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Ferulic acid derivative assembles with three kinds of non-
covalent interactions, i.e., metal coordination, hydrogen
bonding and CH–p interaction: X-ray crystallographic study
illustrated the molecular assembly mode.

Molecular recognition and self-assembly play a fundamental
role in numerous biological processes, for example, the highly
specific substrate recognition by enzyme.1 Supramolecular
chemistry generally encompasses the chemistry of molecular
recognition and self-assembly.2 In these systems, processes
works through the non-covalent bonds such as hydrogen bonds,
metal coordination, p–p stacking, CH–p and van der Waals
interactions.3–5 Here we present a novel ‘induced-fit’ type
molecular assembly relying on three non-covalent interactions.
We used a ferulic acid derivative 1 in this study for the
following reasons. The derivative 1 has (i) a polyoxyethylene
chain and methoxy groups on phenyl rings for metal coordina-
tion, (ii) aromatic rings for a p–p or CH–p interaction and (iii)
carboxylic acids as hydrogen bonding moieties. Thus we
expected that the derivative 1 might form a complex with the aid
of different kinds of non-covalent bonds (Fig. 1).

The ferulic acid derivative 1 was synthesized through the
Mitsunobu reaction of the ethyl ester of ferulic acid with
tetraethylene glycol.† After the reaction, the hydrolysis of the

obtained compound gave the compound 1 in a good yield.
Nowadays ferulic acid is easily prepared in large quantities
from the oily component of rice bran.6 The titration of a solution
of 1 (7.0 mM in acetone-d6) with potassium picrate was
monitored by 1H NMR spectroscopy (Fig. 2). The protons of the
polyoxyethylene group were shifted downfield with increasing
ratio of potassium picrate + 1. This indicated that K+ was bound
to the polyoxyethylene group. On the other hand, upfield shifts
were observed in the methoxy group and Ha, while Hb shifted
downfield. This means that the phenyl groups are coming
closer, and the methoxy moiety binding to the benzene ring
rides on the other benzene ring. Although similar types of
chemical shifts were obtained when either Rb+ or Cs+ was used
as the metal cation, these shifts were small compared to those of
K+. The association constants for the formation of [1 · K
picrate], [1 · Rb picrate] and [1 · Na picrate] calculated from
nonlinear curves fitting were estimated to be 8.0 3 102, 5.0 3
102 and 1.5 3 102 M21, respectively.7‡ However, there was no
interaction between 1 and Li+ since no chemical shift occurred
in this case.

These results were supported by electrospray ionization mass
spectrometry (ESI-MS). Fig. 3 shows the ESI mass spectra of 1
in acetone in the presence of the picrate of alkali metal cations
(Li+, Na+, K+, Rb+ and Cs+). Although the single-charged
signals were observed at m/z = 569, 585, 631 and 679
(corresponding to the [1 + Na]+, [1 + K]+, [1 + Rb]+ and [1 +
Cs]+, respectively), no higher binding stoichiometries were
observed. Therefore 1 formed stable complexes with alkali
metal cations at 1 + 1 stoichiometry. The most intense peak

Fig. 1 Schematic representation of 1 and the ‘induced-fit’ type molecular
assembly. The molecular assembly was formed through three non-covalent
interactions.

Fig. 2 (a): 1H NMR (400 MHz, acetone-d6) spectra of 1 and (b): 1 + K
picrate (1 + 1).

Fig. 3 Mass spectra of solutions of 1 in acetone in the presence of the picrate
of Li+, Na+, K+, Rb+ and Cs+. conc. (1) = conc. (metal picrate) = 1 3 1023

mol dm23.
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corresponds to a complex of 1 with K+ and the medium-
intensity peak was observed for the Rb+ complex. Peaks for the
complexes of 1 with Na+ and Cs+ were very small and no peak
was observed for Li+ . Thus 1 acts as a pseudo-crown ether,
since the ion selectivity is in good accord with that of a crown
ether such as 18-crown-6.§

In order to confirm the complexation between 1 and alkali
metal cations, the complex of 1 and K picrate was analyzed by
X-ray crystallography.¶ Suitable crystals for the analysis were
obtained by recrystallization from a solution of 1 and K picrate
in methanol. As shown in Fig. 4, K+ was bound to the
polyoxyethylene moiety and methoxy groups. The distances of
O(polyoxyethylene)…K+ are 2.737(5), 2.827(5), 2.948(5),
3.017(5) and 3.028(4) Å, for O(methoxy)…K+ they are
2.870(5) and 2.998(4) Å, and for O(picrate)…K+ 2.685(5) and
2.765(5) Å, respectively. These bondings induced a U-shaped
conformation in 1 so that the two aromatic rings were closer, as
the 1H NMR spectroscopy suggested. In the crystal structure,
one hydrogen atom of the methoxy group is close to the center
of another phenyl ring (2.70 Å), furthermore, one hydrogen
atom of the other methoxy group is also close to the
corresponding phenyl ring (the distance of H…C is 2.69 Å).
These close contacts indicate the existence of CH–p interaction
between the methoxy groups and the aromatic rings. That is, the
U-shaped conformation would be stabilized by the two CH–p
interactions. Then the two U-shape complexes of 1 and K
picrate were dimerized via four strong hydrogen bonds in a solid
state. The hydrogen bonding distances of O…O are 2.613(6)
and 2.665(6) Å, respectively. Thus this molecular assembly was
formed by three different kinds of non-covalent interaction. In
this process, metal binding plays the primary role to induce the
conformation to U-shape, i.e. an ‘induced-fit’ type super-
molecule. Crystal structures of [1 · Rb picrate] and [1 · Cs
picrate] were also analyzed by X-ray crystallography. These
crystal structures show that 1 forms complexes with Rb+ and
Cs+ similar to that of K+, but one of the two methoxy groups
could not bind to the metal cations. This means that Rb+ and Cs+

are slightly large for the cavity that is formed by the
polyoxyethylene moiety.

In conclusion, we have demonstrated the ferulic acid
derivative 1 formed 1 + 1 complexes with alkali metal cations
such as K+, Rb+ and Cs+ with non-covalent interactions, i.e.
hydrogen bonds, metal coordination and CH–p interactions.
Although these three interactions work in cooperation with each
other, it seems that metal coordination plays the primary role in
the formation of such a complex. We have designed a novel

artificial induced-fit type of alkali metal cations receptor.
Further applications, including photoreactions, are now inves-
tigated.
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Notes and references
† To a solution of 1.00 g (4.5 mmol) of ethyl ferulate, 1.18 g (4.5 mmol) of
triphenylphosphine and 427 mg (2.2 mmol) of tetraethylene glycol in 30 mL
anhydrous THF was added 910 mg (4.5 mmol) diisopropyl azodicarbox-
ylate. The mixture was stirred for 5 min at rt and the solvent then removed
under reduced pressure to give a white solid. The product was purified
through a SiO2 column (hexane–ethyl acetate = 5 + 1) to afford 1.26 g
(95%) of diethyl ester of the titled compound as a white powder.
‡ The association constant of [1 · Cs picrate] was not calculated because of
the low solubility of Cs picrate in a solution of 1 in acetone.
§ We also measured the binding behavior of 18-crown-6 and alkali metal
cations under the same conditions. The ESI mass spectrum showed that the
peak intensities are in good accord with their association constants.
¶ Crystal data for (a) 1 · (K picrate), (b) 1 · (Rb picrate) and (c) 1 · (Cs
picrate): (a) C34H36O18N3K1, (296 K) M = 813.77, triclinic, space group
P-1, a = 11.910(3), b = 21.460(4), c = 7.556(1) Å, a = 97.547(10), b =
103.75(1), g = 89.281(6)°, V = 1859.2(7) Å3, Z = 2, Dc = 1.453 g cm21.
CCDC 171528. (b) C34H36O18N3Rb1 (243 K) M = 860.14, triclinic, space
group P-1, a = 12.993(2), b = 14.212(1), c = 11.799(2) Å, a =
101.057(5), b = 103.398(3), g = 69.709(6)°, V = 1973.0(4) Å3, Z = 2, Dc

= 1.448 g cm21. CCDC 171527. (c) C34H36O18N3Cs1 (243 K) M = 907.57,
triclinic, space group P-1, a = 13.007(2), b = 13.927(2), c = 12.012(2) Å,
a = 98.457(5), b = 103.291(4), g = 69.952(4)°, V = 1983.9(5) Å3, Z =
2, Dc = 1.519 g cm21. CCDC 171526. See http://www.rsc.org/suppdata/cc/
b1/b107785f/ for crystallographic files in .cif format. Intensity data were
measured on a RIGAKU RAXIS-RAPID imaging plate diffractometer with
graphite monochromated Cu-Ka radiation. 6113, 6586 and 6622 reflections
for the crystals (a), (b) and (c) were unique. 3663 observed reflections with
I > 1.5 s (I) for the crystals (a) and 4051 and 6622 observed reflections with
I > 2.0 s (I) for the crystals (b) and (c) were used for further calculations
after Lorenz and polarization corrections. A total of (a) 505, (b) 505 and (c)
505 parameters were refined to final residuals (a) R1 = 0.065 and Rw =
0.188, (b) R1 = 0.087 and Rw = 0.231 and (c) R1 = 0.073 and Rw = 0.216
(refinement on F2).
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Fig. 4 Crystal structure of 1 · K picrate dimer. Hydrogen atoms and picrates
are omitted for clarity. (a) Top view, (b) side view.
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