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Abstract: A six-bowl carceplex that entraps seven guest molecules, 5<(DMSO);, was synthesized and
characterized. The dynamics of the host shell was studied in solution in the absence and presence of
water. A multiple-molecule template was found to drive the formation of 5:(DMSO),G(7—x (G = DMA, DMF;
x = 5-=7). Higher selectivity was found for species containing greater numbers of DMSO molecules.

Introduction and covalent bondsMattay1° Atwood ! Rebek!? Kaifer,!3 and
Cohenr* have reported noncovalent assemblies of six resor-

Molecular containment has fascinated chemists for decades.Cinarenes or pvroallolarenes into octahedral arravs. Although
A variety of strategies have been successfully employed to createb pyrogafioiare yS. / 9
oth hexamers were initially prepared by crystallization and

hosts that encapsulate smaller guest molecules. For example

. . bserved in the solid state, they are stable in solution where
the spherical or ellipsoid shells of fullerene cages can be opene . . o 14
. . . L their hydrogen-bond stitching remains intéctt* Pyrogallolare-
and filled with metal ions, atomic nitrogen, or,M Tubular

fullerenes (carbon nanotubes) can be filled with small simple ne hexamers are even stable in highly polar solvgnts where many
molecules (e.g., KI, b N, O, and HOY or fullerenes (i.e., solvent molecules are encapsulated as guests; Atwood and co-
“nanopea pods"}.3-D networks such as zeolites, molecularly workers reported thlat the pyrogallolarene hexamer may hold
imprinted polymers, and dendrimers all possess pores P to_ 18 MeOHs:" Rebek and others have shown that
channels in their structures, which can be occupied by a variety resorcinarene/pyrogallolarene hexamers can encapsulate several
of specific guest molecules. Entire fluids can be contained guest gr solvent moleculgs as W?” as asingle large molééule.
noncovalently in micelle$. Multiple molecule containment in covalently bound, cavitand-
based containers was first demonstrated by the Cram group with

Homogeneous, single entity molecular containers have been . -
the entrapment of two acetonitriles in a two-cavitand carcelex.

reported that bind one or several guest molecules. These .
nanoscale systems have well-defined 3-D structures, which Our group ha; reported entrapment of two D'\,{lF.S (dlm?thyl-
facilitates their characterization. Molecular containers have beenformamldes) In a parceplex_ compos_ed of two “widened” [5]-
reported that are constructed of two or more subunits held cavitand subunits linked by five disulfide bont¥4NVe have also

together by metatligand interactions; 7 hydrogen-bonding entrapped up to three guest molecules in a carceplex formed
' ' by capping a cyclic trimer of cavitands and have assessed the

(1) (a) Mauser, H.; Hirsch, A.; van Eikerna Hommes, N. J. R.; Clark, T.;

Pietzak, B.; Weidinger, A.; Dunsch, Angew. Chem., Int. Ed. Endl997, (9) Cram, D. J.; Cram, J. MContainer Compounds and Their Guesthe
36, 2835-2838. (b) Komatsu, K.; Murata, M.; Murata, ¥cience2005 Royal Society of Chemistry: Cambridge, 1994.
307, 238-240. (10) Gerkensmeier, T.; lwanek, W.; Agena, C.;lflich, R.; Kotila, S.; N#her,

(2) Meyer, R. R.; Sloan, J.; Dunin-Borkowski, R. E.; Kirkland, A. I.; Novotny, C.; Mattay, J.Eur. J. Org. Chem1999 2257-2262.
M. C.; Bailey, S. R.; Hutchison, J. L.; Green, M. L. Bcience200Q 289, (11) (a) Atwood, J. L.; Barbour, L. J.; Jerga, A.Chem. Soc., Chem. Commun.
1324-1326. 2001, 2376-2377. (b) MacGillivray, L. R.; Atwood, J. LNature 1997,

(3) Hornbaker, D. J.; Kahng, S.-J.; Misra, S.; Smith, B. W.; Johnson, A. T.; 389 469. (c) Cave, G. W. V.; Antesberger, J.; Barbour, L. J.; McKinlay,
Mele, E. J.; Luzzi, D. E.; Yazdani, AScience2002 295 828—-831. R. M.; Atwood, J. L.Angew. Chem2004 43, 5263-5266.

(4) Hamley, I. W.Introduction to Soft Matter: Polymers, Colloids, Amphiphiles  (12) (a) Shivanyuk, A.; Rebek, J., Froc. Natl. Acad. Sci. U.S./£001, 98,
and Liquid CrystalsJohn Wiley & Sons, Ltd.: England, 2000. 7662-7665. (b) Shivanyuk, A.; Rebek, J., J#. Chem. Soc., Chem.

(5) (a) Kusukawa, T.; Fujita, MJ. Am. Chem. S0d.999 121, 1397-1398. Commun.2001, 2424-2425. (c) Shivanyuk, A.; Rebek, J., . Chem.
(b) Yoshizawa, M.; Kusukawa, T.; Fujita, M.; Yamaguchi, X Am. Chem. Soc., ChemCommun 2001, 2374-2375. (d) Yamanaka, M.; Shivanyuk,
So0c.200Q 122 6311-6312. (c) Yu, S.-Y.; Kusukawa, T.; Birada, K.; Fujita, A.; Rebek, J., JrJ. Am. Chem. So2004 126, 2939-2943. (e) For another
M. J. Am. Chem. SoQ00Q 122, 2665-2666. host that binds a large exchanging guest, see: Day, A. |.; Blanch, R. J.;

(6) (a) Jacopozzi, P.; Dalcanale, Engew. Chem., Int. Ed. Engl997, 36, Arnold, A. P.; Lorenzo, S.; Lewis, G. R.; DanceAngew. Chem., Int. Ed.
613-615. (b) Fochi, F.; Jacopozzi, P.; Wegelius, E.; Rissanen, K.; Cozzini, 2002 41, 275-277.

P.; Marastoni, E.; Fisicaro, E.; Manini, P.; Fokkens, R.; Dalcanaléd, E. (13) Philip, I. E.; Kaifer, A. E.J. Am. Chem. So002 124, 12678-12679.
Am. Chem. So001, 123 7539-7552. (c) Cuminetti, N.; Ebbing, M. H. (14) (a) Avram, J.; Cohen, Y. Am. Chem. So@002 124, 15148-15149. (b)

K.; Prados, P.; de Mendoza, J.; DalcanaleT&trahedron Lett2001, 42, Avram, J.; Cohen, YOrg. Lett.2002 4, 4365-4368. (c) Avram, L.; Cohen,
527-530. Y. Org. Lett.2002 5, 3329-3332. (d) Avram, L.; Cohen, YOrg. Lett.

(7) (a) Fox, O. D.; Dalley, K.; Harrison, R. G. Am. Chem. S0d.998 120, 2003 5, 1099-1102. (e) Avram, L.; Cohen, YOrg. Lett.2003 5, 1099-
7111-7112. (b) Fox, O. D.; Leung, J. F.-Y.; Hunter, J. M.; Dalley, K; 1102. (f) Avram, L.; Cohen, YOrg. Lett.2003 5, 3329-3332. (g) Avram,
Harrison, R. Glnorg. Chem200Q 39, 783-790. (c) Fox, D. O.; Dalley, L.; Cohen, Y.J. Am. Chem. So@004 126 11556-11563. (h) Avram,
N. K.; Harrison, R. GlInorg. Chem.1999 38, 5860-5863. L.; Cohen, Y.J. Am. Chem. SoQ003 125, 16180-16181.

(8) (a) Hof, F.; Craig, S.; Nuckolls, C.; Rebek, J., Angew. Chem., Int. Ed. (15) Bryant, J. A.; Blanda, M. T.; Vincenti, M.; Cram, D. J. Chem. Soc.,
2002 41, 1488-1508. (b) Rebek, J., JAcc Chem. Resl999 32, 278— Chem. Commuri99Q 1403-1405. Bryant, J. A.; Blanda, M. T.; Vincenti,
286. (c) de Mendoza, &hem-Eur. J.1998 4, 1373-1377. (d) Conn, M. M.; Cram, D. J.J. Am. Chem. S0d.991, 113 2167-2172.

M.; Rebek, J., JIlChem. Re. 1997, 97, 1647-1668. (e) Rebek, J., Xthem. (16) Naumann, C.; Place, S.; Sherman, JJ.GAm. Chem. So2002 124, 16—
Soc Rev. 1996 255-264. 17.
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Scheme 1. Synthesis of Carceplex 5-(DMSO)72
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Figure 1. MALDI MS spectrum of carceple®%-(DMSOY),.

guests’ roles as templatésMultiple guests have also been
permanently contained in separate chambers (one per chamber)
in multi-carceplexes formed from cyclic oligomers of
cavitands'®19Permanent entrapment requires rigid subunits and
small portals with respect to guest size. For potential applications
such as delivery devices, long-term containment (as well as
controlled release) is essential, likewise for stabilization of
reactive intermediates. One can step closer to virus-like large
containmerf® by covalently stitching together more units. An
impressive convergent approach, leading to a five-cavitand
“superbowl!”, has been reported by Sherbgihis large host

still requires a sixth cavitand to seal off the opening of the
molecular cookie jar. We report here an alternative approach
to a full six-cavitand single chamber covalent carceplex,
5-(guesty (Scheme 1). Carceple®-(guest) is the largest
carceplex reported and is the covalent analogue of Atwood,
Mattay, Rebek, Kaifer, and Cohen’s pyrogallolarene hexamer
capsules. The conformational dynamics and the mobility of the
entrapped guests iB-guests is described, as is a multiple-
molecule template study in the formation ®{guest).

Figure 2. MM2 minimized space filling representations of (a) tBe,

Results and Discussion conformation of 5(DMSO); viewed down the gaxis, (b) the Cs,
conformation of5-(DMSOY}; viewed from the side perpendicular to thg C
Synthesis Carceplexs:(guests) was synthesized in four steps ~ axis, (c) theOr-symmetric conformation ob-(DMSO); viewed down the

2 ; _ ; Cs-axis, and (d) th®x-symmetric conformation d-(DMSOY); viewed from
from tetrol 1 (Scheme 12A,B (adjacent hydroxyls)-benzylation the side perpendicular to thes@xis. To simplify calculations, the

to give diol2 (26%) was Came_d out using the same conditions  phenylethyl groups on each [4]cavitand were replaced with hydrogens. For
reported for the corresponding A,C (opposing hydroxyls)- clarity, the entrapped guests are omitted.

isomer: tetrol1, DBU, and benzyl bromide in acetoh®. olds/z — d hich
Cyclization of A,B-diol2 with K,CO3; and bromochloromethane MALDI mass spectrometry yie Z__ 6817 an ?834’ whic

in DMSO afforded benzylated A,B-trim&(16%). A,B-trimer are attr_|buted _to the corr_es_po_ndlng Nand K_ a_dducts,_
3was debenzylated with HPA/C to afford hexahydroxyl A,B- respectlvlely (Figure 1). This is in agreement with integration
trimer 4 (58%), which was then bridged with GBIrCl in the from the *H ,NMR §pectrum, which suggests a 1.7 host.guest
presence of GEO; or K,COs at 60°C in DMSO solvent to ratio. There is no sign of entrapment of other numbers of guests.
give carcepleX-(DMSO); (35%). This yield reflects organiza- Host Conformation. The host shell of carceplés(DMSO),

tion of 15 discrete components and formation of 12 bdfds. was expected to be highly symmetric (i@ in Figure 3c and
d) based on examination of CorefPauling-Koltun (CPK)

(17) (a) Chopra, N.; Sherman, J. &ngew. Chem., Int. EL999 38, 1955~ molecular models and on the solid-state structures observed for
égg;- (b) Makeiff, D. A.; Sherman, J. ©Chem-Eur. J. 2003 9, 3253~ the related resorcinarene and pyrogallolarene hexamers. How-
(18) (a) Chopra, N.; Naumann, C.; Sherman, JAGgew. Chem., Int. E€00Q ever, NMR data and MM2 calculations indicate a less sym-

39, 194-196. (b) Mungaroo, R.; Sherman, J. €.Chem. Soc., Chem.  metric, flattened conformation (Figure 2a and b).
Commun2002 1672-1673.

(19) Yoon, J.; Cram, D. J. Chem. Soc., Chem. Commag97, 2065-2066. In sieve-dried CDQ (Figure 3f), the host shell fob-

(20) Atwood, J. L.; Barbour, L. J.; Dalgarno, S. J.; Hardie, M. J.; Raston, C. i i
L.; Webb, H. R.J. Am. Chem. So2004 126, 13176-13171. (DMSO), shows three signals each fog,Haa Hm, and Hin

(21) Barrett, E. S.; Irwin, J. L.; Edwards, A. J.; Sherburn, MJSAm. Chem. 1:1:2 ratios, which is consistent with a structure characterized
S0c.2004 126, 16747-16749. _eavi ; ;

(22) Sherman, J. C.; Knobler, C. B.; Cram, DJJAm. Chem. Sod.991 113 by upper and lower A,B-cavitand trimers connected in a
2194-2204. staggered arrangement by six equatorial methylene bridges. The

(23) For semiquantitative estimation of the efficiency in the formation of self- ; ; . ; ;
assembling structures, see: Gibb, C. L. D.; Gibb, BJ.GGupramol. Chem. key feature is the set of three signals fofsHa major signal

2001, 39-52. (12H, Hycp corresponding to the equatorial enantiotopic meth-
12364 J. AM. CHEM. SOC. = VOL. 127, NO. 35, 2005
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Figure 3. Sections offH NMR spectra (400 MHz, CDGJ 300 K) of 5
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5¢(DMSO),

ylene protons, and two minor signals (6H eachsitdnd Hica

for the geminal diastereotopic pairs of the trimer subunits. The
high symmetry of the water complex (see Figures 2 and 3)
renders all of the inter-bowl acetals equivalent, while the lower
symmetry dry carceplex manifests two nonequivalent inter-bowl
acetals. The upper rim of the diastereotopic acetalg; @hd
Hacg is visible in the lower right drawing in Figure 3, as are
four of the eight equatorial acetals. The absence of splitting
between Hc./Hacsis because of weak coupling (small coupling
constant), which may arise as a result of torsional strain from
small O—-CH,—O bond angles (large di—C—Hacs angle)?*
Weak coupling between Jd/Hac3 was detected by long-range
COSY, while the HMQC spectrum confirmed thaicrnd Hics

are attached to the same carbon atom. An arrangement of twi
A,B-trimer subunits with eclipsing bowls can be ruled out
because four doublets of equal intensity fog:hvould be

expected. A host shell symmetry induced by a unique arrange-
ment of the DMSO guests can also be ruled out because only

one averaged DMSO environment is observed. Conjugation of
the phenolic oxygens into the bowl rings appears to be better

(24) Paudler, W. W.Nuclear Magnetic Resonance: General Concepts and
Applications Wiley-Interscience: New York, 1987; pp 14451.

in the low symmetry dry form, but the energy gain from binding
water molecules appears to offset the concomitant loss of this
conjugation.

MM2 calculations were performed on each conformation in
the presence and absence of the DMSO guests. The results
agreed with experimental observations: With the seven DMSO
guests, theCsz host conformation G° = 360 kcal/mol) is
predicted to be~15 kcal/mol more stable than the more
symmetricOy, counterpart G° = 375 kcal/mol). Without the
DMSO guests, the two conformations are predicted to be equal
in energy G° = 470 kcal/mol). We conclude that the main
driving force behind the host adopting the flat conformation is
the maximization of favorable hosguest (van der Waals)
interactions.

Host Dynamics.The flattened conformation fd&(DMSOY),
in sieve-dried CDGl is dynamic at 300 K and interconverts
with other degenerate flattened conformers. Exchange is detected
between the three signals for each set gf ., Hyn, and H in
2D ROESY spectra. We determined an average chemical rate
constantkenem of 6.4 s for the exchanging Hising 1D EXSY
experiments (see Supporting Informatiéhihis rate yields an
energy barrier of 16.5 kcal/mol for interconversion of degenerate
flat conformers (300 K, CD@). This energy barrier is inter-
preted largely as the steric and torsional strain encountered upon
rotation of the 24 Ar-O and O-CH; bonds of the 12 flexible
interbowl methylene linkages in a concerted fashion. Naturally,
reorientation of guests and the concomitant breaking of-host
guest and guestguest interactions may also contribute to this
energy barrier.

The conformational behavior described fo(DMSOY; is
unusual and was not reported for the structurally related
noncovalently linked resorcinarene and pyrogallolarene hex-
amers. Perhaps the hydrogen-bond stitching of the noncovalent
hexamers cannot withstand a flattened conformation. Related
dynamic host conformational processes have been observed for
smaller carceplexes (i.e., “twistomerisni®2®

Water Binding. In a recent paper, we reported the reversible
complexation of HO to the interior of three-cavitand carce-
plexes!” Here, we likewise report thab-guest reversibly
complexes HO, which affects the conformational mobility of
the host. Increasing the water concentration in GEXEB00 K
causes broadening and coalescence of the triplicate sets of host
resonances into single sharp signals for each §fHd. Hm,
and H in the 'H NMR spectra of5-(DMSOQOY); (Figure 3a-f).
Water saturation either drives the host into @p structure,
enhances interconversion betwe@s) structures, or drives a
pseudo©y, structure that interconverts rapidly.

The rate of exchange between the free and bound state for
water,5-(DMSO);*(H,O)x, wherex =1, 2, 3 ..., appears to be
fast on to the'H NMR time scale. We observe no bound water
signal in the'H NMR spectra, and the chemical shift of the

Ofree” H-0 signal is dependent on the concentration g©OH

in CDClz containing5:(DMSO); and trace amounts of 4,

(25) (a) Perrin, C. L.; Engler, R. E. Magn. Reson1991 49, 188-195. (b)
Naumann, C.; Rormg E.; Peinador, C.; Ren, T.; Patrick, B. O.; Kaifer, A.
E.; Sherman, J. @Chem:Eur. J.200], 7, 1637-1645. (c) Naumann, C.;
Patrick, B. O.; Sherman, J. Cetrahedror2002 787—798. (d) Naumann,
C.; Patrick, B. O.; Sherman, J. Chem:Eur. J.2002 8, 3717-3723. (e)
Naumann, C. Ph.D. thesis, University of British Columbia, 2001. (f) Brotin,
T.; Devic, T.; Lesage, A.; Emsley, L.; Collet, Zhem-Eur. J.2001, 7,
1561-1573.

(26) Chapman R. G.; Sherman, J. £.Am. Chem. Sod999 121, 1962~

J. AM. CHEM. SOC. = VOL. 127, NO. 35, 2005 12365
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Figure 4. DMSO methyl proton signals f&-(DMSO), in *H NMR spectra
(400 MHz, CDQCly, 300 K) at different HO concentrations. (a) #D:5-
(DMSO); = 16:1. (b) HO:5-(DMSO); = 140:1. (c) BO:5-(DMSQO); =
550:1. (d) BO:5:(DMSO); > 1000:1 (saturated). Downfield signais
DMSO methyls of5:(DMSOY); upfield signals= DMSO methyls of5-
(DMSO)+(H20)x.

H,O appears at 1.67 ppm, which is 0.13 ppm downfield from
H,0 in CDCk (1.54 ppm) withouts-(DMSO);. When several
equivalents of HO is added t&-(DMSO); in CDCl;, the HO
proton signal shifts toward 1.54 ppm. This concentration

No exchange is detected between the two bound DMSO
signals observed in CICl, spectra. However, as in CD&I
exchange between free and boungDHs rapid on théH NMR
time scale in CICl,, because only a single averaggdsignal
is observed. Intuitively, one would expect the exchange rates
between free and bound.& to be the same as the exchange
rates between bound DMSO H(DMSO); and 5-(DMSQO);
(H20)y, but this is clearly not the case. Indeed, one would expect
the Ao for bound/free water be larger than th& for bound
DMSO in5-(DMSOY, versuss:(DMSO);+(H20)x, and thus one
would expect the DMSOs to coalesce before the waters. The
opposite is observed. A plausible explanation is that the two
species observed differ by the presence of several waters. The
loss or gain of single BD molecules appears to be fast, while
the loss or gain of several Bs is slow on the NMR time
scale?® It is unclear why this effect is unique to GOl..

Guest Orientation and Mobility. The IH NMR chemical
shifts of the bound guest signals can give information regarding
the orientation of the guest within the host shell. For most
carceplexes and hemicarceplexes, the inner phase is highly

dependence was not observed when water was added to a sievehielding and the difference between the chemical shifts of free

dried CDC} blank or a solution containing A,B-trime. The
upfield shift for bound HO is typical of incarcerated guests,
including bound water in a three-cavitand carcepléxThe
number of watersy, in 5-(DMSO);-(H20)x is not known, nor

and bound guestsAQ) is large??2%30 Bound DMSO in
5-(DMSO); comes at 0.59 ppm (CDgl and possesses the
smallestAd (1.87 ppm) of any DMSO-containing carceplex.
Ao values for DMSO in other carceplexes and hemicarceplexes

do we know how many water species are in exchange (vide 'aNge from 2.52 to 3.70 ppAt:22The methyl protons of bound

infra).

The rapid exchange between free/bound water is not surpris-

ing, because the host shell {DMSO); is more porous than

DMSO probably spend less time oriented into the highly
shielding bowls in the more spacious cavitysefDMSOY); than
in smaller two- or three-bowl carceplexes. Although low-

smaller two- and three-cavitand carceplexes. Exchange betweeriemperature NMR spectroscopy was used to probe the mobility

free and bound kD for a three-cavitand carceplex is slow on
the NMR time scalé? H,O probably enters through the 16-

membered ring holes at the bottom of one of the three cavitand in CDC,

subunits. Cram suggested thai®H(or D,O) may pass through
similar such holes in the protonation of amine guests within a
small two-cavitand hemicarcepl@kFor 5-(DMSOY),, the pas-

and preferred orientations of the DMSO guests in the host cavity
for 5-(DMSQY; in sieve-dried and bD-saturated CRCI, and
complex spectra precluded any definitive conclusions.
Heterogeneous Guest MixturesWe conducted carceplex
reactions in other neat solvents as well as in mixed solvents
and analyzed the products formed Hy NMR spectroscopy

sage of water through the host likely occurs through the eight and MALDI mass spectrometry. Mixtures of carcepteguests
large 30-membered ring holes between each set of threewere obtained from the mixed solvents DMSO:DMF and

interconnecting cavitand subunits.

The chemical shift of bound DMSO methyl protons is also
dependent on the J@ concentration. In sieve-dried CD{I
bound DMSO in5:(DMSOY); appears at 0.59 ppm. A downfield
shift to 0.65 ppm was observed upon addition gOHAL all
H,O concentrations, only a single bound DMSO signal is
observed, which suggests that bound DMSO%-{DMSO);
and5-(DMSO);+(H,0) are in fast exchange or have coincidental
chemical shifts. This is consistent with fast exchange gdH
(vide supra).

H0O also binds t&b-(DMSOY); in nitrobenzeneds, pyridine-
ds, and tetrachloroethylengy; with the most interesting behavior
occurring in CBCl,. In contrast to the single signal observed
for bound DMSO in most solvents, two signals are observed in
sieve-dried CBCly, one at 0.67 and one at 0.59 ppm (Figure
4a). As the HO concentration is increased, the major signal
(0.67 ppm) decreases in intensity while the minor signal
increases. Both signals also shift downfield. IpCHsaturated
CD,Cl;, only one DMSO guest signal appears, which corre-
sponds to the hydrated spec2éDMSO);-(H,0)« (Figure 4d).

(27) Cram, D. J.; Tanner, M. E.; Knobler, C. B.Am. Chem. Sod.991 113
T717-7727.

12366 J. AM. CHEM. SOC. = VOL. 127, NO. 35, 2005

DMSO:DMA (dimethylacetamide); individual carceplexes dif-
fering by the composition of entrapped guests could not be
separated by conventional chromatography, but product ratios
could be detected bjH NMR (vide infra). With those three
solvents/guests/templates, the host cavity of carceplpxests
was observed to have a high affinity for only seven-molecule
templates. Carceplexés(DMSO);, 5-(DMSO)-DMF, and5-
(DMSO)-(DMF), were obtained from DMSO:DMF (1:1), while
5-(DMSOQY);, 5-(DMSQ)-DMA, and5-(DMSQ)s-(DMA) , were
obtained from DMSO:DMA (1:1) solvent. No carceplexes were
obtained from reactions in neat DMF or DMA. For the two
mixtures above, MALDI MS identified the three products, and
the two new compounds were differentiated by NMR integration
(6:1 versus 5:2 ratios of guests). See the Supporting Information.
Templation Study. Template effects in the formation of
carceplexes by suitable guests can be easily evaluated from the

(28) CDxCl; solvent entering the host cavity was ruled out based on the absence
of a signal for bound CECI, or CH,Cl, and analysis of CPK molecular
models, which suggest that GDI, is too large to squeeze through the
small openings in the host shell.

(29) Cram, D. J.; Tanner, M. E.; Knobler, C. B.Am. Chem. S0d.991, 113
T717-7727.

(30) Yoon, J.; Sheu, C.; Houk, K. N.; Knobler, C. B.; Cram, DJ.JOrg. Chem.
1996 61, 9323-9339.
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Table 1. Template Ratios for 5:[(DMSO)x(DMF)-x] and Conclusions
5:[(DMSO)y(DMA)7-»)?
TRry The challenge of producing a sufficiently rigid, small-pored,
carceplex G — DME G — DVA large container molecule such as a six-bowl carcef@ex
5-(DMSO), 230 12 (DMSOY), vessel has been met. Carcepeguests demonstrates
5-(DMSO)+G 52 4 permanent entrapment of the largest number of guests for such
5:(DMSO)-G 8 1 a container molecule. Notable large nonpermanent encapsula-
5/(DMSQ)-Gs 1 tions are the 18 methanol molecules that may reside in Atwood's
2[DMF] = 6.04 M, [DMA] = 5.37 M, [DMSO] = 7.04 M. TR;y = hexamet! and Fujita’s nano-bow! dimer cage which binds six

template ratio for a seven-molecule template versus another seven-moleculecis-stilbene molecule¥ The synthesis o6+(DMSO); holds
e oo S ol ProMise for_designing large covalently bonded molecular
(i.e., COCHs signals) hidden under the DMSO methyl proton resonances. containers having tailored sizes and well-defined structures. The
host's baleen-like ability to entrap larger guests (e.g., DMSO)
permanently and smaller guests (e.g., water) temporarily may
product ratios determined via competition reactions in the paye ramifications for future work involving innermolecular
presence of two or more competing templates (guests). Thereactions® As supramolecular chemistry keeps ever an eye on
determination of template effects for carceplexes is greatly piomimicry, it is noteworthy that such control of substrate entry
facilitated by the fact that they are permanently “tagged” with g egress is the hallmark of cell membranes. In addition,
their templates, which eliminates the need to isolate reaction delivery devices for larger molecules (e.g., drug-sized), which
intermediates and determine individual rate constants. Templatere|y on long-term storage, are brought one modest step closer
effects by single-molecule guests in the formation of carceplexesq fryition.
and hemicarceplexes have been studied in some detle
recently reported the first study involving multiple-molecule
templates in the formation of a container molecule species (i.e.
carceplex) involving £3 molecule templates®

Template ratios for competing seven-molecule templates

The formation of carceple®-(guests) was shown to be
driven by a seven-guest multiple-molecule template effect. The
"observed selectivity is unexpectedly and immeasurably high,
in favor of a template of specific molecularity. The remarkable
| ; ) i selectivity for the statistically unfavored seven-molecule tem-
(TRy7) in the formation of5:(DMSO)c G-y for reactions in - y|5te5 over templates with other molecularities may arise from
DMSO:G (G= DMF or DMA, Table 1) were evaluated Ry, each of the six bowls binding one guest with enough room in

valugs are calculated similarly to other pr_e_viously rt_apprted the center of the forming host cavity for a seventh. The
multlpl_e-rr_1olecuIeTR,l7b except that an addltlo_r_la_ll statistical selectivity of DMSO over DMF or DMA is also marked, as
facto_r is included to account _for _the probabilities for each o template ratio for (DMSQ)versus (DMF) or (DMA)-
possible seven-molecule combination for a 2-guest system. FOr., 0t even be measured. The seven-molecule templates already

5'(DMSO)XfG(7‘X)’ the tgmplating .ability for seven-molecule begin to blur the distinction between template effects and solvent
templates increases with increasing numbers of encapsulatecbffects

DMSO molecules, as carceplexes with four or more DMFs or

DMAs are not even observed. For such a roomy container, and  Acknowledgment. We thank the NSERC, PRF, and NIH for
for guests of such similar size, shape, and polarity, this financial support of this work. We would also like to thank
selectivity is remarkable. DMSO is likely a better guest than Naveen Chopra for providing the characterization of A,B-diol
DMA or DMF because its interactions with the bowl subunits 2,

are more favorable during the formation of the host shell. This

is also consistent with the reports that DMSO is a superior ~ Supporting Information Available: Details of all of the
template to DMF and DMA in two- and three-bowl carceplexes experiments. This material is available free of charge via the
(one and three guest templates, respectiveR¥Guest-guest Internet at http://pubs.acs.org.

interactions ar_1d desolvation are also likely to play a role in the JA0520621

thermodynamics of the template effects.
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