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Syntheses and Properties of a Series of Cationic Water-Soluble Phthalocyanines
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A series of symmetrical cationic phthalocyanines (Pcs) with either Zn(Il) or Si(IV) metal ions and two bulky
axial ligands on the silicon complexes was synthesized in high yields. The photophysical (absorption, emission,
fluorescence, and singlet oxygen quantum yields) and cellular (uptake, toxicity, and subcellular localization)
properties of this series of Pcs were investigated. The Si(IV)—Pcs exist mainly as monomers in aqueous media
and have higher fluorescent quantum yields in protic solvents (methanol and water) than the Zn(Il)—Pcs. The
presence of eight short PEG groups at the periphery of a Zn(II)—Pc significantly increases its solubility in protic
solvents, but a centrally chelated silicon ion and associated bulky axial ligands were more efficient in preventing
aggregation of the Pc macrocycles. The singlet oxygen quantum yields for this series of Pcs in DMSO are in the
range 0.09-0.15. All Pcs were readily taken up by human HEp2 cells, and the extent of their accumulation
within cells depends on their hydrophobic character. Intracellularly, all Pcs localized preferentially within the
cell lysosomes. The Zn(I)—Pc 11 and Si(IV)—Pcs 12 and 14 were found to be the most phototoxic (ICsy = 2.2
uM at a 1 J cm™? light dose) of this series of compounds.

Introduction

Photodynamic therapy (PDT)“ is a binary modality for cancer
treatment that uses a photosensitizer (PS) and visible light to
produce reactive oxygen species which selectively destroy malig-
nant cells." PDT is currently used in several countries for the
treatment of several types of cancer, including skin, mouth,
esophageal, lung, and bladder tumors.>”” The selectivity of the PDT
treatment depends upon both the tumor-targeting ability of the PS
and the light used to activate it. An ideal PS should have minimal
dark toxicity, high selectivity for tumors, rapid clearance from
normal tissues, and a strong absorption peak within the “therapeutic
window” (600-800 nm) for optimal light penetration through
tissue.*” Since the first approval of hematoporphyrin derivative
(HpD) as a PS for PDT clinical applications, a large number of
porphyrin derivatives have been synthesized and investigated for
application in PDT; these include meso-tetraarylporphyrins, por-
phyrin dendrimers, core modified porphyrins, chlorins, bacterio-
chlorins, and Pcs.'®"® From these studies, a number of second
generation PSs have emerged. For example, tetra(meta-hydroxy-
phenyl)chlorin, 2-(1-hexyloxyethyl)-2-devinyl-pyropheophorbide a,
and mono-L-aspartyl chlorin e are currently being evaluated in
PDT clinical trials. Pcs are particularly promising PSs for PDT
because of their intense absorptions at ~680 nm (about 2 orders
of magnitude larger in intensity than porphyrin long wavelength
absorptions) and their ability for generating singlet oxygen.'™
However, Pcs are notorious for their strong tendency to aggregate
in aqueous solutions,'*'> which can significantly decrease their
photosensitizing ability through self-quenching.'® In order to
decrease Pc aggregation and to increase their photodynamic activity,
several hydrophilic and amphiphilic groups (e.g., carboxylates,
sulfonates, phosphonates, PEGs)'’? and bulky axial ligands [e.g.,
OSiMex(CH,)3NMe; and OCH(CH,NMe,)]*'** have been in-
troduced at the macrocycle periphery and core, respectively.
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Of particular interest are positively charged Pcs, since such
molecules could potentially target highly vulnerable intracellular
sites and cause effective DNA photodamage.?>*® For example,
it was reported that a series of cationic zinc pyridyloxy Pcs
have higher photodynamic activity than purified HpD, the first
FDA-approved PS for PDT, and that their biological efficacy
could be modulated upon the introduction of alkyl chains of
different length on the pyridyloxy groups.?’~2° Furthermore,
positively charged Pcs have been successfully used for the
photoinactivation of both Gram-negative and -positive bacteria.”*'
On the other hand, Si(IV)—Pcs containing one or two bulky
axial ligands usually show reduced aggregation, enhanced water-
solubility, and high photodynamic efficacy. Recently, two
glucosylated Si(IV)—Pcs were shown to have high phototoxicity
toward human carcinoma HT29 and HepG2 cells’* and a
Si(IV)—Pc bearing two solketal axial substituents was found
to be highly phototoxic to both 14C and B16F10 cell lines.*
In our continuing investigation of new water-soluble and
effective PDT sensitizers, we decided to combine, in a single
macrocycle, peripheral cationic pyridyloxy groups and two bulky
axial ligands on centrally chelated Si(IV) ions. Herein, we report
the synthesis, photophysical evaluation, and in vitro investiga-
tions of a series of cationic 3-pyridiloxy Pcs bearing either a
methyl or a short PEG chain on the pyridyl groups and Zn(II)
or Si(IV) coordinating metals, with two large axial ligands on
the silicon complexes. The properties of this new series of water-
soluble Pcs are compared and discussed.

Experimental Section

1. Chemistry. All air and moisture sensitive reactions were
performed under an argon atmosphere. All solvents and reagents
were purchased from commercial sources, unless otherwise stated.
Dry solvents excluding methanol were purified using a Braun
solvent purification system. Dry methanol was obtained by redistil-
lation after refluxing over calcium hydride for 5 h. Silica gel 60
(230 x 400 mesh, Sorbent Technologies) was used for column
chromatography. Analytical thin-layer chromatography (TLC) was
carried out using polyester backed TLC plates 254 (precoated, 200
um) from Sorbent Technologies. NMR spectra were recorded on
DPX-250 or ARX-300 Bruker or Varian Inova-500 spectrometers
(250, 300, or 500 MHz for "H; 63, 75, or 125 MHz for '*C). The
chemical shifts are reported in 6 ppm using the following deuterated
solvents as internal references: CD,Cl, 5.32 (‘"H), 53.8 ppm (**C);
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d-TFA 11.5 ("H), 164.2 ppm ('*C); d-DMSO 2.49 ("H), 39.5 ppm
("*C); d-THF 3.58 ("H), 1.73 ppm (**C); d-CH;0H 4.78 ('H), 49.0
ppm (**C); d-DMF 8.01 ('H), 162.7 ppm ('3C); CDsCN 1.93 ('H),
118.2 ppm ('*C); D,0 4.63 ppm ('H). Electronic absorption spectra
were measured on a Perkin-Elmer Lambda 35 UV-vis spectrometer.
IR spectra were recorded with a Bruker Tensor 27 spectrophotom-
eter. Mass spectra were obtained on either a Bruker ProFlex III
MALDI-TOF mass spectrometer using o-cyano-4-hydroxycinnamic
acid or dithranol as the matrix or an Applied Biosystems QSTAR
XL quadrupole TOF MS for ESI. Elemental analyses were
performed on a Thermo Finnigan Flash 1112 CHN elemental
analyzer. Melting points were measured on a Fisher-Johns apparatus.

4,5-Bis(pyridin-3-yloxy)phthalonitrile (2). 4,5-Dichlorophtha-
lonitrile (1.0 g, 5.0 mmol) and 3-hydroxypyridine (2.2 g, 23.1 mmol)
were dissolved in 15 mL of dry DMF at 80 °C under argon.
Potassium carbonate (4.5 g, 32.6 mmol) was added to the reaction
solution in 8 portions every 5 min. The reaction solution was heated
for 3 h, then cooled to room temperature, and poured into 100 mL
of ice—water. After filtration under vacuum, the crude product was
purified by column chromatography on neutral alumina using
methanol/dichloromethane 1:50 for elution. The title compound
(1.37 g) was obtained as a pale white solid in 86% yield. '"H NMR
(CD,ClLy): 6 8.53 — 851 (m, 2H, Py-H), 8.42 (s, 2H, Py-H),
7.42-7.41 (m, 4H, Py-H), 7.31 (s, 2H, Ar-H). '*C NMR (CD,Cl,):
0 151.53, 147.46, 142.19, 127.18, 125.24, 123.67 (Ar-C, Py-C),
115.21 (CN), 112.19 (Ar-C). FTIR (solid): 2236.8 (CN), 1211.3
(C—0) cm™'. MS (MALDI-TOF) m/z 315.31 [M + H] ", calcd.
for ClgH|1N402 315.09. Anal. calcd. for C13H10N402Z C 6879, H
3.21, N 17.83. Found: C 68.58, H 3.33, N 17.78.

Crystal data for 2: Colorless, C1gHoN4O,, M, = 314.3, mono-
clinic space group C2/c, a = 24.573(3), b = 9.417(2), ¢ = 16.076(3)
A, B =12821(2)°, V.=12923.0(12) A>, Z =8, pearca = 1428 g
cm >, Mo Ka. radiation (A = 0.71073 A; 4 = 0.098 mm™ 1), T =
110 K, 32 427 data points by Nonius KappaCCD, R = 0.057 (3531
with F2 > 20), R,, = 0.149 (all F?) for 5539 unique data points
having 6 < 33.1° and 217 refined parameters, CCDC 652076.
Crystals were grown by slow evaporation of dichloromethane.

Triethylene Glycol Iodide. Compound CH3;(OCH,CH,)sl was
synthesized from the corresponding tosylate CH3(OCH,CH,);Ts,
which was prepared according to Schultz’s procedure®* in 88%
yield. The following data is for triethylene glycol tosylate
CH;3(OCH,CH,);Ts: '"H NMR (CD,Cly): 6 7.78 (d, J = 8.3 Hz,
2H, Ar-H), 7.37 (d, J = 8.3 Hz, 2H, Ar-H), 4.12 (t, / = 4.5 Hz,
2H, OCH,), 3.64 (t, J = 4.5 Hz, 2H, OCH,), 3.53 (s, 6H, OCHa),
3.49 (t, J = 1.6 Hz, 2H, OCH,), 3.32 (s, 3H, OCHs), 2.44 (s, 3H,
Ar-CHj;). '*C NMR (CD,Cly): & 145.44, 133.24, 130.22, 128.21
(Ar-C), 72.22, 71.01, 70.77, 70.72, 69.84, 68.92 (OCH,), 58.95
(OCH3), 21.72 (Ar-CHs). MS (ESI) m/z 319.12 [M + H]™*, 320.13
[M + 2H]", 336.15 [M + H,O]*", 341.10 [M + Na]™, calcd. for
Ci4sH206S 319.12, Ci4HpuO6S 320.13, C4H»0,;S 336.12,
C4H2,NaOgS 341.10. To a solution of this compound (10 g, 0.031
mol) in 80 mL of dry acetone was added Nal (9.9 g, 0.062 mol),
and the reaction was refluxed for 20 h. After cooling to room
temperature, the solution was filtered under vacuum and washed
with acetone. The filtrate was collected and concentrated. The
residue was dissolved in 100 mL of dichloromethane, washed
successively with 1 N sodium thiosulfate solution and brine,
and dried over anhydrous sodium sulfate. The solvent was removed
under vacuum and the product was obtained as a light yellow liquid
(8.5 g) in 98% yield. '"H NMR (CD,Cl,): 6 3.73 (t, J = 6.8 Hz,
2H, OCH,), 3.64-3.56 (m, 6H, OCH,), 3.52-3.48 (m, 2H, OCH,),
3.33 (s, 3H, OCH3), 3.27 (t, J = 6.8 Hz, 2H, OCH,). '*C NMR
(CDCly): 6 77.42,717.00, 76.58, 71.77,70.42, 70.03 (OCHy), 58.85
(OCH3). MS (ESI) m/z 275.01 [M + H]", 292.04 [M + H,0]",
calcd. for C7H16103 27501, C7H17IO4 292.02.

Bis(pyridine-3-yloxy)diiminoisoindoline (3). Phthalonitrile 2 (2
g, 6.4 mmol) and sodium methoxide (0.5 g, 9.3 mmol) were
dissolved in 100 mL of freshly distilled methanol. Ammonia gas
was bubbled into the solution for 50 min at room temperature. The
solution was then heated to 65 °C and refluxed under a slow stream
of ammonia gas for 5 h. The solvent was removed under reduced

Journal of Medicinal Chemistry, 2008, Vol. 51, No. 3 503

pressure. Water (150 mL) was added to the concentrated residue
to precipitate the product. The product was filtered and washed
thoroughly with water to afford light green crystals of the title
compound (1.9 g) in 91% yield; mp 122-124 °C. '"H NMR (CDCls):
0 8.32-8.16 (m, 3H, NH), 7.42-7.12 (m, 10H, Ar-H, Py-H). '*C
NMR (d-DMSO): 6 152.97, 148.32, 144.85, 140.13, 124.95, 124.71,
113.63 (Ar-C, Py-C). FTIR (solid): 3036.73, 2963.08, 1667.2 (CN),
1213.2 (CO) cm™'. MS (MALDI-TOF) m/z 332.20 [M + H]*,
354.14 [M + Na]+, calcd. for C13H14N502 332.1 1, C18H13N502Na
354.10.

ZnPc (4). Phthalonitrile 2 (0.4 g, 1.27 mmol) and zinc acetate
dihydrate (0.1 g, 0.45 mmol) were mixed and heated at 80 °C in
15 mL of dry pentanol. After adding a few drops of DBU, the
temperature was raised to 140 °C. The mixture was heated overnight
and then concentrated under reduced pressure. The crude product
was washed three times successively with dichloromethane, acetone,
and cold methanol. The title product was obtained as a dark green
solid (0.37 g) in 88% yield; mp > 250 °C. UV-vis (DMSO): 4 yax
(log £) 678 (4.08) nm. '"H NMR (d-TFA): 6 9.60 (s, 8H, Ar-H),
9.00 (s, 8H, Py-H), 8.81 (br, 8H, Py-H), 8.62 (br, 8H, Py-H), 8.29
(br, 8H, Py-H). '*C NMR (d-TFA): ¢ 159.07, 156.10, 151.27,
139.77, 137.94, 137.23, 134.47, 131.88, 121.24 (Ar-C, Py-C). MS
(MALDI-TOF) m/z 1320.78 [M+], calcd. for C72H4()NIGOgZIl
1320.25.

ZnPc (10). Pc 4 (0.2 g, 0.15 mmol) and 25 mL of CHil were
stirred at 40 °C, and the reaction was followed by "H NMR. After
1 day, methyl iodide was removed under reduced pressure. The
crude product was washed with acetone to yield the title compound
as a dark green solid (0.35 g) in 96% yield; mp > 250 °C. UV-vis
(DMSO): Amax (log €) 677 (4.84), 611 (4.21), 359 (4.48) nm. 'H
NMR (D,0): 6 9.16 (s, 8H, Ar-H), 9.00 (s, 8H, Py-H), 8.56 (d, J
= 6.1 Hz, 8H, Py-H), 8.48 (d, / = 8.4 Hz, 8H, Py-H), 8.00-8.04
(m, 8H, Py-H), 4.32 (s, 24H, CH3). '>*C NMR (D,0): 6 157.24,
151.70, 147.57, 142.07, 137.20, 136.06, 134.66, 130.38, 117.26 (Ar-
C, Py-C), 50.00 (CH3). MS (MALDI-TOF) m/z 1320.48 [M — 81
— 8CH;]™, 1335.43 [M — 8I — 7CH3] ™, calcd. for C7,HyN60sZn
132025, C73H43N1605;ZH 1335.27.

ZnPc (11). Pc 4 (0.02 g, 0.015 mmol) and CH3(OCH,CH,)sl
(1.5g, 5.5 mmol) were heated to 70 °C in a sealed 10 mL thick-
walled tube for 6 days. The product was isolated from the reaction
solution by centrifugation and washed twice with acetone and twice
with dichloromethane. The crude product was purified on a
Sephadex LH-20 column using methanol for elution. The product
was vaccuum-dried at 30 °C for 2 days to afford the title compound
as a dark green solid (56 mg) in 92% yield; mp 173-175 °C. UV-vis
(DMF): A max (log €) 675 (4.74), 609 (4.10), 354 (4.36) nm. UV-vis
(H20):4 max (log €) 674 (4.56), 611 (3.94), 351 (4.27). '"H NMR
(d-DMF): ¢ 9.69 (s, 8H, Ar-H), 9.60 (s, 8H, Py-H), 9.21 (d, J =
5.3 Hz, 8H, Py-H), 8.88 (d, / = 7.6 Hz, 8H, Py-H), 8.48-8.42 (m,
8H, Py-H), 5.12 (br, 16H, OCHy), 4.16 (br, 16H, OCH), 3.72 (br,
16H, OCH,), 3.57-3.44 (m, 48H, OCH,), 3.26 (s, 24H, OCHj3).
'3C NMR (d-DMF): ¢ 157.24, 153.86, 147.70, 142.12, 137.98,
136.65, 134.73, 129.97, 117.57 (Ar-C, Py-C), 72.34, 70.81, 70.66,
69.63, 62.21 (OCH,), 58.70 (OCH3). MS (MALDI-TOF) m/z
1320.60 [M — 8PEG]™, 1467.04 [M — 7PEG]*, 1613.94 [M —
6PEG]™, 1762.01 [M — 5PEG]", calcd. for C7HyNic0sZn
132025, C79H55N|6O“Zn 146735, C35H70N16014Zn 161446,
Co3HgsN16017Zn 1761.56. HRMS-ESI m/z 549.9806 [M — 61 —
HJ>*, 5755675 [M — 5I]°*, 751.9363 [M — 41]**, 1044.5473
[M - 31]3+, calcd. for [C|23H15912N1603221’1]5+ 5499737,
[CisH16013N16032Zn]> "t 575.5562, [CiagHi60lsN1603:Zn]* " 751.9437,
[C128H16015N1603QZD]3+ 1043.8633.

SiPc (5). Dry diiminoisoindoline 3 (0.5 g, 1.5 mmol) was added
to 5 mL of freshly redistilled quinoline. The reaction solution was
stirred under argon for 10 min ,and then, silicon tetrachloride (0.5
mL, 2.2 mmol) was added dropwise to the solution. The temperature
was raised to 220 °C and maintained for 1 h. The solution was
cooled to room temperature, and the solid was filtered under vacuum
and washed successively with water, methanol, and acetone. The
title compound was obtained as a dark green solid (0.5 g) in 98%
yield; mp > 250 °C. UV-vis (DMSO): Ay (log €) 677 (3.83) nm.
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'"H NMR (d-TFA): 6 9.66 (br, 8H, Ar-H), 8.98 (br, 8H, Py-H),
8.73 (br, 8H, Py-H), 8.58 (br, 8H, Py-H), 8.21 (br, 8H, Py-H). '*C
NMR (d-TFA): 6 158.95, 152.09, 151.43, 139.324, 137.64, 136.40,
134.08, 131.48, 120.53 (Ar-C, Py-C). MS (MALDI-TOF) m/z
1319.82 [M — CI]™, caled. for C7oHoCIN;405Si 1319.27.

SiPc (6). A mixture of Pc 5 (0.45 g, 0.33 mmol) and sodium
methoxide (1.5 g, 27 mmol) in 60 mL of water/ethanol (5:1) was
heated to reflux for 5 h. The solvent was removed under reduced
pressure, and the product was isolated by precipitation upon addition
of 10 mL of water. The slurry solid was filtered and washed
thoroughly with water. The final product was dried under vacuum
at 40 °C for 2 days to afford the title compound as a dark green
solid (0.35 g) in 81% yield; mp > 250 °C. UV-vis (DMSO): 4 nax
(log &) 677 (4.11), 609 (3.64), 364 (3.94) nm. 'H NMR (d-TFA):
0 9.72 (br, 8H, Ar-H), 9.03 (br, 8H, Py-H), 8.81 (br, 8H, Py-H),
8.64 (br, 8H, Py-H), 8.29 (br, 8H, Py-H). '>*C NMR (d-TFA): &
159.11, 152.24, 151.58, 139.46, 137.78, 136.55, 134.20, 131.61,
120.67 (Ar-C, Py-C). FTIR (solid): 3382.3 (O—H), 1209.5 (C—0),
844.6 (Si—0) cm™ . MS (MALDI-TOF) m/z 1301.81 [M — OH]*,
1318.63 [M]+, calcd. for C72H41N16098i 130130, C72H42N1601()Si
1318.30.

SiPc (7). Pc 6 (0.17 g, 0.125 mmol) was dissolved in 10 mL of
dry pyridine at 115 °C under an argon atmosphere. Chlorotripro-
pylsilane (0.7 mL, 3.2 mmol) was added dropwise to the reaction
solution via syringe. After 8 h, another portion of chlorotripropyl-
silane (0.5 mL, 2.2 mmol) was added. The reaction solution was
refluxed for another 9 h. The solvent was evaporated to dryness,
and 10 mL of pentane was added. After sonication for 5 min, the
crude product was obtained by centrifugation. The solid was further
purified using a short silica column and THF for elution. The title
compound was dried under vacuum at 40 °C and obtained as a
dark green solid (0.11 g, 52%); mp > 250 °C. UV-vis (CH,Cl,):
A max (log &) 674 (5.34), 644 (4.54), 607 (4.60), 360 (4.92) nm. 'H
NMR (d-THF): 6 9.30 (s, 8H, Ar-H), 8.58 (d, / = 2.7 Hz, 8H,
Py-H), 8.46 (dd, J = 1.0, 4.5 Hz, 8H, Py-H), 7.63-7.59 (m, 8H,
Py-H), 7.45-7.41 (q, 8H, Py-H), —0.15 (t, / = 7.2 Hz, 18H, CHj),
—0.99 to —1.07 (m, 12H, CH,), —2.29 to —2.34 (m, 12H, CH,).
13C NMR (d-THF): 6 154.75, 151.75, 149.04, 146.15, 141.46,
133.91, 125.48, 125.09, 116.40 (Ar-C, Py-C), 17.84, 16.42, 15.87
(CH,CH,CH3). MS (MALDI-TOF) m/z 1457.88 [M — OSi-
(C3H7)3]+, calcd. for C81H61N1609512 1457.44.

SiPc (12). Pc 7 (20 mg, 0.01 mmol) and CH3l (7 mL) reacted as
described above for Pc 10, and the title compound was obtained as a
green solid (27 mg, 95%); mp > 250 °C. UV-vis (H,0): A pay (log €)
674 (5.03), 644 (4.31), 607 (4.35), 356 (4.68) nm. 'H NMR (d-DMF):
0 10.10 (s, 8H, Ar-H), 9.67 (s, 8H, Py-H), 9.21 (d, 8H, J = 5.6 Hz,
Py-H), 8.81 (d, 8H, J = 8.3 Hz, Py-H), 8.48-8.43 (m, 8H, Py-H),
4.71 (s, 24H, N—CH,), —0.12 (t, 18H, J = 7.0 Hz, CH3), —0.99 to
—1.08 (m, 12H, CH,), —2.31 to —2.37 (m, 12H, CH,). '°C NMR
(d-DMF): 6 156.57, 150.05, 148.78, 142.99, 138.67, 135.09, 134.51,
130.06, 117.89 (Ar-C, Py-C), 49.56 (N-CH3), 17.80, 16.07, 15.57
(CH,CH,CH3). MS (MALDI-TOF) m/z 1644.87 [M — 7CH; — 8I]™,
1456.46 [M - OSI(C3H7)3 - 8CH3 - 81]+, calcd. for C91H35N1(,01()Si3
1645.59, Cg1HeiN600Si, 1457.44. HRMS-ESI m/z 795.1072 [M —
3P, 564.8538 [M — 41]*, 532.6256 [M — 51 — H]*", 525.8209
[M — 51 — (CH”;)Z + H]4+, caled. for [C98H10615N1601()Si3]3+
7950936, [ngI‘Il()6I41\Il601()813]4Jr 5649740, [ngHl()513N1601()Si3]4Jr
532.6161, [CogH 013N 16010Si3]*+ 525.9824.

SiPc (8). Pc 6 (0.12 g, 0.088 mmol) and chlorotriisopropylsilane
(0.4 mL, 1.8 mmol) reacted as described above for Pc 7 and the
title compound was obtained as a dark green solid (94 mg, 64%);
mp > 250 °C. UV-vis (CH2Cly): 4 max (log €) 677 (5.13), 646 (4.21),
609 (4.28), 359 (4.63) nm. '"H NMR (d-DMF): 6 9.43 (s, 8H, Ar-
H), 8.68 (s, 8H, Py-H), 8.57 (d, J = 4.4 Hz, 8H, Py-H), 7.84 (d, J
= 8.4 Hz, 8H, Py-H), 7.64-7.59 (m, 8H, Py-H), —1.06 (d, J = 8.0
Hz, 36H, CH3), —1.94 to —2.01 (m, 6H, CH). '*C NMR (d-DMF):
0 154.36, 151.52, 148.90, 146.18, 141.22, 133.22, 126.15, 125.68,
116.01(Ar-C, Py-C), 16.11, 11.42 (CH(CHj3),). MS (MALDI-TOF)
m/z 1631.23 [M + H]*, 1457.42 [M — OSi(C3H7)3]", calced. for
CooHgsN 16010513 1631.58, CgiHe1N1609Si, 1457.43.
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SiPc (13). Pc 8 (35 mg, 0.02 mmol) and CH;3l (8 mL) reacted as
described above for Pc 10, and the title compound was obtained as
a green solid (28 mg, 96%); mp > 250 °C. UV-vis (H,0): Amax
(log ) 677 (4.84), 648 (4.05), 610 (4.07), 356 (4.45) nm. "H NMR
(d-DMF): 6 9.99 (s, 8H, Ar-H), 9.70 (s, 8H, Py-H), 9.22 (d, 8H, J
= 5.5 Hz, Py-H), 8.88 (d, 8H, J = 7.4 Hz, Py-H), 8.48-8.46 (m,
8H, Py-H), 4.73 (s, 24H, N-CH3), —1.07 (d, 36H, J = 7.4 Hz,
CH3), —1.99 to —2.06 (m, 6H, CH). '*C NMR (d-DMF): 6 156.30,
149.94, 148.96, 142.92, 138.75, 135.08, 134.49, 130.02, 117.56 (Ar-
C, Py-0), 49.49 (N—CHys), 16.24, 11.33 (CH(CHs;),). MS (MALDI-
TOF) m/z 1457.69 [M — 8Mel — OSi(C3H;)3]", 1472.70 [M —
7Mel — OSi(C;H7)31", 1630.80 [M — 8Mel]", 1645.82 [M —
7MCI]+, calcd. for C81H61N16095i2 145744, C32H64N16095i2 147246,
CgooHgaN 16010513 1630.57, CoiHgsN6010Siz 1645.59. HRMS-ESI
mlz 795.4410 [M — 31", 752.8038 [M — 41 — H]*", 564.6037
M — 4I1*", 5326259 M — 5I H]**, caled. for
[C()gH]()615N1601()Si3]3Jr 7956001, [ngH1()5141\11501()Si3]3Jr 7528038,
[ngH]o()hN]@O10Si3]4Jr 5645941, [ngH1()5131\116010Si3:|4Jr 532.6161.

SiPc (9). Pc 6 (0.2 g, 0.15 mmol) and tert-butyldiphenylchlo-
rosilane (0.8 mL, 3.0 mmol) reacted as described above for Pc 7
and the title compound was obtained as a dark green solid (99 mg,
37%); mp 185-187 °C. UV-vis (DMF):A . (log €) 680 (5.09),
650 (4.29), 612 (4.36), 363 (4.59) nm. '"H NMR (d-DMF): 6 9.19
(s, 8H, Ar-H), 8.75 (d, J = 2.6 Hz, 8H, Py-H), 8.60 (d, J = 4.5
Hz, 8H, Py-H), 7.92-7.90 (m, 8H, Py-H), 7.70-7.66 (m, 8H, Py-
H), 6.99 (t, J = 7.3 Hz, 4H, Ar-H), 6.57 (t, J = 7.4 Hz, 8H, Ar-H),
491 (d, J = 7.1 Hz, 8H, Ar-H), —1.22 (s, 18H, C(CH3)3). '*C
NMR (d-DMF): 6 154.44, 151.27, 148.62, 146.13, 141.19, 133.79,
133.30, 133.21, 128.94, 126.94, 126.39, 125.78, 115.95 (Ar-C, Py-
C), 24.99, 17.00 (C(CH3)3). MS (MALDI-TOF) m/z 1794.37 [M 1],
1539.26 [M — (OSiPh,'Bu)]*, calcd for Co4H7sN6010Si3 1794.54,
CsgHsoN1600S1, 1539.42.

SiPc (14). Pc 9 (20 mg, 0.01 mmol) and CH3l (4 mL) reacted as
described above for Pc 10, and the title compound was obtained as
a green solid (29 mg, 91%); mp 217-219 °C. UV-vis (Hy0): Amax
(log €) 679 (4.81), 649 (3.96), 612 (4.01), 352 (4.29) nm. 'H NMR
(d-DMF): 6 9.79 (s, 8H, Ar-H), 9.71 (s, 8H, Py-H), 9.25 (d, J =
5.3 Hz, 8H, Py-H), 8.88 (d, J = 7.8 Hz, 8H, Py-H), 8.57-8.54 (m,
8H, Py-H), 7.04 (t, J = 7.3 Hz, 4H, Ar-H), 6.68 (t, J = 7.4 Hz,
8H, Ar-H), 4.89 (d, J = 7.0 Hz, 8H, Ar-H), 4.76 (s, 24H, N—CHj3),
—1.24 (s, 18H, C(CHj3)3). '*C NMR (d-DMF): 6 156.47, 149.87,
148.76, 143.06, 138.95, 135.06, 134.24, 133.70, 133.05, 130.17,
129.32, 127.36, 117.61 (Ar-C, Py-C), 49.61 (N—CHj3), 25.24, 17.04
(C(CHs;)3). MS (MALDI-TOF) m/z 181095 [M — 7Mel — I +
H]+, calcd. for C105H32N1501()Si3 1810.57. HRMS-ESI m/z 850.0984
[M — (OSiPh,Bu) — I + 2H]*", 606.0964 [M — (OSiPh,'Bu) —
21 + 2H]*, 573.6194 [M — (OSiPh,'Bu) — 31 + H]*", 541.6409
[M — (OSiPh,/Bu) — 4I1*", caled. for [CogHgsIsN60Sir]>
849.9846, [CosHgsIsN;600Si>]*" 606.1078, [CogHzsalsN 600Sir]*"
573.7842, [CosHgsIsN600Si,]*" 541.8062.

SiPc (15). Pc 9 (45 mg, 0.025mmol) and CH3(OCH,CH,),I (2.2
g, 8.2 mmol) reacted as described above for Pc 11, and the title
compound was obtained as a dark green solid (94 mg, 94%); mp
82-84 °C. UV-vis (HyO): 4 max (log &) 678 (4.76), 649 (3.90), 610
(3.96), 353 (4.25) nm. '"H NMR (CD3;CN): 0 9.58 (s, 8H, Ar-H),
9.43 (s, 8H, Py-H), 8.97 (d, J = 5.3 Hz, 8H, Py-H), 8.63 (d, J =
7.7 Hz, 8H, Py-H), 8.29 (t, / = 7.6 Hz, 8H, Py-H), 6.98 (t,J = 7.3
Hz, 4H, Ar-H), 6.57 (t, J = 7.3 Hz, 8H, Ar-H), 5.02 (br, 16H,
OCH,), 4.84 (d, J = 7.1 Hz, 8H, Ar-H), 4.14 (br, 16H, OCH,),
3.70 (br, 16H, OCH,), 3.55-3.47 (m, 48H, OCH,), 3.28 (s, 24H,
OCH3;), —1.26 (s, 18H, C(CH3);). '>*C NMR (CD;CN): 6 156.50,
149.97, 148.87, 142.63, 138.42, 136.02, 134.40, 133.96, 133.15,
130.39, 129.55, 127.50, 117.49 (Ar-C, Py-C), 72.48, 71.16, 70.88,
70.79, 69.38, 62.73 (OCH,), 59.01 (OCHj3), 25.37, 17.20 (C(CHj)3).
MS (MALDI-TOF) m/z 3985.42 [M — H]", 360391 [M —
OSiPh,’Bu — I — H]*, 3476.98 [M — OSiPh,/Bu — 2I — H]",
3348.09 [M — OSiPh,’Bu — 3I — 2H]", 3221.20 [M — OSiPh,'Bu
— 41 - 2H]+, calcd. for C160H19713N16034Si3 398558,
Ci44H;781:N 1603381, 3603.56,  Ci44H; 786N 1603381, 3476.66,
C44H1771sN 1603351, 3348.74, C44H17714N 1603351, 3221.84. HRMS-
ESI m/z 1202.3092 [M — (OSiPh,'Bu) — I + 2H]**, 870.0024 [M
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— (0OSiPhyBu) — 2I + 2H]**, 670.6225 [M — (OSiPh,'Bu) — 31
+ 2H]’", 645.2429 [M — (OSiPhy'Bu) — 41 + HJ*™, calcd. for
[CiagHisiIN6033Si0]*+ 1202.1943, [CiaqH 116N 1603351 869.9196,
[C141H1811sN16033Si2]° T 670.5548, [C1a4Hig0l4N16033Si2]° " 645.3780.

2. Photophysical Studies. All absorption spectra were measured
on a Perkin-Elmer Lambda 35 UV-vis spectrometer with 10 mm
path length quartz cuvettes. Emission spectra were obtained on a
Fluorolog 3 spectrofluorimeter. Pure solvents were used as reference
solutions. All solvents were either ACS spectrophotometric or
HPLC grade. Sodium phosphate dibasic was purchased from EMD.
Milli-Q water (resistance 18 M) was prepared in-house. The
phosphate buffer solutions were prepared by dissolving 1.43 g
anhydrous sodium phosphate dibasic in 100 mL water followed
by pH adjustment with concentrated hydrochloride or sodium
hydroxide solution using a Thermo Orion Model 410 pH meter.
Stock solutions (10 mM DMSO) of all Pcs were prepared. All
dilutions were prepared by spiking 0.2-2 uL of the corresponding
DMSO stock solutions into 1 mL of each solvent. The optical
densities of the solutions used for the emission studies were between
0.04 and 0.05 at the excitation wavelength (610 nm) to eliminate
inner filter effects. All the measurements were performed within
3 h of solution preparation.

Fluorescent quantum yields were calculated using a secondary
standard method.*> Methylene blue, a dye with excitation/emission
wavelengths similar to Pcs, was used as the reference. The following
equation

1 ODg »?
0=%; 0op | 2
R ng

was applied to calculate the quantum yield of the Pcs. In this
equation, the fluorescence intensities of the analyte (/) and standard
(Ir), optical densities of the analyte (OD) and standard (ODg), and
the refractive indexes of the analyte solvent (n) and standard solvent
(ng) are incorporated, in addition to Qg, the quantum yield of the
reference standard (0.03 for methylene blue).*%’

Singlet oxygen quantum yields were obtained in DMSO at room
temperature, using ZnPc (P, = 0.67) as reference and 1,3-
diphenylisobenzofuran (DPBF) as scavenger, according to the
procedure previously described.*® The DPBF absorption decay was
followed at 417 nm. The singlet oxygen quantum yields were
determined with an accuracy of about 10%.

3. Partition Coefficients. The partition coefficients were mea-
sured at room temperature by adding 0.15 mL of Pc stock solution
in DMSO to a 2 mL volumetric tube containing 1.0 mL of HEPES
buffer (50 mM, pH 7.4) and 1.0 mL of octanol.?® After vortexing
for 1 min, the phases were separated by centrifugation. An aliquot
of 0.15 mL from each layer was diluted with 1 mL of methanol
and the absorbance was read on a Perkin-Elmer Lambda 35 UV-vis
spectrometer with 10 mm path length quartz cuvettes.

4. Cell Culture. Human carcinoma HEp2 cells were maintained
in a 50:50 mixture of DMEM:AMEM (Invitrogen) supplemented
with 5% FBS (Invitrogen) and Primocin antibiotic (Invivogen). The
cells were subcultured twice weekly to maintain subconfluent stocks.

4.1. Time-Dependent Cellular Uptake. The HEp2 cells were
plated at 7500 cells per well in a Costar 96-well plate and allowed
to grow for 48 h. Pc stock solutions were prepared at 10 mM in
DMSO and diluted to give 20 M in medium (a 2X stock). This
was then further diluted into the wells of the 96-well plate to give
a final concentration of 10 4uM with a maximum DMSO concentra-
tion of 1%. Uptake was allowed to continue for 0, 1, 2, 4, 8, and
25 h. The uptake was terminated by removing the loading medium
and washing the wells with PBS. The Pc concentration was
measured using intrinsic fluorescence as measured with a BMG
FLUOstar plate reader equipped with a 355 nm excitation and a
680 nm emission filter. The cell numbers were measured using a
CyQuant Cell proliferation assay (Invitrogen) as per manufactures
instructions.

4.2. Dark Cytotoxicity. The HEp2 cells were plated as de-
scribed above for the uptake experiment. The Pc was diluted into
medium to give a 100 uM concentration. 2-Fold serial dilutions
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were then prepared to 3.125 uM, and the cells were incubated
overnight. Cell toxicity was measured using Promega’s CellTiter
Blue Viability Assay kit as per manufacturer’s instructions, with
untreated cells considered 100% viable and cells treated with 0.2%
saponin as 0% viable.

4.3. Phototoxicity. The cells were prepared as described above
with Pc concentration range 0.3125 to 10 uM. After loading
overnight, the medium was replaced with medium containing 50
mM HEPES pH 7.2. The cells were exposed to a 100 W halogen
lamp filtered through a 610 nm long pass filter to provide
approximately 1 J cm™? light dose. The cells were kept cool by
filtering the IR radiation through 10 mm of water and placing the
culture plate on an aluminum block in an ice-water bath, which
acted as a heat sink. After exposure to light, the plate was incubated
overnight. Cell toxicity was then measured as described above.

4.4. Microscopy. The cells were plated on Laboratory Tek II
chamber slides (Nunc) and allowed to grow for 48 h. The cells
were then exposed to 10 uM Pc overnight. Organelle tracers were
obtained from Invitrogen and used at the following concentrations:
LysoSensor Green (to visualize lysosomes and acidic compartments)
50 nM, MitoTracker Green (to visualize mitochondria) 250 nM,
ER Tracker (to visualize the ER) 100 nM, and BODIPY FL Cs
ceramide (to visualize the Golgi complex) 1 uM. Images were
acquired using a Zeiss Axiovert 200 M inverted fluorescent
microscope equipped with an AxioCam MRm CCD camera. Pc
fluorescence was imaged using standard Texas Red filters, and
organelle tracers were imaged with standard FITC filters (Chroma
Technologies).

Results and Discussion

1. Synthesis and Characterization. The water-soluble oc-
tapyridyloxy-Pcs 10—15 were synthesized as shown in Scheme
1, via quaternization of the corresponding Zn(II) or Si(IV)
complexes. The dipyridyloxy-phthalonitrile 2 was prepared in
86% yield from commercially available 4,5-dichlorophthaloni-
trile 1 and 3-hydroxypyridine, as it has been previously reported
by Wahrle and co-workers.*® The X-ray structure of this key
intermediate is shown in Figure 1. One of the pyridine rings is
disordered by 2-fold rotation, such that N4 and C17 superim-
pose. The other pyridine appears to be ordered. The two OPy
groups are oriented differently with respect to the phthalonitrile,
with torsion angles —59.8(2)° about C1—0O1 and —7.0(2)° about
C2-02.

The macrocyclization of phthalonitrile 2 was accomplished
under mild conditions, upon heating in dry 1-pentanol in the
presence of zinc acetate and a catalytic amount of DBU, to give
Zn(II)—Pc 4 in an improved 88% yield from that previously
reported.”®*° The neutral octapyridyloxy-Pc 4 is poorly soluble
in most common organic solvents, but it is soluble in TFA.
Alkylation of the pyridyl groups using either methyl iodide or
CH3(OCH,CH,)sl afforded the octa-cationic Zn(II)—Pcs 10 and
11 in 96 and 92% yields, respectively. Although highly soluble
in DMSO and partially soluble in water, Pcs 10 and 11 aggregate
in aqueous solutions, as indicated by the broadening of their Q
bands and fluorescence quenching (vide infra).

Since eight alkylated pyridyl groups at the periphery of the
Zn—Pc macrocycle still do not prevent its aggregation in
aqueous solutions, we prepared a series of octapyridyloxy
Si(IV)—Pcs bearing two bulky axial ligands. Phthalonitrile 2
was converted to the diiminoisoindoline 3 in 91% yield by
reaction with ammonia gas (Scheme 1). Diiminoisoindoline 3
and an excess of silicon tetrachloride were heated to 220 °C in
freshly distilled quinoline for 1 h giving Si(IV)—Pc dichloride
5 in 98% yield. The dihydroxylation of Pc 5 to give Pc 6 was
accomplished using sodium methoxide in ethanol/water. The
presence of the OH groups in Pc 6 was confirmed by FT-IR,
which shows a broad peak at 3382.3 cm™ ' (O—H) and a sharp



506 Journal of Medicinal Chemistry, 2008, Vol. 51, No. 3

Scheme 1. Synthetic Route to Metallo-phthalocyanines 10—15
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peak at 844.6 cm ™' (Si—0). Pcs 7—9 were obtained by reacting
Pc 6 with a large excess of the corresponding alkylchlorosilane
in dry pyridine, at 115 °C under an argon atmosphere. The
excess silane reagent was washed out with pentane, and Pcs
7—9 were purified by column chromatography on silica gel,

Figure 1. Molecular structure of phthalonitrile 2, with 50% ellipsoids.
Only one orientation of the disordered pyridine is shown.
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9: M = Si, L = 0Si(CgHg)oC(CHy)s

using THF for elution. The octapyridyloxy Si(IV)—Pcs 7—9
show high solubility in polar organic solvents, such as in DMF,
THF, DMSO, methanol, and acetonitrile. The '"H NMR spectra
of 7—9 in either deuterated THF or DMF characteristically show
the Pc macrocycle protons in the downfield region at >9 ppm,
the pyridyl protons between 8 and 9 ppm, the aliphatic protons
on the axial ligands significantly upfield shifted below 0 ppm,
and the axial ligand aromatic protons below 7 ppm. The
MALDI-TOF MS spectra of Pcs 5—9 all show the base peak
corresponding to the cleavage of one axial ligand, as it is often
observed for this type of compound (e.g., see ref 41). Alkylation
of Si(IV)—Pcs 7—9 gave the corresponding octa-cationic
derivatives 12—15 in yields higher than 90%. All cationic
Si(IV)—Pcs were also characterized by NMR, MS, UV-vis, and
fluorescence spectroscopy (vide infra) and are highly soluble
in protic solvents such as methanol and water. All Pcs were
>99% pure, as determined by HPLC (see Table S1 and Figures
S1—SS5 in the Supporting Information).

2. Photophysical Studies. The spectral properties of Pcs
10-15 in DMSO, methanol, and water at different pH values
are summarized in Table 1. Additional concentration- and time-
dependent absorption and emission spectra in phosphate buffer
at pH 7.4 and spectral data obtained in DMF and acetonitrile
are shown in Tables S3 and S4 and in Figures S6-S21 in the
Supporting Information. The absorption and emission properties
of this series of phthalocyanines depend significantly on the
solvent used and the solution pH. Both the nature of the
N-pyridyl group (methyl vs triethylene glycol) and the centrally
chelated metal and associated axial ligands affect the photo-
physical properties of the Pc macrocycles. The Si(IV)—Pcs
bearing two bulky axial ligands show significantly higher



Cationic Water-Soluble Phthalocyanines

Table 1. Spectral Properties of Phthalocyanines 10—15 in Different Media“
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media (pH) 10 11 12 13 14 15
DMSO

abs 360, 611, 677 356, 611, 677 360, 608, 676 360, 610, 678 359, 612, 681 359, 612, 680
em 682 682 679 681 684 683

SS 5 5 3 3 3 3

QY 0.0614 0.0692 0.0518 0.0763 0.0361 0.0670
MeOH

abs 349, 670 351, 607, 671 359, 603, 670 358, 606, 672 355, 607, 675 356, 608, 675
em 674 675 671 674 677 677

SS 4 4 1 2 2 2

QY 0.0394 0.0546 0.0958 0.1146 0.0748 0.0987
Aqueous (6.0)

abs 346, 632, 667 351, 675 357, 608, 674 356, 610, 677 353, 612, 680 353, 611, 678
em 678 680 677 680 683 681

SS 11 5 3 3 3 3

QY 0.0032 0.0368 0.0839 0.0495 0.0449 0.0495
Aqueous (7.0)

abs 346, 632, 667 350, 676 357, 608, 674 356, 610, 677 353, 612, 680 353, 611, 678
em 679 680 677 680 682 681

SS 12 4 3 3 2 3

QY 0.0038 0.0350 0.0732 0.0455 0.0566 0.0594
Aqueous (8.0)

abs 347, 632, 668 352, 676 357, 608, 674 357, 610, 677 352, 612, 680 353, 611, 678
em 679 680 677 680 682 681

SS 11 4 3 3 2 3

QY 0.0033 0.0309 0.0756 0.0452 0.0604 0.0469

“ abs, absorption maxima (nm); em, emission maxima (nm); SS, Stokes shift (nm); QY, quantum yield.

fluorescence quantum yields than the Zn(II)—Pcs, in all solvents
studied. Among the Si(IV)—Pcs, Pc 12 bearing two flexible tri(n-
propyl)siloxy axial groups has the highest fluorescence quantum
yield in aqueous media at all pH values investigated (5.0. 6.0,
7.0, 7.4, and 8.0), whereas Pc 13 bearing two tri(isopropyl)siloxy
axial groups, the most hydrophobic of the Si(IV)—Pcs synthe-
sized (vide infra), has the highest quantum yield in organic
solvents (DMSO and methanol). The neutral SiIV)—Pcs 7—9
also showed high fluorescence quantum yields in organic
solutions (see Table S4 of the Supporting Information). The
fluorescence quantum yields of Pcs 10—15 in aqueous media
were found to generally decrease with the pH, being the largest
at pH 5.0 as we have previously observed.*” The cationic Pcs
bearing triethylene glycol chains on the pyridyloxy groups
showed higher fluorescence quantum yields in organic sol-
vents than the corresponding methylated Pcs, although in
aqueous media similar values were observed (Table 1).

In DMSO, all Pcs show strong absorption and emission bands
at ~677 and 681 nm, respectively, and Stokes shifts of 3 and
5 nm for the Si(IV) and Zn(II) complexes, respectively, as it is
typical for this type of compound (Figure 2).*>™* Although the
Zn(II)—Pcs show aggregation in protic solvents (methanol and
water), as evidenced by the splitting and/or broadening of their
Q absorption bands and significant decrease in the intensity of
their emission bands and quantum yields, the Si(IV)—Pcs show
intense and sharp O bands and the highest fluorescence quantum
yields in methanol solution. Pc aggregation in solution often
results in broadening of the Q band absorptions and bathochro-
mic and hypsochromic shifts.*>*” Whereas only a few examples
of J-type aggregates have been documented, for example
protonation of a tetrasulfonated Zn(I)—Pc in aqueous aceto-
nitrile caused a bathochromic shift of the Q band,*® most of
the aggregates are believed to be H-type, causing blue shifts
and fluorescence quenching.*®**->! Although the octa-cationic

Zn(II)—Pcs 10 and 11 exist in their monomeric forms in DMSO,
showing sharp Q absorption bands at 677 nm (Figure 2a and b)
and emission bands at 682 nm (Figure 2g and h), in aqueous
media, they both form H-type aggregates as seen by the
broadening and pronounced reduction in the intensity of their
absorption and emission bands, along with reduction of their
fluorescence quantum yields. Among all the Pcs evaluated in
this study, Zn(I[)—Pc 10 has the strongest tendency for
aggregation in aqueous media, and as a result, it shows
fluorescence quantum yields in water about one order of
magnitude lower than all other cationic Pcs 11—15. The
presence of the eight tri(ethylene glycol) chains on Zn(II)—Pc
11 significantly decreases its tendency for aggregation in
aqueous media compared with Zn(I[)—Pc 10 bearing eight
methyl groups, and as a result, Pc 11’s Q absorption band
follows the Lambert—Beer Law (see Figure S6 in the Supporting
Information). However, the most efficient structural feature for
minimizing aggregation of these cationic macrocycles is the
presence of a centrally chelated silicon ion and associated bulky
axial ligands. All Si(IV)—phthalocyanines 12—15 were found
to exist mainly as monomers in both DMSO and aqueous
solutions, showing similar intense and sharp Q band absorptions
(Figure 2c—f) that strictly follow the Lambert—Beer Law (see
Figures S7-S10 in the Supporting Information) and similarly
intense emission bands (Figure 2i—I and Figures S7-S10 in the
Supporting Information) in both media.

The singlet oxygen quantum yields for Pcs 11—15 were
determined in DMSO as previously reported,®® in the range
0.09-0.15, as shown in Table S5 of the Supporting Information.
These values are characteristic for this type of Pc;***® Si(IV)—Pc
13 was found to have the highest singlet oxygen quantum yield
whereas Si(IV)—Pc 15 bearing eight short PEG chains had the
lowest. It is possible that the singlet oxygen is inactivated by
the PEG chains, as it has been previously observed.”*>* Pc 13,
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Figure 2. (a—f) Absorption spectra of Pcs 10-15 at 5 uM in DMSO
(solid line) and in phosphate buffer (100 mM, pH 7.4) (dashed line).
(g—1) Emission spectra of Pcs 10-15 at 80 nM in DMSO (solid line)
and in phosphate buffer (100 mM, pH 7.4) (dashed line).

the most hydrophobic of all the Si(IV)—Pcs synthesized, shows
the highest quantum yields in DMSO.

3. Cell Culture Studies. 3.1. Time-Dependent Cellular
Uptake. The results obtained for the time-dependent uptake of
Pcs 11—15 at a concentration of 10 4uM in human HEp2 cells
are shown in Figure 3. The cellular properties of Zn(II)—Pc 10
were not investigated due to its poor solubility in aqueous
solution. All Pcs showed similar uptake kinetics with rapid
accumulation at short time points and reaching a plateau after
about 2 h. Zn(Il)—Pc 11 bearing eight tri(ethylene glycol) groups
was found to have the highest uptake at all time points
investigated of this series of cationic Pcs, whereas Si(IV)—Pc
15 had the lowest. This result indicates that Zn(II)—Pc 11
probably has the most favorable amphiphilicity for crossing the
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Figure 3. Time-dependent uptake of Pc 11 (circles, dot—dot—dash),
Pc 12 (squares, full line), Pc 13 (triangles, dotted line), Pc 14 (inverted
triangles, dashed line), and Pc 15 (diamonds, dot—dash) at 10 uM by
HEp2 cells.

HEp2 cells plasma membranes. Although PEG-containing
molecules generally have enhanced water solubility, serum life,
and tumor accumulation,>*> we have recently shown that the
accumulation of porphyrins within HEp2 cells depends on the
number of PEG-substituents at the macrocycle periphery.>®
meso-Tetraphenylporphyrins containing three or four low mo-
lecular weight PEG chains accumulated to a lower extent within
HEp2 cells than those containing one or two PEGs.

The cellular uptake of phthalocyanines and related macro-
cycles is known to depend on their hydrophobic character,
overall charge, and charge distribution.’”>® On the basis of the
octanol/aqueous buffer (pH 7.4) distribution coefficients*® of
this series of Pcs (see Table S6 of the Supporting Information),
the hydrophobic character of this series of Pcs, and the extent
of their cellular uptake, increases in the order 15 < 12 < 14 <
13 < 11. Si(IV)—Pc 13 bearing two triisopropylsiloxy axial
groups is the most hydrophobic among the silicon Pcs whereas
Si(IV)—Pc 15 bearing eight short PEG chains is the most
hydrophilic of this series of Pcs and consequently the least taken
up by cells.

3.2. Cytotoxicity. The dark-toxicity of Pcs 11—15 was
evaluated in human HEp2 cells exposed to increasing concen-
trations of each Pc up to 100 uM, and the results are shown in
Figure 4. Only Zn(IT)—Pc 11, the most accumulated within cells,
showed measurable dark toxicity with an estimated ICsy ~ 85
uM. All Si(IV)—Pcs were found to be nontoxic to HEp2 cells
in the dark up to 100 uM concentrations. However, upon
exposure to a low light dose (1 J cm™?), all Pcs were highly
toxic to HEp2 cells, as shown in Figure 5. Pcs 11, 12, and 14
were the most phototoxic (ICso ~ 2.2 uM), followed by
Si(IV)—Pc 15 (ICs5p ~ 3.7 uM) and Si(IV)—Pc 13 (IC59 ~ 7.2
uM). These results show, as previously observed,’® that the
phototoxicity of Pcs depends not only on the extent of their
uptake into cells but also on their intracellular distribution and
ability for generating reactive oxygen species (ROS). Si(IV)—Pcs
12 and 14 showed the highest quantum yields in aqueous media
at pH 7.4 (vide supra) and might have higher ability for
producing ROS. Although Pc 13 exhibited the highest singlet
oxygen quantum yield in DMSO of this series of Pcs, its
phototoxicity was lower than that of the other Si(IV)—Pcs,
possibly due to its higher hydrophobicity compared with the
other Si—Pcs and consequently its tendency for aggregation in
aqueous solution. Pc 13 was also found to have the highest
fluorescence quantum yield in DMSO but the lowest of all
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Figure 4. Dark toxicity of Pc 11 (circles, dot—dot—dash), Pc 12
(squares, full line), Pc 13 (triangles, dotted line), Pc 14 (inverted
triangles, dashed line), and Pc 15 (diamonds, dot—dash) toward HEp2
cells using the Cell Titer Blue assay.
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Figure 5. Phototoxicity of Pc 11 (circles, dot—dot—dash), Pc 12
(squares, full line), Pc 13 (triangles, dotted line), Pc 14 (inverted
triangles, dashed line), and Pc 15 (diamonds, dot—dash) toward HEp2
cells using 1 J cm ™2 light dose.

Si(IV)—Pcs in water at pH 7.0 (Table 1). It has been previously
reported that although a dichlorinated Pc exhibited a higher
singlet oxygen quantum yield in DMSO than the corresponding
nonchlorinated Pc, its ability for generating ROS was lower
probably as a consequence of its higher hydrophobicity and
tendency for aggregation.®”> On the other hand, the high
phototoxicity of Zn(II)—Pc 11 might result from both its high
cellular uptake and ability for generating ROS, including singlet
oxygen. Our results show that the nature of the axial ligands
on Si(IV)—Pcs determines not only their photophysical proper-
ties but also their aggregation behavior and phototoxicity.
3.3. Intracellular Localization. The preferential sites of
subcellular localization of this series of cationic Pcs were
evaluated by fluorescence microscopy, upon exposure of HEp2
cells to 10 uM Pc concentrations overnight. Figure 6 shows
the fluorescent pattern observed for Si(IV)—Pc 15 and its overlay
with the organelle specific fluorescent probes BODIPY Cera-
mide (Golgi), LysoSensor Green (lysosomes), MitoTracker
Green (mitochondria), and DiOCg (ER). Additional subcellular
images for Pcs 11—14 are provided in the Supporting Informa-
tion, Figures S27-S30. All Pcs were found to localize mainly
within vesicles, which correlated well with the cell lysosomes
(Figure 6f and Supporting Information). We did not observe
any Pc relocalization during irradiation, as previously detected
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Figure 6. Subcellular localization of Si(IV)—Pc 15 in HEp2 cells at
10 uM for 24 h. (a) Phase contrast. (b) Overlay of 15 fluorescence and
phase contrast. (c) BODIPY Ceramide fluorescence. (e) LysoSensor
Green fluorescence. (g) MitoTracker Green fluorescence. (i) DiOCs
fluorescence. (d, f, h, and j) Overlays of organelle tracers with 15
fluorescence: scale bar 10 um.

for carboxylate-substituted Pcs.'® In agreement with our results,
a series of porphyrin- and Pc-peptide conjugates bearing multiple
cationic residues, and of PEG-substituted porphyrins, were found
to localize preferentially within the cell lysosomes.**3%¢°
Preferential lysosome localization has also been reported for
several cationic porphyrins (e.g., see refs 61 and 62) probably
as a result of an endocytic mechanism of cellular uptake. The
lysosomes are considered important targets for the PDT-induced
initiation of apoptosis.®®

Conclusions

A series of cationic pyridyloxy Pcs (11—15) bearing either
Zn(II) or Si(IV) coordinated metal ions and methyl or short PEG
groups on the pyridyls, was synthesized. The Si(IV)—Pcs
bearing two bulky axial ligands exist mainly as monomers in
both organic and aqueous solutions and show higher fluores-
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cence quantum yields in solution than the Zn(II)—Pcs. Both
Zn(II)—Pcs form aggregates in aqueous media, in particular Pc
10 bearing eight N-methyl groups; the presence of eight short
PEGs increases the solubility of the Pc macrocycle in protic
solvents, but a centrally chelated silicon ion and associated bulky
axial ligands are more efficient in minimizing Pc aggregation.
This series of Pcs exhibited singlet oxygen quantum yields in
DMSO in the range 0.09-0.15, and their in vitro properties
depended on their hydrophobic character. The most hydrophobic
Pc tested (11) accumulated the most within HEp2 cells and was
highly phototoxic (ICso = 2.2 uM at a 1 J cm ™2 light dose).
Among the Si(IV)—Pcs, the amphiphilic Pcs 12 and 14 were
also highly phototoxic (ICsp =2.2 uM ata 1 J cm™? light dose).
Despite their octa-cationic nature, all Pcs localized subcellularly
preferentially within the lysosomes.
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