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We recently described a new approach to the development of
fluorescent chemosensors based on a signal transduction pathway
in which metal binding induces conformational restriction of the
fluorophore, resulting in enhanced fluorescence.1-3 In our first
report, we showed that metal ion binding could restrict the excited-
state rotation of a biaryl chromophore, suppressing intersystem
crossing and leading to increased emission.3a We have now applied
the restriction of excited-state dynamics to suppression of the other
fundamental nonradiative decay pathway, internal conversion, in
biarylacetylenes.4 This indicates that both nonradiative decay
pathways are subject to conformational control, and that this
signaling pathway should be generally accessible in simple flexible
fluorophores. This, in turn, has implications for fluorosensor design,
in that the majority of previous approaches require the sacrifice of
either architectural simplicity or broad ligand scope;5 the approach
described here does not appear to suffer from such limitations.

Diphenylacetylene (DPA) is among the simplest fluorescent
compounds with appreciable conformational flexibility.6 Comple-
menting our previous work on biphenyl derivatives, we have studied
the properties of DPA derivatives1-5 (Figure 1).7,8 Compounds1
and 2 were chosen to evaluate the influence of covalent confor-
mational restriction. Compounds3-5 combine the biarylacetylene
fluorophore with simple crown ether metal binding domains.

The effect of conformational restriction in these DPA derivatives
is revealed by comparison of1 and2: the emission of2 is greater
than that of1 under identical conditions (I2/I1 ≈ 4, Figure 2).9-11

The absorbance spectra indicate that restricted rotation in2 leads
to little change in extinction coefficient (ε2/ε1 ≈ 1 at λexc),12 and
that enhanced emission does not result from enhanced absorption.
The properties of1 and2 do not change upon addition of a large
excess of trifluoroacetic acid, which argues against the involvement
of electron or charge transfer. Other processes must thus be involved
to account for the “missing” 4-fold enhancement.13

In conjunction with quantum yields, the fluorescence lifetimes
of DPA, 1, and2 shed light on the origin of fluorescence enhance-
ment in2: the calculated rate constants indicate that reduction in
the rate of nonradiative decay entirely accounts for the observed
4-fold fluorescence increase (Table 1).11 The temperature depen-
dence of the emissive lifetimes (-40 to 23 °C) reveals that, as
previously established for DPA,14 nonradiative decay in1 and2 is
an activated process,15 and that the activation barrier is higher in2
than in1 or DPA. The parallels between the absorption, emission,
and photophysical parameters suggests that the excited state
processes are qualitatively the same in all three compounds. This
in turn allows inference to be made as to the origin of reduced
nonradiative decay in2.

DPA is an anomolous fluorophore, wherein excitation occurs to
and emission occurs from S2. The dominant nonradiative decay
pathway in DPA is activated S2 f S1 internal conversion (IC)

followed by rapid activationless S1 f T1 intersystem crossing (ISC).
Activated nonradiative decay in1 and2 may thus be ascribed to
S2 f S1 IC (Figure 3), and it is therefore this process that is
modulated by conformational restriction. The increased activation
energy for S2 f S1 IC in 2 relative to1 is consistent with what
little is known about the structure of these excited states in DPA.
It has previously been determined that the central bond of S2 DPA
retains its ground-state triple bond character while that of S1 DPA
is much more like a double bond in nature.18 While it has not been
possible to distinguish between bent and cumulene-like structures
for S1 DPA, the restricted conformation of2 could easily alter the
energetics of the change in bond order in either scenario. We
anticipate that further spectroscopic and computational study of1
and2 will clarify this issue.

Figure 1. Biarylacetylene fluorophores.

Figure 2. Relative absorbance and emission spectra of1 and2.

Table 1. Photophysical Parameters for DPA, 1, and 216,17

φ τ (ps) kr (s-1) Ea (cm-1) knr (s-1)

DPA 4.0× 10-3 10 3.9× 108 610 9.5× 1010

1 9.0× 10-3 20 4.6× 108 980 5.1× 1010

2 36× 10-3 87 4.0× 108 1100 1.2× 1010

Figure 3. Excitation, emission, and nonradiative decay in DPA,1 and2.
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Confirmation that conclusions drawn from1 and 2 may be
applied to noncovalent binding events is provided by the UV and
fluorescence spectra from the titration of3 with Li+ (Figure 4).
The addition of excess Li+ leads to a small increase in extinction
coefficient (ε/ε0 at λexc e 1.3) and much larger enhancement of
fluorescence emission (I/I0 ≈ 5 at λmax). As with 1 and 2, the
addition of excess trifluoroacetic acid has no effect on the absorption
or emission spectra, again excluding the involvement of electron
or charge-transfer processes.13 This, combined with the structural
and spectroscopic similarities between2 and3, led us to conclude
that the observed fluorescence enhancement is the result of metal-
binding induced conformational restriction.

The scope of this effect is illustrated by the fluorescence response
of 3-5 to the addition of metal cations (Figure 5).9 Of the three
crowns,3 is the most discriminating, with a strong preference for
Li+ and Ca2+, while 4 and5 exhibit less selective binding. Crowns
3 and5 provide similar response maxima,≈ 5-fold fluorescence
enhancement.19 As in our previous work,3 there is a correlation
between metal binding and fluorescence enhancement: in each case
where NMR titration indicates metal complexation, fluorescence
enhancement is observed. As also observed previously,3,20 there is
no clear correlation between cavity size and binding profile,
underscoring the complexity of even these seemingly simple
recognition phenomena.

In conclusion, we have shown that the control of excited
dynamics can modulate both of the fundamental nonradiative decay
pathways, ISC and IC, in simple fluorophores. Now characterized
in biaryls,3a biarylpyridines,3b and biarylacetylenes, this approach
should be generally applicable to the development of polyaryl
fluorescent chemosensors. Ongoing work includes further spectro-
scopic and computational study of1-5, as well as the development
of longer wavelength analogues.

Acknowledgment. We thank Professor Doug Magde (UCSD)
for carrying out the lifetime measurements. Financial support was
provided by the National Science Foundation (CHE-9876333), the
UC Toxic Substances Research & Training Program, and the
Department of Education (GAANN support for S.A.M.). The
National Science Foundation is further acknowledged for support
of the Departmental NMR facilities (CHE-9709183).

Supporting Information Available: Synthetic procedures, tabu-
lated spectral data, and UV and fluorescence spectra for1-5; UV and

fluorescence spectra for metal titrations; and details of photophysical
measurements for1 and 2 (PDF). This material is available free of
charge via the Internet at http://pubs.acs.org.

References

(1) For fluorescent chemosensor reviews, see: (a) de Silva, A. P.; Eilers, J.;
Zlokarnik, G.Proc. Nat. Acad. Sci.1999, 96, 8336-8337. (b) deSilva,
A. P.; Gunaratne, H. Q. N.; Gunnlaugsson, T.; Huxley, A. J. M.; McCoy,
C. P.; Rademacher, J. T.; Rice, T. E.Chem. ReV. 1997, 97, 1515-1566.
(c) Fabbrizzi, L.; Licchelli, M.; Pallavicini, P.; Sacchi, D.; Taglietti, A.
Analyst1996, 121, 1763-1768. (d)Fluorescent Chemosensors for Ion
and Molecule Recognition; Czarnik, A. W., Ed.; American Chemical
Society: Washington, D.C., 1994; Vol. 538.

(2) (a) McFarland, S. A.; Finney, N. S.J. Am. Chem. Soc.2001, 123, 1260.
(b) Mello, J. V.; Finney, N. S.Angew. Chem., Int. Ed.2001, 40, 1536.

(3) For the elegant use of covalent sugar binding to induce fluorescence
enhancement in flexible fluorophores, see: (a) Sandanayake, K.; Na-
kashima, K.; Shinkai, S.Chem. Commun.1994, 1621-1622. (b) Takeuchi,
M.; Mizuno, T.; Shinmori, H.; Nakashima, M.; Shinkai, S.Tetrahedron
1996, 52, 1195-1204. (c) Takeuchi, M.; Yoda, S.; Imada, T.; Shinkai, S.
Tetrahedron1997, 53, 8335-8348. For a previous example in which
formation of a 2:2 ligand:K+ complex restricts energy-wasting olefin
isomerization in a stilbenoid fluorophore, see: (d) Xia, W.-S.; Schmehl,
R. H.; Li, C.-J.J. Am. Chem. Soc. 1999, 121, 5599-5600.

(4) For a recent overview of chemosensors based on oligo(p-phenylethy-
nylene), see: McQuade, D. T.; Pullen, A. E.; Swager, T. M.Chem. ReV.
2000, 100, 2537-2574.

(5) The majority of fluorescent chemosensors with simple structures rely on
modulating photoinduced electron transfer or charge transfer, signaling
mechanisms which require the use of ligands containing an aryl or benzylic
amino group. Fluorescent chemosensors based on solvatochromism or
energy transfer have minimal restriction on ligand design but typically
require complex molecular architecture. See ref 1.

(6) The barrier to rotation for DPA in the gas phase is<1 kcal/mol: Okuyama,
K.; Hasegawa, T.; Ito, M.; Mikami, N.J. Phys. Chem.1984, 88, 1711-
1716.

(7) All biarylacetylene derivatives were prepared via Sonogashira coupling
(ref 8). Complete experimental details are included in the Supporting
Information. We thank Prof. Ivo Stary and co-workers for sharing critical
experimental details prior to publication. See: Stara, I. G.; Stary, I.;
Kollarovic, A.; Teply, F.; Saman, D.; Fiedler, P.Collect. Czech. Chem.
Commun.1999, 64, 649-672.

(8) For a review of Pd-catalyzed arylacetylene synthesis, see: Sonogashira,
K. In Metal-Catalyzed Cross Coupling Reactions; Diederich, F., Stang,
P. J., Eds.; Wiley-VCH: New York, 1998; Chapter 5.

(9) All spectra were acquired at ca. 10-5 M in CH3CN, λex ) 285 nm. No
effort was made to exclude water or oxygen. See Supporting Information
for details.

(10) Comparison with control compounds indicates that while electronic effects
can influence the quantum yield of biarylacetylene derivatives, confor-
mational restriction predominates.

(11) For the previous preparation of conformationally restricted diarylacetylenes,
see: (a) Crisp, G. T.; Bubner, T. P.Tetrahedron1997, 53, 11881-11898.
(b) Crisp, G. T.; Bubner, T. P.Tetrahedron1997, 53, 11899-11912. For
discussion of the influence of conformation on oligo(p-phenylethynylene)
properties, see: (c) Seminario, J. M.; Zacarias, A. G.; Tour, J. M.J. Am.
Chem. Soc.2000, 122, 3015-3020. (d) Levitus, M.; Schmeider, K.; Ricks,
H.; Shimizu, K. D.; Bunz, U. H. F.; Garcia-Garibay, M.J. Am. Chem.
Soc.2001, 123, 4259-4265. (e) Kim, J.; Swager, T.Nature2001, 411,
1030-1034.

(12) Force field calculations (SYBYL parameters, Spartan interface: Wave-
function, Inc. Irvine, CA) indicate that the dihedral angle between the
phenyl rings of2 is ≈18°; this is apparently a good approximation of the
average ground state conformation of1.

(13) The addition of excess acid is a reliable probe for cases where heteroatom
lone pairs are involved in electron or charge-transfer processes. See ref 1
for numerous examples.

(14) For recent reviews, see: (a) Hamaguchi, H.; Ishibashi, T.-A. InStructure
and Dynamics of Electronically Excited States; Laane, J., Takahashi, H.,
Bandrauk, A., Eds.; Springer: Berlin, Germany, 1999; pp 163-176. (b)
Hirata, Y. Bull. Chem. Soc. Jpn.1999, 72, 1647.

(15) An activated nonradiative decay process should followknr ) A exp(-Ea/
RT). Energetic parameters were thus obtained by plotting 1/τ vs 1/T(K),
providing a linear plot with slopeEa and intercept lnA. Data and error
estimates are provided in the Supporting Information.

(16) As τ ) 1/(kr + knr) andφ ) kr/(kr + knr), kr ) φ/τ.
(17) Quantum yields were determined by standard methods with tryptophan

as a reference. See: Lakowicz, J. R.Principles of Fluorescence
Spectroscopy, 2nd ed.; Kluwer Academic: New York, 1999. Repeated
measurement suggests that the values are accurate to within(10%.

(18) (a) Ishibashi, T.; Hamaguchi, H.Chem. Phys. Lett.1997, 264, 551. (b)
Ishibashi, T.; Hamaguchi, H.J. Phys. Chem. A1998, 102, 2263.

(19) All titrations were carried out to saturated response, and are consistent
with 1:1 ligand:metal complexes: Connors, K. A.Binding Constants;
Wiley-Interscience: New York, 1987; pp 24-28.

(20) For discussion of the prediction of binding constants, see: (a) Martell,
A. E.; Hancock, R. D.; Motekaitis, R. J.Coord. Chem. ReV. 1994, 133,
39-65. (b) Hancock, R. D.Analyst1997, 122, R51-R58.

JA017309I

Figure 4. Titration of 3 with LiClO4 in CH3CN.

Figure 5. Fluorescence response of3-5 to added metal cations.
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