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ABSTRACT: Bringing together the concepts of self-immolative linkers and
chemiluminogen dioxetane modules, a chemiluminescence-based sensor for fluoride
with signal amplification is presented. Signal amplification is obtained by triggering
two chemiluminescence events for each reacting fluoride ion that in turn releases
two fluoride ions for each ion. As expected, the chemiluminescence signal starts to
rise following an induction period. In addition to the analytical potential, this
chemical system is also of interest as a demonstration of positive feedback loop
character.

■ INTRODUCTION

Molecular agents that respond to chemical species of interest,
with externally observable/detectable responses proved to be
immensely useful. In addition, they served as a proving ground
for testing a number of photophysical concepts. Fluoride ion is
an important species as an analytical target as it is implicated in
certain disease states.1 As a chemosensing target, it is
challenging owing to its very strong hydrogen bonding
capability in aqueous solution, which deactivates it toward
additional interactions.
There are a number of strategies used for sensing fluoride

ions in polar solvents.2 Most of them are reaction-based. High
affinity of fluoride ions for silicon centers in silyl groups is often
exploited in such chemosensor designs. tert-Butyldimethylsilyl
is such a group, which would leave alkoxy or phenoxy units
following the reaction with fluoride ions.3 In fact, the smooth
reactivity under very mild conditions makes these groups very
useful as protecting groups for phenols, alcohols, and amines.4

On the other hand, self-immolative linkers were shown to be
very valuable in drug release.5 Typically, a quinone methide
rearrangement leads to the cleavage of a critical bond, releasing
an active agent or initiating further breakdown in the molecular
structure.6 Single trigger may initiate one (1,4) or multiple (1,4;
1,2; and 1,6) quinone methide reactions.
In order to make use of fluoride-initiated self-immolative

breakdown of the linker for chemiluminescence signaling, we
made use of sterically stabilized adamantyl dioxetane units as
the chemiluminogen unit.7 Chemical triggering of chemilumi-
nescence using this particular module is well-documented in
the literature.8 Final addition to our design (Scheme 1) was the
strategic placement of the protected 4-difluoromethylaniline
module: the attachment was made in the form of a carbamate at
the para-position to the silyloxy substituent.

As an external source of fluoride is introduced, a number of
chemical reactions are expected to be triggered in accord with
this design: the initial removal of the silyl group, which leads to
1,2- and 1,6-quinone methide reactions that would be then
coupled to carbonate and carbamate decompositions, generat-
ing chemiluminescence as a result of dioxetane ring opening,
and the 1,4-quinone methide reaction results in the release of
unstable p-difluoromethylaniline-derived species, which even-
tually ejects two fluoride ions. Thus, signal amplification can be
achieved by a positive feedback loop or autoinduction.

■ RESULTS AND DISCUSSION

The synthesis scheme is shown in Scheme 1. p-Hydrox-
ybenzoate ester 1 can be converted into bishydroxymethyl-
substituted compound 2. All three hydroxyl functionalities were
then protected with tert-butyldimethylsilyl chloride
(TBDMSCl). Diisobutyl aluminum hydride (DIBAL-H)
reduction of the ester yields benzylic alcohol 4. Curtius
rearrangement9 of acyl azide obtained from 4-(difluoromethyl)-
benzoic acid, by the reaction with SOCl2, followed by NaN3,
yields an isocyanate that generates the carbamate 5 on reaction
with the benzylic alcohol 4. Mild deprotection conditions with
p-toluenesulfonic acid (TsOH) remove benzylic protections
while keeping the silylated phenol group untouched (6). p-
Nitrophenylchloroformate activation yields a reactive carbonate
7. This compound was then reacted with the adamantyl
derivative 82d to yield the penultimate compound 9 that was
then converted into stable dioxetane that is the target
compound 10, by singlet oxygen addition to the electron-rich
double bond.
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Following spectroscopic characterization, our first inves-
tigation was the titration of the chemiluminescence response
(Figure 1) and the demonstration of selectivity of the response

(Figure 2). It is clear that micromolar concentrations of fluoride
ions lead to clear luminescence emission with a peak at 470 nm.
As expected, the chemiluminescence signal is highly selective.

Only the other response at the same concentration of the
anions was observed with CN− ions, which was considerably
weaker compared to the fluoride response. The design of the
probe (Figure 3) is such that for every fluoride ion that reacts
to remove the silyl protecting group will lead to a cascade of

Scheme 1. Synthesis of a Chemiluminescent Signal Amplifier 10

Figure 1. Normalized chemiluminescence spectra of compound 10 in
the presence of increasing F− concentrations. Probe concentration is
200 μM in dimethyl sulfoxide (DMSO). [Chemiluminescence
intensities were recorded 10 s after the addition of tetra-n-
butylammonium fluoride (TBAF)].

Figure 2. Top: Chemiluminescence spectra of compound 10 upon the
addition of 1.0 equiv of I−, Br−, Cl−, SCN−, CN−, AcO−, H2PO4

−,
HSO4

−, NO3
−, and F−, and the probe concentration is 200 μM in

DMSO. (Chemiluminescence spectra were recorded 10 s after the
addition of TBAF). Bottom: The bar graph representing intensity
enhancement over the background signal.
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events that would result in triggering two chemiluminescence
events and generate two fluoride ions as a result of 4-
(difluoromethyl)aniline hydrolysis.
Considering the number of independent steps involved in

signal generation, actual kinetics of the process can be
complicated.
Depending on the initial concentration of the fluoride ions,

the chemiluminescence signal at all initial concentrations starts
to rise only after an initial lag period. It is also interesting to
note that at high fluoride concentrations there is a clear dip in
the signal intensity for the first few seconds, followed by an
increase, most likely indicating faster dioxetane opening
compared with other processes involved. Small oscillations in
the signal intensity as shown in the figure above (Figure 4) are
also to be expected, as autoinductive (self-amplified) processes
with essential steps of different rates result in nonlinear
behavior.

■ CONCLUSIONS
In conclusion, we were able to demonstrate that ion signals can
be amplified and coupled to a chemiluminescence output. Also,
it appears that the rational design of oscillating reactions based
on similar systems would be possible by studying the rates of
the different processes involved.

Our work in that direction is in progress.

■ EXPERIMENTAL SECTION
Proton nuclear magnetic resonance (1H NMR) and carbon
nuclear magnetic resonance (13C NMR) spectra were recorded
on a Bruker Spectrospin Avance DPX 400 spectrometer using
CDCl3 as the solvent. Chemical shift values were reported in
ppm from tetramethylsilane as internal standard. Spin multi-
plicities were reported as follows: s (singlet), d (doublet), and
m (multiplet). High-resolution mass spectrometry (HRMS)
data were acquired on an Agilent Technologies 6530 Accurate-
Mass Q-TOF LC/MS. Chemiluminescence measurements
were taken on a Varian Eclipse spectrofluorometer. For other
experimental details, please refer to an earlier publication.10

Synthesis of Compound 2. To a cold 12% NaOH (70.0
mL, 0.21 mol), commercially available ethyl-4-hydroxybenzoate
1 (15.0 g, 0.09 mol) was added while being cooled to 0 °C.
Formaldehyde (37% in water, 60.0 mL, 4.0 mol) was added.
The reaction mixture was stirred at 55 °C for 3 days and was
monitored by thin-layer chromatography (TLC) (EtOAc/
hexane, 3:2, v/v). After completion, the reaction mixture was
diluted with EtOAc and was washed with NH4Cl. The organic
layer was dried over Na2SO4, and the solvent was removed
under reduced pressure. The crude product was purified by
recrystallization with EtOAc to give compound 2 (11.07 g,
54%). 1H NMR (200 MHz, CDCl3): δ 9.39 (s, 1H), 7.84 (s,
2H), 5.37 (s, 2H), 4.56 (s, 4H), 4.27 (q, J = 8.0, 4.0 Hz, 2H),
1.30 (t, J = 8.0 Hz, 3H). MS (TOF-ESI) m/z: calcd: 226.08412
[M − H]−; found, 226.08568 [M − H]−, Δ = −6.88 ppm.

Synthesis of Compound 3. Compound 2 (1.0 g, 4.42
mmol) was dissolved in dimethylformamide (DMF) (5.0 mL)
and cooled to 0 °C. Imidazole (0.993 g, 14.59 mmol) and
TBDMSCl (2.19 g, 14.59 mmol) were added. The reaction
mixture was allowed to warm to room temperature and was
stirred for an additional 2 h. The reaction was then monitored
by TLC. Upon completion, the reaction mixture was diluted
with diethyl ether and washed with a saturated NH4Cl solution
followed by brine. The organic layer was dried over Na2SO4,
and the solvent was removed under reduced pressure. The
crude product was purified by column chromatography on silica
gel dichloromethane (DCM)/hexane (1:1, v/v). Compound 3
was obtained as colorless oil (2.19 g, 87%). 1H NMR (400
MHz, CDCl3): δ 8.12 (s, 2H), 4.74 (s, 4H), 4.36 (q, J = 8.0, 4.0
Hz, 2H), 1.39 (t, J = 8.0 Hz, 3H), 1.04 (s, 9H), 0.98 (s, 18H),
0.22 (s, 6H), 0.12 (s, 12H). 13C NMR (100 MHz, CDCl3): δ
131.9, 127.9, 124.0, 60.5, 60.4, 26.0, 25.9, 18.3, 14.2, −3.2, −5.2
ppm. MS (TOF-ESI) m/z: calcd: 591.33278 [M + Na]+; found,
591.33578 [M + Na]+, Δ = −5.08 ppm.

Synthesis of Compound 4. Compound 3 (1.0 g, 1.76
mmol) was dissolved in dry THF (10.0 mL) under an argon
atmosphere and cooled to −78 °C. DIBAL-H (1 M in toluene,
8.50 mL, 8.50 mmol) was added dropwise. The reaction
mixture was stirred for 30 min and was monitored by TLC.
Upon completion, the reaction mixture was quenched with a
saturated NH4Cl solution (5.0 mL) and diluted with diethyl
ether. Celite was added, and the reaction mixture was stirred at
room temperature for 15 min. After filtration, the organic layer
was dried over magnesium sulfate, and the solvent was removed
under reduced pressure. The crude product was purified by
flash column chromatography on silica gel DCM/methanol
(98:2, v/v). Compound 4 was obtained as colorless oil (0.742
g, 80%). 1H NMR (400 MHz, CDCl3): δ 7.40 (s, 2H), 4.74 (s,
4H), 4.66 (d, J = 4.0 Hz, 2H), 1.06 (s, 9H), 0.97 (s, 18H), 0.20

Figure 3. Amplification of fluoride signal, resulting in faster enhanced
chemiluminescence signal.

Figure 4. Normalized chemiluminescence emission data for
compound 10 as a function of time in the presence of increasing F−

concentrations. The probe concentration is 200 μM in DMSO.
Chemiluminescence data were recorded 10 s after the addition of
TBAF.
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(s, 6H), 0.12 (s, 12H). 13C NMR (100 MHz, CDCl3): δ 147.6,
134.1, 131.8, 125.1, 65.6, 60.6, 26.0, 25.9, 18.4, −3.3, −5.2 ppm.
MS (TOF-ESI) m/z: calcd: 549.32221 [M + Na]+; found,
549.32564 [M + Na]+, Δ = −6.24 ppm.
Synthesis of Compound 5. p-Difluoromethylbenzoic acid

(0.140 mg, 0.81 mmol) was dissolved in 1,2-dichloroethane
(2.0 mL), and the resulting solution was cooled to 0 °C.
Thionyl chloride (0.148 mL, 2.03 mmol) was added dropwise
to the ice-cold solution, followed by 4 drops of N,N-DMF. The
reaction mixture was heated to 100 °C and was stirred for 1 h.
The resultant solution was allowed to cool to room
temperature and was concentrated under reduced pressure.
The resulting residue was redissolved in acetone (1.0 mL) and
was cooled to 0 °C. A solution of sodium azide (0.159 g, 2.44
mmol; dissolved in 1.0 mL water) was added dropwise, and the
reaction mixture was stirred at 0 °C for 1 h. The solution was
diluted with ethyl acetate (10.0 mL), and the layers were
separated. The organic layer was dried over sodium sulfate, the
solids were filtered through a fritted Büchner funnel, and the
remaining liquid was concentrated under reduced pressure. The
residue was dissolved in toluene (3.0 mL), and this solution was
heated to 100 °C for 1 h. The reaction mixture was allowed to
cool to room temperature, and compound 4 (0.514 g, 0.976
mmol) dissolved in toluene was added in one portion. The
reaction mixture was heated to 100 °C and stirred for 3 h. The
reaction mixture was cooled to room temperature, and the
solution was concentrated under reduced pressure. The residue
was purified by flash column chromatography on silica gel
DCM/hexane (1:1, v/v). Compound 5 was obtained as
colorless oil (0.450 g, 80%). 1H NMR (400 MHz, CDCl3): δ
7.5 (d, J = 12.0 Hz, 2H), 7.47 (d, J = 8.0 Hz, 2H), 7.44 (s, 2H),
6.63 (t, J = 56.0 Hz, 1H), 5.21 (s, 2H), 4.74 (s, 4H), 1.06 (s,
9H), 0.96 (s, 18H), 0.20 (s, 6H), 0.11 (s, 12H). 13C NMR (100
MHz, CDCl3): δ 148.2, 132.0, 128.8, 126.6, 126.5, 126.5, 126.1,
118.2, 114.6, 67.6, 60.5, 31.5, 26.0, 25.9, 14.1, −3.3, −5.2 ppm.
MS (TOF-ESI) m/z: calcd: 718.35613 [M + Na]+; found,
718.36340 [M + Na]+, Δ = −10.12 ppm.
Synthesis of Compound 6. Compound 5 (0.450 g, 0.65

mmol) was dissolved in 2.0 mL of methanol. After adding a
catalytic amount of TsOH, the reaction mixture was stirred at
room temperature. The progress of the reaction was monitored
by TLC. When TLC showed no starting material, the reaction
mixture was diluted with EtOAc and extracted first with the
saturated solution of NaHCO3 and brine. Combined organic
phases were dried over anhydrous Na2SO4. After removal of the
solvent, the residue was purified by silica gel flash column
chromatography using EtOAc/hexane (1:5, v/v) as the eluant.
Compound 6 was obtained as pale yellow solid (0.292 g, 96%).
1H NMR (400 MHz, CDCl3): δ 7.60 (br, 1H), 7.45 (d, J = 8.0
Hz, 2H), 7.38 (d, J = 8.0 Hz, 2H), 7.30 (s, 2H), 6.59 (t, J = 56.0
Hz, 1H), 5.02 (s, 2H), 4.63 (s, 4H), 2.84 (br, 2H), 1.02 (s, 9H),
0.17 (s, 6H). MS (TOF-ESI) m/z: calcd: 490.18318 [M +
Na]+; found, 490.18673 [M + Na]+, Δ = −7.25 ppm.
Synthesis of Compound 7. A solution of compound 6

(0.290 g, 0.62 mmol) was dissolved in dry DCM (5.0 mL), and
then the reaction mixture was cooled to 0 °C. Triethyl amine
(0.346 mL, 2.48 mmol) and a catalytic amount of 4-
dimethylaminopyridine (DMAP) were added. Then, 4-nitro-
phenyl chloroformate (0.500 g, 2.48 mmol) dissolved in dry
DCM was added dropwise to the reaction mixture at 0 °C. The
reaction mixture was allowed to be stirred at room temperature.
The progress of the reaction was monitored by TLC. When
TLC showed no starting material, the reaction mixture was

diluted with EtOAc and extracted first with the saturated
solution of NH4Cl and brine. Combined organic phases were
dried over anhydrous Na2SO4. After removal of the solvent, the
residue was purified by silica gel flash column chromatography
using EtOAc/hexane (1:5, v/v) as the eluant. Compound 7 was
obtained as pale yellow solid (0.242 g, 55%). 1H NMR (400
MHz, CDCl3): δ 8.29 (d, J = 8.0 Hz, 4H), 7.55 (s, 2H), 7.51−
7.46 (m, 4H), 7.4 (d, J = 8.0 Hz, 4H), 6.62 (t, J = 56.0 Hz, 1H),
5.36 (s, 4H), 5.23 (s, 2H), 1.09 (s, 9H), 0.29 (s, 6H). 13C NMR
(100 MHz, CDCl3): δ 155.4, 152.4, 151.7, 145.5, 131.2, 129.9,
126.7, 126.6, 126.6, 126.2, 126.1, 125.3, 121.5, 118.4, 115.6,
66.1, 66.0, 25.8, 18.7, −3.6 ppm. MS (TOF-ESI) m/z: calcd:
820.19559 [M + Na]+; found, 820.20374 [M + Na]+, Δ =
−9.93 ppm.

Synthesis of Compound 9. Compound 7 (0.050 g, 0.064
mmol) was dissolved in DCM. After the addition of compound
82d (0.0415 g, 0.15 mmol) and DMAP (0.019 g, 0.15 mmol),
the reaction mixture was stirred at room temperature overnight.
When the starting material was consumed, the mixture was
concentrated under vacuo and the residue was subjected to the
silica gel flash column chromatography using EtOAc/hexane
(1:5, v/v) as the eluant. Compound 9 was obtained as yellow
oil (0.054 g, 80%). 1H NMR (400 MHz, CDCl3): δ 7.54 (s,
2H), 7.52 (d, J = 8.0 Hz, 2H), 7.47 (d, J = 8.0 Hz, 2H), 7.37 (t,
J = 8.0 Hz, 2H), 7.23 (d, J = 8.0 Hz, 2H), 7.17 (s, 2H), 7.13 (d,
J = 8.0 Hz, 2H), 6.95 (s, 1H), 6.62 (t, J = 56.0 Hz, 1H), 5.33 (s,
4H), 5.21 (s, 2H), 3.33 (s, 6H), 3.27 (s, 2H), 2.69 (s, 2H),
1.78−1.89 (m, 24H), 1.09 (s, 9H), 0.29 (s, 6H). 13C NMR
(100 MHz, CDCl3): δ 153.5, 151.5, 150.9, 142.5, 137.2, 132.9,
130.8, 129.6, 128.9, 127.0, 126.7, 126.6, 126.5, 121.7, 119.9,
118.4, 114.5, 114.0, 66.5, 66.5, 57.9, 39.1, 39.0, 37.1, 32.1, 30.3,
28.2, 25.9, −3.6 ppm. MS (TOF-ESI) m/z: calcd: 1082.46567
[M + Na]+; found, 1082.47612 [M + Na]+, Δ = −9.66 ppm.

Synthesis of Compound 10. Compound 9 (0.054 g, 0.051
mmol) was dissolved in DCM. Methylene blue (5.0 mg) was
added to the reaction mixture at −78 °C, which was irradiated
while oxygen gas was passed through it. The progress of the
reaction was monitored by TLC. When TLC showed no
starting material, the mixture was concentrated under vacuo
and the residue was subjected to the silica gel flash column
chromatography by using DCM as the eluant. Compound 10
was obtained as white solid (0.055 g, 96%). 1H NMR (400
MHz, CDCl3): δ 7.46−7.55 (m, 14H), 6.93 (s, 1H), 6.62 (t, J =
56.0 Hz, 1H), 5.34 (s, 4H), 5.22 (s, 2H), 3.25 (s, 6H), 3.06 (s,
2H), 2.16 (s, 2H), 1.61−1.91 (m, 24H), 1.10 (s, 9H), 0.29 (s,
6H). 13C NMR (100 MHz, CDCl3): δ 153.4, 151.1, 136.7,
131.0, 129.7, 129.3, 126.7, 126.6, 126.5, 126.4, 122.04, 118.4,
114.5, 111.5, 95.4, 66.4, 65.6, 50.0, 36.3, 34.7, 33.1, 32.8, 32.2,
31.7, 31.5, 29.6, 26.0, 25.9, 25.8, −3.6 ppm.
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