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ABSTRACT

A covalently triggered fluorescence turn-on detection scheme has been implemented for a tris( N-salicylideneamine)-derived dynamic fluorophore.
Selective cleavage of strategically placed Si O bonds by fluoride ion induces spring-loaded conformational transitions that are tightly coupled
to fluorescence enhancement.

Conformational switching drives and regulates important  In this contribution, we describe rational molecular designs
signal transduction pathways in biologyDynamic inter- to turn on fluorescence signals via covalently triggered
conversion between tle andoff-state of signaling proteins  conformational switching. Installation of cleavable silylether
is often mediated by reversible covalent modification of key groups to a dynamic fluorophore system enforced structural
amino acid side residues. Prominent examples include unfolding and fluorescence quenching. Efficient desilylation
phosphorylation and dephosphorylation of Ser/Tyr residues by externally added fluoride ion, however, triggered spon-
in many transmembrane proteins, in which covalently taneous structural folding and the recovery of an intense blue
introduced local structural distortions are amplified to global emission originating from a planar conjugated tisali-
conformational changes that initiate a cascade of events. cylideneaniline) motif. A general design strategy to exploit
This ingenious mode of operation displayed by dynamic the high selectivity inherent to reactivity-based detection
multi-subunit assemblies continues to inspire the design, schemes constitutes the main topic of this paper.
synthesis, and application of molecular devices operating in  We have recently shown that structural folding and
a conceptually parallel manngr. unfolding motions of th&s-symmetric compound (Figure

1) can reversibly modify its emission propertféSpecifi-
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Figure 1. Chemical structures of dynamic fluorophores.

hydrogen-bonding network ihfacilitated nonradiative decay

of its excited states. This was evidenced by fluorescence
guenching ofl by F~, which engages in competitive F-
H—Onyaroxy hydrogen bonds and blocks the key anchoring
points for its mobile aniline units. Although this process
represented an intriguing signal transduction via controllable
conformational switching, théurn-off mode of operation

bonding networks drives spontaneous structural folding to
B, the torsionally rigid nature of which should result in
enhanced fluorescence efficiency.

The feasibility of this “spring-loaded” mechanism was
tested against ne®@s;-symmetric fluorophore8a—b (Figure
1). A high-yielding SonogashiraHagihara cross-coupling
between 2-iodo-4ert-butylaniline and propargyl alcohol
afforded4, which was reacted with 1,3,5-triformylphloro-
glucinol in refluxing EtOH to furnish the desired triple Schiff
base condensation produtin 81% yield (Scheme 2).

Scheme 2. Synthetic Routes t@, 3a, and3b
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significantly compromised its practicality as a detection
scheme for F. In the quest for a structural platform enabling

turn-onsignaling, it was immediately brought to our attention Simple treatment of a THF solution @fwith TMSCI/EN

that the molecular mechanism of fluorescence quenchingcleanly afforded3a as a yellow solid in 73% yiel&# On
itself could be exploited to our advantage. A conceptual the other hand, an analogue &4 having TBDMS groups
reversal of this structureproperty relationship has indeed could be prepared by direct condensation reaction between
guided our mechanism-based molecular reengineering asb and 1,3,5-triformylphloroglucinol, which furnishedb in

described below.

Scheme 1. Mechanism of Turn-On Detection in which
Reaction betwee® and Non-EmissivéA Furnishes Emissivé

As shown in Scheme 1, our molecular prototypehas
bulky substituents installed on the “wing-tip”-€H groups
of its three mobile components. Steric crowding and the lack
of attractive interactions prevent structural folding and furnish
torsionally flexible and therefore weakly emissive A
chemical reaction betweeh and C, however, can remove
these capping groups and expose theHDgroups. Subse-
quent formation of the key froxy—H***Ocarbonyi hydrogen-
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essentially quantitative>(99%) yield.

The Cs-symmetric trisi-salicylideneamine) core structure
of 2 was initially suggested by its characteristig,Mins—H
proton doublet resonance at 13.77 ppm, which is coupled (
= 13.2 Hz) to the Gnyi—H doublet at 8.70 pprhThe proton
signal associated with the-€H groups on the peripheral
aniline fragments appeared as a triplétH 5.6 Hz) at 5.36
ppm, which was significantly downfield-shifted compared
with that (1.68 ppm) of its model compound 3-phenyl-prop-
2-yn-1-ol. This observation strongly implicated their involve-
ment in the hydrogen-bonding interactions with the carbonyl
oxygen atoms at the core (Figure 1), which was subsequently
confirmed by X-ray crystallography.

The solid-state structure &f shown in Figure 2, revealed
an essentially coplanar arrangement of the entire molecule
reinforced by three €0---H—N hydrogen bonds surround-
ing the six-membered ring at the core. Notably, the wing-

(5) Compoundawas obtained as mixture of two stereoisomers of local
Can and Cs symmetry associated with its trid(salicylideneamine) core.
On the other han@b was obtained exclusively as tla,-symmetric isomer.
Despite this stereochemical inhomogeneity, similar absorption and emission
spectra were obtained f&a and 3b.

(6) See Supporting Information.
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Figure 2. X-ray structure oR: (a) ORTEP diagram with thermal
ellipsoids at 50% probability; (b) capped-stick representation of a
dimeric unit constituting hydrogen-bonded stack® af the solid
state. All the hydrogen atoms, except for those associated with the
N—H and O-H groups, have been omitted for clarity. Two of the
three tert-butyl groups i@ are disordered over two positiohor
which only one model is shown. Selected interatomic distances
(A): 011:--01, 2.771; 049-020A, 2.699; 030-011A, 2.689;
0O1---N5, 2.615; 039-N43, 2.594; 020-N24, 2.634.

tip O—H groups of2 engage in hydrogen-bonding not only
in the expected intramolecular fashion (for O11) but also in
the rather unanticipated intermolecular fashion (for O30 and
049), which presumably arises from solid-state packing
interactions. Specifically, the dangling— groups in2
(Figure 2a) participate in either-€H---O—H (for O30) or
O—H---O=C (for 049) hydrogen-bonds with an adjacent
molecule of2 to define interdigitated stacks in the lattice.
Under dilute ¢~1.0 uM) conditions used for fluorescence
measurements (vide infra), however, the solution population
of 2 should be dominated by the intramolecularly hydrogen-

silylation of the OH groups i did not fundamentally affect
the emissive decay pathways. On the other h2mahd 3a
display markedly different nonradiative decay rate constants
(ko) Of 2.70 and 8.00 ng, respectively. The increased
torsional freedom of3a (Scheme 1) and the presence of
dangling trimethylsilyl groups apparently facilitate nonra-
diative relaxation of the excited states, thereby effectively
decreasingbg.”~°

Upon addition of F (0.1 mM,"BusNF), a CHClI, solution
sample of3a (1.0 uM) displayed>3-fold enhancement in
the fluorescence signal (Figure 3a). The time-dependent
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Figure 3. (a) Emission spectra &a (1.0 uM) (i) prior to and (ii)

after addition o Bus;NF (0.1 mM) in CHClI, with Aexc = 340 nm.

(b) Fluorescence signal response3af(1.0 M) to different anionic
species (5«M) added as their tetrabutylammonium salts in£H
Cl,. The response was quantified ds—( 1g)/lo, in which Iy and|
represent fluorescence intensity3# prior to and after addition of

the analyte, respectively. Measurements were made after a 20 min
period after addition at = 25 °C.

bonded structures shown in Figure 1. This was supported
by the linear relationship between the concentration and the
absorption/emission intensities determined €jrf 0—1.4

uM.

In CH.CI, at 298 K, 2 displays intensee(= 93000 M
cmY) visible absorptions afmaxans = 420 and 440 nm
(Figure S1, Supporting Information). Upon excitation at 340
nm, 2 emits atAmaxem= 458 nm with a small Stokes shift
(945 cnmb), which reflects the rigid molecular structure.
Notably, the fluorescence quantum yiekd @g) of 2 is
9.7(4)%, which is significantly higher than that df
(4.2(2)%0)4c

Silylation of the key OH groups i2 no longer supports
the rigidifying Ohygroxy—H***Ocarvonyl Nydrogen-bonding net-
works. The complete disappearance of the longest wave-
length absorption at 440 nm and blue-shift of the transition
at 345 nm (Figure S1) presumably reflect structural distortion
and decrease in the 2-D conjugation area spanne8aby
This covalent modification also results in significant decrease
in the emission quantum yield, withg values of 3.4(1) and
4.3(1)% determined foBa and 3b, respectively.

The solution dynamics o2 and 3a were further probed
by time-correlated single photon fluorescence spectroscopy
(Figure S2, Supporting Informatiofi)ln CH,Cl, at 293 K,
average radiative decay rate constakjsof 0.290 and 0.281
ns ! were obtained fo2 and3a, respectively, indicating that
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increase in the emission intensity displayeseudofirst-
order-type kinetics with an increasing overall rate with
increasing [F] (Figure S3, Supporting Information), which
points toward the participation of bo8aand F in the rate-
determining step leading to fluorescence turn“on.

Mass spectrometric analysis of the reaction mixtur8af
+ F revealed peaks corresponding t@2atf Na]* ion (m/z
= 788.3670). In addition, the UWvis spectrum obtained
for this reaction mixture was essentially identical to that
obtained for2 (Figures S1 and S4, Supporting Information).
These findings fully corroborate the formation ®fas the
desilylation product oBa. Under similar conditions, reactions
between3b and F did not result in any noticeable change
in the emission signal, which is presumably due to the more
robust nature of the ©SiMeBu bond relative to the
O—SiMe; bond against nucleophilic attack by F

(7) Pyun, C.-H.; Lyle, T. A.; Daub, G. H.; Park, S.-i@hem. Phys. Lett.
1986 124, 48-52.

(8) Turro, N. J.Modern Molecular PhotochemistriJniversity Science
Books: Sausalito, CA, 1991.

(9) Valeur, B.Molecular Fluorescence: Principles and Applications
Wiley—VCH: Weinheim, Germany, 2002.

(10) Detailed kinetic analysis of process, however, was hampered by
the multiple G-SiMe; groups in3a which can react with Fas well as by
the formation of partially desilylated products at the early stage of the
reaction that can potentially contribute to the experimentally observed
fluorescence enhancement.
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The mechanism of fluorescence turn-on in this system is bond cleavage leading to cyclization of a coumarin precur-
based exclusively on the SO bond cleavage reactions of sor!® some of which display highly selective turn-on signal
3a which can be effected by Funder mild conditions to  response similar t8a. 15 ¢17.18
generate2. The high-level of selectivity attained by this In summary, preprogrammed conformational switching
reactivity-based detection scheme was convincingly dem- of a covalently modifiable fluorophore was exploited for turn-
onstrated by the screening 8 against 11 different anions.  on detection of fluoride ion. The conceptual framework of
As shown in Figure 3b, only Felicited measurable increase this spring-loaded mechanism should be generally applicable

in the fluorescence signal, whereas @Br—, |-, CN~, SCN", to other chemical transformations that can restore the
NO;~, HSQ, PR, CIO,~, and HPO,~ had no effect under  structural rigidity and thereby enhance the emission proper-
similar conditions. ties of a dynamic fluorogenic platform. Efforts are currently

The turn-on detection scheme shown in Figure 3 relies underway in our laboratory to expand the scope of this
critically on the inertness df toward F . Unlike the situation chemistry.
with 1,%¢ treatment of an excess (00 equiv) amount of F ) )
did not elicit any noticeable changes in the emission spectra Acknowledgment. This work was supported by Indiana
of 2. Use of the silylether derivative df analogous tBa University, the Natlon_al Science Foundatl_on (CAREER CHE
would suffer from unreactedFthat can interact with the ~ 0547251), the American Chemical Society Petroleum Re-

initially generated product to cause eventual diminution ~S€arch Fund (42791-G3), and the Indiana METACYy Initia-
of the initial turn-on response. tive funded through a major grant from the Lilly Endowment,

Increasing concerns regarding environmental protection NC-
and national security has fueled research efforts to detect
fluoride ion released as the hydrolysis product of toxic
organophosphonate agents. Fluorescent probes developed f
fluoride ion typically integrate multidentate hydrogen-
bonding arrays as receptor unitsfhe compact (ionic radius
=1.15 A) and basic (. = 3.2) nature of fluoride ion makes OL7014187
it an ideal target of such state-of-the-art “coordination”-based : . . .
detection schem®:4 An alternative approach that exploits for(ﬁﬁéfigéCd"’g't’g‘ﬂ%r’rgfé?e{;‘;eglQ‘C'E"”g?%??%gﬁgsefﬂ?%tl?'?r':yf‘”:.'ogfes
the intrinsic chemical reactivity of fluoride ion toward Lewis  Ruiperez, C.; Sessler, J. . Am. Chem. Sod999 121, 10438-10439.
acidic boron or siicon atom is a promising but much less (MY, K. Seeniscier B 7, SeS L PR 5, Ry e
explored avenue. Previous examples include triarylborane- ; sessler, J. LJ. Am. Chem. So@00Q 122, 9350-9351. (d) Anzen-
based fluorophores that respond by perturbation of the bacher, P., Jr.; Try, A. C.; Miyaji, H.; Jursikova, K.; Lynch, V. M., Marquez,
electronic conjugation as a resut o bond formatiorzi® b S°°5, L3 Am Chen 262000 122 10266 10272 (€) Che
luminescent triaryldifluorosilicates obtained by-%i bond Hamilton, A. D., Eds.; Wiley-VCH: Weinheim, 2005; pp 165256.

i i i 7 ida-tri ; (15) (a) Yamaguchi, S.; Shirasaka, T.; Akiyama, S.; Tamaa].KAm.
formation of triarylfluorosilane$’ or fluoride-triggered SO Chem. S0c2002 124, 8816-8817. (b) Kubo, Y.; Yamamoto, M.: Ikeda,

M.; Takeuchi, M.; Shinkai, S.; Yamaguchi, S.; Tamao,Atgew. Chem.,

Supporting Information Available: Experimental details
Oof the preparation and characterization of synthetic interme-
Jiates and X-ray crystallographic data. This material is
available free of charge via the Internet at http:/pubs.acs.org.

(11) Greene, T. W.; Wuts, P. G. MProtectve Groups in Organic Int. Ed.2003 42, 2036-2040. (c) Liu, X. Y.; Bai, D. R.; Wang, SAngew.
Synthesis3rd ed.; John Wiley & Sons: Hoboken, NJ, 1999. Chem., Int. EJ2006 45, 5475-5478. (d) Lee, M. H.; Agou, T.; Kobayashi,
(12) For recent reviews on anion sensing with luminescent probes, see:J.; Kawashima, T.; Gabbai, F. Bhem. Commur2007, 1133-1135.
(a) Beer, P. D.; Gale, P. AAngew. Chem., Int. EQ001, 40, 486—516. (b) (16) For other systems relying on-8 fond formation for fluorescence
Lavigne, J. J.; Anslyn, E. VAngew. Chem., Int. E2001, 40, 3118— detection, see: (a) Cooper, C. R.; Spencer, N.; James,Ch&n. Commun.
3130. (c) Martnez-Manez, R.; Sancemy F.Chem. Re. 2003 103 4419- 1998 1365-1366. (b) Arimori, S.; Davidson, M. G.; Fyles, T. M.; Hibbert,
4476. (d) Gunnlaugsson, T.; Glynn, M.; Tocci, G. M.; Kruger, P. E.; Pfeffer, T. G.; James, T. D.; Kociok-Km, G. |. Chem. Commur2004 1640-
F. M. Coord. Chem. Re 2006 250, 3094-3117. 1641. (c) Xu, S.; Chen, K.; Tian, Hl. Mater. Chem2005 15, 2676~
(13) For urea-based luminescent probes for fluoride ion, see: (a) 2680.
Gunnlaugsson, T.; Davis, A. P.; Glynn, i@hem. CommurR001, 2556— (17) Yamaguchi, S.; Akiyama, S.; Tamao, K.Am. Chem. So200Q
2557. (b) Kim, S. K.; Yoon, JChem. Commur2002 770-771. (c) Cho, 122, 6793-6794.
E. J.; Moon, J. W.; Ko, S. W.; Lee, J. Y.; Kim, S. K.; Yoon, J.; Nam, K. (18) Kim, T.-H.; Swager, T. MAngew. Chem., Int. EQ003 42, 4803~
C.J. Am. Chem. So@003 125, 12376-12377. (d) Xu, G.; Tarr, M. A. 4806.
Chem. Commur2004 1050-1051. (e) Oton, F.; Tarraga, A.; Espinosa, (19) For a recent example of hydrogen-bonding mediated conformational
A.; Velasco, M. D.; Molina, PJ. Org. Chem2006 71, 4590-4598. (f) control of anion receptors, see: Santacroce, P. V.; Davis, J. T.; Light, M.
Zhao, Y.-P.; Zhao, C.-C.; Wu, L.-Z.; Zhang, L.-P.; Tung, C.-H.; Pan, Y.-J. E.; Gale, P. A,; Iglesias-®&hez, J. C.; Prados, P.; Quesada JRAm.
J. Org. Chem2006 71, 2143-2146. Chem. Soc2007, 129, 1886-1887.

3582 Org. Lett, Vol. 9, No. 18, 2007



