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Conformationally rigid, bowl-shaped molecules are an impor-
tant class of receptors in supramolecular chemistry1 due to their
abilities to encapsulate and stabilize guest molecules, and to cata-
lyze chemical transformations within their ‘microreactor’ cage.2

However, most of the interests were focused on the construction
of calixarene and resorcin[4]arene cavitands with enforced cavities
large enough to complex with complementary organic compounds
or ions,3 and on the synthesis of aromatic molecular-bowl hydro-
carbons and their derivatives.4 So far, the synthesis of a new type
of structure connected by covalent bonds with the shape of bowl
is still a challenge in this field for chemists.

During the past 20 years, the ring-closing metathesis (RCM)
reaction has been rapidly established as an efficient approach
toward macrocyclic systems via intramolecular formation of
carbon–carbon double bonds.5 Consequently, it has found wide
applications in the synthesis of novel macrocyclic hosts6 and also
in the construction of supramolecular assemblies with specific
structures.7 However, the examples of multifold metathesis reac-
tions are still limited for their synthetic challenges.5–7

Recently, we8a reported a highly efficient approach to the syn-
thesis of a new kind of [4]pseudocatenane by threefold metathesis
reactions. According to the similar approach, we have also synthe-
sized a series of chiral [4]pseudorotaxane, and further obtained a
novel ship’s wheel-like supramolecular structure.8b Inspired by
the work reported previously, we here describe the synthesis and
ll rights reserved.
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structure of a novel bowl-like molecule by threefold metathesis
reactions.

Synthesis of dibenzylamine 5 is outlined in Scheme 1. Com-
pound 2 was prepared in 86% yield by the esterification of 3-bu-
ten-1-ol 1 employing 4-methylbenzene-1-sulfonyl chloride in the
presence of Ag2O and KI. Compound 3 was synthesized by reaction
N
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Scheme 1. Synthesis of the dibenzylamine 5.
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of 2 and 4-hydroxybenzaldehyde in the presence of K2CO3. Reac-
tion of 2 with 4-hydroxybenzonitrile, followed by reduction with
LiAlH4, gave compound 4 in 85% yield for the two steps from the
respective precursor. Finally, by the reaction of 3 and 4 in toluene,
and then by reduction with NaBH4, compound 5 was obtained in
81% yield for the two steps.

Synthesis of compound 89 is outlined in Scheme 2. Reaction of
1,3,5-benzenetricarboxylic acid with thionyl chloride gave ben-
zene-1,3,5-tricarboyl trichloride, which then reacted with 5 in
the presence of triethylamine to afford compound 6 in 90% yield
for the two steps. With the framework in hand, we further per-
formed the threefold metathesis reactions. When a solution of 6
in CH2Cl2 (2 mM) was treated with the second-generation Grubbs’
catalyst (5 mmol %), it was found that the reaction went along
smoothly and gave product 7 in 75% yield. As 7 existed as cis/trans
isomers, we further hydrogenated it by Adam’s catalyst to afford
compound 8. Moreover, we also reduced compound 8 by LiAlH4,
which gave compound 9 in 86% yield. All new compounds were
confirmed by the 1H NMR, 13C NMR, MALDI-TOF MS spectra, and
elementary analyses.9

In order to determine the structure of molecule 8, we further
compared the 1H NMR spectrum of 8 with that of compounds 6
and 9. As shown in Figure 1, the chemical shifts of the inner aro-
matic protons in 6 were in the downfield compared with those of
9 for the influence of the neighboring C@O, while the outer aro-
matic protons showed three broadened signals, which implied that
the structure of 6 is not with C3 symmetry as imagined because of
the steric hindrance although it has a free end. Compared with 6,
the 1H NMR spectrum of 8 showed that signals of terminal vinyl
protons at 5.0–6.0 ppm disappeared instead of new broadened
ones at 2.79–2.83 ppm. Moreover, due to the influence of the
closely packed atoms and the C@O groups, the aromatic proton
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Scheme 2. Synthesis and reduction
signals of 8 became more complex and indecipherable, which sug-
gested that 8 has a very rigid structure. However, when the C@O
group in 8 was reduced to methylene group, the molecular symme-
try of the product 9 was enhanced obviously. The outer aromatic
protons split into two groups, while the inner aromatic protons
move to the upfield. Moreover, the aliphatic proton signals are also
sharp and differentiable. These observations suggested the unsym-
metric structure of 8 was mainly caused by the carbonyl groups.

The MALDI-TOF mass spectrum of 8 displayed a strong peak at
m/z 1085.1 for [M+H]+. The structure of 8 was further determined
by its X-ray single crystal analysis. The single crystal of 810 suitable
for X-ray diffraction was obtained by slow evaporation of ethyl
ether to the CHCl3 solution of 8. As shown in Figure 2, the crystal
structure confirmed it as a complete macrocycle as we learned
from its 1H NMR spectrum, and it showed a bowl-like structure
with a depth of nearly 5.0 Å in the solid state. In the structure,
the adjacent phenyl rings were connected covalently through an
ethenylenedioxy bridge. As the molecule 8 was twisted by the clo-
sely arrayed atoms, the middle atomic ring lay at the bottom of the
bowl, while the ethenylenedioxy bridge was at the rim of the bowl.
Moreover, it was found that two molecules of 8 could form a
up-face to up-face dimer by a couple of C–H���p interactions
(dC–H� � �p = 2.90 Å for a), a couple of C–H� � �O (dC–H� � �O = 2.71 Å for
b) hydrogen bonding interactions, and one p� � �p interaction
(dp� � �p = 3.23 Å for c) between the two molecules (Fig. 2c). The
dimers then self-assembled into a liner structure, which could fur-
ther stack into a 3D microporous architecture view along the a-axis
(Fig. 2d).

In conclusion, a bowl-like molecule has been efficiently synthe-
sized by threefold metathesis reactions, and its structure was
determined by 1H NMR, 13C NMR, MALDI-TOF MS spectrum, and
X-ray analysis. The work described here could provide a new
Grubbs II

O

O

N

O

O

N

O

O

N
O

O

O

OO

7

CH2Cl2
75%

N
O

N

O

N

O

O

OO

9
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Figure 1. 1H NMR spectra of (a) 6, (b) 8 and (c) 9 (300 MHz, CDCl3).

Figure 2. (a) Top view and (b) side view of crystal structure of 8. (c) View of a
dimer, blue lines denote the noncovalent interactions. (d) Packing of 8 viewed along
the a-axis. Hydrogen atoms not involved in the interactions are omitted for clarity.
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approach to the design and synthesis of molecules with specific
structures through threefold or multifold metathesis reactions.
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