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A series of acridinium salt-based probes capable of detecting fluoride and acetate anions via a nucleophilic attack at the C9 position of the
acridinium moiety is reported. The formation of corresponding acridane displays drastic changes, in both UV—vis absorption and fluorescence
emission. The sensing mechanism is a reversible process upon treating either tetrafluoroborate salt or an acid.

Anions are commonly found in the environment and biologi-
cal systems. For instance, fluoride is widely used in dental
care applications and exhibits inhibition of certain enzyme
functions. In addition to playing a central role in biological
regulation, chlorideis also amajor groundwater contaminant
that can corrode steel and concrete.? Thyroid hormone
synthesis largely determines iodine content.® Acetate is a
possible tracer for malignancies and has been extensively
investigated in prostate cancer and its metastases.* Phosphate
ion isbiologicaly and environmentally significant.®> Cyanide
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exerts adverse effects on human health as well as environ-
ment at low concentrations. Determining anions concentra-
tionisthus of primary concern in many areas, including food
processing, industry, and clinic analysis.® However, hydro-
philic anions, such as F~ and Cl~, form strong hydrogen
bonds with protic solvents. Therefore, devel oping fluorescent
probes based on electrostatic interactions for anions function-
ing in polar protic solventsis both challenging and currently
infeasible.”

Currently, anaytes that form covalent bonds with receptors
to trigger highly selective reactions and induce changes in
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fluorescence emission or absorption are being used to design
target-specific chromogenic/fluorogenic probes.® Nucleophilic
CN™ opening of the oxazine ring inducing a dramatic color
change was studied to determine cyanide levels.® Reactive
groups, such as trifluoroacetyl*® and the formyl** moiety
capable of reacting with nucleophiles, have been applied to
either cyanide or hydrogen sulfite detection. Additionally,
the transformation of pyrilium to thiopyrilium sat was
examined to develop a selective probe for the sulfide anion.*?
Moreover, the strong interaction of boron—fluoride™® or
silicon—fluoride™ was studied to devel op fluoride molecular
sensors. A recent study examined the feasibility of using
OCI~ to sdlectively oxidize the hydrazo group into diimide.™

A nucleophilic attack occurs at the highly electron-deficient
C9 position of acridinium salts more readily than at the
corresponding position in their pyridinium or quinolinium
counterparts.*® This reactivity has been exploited to develop
several functional materials.*”*® For instance, a photore-
sponsive molecular machine with a bulky 9-alkoxy acridane
moiety undergoes photoheterolysis to form an acridinium
with a planar geometry.*’ Herein, we examine the feasibility
of using this reaction feature to develop acridinium-based
chromogenic and fluorescent sensors 1—4 (Figure 1) for
anion detection. In addition to playing a role in anion
recognition, the acridinium moiety also functions as a
signaling unit. The recognition is based mainly on nucleo-
philic addition and the dearomatization of the acridinium
moiety after the addition gives rise to the drastic changesin
UV —vis absorption and fluorescence emission characteristics
serving as signal outputs.

Probe 1 and acridinium derivatives have been used for
the determination of ClI~, Br~, and 1~ in aqueous media;
however, this probe has not been used for the estimation of
other anions.®° Thus, we reexamined the anion selectivity
profile of probe 1. During the preparation of 1, we found a
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Figure 1. Chemical structures of probes 1—4.

low conversion in N-methylation by using either a sealed
glass tube or pressure vessels. Additionally, over methylated
byproducts and carbon residue were produced. Thus, a new
synthetic route was sought (Scheme 1). Esterification of
3-acridin-9-yl propionic acid (5)?° with methanol in the
presence of concentrated hydrochloric acid as a catalyst
produced a methyl ester (6) in 75% yield. Treatment of 6
with trimethyloxonium fluoroborate ((CHz)sO-BF;)%* fol-
lowed by a base-promoted hydrolysis yielded probe 1.

Scheme 1. New Synthetic Route for the Synthesis of Probe 1
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Probes 2—4 were obtained using similar synthetic routes
(Scheme 2). By starting with 10-allyl-9(10H)-acridone (8),
platinum-catalyzed hydrosilylation of terminal alkene pro-
duced triisopropoxy silane-modified acridone (9). Coupling
of 9 with a substituted phenyl Grignard reagent followed by
counterion exchange yielded various 9-phenyl acridinium
derivatives (2—4). The bulky triisopropoxy silane group in
9 can prevent the Grignard reagent from undergoing nucleo-
philic substitution to yield phenyl silane byproducts,®* as well
as being used to further derive solid supports.

Photospectroscopic features of probes 1—4 were character-
ized by UV —vis absorption and fluorescence emission. Probe
1 exhibited three absorption bands appearing at 261 (¢ =
64900 M1 cm™), 360 (¢ = 15070 Mt cm™?), and 419 (e
= 4060 M~ cm™1) nm, respectively; a blue-green fluores-
cence appeared at 495 nm in CH;CN. The longest wave-
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Scheme 2. Synthesis of Probes 2, 3, and 4
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lengths of probes 2, 3, and 4 in CH,Cl, were red-shifted to
448, 430, and 430 nm, respectively, owing to a charge shift
process between the methoxy phenyl ring (electron donor
group) and the acridinium salts (Figure S1 in Supporting
Information).?® Probes 2 and 3 displayed a yellow fluores-
cence around 536 nm, while 2 exhibited a fluorescence
intensity 16-fold higher than that of 3, whereas fluorescence
was scarcely visible in 4.

The fluorescence sensing profiles of probes 1 and 2 for
various anions (F~, ClI7, Br—, 17, CN~, SCN~, AcO~, NOs5™,
ClO,~, HSO,4~, and H,PO,~ with a tetrabutylammonium
counterion) were investigated by high-throughput fluores-
cence screening in CH3CN and CHCl,, respectively. De-
tailed results can be found in the Supporting Information
(Figure S2—S6). Among the 11 anions screened, the halide
anions quenched the fluorescence of probes 1 and 2 to adight
extent, and the quenching efficiency increased in the order
from Cl~ to Br~ to 1-.6 Once F~, AcO~, CN~, or H,PO,~
was added, the fluorescence emission intensity at 495 nm of
1 was quenched completely, whereas probe 2 displayed a
fluorescence decrease at 536 nm with a concomitant increase
at 415 nm (Figure 2a). The disappearance of the three
characteristic absorption peaks corresponding to the acri-
dinium salts and the newly formed peaks at 280 nm for 1
and 288 nm for 2 strongly suggested transformation of the
acridinium moiety into the corresponding acridane via anionic
addition to the C9 position of the former (Figure 2b).

The addition of F/AcO~ to 2 was further confirmed by
monitoring the changesin its 'H NMR spectrain the presence
of either F~ or AcO~ (Figure 3). Four peaks of acridinium
of 2 showed pronounced upfield shifts due to the conversion
of acridinium to acridane in 5 equiv of either F~ (Figure
3b) or AcO™ (Figure 3c). The largest chemical shifts were
observed for the proton (AH? = 1.48 ppm) adjacent to the
central pyridinium ring and para-protons (AH® = 1.47 ppm)
with respect to the nitrogen of pyridinium. These chemical
shifts in the aromatic region of the resulting nucleophilic
adduct 2-F were consistent with the counterparts of
9,10-dihydro-9-methoxy-9-(4-methoxyphenyl)-10-methylacri-
dine,X™ which was proven to be the adduct of the 9-phenyl
acridinium salt formed with an excess of MeOH (Figure S7
in Supporting Information). Similar trends were also observed
in terms of chemical shift changesin the presence of AcO™.
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Figure 2. (a) Overlaid fluorescence spectra of 2 (10 uM in CH,Cl,)
excited at 278 nm (the isoshestic point) and (b) the corresponding
overlaid absorption spectra upon the addition of increasing amounts
of F~.
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Figure 3. (a) Partial *H NMR spectra (400 MHz, 5 mM, dichlo-
romethane-d,, 25 °C) of 2 in the presence of 5 equiv of (b) F~ and
(c) CH,COO™.

Notably, a byproduct (as denoted by the asterisks in Figure
3b) resulting from the strong Si—F interactions was formed
upon the addition of 5 equiv of F~ to probe 2.

The results of photospectroscopy and *H NMR studies
clearly showed that the sensing mechanism was based on
nucleophilic addition in the case of F~, AcO~, CN™, and
H,PO,~ and on collision quenching in the case of Cl—, Br™,
and |~. The unequivocal sensing mechanisms for halides and
for F-, AcO™, CN™, and H,PO,~ are summarized in Scheme 3.

Exactly how the anion selectivities can be modulated
through controlling steric congestion around the reactive site
is further demonstrated by using probes 3 and 4, having one

Org. Lett, Vol. 11, No. 21, 2009



Scheme 3. Mechanisms of Anion-Dependent Sensing by
Acridinium-Based Fluorescent Probes
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or two methoxy groups enshrouding the C9 position of the
acridinium. Additionally, the relationship between anion
reactivity and steric congestion at the reactive site was further
elucidated by using F~ (1.33 A in diameter),?* AcO™ (1.59
A, triangular in shape),® and H,PO,~ (>2.0 A, tetrahedral
in shape),?® which are in various sizes and proven to undergo
the nucleophilic addition to probe 2.

As compared to probe 2, a small blue shift (ca. 18 nm) is
observed in the absorption maxima of 3 and 4, indicating
that the sterics diminish the co-planarity of the ortho-
substituted phenyl ring and acridinium moiety. Upon treat-
ment with 2 equiv of F~, the absorption bands at 263, 360,
and 430 nm in the spectrum of 3 disappeared entirely;
however, no significant change is observed in the absorption
spectrum of 4 (Figures S8 and S9 in Supporting Information).
The sterics of two methoxy groups in probe 4 indeed
effectively influences the nucleophilic addition trajectory,
rendering a situation in which even small anions such as F~
cannot gain access to the reactive site. When larger anions,
AcO™ and H,PO,~, were used to react with 3, only 40%
conversion was observed for AcO™ and 12% for H,PO,~
within 2 h (Figure S8 in Supporting Information). Despite
extending the reaction time to 5 h, probe 3 still cannot react
with these two anions effectively. Comparing probes 1 and
2 revedls that 1 with no steric hindrance around the C9
position of acridinium can be easily attacked by anions of
various sizes with 100% conversion within an hour; probe
2 having a 4’-methoxyphenyl group on the acridinium reacted
with F~ and AcO™ readily and H,PO,” partially (46%
conversion) within 2 h.

The observed results could be rationalized in terms of the
steric effect of the probes and strength of anion nucleophi-
licity, which are two dominant factors that govern the
reactivity of nucleophilic addition. One may argue that the
observed anion selectivity might result from varying degrees
of solvation effects on anion nucleophilicity. Since our
experiments were conducted in polar aprotic (CH3;CN) and
relatively nonpolar (CH,Cl,) solvents, solvation effects on
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the anions can be neglected. Thus, the size of monovalent
anion becomes a decisive factor in the reactivity: the smaller
the size of the anion, the stronger is the nucleophile.

Regeneration of the acridinium salt via treating either
NaBF, or an acid was demonstrated by monitoring UV —vis,
fluorescence, and *H NMR change of probe 1 (Figure 4).
After excess NaBF; was added, the absorption peaks
corresponding to the acridinium salt reappeared, and the color
of solution returned to pale yellow, aswell as the blue-green
fluorescence restored (Figure 4a). *H NMR studies, as shown
in Figure 4b, depicted the reformation of acridinium after
adding 20% DCI, thereby providing conclusive evidence of
the reversible process at the molecular level.
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Figure 4. (a) Absorption (solid black line) and emission (dashed
line) spectraof 1 (black, 10 uM in CH;CN), 1 + F~ (red) and 1 +
F~ + excess competitor NaBF, (green). (b) Partial *H NMR spectra
(400 MHz, 10 mM, acetonitrile-d;, 25 °C) of (i) 1; (ii)) 1 + F~;
and (iii) 1 + F~ + 20% DCI.

In summary, our studies have established unequivocally
the sensing mechanisms of acridinium-based fluorescent
probes for halides such as Cl~, Br~, and |~ and nucleophilic
anions such as F~, AcO™, and H,PO,~. Further insights are
also provided into how to design effective anion probes.
Adequately controlling the steric congestion around the
reactive site allows us to alter the anion selectivity in
acridinium-based probes via nucleophilic addition. Most
importantly, the sensory actions based on this molecular
scaffold are reversible.
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