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Almost a decade ago MacGillivray and Atwood reported the

extraordinary crystal structure of a self-assembled hydrogen-bonded
capsule comprising six resorcinarene molecules and eight water

molecules. This report inspired numerous solution studies of

resorcinarenes that revealed the same assembly in wet organic

solvents? The primary tool for their solution-state study has been

NMR analysis; however, the encapsulation process itself and the
dynamic behavior of the monomers are not easily observed because py"

of the millimolar concentrations required. At lower (nanomolar)
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concentrations where monomers are likely, fluorescence resonancerigure 1. Representation of @ andA labeled resorcinarene brought within

energy transfer (FRET) is an appropriate tool, and we report its
application here. It revealed the real-time exchange of monomer

subunits between hexameric capsules and the first direct observations .o me 1.

of an encapsulated fluorophore in a resorcinarene hexamer.
Applications of FRET in the study of biological systems have
been extensive over the past few decddest its use in synthetic
supramolecular systems has only just emefRj€de sensitivity of
the technique allows for detection of interacting species at nano-
molar concentrations, but labeling synthetic receptors with ap-
propriate fluorophores has proven challenging. Earlier we reg8rted
the attachment of coumarin dyes to calixarenes, and Diederich

has attached two suitable fluorophores to an extended cavitand.

For the case at hand, an improved monofunctionalization of
resorcinarenépermitted the attachment of appropriate doriy (
and acceptor X) fluorophores to the “feet” of resorcinarene
monomers (Figure 1). When tHi2 andA are present in the same
hexameric assembly FRET is observed on excitation of the donor
dye.

Pyrene and perylene were chosen as the respective donor an
acceptor fluorophores (Figure 1). Starting from tieet-butyldi-
methylsilyl (TBS) protected monohydroxyl resorcinareag?
esterification with 1-pyrene carboxylic acid, via the acid chloride
2, provided the protected pyrene esteFor the acceptor, the known
perylene alkyn&’ was reacted with resorcinarene aziglgenerated
from alcohol 1 via the mesylate, in a copper mediated “click”
reactiorf to afford the protected. Following TBAF deprotection
of 3and7, the requisite pyrene and perylene resorcinarén@&
and8 (A) were obtained (Scheme 1).

Separately, the labeled resorcinareded®) and 8 (A) in wet
chloroform with tetrahexyl ammonium bromide (a known guest
for the hexameric assembly) showed clean formation of the
respective encapsulation complexes'HyNMR analysis. Accord-
ingly, the presence of six somewhat bulky substituents on the
periphery of the system does not interfere with the assembly or
the encapsulation process at millimolar concentrations.

Dilute solutions (250 nM) of4 (D) and 8 (A) resorcinarene
hexamers in wet chloroform were mixed at room temperature, and
the change in the fluorescence emission spectra was followed with
time (Figure 2). Although multiple isomeric and combinatorial
hexamers can be formed when resorcinaren@) and8 (A) are
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FRET distance in a hexameric assembly. Pyrene and perylene are the donor
and acceptor fluorophores, respectively.

Synthesis of Donor and Acceptor Labeled
Resorcinarenes?
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aConditions: (a)2, NEts, CHCly, 18 h, 49%; (h 1 M TBAF in THF
12 equiv), AcOH (12 equiv), THF, 6C, 30 min, 80%; (c) MsCI, Nkt

H.Cly, 0 °C — room temp, 18 h; (d) Napl DMF/THF, 18 h, 60°C, 70%
over two steps; (e§, Cul (0.10 equiv), TBTA ligand (0.01 equiv), THF,
60 °C, 1 h, 87%; (f) 1 M TBAF in THF (12 equiv), AcOH (12 equiv),
THF, 0°C, 30 min, 63%.
mixed, FRET can be expected whenever at leastibaad oneA
resorcinarene are present in the same hexamer. Initially, only the
emission from the donor was observed but over time there was an
increase in acceptor emission. This slow development of a FRET
signal indicates the exchange of monomers and the formation of
the mixed hexamers. Control experiments showed no FRET
between the free dyes at these concentrations (see Supporting
Information).

Disproportionation of the mixed hexamers at these concentrations
was confirmed when the solution was titrated with methanol, a
solvent known to disrupt the hydrogen bonds of the capsules. At
1.5% v/v methanol the hexamer was disassembled and, as the
resorcinarenes were monomeric in solution, FRET was no longer
observed.

The kinetics of the dynamic behavior of the resorcinarene
monomers in the hexameric assemblies could be extracted from
these studies. Treatment of the data as first-order dissociation
kinetics gave the rate for the exchange of monomers. The assemblies
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Figure 3. FRET from pyrene sal9 inside the hexamer to the perylene

resorcinaren® (A) in the hexamerleyxc = 350 nm.
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Figure 2. Development of FRET with time upon mixing(D) and8 (A)
hexamer solutions at 250 nM, (times shown from 0 to 4th), = 350 nm.

The inset shows the first-order kinetic treatment of the data. In summary, resorcinarenes labeled with donor and acceptor
_ _ _ fluorophores probe the dynamic behavior of hexameric capsules
Table 1. Relative Rates of Exchange of Resorcinarenes in the in solution through FRET observation. Additionally, FRET occurs
Hexamer . .
from a fluorescent guest to a labeled resorcinarene host. While
solvent? added guest half-life® (min) ke several examples exist of FRET in mechanically linked rotax&hes,
CHCls 46 21 to our knowledge, this represents the first observation of FRET
CeHs 3 292 across a capsular boundary.
CH,Cl» 10 100
CH:Cl> Hexﬂ:l*Br* 14 70 Acknowledgment. We are grateful to the Skaggs Institute for
CH.Cl, BusN"Br- 14 70 Chemical Biology and the NIH (Grant GM 50174) for financial
CH.Cl, BusSbhBr 16 59 oy ( )

support. E.S.B and T.J.D. are Skaggs postdoctoral and predoctoral
fellows, respectively.

a|In all cases water-saturated solvents were useilf-life for the system

to reach equilibrium; uncertainties and half-lives aret10%. . . . .
q e ’ Supporting Information Available: Key experimental and char-

acterization of new compounds, absorption and emission spectra, details
of kinetic experiments and methanol titrations. This material is available
free of charge via the Internet at http://pubs.acs.org.

were monitored in different wet solvents and in the presence of
known guest molecules (Table 1). The capsules were slowest to
exchange resorcinarene monomers in chloroform compared to
dlchloromethane or benzene; apparently, a more stable hexamerigyeterences
capsule is formed in chloroform. Known guests for the hexamer .

h dal half-life f h . d (1) MacGillivray, L. R.; Atwood, J. L.Nature 1997, 389, 469-472.
showed a longer hall-lite for monomer exchange: as expected a () (a) Shivanyuk, A.; Rebek, J., Jrroc. Natl. Acad. Sci. U.S.£2001 98,
guest has a stabilizing effect on the assembly and a more robust IS?ZZ?S& éb)( ')A\érﬁ_m, L.;kCZhelg, JJ[( ﬁmjcpr\]em(: Socﬂosoza%)%%

. . (C Ivanyuk, A.; Repek, J., JIr.Am. em. S0
capsule exists when a guest other than solvent molecules is inside. 125 3432-3433. (d) Yamgnaka, M. Shivanyuk, A.: Rebek, J.JJAM.

The exchange of resorcinarene monomers was relatively fast at Chem. S02004 126, 2939-2943. (e) Avram, L.; Cohen, Y. Am. Chem.
Soc.2004 126, 11556-11563. (f) Evan-Salem, T.; Baruch, I.; Avram,

these low concentrations, in contrast to a d|ffu_5|on NMR s_tudy of L Cohen, Y. Palmer, L. C.. Rebek, J.. Broc. Natl. Acad. Sci. U.S.A.
Cohen et al. where more than 24 h was required for a mixture of 2006 103 12296-12300. (g) Ugono, O.; Holman, K. Them. Commun.

; i ; ; 2006 2144-2146.
two hexamers to reach heteromeric equnlbrl%ﬁWe attribute this (3) Fluorophores have been crystallized in related pyrogallolarene hexamers.

disparity to the vastly different concentration of the experiments. Dalgarno, S. J.; Tucker, S. A.; Bassil, D. B.; Atwood, JScience2005
; ; 309, 2037-2039. Dalgarno, S. J.; Bassil, D. B.; Tucker, S. A.; Atwood,
At the nanomolar co_ncentratlgns of the_fluoresgence stl_Jdles there 3. L. Angew. Chem., int. E©00G 45, 7019-7052.
are more monomeric resorcinarenes in solution relative to the (4) (a) Stryer, LAnnu. Re. Biochem1978 47, 819-846. (b) Wu, P.; Brand,
e i L. Anal. Biochem1994 218 1-13. (c) Jameson, D. M.; Croney, J. C.;
hgxgmers and the rate of exchange of the assembly is increased. A Moens, P. D. IMethods EnzymoB003 360, 1-43.
similarly fast exchange of monomers was observed in a recent mass (5) (a) Castellano, R. K.; Craig, S. L.. Nuckolls, C.; Rebek, J.JJAm.

rometri . Chem. Soc200Q 122 7876-7882. (b) Azov, V. A.; Schlegel, A.;
spectrometric stud§/ .. Diederich, F.Angew. Chem., Int. EQR005 44, 4635-4638.

To further probe the assembly, a fluorescent guesite the (6) (a) Hauke, F.; Myles, A. J.; Rebek, J., @hem. Commur2005 4164~
capsulemade it possible to observe FRET across the mechanical ﬁg%gbz)ﬁaltoy S.; Rudkevich, D. M.; Rebek, J.,Qrg. Lett. 1999 1,
bounqary of the he)_(amer- A number of pyre_ne derivatives were (7) Skorobogatyi, M. V.; Pchelintseva, A. A.; Petrunina, A. L.: Stepanova, I.
examined as potential guests ¥y NMR analysis and the pyrene A.; Andronova, V. L.; Galegov, G. A.; Malakhov, A. D.; Korshun, V. A.

saltg®was encapsulated. A solution of 5:1 unlabeled resorcinarene (g, (5 osionooy . v oo L .. Fokin. V. V.; Sharpless, KABgew.

to perylene resorcinarerte (A) was prepared and pyrene slt gﬂemi, Int.KE%ZOIQZK_41,V2§/%6—25L99- ét()))o fgﬂgﬁ&?”gmﬂ R.;
. N L arpless, K. B.; Fokin, V. rg. Lett. 3 .
was added. Comparison of the emission spectra of the individual (9) Beyeh, N. K.: Kogej, M.. Aahman, A.: Rissanen, K.. Schalley, C. A.

components to that of the mixture 8f(A) and9 revealed FRET Angew. Chem., Int. ER006 45, 5214-5218.
P ; (10) Dale, T. J.; Rebek, J., I. Am. Chem. So@00§ 128 4500-4501.
from the guest inside the capsule to the perylene resorcinarene (11) (a) Perez, E. M.; Dryden, D. T. F.: Leigh, D. A.; Teobaldi, G.. Zerbetto,

appended to the capsule (Figure 3). Upon addition of methanol, F.J. Am. Chem. So2004 126, 12210-12211. (b) Onagi, H.; Rebek, J.,
the FRET disappeared as the capsule was reduced to its constituent ~ Jr- Chem. Commur2005 4604-4606.
monomers and the guest was released. JA0700956
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