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Structural Rules Governing Self-Assembly Emerge Scheme 1
from New Molecular Capsules

HN N N NH
JoseM. Rivera/* Toma Marfn# and Julius Rebek, Jr¥* Ei:[spacerlc :;@ir: ::[spacer]::
HN N N NH

Department of Chemistry
Massachusetts Institute of Technology 1aX=
Cambridge, Massachusetts 02139 [space'] D:):]"’X OH H [I]
The Skaggs Institute for Chemical Biology

The Scripps Research Institute

La Jolla, California 92037 Scheme 2

o o 0
Receied September 24, 1997 PMBN”NH LB.OK_ pMBN” N B NN or
CAN
. . R Rﬁ» RP)-—(<5>=<: — R E>=<:
Structures such a$ are self-complementary and dimerize  pmgn_ nH = PMBNYN Br CHON. HN, N Br
r -2

because hydrogen-bond donors at the ends of the molecule are Y e e 4%

appropriately positioned for binding to the hydrogen-bond ac- o msnmmpon o o .
ceptors in the middle (Scheme 1). The overall dimensions of N,Boc JL 9 EI@EE
the dimeric assembly are determined by the size of the spacers o™ BOC oy HN N NH E=CO:CeFs
between the glycolurils and the hinge. With spacers such as ~na H;)_('R = NBocm’zHa:Cﬂuch
benzendaor hydroquinonelb, dimerization in organic solvents o Y Quant A g e
leads to a pseudospherical capsule, the “softball” (Figuterdp o 7 o 8

present work was designed to test how much stress, in the form
of structural change, could be incorporated into the system before

its self-assembling properties broke down. We describe here two 0 o BOC
]

variants using an ethylene spacer; the synthesis, assembly  tsuok PMBNJLN AN HNJLN BocN

Scheme 3

properties, and encapsulation behavior of the “wiffle balisind R

3 are discussed. 0 PMBN, W ﬁu:iijﬁo HN N S;'a?;é:f‘uebe
The syntheses & and3 were performed as shown in Schemes % o n ) 0o 12

2 and 3 (see the Supporting Informatién§. o 0
Monomer?2 features five- and six-membered rings on either HNJLN NBOC o 0

end of the ethylene unit which make its spacer somewhat shorter Rw}—{aR cmj) n-)—(- NH cn—’ 3

.. . . . N. 3 ! EtaN
and more rigid than that of. The dimeric form, accordingly, "N\n,N BOC o Tf oHgCl,
has a smaller volume (245 #compared with the 313 $in the o 13 0 1 ’

“softball”).* In compound3, the ethylene appears as the ring
fusion between seven- and six-membered rings and the much-Scheme 4

reduced dimensions lead to a dimeric capsule of only 187 A 0 o M

The proton NMR signals of molecul2 are sharp and well- ﬂ dﬁ NN
defined in a variety of solvents (GBI,, CDCl;, CsDs, toluene- 15 16 17 18
dg), and considerable downfield shifts are observed for the NH o OH OH
resonances (CIZl, 6 = 7.59 ppm, CDG 6 = 7.69 ppm, GDs g (o}
0 = 8.48 ppm, toluenels 6 = 8.21 ppm). The chemical shifts S Té
of these signals are independent of concentration and are 19 20 21 22

characteristic of an ordered, extensively hydrogen-bonded system.

The ease with which this molecule dimerizes in different solvents integrated for guests inside the capsule and those in bulk solution;
suggests a higher degree of preorganization in this systemg, nange is slow on the NMR time scale, though fast on the

compared to .that in the “softballlarla Nonetheless, in human time scale. Data obtained from theNMR spectra were
p-xylened,o it gives a broad spectrum, suggesting dynamic effects \;seq o calculate equilibrium association constamts) (for
or the presence of higher order aggregates that form because th¢,io,s guests. & Direct competition experimerits® gave the

solvent is a poor guest for the dimer. _ additionalK',, for different guests as reported in Table 1.
Encapsulation experiments withwere performed ip-xylene-

dio using the molecules of Scheme 4. Addition of these guests (5) These values are derived from eq 1 and are apparent association
results in the emergence of the sharp NMR signals of Ordered,constants,K’a, because of the unknown resting state2ofn the solvent
occupied capsular forms, but the ability of these guests to induce (assumed to be aggregated)=gguest.

the capsular form at room temperature varied with their sizes, ' [2-9-2]
shapes, and functionalities. Separate signals were observed and Zaggregae)” 9292 K Tl @)
l Massachusetts Institute of Technology.
The Scripps Research Institute. (6) The assumptions are (1) the amount of dimer (unfilled or filled with
él) (a)sl\élelgsner, R.S; R%bekk, Jr., J.; de gﬂ;nggzsz,c?%ncel%)ﬁ 270 solvent) present before addition of the guest is negligible, (2) after addition
]M4' %_%4 h .\]( )f&r:g, Jﬁ Relgg'?Jé%Nfé‘irfl 6 382 239. (c) Conn, M. of the guest, all of the host material not assembled into the capsule is in the
" eRedI'< r h DerI{]/I i g' bok 3. Wraew. Ch Int. Ed. Engl997 aggregate state, and (3) the association of the guest with itself is negligible.
36(8)46u evich, D. M.; Rebek, J., JAngew. Chem., Int. Ed. Engl997 (7) The competition experiments were performed using a solutichiof
Y(3) The compound® and3 were obtained together with their corresponding &fgé??g)dm Wit 1 equlv of  guestatg-2) and addition of 1 equiv of another
geometrical isomers2§ 2w, 3s 3w), which were separated by chromato- '
graphic methods. Tokunaga, Y.; Rudkevich, D. M.; Rebek, J.Adgew. ) "
Chem., Int. Ed. Engl1997, 36, 2656-2659. g2t g —2g2tq K—L2d-2l _K%
(4) Results obtained from the GRASP program. Nicholls, A.; Sharp, K. 9 g=29 g K= 292] K.

A.; Honig, B. Proteins1991, 11, 281.
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Table 1. Inclusion of Guest Species in the Cavity of the Dimer

2.2 )\ Capsule 0-0, S,
. W N A @A)
packing —AG°® N s
. . °< l
guest coefficient K'a(M™) (kcal mol™) f"\oo 3.3 3.1 3.3
W . -
15 0.43 1.7x 10° 3.00 o 3+2 3.5
16 0.45 1.8x 10°° 4.38 K, > 2.2 3.7 4.2
17 0.47 5.0x 107b 3.63 oo 1.1 43 4.9
18 0.60 3.8x 1C°°P 4.83 7?5&
b
%(9) gg% ggi igb ;;g Figure 2. Schematic representation of the capsular dimers and the
21 0.68 0.1x 122 398 mterlToIecuIar glycoluril carbonyl distances {@yg), and spacer length
22 0.71 1.3x 1022 2.85 ().
a Calculated by encapsulation experimehtCalculated by competi- ment showed that the complex is stable up to 330 K. From 350

tion experiment.® to 380 K, it was basically a single species. This complex can be

dissociated by adding chloroforth- After addition of 14%

d) mh chloroformd, the aggregate breaks up to give a simplified
u spectrum with the NH and Gtkignals broadened.
| Dilution of a solution of3 in chloroformd with benzeneds
c) I ‘ A l u r‘w caused the NH and the GHignals to move downfield, which
might indicate a conformational change induced by whatever
“ ! nucleation process is underway. A parallel dilution experiment
b) using 3w showed an upfield shift for the NH signal; however,
. the CH, signals remained constant.
a) The similarities betweer?2 and 3 suggested that &ybrid
j 11 structure could be formed. This heterodimer would neces-

sarily have a cavity shape and size (218) Avhich is inter-

s SR e T T T T T T | mediate between the parent homodimers. A one-to-one mixture
ppm 5 of 2 and 3 was prepared and analyzed in different solvents
Figure 1. *H NMR spectra at 600 MHz of (&3 (2.3 mM) in DMSO4ds (CDCl,, CDCh, CeDg, tolueneds, p-xylenedo). Only in benzene-
solvent. The signal at 3.3 ppm i@l. (b) 3 (5.4 mM) in benzenek. (c) ds was the heterodimer observed: the spectrum showed the signals
2:2 (3.8 mM) in benzenek. (d) Equimolar mixture of and3 (3.8 mM) corresponding t@-2 and two new sets of signals with the one-
in benzeneds. to-one intensity corresponding to the heterodir@ed (Figure
1d)1°

From the table and the calculated values of the packing factor, Why does 3 form a heterodimer but not a homodimer?
it appears that guests that occupy between 0.60 and 0.63 showedllolecular modeling studiés show that in the homodimes-3
particular affinity for the cavity of2-2; the presence of the the intermolecular @Oy distance between glycoluril carbonyls
functional groups in the guests enhances their affinity. Compare, is quite short (3.1 A) and some repulsion between the two oxygens
for example, adamantan&8) with 2-adamantanonel9): they can be expected (Figure 2). This distance in the hetereodimer
are approximately equal in size and shape but tKgjare very 2-3is increased to 3.5 A while that in the homodin2e2 is large
different, probably due to attractive interactions of the carbonyl enough (3.7 A) that repulsion between oxygens is negligible.
of the guest with the hydrogen bonds that line the cavity of the Accordingly, there are subtle, often unpredictable, effects that can

host. dramatically change the assembly information contained within
In contrast to2, the smaller3 was not easily characterized, similar systems.
and some difficulties were encountered in distinguist8rigppm In summary, the structural diversity available with congeners

3w (3shas doubled NMR signal patterns since its two ends are of the softball provides useful information for the further
different). Neither shows the characteristic downfield shifts of development of capsules and self-assembly in general. The use
the NH signals associated with dimerization, and dilution experi- of two different spacers in the subunit can lead to dimers with
ments using, 3w, or 3sin chloroformd and dichloromethane-  dissymmetriccavities and we will report on these in the sequel.

d> showed that their NH signals were all concentration dependent.

Thus, none of the isomers gave capsules in these solvents; rather acknowledgment. We thank the Skaggs Research Foundation and
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benzeneds and tolueneds only one of the isomers3(or 3w) was Szabo for advice on the synthesis of protected glycolurils. Admini$tacio
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an ordered aggregate of yet unknown structure. TFh€0SY

spectrum in tolueneg reveals 8 different NH resonances, the Supporting Information Available: Procedures and spectral data for
lowest at 10.3 ppm, and 16 different methylene resonances:all compounds (33 pages). See any current masthead page for ordering
therefore, the complex is at least a dimer. Dilution experiments @nd Internet access instructions.

in benzenads and tolueneds showed concentration-independent  ja973341U

behavior from 12.2 to 1.8 mM. A variable-temperature experi-

(10) (a) Koh, K.; Araki, K.; Shinkai, STetrahedron Lett1994 35, 8255.
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to observe clearly the guest outside and inside of the dimer, the signals of  (11) Molecular modeling was performed using MACROMODEL 5.5
which were easily integrated. The reliallg for 21 was then used to calculate (MM2* force field). These distances were obtained from the energy-minimized
constants for the rest of the gued&-20 by competition experiments. structures of the corresponding dimers. Mohamadi, F.; Richards, N. G.; Guida,
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