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The synthesis and the spectroscopic studies of the amidourea based calix[4]arene Isand@sre
described. The 4-nitrophenyl based serkoras synthesized in two steps from the corresponding calix
[4]arene tetraethyl ester and shown to give rise to color changes in thevid\spectra in DMSO upon
recognition of pyrophosphate and fluoride. Fitting the changes in the absorption spectra using nonlinear
regression analysis indicated strong binding of several aniofisbgh as acetate and hydrogen phosphate

in 1:1 (Host:Guest) stoichiometry, and at higher concentration in 1:2 stoichiometry. The preorganized
calix-cavity was, however, not found to host chlorine while binding of bromide was determined. At high
concentrations of these anions, significant colorimetric changes were also observed that were clearly
visible to the naked eye for both pyrophosphate and fluoride. The phenyl an&degagemade to enable
analysis of the anion recognition usiftg NMR titrations and showed that ions such as phosphate were
bound in 1:1 stoichiometry, whereas the “urea” protons were shown to be significantly affected upon
coordination to the anion.

Introduction in the environment. They are often harmful pollutants, for
example, phosphates from fertilizers, etc., and many anions are
also used as, or are the products of, the degradation (hydrolysis)
of chemical warfare agents. Hence, the need for fast, either as
“one-off” or for real-time monitoring, and accurate detection
of ions such as fluoride (5, which is the breakage product of

The design and the use of luminescent and colorimetric
molecules for anion recognition and sensing is a fast growing
field of research within supramolecular chemistihere is no
doubt that there currently exists a major need for developing
both sensitive and selective sensors for anfoAeions play a
central role in physiology and, therefore, in healthcare. They

i i i i (2) Schmidtchen, F. FCoord. Chem. Re 2006 250, 2918; Amendola,
are prevalent in both heavy industry and in farming, and as SUChv.; Vonizzoni. M. Esteban-Gomez. D.. Fabbrivzi. L. Licchelli M.:
Sancenn, F. Taglietti, A.Coord. Chem. Re 2006 250, 1451; Martnez-
T Trinity College Dublin. Mafez, R.; Sancehg F.J. Fluoresc2005 15, 267; Gale, P. AAcc. Chem.
* University of East Anglia. Res 2006 39, 465; Gale, P. AChem. Commur2005 3761; Martnez-
(1) Sessler, J. L.; Gale, P. A.; Cho, W. Snion Receptor Chemistry Mafez, R.; Sancem F.Chem. Re. 2003 103 4419; Suksai, C.; Tuntulani,
Royal Society of Chemistry: Cambridge, UK, 2006; Gunnlaugsson, T.; T.Chem. Soc. Re2003 32, 192; Bondy, C. R.; Loeb, S. Coord. Chem.

Glynn, M.; Tocci (e Hussey), G. M.; Kruger, P. E.; Pfeffer, F. Koord. Rev. 2003 240, 77; Gale, P. ACoord. Chem. Re 2001, 213 79; Beer P.
Chem. Re. 2006 250, 3094; Steed, J. WChem. Commur2006 2637, D.; Gale, P. A.Angew. Chem.Int. Ed. 2001, 40, 486; Atwood, J. L.;
Filby, M. H.; Steed, J. WCoord. Chem. Re 2006 250, 3200; Gale P. A.; Holman, K. T.; Steed, J. WChem. Communl996 1401; Scheerder, J.;
Quesada, RCoord. Chem. Re 2006 250, 3219; Nguyen, B. T.; Anslyn, Engbersen, J. F. J.; Reinhoudt, F. Recl. Tra. Chim. Pays-Bas1996
E. V. Coord. Chem. Re 2006 250, 3118. 115 307.

10.1021/jo070439a CCC: $37.00 © 2007 American Chemical Society
Published on Web 08/29/2007 J. Org. Chem2007, 72, 74977503 7497



]OCAT’tiCle Quinlan et al.

sarin gas and organophosphates found in many nerve agentshonding donors, possessing directionality, and are synthetically
has become an unfortunate reafitlence, sensors that selec- undemanding to incorporate into larger preorganized structures.
tively detect these anions using manageable techniques, suctWe have developed many examples of anion sensors possessing
as colorimetric sensofsyhich can be incorporated into simple  such structural motif$ However; these are usually based on
hand-held instruments or even “dip-sticks”, giving rise to naked simple receptors, where the anion recognition occurs through
eye "no-yes response, are highly advantageous. Traditionally, either a one or two hydrogen bonding donor. In this paper, we
anion sensing has been more difficult to achieve in comparison demonstrate that incorporation of four such anion recognition
to that of cation$:® This is mostly due to their wide range of moieties in the form of amidoureas into a preorganized calix-
geometries, which are often pH sensitive, as in the case of[4]arene host/in an easy two-step synthesis, gives rise to both
phosphate, which therefore renders them sensitive to spatialselective anion sensing and strong binding, as well as in some
arrangements and orientation of binding groups. This has beencases colorimetric responses, which are visible to the naked eye.
difficult to achieve except with cumbersome synthetic targets. These color changes occur from “colorlessdeep-red” and
Consequently, anion sensing has often been achieved usingire the equivalent of anb-yes response in the case of both
charged receptofssuch as metal complex8syhich is disad- ~ F~ and pyrophosphate, whereas other competitive ions such as
vantageous due to lack of anion selectivity. Targeting anions acetate (AcO), hydrogen phosphate (RO,"), nitrate (NQ"),

using charge neutral receptdrsyhich recognize the anions and other halides (Cland Br) give either weak binding or no
through hydrogen bonding, has recenﬂy become both h|gh|y colorimetric responses. These are the first examples of the use
successfdf and possible even in highly competitive media, such Of tetra-amidourea receptors in such a highly ordered structure
as in buffered watet: Charge neutral anion receptdfssuch for the recognition and colorimetric sensing of anions.

as amided? thioureal® and amidourea¥® are particularly

attractive for such recognition, as they are good hydrogen Results and Discussion

Synthesis.The synthesis of the 4-nitrophenyl-based sensor

(3) Wallace, K. J.; Fagmemi, R. I.; Folmer-Anderson, F. J.; Morey, J.; ; ; ;
Lynth, V. M.: Ansiyn. E. V.Chem. Commur2006 3886: Dale, T. J.- Rebek, ~ + and the phenyl analogu is outlined in SChemf 1. The
J.J. Am. Chem. So@006 128 4500. aminolysis of the calix[4]arene tetraethyl est8f® using

(4) Singh, N.; Jang, D. QDrg. Lett.2007, 9, 1991. Ghosh, K.; Adhikari, hydrazine hydrate in ethanol at 4C, the reaction was left

S. Tetrahedron Lett2006 47, 8165; Jun, E. J.; Swamy, K. M. K.; Bang, stirring for 12 h, to give the desired produe,(Figure S1
H.; Kim, S. J.; Yoon, J. YTetrahedron Lett2006 47, 3103; Winstanley, . T . S N !
K. J. Sayer, A. M. Smith, D. KOrg. Biomol. Chem2006 4, 17603;/ Supporting Information), in near-quantitative yield by evapora-

Thiagarajan, V.; Ramamurthy, P.; Thirumalai, D.; RamakrishnaQrg. tion of methanol and excess hydrazine and washing with
Lett. 2005 7, 657; Pfeffer, F. M.; Gunnlaugsson, T.; Jensen, P.; Kruger, P. methanol and water. The hydrazidevas found to be insoluble

E. Org. Lett 2005 7, 5357; Wel L. H.; He, Y. B.; Wu, J. L.; Wu, X. J;; ; : :
Meng, L.; Yang, X.Supramol. Chen2004 16, 561; Boiocchi, M.; Boca, in organic solvents of moderate polarity, e.g., £k, THF,

L. D.; Gomez, D. E.: Fabbrizz, L.; Licchelli, M.; Monzani, B. Am. Chem. and EtO. However, it was found that reaction of a suspension
Soc.2004 126, 16507; Kato, R.; Cui, Y.-Y.; Nishizawa, S.; Yokobori, T.;  of 4 in chloroform with6 occurred by simply stirring overnight
Teramae, NTetrahedron Lett2004 45, 4273; Jose, D. A.; Kumar, D. K., ynder an inert atmosphere, giving a pearly suspension that was

Ganguly, B.; Das, AOrg. Lett 2004 6, 3445; Gunnlaugsson, T.; Kruger, .
P.E.: Lee, T. C.; Parkesh, R.; Pfeffer, F. M.; Hussey, G. trahedron concentrated under reduced pressure, and to which excess

Lett.2003 44, 6575; Jimienez, D; Marmez-Mdiez, R.; Sancemy F.; Soto, methanol was added. Filtration, followed by methanol and water

J.Tetrahedron Lett2002 43, 2823; Miyaji, H.; Sessler, J. lAngew. Chem. washes, gave in 60% yield, requiring no further purification.
Int. Ed. 2001, 40, 154; Lee, D. H.; Lee, K. H.; Hong, J. Org. Lett 2001

3, 5.

(5) Parkesh, R.; Lee, T. C.; GunnlaugssonQfg. Biomol. Chem2007, (13) Gunnlaugsson, T.; Davis, A. P.; Glynn, @hem. Commur2001,
5, 310; Callan, J. F.; de Silva, A. P.; Magri, D. Q.etrahedron2005 36, 2556; Gunnlaugsson, T. Davis, A. P. Hussey, G. M. Tierney, J. Glynn, M.
8551; Gunnlaugsson, T.; Leonard J. P.; Murrey, NO8anic. Lett 2004 Org. Biomol. Chem2004 2, 1856; Gunnlaugsson, T.; Davis, A. P.; O'Brien,
6, 1557; Gunnlaugsson, T.; Lee C. T.; ParkeshORyanic. Lett 2003 5, J. E.; Glynn M.Organic Lett.2002 4, 2449; Gunnlaugsson, T.; Davis, A.
4065; Gunnlaugsson, T.; Bichell, B.; Nolan, Tetrahedron Lett2002 P.; O'Brien, J. E.; Glynn, MOrg. Biomol. Chem2005 3, 48; Pfeffer F.
43, 4989; Gunnlaugsson, T.; Nieuwenhuyzen, M.; Ludovic R.; Vera T. M.; Buschgens, A. M.; Barnett, N. W.; Gunnlaugsson, T.; Kruger, P. E.
Tetrahedron Lett2001, 42, 4725. Tetrahedron Lett2005 46, 6579; dos Santos, C. M. G.; McCabe, T.;

(6) de Silva, A. P.; Gunaratne, H. Q. N.; Gunnlaugsson, T.; Huxley, A. Gunnlaugsson, TTetrahedron Lett2007, 48, 3135.
J. M.; McCoy, C. P.; Rademacher, J. T.; Rice, Them. Re. 1997, 97, (14) Evans, L. S.; Gale, P. A,; Light, M. E.; QuesadaCRem. Commun
1515. 2006 965; Evans, L. S.; Gale, P. A.; Light, M. E.; Quesada,NRw. J.

(7) Davis A. P.Coord. Chem. Re 2006 250, 2939; Davis A. P.; Joos Chem.2006 30, 1019; Wu, F. Y.; Li, Z.; Guo, L.; Wang, X.; Lin, M. H,;
J. B. Coord. Chem. Re 2003 240, 143. Zhao, Y. F.; Jiang, Y. BOrg. Biomol. Chem200§ 4, 624; Nie, L.; Li, Z.;

(8) Gar¢a-Espan, E.; Daz, P.; Llenares, J. M.; Bianchi, ACoord. Han, J.; Zhang, X.; Yang, R.; Liu, W. X.; Wu, F. Y.; Xie, J. W.; Zhao, Y.
Chem. Re. 2006 250, 3094. F.; Jiang, Y. B.J. Org. Chem2004 69, 6449.

(9) O’Neil, E. J. Smith, B. DCoord. Chem. Re 2006 250, 3068; Harte, (15) Quinlan E.; Matthews S. E.; Gunnlaugsson,T€trahedron Lett.
A.J.; Jensen, P.; Plush, S. E.; Kruger, P. E.; Gunnlaugssénoig. Chem. 2006 47, 9333.

2006 45, 9465; Gunnlaugsson, T.; Harte, A. J.; Leonard, J. P.; Nieuwen- (16) Gunnlaugsson, T.; Ali, H. D. P.; Glynn, M.; Kruger, P. E.; Hussey,
huyzen, M.Supramol. Chem2003 15, 505; Bondy, C. R.; Gale, P. A;; G. M.; Pfeffer, F. M.; dos Santos, C. M. G.; TierneyJJFluoresc.2005
Loeb, S. L.J. Am. Chem. So2004 126, 5030; Gunnlaugsson, T.; Harte, 15, 287.

A. J,; Leonard, J. P.; Nieuwenhuyzen, @hem. Commur2002 2134. (17) See review: Matthews, S. E.; Beer, P.Supramol. Chen2005

(10) Sessler, J. L.; Camiolo, S.; Gale, P.@oord. Chem. Re 2003 17, 411; Lhotak, PTop. Curr. Chem2005 255, 65; Evans, A. J.; Matthews,
240, 17; Best, M. D.; Tobey, S. L.; Anslyn, E. \Coord. Chem. Re 2003 S. E.; Cowley, A. R.; Beer, P. DDalton Trans.2003 4644; Dudic, M.;
240, 3; Choi, K.; Hamilton, A. D.Coord. Chem. Re 2003 240, 101; Lhot&, P.; Stibor, I.; Lang, K.; Proskova, FOrg. Lett. 2003 5, 149;
Supramolecular Chemistry of AnignBianchi, E., Bowman-James, K., Tumcharern, G.; Tuntulani, T.; Coles, S. J.; Hursthouse, M. B.; Kilburn, J.
Graca-Espafia, E., Eds.; Wiley-VCH: New York, 1997. D. Org. Lett.2003 5, 4971; Scheerder, J.; Duynhoven, P. M. V.; Engbersen,

(11) Gunnlaugsson, T.; Kruger, P. E.; Jensen, P.; Tierney, J.; Ali, H. D. J.F. J.; Reinhoudt, D. NAngew. Chem., Int. EA996 35, 1090; Morzherin,
P.; Hussey G. MJ. Org. Chem2005 70, 10875. Y. Rudkevich, D. M.; Verboom, W.; Reinhoudt, D. 8. Org. Chem1993

(12) Kang, S. O.; Begum, R. A.; Bowman-James, Atgew. Chem. 58, 7602.

Int. Ed.2007, 45, 7882; Kang, S. O.; Hossain, Md. A.; Bowman-James, K. (18) Arnaud-Neu, F.; Collins, E. M.; Deasy, M.; Ferguson, G.; Harris,
Coord. Chem. Re 2006 250, 3038; Lin, C.; Simov, V.; Drueckhammer, S. J.; Kaitner, B.; Lough, A. J.; McKervey, M. A.; Marques, E.; Ruhl, B.
D. G.J. Org. Chem2007, 72, 1742. Pfeffer, F. M.; Seter, M.; Lewcenko, L.; Schwing-Weill, M. J.; Seward, E. MJ. Am. Chem. Sod 989 111,

N.; Barnett, N. W.Tetrahedron Lett2006 47, 5251. 8681.
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Recognition of Anions Using Calix[4]arene Sensor

SCHEME 1. Synthesis of Sensors 1 and 2 from the
Calix[4]arene Tetraethyl Ester 3
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Similarly, using THF, a suspension dfand5 was stirred at
reflux overnight, upon which precipitated from solution once
the reaction had run to completion. This gavén 72% yield

after workup. The use of the amidourea moiety is very attractive
for anion recognition as it has been shown to give rise to both
stronger binding as well as additional hydrogen bonding donors
in comparison to the simple urea structure. These sensors wer

found to be only soluble in polar solvents, such as DMSO and
DMF. Attempts to prepare crystals for X-ray study were on all

occasions unsuccessful. Such insolubility may be attributed to

strong intramolecular hydrogen bonds for these receptors
However, addition of anions to suspensions of these compound
led on all occasions to their immediate solubilization in a range
of medium-to-high polarity organic solvents, for example,,€H
Cl,, THF, EO, and CHCN. We propose that perturbation of

JOC Article

= 66 346 nTlcm ) when recorded in DMSO. Upon adding
anions such as #0O,~ (Figure 1) or AcO to a solution ofl,

a gradual shift to longer wavelength was observed, signifying
a perturbation in the ICT character of the sensor, due to the
recognition of the anion at the amidourea moiety. This enhances
the push-pull character of the ICT state, and consequently a
red-shift is observed, upon hydrogen bonding of the anion to
the receptor array of the sensor. Fitting these changes using the
nonlinear regression analysis program SPECFIT gave good fit,
with two binding constant log; = 5.46 0.17) and logs, =

4.87 &0.35). The speciation distribution diagram is shown as
an insert in Figure 1 and demonstrated that the 1:1 stoichiometry
(HostGuest) is the most stable species in solution, and only at
higher concentration does the 1#2:G) become dominating.

In the case of AcO (Figure 2), unlike that seen for,RO,,

an isosbestic point was observed at 377 nm, with the formation
of a broad shoulder at longer wavelength, lingering into long
wavelength. Again, the main interaction here is the hydrogen
bonding of the anion to the receptor, which gives rise to
enhanced ICT character for the bound receptor. Analysis of these
changes using SPECFIT gave two binding constants;3{cg

5.11 ¢0.04) and logB, = 4.29 @0.12), for the 1:1 and the

1:2 complexes, respectively. No higher order binding was
observed, indicating that, most likely, each of the two Ad®
coordinating to two urea moieties. This analysis also demon-
strates strong binding for AcOin DMSO to 1, which is still,
however, less than that observed for phosphate, enabling the
selective detection of the latter. By simply comparing the
changes in the UMvis spectra with that of PO, it is
eobvious that the binding mode must be different, and perhaps
reflect the tetrahedral nature of the,~ anion, which can

be better hosted within the cavity of the calix sensor. Substit-
uents appended to the lower rim have, as in the cade thie
option of ende or exo binding, that is, that the binding can
'Stake place within the cavity formed, or outside this cavity,
following free rotation in solution of the urea moieties. For the
endec binding array, the anions would be encapsulated by the
cooperation of all receptor moieties. This is both the intuitive

the aforementioned hydrogen-bonding motifs by the anions is and the desirable conformation in light of the inherent rigidity

responsible for this effedf. Slow evaporation of the solutions

of the calix[4]arenes. This would provide a convergent anion

containing these complexed anions led, however, to the forma-Pinding array, offering eight “urea” protons for anion binding.

tion of oils on all attempts. ThéH NMR (Figure S2 and S3,

However, theexo-binding mode may also lead to strong binding

Supporting Information) of both sensors showed the presence®f anions, where the calixarene scaffold would merely provide

of “simple spectra”, indicating the presence of §ymmetry,
with the three N-H protons appearing at 9.91, 8.83, and 8.09

for 1, whereas foR these resonated at 9.99, 9.51, and 8.44 ppm,

respectively.

Anion Binding Studies of 1.The calix[4]arene scaffold offers
a rigid and structurally preorganized cavity, which has previ-
ously been employed as a structural scaffold for anion recogni
tion and for the formation of anion directed self-assembly
formation17.1920 Sensor1 was developed to give a highly
ordered hydrogen donating cavity, which could give rise to
colorimetric changes upon anion recognition, as the 4-nitro-

several, non-cooperative binding sit€xo-binding may also
provide a contribution from the amido protons, which we expect
to be absent in thendobinding. Giving the structural nature
of the anion, it is possible that RO~ binds via the endo
motive, whereas AcOwould bind possibly by both modes, or
more sovia exabinding. However, the binding of the second
- equivalent of HPO,~ could occurvia exobinding. To analyze
these binding possibilities further, we attempted to grow crystals
for X-ray crystallographic analysis of the 1:1 and the 1:2
stoichiometries of these ions with However, on all occasions,
we were unable to form crystals of good enough quality for

phenyl moiety is part of the amidourea anion receptor moiety, such analysis, and hence, we were unable to proof exclusively
giving rise to an internal charge transfer (ICT) absorption band the correct binding geometry. Analysis of the species distribution
in the absorption spectra, which was centered at ca. 335%nm ( for AcO™ interaction is shown as an insert in Figure 2, and it
demonstrates, as in the case ofP@,~, that only at higher
concentration of the anion does the 2:1 complex dominate.
However, unlike that seen forJRO,, the tail in the absorption
spectra of AcO gave rise to light colorimetric response that
was, however, visible to the naked eye.

(19) Vysotsky, M. O.; Bolt, M.; Thondorf, I.; Bomer, V.Chem-—Eur.
J. 2003 9, 3375; Vysotsky M. O.; Bbmer, V.Org. Lett.200Q 2, 3571;
Mogck, O.; Bohmer, V.; Vogt, WTetrahedron1996 52, 8489.

(20) Cao, Y. D.; Wang, L. Y.; Bolte, M.; Vysotsky, M. O.; Bmer, V.
Chem. Commur2005 3132.

J. Org. ChemVol. 72, No. 20, 2007 7499



]OCAT’tiCle Quinlan et al.

—G ——HiG —HXG

o

125605 225E05  325E05  4A2BE05  525E05

[FPOS ] i dii”)

000 — + b - .--.—-.--.-_F_.i,\|

275 295 315 335 355 375 395 415 435 455 475 495
Wavelength (nm)

FIGURE 1. Changes in the absorption spectraldb.7 x 1076 m) and upon titrating with BPO,~. (Inset) Speciation distribution diagram for the
binding of HPO,™ to 1.
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FIGURE 2. Changes in the absorption spectraldf3.2 x 1076 m) and upon titrating with AcO. (Inset) Speciation distribution diagram for the
binding of AcO to 1.

The most interesting results were obtained for pyrophosphate In the case of F, significant changes were observed in the
and fluoride, respectively. For the former, the absorption spectraabsorption spectra as well as visible colorimetric changes. Here,
was shifted to longer wavelength, with ca. 10% overall the absorption was similar to that observed for Ac@he main
enhancement. However, the absorption spectra were also redabsorption band was reduced in intensity with concomitant shift
shifted, withAmax being shifted fromca. 340 nm— 356 nm. to longer wavelength and with the formation of a tail or shoulder,
Analysis of these changes revealed that pyrophosphate boundvhich extended toward the red, Figure 4. Analysis of these
to the sensor in only one binding mode through the desired 1:1 changes using SPECFIT gave good fitting, with two binding
binding. Both the changes in the absorption spectra at 345 nmconstants of3 = 5.68 @0.20) and logs = 4.78 0.39),
and the corresponding fitting, obtained using SPECFIT and the respectively, by fitting the data to 1:1 and H2G formation.
speciation distribution diagram, are shown in Figure 3. From Although this gives reasonable fit, and the speciation distribution
these changes, the binding constantfeg= 5.34 &-0.04) was diagram indicates that the 1:2 complex is the dominant species
obtained. This is of similar magnitude to that observed above in solution, we do not anticipate this to be the case, and rather
in Figure 1 for HPO,~. However, no evidence for the 1:2  that the second equivalent of Participates in the formation
stoichiometry was observed within the concentration range of biflouride, HR,~. Such deprotonation has previously been
shown. These changes were also accompanied with the formashown to occur in related systems by ourselves, and by Gale et
tion of red color change that was visible to the naked eye. a|2! |n contrast to these results, the titrationslaising either
However, this color change was less visible than we have C|- or Br- did not give rise to significant changes in the
observed in related systems based on the use of 1,3-disubstituted
calix[4]arene. Nevertheless, upon addition of excess anion, those (21) Camiolo, S.: Gale, P.. Hursthouse, M. B.: Light, Mg, Biomol.

visible color changes was more apparent, giving rise to red color chem'2003 1, 741; Gunnlaugsson, T.; Kruger, P. E.; Jensen, P.; Pfeffer,
formation. These results will be discussed below. F. M.; Hussey, G. MTetrahedron Lett2003 44, 8909.
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FIGURE 3. Changes in the absorption spectraldB.2 x 10°¢ m) at
345 nm upon titrating with pyrophosphate. (Inset) Speciation distribu-
tion diagram for the binding of pyrophosphateltoshowing only the
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as logf; = 4.15 @0.05). However, no measurable colorimetric
change was observed. Similarly, for nitrate, no changes were
observed in the absorption spectra that allowed for the detection
of this anion byl. As was discussed abov&,gave rise to
colorimetric responses with several anions, though these were
not striking color changes at lower concentration of the
receptors. Upon increasing the concentratioriLothe afore-
mentioned anion selectivity and significantly more intense color
changes were visible, as can be seen in Figure 5. These color
changes clearly follow the same trend observed in the anion
titrations discussed above, where only &d pyrophosphate
give rise to large colorimetric response, followed by Ac®@s

the sensor has no visible absorption, its solution is transparent,
whereas in the presence of and HPO,~, the red color is
clearly visible; consequently, these color changes can be
considered as being the equivalent of a naked eyeyes
response for these anions. We are currently improving the design
principle presented herein with the aim of making these striking
color changes more visible at lower concentrations. The binding

formation of the 1:1 complex. constants discussed above are summarized in Table 1.

The anion recognition event was also evaluated uskthg

absorption spectra. Initially, we had predicted thahaving NMR as preV|(_)usI)_/ discussed for CIA titration was first

the four amidourea receptors preorganized in a cyclic manner,Undertaken using in DMSO-de. However, due to the ICT
would indeed show selectivity toward large spherical anions. hature of the receptor, even after the addition of 0.1 equiv of
However, as said, only minor changes were observed in thethe anion, the characteristic NH resonances appeared to lose
absorption spectra, which in the case of @lere too small to resolution. This situation deteriorated through the titration, and
allow for accurate fitting. However, initidH NMR studies (in therefore no signal could be successfully used to track the
DMSO-ds) did suggest that Clwas hosted within the cavity — changes which were occurring upon binding. Because of this,
of the sensor; consequently, the reason for the lack of colori- We synthesize@, as detailed above. The titration Bfusing
metric changes could be due to the fact that the anion Phosphate showed that the high symmetry of the spectra
coordinates through a hydrogen bonding array, most likely, to remained during the titration, indicting that on the NMR time
all four of the amidourea receptors. Unlike that seen above, scale, the anion was not binding directly to a single receptor
where the anion recognition is more directional, the effect on and the overall changes were in slow exchange. Moreover, all
the ICT of the receptor is much less. However, in the case of of the N—H resonances were clearly visible and were signifi-
Br-, small (ca. 8%) but uniform absorption changes were cantly shifted upon adding anions. FosR0,~, the 'H NMR
observed, which allowed for evaluation of the binding affinity (Figure S4, Supporting Information) gave rise to the most
of 1 toward this anion. Bearing in mind that there is a significant significant changes. For the urea proton adjacent to the phenyl
error associated with the measurement of ,Bx 1:1 binding ring, the addition of 0.3 equiv of PO, led to significant
constant that fitted well the binding isotherms was determined broadening, whereas the distal urea protons were shifted

0.14 - « data fit
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FIGURE 4. Changes in the absorption spectrald6.6 x 1076 m) and upon titrating with F. (Inset) Fitting of absorption changes at 390 nm for
the titration of F with 1.
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FIGURE 5. Colorimetric effect upon addition of TBA salts of anions (1 mM) to DMSO solutions; déft to right: 1, F~, CI7, H,POy~, HP,O:4™,
AcO~, and NQ".

TABLE 1. Binding Constants Obtained from the Changes in the titration of 2, as it lacks the electron withdrawing nitro group,
Absorption Spectra of 1 upon Titrations with Several Anions Using which makes the urea protons less acidic and, as thus less
the Nonli R ion Analysis P SPECFIT / X )
© Monfinear Regression Analysis Frogram capable hydrogen bonding donors. These results confirm the
on log i 1:1 stoichiomer log ‘st%(:):il.cﬁg?nséttro host) changes observed in the absorption titrations above, that the
— El y y anion is bound within the cavity in a 1:1 stoichiometry. We are
prcg, gigi 8'(1)‘7" f’l'gii géé E:% currently developing related systems with the aim of achieving
Pyrophosphate '5.34 0.04 N ' better selectivity for the anion sensing as well as more visibly
F 5.684 0.20 4.79+ 0.39 (HG) striking colorimetric changes.
Br- 4,154 0.05 -

0.8 ppm, for the urea protons after the addition of ca. 1.2 equiv. Conclusion

In comparison, the amido proton, appearing at 9.3 ppm, was e have developed the first examples of colorimetric anion
only sllg_htly aff(_ected and clearly visible even after the addition sensors1 and2, based on the introduction of four amidourea
of 1 equiv. Z’Iot’:mg thes;]a chbanges as allfunctlor;tof aﬁc&é‘(ﬁ{_ fbased receptors into the lower rim of a calix[4]arene structure,
gave a graduali curve that began to plateau after the addition of;. high yielding synthesis. This gives rise to the formation of a
1 equiv, Figure 6, for one of these urea protons. These change ighly symmetrical and preorganized cavity, as showrty
demonstrate that the desired 1:1 stoichiometry is the mostNNIR for anion recognition throuah hvdro 'en bonding. The
favorable one under these experimental conditions. The databindil,ﬁ of several ar?ions was ing\l/estiy ate?j in DMSOg.usin
obtained was also fitted using the compuiter program WinEQN- UV—VigS spectroscopy, and it was estab?ished that ions such %s

MR, which calculates equilibrium constants based on NMR shift = X _
data?? Fitting of the data gave binding constant data<of 1 HPQ;” and pyrophosphate were recognizedibghrough 1:1

x 10* (4 x 10%. The isotherm and fit, as generated using NOSt-guest complex formation (which was verified usittg
WIinEQNMR, are shown in Figure 6 as an insert and showed a NMR for 2) with high binding constants. In contrast to these
good correlation with the experimental data. Nevertheless, this 'esults, anions such as fand AcO™ gave rise to strong 1:2
binding constant was determined with an exceptionally large binding, whereas for the former, the anion recognition was most
error that is beyond the 15% error margin of the technique, as likely due to the formation of HF, which is formed upon
estimated by Gal@ It is thus difficult to say with accuracy  deprotonation of the urea moiety. Sendowas principally

that this is the binding affinity for the anion. However, it is, as developed as a colorimetric naked-eye sensor for anions. This
expected, significantly smaller than observed in the-is was indeed found to be the case for anions such asute
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FIGURE 6. Changes in the chemical shifts one of the urea protosmtheH NMR titration of 2 using HPQ;~. (Inset) Fitting of the experimental
data using WinEQNMR.
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pyrophosphate where the color changed from colorless to red.a thick precipitate. The reaction was quenched by addition af CH
For AcO", the changes occurred from colorless to light yellow, OH, and the precipitate filtered and washed with;OH and water
enabling the distinction of this anion from the above. These to yield the desired sensors which were suitable for use without
changes were assigned to the disturbance in the ICT nature offurther purification.

the anion receptor, which gives rise to red shifts in the absorption ~ 25,26,27,28-Tetra[3-(4-nitrophenyl)ureidocarbamoyl]meth-
spectra. We are currently further investigating the use of the XY calix[4]arene (1).Obtained from4 and5 in 72% yield. mp:

- - : - 244 °C. Required for GHseN160,02H,0: C, 54.70; H, 4.30; N,
calix[4]arene structure in the formation of novel anion hosts 15.95. Found: C, 54.66: H, 4.10: N, 15.62: ESM8/{ ES-):

and with the aim of using anions to direct the formation of larger 1369.0, expect 1368.4 (M}H NMR (400 MHz, DMSOés,01):

self-assemblies between such structures. 9.99 (s, 4H, NH), 9.51 (s, 4H, NH), 8.44 (s, 4H, NH), 7.98{d-
9.36 Hz, 8H,), 7.57 (dJ = 8.76 Hz, 8H), 6.78 (dJ = 7.00 Hz,
Experimental Ar—H), 6.67 (t,J = 7.00 Hz);13C NMR (100 MHz, DMSO#,

dc): 168.9, 155.5, 154.6, 146.0, 141.0, 134.3, 128.6, 125.4, 124.7
Synthesis: 25,26,27,28-Tetrakis[(hydrazidocarbonylmethyl)- 13)3.1 117.7. 72.8. 30.6: IR//@:r’n‘l): 3269 2927. 1709. 1674.

oxy]calix[4]arene. To a solution of calix[4]arene ethyl ester (3) in 543. 1500. 1459. 1329 1228. 1192. 1177. 1111. 1095. 1043 1007
methanol was added hydrazine hydrate 10 mL (large excess), andge, ga0. ' ' ' ' ' ' ' ' '

the solution was stirred at £C overnight. The solvents and excess
hydrazine were removed at reduced pressure, giving the crude
product as an off-white solid. The residue was triturated sequentially
with water and methanol and the product collected by filtration.
The desired produet was obtained in 96% yield fror8. mp 201

°C. Required for GgH4oNgOgH,0: C, 59.17; H, 5.79; N, 15.33;
Found: C, 59.60; H, 5.53; N, 14.63; Accurate M3Z): Calculated

for CaeHaoNgOgNa (M + Na): 735.2867; found 735.28381 NMR

(400 MHz, methanoty), oy: 9.50 (s, 4H, NH), 6.85 (d] = 8 Hz,

25,26,27,28-[Tetra(3-phenylureidocarbamoyl)methoxy] Calix-
[4]arene (2).Obtained from4 and 6 in 60% yield. mp: 232°C
Required for G4HgoN1,012-+CH30OH: C, 63.92; H, 5.28; N, 13.76.
Found: C, 63.94; H, 5.14; N, 13.784 NMR (400 MHz, DMSO-
de,0n): 9.91 (s, 4H, NH), 8.83 (s, 4H, NH), 8.09 (s, 4H), 7.40 (d,
J=7.04 Hz, 1H), 7.20 (t) = 7.04 Hz), 6.92 (tJ) = 6.52 Hz, 4H),
6.80 (d,J = 7.52 Hz, 8H), 6.66 (dJ = 7.56 Hz, 1H), 4.74 (d) =
12.48 Hz, 4H, 2H), 4.69 (s, 8H, 2H) 3.29 (@ 13.08 Hz, 4H,);
8H), 6.65 (t,J = 8 Hz, 4H), 4.47 (d,) = 13 Hz, 4H), 4.42 (s, 4H), 13C NMR (100 MHz, DMSOe, dc): 168.8, 155.6, 155.4, 139.3,

3.24 (d,J = 13 Hz, 2H):2*C NMR (100 MHz, CDC}, d¢): 167.5, 128.7, 128.6, 123.1, 122.0, 118.7, 72.9, 30.7;#Rr1Y): 3239,

155.1, 134.6, 128.6, 123.4, 73.4, 30.1; IRofnY): 3313, 3035, 1660, 1541, 1444, 1204, 749, 692.

2920, 1672, 1528, 1459, 1442, 1291, 1248, 1196, 1094, 1006, 982,
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