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Abstract: The synthesis, photophysical, and anion-binding properties of a series of di-, tri-, and tetrapodal
anion-binding hosts based on aminopyridinium units with pyrenyl reporter groups are described. The ditopic
mesitylene-derived calix[4]arene-based host 4 binds strongly to dicarboxylates, particularly malonate, in a
2:1 anion:host ratio but is essentially nonemissive in the presence of all anions except chloride because of
intramolecular quenching by the pyridinium units. Addition of chloride results in a conformational change,
giving an initial increase in emission assigned to intramolecular excimer formation. Further chloride addition
also results in an increase in the intensity of the pyrenyl monomer emission as chloride binding reduces
the acceptor ability of the pyridinium groups. This behavior is not exhibited by control compounds 5 and 6,
which lack the ditopic geometry and calixarene spacer unit; however, tripodal 6 forms 1:2 anion:host

complexes with a range of anions.

Introduction

The binding and sensing of simple anions such as chloride
is particularly topicalk=24 A typical molecular sensor involves
an analyte binding moiety coupled to a signaling group such as

T Durham University.
* Universitadi Bologna.
§ Heriott-Watt University.
I'King’s College London.
JISOF-CNR (Sezione di Ferrara).
(1) Gale, P. AChem. Commur2005 3761-3772.
(2) Seganish, J. L.; Davis, J. Them. Commur2005 5781-5783.
(3) Schazmann, B.; Alhashimy, N.; Diamond, D. Am. Chem. SoQ006§
128 8607-8614.
(4) Nieto, S.; Peez, J.; Riera, L.; Riera, V.; Miguel, BChem—Eur. J. 2006
12, 2244-2251.
(5) Chaumont, A.; Wipff, GNew J. Chem2006 30, 537—545.
(6) llioudis, C. A.; Steed, J. WOrg. Biomol. Chem2005 3, 2935-2945.
(7) Bai, Y.; Zhang, B. G.; Xu, J.; Duan, C. Y.; Dang, D. B.; Liu, D. J.; Meng,
Q. J.New J. Chem2005 29, 777-779.
(8) Amendola, V.; Boiocchi, M.; Fabbrizzi, L.; Palchetti, &hem—Eur. J.
2005 11, 5648-5660.
(9) llioudis, C. A.; Tocher, D. A.; Steed, J. W. Am. Chem. So2004 126,
12395-12402.
(10) Smith, B. D.; Lambert, T. NChem. Commur2003 2261-2268.
(11) Hettche, F.; Hoffmann, R. WNew J. Chem2003 27, 172-177.
(12) McKee, V.; Nelson, J.; Town, R. MChem. Soc. Re 2003 32, 309-325.
(13) Beer, P. D.; Bayly, S. RTop. Curr. Chem2005 255, 125-162.
(14) Lhotak, P.Top. Curr. Chem2005 255, 65—95.
(15) Gale, P. ACoord. Chem. Re 2003 240, 1-1.
(16) Gale, P. ACoord. Chem. Re 2003 240, 191-221.
(17) Beer, P. D.; Gale, P. AAngew. Chem., Int. EQR001, 40, 487—516.
(18) Steed, J. WChem. Commur2006 2637-2649.
(19) Turner, D. R.; Paterson, M. J.; Steed, J.J\Org. Chem2006 71, 1598—
1608.
(20) Filby, M. H.; Steed, J. WCoord. Chem. Re 2006 250, 3200-3218.
(21) Prodi, L.; Montalti, M.; Zaccheroni, N.; Pickaert, G.; Charbonaje_.;
Ziessel, RNew J. Chem2003 27, 134-139.

10.1021/ja711012d CCC: $40.75 © 2008 American Chemical Society

a fluorophore or redox-active substituent via a spacer capable
of signal transductio®26 Alternatively, a ternary indicator
displacement mechanism may be employett.is a double
challenge to both produce selective receptors and transduce the
selective binding into an observable signal. While rigidly
preorganized receptors such as macrobic§éfesn give highly
selective binding, effective sensing is often achieved in both
natural and artificial systems by arrays of more flexible,
differential receptors that respond to varying degrees to each
analyte?®~32 Flexible receptors offer the interesting possibility
of induced fit signal transductioimn which analyte binding
results in a conformational change that brings about signal
generation (e.g., Ga binding by calmoduli#®34. The interest-
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Scheme 1 . Preparation of New Tetrapod Host 4 and Structural Formulas of Hosts 5 and 6
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ing point about this mechanism is that it is only analytes that induced conformational changes in these kinds of recepidfs,

result in the appropriate conformational change that will result and Duan et al. used conformational flexibility in these systems
in signal generationeven if they are not the strongest bound in both redox and fluorescent sensiffy.We also examined

by the receptarThus, a relatively unselective receptor may still flexible anion hosts based on inorganic cof®$? and we
prove highly effective at sensing particular anions because of recently described the extension of our work to much larger
the differential conformational changes induced by different calix[4]arene scaffold&! We now report a flexible calixarene-
analytes. We applied this concept in the redox sensing of based fluorescent anion sensor and its comparison with related

aniong>-37 using the flexible triethylbenzene scaffold, a very
versatile platform for constructing small, flexible tripodal anion
and cation receptof??31.3845\We explored in detail the anion-
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Figure 1. Absorption and fluorescencég(. = 340 nm; solid and dashed

] . . _ 6
lines, respectively) spectra d¢f4PF~ in CH3CN solution. Figure 3. Absorption spectra od-4PFs~ (9.2 x 102 M) in CHsCN and

upon addition of increasing amounts of Qlp to 50 equiv.
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:j«‘l — — —- 050ps Table 1. Binding Constants (log ) of Receptors 4—6 as the PFg~
syt  m=Eme 1.00ps Salts with Various Anions Obtained from UV—vis Titration in
l:} ‘\ """""" fggg‘:s Acetonitrile with Anions Added as NBu,™ Salts2
'ﬁl'f zgf‘én"ss stoichiometry
a1 s \ 80270 ::s anion/receptor (host:guest) 4 5 6
9 0 3\ cr- 211 92403 12.1+0.4
3 AL 1:1 4.24+0.2 4.2+ 0.1 5.7+ 0.3
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' T T 7 7 T i T CH;COO~ 2:1 12.7£0.2 11.6+0.3
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. . . H,CH 2= 2:1 10.5+ 0.
Figure 2. Transient absorption spectrumiefc = 266 nm) of4-4PF; in CHCHACOOY 11 55401 5.0+02 ggi 8 g
CHsCN solution at room temperature. Decay at 465 nm. 12 112402 ' ' <4
CHy(COOY?~ 2:1 10.0+ 0.3
di- and tripodal systems and show that conformational change 11 52+0.1 54+02 47+03
1:2 11.2+0.2

is a key factor in signal generation.

aTitrations were carried out at Z&. Binding constants were assessed

Results and Discussion using Specfif4

Syntheses.The mesitylene-derived calix[4]aren®){%53 is

locked in the 1,3-alternate conformatiefit has been used as

a scaffold for coordination polymers and in organometallic hosts
for anions®>-57 Compoundl was readily bromomethylated by
action of formaldehyde in the presence of Zn/HBr to give the
tetra(bromomethyl) derivative, Compound was reacted with
pyren-1-ylmethyl-pyridin-3-yl-amine3{ prepared by analogy
with related ligand®¥ as shown in Scheme 1) to give the targe
compound4 in 81% yield as the tetrabromide. Metathesis with
KPFs cleanly yielded the analogous hexafluorophosphate sal
The related di- and tripodal hossand6, were prepared in a
similar fashion starting fronx,a’-dibromo{p-xylene and 1,3,5-

Photophysical Properties of the HostsThe photophysical
properties o#—6 as the hexafluorophosphate salts were studied
in acetonitrile solution. The absorption spectr@e® are almost
superimposable, all showing two sets of bands in the-Z8D
and 300-400 nm region, similar to the spectrum of pyrene itself
in the same experimental conditiotfdn these hosts, however,
¢ the absorption band in the 36@00 nm region is broader and

less intense with a small tail above 380 nm which is not present
t in the parent chromophore. This behavior can be attributed to

small intramolecular interactions among the different pyrene
units at the ground state and/or to the occurrence of a charge-

tri(bromomethyl)-2,4,6-triethylbenzere. transfer transition between the pyrene and the pyridinium groups.
In contrast, the fluorescence spectra of all the hosts are very
(52) Wu, T.-T.; Speas, J. R. Org. Chem1987 52, 2330-2332. different from those typically presented by pyrene derivatives.
(53) gfzﬁino' F.; Montaudo, G.; Maravigna, Rnn. Chim. (Rome1967, 57, In particular, the band at ca. 400 nm typical of the pyrene
(54) Gutsche, C. D.; Bauer, L. Am. Chem. Sod.985 107, 6052-6059. monomer is, in all cases, much less intense. The quantum yields

(55) Klein, C.; Graf, E.; Hosseini, M. W.; De Cian, A.; Kyritsakas-Gruber, N. . . . — 3
Eur. 3. Org. Chem2002 802-809. for 4-4PF;, 5:2PF, and6-3PF are® = 1.4 x 1073, 2.0 x

(56) Klein, C.; Graf, E.; Hosseini, M. W.; De Cian, A.; Kyritsakas-Gruber, N. 1073, and 1.4x 1073, respectively, while that for pyrene itself
Eur. J. Org. Chem2003 395-399.

(57) sStaffilani, M.; Bonvicini, G.; Steed, J. W.; Holman, K. T.; Atwood, J. L.;
Elsegood, M. R. JOrganometallics1998 17, 1732. (58) Winnik, F. M.Chem. Re. 1993 93, 587-614.
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Figure 4. Fluorescence spectraefc = 343 nm) of4-4PF~ (1.3 x 10°° Figure 6. Fluorescencelex. = 340 nm) spectra of+4PR~ and upon
M) in CH3CN upon addition of increasing amounts of @lp to 50 equiv. increasing amounts of acetate anions in acetonitrile solution.

SCE? and the energy of the singlet excited state of the
chromophorek°®® = 3.26 eV), this assignment is supported by
the evidence of a band centered at 465 nm in the transient
absorption spectrum of all the compounds (e.g., Figure 2 for
4-4PF;) that can be attributed to the pyrene catién.

Anion Binding. Anion binding of chloride, bromide, nitrate,
acetate, malonate, and succinatedby6 was studied by means
of UV—vis and fluorescence titrations in acetonitrile. The
association constants derived from these experiments, fitted
using the Specfit softwar®,are gathered in Table 1.

For all three hosts, addition of nitrate did not cause any
appreciable change in the absorption or fluorescence spectra,
indicating that the association constant is too small to observe
any complexation process in our experimental conditions or that
formation of the adduct does not cause any appreciable change
in the structure of the hosts. However, observation of changes

450

. (nm)
Figure 5. Absorption spectra 06-4PFs (8.2 x 10°° M) in CHyCN and in the NMR spectrum upon addition of this anion (see below)

upon addition of increasing amounts of Gip to 20 equiv. supports at least for hostthe latter hypothesis.

From the spectroscopic point of view, addition of all the other
anions to4 results in significant changes in the absorption
spectra (Figure 3) for all of the anions studied. Only in the case
of addition of chloride, however, is there an appreciable effect
on the emission spectrum (Figure 4). In particular, the absorption
bands typical of the pyrene chromophore undergo a bathochro-
) . . . S mic shift and an intensity decrease, while an increase in the
of a_n |ntramolgcu!ar exciplex involving the pyridinium ion. The absorbance in the 35650 nm region is observed. The absence,
excited-state lifetimes are also very short#f6 (r < 0.3 1S nically observed for this host, of clear isosbestic points
for a!l compqunds, compareo! to 18 ns for pyrene in aerated suggests multiple binding processes.
solution), r_ullng out the_ possibility of formation of intermo- We attribute these changes to formation of dimeric pyrene
lecular excimers or exciplexes. derivatives in the ground state, indicating that complexation with

The strong quenching of the fluorescence in the hosts is mostanions leads to a conformational change of the host structure
probably due to a photoinduced electron-transfer (PET) processin which the pyrene moieties are interacting in pairs. With all
from the excited state of the pyrenyl moiety to one of the anions, formation of both 1:1 and 1:2 (host:guest) adducts was
electron-deficient pyridinium ions. Together with the favorable observed. For both malonate and succinate the second equilib-
redox potentials of the different unitE{(P"/P) of pyrene= rium constant is higher than the first one, indicating that
+1.16 V vs SCES! E,.P/P) of pyridinium= —1.2 V vs complexation of the first anion can favor complexation of the

in aerated solution is 0.0°2.0nly for 4-4PF;, the fluorescence
spectrum contains an additional, very weak, and unstructured
band in the 5086620 nm region (Figure 1). Interestingly, the
maximum of this band is red shifted by ca. 80 nm relative to
the excimeric band of pyrene itsé#%°consistent with formation

(62) Bolletta, F.; Montalti, M.; Prodi, L.; Romano, S.; Zaccheroni, N.; Canovese,

(59) Prodi, L.; Ballardini, R.; Gandolfi, M. T.; Roversi, Rl. Photochem. L.; Chessa, G.; Santo, C.; Visentin,IRorg. Chim. Acta2004 357, 4078~
Photobiol., A: Chem200Q 136, 49-52. 4084.

(60) Juris, A.; Prodi, LNew J. Chem2001, 25, 1132-1135. (63) Fossum, R. D.; Fox, M. AJ. Phys. Chem. B997, 101, 6384-6393.

(61) Montalti, M.; Credi, A.; Prodi, L.; Gandolfi, M. T.Handbook of (64) Binstead, R. ASPECFIT Spectrum Software Associates: Chapel Hill,
Photochemistry3rd ed.; CRC Taylor & Francis: Boca Raton, 2006. NC, 1996.
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(b)

Figure 7. DFT-calculated models of hodtbound to 2 equiv of (a) malonate and (b) chloride.

second anion on the opposite site of the calixarene ring throughexcimer bands is observed upon addition of chloride. This in
allosteric conformational changes (Table 1). contrast to related pyrene systems in which conformational
In contrast, much smaller changes in the absorption spectrachanges result in an increase in the intensity of the excimer
were observed fob and in6 (e.g., see Figure 5 for the example band and a correspondingecreasein the emission of the
of the titration of6 with chloride), resulting in a less pronounced Monomer emissiof®> On addition of fewer than 20 equiv of
decrease of the typical bands of pyrene in all the monitored the anion, the spectrum shows an intensity increase and a
spectral region (and for this reason, no isosbestic points aresignificant blue shift of the nonstructured, low-energy band
observed) and in the lack of the increase of the absorbance abovéFigure 4). In these conditions, this band shows a shape typical
380 nm. of the excimeric form of pyrene, in agreement with the data
In particular, this latter finding indicates that anion complex- OPtained by the spectrophotomestric titrations. This attribution
ation does not lead to formation of strong ground-state dimers 1S @S0 supported by computational studies (see below). Upon

of pyrene, in contrast to the results obtained 40For both5 addition of further equivalents of chloride, a further modest
and6 hosts formation of 1:1 adducts was observed accompaniedincrease of the intensity of this band occurs, concomitant with
by formation of 2:1 adducts, in contrast to the ditopiahich a red shift and an increase of the fluorescence of the monomeric

readily forms 1:2 (host:guest) complexes. Feoin particular form of pyrene. The increase of the overall fluorescence intensity

there appears to be a strong tendency for two hosts to wrapc@D be ascribed to the diminishing acceptor properties of the
around a single anionic guest. pyridinium ion while interacting with the anion, hence increasing

the energy of the charge-separated state and reducing the

As far as selectivity is concerned, hdgtas a slightly higher ffici f the electron-t p The fact that th
association constant for chloride among the monovalent anions,® iciency of the electron-transier process. 1he fact that the
excimer emission grows in intensity first suggests that chloride

but it is noteworthy that the association constant for dicarboxy- bindi in bet ir of pvridini bringi
lates is at least an order of magnitude higher than halides despitetr:n N9 oc?:urs n _etvvetlan aparo _fyr_lrrl]nlumbarms, t”ngm?h
the fact that a fluorescent response is only observed upon € pyrenyl groups Info close proximity. The subsequent grow

chloride binding. In contrast, ho6tshows the highest associa- O_f pyrene monomer emission Su.ggeStS that further chioride
tion constants (for 1:1 and 2:1 adducts) for chloride, while binding (which has a lower binding constant) occurs at the
' second binding site but is unable to bring the pyrenyl groups

binds strongly to acetate. ; o . ; A
gy nto close proximity, either because chloride binding is only to

dgst far ?S the flutoreslc?_nce Speftfa_ are Concg)rneddé ('jn generaL single arm or because the ‘pinching’ of the opposite side of
addition of anions to solutions containing recep®en oes the molecule pulls the arms too far apart.

not lead to significant changes. However, in the casé, @n
increase of the emission intensity lmfththe monomer and the  (65) Schazmann, B.; Diamond, Dlew J. Chem2007, 31, 587-592.
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Figure 9. 'H NMR spectroscopic titration data up to the solubility limit

of 4-4Pk~ with tba chloride (squares), tba succinate (stars), tha acetate
Figure 8. X-ray structure of2:2CH4Cly, showing the 1,3-alternate (diamonds), and tha malonate (crosses) in acetignéllowing the NH
conformation and solvent molecule inclusion. Host hydrogen atoms have resonance.

been omitted for clarity.

In contrast, upon addition of bromide and acetate it is only CI3S penetrates the chrogycle cavity, while on the other side
the monomeric band in the 38@00 nm region that increases  the solvent molecule lies in a cleft at the top of the host
in intensity (Figure 6). Similarly, malonate and succinate cause molecule. Despite these different inclusion modes', however, the
only negligible changes in the spectra, and the fluorescenceoSt adopts approximag symmetry. Overall packing appears
remains quenched despite the very strong binding of these!© Pe dominated by Ct interaction® from the acidic guest
anions. There is also no change in fluorescence spectra upc,,{’nethylene moieties to the aromatic rings on adjacent molecules.
addition of F, HPQ2~, or triflic acid. Hence, it is apparent Solution Behavior by 'H NMR Spectroscopic Titration.
that while anion binding induces an increase in pyrene monomer TO corroborate the spectrophotometric data, the solution anion-
emission, it is the particular conformational changes induced binding behavior of4—6 as hexafluorophosphate salt was
by binding of only CI (that also induces the largest changes Studied by*H NMR spectroscopic titration. Hogt is soluble
in the absorption spectrum) in the cleft between the two in acetonitrile and acetone; however, on addition of tetrabuty-
pyridinium arms that brings the pyrene moieties close enough lammonium (tba) salts of chloride, bromide, or malonate it
together to allow excimer emission. readily precipitates, preventing determination of reliable binding

Computational and Structural Studies. We sought to constants at NMR concentrations. However, the initial shape
confirm the proposed binding geometry and hence excimer Of the titration isotherm gives some indication of differences in
formation in the case of Clby means of DFT calculations. magnitude of binding constants between selected anions (Figure
The DFT-calculated structures of the 2:1 complexes of malonate 9)- The large change in chemical shift upon binding tba malonate
and chloride with tetracatiod are shown in Figure 7. The  Seen previously in related calixarePeis consistent with the
calculations reproduce well the NHanion and Ckt-anion spectrophotometric data and again suggests a good match
interactions observed in previous studies on related sysfeths.  between the anion and the ditopic host. The basicity of the
The host is sufficiently flexible to accommodate both anions carboxylate groups accounts for the large change in chemical
within the two molecular clefts, consistent with the observed shift. Chloride and bromide bind very similarly in acetone; the
high affinity for both guests. It is clear from the models, bromide data almost overlap the chloride data and hence are
however, that the average distance between the pyrene group@mitted for clarity. However, in acetonitrile chloride apparently
in the case of the chloride groups is significantly lower in the binds more strongly.
case of the chloride complex and might readily result in partial ~ The anion-binding behavior of hodisand6 was also studied
overlap of the pyrene moieties in solution due to the small size by *H NMR spectroscopic titration. Likd, the dipodal hosb
and high negative charge density of the chloride anions. Stackingreadily precipitates from acetonitrile and DMSO solution on
interactions between the pyrene groups may also contribute toaddition of the tetrabutylammonium salts of a range of halide
an additional stabilization energy of the complex. In contrast, anions, and hence, no quantitative data could be obtained by
in the malonate case the pyrene groups are well separated anthis method. In the case of tetrabutylammonium acetate,
malonate binding appears to remove the possibility of close however, the host remained soluble in acetonitrile solution up

approach of the pyrenyl groups. to ca 2.5 mol equiv, givingAd = 2.84 ppm.
Unfortunately it proved impossible to obtain an X-ray crystal ~ The anion-binding properties of tripodal ho6t proved
structure of any salts o#. However, compound2 was remarkable and radically different tband5 and those of the

characterized by X-ray crystallography as a 1:2 solvate with closely related anthracenyl analogue and other similar sysfems.
1,2-dichloroethane, Figure 8. The structure establishes the 1,3-On titration of 6 with tetrabutylammonium salts of C| Br~,
alternate geometry and shows that the bromomethyl groups areNO;~, MeCQ,~, CF:SQO;~, and succinafe no precipitation was
directed toward the outside of the macrocycle. Bond lengths observed. In all cases except succinate a distinct change in
and angles are within normal ranges. The two dichloroethane gradient was observed in thel NMR titration isotherms at a
guest molecules are situated on either side of the macrocycle
in differing orientations. In one case the chlorine substituent (66) Nishio, M.Crystengcomn2004 6, 130-158.
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(a) 3% general, binding constants proved too high and equilibria too
58 N S complex to analyze quantitatively by NMR methods, and
aan . e e . binding constants were assessed spectrophotometrically.
Em ' "::::----- L The possibility of self-association of the tripodal compound
g 57 .""_.._", S 6 was assessed by &1 NMR spectroscopic dilution study from
3 ass | ' . A 1.6 to 26 mM (see Supporting Information). Over this concen-
| . o Acctate tration range the resonance assigned to the NH proton shifted
Y osel e LV = Bromide from 7.11 to 6.94 ppm in a nonlinear fashion, suggesting some
PR e degree of dimerization even in the absence of added anion. The
howss negative chemical shift change with increasing concentration

55 . - . . . . . . .
0 0.5 1 1.5 2 25 3 35 4 4.5 5
Equivalents of Guest Added

and hence increasing dimer concentration implies decreased
hydrogen-bonding interaction with anions and solvent on
dimerization and/or increased shielding due to the orientation
(b) B8 of the pyrenyl groups in the dimer. At lower concentrations
such as those used in the photophysical studies this dimerization
is insignificant, however. The absorbance is linear with con-
centration between I8 and 10“ M, and this supports the fact

ol
o

yrereresacs - . . . . . .

-

m
o

E
ga_a- . that dimerization (that should lead to pyrefmyrene inter-
i molecular interactions and so to a change in absorbance) is
E 85| very low under these conditions. Thus, the self-association
ga_‘ does not influence the anion-binding experiments, and anion
association measurements at different concentrations (from
83 4 3 x 10%to 3 x 105 M) give the same results within
0z experimental error.
0 1 2 3 4 5 [
Equivalents of Br Added Conclusions
(c) oM We report three new potential molecular anion sensors based
i ., on aminopyridinium di-, tri-, and tetrapodal hosts equipped with
g : pyrenyl reporter groups. The conformational, associative, and
; e ' sensing properties of the hosts are highly dependent on the
g 008 . spacing and disposition of the binding and sensing components
Z o6 . and hence on the size and shape of the core organizing scaffold.
§ . . The pyrenyl-substituted aminopyridinium binding and sensing
£ 0 unit is fluorescence quenched as a result of pyrene-pyridinium
N . charge-transfer interactions in the excited state, and hence, hosts
5 and6 do not exhibit a fluorescence response to anion binding.
”-”"ol;m o0 030 o3 o4 0s0 06 070 08 050 100 The wider disposition of the anion-binding groups in ditopic
Mole Fraction of Host host4 means that the compound is selective in binding terms
Figure 10. H NMR titration data for anion binding by hos in for dicarboxylates, particularly malonate, which can span the

acetonitrileel; solution: () titration isotherm following methylene resonance  gap between pairs of aminopyridinium arms. However, it is the
at 5.52 ppm for all anions, (b) GAH resonance on addition of NBtBI~, smaller but more weakly bound chloride anion that is able to
and (c) Job plot for NByBr~ by showing 2:1 host:guest stoichiometry. . . o . .
induce a conformation reorganization that brings adjacent
pyrenyl groups into close enough proximity in the ground state
host:anion of 2:1, Suggesting the surprising encapsuiation of atO allow formation of an emissive excimer upon excitation and
single anion by two host molecules. This 2:1 ratio was confirmed hence a fluorescent response upon chloride binding. Receptor
by Job plot analysis in the case of GAnd Br-. A cumulative 4is thus a very interesting example of a sensor thaelective
plot along with representative data forBis shown in Figure for dicarboxylates butiscriminateschloride in terms of its
10. Analysis of the titration data for multiple nuclei proved very fluorescent response. Ditopic hasexhibits a modest positive
challenging, with titration isotherms suggesting the presence of allosteric enhancement in binding a second equivalent of
multiple equilibria comprising formation of 2:1, 1:1, and 1:2 dicarboxylates, while halide binding is negatively cooperative
host:guest complexes. The sharpness of the isotherm gradientgresumably because the binding of the first equivalent of the
suggests very strong binding in the case of all of the anions small halide ions opens out the second binding pocket. Blost
studied except triflate (i.e., tetrabutylammonium salts of,CI  in particular shows a marked tendency to dimerize in the
Br-, NO;~, MeCQ,~, and succinafe). As illustrated by presence of halide anions, but this process does not result in
Figure 10a, the data for acetate is atypical and clearly indicative any particular fluorescent response.
of more than one binding process involving different confor-
mational characteristics in which the chemical shift of the
methylene resonance at 5.52 ppm (plotted in Figure 10a) is not  syntheses.All purchased starting materials were of commercial
greatly affected by addition of the first equivalent of anion. quality and used without further purification. Solvents were used as
Related behavior has been observed in similar systénrs. obtained unless mentioned otherwise. Dichloromethane was dried using

Experimental Section
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calcium hydride. Compound. and 1,3,5-tri(bromomethyl)-2,4,6-
triethylbenzene were prepared by the literature methbits. N, 4.61. Found: C, 65.05; H, 4.78; N, 4.30. IRdm™%): 3411s (NH).
Pyren-1-ylmethyl-pyridin-3-yl-iminé2yrene-1-carboxyldehyde (2.0 o, -Bis(pyren-4-yl-methyl-pyridinium-3-ylamine)-p-xylene Hexaflu-
g, 86.9 mmol) was weighed out (in a glove box) and then dissolved in orophosphate). Pyren-4-yl-methyl-pyridinium-3-ylamine (0.48 g, 1.6
degassed dichloroethane (100 mL); 3-aminopyridine (0.81 g, 86.85 mmol) ando,a’-dibromop-xylene (0.20 g, 0.77 mmol) were dissolved
mmol) and MgSQwere added. The reaction was stirred under reflux in dichloromethane (100 mL). This solution was placed under reflux
for 25 h under N. The solvent was removed under reduced pressure, for 2 h. After this time the solution was cooled, and a solid was formed.
and the crude reaction mixture was redissolved in diethyl ether. This solid was collected by filtration and found to be the desired product

[M — 4PR]*t. Anal. Calcd for GaH11dP4F24 2H,0: C, 65.23; H, 4.97,

Undissolved material was filtered off. The crude imine was then purified
by precipitating out the solid from the reaction mixture by placing the
flask in an acetone and dry ice bath. Yield: 2.2 g, 71.89 mmol, 82%.
H NMR (CDCl, J/Hz, 8/ppm): 6 7.43 (dd, 1HJ = 4.8, 8.2, PY),
7.72 (ddd, 1HJ = 1.4, 2.6, 8.2, PM), 8.10 (t, 1H,J = 7.6, AH),
8.15 (d, 1H,J = 8.8, AH), 8.22 (d, 1H,J = 8.8, AH), 8.28-8.31

(m, 4H, AH), 8.57 (dd, 1HJ = 1.4, 4.8, Py), 8.69 (d, 1HJ = 2.6,
PyH), 8.78 (d, 1HJ = 8.0, AH), 9.09 (d, 1HJ = 9.6, AH), 9.51 (s,

1H, CH). ES+ MS: miz= 307 [M+ H]*. IR (v/cm™%): 1612s(CH=

N). Anal. Calcd for Go;H14N2: C, 86.25; H, 4.60; N, 9.14. Found: C,
86.04; H, 4.49; N, 8.60.

Pyren-1-ylmethyl-pyridin-3-yl-amin@). Pyren-1-ylmethyl-pyridin-
3-yl-imine (2.0 g, 6.5 mmol) was dissolved in MeOH (700 mL), and
3 mol equiv of NaBH was added slowly. The reaction mixture was
stirred for 2 h 2 M HCI was added until the pH was 3 followed by 2
M NaOH until the pH was 9. The solvent was then removed under

as the bromide salt (0.53 g, 0.59 mmol, 77%).NMR (CDsCN, 500
MHz, 6/ppm,J/Hz): 8.4-7.6 (30H, m, Ar & Py); 6.47 (2H, bs, NH);
5.28 (4H, s, CH); 5.12 (4H, d,J = 5.4, CH,). ES+ MS: 800 [M —
Br]*, 360 [M — 2Br]?". Anal. Calcd for GHioN4Brz: C, 70.92; H,
4.58; N, 6.36. Found: C, 70.18; H, 4.99; H, 6.70. The bromide salt
(0.39 g, 0.45 mmol) was dissolved in methanol (50 mL) with an excess
of NH4PFs (1.45 g, 8.9 mmol). This solution was warmed~@5 °C

to aid the solubility of the bromide salt and stirred for 2 h. After this
time the solution was cooled, and an off-white precipitate formed. The
solid was collected by filtration, washed with methanol, and found to
be the desired product. (0.26 g, 0.26 mmol, 58%)NMR (CDsCN,

400 MHz, d/ppm, J/IHz): 8.4-7.6 (30H, m, Ar & Py); 6.48 (2H, bs,
NH); 5.27 (4H, s, CH); 5.10 (4H, dJ = 4.0, CH). ES+ MS: 865

[M — PR]", 360 [M — 2PR]?". Anal. Calcd for GHsoN4(PRs)2: C,
61.79; H, 3.99; N, 5.54. Found: C, 61.14; H, 3.69; N, 5.09.

1,3,5-Tris(pyren-4-yl-methyl-pyridinium-3-ylamine)-2,4,6-triethylben-

reduced pressure, and during the process orange crystals of pure aming_ Hexafluorophosphat@). Pyren-4-yl-methyl-pyridinium-3-ylamine

appeared which were separated. Further removal of MeOH followed

by extraction into CHCI, and washing with water resulted in crude

amine, which was washed with diethyl ether to remove any remaining

unreacted aldehyde. Yield: 1.32 g, 4.3 mmol, 66BbNMR (CDCls,

JIHz, é/ppm): 6 4.05 (s,br, 1H, M), 4.89 (2H,J = 4.8, CH,), 6.88

(ddd, 1H,J = 1.6, 2.8, 8.4, Py), 7.01 (dd, 1HJ = 4.8, 8.4, PH),

7.92 (dd, 1HJ = 1.6, 4.8, PH), 7.90-7.94 (m, 2H, AH), 7.96 (d,

2H,J= 1.4, AH), 8.04 (d, 1HJ = 8.4, AH), 8.06 (d, 2HJ = 3.2,

ArH), 8.09 (d, 1HJ = 1.6, PyH), 8.11 (t, 1H,J = 1.2, AH), 8.17 (d,

1H,J = 9.2, AH). ES+ MS: m/z = 309 [M + H]*. IR (v/lcm™3):

3419 m (NH). Anal. Calcd for &H16N2°0.75 HO: C, 82.08; H, 5.47;

N, 8.70. Found: C, 81.90; H, 4.99; N, 8.49.
Tetra[3-(pyren-1-ylmethylamino)pyridium-mesityl]calixarene Bro-

mide Salt 4-4Br-). Bromomethylated calix[4]areng& (0.146 g, 0.16

mmol) was dissolved in C1, (50 mL), and 5 equiv (excess) of pyren-

1-ylmethyl-pyridin-3-yl-amine3 (0.249 g, 0.81 mmol) dissolved in GH

Cl, (50 mL) was added. A precipitate formed within 0.5 h. The reaction

was stirred at room temperature for 48 h. The precipitate was then

separated on a Bhner funnel and thoroughly washed with dichlo-

romethane followed by sonication in more fresh dichloromethane. The

obtained solid was then washed with diethyl ether and dried in vacuo.

Yield: 0.29 g, 0.14 mmol, 81%¢H NMR (DMSO-ds, J/Hz, 6/ppm):

0.64 (s, 12H, E3), 2.04 (s, 24H, El3), 3.95 (s, 8H, ArEi,Ar), 5,07

(br, 8H, CHy), 5,73 (s, 8H, ®,), 7.71 (br, 4H, P#), 7.75-7.79 (br,

4H, PyH), 7.84 (br, 4H, P¥), 7.87 (br, 4H, NH), 7.96 (br, 4H, AH),

7.98 (br, 4H, AH), 8.07 (t,J = 7.6, 4H, AH), 8.15 (s, 4H, PH),

8.22 (d,J = 8.0, 8H, AH), 8.26-8.35 (m, 16H, AH). ES"-MS: m/z

= 453 [M — 4Br]**.
Tetra[3-(pyren-1-yimethylamino)pyridium-mesityljcalixarene Hexaflu-

orophosphate Sal#4PFs;~). Compound4 as the tetrabromide salt was

dissolved in a 1:1 acetonitrile/water mixture, and 10 equiv of NaPF

(0.30 g, 0.98 mmol) and 1,3,5-tris(boromomethyl)-2,4,6-triethylbenzene
(0.14 g, 0.32 mmol) were dissolved in dichloromethane (100 mL), and
the resulting solution was stirred at room temperature for 20 h. After
this time the solvent was removed under reduced pressure to yield the
bromide salt as a yellow oil (0.40 g, 0.29 mmol, 90%H NMR
(CDCls, 400 MHz,6/ppm, J/Hz): 8.82 (3H, s, Py); 8.50 (3H, s, Py);
8.0-7.6 (27H, m, Ar); 7.46 (3H, dd) = 6.0, 2.75, Py); 7.05 (3H, d,
J=17.8, Py),; 5.87 (3H, s, Ch); 4.72 (6H, s, CH); 2.49 (6H, t,J =
7.0, CH); 1.01 (9H, d,J = 7.0, CHy). ¥3C{*H} NMR (CDCl;, 125
MHz, d/ppm): 128.85, 128.58, 128.21, 127.78, 127.60, 127.39, 126.26,
125.62, 125.47, 125.29, 125.02, 124.85, 124.61, 58.05, 44.90, 24.81,
15.52. ES+ MS: 1286 [M — Br]*, 603 [M — 2Br]2*, 375 [M —
3Br]**. The bromide salt (0.40 g, 0.29 mmol) was dissolved in
dichloromethane (100 mL), and excess /@ (0.53 g, 3.26 mmol)
dissolved in methanol (25 mL) was added. The solution was stirred at
room temperature for 2 h. After this time, the solution was concentrated,
and a yellow precipitated formed. The solid was collected by filtration,
washed with methanol, and found to be the desired product (0.33 g,
0.21 mmol, 65%)*H NMR (CDsCN, 500 MHz,6/ppm, J/Hz): 8.3~
7.4 (39H, m, Ar/Py); 7.04 (3H, bs, NH); 5.51 (6H, s, @H4.79 (6H,
s, CH); 2.41 (6H, br s, Ch); 1.98 (9H, br s, Ch). 3C{*H} NMR
(CDsCN, 125 MHz,6/ppm): 131.4, 131.1, 130.7, 129.6, 128.7, 128.5,
127.9, 127.5, 126.5, 125.7, 124.9, 124.4, 122.7,57.7, 44.8, 23.9, 14.4.
ES+ MS: 1415 [M— PR]™, 635 [ M — 2PR)?", 375 [ M — 3PR]°".
Anal. Calcd for GiHsdNe(PFs)s: C, 62.31; H, 4.45; N, 5.38. Found:
C, 62.45; H, 4.17; N, 5.67.

Crystallographic Details. Crystal data foR:2C,H4Cl,: CagHeoBra-
Clg, M = 1098.40, yellow block, 0.8& 0.70 x 0.60 mn3, monoclinic,
space groud2/a (No. 15),a = 15.3492(3),b = 17.7650(4),c =
34.5444(7) Ap = 90.0280(10), V = 9419.5(3) A3Z =8,D. = 1.549

was added. The reaction mixture was stirred for 2 h. A green precipitate 9/C, Fooo= 4448, Nonius KappaCCD, Modradiation4 = 0.71073

appeared within 0.5 h. The precipitate was separated oricarin
funnel under suction and washed several times with diethyl etHer.
NMR (CDsCN, J/Hz, d/ppm): —0.001 (s, 12H, E3), 1.63 (s, 24H,
CH3), 2.94 (s, 8H, Ar®i,Ar), 4.93 (d,J = 5.6, 8H, (H,), 5.29 (s, 8H,
CH), 6.41 (1, = 5.6, 4H, NH), 7.03 (br, s, 4H, Py), 7.54 (br, 4H,
ArH), 7.56 (br, 4H, AH), 7.72 (d,J = 7.6, 4H, AH), 7.76 (dddJ =
2.0,6.4,9.2, 4H, Pyl), 7.91 (t,J = 7.6, 4H, AH), 7.99 (br, 4H, P#),
8.01 (d,J = 7.6, 4H, AH), 8.08 (s, 4H, Pi), 8.10-8.13 (m, 16H,
ArH). ES*-MS: m/z = 1051 [M — 2PR]?", 653 [M — 3PF]%", 453

4112 J. AM. CHEM. SOC. = VOL. 130, NO. 12, 2008

A, T = 120(2)K, Pmax = 52.0°, 28 185 reflections collected, 9239
unique Ry = 0.1505). Final GooF= 1.013, R1= 0.0642, wR2=
0.1291,Rindices based on 5365 reflections with 20(1) (refinement

on F?), 518 parameters, O restraints. Lp and absorption corrections
applied,u = 3.678 mnT1™.

Photophysical Measurements.The fluorescence spectra were
recorded with an Edinburgh FLS920 equipped with a Hamamatsu
R928P photomultiplier. The same instrument equipped with a PCS900
PC card was used for the time-correlated single-photon counting
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experiments. All the photophysical measurements were performed in used in some cases where no inflection of the trace was evident. Spectra

aerated acetonitrile solutions. were recorded after each addition, and chemical shift data were recorded
Spectrophotometric Titration. Stability constants were determined  for typically 3—4 independent resonances.

by fitting the absorption spectra recorded during the titration of the  DFT Calculations. Geometry optimizations were performed using

hosts and the tetrabutylammonium salts of the different anions; a the B3LYP hybrid density functional with the STO-3G basis, except

solution of the host species of known concentration typicatyl5 on the atoms forming the cavities, where the 6-& basis set was
#M was used. The data were fitted with the global analysis program ysed. The hydrogen atoms in the cavities were further augmented with
SPECFITe an extra diffuse sp shell. The central anions (&hd malonate) used

Transient Absorption Experiments. Femtosecond time-resolved  the 6-311-+G** basis. Geometry optimization was started at similar

experiments were performed using a purmpobe spectrometer based  host conformations. All computations were performed using the
on the Spectra-Physics Hurricane Ti:sapphire system as laser sourcesaussian progrars.

and the Ultrafast Systems Helios spectrométdihe pump pulse (266

nm) was generated by a second- and third-harmonics generator Acknowledgment. We thank the EPSRC for studentships
(Ultrafast Systems Apollo femtosecond harmonics generator). The probe(M_H.F_ and S.J.D.). Fondazione Cassa di Risparmio in Bologna
pulse was obtained by continuum ge_nera?ion ona sapphire plate (usefulyng MIUR (Latemar project) are gratefully acknowledged for
spectral range, 456800 nm). Effective time resolution ¢300 fs, financial support. Acknowledgment is given to Heriot-Watt
temporal chirp over the white-light 45750 nm range ¢&200 fs, and University Information and Computing Services (UICS) for use

temporal window of the optical delay stage-D000 ps. . . .
NMR Titrations. *H NMR titration experiments were carried out of the Heriot-Watt high-performance cluster service

at room temperature using a Varian Inova-500 spectrometer operating . . . . -
at 500 MHz (Durham University). All chemical shifts are reported in Supporting Information Available: Plot of the dilution study

ppm relative to TMS as an internal reference. A solution of the host and full ref 64; absorption an_d quoresce_nce spectra afde;
species of known concentration typically 8:5.5 mM was made up ~ Summary of the photophysical properties of the new hosts;
in an NMR tube using the appropriate deuterated solvent (0.5 mL). crystallographic information file for the structure 22CH.-
Solutions of the anions, as tha salts, were made up in volumetric flasks Cl2. This material is available free of charge via the Internet at
(2.0 mL) with a concentration 5 times greater than that of the host. http://pubs.acs.org.

The guest solution was typically added in A0 aliquots, representing

0.1 equiv of the guest with respect to the host. Larger aliquots were JA711012D
(67) Chiorboli, C.; Rodgers, M. A. J.; Scandola, F.Am. Chem. So2003 (68) Frisch, M. J. et alGaussian 03, Deelopment Version (bQ7 Gaussian
125 483—-491. Inc.: Pittsburgh, PA, 2003.
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