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Abstract: To demonstrate the effect of
axial ligands on the structure-activity
relationship, a series of axially substi-
tuted silicon phthalocyanines (SiPcs)
have been synthesized with changes to
the axial ligands. The reactivity of the
axial ligand upon shielding by the
phthalocyanine ring current, along with
their stability, photophysical, and pho-

first time. As revealed by single-crystal
XRD analysis, rotation of the axial —
OMe ligands was observed in SiPc 3,
which resulted in two molecular config-
urations coexisting synchronously in
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both the solid and solution states and
causing a split of the phthalocyanine
a protons in the '"H NMR spectra that
is significantly different from all SiPcs
reported so far. The remarkable photo-
stability, good singlet oxygen quantum
yield, and efficient in vitro photody-
namic activity synergistically show that
compound 3 is one of the most promis-

todynamic therapy (PDT) activities
were compared and evaluated for the

diffraction

Introduction

As a multifunctional dye, phthalocyanine (Pc) has received
great attention for applications in numerous areas, such as
pigments,!l catalysts,? photoconducting agents,”! chemical
sensors,* optical storage materials,” photovoltaic cells,® or-
ganic semiconductors,®7 and photodynamic therapy™
(PDT) of cancer. Among these applications, the use of Pcs
as photosensitizers for PDT has attracted much more atten-
tion in recent decades because of their efficient singlet
oxygen generation and intense absorption in the red and
near-IR (NIR) region that is recognized to be the optimal
therapeutic window with high tissue penetration for treat-
ment of deep-seated tumors. For this strategy, a variety of
Pcs with different functionalities and central ions have been
developed to evaluate their photophysical and biological
properties. So far, silicon phthalocyanine (SiPc) is one of the
most efficient Pc-based photosensitizers, owing to its effi-
cient photoactivity and biocompatibility.”)

The axial functionalities of SiPc greatly reduce aggrega-
tion caused by the large m-conjugated system, and thus, in-
crease the photosensitizing efficiency dramatically."” For ex-
ample, unsymmetrical Pc 4 (see Scheme 1 below) is one of
the few photosensitizers that has been used in preclinical
trials."! However, the stability and photophysical and PDT

[a] L. Luan, L. Ding, J. Shi, W. Fang, Y. Ni, Prof. W. Liu
State Key Laboratory of Crystal Materials
Shandong University, Jinan
250100 Shandong (P.R. China)

E-mail: weiliu@sdu.edu.cn

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/asia.201402813.

Chem. Asian J. 2014, 9, 3491 - 3497 Wiley Online Library

ing photosensitizers for PDT.

activities of SiPc are greatly affected by the nature of the
axial ligands. In particular, the bond between silicon and the
axial ligands is often the most fragile part of the SiPc, result-
ing in unpredictable changes to the molecular structure and
photophysical properties. For example, Ng et al. reported
that a ligand-exchange reaction occurred during the recrys-
tallization of axial 1,3-bis(dimethylamino)-2-propoxy-substi-
tuted SiPc in MeOH/CHCI,;'" Kenney et al. found that the
axial Si—-Me bonds could be photolyzed easily in the pres-
ence of H,O to give Si—OH.*

Herein, a series of axially substituted SiPcs have been syn-
thesized. With changes to the axial ligands, their stability,
photophysical and PDT activities, and the reactivity of axial
ligand upon shielding by the Pc ring current were compared
and evaluated for the first time. In addition, the effect of
the axial ligand on the molecular configuration of SiPc was
revealed simultaneously by single-crystal XRD analysis and
temperature-dependent '"H NMR spectroscopy. By studying
this series of structurally related compounds, the structure—
activity relationships are demonstrated directly.

Results and Discussion
Synthesis and Characterization

The most straightforward preparation of axially substituted
SiPc is the treatment of commercially available silicon
phthalocyanine dichloride (5) with the relevant alcohol in
the presence of a base (Scheme 1).*) Compound 4 was syn-
thesized previously with pyridine as the organic base.l] Ac-
cording to this published procedure, herein, compound §
was first reacted with the corresponding alcohols in the pres-
ence of pyridine in toluene at reflux for 2-3 days to give
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Scheme 1. Synthetic route to the Pc compounds described herein by
treating 5 with ethyl glycolate (6), ethyl 6-hydroxyhexanoate (7), metha-
nol (8), or methyl 4-hydroxybenzoate (9).

SiPcs 1-3. We found that the reaction, however, could be ac-
celerated greatly through the addition of anhydrous K,CO;.
As a result, SiPc 1-4 could be synthesized in high yield
within 6 h and pure products were obtained through simple
recrystallization; Pc 3 was synthesized previously by using
a different procedure before.'”) All the new compounds
were fully characterized by UV/Vis absorption, 'H and
13C NMR spectroscopy, IR spectroscopy, mass spectrometry,
and elemental analysis. Compounds 1 and 3 were also char-
acterized structurally by single-crystal XRD analysis.

In the '"HNMR spectra, the macrocyclic protons for all
these compounds appear as characteristic signals of unsub-
stituted Pcs, showing two AA'BB’ patterns at 6 =8-10 ppm,
which correspond to the o and f§ protons of the Pc ring.
Owing to shielding of the macrocyclic diamagnetic ring cur-
rents, the signals for the axial ligands appear at very upfield
positions relative to the corresponding free ligands, which is
also common for axially substituted metal Pcs, such as ruthe-
nium," gallium,"” and indium™® Pcs. In addition, the chem-
ical shifts follow the order of —O(CH,)sCOOEt>—-OCH; >
—OCH,COOEt>—0CsH,COOMe, which is in agreement
with the electron-donating abilities of the ligands.

Compound 2 decomposed gradually within several hours
in CDCl; and the 'H NMR spectrum was obtained by using
fresh prepared solutions that were scanned immediately. On
the contrary, compound 2 is stable enough in CHCI; and the
reasons for this phenomenon remain elusive to us at this
stage. In addition, the poor solubility of 3 inhibits us from
obtaining a clearly resolved *C NMR spectrum.

Interestingly, splitting of the Pc o protons of 3 was ob-
served in the '"H NMR spectrum, and the ratio of the two
components was dependent on temperature (Figure 1). At
295 K, the "H NMR spectrum exhibited two clearly resolved
signals at 0~9.68 and 9.58 ppm. Increasing the temperature
from 295 to 325 K resulted in merging of the signal at 6=
9.58 ppm into the one at 0 =9.68 ppm. In addition, tempera-
ture-dependent splitting of the methyl proton signal was
also observed. However, it is much less clear than that of
the a protons. At 295K, only a slight shoulder could be
seen for the signal of 0 =—1.78 ppm (Figure 1). In contrast,
no such phenomenon was observed for the other SiPcs.
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Figure 1. '"H NMR spectra of 3 in CDCl, at different temperatures.

Therefore, we believe that the axial -OMe group should ac-
count for such splitting of the Pc a protons.

In the high-resolution ESI mass spectra of SiPcs 1-4, two
set of peaks corresponding to [M +H]* and [M +Na]* were
observed. Unlike other metal Pcs, the molecular ion peak
accounting for the molecular weight after the removal one
of the axial ligands (R) from the SiPc, namely, [M—R], was
always observed for 1-4 in the MALDI-TOF mass spectra;
this showed that cleavage occurred of the Si—O bond, which
was susceptible under the MS conditions.

To evaluate the Pc shielding effect on the reactivity of the
axial ligand, SiPcs 1, 2, and 4 were hydrolyzed by using
NaOH at 45°C in a mixed solvent system of tetrahydrofuran
(THF)/MeOH/H,0 according to a method described by us
previously.'”) However, both compounds 1 and 2 underwent
a ligand-exchange reaction with MeOH, which resulted in
the formation of methoxy-substituted SiPc 3 instead of the
hydrolyzed SiPcs with COONa (Scheme 2). In contrast,
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Scheme 2. The hydrolysis of compounds 1, 2, and 4.

compound 4 remained intact under the same conditions,
which showed that the stronger electron-accepting ability of
—OC¢H,COOMe strengthened the Si—O bond. Upon further
elevating the temperature to 90°C, compound 4 went
through the same ligand-exchange reaction again to give 3
as the final product without the formation of any hydrolyzed
product. If the Si—O bonds in 1 and 2 are weaker than those
of an ester, inducing a ligand-exchange reaction before hy-
drolysis at 45°C, the intactness of 4 under the same condi-
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tions shows that the ester groups are still robust enough to
resist hydrolysis in the presence of the Si—O bond. In con-
trast, the same functional group of 4 could be easily hydro-
lyzed at 45°C under the same conditions when it was at-
tached at the peripheral position of Pc.'’! The reactivity of
the ester group is greatly passivated by the shielding effect
of the Pc ring. Kobayashi et al. reported that the hydrolysis
of ester groups in dendrimer SiPcs proceeded successfully in
an aqueous solution of KOH.” Considering the long spacer
between the silicon atom and the terminal esters, the shield-
ing effect of Pc should be negligible and the reactivity of
ester groups should not be affected.

Electronic Absorption and Photophysical Properties

All absorption and photophysical property measurements
were conducted in N,N-dimethylformamide (DMF). The ab-
sorption spectra of SiPcs 1-4 give typical UV/Vis absorp-
tions for monomeric Pcs (Figure 2), with a B band at A=
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Figure 2. Normalized absorption (——) and emission spectra (-----, A, =

610 nm) of 1 in DMF.

355 nm and a sharp Q band at A=671-683 nm, along with
two vibronic bands at A1=605-613 and 644-655nm
(Table 1). The absorptions for SiPcs 1-3 are very similar;
however, a 10 nm redshift could be observed for SiPc 4 as
a result of the stronger electron-accepting ability of an aro-
matic ligand than that of an alkyl ligand. Upon excitation at

Table 1. Electronic absorption and photophysical data for compounds 1-
4 in DMF.

A [nm] Aem[al (pF[b] (pA[C]
(loge) [nm]

1 355(5.00), 607(4.67), 678 0.35 0.45
647(4.62), 674(5.44)

2 355(4.93), 605(4.63), 676 0.34 0.48
644(4.58), 673(5.41)

3 355(4.87), 605(4.54), 675 0.46 0.50
646(4.51), 671(5.28)

4 355(4.97), 613(4.64), 687 0.34 0.44

655(4.59), 683(5.36)

[a] Excited at A=610 nm. [b] Relative to zinc Pc (ZnPc) in DMF as the
reference (@=0.28). [c] Relative to ZnPc in DMF as the reference
(@,=0.56).
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A=610 nm in the same solvent, these SiPcs gave emissions
between A=675 and 687 nm with fluorescence quantum
yields in the range of 0.34-0.46. SiPcs 1, 2, 4 show similar
fluorescence quantum yields (0.34-0.35), but the value of 3
is higher at 0.46.

The singlet oxygen quantum yields of SiPcs 1-4 were de-
termined by a steady-state method with 1,3-diphenylisoben-
zofuran (DPBF) as the quenching agent, according to
a method described previously.” Although compound 4
was reported previously, its biological activities have not yet
been evaluated. All of these Pcs produce singlet oxygen effi-
ciently with values in the range of 0.44-0.50 (Table 1), and
negligible decomposition was observed during irradiation
(A>610 nm; Figure 3 and Table 1).
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Figure 3. Typical electronic absorption spectra for the determination of

the singlet oxygen quantum yield of 2 in DMF exposed to light 1>
610 nm.

Photostability

The photostabilities of these compounds were tested by
monitoring the Q-band absorbance decrease over time upon
exposure to red light in air. The light intensity used herein
(A>610nm, ~1.7mWcm ?) was about eight times higher
than that for singlet oxygen determination. For comparison,
ZnPc was also examined synchronously. Upon irradiation,
only slight decomposition took place for these SiPcs, espe-
cially for SiPc 3, and no absorbance drop was observed over
60 min. On the contrary, degradation was much more seri-
ous for ZnPc under the same conditions: about 60% of
ZnPc decomposed within the first 10 min of irradiation
(Figure 4). The photodegradation rates follow the order of
ZnPc>1>4>2>3. Herein, compound 3 is the most stable
SiPc to resist photolysis by red light.

Crystal Structure

Compounds 1 and 3 were characterized structurally by
XRD analysis. Single crystals were grown by slow diffusion
of hexane into a solution of SiPc 1 or 3 in CHCIl;. Both
single crystals of 1 and 3 belong to the triclinic system with
one molecule per unit cell. Figure 5a shows a perspective
view of the molecular structure of 1, in which the silicon
atom is hexacoordinated with four Si—N bonds and two Si—
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Figure 4. Plots of absorbance at the maximum absorbance wavelength of

the Q band in the UV/Vis spectra of 1-4 and ZnPc (ca. 5.0 um) in DMF
upon irradiation with red light (A >610 nm).

O bonds. The two axial ligands reside at opposite sides of
planar Pc with the silicon atom serving as the inversion
center. The average bond lengths of Si—O and Si—N are
1.721(2) and 1.916(2) A, respectively, which are comparable
with those of reported SiPcs.'? Similar to compound 1, the
molecular structure of 3 also contains a silicon atom as the
inversion center. However, rotation of —Me along with the
O—Si—O axis was also observed, which resulted in the two
opposite —Me groups deviating from the inversion image
with a rotation angle of 62.7(4)° (Figure 5b). The ratio be-

Z
c12

Figure 5. Molecular structures 1 (a) and 3 (b) obtained by single-crystal XRD. Ellipsoids are given at the 30 %

probability level.

tween the two orientations with or without an inversion
center, namely, compounds 3a and 3b, is 1.26 at 293 K.

We observed splitting of the Pc o protons of 3 in the
'HNMR spectra, as described above, and expected that it
originated from the effect of axial -OMe. The crystal struc-
ture results are in agreement with our speculation, and the
two molecular orientations should account for splitting of
the a protons. Furthermore, the ratio between the two
"H NMR signals at 295 K is about 1.23, which is comparable
to the 3a/3b ratio of 1.26 in the crystal structure at the same
temperature; this shows consistency between the molecular
configuration and 'H NMR spectra. It is not difficult to un-
derstand this phenomenon. The small size of —Me enables it
to be more agile than the other bulky groups and rotation
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occurs for —Me, which results in two orientations simultane-
ously coexisting in 3. Upon increasing the temperature, ther-
modynamically unstable species of 3b, which, without an in-
version center, changes into more stable 3a, of which the sil-
icon atom serves as the inversion center. Accordingly, the
two 'HNMR signals for the a protons merge into one
signal, which is attributed to that of 3a. To the best of our
knowledge, except for 3, the X-ray single-crystal structures
of symmetrically substituted SiPcs reported so far have all
possessed only one molecular configuration in the crystals,
of which the silicon atom serves as the inversion center, sim-
ilar to that in 1 and 3a, and no splitting of the a proton in
the "THNMR spectra is observed.”?! This further confirms
that splitting of the a proton arises from rotation of —Me in
3.

Kojima et al. obtained single crystals of 3 by evaporation
of a solution in chloroform solution.”” The XRD data
showed that the crystal also belonged to the same triclinic
P1 space group as that in our study.”! However, water mol-
ecules were found to coexist with 3 in the single crystal with
a molar ratio of one to two, and disorder of the carbon
atom of the methoxy group was attributed to water mole-
cules in the crystal lattice. Because no water could be found
in the single crystal of this study, thermodynamic rotation of
the methyl group should account for the different orienta-
tion of 3 observed herein.

In Vitro Photodynamic
Activities

The in vitro photodynamic ac-
tivities of compounds 1-4 were
investigated against two cervi-
cal carcinoma cell lines, namely,
HelLa and SiHa. Dose-depen-
dent cell viabilities were ob-
served for all of these SiPcs in
both cell lines. The ICy, values,
which are defined as the con-
centration resulting in 50 % in-
hibition of cell proliferation by
light treatment, follow the
order of 4>2>1>3 for both
cell lines (Table 2). As shown in Figure 6, all of these com-
pounds are essentially noncytotoxic in the absence of light.
Compounds 1-3 exhibit very high photocytotoxicity upon
exposure to the red light used in our study.

Table 2. ICs, [um] values of compounds 1-4 in HeLa and SiHa cell
lines.!

1 2 3 4
Hela 0.422 1.61 0.295 vl
SiHa 0.629 1.171 0.353 vl

[a] Irradiated with red light (A>610 nm). [b] Not determined under the
conditions used for phototoxicity measurements.
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Figure 6. Comparison of the cytotoxic effects of 1 (squares), 2 (circles), 3
(triangles), and 4 (diamonds) on HeLa cells in the absence (solid sym-
bols) and presence (open symbols) of light (4> 610 nm).

Figure 7. Intracellular localization of 3 (a, b) and 4 (c, d) in HeLa cells in-
cubated at a concentration of 5 um for 4 h; bright-field (a and c¢) and fluo-
rescence (b and d) images are shown.

To reveal the different photodynamic activities, intracellu-
lar fluorescence microscopy was employed to evaluate the
cellular uptake and subcellular localization of these com-
pounds. As shown in Figure 7, these compounds could enter
the cells to cause uniform cellular fluorescence in the cyto-
plasm after incubation for 2 h. The intracellular fluorescence
intensities follow the order of 3>1>2>4, which is consis-
tent with the ICs, values. Because the cellular fluorescence
could be affected by either cellular uptake or the extent of
aggregation of the photosensitizers, the photosensitizer con-
centrations inside the cells were quantified by an extraction
method. DMF was used to extract the photosensitizers
inside the cells after incubation for 4 h. The cellular uptakes
of these compounds in HeLa cells are shown in Figure 8.
The cellular intake of SiPcs 1, 2, and 4 is in good agreement
with their phototoxicity. Although compound 3 has a lower
uptake than 1, its higher singlet oxygen quantum yield ena-
bles it to be more sensitive during light treatment. As
a result, compound 3 is the most effective photosensitizer
for PDT.
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Figure 8. Cellular uptake in HeLa cells of 1-4 determined by an extrac-
tion method with DMF as the solvent.

Conclusion

A series of axially substituted SiPcs were synthesized with
different axial ligands. The reactivity of the axial ligand was
greatly passivated by the shielding effect of the Pc ring, and
a stronger electron-accepting ability of the axial ligand
could strengthen the Si—O bond. Rotation of the axial —
OMe ligands of 3 was observed, which resulted in two mo-
lecular configurations coexisting synchronously and causing
a split of the Pc o protons in the '"H NMR spectra as a result
of the small size of the axial ligand. The remarkable photo-
stability, good singlet oxygen quantum yield, and efficient in
vitro photodynamic activity synergistically showed that com-
pound 3 was one of the most promising photosensitizers for
PDT.

Experimental Section
Materials and Methods

All reactions were performed under a nitrogen atmosphere. Pyridine, tol-
uene, and methanol were distilled from calcium hydride, sodium, and cal-
cium hydride, respectively. All other solvents and reagents were of re-
agent grade and were used as received.

'H and “"C NMR spectra were recorded on a Bruker AVANCE 300 MHz
spectrometer (‘H, 300; C, 75.4 MHz) in CDCl,. Spectra were referenced
internally to the residual solvent signal of CDCl; ("H: §=7.26 ppm; C:
0=77.0 ppm) or relative to SiMe, (6 =0 ppm). HRMS (ESI) results were
recorded on an Agilent G6410 Triple Quadrupole mass spectrometer. IR
spectra were recorded on a Thermo NEXUS 670 IR spectrometer. The
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide (MTT)
assay was performed on a Bio-TEK ELX 800 microplate reader.

UV/Vis and steady-state fluorescence spectra were recorded on a Per-
kinElmer Lambda-35 UV/Vis spectrometer and a Hitachi F-4500 fluores-
cence spectrometer, respectively. The fluorescence quantum yields (®r)
were determined by following a previously reported method with ZnPc
as the reference (@=0.28 in DMF).”") To minimize reabsorption of radi-
ation by the ground state species, the emission spectra were obtained in
very dilute solutions at concentration of about 5x10~'m. The singlet
oxygen quantum yields (@,) were measured in DMF by the chemical
quenching of DPBF with ZnPc as a reference (@, =0.56).%>

Synthesis of Pc 1

A mixture of 5 (0.056 ¢, 0.092 mmol), 6 (90 uL, 0.95 mmol), K,CO;
(0.05 g, 0.36 mmol), and pyridine (1 mL) in toluene (15 mL) was heated
at reflux for 6 h. After evaporating the solvent in vacuo, the residue was
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redissolved in CHCIl; (60 mL). After filtration, the filtrate was concen-
trated under reduced pressure. The crude product was recrystallized from
n-hexane to give 1 as a green solid (0.042 g, 61%). 'HNMR: 0=9.65-
9.67 (m, 8H; Pc-H,), 8.34-8.37 (m, 8H; Pc-Hy), 2.75 (q, /=7.2 Hz, 4H;
CH,), 0.30 (t, J=7.2 Hz, 6H; CH;), —1.13 ppm (s, 4H; CH,); *C NMR:
0=209.6, 149.7, 135.9, 131.0, 123.7, 59.2, 55.1, 12.9 ppm; HRMS (ESI):
mlz caled for C,HsNgOgSi: 747.2130 [M+H]*; found: 747.2149; FTIR
(solid, transmission <92 % ): 7= 665, 700, 728, 759, 7717, 806, 830, 871, 911,
1025, 1077, 1118, 1163, 1192, 1289, 1334, 1376, 1427, 1442, 1472, 1520,
1611, 1751, 1980, 2189, 2421, 2581, 2900 cm™'; elemental analysis caled
(%) for C,H3NgO4Si-0.5H,0: C 63.56, H 4.13, N 14.83; found: C 63.48,
H 4.08, N 14.95.

Synthesis of Pc 2

A mixture of 5 (0.057 g, 0.093 mmol), 7 (91 pL, 0.56 mmol), K,CO;
(0.10 g, 0.75 mmol), and pyridine (1 mL) in toluene (15 mL) was heated
at reflux for 6 h. After evaporating the solvent in vacuo, the residue was
redissolved in CHCl; (50 mL). After filtration, the filtrate was concen-
trated under reduced pressure. The crude product was recrystallized from
n-hexane to give 2 as a green solid (0.059 g, 73%). '"HNMR: 6 =9.60—
9.66 (m, 8H; Pc-H,), 8.27-8.36 (m, 8H; Pc-Hy), 3.79 (q, /=7.2 Hz, 4H;
CH,), 1.19 (t, /=54 Hz, 4H; CH,), 1.01 (t, J=7.2 Hz, 6H; CH,), —0.06
(quint, J=7.8 Hz, 4H; CH,), —1.37 to —1.47 (m, 4H; CH,), —1.66 (quint,
J=6.6 Hz, 4H; CH,), —2.11 ppm (t, J=6.0 Hz, 4H; CH,); *CNMR: 6 =
164.4, 149.7, 136.0, 130.7, 123.5, 62.7, 60.6, 34.3, 32.3, 25.3, 24.6, 14.2 ppm;
HRMS (ESI): m/z caled for CuHNgOgSi: 859.3382 [M +H]*; found:
859.3374; FTIR (solid, transmission<92%): #="732, 759, 813, 861, 910,
1025, 1036, 1080, 1101, 1121, 1165, 1208, 1270, 1290, 1305, 1334, 1352,
1368, 1428, 1456, 1472, 1520, 1614, 1721, 1980, 2197, 2270, 2420, 2589,
2632, 2673, 2861, 2924, 2974, 3062 cm'; elemental analysis calcd (%) for
CyigHysNgOgSi: C 67.11, H 5.40, N 13.04; found: C 67.4, H 5.40, N 12.89.

Synthesis of Pc 3

A mixture of 5 (0.054 g, 0.089 mmol), 8 (300 uL, 7.41 mmol), K,CO,
(0.11 g, 0.77 mmol), and pyridine (1 mL) in toluene (15 mL) was heated
at reflux for 6 h. After evaporating the solvent in vacuo, the residue was
dissolved in CHCl; (100 mL). After filtration, the filtrate was concentrat-
ed under reduced pressure to give 3 as a dark-green solid. '"H NMR: 6 =
9.68-9.58 (brs, 8H; Pc-H,), 8.34 (brs, 8H; Pc-Hg), —1.78 ppm (brs, 6H;
CH;); HRMS (ESI): m/z caled for C3H,NzO,Si: 603.1708 [M+H]™;
found: 603.1708; FTIR (solid, transmission<92%): #=726, 758, 778,
831, 909, 951, 1076, 1094, 1121, 1163, 1184, 1288, 1332, 1351, 1429, 1471,
1518, 1611, 1721, 2184, 2582, 2810, 2918, 3485 cm™'; elemental analysis
caled (%) for C3H»,NO,Si: C 67.76, H 3.68, N 18.59; found: C 67.80, H
3.68, N 18.64.

Synthesis of Pc 4"

A mixture of 5 (0.234 g, 0.383 mmol), 9 (0.369 g, 2.43 mmol), K,CO;
(0.41 g, 2.97 mmol), and pyridine (1.4 mL) in toluene (20 mL) was heated
at reflux for 6 h. After evaporating the solvent in vacuo, the residue was
redissolved in CHCl; (100 mL). After filtration, the filtrate was evaporat-
ed under reduced pressure. The crude product was recrystallized from
methanol to give 4 as a blue solid (0.20 g, 62%). '"H NMR: 6 =9.63-9.65
(m, 8H; Pc-H,), 8.37-8.40 (m, 8H; Pc-Hy), 6.30 (dd, J=2.1, 6.9 Hz, 4H;
ArH), 343 (s, 6H; CH,), 245ppm (dd, /=18, 69 Hz, 4H; ArH);
BCNMR: 6=149.7, 1354, 131.9, 1314, 1292, 1239, 117.3, 115.1,
51.9 ppm; HRMS (ESI): m/z caled for C,sH;NgO,Si: 843.2130 [M +H]*;
found: 843.2122; FTIR (solid, transmission<92%): #=701, 727, 760,
774, 819, 860, 885, 912, 961, 1010, 1079, 1097, 1112, 1124, 1158, 1187,
1266, 1287, 1335, 1352, 1429, 1474, 1504, 1525, 1568, 1596, 1718, 1776,
2430, 2583, 2681, 2892, 2950, 3021 cm™'; elemental analysis calcd (%) for
C,sH3NgOgSi: C 68.4, H 3.59, N 13.29; found: C 68.61, H 3.58, N 13.31.

Cell Lines and Culture Conditions

The HeLa cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM; HyClone, no. SH30022.01B) supplemented with calf serum
(10%) and penicillin/streptomycin (100 unitsmL ™" and 100 ugmL™"', re-
spectively). The SiHa cells were maintained under the same conditions as
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those used for the HeLa cells. Approximately 3x10°cells per dish
(3.5 cm) or 5000 cells per well in 96-well plates were incubated at 37°C
in a humidified 5% CO, atmosphere.

Cellular Uptake Studies

Pcs 1-4 were first dissolved in DMSO to give 5.0 x 10~*m™ solutions, which
were diluted to the appropriate concentrations with culture medium con-
taining 1% (v/v) Cremophor EL. The cells, after being rinsed with phos-
phate buffered saline (PBS), were incubated with these Pc solutions
(ImL) for 4h in a 3.5 cm dish. The medium was removed and the cells
were then rinsed twice with PBS, digested by trypsin, and refilled with
the culture medium (500 pL). After removing the medium, the freeze-
dried cells were extracted with DMF (500 uL). The UV/Vis absorption
spectra were measured to determine the concentrations of the photosen-
sitizers.

Photocytotoxicity Assays

Pcs 1-4 were first dissolved in DMSO to give 5.0x 10~*M solutions, which
were diluted to the appropriate concentrations with culture medium con-
taining 1% (v/v) Cremophor EL. The cells, after being rinsed with PBS,
were incubated with these Pc solutions (100 uL) for 4 h at 37°C in a 96-
well plate. The cells were then rinsed twice with PBS and refilled with
the culture medium (100 pL) before being illuminated at ambient tem-
perature. The light source consisted of a 150 W halogen lamp, a water
tank for cooling, and a color glass filter (Newport; cut-on 1=610 nm).
The fluence rate (4>610 nm) was about 2.8 Jecm 2 within 20 min. Cell vi-
ability was determined by means of the colorimetric MTT assay.

Intracellular Fluorescence Studies

HeLa or SiHa cells in the culture medium (1.5 mL) were seeded on a cov-
erslip and incubated overnight at 37°C under 5% CO,. After removing
the medium, the cells were incubated with a solution of 1, 2, 3, or 4 in
the medium (5 pum, 1.5 mL) for 2 h. The cells were then rinsed with PBS
and viewed with an Olympus IX71 inverted microscope equipped with
a U-MWU?2 fluorescence unit, excited at A =330-380 nm and monitored
at A>420 nm, and intracellular fluorescence images were captured.

Crystallographic XRD Analysis

The single-crystal XRD data were obtained at room temperature (293 K)
by using a Bruker SMART-II equipped with charge-coupled area-detec-
tor diffractometer with graphite-monochromated Moy, radiation (A=
0.71073 A). All structures were solved by direct methods and refined by
full-matrix least-squares technique on F* by using the SHELX programs.
Details are given in Table 3.

CCDC 1027604 (1) and 1027605 (3) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.a-
c.uk/data_request/cif.
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