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Cationic chalcogenopyrylium dyes 2-4 were synthesized in six steps from 4-(dimethylamino)-
phenylethyne (7), have absorption maxima in methanol of 594, 631, and 672 nm, respectively,
and generate singlet oxygen with quantum yields [Φ(1O2)] of 0.020, 0.064, and 0.037,
respectively. Dyes 2-4 are hydrolytically more stable than other chalcogenopyrylium dyes
evaluated previously as sensitizers for photodynamic therapy. At 10 µM final concentration,
all dyes 2-4 inhibited cytochrome c oxidase during irradiation of tumor mitochondrial
suspensions treated with 10 µM dye. The degree of enzyme inhibition was abated in a reduced
oxygen environment and in the presence of imidazole, a singlet oxygen trap. Superoxide
dismutase, at a final concentration of 30 U, did not alter the photosensitized inhibition of
mitochondrial cytochrome c oxidase by dyes 2-4. These data suggest that singlet oxygen may
play a major role in the photosensitized inhibition of mitochondrial cytochrome c oxidase.
Irradiation of R3230AC rat mammary adenocarcinoma cells in the presence of dyes 2-4 caused
a significant loss in cell viability with thiopyrylium dye 2 displaying the greatest phototoxicity.
Initial acute toxicity studies in vivo demonstrate that, at 10 mg/kg, none of the three dyes
displayed overt toxicity.

Introduction

Photodynamic therapy (PDT) has been developed as
a cancer therapy over the last 25 years and has
regulatory approval in the United States, Canada, The
Netherlands, France, Germany, and Japan for cancers
of the lung, digestive tract, and genitourinary tract.1
PDT has also been evaluated as a protocol for treating
cancers of the head and neck region2 and for treating
pancreatic cancer.3 As a therapy, PDT uses a light-
activated sensitizer to produce a cytotoxic reagent or a
cytotoxic reaction in the tumor cell, typically via genera-
tion of singlet oxygen or superoxide from molecular
oxygen.1a Photofrin, a derivative of hematoporphyrin,
has received regulatory approval for use in PDT, but
Photofrin is not an ideal sensitizer and many other
porphyrins and porphyrin-related molecules have been
prepared and evaluated in the search for improved
sensitizer properties.4,5 Photofrin and other porphyrin
derivatives have relatively weak absorption in the 700-
900-nm spectral window where optimal penetration of
light into tissue is afforded.6 Many of these sensitizers
also cause long-term skin photosensitivity in patients.1

Cationic sensitizers for PDT are complementary to
Photofrin and related compounds in that cationic dyes
appear to be bound intracellularly. Cationic sensitizers
for PDT evolved from studies with rhodamine 123 (Rh-
123; Chart 1), which is taken up by mitochondria in
living cells and has been reported to accumulate to a
greater extent in malignant cells relative to normal
cells.7 However, Rh-123 is relatively inefficient as a

photosensitizer due to its poor quantum yield for singlet
oxygen generation, even when immobilized in the lipo-
philic medium of the mitochondrial membrane. Heavy-
atom analogues of Rh-123 have been prepared, and a
tetrabromo derivative has been found to be more effec-
tive as a sensitizer than Rh-123 against certain cell
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lines.8 However, absorption of light by both Rh-123 and
its heavy-atom analogues is of too short a wavelength
for the deep tissue penetration desired for PDT.

Other cationic dyes absorbing at longer wavelengths
have been explored as sensitizers for PDT including the
Victoria blues,9 methylene blues10 and the related nile
blues,11 cyanine dyes,12 rhodacyanine dyes,13 and tel-
luropyrylium dyes.14 The cationic thiopyrylium dye AA1
(Chart 1) has been described as a mitochondrial-specific
antitumor agent.15 AA1 shares structural features with
the rhodamines, Victoria blues, nile blues, and meth-
ylene blues. All of these cationic dyes have two amino
groups separated by roughly 9-11 Å that are conjugated
to the π-framework thus delocalizing the positive charge
of the molecule. Although AA1 has a maximum of
absorption of 550 nm, AA1 still weakly absorbs wave-
lengths of light longer than 600 nm. Despite its simi-
larities to other cationic photosensitizers, AA1 shows
no photosensitivity in cell culture.15 We were interested
in the design of AA1 analogues that might function as
photosensitizers.

In our earlier studies with chalcogenopyrylium dyes
1 (Chart 1), we demonstrated that better sensitizers for
PDT were obtained by substituting heavier chalcogen
atoms (Se, Te) for lighter chalcogen atoms (O, S) in the
dye chromophore.14a Substitution of the heavier chal-
cogen atoms results in dye chromophores with longer
wavelengths of absorption and higher rates of intersys-
tem crossing of the singlet excited state to the triplet
state.16 The latter process leads to higher quantum
yields for singlet oxygen generation for dyes incorporat-
ing the heavier chalcogen atoms. We have applied this
approach to the preparation of selenium- and tellurium-
containing analogues of AA1-like molecules. The chal-
cogenopyrylium dyes 2-4 (Chart 1) bearing 4-(dimeth-
ylamino)phenyl substituents at 2-, 4-, and 6-positions
represent a new class of dyes that function as in vitro
sensitizers for PDT. All three dyes including the thio-
pyrylium dye 2 displayed in vitro phototoxicity against
R3230AC mammary adenocarcinoma cells and inhibited
cytochrome c oxidase activity upon irradiation of iso-
lated mitochondria.

Chemistry
Retrosynthetic Analysis and Synthesis. While

thiopyrylium and selenopyrylium dyes have been pre-
pared via several different routes, telluropyrylium dyes
have been prepared only from telluropyranone precur-
sors.17 This limitation dictated our synthetic approach
to dyes 2-4, whose retrosynthesis is outlined in Scheme
1. The chalcogenopyranones 5 serve as precursors to
thio-, seleno-, and telluropyrylium dyes through the
addition of nucleophilic reagents to the 4-position.18,19

The addition of the Grignard reagent from 4-bromo-N,N-
dimethylaniline to the carbonyl carbon of chalcogenopy-
ranones 518,19 followed by acid-induced dehydration
represents a direct route to dyes 2-4.19 The chalco-
genopyranones 5 can be prepared in turn via the formal
addition of hydrogen sulfide, selenide, or telluride to 1,4-
pentadiyn-3-one 6, which serves as a common precursor
to dyes 2-4.18 The symmetrical diynone 6 can be
prepared from the equivalent of coupling two molecules
of 4-(dimethylamino)phenylacetylene (7)20 with methyl
formate.

Acetylene 7 was prepared in 74% overall yield by the
palladium-catalyzed coupling of trimethylsilylacetylene
and 4-bromo-N,N-dimethylaniline to give trimethylsilyl-
4-(dimethylamino)phenylacetylene, which was then des-
ilylated with tetrabutylammonium fluoride (Scheme
2).20 n-Butyllithium was added to 7 to generate the
corresponding lithium acetylide, which then was added
to methyl formate to give 1,5-di-4-(dimethylamino)-
phenyl-1,4-pentadiyn-3-ol (8) in 57% isolated yield.
Diynol 8 was oxidized to 1,5-di-4-(dimethylamino)-
phenyl-1,4-pentadiyn-3-one (6) in 81% isolated yield
with manganese dioxide in dichloromethane.

The formal addition of hydrogen chalcogenides to
diynone 6 was best performed in two steps to maximize
6-endotrig cyclization to give chalcogenopyranone prod-
ucts and to minimize 5-exotrig cyclization to form five-
membered dihydrochalcogenophene products.19 The con-
trolled addition of ethanol to diynone 6 in a mixture of
0.25 M sodium ethoxide in ethanol/tetrahydrofuran gave
an 81:19 mixture of enol ethers 9. The addition of the
disodium chalcogenides (from the corresponding ele-
ment and sodium borohydride in sodium ethoxide/
ethanol) to solutions of the enol ethers 9 gave the
chalcogenopyranones 5 as the only product in 74-89%
isolated yields.

The addition of the Grignard reagent prepared from
4-bromo-N,N-dimethylaniline to chalcogenopyranones 5
and dehydration of the intermediate alcohols with hexa-
fluorophosphoric acid gave dyes 2-4 as the hexafluo-
rophosphate salts.19 The hexafluorophosphate anions
were exchanged for chloride anions with an ion-
exchange resin to give dyes 2-4.

Absorption Spectra of Dyes 2-4. In other chalco-
genopyrylium dye series, replacing a lighter chalcogen
atom with a heavier atom leads to a bathochromic shift
in the absorption maximum.14a,16,19 The same trend was
observed in dyes 2-4 as shown in Table 1. What is
somewhat surprising in this series is the observation
that the sequential change in heteroatom gives changes
in absorption maxima similar in magnitude to those
observed in the 2,6-diphenyl-4-(dimethylamino)phenyl-
chalcogenopyrylium dyes 10 (Chart 1; λmax of 593 nm
for thiopyrylium dye 10a, 630 nm for selenopyrylium
dye 10b, and 651 nm for telluropyrylium dye 10c). The
additional dialkylamino substituents in 2-4 should help
delocalize the positive charge, and one might expect the
contribution of the heteroatom in the chalcogenopyry-
lium ring to be diminished, especially since delocaliza-
tion of the positive charge between the nitrogen atoms
of the anilino groups at the 2- and 4-positions or the 2-
and 6-positions produces cyanine chromophores of sig-
nificant length. For dyes 2-4, the absorption band is
broadened with three (dimethylamino)phenyl substit-

Scheme 1
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uents, perhaps due to contributions from all of the
different length π-chromophores in the dye molecule.
However, the maxima of absorption follow exactly the
same trends as is observed in more simple chro-
mophores.

Hydrolytic Stability. For the chalcogenopyrylium
dyes 1 that have been evaluated as sensitizers for
PDT,14a,16 the major metabolic pathway observed for loss
of dye is hydrolysis. The addition of water or hydroxide
to the chromophore results in a loss of the long-
wavelength absorption.21,22 Hydrolytic stability impacts
the circulating lifetime of the sensitizer in biological
systems, the lifetime of the sensitizer at the active site,
formulations for delivery of the sensitizer, and the
distribution of metabolites from the sensitizer found in
vivo. The circulating half-life of 1a, which has photo-
physical properties that are optimal for PDT,14a,16 is on
the order of 20 min as determined with an in vivo
spectrophotometer in BALB-c mice.22 We measured the
rates of hydrolysis for telluropyrylium dye 1a as a
control and for dyes 2-4 in RPMI-1640 growth medium
at pH 7.4 with 5% added fetal calf serum to mimic
conditions in vivo.

The initial step in the hydrolysis of chalcogenopyryl-
ium salts involves the addition of hydroxide/water to
the ring.21 Addition can occur at the 2-, 4-, or 6-position
of the ring, and the addition is reversible. Addition to
the 4-position does not lead to an irreversible step.
However, for the pyrylium ring (X ) O), addition to the
carbon at the 2-position (or C6 in unsymmetrical pyryl-
ium salts) generates a cyclic hemiacetal intermediate
11 that can rearrange to give a 2-pentene-1,5-dione 12
(Scheme 3). At higher pH, the addition of hydroxide and
not water will dominate the kinetics of hydrolysis.21b

For the pyrylium ring, all of the steps of Scheme 3
are presumably reversible since acidification of the

pentenedione 12 regenerates the pyrylium heterocycle.21b

If the ring-opening step is fast (k2) relative to the initial
addition of hydroxide/water (k1), then k1 will be rate-
determining and neither k-1 nor k2 will be resolved. If
the initial addition of hydroxide/water is fast relative
to k2, then the equilibrium between the cyclic hemiacetal
and the pyrylium ring should be established (Keq)
followed by the slower ring-opening step (k2). If k1 and
Keq are large and the pH is high, the initial addition of
hydroxide/water to the pyrylium ring may dominate the
kinetics and k2 will not be readily apparent even though
it is rate-determining.

For dyes 2-4, the 2-pentene-1,5-dione product will
only be formed following hydrolysis of an intermediate
thione, selenoketone, or telluroketone 13 from 2-4,
respectively. Consequently, the hydrolysis of dyes 2-4
is irreversible if ring-opening occurs.

At pH 7.4 in RPMI-1640 growth medium with 5%
added fetal calf, the rate of hydrolysis as a function of
time was fortuitously biphasic for dyes 1a and 2-4. An
initial, rapid process [k1(obs)] was followed by a second
process [k2(obs)] that was slower. Both processes fol-

Scheme 2a

a Reagents: (a) (PPh3)2PdCl2, PPh3, CuI2, piperidine (90%); (b) Bu4NF (1.1 equiv), THF/H2O (7:1) (82%); (c) 1.0 equiv n-BuLi, THF,
then HCO2Me (0.5 equiv) (57%); (d) MnO2, CH2Cl2 (81%); (e) 0.25 M NaOEt in EtOH/THF; (f) S, Se, or Te, NaBH4 (2.5 equiv), 0.1 M
NaOEt in EtOH, add Na2X to 9; (g) (i) Me2NC6H4MgBr, (ii) HPF6; (h) Amberlite IRA-400 (CI).

Table 1. Physical Properties of, Rates of Addition of Water/Hydroxide [k1(obs)] to, Rates of Ring-Opening of Resulting Hemiketal
[k2(obs)] from, Reversibility of Water Addition (Keq) to, and Initial Rates of Inhibition of Mitochondrial Cytochrome c Oxidase by
Chalcogenopyrylium Dyes 2-4

hydrolysis

dye λmax (log ε)a k1(obs), 10-4 s-1 Keq k2(obs), 10-5 s-1 log P E°(red),b V vs Fc/Fc+ Φ(1O2)c % inhibn, J/cm2 d

2 594 (4.76) 1.0 ( 0.1 0.16 2.2 ( 0.2 2.2 -0.62 0.020 ( 0.004 0.82
3 631 (4.76) 2.4 ( 0.3 0.17 1.7 ( 0.1 2.2 -0.70 0.064 ( 0.006 0.78
4 672 (4.74) 2.4 ( 0.3 0.30 1.1 ( 0.1 2.3 -0.76 0.037 ( 0.006 0.38
a In methanol. b 5 × 10-4 M solutions of 2-4 in CH2Cl2 with 0.2 M Bu4N+BF4

- as supporting electrolyte at a Pt disk electrode. Separation
of Ec and Ea was <0.07 V at a scan rate of 0.05 V s-1. c In methanol. d The inhibition values were established on the basis of constant
absorbance (optical density of 0.20 ( 0.02 in a 1-cm quartz cuvette at maximum absorption in water) from sample to sample. Total light
energy was measured over 530-750 nm assuming that each dye would absorb the same fraction of the total energy if absorbance of the
samples was the same.

Scheme 3
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lowed first-order kinetics. From these data, k1(obs), Keq-
(pH 7.4),23 and k2(obs) were measured, and their values
are compiled in Table 1. It should be noted that at
higher pH, k1(obs) for hydrolysis is dominated by the
k1[HO-] term and k2 is not observed, while at lower pH,
the k1[HO-] term is not observed as a discrete initial
step. For dyes 2-4, hydrolysis of the intermediate
thione, selenoketone, or telluroketone could not be
resolved suggesting that kH2O is fast relative to k2(obs).
For telluropyrylium dye 1a, Keq(pH 7.4) was 0.14 with
a k1(obs) of 5.8 × 10-4 s-1 at 37 °C. For this system,
k2(obs) was 7.3 × 10-5 s-1 and the half-life for this
irreversible step is 160 min at 37 °C.

Dyes 2-4 were slower to hydrolyze than dye 1a with
half-lives of 525, 680, and 1050 min for 2-4, respec-
tively. Within the dye series 2-4, k1 and k2 each varied
by a factor of 2, which is indicative that the heteroatom
has little effect on the rate of hydrolysis. However, dyes
2-4 are 3-7-fold more stable to hydrolysis than tel-
luropyrylium dye 1a and should have an appropriately
longer circulating lifetime in vivo.

n-Octanol/Water Partition Coefficients as Mark-
ers for Lipophilicity. The selective accumulation of
Rh-123 in the mitochondria of neoplastic cells is thought
to be responsible for the toxicity of Rh-123 toward cancer
cells.7 The selective accumulation appears to be a
function of the net positive charge on Rh-123 and
consequent affinity for the negative environment of the
mitochondrial membrane. Although Rh-123 exists pre-
dominantly in ionic form in aqueous solution, it remains
lipophilic enough to permeate the hydrophobic barrier
of the plasma and mitochondrial membranes. The
selective accumulation of AA1 in neoplastic cells17 is
believed to follow the model of Rh-123.

Telluropyrylium dye 1a, Rh-123, and AA1 are all
described as cationic, lipophilic dyes.7,14a,15 The standard
measure to predict lipophilicity is the n-octanol/water
partition coefficient (P), which is expressed as a value
of log P. In our hands, the value of log P for Rh-123 is
1.5 and the value of log P for AA1 is 1.9. The telluro-
pyrylium dye 1a has a slightly larger value of log P at
2.4.14a As shown in Table 1, the dyes 2-4 are more
lipophilic than Rh-123 and AA1 and are only slightly
less lipophilic than dye 1a. Consequently, one might
expect the dyes 2-4 to display similar mitochondrial
accumulation as is observed with 1a, Rh-123, and AA1.

Reduction Potentials of Dyes 2-4. One concern
with respect to the use of mitochondrial-specific, cationic
photosensitizers for PDT is the direct reduction of the
sensitizer by the redox cascade in the mitochondria.
While reduction of a cationic chemotherapeutic agent
may lead to inhibition of mitochondrial function and cell
death, reduction of a photosensitizer bleaches the chro-
mophore and renders the material useless as a photo-
sensitizer.

The reduction potentials of dyes 2-4 were determined
by cyclic voltammetry, and values of E° for the cation/
neutral radical couple are compiled in Table 1. As is
observed with other chalcogenopyrylium dyes, replacing
a heavier chalcogen atom with a lighter chalcogen atom
in the ring leads to a cathodic (negative) shift in
reduction potential. All three of the dyes 2-4 have
reduction potentials more negative than dye 1a (E° of
-0.42 V), which survives the mitochondrial environment

to function as a photosensitizer.14a Similarly, dyes 2-4
should not be reduced in the mitochondria and should
function as photosensitizers if localized there.14a

Quantum Yields for Singlet Oxygen for Dyes
2-4. Many of the cationic photosensitizers such as the
Victoria blues,9 methylene blues10 and the related nile
blues,11 cyanine dyes,12 rhodacyanine dyes,13 and tel-
luropyrylium dyes 1a and 1b14 generate singlet oxygen
upon irradiation in aerated solvents. The singlet oxygen
produced is thought to be responsible for part, if not all,
of the biological damage that is observed from PDT with
these sensitizers. The thiopyrylium dye AA1 is similar
in structure to the cationic sensitizers described above
but is described as having no phototoxicity, which
suggests a low quantum yield for singlet oxygen genera-
tion.15 Chalcogenopyrylium dyes 2-4 are structurally
related to AA1, but the two amino groups of AA1 have
been replaced with dimethylamino groups. All three
dyes 2-4 were found to generate singlet oxygen upon
irradiation and their singlet oxygen quantum yields [Φ-
(1O2)] are compiled in Table 1.

The incorporation of the heavy atoms selenium and
tellurium had distinctly different effects in the photo-
sensitizer classes represented by dyes 1 and dyes 2-4.
In the chalcogenopyrylium dye series 1, values of Φ-
(1O2) reflect the importance of spin-orbit effects on the
rate of intersystem crossing from the singlet excited
state to the triplet excited state.16 Spin-orbit effects
change as a function of Z4, where Z is the atomic
number of the heavy atom in the molecule. Replacing a
sulfur atom in 1c [Φ(1O2) ) 0.0006] with a selenium
atom in 1d [Φ(1O2) ) 0.007] gave an approximate 10-
fold increase in Φ(1O2), while replacing the sulfur atom
with a tellurium atom in 1e [Φ(1O2) ) 0.07] gave an
approximate 100-fold increase in singlet oxygen quan-
tum yield as expected from spin-orbit effects.14a,16

While spin-orbit effects are manifest in the particular
π-framework of chalcogenopyrylium dyes 1, no such
trend is observed with chalcogenopyrylium dyes 2-4
where values of Φ(1O2) vary by little more than a factor
of 3. Furthermore, the value of Φ(1O2) for selenopyryl-
ium dye 3 is largest in the series. Clearly, factors other
than spin-orbit effects from the presence of the heavier
chalcogens selenium and tellurium also influence the
quantum yields of singlet oxygen generation in dyes
2-4.

The value of Φ(1O2) of 0.020 for thiopyrylium dye 2
is more than 30-fold larger than the value of Φ(1O2) of
0.0006 measured for 1c. Since no heavy atoms are
present, the cyanine-like carbon π-framework I (Chart
2) must be important to the generation of singlet oxygen.
The substitution of the heavier chalcogen atoms sele-
nium and tellurium onto the π-framework should pro-
mote intersystem crossing. However, the substitution
also distorts the carbon π-framework as shown in II and
III (Chart 2). In the pyrylium ring (II), the C-O bond
length is 1.37 Å, while the C-O-C bond angle and the
angles a, b, and c marked in II are all approximately
120°.24 The geometry of the central chalcogenopyrylium
ring changes significantly as one goes down the periodic
table. The selenopyrylium ring (III, X ) Se) has a C-Se
bond length of 1.89 Å, the C-Se-C bond angle is 99°,
and the angles a, b, and c are 123°, 128°, and 120°,
respectively.24 The telluropyrylium ring (III, X ) Te) is
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further distorted with a C-Te bond length of 2.07 Å, a
C-Te-C bond angle of 94°, and the angles a, b, and c
of 122°, 130°, and 122°, respectively.26 The distortion
in planarity of the chalcogenopyrylium ring also in-
creases as one goes down the periodic table. While the
pyrylium ring is nearly planar, the telluropyrylium ring
is puckered in a boat shape with an approximately 8°
dihedral angle down the central axis.24 Consequently,
increases in Φ(1O2) from spin-orbit effects may be offset
by decreases in Φ(1O2) from distortion of the π-frame-
work. In the dye series 2-4, selenopyrylium dye 3 has
the highest value of Φ(1O2) and may represent the best
compromise between the benefits of spin-orbit effects
and the twisting of the π-framework from geometric
effects.

Although values of Φ(1O2) are small for dyes 2-4
relative to solution values of Φ(1O2) for other photosen-
sitizers for PDT, the effects of rigidization in biological
membranes on values of Φ(1O2) have not been deter-
mined. In other systems, such effects have been pro-
nounced.25 Rotational degrees of freedom in rigid, planar
molecules such as the porphyrins, methylene blues, and
nile blues are few, and the photophysics of these sensi-
tizers will be little affected when the sensitizers reside
in the biological membranes. In dyes 2-4, rotation of
the aryl groups in the excited state can release energy
and return the dye to the ground state. If the dye were
to reside in a biological membrane, rotational degrees
of freedom might be reduced and effective values of Φ-
(1O2) might be much higher as has been observed in
other systems.25 In fact, dyes 1d and 1f with solution
values of Φ(1O2) < 0.01 have performed as efficient
photosensitizers in vitro.11a,16a Since dyes 2-4 all have
values of Φ(1O2) ) 0.02 and, consequently, should be
better than 1d and 1f as sensitizers for PDT, all three
dyes were evaluated in vitro as sensitizers for PDT.

Biochemistry

Inhibition of Cytochrome c Oxidase in Isolated
Mitochondrial Suspensions. Chalcogenopyrylium dyes
2-4 are similar in structure to AA1 and Rh-123, which
have been demonstrated to localize in the mitochondria
of transformed cells.7,15 Dyes 2-4 were evaluated as
photosensitizers in vitro by measuring their effects on
cytochrome c oxidase activity in isolated tumor mito-
chondria. Mitochondria, isolated from R3230AC rat
mammary adenocarcinoma, were treated with 10-5 M

solutions of 2-4 for 5 min and centrifuged, and the
pellet was resuspended. The cytochrome c oxidase
activity in dye-treated mitochondrial suspensions was
determined at selected times during 1 h of irradiation
(Figure 1). Initial rates of inhibition over the first 10
min of exposure are compiled in Table 1. It should be
noted that cytochrome c oxidase activity in dye-treated
mitochondrial suspensions was not significantly altered
during a 1-h incubation in the dark.

Cytochrome c oxidase, an inner mitochondrial mem-
brane enzyme, is the last enzyme in the mitochondrial
respiration chain.26 Inhibition of cytochrome c oxidase
during irradiation in the presence of a sensitizer may
be due either to direct damage to the enzyme or to
effects at a site(s) preceding it in the respiratory chain.
Photosensitized inhibition could involve photoinduced
single-electron transfer (SET) to oxygen resulting in the
formation of either superoxide or another radical species
or SET involving the ground state of the sensitizer.
Alternatively, inhibition of cytochrome c oxidase could
be a function of singlet-oxygen-induced damage from
photochemical generation of singlet oxygen.

The observation that dye-treated mitochondria kept
in the dark showed no inhibition of cytochrome c oxidase
activity suggests that ground-state SET with the dye
is not involved in the inhibition of the enzyme. This is
also consistent with the large, negative values of E°
measured for the reduction potentials of dyes 2-4
(Table 1).

The photosensitized inhibition of mitochondrial cyto-
chrome c oxidase by dyes 2-4 can be prevented by
reducing the oxygen in the mitochondrial suspensions
via nitrogen purging or by adding a singlet oxygen
acceptor as illustrated in Figure 2 for dye 2. Reduction
of the oxygen concentration to 0 ( 2% prior to and
during irradiation of the dye-treated mitochondria
completely prevented the photosensitized inhibition of
cytochrome c oxidase activity by each of the three dyes
2-4. This observation strongly suggests that oxygen is
involved in the inhibition process. The addition of the

Chart 2

Figure 1. Effect of chalcogenopyrylium dye photosensitization
on cytochrome c oxidase activity measured in isolated R3230AC
tumor mitochondria. Details of experimental conditions are
presented in the Experimental Section. Data are expressed
as the percent of initial, preirradiation, cytochrome c oxidase
activity in mitochondrial suspensions irradiated in the pres-
ence of 10 µM dye 2 (2), dye 3 (b), or dye 4 (9). Each datum
point represents the mean of at least three separate experi-
ments performed in duplicate; bars are the SEM.
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singlet oxygen acceptor imidazole14a at a concentration
of 0.08 M to the dye-treated mitochondria prior to
irradiation also prevented the inhibition of cytochrome
c oxidase, although not to the same extent as conducting
the studies in a reduced-oxygen, nitrogen-purged envi-
ronment.

Superoxide dismutase (SOD), added at a concentra-
tion of 30 enzyme units/mL, did not reduce the photo-
sensitized inhibition of cytochrome c oxidase observed
with dyes 2-4 (Figure 2 for dye 2). Since the addition
of SOD did not decrease the level of photosensitized
enzyme inhibition observed, excited-state SET from the
dye to oxygen producing superoxide might be excluded
as the major path for enzyme inhibition.

The data suggest that chalcogenopyrylium dyes 2-4
function as photosensitizers in isolated mitochondrial
suspensions through singlet oxygen formation. Dyes
2-4 have values of Φ(1O2) in solution of 0.020-0.064
(Table 1). Rigidization of the dyes upon binding to the
mitochondrial membrane may give much higher values
of Φ(1O2) in vitro relative to the solution values.25

Effects of Dyes 2-4 on Cell Viability in Vitro. The
dark and light-induced toxicities of dyes 2-4 were
evaluated in cultures of R3230AC rat mammary adeno-
carcinoma cells. Cell cultures were incubated for 3 h in
the dark with various concentrations of dyes 2-4 in
minimum essential medium (R-MEM) at dye concentra-
tions of 0.1, 1.0, 5.0, and 10 µM as illustrated in Figure
3 for dye 2. Thiopyrylium dye 2 displayed the least dark
toxicity of the three dyes and was essentially nontoxic
at the concentrations employed. Selenopyrylium dye 3
and telluropyrylium dye 4 showed comparable dark
toxicity with approximately 75% cell viability observed
at 10 µM dye (Figures 4 and 5, respectively, in Sup-
porting Information). Interestingly, thiopyrylium dye 2
is the least toxic dye in the dark and is also the most
difficult to reduce (Table 1).

Exposure of cell cultures to 7.2 J cm-2 of 620-nm
irradiation in the presence of dyes 2-4 resulted in

reduced cell viability that was significantly greater (P
< 0.01) than the toxicity observed for cells in the dark
(Figures 3-5). The thiopyrylium dye 2 showed the
highest potency. The phototoxicity for dyes 2-4 is not
optimized. Photosensitizer-induced cytotoxicity at a
given light dosage increased with dye concentration for
all three dyes. However, thiopyrylium dye 2, which
displayed the least dark toxicity, appeared to be more
effective than either selenopyrylium dye 3 (P < 0.001)
or telluropyrylium dye 4 (P < 0.05).

Initial Toxicity Studies. In applications of PDT, the
therapeutic dose of sensitizer for rodents is approxi-
mately 1-5 mg/kg.1a,5 Female Fischer rats bearing
implanted R3230AC tumors were given dyes 2-4 via
tail-vein injection at a dosage of 10 mg/kg, which
corresponds to 20 µmol/kg thiopyrylium dye 2, 19 µmol/
kg selenopyrylium dye 3, and 17 µmol/kg telluropyryl-
ium dye 4. No morbidity or mortality was evident in
animals observed for 24 h after injection of any of the
three dyes, nor was tissue toxicity detectable upon gross
examination of animals after sacrifice.

Summary and Conclusions
The chalcogenopyrylium dyes 2-4 represent a new

class of photosensitizer for use in PDT. The dyes are
similar in structure to AA1, which has shown antitumor
activity in the dark with no enhancement by added
light. All three dyes 2-4 display phototoxicity against
R3230AC rat mammary adenocarcinoma cells in culture.
Photosensitization of mitochondrial cytochrome c oxi-
dase implicates singlet oxygen as a major contributor
to the inhibition of this enzyme. Initial acute toxicity
studies suggest that none of the three dyes are toxic at
a likely therapeutic PDT dose. We are currently inves-
tigating the use of dyes 2-4 as sensitizers for PDT in
vivo.

Experimental Section
General Methods. Solvents and reagents were used as

received from Sigma-Aldrich Chemical Co. (St. Louis, MO)
unless otherwise noted. Cell culture media was purchased from

Figure 2. Effect of dye 2 (10 µM) photosensitization on
mitochondrial cytochrome c oxidase activity in the presence
of 0.080 M imidazole (2), in the presence of 30 U of superoxide
dismutase (9), in a nitrogen-purged/oxygen-reduced atmo-
sphere ([), or as an experimental control exposed to 10 µM
dye 2 and light alone (O). Details of experimental conditions
are described in the Experimental Section. Data are expressed
as the percent of initial, preirradiation, cytochrome c oxidase
activity in mitochondrial suspensions. Each datum point
represents the mean of at least three separate experiments
performed in duplicate; bars are the SEM.

Figure 3. Effect of dye photosensitization on the cell viability
of cultured R3230AC tumor cells. Details of experimental
conditions are described in the Experimental Section. Data are
expressed as percent viable cells, compared to untreated cells,
for cells treated with dye 2 in the dark (9) or for cells treated
with dye and 7.5 J cm-2 irradiation (0). Each datum point
represents the mean percent viable cells calculated from at
least three separate experiments performed in duplicate; bars
are the SEM.
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GIBCO (Grand Island, NY). Fetal bovine serum (FBS) was
obtained from Atlanta Biologicals (Atlanta, GA). Concentration
in vacuo was performed on a Büchi rotary evaporator. NMR
spectra were recorded at 30.0 °C on Varian Gemini-300, Inova
400, or Inova 500 instruments with residual solvent signal as
internal standard: CDCl3 (δ 7.26 for proton, δ 77.0 for carbon).
Infrared spectra were recorded on a Perkin-Elmer FT-IR
instrument. UV-visible near-IR spectra were recorded on a
Perkin-Elmer Lambda 12 spectrophotometer or on a Sequen-
tial DX17 MV stopped-flow spectrometer (Applied Photophys-
ics, Leatherhead, U.K.). Both were equipped with a circulating
constant-temperature bath for the sample chambers. Elemen-
tal analyses were conducted by Atlantic Microanalytical, Inc.

4-(Dimethylamino)phenylacetylene (7).22 4-Bromo-N,N-
dimethylaniline (19.35 g, 0.0967 mol), trimethylsilylacetylene
(19.9 g, 0.193 mol), CuI (0.202 g, 1.06 mmol), and PPh3 (0.51
g, 1.93 mmol) were dissolved in piperidine (400 mL). Bis-
(triphenylphosphine)palladium(II) chloride (0.204 g, 0.290
mmol) was added and the resulting mixture was heated at
reflux for 8 h. The reaction mixture was concentrated in vacuo
and saturated NaHCO3 (200 mL) was added. The product was
extracted with hexane (3 × 100 mL). The combined hexane
extracts were washed with water and brine, dried over MgSO4,
and concentrated. The 2-(4-(N,N-dimethylamino)phenyl)tri-
methylsilylethyne22 was isolated via chromatography on silica
gel eluting with hexanes to give 18.9 g (90%) of product as a
yellow solid: mp 82-84 °C; 1H NMR (CDCl3) δ 7.34 (d, 2 H, J
) 8 Hz), 6.60 (d, 2 H, J ) 8 Hz), 2.97 (s, 6 H), 0.25 (s, 9 H); IR
(CDCl3) 2962, 2146 cm-1.

2-(4-(N,N-Dimethylamino)phenyl)trimethylsilylethyne (47.8
g, 0.219 mol) was dissolved in a mixture of 100 mL of THF
and 15 mL of H2O. A 1.0 M solution of tetrabutylammonium
fluoride in THF (226 mL, 0.226 mol) was added dropwise at 0
°C and the reaction was stirred for 1 h at 0 °C. The reaction
mixture was concentrated and H2O (200 mL) was added. The
products were extracted with hexane (6 × 75 mL) and the
combined extracts were dried over MgSO4 and concentrated.
The product was purified via chromatography on silica gel
eluted with hexane to give 26.0 g (82%) of 7 as a yellow-orange
solid: mp 33-35 °C; 1H NMR (CDCl3) δ 7.36 (d, 2 H, J ) 8
Hz), 6.61 (d, 2 H, J ) 8 Hz), 2.96 (s, 6 H), 2.91 (s, 1 H); 13C
NMR (CDCl3) δ 150.5, 133.2, 111.8, 108.9, 84.9, 74.7, 40.1; IR
(CCl4) 3262, 2923, 2224 cm-1. Anal. (C10H11N) C, H, N.

1,5-Di-4-(dimethylamino)phenyl-1,4-pentadiyn-3-ol (8).
A 2.5 M solution of n-butyllithium in hexanes (28.4 mL, 0.071
mol) was added dropwise to a solution of acetylene 7 (10.3 g,
0.071 mol) in 300 mL of anhydrous THF at -78 °C. After
addition was complete, the reaction was stirred for 20 min at
-78 °C. Methyl formate (2.13 g, 0.0355 mol) in 5 mL of
anhydrous THF was added dropwise at -78 °C and the
reaction was then warmed to ambient temperature over a 20-
min period. Saturated NaHCO3 (40 mL) was slowly added
followed by an additional 200 mL of H2O. The product was
extracted with CH2Cl2 (6 × 50 mL). The combined organic
extracts were washed with brine, dried over MgSO4, and
concentrated. The crude product was recrystallized from
hexanes to give 6.41 g (57%) of 1,5-di-4-(dimethylamino)-
phenyl-1,4-pentadiyn-3-ol (8) as a tan solid: mp 126-128 °C;
1H NMR (CDCl3) δ 7.32 (AA′BB′, 4 H, J (“doublet”) ) 8 Hz),
6.61 (AA′BB′, 4 H, J (“doublet”) ) 8 Hz), 5.53 (s, 1 H), 2.95 (s,
12 H), 2.31 (s, 1 H); 13C NMR (CDCl3) δ 150.3, 133.0, 111.6,
108.8, 85.4, 84.4, 53.5, 40.1; IR (CCl4) 3262, 2923, 2224 cm-1;
EIMS m/z 318 (M+). Anal. (C21H22N2O) C, H, N.

1,5-Di-4-(dimethylamino)phenyl-1,4-pentadiyn-3-one (6).
Manganese dioxide (12.8 g, 0.147 mol) was added to a solution
of 17 (11.8 g, 0.0368 mol) in 100 mL of anhydrous CH2Cl2. The
resulting mixture was stirred at ambient temperature for 2 h
at which point an additional 6.4 g (0.074 mol) of MnO2 was
added. The reaction mixture was stirred 72 h and then filtered
through a pad of Celite. The filter cake was washed with CH2-
Cl2 (5 × 75 mL). The combined organic filtrates were concen-
trated. The residue was purified via chromatography on silica
gel eluted with CH2Cl2 followed by recrystallization from ethyl
acetate-hexanes to give 9.36 g (81%) of 6 as a red solid: mp

143-145 °C; 1H NMR (CDCl3) δ 7.54 (AA′BB′, 4 H, J
(“doublet”) ) 8 Hz), 6.65 (AA′BB′, 4 H, J (“doublet”) ) 8 Hz),
3.03 (s, 12 H); 13C NMR (CDCl3) δ 156.4, 147.4, 130.9, 107.1,
100.9, 90.7, 86.7, 35.6; IR (KBr) 2904, 2145, 1598 cm-1; (+)
FABMS m/z 317 (MH+). Anal. (C21H22N2O) C, H, N.

Preparation of Enol Ethers 9. Diynone 6 (3.16 g, 10.0
mmol) was dissolved in 200 mL of THF and 200 mL of 0.25 M
sodium ethoxide in ethanol. The resulting solution was allowed
to stand at 50 °C and the disappearance of 6 was monitored
by thin-layer chromatography on silica gel eluted with CH2-
Cl2. After 0.5 h at 50 °C, loss of 6 was complete and the reaction
mixture was poured into 100 mL of H2O. The products were
extracted with CH2Cl2 (3 × 15 mL) and the combined organic
extracts were washed with brine, dried over MgSO4, and
concentrated to give 3.26 g (90%) of a red oil. The 1H NMR
spectrum of the crude reaction mixture was indicative of an
81:19 mixture of two enol ethers 9. For the major enol ether
9: 1H NMR (CDCl3) δ 7.53 (AA′BB′, 2 H, J (“doublet”) ) 9
Hz), 6.97 (AA′BB′, 2 H, J (“doublet”) ) 9 Hz), 6.68 (AA′BB′, 2
H, J (“doublet”) ) 9 Hz), 6.45 (AA′BB′, 2 H, J (“doublet”) ) 9
Hz), 5.69 (s, 1 H), 4.05 (q, 2 H, J ) 7 Hz), 2.97 (s, 6 H), 2.96 (s,
6 H), 1.43 (t, 3 H, J ) 7 Hz). For the minor enol ether 9: 1H
NMR (CDCl3) δ 7.53 (AA′BB′, 4 H, J (“doublet”) ) 9 Hz), 6.66
(AA′BB′, 2 H, J (“doublet”) ) 9 Hz), 6.64 (AA′BB′, 2 H, J
(“doublet”) ) 9 Hz), 6.02 (s, 1 H), 4.22 (q, 2 H, J ) 7 Hz), 3.02
(s, 6 H), 3.00 (s, 6 H), 1.22 (t, 3 H, J ) 7 Hz). For the mixture
9: IR (NaCl) 2170, 1603 cm-1; EIMS m/z 362.2019 (M+, calcd
for C23H26N2O2 362.1994).

Addition of Enol Ethers 9 to Disodium Chalcogenides.
Enol ethers 9 were prepared as described above from diynone
6 (1.00 g, 3.16 mmol). The disodium chalcogenides, prepared
from 3.79 mg-at of S (0.121 g), Se (0.300 g), or Te (0.484 g)
and 0.122 g (3.79 mmol) of NaBH4 in 40 mL of degassed 0.25
M sodium ethoxide in ethanol under an argon atmosphere,
were added to the 0.25 M sodium ethoxide in ethanol/THF
solution of enol ethers 9. The reaction mixture was stirred for
15 min at ambient temperature and then poured into 200 mL
of H2O. The products were extracted with CH2Cl2 (4 × 50 mL)
and the combined organic extracts were washed with brine,
dried over MgSO4, and concentrated. The residue was purified
by chromatography on silica gel eluted with 20% ethyl
acetate-CH2Cl2 to give chalcogenopyranones 5. For disodium
sulfide addition: 0.818 g (74%) of 5a. For disodium selenide
addition: 1.12 g (89%) of 5b. For disodium telluride addition:
1.07 g (76%) of 5c.

4H-2,6-Di-4-(dimethylamino)phenylthiopyran-4-one
(5a): mp 205 °C dec; 1H NMR (CDCl3) δ 7.56 (AA′BB′, 4 H, J
(“doublet”) ) 9 Hz), 7.11 (s, 2 H), 6.73 (AA′BB′, 4 H, J
(“doublet”) ) 9 Hz), 3.02 (s, 12 H); 13C NMR (CDCl3) δ 178.6,
148.8, 147.5, 123.3, 119.1, 118.8, 107.6, 35.7; IR (KBr) 1607,
1583 cm-1; λmax (CH2Cl2) 383 nm [R (3.0 ( 0.2) × 104 M-1 cm-1];
ESMS m/z 351 (MH+). Anal. (C21H22N2OS) C, H, N.

4H-2,6-Di-4-(dimethylamino)phenylselenopyran-4-
one (5b): mp 215 °C dec; 1H NMR (CDCl3) δ 7.53 (AA′BB′, 4
H, J (“doublet”) ) 9 Hz), 7.19 (s, 2 H), 6.75 (AA′BB′, 4 H, J
(“doublet”) ) 9 Hz), 3.03 (s, 12 H); 13C NMR (CDCl3) δ 180.7,
150.9, 147.4, 123.3, 120.5, 120.3, 107.7, 35.7; IR (KBr) 1602,
1516 cm-1; λmax (CH2Cl2) 396 nm [R (3.1 ( 0.2) × 104 M-1 cm-1];
ESMS m/z 399 (MH+, 80Se-isotope). Anal. (C21H22N2OSe) C,
H, N.

4H-2,6-Di-4-(dimethylamino)phenyltelluropyran-4-
one (5c): mp 260 °C dec; 1H NMR (CD2Cl2) δ 7.46 (AA′BB′, 4
H, J (“doublet”) ) 8 Hz), 7.17 (s, 2 H), 6.74 (AA′BB′, 4 H, J
(“doublet”) ) 8 Hz), 3.01 (s, 12 H); 13C NMR (CD2Cl2) δ 189.9,
153.9, 149.3, 130.6, 129.8, 129.7, 114.1, 41.9; IR (KBr) 1604,
1595 cm-1; λmax (CH2Cl2) 411 nm [R (3.2 ( 0.2) × 104 M-1 cm-1];
ESMS m/z 449 (MH+, 130Te-isotope). Anal. (C21H22N2OTe) C,
H, N.

2,4,6-Tri-4-(dimethylamino)phenylthiopyrylium Hexa-
fluorophosphate. 4-Bromo-N,N-dimethylaniline (0.171 g,
0.856 mmol) and magnesium turnings (0.072 g, 3 mg-at) were
refluxed in THF (10 mL) for 2 h under an argon atmosphere.
Pyranone 5a (0.150 g, 0.428 mmol) was dissolved in THF (10
mL) and the resulting solution was added dropwise to the
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reaction mixture. The resulting mixture was heated at reflux
for an additional hour. The reaction mixture was cooled to
ambient temperature and concentrated. The residue was taken
up in acetic acid (10 mL) and the resulting solution was added
dropwise to cold 10% HPF6. The solid that precipitated was
collected by filtration. The solid was dissolved in acetone (15
mL) and H2O (300 mL) was added. The solid was collected by
filtration and was recrystallized from CH3CN to give 0.10 g
(40%) of dye 2 as the PF6 salt: mp > 260 °C; 1H NMR (CD2-
Cl2) [300 MHz] δ 8.16 (s, 2 H), 7.92 (“doublet” AA′BB′, 2 H, J
) 8.7 Hz), 7.80 (“doublet”, 4 H, J ) 9.0 Hz), 6.85 (m, 4 H),
3.17 (s, 3 H), 3.14 (s, 6 H); λmax (CH2Cl2) 594 nm [R (5.8 ( 0.2)
× 104 M-1 cm-1]. Anal. (C29H32F6N3PS) C, H, N.

2,4,6-Tri-4-(dimethylamino)phenylthiopyrylium Chlo-
ride (2). The PF6 salt of 2 (0.12 g, 0.20 mmol) and 1.0 g of
Amberlite IRA-400 (Cl) ion-exchange resin were stirred in 25
mL of methanol for 1 h. The ion-exchange resin was removed
by filtration and the filter cake was washed with 5 mL of
methanol. The process was repeated twice with additional
1.0-g aliquots of the ion-echange resin. The final filtrate was
concentrated, the residue was dissolved in 2 mL of CH3CN,
and the resulting solution was diluted to 25 mL with ether.
Chilling precipitated the dye, which was collected by filtration
to give 0.088 g (90%) of 2 as dark blue crystals: mp > 260 °C;
1H NMR (CD2Cl2) [300 MHz] δ 8.16 (s, 2 H), 7.92 (“doublet”
AA′BB′, 2 H, J ) 8.7 Hz), 7.80 (“doublet”, 4 H, J ) 9.0 Hz),
6.85 (m, 4 H), 3.17 (s, 3 H), 3.14 (s, 6 H); λmax (CH2Cl2) 594 nm
[R (5.8 ( 0.1) × 104 M-1 cm-1]. Anal. (C29H32N3SCl) C, H, N.

2,4,6-Tri-4-(dimethylamino)phenylselenopyryliumChlo-
ride (3). Selenopyrylium dye 3 was prepared from 4-bromo-
N,N-dimethylaniline (0.206 g, 1.13 mmol), magnesium turn-
ings (0.037 g, 1.5 mg-at), and selenopyranone 5b (0.150 g, 0.378
mmol) as described above for the preparation of 2. Product
yield was 0.19 g (79%) of dye 3 as the PF6 salt: mp > 260 °C;
1H NMR (CD2Cl2) [500 MHz] δ 8.08 (s, 2H), 7.89 (“doublet”
AA′BB′, 2 H, J ) 9.0 Hz), 7.71 (“doublet”, 4 H, J ) 9.0 Hz),
6.85 (“doublet” AA′BB′, 2 H, J ) 9.0 Hz), 6.80 (“doublet”
AA′BB′, 2 H, J ) 9.0 Hz), 3.14 (s, 3H), 3.12 (s, 6H); 13C NMR
(CD2Cl2) [300 MHz] δ 167.3, 157.4, 154.1, 131.2, 129.3, 125.1,
122.9, 121.3, 113.0, 112.8, 40.3 (2 sets of peaks overlap); λmax

(CH2Cl2) 631 nm [R (5.8 ( 0.2) × 104 M-1 cm-1]. Anal.
(C29H32F6N3PSe) C, H, N.

The hexafluorophosphate salt of 3 (0.13 g, 0.20 mmol) and
1.0 g of Amberlite IRA-400 (Cl) ion-exchange resin gave 0.10
g (94%) of 3 as shiny black crystals: mp > 260 °C; 1H NMR
(CD2Cl2) [500 MHz] δ 8.08 (s, 2H), 7.89 (“doublet” AA′BB′, 2
H, J ) 9.0 Hz), 7.71 (“doublet”, 4 H, J ) 9.0 Hz), 6.85 (“doublet”
AA′BB′, 2 H, J ) 9.0 Hz), 6.80 (“doublet” AA′BB′, 2 H, J ) 9.0
Hz), 3.14 (s, 3H), 3.12 (s, 6H); λmax (CH2Cl2) 631 nm [R (5.8 (
0.1) × 104 M-1 cm-1]. Anal. (C29H32N3SeCl) C, H, N.

2,4,6-Tri-4-(dimethylamino)phenyltelluropyryliumChlo-
ride (4). Telluropyrylium dye 4 was prepared from 4-bromo-
N,N-dimethylaniline (0.179 g, 0.896 mmol), magnesium turn-
ings (0.044 g, 1.8 mg-at), and telluropyranone 5c (0.200 g,
0.448 mmol) as described above for the preparation of 2.
Product yield was 0.22 g (70%) of dye 4 as the PF6 salt: mp >
260 °C; 1H NMR (CD2Cl2) [300 MHz] δ 7.75 (s, 2 H), 7.66
(“doublet” AA′BB′, 2 H, J ) 9.0 Hz), 7.39 (“doublet” AA′BB′, 4
H, J ) 8.7 Hz), 6.70 (“doublet” AA′BB′, 2 H, J ) 8.7 Hz), 6.61
(“doublet” AA′BB′, 4 H, J ) 9.0 Hz), 3.04 (s, 6 H), 3.02 (s, 12
H); 13C NMR (CD2Cl2) [300 MHz] δ 165.3, 155.6, 151.2, 150.7,
128.0, 126.7, 125.0, 124.7, 122.1, 110.1, 37.4 (2 sets of peaks
overlap); λmax (CH2Cl2) 672 nm [R (5.5 ( 0.2) × 104 M-1 cm-1].
Anal. (C29H32F6N3PTe) C, H, N.

The PF6 salt of 4 (0.20 g, 0.29 mmol) and 1.0 g of Amberlite
IRA-400 (Cl) ion-exchange resin gave 0.16 g (95%) of 4 as
shiny, dark green crystals: mp > 260 °C; 1H NMR (CD2Cl2)
[300 MHz] δ 7.75 (s, 2 H), 7.66 (“doublet” AA′BB′, 2 H, J )
9.0 Hz), 7.39 (“doublet” AA′BB′, 4 H, J ) 8.7 Hz), 6.70 (“doub-
let” AA′BB′, 2 H, J ) 8.7 Hz), 6.61 (“doublet” AA′BB′, 4 H, J
) 9.0 Hz), 3.04 (s, 6 H), 3.02 (s, 12 H); λmax (CH2Cl2) 672 nm
[R (5.5 ( 0.1) × 104 M-1 cm-1]. Anal. (C29H32N3TeCl) C, H, N.

Quantum Yields for Singlet Oxygen Generation. The
singlet oxygen acceptor 1,3-diphenylisobenzofuran (DPBF),

HPLC-grade methanol, and certified rose bengal and methyl-
ene blue were used as received from Aldrich Chemical Co.
Quantum yields for singlet oxygen generation in air-saturated
methanol were determined by monitoring the dye-sensitized
photooxidation of DPBF27 in a stopped-flow spectrophotometer
(Applied Photophysics, Ltd.; ×18). The output beam of a 150-W
Xenon arc lamp was passed through a monochromator (0.30-
mm slits) to separate the 410-nm radiation and to direct it to
the mixing chamber (approximate volume of 100 µL) via a
flexible optical fiber to provide the excitation for DPBF. The
excitation beam entered the chamber through a port that
provides a 2-mm path length. The fluorescence of DPBF was
monitored at a 90° angle to the excitation beam via a PMT
(Hamamatsu) close-coupled to the chamber assembly. The
fluorescence was passed through a 460-nm interference filter
(Oriel) placed in front of the PMT window. The photolysis
radiation was supplied by a 100-W QTH lamp (Oriel). The
output of the lamp was passed through 590-nm long-pass and
660-nm interference filters (both from Oriel) and focused onto
an input window of a flexible optical fiber. The photolysis light
via the fiber reached the mixing chamber by entering through
the 10-mm path length port. The solution of the sensitizer and
the solution of DPBF were prepared separately to prevent
sample degradation and were injected into the mixing chamber
that was kept at (25.0 ( 0.1) °C via a circulating water bath.
The decay of fluorescence of DPBF was then observed on a
200- or 2000-s time scale.

The fluorescence decays were analyzed using the routines
provided with the stopped-flow instrument software package
by fitting them to a first-order exponential decay function with
a floating endpoint. A total of three or more measurements
were recorded for each sample and the results averaged to
obtain a mean value for the decay rate.

On the basis of our earlier work,16 methylene blue has a
singlet oxygen quantum yield [Φ(1O2)] of 0.50 in methanol,
which is close to the quantum yield of 0.52 determined for
methylene blue in both ethanol and water.28 The quantum
yield for singlet oxygen generation by dyes 2-4 may be
calculated by comparing the rates of the decay for the dye of
interest and methylene blue (MB) at the same DPBF concen-
tration and optical density at 660 nm:

The rate of disappearance of DPBF can be expressed as follows:

where kr is the rate of reaction of DPBF, kd is the rate of decay
of singlet oxygen, and Ia is the absorbed light.29 At low
concentrations of DPBF, where kr[DPBF] , kd[DPBF] < 3 µM,
kd ) 1.0 × 10-5 s-1,30 first-order decay kinetics were observed.
The values of Φ(1O2) for the dyes 2-4 were corrected for triplet
quenching by the previously described method.30

The value of Φ(1O2) for 2 was confirmed with rose bengal
where Φ(1O2) ) 0.76.31 Dye 2 gave Φ(1O2) of 0.020 ( 0.004 in
comparisons to rose bengal, which is identical to the value
obtained with methylene blue.

Electrochemical Procedures. A Princeton Applied Re-
search model 173 potentiostat/galvanostat and a model 175
Universal Programmer were used for the electrochemical
measurements. The working electrode for cyclic voltammetry
was a platinum disk electrode (diameter, 1 mm) obtained from
Princeton Applied Research. The auxiliary electrode was a
platinum wire. The reference for cyclic voltammetry was the
Fc/Fc+ couple at +0.40 V at a scan rate of 0.1 V s-1. All samples
were run in J. T. Baker HPLC-grade dichloromethane that
had been stored over 3A molecular sieves. Electrometric-grade
tetrabutylammonium fluoroborate (Southwestern Analytical
Chemicals, Inc.) was recrystallized from ethyl acetate-ether
and then dried overnight at 80 °C before it was used as
supporting electrolyte at 0.2 M. Argon was used for sample
deaeration.

Φ(1O2)(dye) ) [Φox,DPBF(dye) × Φ(1O2)(MB)]/Φox,DPBF(MB)

-d[DPBF]/dt ) {Ia × Φ(1O2) ×
kr[DPBF]}/{kr[DPBF] + kd}
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Hydrolysis Studies. Hydrolysis studies were conducted in
RPMI-1640 growth medium at pH 7.4 with 5% added fetal calf
serum. A 10-µL aliquot of a 0.03 M stock solution of dye in
methanol was added to 3.0 mL of growth medium in a 1-cm2

quartz cuvette and the rate of loss of dye was recorded
spectrophotometrically in a thermostated cell at 37 ( 1 °C at
λmax for the dye. Values were measured in triplicate.

Determination of Partition Coefficients. The octanol/
water partition coefficients were all measured at pH 7.4 in
phosphate-buffered saline using UV-visible spectrophotom-
etry. The measurements were done using a “shake flask” direct
measurement.32 Three to five minutes of mixing was followed
by 1 h of settling time. Equilibration and measurements were
made at 23 °C using a Perkin-Elmer Lambda 12 spectropho-
tometer. HPLC grade 1-octanol was obtained from Sigma-
Aldrich.

Animals. All animals were cared for under the guidelines
of the University Committee on Animal Resources at the
University of Rochester.

PreparationofMitochondrialSuspensions.TheR3230AC
mammary adenocarcinoma was transplanted subcutaneously
in the axillary region of 80-100-g female Fischer 344 rats
using the sterile trochar method.33 Two to three weeks after
transplantation when tumors had grown to 2-3 cm in diam-
eter, the animals were sacrificed. The tumors were excised and
placed in 0.9% sodium chloride on ice. The tissue was finely
minced with scissors and homogenized on ice at a ratio of 1 g
of tumor tissue to 5 mL of buffer containing 0.33 M sucrose, 1
mM dithiothreitol, 1 mM ethylene glycol bis(â-aminoethyl
ether)-N,N,N′,N′-tetraacetic acid, 0.03% bovine serum albu-
min, and 0.1 M potassiom chloride (pH 7.4), using 30-s bursts
with a Polytron PCU-2110 homogenizer at a setting of 6
(Brinkmann Ind., Westbury, NY). Preparation of isolated
mitochondria from the homogenized tumor tissue followed a
method described earlier.34 Mitochondrial suspensions were
divided into 0.5-mL aliquots (6-10 mg of mitochondrial
protein/mL) and stored at -86 °C until used for in vitro
experiments.

Exposure of Tumor Mitochondria to Dyes 2-4 in
Vitro. Mitochondrial suspensions were removed from storage
and thawed on ice. Dyes 2-4 were prepared by dissolving 2.5
mg of dye in 5.0 mL of 95% ethanol, which approximated a
1.0 mM solution for each of the three dyes studied. Final
concentrations of the dyes were determined using their ab-
sorbance. Ten microliters of the dye/ethanol solution was
transferred to 1.0 mL mitochondrial preparation buffer and
the absorbance determined using a diode array spectropho-
tometer (HP8452A, Hewlett-Packard, Palo Alto, CA). The dyes
in mitochondrial preparation buffer, at a final concentration
that gave an OD of 0.2, were then added to mitochondrial
suspensions (1.0 mL) and allowed to incubate in the dark on
ice for 15 min. The dye/mitochondrial suspension was then
centrifuged at 8000g for 3 min using an Eppendorf microcen-
trifuge (model 3200, Brinkmann Ind., Westbuty, NY), the
supernatant was aspirated with a Pasteur pipet, and the pellet
was resuspended in 1.0 mL of mitochondrial preparation buf-
fer. The suspension was then transferred to a 3.0-mL quartz
cuvette which was positioned in a focused, 1.0-cm diameter,
filtered (530-750 nm) light beam emitted from a 750-W
tungsten source. The intensity of the beam was uniform over
the wavelength band used and adjusted to a fluence rate of
100 mW cm-2 using neutral density filters. Beam intensity
was measured using a radiometer (model 210, Coherent Inc.,
Palo Alto, CA). The light was cooled by passing it through a
water filter eliminating thermal effects as the sample tem-
perature did not rise above 25 °C. The mitochondrial suspen-
sions were magnetically stirred continuously during the irradi-
ation period, 1.0 h. Aliquots, 10 µL, were removed at various
times during irradiation for determination of cytochrome c
oxidase activity. A portion of the mitochondria/dye suspension
was maintained in the dark and determinations of cytochrome
c oxidase activity were performed on aliquots from these
samples as dark controls. Measurement of cytochrome c
oxidase activity was performed according to a method de-

scribed earlier.34 Initial enzyme activity was adjusted to obtain
a decrease in the reduced cytochrome c oxidase absorbance at
550 nm of 0.4-0.6 OD unit/min. Data are expressed as the
percent of initial, preirradiation cytochrome c oxidase activity.

Exposure of Mitochondria to Dyes 2-4 and Oxygen
Radical Quenchers or a Reduced Oxygen Environment.
To determine whether singlet oxygen was the major factor
involved in the inhibition of cytochrome c oxidase when tumor
mitochondria were exposed to dyes 2-4 and light, we per-
formed experiments using imidazole as a singlet oxygen
quenching agent or superoxide dismutase to remove superox-
ide. Imidazole was added to mitochondria/dye suspensions at
80 mM prior to placement of the suspensions in the irradiation
beam. Superoxide dismutase was added to mitochondria/dye
suspensions at 30 enzyme units/mL. An oxygen-free environ-
ment was established by nitrogen purging of the sample in a
specifically designed chamber described earlier.35 Control
samples containing dye but not exposed to light were main-
tained in the nitrogen-purged atmosphere in the dark for 1 h
and no inhibition of mitochondrial cytochrome c oxidase
activity was observed.

Cells and Culture Conditions. Cultured R3230AC rat
mammary adenocarcinoma cells were used to study the dark
and light toxicity of dyes 2-4. Cells were cultured using single
cell suspensions prepared from tumors using the method of
Hissin and Hilf.36 The cell line was maintained in passage
culture on 100-mm diameter polystyrene dishes (Becton Dick-
inson, Franklin Lakes, NJ) with 10 mL of minimum essential
medium (R-MEM) supplemented with 10% fetal bovine serum
(FBS), 50 units mL-1 penicillin G, 50 µg mL-1 streptomycin,
and 1.0 mg mL-1 fungizone (GIBCO, Grand Island, NY).
Cultures were maintained at 37 °C in a 5% carbon dioxide
humidified atmosphere (Forma Scientific, Marietta, OH). Cell
counts were performed using a particle counter (model ZM,
Coulter Electronics, Hialeah, FL).

Exposure of Cultured R3230AC Cells to Dyes 2-4 and
Light. Cells were trypsinized from 100-mm dishes and counted,
and 1.5 × 105 cells/mL of R-MEM plus 10% FBS were seeded
per well on 12-well plates. Cells were incubated at 37 °C and
allowed to reach 60-90% confluency, >3 × 105 cells/well. The
medium was removed and R-MEM, without FBS or phenol red,
containing 0, 0.1, 1.0, 5.0, and 10.0 µM dye 2, 3, or 4 was
added. The concentration of the dye was determined by
absorbance as described above for the mitochondrial experi-
ments. Cells were incubated with the dye for 3 h in the dark
at 37 °C, the medium was then removed, monolayers were
washed once with sterile 0.9% NaCl, and 1.0 mL of R-MEM,
minus FBS and phenol red, was added. Plates were then
exposed to 620-nm laser light emitted from an argon-pumped
dye laser (Inova 90, Coherent Inc., Palo Alto, CA) connected
to a 400-µm fiber which was fitted with a GRIN lens (General
Fiber Optics, Cedar Grove, NJ). This configuration allowed us
to expand the light to provide uniform illumination over the
whole 12-well plate. The selection of 620 nm was based on the
equivalent optical density of the dyes measured in R-MEM.
Dye absorbance at 10 µM was 0.18 for 2, 0.25 for 3, and 0.2
for 4 at 620 nm. The fluence rate of the emitted light, 8.0 mW
cm-2, was measured using a power meter (model 1815C,
Coherent Inc., Palo Alto, CA). Each dish containing cells and
the various concentrations of dyes 2-4 was exposed to light
for 15 min for a total fluence of 7.2 J cm-2. Concurrently,
monolayers were exposed to the same conditions, media
changes, and dye incubation but were maintained as dark
controls. Cells that were exposed to laser irradiation but not
to dyes 2-4 displayed no change in viability. Following
irradiation, the medium was removed, fresh R-MEM contain-
ing 10% FBS and phenol red was added, and the cells were
incubated in the dark for 24 h at 37 °C. Cells were then
trypsinized and counted as described above. Data are ex-
pressed as percent viable cells, which compares cell numbers
from treated monolayers with untreated control cells.

Statistical Analyses. All statistical analyses were per-
formed using the Student’s t-test for pairwise comparisons. A
P value < 0.05 was considered significant.
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Administration of Dyes 2-4. Stock solutions of dyes 2-4
at 5 mg of dye/mL in 1% ethanol/0.9% NaCl were prepared by
first dissolving the dye in ethanol and diluting to the appropri-
ate volume with 0.9% NaCl. When R3230AC tumors reached
0.50-0.60 cm in diameter (0.1-0.17 cm3), usually 7-12 days
after tumor implantation, the animals were given 200 µL of
the dye solution (10 mg of dye/kg; 20 µmol/kg for dye 2, 19
µmol/kg for dye 3, 17 µmol/kg for dye 4) via tail-vein injection.
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