWHM Dandpass filter centered at 304 om (Thor
Labs, FREOO-10). Emission spactra of DPBF were obtained by exciting at Aw = 405
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nm and scanning rom Aae = 480 - 880 nm using a step size of L nm and an
integration time of 0.25 sac. To corract for any absorption of the DPBF emission
by the sample or standard, calibration curves were generataed o plot the
integratad emission intansity as a funciion of the concentration of unreacted DEBF
remaining in the presences of PAIDMBHIT-PEGyse or [Ru{bpy 1 H{PFs):. Emission
spectra were collected from 10,0 uM solutions of the PEGyiated photosensitizer or
the referance standard which had not been irradiated and contained §, 0.25,
0.50, 0.75, 1.0, 1.25% or 1.50 uM concentrations of DPBEF, Linear regression lines
ware then fif {o the calibration data from sach solution. Lingar regrassion anglyses
enabled the integrated amission intensity values obtaingd from the 0 experiments tn
be convertad into the corresponding concantrations of unreacted DRBF. Piots of the
concentration of unreacted DPBEF as a function of the irradiation time of the

P OMBHLT-PEGryse and [Rulbpy s PP solutions formsg straight nas with slopes

s and eer respectively, which were used in the eguation above 1o Calgulate the ig,
guantum yiskd{s).

Singiet oxvgen production in PBS was measurad by monitoring the
anhancament in fluorescence resulting from the reaction of the Hucrescent probe
Singlet Oxygen Sensor Green {SOSGEY with 0. Methviens blue was used as the
standard ($er = §.532). Allguots (2.8 mbL) of pure PBS were added o two cuvsites
intendad to act as controls; bwo additional cuvelirs were prepared with 2.0 m
aliquots of 3 10.0 1M solution of PATDMBHIL -PEGyso In PBS; and two ather cuvettes
were filled with 2.0 mbL aliguots of a 10.0 uM solution of the mesthyvleng blus standard
in PBS. In accordance with instructions from the manufacturer, 160 yg of S05C was
dissolved in 33.0 pl of methanad, and the resulting ~ 5 mM solution was then added
to 627 ul of delonized water to make a .25 mM solution which was 5% water and
5% methanol by volume, A 20.0 pl slicuot of this SO5G solution was then added to
gach of the six prepared cuvettes such that the final PAS solutions iy the cuveltes
cortainaed a 2.5 uM concentration of 505G and 8.805% methanot by volume.
Production of ‘O was maonitorad in one contral cuvetie, one cuvette containing
PAIOMEBHL -PEGms, and one cuvelte containing methyviens blue by observing the
increase in the integrated intensity of the SOSG emission profile following 4, 34, 88,
G0, and 120 sec of ragdiation with light from a 150 Watt halogen lamp (Nikon, Inc.,
Model MKI} fitted with a 10 nm FWHM bandpass filter centered at 550 nm {Thor
Labs, FBESG-10), Emission spectra of SOSG weare obtatnad by axciting at ke = 480
am and scanning from Aw = 500 - 650 rn using a step size of 1 nm and an
integratian time of §.25 sec. To correct for the possibility that the 480 nm excitation
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fight used o collect the SO8GE emission speactra might resull in small amounts of O
sensitization by the photosensitizers or by 5056 itself, the three remaining conirol,
POl DMBHI -PEGse, and methyians biue cuvellss served as dark controls which
were not expased to the 30 second intervals of 550 nm Hght but were stilt monitored
for changes in SO5G amission. The change in integrated emission intensity of sach
cuvette was plotted as a function of irradiation timea, and linear regression nes were
fit o the data. The slopes of the regression lines from the dark controls were
subtractad from the siopes of the regrassion lines from the cuvetbes exposed o 550
i Hght Lo give values of ms and meer used with the eguation above o calcuiate Q..
MOA-MB-Z31 Call Cultura, MDA-MB-2331 cells were purchased from American
Type Culture Collection (ATCCY and cultured in Dulbecce’s Madified Eagle Madium
{OMEM)Y supplemented with 10% fetal bovine serum and 1% penicitlin-
streptomrrecin. Calls were cultured in T75 celt culture flasks and ingubatad at A7°C
i 8 5% C humidified snvironment. Calls were passaged bebweean flasks or into
sampie plates by detaching the cells from the flasks with Trypsin-BOTA, diluting
the celis with complets meadium, and counting the cells with a hemuagytomster

hefore transferring to a new flask or well plate.

Coll Uptake Anabysis. For flow ovtomatry axperiments, MDA-MB-231 cells were
piated at 25,000 cells/well in 24-well plates and weres incubsied overnight.

POl OMBH L -PEG e was diluted 1o 8, 8.5, 1.0, or 1.3 mM in complete cell culture
media, which was then added o cells. Well plates ware incubated with

P OMBHL]-PEGrse Tor 48 by in the dark and then cells were detached with
trypsin-EDTA and transferred to 1.5 my Eppendorf tubes. The samples were
cantrifuged o form a call peiiat, the suparnatant was ramoved, and the celis werg
re-suspended in sterile 1X PBS. Samples were read on a Novocoyte flow cviometer
(ACEA Blosciances) with the phycoerythrin {(PE} filker set {excitation, 488 nmy;
emission, $72/38 nm) and data analysis was performed using the NovoExpress
software package. The median flucrescence intensity (MFL) was calculated by
averaging the fluorescence median from three axperiments of each
photosensitizer concantration, For flugrescance imaging, calis ware plated at
15,0040 celis/wall In a glass bottom B-well plate with a removabile well chamber and
wearg incubated overnight. A solution of PA{DMBHI -PEGrss (1 mM) diluted incalt
cufture media was added to cells, which were then incubated for 24 b, Cells were
then fixed with 4% formaldehyde for 15 min and rinsed 3X with 1X PES. Cells were
stained with DAPT and phallnidan to visualize el nuclel and F-actin on the

cyioskeleton, respectively, Wall chambers were removed and slides weare mounted
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with Vectashield mounting media, Celis were imaged with a deiss Axiophserver 21
Inverted Fluorescent Microscope squipped with an apotome using the FITC {F-adin},
DsRed (photosensitizen), and DAPL {nudial} fuarestance channgls.

Annexin /P Staining. MDA-MB-231 cells were plated at 10,000 cells/well in black-
walled 96-well plates and incubated ovarnight, Celis were treated with 0, 4.4, 6.0, or
8.0 uM P DMBHL-PEGyse diluted in complete cell culture media for 24 hr inthe dark.
The cells were then frradiated with a LightPad 930 {Artograph) with a long pass A =
525 nm filter for § or 30 min, After incubating the cells for 1 hr, an AanexinV-FITC
stain {Cayman Chemicals) was conductad vis manufacturer instructions. Brigfly, cells
ware Hifted with trypsin, washed 1X with 1X binding buffer (300xg, 5 min), and
resuspendsad in 50 pl binding buffer containing 1:500 AnnexinV-FITC and 1:2000
propidium iodide (P1} stains for 10 min, while protected from light, The samplas were
then diiuted with 150.8 gl of 1X binding buffer and run on the flow cytometer with the
FITC {excitation, 488 nimy: emission, 530/30 nm) angd PerCP {excitation, 488 nm;
amission, 67%/30 nmy) channsls, Data analysis was performed using the NovoExpress
softwara package, and positive stained gates ware based off of unstained cails, Single
statned controls were usad for compensation. Data shown are averaged amongst
three independent experiments and statistical significance was calculated using t-tests
o compare cells treated with angd without light for each photosensitizer concentration.

Call Viability Assays, MDA-MB-231 colls were plated at 10,000 celis/well in black-
walled 86-well plates and incubated overnight. The cells were then treated with

B OMBHI PPEGyse at §-5.0 mM concentrations for the dark toxicity assays or -
10.0 uM concentrations for the Hght exposure axperiments. For the connmercial
photosensitizer expariments, isohematoporphivrin (THPY or hemataporphivrin
dihvdrochiaride (HPDC) were difuted t0 §-3.0 miM or §-700.8 uM for dark toxicity or for
ight sxposure experimaeants, respectively. All solutions of photosensitizers were
prapared by diluting the driad tetrapyrrols complexes i compiete cell culture media,
To svaluate the inherent photosansitizer toxigity in the dark, well plates were coversd
with sluminum foill to avoid light contamination and were incubated for 48 hr prior o
Alamar blue viability assays. In the POT experiments with Hght trradiation, plates wers
coverad with aluminum foll and were incubated for § or 24 hr prior o fight exposure.
The 86-well plates were placad onto & LightPad 930 (Artograph) with along pass{i =
525 numy) filter for 0, 10, 20, or 30 min, After lighttreatiment, the PA{DMBHII-PEGrse-
containing cell culture media was replaced with fresh mediz. Plates weare covered with
sluminum foll and werg incubated overnight, The media was then removed and the
Alamar blue viability reagent {(diluted 1:10 iy call culture media) was added per
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manufacturer recommendations. Samples were read on a Hybrid Synergy HIM plate
reader with axcitation and amission wavelengths of 560 nm and 590 nmy, respectively.
To analyze the dals, background {(Alamar blue reagent without cells) was sublracted
from each well. Then, wells were averaged and normalized to cells treated with § uM
photosensitizer, Dalta reported are averagead values from at least three experiments
that were each run with triplicate wells per photosensitizer concentration and
irradiation time, The PADMBI1]-PEGryse exparimental data was anabyzad by 2-
way ANOVA with post hot Tukey-Kramer, and the IHP and HPDC data was
analyzed by L-way ANOVA with post hoo Tukey, Phobotoxicity indices were
calcudated by dividing the lethal dose for 50% cell viability {LD50) by the effective
dase for 50% cell viability (EDE0Y.

Synthetic Protocois
Patiadium 10, 16-Dimethyi-5-{para{mercaptoacetic acid) tetrafiuorophenyll-
15-{ pentafivorophenyi ibiladiens {(PAIDBMBHRIHLG:H)

P DMBI]-SCHC0H

PATOMBHIT {0204 g, 387 pmol) was dissolved In 75 mi of
dimethylformaimidea in a2 round bottomed fiask. Tristhyviamine (44.5 @b, 31%
Moty was added and the reaction mixture was spargsd with Ne gas for 15
minutes, Mercaptoacetic acid {22.0 ul, 317 umol) was added to the vessel and
the reaction was heated at 80°C under Nz for 1 hr. The solvant was removed via
rotary avaporation and the resuiting residue was radissolved in ethyl acstate and
washed 8 times with brine to ramove the remaining tracas of DMF. The organic
faver was coliected, dried over Na:504, and concentrated vig rotary evaporation,
The crudse product was purified by column chromatagraphy using G-sitica along
with hexanes and etind acetate {311, then 2:1, then 1:1, then pure ethyl acelate)
as the eluent. Chromatography vielded 3 red bands: the first band was unreacted
PO DMBIIL], the third band was a di-substituted side product (Paliadium 10,10~
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dimethyl-5, 15-bis{para{mercaptoacetic acid straflucrophenylibiladiens}, and the
sgeond band gave 156 mg of the desired product as a red solid In 76% yisld, *H
MNMR (400 MMz, COCH, 25 °C) &/ppm: 7.39 {8, J= 1.3 Hz, 2H), 6.66 (d, J = 4.4
Hz, 2H)}, 8.62 1o .52 {m, 4H}, 848 {dd, J =4.3, 1.4 Hz, 2H), 3.7¢ {5, 2H), 1.79

(s, 6HY. 13C NMR (101 MHz, CDCls, 25 °C) §/ppm: 173.36, 166,78, 147.98,
147.84, 146,19, 146.07, 145.886, 145,52, 145,37, 143.51, 143.36, 138.74,
135.02, 134.67, 134.39, 134.07, 128.36, 118.08, 113.61, 113.41, 41.78,
35.43. 9F NMR {376 MMz, CDCls, 25 ©C) &/ppr: ~132.33 to -132.70 (m, 2F), -
137.51 to -137.80 {m, 2F), -137.88 to -138.12 {m, 2F), -151.65 to -152.15 (m,
1F), 160,48 {td, I= 21.7, 6.6 Hz, 2F). HR-LIFDI-MS: [M]* m/z: caled for
CrsHioFaNaO:PdS, 836.0120; found, 836.0132.

Paliadium 10, 18-Dimathyi-5-[para{N-{methoxypolyethyiene

glycol ymercaptoascetamideistrafivorophenyl ]~ 15-{ pentafivorophenvt)
biladiene (P4IDMBHL]-PEGrso)
HaC CHa

F KF O
- i E
F N/ 5§ HN
&/ m(}/
F F & CHy
PEi MBI L I-PEGyss

PAIDMBHP-SCHCOH (81 myg, 73 pymol) was combinad with A-
Fydroxysuccinimide (17 myg, 148 uymol) and 1-athyl-3-(3
dimethylaminapropylcarbodiimide hydrochioride (EDC) {28 mig, 146 umiol) in 3 round
bottomed Schieck flagk. The flask was placed under vacuum for 1 hrand then 5.5 mb
of dry CH:Cl: was added, and the reaction was stirred undsr N: at rooim tempsaraturs
for 20 hrs. The crude reaction mixture was diluted with extra CH:Cl, washed 4 times
with delonived water and oncs with brineg, and drisd over NaxS0s. The sobvent was
removed via rotary evaporation, and the remaining residue was redissoived in & mi of
DM, Methaoxy-PEG?S0-amine {82 mg, 109 pmol} and tristhylamineg (81 ui, 581
umoh) ware added to the resulting solution, which was stirred under air &t room
temparature for 18 hrs, Following removal of the solvent via rotary evaporation, the
grude product was redissolved in TH:Cl, washed 4 times with delonized water and
once with brine and dried over Na:50«. The produdt was further punified by column
chromatography on silica by eluting with 3% methanal in TH:Ch, which removed
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several impurities. The sluent was then changed to §% methano! in CHCh and finally
to 8% methanol in CH:Ch to vield 98 my of the title product as red material in 86%
vield, TH NMR (600 MHz, COCI, 35 °C) &/ppm: 7.39 {d, 1= 6.4 He, 2H), 7.35 (s,
iH), 6,69 {d, J=4.5 Hz, 1M}, 6.65{d, J =4.5 Hz, 1H), 6.61 (d, J = 4.2 Hz, 1H},
6.57 {4, 7 = 4.2 Hz, 1H), 6.55{t, J = 5.0 Hz, 2H), 6.50 to 6.45 {m, 2H), 3.71 {5,
2HY, 3.64 {d, J= 7.0 Hz, 58H}, 3.55 (df, J = 13.8, 4.6 Hz, 3H), 3.48 {g, J = 5.2 Hzg,
2H), 3.37 {s, 3K}, 1.80 (s, 6H), YW NMR {151 MHz CDC,25°0) §/ppm: 167.27,
166,94, 166,74, 14751, 145 .84, 143.88, 138.24, 136,61, 13502, 134.724,
134,48, 134,12, 128.35, 117.88, 114.24, 112.35, 72.06, 70.72, 70.42, 69.74,
$1.77, 39,91, 37.73. 19F NMR {585 MHz, CDCly, 25 %C) §/ppm: -132.82 {dd, J=
24,7, 11.7 Hz, 2F), -138.13 {(ddd, 7 = 57.5, 23.3, 8.8 Hz, 4F), -151.81 t0-152.36
{m, 1F), ~160.68 (dt, J = 21.8, 10.9 Hz, 2F). HR-ESI-MS: [M + Nal* m/z: caled
for CesHasFobhsOoPASNa, 1576.45227; found, 1576.45255. Dug to the range of PEG
chain lengths present in the original methoxy-PEG-aming, the mass spectrogram of
POl OMBHL PEGyse shows a distribution of peaks hebween m/z ratios of 700-1050Q
as wall as a distribution betwaen m/z ratios of 1300 - 1808, The peaks at my/z
ratios between 700 and 1050 are separatad by 22 mass units (half the size of an
gthylena givcol monomer), and correspond to [M + 2Nal* while the peaks at my/fz
ratios betweaan 1300 and 1800 arg separated by 44 mass units {the size of 2
single sthyleneg glveol monomer), and correspond to [M + Nalt.

Paliadium 2,18-Dibromo-10,10-dimethyl-5, 15-dipentafluorophenylibiladiene
{(Pd{DMBIilBr21):

HiG, CHa

Pd{DMBIlBr:]

To a solution of PA{DMBIIZ] (490 mg, 0.643 mmuol) dissolved in 180 mi. of
acetonitrile was added dropwise a solution of N-bromosuccinimide (265 mg, 1.488
mmaol, 2.3 equivalents) dissolved in 20 mi of dichloromethane. The reaction was stirred
at room temperature covered for two hours, afterwhich the solution was poured over
100 mb of deionized HO in a 250 mib separatory funnel, The product was extracted
with ethyl acetate, washed with brine, then dried over sodium sulfate. Following solvent
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removal via rotary evaporation the product was purified by flash chromatography using
10% diethyl ether in hexanes as the eluent to give 565 mg of the target material as a
dark red solid in 95% vyield. *H NMR {400 MHz, CDCly, 25 °C) §/ppm: 7.23 (5, 2H),
6.73 (d, 7 = 4.6 Hz, 2H), 6.62 {d, J = 4.6 Hz, ZH}, 6.54 (s, 2H}, 1.8 {5, 6H). ¥C NMR
{100 MHz, CDCls, 25 °C) &/ppm: 168.61, 149.38, 146.13, 143.66, 135.41, 133.94,
132.63, 128,48, 128.13, 127.88, 118.20, 104.63, 100.10, 42.23, 31.02. *F NMR {251
MHz, CDCls, 25 °C) &/ppmy -138.36 (dd, J = 10.05, 6.275, 4F), -151.38(t, 7 = 12.55,
2F), ~160.33 {dt, J = 10.05, 3.75, 4F). HR-LIFDI-MS: [M+H]* m/z: calcd for
CaaMisNaF10BrPd, 921.8617; found 921.8586.

PA{DMBIIBr:] may be converted into 8 water soluble tetrapyrrole complex
containing one or more poly{oxyethyleng) segment-containing substituents in
accordance with the present invention by utilizing the synthetic chemistry described
herein for the preparation of PAf DMBHLI-PEGyse and PA[DMBIR ]-diPEGssc.

Palladium 2,18-Bis{Aryl-ethynyl)~10,10~dimethyl-5,15~
dipentafluorophenyibiiadiene (PdiDMBHZ-X]):

The following general procedure was used o prepare a series of palladium 2,18-
bis{aryl-ethynyl)-18, 10-dimethyi-5, 1 5-dipentafluorophenyibiladiens complexes, which
are individually characterized in the following examples.

To a baked 100 mi Schienk flask copper{l} iodide {9 mg, 0.048 mmol) was
added with & stir bar. The flask was placed under vacuum followed by addition of 3 mL
of anhvdrous triethylamine and corresponding arvi-atkyne (1.5 mmel, 10 equivalents)
and stirring for 15 minutes at room temperature. Positive pressure of nitrogen gas was
then applied and the septa was removead in order to add PA{DMBHBr] (138 mg, .15
mmol} and tetrakis-patiadium{Q) triphenyiphosphine (50 mg, 0.044 mmaol). The septa
was then replaced and anhydrous tetrahvdrofuran (40 mb) was cannulaed into solution,
wheare upon the solution was stirred at 75°C for 18 hours. After the time slapsed, the
solution was cooted to room temperature then exposed to air and diluted with 58 mi of
ethyl acetate, The resuylting solution was washed ance with saturated ammonium
chioride solution and once with brine and dried over sodium sulfate followed by solvent
removal via rotary evaporation, The product was purified by column chromatography
using corresponding conditions as the eluent to give product material.
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Palladium 2,18-Bis{phenyiethynyi}-10,10-dimethyi-5, 15~
dipentafiuorophenylbiladiene {(Pd[DMBII2]):

HiC OHy
,x‘"ﬂ\\\} ,’-». -
F\ ¥ S\* TV RF
A Ve a WS
N » Pd \ o pF
o i \\ N..-"r ~ .d:f N
/ T B

= /’/\\i
. 1
‘\\Q’{ﬁs L&%/j
PA[DMBII2]

The crude material was purified by column chromatography on silica using 10%
CH:Ch In hexanes to yvield 121 mg of target material as a maroon solid in 84% vield. 1H
NMR (400 MHz, CDCls, 25 °C) &/ppm: 7.57 (5, 2H), 7.45 (d, 4H), 7.28 {m, 6H) 6.74 (4,
7 = 4.8 Hz, 2H), 6.69 (5, 2H), 6.61 (d, J = 4.8 Hz, 2H), 1.82 (5, 6H), 1.29 (s, 16H). ¥3C
NMR (100 MHz, CDCl;, 25 °C) &/ppm: 168.37, 152,99, 136.02, 133.97, 132.25,
131.46, 129.81, 128.43, 128.11, 123.51, 118.05, 113.72, 91.88, 83.64, 61.92, 42.13,
31.01. °F NMR (251 MHz, CDCls, 25 °C) &/ppm: -137.81 {dt, J = 8.785, 5.02, 4F), -
151,18 (dt, J = 8.785, 5.02 Hz, 2F), -160.02 {dt, J = 10.05, 3.75 Hz, 4F). HR-ESI-MS:
(MM m/fz: calcd for CasHasNaFioPd, 965.09758; found 965.09758.

PA{DMBII2] may be converted into a water soluble telrapyrrole complex
containing one or more poly{oxyethvlena) segment-containing substituents in
accordance with the present invention by utilizing the synthetic chemistry described
herein for the preparation of PO DMBH L ~PEGrse and PA[DMBIR21-diPEGssc.
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Palladium 2,18-Bis{para-tert-butyl-phenyiethynyl}~10, 10-dimethyl-5,1 5~
dipentafiuorophenyibiladiene {Pd{DMBil2-Bul):
Hal CHy

\T}‘“

i i \
N s L‘x\
J f
MG ol etd
g CHs MG PR

Pd[DMBII2-Bu}

The crude material was purified by column chromatography on silica using 10%
CH:Chz In hexanes to vield 130 mg of target material as a maroon solid in 81% vield. 'H
NMR (400 MHz, CDCly, 25 °C) 8/ppm: 7.587 (s, 2H), 7.26 (d, J = 9.6 Hz, 4H}, 7.31 U =
9.6 Hz, 6H) 6.75 (d, J = 4.6 Hz, 2H), 6.71 (s, 2H), 6.62 (d, J = 4.6Hz, 2H), 1.83 {5,
6H). PC NMR (100 MHz, CDCls, 25 °C) &/ppm: 168,16, 153.21, 151.32, 135.92,
133.89, 132.07, 131.19, 129.72, 128.35, 125.43, 120.47, 117.87, 114.06, 92.08,
82.89, 77.36, 42.07, 36.66, 34,90, 31,58, 31.30, 31.02. *°F NMR (251 MHz, CDCl;, 25
°CY &/ppm: -138.31 (dd, J = 11.295, 3.765, 4F), -151.80 (¢, J = 13,805, 2F)}, ~160.58
(dt, J = 13.805, 3.765, 4F). HR-LIFDI-MS: {M+H]* m/z: calcd for CszHaoNsFioPd,
1076.2128; found 1076,1362.

PAIDMBII2-'Bu] may be converted into a water soluble tetrapyrrole complex
containing one or more poly{oxyethylene} segment-containing substituents in
accordance with the present invention by utilizing the synthetic chemistry described
herein for the preparation of P4 DMBH L I-PEGyse and PA[DMBH2]-diPEGss0.
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Palladium 2,18-Bis{para-amino-~phanylethynyi}-10,10-dimethyl-5,15-
dipentafiuorophenylbiladiene {PdiDMBIil2-NHz2]1):

HBC ;‘;HB
N N

}
Hah NHa
PA[DMBIIZ-NH:]

The crude material was purified by column chromatography on silica using 50%
gthyl acelate in hexanes to yiald 102 mg of targel material as a purple solid in 68%
vield. tH NMR (400 MHz, CDCly, 25 °C) &/ppm: 7.54 {s, 2H), 7.39 {d, 7 = 9 Hz, 4H),
6.71 {d, J = 4.6 Hz, 2H), 6.65 {5, 2H}, 6.59 {d, J = 4.6 Hz, 2H}, 6.58 (d, J = 9 Hz, 4H},
3.78 (s, br, 4H), 1.81 (5, 6H). *C NMR (100 MHz, CDCls, 25 °C) &/ppm: 167.84,
153.35, 146.54, 146.14, 143.7Q, 135.76, 134.05, 132.87, 131.76, 129.47, 128.13,
117.56, 114.87, 114.57, 112.88, 92.62, 81.41, 77.36, 41.87, 31.02. 'F NMR (251
MHz, CDCl, 25 °0) &/ppm: ~137.81 {dd, 7 = 10.04, 3.765, 4F), -151.45 {1, J = 1506,
2F), -160.1B (dt, J = 15.06, 3.765, 4F), HR-ESI-MS: [M+H]Y m/z: calcd for
CaoMorNaF1aPd, 995.11723; found 995.11869,

PAIDMBII2-NH:] may be converted into a water soluble tetrapyrrole complex
containing one or more poly{oxyethylene)} segment-containing substituents in
accordance with the present invention by utilizing the synthetic chemistry described
herein for the preparation of PO DMBHL-PEGysy and PA[DMBII2]}-diPEGsss.
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Palladium 2,18-Bis{para{N,N-dimethyl-amino}-phenylethynyi}~10,10~
dimethyi-5, 15-dipentafiuorophenyibiladiene {(PA{DMBil2-NMe:1):
HiC CH

KoOF \"‘T‘A\V’\ RF
gl N >“ ey ‘f —f
e\ N z’ \ 4
/ TN N
A RN [ o F

C Y
i ‘
i i
il |
{
Y ﬁ M
4\\#"15; L\\\\\ i
T 1
N

H3C"N‘c:z~;3 HaG™ o CHe
PA[DMBil2-NMe: ]

The crude material was purified by column chromatography on silica using 10%
ethyl acetate in hexanes to yield 102 mg of target material as a purple solid in 67%
yield, *H NMR (400 MHz, CDCls, 25 °C) &/ppm: 7.56 (s, 2H), 7.34 (d, 7 = 9 Hz, 4H),
6.70 (d, J = 4.6 Hz, 2H), 6.65 {5, 2H}, 6.61 (d, J = 9 Hz, 4H), 6.59 (d, J = 4.6 Hz, 2H),
2.96 (s, 12H), 1.82 (s, 6H). **C NMR {100 MHz, CDU, 25 °C) &/ppm: 167.64, 153.57,
150.01, 146.20, 143.71, 135,68, 134.13, 132,79, 132.64, 131.57, 129.33, 128.00,
117.38, 114,92, 111.93, 110.27, 93.20, 81.40, 41.92, 40.35, 31.04. F NMR (251
MMz, CDCl, 25 °C) &/ppm: ~137.80 {(dd, J = 11,2958, 3.785, 4F), ~151.56 {t, J =
13.805, 2F), -160.24 {dt, J = 13.805, 3.7865, 4F). HR-ESI-M5: [M+H]* m/z: calcd for
CastsaNaFioPd, 1051.17984,; found 1051.8292,

PA{DMBIIZ-NMe:z] may be converted into a water soluble tetrapyrrole complex
containing one or more poly{oxyethylene)} segment-containing substituents in
accordance with the present invention by ulilizing the synthetic chemistry described
herein for the preparation of PdfDMBH L 1-PEGwss and PA[DMBIH2]-diPEGssa.
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Palladium 2,18-Bis{para{N,N-diphenyl-amino}-phenylethynyi}~10,10-
dimethvyi-5, 15-dipentafivorophenyibiladiene {(Pd[DMBil2-NPh:]):

HiG, CH:
A
OF {\\f’ v > A 3
YR o W
i’ N “pd =
TN/ N N AN
...... \mN N,..Ax\ }", \

i
— \’N
A A
5&\\ j ‘\\ §
g Rty
\I;fr ?\1
R T, RN
‘{( ,}r i f.:::{{ \\‘;\’\ j
S & \\ / kY Mg
o %‘\Lm&

PA[DMBI{2-NPh:]

The crude material was purified by column chromatography on silica using 20%
CHoCl: in hexanes to vield 118 mg of target material as a purple solid in 61% yield, H
NMR (400 MHz, CDCls, 25 °C) &/ppm:; 7.55 (s, 2H), 7.29{d, 7 =8 Hz, 4H}, 725 (, J =
8.8 Hz, 6H), 7.08 (d, J = 8 Hz, 6H}, 7.04 ({, J = 8.8 Hz, 4H), 6.95 {d, J = 8Hz, 4H),
6.73 (d, T = 4.6 Hz, 2H), 6.66 (5, 2H), 6.61 (d, J = 4.6 Hz, ZH), 1.82 (5, 8H). 13C NMR
(100 MHz, CDCls, 25 *C) &/ppm: 168.08, 153.19, 147.75, 147.30, 135.89, 134.03,
132.38, 131.98, 129.49, 128.25, 125.06, 123.58, 122.49, 117.80, 116.35, 114,20,
100,11, 92.21, 82.82, 42.06, 31.03. *F NMR (251 MHz, CDCls, 25 °C) §/ppm: -137.81
{dd, J = 8,785, 3.765, 4F), -151.30 {t, 7 = 13.805, 2F)}, -160.08 {dt, J = 13.805,
3.785, 4F).

PA{DMBIZ-NPh2] may be converted into a water soluble tetrapyrrole complex
containing one or more poly{oxyethylena) segment-containing substituants in
aceordance with the present invention by ulilizing the synthetic chemistry described
herein for the preparation of PAi MBI L -PEGss and PA[DMBI2]-dIPEGsse.
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Palladium 2,18-Bis{para-methoxy-phenylethynyl}~-10,10-dimethyl-5,15-
dipentafiuorophenyibiladiene (Pd[DMBH2-OCH:] ):

HQC;’S:C; i 3
-~ SN
N5 <<\‘}TN‘ Ry 4 A F
e Sl ned M
F 4 ol el —F
J— i, PN £ N
e e G
I - o
AL O
H
i A\
i i
A 3
[ & k‘}
Lo 4 . b
RS L
i =
b0~ oty

Pd{DMBi12-0CH:]

The crude material was purified by column chromatography on silica using 15%
gthyl acelate in hexanes to yiald 132 mg of targel material as a purple solid in 86%
yield. *H NMR (400 MHz, CDCly, 25 °C) &/pprm 7.57 (s, 2H), 7.45 {m, 4H), 7.28 (m,
4H), 6.78 (d, J = 4.8 Hz, 2H), 6.74 (5, 2H), 6.61 (d, J = 4.6 Hz, 2H), 3.79 (s, 6H},
1.82 (s, 6H). Y*C NMR (100 MHz, CDCl:, 25 °C) 8/ppm: 168.21, 152.78, 136.20,
134.14, 13246, 131.79, 131.46, 129.91, 129.44, 128,41, 128.04, 123.58, 117.82,
113.39, 111.08, 91.69, 83.86, 61.92, 42.06, 31.00. 1*F NMR (251 MHz, CDCly, 25 °C)
§/ppm: -138.33 (dd, J = 10.04, 3.765, 4F), -151.82 {t, 7 = 13.805, 2F}, -160.61 (dt, J
= 13.805, 3.765, 4F). HR-ESI-MS: [M+-H]* m/z: calcd for CsiHaaNaF1n0:Pd, 1081.10640
found 1081.11003.

PA{DMBH2-0OCH:2] may be converted into a water soluble tetrapyrrole complex
containing one or more poly{oxyethylane) segment-containing substituents in
accordance with the present invention by utilizing the synthetic chemistry described
herein for the preparation of Pl DMBIHL }-PEGyse and PA{DMBIH2]-diPEGss0.
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Palladium 2,18-Bis{para-methyl-ester-phenyiethynyl)-10,10-dimethyl-5,15~
dipentafluorophenylbiladiene {Pd{DMBi12-Me Ester}):

Mal 8
KF {AE‘*‘"&:\ Y ROF
3 S, { ) Z 3
e Pt N e
e PO e G e
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Pd[DMBil2-Me Ester]

The crude material was purified by column chromatography on silica using 10%
ethyl acetate in hexanes to vield 118 mg of target material as a maroon solid in 73%
yield, *H NMR (400 MHz, CDCls, 25 °C) &/ppm: 7.96 {d, J = B Hz, 4H}, 7.57 {5, 2H),
7.48 {d, J =B Hz, 4H), 6.78 (d, J = 4.6 Hz, 2H}, 6.72 (s, 2H), 6.64 {d, J = 4.6 Hz, 2H)},
3.90 (s, 6H), 1.83 (s, 6H). PC NMR (100 MHz, CDCly, 25 °C) &/ppm: 168.87, 168,71,
152.59, 136.28, 133.93, 132.69, 131.22, 125.88, 129.64, 129.18, 128.65, 128.29,
118.53, 112,93, 91.26, 86.99, 52.35, 42.26, 30.96, °F NMR (251 MHz, CDCl;, 25 °C)
&/ppm: ~137.81 {dd, 7 = 9.415, 3.765, 4F), -150.91 (t, J = 13.805, 2F), ~158.85 (dt, J
= 13.805, 3.765, 4F). HR-ESI-MS: [M+HT* m/z: caled for CasHaNaF1o04Pd, 1025.11657
found 1025.11705.

PA{DMBII2-Me Ester] may be converted inty a water soluble telrapyrmple
complex containing one or more poly{oxyathyleng) segment-containing substituents in
accordance with the present invention by utilizing the synthetic chemistry described
herein for the preparation of P4 DMBHL-PEGys» and PA[DMBII2]-diPEGsse.
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Palladium 2,18-Bis{para-tert-butyl-ester-phenylethynyl}~10,18-dimethyl-
5.15-~dipentafluorophenyibiladiene (Pd[DMBIi2-Bu Ester]):

il OHg

/ 1 IS
R g Gy, B
\{,,f \\{/
; N
e &‘0 R
1
AT o CHy
o o Hae L

Pd{DMBil2-'Bu Ester]

The crude material was purified by column chromatography on silica using 10%
ethyl acetate in hexanes to yisld 113 mg of target material as a maraon solid in 85%
vield, *H NMR (400 MHz, CD:CN, 25 *C) §/ppm: 7.96 {4, 7 = 8.8 Hz, 4H), 7.57 {5, 2H),
7.47 (8, J = 8.8 Hz, 4H), 6.77 {d, J = 4.6 Hz, 2H), 6.72 (s, 2H), 6.64 (d, 7 = 4.6 Hz,
2H), 1.83 {5, 6H), 1.57 {5, 18). 13C NMR (100 MHz, CD:CN, 25 °C) &/ppm: 170.57,
165.52, 153.46, 137.25, 134.35, 134,23, 132,62, 132.52, 131.59, 131.49, 130.75,
129.68, 129.51, 128.81, 128.33, 120.16, 88.15, 81.65, 42.82, 30.83, 28.17. ¥F NMR
{251 MMz, CD:CN, 25 =C) &/ppmy: ~140.51 (s, 4F), -155.37 {1, J = 13.805, 2F), -163.26
{dt, J = 13.805, 3.765, 4F). HR-ESI-MS: [M+H]* m/z: calcd for CosHaaNaF1004Pd,
1165.20030 found 1165.20528.

PA{DMBII2-'Bu Ester]} may be converted into a water soluble tetrapyrole
complex containing one or more polv{oxyethyleng} segment-containing substituents in
accordance with the present invention by utilizing the synthetic chemistry described
herein for the preparation of PdfDMBH L 1-PEGwss and PA[DMBIH2]-diPEGssa.
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Palladium 2,18-Bis{para~-cyano~phenylethynyl)~10,10-dimethyl-5,15-
dipentafluorophenyibiladiene (Pd]DMBiHI2-CN]):
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PA[DMBII2Z-CN]

The crude malerial was purified by column chromatography on silica using 10%
ethyl acetate in hexanes {o yield 86 mg of target material as a margoon sclid in 57%
yield. *H NMR (600 MHz, CDCls, 25 °C) &/ppm: 7.57 {s, 2H), 7.56 {d, J = 8.4 Hz, 4H)
749 (d, 7 = 8.4 Hz, 4H), 6.79{(d, J = 4.6 Hz, 2H), 6.72 (s, 2H), 6.67 {d, J = 4.6 Hz,
2H), 1.83 (s, 6H). WC NMR (151 MHz, CDCls, 25 °C) &/ppm: 169.33, 168.84, 152.22,
136.53, 133.94, 133.06, 132.29, 132.23, 132.16, 132.12, 131.73, 128.82, 128.70,
128.62, 128.59, 118.94, 118.89, 112.34, 111.18, 30.40, 88.62, 42.44, 30.97, 29.86.
BF NMR {377 MHz, CDCls, 25 °C) &/ppm: -138.36 {dd, 7 = 10.818, 3.765, 4F), -151.23
{t, 7 = 13.805, 2F), -160.29 (dt, J = 13.8B05, 3.765, 4F). HR-ESI-MS: [M+H]* m/z:
calcd for CsiHzNeFioPd, 1015.08593 found 1015.08828.

PAIDMBII2-CN] may be converted into a water soluble tetrapyrrole complax
cortaining one or more poly{oxyethylane) segment-containing substituents in
accordance with the present invention by utilizing the synthetic chemistry described
herein for the preparation of P DMBHL-PEGyse and Pd[DMBIZ]-diPEGsso.
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Palladium 2,18-Bis{para-trifiuoromethyl-phenviethynyi)~10, 10-dimethyi-5, 15~
dipentafliuorophenylbiladiene {(PdiDMBH2-CFa1):
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PA{DMBH2-CFa]

The crude material was purified by column chromatoagraphy on silica using 10%
ethyl acetate in hexanes to yield 127 mg of target material as a purple saolid in 77%
yield, *H NMR {400 MHz, CDCls, 25 °C) &/ppm: 7.57 {s, 2H), 7.54 (5, 8H}, 6.78 {d, J =
4.6 Hz, 2R}, 6.72 (s, 2H}, 6.65 {d, 7 = 4.6 Hz, 2H), 1.83 (s, 6R). *C NMR {100 MHz,
CDCls, 25 °C) &/ppmy: 168.85, 152.35, 136.19, 133.77, 132,65, 131.38, 128.72,
129.66, 128.56, 127.25, 125.28, 125.24, 125.20, 122.28, 118.50, 112.58, 90.40,
86.19, 42.17, 30.84, 28.73. F NMR (251 MHz, CDCly, 25 °C) &/ppm: -62.24 (s, 6F), -
137.85 (dd, 7 = 8.415, 3.765, 4F), -150.86 {t, J = 12.55, 2F}, <159.82 (dt, 7 = 12.55,
3.765, 4F). HR-ESI-MS: [M+HT m/z: caled for CsiHasNaFisPd, 1101.07021; found
1101.07022.

PA{DMBI2-CF3] may be converted into a water soluble tetrapyrrole complex
containing one or more poly{oxvathylene) segment-containing substituents in
accordance with the present invention by utilizing the synthetic chemistry described
herein for the preparation of PO OMBIE 1-PEEyse and PA[DMBH2]-diPEGss0.
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Palladium 2,18-Bis{ferrocenylethynyl}-10, 10-dimethy}-5,15-
dipentafluorophenyibiladiene (Pd]DMBH2-Fcl):
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Pd{DMBII2-Fc]

The crude material was purified by column chromatography on silica using 10%
athyl acetate in hexanes to yield 156 mg of target material as a purple solid in 88%
yiald, *H NMR (400 MHz, CDCly, 25 °C) &/ppm: 7.53 (5, 2H), 6.72 (d, J = 4.6 Hz, 2H),
6.64 (5, 2H), 6.60 (d, J = 4.6 Hz, 2H}, 4.43 (1, J = 1.B Hz, 4H), 4,20 (s, 10H}, 4.18 {1,
J = 1.8 Hz, 4H), 1.82 (s, 8H). 15C NMR (100 MHz, CDCls, 25 °C) 3/ppm: 167.91,
153.31, 135.83, 134.01, 131,85, 129.28, 125.67, 117.68, 114.55, 60.91, 79.73,
71.35, 70.08, 68.88, 65.55, 42.04, 31,04, 30.45, 29.5, F NMR (251 MHz, CDCl;, 25
°C) &/ppm: ~138.34 (dd, J = 10.04, 3.765, 4F), ~151.84 {t, 7 = 13.805, 2F), ~-160.59
{dt, 7 = 13.805, 3,765, 4F). HR-ESI-MS: [M+H]* m/z: caled for CsrMaaNaFoFerPd,
1180.02010; found 1180.02420.

PdiDMBIil2~-Fc] may be converted inte a waler soluble tetrapyrrole complex
containing one or more poly{oxyethylene) segment-containing substituents in
accordance with the present invention by utllizing the synthetic chemistry described
herein for the preparation of PO DMBH L ~PEGrse and PA[DMBIR21-diPEGssc.
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Palladium 2,18-Bis{phenylacetylene)-10,10-dimethyl-5,15-di[ para-
{propargyl-ether)-tetrafivorophenvyibiladiene {(P4[DMBH2]-bis{propargyl}):
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PA{DMBII2]-bis(propargyl)

PAIDMBII2] (127 mg, 0.13 mmol) was dissolved in 25 mb of tetrahydrofuran in
a 100 mi round bottomed flask, Propargyl alcohol (8.083 mi, 1.3 mmol) was added to
the solution followed by KOH (42 mg, 0.75 mmotl}. The reaction headspace was
evacuated, and the solution was heated {0 40 °C for 16 hours. The reaction was cooled
to room temperature and diduted with 50 ml of ethyl acetate. The organic solution was
then washed once with deionized water, once with saturated NaHCQOs solution, and
pnce with brine. The solution was then dried over Na:S0s, followed by removal of
soivent via rotary evaporation. The crude material was then purified by column
chromatography on sitica using 40% CHaCl in hexanes to yield 112 mg of target
material as a purple solid in 83% yield. 'H NMR (400 MMz, CDCs, 25 °C) &/ppm: 7.58
{5, 24}, 7.48 (d, 4H), 7.28 (m, 6H} 6.77 {d, J = 4.6 Hz, 2H}, 8.73 {s, 2H}, 661 {d, I =
4.6Hz, 2H), 5.00 (s, 4H), 2.68 (5, 2H), 1.83 (5, 6H). ¥3C NMR (100 MMz, COCl, 25 °C)
O/ppm: 168.20, 152.79, 136,20, 134,15, 132.46, 131,46, 129.92, 1289.45, 128.42,
128.05, 123.58, 117.82, 113.40, 111.25, 91.69, 83.86, 61.92, 42.07, 31.00. '°F NMR
{251 MHz, CDCls, 25 °C) d/ppm: -62.24 (s, 6F), -139.45 (dt, J = 11.2985, 5.02, 4F), -
154,27 (dt, J = 8,785, 5.02, 4F). HR-ESI-MS: [M4+-HIY m/z: caled for CasMHaaNaFa0:Pd,
1037.13541; found 1037.13878.
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Palladium 2,18-Bis{phenylacetylene)-10,10-dimethyl-5,15-di[ para-
triazole{methoxypolyethylenegliycol }-ether-tetrafluorophenylbiladiene
{(PA[DMBII2]-diPEGssc):
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PA[DMBII2]-diPEGssa

PdiDMBIZ]-bis{propargyl) (103 mg, 8.1 mmol}, copper{ll} sulfate
pentahydrate (48 myg, 0.2 mmol) and sodium ascorbate {60 mg, 0.3 mmaol} were
dissolved in 10 mb of tetrahydrofuran solution containing PEGsse-azide {326 mg, 0.54
mmol} in a 20 mi Scintillation vial. Vial was capped with a septum and the reaction
headspace was evacuated and the solution was stirred at 55 =2C, for 18 hours. The
soiution was then cooled to room temperature and poured over 100 mi of deionized
water in a 250 mlL separatory funnel. The agueous layer was then extracted with 30 mb
of CH.Ch five times, then the organic layers were combined and washed with brine
then dried over Na:50Q4, Following solvent removal via rotary evaporation, the crude
material was then purified by column chromatography on silica using 2% methanol in
CH:Cl: to remove impurities, then 10% methano! in CH:Ch Lo collect 165 mg of target
product as a purple material in 78% vyield. '+ NMR (400 MHz, CDOCly, 25 °C) &/ppm:
8.03 {s, 2H), 7.55 (s, 2H}, 7.46 (d, 4H), 7.27 {m, 6H) 6.77 {d, 7 = 4.6 Hz, 2H), 6.71
(s, 2H), 6.61 (d, J = 4.6Hz, 2H), 5.51 (s, 4H), 4.61 {{, 4H), 3.89 {t, 4H), 3.62 (m,
76H), 3.53 (t, 4H), 3.37 {s, 6H}, 1.81 {5, 6H), VC NMR (100 MHz, CDCly, 25 °C)
S/ppm: 168.19, 152.63, 146,17, 143,69, 142.62, 138.85, 136.20, 134.13, 132.60,
131.42, 12991, 129.48, 128.38, 127.98, 125,18, 123.61, 117.83, 113.30, 110.69,
91.61, B83.93, 72.59, 72.02, 70.70, 70.62, 70.58, 69.51, 67.92, 59.18, 50.59, 42.04,
30.98. F NMR (251 MHz, CDCls, 25 °C) &/ppm: ~139.63 (dt, J = 8.785, 5.02, 4F),
~154.55 (dt, J = 8.785, 5.02, 4F). HR-ESI-MS: [M+2H]* m/z: ¢aled for
CrosHiaaNicFeOusPd, 1104.41107; found 1104 42081, Due to the range of PEG chain
lengths present in prepared methoxy-PEG-azide, the mass spectrum of shows a
distrubtion of peaks between 970 and 1220 that are separsted by 22 mass units (half
the size for an ethyiene glycol monomer), corresponding to the [M+2HP.



REE

i5

20

25

30

35

WO 2020/046543 PCT/US2019/045250

~H4-

Biscussion of Experimeantal Results

The visible absorption profile of P{BMBHL]-BEGrso has three features
centerad at 462, 483 and 5440 mimy In mathanol, Aside from showing a slight
gnhancemeant of the feature at 483 nm, this absorption profile is nearly identical to
that of PA{DMBHLTY in methanol, suggesting that intreduction of the thigether and
PEG chain at the parg-position of one biladiene OsFs substituent has little effect on
the electronic structure of the palladium tetrapyorole care. In a g 7.4 PBS
solution the absorption spectrum of PA{DBMBHLI-PEGsss shows & bathochwomic
shift relative o s appearance in methanoe!, Although the full width at haf
maxinum (FYHMY of the most prominent absorption feature of the PEGviated
derivative increases slightdy from 63 nm in methano! 1o 67 nm in PBS, hoth of
these values are smaller than the FWHM of the corresponding absorption feature of
PEIDBMBHLT in methanol {735 nm). Furthermore, solutions of PEIDMBHL -
PEGyso behave in accordance with the Beer-Lambert Law when dissaived in either
methanol or FRS at concentrations ranging from 4 o 24 M. Seif-aggregation of
other tetrapyirroles under aguesus conditions has been associated with broadensd
absorption features and deviations from the Beer-Lambert Law, s¢ the observation
that PA]DMBHL]-PEGrse does not exhibit such behavior indicates that
aguregation for this system should ba ingignificant, The PA[{DMBHLT-PEGe
compiex is also resistant (o photodegradation, as the WV -vig absorption spectrum
for this construct In PBR {24.0 oM) showead no substantial changss gver the course
of bwo hours of rradiation with 500 or 550 nm light.

The emission properties of the PE[BMBHILT complex In nitrogen-saturated
methano! are alse largaly unaffected by PEGyiation. As has been praviously
abservad for PATBMBHLT, axcitation of PA{DMBHLI-PEGze with 500 nm light
glicits weak fluorescence from 500-700 nm as well as phosphorescences from 700~
850 nmy. The experimental results show that while the flugrescencs emission
maxbnum of PA{DMBHLI-PEGrse in methans! is red-shifted by 11 nm compared
with that of PEIDRMEBHLY, the Auorescence guantum yigld of the PEGylated
darivative {Os = 1.4 3 10 is essentially identical 1o that of the parent compound
{he = 1.3 x 187 The phosphorescence amission maximum shows a much
smalier red shift from 753 nm for PE{DMBHLT Lo 756 nm for PAIDMEBHLT-PEGse
and the phosphorescence quantum yield decdreases slightly from Qe = 1.3 x 104
for PETDMBHLT (o Qur = 7.8 x 107 for PE{DMBUL-PEGxe.

The emission characteristics of PAIDMBHL-PEGrse In nilrogen~-saturated PES
{pH 7.4) weare also vestigated, however, rradiation with 460 nm Hght under these
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conditions only resulted in one emission feature stretching from 500 - 700 nm
corresponding to fluorescence. As compared with its fluorescence in methanol, the
flugrescence of PAlDMBHII-PERyse in PBS is further red-ghiftad with an emission
rsximur 8t 58O nm, and 3 gquantum vield of @s = 2.0 x 1807, Given that flugrascence
ausnching s 3 well-documentiad consequeance of porphyringid  seif-aggregation, the
fack of attenuation of ©y in PBS provides further avidence that BEIDMBELIT-PES»se
does not tend to aggragate in agusous environments. Failure to detect
phosphorescence from the PEGyiataed derivative in PBS mav be atiributed o shortening
of the triplet excited state Hietime vip snergy ransfer to an H:Q overtons.

In prior work, i had besn shown that air effidently quenches the sxcited triplet
state of PA{DMBHLY In methanol, resuiting o quenching of the biladleng’s
phasphnrescance due to efficient energy transfer to molecular oxygen., This
phenomenon was also manifest in the ability of PAIDMBH1]Y to photosensitize 'Oz
generation with an mpressive quantum vield of @y = 4.8, as quantified using
diphanylisobenzofuran {DPBF) as a3 *Q: probe and [Ru{bpy PRl 35 an adinometer
{y = .81}, Simblarly, the phosphorescance observed for PA[DMBHITPEGse in
meathano! under an inerl atmosphers was quenched upan introduction of air to the
samiple. Quantification of the ability of the PAIDMBH1-PEGyse complex to sensitize
the formation of G: produced & guantum visld of Qs = (.57 following radiation with
550 num light. The slight decrease in @y value for the PEGyiated hiadiene complex
ray be attributed o 8 decrease in the O diffusion rate within the immediate vicinity
of the photosensitizer due o partial shislding by the PEG molety. Nonegtheless, the
ability of Pa{DMBIHLI-PEGrse to sensitize the formation of 02 (M= 0.57) is
competitive with commercial photosensitizers employed for POT.

Although PA{DMBUELI-PEGse doas not axhibit phosphorescence in PRS
solutions {vide supra) this complex iz capable of sensitizing the formation of 'O under
agueous conditions, Through use of the probe Singlet Cxygen Sensor Green (GI5G)
angd mathyvigne blue as a reference photosensitizer {3 = 8.532), the ability of
FAIDMBHL-PEGTRD to sensitize singlet oxygen was determingd {0 be ©a~ 0.23 upon
frradiation with 550 nm Hght, The apparent sttenustion of @ in PES relative to that in
meathanol is not surprising given that detecting Ge in agueous enviranmants is more
chattenging due to its shorter lifelime as well as the lowsr solubility of oxygan in water
as compared to erganic sahvents. Importantly, however, the aquaous ©s measured for
PE{DMBHL I-PEGse s high encugh toenable POT in biclogical samples {vide infral.

Triple negaltive breast cancer {TNBC) accounts for ~15-20% of diagnosed

breast cancer cases and is associated with sarlier relapse, higher mortality rates, and
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significantly decreased progression-free survival compared {0 non-TN breast cancers.
TNBC patients are unsusceptible to available targeted or hormonal therapies because
the calls in these tumors do not sxpress the necessary surface receplors. Therefors,
these patients are reated with aggressive chemotherapies and surgeries that have
harmful side effects and are often unsuccessiul, necessitating the development of naw
treatment strategies for this dissase. Due to Hs high potency and spacificity, PDT has
been recognized as a promising therapeutic approach for TNBC.

To svaluate the inherent toxicty of PA{DMBHL I-PEGrse, TNBC MDA-MB-231
cells were treated with up 1o 5.0 mM PAIDMBIILI-PEGyso for 48 hrs in the dark and
than subjecied to an Alamar blus cell viabllity assay, MDA-MB-231 celis wers
complataly viable at PE{DMBUL]-PEGyse concentrations up to 0.5 mM, Further, the
lethal dose required for 50% cell death was found to be LDss =1.87 mM, an
exceplionally high value, which demonsirates that in the dark PA{DMBHI-PEGms is
Giccompatible and well-tolerated by the TNBC ¢ells.

To further demonstrate the safety profile of PA[DMBHL-PEGyse, and facilitate
a comparison with a set of commaercially available *O: photosensitizers that form the
Rasis for common POT treatments, cell viability assays were also conducted for
Hematoporphyrin dihvdrochioride (HPDRC), and Jschematoporphyvrin {IHP). Cell viability
following reatiment with up 10 3.0 mM of either HPDC or INP, revealed lethal dose
valugs of LBss = 1.22 mM and LBse = §.64 mM, respectively, which are both lower than
the LDse obtained for PEIDMEBHLI-PEGse. Thess results demoanstrate that
PA{DMBHL-PEGrso is loss toxic than two commercially available photosensitizers
suggasting that i may be used as a photochematherapsutic without causing off-tamget
side effects that often limit the efficacy of PUT agents.

To assass whether PAlDBMBHL-PEGrss is taken up by TNBC calls,
MBA-MB-231 calis were {reated with up 0 1.5 mM PEIOMBHL-PEGyse Tor 48
hir and the celiulsr fluorescencs was analvead by fluorascence imaging and
flow gytometry. Ag discussed above, PAIDMEBIL-PEGyso refains the amission
properties of PEIBMBIHL], anabling its detection by flucrascence microscopy.
Fluorascencs imaging revesled that PA{DMBHLI-PEGye is taken up by cells
during the incubation period, as indicated by the red fuorsscent signal
Further, flow cytomelry analysis confirmed this result, as calls treatad with
POl DMBHL-PEG s expariencad a 2-Fold increase in meadian fluorascence
intensity {(MFI) compared 0 untreated cells. These resulls werg ancouraging

given that cellular uptake is important for any compound 1o be used for POT,
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and lad to the assessmaent of the efficacy of PAIDMBHL-PEGmssas 3
photochemotherapeulic agent.

To investigate the ability of PA{DMBHLT-PEGso o madiate PFOT, MDA~
MB-231 TNBC cells weare treated with the biladisne complex af congentrations
ranging from 0-10.0 uM for 4 hours. At each concentration surveyed, cells
wearg irradiated {Ae » 500 nm) for either G, 180, 20 or 30 minutes. Viabiliity
assays warg conducted to assess cell death 16 hours after irradiation. Cells
incubated with PA{DMBHLT-PEGyse for 24 nours prior to irradiation were
highly susceptible o POT-mediated cell death compared o calls irradiated
brunediately after adding PEIBMBHLT-PEGyse. More specifically, celis
irradiated immediately following the addition of PIIDMBUHLT-PEGse required
concantrations of at least 1 M and 30 min of light exposure beforg any oss
of cell viability was observed, By contrast, celis incubated with
P DMBUHLT-PEGsse for 24 by prior to Bght application were susceptibls
to POT with concentrations of phatoseositizer as low as 4,25 uM, and 10
uM treatment resudted in complete ioss of viability, This enhancemeant in
photoinduced toxicity in cells incubsted with the photesensitizer beforg
fight trestment provides further svidence of cellidar uptake of
PE{DMBHII-PEGyss. From these results, it was also determingd that the
affective dose of PADMEBHLI-PEGres required 1o reduce call vigbility by
S0%, which was found 1o be 80 = §.354 pM for cells incubated with the
photosansitizer for 24 howrs and then subdecied to 30 minuwtes of light
gxpasurg. The ratio of LDsw/Elne delivers the pholotaxicty index (Pl of a
given photochemotherapeutis agent, which provides an indication of the
potency of a photodrug in relation Lo its inherent dark toxicity. For
PEIDOMBUHLT-PEGyse the pholtoloxicity index is daeterminad to be Pl ~
8300, which is excaptionally high, sspecially whean compared Lo
parphyrinoids bypically emploved for POT {vids infra).

To compare the phototoxicity ndex of POl BMBHI FPEGyss with
thase for the commercially available pholpsensitizers, the same
photodynamic activity axpeariments werg conductad with hamatoporphyrin
dibvwdrochioride (HPDC) and isohematoporphyrin {IRP), Treatmeant of
MOA-MB-Z31 cells with each photosensitizer for 24 hours followed by a
34 minute pariod of frradiation (Rq » 300 rom) revesiad affective doses of
EDce = 4885 uM for HPDC, and EDse = 327.56 M for IHP, The LDSE and

ELSE values for HPDO and IHP correlate 1o phototoxicity indices of PE ~ 28
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For HBDC and PTT ~ 2 for IHP. By comparison, the phototoxicity ndex of
PE{DOMBUL1T-PEGrse is guite impressive a5 T is approximataly 8Q0x and
J000x higher than those of HPDU and THP, respaciively.

With the realization that P BMBHI I-PEGras i highly potent and
effective for PRT vie Y2 sensitization, the possible mechanism by which
the biladiene phobotriggers call death was investigated, Ideally PDT will
induce celiviar apoptosis as opposed 1o nacrosis, as the latler can Cause
the relaase of intra-caliviar compartments, and local inflammation that
can stimulate tumor growth. By conlrast, apoptosis is anti~inflammatory
and therefors discourages dissase prograssion. To assess the mechanism
by which PO{DMBH1]-PEGyse photoinduces call death, MDA-MB-231 celis
weare traated with .0, £.0, or 3.0 uM PAIOMBHL-PEGyse Tor 24 hours,
irradiated for 30 min {Re > 500 nim) angd then incubated for 1 hour prior
te Annexiny {(FITC chamnel) and PFU {FerCP channal) staining. Comtrgd
gxperimeants in which nong of the biladiena photosensitizer wars added to
the cells were also carried out @3 cantrols, For thess experiments, the
MDA-MB-231 cells were rested with higher PEIDMBHL1-PEGrse
concentrations than in the viability expertmeants because the celis weare
analyzed only 1 hour post Hght treatment (85 opposad o overnight}.
Although these photosensitizer concentrations are higher than requived for
gffgctive POT, they are still more than two orders of magnituds lower than
the Llxe determined for PE{DMEBHL]-PEGrss.

The results of the apoptosis and necrosis assay showed that POT
with PAiOMBULI-PEGy=e induces wrimaniy apoptotic cell death, and that
the percentage of apoptotic cells incraases with higher photosensitizer
concentrations. The maximum amount of positively stained cells resulted
from {reatment with 8.0 uM PE{DMBHL]-PEGse. The average of three
separate gssays showed that 20.21% of ¢alls were positive for sarly
apoptosis, 17.08% of cells ware positive for late apoptosis, and B.17% of

alls stainad positive for negrosis only, Allernatively, cells that did not
undergo light treatment sxperienced only minimal cell death by any
methanizm. These resuils demonstrate that almost half of the total cell
populations treated with PAIDBMBHLI-PEGrssand that are exposed 1o light
for 30 minutes sxperience primarily apoptotic cell death, and
approximately 82% of the ceils killed by the photolraatment expire vig
apoptosis rather than necrosis, Given that apoptosis is much preferred
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aver necrosis for cancer treatment, these resuits make P DBMEBIHL -

PEGr»se aven more altractive as a potential photosensitizer for use in POT.
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What is claimed is:

1.

2.

A tetrapyrrole complex comprising a metal complexad by a 10,10-diorgano-
5.15-diarvibiladiene ligand which bears at least one substituent comprised of a
water-solubilizing segment.

The tetrapvrrole complex of claim 1, wherein the water-solubllizing segment is
selected from the group consisting of poly{oxyatkylene) segments,
polysaccharide segments, polypeplide segmaents, poly{thicalkylene) segments,
polv{aminoalkylene) segments, polyvinvlpyrrolidone segments, aliphatic
polyester segments, polyamide segments, polyvinyl alcohol segments,
polvacrylic ackd segments, polvacrvlamide segments, polyoxazoling segments,
aliphatic polycarbonate segments, polyphosphate segments, and
polyphosphazene segments.

The tetrapvrrole complex of claim 1, wherein the water-solubilizing segment is a
poly{oxyalkylene) segment.

The tetrapyrrole complex of claim 1, wherein at least one aryl group substituted
at the 5§ or 15 position of the 10, 10-diorgane-5, 15-diaryibiladiens ligand bears
at least one substituent comprised of a water-solubilizing segment.

The tetrapyrrole complex of clabm 1, wherein at least one aryl group substituted
at the 5 or 15 position of the 10,10-dicrgano-5,15-diarylbiladieng ligand bears
at least one substituent comprised of a8 water-solubilizing segment selected from
the group consisting of poly{oxyalkylene) segments, polysaccharide segments,
polypeptide segments, poly{thisalkylene) segments, poly{aminoalitylene)}
segments, polyvinvipyrrolidone segments, aliphatic polvester segments,
polvamide segments, polyviny alcohol segments, polvacrylic acid segments,
polyvacrylamide segments, polvoxarzoline segments, aliphatic polycarbonate
segments, polyphosphate segments, and polyphosphazene segments,

The tetrapyrrole complex of claim 1, wherain at least one aryl group substituted
at the § or 15 position of the 10,10-diorgano-5,15-diaryibiladiene ligand bears
at least one substituent comprised of a poly{oxvatkylene) segment,

The tetrapyrrole complex of claim 1, wherein the metal is Pd or PL.

The tetrapyrrole complex of ¢laim 1, wherein the 10,10-diorgane-5,15-
diaryiblladiens ligand is a 10,10-diatkyi-5, 1 5-diaryibiladiens ligand, a 18-

atkyl, 10-arvi-5, 15-diarylbiladiens ligand, or & 10,10-diaryl-5,15-diaryibiladiene
ligand.

The tetrapyrrole complex of ¢laim 1, whersin the 10,10-diorgane-5,15-
diaryibiladiens ligand is a 10,10-dimethyl-5,15-diaryibiladiens ligand, a 10~
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ii.

i2.

14,

15,

51

methyl, 10-phenvi-5,15-diarvibiladiene ligand, or a 10,10-diphenyl-5,15-
diaryibifadiene ligand.

The tetrapyrrole complex of claim 1, wherein the water-solubllizing segment is a
palyv{oxyalkylene) segment having a number average molecular weight of at
least 200 g/mol.

The tetrapyrrole complex of claim 1, wherein the water-solubilizing segment is a
poly{oxyethylens) segment.

The tetrapyrrole complex of claim 1, wherein the at least one substituent
comprised of a water-solubilizing segment is additionally comprised of a
terminal group selected from the group consisting of atkyi groups and alkyl
groups substituted with at least one functional group selected from ~SR, NRg,
CO:R, -C{=0)NRz, -SO:R, -PO:R, -PRs™, or -NRs*, wherein each R is
independently H or an organo group.

. The tetrapyrrole complex of claim 1, wherein the at lgast one substituant

comprised of a water-solubllizing segment is additionally comprised of a linking
maoiaty which links the water-solubilizing segment to the 10,10-diorganc-5,15-
diarytbifadiene ligand.

The {etrapyrrole complex of claim 13, wherein the linking moiety is selected
from the group consisting of;

I ::G
s X HIN e

and
e X
AN

L‘&/N\
wherein X is O, 5, Se, Te, NH, NR, CHz, CHR, and CR:, with R being an organo
group.
The telrapyrrole complex of ¢laim 1, wherein the aryl groups substituted at the
5 and 15 positions of the 10,10-diorgano-5,15-diaryibiladiens ligand are
substituted phenyl groups having one or more substituents selected from the

group consisting of halo, alkyi, oxygen-containing substituents, sulfur-containing
substituents and nitrogen-containing substituents, subject to the proviso that at
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least one of the substituted phenyl groups is substituted by at least one water-
solubilizing segment-containing substituent.

16. The tetrapyrrole complex of claim 1, wherein the aryl groups substituted at the
5 and 15 positions of the 10,10-diorgano-5,15-diaryibiladiene ligand are
substituted phenyl groups, at least one of the substituted phenyl groups is
substituted by a poly{oxyalkylens) segment-containing substifuent, and all
substituents on the substituted phenyl groups other than poly{oxyalkyleng)
segment-containing substituents are fluorine.

17.The tetrapvrrole complex of claim 1, wherein the 10,10-diorgano-5,15-
diaryibiladiene ligand is substituted at one or hoth of the 2 and 18 positions with
a n-conjugation-extending substituent,

18. The tetrapvrrole complex of ¢laim 17, wharein the n-conjugation-extending
substituent is selected from the group consisting of carbonyl-containing
substituents, imine-containing substituents, aromatic substituents,
vinylaromatic substituents and sthynylaromatic substituents.

19. The tetrapyrrole complex of claim 1, wherein the tetrapyrrole complex has a
structure corresponding to Formula (Ih

wherein M is a metal; each X is independently selected from the group
consisting of hydrogen, halogen, alkyl, and water-solubilizing segment-
containing substituents, subject to the proviso that at least one X is a water-
solubilizing segment-containing substituent, fach R is independently subjected
from the group consisting of hydrogen, halogen, and n-conjugation-extending
substituents, and each R’ is independently selected from the group consisting of
alkyl groups and aryi groups.

20. The tetrapyrrole complex of claim 19, wherein M is Pd or PL
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21.The tetrapyrrole complex of claim 19, wherein R’ and R are independently
methyl or phenyl

22.The tetrapvrrole complex of claim 19, whearein the water-solubilizing segment-
containing substituent{s) comprise(s) at lrast one water-solubilizing segment
selected from the group consisting of poly{oxyalkylene) segments,
polvsaccharide segments, polypeptide segments, polv(thiocalkyiena} segments,
poly{aminocalkylene) segmeants, polyvinyipyrrolidone segments, aliphatic
polvester segments, polvamide segments, polyvinyl alcohol segments,
polyacrylic acid segments, polvacrylamide segmaents, polyoxazoline segments,
aliphatic polvcarbonate segments, polyphosphate segments, and
polyphosphazene segments,

23. The tetrapyrrole complex of claim 18, wherein the water-solubilizing segment-
containing substituent{s) comprisa{s) at least one poly(oxyalkylene) segment.

24. The tetrapyrrole complex of claim 23, wherein the at least one
poly{oxyalkylene) segment has a number average molecular weight of at {east
200 g/muol

25. The tetrapyrrole complex of claim 23, wherein the at least one
poly{oxyalkylene) segment is a poly{oxyethylene) segment,

26. The tetrapyrrole complex of claim 23, wherein the water-solubilizing segment-
containing substituent has a terminal group selected from the group consisting
of atkyl groups and alkyl groups substituted with at least one functional group.

27.The tetrapyrrole complex of claim 23, wherein the water-solubilizing segment-
containing substituent is linked to a phenyl group through a linking moisty.

28. The tetrapyrrole complex of claim 27, wherein the linking molety is selected
from the group consisting of:

O

e X N

and

e X M.
\ =N
e

wherein X is Q, 5, e, Te, NH, NR, CHz, CHR, and CR;, with R being an organo
group.
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28, The tetrapyrrole complex of claim 19, wharein at least one X group is a
polv{oxyalkyleng) segment-containing substituents and the remaining X groups
are flgorine.

30. The tetrapyrrole complex of claim 19, wherein gach R is & n-conjugation-
extending substituent selected from the group consisting of carbonyl-containing
substituants, imine-containing substituents, aromatic substituents,
vinylaromatic substituents and ethynylaromatic substituents.

31. The tetrapyrrole complex of claim 25, wherein the poly{oxyethylene) segment
has structure —{(CHCH:O)e- and n is from ahout 3 to about 250 on average.
32. The tetrapyrrole complex of claim 19, wherein the water-solubilizing segment-

containing substituent{s) is or are selected from:

=S  HN

or

wherein n is from about 3 to about 250 on average.
33. A method of using a tetrapyrrole complex in accordance with any of claims 1 to 32,
comprising administering the tetrapyrrote complex to a patient and, after a period of
time, irradiating targeted tissue of the patient with an energy source that excites the
tetrapyrrole complex thereby producing a desived therapeutic response in the targeted
tissue.
34. The method of claim 33, wherein the targeted tissue comprises tumor calls,
35, The methad of claim 33, wherein the tetrapyrrole complex is administered
intravenously or intratumorally.
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36. The method of claim 33, wherein the tetrapyrrole complex is administerad
intravenously as an aqueous solution.

37. A process of photodynamic therapy Tor treatment of diseased tissues comprising a)
delivering a formulation comprised of a tetrapyrrole complex in accordance with any of
claims 1 to 32 and a pharmacewtically acceptable vehicle {0 diseased tissue at a specific
treatment site; b) allowing the formulation to preferentially accumulate in the diseased
tissue; and ¢) radiating the specific treatment sile with light of a sufficient power and
wavelength to activate the tetrapyrrole complex.

38. The process of claim 37, wherein the light has a wavelength of from 350 to 1000
.

32. The process of claim 37, wherein the process is carried out in coordination with
photothermal therapy.

40. The process of claim 39, wherein the photothermal therapy comprises embedding
within the diseased tissue nanoparticles which emit heat in response to laser light.

41. The process of claim 40, wherein the nanoparticles are comprised of a silica-
containing core and a gold-containing shell.

42, A formulation useful for photodynamic therapy, comprising a tetrapyrrole complex
in accordance with any of claims { to 32 and a pharmaceutically acceptable vehicle,
43, The formulation of daim 42, wherein the pharmacautically accaptable vehicle is
comprisad of water.

44, A tetrapyrrole ligand, whereins the tetrapyrrole ligand is a 10,10-diorgano-5,15-
diarylbiladiene ligand which bears at least one substituent comprised of a water-

solubilizing segment.
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