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An Amphiphilic Molecular Basket Sensitive to other responsive mechanisms so that materials sensitive to
Both Solvent Changes and UV Irradiation multiple stimuli may be rationally designed. o
We have been interested in using cholic acid as a building
block to construct conformationally controllable foldaniemsd
Eui-Hyun Ryu and Yan Zhao* nonfoldamers.We reported a “molecular baskett)(that can
Department of Chemistry, lowa State Weisity, Ames, lowa reversiblly' switch between a miceIIe-.Iik.e conformation'(with the
50011-3111 hyd_roph|I|c faces of cholates pointing outward) in _pola_r
environments and a reversed-micelle-like conformation in
nonpolar environment&* As a result of the conformational
change, the molecule can act as a tunable supramolecular host
to bind polar guests in nonpolar solvents and nonpolar ones in
Receied August 11, 2006 polar solventsP As the ordered, micelle- or reversed-micelle-
like conformations originate from intramolecular aggregation
of the cholates, we reasoned that insertion of azobeffene
linkers would create a molecular baskg} éensitive to both
OH solvents and photoirradiation. The idea is that aggregation should
< P be promoted by the straightans azobenzene spacers but
oH' deteriorated by the kinkedis-isomers. Completeis-isomer-
ization is probably unnecessary, as mixethgcis spacers may
S be even worse for the alignment of the cholates thanianes.
¢l é’; A similar concept also has been employed recently by the groups
N

zhaoy@iastate.edu

of Hecht and Parquetfeto prepare foldamers sensitive to both
NN N g — solvents and UV irradiation.
SWoON NN "‘_ Azobenzene-derived calixarenes have attracted considerable
interest of supramolecular chemfsever since Shinkai and co-
‘q workers discovered the autoaccelerative diazo coupling of calix-
R [4]arene. Many calixarenes with azobenzene at the upper rim

A molecular basket was obtained by linking four cholate units (2) (a) Zhao, Y. Zhong, ZJ. Am. Chem. So@005 127, 17894-17901.
to a cone-shaped calix[4]arene scaffold through azobenzengb) zhao, Y.; Zhong, ZJ. Am. Chem. So2006 128 9988-9989. (c)
spacers. The molecule turns its polar faces inward in nonpolarZh?:g)' (Zj; éhong: ﬁorngaLoett\'(éegﬁL%tf;%)grglgis? 3189, (b) Zhao

H . . yu, E.-M.; , . . 3 — . ,
solvents to bind polar molecules such as sugar derivatives.y 'Ry, g H. J. Org. Chem2005 70, 7585-7591. (c) Ryu, E.-H.; Jie,
In polar solvents, the nonpolar faces turn inward, allowing Y.; Zhong, Z.; Zhao, Y.J. Org. Chem2006 71, 7205-7213.

the bindina of hvdrophobic quests such as rene. The (4) Forsome recent examples of interconvertable unimolecular micelles
Y y P 9 Py and reversed micelles, see: (a) Basu, S.; Vutukuri, D. R.; Shyamroy, S.;

_m0|eCL!|e can also respond to UV irradiation togns—cis Sandanaraj, B. S.; Thayumanavan)SAm. Chem. So2004 126, 9890~
isomerization of the azobenzene spacers. Response towardgol. (b) Vutukuri, D. R.; Basu, S.; Thayumanavan] SAm. Chem. Soc.
both solvents and UV light is fully reversible. 2004 126 15636-15637. () Ghosh, S.; Mailra, Drg. Lett. 2006 8,

(5) Azobenzene is widely used in creating photosensitive molecules. For
) ) ) several examples of using azobenzene to modulate supramolecular proper-
Conformational control is a powerful approach to environ- ties, see: (a) Ueno, A.; Tomita, Y.; Osa, Tetrahedron Lett1983 24,

mentally responsive materials because the conformation of a5245-5248. (b) Shinkai, S.; Manabe, Qop. Curr. Chem1984 121, 67—

: : : : : : 104. (c) Kawasaki, T.; Tokuhiro, M.; Kimizuka, N.; Kunitake, J. Am.
molecule dictates many of its properties, including size, shape, ~pom. S0c2001, 123 6792-6800. (d) Yagai, S.: Nakajima, T.; Karatsu,

and distribution of functional groups, and yet may be altered T saitow, K.; Kitamura, AJ. Am. Chem. So2004 126, 11500-11508.

easily by environmental stimuli. Interest in conformationally Eleo)sggai), SS g_arats'\ljl, TR-; Kit_amlll\:a, DACheImJ. iur.A JfZOQSle\,/ _405;1’]—J
i« hinhli ; ; . aadioui, M.; Reynier, N.; Dozol, J.-F.; Asfari, Z.; Vicens).J.
cgntrollable mplecules is hlghllghted in foldamer research, which Inclusion Phenom. Mol. Recognit, Chef@97 29, 153-165.
aims at creating synthetic analogues of biopolymers that can'(g) For examples of using azobenzene to modulate the properties of
adopt well-defined, compact conformatiohsA benefit in polymers and dendrimers, see: (a) Archut, A’ig¥le, F.; De Cola, L.;
creating responsive materials based on conformational changeg\zzellini, G. C.. Balzani, V.; Ramanujam, P. S.; Berg, R.Ghem. Eur.
is the possibility to integrate conformational responsiveness with ‘E'_ ;13(9)-&'4;’6,3 %TZ?E_‘ ébgepr‘;?hsug&gggzlzze&'g'z’%f izﬁzgié?c")\,\/,iégga?g?’
Yamamoto, N.; Okamoto, YMacromoleculesl 998 31, 5924-5926. (d)
*To whom correspondence should be addressed. Phone: 515-294-5845 Schlitzer, D. S.; Novak, B. MJ. Am. Chem. S0d998 120, 2196-2197.
Fax: 515-294-0105. (e) Yashima, E.; Maeda, K.; Okamoto, Mature1999 399, 449-451. (f)
(1) For several recent reviews, see: (a) Gellman, SAd¢. Chem. Res. Yashima, E.; Maeda, K.; Yamanaka,Jl Am. Chem. So200Q 122, 7813~
1998 31, 173-180. (b) Kirshenbaum, K.; Zuckermann, R. N.; Dill, K. A. 7814. () Iftime, G.; Labarthet, F. L; Natansohn, A.; RochonJPAm.
Curr. Opin. Struct. Biol1999 9, 530-535. (c) Stigers, K. D.; Soth, M. J.; Chem. Soc200Q 122, 12646-12650. (h) Yashima, E.; Maeda, K.; Sato,

Nowick, J. S.Curr. Opin. Chem. Biol1999 3, 714-723. (d) Hill, D. J,; 0O.J. Am. Chem. So@001, 123 8159-8160. (i) Natansohn, A.; Rochon,
Mio, M. J.; Prince, R. B.; Hughes, T. S.; Moore, J. Giem. Re. 2001 P.Chem. Re. 2002 102 4139-4175. (j) Grebel-Koehler, D.; Liu, D.; De
101, 3893-4012. (e) Cubberley, M. S.; Iverson, B. Curr. Opin. Chem. Feyter, S.; Enkelmann, V.; Weil, T.; Engels, C.; Samyn, C.; Muellen, K.;
Biol. 2001, 5, 650-653. (f) Sanford, A. R.; Gong, BCurr. Org. Chem. De Schryver, F. CMacromolecule®003 36, 578-590. (k) Liao, L.-X.;
2003 7, 1649-1659. (g) Martinek, T. A.; Fulop, Feur. J. Biochem2003 Stellacci, F.; McGrath, D. VJ. Am. Chem. SoQ004 126, 2181-2185.
270, 3657-3666. (h) Cheng, R. FCurr. Opin. Struc. Biol2004 14, 512— () Momotake, A.; Arai, T.Polymer2004 45, 5369-5390. (m) Wang, S.;
520. (i) Huc, I. EurJ. Org. Chem2004 17-29. (j) Licini, G.; Prins, L. J.; Wang, X.; Li, L.; Advincula, R. CJ. Org. Chem2004 69, 9073-9084.
Scrimin, P.Eur. J. Org. Chem2005 969-977. (n) Ghosh, S.; Banthia, A. K.; Chen, Zetrahedror?2005 61, 2889-2896.
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have been prepared according to Shinkai's metAda ensure

could reduce the yield frorr 70% to <10%. The tetraphenol
intermediated was generally used in the next step without much
purification. Alkylation with brominated cholate derivativie
occurred smoothly in about 60% yield. In addition, compound

3 with a single cholate unit was prepared as a control. We did
attempt an alternative route and prepared compditdits
alkylation to cone-shaped calixarene, however, was unsuccess-
ful.

The aromatic protons df orthoto the amido groups appeared
as a single peak when the molecule adopted random conforma-
tion but split into two peaks as the molecule assumed either
the micelle- or reversed-micelle-like conformati®t.Such a
change was not observed # but the result was expected.
Splitting of the aromatic peaks probably originated from
hindered rotation of N-Ar bond$ during intramolecular ag-
gregation of the cholatésand was previously found to be absent
whenever spacers were inserted in between the cholates and
the (calixarene or noncalixarene) scaffétd.

Another way of studying the conformation of these baskets
is to monitor the chemical shifts of OH (or NH fd) protons
during solvent titration. When the changes in chemical shifts
of OH are plotted as a function of DMSO percentage in £Cl
the curves for the compounds capable of adopting the reversed-
micelle-like conformation show distinct downward deviation
from the control curve for a monomeric cholate such9&g
Such a deviation indicates a local concentration of DMSO near
the OH protons higher than that in the bulk and is a consequence

a basket-like conformation, we prefer to have the calix[4]arene of the reversed-micelle-like conformer, which enriches DMSO

scaffold preorganized into the cone conformation by alkyl
substitution at the lower rirf However, with one exceptiolé

from the solvent mixture by its inwardly facing polar groups.
Although not as significant as in compoudda, Figure 1a),

nearly all previously reported azocalixarenes have unsubstitutedyawnward deviation was clearly visible faibelow 20% DMSO

hydroxyl groupspara to the azobenzene groups.

The synthesis a? is illustrated in Scheme 1. Tetraaminocalix-
[4]arene4 was prepared according to literature proceddifds.
was diazotized by nitrous acid afC in aqueous THF to afford
the tetradiazonium intermediafe which was reacted directly
with an excess of phenol in THF and pyridine. Considering the
instability of a highly crowded tetradiazonium salt, the yield of
this reaction was remarkably higtover 70% if the reaction
condition was properly controlled. Precooling of all solutions
(i.e., both4/NaNG, in aqueous THF and the aqueous HCI
solution added to the first mixture) was extremely important.
A slight increase in reaction temperature during diazotization

(7) () Khan, A.; Kaiser, C.; Hecht, ngew. Chem., Int. EQ006 45,
1878-1881. (b) Khan, A.; Hecht, SChem. Eur. J2006 12, 4764-4774.

(8) Tie, C.; Gallucci, J. C.; Parquette, J. R Am. Chem. SoQ006
128 1162-1171.

(9) Luboch, E.; Bilewicz, R.; Kowalczyk, M.; Wagner-Wysiecka, E.;
Biernat, J. F. Azo Macrocyclic Compounds.Advances in Supramolecular
Chemistry Cerberus Press: South Miami, FL, 2003; Vol. 9, pp-162.

(10) Shinkai, S.; Araki, K.; Shibata, J.; Manabe,JOChem. Soc., Perkin
Trans. 11989 195-196.
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We also studied the conformation &fthrough its guest-
binding properties. In 5% C{DD/CClL, a mostly nonpolar
mixture, 2 could bind phenyf3-p-gluocopyranosidelQ) with
an association constark4) of 3804 130 M~1. Over the range
of concentrations used for the NMR titration, the proton signals
of the host showed no sign of broadening, indicating lack of
self-association. Binding was confirmed to be 1:1 by the Job

(11) For examples of calixarenes with azobenzene units at the upper rim, PIOt (Figure 1b). This binding constant was essentially the same

see (a) Nomura, E.; Taniguchi, H.; Otsuji, Bull. Chem. Soc. Jprli993
66, 3797-3801. (b) Yeh, M.-L.; Tang, F.-S.; Chen, S.-L.; Liu, W.-C.; Lin,
L.-G. J. Org. Chem.1994 59, 754-757. (c) Deligoz, H.; Ercan, N.
Tetrahedron2002 58, 2881-2884. (d) Lhotak, P.; Moravek, J.; Stibor, I.
Tetrahedron Lett.2002 43, 3665-3668. (e) Halouani, H.; Dumazet-
Bonnamour, I.; Lamartine, Rietrahedron Lett2002 43, 3785-3788. (f)
Kim, J. Y.; Kim, G.; Kim, C. R.; Lee, S. H.; Lee, J. H.; Kim, J. $.0rg.
Chem.2003 68, 1933-1937. (g) Kao, T.-L.; Wang, C.-C.; Pan, Y.-T.;
Shiao, Y.-J.; Yen, J.-Y.; Shu, C.-M.; Lee, G.-H.; Peng, S.-M.; Chung, W.-
S.J. Org. Chem2005 70, 2912-2920. (h) Chen, C.-F.; Chen, Q.-Xew
J. Chem2006 30, 143-147. (i) Chakrabarti, A.; Chawla, H. M.; Francis,
T.; Pant, N.; Upreti, STetrahedron2006 62, 1150-1157.

(12) Jakobi, R. A.; Bohmer, V.; Grutter, C.; Kraft, D.; Vogt, \New J.
Chem.1996 20, 493-501.
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as that betweeh and10 (K, = 3404 60 M~1).30 With extensive
aromatic components (i.e., azobenzene) in the structure, binding
by 2 should benefit from additionat—s interactions. Indeed,
the binding constantk; = 700 4+ 150 M%) almost doubled

for guestll, which had an aromatic group larger than that of
10 but otherwise shared the same hydrophilic substructure.

(13) The idea is to alkylat8 first to afford a cone-shaped azocalixarene
with alkoxy groups at the lower rim, followed by reduction of nitro to amine
and finally amide coupling to cholic acid.

(14) Rotation of the CONH-aryl bond is hindered already by conjugation;
see: Huc, |Eur. J. Org. Chem2004 69, 17—29 and references therein.



SCHEME 1. Synthesis of Compound 2
OH OH oH
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aReagents and conditions: (a) Nap®ICl, H,O, THF; (b) phenol, pyridine, THF; (cJ, KoCOs, BwNI, DMF.
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(b) 0,008 FIGURE 2. UV spectra of compounds (&and (b)3 recorded at 0,
' 10, 20, 30, 40, 50, 60 min and then at 24 h after UV irradiation. The
spectra at 24 h were nearly identical to those before irradiation.
. 0.006 1 . [Azobenzene} 0.15 mM. Solvents= 5% MeOH/CC]} in both cases.
= [} [}
J . n
z 00041 . by a peak near 310 nm assigned totisisomer (Figure 2bj:
< 0002 = Lower conversion in2 probably did not come from its
’ . conformational preference because similar situations occurred
0.000 in other solvents (i.e., 50/50 or 95/5 methanol/g@iat favored
T 0'2 0'4 0'6 ols 1 the random and micelle-like conformations. It seems that
T solvophobic forces were not strong enough to significantly

FIGURE 1. (a) Changes iftH NMR chemical shifts of OH3 as a
function of solvent composition in mixtures of DMS@/CCI, for
compoundd (a), 2 (d), and9 (x). OH3 is the hydroxyl group on the
A-ring of the steroid backbone. (b) Job plots for the binding between
2 and phenyp-D-glucopyranosidd0, in whichy is the molar fraction

of the guest. The chemical shift changés)) are for thepara proton

of 10.

Binding of polar molecules in a nonpolar mixture indicated that,
similar to the parent baskét azobaske? could adopt reversed-
micelle-like conformations.

Pyrene 12) was found to be a suitable guest for the micelle-
like conformer®® Its binding by 2 was evidenced by upfield
shifts of the methyl protons on the hydrophobic faces of the
cholates. Even thougk, was quite low, only about-510 M1
in methanol for bott2 and1, binding with pyrene through the
hydrophobic faces of cholates did support the formation of
micelle-like conformations in polar solvents. Previously, it was

shown that much stronger binding could be obtained once the

influence the much higher energy photochemical process. Both
compounds completely revert back to &ins configurations
after 24 h in the dark. Recovery is again sloweRithan in the
monomeric control. Since solvophobic interactions should help
the alltrans structure of2, its slower kinetics must be caused
by factors (e.g., steric crowdedness) other than its conforma-
tional property.

We also monitored the photoisomerization By NMR
spectroscopy. Portions of the spectraZare shown in Figure
3. Before irradiation, the aromatic region showed two doublets
at ca. 6.7 and 7.5 ppm for the protons on the top aromatic rings
and a single peak at 7.3 ppm for the bottom calixarene aromatic
protons. The aromatic protons became extremely complex after
UV irradiation (Figure 3b). At the same time, (part of) the AB
quartet for the calixarene methylene bridge (A8l at 4.6
ppm disappeared completely. It is unlikely for UV irradiation
to change the preorganized cone conformation of calix[4]arene.
Disappearance of the ArGAr signals probably happened as

basket was made water-soluble to create a higher hydrophobid?Umerous configurational isomers were generated by partial

driving force3®

Azobaske® displayed ar—a* transition near 350 nm and a
very weak r-zr* band at 450 nm in the UV spectrum. With
irradiated by 360 nm UV light for 5 min, the—z* band lost
about 40% of the initial intensity while the-xr* band grow
stronger (Figure 2a), indicative afans—cis isomerizatior.6
Similar changes could be observed for the congobut the

conversion of thérans-to thecis-azobenzene. Importantly, the
original spectrum recovered completely after 24 h in the dark,
demonstrating reversibility of the process.

In summary, we combined photoisomerization of azobenzene
with solvent-induced conformational change and synthesized a
molecular basket?) that showed dual responsive properties.
Much improvement is still needed before it can be used as a

extent of isomerization was much higher in this compound, as “smart” delivery vehicle. The result, nonetheless, demonstrates
its 7—m* band almost completely disappeared and was replacedthat it is feasible to integrate conformational control with other
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JOCNote

2.22-0.90 (m, 120H), 0.70 (s, 12H}3C NMR (75 MHz, CD»-
OD/CCl, 6): 161.2,159.2, 148.3, 146.9, 135.6, 124.3, 123.1, 114.6,
(a) 75.8,73.1,71.7, 68.8, 68.3, 58.7, 47.4, 46.5, 41.8, 39.6, 39.3, 35.8,
M 35.4,34.9,34.7,32.2,30.5, 30.0, 28.3, 27.8, 26.5, 26.2, 23.8, 23.3,
23.0, 22.5, 19.7, 17.5, 14.0, 13.4, 12.5. MALDI-TOFMS (m/z):
calcd for G7aH24dNgO20 [M + H] ™ 2748.9, found 2744.5.
(b) Compound 3.CompoundL4 (50 mg, 0.22 mmol), compourid
MMM (100 mg, 0.22 mmol), and &£0O; (151 mg, 1.10 mmol) were

dissolved in anhydrous THF (10 mL). The reaction mixture was
heated to reflux for 12 h. Solvent was evaporated in vacuo. The
(c) product was purified by column chromatography over silica gel
M using CHC}/methanol as the eluents to give a yellowish powder
T T T T T T T 1 T

ey (82 mg, 0.14 mmol, 62% vyieldH NMR (400 MHz, CQyOD/
8.0 7.5 7.0 6.5 5.0 4.5 4.0 3.5 3.0 CDCls, 9): 7.85 (d, 2H,J = 3.0 Hz), 7.82 (d, 2H,) = 3.0 Hz),

. 7.06 (d, 2HJ = 5.7 Hz), 7.03 (d, 2HJ = 5.7 Hz), 4.04 (t, 2H)
FIGURE 3. Portions of'H NMR spectra of compound (a) before, = 6.3 Hz), 3.97 (s, 1H), 3.88 (s, 3H), 3.80 (m, 1H), 3.37 (m, 1H),

(b) immediately after, and (c) 24 h in dark after irradiation. The peaks 5 57 (m, 3H), 1.97:0.92 (m, 30H), 0.73 (s, 3H)3C NMR (75
between 3.34.1 ppm are from protons adjacent to OH and Qin MHz, CD;OD/CDCk, 8): 161.6, 161.3, 146.9, 146.7, 124.3, 124.3,
o e B p e 4.8 ppm come from Undeuterated solvents114.7, 114.2, 73.0, 715, 68.8, 68.3, 5.5, 47.2, 46.3, 416, 413,
) 39.3,39.2,35.5,35.2,34.7, 34.4, 32.0, 29.8, 28.0, 27.6, 26.3, 25.9,
s . . : : +223.2, 22.4, 17.5, 12.4. MALDI-TOFMSn{2): [M + H]" calcd
fc\)NIrESIItTS ?;Zr;?ésms and rationally design materials responsive; - CarteaN,Oq 605.8, found 605.8.
' Job Plot. Two stock solutions (1.43 mM) a2 and pheny|8-
. . D-glucopyranosidd0in CCl,/CDsOD (v/v = 90/10) were prepared
Experimental Section separately. In 11 separate NMR tubes, portions of the two solutions
General Method. See Supporting Information. were added such that their ratios changed from 0 to 1 while
Compounds 1, 7, and 4See Supporting Information. maintaining a total volume of 0.6 m*H NMR spectrum was
Compound 6.An agueous HCI solution (3%, 1 mL) was added recorded for each sample. The changes in the chemical shifts of
to a solution of4 (101 mg, 0.12 mmol) in THF (4 mL) at 6C. A the ortho-, meta, andpara-protons of the phenyl in phenyi-D-
solution of NaNQ (43 mg, 0.61 mmol) in KO (3 mL) precooled glucopyranoside were monitored. Maximum at 0.5 molar fraction
to 0°C was added slowly via a syringe. The reaction mixture was indicated a 1:1 binding stoichiometry.
stirred at room temperature for 1 h. A solution of phenol (115 mg, 'H NMR Titrations. For the binding ofl0 and 11, the guest
1.22 mmol) in pyridine (2 mL) and THF (4 mL) was added slowly was titrated with different amounts of the host, and the chemical
via a syringe at 0C. After 12 h at room temperature, the reaction shifts of the aromatic protons in the guest were monitored. A typical
mixture was poured slowly into # (100 mL). The precipitate procedure is as follows. Stock solutions§0.050 M) and phenyl-
formed was collected by suction filtration and washed with water 3-D-glucopyranosidel0 (0.010 M) in CHOH were prepared. To
(2 x 10 mL). The product was dried in vacuo and used in the next 12 separate vials was added &0 of the phenyls-D-glucopyra-
step without further purification (108 mg, 0.087 mmol, 73% yield). noside solution, followed by 11, 14, 17, 20, 24, 29, 34, 39, 46, 54,
IH NMR (300 MHz, CDC, 6): 7.48 (d, 8HJ = 8.7 Hz), 7.28 (s, 63, 74, 88, 106, and 130L of 2. Solvent in each vial was
8H), 6.68 (d, 8H,J = 8.7 Hz), 4.56 (d, 4HJ = 13.2 Hz), 4.00 (t, completely evaporated. Then 6@Q of CCl,/CD;OD (v/v = 90/
8H,J = 7.2 Hz), 3.33 (d, 4HJ = 9.3 Hz), 1.98 (m, 8H), 1.48 10) was added to each vial. The samples were gently shaken for 1

1.39 (m, 24H), 0.96 (t, 12H] = 6.6 Hz). h in the dark and then transferred to 12 separate NMR tubks.
Compound 2.Compounds (108 mg, 0.087 mmol), compound  NMR spectrum was recorded for each sample, and the chemical
7 (199 mg, 0.44 mmol), KCO; (122 mg, 0.88 mmol), and BMI shifts of the phenyl protons of phengtD-glucopyranoside were

(10 mg, 0.028 mmol) were mixed with anhydrous DMF (5 mL). monitored. The binding constants.j were obtained by nonlinear
After 6 h at 50°C, the reaction mixture was poured slowly into  |east-squares curve fitting of the titration data.

H,0 (100 mL). The precipitate was collected by suction filtration
and washed with water ( 10 mL). The product was purified by
column chromatography over silica gel using Cki@lethanol as
the eluents to give a yellowish .powder (148 ”EJ 62% yielt). NMR spectra of key compounds. This material is available free of
NMR (300 MHz, CROD/CCL, 9): 7.49 (d, SH’]__ 8.7 Hz),7.28 charge via the Internet at http://pubs.acs.org.

(s, 8H), 6.69 (d, 8H,) = 9.0 Hz), 4.58 (d, 4H,) = 6.9 Hz), 4.02

(t, 8H,J = 7.2 Hz), 3.94 (s, 4H), 3.78 (m, 4H), 3.39 (m, 16H), JO061672W

Supporting Information Available: General method of the
experiments, synthetic proceduréld, NMR titration data, andH
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