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Boronic acid$ have attracted considerable interest in the field
of molecular recognition in the development of boronic acid-based ()
chemosensors for anichand saccharidesBoronic acids can
rapidly and reversibly form cyclic boronate esters with di@ad
also act as Lewis acid metal centér§hese properties led us to
propose an anion sensor system based on anion-induced boronate
esterificatiorf, With this research we use anion-controllable revers-
ible covalent bonding interactions in the construction of a chemi-
cally switchable molecular capsul€onventionally self-assembled
molecular capsules have been developed using hydrogen bonding,
ionic interactions, and metal ion coordination as well as combina-
tions thereof Boron-containing compounds have previously been (©
used as a structure-directing element (e.g., macrocytieli;ates?
nanotubed! porous covalent organic frameworkspolymerss).
However, to our knowledge, self-assembled molecular capsules via
boronate esterfication have not been reported. Here, we describe
an ion pair-driven heterodimeric capsule using cyclotricatechylene @
1 and boronic acid-appended hexahomotrioxacalix[3]ar2ne
Although1 does not interact witR in a protic solution, the presence
of E4uNACO led to the quantitative production of a heterodimeric
capsule as illustrated vide infra using NMR analysis, a direct result
of the cooperative effect of acetate-induced boronate esterification
and EfNT as a template. We also observed the reversible
decompositior-reconstruction of the capsule using pH switching.

For our capsule we employed boronate ester bow! shazed f ; sl ; "} 3' ; l‘ (') !

2 as modules. Compoun@ was prepared from tribromohexa- B
homotrioxacalix[3]arené® The capsule formation using and 2 ggyg)‘_ l(a ) lll?l(,)\lrl\r?l\R/l) 5&‘;?23\0(;0'\% "é'cl;li,( ﬁ)ﬁ?ﬂ;gggggo(ﬁh )V/Eg),
‘("I’:"Ji‘;u'rr;"eli“fagz‘sj :S'r?g@i; g‘o“cvfs':aggj323u§3ﬂh(e4' r%] e‘mlene 1(10 mM) and2 (10 mM) with E4NACO (30 mM); signals with an asterisk

. () represent residual peaks of solvents.
resonances producing an AB doublet of doublets at 4.802 (
13.6 Hz) and 3.340 ppmJ(= 14.0 Hz), whereas the resonances  Assessment of the FMAcO-triggered self-organization came
(H?, H3) due to ethereal linkages @fdisplayed a singlet at 4.734  from 'H, *H ROESY spectroscopy. As expected, ROE cross-peaks
ppm (Figure 1b), clearly indicating th&t exists in flexible con- were found between#and H, indicating the production of capsular
formation where the rate of the ring inversion is fast on the NMR  structurel-2. New peaks at approximately O ppm show exchange
time scale. Two singlets at 7.576 and 7.484 ppm can be assignedpeaks with free (E,CHs),N* protons. Further structural confirma-
to the chemical shift of M the spliting pattern may be due to solvent  tion of the capsule was achieved through diffusion-ordered spec-
exchange on the boronic acid segments with methanol. No troscopy (DOSY)- The diffusion coefficients[) values) ofl and
perturbation of the chemical shifts férand2 is caused by mixing 2 in [D]¢-DMSO—-CD3OD (4:1 v/v) involving EiNAcO are
them under these conditions (Figure 1c). However, when 3 equiv identical within experimental errors (8.9 1071 m? s71).18 The
of E4yNACO are added to the solution, the chemical shifts are resonances assigned to the encapsulat@dEtad nearly the same
changed (Figure 1d): (1) the resonance$ ¢Hd H) were shifted D value as the capsule, being 861011 m? s1. These results
upfield to 7.226 and 6.446 ppm, respectively; (2) the protorfs (H clearly indicate that, 2, and EfN* exist as a single unit in solution,
H3) of 2 are a doublet at 4.701 ppm (@= 9.2 Hz)16 These results  the average value being 8:8107* m? s71. The EtN™ inside the
indicate that2 interacts withl and that the conformation & is cavity may be held by multiple €H = interactions with the
frozen into a cone conformation. Furthermore, it is noteworthy that proximal aromatic ring$? Although the role of AcO is significant
new signals appeared at 0.300 anr6.039 ppm, which can be  for the capsulation as inferred by Figuré®the D value is much
assigned to the encapsulatedNEt. These new peaks integrate in  larger (60x 107 m? s™%), being consistent with that of free £t
a 1:2 ratio with respect to the set of signals due to fre®NEt NAcO. We postulated that the Ac€B~(sp’) dative bond is
immediately subject to solvolysis in the protic media (methoxy
 Saitama University. insertion). Such a solvent insertion is known to be promoted owing
* University of Bath. to the increased electrophilicity of the boron&téndeed, ESI-MS
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Table 1. The Capsule Stability Constants K in the Presence of
Various Salts in MeOH—MeCN (4:1 v/v) at 25 °Ca

cation anion K(M™)
EuN* AcO~ 11,000+ 450
MesN* AcO~ 5,900+ 60C*
K+ AcO~ 1,100+ 8%
EtN* F- 1,100+ 13C*
EuN* - nd®
K+ - nd®

aThree individual measurements were carried diihe spectral change
is too small to determine thi& value; nd= not determined.
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Figure 2. Sections of theH NMR spectra (400 MHz, 23C) of 1 (10
mM) and2 (10 mM) in CD;OD—CDsCN (4:1 v/v): (a) in the presence of
3 equiv of EfNAcO, (b) addition of 0.85«L of 12 N HCI, and (c)
subsequent NaHC addition.

measurements in negative mode displayed a significant molecular
peak due to]-2-2(EtN)-3(OMe)}* at 1151.63 (calcd, 1151.60)
in MeOH at 100°C (spray temperature). Taken together, this data
confirms the formation of a heterodimeric capsuleladind 2; it
should be emphasized that the capsule formation via boronate
esterification is driven by adding B" and AcO". Therefore we
investigated capsule formation using different salts. WheNA¢O
is replaced with ENF, (n-Bu);NAcO, or KI, thelH NMR spectra
show ill-defined or no aggregates under similar conditions.
Extensive investigations using UWis techniques furnished evi-
dence for the selective ion-pair triggered capsule formation. The
electric perturbation of and2 upon adding salts can be observed
in the UV region wherein the isosbestic point at 250 nm could
allow us to assume simple equilibration for the estimation of the
capsule stability constamt; H + G == HG whereH is regarded
as pre-capsule with three equivalent boronate-forming d@eis,
the salt, andHG is desired capsule. Table 1 summarized khe
values obtained by the titration upon adding several salts, which
values increased with the following order: ;Ht > Mey,N* > K+
with AcO~ salts and AcO > F > |- with EuNT salts,
respectively. From these results, the capsulation is dictated mainly
by size of the cation and basicity of the anion. In the former case,
C—H 7 interactions seem to play a significant role for the event.
Our next goal was to investigate whether the capsule formation
could be dynamically controlled using a pH switch. When HCI was
added to the solution of the JRtAcO-driven capsule, the resonances
due to interior EAN* at ca. 0 ppm disappeared completely (Figure

2b), and each singlet at 7.581 and 6.769 ppm can be assigned to

ArH of free 1 and2, respectively. The treatment with HCl resulted
in the ejection of the guest upon collapse of the capsule. More
interestingly, subsequent addition of NaHC&llowed us to detect
signals arising from the encapsulatedNEt (0.317 and—0.041

ppm; Figure 2c¢), thus restoring the capsule. The reversible boronate

esterification allows us to control capsule assembly using pH
switching.

In conclusion, we present for the first time selective ion pair-
driven heterodimeric capsule formation using boronic a¢gid$e
dynamic behavior is also controllable by changing the pH of the
solution. These findings provide a potent way to develop materials
which reversibly trap, store, and then deliver chemicals in a solution.
On another front, this study has been driven by the conceptual

novelty of the capsule formation. Thus, not only the related capsule
with a larger cavity capable of accommodating chemically important
guestg but also chromophore-appended capsule systems for the
detection of dynamic behavior is currently a major target in the
study.
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Note Added After ASAP Publication. Because of a produc-
tion error, the formula CBOD—CD3CN in the caption of Figure
2 was incorrect in the version of the paper published November
16, 2007; the corrected version was published November 19,
2007.

Supporting Information Available: Experimental details and
spectroscopic data. This material is available free of charge via the
Internet at http://pubs.acs.org.

References

(1) Hall, D. G., EdBoronic Acids Wiley-VCH: Weinheim, Germany, 2005.

(2) Martinez-Mdiez, R.; Sancem F. Chem. Re. 2003 103 4419-4476.

(3) James, T. D., Philips, M. D., Shinkai, S., EBsronic Acids in Saccharide
Recognition Monographs in Suparmolecular Chemistry; RSC Publish-
ing: Cambridge, U.K., 2006.

(4) James, T. D.; Linnane, P.; Shinkai, Ghem. Commuril996 281—-288.

(5) Reetz, M. T.; Niemeyer, C. M.; Harms, Kngew. Chem., Int. Ed. Engl.
1991 30, 1472-1474.

(6) Kubo, Y.; Kobayashi, A.; Ishida, T.; Misawa, Y.; James, T.Chem.
Commun 2005 2846-2848.

(7) Ikeda, A.; Udzu, H.; Yoshimura, M.; Shinkai, $etrahedron200Q 56,

1825-1832. Xu, H.; Stampp, S. P.; Rudkevich, D. ®rg. Lett.2003 5,

4583-4586. Avram, L.; Cohen, YJ. Am. Chem. So2003 125, 16180~

16181. Kang, S.-W.; Castro, P. P.; Zhao, G.;"NmnJ. E.; Godinez, C.

E.; Gutierrez-Tunstad, L. Ml. Org. Chem2006 71, 1240-1243. Harano,

K.; Hiraoka, S.; Shionoya, Ml. Am. Chem. So2007, 129 5300-5301.

Hof, F.; Craig, S. L.; Nuckolls, C.; Rebek, J., Angew. Chem., Int. Ed.

2002 41, 1488-1508. Johnston, M. R.; Latter, M. $upramol. Chem.

2005 17, 595-607.

Barba, V.; Villamil, R.; Luna, R.; Godoy-Alcdar, C.; Hpfl, H.; Beltran,

H. I.; Zamudio-Rivera, L. S.; Santillan, R.; FanfaN. Inorg. Chem2006

45, 2553-2561. Christinat, N.; Scopelliti, R.; Severin, B. Org. Chem.

2007, 72, 2192-2200. lwasawa, N.; Takahagi, B.. Am. Chem. So2007,

129, 7754-7755.

(10) Katagiri, H.; Miyagawa, T.; Furusho, Y.; Yashima, Engew. Chem.,
Int. Ed. 2006 45, 1741-1744.

(11) Abrahams, B. F.; Price, D. J.; Robson,Agew. Chem., Int. E2006
45, 806—-810.

(12) Cueé, A. P.; Benin, A. |.; Ockwig, N. W.; O’'Keeffe, M.; Matzger, A. J.;

Yaghi, O. M. Science2005 310, 1166-1170.

Niu, W.; O’'Sullivan, C.; Rambo, B. M.; Smith, M. D.; Lavigne, J. J.

Chem. Commur2005 4342-4344. Niu, W.; Smith, M. D.; Lavigne, J.

J.J. Am. Chem. So@006 128 16466-16467.

(14) Chakrabarti, A.; Chawla, H. M.; Hundal, G.; Pant, Tétrahedror2005
61, 12323-12329.

(15) Ikeda, A.; Suzuki, Y.; Yoshimura, M.; Shinkai, Betrahedronl998 54,
2497-2508.

(16) Another doublet peak seems to be overlapped with water protons.

(17) Cohen, Y.; Avram L.; Frish, LAngew. Chem., Int. EQR005 44, 520—
554,

(18) Under EANAcO-free conditions, th® values ofl and2 were estimated
to be 23x 1071t and 21x 10 m? s71, respectively.

(19) Nishino, M.; Umezawa, Y.; Hirota, M.; Takeuchi, Yetrahedron1995
51, 8665-8701.

(20) In 1B NMR measurement, the addition of 3 equiv ofjAcO into a
CD3;0OD—CD3CN (4:1 v/v) solution ofL and2 led to an upfield shift Ao
= 19.74 ppm) of the boron signal.

(21) Zhu, L.; Shabbir, S. H.; Gray, M.; Lynch, V. M.; Sorey, S.; Anslyn, E.
V. J. Am. Chem. So2006§ 128 1222-1232.

(22) Review articles of ion pair recognition, see: Smith, B. D.dn Pair
Recognition by Ditopic Receptors, Macrocyclic Chemistry: Current
Trends and FutureGlue, K., Antonioli, B., Eds.; Kluwer: London, 2005;
pp 137-152. Kirkovits, G. J.; Shriver, J. A.; Gale, P. A.; Sessler, JJ.L.
Inclusion Phenom. Macrocyclic Che2001, 41, 69-75.

(23) Rudkevich, D. MBull. Chem. Soc. Jpr2002 75, 393-413.

@

~

~

13)

JAO076792F

J. AM. CHEM. SOC. = VOL. 129, NO. 49, 2007 15127



