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Another phase of our collaborative venture simultaneously led
to optimized chromatographic purifications of Cg4, and higher
fullerenes.!? In the course of these studies, an anomaly in the
UV-vis spectrum of the C, fraction led to the detection and
isolation of the same oxide C,,O. The elemental composition was
revealed by thermospray mass spectrometry.!* The spectrum of
a slightly impure sample appears in Figure la. The most intense
peak, at 736 amu, corresponds to Cg,O; the only other strong peak,
at 720 amu, derives from Cg.'*

The UV-vis absorption spectra for C¢ and CyO in toluene are
quite similar except for subtle differences in the 400-700-nm
region (Figure 1b). C4O exhibits a new band at 424 nm but lacks
the Cqo band at 408 nm.!* Relative to Cgg, CyqO displays stronger
absorption at 496 nm and weaker absorptions at 540 and 600 nm.

To establish a vibrational fingerprint of the new material, FTIR
spectra of triply chromatographed C¢O were recorded with
0.5-cm™ resolution (Figure 1c). The spectra contain no detectable
absorptions above 1600 cm™!, consistent with the absence of C—H
or C=0 bonds. Seventeen relatively strong bands and 25 weaker
ones are observed between 450 and 1600 cm™'. Four of the
stronger bands (1427.8, 1184.6, 575.4, and 526.0 cm™) resemble
the principal absorptions of Cg, (1429.0, 1182.7, 575.9, and 526.9
cm™! as recorded on the same instrument).'¢

The 13C NMR spectrum of Cg,O (Figure 1d) was acquired at
125 MHz in benzene-d, with Cr(acac); added as a relaxant.
Sixteen lines are resolved, one at 90.18 ppm and the remainder
between 140 and 146 ppm, referenced to the central peak of the
benzene triplet (128 ppm).!” The chemical shifts are consistent
with the values reported for Cgq (142.68'%2 or 143,213 ppm), C5q
(130-151 ppm),'2182b and C, (129-150 ppm).13

The 13C NMR, FTIR, and UV-vis spectra of C,O contain a
number of unique features, but also suggest that this new fullerene
retains the essential electronic and structural character of Cg.
The epoxide structure 1, of C,, symmetry, would derive from
oxidation of one of the 30 equivalent C¢, double bonds.>* Oxi-
doannulene 2, analogous to the structure proposed for C;,0,* could

(10) Heating Cg to 350 °C in air (10 °C/min) resulted in a 2% weight
increase, consistent with the formation of C¢0O. However, the product was
insoluble in toluene and C¢yO was not detected by HPLC analysis. Unpub-
lished results of Dr. Andrew R. McGhie, University of Pennsylvania. See also
ref 5.

(11) Vassalo, A. M.; Pang, L. S. K.; Coke-Clarke, P. A.; Wilson, M. A.
J. Am. Chem. Soc. 1991, 113, 7820.

(12) For related work on the separation and characterization of fullerenes,
see: (a) Cox, D. M,; Behal, S.; Disko, M.; Gorun, S. M.; Greaney, M.; Hsu,
C. S.; Kollin, E. B.; Millar, J.; Robbins, J.; Robbins, W.; Sherwood, R. D;
Tindall, P. J. Am. Chem. Soc. 1991, 113, 2940. (b) Fischer, J. E.; Heiney,
P. A.; McGhie, A. R.; Romanow, W. J,; Denenstein, A. M.; McCauley, J. P.,
Jr.; Smith, A. B., I11. Science 1991, 252, 1288. (c) Parker, D. H.; Wurz, P.;
Chatterjee, K.; Lykke, K. R;; Hunt, J. E.; Pellin, M. J.; Hemminger, J. C;
Gruen, D. M,; Stock, L. M. J. Am. Chem. Soc. 1991, 113, 7499 and references
cited therein.

(13) Thermospray mass spectra were measured by Dr. Robert T. Rosen,
Food Sciences Department, Rutgers University, New Brunswick, NJ, using
a Vestec 201 LC-MS instrument operated in the negative ion discharge mode
with benzene as eluant. The benzene solution was transferred directly into
the heated (200 °C) capillary for analysis.

(14) A significant fraction of the Cq, ion signal likely results from thermal
decomposition of C¢O. Thermal desorption mass spectrometry (T = 300 °C)
of similar CgQ samples shows Cgy (720 amu) signals markedly stronger than
those of C¢yO (736 amu); ca. 2.5 and 100 times larger for TD-FAB-MS and
TD-CI-MS, respectively.

(15) Bathochromatic shifts (2-10 nm) and changes in relative absorption
in the optical spectra of fullerenes are observed in different aromatic solvents.
Unpublished results of K. Creegan.

(16) Thermal decomposition of CgO in air at 175 °C as monitored by IR
absorption furnished an as-yet-unidentified product (not C4). Unpublished
results of Dr. John Robbins.

(17) (a) BC chemical shift values (and relative intensities) for CgO in
benzene-dg: 145.47 (3.6), 145.41 (3.6), 145.34 (3.6), 145.20 (1.7), 144.54
(4.1), 144,54 (4.2), 144.16 (8.5),!7° 143.78 (2.2), 143.27 (4.1), 143.25 (4.1),
142.70 (2.4), 142.56 (4.0), 142.41 (4.0), 141.18 (4.0), 141.00 (3.6), 90.18 ppm
(2.0). (b) Resolves into two resonances in CS,.

(18) (a) Taylor, R.; Hare, J. P.; Abdul-Sada, A. K.; Kroto, H. W. J. Chem.
Soc., Chem. Commun. 1990, 1423. (b) Ajie, H.; Alvarez, M. M.; Anz, S. J.;
Beck, R. D.; Diederich, F.; Fostiropoulos, K.; Huffman, D. R.; Krdtschmer,
W.; Rubin, Y.; Schriver, K. E.; Sensharma, D.; Whetten, R. L. J. Phys. Chem.
1990, 94, 8630. (c) Ettl, R.; Chao, I.; Diederich, F.; Whetten, R. L. Nature
1991, 353, 149.
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arise via isomerization of 1. Pioneering studies of the parent
oxidoannulene and related species by Vogel'* suggest that 2 should
contain a delocalized annulene moiety!®® and thus should also
embody C,, symmetry.

Both 1 and 2 contain 17 sets of inequivalent carbons: 13 groups
of four carbons each and four comprising two carbons each. The
relative intensities in the 13C NMR spectrum of C4,O follow the
predicted pattern. The chemical shift of the two-carbon signal
at 90.18 ppm is fully consistent with expectations for the epoxide
carbons in 1.2 Although a priori the vinyl ether 8 carbons of
2 might also be expected to resonate near 90 ppm, 2 contains four
such carbons rather than two. In contrast, the *C NMR spectrum
of the parent 1,6-oxido[10]annulene comprises three lines between
124 and 131 ppm.?! Thus, the room temperature NMR data
cannot be reconciled with oxidoannulene 2, but strongly support
the isomeric epoxide structure 1.

Finally, we have demonstrated that Cy,0 is efficiently converted
to Cq (ca. 91% yield) during chromatography on neutral alumina.
The widespread use of alumina for purification of the fullerenes
may explain why C¢,O has not been isolated previously.
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(19) (a) Vogel, E.; Bishup, M.; Pretzer, W.; Boll, W. A. Angew. Chem.,
Int. Ed. Engl. 1964, 3, 642. Sondheimer, F.; Shani, A. J. Am. Chem. Soc.
1964, 86, 3168. For a review on bridged annulenes, see: Vogel, E. Pure Appl.
Chem. 1982, 54, 1015. (b) Baley, N. A.; Mason, R. J. Chem. Soc., Chem.
Commun. 1967, 1039.

(20) Davies, S. G.; Whitham, G. H. J. Chem. Soc., Perkin Trans. 2 1975,
861,
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Highly polar compounds as guests can be solubilized in apolar
organic media upon selective complexation with rigid hosts having
preorganized binding sites.> A three-dimensional encapsulation
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of a guest may be achieved by modeling solvation shells for polar
solutes in water. In the present work, we have prepared cova-
lently-linked polyamine—polyhydroxy clusters along this line. We
wish to report here that sugars and other polar guests can be
solubilized in CCl, via what may be called flexible intramolecular
polar microsolvation.*

Alkylation of octaaza macrocycle 1° with long-chain epoxy
alcohol 2 in DMF at 140 °C for 6-8 h afforded the octakis(di-
hydroxyalkyl) derivative 3 (60%).%7 A similar reaction of linear
pentaamine 4° with 2 gave the noncyclic heptakis(dihydroxyalkyl)
derivative 5 (32%).7 On the other hand, reaction of macrocycle
1 with dodecanoyl chloride in CH,Cl,, followed by reduction of
the resulting octaamide 6a with diborane in THF, gave the cyclic
octaalkyl derivative 6b (40% total) having no OH groups (Chart
I).

Vigorous stirring for 24 h of a two-phase mixture of a CCl,
solution of host 3 (1.0 X 102 M, 2 mL) and water (2 mL) resulted
in the transfer of ~40 molecules (by 'H NMR integration) of
the latter into the former solution.®? The resulting supramolecular
complex 3-nH,O (n =~ 40) was found to be nearly monomeric as
such® and exhibited a large (by ~1 ppm) downfield shift (from

(4) For a similar approach, see: Aoyama, Y.; Nonaka, Y.; Tanaka, Y.;
Toi, H.; Ogoshi, H. J. Chem. Soc., Perkin Trans. 2 1989, 1025-1029.

(5) (a) Dietrich, B.; Hosseini, M. W.; Lehn, J.-M.; Sessions, R. B. J. Am.
Chem. Soc. 1981, 103, 1282-1283. (b) Dietrich, B.; Hosseini, M. W; Lehn,
J.-M.; Sessions, R. B. Helv. Chim. Acta 1983, 66, 1262-1278. For ATP
binding with 3-related polyammonium macrocycles, see: Hosseini, M. W.;
Blacker, A. J.; Lehn, J.-M. J. Am. Chem. Soc. 1990, 112, 3896-3904 and
references therein.

(6) Compound 3 was purified by means of chromatography on silica gel
(CH;0H) and on Sephadex LH-20 (CH,OH), followed by preparative HPLC
on a column of TSK GEL G2000 HXL (THF): 'H NMR (CDCl,) § 0.88
(t, 24 H, CH,), 1.0-1.7 (m, 176 H, CCH,C), 2.1-2.7 (m, 48 H, NCH,),
3.2-3.7 (m, 16 H, CHOH), 3.6-4.8 (br, 16 H, OH; disappeared on deuter-
iation); IR (CCl,) 3350 cm™! (voy). Molecular weight by VPO for a CHCI,
solution was 3.2 X 10° at infinity dilution (caled 2280), indicative of some
aggregation of compound 3.

(7) Compounds 3 and 5-8 as well as acetylated 3 (prepared for an iden-
tification purpose) gave satisfactory spectral data.

(8) Water complex: 6 (CDCI,—CCl,) 1.9 (bound HgO; absent when D,O
was used); molecular weight (VPO, CHCl,) 3.4 X 10° (caled for 3-40H,0
3000).
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§2.1-2.7 in free 3 to 2.7-3.8 in the complex) of the NCH, res-
onances. These results indicate that the polar core of host 3
composed of 16 OH groups and 8 tertiary amino groups can
accommodate a water pool (structure 9 in a schematic repre-
sentation; guest is ~40H,0) with an amine-protonation equi-
librium (amine + H,0 = ammonium + OH")° (Chart II).

D-Glucose as well as D-fructose and p-ribose (3 M in water)
could be extracted into CCl, containing host 3. The number of
coextracted water molecules, if any, was unmeasurably small in
this case.!® The stoichiometry 3/glucose ~ 1 was established
directly by 'H NMR integration'® or after reextraction of the sugar
back into water. Sugar extraction as well as water-pool accom-
modation was also observed with the noncyclic heptakis(di-
hydroxyalkyl) reference host §, but never with other references
such as 6b, 7, and 8. Thus, the presence of clustering di-
hydroxyalkyl chains is essential for the present sugar extraction.
This suggests that the sugar, possibly with a limited number of
coextracted water molecules, is encapsulated in the polar core as
shown in structure 9 (guest is sugar).

Pyridinium iodide 10 is a probe for solvent polarity.!! Guest
10 as a solid, otherwise insoluble in CCl,, could be solubilized with
host 3 in that solvent under anhydrous conditions, giving A, 350
nm. This A,,, in light of the correlation between A, and solvent
polarity,!! indicates that the micropolarity of the 10-binding polar
core of 3 (structure 9; guest is 10) corresponds to ethanol (A«
359 nm) or formamide (A, 343 nm).

The extraction of organic anions took place readily.!> From
an aqueous solution (pH < 12) of sodium picrate (11, Na*Pic",
0.005-0.1 M) was instantaneously extracted Pic”, with little pH
dependence, into a CCl, solution of host 3 (0.01 M) upon for-
mation of a monomeric 1:1 ammonium picrate salt (structure 9
with one nitrogen atom being protonated as a countercation; guest
is Pic’).131* The extraction of nucleotide anions of FMN (12)
and AMP (13) took place similarly.!* Simple anions such as
carbonate in water (0.01 M) could also be extracted.!® Com-
petitive extraction indicated the decreasing extractabilities in the
following order: picrate (lipophilic anion) > carbonate (hydrophilic
anion) > sugar (hydrophilic neutral species).

To summarize, compound 3 exhibits such features (monomeric
nature and definite stoichiometry of binding) as are characteristic
of a host. Most current hosts are designed so as to exhibit se-
lectivity, a general strategy for which is the preorganization of
limited but multiple and convergent binding sites using rigid
skeletons.!” The binding site or the polar core of host 3, on the
other hand, is an intramolecularly associated polyamine/ammo-
nium-polyhydroxy cluster with a limited amount of H,O. In this
respect, host 3 can also be regarded as a unimolecular reversed
micelle.'® The polar core is adjustable to and hence incorporates

(9) For the pK, values of compound 1 in water, see ref 5a.

(10) The 'H NMR spectrum of the glucose complex in CDCl;-CCl, in-
dicates that glucose is bound as a 1:2 mixture of a- (8,4 5.20) and §-pyranose
(8, 4.60). That little coextraction of water had taken place came from the
comparison of the 'H NMR spectra of the complexes derived from glucose
in H,0 and in D,0.

(11) Kosower, E. M. J. Am. Chem. Soc. 1958, 80, 3253-3260, 3261-3267,
3267-3270.

(12) The extraction of picrate and FMN anions was not specific to hosts
3 adnd § but also took place, although less effectively, with references 6b, 7,
and 8.

(13) The picrate complex in CDCI; or CCl, showed a molecular weight
by VPO of 2.5 x 10° (caled for (3H*)Pic™ 2531), Apay 344 nm (e 19210), and
8y 8.73 as a sharp singlet for the Pic™ moiety. The 'H NMR spectra also
showed partial protonation of the nitrogen atoms (NCH, resonances being
~0.3 ppm downfield shifted) and possible involvement of ~5 molecules of
coextracted H,0O.

(14) The extraction of Pic™ was significantly suppressed at pH 13 (NaO-
H-KCl).

(15) The FMN and AMP anions extracted in CCl, showed Ap,, 355 and
263 nm (difference spectrum), respectively. For nucleotide phosphate binding,
see: Furuta, H.; Magda, D.; Sessler, J. L. J. Am. Chem. Soc. 1991, 113,
978-985 and references therein.

(16) The decrease in [CO3>7] in the aqueous phase was monitored by
gravimetry for BaCO, precipitated upon addition of BaCl,.

(17) (a) Lehn, J.-M. Angew. Chem., Int. Ed. Engl. 1988, 27,89-112. (b)
Cram, D. J. Ibid. 1988, 27, 1009-1020. (c) Rebek, J., Jr. Ibid. 1990, 29,
245-255.
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various monosaccharides and stabilizes various ammonium-anion
salts by the induced-fit mechanism or what may be called flexible
intramolecular polar microsolvation, in a similar manner as solvent
water dissolves various polar solutes. This may also be why
noncyclic host § works fairly well too. Thus, versatility is an
important aspect here.!®
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(18) For reversed micelles, see: (a) Fendler, J. H. Membrane Mimetic
Chemistry, Wiley: New York, 1982; pp 55-71. (b) Menger, F. M.; Donohue,
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Hydrogen bonding is a fundamental force in molecular rec-
ognition by biological macromolecules. It is central to nucleic
acid base-pairing, yet does not occur significantly between in-
dividual nucleotides or nucleic acid bases in aqueous solution.!
Model systems generally require noncompetitive organic solvents,
such as CDCl;, to achieve hydrogen bonding between uncharged
receptors and substrates.>® Here, we report that self-assembling

(1) (a) Ts’o, P. O. P. In Basic Principles in Nucleic Acid Chemistry; Ts'o,
P. O. P, Ed.; Academic: New York, 1974; Vol. I, Chapter 6. (b) Saenger,
W. Principles of Nucleic Acid Structure; Springer-Verlag: New York, 1984;
Chapter 6.

(2) (a) Hamilton, A. D.; Van Engen, D. J. Am. Chem. Soc. 1987, 109,
5035. (b) Kelly, T. R.; Maguire, M. P. J. 4m. Chem. Soc. 1987, 109, 6549.
(c) Rebek, J., Jr.; Askew, B.; Ballester, P,; Buhr, C.; Costero, A.; Jones, S.;
Williams, K. J. Am. Chem. Soc. 1987, 109, 6866. (d) Aoyama, Y.; Tanaka,
Y.; Toi, H.; Ogoshi, H. J. Am. Chem. Soc. 1988, 110, 634, (¢) Bell, T. W.;
Liu, J. J. Am. Chem. Soc. 1988, 110, 3673. (f) Zimmerman, S. C.; Wu, W.
J. Am. Chem. Soc. 1989, 111, 8054. (g) Adrian, J. C., Jr.; Wilcox, C. S. J.
Am. Chem. Soc. 1989, 111, 8055. (h) Seto, C. T.; Whitesides, G. M. J. Am.
Chem. Soc. 1990, 112, 6409. (i) Garcia-Tellado, F.; Goswami, S.; Chang,
S.-K.; Geib, S. J.; Hamilton, A. D. J. Am. Chem. Soc. 1990, 112, 7393, (j)
Bonar-Law, R. P.; Davis, A. P.; Murray, B. A. Angew. Chem., Int. Ed. Engl.
1990, 29, 1407. (k) Liu, R.; Sanderson, P. E. J,; Still, W. C. J. Org. Chem.
1990, 55, 5184. (1) Friedrichsen, B. P.; Powell, D. R.; Whitlock, H. W. J.
Am. Chem. Soc. 1990, 112, 8931. (m) Neder, K. M.; Whitlock, H. W, Jr.
J. Am. Chem. Soc. 1990, 112,9412. (n) Jeong, K. S.; Tjivikua, T.; Muehldorf,
A.; Deslongchamps, G.; Famulok, M.; Rebek, J., Jr. J. Am. Chem. Soc. 1991,
113, 201. (o) Aoyama, Y.; Asakawa, M.; Matsui, Y.; Ogoshi, H. J. Am.
Chem. Soc. 1991, 113, 6233.
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Figure 1. Effect of SDS concentration on chemical shift of protons of
thymine 4. Titrations were performed on a 300-MHz NMR instrument
at 22 & 1 °C by addition of 1 M SDS solution to a 1.0 mM solution of
4 in D,0 (CH protons) or 10% H,0/D,0 (NH proton, 1.0 mM HOAc
added). HOD or H,0 was used as a reference (& 4.65).
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molecular receptors, comprising (thyminyloctylJammonium groups
in sodium dodecyl sulfate (SDS) micelles, bind adenine derivatives
by means of hydrogen bonding in aqueous solution.*

The receptors (represented by structure 1) were prepared from
thymine as shown in Scheme 1.3>5 !'H NMR studies indicate that
ammonium salt 4, which is complementary in charge and structure
to SDS, readily incorporates in SDS micelles (Figure 1). In-
creasing the SDS concentration from 0 to 20 mM results in large
changes in the spectrum of 4, suggesting that the environment
of 4 changes drastically as the SDS forms micelles (CMC = 8.2
mM).5 Incorporation is complete above 20 mM SDS. On the

(3) For examples of systems that achieve base-pairing in aqueous solution
with the aid of aromatic-stacking or electrostatic interactions or at air-water
interfaces, see: (a) Constant, J. F.; Fahy, J.; Lhomme, J. Tetrahedron Lett.
1987, 28, 1777. (b) Kim, M.; Gokel, G, W. J. Chem. Soc., Chem. Commun.
1987, 1686. (c) Kurihara, K.; Ohto, K.; Tanaka, Y.; Aoyama, Y.; Kunitake,
T.J. Am. Chem. Soc. 1991, 113, 444. (d) Kurihara, K.; Ohto, K.; Honda,
Y.; Kunitake, T. J. Am. Chem. Soc. 1991, 113, 5077.

(4) (a) Fendler, J. H.; Fendler, E. J. Catalysis in Micellar and Macro-
molecular Systems; Academic: New York, 1975, (b) Fendler, J. H. Mem-
brane Mimetic Chemistry; Wiley: New York, 1982.

(5) (a) Browne, D. T. In Synthetic Procedures in Nucleic Acid Chemistry;,
Zorbach, W. W, Tipson, R. S., Eds.; Interscience: New York, 1968; Vol. 1,
pp 96-97. (b) Nishimura, T.; Iwai, I. Chem. Pharm. Bull. 1964, 12, 352.
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