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Synthesis of C3Symmetric Cup-shaped Molecules
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C; Symmetry, threefold rotational symmetry, is one of the common elements found in natural and
artificial objects as well as in science. In chemistry, a symmetrical element of molecules is one of thé
key terms to design a new molecule applied for asymmetric synthesis, molecular recognition,
nanoarchitecture, and so on. Regarding to symmetry, C, symmetric compounds have been most widely
and successfully applied especially in the field of asymmetric synthesis and catalyst. Due to the interest
in the structural properties and the applications, C3 symmetric compounds have been synthesized and
many interesting compounds such as trialkyl methanes, trialkyl amines, substituted benzenens; cyclic
peptides, and subporphirins have been reported. The utilities of C;3 symmetric compounds have
recently emerged especially in the field of molecular recognition and nanoacrchitecture. Given the
present less applications of C3 symmetric compounds than the widespread applications of C; symmetric
compounds, the potential utility of C3 symmetric compounds is now under the progress.

C; symmetric syn-tris(bicycloalkeno)benzenes were originally introduced as a molecule possessing
a significant bond alternation in the central benzene ring associated with the Mills-Nixon effect. syn-
Tris(norbqrneno)benzenes among them possess a central benzene ring and three fused norbornene
skeletons. Because of the unsymmetrical norbornene structure, they possess unsymmetrical concave
" and convex surfaces. The concave face forms a rigid cup-shaped structure that is suitabie as a
molecular pocket to encapsulate a guest molecule. Substituents with appropriate functional groupé to
interact with a guest molecule through hydrogen bonding or hydrophobic interaction, etc. can be
incorporated on the rigid skeleton. Due to these superior properties, syn-tris(norborneno)benzenes have
been extensively studied as cup-shaped Cs; symmetric host molécules in recent years. In addition, syn-
tris(norbornadieno)benzenes have been applied to the syntheses of a C; symmetric bowl-shaped
aromatic buckybowl, sumanene, and the derivatives as well. To explore the utilities, development for
the efficient synthetic methodolégy has been widely studied. In general, tris(norborneno)benzenes have
been synthesized through cyclotrimerization of norbornene derivativés. However, the

tris(norborneno)benzenes are obtained as a mixture of syn- and anti-tris(norborneno)benzenes in the



reported examples, although only syn-tris(norbormeno)benzenes are applicable as a cup-shaped host
molecule. In this reason, development of a selective formation reaction of syn-
tris(norborneno)benzenes is a very important issue in this research area.

Recently it has been found by the author’s laboratory that a regioselective cyclotrimerization of
enantiopure halonorbornene derivatives under palladium nanoclusters conditions affords only syn-
tris(norbdmeno)benzene derivatives without formation of anti-tris(norborneno)benzenes. This novel
palladium-catalyzed syn-selective cyclotrimerization reaction can be applicable to the syntheses of both
chiral and achiral C; symmetric syn-tris(norborneno)benzenes by employing the corresponding
enantiopure  halonorbornenes, respectively. syn-Tris(oxonorborneno)benzene 1 and syn-
tris(dioxonorborneno)benzene 2 were chosen as synthetic targets because of the feasibility to the
following derivatization for cup-shaped molecules and precursors for buckybowls. To synthesize a
variety of C3 symmetric cup-shaped molecules, it is efficient to attach substituents on the appropriate
rigid cup-shaped common platform. In this sense, the C; symrﬁetn'c homochiral syn-
tn's(oxongrbomeno)benzene 1 and achiral syn-tris(dioxonorborneno)benzene 2 with three or six
carbonyl groups on the norbornene skeletons are appropriate common intermediates as a useful
platform for the preparation of diverse C3 symmetric chiral and achiral cup-shaped molécules.

Asymmetric  synthesis of (3  symmetric  chiral  (~)-(25/4S,5S,8S,95,125)-syn-
tris(oxonorborneno)benzene 1  started from enantiopure  (1S,2R,4S,5R)-norbornan-2,5-diol.
Enantiopure (1S,2R,4S,5R)-norbornan-2,5-diol was easily prepared from norbornadiene by catalytic
asymmetric hydrosilylation and following Tamao oxidation. The preparation of the precursor for
cyclotrimerization, (15,4S)-5-iodonorbomn-5-en-2-one, was thoroughly investigated and optimized to
establish the short efficient route featuring a regioselective formation of enol phosphate and an
iodonation reaction. (-)-syn-1 was synthesized by the cyclotrimerization of (1S,4S)-5-iodonorborn-5-
en-2-one in palladium nanoclusters conditions (Pd(OAc),, PPhs, BuuNOAc, NaCOs, MS 4A, 1,4-
dioxane). The addition of BuyNOAc was crucial for this cyclotrimerization reaction and the yield was

improved by increasing the amount of BusNOAc. Concerning to the mechanism, these results indicate



that the palladium nanoclusters generated in situ may play an important role. The appearance and the
transmission electron microscopy measurement of the reaction mixtures revealed that the well-
dispersed palladium nanoclusters in high concentration are stabilized by the excess amount of
BuwNOAC, giving better yield of (-)-syn-1. The actual catalytic species is proposed to be monomeric
palladium atoms leaching from the palladium nanoclusters.

Synthesis of Cs, symmetric achiral syn-tris(dihydroxynorborneno)benzene triacetonide 3, a
precursor of syn-tris(dioxonorborneno)benzene 2, was achieved through the palladium-catalyzed
cyclotrimerization as well. (1R,4R,5R,65)-5,6-Dihydroxynorbornan-2-one acetonide was prepared
from norbomadiene through dihydroxylation, protection by acetonide, asymmetric hydrosilylation,
Tamao oxidation, and oxidation of hydroxy group. The following conversion of the carbonyl group to
alkenyl iodide afforded the precursor for the cyclotrimerization, (1R,4R,5R,65)-2-i0do-5,6-
dihydroxynorborn-2-ene acetonide. Cyclotrimerization of (1R,4R,5R,6S)-2-iodo-5,6-dihydroxynorborn-
2-ene  acetonide in  the  palladium  nanoclusters  conditions  affords  syn-
tris(dihydroxynorborneno)benzene triacetonide 3. The following deprotection of acetonide and
oxidation of hydroxy groups would give syn-tris(dioxonorborneno)benzene 2. The wide applicability
and feasibility of the developed palladium-catalyzed cyclotrimerization for chiral and achiral syn-
tris(norborneno)benzenes were well demonstrated in these syntheses.

Thus—pfepared C; symmetric chiral (-)-syn-tris(oxonorborneno)benzene 1 and Csy symmetric
achiral syn-tris(dioxonorborneno)ﬁenzene 2 can be a versatile common intermediate for synthesis of C3
or C3y symmetric buckybowls or cup-shaped molecules. The X-ray crystallographic structure of (-)-
syn-1 shows that the three carbonyl groups of (-)-syn-1 are fixed in a helical form on the rigid cup-
shaped norbornene skeleton. By introduction of substituents, (-)-syn-1 can be derivatized into C3
symmetric homochiral cup-shaped molecules with a helical arrangement of the substituents. The C3
symmetric homochiral helical structure (\>ffexs the utility for asymmetric chiral recognition of chiral
molecules as well. Introduction of several types of substituents was demonstrated through palladiumf

catalyzed coupling reactions with the corresponding trisphosphate and tristrifluoromethanesulfonate of



(-)-syn-1. (-)—syn-Tris(methylnorbornadieno)benzene and (—)—syn—tds(phenylnorbémadieno)berizene
were prepared by palladium-catalyzed Kumada-Tamao type coupling reactions from the trisphosphate
and tristrifluoromethanesulfonate. (-)-syn-Tris(methylnorbornadieno)benzene was used as a synthetic
intermediate ~ for the synthesis ~ of  homochiral  trimethylsumanene. syn-
Tris(ethenylnorbornadieno)benzenes with MesSi, Ph, ferrocenyl groups were obtained by palladium-
catalyzed Sonogashira coupling reactions from the tristrifluoromethanesulfonate. Cyano groups were
also introduced by a palladium-catalyzed coupling reaction to afford sm-
tris(cyanonorbornadieno)benzene. From these derivatizations, the wide applicability of syn-1 for C3
symmetric chiral molecules were well demonstrated.

As reported, syn-tris(norbornadieno)benzenes serves as a synthetic intermediate for sumanene and
the derivatives. Toward a development of the versatile synthesis of substituted sumanenes, the
reactivity of substituted benzonorbornene and syn-tris(norbornadieno)benzene derivatives for a ring-
openiﬁg olefin metathesis reaction were investigated. Substituted benzonorbornenes and syn-
tris(norbornadieno)benzenes with B(OR)z, SiR;, OSO,CF;, OP(O)(OR),;, SPh, Ph groups were
subjected to ring-opening olefin metathesis reactions with ruthenium catalysts, showing their less

reactivity than non-substituted or methyl-substituted derivatives.
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