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ABSTRACT: Sulfoxides are shown to be viable reporting
groups for fluorescent chemosensor development. Metal
coordination of sulfoxide-appended fluorophores sup-
presses excited-state pyramidal inversion of the sulfoxide,
leading to enhanced fluorescence emission. This new
structural motif allows the construction of fluorescent
chemosensors that do not require nitrogen coordination as
part of the signaling process, that have a range of
selectivities and affinities for oxophilic metal ions, and
that can function in water.

Chemosensors that provide a fluorescence response to
reversible metal ion binding have broad potential

application for biological, medical and environmental analyses.1

Numerous approaches to chemosensor development have been
described, but the most common involve coordination to the
lone pair of a nitrogen atom attached to a proximal fluorophore
such that fluorescence emission is altered upon metal binding.2

As effective as this approach has been, it possesses limitations
such as acid sensitivity and direct dependence of the
fluorescence response on nitrogen coordination chemistry.
The discovery of new, non-amine signaling motifs thus
broadens the scope and potential impact of chemosensor
development.
We describe the first use of sulfoxides as reporting functional

groups for the development of metal-responsive fluorescent
chemosensors. Sulfoxides have low intrinsic affinities and
selectivities for metal ion coordination,3 explaining in part
why they have not previously been studied as chemosensor
response elements.4 Despite this, we find that pyrenyl
sulfoxides exhibit enhanced emission upon metal binding,
that the metal binding properties of these chemosensors can be
readily altered by structural variation of the sulfoxide probe
(Figure 1), and that such probes can function in water.5

Sulfoxides 1−8 have optical properties very similar to those
of pyrene, except that they have significantly lower quantum
yields (Table 1). While 1−4 have limited metal ion affinity,

their optical properties are instructive. Titrations of 5−8 with
various metal ions in CH3CN reveal their efficacy as fluorescent
chemosensors (Table 2).

The low quantum yields of 1−8 are in keeping with the
established deactivation of aryl sulfoxide excited states by
pyramidal inversion of the sulfoxide.6 It is believed that the
barrier for excited state inversion is greatly reduced by
intramolecular charge transfer (ICT) from the sulfoxide to
the pendant aryl, which lessens electrostatic repulsions
associated with the planar inversion transition state. Consistent
with this, in the phenyl pyrenyl series 1−3 an electron donating
substituent lowers the quantum yield (1 vs 2) and an electron
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Figure 1. Sulfoxide fluorescent chemosensors 1−8.

Table 1. Optical Properties of 1−8a

ε/103b ϕc ε/103b ϕc

1 35.5 0.011 5 31.1 0.009
2 39.7 0.006 6 27.6 0.004
3 35.9 0.053 7 28.5 0.003
4 34.7 0.012 8 27.5 0.015

aAll spectra measured in CH3CN. Emission spectra acquired at 10 μM.
Longest λ absorption/excitation maxima 349−352 nm; emission
maxima 377−381 nm. bM−1 cm−1. cAbsolute quantum yields.

Table 2. log(Kd) and I/I0 for Titrations of 4−8
a,b,c

Li+ Na+ Mg2‑ Ca2+ Zn2+

4 −0.8 − −2.6 −2.5 −1.4
(13)d (33) (26) (36)

5 −2.0 − −5.7 −5.7 −5.3
(33) (44) (42) (48)

6 −5.2 −2.5 −5.7 −5.9 −5.3
(78) (20) (174) (145) (213)

7 −5.9 −4.0 −6.6 −6.4 −5.5
(90) (39) (140) (140) (160)

8 −2.1 −2.6 −3.6 −5.7 −1.9
(5) (3) (27) (27) (26)

aTitrations in CH3CN at 10 μM (4) or 0.5 μM (5−8) chemosensor.
bKd in M. I/I0 in parentheses. cEntries marked − indicate binding too
weak to allow Kd determination.

dKd estimated from titrations that did
not reach saturation.
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withdrawing substituent increases the quantum yield (1 vs 3):
the p-H3CO group facilitates ICT while p-F3C disfavors it.7

The quantum yields of these sulfoxides, especially 5−8, can
be enhanced by the addition of metal ions, making them viable
fluorescent chemosensors. We believe the enhancement is the
result of coordination to the sulfoxide oxygen, which withdraws
electron density and disfavors the deactivating ICT process.
The titration of 4 with ZnCl2 provides representative emission
spectra for this effect in the absence of other metal binding
functionality (Figure 2). Although the binding is weak (log Kd

∼ 0.1 M),8 the fluorescence enhancement is significant (I/I0 =
36).9 The response of 4 to oxophilic metals includes Li+, Mg2+,
and Ca2+ and occurs with similar fluorescence enhancement
(Table 2). Together, these observations delineate the intrinsic
binding affinities of an aryl sulfoxide in CH3CN. The emission
of 4 (10 μM) shows no change in the presence of a 103-fold
excess of TFA and increases by only a factor of 2.6 in the
presence of a ∼104-fold excess of TFA (0.15 M), a small
increase compared to metal-induced emission “turn on.”
Appending sulfoxide 4 with more aggressively metal-

coordinating groups increases metal affinity and provides a
measure of selectivity as well. The simple extension of a methyl
substituent to an ethylamino group (5) has little influence on
quantum yield in the absence of metal ion,10 but leads to large
increases in metal ion affinity (Table 2): while there is still no
measurable affinity for Na+, Li+ affinity increases by an order of
magnitude, and log Kd values for the divalent cations Mg2+,
Ca2+ and Zn2+ are now ≤−5.3. Elaboration to incorporate
dipicolyl (6) or azacrown (7) moieties further increases affinity
and leads to the emergence of a response to Na+,11 although
the affinity for divalent cations remains stronger. The strong
interaction of 7 and Mg2+ illustrates the limits of the current
analytical system: the measured log Kd (−6.6) represents a sub-
nM detection limit and the I/I0 of 140 corresponds to a final
quantum yield (ϕmax) of 0.41.
Probe 8 most clearly illustrates two key aspects of this new

approach to fluorescence signaling, in that it provides a strong
(log Kd = −5.7, I/I0 = 27, ϕmax = 0.40), selective response to
Ca2+ with no response to the addition of acid and no
requirement that nitrogen be present in the molecule.12,13

The quantum yields of the sulfoxides increase in 10%
CH3CN/MOPS buffer (5 mM, pH 7.4), presumably as the
result of hydrogen bonding.14 The quantum yields of 4 and 5
rise to ∼0.50 and many of the fluorescence responses seen in
CH3CN simply cannot be observed in aqueous medium.

However, this effect is not uniformly overwhelming: the
addition of 1.5 equiv of ZnCl2 to 6 (10 μM, ϕ0 = 0.025 in 10%
CH3CN/5 mM MOPS) still provides a 13-fold fluorescence
enhancement with no reduction in apparent affinity (log Kd =
−5.3).
These chemosensors are unusual and advantageous in not

relying on nitrogen coordination to provide the fluorescence
response: while protonation of 5−7 in acidic media is expected
to impact metal binding, it will not produce an increase in
fluorescence emission as a false positive. The oxophilic
coordination properties of sulfoxides are distinct from, and
less well described than, those of other functional groups
routinely used in small molecule chemosensors. The ability to
use sulfoxides to report metal-binding events is unprecedented,
and the results described here indicate that the modification of
fluorophore and metal recognition domains should provide
useful and interesting probes that function in water,15 with
selectivities and affinities complementary to those of known
systems.
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