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Receptors and sensofshaving strong affinity and selectivity ~ Scheme 1

for specific anions are a subject of great interest in supramolecular o 2
chemistry® Among the various neutral receptor systems known, oY jf\/v\/sr ® /éi\
calix[4]pyrrole¢ have attracted particular attention because they o PrTS— o N

(88%) o 4

display high affinity to halide anions. Size selectivity of strapped
calixpyrroles toward anions has been demonstrated recently.
Introduction of diametrical bridging on one face of the calix[4]-
pyrrole macrocycle also provides a convenient means of introducing o
functionalized groups at or near the binding domain. To date, several o
tunable systems have been repoftadowever, more elaborate ﬁ R [
systems containing built-in chromogenic reporter groups have not j ) q%:g/\Ao ° g N:"
hitherto been reported. Such systems would be potentially useful = s =
since they might allow the detection of analytes via direct optical

or spectroscoplc r_neaﬁs_. . decrease in the intensity. However, no fluorescence enhancement
With these considerations in mind, we have prepared the strappedi, g enching) was observed in the absence of water. Although
calix[4]pyrrole 1, which contains a coumarin moiety as a potential o+ 3 proof, these results are easily interpreted in terms of hydrogen
fluorophore near the binding domian. This system was found 0 1, ging interactions between water molecule(s) and the carbonyl
function as an INH logic gatéwherein changes in cation and anion function of the coumarin moiety, as well as, perhaps, the phenoxy

concentration serve as the inpand fluorescence intensity changes .. interactions that prevent the expected photoinduced electron
as the output. As shown in Scheme 1, the synthesis of target systemansfer (PET) quenching proceis.

1 involves the reaction of 6-bromo-2-hexanoB® with 5,7-
dihydroxy-4-methylcoumariﬁ. The_ resulting bisketordwas then NaPR, was added to a solution of receptbiin dry acetonitrile
condensed with pyrrole to afford dipyrromethane analdguwehich (H,0 < 10 ppm). NaPEwas chosen as a potential cation source

was SL_Jccesswer condensed with acetone in _the [())resgnce of 45 minimize interactions between host molecule and aniog(PF
cata_lyt_lc amount of BZEEFZO Fo aﬁord_ receptoEL in _14/0 Y'e"?'- The cation (N&) was expected to interact with the oxygen atoms
Preliminary fluorometric titration ot with various anions (studied present in the receptdt, thereby inhibiting the PET quenching

in the form ‘?féghe'r corresponding tetrabutylammonium salts) in - qcess The experimental findings were found to be in accord with
dry acetonitrilé® revealed behavior that was somewhat different g oy predictions. Specifically, the fluorescence intensity ratio at

from that of previous systems bearing fluorophores linked through Amax = 396 nm (/lg) for 1 (concentration= 1.0 x 105 M) was

a single bond. For instance, no significant quenching of the  ,nqerved to increase from 1 to 1.39 upon the addition of excess
fluorescence was observed when anions were added to d”meNaPFe (6 x 102 M) as illustrated in Figure 1. When the same
solutions of1 in acetonitrile. On the other hand, the fluorescence ¢ tion was treated with tetrabutylammonium chloride (TBACI)
Intensity of1 COU"?, be controlled by two different methods, i.e.,  yhe fluorescence intensity, with its maximum at 396 nm, was found
input parameters”. In particular, upon the addition of water, an to decrease upon the addition of 1 molar equiv of this Sl (
enhancement in the fluorescence intensity was observed that CO“|dgoing from 1.39 to 1.08). A further decreaselih to a value of
therP _be redu_ced bacl_< to_ the original Ievel_ via the subsequenty oq'\yas observed upon the addition of 3 molar equiv of TBACI.
addition of anions. As implied above, controlling the fluorescence e resyits indicate that the fluorescence intensity can be
intensity could be accomplished by addition of water. Indeed, the controlled by the dual “input parameters” of cation and anion: the

addition of water to an acetonitrile solution_ibf(_l.o X 1_0‘6 M) added cation (N3 “switches on” the signal, generating a high
causes the |nten_5|ty of the fluorgscence emission maximum at 396intensity state, whereas the anion {Clswitches off” the signal,
hm to Increase in a concentration-dependent mariv‘ie_} és the producing a low intensity state. Such competing) (signaling
amount of water is increased to 3% (v/v) (see Supporting Informa- e cts are, to the best of our knowledge, unprecedented in a discrete
tion). . . . chemical sensor system.

The above enhancement could be effectively “reversed” via the Proton NMR spectroscopic studies were carried out in acetoni-

addition of anions. The ratio of the fluorescence intensity was found trile-ds at 298 K in an attempt to elucidate the binding modes present

to be noticeably decreased upon the addition of only 1 equiv of within the complexes. ThéH NMR spectrum ofl (0.01 M)
TBACI. Further addition of TBACI served to effect a further ..o qeq before and after addition of NaRBaturated solution;

t Kangwon National University. concentration~1 x 10-1 M), revealed that the signals for the four
*University of Texas at Austin. pyrrole NH protons ofl (originally appearing at 8.21 and 8.14 ppm)

TFA| pyrrole
(76%)

To provide support for this supposition, a sodium cation source,
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Table 1. Association Constants (Kj) of 1 with Anions in 3%
H>O/CH3CN, NaPFs/CH3CN, and CH3CN at 298 K

Ka(M~1)
anion source 3% H,0/CH3CN? NaPF¢/CH;CN? CH4CN®
TBA-CI 1.9 x 1C° 2.3x 10° 3.6x 1C°
TBA-Br 3.7x 10¢ 1.0x 10° 1.1x 10°
TBA-CH3CO, 8.9x 10° 1.3x 10° 1.9x 10°

aDetermined by fluoresence emissidetermined by ITC; average
of 3 determinations at 2 concentrations.

@ @ (b)
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Figure 1. Fluorescence intensity changesldiefore and after addition of
excess NaPfand further addition of 1 equiv of TBACI{] = 1.0 x 10°®

M in CH3CN, Zex = 323 nm). Inset shows the intensity changes (in the
presence of excess Nadyfat 396 nm that are seen upon the addition of
TBACI.

* Quanching *

Fluorescence change Fluorescence change
were not shifted upon the addition of this salt. Since large downfield Law=- High High-= Low
shifts are seen in the presence of anions, including fluoride, chloride, Figure 2. Schematic representation of the interactionslafith cation
and carboxylates, this lack of guest-induced shifts in the spectrum @nd anions. () Cation (Njis thought to bind weakly to the oxygen lone
. . . - airs, which induces an enhancement in the fluorescence intensity. (b) The
is taken as an Indlcathn that no appreciable hydrogen bonding take%inding of an anion (Cl) activates a different PET mode and quenches the
place between the calix[4]pyrrole and thesPHN other words, as fluorescence signal.
implied above, this anion really is “innocent” as far as any putative
molecular recognition events are concerned. Presumably, it resideditting program (see Supporting Information). The resulting as-
outside the cavity generated by the strap, while the catiorf}jNa  sociation constant&, values are shown in Table 1, along with
whose binding mode was not specifically determined, interacts with association constant&{) obtained from ITC measurements that

the coumarin moiety. were carried out in the same solvent but at higher concentrations
Very different!H NMR spectroscopic behavior is seen after the ([1] = 1.0 x 104 to 1.0 x 103 M).>13 The K, values obtained
addition of 1 equivalent of TBACI to receptdr(1 x 102 M in from these two different measurement methods were found to be

acetonitrileds). Now, completely new signals for the pyrrole NH in good agreement within experimental error.
appear at 11.12 and 11.07 ppm. This observation provides support The anion binding affinity ofl in wet CHCN (3% v/v H0)
for the notion that the chloride anion is strongly associated With  was also studied by fluorescence titration, and again, the relevant
and resides inside the central cavty. Ka values are included in Table 1. As a general rule, the trend in
In the presence of both cation (Neand anion (Ct), the signals Ka values was found to be ClI> CH;CO,~ > Br-, with the
for the pyrrole NH protons appear at low field & 11.08 and magnitude of the values being a bit smaller than those of obtained
11.03 ppm). This is consistent with the fact that the chloride anion in dry acetonitrile in the presence of NaPRVe interpret these
resides within the cavity even in the presence of 10 equiv df. Na results in terms of competing hydrogen bonding interactions
However, a small percentage of the anion does appear to bebetween the water molecules and the pyrrole NH protons of receptor
dissociated froni under these conditions (cf. Supporting Informa- 1 that serve to weaken the association with anions. However,
tion). As might be expected, the inner aromatic coumarin proton because of a greatly reduced electrostatic effect, the interaction
(i.e., the one located between the two ether groups) was seen tdbetween the pyrrole NH protons and the neutral species, water, is
shift to 7.04 ppm from its original position at 6.37 ppm upon the expected to be much smaller on a per mole basis than ones involving
addition of 1 equiv of chloride anion, while those of the other anions. Thus, even in 3% water tig values for anion binding
coumarin protons remained almost unchanged. This large downfieldremain appreciable.
shift is consistent with the presence of a hydrogen bonding  Figure 2 shows the proposed binding modes for the complexation
interaction between this inner aromatic proton and the chloride of cations and anions bl In the presence of an excess of NgPF
anion. Even in the presence of excess™N#his presumed it is suggested that the Nacation binds weakly to the carbonyl
coumarin-chloride anion interaction was maintained. On the basis group (and/or other oxygen functionality) present in the coumarin
of these findings, we propose that the incipient developing negative moiety. This presumed association of the'Néth an oxygen lone

charge ¢ ~) within the aromatic coumarin system {H-C°%") is pair serves to prevent the PET quenching process and thus serves

largely responsible for the observed PET-like, anion-induced to change the fluorescence intensity level from Low to High in

guenching process. accord with the switching model proposed above. Once an anion
Because of the strong association of recefitaith chloride, as is introduced under these latter conditions, the build-up of negative

well as bromide and acetate, which were also specifically tested, it charge acts to modulate the electronic nature of the coumarin
was not possible to determine accurate association constajits ( moiety, resulting in a change in fluorescence intensity from High
usingH NMR titration methods. Thus, the association constants to Low.

(Ky) for the interaction ofl with these three representative anions As a control experiment, excess NgRFas added directly to a
(studied as their respective tetrabutylammonium salts) were deter-solution of coumarin in dry acetonitrile. In accord with what would
mined from fluorescence titratioHscarried out at much lower be expected based on the findings described above, under these
concentrations (] = 1.0 x 10°® M) in dry acetonitrile containing conditions the fluorescence intensity of unfunctionalized coumarin
excess NaP4£ Fits to the data were made using a standard curve- was found to increase in intensityBy contrast, no fluorescence
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Table 2. Truth Table of Logic Responses of Receptor 1 of “smart” molecular devices whose “logic” function can be
inputs output controlled by ion or, in due course, neutral substrate recognition.
cation (Na) anion (CI) fluorescence (Aya: = 396 nm) Acknowledgment. This work was supported by grant from
0 0 Low Vascular System Research Center (VSRC) at KNU. Work at UTA
0 1 Low was supported by the National Institutes of Health (grant no. GM
1 0 High 58907)
1 1 Low ’

Supporting Information Available: Details for synthesis, char-
guenching was observed upon the addition of TBACI (up to 3 acterization, spectral data, and plots. This material is available free of
equiv). Furthermore, little effect on the fluorescence was seen whencharge via the Internet at http://pubs.acs.org.

excess tetrabutylammonium hexafluorophosphate (TBARRS
added to a solution of coumarin in dry acetonitrile. Similar findings References

were obtained when these control experiments were carried out in (1) (a) Bianchi, A., Bowman-James, K., Garcia-Espana, E., Bipramo-

0 i i lecular Chemistry ofAnions; Wiley-VCH: New York, 1997. (b)
wet CHCN (3% D,0). Takep in copgert, thesg results provide Schmidtchen, F. P.: Berger. NChem. Re. 1997 97, 1605-1646. (¢)
support for the postulated notion that it is the™zation that causes Beer, P. D., Gale, P. AAngew. Chem., Int. E001, 40, 486-516.
he fluor n nhancementlifas well marin itself) an (2) (a) Czanik, A. WAcc. Chem. Red994 27, 302-308. (b) de Silva, A.
the uo escence enhancement (‘B.S_ €ll as couma t§e f) and P.; Gunaratne, H. Q. N.; Gunnlaugsson, T.; Huxley, A. J. M.; McCoy, C.
that it is the pyrrole NH-bound anion that serves to induce the P.. Rademacher, J. T.; Rice. T. Ehem. Re. 1997, 97, 1515-1566. (c)

observed fluorescence quenching. On the basis of the above Xiao, K. P.; Buhimann, P.; Nishizawa, S.; Amemiya, S.; Umezawa, Y.
Anal. Chem1997, 69, 1038-1044. (d) Beer, P. DAcc. Chem. Red4998

findings, we suggest that the coumarin-strapped calix[4]pyrtole 31, 71-80. (€) Suksai, C.: Tuntulani, Them. Soc. Re 2003 32, 192—
works as a molecular logic gaté. 202. (f) Martinez-Manez, R.; Sancenon,Ghem. Re. 2003 103 4419-

) . 4476.

Table 2 shows the truth diagram for the logic responses seen (3) Atwood, J. L., Davies, J. E. D., MacNicol, D. D.,"yte, F., Suslick, K.
for 1. Here, the disparate inputs of cation and anion are represented f 9EdS Comprehensie Supramolecular Chemistripergamon: Oxford,
as “0" = "absence”, “1"= "presence”. The fluorescence outputis (4 (3)°Gale, P. A Sessler, J. L.; K. Chem. Commuri998 1—8. (b)

only observed at its High level when (Cation, Anion)(1, 0). In Sessler, J. L.; Anzenbalclsher P., Jr: hfkmza K. M|yaJ|I H.; Gen%e
. ; W.; Tvermoes, N. A.; Allen, W. E.; S river, J. A.; Gale, P. A.;Krdl.
the case of (Cation, Aniony (1, 1), the output changes to the Pure Appl. Cheml998 70, 2401-2408. (c) Sessler, J. L. Gale. P. A. In
corresponding Low level. In the case of (Cation, Anien)0, 0), The Porphyrin Handbogkadish, K. M., Smith, K. M., Guilard, R., Eds.;
; it i Academic Press: San Diego, 1999; Vol. 6, pp 2278.
the c_)utput is also at a Low I_eve_l. The_ addition of only the anion (5) (a) Yoon, D. W.. Hwang, H.. Lee, C. Hngew. Chem., Int. E2002
(Cation, Anion)= (0, 1) maintains this latter Low level. As a 41, 1757-1759. (b) Lee, C. H.; Na, H. K.; Yoon, D. W.; Won, D. H.;
H i i Cho, W. S.; Lynch, V. M.; Shevchuk, S. V.; Sessler, JJLAm. Chem.
consequenpe, these logic responses are best described in terms of Soc.2003 125 73017306, (¢) Lee, C. H.: Lee, J. S.: Na. H. K. Yoon,
an INH logic gate. D. W.; Miyaji, H.; Cho, W. S_; Sessler, J. L. Org. Chem2005 70,
The effect of cations other than Navas also examined. When 2067-2074.
. . (6) Fluorophore- and chromophore-connected callx[4]pyrroles (a) Miyaji,
KPFs was used instead of NagpFhe enhancement in fluorescence H.: Anzenbacher, P., Jr.; Sessler, J. L.; Bleasdale, E. R.; Gale,Ghen.
of 1 was found to be minimalfl, = 1.11). In contrast, when LiRF Commun.1999 1723-1724. (b) Miyaji, H.; Sato, W.; Sessler, J. L.;
. Lynch, V. Tetrahedron Lett200Q 41, 1369—1373. (c) Miyaji, H.; Sato,
was applied a strong enhancement was obsetllge=1.96). These W.; Sessler, J. LAngew. Chem., Int. E200Q 39, 1777-1780. (d)
observations are consistent with thetL¢ation binding to the {i\gzegsbgocfges[ysii.,k; durs[k?_'va,s Kt Sssslt;r, Jblénsﬂ. Cf}em.Jch:)%PO(%
coumarin carbonyl group more strongly than™\Néhus inhibiting Czezech. Chem. C‘éﬁzm&gj& 69, fooz'7fib43.' - essier, J.Lotlect

the PET process more effectively. Doubly charged cations, such (7) gllolecultar |0|§|;iCQ gate I\fﬂufgtionclikgl 6tm Al'\égggggzi 4(;)4%6 Iil\?\lﬂihh‘:ll. A P,
+ _ _ unaratne, H. Q. N.; McCoy, C. Rature 3 —44. ogic

as M@_J? ('_/|0 = 5.99) and CéF_ (1o = 5.70), proved even more gate using protons and oxygen as inputs: (b) Gunnlaugsson, T.; Mac-

effective in terms of enhancing the fluorescence intensity (see Donail, D."A.; Parker, DChem. Commur200Q 93-94.

; ; : (8) AND logic gates using cation and anion as inputs: (a) lwata, S.; Tanaka,
Supporting Information). The fluorescence enhancement induced K. Chem. CommurL.995 1491_1492. (b) de Silva, A. P.: McClean, G.

—

by these latter cations (e.g.,"Lbr Mg?*) could be quenched via D.; Pagliari, SChem. Commur2003 2010-2011. INH logic gate using

i ; B f cation and anion as inputs, color changes as output: (c) Miyaji, H.;
the addition of C‘r anion (a_s its tetra}butylammonlum salt). Collinson, S. R. Prokes, I.: Tucker, J. H. &hem. Commur2003 64—
However, the efficiency of this quenching process proved less 65.
effective than in the case of Na (9) Zhang, W.; Li, CJ. Org. Chem200Q 65, 5831-5833.

. . . 10) Acetonitrile, ultralow water (kD < 10 ppm), was purchased from J. T.
In conclusion, we have succeeded in synthesizing a strapped (10) Baker. ( ppm) P

i i i . inti (11) (a) de Silva, A. P.; de Silva, S. &Zhem. Communl986 1709-1710.
callx[4]pyrr(_)le—coum§1r|n Con}uQe!m AfSOCLatlon ConStant.KQ (b) Akkaya, E. U.; Huston, M. E.; Czarnik, A. Wl. Am. Chem. Soc.
corresponding to the interactidrwith CI—, Br—, and AcO™ anions 199Q 112, 3590-3593. (c) Xu, X.; Xu, H.; Ji, H. FChem. Commun
were determined using fluorescence titrations carried out in the 2001, 2092-2093. (d) Bu, J. H.; Zheng, Q. Y.; Chen, C. F.; Huang, Z. T.

. Org. Lett.2004 6, 3301-3303.
presence of N&(or H,0) and gave values concordant with those (12 Connors, K. ABinding ConstantsJohn Wiley & Sons: New York, 1987.

determined using ITC. The fluorescence emission propertids of  (13) (a)I S_Chn}idtd}fpé)':- Rrg. Leﬁ-ZOCt)Z 4, 431—424- (b)dlsothferﬁnal titrgtilortl_

! e calorimetery measurements were performed as follows. Solutions
were found to depend on the environment and could be specifically of the chosen receptor in rigorously dry acetonitrile were made up so as
controlled via the addition of Na (or H,O) and anions. In to provide a receptor concentration range of-@limM. These solutions
were then individually titrated with the appropriate alkylammonium salts

acetonitrile, fluorescence q_uenCh'ng by anions is only observed in at 30+ 0.01°C. The original heat pulses were normalized using reference

the presence of # or cations, such as NaThese and other titrations carried out using the same salt solution but pure solvent, as
opposed to a solution containing the receptor.

observations are consistent with the presumed PET process being 14) Fluorescence enhancement of coumarin derivatives by cation recogni-

controlled by both cation and anion recognition. We believe that tion: (a) Karsli, N.; Erk, CDyes Pigmentd996 32, 85-92. (b) Li, L

our approach, involving the strapping of calix[4]pyrroles with D.; Wei, Y.; Tong, A. J.Anal. Chim. Acta2001, 427, 29-37.

fluorophores, will emerge as a powerful new approach to the design JA053612Y
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