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Synthetic container molecules have potential in areas as diverse ¥
as sensing, catalysis, drug delivery, and separation sciepdde w @ v
first rigid cavity molecules-cavitands-were small, shallow bowls
inside which one small guest can peféhMolecules with deeper
cavities were subsequently reporfeggt remarkably few molecular
vessels with large, noncollapsible interiors have been prepared. In
1997, Atwood and MacGillivray reported the crystal structure of a
self-assembling hydrogen-bonded array comprisingCsirethyl- @
resorcinarene molecules and eight water molecUTse roughly w fvecaviiands
spherical space enclosed by this extraordinary noncovalent assemblygure 1. Disconnection of “superbowl” pentacavitands. The “base”
Coais 3 vouumo OL1375 . Sal asseming, noncovalon . autard isabol 1 and el cavtans ars bsleds iferen
systems offer unrivalled ease of preparation, yet their covalent
cousins offer considerably greater stability, structural variation, ~ The synthesis begins wititpentyl-footed tetrabromocavitarid
functional group tolerance, and solubility in organic solvents. Such (Scheme 132 Chemo- and regioselective double lithierromine
attributes promote a deeper understanding of the nature of theseexchange witm-BuLi allowed the high-yielding conversion into
important systems and their potential applications. Herein we the A,C-dibromodioR,*which was protected as the bis-MOM ether
present the chemical synthesis and properties of a covalently linked,3. Selective single lithiumbromine exchangé of A,C-dibromide
noncollapsible tureen-shaped container molecule with an internal 3 followed by boronate ester formation and oxidative hydrolysis
volume of ~1050 A3 inspired by the spherical hexameric resor- gave the required unsymmetrically functionalized bewlvhich
cinarene assembly. was reductively debrominated to phertoby way of the organo-
Following the original report of the resorcinarene sphefoid, lithium intermediate. Four molar equivalents of phenéland 5
studies by Matta¥ and Atwood revealed a similar hexameric ~ Were united with the base bow! building block, tetrabromomethy!
structure from pyrogallol-derived resorcinarenes. In this case the cavitand 6,° to form protected cruciform pentameis and 8.

spheroidal structure forms without the assistance of water molecules.Following hydrolysis of the eight MOM ethers to give octds
More recent investigations by Atwod@i1: Rebeki2-15 Cohent6-20 and 10, the scene was set for closure to superboldlsand 12.

and Kaifef! provide evidence for the existence of the same This reaction proceeds SmOOthly under conditions which mimic the

structures in certain solutions and for their reversible encapsulation Conversion of resorcinarenes into cavitaftis result that is hardly
of large guests such as tetraalkylammonium, -phosphonium, andgurprising, considering the parallels between the two transforma-
-antimony(V) salts and ferrocenium ions. tions.

Whereas these noncovalent arrays comprise six cone-conforma- An X-ray crystal structure of tetrabromo superbo#d was
tion resorcinarenes held together by H-bonds through phenolic obtained from diffraction data collected on a crystal grown from a
residues, the “superbowls” are made up of five cavitand bowls mixture of deuteriochloroform, ethanol, and methyl ethyl ketone.
linked by eight covalent bonds through their four rim aromatic The molecular structure, minus the @pentyl side chains (Figure
carbons. The target host comprises a unique cavitand located ai2) Shows the three-dimensional shape of the new covalently linked
the base of the structure and four equivalent cavitands, which container molecule and its very sizable, noncollapsible cavity. The
represent the walls. The retrosynthetic analysis of the superbowls,shape of the molecule without the alkyl feet, with its bulging sides
depicted in cartoon format in Figure 1, exploits g symmetry and narrower opening, is reminiscent of a lidless tureen. The four
of the structure. Waltwall disconnections reveal a cruciform bromine substituents reside over the chasm, with théCbonds
pentamer of cavitands, which is further broken down into five ~30° out of the plane of the rim. The crystal structure exhibits an
constituent bowls, four of which are equivalent. Chemical synthesis UnSymmetrical orientation of wall cavitanémost clearly mani-
thus requires an unsymmetrically functionalized cavitand for the fested in the positions of the rim brominesvidently arising from
walls and a symmetrical tetrafunctionalized species for the base.the conformational flexibility in the-OCH,O— interbowl linkers.
After inspecting models of many potential targets, we chose The interior of the host contains five separate binding pockets
—CH,0O— linkers between base and walls, an®CH,O— linkers of fixed size and shape, which are located in well-defined locations.
between the walls. This combination allowed the necessary flex- Each of the four wall cavitands binds an ethanol molecule, oriented
ibility for interbow! bond formation, while preventing holes in the ~ With the methyl group in. A chloroform molecule resides in the

superbowl structure large enough for entry and exit of all but the Pase cavitand with one of its chlorine atoms pointing down. This
smallest of guests. chloroform molecule is located s@7 A from the rim of the tureen.

Why do ethanol molecules reside in the equatorial cavitands, and
 Australian National University. why does a chloroform reside in the base? The ethanol oxygens
* University of Sydney. point downward toward the central chloroform, consistent with the
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Scheme 1. Chemical Synthesis of Superbowls
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formation of O-H---Cl interactions. The remaining space inside
the vast interior of the superbowl (estimated remaining volume
~450 A3) contains highly disordered solvent molecules.

The complete molecular structure, including those atoms of the
alkyl feet included in the model, is depicted in Figure 3. Only 15
out of the 100 carbon atoms in the feet could not be located for
inclusion into the model. In addition to the five guest molecules

Figure 2. Molecular structure of 4EtOHCDCls-tetrabromosuperbowl ()
from single-crystal X-ray analysisi{pentyl chains omitted). (Top) View
into cavity. (Bottom) Side view. Guests are colored gold for clarity.
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Figure 3. Molecular structure of 4EtOH{5CDCk-tetrabromosuperbow!
(11) from single-crystal X-ray analysisy{pentyl included).
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Figure 4. Arrangement of molecules of compouhdlin the crystal lattice.
(Top) Two adjacent superbowls enjoy mutual chloroform nestling@
interaction. (Bottom) Five superbowl molecules of one layer: the opening
of the central tureen points toward the viewer, the remaining four hosts
point away. The four benzylic ether oxygens of each host molecule are
connected with dashed red lines:{ interactions are depicted with yellow/
black striped lines. Guests inside superbowl and H atoms are omitted.

located inside the container, a chloroform molecule resides between
the alkyl feet of each of the wall cavitands. Intriguingly, these four
external chloroforms adopt essentially the same orientation i.e., the
C—D bonds point down, along an axis roughly perpendicular to
the plane described by the superbowl’s rim. The reason for this
striking ordering becomes apparent when the location of adjacent
superbowl molecules in the crystal structure is considered (Figure
4). Each of the deuteriochloroform molecules nestled between the
feet of one superbowl participates in aD---O interaction with

a benzylic ether oxygen of an adjacent superbowl molecule. An
equivalent interaction from the nestling chloroform of the neighbor-
ing superbow! to the proximate ether oxygen of the original
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superbowl completes a complementary pair. This matching pair of CRYSTALS program suifé making extensive use of restraints and
noncovalent interactions occurs with all four wall cavitands, special shap&%to achieve a chemically and physically reasonable
resulting in a grid-like arrangement in which each superbowl has model with good fit to the data. A detailed description of the
four neighbors oriented in the opposite direction. Thus, these refinement will be published elsewhere. At convergence of a least-

superbowls are assembled in sheets with a thicknes2afm. It

squares refinement based BnR = 0.106,R, = 0.077, andS=

would appear that the-pentyl chains are integral to the assembly 1.03.

of this structure.

A large noncollapsible cavity of well-defined shape offers new
possibilities in guest binding. Preliminary experiments show that
tetraprotiosuperbowl 2 binds tetran-hexylammonium bromide or
tetran-octylammonium bromide with association constants-460
and~120 M1 (25°C, CDCb), respectively. The stoichiometry of
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host:guest association is 1:1. In marked contrast to the spherical
resorcinarene hexam&rguest exchange fdr2 is fast on the NMR
time scale at ambient temperature in CRGast guest exchange
for superbowll2 is presumably the result of its permanently lidless

structure; nevertheless, this observation lends credence to Rebek’s

proposed mechanism for the exchange of tetraalkylammonium ions
from hexameric H-bonded resorcinarene capstild®trabromo-
superbowl11 shows no detectable guest binding of tetraalkyl-
ammonium ions under the same conditions. Bromine substituents
located at the rim of superbow! thus serve either to decrease the
aperture and inhibit guest exchange or to render these particular
guests unpalatable to superbowls by perturbing the binding ability
of their inner phase.

In summary, short chemical syntheses of superbddland12
from tetrabromocavitandl have been accomplished (overall yields
1— 11, 20%;1 — 12, 19%). These compounds represent the first
members of a new family of container molecules with large
noncollapsible interiors. In sharp contrast to the H-bonded resor-

cinarene hexamers, whose guest species could not be identified in

the solid staté superbowll1 binds nine solvent molecules in well-
defined locations, five inside and four outside the container.
Furthermore, preliminary studies show that entry into tHED50

A3 volume interior by larger guests can be modulated by “gate-
keeper” substituents around the rim. The covalent attachment of a
cavitand lid to the superbowl will furnish a fully encapsulating
covalent cage molecule with an inner phase considerably larger
than those of existing structurgd’ These and related studies are
in progress.

Crystal data forll: the crystal chosen for this experiment was
representative, on optical examination, of the bulk solid material.
Triclinic, space groupPl (No. 2), a = 22.4832(6) A,b =
25.2863(7) Ac = 31.2864(8) Ao = 81.514(23, f = 80.2321(14),

y = 78.3354(9),U = 17048.3(8),Z = 2. Mo Ka radiation ¢ =
0.71073), Kappa CCD diffractometeF,= 120 K. Least-squares
refinement based on 5279 reflections X 3ol), 26105 unique
reflections to®max = 18.85 (few reflections were observed beyond
® = 16°, 1.25 A resolution). The structure was solved by direct
methods, SIR97 using default settif§sand refined using the
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