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Abstract: Calix[4]arenes substituted with ureas on their upper, wider rims form dimers in solution held together
by a seam of 16 hydrogen bonds. The resulting molecular capsules have interiors capable of accommodating
small-molecule guests. By virtue of the assembly process, a head-to-tail arrangement of ureas is formed that
can assume either a clockwise or counterclockwise orientation around the equator of the capsule. Amino acids
on the urea functions have a dramatic effect on the dimerization behavior of the calixarenes. First, the chiral
derivatives display a preference for associating with calixarenes substituted with arylureas rather than with
themselves. This selectivity for heterodimerizatioreiclusive with amino acids that havg-branched side

chains such as isoleucine and valine. Second, the point chirality of the amino acids is transferred upon assembly
giving rise to a chiral capsule with onbnedirection to its head-to-tail arrangement of ureas. Circular dichroic
spectroscopy is used to assign the absolute configuration of these capsules. The chirality of the capsule can be
sensed by chiral guests where enantioselective binding is observed.

Calix[4]arenes functionalized with ureas on their wider rims diastereomers, the energies and populations of these assemblies
have self-complementary recognition sites and assemble intoare not expected to be equal. Herein, we report molecules that
dimeric structures (Figure 12 A “tongue-in-groove” hydrogen not only heterodimerize with exclusivity but also have a single-
bonding pattern is formed between two identical pieces produc- handed direction to their urea rotation. The resulting capsules
ing a capsule that i§-symmetric and achiral (Figure 2&)Vhen are nonracemic and capable of discriminating between enanti-
the capsule is assembled from two different halves, a chiral, omers of guest molecules. This work builds on the previous
Cs-symmetric heterodimer results. The head-to-tail urea direc- observation that calixarene tetraureas derived frarorleucine,
tionality of its hydrogen bonding seam defines enantiomers 3 4a gave 58-90% selectivity for forming heterodimers with
(Figure 2b)? Equal populations of both clockwise (CW) and 16 within these heterodimers the urea rotation appeared to be
counterclockwise (CCW) species exist as there are no energeticsolely in one directiorrthe peripheral chirality was transferred
differences between them. Such is the case for moledides! to the capsule lining.Moreover, chiral guests were shown to
2 (Figure 3), which preferentially form heterodimeric pairs in
solution? This exclusive recognition has been used to engineer  (5) Heterodimerization propensity was found to be solvent-dependent.

discrete, multicomponent assemblies of nanometer dimensionh (6) zt_aﬁSticzlg, 1achAombiﬂ_aﬂ?ﬂ of homodimerS(yAAf ahnd BB gives

and informational polymer rc:}t%r;f(;?]gzzstails an , equivalent species, as 50% of the mixture. See
Stereocenters near the ureas serve to introduce a second (7) Remote chirality can direct molecular assembly. In hydrogen-bonded

chirality element, beyond the urea directionality, and diastere- assemblies: (a) Prins, L. J.; Huskens, J.; de Jong, F.; Timmerman, P.;

; ; ; Reinhoudt, D. N.Nature 1999 398 498-502. (b) Russell, K. C.; Lehn,
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Figure 1. Calix[4]arenes with arylureas on their wider rims dimerize in solution in the presence of a small-molecule guest. The assembly features
a head-to-tail arrangement of ureas which form up to 16 intermolecular hydrogen bonds.

b) isocyanates derived from amino acid methyl eslefhe
aliphatic substituents on these tetraurea calixarenes impart them
with good solubility in many chlorinated and aromatic solvents.
Also presumably due to the long alkyl chains, these compounds
have not provided crystals of high enough quality for X-ray
diffraction. However, a crystal structure of a calixarene tetraurea
functionalized with esters on its lower rim has been been
reported by Bamer and co-worker%.

The!H NMR spectra o8—10are sharp in DMFd; and show
Figure 2. Pictorial representations of dimer symmetry. (@) Ho- four equivalent ureas in each cd8e-dowever, they are less
modimeric calixarenes agehiral andS-symmetric. (b) Heterodimeric  \e|l-behaved in solvents that typically promote assembly into
capsules arehiral andC4-syr_nmetr|c—th<_a hgad-to-tall directionality discrete dimeric structures. For example, in CRQiroad,
of the ureas (red arrow) defines the chirality. uninterpretable NMR spectra result, indicative of nonspecific
aggregation. The same is true iR0g, with the exception of

a)

°1°H2{°1°{‘2'§"““‘,€10H21 isoleucine-derive® and valine-derive®. Here the spectra are
P . £ fairly sharp and reveal the symmetry that arises from ho-
T & modimerization of two chiral monomers. While the chiral
centers of each half of these homodimers are the same they
R = must have their ureas rotated 280ith respect to one another
to accommodate self-assembly. The top and bottom halves of
1 2 the homodimer are no longer equivalent resulting in the same
\Y Cs symmetry as observed for heterodimers from achiral

components, such as in the unionlo&nd?2. This is shown in

H
i{H\( y}:\/ / the energy-minimized molecular moéfebf dimer 6-6 (Figure
o H o o=, o oH 4). TheH NMR spectrum of these homodimeric assemblies
/ /

A r (vide infra) shows a total of four ureaNH proton singlets
L-norleucine L-leucine L-isoleucine L-valine and four calixarene aryl doublets (two from each half). Ad-
3 4 5 6 ditionally, two distinct —CHjs singlets appear for the methyl
O-tBu y esters, separated by0.3 ppm.
Oyg Oi{“\@ o H o H Selective Heterodimerization.The preferential heterodimer-
P P P r ization of1 and2 allows for thepredictableformation of large
1-O-tBu-serine  L-phenylalanine  L-phenylglycine  L-alanine assemblied4? Combination ofchiral calixarene tetraureas with
7 8 9 10 1 could, in theory, provide both exclusiamddiastereoselective
Figure 3. Of the calixarene tetraureas prepargdnd6, derived from heterodimer formation, representing the next level of pro-
p-branched amino acids, exclusively form heterodimers when combined grammed information. Calixaren8&s-10 were combined both
with arylureal. with arylureal and sulfonylure&, 1:1, in both CDCG and GDs,

- _ _ _ o and the heterodimerization process was monitored in terms of
be sensitive to the asymmetric microenvironment within the the degree of assembly and diastereoselectivity. Remarkably,
capsule, where their enantiomers were distinguishable by NMR.

(9) Nowick, J. S.; Powell, N. A.; Nguyen, T. M.; Noronha, &.Org.

R | nd Di ion Chem.1992 57, 7364-7366. _ ‘ _ ‘
esults and Discussio (10) For calix[4]arenes functionalized withalanine units on their upper

; i _ rims with similar symmetry, see: Sansone, F.; Barboso, S.; Casnati, A,;
Preparation of Calixarene Tetraureas and Sel-Assembly. - 220 oS0 b o G0 i T Ongaro, B, 3. Org. Chem1o8
Optically active tetraurea8—10 (Figure 3) were prepared gg7-dos.

through reaction of the known tetraamfveith the appropriate (11) Modeling was performed using MacroModel 6.5 and the MMFF
force-field: Mohamadi, F.; Richards, N. G. J.; Guidia, W. C.; Liskamp,
(8) Jakobi, R. A.; Bamer, V.; Griitner, C.; Kraft, D.; Vogt, WNew J. R.; Caulfield, C.; Chang, G.; Hendrickson, T.; Still, W.ZZ Comput. Chem.

Chem.1996 20, 493-501. 199Q 11, 440-467.
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Figure 4. Homodimers of chiral tetraureas a&g-symmetric. As shown
for assembly6-6, the top and bottom halves of the capsule are different,
related by a 180torsion about the ureacalixarene bond. Alkyl chains
have been omitted for clarity.

Table 1. Percentage of Heterodimer Formed upon Combination of
Arylurea 1 and Amino Acid Derivative8—10

Amino Acid

Mixture Residue CDCl; CeDs
143 R/—/‘ 50%" 90%
144 e 50%" 90%

H
145 “}\/ 90%" 100%
1+6 %)\ >90%” 100%
147 wy O-tBU 25% 75%P
148 av <10% 73%
149 %Q 43%° 90%9
1410 o <10%° 50%"

@ Unless otherwise specified the percentages shown reflect formation
of one of two possible heterodimers. Percentages w#%0. ® <5%
non-specific aggregation.6.4:1 ratio of heterodimers.1.9:1 ratio of
heterodimers¢ Broad spectrumf’.3.4:1 ratio of heterodimers.

in the cases explored hemo heterodimerization could be
observed between the amino acid derived ureadAdhis is

in contrast to heterodimerization 810 with 1, the results of
which are summarized in Table 1. In all cases heterodimerization
occurs and three observations are noteworthy. First, for all but
two mixtures, onlyone of two possible diastereomeric het-
erodimers, CWS or CCW-S213 is formed. Second, the
heterodimerization of isoleucine-derivédand valine-derived

6, when either is combined with is exclusie in C¢De. Finally,

(12) Compound8—10do, however, show at best statistical heterodimer-
ization with the enantiomers & and 6, derived fromp-isoleucine and
p-valine, respectively.

(13) CW and CCW refer to the head-to-tail urea directionality when
viewed from the narrow rim of the arylureain the heterodimer. R or S
refers to the absolute stereochemistry of the amino acid side chains.
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Figure 5. Downfield region of th¢H NMR spectrum (GDe, ~1 mM,
600 MHz) from (a) thel-1 homodimer, (b) thé-6 homodimer, and
(c) the exclusively formed-6 heterodimer.

for all cases changing solvents from chloroform to benzene
causes an increase in the heterodimerization propensity.

The origins of these selectivities can be probed by examining
the two best cased-5 and 1-6. Evidence for exclusive and
stereoselective heterodimerization comes from NMR and cir-
cular dichroism (CD) experiments. Figure 5¢c shows a portion
of the proton spectrum that arises upon combination of
calixarenes derivatized with valine ure&s,and arylureasl,
at~1 mM in CgDg. Clearly none of the downfield resonances
in the spectrum originate from either the arylurea homodimer
(Figure 5a) or the valine urea homodimer (Figure 5b). Moreover,
only one resonance for the methyl ester can be observed upfield
(not shown). Figure 6 shows energy-minimizestructures of
the two possible complexes 4t6, CW—S (a) and CCW-S
(b). Although an assignment cannot be made as to which
diastereomeric complex is formed, the relative positioning of
the chiral substituents is quite different in each case. For the
1-10 mixture, for example, two heterodimers are easily discern-
ible by IH NMR, as shown in the partial spectrum in Figure 7.

The nature of the interaction governing this remarkable
selectivity can be probed through ROESY spectroscopy of dimer
1-6 in C¢De. The most revealing contacts are those between
the amino acid substituent & with 1, some of which are
predicted by the modeling shown in Figure 6. NOEs appear for
the a. proton of the chiral urea, (4.6 ppm), with the entire
hydrogen bonding face df, including the tolyl group (Figure
8). Additionally, the geminal methyl groups of the valine urea
interact with the tolyl group, and modeling confirms that they
are within 3-4 A, adequate distances for favorable interactions
between them?* NOE contacts are also observed between the
downfield urea—NH of 1, Hg (9.4 ppm), ancbnearyl proton
of 6, H, (7.7 ppm). Likewise, the tolyl group of is within

(14) Possibly observed here, GHhteractions can significantly influence
molecular conformation: Umezawa, Y.; Tsuboyama, S.; Takahashi, H.;
Uzawa, J.; Nishio, MTetrahedronl999 55, 1004710056 and references
therein.
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a) b)

CwW-S CCW-S
Figure 6. Energy-minimized structur&sdepicting the two possible diastereomers that result from hetereodimerizatibarad 6. Clockwise

(CW) and counterclockwise (CCW) refer to the urea directionality as viewed from the narrow rim of the arylurea, and S refers to the absolute
stereochemistry of the chiral side chains. Alkyl chains have been omitted for clarity.

A On the basis of the results shown in Table 1 and the ROESY
¢ data, f-branched amino acid derivativésand 6 experience

B I favorable contacts in the heterodimeric state to form exclusively
one diastereomeric assembly. Whgbranching is removed in

norleucine ure& and leucine ured, the selectivity falls from

[ S R R LR R

ppm 10.0 9.5 exclusive heterodimerization to 90% in0s. This decrease in
Figure 7. Downfield —NH region of the'H NMR spectrum (@D, heterodimerization preference appears to correspond with loss
~1 mM, 600 MHz) that results from equimolar amountslcind 10. of contact between thg-branch substituents and the arylureas
Resonance A arises from thel homodimer, and resonances B and C  of 1. Phenylalaning andtert-butylated sering@ provide even
represent the two diastereomerslet0. less regioselectivity as the alkyl chains ®fand 6 are now

replaced by substituted methylenes. There is a lack of substit-
uents to offer significant contacts with the arylurea upon
assembly. In all cases diastereoselectivity is maintained.
Phenylglycine-derived calixarer@and alanine-derived0
give mixed results. Both of these compounds suffer from poor
diastereoselectivity. Alanine does not have any substitution that
would favor more than statistical heterodimerization and the
side chains of9 may be too rigid to adopt a comfortable
conformation in the heterodimer. At this point, the interactions
that determine the stereoselectivity in these assemblies remain
largely unclear, but their sensitivity to both solvent and
temperatur® suggest that they are weak and highly cooperative.
The discrepancy between CRChnd GDeg in promoting
Figure 8. Arrows indicate important NOE contacts from a ROESY ~heterodimer formation speaks to the fragility of these systems
spectrum (600 MHz) of thd-6 heterodimer (gDs, ~1 mM). and the weak forces that hold them together. Modéling
indicates that the volume of the heterodimeric cavity is smaller
o ) ( ~20 A®) than that of the homodimer, and so certainly, the
communication distance of both aryl protonssoH; (6.4 ppm)  sjze and fit of the solvent/guest in each of these cavities plays
and H, as it is positioned between them. Finally, the upfield 3 role in determining which capsule emerges. It also appears
urea—NH of 6 (H4, 7.2 ppm), which is appropriately splitinto  hat polarity differences between the two solvents result in
a doublet in the spectrum, is within close proximitydne of significant selectivity differencesmore polar solvents appar-
the aryl protons ofl, Hy (8.5 ppm). These contacts speak to @ ently begin to disrupt the sensitive noncovalent interactions

fixed orientation of the ureas in the heterodimer and identify petween the arylurehand the chiral side chains of amino acids.
the chiral elements of the amino acid ureas as important

contributors to the observed selectivity. (15) Variable-temperaturféd NMR studies were performed on assembly

Not surprisingly, the weak interactions from which the 1:10in CeDe. Upon heating from 295 to 345 K the heterodimer concentra-
L - . . tion decreases by 20%, and assembly is driven to the homodimeric states,
selectivity originates are sensitive to subtle changes in structurej, agreement with entropic arguments, while the selectivity remains

and medium-the systems discussed here are highly cooperative. essentially unchanged. See the Supporting Information for details.
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Figure 9. H NMR ( ~1 mM, 600 MHz) shows an increasing  Figure 10. CD spectra obin CHCl; (¢ =1.2x 10* M, | =1 mm)
heterodimerization propensity as the solvent is changed from (@) CD @S an increasing amount dfis added: (a) 0 equiv dt, (b) 0.2 equiv
Cl, (¢ = 8.9) to (b) CDC} (¢ = 4.7) to (c) CC} (¢ = 2.2) for an of 1, (c) 0.5 equiv ofl, and (d) 1 equiv ofl. (e) CD spectrum of the
equimolar mixture ofl. and4. The furthest downfield-NH peak arises ~ €nantiomer of5 (p-isoleucine ureas) with an equimolar amountlof
from the 1-1 homodimer, and the upfiele-NH peak represents one ~ (CHCl, ¢ =1.2x 10 M, | = 1 mm).

diastereomer of thé-4 heterodimer.

This is supported experimentally by mixing equimolar amounts
of 1 and4 in three solvents of decreasing dielectric constant
(Figure 9a-c). In CD,Cl, (e = 8.9 Figure 9a), a solvent
known to discourage dimerization of calixarene tetraufehs, "
spectrum is broad, and no significant assembly is detected. In
CDCl; (e = 4.7, Figure 9b), the resonances are sharp, although
assembly is only~40% selective for heterodimerization and
not completely stereoselective. Finally, in GG = 2.2, Figure
9c), preferential and stereoselective heterodimerization is ob-
served, 90 and 100%, respectively, similar to that foundsiDsC
(e = 2.3, Table 1).

Unlike the previously observed heterodimerization between
1 and2 based around the acidity of the sulfonylureas, tkg p
of the amino acid-derived ureas is only one factor in this N e
heterodimerization process. Compour@is10 are similarly ' AN
functionalized’ and have similar acidities, but their het- ) gf
erodimerization percentages vary greatly. Morever, arylureas

and alkylureas (e.g. octylurea) form heterodimers in near Figure 11. An energy-minimized structute showing the absolute

statistical ratios® The side chains of the amino acids are configuration of the heterodimar5 whose dipoles (arrows) give rise
providing vital contacts in the dimeric assembly and are to the exciton-coupled CD spectrum.
responsible for instructing the molecules to rotate their ureas

unidirectionally. increase ad is added to5 (Figure 10b-d) until the latter is
Absolute Stereochemistry. CD spectroscopy is used to —saturated, at about 1 equiv df _ _
determine the single-handedness of thé& heterodimeric Molecular modeling suggests that this CD response arises

assembly?®7-18Chiral compound alone in chloroform (Figure ~ from coupling between the dipoles &% tolyl groups and the
10a) shows a weak CD maximumd{ < 10) at the same calixarene rings 05, as depicted in Figure 11. In only one of
wavelength as its UV maximum, 260 nm. There is no chirality the two diastereomers is this arrangement possible. When the
transferred from the amino acid side chain to the calixarene heterodimer is viewed from the side, the dipole axis of the tolyl
chromophore, thus a weak CD signal is observed. Titration of group is rotated to the right relative to the dipole axis of the
achiral 1 into the solution of5 induces a large, bisignate CD  aromatic ring of the amino acid-derived calixarerze left-
responsefe ~ —100 at the endpoint). The signal continues to handed twist. In other words, when the assembly is viewed from
_ _ - . the arylurea pole, the ureas rotate clockwise giving rise to the

Rt i e B Procor Gukanced racical 019N absolute stereochemistry shown in Figure Ga (€SY. That

(17) The chemical shift of the proximaiNH of 3—10in DMF-d; varies these signals arise from the dimerization of the desired as-
from 'Sget p%mz Loﬂtrg i8n.§3 ppm forl0. The distal—NH shifts from 6.90 semblies is further confirmed through titration of th& solution
ppr(nlér)] Esger{tiallye?dentiéal results were obtained for asserit@y(Sup- Wlt.h methanol, a hydrqgen bond disrupter. The res_ult_s _are self-
porting Information). For CD in related molecular recognition studies see: eV'dent ‘T"S shown in Figure 12d. The CD_ signal diminishes
(@) Huang, X.; Rickman, B. H.; Borhan, B.; Berova, N.; NakanishiJK. until, ultimately, at~4% methanol (v/v) in chloroform, es-
Am. Chem. Soc1998 120, 6185-6186. (b) Furusho, Y.; Kimura, T.,  gentially no CD activity is observed as the species are mono-

Mizuno, Y.; Aida, T.J. Am. Chem. Socl997 119 5267-5268. (c) ‘119 : . y .
Murakami, Y.; Hayashida, O.: Nagai, 0. Am. Chem. Sod.994 116 meric!® The enantiomeric assembly df-5, derived from

2611-2612. (d) Kikuchi, Y.; Kobayashi, K.; Aoyama, YI. Am. Chem. ~ D-valine and prepared analogously, offers a CD curve of
Soc. 1992 114 1351-1358. (e) Kikuchi, Y.; Tanaka, Y., Sutarto, S.;  opposite sign and roughly equal intensity (Figure 10e).
Kobayashi, K.; Toi, H.; Aoyama, YJ. Am. Chem. S04992 114, 10302~
10306. (f) Harada, N.; Nakanishi, KCircular Dichroic Spectroscopy (19) The sensitivity of these highly cooperative assemblies to solvents
Exciton Coupling in Organic Stereochemisttyniversity Science Books: that compete for hydrogen bonds, e.g. methanol, DMSO, and DMF, has
Mill Valley, CA, 1983. been reported. See refs 2 and 4 for details.
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Figure 12. CD spectra of thel-5 heterodimer: (a) spectrum from
Figure 10d, (b) 0.8% (by volume) methanol added, (c) 1.5% methanol
added, and (d) 3.0% methanol added.
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Figure 13. 'H NMR spectra (~1 mM, p-xylened;,, 600 MHz) of

the downfield—NH resonances show a 1.3:1 diastereomeric excess
for binding racemic norcamphor (in excess) in (a) 1¥& heterodimer
and (b) thel-2 heterodimer.

Asymmetric Microenvironments. Chiral guests within these

J. Am. Chem. Soc., Vol. 121, No. 48, 19261
a) JL
b),___k
T T I rr 1o

T
ppm 9.1 9.0 -2.0 -2.41

Figure 14. 'H NMR spectra (~1 mM, p-xylened;o, 600 MHz) of
the downfield host—NH (left) and upfield guest methyl (right)
resonances wheh5 encapsulates (alRf-(+)-3-methylcyclopentanone
(in excess) and (b)¥)-3- methylcyclopentanone (in excess).

equally—there is again a 1.3-fold excess of one pair. Ap-
proximately the same diastereomeric excess is obtained for the
nonracemic capsules. That both the racemic and nonracemic
capsules discriminate equally between the norcamphor enanti-
omers is reassuring. Both capsules have different top and bottom
halves and similar urea seams when viewed from the inside.
When R)-(+)-3-methylcyclopentanone is added to a solution
of 1-2 in p-xylene#;,, two assemblies are formed, CR/and
CCWR, as a 1.3:1 mixture of diastereomers (spectrum not
shown)?4 Addition of the same guest to a solution b5 in
p-xylened;o showsoneassembly byH NMR, CW-SR (Figure
14a). The methyl doublet of the guest is clearly visible upfield
in the spectrum at2.08 ppm. When the racemic guest is added

heterodimeric assemblies can sense the hydrogen bond directo 1-5, two assemblies are formed, CWRSand CW-SS, and
tionality that defines the capsule’s handedness, and selectivityboth enantiomers of the guest are detectable upfield in a 1:1

in their binding is observe®#:?! Because chiral heterodimers

ratio, the methyl group of th8 enantiomer appearing at2.05

have a defined urea direction, a mixture of enantiomeric guestsppm (Figure 14b). The nearly identical chemicallshifts of the.
produces two diastereomeric capsules. For example, whentwo methyl groups suggest that both guest enantiomers experi-

norcamphor is added to the5 mixture, two diastereomeric
assemblies are formed, CWRS2 and CW-SS (Figure 13a).
The ratio of the two diastereomeric capsules is 1.3-tdhe

ence similar environments within the capsule. ROESY spec-
troscopy supports this showing contacts between thg CH
protons of the guest and the aryICH protons of1.25 Just as

guest enantiomers are sensitive to the asymmetric environmenwith polycyclic guests in homodimel-1 and heterodimet.:

of the capsule, and one is modestly discrimingfed.

The 1-2 capsule is racemic with respect to its lining and a
bound chiral guest gives diastereomeric assemblies RCakd
CCW-R. Likewise, addition of a racemic guest forms four
capsules-=CW-R and CCWS, as one enantiomeric pair, and
CW-S and CCWR, as the other. Addition of norcamphor, a
racemic chiral guest, to a solution df2 in p-xylened;o
appropriately shows these two sets of assemblies (Figure 13b)
The downfield sulfonylurea-NH singlets represent the two
capsules, and integration confirms that they are not formed

(20) For hydrogen bonding-based asymmetric binding by synthetic
receptors, see: (a) Dowden, J.; Edwards, P. D.; Flack, S. S.; Kilburn, J. D.
Chem. Eur. J1999 5, 79-89. (b) Lustenberger, P.; Martinborough, E.;
Denti, T. M.; Diederich, FJ. Chem. Soc., Perkin Trans1998 747—-761.

(c) Pieters, R. J.; Cuntze, J.; Bonnet, M.; Diederichl.FZhem. Soc., Perkin
Trans. 21997 1891-1900 and references therein. (d) Pieters, R. J,;
Diederich, F.Chem. Communl996 2255-2256. (e) Webb, T. H.; Suh,
H.; Wilcox, C. S.J. Am. Chem. S0d.991, 113 8554-8555. (f) Liu, R.;
Sanderson, P. E. J.; Still, W. G. Org. Chem199Q 55, 5184-5186. (g)
Jeong, K. S.; Muehldorf, A. V.; Rebek, J., JrAm. Chem. Socl1990112
6144-6145. (h) Reference 18c.

(21) For asymmetric binding in molecular assemblies, see: (a) Nuckolls,
C.; Hot, F.; Marth, T.; Rebek, J., Jd. Am. Chem. So04999 121, 1028+
10285. (b) Rivera, J. M.; Mdriy T.; Rebek, J., JSciencel 998 279 1021—
1023. (c) Costante-Crassous, J.; Marrone, T. J.; Briggs, J. M.; McCammon,
J. A,; Collet, A.J. Am. Chem. S0d.997, 119, 3818-3823. (d) Canceill,

J.; Lacombe, L.; Collet, AJ. Am. Chem. S0d.985 107, 6993-6996.

(22) The second, bold-facad or S represents the stereochemistry of
the guest.

(23) Similar selectivity is also observed in the bindingsdbutyrolactone.
This guest is not bound in thie2 heterodimer.

2,2 the methyl group is most likely buried deeply in one
hemisphere of thé-5 assembly. It is unclear in this case why
enantioselective binding is not observed, but it again speaks of
the subtle interactions from which it arises.

Summary and Outlook. Species involved in molecular
recognition are shuttled to a thermodynamic resting-state through
a concert of weak, noncovalent interactions. Although selectivity
in these processes can be understood at the level of hydrogen
bonding and van der Waals contacts, a priori design, prediction
of how individual interactions contribute to the final assembly,
is challenging. The compounds explored here illustrate the
consequences, both chemical and stereochemical, of a well-
positioned, yet remote, chiral center on assembly. The asym-
metry is transferred from one unit to the next around a capsule
hydrogen bonding seam, until ultimately a stable assembly is
formed. The transfer continues inward and affects the binding
of chiral guests, where enantiomers are, albeit modestly,
discriminated.

The discovery of a second exclusive heterodimeric assembly
represents another step toward DNA-inspired, informational
assemblies based on hydrogen-bonded calixarenes. Soon we
hope to explore the transfer of peripheral chiral information
beyond the scale of these dimeric assemblies in the context of
their polymeric congener$:26

(24) Although encapsulated, 3-methylcyclopentanone is a relatively poor
guest for assemblg-2.
(25) See the Supporting Information for details.
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Experimental Section
General. 'TH NMR (600 MHz) and'*C NMR (151 MHz) spectra

Castellano et al.

8H), 1.84-1.80 (m, 4H), 1.471.31 (m, 60H), 1.221.18 (m, 4H),
0.92-0.87 (m, 36H).23C NMR (DMF-dy) 6 173.44, 155.65, 151.52,
134.92, 134.88, 134.76, 118.68, 118.50, 75.57, 57.32, 51.60, 37.88,

were recorded on a Bruker DRX-600 spectrometer. Infrared spectra 3224 31.35 30.62. 30.46. 30.38. 30.16. 26.83. 25.39. 22.89. 15.64

were recorded on a Perkin-Elmer Paragon 1000PC FT-IR spectrometer. 4 91 1145 IR (thin film) 3370, 2952, 2923, 2853, 1739, 1660, 1602
Matrix-assisted laser desorption/ionization (MALDI) FTMS experiments 1oee 1468 1214 cm. HRMS (I\l/IALDI’-FTMS" M —I—’Na*) caled for
were performed on an lonSpec FTMS mass spectrometer. Optical C100H’16CNBO'16Na 1752.1850. found 1752.1869.

rotations were measured on a Perkin-Elmer 241 digital polarimeter with

a sodium lamp. Circular dichroism (CD) spectra were recorded on an

AVIV 62DS CD spectrometer. Dichloromethane (§3) was passed

through columns of activated aluminum oxide as described by Grubbs

and co-workers prior to usé Amino acid isocyanates were purchased

from TCI America or prepared as indicated. All reagents were purchased
from either Aldrich or Fluka and used as received. The syntheses of

1,28 2,2and 32 have been described previously.
p-Isoleucine Methyl Ester Isocyanate’. To a flame-dried 100 mL

p-Isoleucine: The identical spectral data was obtained as for
L-isoleucine. HRMS (MALDI-FTMS; M+ Na') calcd for GodH16dNeO16-
Na 1752.1850, found 1752.1819.

L-Valine (6): *H NMR (DMF-d;) d 8.34 (s, 4H), 6.93 (d, 4H] =
2.4 Hz), 6.82 (d, 4HJ) = 2.4 Hz), 6.35 (d, 4H) = 8.6 Hz), 4.40 (d,
4H,J = 12.6 Hz), 4.22 (dd, 4H) = 8.5 Hz, 5.2 Hz), 3.87 (t, 8H] =
7.4 Hz), 3.73 (s, 12H), 3.09 (d, 4H,= 12.8 Hz), 2.16-2.05 (m, 4H),
2.02-1.98 (m, 8H), 1.471.31 (m, 56H), 0.94 (d, 24H] = 6.9 Hz),
0.92-0.89 (m, 12H).2*C NMR (DMF-d;) 6 173.50, 155.74, 151.51,

round-bottomed flask was added the amino acid methyl ester amine 134.92, 134.88, 134.78, 118.66, 118.48, 75.58, 58.21, 51.65, 32.24,

hydrochloride (1.5 g, 8.2 mmol), GBI, (30 mL), and pyridine (2.7
mL, 33 mmol). The solution was cooled to°C for 15 min prior to
the addition of phosgene (1.93 M in toluene, 5.5 mL, 11 mmol). The
solution gradually turned yellow, and gas evolution was observed. After

ca. half of the phosgene was added a white precipitate formed and the

mixture became viscous. Stirring was continued &C0for 2 h. The

suspension was transferred to a separatory funnel and washed with col

0.5 M HCI (50 mL), cold water (50 mL), and cold brine (50 mL). The
combined organic layers were dried over MgSG@iltered, and
concentrated to a yellow oil under high vacuum. The crude product
was purified by Kigelrohr distillation (75°C, 0.05-0.1 mmHg). The
isocyanate was isolated as a clear, colorless ligiHdNMR (CDCly)
0 3.96 (d, 1H,J = 3.9 Hz), 3.81 (s, 3H), 1.97 (m, 1H), 1.35 (m, 1H),
1.25 (m, 1H), 1.00 (d, 3HJ = 6.9 Hz), 0.90 (t, 3H,) = 7.3 Hz).1*C
NMR (CDCl;) ¢ 171.49, 126.80, 62.75, 52.97, 38.53, 24.22, 16.38,
11.47. p]%® +10.2 (c 1.5, THF). IR (thin film) 2967, 2254, 1745,
1215 cnt.

p-Valine Methyl Ester Isocyanate. The compound was prepared
as described for isoleucine. The crude product was purified by
Kigelrohr distillation (75°C, 0.05-0.1 mmHg). The isocyanate was
isolated as a clear, colorless liquitH NMR (CDCl3) 6 3.94 (d, 1H,J
= 3.8 Hz), 3.81 (s, 3H), 2.23 (m, 1H), 1.02 (d, 3H= 6.8 Hz), 0.89
(d, 3H,J = 6.8 Hz).*3C NMR (CDCk) 6 171.43, 126.89, 63.23, 53.02,
31.83, 19.68, 16.54.0]%° +24.9(c 1.3, THF). IR (thin film) 2968,
2258, 1744, 1215 cm.

General Procedure for the Reaction of the Tetraamin& with
Chiral Isocyanates. To a solution of the tetraamine in GBI, was

31.35, 31.05, 30.63, 30.46, 30.38, 30.16, 26.83, 22.89, 19.06, 17.74,
14.01. IR (thin film) 3371, 2951, 2924, 2853, 1741, 1660, 1602, 1557,
1468, 1215 cm:. HRMS (MALDI-FTMS; M + Na") calcd for
C95H152N8015Na 16961224, found 1696.1149.
p-Valine: The identical NMR data was obtained as fowaline.
RMS (MALDI-FTMS; M + Na") calcd for GeHisiNsO1gNa 1696.1224,
ound 1696.1171.
L—O-t-Bu-serine (7): *H NMR (DMF-d;) 6 8.56 (s, 4H), 7.04 (d,
4H,J = 2.4 Hz), 6.82 (d, 4HJ = 2.4 Hz), 6.34 (d, 4HJ = 8.7 Hz),
4.49 (dt, 4H,J = 8.6 Hz, 3.4 Hz), 4.41 (d, 4H] = 12.5 Hz), 3.87 (t,
8H,J = 7.5 Hz), 3.80 (dd, 4HJ = 9.1 Hz, 3.4 Hz), 3.69 (s, 12H),
3.59 (dd, 4HJ = 9.1 Hz, 3.6 Hz), 3.09 (d, 4H] = 12.7 Hz), 2.04
2.00 (m, 8H), 1.471.32 (m, 56H), 1.14 (s, 36H), 0.9D.87 (m, 12H).
13C NMR (DMF-dy) 6 172.33, 155.47, 151.44, 134.87, 118.74, 118.54,
75.62, 73.23, 62.87, 53.74, 51.81, 32.24, 31.36, 30.64, 30.47, 30.37,
30.16, 27.07, 26.81, 22.89, 14.01. IR (thin film) 3357, 2923, 2853,
1741, 1654, 1602, 1558, 1467, 1212 ¢mHRMS (MALDI-FTMS;
M + Na') calcd for GoHi6NsO20Na 1872.2273, found 1872.2282.
L-Phenylalanine (8):'H NMR (DMF-d;) 6 8.37 (s, 4H), 7.34 (m,
8H), 7.28-7.25 (m, 12H), 6.87 (d, 4H] = 2.2 Hz), 6.79 (d, 4H,) =
2.2 Hz), 6.24 (d, 4H) = 8.0 Hz), 4.61 (m, 4H), 4.37 (d, 4H,= 12.6
Hz), 3.84 (t, 8H,J = 7.4 Hz), 3.67 (s, 12H), 3.113.02 (m, 12H),
2.00-1.96 (m, 8H), 1.451.31 (m, 56H), 0.940.89 (m, 12H).23C
NMR (DMF-d;) 6 173.36, 155.31, 151.54, 137.58, 134.87, 134.63,
129.67, 128.70, 127.03, 118.75, 118.65, 75.53, 54.53, 51.81, 38.25,
32.23, 31.32, 30.60, 30.44, 30.36, 30.15, 26.80, 22.88, 14.00. IR (thin
film) 3368, 2923, 2853, 1740, 1654, 1603, 1556, 1467 trAiRMS

added 5 equiv of the isocyanate. The solution was stirred at room (MALDI-FTMS; M + Na*) calcd for GiHisNsOiNa 1888.1224

temperature for 24 h prior to evaporation of the solvent and
purification via either recrystallization from MeOH, precipitation from
CH.Cl, with MeOH, or precipitation from THF with MeOH. The
tetraureas were generally isolated as white to off-white powders-in 40
60% vyield.

L-Leucine (4): 'H NMR (DMF-d;) 6 8.26 (s, 4H), 6.85 (s, 8H),
6.30 (d, 4H,J = 8.1 Hz), 4.40 (d, 4HJ = 12.7 Hz), 4.36 (m, 4H),
3.87 (t, 8H,J = 7.4 Hz), 3.70 (s, 12H), 3.08 (d, 4H,= 12.9 Hz),
2.00-1.96 (m, 8H), 1.751.70 (m, 4H), 1.55 (m, 4H), 1.461.31 (m,
60H), 0.96-0.89 (m, 36H).1°*C NMR (DMF-d;) ¢ 174.62, 155.59,

found 1888.1308.

L-Phenylglycine (9):'H NMR (DMF-d;) 6 8.43 (s, 4H), 7.43 (m,
8H), 7.40-7.34 (m, 12H), 6.94 (d, 4H] = 2.4 Hz), 6.90 (d, 4H) =
7.3 Hz), 6.77 (d, 4HJ = 2.5 Hz), 5.41 (d, 4HJ = 7.4 Hz), 4.40 (d,
4H,J = 12.6 Hz), 3.86 (t, 8HJ = 7.5 Hz), 3.69 (s, 12H), 3.09 (d, 4H,
J = 12.8 Hz), 2.08-1.96 (m, 8H), 1.451.31 (m, 56H), 0.910.89
(m, 12H). 3C NMR (DMF-d;) 6 172.38, 155.06, 151.64, 138.20,
134.95, 134.91, 134.60, 129.16, 128.53, 127.58, 118.76, 118.59, 75.55,
57.39, 52.30, 32.24, 31.33, 30.62, 30.45, 30.38, 30.16, 26.82, 22.89,
14.01. IR (thin film) 3369, 2950, 2923, 2853, 1743, 1659, 1602, 1556,

151.62,134.93, 134.70, 118.74, 75.51, 51.81, 51.49, 41.52, 32.24, 31.371 470" 1216 cmt. HRMS (MALDI-FTMS: M + Na*) calcd for
30.62, 30.45, 30.38, 30.16, 26.83, 24.97, 22.89, 22.76, 21.61, 14.01.c__J{ 'N'0 Na 1832.0597, found 1832.0546.

IR (thin film) 3368, 2952, 2923, 2853, 1739, 1657, 1602, 1556, 1468,
1214 cnrt. HRMS (MALDI-FTMS; M + Na) calcd for GodH16dNsO16-
Na 1752.1850, found 1752.1863.

L-Isoleucine (5):*H NMR (DMF-d;) 6 8.33 (s, 4H), 6.92 (d, 4H]
= 2.5 Hz), 6.82 (d, 4HJ) = 2.4 Hz), 6.36 (d, 4HJ) = 8.6 Hz), 4.40
(d, 4H,J = 12.6 Hz), 4.29 (dd, 4H] = 8.5 Hz, 5.3 Hz), 3.87 (t, 8H,
J=7.5Hz), 3.71 (s, 12H), 3.09 (d, 4Hd,= 12.8 Hz), 2.03-1.98 (m,

(26) (a) Castellano, R. K.; Rudkevich, D. M.; Rebek, J.Rhoc. Natl.
Acad. Sci. U.S.A1997, 94, 7132-7137. (b) Castellano, R. K.; Nuckolls,
C.; Eichhorn, S. H.; Wood, M. R.; Lovinger, A. J.; Rebek, J.,Alngew.
Chem., Int. Ed1999 38, 2603-2606.

(27) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.;
Timmers, F. JOrganometallics1996 15, 1518-1520.

(28) Schalley, C. A,; Castellano, R. K.; Brody, M. S.; Rudkevich, D.
M.; Suizdak, G.; Rebek, J., J&. Am. Chem. Sod.999 121, 4568-4579.

L-Alanine (10). ™H NMR (DMF-dy) ¢ 8.23 (s, 4H), 6.94 (d, 4H)
= 2.4 Hz), 6.72 (d, 4HJ = 2.4 Hz), 6.34 (d, 4H] = 7.5 Hz), 4.40
(d, 4H,J = 12.8 Hz), 4.31 (m, 4H), 3.86 (t, 8H,= 7.4 Hz), 3.70 (s,
12H), 3.07 (d, 4HJ = 13.0 Hz), 1.99-1.95 (m, 8H), 1.48-1.31 (m,
56H), 1.33 (d, 12HJ = 7.2 Hz), 0.92-0.89 (m, 12H)13C NMR (DMF-
d7) 6 174.61, 155.37, 151.66, 134.99, 134.94, 134.68, 118.92, 118.67,
75.46, 51.87, 48.72, 32.24, 31.36, 30.64, 30.57, 30.45, 30.16, 26.85,
22.89, 18.09, 14.01. IR (thin film) 3369, 2923, 2853, 1740, 1658, 1600,
1556, 1467, 1216 cm. HRMS (MALDI-FTMS; M + Na*) calcd for
CasH1sdNsO1eNa 1583.9972, found 1583.9936.
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