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ABSTRACT: A tetrafluoro-substituted fluorescein derivative
covalently linked to a 9,10-diphenyl anthracene moiety has
been synthesized, and its photophysical properties have been
characterized. This compound, denoted Aarhus Sensor Green
(ASG), has distinct advantages for use as a fluorescent probe
for singlet molecular oxygen, Oz(alAg). In the least, ASG
overcomes several limitations inherent to the use of the related
commercially available product called Singlet Oxygen Sensor
Green (SOSG). The functional behavior of both ASG and
SOSG derives from the fact that these weakly fluorescent
compounds rapidly react with singlet oxygen via a ;2 + 4
cycloaddition to irreversibly yield a highly fluorescent
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endoperoxide. The principal advantage of ASG over SOSG is that, at physiological pH values, both ASG and the ASG
endoperoxide (ASG-EP) do not themselves photosensitize the production of singlet oxygen. As such, ASG better fits the
requirement of being a benign probe. Although ASG readily enters a mammalian cell (i.e., HeLa) and responds to the presence of
intracellular singlet oxygen, its behavior in this arguably complicated environment requires further investigation.

Bl INTRODUCTION

Over the years, a great effort has gone into the design,
synthesis, and characterization of fluorescent probes for reactive
oxygen species (ROS), particularly for use in functional
biological systems (e.g., a live cell)."™ ROS of interest in this
regard include hydrogen peroxide, the hydroxyl radical, the
superoxide ion (O,7*), and singlet molecular oxygen
(0,(a'A,)). These small molecules can diffuse and react with
other molecules (e.g, proteins, lipids, DNA) and thereby
influence the behavior of both plant and mammalian cells. ROS
are a part of normal cell signaling and function; they play a key
role in cell maintenance, cell death, and the response of cells to
perturbations.® Understanding the production, behavior, and
effects of ROS in cells and organisms is important with respect
to processes of aging, effectiveness of drugs, and mechanisms of
biological defense.®

We have been particularly interested in monitoring and
characterizing the behavior of O,(a'A ), Wthh is the lowest
excited electronic state of molecular oxygen. 70,(a'A ) can be
generated in many ways pertinent to cellular brology These
include inherent enzymatic and stress-response processes,” as
well as photosensitized processes wherein a photoexcited
electronic state of a given molecule (the sensitizer) transfers its
energy of excitation to the triplet ground state of oxygen,
0,(X’Z, ) R 0,(a'4,) is also often involved in processes
that result in the productlon of other ROS.%'* 0,(a'A )
uniquely reacts with many organic and bio-organic molecules'?
and thereby plays a role in mechanisms of cell signaling and, at
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the limit, in events that perturb cell homeostasis and result in
cell death.”"

Although 0,(a'A,) is arguably best detected using its
characteristic O,(a’ A 0 0,(x3 %,”) phosphorescence at
1275 nm, partrcularly in time- resolved experiments, this is a
challenging endeavor in many biological systems.'"" 16
Specifically, the quantum yield of Oz(alA ) phosphorescence
under these conditions is generally <1076 ThlS is compounded
by the fact that the pertinent concentrations of O,(a' A)
involved are invariably small (ie, < 107 M). As such, the
amount of O,(a'A,) to be detected in a typical single cell
imaging experiment is miniscule. Lastly, IR detectors used to
monitor the 1275 nm phosphorescence are not as eflicient as
the detectors used to monitor corresponding optical signals in
the visible region of the spectrum. All of this reinforces the
importance of alternative methods for monitoring Oz(alAg).
To this end, much recent work has been done on developing
and characterizing biologically compatible molecules that yield
a clear optical signal in the visible region of the spectrum (e.g.,
increase in fluorescence intensity) upon reaction with

0,(a'A). 17-27

One ﬂuorescent probe for Oz(alAg) that has received recent
attention is the so-called Singlet Oxygen Sensor Green
(SOSG), Figure 1. This is a commercially available product™®
that is based on a successful two-component paradigm in which
a Oz(alAg) trapping moiety (a substituted anthracene) is
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Figure 1. Structures for uncharged forms of fluorescein, Singlet
Oxygen Sensor Green (SOSG), and Aarhus Sensor Green (ASG).

coupled to a light-emitting chromophore (a fluorescein
derivative)."” Prior to the reaction with O,(a'A g)y emission
from the chromophore is quenched by electron transfer from
the trapping moiety; the probe is in the “oft” position. Upon
reaction with O,(a'A,), however, the resultant oxygen adduct
(an anthracene endoperomde) is no longer an efficient
intramolecular electron donor, and light emission from the
fluorescein moiety occurs; the probe is now switched “on”.

Although SOSG has many attractive features, we have
recently shown that its use can be adversely affected because
the oxygen adduct (ie, the SOSG endoperomde, denoted
SOSG-EP) is itself a good O,(a'A ) sensitizer.” * Specifically,
the fluorescein-related chromophore in SOSG-EP photo-
sensitizes the production of O,(a'A,) with a quantum yield
as large as 0.2. Thus, upon irradiating the SOSG system to
probe for the presence of O,(a'A ), one also makes an
appreciable amount of O,(a'A ) in the process. This is clearly
an undesirable feature.

For the present study, we set out to ascertain whether
judicious chemical modification of the fluorescein-derived
chromophore in SOSG could yield a molecule that itself does
not produce 0,(a'A ) and, as such, gives rise to a better probe
for 0,(a'A,). In our view, it is advantageous to retain the
connection to fluorescein simply because there is already a
great deal known about modulating the properties of this
molecule for use as a fluorescence probe.”” >* With this
previous work in mind, we examined the characteristics of
SOSG derivatives in which the fluorescein-derived chromo-

phore was selectively fluorinated, much like the dyes Oregon
Green® and Pennsylvania Green,”" which are fluorinated
derivatives of fluorescein-based fluorescent probes. We now
report that a tetrafluoro-substituted fluorescein derivative
covalently linked to a 9,10-diphenyl anthracene moiety,
denoted Aarhus Sensor Green (ASG), Figure 1, overcomes
the principal disadvantage of SOSG. Specifically, ASG and the
ASG endoperoxide do not sensitize the production of Oz(alAg)
at physiologically pertinent pH values of ~7.

B RESULTS AND DISCUSSION

1. Design of Aarhus Sensor Green. Outlined below in
successive sections are points that were considered in the
design of ASG.

1.1. pH Dependence of Oz(aiAg) Production by
Fluorescein Derivatives. It is well established that the
fluorescence quantum yield of fluorescein depends on the p
of the medium in which this molecule is dissolved.>"?
Specifically, at pH ~4 where the molecule exists as shown in
Figure 1, the fluorescence is comparatively weak. However,
under alkaline conditions where the molecule exists as the
dianion (i.e, carboxylate and phenolate), the fluorescence
quantum vyield increases appreciably. The pK, of neutral
fluorescein is ~4.2 (yields the carboxylate), and the pK, of
the monoanion is ~6.5 (yields the phenolate).*®

We have independently established that the pH dependence
of the fluorescein-sensitized O,(a'A ) yield complements the
pH-dependent fluorescence quantum yields.** Specifically,
under acidic conditions where fluorescein does not appreciably
fluoresce, the O,(a'A,) quantum yield, ¢y, is comparatively
large (e.g, pp = 02" at pD 3.2). However, under alkaline
conditions where fluorescein is highly fluorescent, the Oz(alA )
yield drops considerably (e.g., ¢o = 0.02 at pD 10.7). This is
illustrated in Figure 2. [In this earlier publication, ref 24, we
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Figure 2. Illustration of the pH-dependent change in fluorescein that
influences the yield of sensitized Oz(alAg) production. Note also that,
as a consequence of the carboxylate group, the z system of the
pendant benzoic acid is not coplanar with the 7 system of the
xanthene-derived moiety in fluorescein. The latter defines the principal
chromophore in this molecule.

incorrectly referred to pH instead of pD values. These

0,(a'A ) experiments were performed in D,O instead of
H,0 to exploit the fact that the lifetime of Oz(alA ) is
appreciably longer in D,O than in H,O, and consequently, the
quantum efficiency of O,(a'A o) phosphorescence is greater in
D,0.'%* Note that pD = pH +0.4).%]

With the above-mentioned pH-dependent fluorescence and
0,(a'A,) data in mind and the desire to develop a O,(a'A,)
probe that can be used in biological media, it is clear that one
goal will be to functionalize the fluorescein-derived moiety in
such a way as to reduce the pK, values and thereby create a
poorer Oz(alAg) sensitizer. We can carry this point one step
further and assume that the pertinent functional group in this
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Table 1. Quantum Yields of Oz(alAg) Production Photosensitized using Fluorinated Derivatives of Fluorescein®

Fluorescein Carboxy Oregon Green” 4°,5"-Difluoro-Oregon Green
pD* On pD On pD o
32 0.21 40 020 | 44 0.04
71 0.14 7.3 0.04 7.6 0.06
10.7 0.02 9.0 0.02 10.2 0.07

“Experiments were performed in D,O to capitalize on the fact that the Oz(alA ) lifetime and hence Oz(alA ) phosphorescence intensity are greater
in D,0O than in H,O. Errors on the ¢, values are ~ + 10%. *We used a mixture of the S- and 6- carboxy Oregon Green.> “In our earlier report on
fluorescein,”* we incorrectly indicated that the ¢)» values were recorded at selected pH values. As correctly indicated here, they were recorded at

selected pD values in D,O.

regard is the phenol on the chromophore itself (Figure 2). To
this end, we set out to examine the effects of fluorinating the
xanthene-related moiety in fluorescein (Table 1).

The data obtained show that upon increasing the extent of
fluorination of the chromophore in fluorescein, one can indeed
reduce the photosensitized yield of OZ(aIAg) production under
neutral and acidic conditions. This is consistent with the
expectation that (a) we have indeed reduced the pK, value of
the phenol functional group with the introduction of the
electron-withdrawing groups and (b) the dianion form of
fluorescein is not an efficient Oz(alAg) sensitizer.

On the basis of independent studies performed over the
years, it is indeed reasonable to expect that the phenolate form
of fluorescein (the dianion) would be a poorer O,(a'A,)
sensitizer than the phenol form of fluorescein (the anion,
Figure 2). Specifically, it has been established that molecules
which can more readily donate an electron to oxygen in the
excited state encounter complex (that necessarily precedes the
formation of O,(a'A )) tend to be poorer sensitizers of
0,(a'A,). In short, increasing the extent to which the
Sens“OZ_' charge-transfer state plays a role in the encounter
complex is known to adversely affect the energy transfer
process that results in O,(a'A,). 10AL37=42 Brom ground-state
experiments, it is known that the phenoxide anion (ie., the
fluorescein dianion) is more readily oxidized than the
corresponding phenol.*’ The latter readily extends to the
corresponding excited states.

Thus, if we indeed retain the fluorescein-derived moiety as
our fluorophore in the development of a new Oz(alAg) probe,
the use of a tetrafluorinated derivative will be to our benefit in
that we would then appreciably reduce the yield of 0,(a'A,)
sensitized by the probe itself.

1.2. Oz(a'Ag) Trapping Moiety. In looking at the structure
of SOSG (Figure 1) and upon considering the data in Table 1,
it will likely be best if the anthracene moiety used to trap
Oz(alAg) is attached to the xanthene-related moiety at the
position normally occupied by the benzoic acid group in
fluorescein. In this way, we can more readily accommodate the
introduction of four fluorine substituents on the chromophore/
fluorophore.

Of course, such a direct substitution best facilitates the
required electron transfer from the anthracene group to the
xanthene group that keeps the probe in the “off” position (ie.,
the electron transfer reaction from the anthracene that
quenches the emissive xanthene excited state). Moreover, in
making this substitution, it will be important to ensure that the
favored conformation of the molecule will position the
anthracene 7 system such that it is orthogonal to the 7 system
of the operative chromophore/fluorophore.'”** This latter
stipulation ensures that, with the exception of the desired
changes in the electron transfer reaction, the xanthene-related
chromophore/fluorophore acts independently of changes in the
extent of conjugation in the anthracene moiety as Oz(alAg) is
trapped. The introduction of a carboxyl group in the 2 position
of the anthracene moiety would accomplish this goal (see
Figure 2).17’22

Finally, it is necessary to consider the effective nucleophilicity
of the anthracene moiety with respect to the desired ;2 + 4
reaction with O,(a'A,); an electron-rich anthracene will react
much faster with Oz(eﬁAg).44 Although a number of options are
available in this regard, we chose to start our investigations with
a diphenyl substituted anthracene.

In this way, we arrived at the target molecule for this study
shown in Figure 1 and denoted this ASG. It is important to
note in this regard that ASG is a tetrafluorinated analogue of a
molecule, denoted DPAX, that has been synthesized and
studied by Nagano and his collaborators (DPAX = 9-[2-(3-
carboxy-9,10-DiPhenyl) Anthryl]-6-hydroxy-3H-Xanthen-3-
one). 1743

2. Synthesis of Aarhus Sensor Green. In synthesizing
ASG, we followed the basic principles used by Nagano and
colleagues™ in the synthesis of DPAX. As outlined below,
however, minor modifications were made in the procedure that
facilitated simplicity and increased product yields.

The appropriate 9,10-diphenyl anthracyl reactant, 4, was
prepared as outlined in Scheme 1 using a procedure published
by Donyagina et al. (DPBF = 1,3-diphenylisobenzofuran).*®
Using this approach, we obtained the anhydride 4 in an overall
yield of 28%. In contrast, Nagano and colleagues45 obtained the

dx.doi.org/10.1021/j0500219y | J. Org. Chem. XXXX, XXX, XXX—XXX


http://pubs.acs.org/action/showImage?doi=10.1021/jo500219y&iName=master.img-003.jpg&w=359&h=181

The Journal of Organic Chemistry

Scheme 1
R L £
05920 Furan /A .0 DPBF AN A BF;-OEl, "% B n
ol g =——Tor 1 WS o [ of] o— (i i of
\—/ B0 - O/ N CHCL N AL MeCN L A A
i, 48 h o i, 24 h \ reflux, 4 h [ ) \
Ph 0 Ph 0
1 2 (82%) 3 4 (34%)
same compound in 9% vyield using a more convoluted Scheme 3
approach. oh P
For the synthesis of DPAX, the anhydride 4 was then ~ _F o ok 1) MeSO3H
condensed with resorcinol to yield the desired product in 43% J/ T . i'|/ "\j/ \"“[' &‘“'T' o 150°C, 24 h
yield* In our case, to synthesize ASG, the analogous HO™ 7 “OH SNANASNF 2) -'\f‘zl(_]
procedure would involve the use of 2,4-difluororesorcinol (9). B Ph 0 &511‘5':“:[
We p3r;3pared 9 in 90% overall yield using the procedure of Sun 5 4
et al.>> (Scheme 2). S
= I ]
Ph i D
Scheme 2 G‘ \ N
NO NO NH Lﬂﬁ\ ) /L‘ /E
2 2 2 T BhY R
| 10 % Pd/C | eI Ve G\ |
m" > NaOMe J-"L%[/OME NH4CO, e Fh "»“::-{\"'\"“7//‘0 NH; (aq) L‘ “CO,H
M A MeoH A A MeOH A A £ = VB "MeOH, THE. F. . A~ F
F xlr rt.4h T F rt. 30 min I F “T-"I/ N -F 5 min, rt P HT/‘:}“V
F OMe OMe AT S ,ﬂ\,o/--l\\;zixOA Yo gl
5 6 (95%) 7 (98%) e [ | C
F F
10
NaNO, ~._-OMe e
H,PO, [i ]\ BBr; t :
e FOOY F CHCl,  HO™ Y “OH 10+
0°Cron OMe i, 48 h F
16 h
0.8 4
8 (92%) 9 (90%) %‘
2
£ 061
3
To conclude and prepare ASG, we first tried to condense the % 0.4 -
difluororesorcinol 9 with the anhydride 4 using the reaction E
conditions of Nagano and colleagues.45 However, the presence 2 02 4
of the two fluorines appears to decrease the nucleophilicity of
the resorcinol; we were unable to detect appreciable formation 0.0
of the expected ASG product when the condensation was
carried out for 24 h at 80 °C in MeSO;H. Rather, we needed to 300 400 500 600 700 800
increase the reaction temperature to 150 °C before ASG Wavelength (nm)

formation could be observed using '’F NMR (Scheme 3).

Although the condensation reaction between 9 and 4 in
MeSO;H yields ASG, the isolation and purification of ASG was
facilitated using the protocol of Sun et al,*® in which we treated
the initial product mixture with acetic anhydride in pyridine to
form a mixture containing the lactone 10 (Scheme 3). We
chromatographed this latter mixture containing 10 on a silica
gel column, deacetylated the resultant material with ammonia,
and then used reverse-phase MPLC to obtain pure ASG in 12%
yield from 9 and 4.

3. Characterization of Aarhus Sensor Green’s Photo-
chemistry. The absorption and emission spectra of ASG in
D,0O (Figure 3) are consistent with and similar to spectra
recorded from other fluorescein derivatives,>">>* including
SOSG.”*** The absorption bands in the range ~350—450 nm
arise from the diphenyl anthracene moiety, whereas the band
with a maximum at 510 nm and extinction coefficient of (2.3 +
0.2) X 10* cm™ M™ is assigned to the fluorescein moiety.
However, this extinction coeflicient for ASG is smaller than the
value of 7.8 X 10* cm™ M™' reported by Sun et al.*® for a

Figure 3. Normalized absorption (solid line) and fluorescence (dotted
line) spectra of ASG in unbuffered D,O (ie, pD ~ 7).

corresponding tetrafluorinated derivative of fluorescein. The
fluorescence band of ASG has a maximum at 537 nm in D,0.

Using an independent solution of fluorescein in alkaline D,0
as a fluorescence standard (¢by = 0.98 =+ 0.01),*” we ascertained
that the quantum efficiency of fluorescence from ASG in pD ~7
D,0 was 0.04 + 0.01. Although this number is sufficiently small
for use as an “off = on” fluorescence probe, it is nevertheless
slightly larger than the corresponding value we recorded from
SOSG (¢pq = 0.009 + 0.001).** In any event, in many cases it is
useful to be able to monitor some fluorescence from the probe
when in the “off’ condition (e.g., to define probe location in
imaging applications in heterogeneous media).

The data shown in Figure 4 address the principal point of
this study and clearly demonstrate that, with ASG, we have
indeed overcome the main limitation of using SOSG. We first
show that, upon irradiating a known O,(a'A,) sensitizer
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Figure 4. Fluorescence intensity of D,0O solutions containing ASG
recorded at 537 nm as a function of elapsed irradiation time under two
different conditions. The data shown as triangles were recorded upon
irradiation of a codissolved O,(a'A ) sensitizer and show the
expected/desired response to the presence of Oz(alA) The data
shown as squares were recorded upon irradiation of ASG at 420 nm
and likewise show the desired response. The lines superimposed on
the data are meant simply as guides to the eye.

(phenalene-1-one-2-sulfonic acid with ¢, = 1.0) codissolved
with ASG, the intensity of the sample’s fluorescence at 537 nm
increases appreciably (triangles in Figure 4). This is the
expected result as a consequence of the photosensitized
production of O,(a'A,) and the subsequent reaction of
Oz(alA) with ASG to yield the ASG endoperoxide (ASG-
EP). The data show asymptotic behavior simply because, under
our experimental conditions, we consume all of the ASG in
solution over the elapsed irradiation period to yield ASG-EP.
We ascertained that the quantum efficiency of fluorescence of
ASG-EP is 0.4 + 0.04.

Most importantly, upon irradiating a D,O solution of ASG at
420 nm, we find that the fluorescence intensity of the system at
537 nm does not increase over the elapsed period of irradiation
(squares in Figure 4). In short, irradiation of ASG itself does
not give a positive response for Oz(alAg). The irradiation
wavelength of 420 nm was chosen simply because many
Oz(alA ) photosensmzed experiments are performed using
light of this wavelength.** In contrast, upon irradiating SOSG
under these same conditions, the intensity of the detected
fluorescence increases appreciably, demonstrating that SOSG
and SOSG-EP themselves sensitize the production of
0,(a'A ) 2024 1p support of the data shown in Figure 4,
upon prolonged laser irradiation of ASG in D,O (3 h at 420 nm
with 3 mW, pD ~7), we were never able to detect (1) a
0,(a'A,) phosphorescence signal at 1275 nm and (2) the
productlon of ASG-EP. Given our limits for detecting O,(a'A )
by its 1275 nm phosphorescence, we can thus state that ¢, <
0.02 for ASG and/or ASG-EP. Under corresponding conditions
with the SOSG system, we detected a Oz(alA) phosphor-
escence signal and ascertained that SOSG- EP produces
0,(a'A,) with a quantum yield of 0.18 + 0.02.** As we have
already 1nd1cated it is the fluorescein-related chromophore in
SOSG-EP that is the O,(a'A,) sensitizer.

To reinforce our conclusion regarding ASG, we performed a
series of independent experiments using 510 nm irradiation
(ie., the wavelength that corresponds to the absorption band
maximum of the tetrafluoro fluorescein derivative in ASG, see
Figure 3), monitoring emission from the sample at 1275 nm

(ie., Oz(alAg) phosphorescence). The data recorded upon
irradiation of ASG and ASG-EP, independently, were identical
(Figure S); we were not able to record a Oz(alAg)

800 -
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Figure S. Time-resolved emission data recorded at 1275 nm. The trace
shown in blue was recorded upon 510 nm irradiation of a D,O
solution of Rose Bengal, which is an established Oz(alAg) sensitizer
(for the data shown, absorbance at 510 nm = 0.1). The data
correspond to the expected Oz(alAg) phosphorescence signal. The
traces shown in red and black were recorded upon 510 nm irradiation
of D,0 solutions of ASG and ASG-EP, respectively (absorbance at 510
nm of 0.1 and 0.4, respectively).

phosphorescence signal in either case. As a control experiment,
we irradiated a corresponding D,O solution of Rose Bengal,
which is an established O,(a’ A) sensitizer (¢, = 0.76 =+
0.02*%). In this case, the expected 0,(a'A,) phosphorescence
signal was observed.

In another independent experiment, O,(a'A,) was produced
upon irradiation of the known sensitizer phenalene-1-one-2-
sulfonic acid, and we monitored Oz(alAg) phosphorescence in
time-resolved experiments as a function of the amount of
codissolved ASG. Quantifying the effect of added ASG on the
lifetime of Oz(alA) through a 6-point Stern—Volmer plot
yielded a rate constant for ASG-mediated Oz(a A ) removal/
deactivation of (1.7 + 0.1) X 10’ s7' M™! Although this
number is larger than what has been observed for 9,10- d1£)4henyl
anthracene in nonpolar solvents (~ 1 X 10° s™' M™"),* it is
well within reason for this type of a reaction. Indeed, this rate
constant is large enough to make ASG a viable probe for
Oz(alAg) in many systems. Carrying this latter point further,
we have also determined that ASG does not react with two
other common ROS: the superoxide ion and H,O,. Specifically,
upon the addition of potassium superoxide or H,O, (successive
aliquots of a 33% solution of H,0,) to an aqueous solution at
pD ~7 containing ASG, we did not see an increase in
fluorescence intensity at 537 nm or evidence of ASG
degradation.

4. Aarhus Sensor Green in Mammalian Cells. Although
SOSG is marketed as a cell-impermeable compound,*® we have
ascertained that there are incubating conditions in which it can
be readily incorporated into a mammalian cell.** We also
ascertained that the photophysics and photochemistry of
intracellular SOSG appears to differ appreciably from that of
SOSG in vitro, and more work needs to be done to better
characterize the behav10r of SOSG as a probe for O,(a'A ) in
biological systems.”* These statements about SOSG are equally
applicable to ASG.
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ASG can likewise be readily incorporated into a mammalian
cell (Figure 6). As with SOSG,** the specific procedure involves

Figure 6. Images of HeLa cells based on the fluorescence of ASG. The
darker round spot in the center of each cell is the nucleus. (A) Cells
that had been incubated with ASG alone. (B) Cells containing ASG
and the Oz(alAg) sensitizer PpIX.

the use of an incubating medium that lacks added proteins. The
available evidence indicates that, like SOSG, ASG binds to the
prot2e4ins in the medium and this, in turn, inhibits uptake by the
cell.

Although ASG can be put into a cell, the specific site of
intracellular localization also appears to depend on the
experimental conditions. For example, upon incubating HeLa
cells with a protein-free medium containing ASG, we find that
ASG tends to localize in “clumps” in the extra-nuclear
cytoplasm (Figure 6A). However, under incubating conditions
that also include S-aminolevulinic acid, ALA, which is a
precursor for the intracellular biosynthetic production of the
O,(a'A,) sensitizer protoporphyrin IX, PpIX,*” we find that
ASG tends to localize in strand-like structures (Figure 6B). The
latter are often associated with and characteristic of
mitochondria that are bound to cytoskeletal proteins.**~>*

Upon the photosensitized production of intracellular
Oz(alAg), we were indeed able to see an increase in the
intensity of fluorescence at 530—540 nm from cells that had
been incubated with ASG. However, this increase in

fluorescence intensity was observed upon irradiation of some

0,(a'A ) sensitizers (pyropheophorbide a) but was not
observed upon irradiation of other Oz(alA ) sensitizers
(PpIX). This result is arguably expected given that ASG and
a given sensitizer can localize in different intracellular domains,
and given the intracellular lifetime and diffusion coeflicient of
Oz(alAg), the Oz(alAg) produced in one place may be
deactivated/react before it reaches ASG in a second
place, 155455

In light of the points mentioned above, more work clearly
needs to be done to fully characterize the behavior and
response of ASG in cells. Issues that specifically need to be
addressed include (1) O,(a'A ) mediated changes in the
intracellular location of both ASG and ASG-EP and (2) the
binding of ASG and/or ASG-EP to selected proteins.
Phenomena such as these can appreciably alter the photo-
physics of the system, particularly the fluorescence signal
monitored.”* Once these fundamental issues are better
elucidated, it will be possible to systematically address the
important inference (vide supra) regarding the intracellular
locations of ASG and a given Oz(alAg) sensitizer, correlating
the results to the intracellular diffusion distance and lifetime of
Oz(alAg). These latter studies clearly fall under the category of
using ASG as a tool to probe the intracellular behavior of
0,(a'Ay).

One obvious requirement of an intracellular probe for
Oz(alAg) is that the molecule itself is not cytotoxic. We first
ascertained that, in the absence of light, ASG indeed does not
adversely influence HeLa cells (Figure 7). On the contrary,
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Figure 7. Number of live HeLa cells in a given culture as a function of
the incubation time after intracellular incorporation of ASG. The time
period of incubating the cells in a medium containing 1 M ASG was 2
h. At this point, the cells were washed, and the extracellular ASG was
removed. Thus, the data recorded at t = 2.5 h arguably represents the
starting point of this experiment. The control sample (nonshaded
pylon) represents a cell culture not exposed to ASG.

within the error limits of our measurements, one could even
claim that ASG stimulates cell proliferation (Figure 7).
However, the key feature that sets ASG apart from SOSG is
its effect, or lack thereof, on cells in the presence of light.
Irradiation of intracellular SOSG ultimately results in an
adverse effect on the cell; we observe morphological signs
characteristic of cell death. This is to be expected g1ven that
SOSG photosensitizes the productlon of Oz(alA ),** and the
latter is cytotoxic in large amounts."*** On the other hand,
upon prolonged irradiation of intracellular ASG, we did not
observe corresponding adverse effects on the cell. Again, this is
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to be expected given that ASG does not sensitize the
production of Oz(alAg) in appreciable yield (or rather, it
appears that the in vitro result regarding the ASG photo-
sensitized yield of Oz(alAg) carries over to the cell experi-
ments).

B CONCLUSIONS

We find that for fluorescein-based fluorescence probes of
0,(a'A,), adding fluorine atoms to the chromophore/
fluorophore decreases the efficiency with which this chromo-
phore/fluorophore sensitizes the production of Oz(alAg) at
physiological pH. This is clearly a desired characteristic of a
probe for Oz(alAg). This approach was realized in the synthesis
of ASG, which is a two-component system consisting of a
tetrafluoro fluorescein derivative coupled to a 9,10-diphenyl
anthracene moiety which acts as the Oz(alAg) trap. In this
regard, ASG overcomes one limitation of the structurally
related and commercially available fluorescent probe for
0,(a'Ay), SOSG. Although ASG is readily incorporated into
a mammalian cell and is not cytotoxic, more work needs to be
done to fully characterize its behavior and response to
intracellular O,(a'A,).

B EXPERIMENTAL SECTION

Instrumentation and Methods. The instrumentation and
methods used to monitor Oz(alAg) - Oz(stg_) phosphorescence
at ~1275 nm in time-resolved experiments and to quantify
photosensitized O,(a'A,) quantum yields and Oz(alAg) lifetimes
have been described.**™>* All Oz(alAg) experiments were performed
in 1 cm path length cuvettes. For the fluorescence quantum yield
measurements, the sample absorbance in 1 cm path length cells did
not exceed 0.0S.

Although general features of our cell imaging experiments have
likewise been described,**® some changes were incorporated for the
present study. Briefly, the fluorescence-based images of HeLa cells
were obtained after incubation for 2 h in a buffered protein-free
medium?*%° containing 1 yM ASG. The cells were then washed twice
with an ASG-free medium and mounted on the stage of an inverted
microscope. The images were recorded by irradiating the entire cell
and its surroundings with the output of a steady-state 200 W metal-
halide lamp. A band-pass filter centered at S00 nm (10 nm fwhm) was
used to isolate the excitation wavelength, and a band-pass filter
centered at 540 nm (10 nm fwhm) was used to isolate emission from
the sample. The excitation light was directed to the sample using a
FITC-dichroic mirror, and the images were obtained using a CCD
camera. The system was controlled using the program yManager.®"

Incorporation of PpIX into HeLa cells was achieved by incubating
the cells for 2 h with ALA (1 mM, Sigma) in normal growth medium.
The medium was then replaced with the above-mentioned protein-free
medium containing 1 uM ASG and 1 mM ALA, and incubation
proceeded for an additional 2 h.

For the cytotoxicity study (Figure 7), HeLa cells were seeded after
trypsination into a 25 cm? flask with a cell density of ca. 8000 cells/
cm?. The culture was left overnight in a 5% CO, incubator to establish
controlled growth conditions. The next day, the cell number for the
start (ie, 0 h in Figure 7) was determined in two independent
samples. In other flasks, the culture medium was removed and
replaced by a protein-free medium (control) and, independently, a
protein-free medium containing 1 #uM ASG. After 2 h, the media was
removed from all flasks, and the cultures were washed twice with ASG-
free medium. Normal growth medium was added to all flasks, and the
cultures were placed back into the incubator. Cell counts were
performed after trypsination (0.25% trypsin in EDTA (~0.5 mM),
Sigma) in a hemocytometer at the time points 2.5, 7, and 24 h after the
incubation start. All steps were performed under red light (4 > 600
nm) to avoid cell damage induced by light.

Materials. Chemicals for the Photophysical Studies. Phenalene-1-
one-2-sulfonic acid was synthesized according to a published
method.®® Fluorescein (95%, Sigma Aldrich) and D,0 (>99.9% D,
Euriso-Top) were used as received. The mixture of 5- and 6-carboxy
Oregon Green and 4/,5'-difluoro-Oregon Green were synthesized
using the general procedure of Sun et al.** and given to us as a gift by
Mikkel Due Petersen.

Synthesis of ASG. General Methods. All purchased chemicals were
used as received without further purification. Solvents were dried
according to standard procedures, and flash chromatography was
carried out on silica gel 60 (230—400 mesh). The chemical shifts are
reported in ppm relative to the solvent residual peak. The 'H NMR
spectra were recorded at 400 MHz, '*C NMR spectra at 100 MHz, '°F
NMR spectra at 377 MHz. MS spectra were recorded on a LC-TOF
(ES) apparatus.

3a,4,7,7a-Tetrahydro-4,7-epoxyisobenzofuran-1,3-dione (2).
Furan (1.4 mL, 204 mmol) and maleic anhydride (2.00 g, 20.4
mmol) were dissolved in diethyl ether (5.0 mL) and stirred for 48 h at
room temperature. A white precipitate formed and was collected by
filtration and recrystallized from acetone to yield pure 3a4,7,7a-
tetrahydro-4,7-epoxyisobenzofuran-1,3-dione (2) as a white solid (2.78
g, 16.7 mmol, 82%,). '"H NMR(400 MHz, CDCL): &y ppm 6.58 (s,
2H), 5.46 (s, 2H), 3.17 (s, 2H). *C NMR (100 MHz, CDCL,): ¢
ppm 169.8, 137.0, 82.2, 48.7. HRMS: [M + H] caled for CgHgO,,
167.0344; found, 167.0352. Our data are in accord with previously
reported data.®

9,10-Diphenylanthral2,3-c]furan-1,3-dione (4). 1,3-Diphenyliso-
benzofuran, DPBF, (0.593 g, 2.19 mmol) and 2 (0.948 g, 5.71 mmol)
were dissolved in chloroform (17.4 mL), and while shielded from light
and under an argon atmosphere, the reaction mixture was stirred at
room temperature for 24 h. The solvents were removed in vacuo, and
the collected residue was dissolved in dry acetonitrile (8.0 mL). To the
stirred solution was added BF;-OFEt, (2.0 mL, 16.3 mmol), and the
reaction was refluxed under an argon atmosphere for 4 h. After the
mixture was cooled, water was added to the reaction mixture, which
resulted in formation of a yellow precipitate. This was collected by
filtration, taken up in dichloromethane, washed with brine and water,
and solvents removed in vacuo. Recrystallization from benzene gave 4
as a yellow crystalline solid (295 mg, 0.737 mmol, 34%). R
(chloroform) = 0.70. '"H NMR(400 MHz, CDCly): &; ppm 8.46 (s,
2H), 7.78 (m, 2H), 7.65 (m, 6H), 7.52 (m, 2H), 7.46 (m, 4H). °C
NMR (100 MHz, CDCL): 5 ppm 163.4, 142.0, 137.1, 132.6, 131.1,
130.9, 129.1, 129.0, 128.8, 128.0, 127.8, 123.7. HRMS: [M + H*] calcd
for CygH 403, 401.1178; found, 401.1172.

1,3-Difluoro-2,4-dimethoxy-5-nitrobenzene (6). A sodium meth-
oxide solution was prepared by adding sodium (2.2 equiv, 0.648 g, 28.2
mmol) to a flame-dried round bottomed flask containing MeOH (10.0
mL). Upon complete consumption of the sodium, the freshly prepared
sodium methoxide solution was added dropwise to a stirred solution of
commercially available 1,2,3,4-tetrafluoro-S-nitrobenzene (5), (2.50 g,
12.8 mmol), dissolved in MeOH (35 mL), and kept at 0 °C under an
argon atmosphere. Thereafter, the reaction mixture was warmed to
room temperature and left stirring for 4 h, with progress monitored by
TLC. Upon completion, the reaction was quenched with an aqueous
solution of citric acid (1 M), and MeOH was removed in vacuo. The
resulting aqueous residue was taken up in Et,O, washed twice with 1
M citric acid and brine, and dried over MgSO,. Solvents were removed
in vacuo to give a yellow oil. Purification by flash column
chromatography (1:3 dichloromethane/pentane) yielded 1,3-di-
fluoro-2,4-dimethoxy-S-nitrobenzene (6) (2.68 g, 12.21 mmol, 95%)
as a yellow oil. R¢ (1:3 dichloromethane/pentane) = 0.20.'H
NMR(400 MHz, CDCL): 8 ppm 7.51 (dd, J = 2.31, 11.0 Hz, 1H),
4.13 (t, ] = 1.8 Hz, 3H), 401 (d, J = 1.2 Hz, 3H). "’F NMR (377
MHz, CDCl,): 8z ppm 131.9 (m, 1F), 141.8 (d, J = 7.0 Hz, 1F). *C
NMR (100 MHz, CDCly): 8¢ ppm 149.5 (dd, ] = 6.5 Hz, 248.0 Hz),
149.2 (dd, J = 5.4 Hz, 248.2 Hz), 142.1 (m), 141.0 (dd, J = 3.7 Hz,
13.9 Hz), 136.6 (m), 108.3 (dd, J = 3.5 Hz, 25.5 Hz), 63.0 (dd, J = 0.8
Hz, 43 Hz), 618 (t, ] = 4.5 Hz). HRMS: [M + H'] calcd for
CgH,F,NO,, 220.0421; found, 220.0420. Our data are in accord with
previously reported data.®*
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3,5-Difluoro-2,4-dimethoxyaniline (7). To a stirred solution of (6)
(1.63 g, 7.44 mmol) and ammonium formate (1.88 g, 29.8 mmol) in
MeOH (15.0 mL), 10% Pd on activated carbon (0.245 g) was slowly
added. The reaction mixture was stirred in an open flask while reaction
progress was monitored by TLC analysis. After completion, the
reaction mixture was filtered through Celite, and MeOH was removed
in vacuo. The residue was taken up in water and extracted with
dichloromethane three times. The combined organic fractions were
dried over MgSO,, and solvents were removed in vacuo to yield pure
3,5-difluoro-2,4-dimethoxyaniline (7) as an oil (1.38 g 7.29 mmol,
98%). 'H NMR(400 MHz, CDCL): 8y ppm 622 (dd, J = 2.2, 12.1
Hz, 1H), 3.82 (s, ] = 4.4 Hz, 6H). '°’F NMR (377 MHz, CDCL,): &
ppm 135.5 (m, 1F), 146.9 (s, 1F). 3C NMR (100 MHz, CDCl,): ¢
ppm 151.9 (dd, J = 6.6 Hz, 241.3 Hz), 149.9 (dd, ] = 7.9 Hz, 245.7
Hz), 135.7 (m), 131.5 (m), 128.1 (m), 97.3 (dd, J = 2.65 Hz, 23.8
Hz), 62.1, 60.7 (d, ] = 441 Hz). HRMS: [M + H'] calcd for
CgHyF,NO,, 190.0680; found, 190.0693. Our data are in accord with
previously reported data.%*

1,3-Difluoro-2,4-dimethoxybenzene (8). To a stirred solution, kept
at 0 °C, of concentrated HCI (6.8 mL) and water (25.7 mL) was
added 7 (2.185 g, 11.55 mmol). The reaction mixture was treated with
a cold solution of sodium nitrite (0.831 g, 12.13 mmol) dissolved in
water (6 mL). A solution of hypophosphorous acid (30.5 mL, 231
mmol, SO wt % in water) was added slowly to the reaction, and it was
left stirring at S °C overnight under an argon atmosphere. The
reaction mixture was heated to room temperature and stirred for 2 h,
after which it was diluted with water. The resulting mixture was
extracted three times with dichloromethane, washed with brine, dried
over MgSO,, filtered, and solvents removed in vacuo. The collected
residue was purified by flash column chromatography (1:4 dichloro-
methane/pentane) to give 8 as a colorless oil (1.85 g, 10.6 mmol,
92%). R; (1:4 dichloromethane/pentane) = 0.25. '"H NMR(400 MHz,
CDCL): 6y ppm 6.79 (m, 1H), 6.56 (dt, ] = 4.6 Hz, 8.9 Hz, 1H),
4.00(s, 3H). 3.86—3.84 (m, 3H). ’F NMR (377 MHz, CDCL,): &
ppm 138.9 (m, 1F), 150.1 (m, 1F). *C NMR (100 MHz, CDCl,): ¢
ppm 150.1 (dd, J = 3.8 Hz, 2412 Hz), 146.1 (dd, J = 5.5 Hz, 247.6
Hz), 145.1 (dd, ] = 2.9 Hz, 9.6 Hz), 137.4 (dd, ] = 11.5 Hz, 26.8 Hz),
109.9 (dd, J = 4.1 Hz, 20.4 Hz), 106.2 (dd, J = 2.0 Hz, 8.6 Hz), 61.9 (t,
J = 3.5 Hz), 56.8. HRMS: [M + H'] calcd for CgHgF,0,, 175.0571;
foun(éiz,‘ 175.0575. Our data are in accord with previously reported
data.

2,4-Difluorobenzene-1,3-diol (9). Compound 8 (1.167 g, 6.70
mmol) was dissolved in dry dichloromethane and stirred under an
argon atmosphere at room temperature. BBr; (20.0 mL, 20.0 mmol, 1
M in dichloromethane) was slowly added to the solution via a syringe
over 5 min. The reaction was left stirring at room temperature while
progress was monitored by TLC analysis. After 48 h, water was slowly
added to the reaction mixture and this was left stirring until all
precipitates were dissolved. The suspension was extracted three times
with dichloromethane, and the organic solvents were dried (MgSO,)
and removed in vacuo. The collected residue was purified by flash
column chromatography (1:4 EtOAc/dichloromethane) giving (9) as
a slightly red crystalline solid (0.881 g, 6.03 mmol, 90%). R; (1:4
EtOAc/dichloromethane) = 0.25. '"H NMR(400 MHz, CDCL): &y
ppm 6.78 (dt, ] = 2.4 Hz, 9.5 Hz, 1H), 649 (dt, ] = 5.0 Hz, 9.1 He,
1H), 5.20 (broad s, 1H), 4.96 (broad s, 1H). ’F NMR (377 MHz,
CDCLy): 6z ppm 146.1 (m, 1F), 160.0 (m, 1F). 3C NMR (100 MHz,
CDCL): 6 ppm 145.8 (dd, J = 3.7 Hz, 233.6 Hz), 140.8 (dd, J = 4.9
Hz, 235.1 Hz), 140.6 (dd, J = 2.9 Hz, 12.4 Hz) 133.2 (dd, ] = 13.2 Hz,
182 Hz), 110.3 (dd, J = 4.1 Hz, 19.4 Hz), 106.6 (dd, ] = 1.1 Hz, 7.7
Hz). HRMS: [M + H'] caled for C(H,F,0, 147.0258; found,
147.0261. Our data are in accord with previously reported data.**

2',4',5',7'-Tetrafluoro-3',6’'-dihydroxy-5,10-diphenyl-3H-spiro-
[anthra([2,3-c]furan-1,9’-xanthen]-3-one (10). Compound 9 (229
mg, 1.57 mmol) and compound 4 (135 mg, 0.337 mmol) were
dissolved in methane sulfonic acid (1.6 mL, 25.6 mmol). The reaction
mixture was heated to 150 °C, under argon atmosphere and light
shielding, for 24 h. The cooled reaction mixture was poured into ice
water, and the precipitate, containing ASG, was collected and dried.
The solids were dissolved in acetic anhydride (4.0 mL, 42.4 mmol),

pyridine (2.0 mL, 24.7 mmol) was added, and the reaction was stirred
for 10 min at room temperature under an argon atmosphere.
Subsequently, the reaction was poured into 2% aqueous hydrochloric
acid and extracted three times with dichloromethane. The combined
organic fractions were washed with brine, dried over Na,SO,, filtered,
and solvents removed in vacuo. The resulting residue, containing the
acetylated lactone form of ASG, was purified with flash column
chromatography (dichloromethane) to give semipure 10 (120 mg).

9,10-Diphenyl-3-(2,4,5,7-tetrafluoro-6-hydroxy-3-oxo-3H-xanth-
en-9-yl)anthracene-2-carboxylic acid (ASG). The product mixture
from the previous step (vide supra), containing 10, was dissolved in
THF (10 mL), methanol (10 mL), and water (1.6 mL). Aqueous
ammonia (25 vol %, 2.9 mL, 33.5 mmol) was added to the solution,
and the deacetylation reaction was stirred while shielded from light
under an argon atmosphere for S min at room temperature. The
reaction mixture was filtered and diluted with water, and the pH was
adjusted to ~2 with 10% hydrochloric acid. The organic solvents were
removed in vacuo. The aqueous slurry was extracted with dichloro-
methane, dried over Na,SO,, and solvents removed in vacuo giving a
red residue. The mixture was purified using MPLC (Teledyne Isco
CombiFlash Rf, column: C18 RediSep 28g, solvent A: 0.1% TFA in
water, solvent B: acetonitrilel, gradient 30% — 100% B, detection 214
nm). The desired compound eluted with a solvent mixture containing
65% B. Acetonitrile was removed in vacuo, and the pH of the aqueous
layer was adjusted to ~2 with 10% hydrochloric acid and extracted
three times with EtOAc. The combined organic fractions were dried
with MgSO,, and solvents removed in vacuo to give ASG as a red solid
(26 mg, 40 mmol, 12%). R¢ (9:1:0.1 chloroform/methanol/acetic acid)
= 0.25. '"H NMR(400 MHz, acetone-dg): &; ppm 8.46 (s, 1H) 7.80—
7.60 (m, 8H), 7.55—7.45 (m, SH), 7.41-7.37 (m, 2H), 6.58 (d, ] =
10.5 Hz, 2H). F NMR (377 MHz, acetone-dg): g ppm 135.3 (t, ] =
10.1 Hz, 2F), 153.1 (d, ] = 8.8 Hz, 2F). 3C NMR (100 MHz, acetone-
de): Sc ppm 167.7, 147.8, 143.4, 142.1, 142.0, 140.6, 139.6, 1383,
137.6, 137.1, 137.0, 136.9, 136.8, 136.7, 131.8, 131.7, 131.6, 131.2,
1304, 129.6, 129.4, 129.0, 128.7, 128.0, 127.3, 127.0, 123.9, 1222,
110.3, 110.2, 109.2, 109.0. HRMS: [M + H'] caled for C,oH,0F,O,,
657.1325; found, 657.1331.
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