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Abstract: Synthesis and binding behavior of a novel multi-responsive host 1, in which two esters, two
polyether moieties, two urea sites, and two bipyridine units as ion binding sites are arranged on the calix-
[4]arene skeleton, is reported. 1 recognizes Nat and Ag™ simultaneously and quantitatively and captures
an anionic guest. The ability of 1 to recognize anions, including CFsSO3;~ and BF4~, remarkably increases
in a stepwise manner using Na* and Ag" as effectors. The enhancement of the K, eventually reaches
factors of 1500 and 2000 for NOs;~ and CF3;SOs™, respectively, in the presence of both Nat and Ag™,
compared to the free 1. The regulation of binding of multiple ligands may be applicable to multistep cascade
systems for the amplification of molecular events, and further studies in this field could provide insight
applicable to more advanced molecular devices.

Introduction report the synthesis and binding behavior of a novel multi-

The multistep regulation of molecular events by different "€SPonsive host, in which three different types of ion binding
effectors is an effective and significant means of fine-tuning Sites are arranged on the calix[4]arene skeleton. This molecule
allosteric and feedback regulation as well as cascade amplifica-1S ¢apable of the effective and efficient multistep regulation of
tion in biological systems. Such regulation plays critical roles &nion recognition by utilizing two different cationic gueSts.
in many biological events.The selection of effectors can On the lower rim of the conical calix[4]arene framework,
provide a wide range of conditions optimal for sensing various host1 possesses two ester substituents and two polyether units

ions and molecules by artificial receptors. Addltlona”y’ ap- (4) For calixarene-based ditopic receptors for cationic and anionic guests, see:

propriate artificial receptors may serve as biomimetic models, (a) Scheerder, J.; van Duynhoven, J. P. M.; Engbersen, J. F. J.; Reinhoudt,
; ; _ D. N. Angew. ChemInt. Ed. Engl.1996 35, 1090-1093. (b) Scheerder,

mo'eCUIar devices, an.d m0|eCUIa.r '99?‘3%”5' while chal J.; Vreekamp, R. H.; Engbersen, J. F. J.; Verboom, W.; van Duynhoven,

lenging, the construction of sophisticated molecular systems J. P. M.; Reinhoudt, D. NJ. Org. Chem1996 ?]1, 3476—348::.(. (c) Pelizzi,

. . . . . N.; Casnati, A.; Friggeri, A.; Ungaro, Rl.. Chem. So¢Perkin Trans. 2
responsive to different ext_ernal stimuli is p_otenﬂally extremely 1998 1307-1311. (d) Beer, P. D.; Hopkins, P. K. McKinney, J.Chem.
useful. However, the design and synthesis of these molecules S?mmgnljggg 1253':1%54. (€ Tum'UIE}n"vT';c l?]oqrmre,\\?u% fS.;_Tga\(?_rnyU-

. cep . . . . . IKarn, P.; Jaiboon, N.; Ruangpornvisuti, V.; aichit, N.; Astari, £.; vicens,
is difficult because different binding sife$ must be_lntroduced _ J. Tetrahedron Lett2001, 42, 5541-5544. (f) Kang, S. O.; Nam, K. C.
into the framework of host molecules and laborious synthetic Bull. Korean Chem. SoQ002, 23, 640-642. (g) Tongraung, P.; Chant-

d Id b for thei ducti c _ arasiri, N.; Tuntulani, TTetrahedron Lett2003 44, 29-32. (h) Oh, J.
proceaures wou € necessary 10r tneir proaucton. conse M.; Cho, E. J.; Ryu, B. J.; Lee, Y. J.; Nam, K. Bull. Korean Chem. Soc.

quently, most responsive molecules prepared thus far utilize only 2003 24, 1538-1540. (i) Webber, P. R. A.; Beer, P. Dalton Trans.
2003 2249-2252. (j) Tumcharern, G.; Tuntulani, T.; Coles, S. J;

one type of effector to modulate a single respchitere, we Hursthouse, M. B.; Kilburn, J. DOrg. Lett. 2003 5, 4971-4974.
(5) For other ditopic receptors for ion pairs, see: (a) Reetz, M. T.; Niemeyer,

(1) Perutz, M. FMechanisms of Cooperatty and Allosteric Regulation in C. M.; Harms, K.Angew. Chem.Int. Ed. Engl.199], 30, 1472-1474.
Proteins Cambridge University Press: Cambridge, U.K., 1990. (b) Reetz, M. T.; Johnson, B. M.; Harms, Ketrahedron Lett1994 35,

(2) (a) Rebek, J., JrAcc. Chem. Resl984 17, 258-264. (b) Lehn, J.-M. 2525-2528. (c) Arafa, E. A.; Kinnear, K. I.; Lockhart, J. @.Chem. Sog¢.
Angew. Chemlnt. Ed. Engl.1988 27, 89—112. (c) Nabeshima, TToord. Chem. Commurl992 61—-64. (d) Kinnear, K. I.; Mousley, D. P.; Arafa,
Chem. Re. 1996 148 151-169. E.; Lockhart, J. C.J. Chem. So¢.Dalton Trans. 1994 3637-3643.

(3) For receptors for cationic and anionic guests as well as transition metals, (e) White, D. J.; Laing, N.; Miller, H.; Parsons, S.; Coles, S.; Tasker, P. A.
see: (a) Rudkevich, D. M.; Brzozka, Z.; Palys, M.; Visser, H. C.; Verboom, Chem. Commun1999 2077-2078. (f) Nishizawa, S.; Shigemori, K.;
W.; Reinhoudt, D. NAngew. Chem.nt. Ed. Engl.1994 33, 467-468. Teramae, NChem. Lett1999 1185-1186. (g) Kavallieratos, K.; Sachle-
(b) Rudkevich, D. M.; Verboom, W.; Reinhoudt, D. B.Org. Chem1994 ben, R. A.; Van Berkel, G. J.; Moyer, B. Ahem. Commur200Q 187—
59, 3683-3686. (c) Rudkevich, D. M.; Mercer-Chalmers, J. D.; Verboom, 188. (h) Shukla, R.; Kida, T.; Smith, B. DDrg. Lett. 2000 2, 3099~
W.; Ungaro, R.; de Jong, F.; Reinhoudt, D. N.Am. Chem. Sod.995 3102. (i) Tozawa, T.; Misawa, Y.; Tokita, S.; Kubo, Yetrahedron Lett.
117, 6124-6125. (d) Nagasaki, T.; Fujishima, H.; Shinkai,Ghem. Lett. 200Q 41, 5219-5223. (j) Tozawa, T.; Tachikawa, T.; Tokita, S.; Kubo,
1994 989-992. (e) Nagasaki, T.; Fujishima, H.; Takeuchi, M.; Shinkai, Y. New J. Chem2003 27, 221-223. (k) Mahoney, J. M.; Beatty, A. M;
S.J. Chem. So¢Perkin Trans. 11995 1883-1888. (f) Beer, P. D.; Stokes, Smith, B. D.J. Am. Chem. So@001, 123 5847-5848. (I) Mahoney, J.
S. E. Polyhedron1995 14, 2631-2635. (g) Beer, P. D.; Cooper, J. B. M.; Nawaratna, G. U.; Beatty, A. M.; Duggan, P. J.; Smith, B.Iiorg.
Chem. Commuri998 129-130. (h) Redman, J. E.; Beer, P. D.; Dent, S. Chem.2004 43, 5902-5907. (m) Nabeshima, T.; Hanami, T.; Akine, S.;
W.; Drew, M. G. B.Chem. Commurl.998 231-232. (i) Beer, P. D.; Dent, Saiki, T. Chem. Lett2001 560-561. (n) Glenny, M. W.; Blake, A. J.;
S. W.Chem. Commuri998 825-826. (j) Cooper, J. B.; Drew, M. G. B.; Wilson, C.; Schrder, M. Dalton Trans.2003 1941-1951. (o) Camiolo,
Beer, P. D.J. Chem. So¢Dalton Trans.200Q 2721-2728. (k) Cooper, J. S.; Coles, S. J.; Gale, P. A.; Hursthouse, M. B.; Tizzard SGpramol.
B.; Drew, M. G. B.; Beer, P. DJ. Chem. So¢Dalton Trans.2001, 392— Chem.2003 15, 231-234. (p) de Silva, A. P.; McClean, G. D.; Pagliari,
401. (I) Evans, A. J.; Beer, P. Malton Trans.2003 4451-4456. S. Chem. Commur2003 2010-2011.
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Scheme 1. Synthesis of Host 12
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aReagents and conditions: (a) 280;, CHsCN, reflux, 79%;
(b) BrCH,CO,Me, NaH, THF, reflux, 72%; (c) PRhCQO,, toluene/DMF,
rt, 78%.
) . of Na* and Ag" is slow and fast on the NMR time scale,
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Figure 1. Anion recognition by host is regulated by two different cationic
effectors.

containing a urea group linked to a bipyridine moiety. The

respectively. Upon the addition of Nathe chemical shift of
the protons in the ester grodgsnd polyether chains changed
significantly, but those of the bipyridine units did not. In
contrast, only the bipyridine protons were substantially changed
by the presence of Ag Noteworthy is that the NH protons of

mechanism of the stepwise regulation of anion recognition is the urea moieties shifted upfield\§ = Oi.nat — 01 Ha,

illustrated in Figure 1. The anion affinity df, controlled by

—0.39 ppm;Hg, —0.34 ppm) and downfieldXd' = d1.ag" —

hydrogen bonding to the urea moieties, should be enhanced ind;: Ha, 0.79 ppm;Hg, 0.36 ppm) upon the addition of 1 equiv
a stepwise fashion due to the electrostatic interactions of the of Nat and Agd', respectively (Figure 2A,-ac). This opposite
soft and hard cationic guests, which are bound by the bipyridine effect on the chemical shifts can be ascribed to weakening and

and ester units, respectively. Upon complexation of the bi-

strengthening intramolecular hydrogen bonding between the urea

pyridine moieties with a cationic guest, a conformational change moieties. Inspection of the CPK models suggests that spatial

is expected to occur it that brings the two urea moieties in
close proximity, and this change is expected to favor anion
binding.

Results and Discussion

The reaction of-tert-butylcalix[4]arene witt2” and K;COs
yielded azide3. Treatment of3 with methyl bromoacetate and
NaH in THF gave4. The urea moieties were introduced by the
reaction of4 with amine5® in the presence of PRland CQ to
give 1 with 78% efficiency (Scheme 1). Ho&twas character-
ized by 'H and *C NMR, IR, and ESI mass spectra and
elemental analysis.

To estimate the ability of to recognize hard and soft metal
ions, we carried outH NMR, UV —vis titration experiments,
and ESI-MS analysis. Thi#d NMR titration in CDCE/CDsCN
(9:1) showed quantitative 1:1 complexation Iofvith Na* or
Ag™.911 As the concentrations of Naincreased, the signals
of free 1 decreased and new signals BNa" appeared. For

orientation of the urea groups is suitable for interaction between
the urea moieties of the frek Similar hydrogen bonding is
often observed when urea groups locate in close proxiffty3
Intramolecular assembly of the two ester groups upon the
complexation ofl with Na* should be unfavorable due to the
hydrogen bonding between the urea moieties. On the other hand,
Ag™ binding with the bipyridine units forces the urea groups to
be close to each other and increases the strength of the hydrogen
bonding.

The IH NMR titration isotherms for N& and Ag" reach
plateaus upon the addition of 1 equiv of the metal ions. In the
UV —vis absorption spectrum df, bathochromic shift caused
by Ag* clearly indicates the interaction of the bipyridines with
Agt (1, Amax = 291 nm; 1eéAg™, Amax = 301 nm; CHCY
CH3CN (9:1)). The U\~vis titration using this absorption
supports the 1:1 stoichiometry for the quantitative complexation
of 1 with Ag™. However,1leNa" exhibited the saménax at
291 nm as the fre&. These results support the model wherein

Ag*, however, signals with averaged chemical shifts between 1 quantitatively captures Nawith the ester and polyether groups

freel and1eAg™ were observed. Hence, the capture and release

(6) (a) Lehn, J.-M.Supramolecular Chemistry, Concepts and Perspesti
VCH: Weinheim, Germany, 1995. (b) Bianchi, A.; Bowman-James, K.;
Garca-Espén, E. Supramolecular Chemistry of Anigndohn Wiley &
Sons: New York, 1997.

(7) Park, W. K. C.; Meunier, S. J.; Zanini, D.; Roy, Rarbohydr. Lett1995
1, 179-184.

(8) Heck, R.; Dumarcay, F.; Marsura, 8hem—Eur. J.2002 8, 2438-2445.

(9) Na'TFPB~ (TFPB = tetrakis[3,5-bis(trifluoromethyl)phenyl]borate) and

(12) (a) Arduini, A.; Pochini, A.; Reverberi, S.; Ungaro, R.; Andreetti, G. D.;
Ugozzoli, F. Tetrahedron1986 42, 2089-2100. (b) Arnaud-Neu, F.;
Collins, E. M.; Deasy, M.; Ferguson, G.; Harris, S. J.; Kaitner, B.; Lough,
A. J.; McKervey, M. A.; Marques, E.; Ruhl, B. L.; Schwing-Weill, M. J.;
Seward, E. MJ. Am. Chem. Sod.989 111, 8681-8691. (c) lwamoto,
K.; Shinkai, S.J. Org. Chem1992 57, 7066-7073. (d) Nabeshima, T.;
Saiki, T.; Sumitomo, K.; Akine, STetrahedron Lett2004 45, 4719-
4722. (e) Nabeshima, T.; Saiki, T.; Sumitomo, K.; Akine,T8trahedron
Lett. 2004 45, 6761-6763.

Ag*TFPB~ were used as a cationic guest because interaction between (13) (a) Mogck, O.; Bamer, V.; Vogt, W.Tetrahedronl996 52, 8489-8496.

TFPB~ and the urea moieties is negligibly smaitBu,N*TFPB~ did not
cause noticeable changes of the chemical shifts of the urea protons.
(10) Nishida, H.; Takada, N.; Yoshimura, M.; Sonoda, T.; KobayashButl.
Chem. Soc. Jpril984 57, 2600-2604.
(11) Buschmann, W. E.; Miller, J. £hem—Eur. J. 1998 4, 1731-1737.

5508 J. AM. CHEM. SOC. = VOL. 127, NO. 15, 2005

(b) Mogck, O.; Paulus, E. F.; Buner, V.; Thondorf, I.; Vogt, WChem.
Commun.1996 2533-2534. (c) Castellano, R. K.; Rudkevich, D. M;
Rebek, J., JJ. Am. Chem. S0d996 118 10002-10003. (d) Cho, Y. L,;
Rudkevich, D. M.; Rebek, J., J3. Am. Chem. SoQ00Q 122, 9868~
9869.
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Figure 2. The 400 MHz'H NMR spectra of (a)L, (b) 1eNa*, (c) 1leAg™, and (d)1eAgTeNa' in CDCI/CDsCN (9:1), (A) without anionic guest and (B)

with 1.25 equiv ofn-BusNTNO;™, [1] = [AgTFPB] = [NaTFPB]= 2.0 x 103 M. The signals of urea protort3, andHg are denoted by filled and open
circles, respectively.

Table 1. Association Constants logK, (K, in M~1) for the Hosts

and Ag" with the bipyridine moietie$! The ESI mass spectra 444 Anionic Guests?

of 1 in the presence of Naand Ag" also confirmed the 1:1

L host NO5~ CF3S05~ BF,~
stoichiometry. 1 1.88+ 0.03 1.4+ 0.2 b

1 " n .88+ 0. A+ 0.
_ H NMR spectral gha_nge upon t_he addition ofNta 1eAg TeAg* 3314007 3.40+ 0.07 b
indicates the quantitative formation of the ternary complex (308 (100y
leAg*eNat (Figure 2Ad), and this spectrum did not change in  1sNa* 3.82+0.15 3.32+0.11 3.46+0.11

; (90y (80y
the presence of excess NaThe presence of this ternary leAgTeNa’ 5.07+0.17 4.7+ 0.2 4.28+0.11
complex was also confirmed by ESI-MSmg 817.4, (1500¥ (2000F
[1eAgeNa]?t). Furthermore, addition of 1 equiv of Nand Ag"
to 1leAg* andleNa', respectively, gave the sartd NMR and ) oa Detle(rrrgir’:/%d bb%lHt SH\{IR (4_100d l\gHz, tCDCMI:ID3k(1:N (9:}), r[]hf?st]h:
i H H .0 x . ot determine ue to small chemical shift change.

UV-—vis spectra, which could nOF_be Char_lged even in the ¢Values in parentheses are relative anion affiniti€sfor 1eAg™, leNat,
presence of excess amount of additional cations, &gd Na. or 1eAgteNa’ over K, for 1).

These results clearly indicate thhAg*eNat is a very stable
complex. Thus,1 captures Na and Ag" simultaneously and
quantitatively with the appropriate binding sit€s.

In contrast to these cations, the anion affinity bfis
considerably weakefH NMR spectroscopy (CDGICDsCN
(9:1)) determined the association constantKlp@<, in M—1)
of NO;~ and CRSO;™ to be 1.88 and 1.4, respectively (Table
1), by analyzing the small downfield shifts of the urea protons
Ha (Figures 2 and 3a). These changes indicate anion binding
through relatively weak hydrogen bonding with the urea groups
(Figure 2). As no spectral change was observed fand BR~,
there seems to be no affinity worth mentioning. The very low
affinity for the anions is partly due to the structural flexibility
of the urea moieties. In addition, the intramolecular hydrogen [NO;}[host]
bonding between the carbonyl and NH groups in the urea (vide Figure 3. Chemical shift changes fa by the addition oh-BusN*NOs™
supra) well rationalizes the low anion binding strength. The (&)1, (b) 1eNa, (c) 1sAg™, and (d)1sAg*eNa’.
anion affinities, however, were tremendously enhanced in the ) ) ) )
presence of Naand/or Ag. Significant downfield shift of the effective hydrogen bondlng W|_th the anions, although the other
urea protons,Ha and Hg (Figure 2b,c), demonstrates the protons did not change significantly. Both the urea protons
shifted downfield considerably when NOwas added tdeNa'.

(14) (a) Regnouf-de-Vains, J.-B.; Dalbavie, J.-O.; Lamartine, R.; Fenet, B. In the case ofleAg™, however, the N@™ anion caused larger

Tetrahedron Lett2001, 42, 2681-2684. (b) Dalbavie, J.-O.; Regnouf-de- i i
Vains, J.-B.; Lamartine, R.; Perrin, M.; Lecocq, S.; FenetEBr. J. Inorg. and smaller downfield shifts of thdHA and He protons,

Chem.2002 901—909. respectively. Hence, the NOanion probably locates closer to
15) (a) Nabeshima, T.; Saiki, T.; Sumitomo, Rrg. Lett. 2002 4, 3207 B B
) Gho. (b) Saiki, T.. lwabuchi, J.; Akine. 5.: Nabeshima Terahedron  Ha than toHg due to stronger hydrogen bonding. Analysis of

Lett. 2004 45, 7007-7010. the downfield shift provided th&, (1eNa', logK, = 3.82;

J. AM. CHEM. SOC. = VOL. 127, NO. 15, 2005 5509
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1eAg™, logK, = 3.31), which is enhanced dramatically by either
Na' or Ag* (Figure 3b,c and Table 1)sNa" exhibited a higher
affinity for NOs~ and BR~ than did 1eAg*. The different
binding behavior is rationalized by the difference in strength
of the hydrogen bonds between the urea unitsl,ofeNat,
1eAgt, andleAgTeNa’. As the intramolecular hydrogen bonds
of the urea moieties in the hosts are weaker, the affinity of the
urea moieties for anions is higher.

When both N& and Ag" are added, the effect on anion

on a Bruker AVANCEG00 spectrometer (600 and 150 MHz, respec-
tively) or a Bruker ARX400 spectrometer (400 and 100 MHz,
respectively) using tetramethylsilane as an internal standard. ESI mass
spectra were recorded on an Applied Biosystems Qstar/Pulsar
spectrometer. UV vis spectra were recorded on a JASCO Ubest V-560
or a V-570 spectrometer. Elemental analyses were performed at
Chemical Analysis Center, University of Tsukuba.

Diazide 3. Anhydrous potassium carbonate (1.106 g, 8.00 mmol)
was added to a solution op-tert-butylcalix[4]arene (1.298 g,
2.00 mmol) in acetonitrile (26 mL), and the mixture was refluxed for

recognition is even more profound. As assessed by regressiorso min under N. After the addition of 2-(2-(2-azidoethoxy)ethoxy)-

analysis, lo¢, for NOs~ was 5.07 (Figure 3d and Table 1).
TheK, values ofleAg™, 1eNat, andleAgteNat toward NG~

are 30, 90, and 1500 times larger than thos#, sespectively.
The formation of the quaternary compléxAgteNasNO3~
was confirmed by ESI mass spectrometrgVZ 1969.8,
[1eAgeNaeNO;] T). Interestingly, the ternary compléxAgeNa’
strongly captures GBS0;~ and BR~, which, in general, are
difficult substrates for artificial anion receptofsThese form
1:1 host-guest complexes with a largk, For CRSO;~
recognition, the affinity increases by a factor of 2000, compared
to that of freel. This large stepwise enhancement can be

ethyl tosylate 2)7 (1.582 g, 4.00 mmol) in acetonitrile (10 mL), the
mixture was refluxed for 24 h under,NThe mixture was cooled to
room temperature, and the solvent was removed under reduced pressure.
Water (40 mL) was added to the residue and extracted with chloroform
(30 mL x 3). The organic layers were collected and dried over
anhydrous magnesium sulfate. After removal of the solvent, the mixture
was purified by column chromatography (SI@H,CI,/EtOAc, 15:1
then 5:1) to give3 (1.520 g, 1.58 mmol, 79%) as a pale yellow oil:
IH NMR (400 MHz, CDC}) 6 0.93 (s, 18H), 1.29 (s, 18H), 3.28
(d, 3 = 13.0 Hz, 4H), 3.29 (tJ = 5.1 Hz, 4H), 3.67 (tJ = 5.1 Hz,

4H), 3.74 (t,J = 4.6 Hz, 4H), 3.84 (t) = 4.6 Hz, 4H), 3.96 (t) =

4.7 Hz, 4H), 4.15 () = 4.7 Hz, 4H), 4.36 (dJ = 13.0 Hz, 4H), 6.75

reasonably ascribed to the electrostatic interactions between thes, 4H), 7.05 (s, 4H), 7.11 (s, 2HYC NMR (100 Hz, CDCJ) 6 31.0

anions and cations and the fixation of the two anion binding

sites, thus reducing the conformational freedom of the urea units.

Molecular modeling forleAgTeNasBF,~ suggests that dis-
tances for Na—BF;~ and Ag-—BF,~ are 6-7 A, which are

expected to produce a favorable electrostatic interaction for

simultaneous catiohanion recognitiot” To our knowledge,
this is the first description of a multi-responsive anion receptor
that is regulated stepwise by different cationic effectors.

Conclusion

In conclusion,1 recognizes Naand Ag" simultaneously and
independently and captures an anionic guest. The ability of
to recognize anions, including @0;~ and BR~, remarkably
increases in a stepwise manner using ldad Ag" as effectors.
The regulation of binding of multiple ligands may be applicable
to multistep cascade systems for the amplification of molecular
events, and further studies in this field could provide insight

applicable to more advanced molecular devices. We are cur-

rently investigating the ability of molecules, such &asto
facilitate the stepwise regulation of molecular recognition of

(CHs), 31.4 (CH), 31.7 (CH), 33.76, 33.83 (C), 50.6, 70.&@), 70.8,
71.1,75.3 (CH), 125.0, 125.4 (CH), 127.8, 132.5, 141.2, 146.7, 149.8,
150.6 (C); IR (KBr)» 2113 cn1? (s, Ns); ESI-MS observedvz 985.6

(IM + NaJ"). Anal. Calcd for GeH7gNeOs: C, 69.83; H, 8.16; N, 8.72.
Found: C, 69.63; H, 7.89; N, 8.71.

Diester 4. Sodium hydride (60% in oil, 632 mg, 15.8 mmol) was
added to a solution of diazid®(1.50 g, 1.56 mmol) in THF (50 mL),
and the mixture was refluxed for 60 min undes. M\fter the addition
of ethyl bromoacetate (7.5 mL, 79 mmol), the solution was refluxed
for 24 h under N. The mixture was cooled to room temperature, and
the solvent was removed under reduced pressure. Water (30 mL) was
added to the residue and extracted with chloroform (25>ng), and
the organic layer was dried over anhydrous magnesium sulfate. After
removal of the solvent, the mixture was purified by column chroma-
tography (SiQ, hexane/CHGI (1:3) then CHCJ) and subsequent
recrystallization from methanol to give(1.254 g, 1.132 mmol, 72%)
as a colorless solid: mp 16305 °C; 'H NMR (400 MHz, CDC})

0 1.03 (s, 18H), 1.12 (s, 18H), 3.15 @= 12.8 Hz, 4H), 3.34 () =
5.2 Hz, 4H), 3.64-3.71 (m, 12H), 3.78 (s, 6H), 3.94 @,= 5.4 Hz,
4H), 4.12 (t,J = 5.4 Hz, 4H), 4.66 (dJ = 12.8 Hz), 4.79 (s, 4H), 6.70
(s, 4H), 6.84 (s, 4H)*3C NMR (100 Hz, CDCYJ) 6 31.09, 31.13 (Ch),
31.13 (CH), 33.45, 33.54 (C), 50.3 (G 51.0 (CH), 69.7, 70.0, 70.2,

ion pairs, charged organic molecules, and zwitter ions, such as70.4, 70.8, 72.8 (ChJ, 124.6, 125.1 (CH), 133.1, 133.4, 144.3, 144.7,

amino acids.

Experimental Section

General Methods. All chemicals were reagent grade and used
without further purification. Tetrahydrofuran (THF) and toluene were
distilled over sodium benzophenone ketyl under argon atmosp¥ige.
Dimethylformamide (DMF) was distilled over calcium hydride and

stored over molecular sieves. Column chromatography was performed

with Kanto Chemical silica gel 60N (spherical, neutral). Gel permeation
chromatography (GPC) was performed by LC-908W with JAI gel
1H + 2H columns (Japan Analytical Industry) with chloroform as
eluent. Melting points were determined on a Yanaco melting point
apparatus and not correctéti and3C NMR spectra were recorded

(16) (a) Fochi, F.; Jacopozzi, P.; Wegelius, E.; Rissanen, K.; Cozzini, P.;
Marastoni, E.; Fisicaro, E.; Manini, P.; Fokkens, R.; Dalcanale]. BAm.
Chem. Soc2001, 123 7539-7552. (b) Hayashida, O.; Shivanyuk, A.;
Rebek, J., JrAngew. Chemlnt. Ed. 2002 41, 3423-3426.

(17) Molecular mechanics calculations (MM2 force field) were carried out using
ChemOffice Ultra version 5.0 package, CambridgeSoft.
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152.7, 153.0, 170.6 (C); IR (KBry 2105 cm (s, Ng); ESI-MS
observedn/z 1129.6 ([M+ Na]*). Anal. Calcd for GoHgeNeO12: C,
67.25; H, 7.83; N, 7.59. Found: C, 66.97; H, 7.82; N, 7.55.

Host 1. A solution of diester4 (410.5 mg, 0.371 mmol) and
triphenylphosphine (272.2 mg, 1.038 mmol) in dry toluene (5.5 mL)
was stirred at room temperature for 24 h under,@®nosphere. To
the mixture was added a solution of 5-aminomethyitrethyl-2,
2'-bipyridine )8 (184.6 mg, 0.927 mmol) in DMF (4.0 mL), and
stirring was continued for further 24 h at room temperature. After the
removal of the solvent, the residue was purified by GPC (GH&id
recrystallized from CHGIEtO to givel (436.8 mg, 0.290 mmol, 78%)
as a pale yellow solid: mp 99101 °C; 'H NMR (400 MHz, CDC})

0 1.03 (s, 18H), 1.07 (s, 18H), 2.37 (s 6H), 3.10J& 12.8 Hz, 4H),
3.35 (dt,J = 5.2, 4.4 Hz, 4H), 3.50 (&) = 4.4 Hz, 4H), 3.573.59
(m, 4H), 3.63-3.65 (m, 4H), 3.71 (s, 6H), 3.92 (@, = 5.8 Hz, 4H),
4.08 (t,J = 5.8 Hz, 4H), 4.37 (dJ = 5.8 Hz, 4H), 4.54 (dJ =
12.8 Hz, 4H), 4.71 (s, 4H), 5.34 (§ = 5.2 Hz, 2H), 5.55 (tJ =
5.8 Hz, 2H), 6.74 (s, 4H), 6.76 (s, 4H), 7.58 (dds= 8.4, 1.7 Hz, 2H),
7.72 (d,J = 8.2, 2.1 Hz, 2H), 8.21 (d]) = 8.4 Hz, 2H), 8.24 (dJ =
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8.2 Hz, 2H), 8.46 (dJ = 1.7 Hz, 2H), 8.55 (dJ = 2.1 Hz, 2H); CDCI/CDsCN (9:1, 0.5 mL) were preparedtH NMR spectra
C NMR (150 Hz, CDC)) ¢ 18.2 (CH), 31.30 (CH), 31.30, 31.35 (400 MHz) were recorded at 300 K.

(CHy), 33.8 (C,x2), 40.1, 41.4 (CH), 51.5 (CH), 70.11, 70.15, 70.3, IH NMR Titration (anion binding). Sample solutions containing
70.8,71.1, 72.8 (Ch), 120.4, 120.5, 125.1, 125.3 (CH), 133.1, 133.4, 1 (2 x 102 M), MTFPB (M = Na and/or Ag; 2x 1073 M, if
133.5, 135.3 (C), 136.1, 137.3 (CH), 144.9, 145.2 (C), 148.3, 149.4 necessary), and varying amounts ofBu,NX (X = NOs, BF,,
(CH), 152.6, 153.3, 153.4, 154.9, 158.7, 171.2 (C); IR (KBr) CRSOs;; 0-8 x 10° M) in CDCI/CDsCN (9:1, 0.5 mL) were
1760 cm* (s, G=0); ESI-MS observedvz 1527.8 ([M+ Na]*). Anal. prepared.'H NMR spectra (400 MHz) were recorded at 300 K.
Calcd for GgH11NgO14:0.4CHCE: C, 68.34; H, 7.29; N, 7.21. Found:  Chemical shift ofHx was used for nonlinear least squares regression.

C, 68.48; H, 7.13; N, 6.96. .
Spectrophotometric Titration. Sample solutions containing Acknowledgment. This research was supported by Grants-

(2 x 1075 M), NaTFPBO18(2 x 10°5 M, if necessary), and varying  in-Aid for Scientific Research from the Ministry of Education,
amounts of AgTFPB (0-8 x 1075 M) in chloroform/acetonitrile Culture, Sports, Science and Technology, Japan (T.N. and S.A.),
(9:1, 4 mL) were prepared. Spectra were recorded at ambient temper-and the Shorai Foundation for Science and Technology (T.S.).

ature in a 10 mm path-length quartz cell. . . . . . .
H NMR Titration (cation binding). Sample solutions containing Supporting Information Available: - Complexation studies of

1(2 x 10 M), MTFPB (M = Na or Ag; 2x 10° M, if necessary), ~ 1 2D NMR spectral, 1+Ag", and1eNa’), and X-ray crystal-
and varying amounts of MTFPB (M= Na, Ag; 0-8 x 1073 M) in lographic analysis of in pdf and cif format. This material is
available free of charge via the Internet at http://pubs.acs.org.

(18) The preparation described in ref 10 was modified by substituting 1-bromo-
3,5-bis(trifluoromethyl)benzene. JA042882Y

J. AM. CHEM. SOC. = VOL. 127, NO. 15, 2005 5511



