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A novel methodology for the evaluation of receptor arrangement in structurally flexible anion chemosensors
was developed and applied to map the binding site of a new pseudocyclic tristhiourea chemdgensor (
The syntheses d@ and related macrocyclic chemosen&6r(a model of the folded monomeric structure

of 6) are reported. Both chemosensors were evaluated by titration with a variety of structurally different
anions in CHCIl and DMSO, showing a common preference for EH;CO,~, and HPO,~. However,

within this group of anions, the binding patterns of the chemosensors differed, indicating dissimilarity in
the arrangement of the binding sites@®#énd 10.

Introduction mental and biomedical researtMany of these chemosensors
incorporate urea or thiourea binding moieties, as in principle,
higher selectivity in binding specific anions can be achieved
between a non-charged urea functional group and a charged
. analyte (versus a case of positively charged binding moigties).
Faxj%“;gf’&jgt?gfg”dence should be addressed. ¥672-3-640-5878.  Among the various methods used to detect anion chemosensor
(1) (@) Amendola, V.; Bonizzoni, M.; Esteban-Gomez, D.; Fabbrizzi, L.; Operation, an approach based on changes in the chemosensor’s
Licchelli, M.; Sancenon, F.; Taglietti, ACoord. Chem. Re 2006 250 fluorescence spectrum has been extensively investigated.
511715-:1(5)) A e e e e 0a 391 482 \.  Although a substantial number of fluorescent chemosensors for
Acc. Chem. Re006 39 (5), 343-353. (d) Stibor, |.; Zlatlisova P.Top.

The development of chemosensors for the selective detection,
of biologically important anions is of great interest in environ-

Curr. Chem.2005 255 31-63. (e) Houk, R. J. T.; Tobey, S. L.; Anslyn, (2) (a) Gunnlaugsson, T.; Kruger, P. E.; Jensen, P.; Tierney, J.; Ali, H.
E. V. Top. Curr. Chem2005 255 199-229. (f) Lhotk, P. Top. Curr. D. P.; Hussey, G. MJ. Org. Chem.2005 70 (26), 10875-10878. (b)
Chem.2005 255, 65-95. (g) Beer, P. D.; Bayly, S. Rtop. Curr. Chem. Pfeffer, F. M.; Gunnlaugsson, T.; Jensen, P.; Kruger, 1. Lett.2005
2005 255 125-162. (h) Suksai, C.; Tuntulani, Top. Curr. Chem2005 7 (24), 53575360. (c) Fang, L.; Chan, W. -H.; He, Y. -B.; Kwong, D. W.
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FIGURE 1. Structure of chemosensérand its proposed folded monomeric and dimeric arrangements.

anions have been reported, only a few systems are based on

pyrene fluorophore$One of the major advantages of these latter

systems is that an aromatic polycyclic pyrene can form excimers

via r—a stacking of two pyrene units, enabling dual monomer
excimer fluorescenceThis dual fluorescence has been found
to be very sensitive to changes in pyrene moneresicimer
equilibrium, observed as changes in the ratio of exciplex to

3) (@) Kim, S. K.; Singh, N. J.; Kwon, J.; Hwang, |.-C.; Park, S. J,;
Kim, K. S.; Yoon, J.Tetrahedron2006 62 (25), 6065-6072. (b) Costero,
A. M.; Colera, M.; Gavina, P.; Gil, SChem. Commur200§ 7, 761—-763.
(c) Sato, K.; Sadamitsu, Y.; Arai, S.; Shimada, T.; Inoue, H.; Yamagishi,
T. Heterocycle®005 66, 119-127. (d) Albrecht, M.; Triyanti;, de Groot,
M.; Bahr, M.; Weinhold, ESynlett2005 13, 2095-2097. (e) In, S.; Kang,
J. Bull. Korean Chem. So@005 26 (7), 1121-1124. (f) Kang, J.; Kim,
H. S.; Jang, D. OTetrahedron Lett2005 46 (36), 6079-6082. (g) Kim,

S. K.; Singh, N. J.; Kim, S. J.; Swamy, K. M. K,; Kim, S. H.; Lee, K.-H.;
Kim, K. S.; Yoon, J.Tetrahedron2005 61 (19), 4545-4550. (h) Miao,
R.; Zheng, Q.-Y.; Chen, C.-F.; Huang, Z.-Tetrahedron Lett2005 46
(12), 2155-2158. (i) Zeng, Z.-Y.; He, Y.-B.; Wu, J.-L.; Wei, L.-H.; Liu,
X.; Meng, L.-Z.; Yang, X.Eur. J. Org. Chem2004 13, 2888-2893. (j)
Wu, J.-L.; He, Y.-B.; Zeng, Z.-Y.; Wei, L.-H.; Meng, L.-Z.; Yang, T.-X.
Tetrahedror2004 60 (19), 4309-4314. (k) Qian, X.; Liu, FTetrahedron
Lett 2003 44 (4), 795-799. () Sasaki, S.-I.; Citterio, D.; Ozawa, S.; Suzuki,
K. J. Chem. Soc., Perkin Trans.2001, 12, 2309-2313. (m) Hennrich,
G.; Sonnenschein, H.; Resch-Genger,Tdtrahedron Lett2001, 42 (15),
2805-2808. (n) Pina, F.; Bernardo, M. A.; Garcia-Espané; & J. Inorg.
Chem.200Q 10, 2143-2157. (0) Kubo, Y.; Tsukahara, M.; Ishihara, S.;
Tokita, S.Chem. Commur200Q 8, 653-654. (p) Xie, H.; Yi, S.; Yang,
X.; Wu, S.New J. Chem1999 23 (11), 1105-1110. (q) Xie, H.; Yi, S,;
Wu, S.J. Chem. Soc., Perkin Trans1899 12, 2751-2754. (r) Sasaki, S.
-I.; Mizuno, M.; Naemura, K.; Tobe, YJ. Org. Chem200Q 65 (2), 275~
283. (s) Kwan H. L.; Hong, J.-Tetrahedron Lett200Q 41 (32), 6083~
6087. (t) Murad, M. M.; Hayashita, T.; Shigemori, K.; Nishizawa, S.;
Teramae, N.Anal. Sci 1999 15 (12), 1185-1189. (u) Nishizawa, S.;
Shigemori, K.; Teramae, NChem. Lett1999 11, 1185-1186. (v) Yeo,
W. -S.; Hong, J.-l.Tetrahedron Lett1998 39 (44), 81378140.

(4) (a) Cronin, L.Annu. Rep. Prog. Chem., A: Inorg. Che2005 101,
319-347. (b) Martinez-Manez, R.; SancenonJFFluoresc 2005 15(3),
267-285. (c) Wu, Jia-S.; Zhou, J.-H.; Wang, P.-F.; Zhang, X.-H.; Wu,
S.-K. Org. Lett 2005 7 (11), 2133-2136. (d) Lee, D. H.; Im, J. H.; Lee,
J. -H.; Hong, J. -l.Tetrahedron Lett2002 43 (52), 96379640. (e)
Fabbrizzi, L.; Licchelli, M.; Perotti, A.; Poggi, A.; Rabaioli, G.; Sacchi,
D.; Taglietti, A.J. Chem. Soc., Perkin Trans.2b01, 11, 2108-2113. (f)
Czarnik, A. W.Top. Fluoresc. Spectrost994 4, 49-70.

(5) (@) Lee, S. H.; Kim, S. H.; Kim, S. K.; Jung, J. H.; Kim, J.I50rg.
Chem 2005 70 (23), 9288-9295. (b) Lee, J. Y.; Kim, S. K.; Jung, J. H.;
Kim, J. S.J. Org. Chem2005 70 (4), 1463-1466. (c) Cho, H. K.; Lee,
D. H.; Hong, J.-.Chem. Commur2005 13, 1690-1692. (d) Sasaki, S.-1.;
Citterio, D.; Ozawa, S.; Suzuki, KI. Chem. Soc., Perkin Trans.2D01,

12, 2309-2313.
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FIGURE 2. Structure of chemosensab.

monomer emissions, which can result from an anion-binding
event by a pyrene-based chemosensor.

Here we report the synthesis and evaluation of a new
ratiometric anion chemosenso8)( which incorporates two
terminal pyrene fluorophores, linked by a flexible tristhiourea-
containing spacer that functions as an anion-binding moiety of
this chemosensor. The molecular structure of chemosehsor
allows this compound to form in solution a folded monomer
(intramolecular excimer) and/or a dimer (Figure® Bince the
preferred configuration of the binding site of chemosergor
could not be easily determined by UWis or fluorescence
spectroscopy measurements, we used anion-binding studies as
a mapping tool to assess the preferred arrangement of the
receptor of this chemosensor.

In addition, to establish the anion-binding pattern of chemosen-
sor 6, the macrocyclic tristhiourea chemosend@rwas syn-
thesized and evaluated as a model of the folded monomer of
chemosensob (Figure 2). We suggest that the similarity in
anion-binding preferences of both chemosensors could strongly
indicate a resemblance in the arrangement of the binding units
of these chemosensors.

Results and Discussion

Synthesis A convergent synthetic strategy for thiourea-based
chemosensor$ and 10 was based on the construction and

(6) (a) Liao, J.-H.; Chen, C.-T.; Fang, J.-Krg. Lett 2002 4 (4), 561~
564. (b) Nishizawa, S.; Kato, Y.; Teramae, . Am. Chem. Sod.999
121 (40), 9463-9464. (c) Kuo, L.-J.; Liao, J.-H.; Chen, C.-T.; Huang, C.-
H.; Chen, C.-S.; Fang, J.-MDrg. Lett 2003 5 (11), 1821-1824.
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FIGURE 3. Synthesis of chemosens6ér Reagents and conditions: (i) NaOH, methanoltedi-butyl-carbonate, THF, room temperature; (ii)
4-(dimethylamino)pyridine, CHGJ] SCC}, room temperature; (iiil, THF, room temperature; (iv) G3®H, HCl(aq), room temperature; (v) NaOH,
triethylamine, C§ CHz;OH, ethyl chloroformate, OC; (vi) NaOH, CHC}, CH:CN, triethylamine, room temperature.

NCS NCS NH, NH, NH; O NH, NO, @ NO;
iii i i
i — 00— 0 — oo — o
NN
K\H H/\ o] o

[ j iv 9 8 7
X
@ @ €]
OOO L H3N/\/OV\H ”/\/OV\NH3 20l

10 4

FIGURE 4. Synthesis of receptdt0. Reagents and conditions: (i) Ma9H,O, EtOH(aq), reflux; (ii) NaOH, isopropanol, NaBHreflux; (iii)
CSCl, triethylamine, CHQ, 0 °C; (iv) triethylamine, CHG, CH;CN, DMF, room temperature.

coupling of isothiocyanate-containing precursors of detection pyrene with carbon disulfide, under basic conditions, followed
units with a diamine building block’ that was common to by in situ treatment with ethyl chloroformate, to yield the
both hosts. Thus, a preparation of pseudocyclic anion chemosen<corresponding isothiocyanate derivatisé The chemosensor
sor 6 was performed in six synthetic steps (Figure 3), starting 6 was finally assembled by coupling thioureadiamdrfece base
with deprotonation of 3-oxapentane-1,5-diamine dihydrochloride with a 2-fold excess of 1-(isothio-cyanatomethyl)pyréiien

with NaOH in methanol and subsequent BOC monoprotection a chloroform/acetonitrile mixture, to produce a target compound
in THF, producingert-butyl-2-(2-aminoethoxy)ethylcarbamate  in 56% yield.

1 in 82% vyield. Treatment ofl with thiophosgene and The macrocyclic chemosensdi0 was prepared in four
4-(dimethylamino)pyridine in chloroform led to the formation synthetic steps (Figure 4), starting with a two-step reduction of
of the correspondintert-butyl-2-(2-isothiocyanatoethoxy)ethyl  1,8-dinitroanthracene-9,10-dione by sodium sulfide nonahydrate
carbamate2,” which was isolated in 88% yield (based on in refluxing aqueous ethanol, to produce 1,8-diaminoanthracene-
thiophosgene). Coupling of intermediatesind2 in dry THF 9,10-dione7?® in 98% yield and the subsequent transformation
produced 1,3-bis[2-(2t€rt-butoxycarbonylamino)ethoxy)ethyl]-  of 7 to anthracene-1,8-diamir&® which was carried out in 83%
thiourea3” in 60% vyield. Subsequent deprotection of BOC yield, using sodium borohydride in isopropanol. The key
groups in thiourea8 with HCI in methanol produced a key
intermediate, 1,3-bis[2-(2-aminoethoxy)ethyl]thiourea dihydro-  (8) Hayashi, H.; Matsumura, N.; Mizuno, . Chem. Re2004 9, 599~
chloride 4 in 97% vyield. The second building block of 601

chemosensob was prepared by reacting 1-(aminomethyl)- |nt.(9|)5((:ié.‘) Eﬁ;ﬁ'i’égé%l’\"?‘&" I’SZD_'Zngd'(S'éé}gﬂ)‘fg:”é‘?e\‘;v\/’a%gf’"éj;

Wasielewski, M. RJ. Photochem. Photobiol., 2096 102(1), 71—-80. (c)
(7) (a) Herges, R.; Dikmans, A.; Jana, U.; Kohler, F.; Jones, P. G.; Dix, Sessler, J. L.; Maeda, H.; Mizuno, T.; Lynch, V. M.; Furuta, H.Am.

I.; Fricke, T.; Konig, B.Eur. J. Org. Chem2002 17, 3004-3014. (b) Chem. Soc2002 124 (45), 13474-13479. (d) Miao, R.; Zheng, Q.-Y.;

Sato, S.; Furukawa, Nsci. Synth2005 18, 821-968. Chen, C.-F.; Huang, Z.-TTetrahedron Lett2005 46 (12), 2155-2158.
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FIGURE 6. (a) EEM spectra 06 (at 107> M) upon addition of 40 equiv of TBADHP in DMSO; (b) EEM spectrat@tat 10> M) upon addition
of 40 equiv of TBADHP in chloroform; (c) differential EEM spectra 6f(at 10°> M) upon addition of 40 equiv of TBADHP in DMSO; (d)
differential EEM spectra 06 (at 10> M) upon addition of 40 equiv of TBADHP in chloroform.

intermediate 1,8-diisothiocyanatoanthrac&neas obtained in
20% vyield, by reacting diaming with thiophosgene and
triethylamine in chloroform at 0C. The synthesis of chemosen-
sor10was completed by coupling thioureadiamihé&ee base
with bis-isothiocyanated in a chloroform/acetonitrile/DMF
mixture, in 38% yield.

Photochemical StudiesPrior to establishing photochemical
responses of chemosengaio the binding of various anions in

dimensional excitationemission (EEM) spectt& of free
chemosensoB in chloroform and DMSO (Figure 5).

We found that in DMSO free chemosens@rexhibits a
fluorescence spectrum characteristic of a mixture of pyrene
monomers (with well-resolved peaks in the 3725 nm region)
and pyrene excimers (with a broad peak at 480 nm). In contrast,
in chloroform the equilibrium in the pyrene monomexcimer

(10) (a) Kubo, K.Top. Fluoresc. Spectros2005 9, 219-247. (b) Pu,

solvents with different polarities, we measured the three- L. Chem. Re. 2004 104 (3); 1687-1716.

2292 J. Org. Chem.Vol. 72, No. 7, 2007
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FIGURE 7. Results of fluorescence titration of chemosergdgat 10> M) with TBADHP: (a) in DMSO; (b) in chloroform.

; : TABLE 1. Binding Constants (M~1) of Chemosensor 6 and
mIXFure _Of free_ Chemo_senSCB was shifted largely toward Tetrabutylammonium Salts of All Evaluated Anions with
excimeric species. This clearly demonstrates that in both corresponding Correlation Fitting Values R (see Supporting

evaluated solvents, chemosen6dorms folded and/or dimeric  Information)

structures in solution, evegrior to anion complexation. These chloroform DMSO
observations showed a good correlation between the amount 2l P
of excimer and the polarity of a solvent, as the latter strongly  jnion Ka(9 R (enme)m Ka(9 R (enme)m
influences hydrogen bonding between thiourea functional — 3428 (11) 09559 356/492 5111 (L1) 0.9346 310/379
groups, which form a binding cavity (site) in chemosenor .- 0 NA L NA 0 NATNA

To optimize parameters for further titration experiments, the NO.~ 0 N/A  N/A 0 N/A  N/A

responses of chemosengoio the presence of excess amounts CH:CO>™ 2671 (1:1) 0.9323 356/485 3327 (1:1) 0.9822 298/486

. : : Cloy 0 NA  NA 0 N/A  NIA
of selected anions were measured. In a typical experiment, the i - 1633 (1:1) 0.9743 358/470 0 NA  NA

selectivity of chemosensd@ (at concentration of I M) was HPO~ 7640 (1:1) 0.9338 356/485 5544 (1:1) 0.9932 362/401
analyzed by the addition of 40 equiv (in one portion) of the

tetrabutylammonium salt of the evaluated anion. These experi-

ments included salts of F Br-, NO,~, CH;CO,~, ClO,™, Fluorescence spectra measured during the titration of chemosen-
HSO,~, and HPO,~. Among these anions, substantial changes sor 6 with TBADHP in DMSO show a distinctive isosbestic

in the fluorescence spectrum of chemoseiisgere found upon point at 442 nm, proof of direct transformation from the
addition of F, CHCO,~, HSQ;~, and HPOQ;~. Figure 6 monomer to excimer arrangement of this chemosensor (Figure
presents examples of EEM and differential EEM spectra 7). Very similar results were obtained in titrations of chemosen-
obtained for the response of chemoser&to the addition of ~ sor6 with tetrabutylammonium salts of -CH;CO, ™, HSOy ™,
tetrabutylammonium dihydrogenphosphate (TBADHP) in chlo- and HPO;™.

roform and DMSO. A differential EEM spectrum (the overall Least-square analysis of the spectral titration data, using
chemosensor response) was calculated by subtracting the EEMIyperquad softwar#} allowed us to determine the binding
spectrum of the chemosensanion complex from that of the ~ constantKy) for the evaluated anions and the binding stoichi-
free chemosensor. On the basis of this differential spectrum weometry §) of their complexes with chemosengbiThe binding
could conveniently pinpoint all of the spectral changes that took stoichiometry for each anion was also validated by-tiNs-
place after the anion-binding process. based continuous variation technique (Job plot). Table 1

As clearly seen in the EEM spectra®tipon addition of 40 summarizes .the r.esults obtained for chemoseisand all
equiv of TBADHP in DMSO, the intensity of the pyrene €valuated anions in chloroform and DMSO.
monomer signals decreased dramatically (relative to those of 1h€ presented results clearly exhibit preferential binding of
free chemosensor), while the intensity of the excimer signal SPeCific anions by chemosensin chloroform and DMSO.
increased (Figure 6). These results suggest that in DMSO’AnaIyss of these data yielded a very S|m|lar anion-binding
dihydrogenphosphate anion binds preferentially to a certain form Pattern (based oK, values) for chemosens6iin both solvents,
(arrangement) of chemosengiyrstrongly shifting the equilib- ~ namely, BPO™ > F~ > CHCO,™. This pattern,coqld_be _
rium toward the excimeric structure, by promoting folding or explained by the size and shape of chemosensor’s binding site
dimerization of the monomer. on the one hand and on the other by the monoanions’ chemical

In contrast to these results, in chloroform addition of excess structure and cha_lrge density. Specifically, the highest affinity
TBADHP to chemosensd reéulted in quenching of excimer (among tested amons) obRQ:” toward chemo;ensﬁrls most
fluorescence, indicating preservation of the initial folding of probqbly due to the dlhydrogenphosphate anion's geometry and
the binding site of chemosenséiin a less polar solvent its ability to form hydrogen bonds with more than one thiourea

N 9 ¢ luation invol (5) i ¢ " group. Additionally, this anion can undergo further deprotona-
The next step of our evaluation involved a series of titration o (especially in a more polar solvent) and bind to chemosensor

experiments with chemosensérand all aforementioned tet- g a5 a monohydrogenphosphate dianion. The observed higher
rabutylammonium salts in chloroform and DMSO. Representa-

tive results of titration of Chemosgnsérwith TBADHP in (11) (a) http://mww.hyperquad.co.uk/hg2000.htm. (b) Gans, P.; Sabatini,
chloroform and DMSO are shown in Figure 7. A.; Vacca A. Talanta1996 43, 1739-1753.
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FIGURE 8. EEM spectra of free chemosensi® (at 10° M): (a) in DMSO; (b) in chloroform

affinity of chemosenso6 for the spherical F anion versus
CH3CO;, can be rationalized by fluoride’s higher charge density
and smaller size, which enable it to form stronger hydrogen
bonds with multiple thiourea groups. In general, we found that
in both solvents chemosens@preferred binding of the larger
dihydrogenphosphate over that of the smaller fluoride and
acetate anions.

Establishment of the anion-binding pattern for chemosensor
6 was followed by a similar evaluation of the macrocyclic
tristhiourea chemosensdn, starting with a measurement of
the EEM spectra of free chemosenddr in chloroform and
DMSO (Figure 8).

Based on reports by several investigators, the operation of

TABLE 2. Binding Constants (M~1) of Chemosensor 10 and
Tetrabutylammonium Salts of All Evaluated Anions with
Corresponding Correlation Fitting Values R (see Supporting
Information)

chloroform DMSO
Aexlhem LexlAem
anion Ka (9 R (nm) Ka (9 R (nm)
F 1404 (1:1) 0.9827 413/437 5997 (1:1) 0.8752 299/494
- 787 (1:1) 0.9092 410/446 0 N/A N/A
NO;~ 0 N/A N/A 0 N/A N/A
CHsCO,~ 926 (1:1) 0.9718 398/436 11851 (1:1) 0.9485 290/497
ClO4~ 0 N/A N/A 0 N/A N/A
HSO,~ 0 N/A N/A 0 N/A N/A
H,PO,~ 780 (1:1) 0.9485 408/441 2525 (1:1) 0.9737 292/492

anthracene-based anion chemosensors generally proceeds via

inhibition of the PET process upon anion bindiigFree
chemosensdt0 exhibited significant fluorescence signals at 505
nm in DMSO and 485 nm in chloroform, and the intensity of

toward smaller-size anions, strongly suggesting differences in
the arrangement of the thiourea groups in the binding sites of
these chemosensors.

these signals changed upon addition of an excess amount (40 NMR Studies. To support the results obtained by optical

equiv) of the tetrabutylammonium salts of Br—, CH;CO,,

and PO~ anions. Moreover, for these anions, chemosensor
10 exhibited ratiometric responses in both evaluated solvents.
Addition of the same amount of tetrabutylammonium salts of
NO,~, CIOs~, and HSQ™ did not produce any detectable
changes in the fluorescence (EEM) or bVis spectra of
chemosensod 0, showing selectivity of this chemosensor's
response to specific analytes.

Similar to chemosensd, a series of fluorometric titrations
with chemosensot0 were performed in order to establish the
latter’s binding pattern. Binding constants and stoichiometries
in chloroform and DMSO were established (as already de-

spectroscopy techniques for chemosensérand 10, we
attempted to performiH NMR titrations with the same set of
tetrabutylammonium salts. Due to insufficient solubility (for
NMR measurements) of chemosens®end10in chloroform,
dichloromethane, acetonitrile, acetone, and THF, all NMR
studies were performed in DMS@: Moreover, during théH
NMR titration experiments with chemosens®rand selected
salts, we found that aromatic protons of the pyrene moieties
were overlapping with the adjacent thiourea-group protons,
interfering with the detection of possible chemical-shift changes
in the thiourea protons. Consequently, only chemosel@aias
evaluated by'*H NMR titrations.

scribed) for each evaluated anion, and the results are summarized Binding constants for chemosenstd and selected anions

in Table 2.

In contrast to chemosensd@; data analysis of titrations
performed with chemosensb@ revealed different anion-binding
patterns in chloroform and DMSO. Specifically, in chloroform
the pattern was F> CHz;CO,~ > H,PO,~, whereas in DMSO
it was CHCO,~ > F~ > H,PO,~. Both binding patterns of
chemosensdtO evidently show that, in contrast to chemosensor
6, the binding site of chemosensap exhibits a preference

(12) (a) Peng, X.; Wu, Y.; Fan, J.; Tian, M.; Han, B. Org. Chem
2005 70 (25), 10524-10531. (b) Jang, Y. J.; Jun, E. J.; Lee, Y. J.; Kim,
Y. S.; Kim, J. S.; Yoon, JJ. Org. Chem2005 70 (23), 9603-9606. (c)
Lu, H.; Xu, W.; Zhang, D.; Chen, C.; Zhu, DDrg. Lett 2005 7 (21),
4629-4632.
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were calculated using the HYPNMR 2004 progréimlthough
these calculations were based on progressive downfield chemical
shifts of anthracene-adjacent thiourea protons, broadening and
small shifting of “bridge” thiourea protons was also observed.
For example, a singlet at 9.80 ppm, assigned to the former
protons, gradually broadened and shifted to 11.00 ppm upon
addition of just 1 equiv of tetrabutylammonium acetate (Figure
9). Further addition of the acetate salt produced only negligible
shifts of the anthracene-adjacent thiourea protons, with practi-
cally no other changes in the spectrum.

In the case of the fluoride anion, the singlet of the anthracene-
adjacent thiourea protons broadened and shifted to 10.80 ppm
upon addition of 1 equiv of tetrabutylammonium fluoride (Figure
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FIGURE 9. H NMR titrations of hostl0in DMSO-ds (at 102 M): (@) with tetrabutylammonium acetate; (b) with tetrabutylammonium fluoride.

TABLE 3. NMR Determination of Binding Constants (M~?) of solvents with different polarities) provided very important
EL‘%TS??S&QS_ é"”d Tetrabutylammonium Salts of All Evaluated information required for the elucidation of the preferred binding
o geometry of chemosens6rSpecifically, we found that although

anion Ka(9 total equiv added Admax (obsd shift in ppm) under various conditions both chemosensors show measurable
F 2310 (1: 2) 2.0 1.12 (9.8210.94) complexation with F, CH;CO,~, and HPO,~ anions, the
Br- 0 10.0 0.10(9.869.90) binding patterns among these anions were different with respect
Hggz_ 220 @ 1) 62'% %1820%%5991’692)) to the preference of chemosengbfor binding a larger-size
CH,CO,~ 3064 (1: 1) 2.0 1.30 (9.8011.10) anion and the preference of chemoserisdfor smaller ones.
clo,~ 0 6.0 0.0 Such behavior is expected to reflect the sizes of the binding
HSO,~ 0 6.0 0.0 sites of these chemosensors. Therefore, the conclusion of this
HPQ~ 1151 (1: 1) 3.0 0.66 (8.679.33) study is that although both chemosensors share the same binding

o . ) functional groups, the arrangement of their receptors (binding
9). Addljuon of the' second equwalent of fluoride caused sites) differs, suggesting that chemosen8dunctions in its

substantial broadening of all thiourea protons, as well as all dimer form and not as a folded monomer. The developed
anthraqene protons. In tr;‘ontrasét,_ m“gllRle?‘S proadefnlrlllg 0:1 themethodology presents a novel and powerful tool for the analysis
aromatic protons was observed in titrations of all other mapping of receptor arrangement in structurally flexible

?nlon?. Thefsﬁ :jesults ckl)ear(;y |gd;\(l:vate ti;lat, '.r('j addlgotrrl].to the chemosensors, creating a platform for the development of new
ormation of hydrogen bonds between Tuoride an I0Ur€a -nemosensors for research, environmental, and biomedical
protons, fluoride interacts strongly with the anthracene group, applications

most probably via the “bay” aromatic proton. Upon complex-
ation of the second fluoride anion by chemoseridrthe first
fluoride pushed even closer to the anthracene, resulting in a
stronger interaction with the aromatic moiety. These conclusions  Chemosensor 6.A mixture of 4 (220 mg, 0.68 mmol) and
were further supported by Job plot analyses of our titration triethylamine (3 mL) in CHG (100 mL) and dry CHCN (20 mL)
experiments. The binding stoichiometry of chemose8avith was sonicated till dissolution. A solution 6f(385 mg, 1.41 mmol)
formate, acetate, and dihydrogenphosphate was 1:1 (receptorin CHCl; (25 mL) and dry CHCN (10 mL) was added to this
anion), whereas binding stoichiometry with the fluoride anion solution dropwise under argon at room temperature. The reaction

was 1:2 (Table 3), consistent with reports of other investigators Mixture was stirred for 4 days at room temperature and then
for structurally related anthracene hokts. evaporated, and the resulting residue was purified by flash

1 I . chromatography (Si) starting with EtOAc/hexanes, 4:1 and
Overall, at’H NMR t|trat!o_n con_cer_ltranons (_at_ mM range), finishing with MeOH/EtOAc, 1:9), producing as a light yellow
chemosensat0 clearly exhibited binding selectivity in DMSO  qyjig (303 mg, 56%). Mp 143144 °C. 'H NMR (500 MHz
of CHsCO,™ > F~ > HyPO,~, completely matching the trend  pMSO-dy): 6 8.38 (d,J = 9.2 Hz, 2H), 8.28 (m, 8H), 8.16 (br s,
of selectivity found for chemosensdoO by the fluorescence  4H), 8.13 (br s, 2H), 8.08 (] = 7.7 Hz, 2H), 8.04 (dJ = 8.0 Hz,

Experimental Section

studies. 2H), 7.55 (br s, 4H), 5.38 (br s, 4H), 3.62 (br s, 4H), 3.48 (m,
12H).13C NMR (125 MHz, DMSO#g): 132.5, 130.6, 130.2, 130.0,
Conclusions 128.0,127.4,127.2, 126.9, 126.4, 126.0, 125.1, 125.0, 124.5, 123.9,

s S 123.8, 123.0, 68.63, 45.4, 43.5, 43.3. IR (KBr) 3263, 2922, 1548,
Examination of the binding patterns of chemosengoasd 1106, 1266, 842 cm. A ma (DMSO): 279, 348 nm. HRMS

10 by titrations with a series of structurally different anions (in (MALDI-TOF): calcd for CusHaNeONaS 819.2636, found

- - 819.2580.
(13) (a) Kwon, J. Y.; Jang, Y. J.; Kim, S. K,; Lee, K.-H.; Kim, J. S; . . .
Yoon, J.J. Org. Chem2004 69 (15), 5155-5157. (b) Sessler, J. L.; Maeda, 1,8-Diisothiocyanatoanthracene (9)A solution of 8 (9.4 g,
H.; Mizuno, T.; Lynch, V. M.; Furuta, HJ. Am. Chem. So@002, 124 45.14 mmol) and triethylamine (30 mL) in CHJBOO mL) was
(45), 13474-13479. cooled to 0°C under argon. A solution of SC£(15.5 g, 134.81
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mmol) in CHCE (50 mL) was added to this solution dropwise over
20 min. After 1 h at 0°C, the reaction mixture was allowed to

Dahan et al.

1H), 8.64 (s, 1H), 7.98 (d] = 10 Hz, 2H), 7.86 (br s, 2H), 7.65
(d,J= 10 Hz, 2H), 7.57 (br s, 2H), 7.51 (dd= 10 Hz, 2H), 3.73

warm up to room temperature and was stirred for an additional 8 (t, J = 5.8 Hz, 4H), 3.65 (tJ = 5.8 Hz, 4H), 3.60 (m, 4H), 3.55
h. Solvent was evaporated, and the crude residue was purified by(br s, 4H).13C NMR (125 MHz, DMSO¢ls, 40°C): 6 183.2, 135.9,

flash chromatography (SKDEtOAc/hexanes, 7:93 0.4), with
subsequent crystallization from EtOAc/hexanes, to yields a
yellow solid (2.65 g, 20%). Mp 168:0170.0°C. 'H NMR (500
MHz, DMSO-ds): ¢ 8.86 (s, 1H), 8.79 (s, 1H), 8.17 (d,= 8.5

Hz, 2H), 7.76 (dJ = 7.5 Hz, 2H), 7.61 (ddJ = 8.5, 7.5 Hz, 2H).

13C NMR (125 MHz, DMSOds): 6 140.0, 136.0, 133.2, 132.6,
131.3,130.7, 130.1, 128.6, 119.6. IR (KBr): 2924, 2125, 964, 870,
780, 732, 670 cmL. A nax (DMSO): 259 nm. HRMS (Cf): calcd

for C16HgN2S; 292.0129, found 292.0130.

Chemosensor 10A mixture of 4 (490 mg, 1.52 mmol) and
triethylamine (6.5 mL) in CHGI (500 mL) and dry CHCN (120
mL) was sonicated till dissolution. A solution 8f(450 mg, 1.54
mmol) in CHCE (65 mL), dry CHCN (65 mL), and dry DMF (5
mL) was added to this solution dropwise under argon at room

temperature. The reaction mixture was stirred for 4 days at room
temperature and then evaporated, and the resulting residue WaSg|ated to

purified by flash chromatography (SiOMeOH/CH.Cl,, 1:12) to
give 10 as a yellow solid (310 mg, 38%). Mp 180°C (decomp).
IH NMR (500 MHz, DMSO#s, 40 °C): 6 9.72 (s, 2H), 8.65 (s,

2296 J. Org. Chem.Vol. 72, No. 7, 2007

132.7, 128.7, 127.8, 126.8, 126.0, 124.8, 117.1, 69.7, 69.3, 44.7.
IR (KBr): 3246, 3069.5, 2960, 2932, 2357, 1545, 1372, 1326, 1264,
1091, 1048, 803 cmit. 1 max (DMSO): 266, 399 nm. HRMS
(MALDI-TOF): calcd for GsHzNeO,NaS 565.1484, found
565.1540.
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