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Abstract: Fluorescence resonance energy transfer (FRET) was employed to monitor the dynamics of
hydrogen-bonded hexameric assemblies formed from resorcin[4]arenes and pyrogallol[4]arenes. Studies
were designed to provide further insights into the degree of assembly and stability of these self-assembled
capsules at the micro- to nanomolar concentration ranges that are not accessible by NMR studies. The
results of this investigation reveal factors that influence the self-assembly of these macrocycles into
hexameric capsules. Pyrogallolarenes are very sensitive to the concentration of mixing, with an increase
in the equilibration half-life from 36 min at 250 nM to 156 min at 10 uM. The resorcinarenes showed little
difference in exchange rates over the same concentration range. The temperature of mixing of the
macrocycles was found to be important for both systems with a 12-fold increase in exchange rates over a
20 degree range for the pyrogallolarenes and a 2-fold rate increase for the resorcinarenes over the same
temperature range. The stability of the capsules to polar additives such as methanol was probed, with the
pyrogallolarenes requiring a higher percentage (1.6% v/v in dichloromethane) of methanol to disassemble
the capsules than the resorcinarenes (1.0% v/v in dichloromethane). Pyrogallolarenes assemble in both
anhydrous and wet solvents whereas water-saturated solvents are necessary to facilitate the formation of
resorcinarene capsules. In addition to these studies, evidence of strict self-sorting in the formation of distinct
pyrogallolarene and resorcinarene hexamers was obtained.

Introduction

Resorcin[4]arenes and pyrogallol[4]arenes (Figure 1), spon-
taneously self-assemble into hydrogen-bonded hexameric cap-
sule hosts when appropriate guests are present. The sizable
interior of the hexameric assemblies and applications as
nanometric reaction chambers has generated much intdrest.
ease of synthesis and even commercial availability of the
macrocycles offer additional potential in areas such as drug
delivery, molecular transport, selective catalysis, and cell 1b R'=H, R=isobutyl ~ 2bR'=OH, R =isobutyl
mimicry. The most useful synthesis of resorcinarenes was Figure 1. Resorcinarend and pyrogallolaren@ macrocycles.
reported by Hgberg? while Dalcanale et &l provided the best
route to pyrogallolarenes. The macrocycles differ only in the of the same hexameric assemblies in common organic solvents
presence of an additional OH on each aromatic ring but assemblePY NMR,” and even in the gas phase by ESI mass spectrofetry.
similarly in organic media. A seminal paper by MacGillivray The encapsulation of guest molecules in solution has been
and Atwood revealed the structure of a self-assembled hydrogen-€xtensively investigatédand more recently fluorescent guests
bonded capsule in the solid state, comprising six resorcinarenenave been crystallized in the pyrogallolarene hexamer to probe
molecules and eight water molecufesRelated hexameric the inner space of the hexameric assemiSliésset little is
assemblies of pyrogallolarenes were crystallized in the absenceknown about the dynamic behavior of the capsules. While NMR
of water molecules by the groups of Mattagnd Atwood® has been the primary tool for the solution-state study of the
These inspired the studies that have led to the characterization

1aR'=H,R=CyiHyy  2aR'=OH,R=CyHyy

(4) (a) MacGillivray, L. R.; Atwood, J. LNature (Londoi 1997, 389, 469—
472. (b) More recently a related resorcinarene hexamer was crystallized

(1) (a) Rebek, J., IChem. Commun200Q 637—-643. (b) Heaven, M. W.; with six 2-ethylhexanol molecules replacing some of the water molecules
Cave, G. W. V.; McKinlay, R. M.; Antesberger, J.; Dalgarno, S. J.; in the assembly. Solution studies also suggest that 2-ethylhexanol replaces
Thallapally, P. K.; Atwood, J. LAngew. Chem, Int. EQ006 45, 6221~ some of the water molecules in the hydrogen bonded hexamer: Ugono,
6224, (c) Bassil, D. B.; Dalgarno, S. J.; Cave, G. W. V.; Atwood, J. L.; O.; Holman, K. T.Chem. Commur2006 2144-2146.

Tucker, S. AJ. Phys. Chem. B007, 111, 9088-9092. (5) Gerkensmeier, T.; lwanek, W.; Agena, C.; Frohlich, R.; Kotila, S.; Nather,

(2) (a) Hagberg, A. G. SJ. Org. Chem198Q 45, 4498-500. (b) Hagberg, C.; Mattay, J.Eur. J. Org. Chem1999 2257-2262.

A. G. S.J. Am. Chem. Sod.98Q 102 6046-50. (6) Atwood, J. L.; Barbour, L. J.; Jerga, AZhem. Commur2001, 2376~

(3) Bonsignore, S.; Cometti, G.; Dalcanale, E.; Du Vosell.i#y. Cryst.199Q 2377. Atwood, J. L.; Barbour, L. J.; Jerga, Rroc. Natl. Acad. Sci. U.S.A.
8, 639-649. 2002 99, 4837-4841.
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Figure 2. Pyrene donor and perylene acceptor labeled resorcinaRsizandRsA and pyrene donor and perylene acceptor labeled pyrogallolaRgizs
andPgA.

hexameric assemblies at millimolar concentratibribe as- probe the dynamic behavior of hexameric capsuleand 2.
sembly dynamics of the hydrogen-bonded capsules are bestHere we discuss a number of subsequent studies intended to
followed at micro- to nanomolar concentrations. Fluorescence illuminate the degree of assembly and stability of the self-
resonance energy transfer (FRET), which has been extensivelyassembled hexamerits and 25 capsules; in addition, we
employed in the study of assembly and dynamic processes inexamine theself-sorting behaior of resorcinarenes and pyro-
biological system&? has proven to be appropriate for monitoring gallolarenes at the micro- to nanomolar concentration ranges
the dynamics of other self-assembled capsules in this concentrathat are not accessible in NMR studies.
tion range'! and we report here its application to the case of  Self-assembly implies some level of recognition and selectiv-
subunits oflg and 2. The results of this investigation reveal ity that distinguishes self from nonself. Yet recent stutfiés
the factors that influence the dynamic assembly of macrocycles have shown many multimeric species (including some capsules)
into hexameric capsules. They include the concentration of strictly self-sort, while others assemble to heteromeric capsules
mixing, the importance of temperature, stability of the capsules instead:* For pyrogallolarenes and resorcinarenes, evidence of
to polar additives, and the necessity of water to facilitate the strict self-sorting has been shown by NMR at millimolar
capsule formation. concentrationd! but heteromeric capsules have been observed
We recently reported the synthesis of pyrogallolarepgb in the gas phase by ESI mass spectrometry from dilute
andPgA and resorcinarené®sD andRsA labeled with donor  solutions® Through the use of the fluorescently labeled mono-
(D) and acceptor (A) fluorophores (Figure 2)There, we mers and FRET studies, we show strict self-sorting selectivity
presented preliminary results on their use in FRET studies to in the formation of separate pyrogallolarene and resorcinarene
hexamers in solution (Figure 3).

(7) (a) Shivanyuk, A.; Rebek, J., JProc. Natl. Acad. Sci. U.S.£2001, 98,
7662-7665. (b) Avram, L.; Cohen, YJ. Am. Chem. So002 124

15148-15149. (c) Shivanyuk, A.; Rebek, J., Jr.Am. Chem. So@003
125, 3432-3433. (d) Avram, L.; Cohen, YOrg. Lett. 2003 5, 3329~
3332. (e) Yamanaka, M.; Shivanyuk, A.; Rebek, J.JJAm. Chem. Soc.
2004 126, 2939-2943. (f) Avram, L.; Cohen, YJ. Am. Chem. So2004
126, 11556-11563. (g) Palmer, L. C.; Rebek, J., @Org. Lett. 2005 7,
787—789. (h) Evan-Salem, T.; Baruch, I.; Avram, L.; Cohen, Y.; Palmer,
L. C.; Rebek, J., JProc. Natl. Acad. Sci. U.S.2006 103 12296-12300.
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Shivanyuk, A.; Rebek, J., JEhem. Commur2001, 2424-2425.

(8) Beyeh, N. K.; Kogej, M.; Aahman, A.; Rissanen, K.; Schalley, CAAgew.
Chem., Int. Ed2006 45, 5214-5218.

(9) (a) Dalgarno, S. J.; Tucker, S. A.; Bassil, D. B.; Atwood, J.Science
2005 309 2037-2039. (b) Dalgarno, S. J.; Bassil, D. B.; Tucker, S. A;;
Atwood, J. L.Angew. Chem., Int. EQR006 45, 7019-7022.

(10) (a) Stryer, LAnnu. Re. Biochem1978 47, 819-846. (b) Wu, P.; Brand,
L. Anal. Biochem1994 218 1-13. (c) Jameson, D. M.; Croney, J. C.;
Moens, P. D. JMethods EnzymoR003 360, 1—43.
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So0c.200Q 122 7876-7882. (b) Azov, V. A.; Schlegel, A.; Diederich, F.
Angew. Chem., Int. EQ005 44, 4635-4638. (c) Barrett, E. S.; Dale, T.
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Rudkevich, D. M.; Rebek, J., JAngew. Chem., Int. Ed. Endl999 38,
1136-1139.

Results and Discussion

I. Investigations into the Dynamics of the Pyrogallolarene
Hexamer. Effect of Concentration on the Exchange of
Pyrogallolarene Subunits When a donor and an acceptor are

(12) (a) Barrett, E. S.; Dale, T. J.; Rebek, J.,nem. CommurR007, 4224
4226. (b) Barrett, E. S.; Dale, T. J.; Rebek, J.JJAm. Chem. So2007,
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Figure 4. Development of FRET with time upon mixing gD andPgA
solutions at uM in CHCl; (times from 0 to 6.5 h):Aexc = 346 nm. The
inset shows first-order kinetic treatment of the data.
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Figure 3. Mixing of pyrogallolarenesl (orange) and resorcinarengs
(green) results in the formation of two distinct hexamers. Peripheral
solubilizing groups (R) and solvent molecules filling the inner space of the
hexamers are omitted for clarity.
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present in the same capsular assembly, FRET is observed on
photoexcitation of the donor fluorophore. Our preliminary FRET
studies monitoring the dynamics of the assembly of the
pyrogallolarene hexamer were conducted at a concentration of 0 T T T T T T T T T )
1 uM in dichloromethané?2 Pyrene pyrogallolarenBgD and 6 1+ 2 3 4 5 6 7 8 9 10
perylene pyrogallolarenegA were mixed and a half-life of ca. Concentration (M)
60 min was obtained for the solution to reach equilibrium. In Figure 5. Variation in the rate of exchange of pyrogallolarene monomers
diffusion NMR studies of Cohen et al.. conducted at millimolar " the hexameric capsules with different concentrations of donor and acceptor
. ’ ’ labeled macrocycle®gD and PgA: Aexc = 346 nm; Aem = 453 nm.
concentrationg! pyrogallolarenes?2a and 2b were found to (Uncertainties in the half-lives aré 10%.)
exchange at a slower rate than what we observed for the
corresponding labeled pyrogallolarenegD and PgA at the
nanomolar concentrations of the fluorescence experiments. To
probe these differences we undertook a systematic study into
the influence of concentration on the exchange rates of pyro-
gallolarene macrocycles. Solutions of the pyrene and perylene
labeled pyrogallolarene®gD and PgA were mixed at concen-
trations varying from 250 nM to 1@&M in macrocyclet215
Solutions at each concentration were monitored over time by
simultaneously following the donor and acceptor fluorescence
intensities until equilibrium was reached, that is until maximum
FRET was obtained (Figure 4).

The gradual development of FRER decrease in the donor
emission and an increase in the acceptor fluoreseeincicates S0 390 410 430 450 470 40 50 8% 5K
the formation of pyrogallolarene hexamers containing both donor Wavelength (nm)
and acceptor labeled macrocycles, that is, exchange of theFigure 6. Scaled final FRET levels of the pyrogallolarene solutions in
monomers. These results produced a clear trend, the macrocycle H.Cl, at equilibrium with dlﬁerept congentratlons of donor and acceptor

. ) abeled macrocycleBgD and PgA: Aexc = 346 nm.

exchanged faster as the concentration was lowered (Figure 5).
For the pyrogallolarene hexamers, the half-life for exchange emission spectra for solutions mixed at different concentrations
increased from 36 min at 250 nM to 156 min at AMI. are scaled for comparison, as shown in Figure 6, it is evident

In addition to the differences in the rate of exchange of the that there is a greater amount of energy transfer occurring at
macrocycles at varying concentration, the final level of FRET higher concentrations.
achieved provides information about the degree of assembly of We propose that the increased exchange rates at low
the hexamers in dilute solutions. When the final fluorescence concentration could be attributed to the higher relative concen-
tration of monomeric macrocycles to hexamers in these dilute
(15) Control dilution experiments have previously been conducted with protected g, tions. A higher proportion of free monomers in solution

versions ofRsD, RsA, PgA, andPgD to establish that no intermolecular . o
FRET occurs over this concentration range. should lead to a more facile exchange of the subunits in the

3.5 1

— 250 nM

Relative Fluorescence
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Figure 7. Change in equilibration half-life for M pyrogallolarene
solutions in CHCI, containing donor and acceptor labeled macrocycles

PgD andPgA to equilibrate at different temperatures. (Uncertainties in the

Figure 8. Decrease in FRET of a/aM solution of pyrogallolarene hexamer
containingPgD and PgA in CH,Cl;, upon titration with methanol.

half-lives aret+ 10%.) 1.2 -
—+—250 nM

hexamers. The lower level of FRET obtained at lower concen- 14
trations is also consistent with the hexamers being less as- 3
sembled, with a higher relative number of free monomeric §n.a-
macrocycles that do not participate in energy transfer. 8

Importance of Temperature on Rates of ExchangeThe éﬂ-ﬁ 1
influence of temperature on the dynamics of pyrogallolarene ¢

hexamer assembly is also relevant to future applications and '—ﬁ"-“ 7]
we varied the temperature of mixing to probe the stability of
the hexameric assembly. For the pyrogallolarene system,
solutions ofPgD andPgA were mixed at temperatures ranging
from 15 to 35°C and the development of FRET was monitored 0.0% 0.2% 04% 06% 08% 10% 12% 14% 16% 1.8% 2.0%
over time. The first point to note is that dramatic differences in Methanol Percentage
the rates were observed for the solution to reach equilibrium, Figure 9. Change in the fluorescence at the perylene maxima upon titration
with a half-life of ca. 96 min at 13C compared to ca. 8 min of methanol into the equilibrated solutions of pyrogallolarene hexamers in
at 35°C (Figure 7). The faster exchange of the monomeric units CHClI, with varying.conce_ntrations gf doEor and acceptor labeled macro-
. . . . ; cyclesPgD andPgA: Aexc = 346 nm;iem = 453 nm.
is consistent with previous observations by Cohen et al. that
heating a mixture of two different pyrogallolarenes accelerated ca. 0.4% v/v methanol addition with very little loss of FRET;
the equilibration of the solution at NMR concentratidhsn however, between 1.0% and 1.6% v/v methanol a sharp decrease
addition to the difference in exchange rates, a decreased levein the perylene fluorescence was observed as the hexameric
of FRET is observed at high temperature, suggesting that thecapsules dissociated to the monomeric macrocycles. Further
pyrogallolarene hexamers are less assembled (see Supportingddition of methanol has a negligible effect on the fluorescence
Information for details). levels as the capsule is not associated at high concentrations of
These results clearly demonstrate that the pyrogallolarenesmethanof Another fact that arose from these results is that
exhibit a high level of sensitivity to temperature in relation to the more dilute solutions required less methanol to dissociate
both the rate of exchange of the monomeric units and the degreethe hexamers to their constituent monomers.
of hexameric assembly. The Role of Water on the Assembly of Pyrogallolarene
Stability of the Pyrogallolarene Hexamers to Polar Ad- Hexamers.In contrast to the resorcinarenes it has been shown,
ditives. To further probe the stability of the hexamers under both from examination of crystal structubesd from diffusion
different conditions, titrations with methanol into solutions of NMR studies/®f that pyrogallolarenes do not require water to
the hexamer were performed. The addition of methanol to an facilitate the assembly of hydrogen-bonded hexamers. Conse-
equilibrated mixture of pyrene and perylene labeled pyro- quently exchange experiments with pyrogallolarenes discussed
gallolarenesPgD and PgA disrupts the hydrogen-bonding thus far were conducted in dry dichloromethane. When we
network and results in dissociation of the capsule. With these investigated the role of water and employed water saturated
labeled monomers, this is evidenced by a loss of FRET, that is, solvents in place of the dry solvent, a significant increase in
loss of perylene fluorescence and a concomitant increase in thethe exchange rate for the pyrogallolarene hexamers to reach
pyrene fluorescence (Figure 8). By gradually titrating methanol equilibrium was observed. Furthermore, the level of FRET was
into the equilibrated mixed pyrogallolarene hexamer solutions noticeably lower in the water saturated solvent, suggesting a
we can determine the amount of methanol required for complete smaller degree of hexameric assembly in the presence of water.
dissociation to the constituent monomers. These results are consistent with a weaker capsule in the
Solutions of pyrogallolarene hexamers containRgP and presence of water, with water destabilizing the intermolecular
PgA equilibrated at concentrations ranging from 250 nM to 10 hydrogen bonds necessary for the hexamer to assemble. This
uM in donor and acceptor macrocycle were titrated with was further supported by titrating the pyrogallolarene hexamer
methanol. As shown in Figure 9 the hexamers tolerated the first solutions equilibrated in water saturated solvent with metha-

J. AM. CHEM. SOC. = VOL. 130, NO. 7, 2008 2347



ARTICLES Barrett et al.

5+ 1.2 q
4.5 —500 nM
1M o 14 - 500 nM
4 Q
® —5um 5 ——1uM
235 —10uM g 0.6 - —#=5uM
3 5 ——10uM
g 3 3
= [
4]
3254 2 0.6
2 21 € o
G 1.5 '
o
11 0.2
0.5 \
0 0 * — !
T T T

370 420 470 520 00% 0.2% 04% 06% 08% 1.0% 1.2% 14% 1.6%
Wavelength (nm) Methanol Percentage

Figure 10. Scaled final FRET level of the resorcinarene solutions in water- Figure 11. Change in the fluorescence level at the perylene maxima upon

saturated ChCl, at equilibrium with different concentrations of donor and  titration of equilibrated solutions of resorcinarene hexamers in water-

acceptor labeled macrocycl&D andRSA: Aexc = 350 nm. saturated ChCl, with varying concentrations of donor and acceptor labeled
macrocycledfksD andRsA with methanol: Aexc = 350 NnM;Aem = 446 nm.

nol: less methanol was required to fully dissociate the capsule

compared to the corresponding hexamers formed in dry solvent.dichloromethane oRsD and RsA at 500 nM, 1uM, 5 uM,

II. Investigations into the Dynamics of the Resorcinarene ~ and 10uM were equilibrated until the maximum FRET was
Hexamer. Effect of Concentration on the Exchange of  obtained. Atthis point the solutions were titrated with methanol

Resorcinarene Subunits We have previously reported our in increments of 0.1% v/v and the results are presented in Figure
preliminary results on the dynamics of the resorcinarene 11.A definite trend was observed with the more dilute solutions
hexameric assemblies in water saturated solV@hTEhe experi- requiring less methanol to disassemble the capsule than the more
ments were conducted at 250 nMRED andRsA, and in water concentrated solutions. The solutions at 500 nM @il are
saturated dichloromethane the half-life for the solutions to reach Very sensitive to even 0.1% v/v methanol, as evidenced by the
equilibrium was ca. 10 min. This is significantly faster than Sharp decrease in the perylene fluorescence, and the hexamers
the time for 1a and 1b to equilibrate at the millimolar are essentially completely dissociated at 0.6% v/v methanol. In
concentrations of the diffusion NMR studies of Cohen €fdal. ~ contrast, the solutions at 5 and 4M are tolerant of the first
As in the study of the pyrogallolarene system discussed above,0-2% V/v methanol and the 1M solution requires the addition
we conducted an investigation into the influence of concentration of as much as 1.2% v/v methanol for complete dissociation.
on the exchange of resorcinarene subunits in the hexamers at hese results again point to the incomplete assembly of the
concentrations from 500 nM to 1M.1215Much to our surprise, resorcinarenes into hexamers at low concentrations, with a
very little variation in the rate of exchange was observed over higher relative concentration of resorcinarene monomers.
this concentration range, with half-lives between 10 and 14 min ~ Alternative experiments to probe the effect of polar additives
being obtained. on the exchange rates of the resorcinarene hexamers involved
While little difference in the exchange rates was observed, addition of a small percentage of methanol to the wet dichlo-
the amount of FRET did change with significantly higher FRET romethane prior to the addition of pyrene and perylene labeled
at 10 M compared to 500 nM. Shown in Figure 10 are the resorcinarenes atAM. As before, the gradual development of
scaled final FRET levels of the equilibrated resorcinarene FRET was observed over time under these different conditions
solutions at different concentratio#sThese differences in the  indicating hexamer formation. While 0.1% v/v methanol was
amount of FRET are consistent with the resorcinarenes beingtolerated with a minimal change in the time for the solution to
less assembled into hexamers at these lower concentrations, witiequilibrate, when the methanol percentage was increased to 0.2

more free monomers in solution. and 0.3% v/v, the capsules exchanged far more rapidly with

Importance of Temperature on Rates of ExchangeTo half-lives for the system to reach equilibrium decreasing from
investigate the influence of temperature on the exchange of thel0 min to 2.6 min and 45 s, respectively. In addition to the
resorcinarene hexamerS,luM solutions of RsD and RsA in different rates for the eXChange process, the final level of FRET

water-saturated dichloromethane were mixed at temperaturesvas significantly lower with a higher methanol percentage.
ranging from 15°C to 35°C. While a trend was observed, with ~ These results point to a weaker capsule in methanol as the polar,
slower exchange at the lower temperatures, the differences inprotic solvent clearly disrupts the hydrogen bonds necessary
half-lives are only small, ranging from ca. 18 min at 45 to for assembly leaving only a small number of the resorcinarenes
8 min at 35°C. A decreased level of FRET was again observed as hexamers. _
at high-temperature (see Supporting Information for details). ~The Role of Water on the Assembly of Resorcinarene
Stability of the Resorcinarene Hexamers to Polar Addi- Hexamers. It has previously been demonstrated that water is
tives. As with the pyrogallolarene hexamers, titration of necessary for the assembly of resorcinarene hexamers, both in
equilibrated solutions of resorcinarene hexamers with methanolsolution and in the solid state, with eight water molecules

results in disassembly of the capsule. Solutions in water saturateddarticipating in the hydrogen-bonding assembly.Conse-

quently all exchange experiments for the resorcinarene hexamers

(16) Perylene is known to undergo spectral shape changesmiptatking and were conducted in water-saturated solvents. Some variation in
the more concentrated 1M spectral trace reveals that there is some
mr-stacking: Clark, A. E.; Changyong, Q.; Li, A. D. Q. Am. Chem. Soc.
2007, 129, 7586-7595. (17) Avram, L.; Cohen, YOrg. Lett.2002 4, 4365-4368.
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Figure 12. Change in the fluorescence intensity with time of the donor Figure 13. Mixing of pyrene resorcinaren&sD and perylene pyro-
emission maximum (409 nm, red) and the acceptor emission maximum (446 gallolarenePgA shows no formation of heterohexamers after 4 dayse
nm, blue) upon combination &sD andRsA in anhydrous CKCly. After = 350 nm. the inset shows the change in fluorescence intensity with time
2500 s, 1uL of H,0O was added and FRET began to occiiz. = 350 nm. of the donor emission maximum (409 nm) and acceptor emission maximum
(453 nm) before and after the addition of perylene resorcinaRs#e
exchange rates were observed when different batches of water-
saturated solvent were used and this prompted us to furtherbetween the donor and the acceptor and the mutual orientation
investigate the role of water on the dynamics of the exchange Of the fluorophores?
of the resorcinarene monomers and the assembly of hexamers. In relation to the influence of temperature on the dynamic
When strictly anhydrous dichloromethane was employed, no behavior of the assemblies, the pyrogallolarene capsules were
FRET was observed, suggesting no exchange of the resorcinare@nce again far more sen_smve to changes, with a variation in
nes and that the resorcinarenes were monomeric in solution.the half-life from 8 to 96 min over a range of only 2@&Ithough
After ca. 40 min, addition of a small amount of watenl) to the resorcinarenes exhibited a similar trend, i.e., slower exchange
the solution resulted in FRET beginning immediately, as atlower temperatures, the differences in half-lives were far less
evidenced by an increase in the pyrene fluorescence anddramatic, varying from 8 to 18 min over the same temperature
decrease in the perylene fluorescence (Figure'82). range (see Supporting Information for details).

Solutions were then prepared with varying proportions of Compared to the resorcinarene capsules, the pyrogqllolarene
water saturated and anhydrous dichloromethane and an increasBexamers were more stable to methanol and required the
in the exchange rate of the resorcinarenes was observed wittddition of a higher percentage to dissociate the capsule. This
increasing water content. These results clearly show the IS consistent with previous observations regarding the stability

importance of water to facilitate the hexameric assembly of Of pyrogallolarene hexamers to polar _solvef‘rﬁ%_.For both
resorcinarenes. systems, the amount of methanol required to disassemble the

hexamers was dependent on the concentration of the capsules,
with less methanol needed for the more dilute solutions of
§1examers. This is again consistent with the hexamers being less

Ill. Comparisons Between the Pyrogallolarene and Re-
sorcinarene Hexameric Assembliegzrom these studies of two
seemingly related hexameric assemblies, a number of difference )
can be identified in relation to their dynamic behavior. As far assembled at lower concentrations. )
as the concentration of mixing is concerned, the pyrogallolarenes 1 1€ €ffect of water on the dynamic assembly of the two
exhibited a higher degree of sensitivity to concentration with capsules was very different. In the case of the resorcinarenes,

markedly slower equilibration times at high (M) concentra- no FRET is observed when the'don(.)r and acceptor. labeled
tions than at low (250 nM) concentrations. In contrast the MacrocyclesksD and RsA are mixed in anhydrous dichlo-
resorcinarenes showed very little variation in equilibration times "oMethane. It is only upon the addition of water that the
over a similar concentration range (see Supporting Information resorcinarenes assemble into hexgmerlc capsules. In contrast,
for details). The reasons for this are still unclear. the pyrogallolarenes do not require water for the capsular
Both systems have a significantly higher amount of FRET at assembly and the monomeric units exchange freely in anhydrous

. . . solvent. When water-saturated solvents are employed, the rate
10 M than at nanomolar concentrations, consistent with more o .
of exchange of the pyrogallolarene units is however increased.
assembled hexamers and fewer free monomers at these con- . )
IV. Self-Sorting of Pyrogallolarenes and Resorcinarenes.

centrations. While comparison of Figures 6 and 10, particularly After investigations into the dynamic behavior of both the

the relative level of FRET at 5 and in each system, ma .
4 y - May he pyrogallolarenes and the resorcinarenes, we attempted to form

suggest that there is a greater level of assembly of t heterohexamers of pyrogallolarenes and resorcinarenes. On
resorcinarenes into hexamers than the pyrogallolarenes at the pyrog '

same concentration, caution must be taken in comparison Of:r:gm%r()fléni '\g:s;uﬁgps ?;pglrliT:reclj;noznre;;)trecrmsjtiﬁrzz d
FRET levels between the two hexameric assemblies. The pyrene pery ptor pyrog GA

and peiene fuorophores ar atached t e bese of e TNV 10 PRCT s tsened ovr e e
resorcinarenes by a longer tether than the corresponding q pyrog

pyrogallolarenes, and FRET is very sensitive to both the distancehe.xar_nerS o equilibrate un_der these conditions (Figure 13.)' After
this time the corresponding perylene acceptor resorcinarene

(18) The more erratic data after the addition of water is the result of beads of RsA, partner to the pyrene donor resorcmar_a@ n SO'_Utlon’
water on the inside of the cuvette. was added. The monomers began exchanging immediately under
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these experimental conditions, and FRET began accordingly.at 5 x 105 M. Aliquots of the pyrene and perylene solutions were
The solution of pyrene donor resorcinareReD and perylene then diluted and mixed such that the concentration of each of the
acceptor pyrogallolarenBgA could even be left for a period macrocycles was AM, unless otherwise stated. The donor was _excited
of 4 days and still no evidence of FRET appeared. Alternatively, at 346 nm for the pyrogallolarenes and at 350 nm for the resorcinarenes,
we started with the pyrene donor pyrogallolardrgd and the and the fluorescence spectra were recorded at regular time intervals.

) . . For time-based experiments the fluorescence values at the donor and
perylene acceptor resorcinareRsA, and again no evidence . . . :
acceptor emission maxima were simultaneously recorded at regular time

of heterohexgmers apPeared- FRET was only observed ONC8ntervals. A decrease in donor fluorescence as well as the increase in

there were either a pair of donor and acceptor labeled resor-,cceptor fluorescence was observed.

cinarenes or a pair of donor and acceptor labeled pyrogallolare-  The apparent rate constakgfor the exchange of the resorcinarene

nes in solution. These results clearly demonstrate that theor pyrogallolarene monomers in the hexamer was determined by fitting

pyrogallolarene and resorcinarene macrocycles self-assemblehe data to the first-order equation

and self-sort exclusively in_to homomeric hexamers in sol_ution, Ln((Fy — F)I(Fy — Fo) = —kt

even at the low concentrations of the fluorescence experiments.

whereF andFs, andF, are the fluorescence intensities at the perylene

maxima at timeg and the final and initial value obtained after the
The dynamic behavior of pyrogallol[4]arenes and resorcin- hexa_mers have reached equilibrium. The _negative slppe of the line

[4]arenes, each labeled with donor and acceptor fluorophores,Provides the apparent rate constankrom this, the half-life ;) for

have been investigated under several different conditions bythe capsule to reach equilibrium is determined from

varying the concentration of mixing, or the temperature of the typ=1In2k

solution. The importance of water on the assemblies and the To investigate whether heterohexamers form between pyrogallol-

stability of the capsules to polar additives were also probed. arenes and resorcinarenes a number of experiments were conducted in

_Pyrogallolarenes and resorcinarenes have potential application_s‘both water-saturated and dry dichloromethane. In each cash! 1
in a number of areas because they are assembled to a certaigolutions of a pyrogallolarene and a resorcinarene were mixed: either

extent even at nanomolar concentrations. Information regarding RsD andPgA or RsA andPgD. Time-based fluorescence measurements
the degree of assembly and stability of the hexameric capsuleswere run, monitoring both the donor and acceptor emission maxima.
under a variety of conditions has been gleaned, and that makeg\fter a period of 6 h, another addition was made so that there were
them promising candidates for these applications. Furthermore,now two labeled resorcinarene®<D and RsA) or two labeled
evidence of strict self-sorting in the formation of pyrogallolarene PYyrogallolarenesRgb andPgA) in solution. At this point, FRET began
and resorcinarene hexamers was obtained. to oceur.

Conclusions
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