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This result is also supported by the dependence of the magnetization
of 2 on the field.

Encoded Helical Self-Organization and
Self-Assembly into Helical Fibers of an
Oligoheterocyclic Pyridine — Pyridazine
Molecular Strand**

Louis A. Cuccia, Jean-Marie Lehn,*
Jean-Claude Homo, and Marc Schmutz

Helices and superhelices are key structural features of
proteins, nucleic acids, and oligosaccharides. It is therefore no
surprise that helical structures and superstructures have
received increasing attention in biomimetic and synthetic
supramolecular systems.['l Helical organization in synthetic
systems has been obtained through covalent conformational
restrictions,” metal complexation,’! solvophobic effects,
intermolecular interactions,*! and nonbonding intramolecular
interactions.[’! Several approaches to the generation of helical
entities have been pursued in our group!” starting from
double-helical metal complexes (helicates),®! followed by
triple helicates,”! circular helicates,'”) and helically wound,
supramolecular liquid crystalline polymers.'l More recently
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we have introduced a general concept for the strictly enforced
generation of helical molecules by intramolecular self-organ-
ization of a suitably encoded oligoheterocyclic strand.l'>'4 It
is based on the design of helicity codons that enforce helical
winding of the strand due to the tramsoid conformation
imposed around the interheterocyclic bonds. Thus, helical induc-
tion was achieved by means of extended sequences of “pyri-
dine — pyrimidine” helicity co-
dons, which were shown to gen-
erate molecular helices present-
ing one turn, such as 1,2 two
turns,® and up to four turns,4l
with six heterocycles per turn.

Further steps toward the con-
trol of the structural features of
molecular and supramolecular
helical species involve the design of other suitable codons,
the modification of diameter, the number of residues per turn,
and the pitch of the helix, as well as the generation of
extended multicomponent entities by self-assembly. The work
presented here addresses several of these questions. We
describe an isomeric, alternating pyridine — pyridazine heter-
ocyclic strand that, a priori, should yield an hexagonal helical
structure (2) with twelve heterocycles per turn, an outside
diameter of about 25 A, and a central cavity of about 8 A
across.

2 R=8-nPr

Compound 2 was synthesized using the Potts method-
ology™! following the sequence of reactions shown in
Scheme 1. 3,6-Diacetylpyridazine (3) and 3-acetyl-6-(1-ethoxy-
vinyl)pyridazine (6) were synthesized from 3,6-dichloropyr-
idazine using tributyl-(1-ethoxyvinyl)tin, as previously descri-
bed for their 4,6-substituted pyrimidine counterparts.'> 10l
The bis-Michael acceptor 4, prepared from 3, was treated
with one equivalent of 2-acetylpyridine to obtain the mono-
addition product 5. The reaction of Michael acceptor 5§ with
the unsymmetrically substituted pyridazine 6 gave 7, which
was subsequently hydrolyzed to 8 in aqueous acid. Reaction of
two equivalents of 8 with the bis-Michael acceptor 4 gave the
desired final product 2. Compound 2 is soluble in chloroform
and insoluble in most other common organic solvents. It is
sparingly soluble in dichloromethane and pyridine, and forms
viscous, birefringent solutions in these solvents.

The planar transoid conformer of 2,2'-bipyridine is calcu-
lated to be about 25 kJmol~! lower in energy than the cisoid
conformer.['"l This conformational preference may be attrib-
uted to: a) weak, favorable interactions between the lone pair
of electrons on the nitrogen and the adjacent hydrogen atom
on the neighboring heterocycle in the transoid conformer,

234 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000
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(R =S-nPr)

Scheme 1. a) NaH, CS,, nPrl, DMSO, room temperature (66%);
b) 1) NaH, THF/DMSO (2/1), room temperature; 2) NH,OAc, AcOH,
reflux (24%); c)1)NaH, THF/DMSO (3/1), room temperature;
2) NH,OAc, AcOH, reflux (33%); d) Acetone/2N HCl (9/1), room
temperature (97%); e) 1) NaH, THF/DMSO (6/1), room temperature;
2) NH,OAc, AcOH, reflux (19%).

b) favorable antiparallel orientation of the nitrogen dipoles in
the transoid conformer, and c) unfavorable steric interactions
between CH sites in the cisoid conformer. A pyridine —pyri-
dazine unit would also be expected to favor the transoid
conformer in a similar way. Molecular modeling, starting from
an extended nonhelical form, confirms that the optimal
conformation of compound 2 consists of a helical structure
having twelve heterocycles per turn with the two terminal
pyridine rings overlapping at approximately 3.4 A (Figure 1).
As a further indication of the generality of intramolecular
conformational control based on heterocyclic connectivity,
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Figure 1. Minimized conformation and schematic representation of com-
pound 2 viewed face on and from the side (propyl groups removed for
clarity).

2,3-bis-[6-(2,2-bipyridyl) |pyrazine has also been shown to
adopt a curled conformation with four heterocycles per helical
turn.['8]

Enforced helix formation of compound 2 in solution was
confirmed by significant upfield shifts of the proton reso-
nances at positions C4 and C5['") of the terminal pyridine
rings (0 =7.06, 6.53) due to the shielding effects of intra-
molecular stacking. This marked shielding is diagnostic of
helix formation in isomeric pyridine —pyrimidine molecular
strands previously studied in our laboratory['>'¥ and is also
characteristic for the aromatic termini of helicenes and
heterohelicenes.*!

Furthermore, all aromatic proton resonances of compound
2 in chloroform were shifted to higher fields as the concen-
tration was increased. This distinct upfield displacement of
0.6—0.8 ppm in a concentration range of 0.1-100 mm at 35°C
was attributed to the formation of molecular assemblies,
resulting in diamagnetic anisotropy effects between neighbor-
ing molecules. Consequently, the observed shift of the protons
at positions C4 and C5 of the terminal pyridine rings has both
intra- and intermolecular it — it stacking contributions.!'*®! Self-
aggregation was confirmed by vapor-pressure osmometry
which gave an apparent molecular weight for compound 2 of
about 3600 gmol~! (at 36°C in chloroform over a concen-
tration range of 218 mm). This value is more than twice the
actual value of 1453.92 gmol~!. Previous results on the
aggregation of phenylacetylene macrocycles have suggested
the importance of a preorganized planar geometry to achieve
multiple -7 stacking.”!! Indeed, a pre-organized helical
conformation of compound 2 can be envisaged to form self-
assembled supramolecular stacks with up to twelve face-to-
face m—m interactions between the aromatic heterocycles of
neighboring molecules (Figure 2, left).

Self-aggregation of compound 2 was also observed in
dichloromethane and pyridine. Low-molecular-weight gela-
tors for organic solvents generate elongated aggregates which
subsequently assemble into fiberlike structures that form an
extended entangled network.??l Gel formation induced by
compound 2 prompted an investigation by electron micro-
scopy, that revealed the formation of an extensive fiber

Angew. Chem. Int. Ed. 2000, 39, No. 1
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Figure 2. Schematic tentative representations of a self-assembled helical
stack of compound 2 (left) and a fiber composed of two coiled-coil self-
assembled stacks of compound 2 (right).

network with helical substructures. The freeze-fracture elec-
tron micrograph of compound 2 in dichloromethane
(1 mgmL-!; Figure 3a) shows uniform fibers with an approx-
imate diameter of 80 A; these fibres are probably composed
of coiled-coil bundles of two or three single supramolecular
stacks (Figure 2, right). The chirality observed in the fibers,
manifested as helical twisting, could result from favorable

Figure 3. Freeze-fracture electron micrographs of compound 2 in a) di-
chloromethane and b) pyridine showing fiber network formation with
helical textures (scale bar represents 100 nm).
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intermolecular ;ww—m stacking interactions from helices of
compound 2 of the same helical sense. The molecular helical
chirality is consequently translated into supramolecular
helicity that is expressed on a nanometer scale. In Figure 3 a,
a dominance of fibers of same chirality is observed; it may be
due to the induction of fiber formation by seeds generated by
the breakdown of an initial helical entity caused by the
sonication procedure employed. More defined helical struc-
tures displaying left- and right-handed helical twists were
observed from a birefringent solution of compound 2 in
pyridine (2 mgmL~!, Figure 3b), a solvent expected to break
intermolecular mw—m interactions. The pitch of the helical
fibers observed in Figures3a and 3b is around 115 A.
Networks of fibers of micrometer length subsequently form
linear and intertwined macrofibers (Figure 4), yielding a

Figure 4. Freeze-fracture electron micrograph showing molecular aggregation of compound 2 into linear
and helical fibers and macrofiber bundles in dichloromethane (scale bar represents 200 nm).

viscous, birefringent organogel in dichloromethane. A sol-
ution of compound 2 in pyridine is birefringent but not nearly
as viscous as the gel in dichloromethane, and the length of the
fibers (and their entanglement) is much greater in dichloro-
methane than in pyridine. This molecular aggregation into
fibers and macrofiber bundles is reminiscent of gels obtained
from crown ether substituted phthalocyanins.?’!

Particularly attractive in this self-organizing/self-assem-
bling system is the formation of bundles of extended
molecular channels* comprising tubular (helical) stacks with
hollow cores of finite size (ca. 8 A diameter), thus opening
ways for the design of functional polymolecular materials for
multichannel ion-active devices.””! Further developments
towards this end may involve internal functionalization with
ion-binding sites.

Analogous to the primary amino acid sequence that
encodes the required information for protein folding and
assembly, the primary heterocyclic sequence and connectivity
encodes for helical self-organization and subsequent self-
assembly. Such systems provide access to controlled sequen-
tial and hierarchical self-organization processes of well-
defined polymolecular architectures at the supramolecular
level.
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Experimental Section

Physical characterization of compound 2: m.p. 326.2-329.0°C (decomp);
R; (alumina, CH,Cl,): 0.14; '"H NMR (500.13 MHz, CDCl; (29 mm), 55°C):
0=38.17-777 (m, 26H), 7.06 (m, 2H), 6.53 (m, 2H), 3.06 (t, /=71 Hz,
4H),3.02 (t,3/="71Hz, 4H), 2.98 (t,°] =71 Hz, 4H), 1.88-1.70 (m, 12H),
1.21 (t, %7 =74 Hz, 6H), 1.17 (t, 3] =74 Hz, 6H), 1.10 (t, */ =74 Hz, 6H);
BC NMR (125.77 MHz, CDCl; (29 mwm), 55°C): 6 =157.08, 156.60, 156.54,
156.53, 156.50, 154.60, 154.09, 153.25, 153.04, 152.16, 151.32, 151.24, 151.16,
151.14, 148.72, 135.72, 123.99, 123.84, 123.79, 123.74, 123.04, 120.14, 118.36,
118.32,118.15, 118.03, 118.02, 117.36, 33.22, 33.13, 33.00, 21.80, 21.69, 21.68,
13.91, 13.84, 13.65; IR (KBr, cm™!): 7=2960, 2925, 2870, 1577, 1545, 1458,
1390, 1097, 988, 850, 812; UV/Vis (CH,Cl,): A.(€) =296 (202000); MS
(FAB +): m/z(%): 1453.5 (100, [M*]); elemental analysis: C,sH;,NsS¢
(1453.92): caled: C 64.44, H 4.99, N 17.34; found: C 64.42, H 5.01, N 17.22.

Molecular modeling was carried out with the MacroModel molecular
mechanics program (version 5.5) using the Amber* force field and a
standard Monte Carlo search for favorable conformations.

Molecular weight determinations were per-
formed with a Knauer twin-thermister hang-
ing-drop vapor-pressure osmometer operated
at 36°C. The molecular weight of compound 2
was measured in HPLC-grade chloroform over
a concentration range of 2—18 mm. A calibra-
tion curve was generated by using a polystyr-
ene molecular weight standard (MW = 2430,
MNypo =2330, polydispersity = 1.06).
Organogels for freeze —fracture transmission
electron microscopy were prepared by dissolv-
ing compound 2 (0.5-2.0 mg) in dichlorome-
thane or pyridine with heating and bath
sonication. The solutions were aged at room
temperature for at least 12h prior to use.
Freeze-fracture experiments were performed
in an apparatus developed at IGBMC by J.-C.
Homo. Gel solutions were sandwiched be-
tween two copper specimen holders and frozen
in liquid nitrogen. The frozen samples were
transferred to the fracture-replication stage
which was kept at a vacuum of 10~¥ mbar at
—178°C. Replication was performed immedi-
ately after fracturing with about 20 A plati-
num/carbon at 45° followed by about 200 A
carbon at 90°. The replicas were retrieved and cleaned in chloroform,
mounted on carbon coated grids and observed with a Philips CM12
electron microscope operating at 100 keV.

Received: August 6, 1999 [Z13840]

[1] a) A.E. Rowan, R.J. M. Nolte, Angew. Chem. 1998, 110, 65-71;

Angew. Chem. Int. Ed. 1998, 37,63 -68;b) D. S. Lawrence, T. Jiang, M.
Levett, Chem. Rev. 1995, 95, 2229 —2260.

[2] K.P. Meurer, F. Vogtle, Top. Curr. Chem. 1985, 127, 1-76.

[3] a) A. Williams, Chem. Eur. J. 1997, 3, 15-19; b) C. Piguet, G.
Bernardinelli, G. Hopfgartner, Chem. Rev. 1997, 97, 2005 —2062.

[4] a)J. C. Nelson, J. G. Saven, J. S. Moore, P. G. Wolynes, Science 1997,
277,1793-1796; b) R. B. Prince, T. Okada, J. S. Moore, Angew. Chem.
1999, 111, 245-249; Angew. Chem. Int. Ed. 1999, 38, 233-236;
¢) M. S. Gin, T. Yokozawa, R. B. Prince, J. S. Moore, J. Am. Chem.
Soc. 1999, 121, 2643 -2644.

[5] a) C.-Y. Huang, V. Lynch, E. V. Anslyn, Angew. Chem. 1992, 104,
1259-1261; Angew. Chem. Int. Ed. Engl. 1992, 31, 1244-1246;b) S. J.
Geib, C. Vincent, E. Fan, A. D. Hamilton, Angew. Chem. 1993, 105,
83-85; Angew. Chem. Int. Ed. Engl. 1993, 32, 119-121.

[6] a) Y. Hamuro, S. J. Geib, A. D. Hamilton, J. Am. Chem. Soc. 1997, 119,
10587-10593; b) A. Tanatani, H. Kagechika, I. Azumaya, R.
Fukutomi, Y. Ito, K. Yamaguchi, K. Shudo, Tetrahedron Lett. 1997,
38, 4425 -4428.

[7] J-M. Lehn, Supramolecular Chemistry. Concepts and Perspectives,
VCH, Weinheim, 1995.

Angew. Chem. Int. Ed. 2000, 39, No. 1



COMMUNICATIONS

[8] a)J.-M. Lehn, A. Rigault, J. Siegel, J. Harrowfield, B. Chevrier, D.
Moras, Proc. Natl. Acad. Sci. USA 1987, 84,2565-2569;b) J.-M. Lehn,
A. Rigault, Angew. Chem. 1988, 100, 1121-1122; Angew. Chem. Int.
Ed. Engl. 1988, 27, 1095 -1097.

[9] R. Krdmer, J.-M. Lehn, A. De Cian, J. Fischer, Angew. Chem. 1993,
105,764 -767; Angew. Chem. Int. Ed. Engl. 1993, 32, 703 -706.

[10] a) B. Hasenknopf, J.-M. Lehn, B. O. Kneisel, G. Baum, D. Fenske,
Angew. Chem. 1996, 108, 1987-1990; Angew. Chem. Int. Ed. Engl.
1996, 35, 1838-1840; b) B. Hasenknopf, J.-M. Lehn, N. Boumediene,
A. Dupont-Gervais, A. Van Dorsselaer, B. Kneisel, D. Fenske, J. Am.
Chem. Soc. 1997, 119, 10956 -10962.

[11] a) T. Gulik-Krzywicki, C. Fouquey, J.-M. Lehn, Proc. Natl. Acad. Sci.
USA 1993, 90,163 -167; b) N. Kimizuka, S. Fujikawa, H. Kuwahara, T.
Kunitake, A. Marsh, J.-M. Lehn, J. Chem. Soc. Chem. Commun. 1995,
2103 -2104.

[12] a) G.S. Hanan, J.-M. Lehn, N. Kyritsakas, J. Fischer, J. Chem. Soc.
Chem. Commun. 1995, 765-766; b) G. S. Hanan, U. S. Schubert, D.
Volkmer, E. Riviere, J.-M. Lehn, N. Kyritsakas, J. Fischer, Can. J.
Chem. 1997, 75, 169 - 182.

[13] a) D. M. Bassani, J.-M. Lehn, G. Baum, D. Fenske, Angew. Chem.
1997, 109, 1931-1933; Angew. Chem. Int. Ed. Engl. 1997, 36, 1845—
1847; b) D. M. Bassani, J.-M. Lehn, Bull. Soc. Chim. Fr. 1997, 134,
897-906.

[14] M. Ohkita, J.-M. Lehn, G. Baum, D. Fenske, Chem. Eur. J. 1999, 12,
3471-3481.

[15] a) K. T. Potts, Bull. Soc. Chim. Belg. 1990, 99, 741 -768; b) K. T. Potts,
K. A. Gheysen Raiford, M. Keshavarz-K, J. Am. Chem. Soc. 1993, 115,
2793 -2807.

[16] A.J. Majeed, @. Antonses, T. Benneche, K. Undheim, Tetrahedron
1989, 45, 993 —1006.

[17] S.T. Howard, J. Am. Chem. Soc. 1996, 118, 10269 -10274.

[18] F. R. Heirtzler, M. Neuburger, M. Zehnder, E. C. Constable, Liebigs
Ann. 1997, 297 -301.

[19] a) Assignment of the C4 and C5 protons can be deduced from the
presence of multiple 3/ coupling only possible for these protons.
b) The association constants calculated from the shifts of the C4 and
C5 proton resonances differ from that obtained from the remaining
aromatic protons, assuming a simple monomer—dimer equilibrium;
this may be due to the fact that intermolecular self-association should
increase intramolecular helical self-organization. A value in the
10°M~! range may be grossly estimated.

[20] a) R. H. Martin, N. Defay, H. P. Figeys, M. Flammang-Barbicux, J. P.
Cosyn, M. Gelbcke, J. J. Schurter, Tetrahedron 1969, 25, 4985—4998;
b) H. Wynberg, Acc. Chem. Res. 1971, 4, 65-73.

[21] A.S. Shetty, J. Zhang, J. S. Moore, J. Am. Chem. Soc. 1996, 118, 1019 -
1027.

[22] J. van Esch, F. Schoonbeek, M. De Loos, E. M. Veen, R. M. Kellogg,
B. L. Feringa in Supramolecular Science: Where It Is and Where It Is
Going (Eds.: R. Ungaro, E. Dalcanale), Kluwer, Dordrecht, 1999,
pp- 233-259.

[23] H. Engelkamp, S. Middelbeek, R. J. M. Nolte, Sciece 1999, 284, 785—
788; for another case, see: W. Yang, X. Chai, L. Chi, X. Liu, Y. Cao, R.
Lu, Y. Jiang, X. Tang, H. Fuchs, T. Li, Chem. Eur. J. 1999, 5, 1144—
1149.

[24] a)J-M. Lehn, J. Malthéte, A.-M. Levelut, J. Chem. Soc. Chem.
Commun. 1985, 1794-1795; b) N. Khazanovich, J. R. Granja, D. E.
McRee, R. A. Milligan, R. Ghadiri, J. Am. Chem. Soc. 1994, 116,
6011-6012.

[25] J.-M. Lehn, Supramolecular Chemistry. Concepts and Perspectives,
VCH, Weinheim, 1995, chap. 8.

Angew. Chem. Int. Ed. 2000, 39, No. 1

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

A New Enantioselective Approach to Total
Synthesis of the Securinega Alkaloids:
Application to (—)-Norsecurinine and
Phyllanthine**

Gyoonhee Han, Matthew G. LaPorte, James J. Folmer,
Kim M. Werner, and Steven M. Weinreb*

Dedicated to the memory of Professor George Buchi

The securinega alkaloids are a family of approximately 20
tetracyclic compounds produced by several Securinega and
Phyllanthus species of the Euphorbiaceae plant family.['! The
major securinega alkaloid is securinine (1), isolated from the
leaves of Securinega suffruticosa. Its enantiomer, virosecur-
inine, is also naturally occurring, as are the antipodes of

H N~ N~
2
o \ HO_ \
R
4
(0] o

1R = H: securinine 3 R = H: allosecurinine 5: (-)-norsecurinine
2 R = OMe: phyllanthine 4 R = OMe: securitinine

several other alkaloids of this class. Allosecurinine (3), which
is the C2 epimer of 1, is also a common alkaloid of this group,
as is securitinine (4). The enantiomer of 3 (viroallosecurinine)
is a natural product as well. Some additional common
alkaloids of this group are (—)-norsecurinine (5), whose
(+)-enantiomer is also naturally occurring, and phyllanthine
2).

These alkaloids are associated with a wide range of
biological activity. Securinine causes central nervous system
stimulation and clonic—tonic convulsions in laboratory ani-
mals. This activity is due to the alkaloid acting as a y-amino
butyric acid (GABA) receptor antagonist.’! These alkaloids
have found a sporadic use clinically for such diseases as
poliomyelitis, ALS (amyotrophic lateral sclerosis) and
chronic aplastic anemia.l'l!' Securinine has also been found
to be an antimalarial agentP! and to have antibacterial
activity.”!

To date there has been only limited synthetic work in this
area. A nonstereoselective total synthesis of racemic secur-
inine (1) was described by Horii et al. in 1966.5! More recently,
Heathcock and coworkers devised a clever route to racemic
norsecurinine (5). In this synthesis, both the A-ring and the
configuration of the C2 atom of 5 were derived from L-
proline, although unfortunately optical activity was lost by the
racemization of an intermediate. Jacobi et al.”l have devel-
oped an innovative route to both (+)- and (—)-norsecurinine,
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