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Abstract: A hexameric resorcinarene nanocapsule in wet CDCl; forms inclusion complexes of calix[4]-
arene with tetramethylammonium and trimethylsulfoxonium cations to give highly stable Russian-doll-type
multicomponent assemblies. The 2D NOESY experiments revealed the size of the assembly, the close
proximity of the encapsulated calix[4]arene molecule to the resorcinarene molecules of the capsule, and
the inclusion of the tetramethylammonium cation in the calix[4]arene cavity.

Introduction

Large molecular capsules are fascinating self-assembling
nanocontainers providing unique microenvironments for the
studies of intermolecular interactiohdn the crystalline state
six molecules of resorcinareria and eight water molecules
form a huge molecular capsule (Figure 1) stabilized by 60
hydrogen bond3.Lipophilic resorcinarenelb forms similar HO
assemblies in wet benzene or chlorofdtirhe 1D and 2D NMR
techniques revealed that the hexameric capsule can entrap six  Ho
or eight small molecules (chloroforfhenzené, glutaric acid), 1
three medium sized guests §HHCI),* or one bulky species

such as BNBr, BusSbBr, or a cobaltocenium salt. R=Me 1a
In rare cases very large molecular containers have been shown R=CyHp;1b 61a8HO
to generate complex-within-complex assembfieSiven the
enormous internal space associated with the hexameric resor- X
cinarene capsules these would be expected to encapsulate OH
smaller inclusion complexes. Appropriate conditions were o“o':lo
investigated and presented herein for the formation of such \ N
Russian-doll atryoshkd complexes of hexameric resor-
cinarene capsules.
2
(1) (a) Palmer, L. C.; Rebek, J., Brg. Biomol. Chem2004 2, 3051-3059. X=CH, 2a
(b) Rebek, J., JrAngew. Chem., IntEd. 2005 44, 2068-2078. (c) X=8 2b
Dalgarno, S. J.; Tucker, S. A.; Bassil, D. B.; Atwood, J.Science2005 ; ; ; . ;
309, 2037-2039. (d) Rudkevich, D. MBull. Chem. Soc. Jpr2002, 75, Ffé’srfsé Resorcinarenes, hexameric capsulela-8H;0, and calixarene
393-413. (e) Hof, F.; Craig, S. L.; Nuckolls, K.; Rebek, J., Angew. g ’
Chem., Int. Ed2002 41, 1488-1508. (f) Gerkensmeier, T.; lwanek, W.;
Agena, C.; Frolich, R.; Kotila, S.; Nather, C.; MattayElr. J. Org. Chem. ; B
1099 2257-2262. Results and Discussion
(2) MacGillivray, L. R.; Atwood, J. LNature 1997, 389, 469-472. 1 . .
(3) (a) Avram, L.; Cohen, YJ. Am. Chem. So@002 124, 15148-15149. The *H NMR spectrum of resorcinarertb in wet CDCh
Eb)) é\é_ram, Lk (ioh%n,bY.kJ. ?mjﬂCfK!m-CSSQOO?S» 15%()?%3?%%2} contains two singlets for the CH protons of the resorcinol rings
C Ivanyuk, A.; Rebek, J., . AM. em. S0 . .
3433. (d) Avram, L.; Cohen, YOrg. Lett.2003 5, 3329-3332. (e) Avram, and one triplet for the methyne proton_s of the bridges, whe_reas
L.; Cohen, Y.J. Am. Chem. So@004 126, 11556-11563. the OH groups emerge as a broad singlet at 9.6 ppm (Figure

(4) (a) Palmer, L. C.; Shivanyuk, A.; Yamanaka, M.; Rebek, J.Clrem.

Commun.2005 857-858. (b) Evan-Salem, T.; Baruch, I.: Avram, L.;  28). The broad signal of water protons is located at 4.2 ppm

i‘;’é‘i"@%@i’&'?&é’ L. C.; Rebek, J., Broc. Natl. Acad. Sci. U.S.R006 owing to hydrogen bonding to the OH groupsld This pattern
(5) (a) Shivanyuk, A.; Rebek, J., JProc. Natl. Acad. Sci. U.S.£2001 98, has been shown to correspond to hexameric molecular capsule
7662-7665. (b) Shivanyuk, A.; Rebek, J., @hem. Commur2001, 2424 . H i i
2425. (c) Yamanaka, M.; Shivanyuk, A.; Rebek, J.JJAm. ChemSoc. 61b E_;HZO InC|Ud|ng SIX ChlorOfOt;m mOIeC_L”_éS' -
2004 126, 2939-2943. (d) Philip, I.; Kaifer, A. EJ. Org. Chem2005 Calix[4]arene2a (V = 0.36 nn¥)” was anticipated to fit into
70, 1558-1564. ; ; ; ;
(6) (a) Lutzen, A- Renslo, R. A.: Schalley, C. A.: O'Leary, B. M.; Rebek, J., the hexameric resorcinarene capsule, which has an internal

Jr.J. Am. Chem. S0d.999 121, 7455-7456. (b) Liu, S.; Zavalij, P. Y ;

Isaacs, LJ. Am. Chem. So@005 127, 16798-16799. (c) Hardie, M. J.; (7) The volumes of van der Waals surfaces of the guests were calculated

Raston, C. LJ. Chem. Soc., Dalton Tran2000Q 2483-2492. using: WebLab Viewer Pro AMolecular Simulations Inc: 2000.
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(MeyN* for the equatorial protons fa is centered at 1.7 ppm being
2t o shifted upfield by 2.0 ppm. The methylene protons of the bound
2a give intermolecular NOEs to the protons of the methyne

H)

b?*s‘z 4 10 P@Lﬂ bridges oflb, alluding to thejr spatial proximity in the comple_x.
Cotby |, OH, Hry The 2D NOESY correlations and the+HD exchange experi-

ments revealed that the broadened OH singlet of the encapsu-

lated2ais located at 9.2 ppm upfield by 1.0 ppm from its normal

position. The protons of the aromatic rings of the complexed

2a emerge at 5.9240 = —1.2 ppm) and 6.20 ppmAp =

—0.5 ppm) according to NOESY correlations with the protons

of the methylene bridges. The COSY technique revealed-spin

spin interactions between these signals. The intensities of the

2.5 ppm
A
2
NOESY cross peaks indicate that the more strongly shifted
signal corresponds to the protons in ortho positions to the
2.5 ppm
AL
J;L

7 ! 56

(o

methylene bridges. Thus, the above results strongly suggest that

the encapsulated calix[4]arene molecule exists in a cone

conformation which is, most probably, stabilized by a cyclic

seam of intramolecular hydrogen borifst should be noted

1[] | 1046 449 that the signals for the methylene protons of the encapsulated

2a remained virtually unchanged upon rising the temperature

0 to 323 K, whereas the signals of the exterBaltransformed

7 10 into a broad singlet due to the fast conformational interconver-

_J 12* uup Lw sion. This suggests that the encapsulation within the hexameric

‘ capsule results in the conformational stabilization of calix[4]-

ho 9.0 7.0 5.0 3.0 1.0 1.0 arene molecules.
3 The broadene#H NMR signal of water ([HO]/[1b] = 2) is

Figure 2. TheH NMR spectrum (CDG), 500 MHz, 308 K, [Lb] = 102 located at 3.5 ppm (NOESY assignment) suggesting that water

!)202)(?)((:1)%[;'fgggblr:Mle'ﬂif?)(?&bo“;/[zlﬁ]a: ge‘}i;'i;éﬂ]"éggllﬂ molecules link the resorcinarene subunits by hydrogen bonds.

the encapsulated water m(;IecuIe; the signals of Beere indicated by  AS expected, this signal shifts up field upon an increase of water

dashed numerals. The signals dfo?MesN* are indicated by asterisks. ~ concentration. The NMR titration experiments revealed $shat

Integral ratiosl:2:3:4:5:(6+_10) = 2:12:4:4:8:28 (24—42. Selected inter- molecules of resorcinarerid bind 0neca|ix[4]aren@a_11 Thus,

Lnrglses?;E;kNg;.SY correlations 23, 2-4, 2-9, 2-5, 2*~10% exchange 5 ahove results provide strong evidence to the inclusion of
one calix[4]arene molecule in the hexameric capsule, which is

volume of about 1.4 nfaUnfortunately!H NMR spectroscopy similar to the_crys_talline state assembly&8H,0 (Figure 1).
revealed no evidence for such an encapsulation in wet €DCI Th.|s con_clusmn is further strengthened by.the fact that the
since the spectra of mixtures bb and2awere identical to the ~ N€ighboring protons oib show strong negative NOEs char-
superimpositions of the signals for the individual components. acteristics for large slowly tumbling aggregg%éé? The de-

It seemed plausible that addition of tetramethylammonium Pendence of the intramolecular NOEs on mixing time {0.2
cation, which is complementary to the calix[4Jarene cadity, 0-6 s} is identical to that of chloroform-filled hexameric

might favor the formation of self-assembling hexameric capsules @Psules, whose size has been independently established by
confining an inclusion comple2a-Me;N*. gradient spin echo experimer#tdhe NOEs between H5 and

H6 are also negative (30%, tm 0.4 s) apparently due to the
tight binding of encapsulateza to slowly tumbling hexameric
nanocapsule. Quickly tumbling free calixarene is characterized
by week positive NOEs between H5 and H6 (2%,#9.4 c).
Titration experiments also revealed that the molecul@aof
shares the hexameric cavity with one tetramethylammonium

o

11.

Mixtures of resorcinarendb and calix[4]arene2a extract
insoluble M@N™1~ into wet CDC}, whereas the individual
componentslo not This is a macroscopic manifestation for the
formation of highly lipophilic complex(es) betweéh, 2a, and
MesNTI~. The IH NMR spectra reveal that the complexation
does not affect considerably the position of the resorcinarene>"" - )
signals resulting only in the broadening of the OH resonances ation. The slightly broadenei NMR signal for the encap-
and the signals for protons at 2-positions of the resorcinol rings. SUlated MeN™ is centered at 0.18 ppm indicating strong

The NMR titration experimenfsand 2D NOESY spectra  Mmagdnetic shieldingA = —3.0 ppm), likely resulting from
revealed that the protons of calix[4]are2eemerge aswo sets spatial proximity of the methyl protons to the shielding regions

of signals due to the formation of kinetically stable complex (10) Horsewill, A. J.; Jones, N. H.; Caciuffo, Bcience2001, 291, 100-103.
(11) The stoichiometry was determined through integration of!theN\MR

with 1b. The axial protons of the methylene bridges of bound signals assigned via NOESY correlations. Automatic correction of integrals
2a emerge as a broadened doublét= 14 Hz) at 2.7 ppm was used in MestreC2.3a program. )
. . R . (12) Neuhaus, D.; Williamson, NLhe nuclear @erhauser Effect in Structural
shifted upfield by 1.6 ppm (Figure 2b,c) likely as a result of and Conformational Analysi&CH Publishers Inc.: Weinheim, Germany,
ialdi 1989.
the shielding effects of moleculds. The broadened doublet (13) This method has been successfully applied for determination of size of
large hydrogen-bonded assemblies: (a) Vreekamp, R. H.; van Duynhoven,
(8) Atwood, J. L.; Barbour, L. J.; Junk, P. C.; Orr, Wupramol. Chen995 J. P. M.; Hubert, M.; Verboom, W.; Reinhoudt, D. Nngew. Chem., Int.
5, 105-108. Ed. 1996 35, 1215-1218. (b) Shivanyuk, A.; Saadioui, M.; Thondorf, I.;
(9) The'H NMR spectra were measured at different ratios betwHeand Broda, F.; Rissanen, K.; Vysotsky, M. O.; Kolehmainen, E:hBer, V.
2a. Solid MgN*1~ was extracted into chloroform solution upon sonication Chem. Eur. J2004 10, 2138-2148.
for 8 h. (14) Mestrec 4.7.0.0 program was used for integration of NOESY spectra.
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Figure 3. Energy optimized structures 8&-MeyN + @61b-8H,0. Water
molecules are omitted for clarity; transparent van der Waals surfa2a of
is shown.

of the capsule. Such a strong induced chemical shift is
characteristic for the inclusion in the cramped cavities of dimeric
molecular capsulé3 or monomeric resorcinarene based cav-
itandg® rather than in large quarters of the nanosized hexaiers.
Molecular mechanics calculatiofigredict that one molecule

of the encapsulated water molecule to the diamagnetic currents
of the capsulé® It should be noted that the signal of the
encapsulated water gives weak 2D NOESY correlations with
the protons at 2-positions of the resorcinol ringslaf The
NMR studies in CHC failed to prove the coencapsulation of
chloroform within the hexameric capsifle.

As expected, the formation of the Russian-doll complexes is
sensitive to the size of the calixarene component and guest
cation. Namely, thiacalix[4]aren2b, which is nearly isosteric
to calix[4]arene2a, forms the co-encapsulation complex in the
presence of MéN*I~, whereas molecules gftert-butylcalix-
[4]arene and calix[4]arene tetramethylether are too bulky to be
entrapped in the resorcinarene hexamer. On the other hand,
Me3SO' cation, which is isosteric to M&I™, forms the
coencapsulation complex witta, whereas the larger fH™"
does not. In the latter case the hexameric capsule including three
ion pairs ENH*CI™ is formed??

The addition of polar methanal; (10%) causes total disrup-
tion of the Russian-doll assemblies which is evidenced by the
disappearance of tHél NMR signals for the encapsulat@d,

of 2a can be readily accommodated in the hexameric capsule MesN*, and water. Tetrabutylammonium iodiddoes not
in a face-to-face arrangement with one of the resorcinarene g psiitute the encapsulatés, Me,N*+, and HO apparently

molecules (Figure 3). In such a disposition the protons of the
aromatic rings in ortho positions to the methylene bridges of
2a should reside within the shielding regions of moleculbs

a prediction corroborated by the experimentally observed
induced chemical shifts (see above).

The residual free volume in the capsule=£ 450 A3) would
permit the inclusion of MgN* (V = 130 A3). Apparently, the
encapsulated M@&I™ can reside within either the resorcinarene
(structureA) or calix[4]arene (structurB) cavities. The protons
of the encapsulated ME* give strong NOESY correlations

owing to the lower stability of its hexameric capsular compfex.
Very high stability of the Russian doll complexes and insolubil-
ity of MesN*1~ in CDCl; hampered quantitative thermodynamic
studies of the encapsulation.

The peaks of chemical exchange in NOESY spectra revealed
a minor set of signals for resorcinarebie and MgN* (Figure
2c) at [Lb]/[2a]=1. The broadenetH NMR singlet of the cation
is centered at-0.65 ppm A6 = —3.83 ppm) apparently due
to very close proximity of the methyl protons to the diamagnetic

with the protons of the aromatic rings and methylene groups of currents of the resorcinol rings. Integration of signals 2* and

the encapsulateda. The latter are 1.5 times weaker than the
NOESY cross-peaks between protons of entrappegNviand

10* revealed that one tetramethylammonium cation is bound
by two molecules of resorcinarene. It seems plausible that the

the methyne protons of the resorcinarene bridges. These result§econd set of signals c+or'responds to dimeric resorcinarene
suggest that the time-averaged structure in solution is represente§@psules entrapping Me™ in the crampedr-basic cavities.

more accurately by arrangemdit Thus, it can be concluded
that the inclusion compleRa-Me4N* is encapsulated by the
hexameric resorcinarene nanocapsule.

The formation of the coencapsulation complexes was inde-

pendent of the counterion whether MEBr—, MesNt BF4™,
or MeN*TsO™ were used as guests. This result and the fact
that there is no observable induced upfield shift for'ifreNMR
signal of BR-anion suggest that the counterions are situated

Such assemblies have been observed in the crystalliné tate;
however, their solution studies were hampered by low solubility
of the tetramethylammonium salts in nonpolar solvents.

In conclusion, the highly stable hexameric resorcinarene
capsule reversibly entraps inclusion complexes of calix[4]arene
and thiacalix[4]arene with M&™ and MgSO'. Such an
encapsulation provides the calixarene complexes with kinetic
stability at ambient temperatures. Apparently, the simple ap-

outside of the hexameric capsule. The residual space in theproach described above provides an easy access to nanosized

nanocavity is filled with one molecule of water, whose protons
emerge in théH NMR spectrum as a broadened singlet-2t48
ppm (Figure 2b), which disappears upor-B exchange with

Matryoshkacomplexes, which might eventually include inor-
ganic cations, small hydrocarbons or biologically active com-
pounds like choline, cisplatine, etc. The improved kinetic

D20 suspended in a chloroform solution of the assembly. Such stapjlity of the encapsulate@aMe;N* demonstrates the

a strong magnetic shielding\¢ = —4.1 ppm relative to the
signal of “free” water in CDGJ) indicates a very close proximity

(15) (a) Shivanyuk, A.; Paulus, E. F.;'Bmer, V.Angew. Chem., Int. EA.999
38, 2906-2909. (b) Shivanyuk, ATetrahedron2005 61, 349-352. (c)
Shivanyuk, A.; Friese, J.; Ding, S.; Rebek, J., Jd. Org. Chem2003
68, 6489-6496.

(16) (a) Ballester, P.; Shivanyuk, A.; Rafai Far, A.; Rebek, J.JJAm. Chem.
Soc.2002 124, 14014-14016. (b) Shivanyuk, A.; Friese, J.; Rebek, J., Jr.
Tetrahedron2003 59, 7067-7070.

(17) The MM calculations have been carried out on the basis of crystallographic
coordinates of Ba -8H,O (ref 2). MMX force field was used as
implemented in : Gilbert, K. EPCMODEL 7.50.00 Serena Software:
P.0O. 3076, Bloomington, IN 47402.
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potential of molecular encapsulation in providing a unigue

environment for investigations of molecular interactions and

highlights the possibilities presented by supramolecular chem-
istry within nanospace®.

(18) Water molecules were included in open and closed calixarene cavities in
the crystalline state: (a) Atwood, J. L.; Hamada, F.; Robinson, K. D.; Orr,
G. W.; Vincent, R. L.Nature 1991, 349, 683-684. (b) Shivanyuk, A.;
Rissanen, K.; Kolehmainen, Ehem. Commur200Q 1107-1108.

(19) (a) Mansikkamaki, H.; Nissinen, M.; Schalley, C. A.; RissaneriN&w J.
Chem2003 88-97. Murayama, K.; Aoki, KChem. Commuri998 607—
608.
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