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A cyclic trimer of (R)-2-(2-aminophenoxy)propanoic acid, a d-amino acid analogue, was synthesized.
Molecular mechanics calculations on the cyclic trimer predicted that a concave network of sequential
hydrogen bonds forms a C3-symmetric bowl-shaped structure. Evidence for this conformation was found
in the NMR spectra of the trimer in D-chloroform. Although the single-crystal structure of the cyclic tri-
mer indicates that chloroform could be included in the bowl-shaped structure, the conformation was not
C3-symmetric and the hydrogen bonding network was of a different mode. These different conformations
between solid and solution were reasonably clear from IR spectra.

� 2009 Elsevier Ltd. All rights reserved.
The C3-symmetric molecular design fascinates us not only with
its picturesque beauty but also for its potential advantages in
asymmetric catalysis, molecular recognition, and materials sci-
ence.1 In the field of host-guest chemistry, simple cyclic triamides,2

chiral cyclotriveratrylene,3 cyclic tripeptides,4 and cyclic pseudo-
peptides5 have been reported to have C3-symmetric bowl-shaped
structures, and they have the potential to act as synthetic
receptors.

Recently, we reported oligomers of 2-aminophenoxyacetic acid
as a conformationally fixed analogue of d-amino acid.6 The oligo-
mer as a foldamer had an induced helical structure. In this context,
we are interested in whether the cyclic trimer 1 of 2-(2-amino-
phenoxy)alkanoic acid can be induced to have a bowl-shaped
structure (Scheme 1).

The design relies on the formation of two five-membered
hydrogen-bonded motifs (A and B) to stabilize the structure. A
systematic survey of the Cambridge Structural Database7 has
indicated that motifs such as A and B have a respective 79.2%
and 73.2% probability of forming intramolecular hydrogen bonds.
The combination of motifs A and B into a cyclic trimer of 2-(2-
aminophenoxy)propionic acid will result in a three-centered
hydrogen bond, where the hydrogen of the amide group binds
to both of the neighboring ether oxygen atoms. In other words,
the ether oxygen acts as an acceptor of two amide hydrogens
to form a chelated (or bifurcated) hydrogen bond. In addition
to this, the side chain (Me group) on homochiral a-carbons has
a steric effect to ruffle the cyclic backbone into a bowl-shaped
ll rights reserved.
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structure. Thus, the steric effect and the concave network of
sequential hydrogen bonds form a C3-symmetric bowl-shaped
structure of compound 1. Here, we report on the synthesis and
structural properties of the cyclic trimer 1 based on this foldamer
design.

The desired cyclic trimer 1 was synthesized according to
Scheme 2. Enantiopure (R)-2-(2-nitrophenoxy)propionic acid 5
was obtained by saponification of methyl (R)-2-(2-nitrophen-
Scheme 1. (a) 2-Aminophenoxyactetic acid as d-amino acid analogue. (b) Folding of
compound 1 by two motifs of hydrogen bonding and the steric effect.



Scheme 2. Synthesis of compound 1.
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oxy)propionate 3, which is easily prepared by using the Mitsun-
obu reaction8 of methyl (S)-lactate 2 and 2-nitrophenol. The
method of synthesizing the cyclic trimer is not straightforward,
because we could not obtain methyl (R)-2-(2-aminophenoxy)pro-
pionate, which is necessary for the synthesis of the dimer by di-
rect coupling. However, reduction of methyl (R)-2-(2-
nitrophenoxy)propionate 3 resulted in the undesirable lactam,
(R)-2-methyl-(2H)-1,4-benoxazin-3(4H)-one 4. It is known that
nitro group reduction and concomitant cyclization of several 2-
nitrophenoxyacetate derivatives afford the corresponding lac-
tams.9 Therefore, we had to take a circuitous route to obtain
the dimer structure. First, a coupling reaction of (R)-2-(2-nitro-
phenoxy)propionic acid with 2-aminophenol afforded N-2-
hydroxyphenyl(R)-2-(2-nitrophenoxy)propionamide 6. Then, the
phenolic hydroxyl group was reacted with 2 under the conditions
of Mitsunobu reaction to afford the dimer structure, which could
be reduced to an amino group without undesirable concomitant
cyclization. For the coupling reaction, we utilized standard condi-
tions with 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide
(EDC) and 1-hydroxy-1H-benztriazole (HOBt).10 The trimer 9
was prepared by coupling of the reduced dimer 8 with (R)-2-(2-
nitrophenoxy)propionic acid 5 under the standard conditions.
After final reduction and saponification, the intramolecular cou-
pling reaction afforded the desirable cyclic trimer 1.

Fortunately, crystallization of 1 from chloroform/hexane affor-
ded single crystals suitable for X-ray analysis (Fig. 1).11 The solid
state structure of compound 1 has three chloroform molecules
that were cocrystallized in the asymmetric unit (Fig. 1a). One
chloroform molecule (shown as a space filling model) was in-
cluded in the bowl-shaped cavity, the others filled vacant space.
However, the bowl-shaped structure was not C3-symmetric
(Fig. 1b). The intra- and intermolecular hydrogen bonds are sum-
marized in Table 1. As predicted, two hydrogen-bonded motifs (A
and B) combine to form the alternating three-centered and bifur-
cated hydrogen bonding network as per the original design. Sur-
prisingly, one amide group flipped and directed the amide oxygen
into the cavity so as to form two transannular hydrogen bonds,
whose distances [N���O(H���O)] are 2.88 (2.06) and 2.84 Å
(2.08 Å). As a result, two inward hydrogen atoms formed rare
four-centered hydrogen bond that appears without positive
charged H–N.12 Since the outward hydrogen of the amide bonded
to the amide of the adjacent bowl, the intermolecular hydrogen
bonds arranged these bowls into a one-dimensional array with
an intermolecular hydrogen bond distance N���O(H���O) of 2.85 Å
(1.99 Å).

A C–H/O interaction between chloroform and an oxygen atom
of the amide group occurred with all three chloroform guest mol-
ecules (Fig. 1a). The distances of C���O are 3.13, 3.23, and 3.15 Å, and
they are within the mean C���O distance (3.32 Å) for HCCl3

approaching oxygen.13 In addition, the C3-symmetrical shape of
chloroform comfortably settled back into a pseudo-C3-symmetric
cavity through van der Waals contact.

To estimate the preferred conformation, we performed a con-
formational search for 1 by doing molecular mechanics calcula-
tions with Monte Carlo minimization procedures, using the
MMFF94s force field14 and GB/SA solvation treatment (chloro-
form)15 as implemented in the MacroModel program.16 As ex-
pected, the lowest-energy conformation of 1 was the C3-
symmetric bowl-shaped structure, which has a concave network
of sequential hydrogen bonds (Fig. 2a). The calculations revealed
two other conformers within 10 kJ mol�1 that have higher ener-
gies of +1.6 and +5.9 kJ mol�1 (Fig. 2b and c, respectively).



Figure 1. Crystal structure of 1 (a) Side view: one chloroform molecule (shown as a
space filling model) in the bowl-shaped cavity. (a) Top view: intramolecular
hydrogen bonds of 1.

Table 1
Hydrogen bonds of compound 1
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Although both are distorted C3-symmetric bowl-shaped struc-
tures, all of their hydrogen bonds have motif A or B. As shown
in Figure 2d, a different conformer having a flipped amide group
was the next higher energetic state (+13.1 kJ mol�1). The hydro-
gen bonding network is similar to the crystal structure mentioned
above.

We investigated the conformational differences between the
solution and solid state by measuring the IR spectra. In solution
(2 mM in CHCl3), the characteristic absorption bands of compound
1 are located at 3414 cm�1 (N–H) and 1684 cm�1 (C@O). They are
almost the same values as for our previously reported foldamer,
whose IR bands are located at 3401 and 1685 cm�1(2 mM in
CHCl3).6 On the other hand, the solid state IR spectra (KBr disk)
showed amide H–N peaks (3245 and 3141 cm�1) and C@O peaks
(1684 and 1653 cm�1). The hydrogen bonds in the solid state, as
indicated by the N–H peaks’ shift to a lower wave number, may
be strengthened by increment of hydrogen bonds and conforma-
tional fixation. In particular, the shift of C@O from 1684 into
1653 cm�1 shows that the oxygen atoms of the amide carbonyls
participate in strong hydrogen bonds with N–H.

In CDCl3,
1H NMR and 13C NMR spectra of compound 1 show

only one third of the peaks of the whole structure, which indicates
a highly symmetric structure such as C3 symmetry.17 These spectra
might suggest the presence of the rapid equilibrium among confor-
mational isomers within the NMR time-scale. Although we per-
formed the NOE study of compound 1, observed NOEs were
rationalized by these four conformational isomers. But no charac-
teristic NOEs of the flipped amide group were detected. The NMR
spectra of the variable temperature (VT) NMR study show high
symmetry peaks even at �55 �C in CDCl3 (�90 �C in CD2Cl2). This
experiment suggests that conformational fixation of the flipped
amide group would occur only in a highly concentrated state such
as crystal. This means that the flipping of the amide group can be
attributed to the forming of not transannular intramolecular
hydrogen bonds but rather of intermolecular hydrogen bonds be-
tween the flipped N–H and the C@O of the adjacent bowl. It might
well be that the unfavorable conformation of compound 1 pre-
dicted by the molecular mechanics calculations overcomes the
energetic disadvantage in crystal by means of intermolecular
hydrogen bonds, inclusion of three chloroform molecules, the
packing force of crystal, and so on.

In summary, we prepared a cyclic trimer of 2-(2-aminophe-
oxy)propionic acid and elucidated the bowl-shaped structure
with chloroform as a guest molecule by single-crystal X-ray anal-
ysis. The compound has a bowl-shaped structure in the solid state
and in solution, but the conformation varies between states. This
compound is a new bowl-shaped structure in supramolecular
chemistry. Our ongoing research is focused on functionalizing
the bowl-shaped structure for the purposes of host-guest
chemistry.



Figure 2. Representative conformations of 1 from a Monte Carlo conformational
search. (a) Lowest-energy structure of C3 symmetry (relative energy, 0 kJ mol�1). (b)
Distorted C3-symmetric structure (relative energy, +1.6 kJ mol�1). (c) Distorted C3-
symmetric structure (relative energy, +5.9 kJ mol�1). (d) An amide flipped structure
(relative energy, +13.1 kJ mol�1).
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