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Abstract: Studies on the different congeners of the softball were undertaken to explore structural variants for
enantioselective encapsulation. Two different spacer elements in the monomeric subunit render the dimeric
softball chiral although the monomer itself is achiral. The dimers represent capsules with dissymmetric cavities
with volumes ranging from 190 to 390%AThe cavities are distorted spheres, and asymmetric guests, such as
naturally occurring terpenes, generally prefer one enantiomer of the capsule to its mirror image. The selectivities
are moderate (up to 4:1). The complexation studies show that the host capsules are flexible enough to arrange
themselves comfortably around a guest but still maintain enough rigidity to be influenced by the occupancy
of a chiral guest. The enantiomeric capsules can interconvert (racemize) by dissociation and recombination of
their subunits.

Introduction create a receptor that completely surrounds its target. This
defines, of course, a molecule within a molecule, one of the
emerging tools of modern physical organic chemistry. They
provide chambers that stabilize reactive intermedidteveal

new forms of stereoisomeristf,accelerate reactiods,and
probe the intrinsic characteristic of the liquid st&eThis
research was undertaken to invent and evaluate molecule-within-
molecule complexes that feature dissymmetric cavities.

Rigid structures are typically associated with selective
recognition, so that carcerands and cryptophanes, held together
by covalent bonds, would seem to have an advantage for
enantioselectivity. These molecular hosts show high energetic

arriers to guest exchange and often require forcing conditions
to equilibrate; only modest selectivities have been seen. The
_ : use of weak intermolecular forces instead of covalent bonds
25&))_ ((g)) gr";r‘;'glfg'fb?g;&r;b&wg;. ‘]B‘]e'rfg]s;g%g,e?is.s?g%ﬁrigﬂi, for assembly of the receptor imparts reversibility to the guest-
R.; Dossena, A.; Impellizzeri, G.; Maccarrone, G.; Marchelli, R.; Rizzarelli, exchange prpces& a pI.’OCESS that we call encapsu%&ﬁbWe
E.; Sartor, G.; Vecchio, GJ. Am. Chem. Socl994 116 10267. (d) found that dissymmetric spaces were also accessible through
Armstrong, D. W.; Ward, T. J.; Czech, A.; Czech, B. P.; Bartsch, RLA.  assemblies held together by weak intermolecular forces. Guest
Org. Chem.1985 50, 5556. enantioselectivity was possible even with the flexibility inherent

(2) (a) Helgeson, R. C.; Koga, K.; Timko, J. M.; Cram, D.JJ.Am. ) . ; .
Chem. Soc1973 75, 3021. (b) Curtis, W. D.; Laidler, D. A.; Stoddart, J.  iN such systems. Moreover, stereochemical information was

Enantioselection has always been a motive of molecular
recognition. So many different chiral receptors have been
examined that another version might be hard to justify:
Cyclodextrins} crown etherg, cryptophanes$, cyclophanes,
carcerand§,basket$, and even some structures that are not
macrocycli¢ have all been worked over. These structures often
have high symmetries, and the cavities, when they do have
cavities, are not particularly asymmetric. The enantioselectivity,
particularly with neutral targets, leaves something to be deS$ired,
and we have kept an inner eye on the problem. As our early
work with cleft-like structures became more sophisticated and
the concave receptors made contact with an ever-increasin
fraction of the convex targets’ surfaces, it appeared feasible to

F.; Jones, G. HJ. Chem. Soc., Perkin Trans.1B77 1756. (c) Lehn, J. shown to flow from the host to the guest and vice versa.
M.; Sirlin, C. J. Chem. Soc., Chem. Commu®78 949. (d) Galan, A,
Andreu, D.; Echavarren, A. M.; Prados, P.; de Mendozd, Am. Chem. (9) (@) Cram, D. J.; Tanner, M. E.; Thomas, A&gew. Chem., Int. Ed.
Soc.1992 114, 1511. Engl. 1991 30, 1024. (b) Warmuth, RAngew. Chem., Int. Ed. Endl997,
(3) (a) Collet, A.Tetrahedron1987, 43, 5725. (b) Costante-Crassous, 36, 1347.
J.; Marrone, T. J.; Briggs, J. M.; McCammon, J. A.; ColletJAAm. Chem. (10) Timmerman, P.; Verboom, W.; van Veggel, F. C. J. M.; van
So0c.1997 119 3818. Duynhoven, J. P. M.; Reinhoudt, D. Nngew. Chem., Int. Ed. Endl994
(4) (a) Petti, M. A.; Shepodd, T. J.; Barrans, R. E.; Dougherty, DJ.A. 33, 2345.
Am. Chem. Socl988 110, 6825. (b) Georgiadis, T. M.; Georgiadis, M. (11) Kang, J.; Rebek J., JNature 1997, 385, 50.
M.; Diederich, F.J. Org. Chem1991, 56, 3362. (c) Webb, T. H.; Suh, H.; (12) Meissner, R.; Garcias, X.; Mecozzi, S.; Rebek J.JJAm. Chem.
Wilcox, C. S.J. Am. Chem. Socl991 113 8554. (d) Hayashida, O.; Soc.1997 119 77.
Matsura, S.; Murakami, YTetrahedron1994 50, 13601. (13) For a comparison between covalent bond and self-assembly-directed
(5) Chiral recognition with hemicarcerands: (a) Yoon, J.; Cram, D. J. synthesis, see: (a) Whitesides, G. M.; Mathias, J. P.; Seto, Sci€nce
J. Am. Chem. S0d.997, 119 11796. (b) Judice, J. K.; Cram, D.J.Am. 1991, 254, 312. (b) Langford, S. J.; Pez-Garca, L.; Stoddart, J. F.
Chem. Soc1991, 113 2790. Supramol. Cheml1995 6, 11.
(6) Hong, J.-I.; Namgoong, S. K.; Bernardi, A.; Still, W. Z.Am. Chem. (14) For additional examples of chirality through self-assembly: (a)
Soc.1991 113 5111. Brienne, M. J.; Gabard, J.; Leclercq, M.; Lehn, J. M.; Cesario, M.; Pascard,

(7) Miscellaneous chiral receptors: (a) Jeong, K.-S.; Muehldorf, A. V.; C.; Cheve, M.; Dutruc-Rosset, Getrahedron Lett1994 35, 8157. (b)
Rebek, J., JiJ. Am. Chem. S0d4.99Q 112 6144. (b) Famulok, M.; Jeong, Bilyk, A.; Harding, M. M. J. Chem. Soc, Chem. Comma®95 1697. (c)

K.-S.; Deslongchamps, G.; Rebek, J. Alngew. Chem., Int. Ed. Endl99], Sanchez-Quesada, J.; Seel, C.; Prados, P.; de MendodaAin. Chem.

30, 858. (c) Yoon, S. S.; Still, W. C1. Am. Chem. S0d.993 115, 823. (d) Soc.1996 118 277. (d) Simanek, E. E.; Qiao, S.; Choi, I. S.; Whitesides,

Borchardt, A.; Still, W. CJ. Am. Chem. Sod.994 116, 7467. G. M. J. Org. Chem1997, 62, 2619. (e) MacGillivray, L. R.; Atwood, J.
(8) Webb, T. H.; Wilcox, C. SChem. Soc. Re 1993 383. L. Nature 1997, 389, 469.
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Figure 2. First generation of chiral softballs; (a) dimerization breaks
up the plane of symmetry; (b) molecular model of the dimer; the red
and green colors represent the two different glycolurils in the spacers
S and S (Some hydrogens and other atoms have been omitted for
clarity).

Figure 1. Original softball; (a) structural depiction of the monomer
overlaid on a cartoon depiction showing the planes of symmetry in the
monomer; (b) molecular model of the dimer (Some hydrogens and Figure 3. Second generation of chiral softballs; (a) dimerization breaks
groups have been omitted for clarity; colors: red, oxygen; blue, up the plane of symmetry; (b) molecular model of the dimer; the red
nitrogen; orange, carbon). and green colors represent the two different spacers S afSlothe
hydrogens and other atoms have been omitted for clarity).

The first examples of chiral capsules formed through self-
assembly were used to study the dynamics of assembly and gueshe same subunit, the monomer still maintains one plane of
exchange in the “tennis balt® In these, the capsule was symmetry and is achiral, but dimerization of the achiral
desymmetrized by adding external stereogenic centers that didmonomer reduces the symmetry taCa symmetry axis, and
not alter the shape of the roughly spherical cavity. Calixarene the capsule becomes chiral (Figure 2). The dimeric assembly
dimers functionalized with chiral groups on their peripheries exists as a racemic mixture of two enantiomeric capsules when
were the next stop on this journéy These external groups  the guests inside are symmetrical. The enantiomers can and do
controlled the clockwise or counterclockwise orientation of the jnterconvert by dissociation and recombination of the subunits.
ureas that hold the capsule together and created a chiral liningas was the case in the tennis ball, this first generation of chiral
fc_)r the cavity. Such capsules s_howed modest enantioselectivegqftpalls used two different glycolurils (& S, Figure 2). The
binding. We_ also prepared a chlral capsule by the.self-assemblycapsule has a chiral surface but an achiral cavity for all practical
of four optically active subunit§. The tetrameric capsule  ,,hoses. The asymmetric information was too far from the
showed a special affinity for small ketones and was able 0 g st for steric or electrostatic interactions, and only the
discriminate between their enantiomers in solution. magnetic interactions were influenced as demonstratetHby
NMR.2® Accordingly, no enantioselectivity was observed in the
encapsulation of chiral guests.

For access to a larger and inherently chiral cavity, we took  changes in the spacers of the subunits were required to move
the “softball” as our starting point. The original softball (Figure e chirality into the cavity where the molecular recognition
1) assembles throu.gh self-pomplementary.hydrogen-bonlding,[akes place. But would the changes compromise self-comple-
between the_subu_nlts gnd It exists as a hlghly symgféncal, mentarity? Certain elements of self-recognition, such as the
izsﬁnur(rjnc’:é) ?r%rrlr?%glr:gi;sn;;:soerggﬁltg I;/v(\?oog?::g:ssoc;héymrﬁetry hydrogen-bond acceptors in the ce_ntral bicycli_c unit and their

complementary donors on the terminal glycolurils, are required

(P1, P, in Figure 1) since both spacers (S) connected to the . . -

centerpiece are identical. The planes of symmetry are conserved" &MY version .Of the _softball. Fortunately, the dimer tolerat(_as

in the dimeric assembly. When different spacers are used in Some diversity in the size of the spacers between the centerpiece
' and the ends, and these were systematically varied. Therefore,

Chiral Softballs

(15) Szabo, T.; Hilmersson, G.; Rebek, J.,JrAm. Chem. Sod.998 the dimeric capsules were formed having chiral surfaces and,
120 6193. i i iti i

(16) Castellano, R. K.; Nuckolls, C.; Rebek, J., JrAm. Chem. Soc. .mo.re importantly, chiral CaVIt.IeS (Figure 3b). Th? p§GUdOSphere
1999 121 11156. inside becomes somewhat distorted, and the chirality of the host

(17) Nuckolls, C.; Hof, F.; Mafh, T.; Rebek, J., JJ. Am. Chem. Soc. can be in direct contact with the guest in steric and electrostatic
1999 121, 10281. senses.

(18) For recent reviews see: (a) Rebek, J.Clrem. Soc. Re 1996
255. (b) Rebek, J., JRure Appl. Chem1996 68, 1261. (c) Conn, M. M,;
Rebek, J., IrChem. Re. 1997, 97, 1647. (19) Tokunaga, Y.; Rebek, J., I. Am. Chem. S0d.998 120, 66.
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Figure 4. Different spacers used in the construction of the softballs.
Scheme 1. Synthesis of Spacers through the Unprotected Method
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Results The protected glycoluril strategy usg@methoxy benzyl

groups (PMBS) in the synthesis of the two smallest spat&rs
b (Scheme 3). Di-PMB glycoluril 126 was alkylated with tetra-
(bromomethyl)ethylen&2?7 to give dibromidel3. Deprotection
using ceric ammonium nitrate (CAN) followed by alkylation
of the di-BOC-protected hydrazine gatb in 38% combined
yield. For the isomerida, the 2,3-bis(iodomethyl)-1,3-butadiene
15?8 was employed in the first alkylation. The resulting diene
16 was deprotected using CAN then treated withedi-butyl
azodicarboxylate in a hetero-Diel#&\lder reaction. This gave
lain 45% combined yield.

The Centerpiece.The centerpiece synthesis is depicted in
Scheme 4. The first unsymmetrical monomers were prepared
using the symmetric tetraeste4b,2%-30prepared in eight steps,

; 0 el . . .
formed it into the dibenzyl ethe?. Treatment of7 with \;Vétr};.ég/ gf()\t/e:)al(lﬁllerd;n:'r;:sae::%;;rsoacg,én\;olr\g_ngt:] srzqtlqu(;r:tlags
butyllithium in the presence of TBDMS-protected 3,4-hy- yiat wo di P » gav Ixtu w

droxymethyl furan 824 gave the Diels-Alder adduct9 in (24) This compound was prepared in two steps from comercially available

. . - LN 25 3,4-dimethyl furan dicarboxylate, by reduction with LiAJHollowed by
moderate yield. Reduction o9 with Ti(0)* followed by protection with TBDMSCI. For details, see: (a) Jenneskens, L. W.;

treatment of10 with HBr(g) afforded the tetrabromid2e in Kostermans, G. B. M.; ten Brink, H. J.; de Wolf, W. H.; Bickelhaupt,JF.
61% combined yield. Chem. Soc., Perkin Trans. 1985 2121. (b) Atasoy, B.; Ozen, R.
Tetrahedronl997 53, 13867. (c) Anderson, W. K.; Dewey, R. H. Med.
(20) Meissner, R.; Garas, X.; Mecozzi, S.; Rebek, J., Jr.Am. Chem. Chem.1979 22, 1270.

Synthesis. The Spacerslhe synthesis of the unsymmetrical
monomers involves the attachment of structures sketched in
Figure 4 (La—e) to a constant centerpiece. Structutesewere
prepared from unprotected glycolurils. First, alkylation of di-
tert-butyl hydrazodicarboxylate with one of the tetrabromides
2c—e, gave hydrazide8c—e.2° Then, in a second alkylatios,
was treated with the glycolurid to give 1c—e (Scheme 1¥!

Although there are various synthetic routes to tetrabromom-
ethylnaphthalen@e, they are not suitable for the preparation
of multigram quantitie23® Instead, we developed the route
depicted in Scheme 2. Treatment of 1,2-dibromo-4,5-dimethyl-
benzene?® with NBS and benzoyl peroxide gave the tetrabro-
mide 6. Nucleophilic substitution o with benzylate trans-

Soc.1997 119, 77. (25) Huang, N. Z.; Xing, Y. D.; Ye, D. YSynthesis1982 1041.

(21) (a) Kang, J.; Rebek, J., Mature 1996 382 239. (b) Kang, J.; (26) Rivera, J. M.; Mafn, T.; Rebek, J., JiJ. Am. Chem. Sod.998
Rebek, J., INature1997, 385 50. (c) Kang, J.; Hilmersson, G.; Santafaari 120 819.
J.; Rebek, J., JrJ. Am. Chem. Socl1998 120 3650. (d) Kang, J; (27) Cope, A. C.; Kagan, RI. Am. Chem. S0d.958 80, 5499.
Santamada, J.; Hilmersson, G.; Rebek, J., JrAm. Chem. Sod998 120, (28) Diiodo 15 decomposes rather quickly in solid state. To overcome
7389. this problem15 was prepared immediately before the coupling, following

(22) (a) Otsubo, T. A., Y.; Ogura, F.; Misumi, S.; Kawamoto, A.; Tanaka, the procedure by: Hamon, D. P. G.; Sparr, PSignthesid981, 873. The
J.Bull. Chem. Soc. Jpri989 62, 164. (b) Otsubo, T.; Ogura, F.; Misumi, corresponding dibromide, prepared by a zitopper couple-induced
S.Tetrahedron Lett1983 24, 4851. (c) Rieke, R. D.; White, K.; McBride, debromination, is more stable thas and can be used. For more details,
E. J. Org. Chem1973 38, 1430. see: Gaoni, Y.; Sadeh, 3. Org. Chem198(Q 45, 870.

(23) This compound was obtained frooaxylene, by aromatic bromi- (29) (a) Meissner, R.; Garcias, X.; Mecozzi, S.; Rebek, J.J.JAm.
nation as described by: Ashton, P. R.; Girreser, U.; Giuffrida, D.; Kohnke, Chem. Soc1997 119, 77. (b) Tokunaga, Y.; Rudkevich, D. M.; Rebek, J.,
F. H.; Mathias, J. P.; Raymo, F. M.; Slawin, A. M. Z.; Stoddart, J. F.; Jr. Angew. Chem., Int. Ed. Endl997, 36, 2656.

Williams, D. J.J. Am Chem Soc 1993 115 5422. (30) Rivera, J. M.; Mafh, T.; Rebek, J., JiSciencel998 279 1021.
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Scheme 3. Synthesis of Spacers through the Protected Method
9 j)\ H{ .BOC
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Scheme 4. Synthesis of the Unsymmetrical Activated Tetraester
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2 COtBu  2days 2 2 2 2
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DCCI, TCPOH 1) TFA, anisole,
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> 2) DCCI, CgFsOH
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TCP = 2,4,5-trichlorophenyl 24a Ar=TCP
94% 24b Ar = C6F5

23

difficult to purify. Subsequently, we devised a synthesis of the
unsymmetrically substituted activated tetrae2éa This started
from dimethyl acetylenedicarboxylate (DMAD) and furan,
which undergo Diels Alder cycloaddition. The produd8was
hydrogenated and then deoxygenated with Ti(0) to afffrth
63% overall yield®? Reaction of dieste20 with commercially
available ditert-butyl acetylenedicarboxylate afforded unsym-
metrical tetraesteRl after 2 days in 67% yield (based on
recovered0). Selective saponification of the methyl esters using
lithium hydroxide provided diacid dieste22 in 89% yield.
Steglich esterification with trichlorophenol gaa3 in 94%
yield.33 Acidic deprotection followed by a second Steglich
esterification with pentafluorophenol provided unsymmetrical
activated tetraestet4ain excellent (34%) overall yield.
Deprotection of one of the spacefisa—e using HCI(g)
followed by reaction with 1 equiv oR4a gave the “half-
monomer-diesters” (Scheme 5). The resulting diesters could be
further reacted in “one pot” with a different previously depro-
tected spacet®34 Alternatively, the intermediate could be
isolated; this had the advantage of requiring only about half
the amount of the second deprotected spacer. Preparation o

(31) (a) Meissner, R.; Garcias, X.; Mecozzi, S.; Rebek, J.JJAm.
Chem. Soc1997 119 77. (b) Tokunaga, Y.; Rudkevich, D. M.; Rebek, J.,
Jr. Angew. Chem., Int. Ed. Engl997, 36, 2656.

(32) The synthesis d20 was reported previously by: (a) Huang, N. Z.;
Xing, Y. D.; Ye, D. Y. Synthesis 982 1041. (b) Beerli, R.; Rebek, J. J.
Tetrahedron Lett1995 36, 1813.

(33) Hassner, A.; Alexanian, Vletrahedron Lett1978 19, 4475.

98%

dihydroxy monome31 required an additional step, the dem-
ethylation of28 using AICk in methylene chloride (43% vyield).

Characterization of the Dimers. In solvents that are not
good guests, that is, chloroforth-methylene chlorideh, and
p-xylened;o, none of the monomer26—31 gave well-defined
dimeric assemblies as revealed by their broadéeitdMR
spectra. In solvents that are good guests such as bedgzene-
toluenedg the spectra showed sharp signals and the downfield
N—H resonances characteristic of dimeric assemblies (Figure
5).

Encapsulation studies with chiral guests (Chart 1) showed
the formation of diastereomeric complexes. Figure 6 shows the
IH NMR spectrum ofg20@2626, which is representative of
all of the other encapsulation complexes: each diastereomer
shows four N-H peaks, and the signals for the guests inside
are doubled. The choice gkxylened;o in the encapsulation
studies has to do with its size: one molecule of solvent is
generally too small, and two are too big for the cavity. This
prevents the formation of stable solvent-filled complexes. In
%he case of the smallest monon2&; one molecule op-xylene-
dhois of the appropriate size (vet 118 A3, packing coefficient

(34) The compound25—27 and 29—31 were obtained together with
their corresponding geometrical isomers, which were separated by chro-
matographic methods. For more details, see: (b) Rudkevich, D. M.; Rebek,
J., Jr.Angew. Chem., Int. Ed. Engl997 36, 846. (c) Tokunaga, Y.;
Rudkevich, D. M.; Rebek, J., JAngew. Chem., Int. Ed. Engl997, 36,
2656.
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Scheme 5. Final Coupling in the Preparation of the Monomers
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T 1
1 0

(PC)= 0.61F° and competes very effectively with any added
guests. Accordingly25 behaved like the other monomers in

aromatic solvents, but no encapsulation complexes were ob-

served using-xylened;o containing a variety of guests of the

appropriate size and shape. Encapsulation attempts in chloro

form-d and methylene chloridd, were also unsuccessful.
The diastereomeric excesses (de’s) for complgRE€§D27¢27

and g20@3131 were measured at various temperatures, and

the factors governing the diastereoselectivities. Nevertheless,
making meaningful comparisons between the selectivities
displayed by different capsules is risky business: a change of
spacer alters not only the size and shape of the cavity, but also
the electronic properties of the lining of the host in contact with
the guest (Figure 8a). At the same time, alterations in guest
size necessarily come with other functional and stereochemical
changes. Only comparisons between minimally perturbed
systems are in order, and we limit ourselves to those. For
example, comparisons betwe26 and 27 are relatively safe:

the changes are mainly in the size and shape of the cavities,
while the electronics should be very similar. With capsules
26026 and 2727 and using pinane derivatives, we see a trend
of increasing selectivities as the PC increases, with a maximum
selectivity being attained with the largest guest of the series
g20. Selectivities are also higher with the smat&s26 where
more contacts between the guest and the inner surface are

‘expected. Pinangl6gives an induction of 16%, and an addition

of a hydroxyl group at the tertiary carbogl(?) increaseshe
selectivity by 4%. A hydroxyl group on the neighboring
secondary carbory( 8 decreasethe selectivity by 6% instead.

these results are plotted in Figure 7. The following equations assyming these figures are outside the experimental error, they

can be extracted: fog20@2727, de = —0.10T + 31; for
g20@31e31, de= —0.54T + 63. Assuming that both complexes
have a linear behavior at all temperaturg80)@31¢31 should
reach de= 100% at—68 °C whereagg20@2727 reaches the
maximum de of 58% only at-273°C.

Discussion

exemplify the exquisite selectivity that these systems have to
offer.

With camphor derivatives of a approximately constant size,
the PC range is narrower than with the pinane derivatives
described above. Oxidation of the methylene group alpha to
the carbonyl §2) in camphorgl decreases the selectivity by
5%, but oxidation of the bridgehead methyl to a carboxyl group

“When the guests themselves are chiral, the assemblies argg5) abolishes all of the selectivity. If the carbonyl group in
diastereomeric, and the populations of the two diastereomerscamphorgl is reduced, the selectivity drops regardless of the

will be determined by whatever molecular recognition exists

stereochemistry of the resulting alcohgB( g4).

between the space inside the host and the shape and functionality e hydroxyl groups ir81 were expected to increase the
of the guest.The guest structures and their respective volumessnantioselectivity of a given guest relatived Our rationale

are given in Chart 1. Table 1 gives the de’s observed and the

was that increasing the number of hydrogen-bonds from eight

packing coefficients (PCs) calculated from the guest volumes ;1 +valve would generate a more rigid (i.e., pre-organized) and

and the cavity sizes of the various capsules. The latter figures

are given in Table 2.

Encapsulation studies for molecu28—27 and29—31 with
the chiral guests were intended to yield information regarding

(35) Packing coefficient or PC is defined as the ratio of the volume of

the guest molecule divided by the volume of the empty cavity of the capsule.

stable capsule. The hydroquinone spacer forms an additional

four hydrogen bonds when compared to the other capsules. In

benzeneds 31 shows sharpH NMR signals, and the downfield
N—H and O-H resonances are characteristic of dimeric
assemblies. There are six signals betwée®30 ppm andd
9.11 ppm, which correspond to the fourd and two hydroxyl
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Chart 1. Chiral Guests Used in Encapsulation Studies and Their Voltimes

Camphor Derivatives Pinane Derivatives
(0] 3
3 O 145 A
% 161 A S 178 A3 (o 158 A3 O?%/
g1 6 OoH N 915
% 9 0=5;
: O <L
o 160 A®
;& 164 A3
o g16
g2
194 A3
169 A3
OH
Z@ 168 A% Mgz
g3 & 169 A3
205 A3 HO g18
168 A® O
OH 170 A3
g4
OH g19
;& 168 A3 226 A3 yK 176 A3
o) o) HO
OH 0 OH
g5 g10 g14 g20
A Table 1. Diastereomeric Excesses for Chiral Softballs as a
sl e e Y e M Function of Different Guests at 295K
_ guest PC de (%) guest PC de (%)
“ il | 9@26:26
i | [l | glc 0.70 17 gl6P 0.69 16
- o g2¢ 0.71 12 g17p 0.73 20
_ _Ijl L W 03¢ 0.73 8 18P 0.73 10
LW
; : : : . ; : ; . — . gac 0.73 8 g19° 0.74 29
e 8 7 & 5 4 3 2 Too g5°¢ 0.73 0 g20° 0.76 35
Figure 6. 'H NMR spectrum at 600 MHz inp-xylened;o of g15° 0.63 0
g20@2626. The insets show the expanded regions corresponding to g@27-27
the NH groups of the host (left) and one of the methyl groups of the g1 0.67 12 g19°r 0.71 19
guest inside the cavity (right). g2°¢ 0.68 6 g20° 0.73 32
g15° 0.60 0
55 -
g@31:31
gle 0.66 6 g19° 0.70 7
50 g2¢ 0.67 3 g20° 0.72 50
g15° 0.59 7
45 4 9@29-29
glc 0.54 - gl2c 0.65 44
40 4 g7° 0.61 34 gl4c 0.75 -
35 | g9° 0.61 56 g19°r 0.57 -
glo0° 0.63 0 g20° 0.59 -
glie 0.63 60
30 4
g@30-30
g6° 0.46 b gl1c 0.49 0
25 4 g7°¢ 0.47 6 gl2c 0.50 -
g8° 0.47 - gl3c 0.53 -
20 , ) : , , g9°c 0.47 - g14c 0.58 36
20 30 40 50 60 70 g10° 0.49 44 g20° 0.45 -
temperature (°C) 2p = pinane derivatives; &= camphor derivatives. The de values
Figure 7. Diastereomeric excess g§20@2727 (square) ang20@31s31 have an estimatett 2% error. PC= vol guest/vol cavity ® Insoluble

(diamond) as a function of temperature. in p-xylenedio.

groups making hydrogen bonds. The capsules also had anfew days3® Contrary to our expectations, the selectivities were
increased kinetic stability: Initially the diastereomeric com- decreased relative t87, at approximately half of its values.
plexes were in a 1:1 ratio, but reached equilibrium only after a The exceptions wergl5 and g20. These examples serve to
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Table 2. Volume Values for the Cavities of Various Chiral Table 3. Thermodynamic Data for Selected Compléxes
1
Softballg K “AG, K'a CAG:
capsule cavity vol (A) guest (MY (kcal moft) (M~ (kcal molt)
2525 190 g@26#26
26426 230 gl 420 35 300 3.3
2727 270 g2 310 34 250 3.2
3131 270 gl5 290 3.3 270 3.3
2%29 300 g19 300 34 170 3.0
3030 390 g20 390 35 190 31
g@2%27
gl 1100 4.1 870 4.0
g2 960 4.0 850 4.0
gl5 630 3.8 620 3.8
gl9 1200 41 800 3.9
g20 810 3.9 420 3.5

a Abbreviations: K, apparent association constantsAG°, free
energies of formation ip-xylened;o at 295 K.

between the guest and a phenyl ring or a double bond of the
host should be different, but the electronic environments in the
cavities are of greater effect than expected.

Table 3 summarizes some thermodynamic parameters for
selected guests i26e26 and 2727. The more rigid (i.e.,
preorganizedy capsule27.27 shows binding constants consis-
tently higher than2626, an average 0.6 kcal midi for the
predominant diastereomers (A) and 0.7 kcal Tdlor the
subordinate diastereomers (B). In other words, the degree of
selectivity has no clear correlation with the magnitude of the
binding constant. For examplg20 has a binding constant for
2727 which is 0.2 kcal mot! lower thang1, but the selectivity
is almost three times higher. The relative stabilities of the
diastereomeric complexes are independent of the absolute value
of the binding constang®

Factors Controlling Enantioselectivities.Like most chemi-
cal phenomena, electrostatics and sterics are the key factors
Figure 8. Factors responsible for the diastereoselectivities: (a) controlling the selectivities in the chiral softballs (Figure 8).
electrostatic represented by the arrows between the guest and the The predominant surface feature of the cavities is the number
interior surface of the cavity including-surfaces and atoms at the  of & bonds, and that of the guests is the CH groups. Accordingly,
interface of the two monomers; (isjeric distortion of the pseudo-  CH/x interactions should be a determinant for enantioselectivity.
spheric_al cavity_of the original softt_)all (left) generates a dissymmetric The enthalpic contribution of a single Cilinteraction is small,
space in the chiral softbalb26) (right). but these interactions usually occur simultaneously in multiple
. .. groups® The presence of guest functional groups capable of
illustrate how subtle factor.s., perhaps relayed to electron-rlch hydrogen-bonding to the host are important for affinity as well
walls, can alter the recognition processes in ways that remain 55 o selectivity. In particular, guests that offer a specific array
unpredictaple. of hydrogen-bonding sites to interact with the seam of hydrogen

With the bigger capsule2%29 and 3030, _guests with PC.S bonds that hold the host together are preferred. For example, a
smaller than 0.58 were not encapsulated (with a few exceptions). .,y jacular dynamics simulatié?! of g20@26+26 shows the

Brominated derivativesg@ and g13) regardless of their PC () o060 of a hydrogen bond network between the two

values were not encapsulated. This may be due to some subtlg,y gy groups of the guest and the carbonyls of the host. The
halogen- repulsion or simply an unforeseen shape mismatch. hydrogen bonds between the host and the encapsulated guest
Some of the trends observed for the smaller caps26e26 are formed in a reversible way: due to the dynamics of the
and 27.27) also hold for these bigger systems. Longifolene comnjex; they constantly slide along the interior surface by use

(g14),0whicrr]1 has anhoptimal PC withB0»30, gives an inducl:tion of different donor/acceptor groups on the host. The encapsulation
of 34%, whereas the same gues2®29 is not encapsulated ot 5 gpecific guest is therefore dependent on the nature of the

due to its large PC value (0.75). Camphor sulfonyl derivatives ;.- olecular forces engaged in the binding process.

E)g7 and ggf—gh12) We(;e QFOd (]:)ues:]s _fof)%zg, epéceBSng_arEIy In the steric factors category, the PCs and the shape of the
ecause of the good values for their s ( ; ). The ._host are important as well for affinity and for selectivity. We
select|V|t|e§ with these guests were also good with the exception e shown previously that molecules with the right shape are
of g1Q which had none. ApPaFe”“_yv the_ presence of thetN bound more strongly when their volumes are around 55% of

group causes |oss in selectivitg7 in which the N-H group the cavity volume® These cavities are globular in nature;

Is oxidized as an imine shows 34% de. In the bigger capsule yorefore, it is expected that guests with a spherical shape are
3030, the g10 gives an induction of 44%, despite the fact of ' P 9 P P
having a relatively low PC (0.49). On the other hagitigives (36) For a detailed account on this behavior see: Rivera, J. M.; Craig,

only 6% de which is about one-sixth the value the same guestS- L Martn, T.; Rebek, J., Jingew. Chem., Int. E€00Q 39, 2130.
. (37) 2727 is more rigid due to the fact that one spacer is composed of
has in2%29. The reasons for these results are unclear, and fye-and six-membered rings compared to the corresponding spE2@2

molecular modeling has offered little help. The interactions which is composed of six- and seven-membered rings, respectively.
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bound more strongly than linear or planar molecules. Selectivi- slowly (t;>, ~ 20 h at 22°C). In contrast, the other chiral
ties increase as we maximize the contacts between the host andoftballs reach equilibria within minutes.

the guest (Figure 8a). Intuitively, the greatest selectivity is

expected for guests of the right size that sharedhsymmetry Conclusions

of the hosts, because they should be able to make extensive

surface contacts with the lining of the cavity. At the same time,  The premise-that completely surrounding a molecule is the
contacts reduce the translation and rotation of the guest within ultimate in molecular and enantioselective recognitienfar

the host and incur an entropic penalty. For the moment, it from established here. The diastereomeric excesses evinced by
appears that the host capsules are flexible enough to arrange¢hese capsules are unimpressive by the standards of modern

comfortably around a guest but still maintain enough rigidity
to be formed preferentially in the presence of a chiral gtie&t.

organic synthesis, under which95% de is considered unac-
ceptable (or worse, unpublishable). But by the standards of

Variable-temperature (VT) experiments in which de values host-guest chemistry the accomplishments of this study (de’s

were measured at 1TC intervals from 20 to 70C, showed

that 31e31 is more susceptible to temperature changes (i.e.,

up to 60%) are good. Can these positions be reconciled?
Probably. Oneapprochementises distances: The irreversible,

higher absolute value for the slope). These results are consistenproduct-determining transition states in covalent syntheses
with an enthalpically driven process and may reflect the four involve intermolecular distances on the ordér20A or less:

additional hydrogen bonds 8fle31 versus27s27. This feature

the corresponding distances for the events of molecular recogni-

in 31e31 also causes the system to reach host/guest equilibriumtion using weak intermolecular forces are at least 2.5 A (that is

(38) All measurements were obtained By NMR experiments using

why they are weak). The energetic gradient for steric effects

the integrals for the peaks of the guest inside and outside the capsules.along this change in distance is likely to be large. But the reader
There is an estimated 10% error in these measurements. The equilibriummay well ask about the exquisite selectivity of enzymes and

may be described as follows:

vé

-G+H1B
[H'G*H] %

H+G*

\\\I\C,\

[HG*H]A

The following assumptions were made: (i) the amount of dimer (unfilled
or filled with solvent) present before addition of the guest is negligible, (i)

after addition of the guest, all of the host material not assembled into the
capsule is in the aggregate state, and (iii) the association of the guest with

itself is negligible.

| _HGHHP av
ATHIGT  h— 2@+ blig—(a+ b @
[H-G*-H]® av
T MGT  [h— 2@+ bl (a+ D] @
NetD A !

A(AG®) = —RTIn K/, @
a=g(Igallgn) (5)
b= (lya/ly) ©)

Iyt = lgo T lga + lgg )

Where K'a and K'g are the apparent association constants for the
predominant and the subordinate complexes respectivelykani$ the

antibodies: they, too, use intermolecular forces. They do, indeed,
but enjoy the benefits of evolution; the cycles of the genetic
algorithm. These capsules are not evolved, although recent
experiments with other encapsulation complexes show that
diversity and selection can be made to work with tH&nAll

that is needed is amplification and mutatiemo mean feat as
they have molecular replication as a requirement. For the
moment, the present studies have shown that the stereochemistry
of the host capsules can respond to guest shape. The principles
of molecular recognition govern which cavities are assembled
in the presence of the guest species,but the specific interactions
that define the details remain unknown.
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