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There is a rise in interest in the rational design of new
surfactants that possess various chemical or biological func-
tionalities and self-assemble into tunable and predictable
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aggregate structures. In the past few years new amphiphiles
(many of which are chiral and derived from peptides or
carbohydrates) have been proved to be promising scaffolds
for nanometer-sized structures and mimics of natural materi-
als.'"? On the other hand, it is now well known that micelles
and other supramolecular assemblies can enhance the rates of
chemical reactions as well as the regio- and/or stereoselectiv-
ity, especially when functional surfactants are used.>*
Chelating surfactants and amphiphilic metal complexes are
attracting considerable attention as catalysts for several types
of reactions,® including enantioselective ones,>°! as well as
in separation technology."” The main difficulty in dealing
with surfactants that have recognition properties is in the
profound change associated with the binding of the guest. The
complexation often completely changes the solubility and
aggregation behavior of metal-binding surfactants in an
unpredictable way."**! We have previously observed that
micelles of a peculiar gemini sugar-based surfactant with a
macrocyclic spacer were surprisingly not altered by the
binding of cations.'”! In this paper we show that this is
general for a whole family of novel amphiphiles consisting of
one or more sugar-based surfactant units covalently linked to
a macrocyclic residue; these amphiphiles combine independ-
ent predictable self-aggregation behavior and tunable com-
plexation properties. The bulky sugar-based surfactant units
impose the curvature and, hence, the morphology of the
aggregates irrespective of the macrocycle. On the other hand,
the sugar headgroups provide a dominating water-solubiliza-

O

tion and thereby minimize the effect of ion association on the
micellization.

A series of novel amphiphilic macrocycles is readily
prepared by a one-step procedure, depicted in Scheme 1, from
surfactant units which include a reactive group that permits
the covalent linkage to various macrocyclic residues. N-
alkylglucosylacrylamides 1a-d, with octyl to tetradecyl tails,
are a family of reactive nonionic sugar-based surfactants
which exhibit properties very close to conventional alkylglu-
cosides."!l Moreover, they contain an acrylamide group that
acts as a Michael acceptor and undergoes nucleophilic
addition of azamacrocycles in aqueous medium (Scheme 1).

Two types of macrocycles, with different cation binding
selectivities,'” have been used: aza[18]crown-6 (compounds 2
and 3) and cyclam (compound 4). Crown derivatives 5 and 6,
with one or two surfactant units, are prepared from 2 and 3,
respectively. Amphiphilic crowns with octyl to dodecyl chains
are soluble in water.**l Soluble cyclam derivatives 7 and 8,
with two or four surfactant blocks, are obtained from 4 and
the octyl precursor 1a.l41%

Herein, we focus on the self-aggregation and complex-
ation properties of cyclam/l1a derivatives (7, 8) and aza[18]-
crown-6/1¢ derivatives (5¢, 6¢). As expected from the
molecular structures, the cation-binding capacity and selec-
tivity of the macrocycles are retained after the linkage of one
or several surfactant moieties. As illustrated in Figure 1,
electrospray mass spectra show that amphiphilic crowns Se¢
and 6¢ form complexes with alkali cations with a marked
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Scheme 1. Synthesis of sugar-based macrocyclic surfactants. a) 1/2=4:1, 1/3=5:1, MeOH/H,0 (3:2)/NMe,OH (0.04 m), 25°C, 7 days; yields: 65
(5a), 80 (5b), 86 (5¢), 60 (6a), 70 (6b), 77% (6c). b) 1a/4=5:1, H,0/NaOH (0.1m), 25°C, 15 h; 90% yield. c) 1a/4=10:1, MeOH/H,0 (2:1)/
NaOH (0.06 m), 40°C, 2 weeks, 70% yield. For experimental details and structural characterization, see the Supporting Information.
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selectivity for potassium and sodium cati-  Table 1: Microstructural characteristics of the micelles.
ons, like their parent crowns 2 and 3o, N N iz Aggregate
Cyclam 4 is a well-known ligand that shape and size
exhibits a very high affinity for cupric 3
ions;" its derivatives. 7 and 8 .With tWo o 3 32 <001 prolate micellest
and four surfactant units, respectively, also ¢y complex! 9 36 <0.01 17/55 A

give stable complexes with Cu" ions, with
characteristic absorptions at 640 and 7

670 nm, close to the absorptions of other  free ; 17 34 <0.1 prolate micelles'
N-substituted cyclam—copper complexes.!7] ~ CU complex 20 40 <0.1 16/60 A

The stability constapts of thf: compleges, 1a 38 38 orolate micelles
although not determined precisely, are high 17/55 A

(log K > 6), with quantitative complexation
even at low copper concentrations 5c

(10’4M).[14] freeldd 66 66 <0.1 prolate micelles
. g . h] 2

The characteristic properties of any N2 complex! 60 60 <0.1 25/78 A
surfactant are 1)a well-defined critical 6c
micelle §0nc<.3ntrat10n (CMC) and 2)self- ¢ g 35 70 <0.01 prolate micelles!
aggregation in the form of small stable complex” 33 66 <0.15 25/76 A
micelles.”® Cage molecules with two or four
surfactant moieties behave like oligomeric  1c > 800 > 800 cylinders
or so-called gemini surfactants!®! and have 21/500 A
low CMC values compared with their pre-  [q] Nag = Aggregation number (average number of molecules per micelle) £10%. [b] Ns=average

cursors: the CMC values of 7, 8, and 6¢ are  number of sugar-based surfactant units per micelle. [c] = Dissociation ratio of counterions, defined by
0.14, 0.6, and 0.01 mM, respectively, to be B=2Z.4/Z,, where the effective charge Z ¢ is the charge at the origin of electrostatic repulsions between
compared with 12 and 0.14 mum for 1a and micelles and Z,,, is the structural charge. [d] At pH 7.5. [e] Similar size and shape, average dimensions
1¢4 On the other hand. 5¢ with only one R/L (see Figure 2). [f] In the presence of one equivalent of Cu(NO;),. [g] The pH value was adjusted by

) ’ addition of HNO;. Similar aggregates are formed at pH 7.5 and pH 5.1! [h] In the presence of one
surfactant block has a CMC value of equivalent of NaNOs.

2 pr o ki (Figure 2).%2! The complexation does not affect the self-
i aggregation: in every case, the aggregates formed by the free
B 8 cages and their complexes with Cu(NOs;), or NaNO; are
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Figure 1. Electrospray mass spectra for a) 5¢ and b) 6c in the presence
of one equivalent of alkali cations. [cage]=[NaBr]=[KNO;] =
[CsCl]=10"2m in CH,CN/H,O (80:20).

0.2 mM, a value of the same order of magnitude as that of
its precursor 1e¢. Micellar microstructures have been deter-
mined by combined small-angle X-ray and neutron scattering
on the absolute scale.""**?'l The microstructural character-
istics of aggregates formed by the surfactant cage molecules,
their complexes, and the starting surfactants are given in
Table 1. All of the macrocyclic surfactants studied self-
aggregate in water into small prolate micelles with a lipophilic L

core consisting of hydrocarbon chains and a hydrophilic shell  Figure 2. Schematic representation of prolate micelles (cross-section,
containing the cages and the hydrated sugar moieties  bottom) and scaled CPK molecular model of 6¢ (top).
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similar in shape and size. A tight association of the
counteranions within the sugar-rich shell may account for a
screening of the positive charges of the complexes and, hence,
for the resulting low effective charge of the micelles.*”
Moreover, as illustrated by the SANS and SAXS spectra
shown in Figure 3, molecules of a given family form similar
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Figure 3. SANS spectra of globular micelles of a) 6¢ and b) 5c. SAXS
spectra of globular micelles of ¢) 6c and d) 5¢. [5¢]=9.4x107*m,
[6c]=3.1x10"2Mm, D,O, pH 5. Similar spectra are obtained at

pH 7.5.

aggregates. The aggregation numbers of crowns 5S¢ and 6¢ are
about 30-35 and 60-65, respectively: the number of dodecyl
sugar-surfactant blocks per micelle, about 60-70, is roughly
constant regardless of the substitution pattern of the cage.
Similar trends are observed for cyclam derivatives: 7 and 8
form comparable aggregates that contain about 35-40 surfac-
tant blocks. The number of surfactant units per micelle
increases as the length of the aliphatic chain increases, as for
conventional surfactants."® The self-aggregation process is
governed by geometrical constraints, and the surfactant
packing parameter, p, may be used to compare Gibbs energies
of the different possible self-assemblies. This parameter p,
defined as p = V/al where V is the hydrophobic volume of the
chains, / is the chain length, and a is the cross-sectional
headgroup area, is a useful tool to predict the aggregate
morphology.”! Since the macrocycle moieties lie in the polar
shell,”? Vil is set by the surfactant unit 1. Accordingly,
amphiphiles of the same family (that is, a given macrocycle
and a given surfactant unit) self-assemble into identical
aggregates whatever the number of surfactant residues per
cage.”! Remarkably, the cyclam derivatives 7 and 8 and their
precursor 1a form micelles comparable in size and shape and
which contain the same number of surfactant blocks per
micelle (a35-40). In this case, a medium-size cage tethered
with a medium-tail surfactant, a is set by the bulky sugar
headgroups, and the self-aggregation is entirely governed by
the precursor chosen.” On the other hand, the linkage of
azacrowns to the dodecyl surfactant 1c¢ converts long
cylinders (with high aggregation number) into small ellipsoi-
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dal micelles for macrocyclic derivatives 5S¢ and 6¢. A
contribution of the large macrocycle to the polar headgroup
and the resulting increase of the area per molecule account
for the reduction of the size of the micelles.[*>*

In conclusion, this strategy based on surfactant units is a
straightforward and versatile method which gives access to a
series of glycosylated macrocyclic amphiphiles with complex-
ation and self-aggregation properties controlled independ-
ently by the nature of the cage and the nature of the surfactant
unit. This first example of full control of self-aggregation of
functional surfactants by assembling building blocks, where
each block carries out its designed task, is hoped to be
general, provided that surfactant units with bulky nonionic
polar headgroups are used. The potential of these new chiral
amphiphilic macrocycles for use in enantioselective metal-
catalyzed reactions in aqueous micellar media is currently
under investigation.

Received: December 9, 2003
Revised: March 25, 2004 [Z53484]

Keywords: aggregation - amphiphiles - macrocyclic ligands -
micelles - surfactants

[1] Y.-Y. Luk, N. L. Abbott, Curr. Opin. Colloid Interface Sci. 2002,
7,267-275.

[2] S.S. Santoso, S. Vauthey, S. Zhang, Curr. Opin. Colloid Interface
Sci. 2002, 7, 262 -266.

[3] U. M. Lindstrom, Chem. Rev. 2002, 102, 2751 -2772.

[4] P.Scrimin, P. Tecilla, U. Tonellato, C. A. Bunton, Colloids Surf. A
1998, 144, 71-79.

[5] F. Hampl, F. Liska, F. Mancin, P. Tecilla, U. Tonellato, Langmuir
1999, 15, 405-412.

[6] a) M. C. Cleij, F. Mancin, P. Scrimin, P. Tecilla, U. Tonellatto,
Tetrahedron 1997, 53, 357-368; b) J. You, X. Yu, K. Liu, L. Tao,
Q. Xiang, R. Xie, Tetrahedron: Asymmetry 1999, 10, 243 -254.

[7] R. Cibulka, F. Hampl, J. Smidrkal, Jr., F. Liska, Tetrahedron Lett.
1999, 40, 6849 —6852.

[8] a) S. Ozeki, H. Seki, J. Phys. Chem. 1992, 96,10074-10080; b) J.
Le Moigne, J. Simon, J. Phys. Chem. 1980, 84, 170-177; c) M.
Campagna, L. Dei, C. Gambi, P. Lo Nostro, S. Zini, P. Baglioni, J.
Phys. Chem. B 1997, 101, 10373-10377.

[9] The size and shape of the aggregates as well as the Gibbs energy
of micellization in water are controlled by the equilibrium
between lateral repulsions (electrostatic and steric repulsions)
and the water—oil contact energy: D. F. Evans, D. J. Mitchell,
B. W. Ninham, J. Phys. Chem. 1984, 88, 6344 —6348. In most
reported metallomicelles, the binding of ions imparts a charge
and modifies the area per headgroup in large amounts.

[10] The small-angle scattering study of 7, with and without CuF,, is
described in: L. Arleth, D. Posselt, D. Gazeau, C. Larpent, T.
Zemb, K. Mortensen, J.-S. Pedersen, Langmuir 1997, 13, 1887 -
1896.

[11] L. Retailleau, A. Laplace, H. Fensterbank, C. Larpent, J. Org.
Chem. 1998, 63, 608—-617.

[12] a) R. M. Izatt, K. Pawlak, J. S. Bradshaw, R. L. Bruening, Chem.
Rev. 1991, 91, 1721-2085; b) V. P. Solov’ev, N. N. Strakhova,
V. P. Kazachenko, A. F. Solotnov, V. E. Baulin, O. A. Raevsky, V.
Riidiger, F. Eblinger, H.-J. Schneider, Eur. J. Org. Chem. 1998,
1379-1389.

[13] All of these compounds exhibit a surfactant behavior with CMC
values in the 1075-107*M range. Their solubilities in water are in
the range 0.01-0.05m.

Angew. Chem. 2004, 116, 3225-3229


http://www.angewandte.de

[14] For synthesis and characterization of the surfactant cage
molecules (structural characterization, complexation, solubility
in water, CMC values), procedures used to determine micellar
microstructures, SAXS and SANS spectra, and analyses, see the
Supporting Information.

[15] Compound 8 is obtained in a water—-methanol medium. Com-
pound 7 precipitates when the reaction is performed in water.
The solubility of 7 and 8 in water is about 0.02-0.03 m. Di- and
tetrasubstituted cyclam derivatives with longer chains are poorly
soluble in water. Alternatively, mono- and disubstituted cyclam
derivatives can be prepared selectively in organic media as
described in: H. Fensterbank, J. Zhu, D. Riou, C. Larpent, J.
Chem. Soc. Perkin Trans. 1 1999, 811-815; H. Fensterbank, P.
Berthault, C. Larpent, Eur. J. Org. Chem. 2003, 3985 —3990.

[16] Relative stability constants in water have been deduced from
competition experiments,'*! by using the procedure described in:
E. C. Kempen, J. S. Brodbelt, Anal. Chem. 2000, 72, 5411 —5416.
The binding constants for Na* and K* in water are about two to
three times higher than those of 2 or 3, a fact in agreement with
the increase of electronic density upon alkylation of nitrogen.*?

[17] a) L. Galet, I. Pezron, W. Kunz, C. Larpent, J. Zhu, C. Lheveder,
Colloids Surf. A 1999, 151, 85-96; b) E. K. Barefield, K. A.
Foster, G. M. Freeman, K. D. Hodges, Inorg. Chem. 1986, 25,
4663 —4668.

[18] C. Tanford, J. Phys. Chem. 1972, 76, 3020-3024.

[19] F. M. Menger, J. S. Keiper, Angew. Chem. 2000, 112, 1980-1996;
Angew. Chem. Int. Ed. 2000, 39, 1906 —1920.

[20] The known molecular volumes in the micellar state are such that
micellar mass and charge (Z.), as well as number of water
molecules per surfactant embedded in the effective volume of a
micelle, can be determined by simultaneously fitting X-ray
(SAXS) and neutron-scattering (SANS) spectra.l!%1421]

[21] a) L. Cantu, M. Corti, E. Del Favero, M. Dubois, T. Zemb,
Biophys. J. 1998, 74, 1600-1605; b) C. Cecutti, B. Focher, B.
Perly, T. Zemb, Langmuir 1991, 7, 2580-2585; c) T. Zemb, P.
Charpin, J. Phys. 1985, 46, 249 —256.

[22] The resolution of the X-ray scattering experiments is sufficient
to allow determination of the partition of the macrocyclic ring in
between the polar and apolar region of the micelle if the
measured g-range is extended to 0.6 A~1.1"l For all the free and
metalated amphiphiles studied here, the macrocycle is located
mainly in the polar shell. The average percentage of the
macrocycle that contributes to the apolar part of the micelles
(x) does not exceed 10-15% for 5S¢ and 6 ¢ in pure water or in the
presence of sodium nitrate (fitting parameter x=0.1). For the
cyclam derivatives 7 and 8, the whole cage is located in the polar
region (fitting parameter x =0), with or without copper nitrate.

[23] The nature of the associated anion seems to have little effect on
micellization since we found that metallomicelles of 8 with
CuF,,'") Cu(CF,S03),, and Cu(CH;CO,), are quite similar in
size, shape, and low effective charge.

[24] Comparable binding of anions by polyglycosylated hydrophobic
macrocycles in water has been observed. The anions are
incorporated in the clustering oligosaccharide pools of hosts
through hydrogen bonding and the authors stated that “the
saccharide clusters act as a macrosolvent for anions”: O.
Hayashida, M. Kato, K. Akagi, Y. Aoyama, J. Am. Chem. Soc.
1999, 7121, 11597-11598. Adsorption of hydroxide ions to the
surface of aggregates of sugar-based gemini surfactants was
recently proposed to be responsible for a surface-charge
reversal: M. Johnsson, A. Wagenaar, J. B. F. N. Engberts, J.
Am. Chem. Soc. 2003, 125,757-760; M. Johnsson, A. Wagenaar,
M. C. A. Stuart, J. B. F. N. Engberts, Langmuir 2003, 19, 4609 —
4618. Independently of specific sugar—anion interactions, an
enhanced solubility of anions in the carbohydrate shell, as well as
a stabilization of ion pairs within the polar shell, may also

Angew. Chem. 2004, 116, 3225-3229 www.angewandte.de

(25]

[26]

Angewandte

account for the observed low effective charge of our metal-
lomicelles.

The prediction of p (optimal value which minimizes bending
energy) is p < '/, for spherical micelles, '/; < p < '/, for cylindrical
micelles and '/, <p <1 for vesicles or bilayers: D.J. Mitchell,
B. W. Ninham, J. Chem. Soc. Faraday Trans. 21981, 77, 601 —629;
J. N. Israelachvili, D. J. Mitchell, B. W. Ninham, J. Chem. Soc.
Faraday Trans. 2 1976, 72, 1525.

‘We found values of p ~20.3-0.35 for 7 and 8, p ~0.33 for 1a; p~
0.3 for 5S¢ and 6¢, and p~0.5 for 1c.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chemie

3229


http://www.angewandte.de

