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Syntheses of two water-soluble phthalocyanines (Pc) con-
taining S-aminolevulinic acid (ALA) linked to the core
structure are described. These compounds were prepared
by using original functionalizations, and they present re-
markable structural and photophysical features, indicating
that they could be applied to photodynamic therapy (PDT).

The chemistry of new water-soluble photosensitizers has
caught the attention of several research groups wordwide.'

(1) (a) Li, H.; Jensen, T. J.; Fronczek, F. R.; Vicente, M. G. H. J. Med.
Chem. 2008, 51, 502-511. (b) Sesalan, B. S.; Koca, A.; Giil, A. Dyes Pigm.
2008, 79, 259-264. (c) Moreira, L. M.; dos Santos, F. V.; Lyon, J. P.; Costa,
M. M.; Soares, C. P.; da Silva, N. S. Aust. J. Chem. 2008, 61, 741-754.
(d) Mantareva, V.; Kussovski, V.; Angelov, I.; Borisova, E.; Avramov, L.;
Schnurpfeild, G.; Wohrled, D. Bioorg. Med. Chem. 2007, 15, 4829-4835.
(e) Lo, P. C.; Zhao, B.; Duan, W.; Fong, W. P.; Koc, W. H.; Nga, D. K. P.
Bioorg. Med. Chem. Lett.2007, 17,1073-1077. (f) Alvarez-Micé, X.; Calvete,
M. J. F.; Hanack, M.; Ziegler, T. Synthesis 2007, 14, 2186-2192. (g) Reddy,
M. R.; Shibata, N.; Kondo, Y.; Nakamura, S.; Toru, T. Angew. Chem., Int.
Ed. 2006, 45, 8163-8166.

(2) (a) Morton, K. E.; McKenna, C. A.; Rhodes, L. E. Br. J. Dermatol.
2008, 159, 1245-1266. (b) Kessel, D. J. Porphyrins Phthalocyanines 2008, 12,
877-880. (c) Calzavara—Pinton, P. G.; Venturini, M.; Sala, R. J. Eur. Acad.
Dermatol. Venerol. 2007, 21, 293. (d) Calzavara—Pinton, P. G.; Venturini,
M.; Sala, R. J. Eur. Acad. Dermatol. Venerol. 2007, 21, 439. (e) Juzeniene, A.;
Moan, J. Photodiag. Photodyn. Ther. 2007, 4, 3. (f) Detty, M. R.; Gibson,
S. L.; Wagner, S. J. J. Med. Chem. 2004, 47, 3897-3915.

7962 J. Org. Chem. 2009, 74, 7962-7965

The use of such compounds in PDT has been considered a
promising and efficient treatment against superficial derma-
tological diseases and malignant tumors, not to mention that
they can also function as bactericidal agents and antivirus
agents and in many other applications.> Fundamentally, the
treatment utilizes the combined action of a photosensitizer,
light, and molecular oxygen to cause cellular and tissue
damage, in which singlet oxygen, generated through a series
of photoinduced processes, is believed to be the major
cytotoxic agent.” In this sense, phthalocyanines (Pc) fulfill
certain photophysical PDT requirements. However, one
important issue related to phthalocyanine derivatives is their
low solubility in several organic media and in water.® In
addition, aggregation phenomena are observed and may
have a strong influence on the bioavailability and on the
efficiency of singlet oxygen production.*

A large number of papers about tetrasubstituted phthalo-
cyanines obtained as a mixture of regioisomers (with Cyy,, D>,
C»,, and C, symmetry) have been published.*> For many
applications, the enhanced solubility provided by the mixture
of isomers is beneficial.*** Statistical condensations in order to
obtain phthalocyanines composed of three identical and one
different isoindole subunits (A3;B type) have been used to
produce low-symmetry derivatives® to be applied in non-
linear optical studies.*” Also, these compounds (A3B type)
can be adequately used to produce amphiphilic phthalocya-
nines; in general, amphiphilic photosensitizers are considered
to be the most potent ones for use in PDT treatments.®

Synthetical strategies to produce phthalocyanine derivatives
with good solubility and low aggregation have been undertaken.”
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SCHEME 1. Synthesis of Tetrasubstituted Phthalocyanine 6
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(ALA.MeSO3H linked to Pc in a ester form)

Some papers have reported the use of nonsymmetrical ferz-
butylated phthalocyanines containing a polar fragment such as
peptides and ammonium salts,'® which resulted in products with
good solubility and amphiphilicity. These compounds have been
studied in the cellular environment and led to attachment, but
aggregation is still high, probably affecting singlet oxygen
production.'”

In this work we report the syntheses and the photophysical
evaluation of new phthalocyanines with remarkable fea-
tures. The first is the presence of 5-aminolevulinic acid
(ALA) in the ester form linked to the core structure of
phthalocyanines. It is expected that these peripheral ALA
will be easily released in a cellular environment by hydrolysis
as in the case of ALA esters, which have been widely used
in PDT treatments.'" A synergistic effect is also possible
because protoporphyrin IX can be produced by the cell,
consequently both photosensitizers will be able to act in the
process of singlet oxygen production. The other feature is the
presence of menthyl groups in a core structure of one
phthalocyanine. As is known in the chemistry of phthalo-
cyanines, bulky peripheral substitutions can be used for
enhancing the solubility in organic and aqueous media and
for changing the aggregation behavior.>* !> Therefore, the
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FIGURE 1. UV—vis spectra of phthalocyanines 6 and 13.

menthyl group can be considered as an adequate and original
functionalization to phthalocyanines, since it is a bulky'?
organic group.

Then, the synthesis of phthalocyanine 6 was carried out in
3 steps, starting from the phthalonitrile 3 (Scheme 1).'* The
isomeric mixture of phthalocyanine 4 was synthesized under
appropriated conditions by using Zn(OAC),-2H,0, DMAE
(N,N-dimethylethanolamine) in a sealed tube, with 78%
yield after purification in silica and subsequent crystallizat-
ion. Deprotection of 4'° and esterification with 5-aminole-
vulinic acid (ALA)'® under mild conditions'” yielded the
tetrasubstituted phthalocyanine 6 (44% yield—two steps)
after crystallization with methanol/ethyl ether. In this case,
the use of acidic conditions is mandatory due to the nature of
ALA, an ammonium salt that decomposes in basic environ-
ment. Yet, this esterification step was also tested by using
other acidic conditions such as the reaction via the acyl
chloride ALA derivative. However, in all attempts the
phthalocyanine—ALA conjugate 6 was not obtained; instead
decomposition of phthalocyanine 5 was observed.

Then, the solubility of the tetra-ALA-substituted phthal-
ocyanine 6 was tested and we could observe that this
compound is highly soluble in water and DMSO besides
other solvents such as methanol, ethanol, and acetonitrile.
Compound 6 gives well-defined UV —vis spectra in DMSO
(Figure 1), with sharp Q-bands centered at 682 nm, indicat-
ing monomeric species in solution.>®'® However, the optical
features of this compound in water differ remarkably from
those in DMSO, indicating the occurrence of aggregation.
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SCHEME 2. Synthesis of Tetrasubstituted Phthalocyanine 13
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In aqueous media, phthalocyanine 6 probably forms H-type
aggregate as seen by the Q-band broadening in the UV—vis
spectra (Figure 1).!%3¢-1

To reduce this aggregation phenomenon in water we
proposed the synthesis of a nonsymmetrical phthalocyanine
containing a new substituent such as the menthyl group. The
reason for this other synthesis was based on the large bulk of
this group,'® which can avoid a strong z-stacking interaction
among macrocycles in solution.?° In addition, some studies
involving the use of menthol derivatives as additive in
formulations for use in PDT treatments have been pub-
lished.?' In particular, the ester derivatives have promoted
good improvement in the penetration of ALA into tumor
cells.?! The new phthalonitrile 8 was prepared by the nucleo-
philic aromatic substitution such as the one carried out for
the synthesis of 3 (Scheme 2).'* Then, the synthesis of
phthalocyanine 9 was performed by the statistical tetramer-
ization of 1 equiv of phthalonitrile 3 and 3 equiv of phtha-
lonitrile 8. The nonsymmetrical phthalocyanine 9 was
isolated by purification in silica (10.5% yield).

Deprotection of 9 was performed by using MeOH/PTSA
(p-toluenesulfonic acid) in CH,Cl,, which furnished phtha-
locyanine 10 in 86% yield after crystallization with metha-
nol. Attempts of esterification of 10 with ALA by using
Sharghi’s methodology'’ were made; however, even under
mild conditions and low temperature the expected com-
pound was not obtained.
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FIGURE 2. Emission spectra of singlet oxygen and singlet oxygen
quantum yield (®,). Comparison between phthalocyanines 6 and
13 in acetonitrile.

Through the "H NMR analysis of the obtained product we
could confirm that the menthyl groups were totally or
partially removed during the reactions. To avoid this pro-
blem, we decided to protect the S-aminolevulinic acid with
Boc,0?? and then carry out the esterification with DCC.** In
this way, phthalocyanine 12 was successfully obtained after
purification on silica, with 87% yield. Deprotection of 12'°°
with TFA in CH,Cl, at 0 °C afforded phthalocyanine 13 with
95% yield after crystallizations with ethyl ether and hexanes.
The solubility of 13 was evaluated in several organic envir-
onments such as methanol, ethanol, DMSO, and water, and
this compound was very soluble in all these solvents. We
observed that in water the aggregation phenomenon is lower
than that observed for compound 6, probably due to the
peripheral substituent (see UV—vis spectra—Figure 1).

The direct measurement of the singlet oxygen quantum
yield (P A)** was carried out in order to quantify the ability of
compounds 6 and 13 to generate 'O, (Figure 2).

The analysis was performed by time-resolved near-infra-
red luminescence technique (NIR), and the photoexcitation
experiments of 6 and 13 were performed with laser pulses at
320 nm (10 mJ/pulse, 1—10 Hz). The measurements were
performed by using acetonitrile as solvent and adjusting the
absorbance to 0.2 (10 spectra in triplicate). The reference was
hematoporphyrin (®, = 0.76).>° The emission wavelength
(1270 nm) was selected by using a silicon cutoff filter and a
monochromator.

The ® 4 values obtained for 6 and 13 were 0.52 and 0.58,
respectively, indicating that these new water-soluble phtha-
locyanines are good candidates for PDT treatments.'®2

Aggregation and singlet oxygen emissions were also stu-
died in deuterated water (Figure 3) in the presence and
absence of SDS (sodium dodecyl sulfate). As described in
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FIGURE 3. (A) Normalized emission at 1270 nm of hematopor-
phyrin, 6, and 13 in D,O in the presence and absence of 30 mM SDS.
(B—D) Absorption spectra of hematoporphyrin, 6, and 13, respec-
tively, in D>O in the presence and absence of 30 mM SDS.

the literature,?’ SDS induces disassembly of photosensitizer
aggregates, favoring the emission of singlet oxygen, and the
fact that the singlet oxygen emission from photossensitizers
is not influenced by SDS indicates that it was not aggregated
prior to the addition of SDS.

In the case of hematoporphyrin and compound 6, the
presence of SDS greatly increases the yield of singlet oxygen
emission and changes the absorption spectra favoring mono-
mer species. On the other hand, for compound 13 the
presence of SDS does not change significantly either the
yield of singlet oxygen or the absorption spectra, demon-
strating that 13 was in the monomer state already,”’ and
proving that the presence of the menthyl group as the
peripheral substituent promotes lower aggregation and imp-
roves the photosensitizer activity. This is important informa-
tion because photosensitizer aggregation is the main issue to
be considered in the development of new photosensitizer
agents.

Thus, these photophysical studies are only preliminary;
however, they are positive in terms of PDT application. Also,
these studies give importance to the new synthesized ALA
derivatives 6 and 13.

Regarding the characterizations, the intermediates and
products were elucidated by spectroscopic and spectrometric
techniques including 'H and '*C NMR (if adequate), UV, and
HRMS (ESI and MALDI). An intriguing result
was observed during the ESI and MALDI analysis, where
ionization through metal oxidation was obtained in the abs-
ence of a protonation process. In electrospray ionization mass

(27) Junqueira, H. C.; Severino, D.; Dias, L. G.; Gugliotti, M.; Baptista,
M. S. Phys. Chem. Chem. Phys. 2002, 4, 2320-2328.
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spectrometry (ESI-MS), charge formation is proposed to
occur as a result of acid—base reactions or coordination with
metal cations. However, an increasing number of papers and
reviews have reported the formation of radical ions (molecular
ions) as a result of loss of one or two electrons.?>?’

The metallophthalocyanine compounds can be included in
this class of ionization exception in ESI, and the molecular
ion is more prone to be formed than protonated or catio-
nizated compounds.*>' These results stimulate the MALDI
analysis of this series of compounds, to confirm the possible
induction of molecular ion formation by the laser source. As
expected, all the compounds afforded molecular ions, and
these data were useful to confirm the proposed structures
and also to furnish more evidence of the molecular ion
formation in ESI and MALDI sources.

Experimental Section

Representative Procedure: {Tetrakis-[2-(5-ammonio-4-oxa-
pentanoyloxy)ethoxy]phthalocyaninato}zinc(II) Tetramethane-
sulfonate (6). To a mixture containing 5-aminolevulinic acid
(126 mg, 0.75 mmol), acidic alumina (Al,O3, 230 mg, 2.25 mmol),
and CH3SO;H (1.4 mL) at room temperature and under argon
atmosphere was added the phthalocyanine 5 (20.6 mg, 25.0 umol),
maintaining under stirring and protection from light for 5 days.
Then, the reaction mixture was treated with DMSO (1 mL) and
filtered, to remove the residual alumina. The resulting solution was
treated with I mL of methanol and 10 mL of ethyl ether, yielding a
dark-green precipitate that was filtered off. This purification proce-
dure was performed twice again, and the resulting powder was
recrystallized with methanol/ethyl ether, furnishing the phthalocya-
nine 6 (22 mg, 15.6 umol, 61%). Mp >300 °C ; UV—vis (DMSO)
Amax (10g €) 354 (4.67), 618 (4.35), 629 (4.33), 682 (4.91); '"H NMR
(DMSO-ds, 500.13 MHz) 6 (ppm) 2.30 (br's, 12H), 2.77 (br s, 8H),
2.92 (br s, 8H), 4.05 (br s, 8H), 4.68 (br s, 8H), 4.82 (br s, 8H),
7.74—7.89 (m, 4H), 8.07 (br s, 12H), 8.78—8.99 (m, 4H), 9.16—9.37
(m, 4H); HRMS-ESI-TOF m/z caled for CogHgoN12016Zn" (M)*
1268.3542, found 1268.3601.
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