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Highlights
1. A panel of nevf-maleimide-substitutethesearylporphyrins was synthesized.
2. Reactivity of porphyrin maleimides towards S{eogphiles was studied.
3. Flash photolysis showed the ability of new coonmuis to generate ROS.
4. Complexes with albumin were determined for nmiée and succinimide porphyrins.

5. Selected compounds induced rapid photonecnosislon carcinoma cells.

Abstract

The maleimide moiety is widely used in drug desido. explore the properties of
maleimide containing photosensitizers we obtainegrées of news-maleimide functionalized
mesearylporphyrins through acylation gkamino group in porphyrins with maleic anhydride
followed by condensation of maleic acid monoamidBse selective reactivity of porphyrin
maleimides toward thiols was demonstrated usingcamocarboranes and cysteine. New
derivatives retained the ability of tetrapyrroli@eonocyclic compounds to absorb light in visible
spectral region and to generate triplet statesraadtive oxygen species upon photoactivation
Importantly, illumination of cells loaded with a lcepermeable 2-{3-[¢-carboran-1’-
yhthio]pyrrolidine-2,5-dione-1-yl}-5,10,15,20-tetphenylporphyrin triggered rapid (within the
initial minutes) generation of superoxide anionicad concomitantly with a decrease of
mitochondrial membrane potential and then the tdghe plasma membrane integrity and cell
death. Thus, the maleimide-substituted porphyrireprasent a new chemotype of
polyfunctionalized compounds for an in-depth inigggion as photosensitizers in cancer and

beyond.

Key words: porphyrins, maleimides, carboranes, fluorescendegles oxygen,

phototoxicity.



1. Introduction

During the last few decades porphyrins and thealagues have attracted significant
interest due to their exploration in various fieklgch as dyes for photovoltaic solar cells [1,2],
chemical sensors [3,4], molecular electronic congpds [5], non-linear optic materials [6,7],
catalysts [8], nanomaterials [9,10], and as phatsitigers in photodynamic therapy (PDT) of
cancer and other diseases [11-14]. Progress ituardr PDT is associated with advances in the
design of non-toxic efficacious photosensitizergatde of providing the maximum therapeutic
effect while sparing the surrounding non-malignisgues.

Among the tetrapyrrolic macrocyclic systems, théragrylporphyrins are of great
importance as a source of new photosensitizers tdutheir availability and diversity of
structurally functionalized, highly potent deriwags. The aryl substituted porphyrins are the
synthetic analogues of natural porphyrins and aidorDerivatives of arylporphyrins and their
metal complexes are of practical use in the creabioa variety of anticancer drugs, including
the agents for PDT. Furthermore, porphyrins aréclasmpounds for the preparation of chlorins
and bacteriochlorins that are used for a deepeoityghotodamage due to a stronger absorption
in the visible and near-infrared region [15]. THere, the design of new porphyrins with
particular structural fragments is of consideraipigortance since it gives to the porphyrin
system new specific properties and extends thes arfeapplication.

To improve PDT efficiency of photosensitizers a i@m of approaches have been
developed to conjugate the photosensitizer withtharcstructural moiety using a covalent bond
[16-20]. A considerable attention has been paith¢oconjugates of porphyrins with proteins and
peptides [21]. The advantage of such conjugatésaisthey make it possible to overcome the
low water solubility of tetrapyrrolic compounds amdduce their aggregation. Selective
conjugation of porphyrins to peptides is based linltargeting reactions. Modification of
porphyrins with functionalities capable of reactingh cysteine thiol groups is a useful strategy
for regioselective delivery of the photosensitizetarget cells [17].

Bioconjugation via the maleimide moiety has emergedan excellent approach for a
variety of applications, in particular, therapeusiotibody-drug conjugates [22-25], structural
investigations of complex cellular compartments] [26d design of targeted delivery systems
[27]. The maleimide-substituted porphyrin derivagvare of significant interest. The maleimide
units represent the substrates for thiol Michaelitawh reactions [28]. The presence of teis-
oriented carbonyl groups in the maleimide structunakes its electron-deficient double bond
extremely reactive towards cysteine thiol groupspodteins at physiological pH, with the
formation of relatively stable succinimidyl thioethbonds. Commonly the Michael addition

process provides a high selectivity, high yieldgprdducts, good reaction rates, insensitivity to
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oxygen or water, and a compatibility with variolmsot structures. Moreover, the thiol group

displays a higher nucleophilicity compared to tlyelroxyl and amino groups at physiological

pH, thereby reacting preferentially with the doublend of maleimide. A series of porphyrin-

maleimide derivatives have been used for the patipar of efficient cell penetrating peptide-

porphyrin conjugates which are suitable for use targeted PDT. The regiospecific

bioconjugation of maleimide porphyrins to the pdptbackbone can improve the selectivity and
broaden the spectra of therapeutic applications3J.

In this study we describe a new panepehaleimide-substituted porphyrins. A variety of
synthetic approaches have been developed to syzelfiesubstituted porphyrins [30-34]. Tife
substituents can shift the electronic absorptiomdbao the near infrared region; these systems
may find use in PDT [33] and elsewhere [35]. Thisravailable information on the improved
antitumor properties of tetrapyrrole photosensiizeontaining boron polyhedra in PDT as
compared with their non-boronated analogs [34,36,8@nsidering our long-term interest in
boronated porphyrins as antitumor agents we refuet synthesis, characterization gf
maleimide-substituted porphyrins and their reattiviowards S-nucleophiles including
mercaptocarboranes. Among the series of new demstthe boron containing 2-{3€{
carboran-1’-yl)thio]pyrrolidine-2,5-dione-1-yl}-50115,20-tetraphenylporphyrin  demonstrated
good properties in vitro and in cell based testesys, suggesting its potential as an antitumor
photosensitizer.

2. Results and Discussion

2.1. Synthesis

S-Maleimide-substituted porphyriris5 were synthesized usimgesearylporphyrins6-8
[38,39] as starting compounds. For their prepanati@ exploited the availability gf-nitro-
substituted porphyrins which can be easily syn#teskiin a good yield by the regioselective
nitration of corresponding porphyrin copper compkexvith copper(ll) nitrate [40]. We tried to
obtain 2-nitro-derivatives of porphyring-8 on the basis of metal-free derivatives, using an
excess of copper nitrate in @Ely/acetic acid/acetic anhydride mixture, suggestimgin situ
formation of a copper complexes followed by simudtaus nitration under reflux. As a result for
all porphyrins the desired products were obtainedt Ikhe vyields of copper(ll) 2-
nitroporphyrinates were dependent on mhesesubstituent in the porphyrin macrocycle. In the
case of porphyring, 8 the 2-nitro-substituted copper complexes wereinbthin ~ 45-50%
yields while for pentafluorophenyl substituted goypn 7 the yield of desired product was
almost quantitative (97%). In this regard, copgg&initroporphyrinate®-11 were obtained in a
good yield (81-98%) by nitration of the correspamgiporphyrin copper complexes with

copper(ll) nitrate at room temperature in fHp/acetic acid/acetic anhydride mixture.
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Demetallation of 2-nitroporphyrinate8-11 was readily proceeded according to [41] in
H.SO/CRCOOH (1:1)system affording the free base 2-nitroporphyfisl9 in 83-90% yield.
The derivatives17-19 are considered the key compounds for the syntheki2-
aminoporphyrins. The most efficient protocolsremsform NQ group into the amino group are
based on reduction with SneHICl or NaBH,-Pd/C [42, 43]. All 2-nitro-substituted porphyrins
9, 12, 17-19 were smoothly reduced with NaBldnd Pd/C [43] in CkCl, - MeOH to afford the
expected aminoporphyrirZ0-24 in 71-79% yields as starting compounds for maiecycle

formation.
Ar NO, Ar NH,
jii
Ar Ar — Ar Ar
Ar Ar NO, /
17 M = 2H, Ar = C4Hs
. AT 18 M =2H, Ar = C,Fs Ar
Ar Ar —' o Ar Ar 19 M = 2H, C¢H,-p-CF5 20 M = 2H, Ar = C¢Hs
' 21 M =2H, Ar = C4Fs
l\//\ Ar NH, 22 M =2H, C¢Hy-p-CF3
Ar Ar
6 M =2H, Ar = CgHjs 9 M = Cu, Ar = CgH; w Ar
7 M =2H, Ar = C¢Fs 10 M = Cu, Ar = C¢F
8 M =2H, Ar = CgH,-p-CF; 11 M = Cu, Ar = CgH,-p-CF;
13 M = Cu, Ar = CgHs 12 M = Zn, Ar = C¢Fs
14 M = Cu, Ar = CgFs 23 M = Cu, Ar = C¢Hs
15 M = Cu, Ar = C¢H,-p-CF5 Ar 24 M =Zn, Ar = C¢Fs

16 M = Zn, Ar = C¢Hs
Scheme 1. Synthesis of 2-aminotetraarylporphyinSy(NO;),*3H,0, CHCl,, AcOH,
Ac0; (il) CRCOOH/H,SO, (1:1), r.t.; (iii) NaBH,, Pd/C in CHCI, — MeOH, Ar, r.t.

The synthetic strategy to obtain n@gwyrrole maleimide derivatives involved acylation
of p-amino groups with maleic anhydride (Scheme 2).s€heeactions produced porphyrin
conjugates25-29 containing the substituted maleic acid monoamide&ylation of porphyrins
20, 21, 23 with maleic anhydride was carried out in AcOH fh at room temperature; the
corresponding monoamides were obtained in 20-828%dsy These results demonstrated that the
product yields are dependent on thesesubstituents in the porphyrin macrocyle; the lawes
yield was obtained fo21 that contains pentafluorophenyl substituents. riavease the yield of
maleic acid monoamide fo21, we used the reaction of its zinc compl24 with maleic
anhydride in MeCN under reflux. In this case theldiof the target product was 69% after
column chromatography on SiOThe same reaction conditions (MeCN, reflux) wesed for
acylation of porphyrir22 with maleic anhydride; porphyria7 was obtained in a good yield. The
use of MeCN instead of acetic acid for acylationmisre convenient since the reaction time is
significantly reduced. However, MeCN as a solvenhot suitable for acylation &0, 22, 23
since these porphyrins are insoluble in MeCN.



The subsequent thermal cyclization of porphyringaalic acid®5-29 was performed at
110 °C in AcO in the presence of NaOAc producing the corresimgng-maleimide-substituted
porphyrinsl-5in 61-77% yields.

0
A 0"\
Ar  NH, Ar NH Ar N

0 0]
Ar Ar —— > Ar Ar — " 5 Ar Ar
Ar Ar Ar
20 M =2H, Ar = CgHs 25M = 2H, Ar = C4H; 1 M =2H, Ar= C¢H;
21 M =2H, Ar = C¢Fs 26 M = 2H, Ar = C¢Fs 2 M =2H, Ar = CgF5
22 M = 2H, C6H4-p-CF3 27 M — 2H’ C6H4_p_CF3 3 M = 2H, C6H4-p'CF3
23 M= Cu, Ar = C¢H; 28 M = Cu, Ar = C¢H; 4 M= Cu, Ar= C¢Hs
24 M =Zn, Ar=CgFs 29 M = Zn, Ar = C4Fs SM=Zn, Ar=CgFs

Scheme 2. Synthesis of 2-maleimide-substitutedipoips: (i) for20, 21, 23: maleic
anhydride, HOAC, r.t.; foR2, 24: maleic anhydride, MeCN, reflux; (ii) NaOAc, 4@, 110 °C.

Substituted maleimides are a unique class of comg®used in chemical and biological
studies due to the activated double bond suitadsletiemical transformations of different types.
Substituted maleimides can behave as dipolaropimlése reaction of 1,3-dipolar cycloaddition
or as dienophiles in the Diels—Alder reaction, adl s acceptors in the Michael reaction with
O-, N- and S-nucleophiles. Since we were interegtethe reactivity of prepared maleimides
with S-nucleophiles, we studied the Michael additieaction of 1-mercapto-carborane30 [44]

and 9-mercaptor-carboranel [45] with porphyrinsl, 3 and5.



H 0 S
Ar N
(0]

30

—® Ar Ar
SR CHCl; NaOAc
Ar N
32 Ar=CgH;
© Ar
Ar Ar o S
Ar W
Ar 0 ®=CorCH
QO =BorBH
H 31
1 M =2H, Ar = CgH e A Ar
3 M =2H, C¢H,-p-CF; CHCl; NaOAc
5M = Zn, Ar = C4Fs Sk 21, Ar— CH,

34 M = 2H, C¢Hy-p-CF;,

3ISM= Zn, Ar= C6F5
> CF;COOH
36 M =2H, Ar=C6F5:| ’

Scheme 3. Synthesis of carborane-substituted pona82-36

Functionalization of the maleimide double bondlir3, 5 with carborane80, 31 was
performed in boiling CHGIlin the presence of NaOAc affording the correspogdiarborane
succinimidyl thioethers32-35 in a good yield. Free base porphyB86 was obtained by the
removal of Zn from coordination sphere of porphy8kunder the action of trifluoroacetic acid
(Scheme 3). Since the maleimide is by far the raogable functional group to be coupled to a
cysteine residue because the coupling reactionigblyh specific and efficient [28], we
demonstrated the ability of maleimid&s4 to form conjugates with cysteir®. Reactions were
carried out in a THF-ED system at room temperature in argon to prodd8&e39 in a
quantitative yield (Scheme 4). Of note, it is neegg to remove oxygen from solvents otherwise

the disulfide bond in the formed cystine would @metvthe reaction with maleimides.

(0]
0] N SH 0]
Ar N H Ar N S
Z o Hun OMe
(0] HoN (0]
37
Ar

NH,
*HCI  OMe
Ar > Ar Ar
THF-H,O
Ar Ar
3 M =2H, C¢Hy-p-CF5 38 M =2H, C6H4-p-CF3
4 M = Cu, Ar = C¢Hj; 39 M = Cu, Ar = C¢Hj

Scheme 4. Synthesis of cysteine-substituted poiy8s, 39.



Compounds38, 39 contain functional amino and ester groups suitdble further
functionalization including their use in peptidenfyesis. The structures of all newly prepared
compounds were identified by IR arti, *'B, *'B{'H}, °F NMR spectroscopies and mass
spectrometry. (SelexperimentabndSupporting Informatiorrigure S1-13 for details).

2.2. Physico-chemical properties

2.2.1. U\visible absorption spectra

The absorption spectra of the new compounds in DM8IOtions are shown in Figure
1A. Spectra were normalized [0; 1] to their respecQxio maxima (Qoo for 5). Spectra fod-3,
32, 34 are characteristic of metal free porphyrins [46] dflowing the intense Soret bands
aroundi=420 nm and four Q-bands of lower intensities agkr wavelengths. F& containing
Zn**, the spectra showed three Q-bands and the Saretims slightly red-shifted (4 nm) (Table
1). The major Q-bands for all the compounds wepatked atAi=516 nm with exception db
(A=554 nm) an® (A=508 nm). Introduction of the pentafluorophenylgrqporphyrin2) led to
a 7-10 nm blue shift of all the bands.*Zmlerivative5 displayed a 10 nm red shift and less
number of Q-bands with significant red-shift relatio the metal fre2.

2.2.2. Fluorescence spectra

The emission spectra of porphyrids3, 5, 32 34 were normalized to the respective
Q*xo00 (1, 32, 3, 34) or Q*o1 (5, 2), the maxima are shown in Figure 1B. All the spect
demonstrated Qioand Q%1 emission bands typical of porphyrins [46, 47] ($eble 1 for the
band positions). Trifluoromethyl-substituted porphg 3 and 34 showed a 8 nm red shift of
Q*x00 bands relative to the 2-maleimide-substituted pwrp 1. No correlation was found
between the substituent in porphyry$, 32, 34 and the red shift of Q¥o bands. Similar to the
absorption spectra, all the bands in the fluoreseapectra of the pentafluorophenyl substituted
porphyrin2 are blue-shifted by 13 nm relative to maleimidgbgrin 1, and the band intensities
were inversed. The pentafluorophenyl-substitutedplpgrin 5 (Zn** complex) displayed
fluorescence bands which values are significantlyedshifted {=598 nm andi=650 nm)
compared to other zinc containing porphyrind£650 nm and=715 nm) [48,49].
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Figure 1. Normalized absorption (A) and fluorescence (B) s@eof the porphyrin
derivatives and zoomed Q-bands in the 450-700 mome SeeExperimentafor details.
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Table 1.UV-visible absorptiorand fluorescence data in DMSO solution.

Porphyrin Amax NM
Soret band Q bands Emission

1 420 516,551, 594, 647 653,718
32 421 516,550, 593, 648 653,718
5 424 517554,593, - 59865(

414 508,543, 583, 635 64,0€
3 420 516,549, 590, 645 650,715
34 420 516,548, 592, 646 650,715

The most intensive peaks are marked in bold. Standeviation + 1 nm.



2.2.3. Fluorescence lifetimes and quantum yielidgjlet oxygen quantum yields

Fluorescence lifetimes and quantum yields in DM®&@@4dsured relative to rhodamine
6G) for all tested porphyrin derivatives are sumeet in Table 2 and Figure 2. Values of
quantum yields of fluorescence varied from 0.043#to 0.01 for ZA*-containing5. The decay
curves fit to single-exponential functions wij2< 1.6 except for5 that required a two-
exponential fit. The short decay time ®indicates that Zii conferred a shorter lifetime of, S
state [50].The pentafluorophenyl-substitut&lhad the longest lifetime; = 10.52 ns and an
average quantum yield of fluorescence (~0.01). Bated derivatives had average valges3-9
ns and the highesgt (0.03-0.04). Values af andt; for Zn** derivative5 were the lowest in the
series corroborating the published data [50].

Fluorescence, being dependent largely on the imsdectron system of the macrocycle,
is unlikely to be affected by periphery substitetfiiat do not distort the macrocycle’s planarity.
In general, the quantum yields of fluorescence hba ~ 0.1 in the free tetraphenylporphyrin
(TPP) and ~ 0.04 for a zinc-TPP in an organic sulyB0-52]. In fact, the obtained values for
investigated porphyrins are lower than for TPP sTfference can be explained by influence of
the maleimide group on the central macrocyzelgystem. However, the ratio of valugsandr;
of Zn** containing5 (@= 0.01,7; = 1.37 ns) to its free base anabfp = 0.02,7; = 10.52 ns) are
in good agreement with the reference data.

Table 2.Fluorescence quantum yields and lifetimes, and tguatyield of singlet oxygen

generation in DMSO.

(

; b
Com pound ((r; (DMso)a Tf (Dmso), NS q 102 (DMSO)

1 0.03 8.20+0.01 0.69
32 0.03 8.39 +0.02 0.81
5 0.01 1.37 +0.01 0.77

0.02 10.52 +0.02 0.92
3 0.03 8.73 +0.05 0.70
34 0.04 9.08 +0.08 0.91

aPReproducibility +10%.°The optical density was matched for tested compstamt

reference at the excitation wavelengths @Eegerimentg|.
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Figure 2. Time course of fluorescence decay of porphyrinBMiSO.

2.2.4. Triplet states of new porphyrin derivatives

The flash photolysis was used to investigate thigybf the new compounds to generate
ROS upon photoactivation. Excitation by the visibigt (400-510 nm or 480-560 nm) in the
oxygen free organic solvents (ethanol, propandd¥SO) induced a short-lived triplet state of
porphyrins. Differential absorption spectra of thiplet states (see Figure 3 f@2 as an
example) showed the absorption bands at 440-518ntb40-750 nm and bleaching of S- and
Q- bands. Spectra were recorded after a singlegylbotoexcitation (480-560 nm, 80 J). The
kinetics decay of the triplet states followed atforder lamyA = AApxexp(-th,), where,A is the
triplet-triplet absorption at a given timgly is triplet-triplet absorption immediately afteghit
illumination, t is time. The triplet lifetime is. = 1/k;,, where k is the constant of the triplet state
kinetics decay. Lifetimes of the triplet states 168, 5, 32 and34 varied insignificantly within a

low millisecond range.

0,02- 002
< 0,01
0,00
0,01 1 . i . i . i :
0 2 4 6
< 1 Time, ms
MH‘"'\.
0,00 == el

4( 450 500\/ 550 600 650 700 750

-0,01+ Wavelength, nm

Figure 3. Transient triplet-triplet absorption spectrunB@f(2 uM) in propanol-1 (20Qus
after flash) and the kinetic trace of triplet aD4#m.
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Quenching of the triplet states fi+3, 5, 32 and 34 by oxygen leads to the formation of
the singlet oxygen (see Figure S14 f@», phosphorescence spectra; rose bengal (RB) is a
reference compound). Measurements of quantum yaltlee singlet oxygen were carried out at
high concentrations of oxygen in solutions; all g@phyrin triplets transferred energy to the
singlet oxygen. Quantum yields in the solutions@esented in Table 2. All the new compounds
showed a significant quantum vyield of the singbeygen (0.69-0.92). Thus, the quantum yields
of singlet oxygen and the triplet state of porphyderivatives were almost coincident, making
these compounds perspective as photosensitizePOor

2.2.5. Stable complexes with HSA

We were interested wheth#+3, 5, 32, 34 can form complexes with HSA, a major drug
carrier in the body. Figure S15 shows the absanptjgectra depending on HSA concentrations
(32 as an example). The equilibrium dissociation camist (calculated by formula 4, see
Experimentgl are shown in Table 3. Compounti&and?2 showed the biggest affinity to HSA.
Introduction of the carborane or €Bubstituents, as well as Zn somewhat weakened the

ability of drug-albumin complex formation, most pedbly due to a steric hindrance [53].

Table 3 Dissociation constants {Kof porphyrin-HSA complexes.
Compound  Kgx 10, M

1 0.83+0.25
2 1.10+0.34
3 2.09+£0.73
5 4.14+1.76
32 3.39+0.96
34 1.84+ 0.52

Altogether, testing in several cell free systemmaolestrated that our new maleimide-
substituted porphyrins largely retained the charstics suitable for PDT. All tested derivatives
fluoresced in the visible spectral region that nsakkeem convenient for detection in the cells.
Most importantly, peripheral moieties or metal iarthe coordination sphere of the tetrapyrrolic
macrocycle did not seriously alter the ability tengrate ROS upon light activation and form
stable complexes with albumin. Therefore we settouinvestigate these compounds in cell

based assays and evaluate their relevance as ataglfdr antitumor PDT.
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2.3. Biological properties

2.3.1. Dark and light toxicity

We tested dark cytotoxicity of-3, 5, 32 and 34 by treating HCT116 human colon
carcinoma cell line with each of these compoungst@us0 pM) for 72 h followed by an MTT-
test. No discernible cell growth inhibition or deatias registered (data not shown). Next, we
monitored intracellular accumulation df3, 5, 32 and34. The HCT116 cells were loaded with 5
UM of each compound for 24 h, washed with coldngaknd immediately analyzed by flow
cytometry. Figure S16 shows the histograms of asdlociated fluorescence after excitation at
405 nm and emission at 710 nm and 780 nm. The prosbunced accumulation was detected
for 32

Next, we evaluated light activated cell death afteding the HCT116 cells with-3, 5,
32 and34 (0-50 pM each, 24 h at %2, 5% CQ) and illumination with a 420 nm laser. Cell
viability was assessed by an MTT test 2 h posinihation. Data in Table 4 showed ti3was
the most potent photosensitizersd@as in a low micromolar range of concentrationlsoAwe
illuminated cells with a 650 nm laser (Figure 1A;J&nf) after the same loading. OnB2
triggered a pronounced death wher&e 5 and 34 were inert. At 30 J/ctncompounds was
slightly active (not shown)logether, based on the appropriate physico-cheroi@iacteristics
in cell free systems, the lack of dark cytotoxicityood cell permeability and a potent
phototoxicity, we selecte8? for further experiments as a candidate antitunhat@sensitizer.

Table 4.Phototoxicity of porphyring-3, 5, 32, 34.

Compound ICs0, UM
1 13.2
2 32.6
3 >50
5 7.8
32 1.1
34 >50

The HCT116 cells were loaded with 5 uM of each cooma for 24 h, washed with
saline, illuminated with a 420 nm laser (1.5 Jmand incubated in a fresh medium
supplemented with the MTT reagent for 2 h al@375% CQ. ICso values are mean of 3
independent measurements with a <10% error E3perimentafor details.
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2.3.2. Intracellular distribution

Cells were exposed to 5 plg2 for 24 h at 37C, 5% CQ to achieve maximum
accumulation (see Figure S16). Figure 4 demonstthtd32 can be visualized in the cytoplasm
of HCT116 cells. No co-localization with lysosomesitochondria, endosomes or nuclei was
detectable using the respective fluorescent proBesilar patterns of intracellular localization
were observed fol-3 and 34 (Figure S17) indicating that new maleimideporphgriand

succinimideporphyrins are distributed across tlgaoelle-free cytoplasm.

Figure 4. Cytoplasmic localization of compoud®in HCT116 cells.

Cells were exposed to 1 uB2for 1 h at 37C, 5% CQ, washed and visualized by a confocal
laser scanning microscopk, D, G: autofluorescence &2, B: LysoTracker Green DND-26;:
transferrin-FITC,H: MitoTracker Green FMC: merge ofA andB; F: merge ofD andE; I:
merge ofG andH. N: nuclei. Bar, 10 um.

2.3.3. Lethal cell photodamage upon photoactivatbtge.

To evaluate the perspective 82 as an antitumor photosensitizer we investigated th
events that lead to death of cells loaded with ¢thimpound. We were interested whether ROS
generation by32 detectable in a cell free system (Table 2), taesl into intracellular free
oxygen burst upon illumination of cells loaded withs compound. In so doing we used the

MitoSOX Red probe for intracellular visualizatiom 0, and the MitoTrackerCMXROS Red
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dye sensitive to mitochondrial transmembrane eteptrtential. As expected, in intact HCT116
cells MitoSOX Red fluorescence was localized laygelmitochondria (Figure/&-C). However,
illumination of cells loaded witt82 led to an instant (by 30 sec) increase of MitoSRed
fluorescence whereas MitoTrackerCMXROS Red flua@ese decreased (FigurB k). Merged
images (Figure B) showed that, in illuminated cells, MitoSOX Reddtescence was no longer
attributable to viable (that is, maintaining thamembrane potential) mitochondria. To
simultaneously monitor mitochondrial damage and dekth, the DNA intercalating agent
propidium iodide (PI) was added to the cell cultprer to illumination. Pl staining is a hallmark
of the loss of plasma membrane integrity [34,54he Tmitochondrial membrane potential
dropped dramatically within the initial 1-2 min pokumination (Figure &-D). This effect was
paralleled by increased cell permeability for Pk ghown in Figure B, F, Pl alone did not
affect the morphology of non-illuminated cells th&mained Pl-negative over the time of
experiment. In contrast, as soon as 5 min poshitiation Pl entered individual cells; by 10 min
the dye was clearly detectable in the nuclei anihpelear areas (Figure&GH). Thus, ROS
generation coincident with the drop of the mitoathieed membrane potential preceded the influx
of Pl into illuminated cells. Together with datakigure 4, these results indicated that, although
32 lacks a specifically mitochondrial accumulatione tintracellular oxidative burst upon light

activation can damage mitochondria and probablgratiembrane organelles. Most importantly,

the plasma membrane permeability for Pl indicatesrarepairable cell photodamage.

MitoSOX MitoTracker Merge

Figure 5. Detection 0fO,in HCT116 cells.

Cells were loaded with 5 pig2 for 24 h at 3%C, 5% CQ prior to laser confocal
microscopyA-C: no light;D-F: 30 sec after photoactivation. Shown are intra¢aildistribution
of O, sensor MitoSOX Red (green; excitation 488/emisSibd-600 nm); nuclear dye Hoechst
33342 (blue; excitation 405/emission 415-480 nmijpamondrial probe MitoTracker Red
CMXROS (red; excitation 543/emission 560-620 nngr,B0 pum.
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Figure 6. Rapid photodamage of HCT116 cells loaded with pgarp 32.

A-D: cells were loaded with MitoTracker Green FM (Mufor 30 min in the absencd&) or
presence of 5 uN32 (B-D) followed by washing with saliné\,B: no light;C, D: 1 min or 2 min,
respectively, after illumination with a 405 nm lasE-H: cells were given 10 pg/ml PI for 10
min prior to imagingE, no 32, F-H: cells loaded with 5 M 32 and then either left in the dark
(F) or illuminated with a 405 nm laser and photogeptd min G) or 10 min H) post
illumination. In each image: cells were counterstd with DAPI (blue). Bar, 10 pm.

Overall, aiming at conjugation of a biologically time moiety to the known
photoactivatable scaffold, we synthesized and charaed a new series gffunctionalized
maleimide-substitutechesearylporphyrins. The maleimide units were highlesific for thiols
through the Michael addition. New compounds caruged for porphyrin-driven, site-selective
modifications of cysteine residues in proteins. &y these residues have been shown to be
important for covalent but reversible binding tadgrotent inhibition of the enzyme critical for
cell division [54; see also 28 for recent reviewl].

Along with the maleimide moiety, our new porphyderivatives carried diversmese
aryl substituents including fluorine groups, metahters (ZA", C/*") in the coordination sphere
of the tetrapyrrolic macrocycle, as well as sugunide units ing-position of macrosycle
functionalized with the boron polyhedron (carboraage) or cysteine. The resulting compounds
represented bulky structures decorated with ind@idchemical groups for a variety of
biological functions. Multifunctionality of new cgmounds re-iterates the suitability of the
tetrapyrrolic macrocycle as a versatile core in iciadl chemistry.

Importantly, in agueous and/or organic solutions sibstituents did not alter a major
biomedical property of porphyrins, that is, thelidbito generate ROS upon light activation.
Furthermore, the selected compounds formed staliglexes with the carrier protein albumin

in a physiological buffer. Nevertheless, the bebaef individual new derivatives in cell culture
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varied. Although all porphyrins tested in cell-bdisessays were non-toxic in the dark within as
long as 72 h, their differential intracellular acoulation and phototoxicity made not each
compound therapeutically perspective. Compound -g-¢3arboran-1-yl)thio]pyrrolidine-2,5-
dione-1-yl}-5,10,15,20-tetraphenylporphyri@2) demonstrated reasonably good photochemical
propertiesin vitro. Furthermore, the carborane moiety did not selyoadter the 32HSA
binding, corroborating our experimental amd silico findings with other monocarboranyl
substituted tetrapyrrolic photosensitizers [53]g&tier with a high intracellular uptak&? can

be considered a lead in the series.

Most importantly 32 was the most potent in sensitizing HCT116 colacioama cells to
light. A burst of ROS and a drop of mitochondriadmrbrane potential occurred within the initial
minutes post cell illumination. These events prededapid (by 10 min) loss of the plasma
membrane integrity followed by a dramatically dewed reduction of the MTT reagent by
mitochondrial dehydrogenases. This mode of celtrdsareminiscent of the previously reported
fast photonecrosis triggered by illumination of Igeloaded with the monocarboranyl- or
polyfluorinated tetracarboranylchlorins [14,34]illSt32 differed from these photosensitizers in
the patterns of intracellular distribution. Boraoatof chlorin €6 amide conferred its localization
in the membrane organelles and the ability to nseacross the artificial membranes [34].
However, the carborane containiBgaccumulated in the organelle-free cytoplasm ratem in
the organelles. Thus, the carborane cage alonerdasecessarily render the compound affine
to biomembranes. Nevertheless, an extensive RO&apgon by photoactivated cytoplasnd2
was sufficient to quickly trigger irreversible dagea of the vital compartments such as
mitochondria and the plasma membrane.

Conclusion

This study analyzed the synthesis and propertie®eél porphyrins functionalized with
the maleimide substituent at tifeposition of the macrocycle. The maleimide unitadiby
interacted with mercaptocarboranes and cystein®lchael addition reactions; no catalyst was
needed for these transformations. The new chemoigpegoarticularly pertinent to the
development of anticancer agents with manifoldvéas, the photosensitizers and beyond. In
particular, the maleimide moiety can be useful e tlesign of protein kinase inhibitors via
selective targeting of the cysteine residues. idd& new compounds demonstrated a
remarkable ability to produce singlet oxygen (quamtyields > 70%). The peripheral
substituents provided no steric hindrance for themftion of stable complexes with serum
albumin, a major biological carrier. The cell peahke 2-{3-[(-carboran-1'-yl)thio]pyrrolidine-
2,5-dione-1-yI}-5,10,15,20-tetraphenylporphyrimas virtually non-toxic in the dark whereas

rapid generation of superoxide anion radical andchegrotic death were observed after
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illumination of tumor cells loaded with this compal Overall, the new chemotype is
perspective for an in-depth investigation as a @®uof multifunctional anticancer drug
candidates.
3. Experimental

3.1. Synthesis

3.1.1. General information

Reagents were from Sigma-Aldrich unless specifigdemwvise. All reactions were
performed in an atmosphere of dry argon. The starfree base porphyrins, 5,10,15,20-
tetraphenylporphyrin 6) [38], 5,10,15,20-tetrakis(pentafluorophenyl)pomh (7) [39] and
5,10,15,20-tetrakis[4-(trifluormethyl)phenyl]porpity (8) [38] were prepared according to
published procedures. All solvents were driedee®mmended in standard protocols. Chemical
shifts ©) were referenced to the residual solvent peak (GR@&d (CR).CO, *H: 7.26 ppm and
2.05, respectively) folH, external BE- OE% for 1’B and external CFGlfor *°F. IR spectra were
recorded on a Bruker FTIR spectrometer Tensor 3KBn tablets. Merck silica gel L 0.040-
0.080 mesh was used for column chromatography. idastities of new compounds were
verified by TLC on Sorbfil and Kieselgel 60 F254 €Mk) plates. The UV-Vis spectra were
measured on a spectrophotometer Carl Zeis Specot@ M CHCl,. MALDI mass spectra for
carborane-substituted porphyrins were recorded Brueer autoflex speed time-of-flight (TOF)
mass obtained mass spectrometer (Bruker Daltoncs Germany) equipped with a solid-state
ultraviolet (UV) laser of 355 nm (1 kHz repetitioate, 1000 shots for each spectrum) and
operated in positive reflectron mode. MALDI mas&apa were recorded by using stainless-
steel targets (MTP 384 ground steel; Bruker Dafterinc., Germany) containing 384 cells for
the deposition of the analyte mixed with matrixe timost intense peaks were given for each
compound. The APCI mass-spectra were registeretherFinnigan LCQ Advantage tandem
dynamic mass-spectrometer (USA), equipped by otgapm trap mass analyzer with the
Surveyor MS pump and the nitrogen generator Schmnidib (Germany). Nitrogen 70/10
served as a sheath and auxiliary gas. The flow oatacetonitrile was 350 pl/min. The
temperature of the vaporizer was 400 The temperature of the heated capillary was’€5@he
electric potential between the needle and the evuslectrode 6.0 kV. Samples (100 puM in
acetonitrile solution) were introduced into the swurce through the Reodyne injector with 5 pl
loop. Acetonitrile (Merck) was used for gradientabsis. For data collection thé Calibur
version 1.3 was used.

3.1.2. General procedures for preparation of cogpecomplexes of porphyrins

A solution of Cu(OAc)- H,O (4.6 mmol) in methanol (10 mL) was added to aitsmh of

corresponding porphyrin (1.15 mmol) in methylentodtde (50 mL). The resulting mixture was
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stirred for 1.5 h at room temperature with TLC ntoning (CHCk-hexane 1:2). Then the
reaction mixture was poured into water and extcheteh methylene chloride. The organic layer
was dried over N&QO,, and the solvent was removed under reduced peesshe residue was
used in the reactions without purification.
5,10,15,20-(tetraphenylporphyrinato)copper()3) [56] (757 mg, yield 97%). UV-Vis
(CH2Clo) Amax (€x10°%) nm: 414 (611), 539 (29). APCI-MS Found: [M376.16; ‘GsHosCuNy’
requires [M] 676.26.
5,10,15,20-{etrakig4-(trifluoromethyl)phenyl]porphyrinato}copper (Y15 [57] (1080

mg, yield 99 %). UV-Vis (CHCl,) Amay (ex10°) nm: 416 (60.2), 544 (2.40). APCI-MS Found:
[M]* 948.11; ‘GgH24CuFoN, requires [M] 948.26.

3.1.3.General procedures for nitration of porphyrin copfp® and zinc(ll) complexes

To a solution of corresponding porphyrin copper ptax (1.13 mmol) in methylene
chloride (90 mL) Cu(N@),-3 HO (2.30 mmol) in the mixture of acetic acid (5 ndr)d acetic
anhydride (2 mL) was added, and reaction mixture stared for 3 h at room temperature, with
TLC monitoring (CHCl-hexane 1:2). After completion the reaction theusoh was washed
with water (200 mL), then with N&O; solution, the organic phase was separated and ovied
NaSO,. After removal of the solvent under reduced pressthe residue was purified by
column chromatography on silica gel using a,Ck-hexane system (3:7).

2-Nitro-5,10,15,20-(tetraphenylporphyrinato)coppier(9) [58] (798 mg, yield 98%).
UV-vis (CHzClo): Amax NM €x107) 423 (94), 548 (6.9), 592 (4.5). IR (KBv)ay, cm™: 3435
(NH), 2922 CH), 1524 (NQ), 1342 (NQ). MALDI-MS Found: [M]" 721.15; ‘G4H27CuNsOy’
requires [M] 721.26.

2-Nitro-5,10,15,2Qetrakigpentafluorophenyl)porphyrinato)copper(IDQj was obtained
under refluxe for 4h, [41)1186 mg, yield 97%). UV-vis (CIl,): Amax NM €x10°) 416 (225),
543(18), 588 (16.2). IR (KBNmax cm™: 3435 (NH), 2956 CH), 1520 (NQ), 1493 (CF), 1293
(CF), 1339 (NQ). APCI-MS Found: [M] 1081.74; ‘G4H;CuF:oNsO,’ requires [M] 1081.07.

{2-Nitro-5,10,15,20-tetrakis[4-(trifluoromethyl)phgl]porphyrinato}copper  (II) (11)
[57] (909 mg, yield 81%). UV-vis (C}12): Amax NM Ex10°) 418 (112), 547 (11.8), 590 (8.67).
MS IR (KBr) vmax cm™: 3389 (NH), 1527 (NQ), 1326 (CF). APCI-MS Found: [M]993.89;
‘C 4gH23CUF2N50,’ requires [M] 993.26.

[2-Nitro-5,10,15,20tetrakigpentafluorophenyl)porphyrinato]zinc(1112) [59].

To a solution of 5,10,15,20-tetraphenylporphyrimgorrin zinc complex 16) [60] 500
mg (0.48 mmmol) in methylene chloride (50 mL) Cu@B HO (200 mg, 0.84 mmol) in the
mixture of acetic acid (5 mL) and acetic anhydri@denL) was added, and reaction mixture was

stirred for 1,5 h under reflux, with TLC monitorif@HCk—hexane 1:1). After the reaction was
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complete the solution was washed with water (100, rtilen with NaCO; solution, the organic
phase was separated and dried ovesSRa After removal of the solvent under reduced
pressure, the residue was purified by column chtogmaphy on silica gel using a methylene
chloride-hexane system (4:6). Yield 500 mg (96%Y.-\s (CH.Cly) Amax (€x10%) nm: 426
(243), 558 (19.4), 603 (14.0). IR (KBt cm™: 3392 (NH), 1521 (Ng), 1501 (CF), 1337
(NOy), 1286 (CF)H NMR, &y (CDClk, 400 MHz), ppm:8.94 (m, 6Hp-H), 9.26 (s, 1HS-H).
F NMR, 8¢ (CDCL, 376 MHz), ppm: —136.5 (d, 28,= 16.5Hz), —136.8 (d, 4F) = 22.0Hz),
-137.5 (d, 2F) = 16.5Hz), —150.5 (t, 1R} = 22.0Hz), —150.7 (t, 1) = 22.00Hz), —151.3 (t,
2F,J = 19.3Hz), -160.9 (t, 2FR) = 16.5Hz), -161.3 (t, 4R) =19.3Hz), -161.7 (t, 2R) = 19.3
Hz). APCI-MS Found: [M] 1082.98; ‘G4H-F.oNsO»Zn’ requires [M] 1082.91.

3.1.4.General procedure of demetallation of copper comgred-11).

To the corresponding copper (II) complex ehigoporphyrin (0.5 mmol) concentrated
H.SO, (5 mL) and CECOOH (5 mL) were added and the reaction was stiiwed® h at room
temperature. After the demetallation (TLC monitgrirCHCE-hexane 1:2), the mixture was
poured into water, extracted with @El, (50 mL), washed with a saturated solution of NaHCO
and water. The organic layer was dried over anhyglfigaSQO,. After removal of the solvent
under reduced pressure, the residue was purifiecbliynn chromatography on silica gel using
CH,Cl,-hexane system (1:1) as an eluent.

2-Nitro-5,10,15,20-tetraphenylporphyrifl7) (287 mg, yield 87%). UV-Vis (CCl,)
Amax (€x10%) nm: 425 (200), 527 (14.5), 568 (4.1), 604 (4651 (8.3). IR (KBN)vmay cm™
3327 (NH), 1523 (N@), 1347 (NQ). 'H NMR, 84 (CDCk, 400 MHz), ppm: —2.50 (br s, 2H,
NH), 7.82 (m, 12 H, Ph), 8.28 (m, 6 H, Ph), 8.36,(8H,J = 7.9, 1.2 Hz, Ph), 8.80 (d, 1H] =
4.6 Hz, p-H), 8.82 (d, 1H,J = 4.6 Hz, -H), 8.99 (d, 2HJ = 4.9 Hz, -H), 9.04 (d, 1HJ = 5.2
Hz, p-H), 9.12 (d, 1HJ = 5.2 Hz, p-H), 9.16 (s, 1Hp-H). MALDI-MS Found: [M]" 659.23;
‘C44H29N50>’ requires [M] 659.73

2-Nitro-5,10,15,2Getrakigpentafluorophenyl)porphyri(l8) [41] (459 mg, yield 90%).
UV-Vis (CHoCl,) Amax (€x10°) nm: 420 (100), 516 (7.71), 557 (3.10), 591 (3.856 (2.29). IR
(KBI) Vmax cm™ 3334 (NH), 1522 (Ng), 1360 (NQ), 1499 (CF), 1201 (CF)H NMR, &4
(CDCls, 400 MHz), ppm: —2.79 (s, 2H, NH), 8.83 (dd, ZH; 7.2 4.8 Hz, -H), 9.06 (m, 4HJ
= 5.7 Hz, p-H), 9.19 (s, 1HS-H). *%F NMR, 8¢ (CDCl, 376 MHz), ppm: —136.1 (dd, 28,=
21.6,6.5Hz), —136.4 (dd, 4R) = 22.7, 6.5 Hz), —137.2 (dd, 2FR] = 21.6Hz,J = 6.5Hz), —
149.4 (m, 1FJ = 20.6 Hz), —149.6 (m, 1R = 20.6Hz), —150.3 (m, 2F), —160.3 (m, 2F =
20.6 6.5 Hz), —-160.7 (m, 4F) = 19.5 4.3 Hz), -161.1 (td, 2F) = 20.6 5.4 Hz). APCI-MS
Found: [M] 1019.96; ‘G4HoF-oNsO>’ requires [M] 1019.54.
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2-Nitro-5,10,15,2Getrakig4-(trifluoromethyl)phenyl]porphyri19) [57] (387 mg, yield
83%). UV-Vis (CHCL) Amax (€x10°%) nm: 428 (183), 525 (14.1), 564 (3.49), 602 (4.@HO
(6.75). IR (KBr) vmax cm™ 3336 (NH), 1530 (Ng), 1324 (CF).'H NMR, &4 (CDCL, 400
MHz), ppm: —=2.64 (s, 2H, NH), 7.99 (d, 2B= 7.9 Hz, Ph), 8.09 (d, 6H] = 7.6 Hz, Ph ), 8.36
(d, 8 H,J =7.3Hz, Ph), 8.72 (dd, 2H = 7.9, 4.8 Hz, 5-H), 8.92 (dd, 2H,) = 8.9 5.1 Hz, s-H),
8.98 (dd, 2H,) = 11.4 5.1Hz, -H), 9.04 (s, 1HA-H). *°F NMR, 8¢ (CDCL, 376 MHz), ppm: —
62.2 (s, 3F), —62.1 (d, 9K, = 16.5 Hz). APCI-MS Found: [M] 932.22; ‘GgH2sF12N50,’
requires [M] 931.73.

3.1.5. General procedure for preparation of 2-am$)®0,15,20-tetraarylporphyrin0-
24).

To a mixture of the corresponding 2-nitro-subsgéitlporphyrin (0.3 mmol) and 10%
palladium on activated charcoal (30 mg) in dichioethane — methanol (2:1) system (30 ml)
sodium borohydride (1.5 mmol) was added under a@omosphere in the dark. The reaction
mixture was stirred at room temperature for 30 mdifter completion of the reaction (TLC
control) the reaction mass was filtered, and tlgaoic phase was washed with water and dried
over NaSQO,. The solvent was removed under reduced pressine.rdsidue was purified by
column chromatography using @El,-hexane system (2:3) as an eluent to afford theompiate
2-amino-5,10,15,20-tetraarylporphyrin.

2-Amino-5,10,15,20-tetraphenylporphyrir20f [61] (149 mg, yield 79 %). UV-Vis
(CH2Cl) Amax (€x10°) nm: 424 (76.3), 523 (8.8), 560 (3.6), 596 (3680 (4.4). IR (KBNVma
em®: 3460 (NH).'H NMR, 8 (CDCls, 400 MHz), ppm: —2.73 (br s, 2H, NH), 4.47 (bi2s|,
NH,), 7.75 (d, 10H, = 5.4Hz, Ph), 7.81 (d, 2H] = 7.9Hz, Ph), 8.14 (m, 4H, Ph), 8.22 (d, 4H,
J = 6.4Hz, Ph,), 8.53 (d, 1H] = 3.8 Hz, p-H), 8.59 (br s, 1Hg-H), 8.71 (br s, 1Hp-H), 8.75
(d, 1H,J = 3.8 Hz, -H), 8.80 (br s, 3HpB-H). MALDI-MS Found: [M]" 630.65; ‘G4Hs:Ns’
requires [M] 629.75

2-Amino-5,10,15,2Getrakigpentafluorophenyl)porphyrin(21) [32] (211 mg, vyield
71%). UV-Vis (CHCl,) Amax (ex10%) nm: 420 (100), 516 (7.71), 557 (3.1), 591 (3.8896
(2.29). IR (KBr)vmay cm™: 3314 (NH), 1498 (CF), 1150 (CFH NMR, &4 (CDCls, 400 MHz),
ppm: —2.60 (br s, 2H, NH), 4.70 (br s, 2H, §H7.87 (br s, 1HB-H), 8.66 (d, 1H,) = 4.8Hz, -
H), 8.79 (d, 1HJ = 4.5Hz, -H), 8.85 (dd, 3HJ = 10.Q 4.5 Hz, 5-H), 8.89 (d, 1HJ = 4.2Hz,
S-H). °F NMR, 8¢ (CDCh, 376 MHz), ppm: —135.5 (d, 28,= 17.1Hz), -136.6 (d, 6R] = 21.3
Hz), —-149.8 (d, 1F) = 21.3Hz), —151.5 (d, 2FJ = 21.3Hz), —152.0 (d, 1F) = 21.3Hz), —
159.6 (dd, 2FJ = 36.3 17.1 Hz), —161.6 (d, 6F) = 21.3 Hz). APCI-MS Found: [M+H]
991.19; ‘GyH1F0Ns requires [M+H] 990.56.
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2-Amino-5,10,15,2Getrakid4-(trifluoromethyl)phenyl]porphyrin(22) (198 mg, yield
73%, purple solid). UV-Vis (CbCl,) Amax (€x10°%) nm: 424 (87.2), 523 (11.4), 558 (5.11), 595
(5.36), 651 (5.55). IR (KBrVmax cm™ 3403 (NH), 3313 (Nk), 1325 (CF).'H NMR, &4
(CDCls, 400 MHz), ppm: —=2.70 (br s, 2H, NH), 4.43 (beBl, NH,), 7.72 (s, 1Hp-H), 8.03 (dd,
6H,J = 7.9 3.8Hz, Ph), 8.10 (d, 2H] = 7.9Hz, Ph), 8.31 (dd, 8 H, = 11.8 8.0Hz, Ph), 8.46
(d, 1H,J = 4.8Hz, p-H), 8.69 (dd, 2HJ = 12.3 4.7 Hz, p-H), 8.77 (s, 1HB-H), 8.78 (dd, 2H,)
= 10.5, 4.8 Hz, f-H). *°F NMR, 8¢ (CDCl, 376 MHz), ppm: —62.2 (s, 3F), —62.0 (s, 9F). APCI
MS Found: [M+H] 902.91; ‘GgH2sF12Ns' requires [M+H] 902.74.

[2-Amino-5,10,15,20-tetraphenylporphyrinato]copidr (23) [62] (160 mg, yield 77%).
UV-Vis (CHyCls) Amax (€x10%) nm: 423 (147), 548 (12.4), 596 (7.6). IR (KBF)x, cm™ 3371
(NH). APCI-MS Found: [M] 691.08; ‘G4H2sCuNs’ requires [M] 691.28.

[2-Amino-5,10,15,20Getrakigpentafluorophenyl)porphyrinato]zinc (11§24) [59] (237
mg, yield 75%, green solid). UV-Vis (GBly) Amax (ex10°%) nm: 409 (109), 556 (10.3), 605
(8.85). IR (KBr)vmax cm™: 3392 (NH), 1492 (CF), 1338 (CFH NMR, &4 (CDCk, 400 MHz),
ppm: 4.57 (br s, 2H, N§), 7.88 (s, 1Hp-H), 8.75 (d, 1H, = 4.5Hz, 5-H), 8.93 (m, 5Hp-H).
% NMR, 8¢ (CDCl;, 376 MHz), ppm: —=136.0 (dd, 26 = 24.7, 5.5Hz), —136.9 (d, 6R] = 19.2
Hz), —-150.6 (t, 1F) = 19.2Hz), -152.3 (q, 2F) = 24.0Hz), -152.7 (t, 1FJ = 22.0Hz), —160.0
(d, 2F,J = 35.7 Hz), -161.9 (m, 6FJ) = 44.Q 13.7 Hz). APCI-MS Found: [M] 1052.35;
‘C44HoF20NsZn’ requires [M] 1052.92.

3.1.6.Preparation of maleinoylamino-substituted porphgiigs, 26, 28).

To 2-aminosubstituted porphyrin (0.2 mmol) in gicacetic acid (15 mL) maleic
anhydride (59 mg, 0.6 mmol) was added, and thetimawas stirred under argon for 50 h at
room temperature. The solution was evaporated, rdmilting solid was dissolved in
dichloromethane (20 mL), washed with water anddlwger NaSQ,. After removal of the
solventin vacuq the residue was purified by column chromatographysilica gel using
CH,CIl,-MeOH system (9:1) as an eluent.

2-(Maleinoylamino)-5,10,15,20-tetraphenylporphyf#®d) (120 mg, yield 82%). UV-Vis
(CH2Clo) Amax (ex107) nm: 424 (166), 520 (20), 555 (5.8), 593 (6.6)1 68.1). IR (KBr)vma
cm®: 3328 (NH), 2853.26 (CH), 1720 (C=0), 1610 (amigel596 (C=C), 1539 (amide II}H
NMR, &4 (CDCk, 400 MHz), ppm: —2.80 (br s, 2H, NH), 5.42 (d, 1Hs 12.4Hz, CH=CH),
6.34 (d, 1HJ = 12.4Hz, CH=CH), 7.79 (s, 9H, Ph), 7.89 (t, 2H,= 7.0Hz, Ph), 7.96 (d, 1H]
= 6.7 Hz, Ph), 8.21 (br s, 8H, Ph), 8.68 (d, 1Hz 4.5Hz, -H), 8.80 (br s, 3HpB-H), 8.91 (d,
3H, J= 9.9 Hz, p-H), 9.34 (br s, 1H, NHCO). APCI-MS Found: [M+H]28.51; ‘GgH3z4NsO5’
requires [M+H] 728.81.
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2-(Maleinoylamino)-5,10,15,2@trakigpentafluorophenyl)porphyri26) (43 mg,yield
20%). UV-Vis (CH.Cl2) Amax (ex10°) nm: 424 (166), 520 (20), 555 (5.8), 593 (6.6)] 5.1).
IR (KBr) vmax cm™: 3341 (NH), 1723 (C=0), 1612 (amide 1), 1591 (C=0332 (amide I1)H
NMR, &y (CDCls, 400 MHz), ppm: —=2.72 (br s, 2H, NH), 4.87 (d, 1Hz 6.0 Hz, CH=CH),
5.70 (d, 1HJ = 2.9Hz, CH=), 8.63 (d, 2H,) = 4.1 Hz, p-H), 8.82 (s, 3H,5-H), 9.00 (d, 2H,

J = 4.8Hz, p-H), 9.12 (br s, 1H, NHCO}’F NMR, 8¢ (CDCk, 376 MHz), ppm: —136.1 (d, 1F,
J = 16.5Hz), —136.5 (d, 6F) = 16.5Hz), —137.4 (d, 1F) = 16.5Hz), —148.6 (d, 1F) = 19.2
Hz), —-150.6 (t, 3FJ) = 22.0Hz), —159.1 (d, 1F) = 16.5Hz), -160.9 (d, 6F) = 22.0Hz), —
162.0 (d, 1F,J = 8.3 Hz). APCI-MS Found: [M] 1088.22; ‘GgH13F0NsO3' requires [M]
1087.62.

[2-(Maleinoylamino)-5,10,15,20-tetraphenylporphwato]copper (Il) 28) (123 mg, yield
78%). UV-Vis (CHCl2) Amax (€x10°) nm: 424 (97), 546 (10.8), 580 (4.7). IR (KBR)ax cm™:
3381 (NH), 1722 (C=0), 1610 (amide I), 1539 (amlf)e APCI-MS Found: [M] 789.18;
‘C 4gH31CUNsO57’ requires [M] 789.34.

3.1.8.Preparation of maleinoylamino-substituted porphgiig7, 29).

To a solution of the corresponding 2-amino-subtgduporphyrin (0.2 mmol) in MeCN
(15mL) maleic anhydride (59 mg, 0.6 mmol) was addet reaction was refluxed for 11 h
under argon. The mixture was poured into waterr(®0, extracted with dichloromethane and
dried over NgSOy. After removal of the solvenh vacuq the residue was purified by column
chromatography on silica gel using &H,-MeOH system (95:5) as an eluent.

2-(Maleinoylamino)-5,10,15,26etrakid4-(trifluoromethyl)phenyl]porphyrin (27) (152
mg, yield 76%). UV-Vis (CHCL) Amax (ex10°) nm: 428 (93.8), 526 (10.5), 565 (2.90), 601
(4.81), 656 (3.10). IR (KBrymas cm™ 3397 (NH), 1726 (=0), 1616 (amide 1), 1531 (amide
1), 1325 CF). 'H NMR, 8 ((CD3)2CO, 400 MHz), ppm: —2.51 (br s, 2H, NH), 4.85 (dlt, J
= 2.9,9.7Hz, H=CH), 5.78 (dd, 1HJ = 4.6 2.0Hz, CH=H), 8.03 (m, 6H, Ph), 8.18 (d, 2H,
J = 6.5Hz, Ph), 8.32 (m, 6H, Ph), 8.49 (d, 2H= 8.4Hz, Ph), 8.93 (m, 7H3-H). **F NMR, &¢
((CD3),CO, 376 MHz), ppm: —62.9 (s, 3F), —=62.6 (t, 9F 4.5 Hz). APCI-MS Found: [M]
1000.40; ‘G2H29F12Ns05’ requires [M] 999.80.

[2-(Maleinoylamino)-5,10,15,2@etrakigpentafluorophenyl)porphyrinato]zinc  (11(29)
(159 mg, yield 69%). UV-Vis (CbCl) Amax (x10°) nm: 419 (129), 550 (7.58), 628 (6.13). IR
(KBI) Vimax cm™: 3340 (NH), 1729 (=0), 1632 (=C), 1496 (CF), 1254 (CF}H NMR, &
(CDCls, 400 MHz), ppm: 5.32 (dd, 1H,= 3.7, 1.4Hz, CH=CH), 5.82 (dd, 1HJ = 7.5 4.6 Hz,
CH=CH), 8.76 (d, 1HJ = 4.5Hz, p-H), 8.81 (s, 1Hp-H), 8.88 (d, 2H,J = 4.5Hz, -H), 8.94 (s,
3H, g-H), 9.18 (br s, 1H, NHCO}*F NMR, 8¢ (CDCl, 376 MHz), ppm: —133.1 (d, 18,= 19.2

Hz), —134.8 (d, 2F) = 19.2Hz), —=136.2 (br s, 2F), —136.8 (br s, 4F), —15ti® 4F,J = 52.2
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33.0Hz), -160.5 (br s, 1F), -161.5 (br s, 2F), —16bs8s, 4F), —-161.8 (br s, 1F). APCI-MS
Found: [M] 1150.12; ‘GgH11F>0Ns0sZn’ requires [M] 1150.98.

3.1.9. General procedure for preparation of maleimide gitbsed 5,10,15,20-
tetraarylporphyring(1-5).

To a solution of maleinoylaminoporphyrin (0.15 minah acetic anhydride (8 mL)
NaOAc (10 mg, 0.12 mmol) was added and reactionveased at 110C for 5 h under argon.
Then the reaction was treated with water (50 mkjraeted with dichloromethane (2x 25 mL).
The combined organic layers were dried oveprS@. After evaporating of the solvent the
residue was purified by column chromatography éoasgel using CHCl, as an eluent.

2-(3’-Maleimido)-5,10,15,20-tetraphenylporphyrifl) (82 mg, yield 77%). UV-Vis
(CH2Clo) Amax (ex10°) nm: 420 (559), 518 (22.4), 552 (8.20), 592 (7.@=)8 (8.20). IR (KBr)
Vmax cm'%: 3323 (NH), 1720 (C=0O% NMR, 64 (CDCl, 400 MHz), ppm: —2.70 (br s, 2H, NH),
6.46 (d, 2HJ = 1.9 Hz, CH=CH), 7.59 (m, 2H, Ph), 7.78 (t, 10H= 7.1 Hz, Ph), 8.04 (br s,
2H, Ph), 8.25 (m, 6H, Ph), 8.61 (br s, 1441 ), 8.81 (m, 4Hp-H), 8.93 (d, 2HJ = 3.2Hz, p-
H). APCI-MS Found: [M+H] 710.84; ‘GgH3:Ns0,’ requires [M+H] 710.79.

2-(3’-Maleimido)-5,10,15,2Qetrakigpentafluorophenyl)porphyrin(2) (114 mg, yield
71%). UV-Vis (CH.Cly) Amax (ex10°) nm: 415 (169), 510 (12.3), 543 (3.15), 587 (4.82)1
(1.21). IR (KBr) vmax cm™ 3331 (NH), 1727 (C=0), 1499 (CF), 1353 (CE) NMR, &y
(CDCl3, 400 MHz), ppm: —2.86 (br s, 2H, NH), 6.98 (s, ZBH=CH), 8.83 (s, 2H f-H), 8.87
(dd, 2H,J = 7.0 Hz, J = 4.8 Hz, -H), 8.94 (d, 1HJ = 5.0 Hz, s-H), 8.99 (s, 2HB-H). °F
NMR, & (CDCk, 376 MHz), ppm: —133.6 (dd, 2B,= 22.0 5.5Hz), -135.7 (dd, 2R] = 23.5
6.5Hz), —136.4 (dd, 4] = 13.8 8.3 Hz), —150.8 (m, 3F) = 19.3Hz), -151.3 (t, 1F) = 19.3
Hz), -161.0 (m, 6F), —161.4 (t, 2B, = 19.3 Hz). APCI-MS Found: [M+H] 1070.61;
‘C4gH11F20Ns0>’ requires [M+H] 1070.60.

2-(3’-Maleimido)-5,10,15,2Qetrakig4-(trifluoromethyl)phenyl]porphyrin (3) (90 mg,
yield 61 %). UV-Vis (CHCL,) Amax (€x10°%) nm: 418 (256), 517 (18.7), 548 (5.30), 590 (5.85)
648 (4.54). IR (KBrVmax cm’: 3323 (NH), 1723 (C=0), 1324 (CFH NMR, 54 (CDCl, 400
MHz), ppm: —=2.79 (s, 2H, NH), 6.55 (s, 2H, CH=CHKY1 (d, 2HJ = 7.9 Hz, Ph), 8.06 (m, 6H,
Ph), 8.18 (d, 2HJ = 7.8 Hz, Ph), 8.36 (m, 6H, Ph), 8.62 (d, 1H+ 4.8Hz, p-H), 8.72 (s, 1Hp-
H), 8.75 (m, 2H-H), 8.81 (d, 1HJ = 4.8 Hz, -H), 8.90 (s, 2HA-H). *F NMR, 8¢ (CDCl,
376 MHz), ppm: —62.7 (s, 3F), —62.1 (s, 3F), —68,06F). APCI-MS Found: [M+H]982.82;
‘Cs2H28F12Ns02’ requires [M+H] 982.78.

[2-(3’-Maleimido)-5,10,15,20-tetraphenylporphyrioftopper (II) @) (102 mg, vyield
88%, dark red solid). UV-Vis (CIl2) hmax (€x10°%) nm: 416 (214), 542 (10.3), 577 (2.3). IR
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(KBI) Vmax cm™: 3440 (NH), 1719 (C=0). MALDI-MS Found: [M]771.21; ‘GgH2sCuNsOy’
requires [M] 771.32.

[2-(3’-Maleimido)-5,10,15,2Getrakigpentafluorophenyl)porphyrinato]zinc (11X (129
mg, yield 76%). UV-Vis (CHCl,) Amax (€x10°) nm: 421 (523), 553 (22.0), 590 (6.32). IR (KBr)
Vmax ¢MY: 3440 (NH), 1723 (C=0), 1499 (CF), 1285 (CH). NMR, &y (CDCl, 400 MHz),
ppm: 6.91 (s, 2H, CH=CH), 8.77 (d, 181z 4.8 Hz, -H), 8.90 (m, 2Hp-H), 8.97 (m, 4Hp-H).
F NMR, ¢ (CDCL, 376 MHz), ppm: —135.9 (dd, 2B,= 24.3 5.5 Hz), -139.2 (dd, 1F] =
23.0 5.5Hz), —139.6 (dd, 4F] = 16.5 8.2 Hz), —155.6 (t, 1FJ = 19.2Hz), -156.1 (q, 3R] =
19.2 Hz), —164.9 (dd, 6FJ) = 46.7 22.0 Hz), —165.2 (dd, 2F) = 42.7, 6.2 Hz). APCI-MS
Found: [M] 1133.16; ‘GgHoF2oNsO»Zn’ requires [M] 1132.97.

3.1.10. Preparation of carborane succinimidyl thioethers 06,10,15,20-
tetraarylporphyrins 82-35).

To a solution of maleimidoporphyrif®.06 mmol) in CHG (10 mL) mercaptocarborane
(12 mg, 0.07 mmol) and NaOAc (5 mg, 0.06 mmol) watded and reaction mixture was heated
at reflux under argon for 8 h. After completiontbg reaction (TLC control) the solvent was
removed under reduced pressure. The residue wdg@ury column chromatography on silica
gel using CHCI; as an eluent.

2-{3-[(o-Carboran-1'-yl)thio]pyrrolidine-2,5-dione-1-yl}-%0,15,20-
tetraphenylporphyrir{32) (44 mg, yield 83%). UV-Vis (CbCl) Amax (ex107°) nm: 421 (288),
519 (14.8), 553 (4.93), 592 (4.62), 648 (5.06)(KBr) vmax cm™: 3438 (NH), 3054 (carborane
CH), 2581 (BH), 1724 (C=OfH NMR, &y (CDCk, 400 MHz), ppm: —2.72 (br s, 2H, NH), 2.55
(dd, 1H,J = 18.8 6.4 Hz, CH), 2.99 (dd, 1H] = 18.8 10.2Hz, CH), 3.69 (dd, 1H] = 10.2 6.4
Hz, CH), 4.10 (br s, 1H, carborane CH), 7.80 (ni1Rh), 8.24 (m, 8H, Ph), 8.65 (d, 18~
4.8Hz, p-H), 8.73 (s, 1Hp-H), 8.81 (m, 2HpB-H), 8.88 (d, 1H,J = 5.1 Hz, f-H), 8.95 (dd, 2H)
= 6.4, 4.8 Hz, f-H). ''B NMR, &g, (CDCk, 128 MHz), ppm: -0.8 (d, 1B= 151 Hz), —4.4 (d,
1B, J = 144Hz), 9.2 (d, 4B) = 142Hz), -12.3 (d, 4B) = 168Hz). MALDI-MS Found: [M]
886.99; ‘GoHa3B10Ns0,S’ requires [M] 886.08.

2-{3-[(m-Carboran-9’-yl)thio]pyrrolidine-2,5-dione-1-yl}-30,15,20-
tetraphenylporphyrin33) (47 mg, yield 88%). UV-Vis (CbCl,) Amax (€x10°) nm: 420 (290),
517 (14.5), 556 (4.83), 591 (4.63), 649 (5.02) (KBr) vmax cm™’: 3331 (NH), 3054 (carborane
CH), 2603 (BH), 1723 (C=OYH NMR, &y (CDCk, 400 MHz), ppm: —2.72 (br s, 2H, NH), 2.75
(dd, 1H,J = 18.8 5.1 Hz, CH), 2.91 (dd, 2H] = 18.9 9.4 Hz, CH,), 3.00 (br s, 2H, carborane
CH), 7.77 (dd, 12HJ) = 12.7,6.8 Hz, Ph), 8.17 (dd, 2H} = 18.8 6.4 Hz, Ph), 8.25 (dd , 6HJ, =
18.6 6.8 Hz, Ph), 8.63 (d, 1H] = 4.5Hz, f-H), 8.76 (s, 1HA-H), 8.83 (dd, 3H,J= 17.5 4.5
Hz, p-H), 8.87 (d, 1HJ = 5.1 Hz, p-H), 8.94 (s, 2HA-H). 'B NMR, &g, (CDCk, 128 MHz),
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ppm: 0.7 (br s, 1B, B, —6.3 (d, 2BJ = 135Hz), -9.7 (d, 1B, = 147 Hz), -13.7 (d, 5B) =
159 Hz), —-17.3 (d, 1BJ = 180 Hz). MALDI-MS Found: [M] 886.41; ‘GoHa3B1oN50-S’
requires [M] 886.08.

2-{3-[(m-Carboran-9’-yl)thio]pyrrolidine-2,5-dione-1-yl}-30,15,20tetrakig4-
(trifluoromethyl)phenyl]porphyrir(34) (66 mg, yield 95%). UV-Vis (ChCL,) Amax (€x10°) nm:
419 (323), 517 (21.8), 551 (6.17), 592 (7.08), &88). IR (KBr)vmay cm™: 3329 (NH), 3060
(carborane CH), 2606 (BH), 1725 (C=0), 1324 (CA)NMR, 84 (CDCk, 400 MHz), ppm: —
2.74 (br s, 2H, NH), 2.85 (d, 2H= 6.5Hz, CH,), 2.98 (s, 1H, CH), 3.08 (br s, 2H, carborane
CH), 8.03 (d, 2HJ= 8.2 Hz, Ph), 8.09 (t, 6H] = 7.9Hz, Ph), 8.35 (m, 8H, Ph), 8.65 (t, 1Hs
2.5Hz, f-H), 8.71 (s, 1HB-H), 8.77 (m, 2Hp-H), 8.83 (d, 1H,) = 5.1 Hz, f-H), 8.92 (s, 2Hp-
H). B NMR, &g, (CDCk, 128 MHz), ppm: —-0.2 (s, 1B,°B -7.1 (d, 2BJ= 163 Hz), —10.8 (d,
1B, J = 147Hz), -14.0 (d, 2BJ) = 177 Hz), -15.4 (d, 2BJ= 173 Hz), -19.0 (d, 1BJ = 182
Hz), —23.0 (d, 1B) = 182Hz). *F NMR, &¢ (CDCk, 376 MHz), ppm: —62.2 (s, 3F), —62.1 (d,
9F,J= 4.1 Hz). MALDI-MS Found: [M] 1158.19; ‘G4H39B10F12NsO,S’ requires [M] 1158.08.

[2-{3-[( m-Carboran-9’-yl)thio]pyrrolidine-2,5-dione-1-yl}-%0,15,20-
tetrakigpentafluorophenyl)porphyrinato]zinc (118%) (61 mg, yield 78%). UV-Vis (CkCly)
Amax (€x107°) nm: 422 (336), 553 (17.0), 590 (4.56). IR (KBf)ax cm™ 3435 (NH), 3067
(carborane CH), 2607 (BH), 1729 (C=0), 1494 (CH.NMR, &4 (CDCk, 400 MHz), ppm:
2.83 (dd, 2H,J = 13.7, 6.7 Hz CH,), 3.63 (dd, 1HJ = 14.3 6.3 Hz, CH), 3.08 (br s, 2H,
carborane CH), 9.10 (t, 1d,= 4.9Hz, p-H), 9.24 (d, 1HJ = 4.7Hz, p-H), 9.30 (d, 5H,) = 4.9
Hz, f-H). B NMR, &g, (CDCk, 128 MHz), ppm: =0.5 (br s, 1B’B—6.4 (d, 2B, = 161Hz), —
9.8 (d, 1B,J = 149 Hz), —-13.7 (m, 5B) = 156 Hz), —17.1 (d, 1B) = 179 Hz). F NMR, &¢
(CDCls;, 376 MHz), ppm: —134.8 (d, 18,= 19.2Hz), —135.7 (d, 1F) = 19.2Hz), -136.0 (d,
2F,J = 22.0Hz), -136.8 (t, 3R]} = 24.7Hz), -136.9 (d, 1R])= 19.2Hz), —148.9 (t, 1K) = 22.0
Hz), —151.9 (quin, 3R] = 19.2Hz), —-157.6 (t, 1F) = 19.2Hz), -161.7 (d, 6FR) = 19.2Hz), —
163.4 (t, 1FJ = 16.2Hz). MALDI-MS Found: [M]" 1309.03; ‘GoH21B10F20Ns0,SZn’ requires
[M]*1309.26.

3.1.11.Demetallation of porphyrii35.

To a solution of porphyrir85 (40 mg 0.03 mmol) in C¥€Cl, (8.0 mL) CRCOOH (1.0
mL) was added and the reaction mixture was stifcrd2 min at room temperature. After
demetallation (TLC monitoring, CHg&hexane 2:1) the mixture was treated with watern(®0),
extracted with ChKCI, (10 mL), and the organic solution was dried ovenyarous NaSO,.
After removal of the solvent under reduced presdteeresidue was washed with hexane to give
porphyrin36 (34 mg, yield 91%) as a dark violet solid. UV-\{@BH,Cl5) Amax (€x10°%) nm: 417

(313), 511 (15.7), 549 (3.81), 586 (4.63), 647 ZR.0IR (KBr) vmasx, cm: 3331 (NH), 3065
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(carborane CH), 2609 (BH), 1715 (C=0), 1499 (CFH).NMR, &y (CDCL, 400 MHz), ppm: —
2.89 (brs, 2H, NH), 2.63 (dd, 2K+ 18.8 5.6 Hz, CH,), 3.68 (dd, 1H ,J = 18.8 9.6 Hz, CH),

3.87 (br s, 2H, carborane CH), 9.19 (s, gHH), 9.32 (br s, 3HS-H), 9.46 (d, 1H,) = 4.3Hz, -

H), 9.50 (br s, 2Hp-H). B NMR, &g, (CDCk, 128 MHz), ppm: —2.3 (br s, 1B’B-5.8 (d,
2B,J = 165Hz), -8.9 (d, 1BJ = 154Hz), -12.5 (d, 2BJ = 168Hz), —13.8 (d, 2BJ = 168Hz),

-17.5 (d, 1B, = 182Hz), —20.6 (d, 1BJ = 182Hz). *°F NMR, &¢ (CDCk, 376 MHz), ppm: —
136.9 (dd, 1FJ) = 22.9 6.5Hz), -137.5 (dd, 1R] = 22.9 6.5 Hz), —139.2 (ddd, 2F] = 50.5

22.9 6.2 Hz), —139.9 (dd, 4R] = 24.8 6.2 Hz), —151.5 (t, 1F) = 20.6 Hz), —154.9 (t, 1FJ =

20.6Hz), —155.3 (ddd, 2R} = 20.5 19.6 5.1 Hz), —159.7 (td, 1R) = 22.7, J= 6.2 Hz), —164.1
(m, 2F), —164.3 (dd, 2K, = 16.5 8.3Hz), —164.5 (dd, 2F] = 20.6 8.3Hz), —165.5 (ddd, 1K

= 22.9, 20.6 8.2 Hz). MALDI-MS Found: [M] 1245.23; ‘GoH23B10F20Ns0,S’ requires [M]

1245.89.

3.1.12.Reaction of cysteine with porphyriBs4. General procedure.

To a solution (0.03 mmol) of maleimideporphyrisr 4 in 5 ml THF-HO (3:2) system
L-cysteine methyl ester hydrochloride (6.0 mg, 1@#ol) was added and reaction was stirred at
room temperature for 8 h under argon. After conitedf reaction (TLC control), the reaction
mixture was treated with water (20 mL) andMNE{0.2 mL), extracted with CHgI(2x10 mL),
dried over anhydrous N80, and concentrated vacuoto give the desired compounds.

2-[3-(S-Cysteinyl)pyrrolidine-2,5-dione-1-yl]-5,11%,20-tetrakis[4-(trifluoromethyl)
phenyl]porphyrin(38) (31 mg, yield 93%). UV-Vis (CbCly) Amax (€x10°%) nm: 419 (269), 518
(14.0), 549 (4.47), 592(5.03), 647(4.47) IR (KB cm’: 3331(NH), 1724 (C=0), 1324 (CF).
'H NMR, 84 (CDCk, 400 MHz), ppm: —2.81 (brs, 2H, NH), 2.68 (dd, 2Hz 19.1 10.4 Hz,
NH,), 3.16 (d, 2H,) = 13.3Hz, CH,), 3.27 (d, 2H J = 13.1Hz, CH), 3.77 (t, 3HJ = 9.0 Hz,
CHy), 3.97 (t, 1HJ = 6.9 Hz, CH), 4.37 (t, 1HJ) = 6.9 Hz, CH), 8.07 (t, 8HJ) = 6.4 Hz, Ph),
8.30 (m, 8H, Ph), 8.63 (d, 1H,= 3.1Hz, -H), 8.70 (d, 1H,J = 3.1Hz, p-H), 8.74 (d, 2HJ =
4.4Hz, p-H), 8.81 (brs, 1H8-H), 8.89 (br s, 2Hp-H). *°F NMR, 6¢ (CDCk, 376 MHz), ppm: —
62.3 (d, 2F,J = 11.2 Hz), -62.1 (br s, 9F), —61.90 (d, 1F= 14.0 Hz). APSI-MS Found:
[M+H] " 1118.1; ‘GeH3F12NsO4S’ requires [M+H] 1117.97.

{2-[3-(S-Cysteinyl)pyrrolidine-2,5-dione-1-yl]-5,105,20-tetraphenylporphyrinato}
copper (I1) B9) (26 mg, yield 96%). UV-Vis (CbCly) Amax (€x10%) nm: 417 (208), 541 (11.0),
577 (2.88). IR (KBr)vmay cm™: 3448 (NH), 1721 (C=0). APSI-MS Found: [MP06.14;
‘Cs2H38CUNsO4S’ requires [M] 906.51.

3.2. UV-visible and fluorescence spectroscopy

Electronic absorption spectra were recorded for mewpounds (5 pM solutions in

DMSO) on a UV-310PC spectrophotometer (Shimadzu, Japan) in the rah§&®-800
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nm in a quartz cuvette with the optical path lengtltm at room temperatur&lolar
extinction coefficients were determined on a Vidf&R220E, Shinko Denshi, Japan). Results
of repetitive measurements varied within 78ud= 2x10 M cm®). A Beer-Lambert function
was observed for all tested compounds at 1-10 piMoréscence spectra were obtained by
analyzing the diluted solutions (absorbance vaki€sl at the excitation wavelength) using a
FluoTime 300 fluorimeter (PicoQuant GmbH, Germamyith sampling interval 1 nm for
fluorescence and 2 nm for phosphorescence measuoit®reSolea supercontinuum laser
(2.5 MHz, bandwidth 5 nm, 1x1 cm quartz cuvette} wsed as an excitation source.

3.3. Measurement of fluorescence quantum vyield

Fluorescence quantum yields b, 5, 32, 34 in ethanol were measured with rhodamine
6G as a standard (Q=0.94 in ethanol) and calculsied) the equation (1) [63,64]:

Q = Qx(IxODxn?/1,x0Dxn%) (1),

whereQ is the quantum vyield, is the integrated intensity, OD is the optical gign and
n is the refractive index. R refers to rhodamine &@e optical density (<0.05 for all samples to
avoid the inner filter effect) was matched for éestompounds and referenddeasurements
were performed in a quartz cellivette (optical path length 1 cm) at room tempeeat

3.4. Measurements of steady-state singlet oxygespblorescence

Steady-state singlet oxygen phosphorescence measuoti®e were carried out on a
FluoTime 300 fluorimeter equipped with NIR PMT MdeuH10330-45 (Hamamatsu, Japan)
coupled to a single photon counter TimeHarp TCSPiCoQuant Gmbh, Germany). Absorbance
of new porphyrins and RB in ethanol (at 530 nmR& (EtOH); 523 nm fod, 32, 3; 542 nm for
5; 515 nm for2 and34) were matched with the reference valig= 0.79 for RB in methanol
[65, 66]. Q(*Ag) phosphorescence was detected at 90° relatie texcitation beam. Corrected
emission spectra were recorded with the integrdiime 5 s between 1230 nm and 1330 nm.
Total phosphorescence intensities were calculayemtegrating the emission band centered at
1278 nm. Experiments were performed at room tentpera

Singlet oxygen quantum yieldg(s) were determined using the method described ih [67

and the equation (2):

Dps = (IrxlAsxTr/ IsXIArXTs)>< Drr (2),
wherels and |, represent the absorbed incident light, axndandl, are singlet oxygen

integrated emission intensities at 1230-1330 nm tested compound and the reference,
respectivelyz, andzs are the singlet oxygen phosphorescence lifetimebe reference and the
sample solutions@,, is the quantum vyield of singlet oxygen of the refee compound. The

analysis did not require the calculation of theoabed incident light;,s because the optical
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densities of tested and reference compounds atexicgation wavelength were equa,
measurements were performed in triplicate (standawihtion <15%).7; for O, (*Ag) in MeOH
is 10 ps and; for Ox(*Ag) in EtOH is 14.5 ps [67]The value®,= 0.86 for RB in ethanol is in
agreement with®,= 0.90 obtained in the present study.

3.5. Fluorescence lifetime

Fluorescence lifetimes were measured by the timeleted single photon counting
using a FluoTime 300 fluorimeter (PicoQuant). Eatidn/emission a15 nm/660 nm fot, 3,
34; 507 nm/645 nm foB2, 2; 553 nm/650 nm fob was performed with a Solea™
supercontinuum laser. Excitation pulse frequency set at 10 MHz for all tested compounds
excepts (40 MHz); excitation/detection bandpass 5 nm/10Q im width 32 ps. In each case, the
instrument response function (IRF) was recordateexcitation wavelength with the Ludox
scattering probe. Plots of the residuals showedandistributions in all cases. Fluorescence
decays were fitted using a FluoFit software (Pica@)u Fluorescence lifetimes were estimated
by the multi-exponential model according to equati®):

I(t) = [ IRF(t) Y"1 |; Xexp((-t-t)/z) dt’ (3),

where | is the amplitudes; is the lifetime of tha-th decay component, n is the
number of the decay component. The quality of fisvevaluated by # test (close to 1
for the best fit) as well as by control of residuahd autocorrelation function.

3.6. Flash photolysis

The triplet-triplet absorption spectra and kinetlesay of the triplet states were
measured using a conventional flash photolysigos@ptical path length 20 cm, excitation was
performed through multi-band blue-green opticaloapton filters 400-510 nm or 480-560 nm,
80 J/15 us). Signals were recorded by PMT-38 pholigptier (MELZ, USSR) at 400-760 nm.
All solutions were degassed before use.

3.7. Binding to HSA

Solutions of porphyrin derivatives and HSA in PBRrev mixed and allowed to
equilibrate for 1 h before analysis. Binding wasnitared at room temperature. The absorption
spectra of porphyrins (jtM) in the absence or presence of HSA (duplicatetidihs from 0.2
uM to 50 uM) were recorded within 300—-800 nm range with axincrement (slit width 2 nm).
Values of the dissociation constantyKor porphyrin-HSA complexes were calculated frtra
absorption measurements at 425 nm with GraphPanRgi (non-linear regression, saturation
binding: one site specific binding) using equatién

A = AnaxX[HSA]/(K¢+[HSA]) (4),
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where [HSA] is HSA concentration, IS the absorption of total bound porphyrin, A is
the absorption at different HSA concentrations. Ahgx values were obtained by hyperbolic
extrapolation of experimental data to the higheAHt8ncentrations.

3.8. Cell culture, cytotoxicity and intracellulaceumulation assays

The HCT116 human colon carcinoma cell line (AmearicBype Culture Collection,
Manassas, VA) was propagated in Dulbecco modifiagl€s medium supplemented with 10%
fetal calf serum (HyClone, Logan, UT), 2MnL-glutamine, 100 U/ml penicillin and 100 pg/ml
streptomycin (PanEco, Russia) (complete mediurBY4t, 5%CO- in a humidified atmosphere.
Compoundd -3, 5, 32 and34 were dissolved as 10 mM stock solutions in DMS@ stored at —
20°C. Aqueous dilutions in the complete medium wereppred immediately before the
experiments. Dark cytotoxicity of new compounds &wasessed in a formazan conversion assay
(MTT-test) after a 72 h continuous drug exposur8].[6lhe cytotoxicity at a given drug
concentration was calculated as the percentagbsafrlaance in wells with drug-treated cells to
that of vehicle control cells (100%). Thesk&50% growth inhibitory concentration) was defined
as the concentration of the compound that inhibM&d™ conversion by 50%. To measure light
activated cytotoxicity, HCT116 cells (1t 190 pl of complete medium, a 96-well format)reve
treated with1-3, 5, 32 or 34 (0-50 uM each, twofold serial dilutions) for 246h37C, 5% CQ.
After the completion of cell exposure the compoumdse washed off with saline, and cell
monolayers were illuminated with either 420 nm (4/6nf) or 650 nm (5 J/cfor 30 J/crf)
lasers followed by the addition of fresh medium gamented with 0.5 mg/ml 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium brode (MTT), incubation for 2 h and
measurement of absorbance at 540 nm.

For measurement of intracellular accumulationled, 5, 32 and 34 the HCT116 cells
(5x10 in 60 mm Petri dishes) were treated with 5 uM aftecompound for 24 h at %7, 5%
CQO,. Cells were washed three times with an ice colihesadetached with trypsin-EDTA
solution and immediately analyzed on FACSDiva floygometer (BD Biosciences; excitation
405 nm, emission 710 nm and 780 nm). Two emissianelengths were used for an accurate
detection of fluorescence keeping in mind spectliflerences (although insignificant) of
individual compounds. Ten thousand fluorescent &sverere collected per each sample. Data
were analyzed using FACSDiva software.

3.9. Fluorescence microscopy

The HCT116 cells were grown on round glass coyesdior up to 72 h to reach 70%
confluence by the day of experiment. The medium @renged for the same medium without
serum, and compounds?2, 3, 32 and34 (1 uM each) were added to the cell culture for 1 h, then

washed with saline. The complete medium was ad@edl. imaging was performed on an
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inverted microscope Eclipse Ti-E with the confoocabdule A1 (Nikon Corp., Japan). The
following parameters were used for cell visualiaati512x512 pixel images were registered
with an Apo TIRF 60x/Oil DIC N2 objective, fluoremtce of porphyrins was excited with a 405
nm diode laser, emission was registered using B802iter within 560-570 nm. Wavelengths
were chosen based on autofluorescendg 8f3, 32 and34 in DMSO. Colocalization 082 with
organelles was detected using LysoTracker Green-R8lQnvitrogen), MitoTracker GreenFM
(Invitrogen) and transferrin-FITC (Nanocs) for Igsmes, mitochondria and endosomes,
respectively. Cell staining was performed accordmghanufacturer’s instructions. Fluorescence
of LysoTracker Green DND-26, MitoTracker GreenFMl daransferrin-FITC was excited with a
488 nm laser, filter BS 525/50 nm. Simultaneousuafigation of 32 and organelles was
performed by a dual channel analysis of opticahg@$ain a multichannel regimen using a set of
dichroic mirrors and filters. Pinholes were setagorecommended by the manufacturer. Images
were analyzed with NIS-Elements Nikon software @ik

For detection of superoxide anion radicals and waability upon photoactivation d32,
HCT116 cells were grown in 35 mm Petri dishes withlass bottom at 8, 5% CQ for 48 h.
Compound32 (5 uM) or vehicle (0.05% DMSO) were added for anoth&m2 Then cells were
washed with the culture medium and incubated ishfreulture medium for 3 h followed by
loading with 5uM MitoSOX Red, 50 nM MitoTracker Red CMX ROS and 18 Hoechst
33342 (all dyes from Thermo Fisher Sci., Walthar®)Nbr 10 min at 37€. Cells were washed
three times with saline. For detection of the plasmembrane integrity Pl (10 pg/ml) was added
to the complete medium 10 min prior to taking immg€o photoactivate compourd? cells
were illuminated with a 405 nm laser (39 ps, 40 MBImW). Cell morphology was analyzed on
a Leica TCS SPE 5 confocal laser scanning micras¢bpica Microsystems GmbH, Germany).
Autofluorescence 032 did not interfere with other dyes.
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1.TheH NMR of 2-(maleinoylamino)-5,10,15,20-tetraphenylprphyrin (25)
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Figure SL.The'H NMR spectrummdfui)orphyri5 in CDCk at 25 °C.
2.The'H, *F NMR of 2-(maleinoylamino)-5,10,15,20-
tetrakis(pentafluorophenyl)porphyrin (26)
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Figure S2.TheH, **F NMR spectrum of porphyrigé in CDCk at 25 °C.



3. The'H, 'F NMR of 2-(maleinoylamino)-5,10,15,20-tetrakis[4
(trifluoromethyl)phenyl]porphyrin (27)
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Figure S3. The'H, *F NMR spectrum of porphyriai7 in(CDs),CO at 25 °C.




4. TheH,F NMR of [2-(maleinoylamino)-5,10,15,20-
tetrakis(pentafluorophenyl)porphyrinato]zinc (1) ( 29)
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Figure $4.TheH, *°F NMR spectrum of porphyri#9in CDCk at 25 °C.
5. TheH NMR of 2-(3'-maleimido)-5,10,15,20-tetraphenylpophyrin (1)
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Figure S5.The'H NMR spectrum of porphyritt in CDCk at 25 °C.




6. The'H,**F NMR of 2-(3-maleimido)- 5,10,15,20-
tetrakis(pentafluorophenyl)porphyrin (2)
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Figure S6.The'H, ®F NMR spectrum of porphyrigin CDCk at 25 °C.
7. TheH, *F NMR of 2-(3'-maleimido)-5,10,15,20-tetrakis[4-
(trifluoromethyl)phenyl]porphyrin (3)
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8. TheH, *F NMR of [2-(3-maleimido)-5,10,15,20-

tetrakis(pentafluorophenyl)porphyrinato]zinc (ll) ( 5)
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Figure S8. The'H, **F NMR spectrum of porphyrif in CDCk at 25 °C.
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9. TheH, B NMR of 2-{3-[(o-carboran-1'-yl)thio]pyrrolidine-2,5-dione-1-yl}-
5,10,15,20-tetraphenylporphyrin_m(/32)
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Figure S9.The'H,*'B NMR spectrum of porphyriB2in CDCk at 25 °C.

. AR R | T T T
20 18 16 14 12 10 8 -26 28 -30 32 34 -3




10. The’H, B NMR of 2-{3-[(m-carboran-9'-yl)thio]pyrrolidine-2,5-dione-1-yl}-
5,10,15,20-tetraphenylporphyrin (33)
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Figure S10.The*H,"B NMR spectrum of porphyriB3in CDCk at 25 °C.

11. The'H, B, *F NMR of 2-{3-[(m-carboran-9'-yl)thio]pyrrolidine-2,5-dione-1-yl}-
5,10,15,20-tetrakis[4-(trifluoromethyl)phenyl]porphyrin (34)
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Figure S11.The'H, *'B, F NMR spectrum of porphyri@4in CDCk at 25 °C.
12. The'H, B, *FNMR of [2-{3-[(m-Carboran-9'-yl)thio]pyrrolidine-2,5-dione-1-
yl}-5,10,15,20-tetrakis(pentafluorophenyl)porphyrinato]zinc (11) (35)
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13. The'H, B, *FNMR of 2-{3-[(m-carboran-9'-yl)thio]pyrrolidine-2, 5-dione-1-yl}-
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Nomalzed Intensty

Ho1(or.s)
Wo4or. ) o
]
LR A A s A A R AL LR AR AR n AR RS R LR A B B
s 2o 7 70 &l 50 o 4 20 1 1 0 0 o o 1 2o 2 30

11



5 ival- v
g & win |

wn, m/ﬁ WH £ sevels Y
By fa
I 5
. 3

B E 0]
be 3

- mmwwu ]

L ;

e — w1
srer— 5, k2
W/ | 22)
fe N '

H o ssisin o
: Hom e o]
5 £
T =
2 1Y N

£| v

HEES — w0
b g a8

wi]
- o1 JFT

[Tre—" Fysvnppemen,

12

Chemical Shitt (ppm)

'H, B, °F NMR spectrum of porphyri6 in CDCk at 25 °C.

Figure S13.The




14. Relative quantum efficacy of singlet oxygen geration
in DMSO normalized to RB.
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Figure S14. Relative quantum efficacy of singlet oxygen gernerain DMSO

normalized to RB. Shown are spectra of singlet eryghosphorescence. RU, relative

units.
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15. Characterization of stable complexes 32:HSA.
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Figure S15. Characterization of stable complex3sHSA. A, absorption spectra 82 at

A =425 nm. B, absorption as a function of [HSAJri@eawofold dilutions down from 50 pM).

14



ount

16. Accumulation of porphyrins 1-3, 5, 32 and 34 iHCT116 cells
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Figure S16. Accumulation of porphyring-3, 5, 32 and34in HCT116 cells.

Numbers in parentheses: delta MirftleltaMFGgo. SeeExperimentafor details



17. Intracellular distribution of porphyrins 1-3 and 34 in HCT116 cells.

compound 1 compound 2 compound 3 compound 34

: -
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Figure S17. Intracellular distribution of porphyrint3 and34 in HCT116 cells.
Cells were loaded with the respective compound ¥§ [ h) at 37C, 5% CQ. A-D:
fluorescence of compound&’-D": phase contrast images. Note the cytoplasmicragkation of
f-substituted porphyrins. Bar, 10 um.
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Highlights
1. A panel of new £-maleimide-substituted meso-arylporphyrins was synthesized.
2. Reactivity of porphyrin maleimides towards S-nucleophiles was studied.
3. Fash photolysis showed the ability of new compounds to generate ROS.
4. Complexes with albumin were determined for maleimide and succinimide porphyrins.

5. Selected compounds induced rapid photonecrosisin colon carcinomacells.



