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ABSTRACT

The ferrocene receptor bearing the podand dipeptide chains (−L-Ala-L-Pro-NHPyMe) was found to provide a chirality-organized binding site
through two intramolecular interchain hydrogen bonds between CO (Ala) and NH (another Ala) of each podand dipeptide chain. The size-
selective and chiral recognition of dicarboxylic acids was achieved by multipoint hydrogen bonds of the binding site.

Organization of host molecules by self-assembly is a useful
strategy for forming active receptors.1 Metal-templated
organization has been exploited to provide oriented binding
sites, resulting in the construction of artificial receptors for
selective recognition.2 Architectural control of self-assembly
utilizing hydrogen bonding of amino acids as observed in
proteins, which are organized into well-defined three-
dimensional structures, is considered to be a convenient
approach to desired molecular receptors. On the other hand,
ferrocenes are recognized as an organometallic scaffold for
molecular receptors based on redox properties and two
rotatory coplanar cyclopentadienyl (Cp) rings with ca. 3.3
Å separation.3 Ferrocenylboronic acid4 and R-ferrocenyl-
alkylamine5 derivatives have been reported as chiral redox-

active receptors. In a previous paper, the introduction of
podand dipeptide chains into a ferrocene was reported to
induce chirality organization through intramolecular inter-
chain hydrogen bonds.6 This finding prompted us to inves-
tigate the potential use of the organized structure as a
receptor. We herein report the selective recognition of
dicarboxylic acids through multipoint hydrogen bonds of the

* To whom correspondence should be addressed.
† Previous name: Department of Applied Chemistry, Faculty of Engi-

neering.
(1) (a) Kim, M.; Gokel, G. W.J. Chem. Soc., Chem. Commun.1987,

1686. (b) Wyler, R.; de Mendoza, J.; Rebek, J., Jr.Angew. Chem., Int. Ed.
Engl. 1993,32, 1699. (c) Cha, X.; Ariga, K.; Onda, M.; Kunitake, T.J.
Am. Chem. Soc.1995,117, 11833.

(2) (a) Schneider, H.-J.; Ruf, D.Angew. Chem., Int. Ed. Engl.1990,29,
1159. (b) Kobuke, Y.; Sumida, Y.; Hayashi, M.; Ogoshi, H.Angew. Chem.,
Int. Ed. Engl.1991,30, 1496. (c) Schwabacher, A. W.; Lee, J.; Lei, H.J.
Am. Chem. Soc.1992,114, 7597. (d) Hunter, C. A.; Sarson, L. D.Angew.
Chem., Int. Ed. Engl.1994, 33, 2313. (e) Goodman, M. S.; Weiss, J.;
Hamilton, A. D. Tetrahedron Lett.1994, 35, 8943. (f) Prévot-Halter, I.;
Smith, T. J.; Weiss, J.Tetrahedron Lett.1996,37, 1201. (g) Habata, Y.;
Bradshaw, J. S.; Zhang, X. X.; Izatt, R. M.J. Am. Chem. Soc.1997,119,
7145. (h) Linton, B.; Hamilton, A. D.Chem. ReV.1997, 97, 1669. (i)
Goodman, M. S.; Jubian, V.; Linton, B.; Hamilton, A. D.J. Am. Chem.
Soc.1995,117, 11610. (j) Huc, I.; Krische, M. J.; Funeriu, D. P.; Lehn,
J.-M.Eur. J. Inorg. Chem.1999, 1415. (k) Haino, T.; Yamanaka, Y.; Araki,
H.; Fukazawa, Y.Chem. Commun.2002, 402. (l) Ayabe, M.; Ikeda, A.;
Shinkai, S.; Sakamoto, S.; Yamaguchi, K.Chem. Commun.2002, 1032.
(m) Crowley, J. D.; Gosche, A. J.; Bosnich, B.Chem. Commun.2003, 392.
(n) Tobey, S. L.; Jones, B. D.; Anslyn, E. V.J. Am. Chem. Soc.2003,125,
4026.

ORGANIC
LETTERS

2003
Vol. 5, No. 23
4285-4288

10.1021/ol030098x CCC: $25.00 © 2003 American Chemical Society
Published on Web 10/14/2003



chirality-organized ferrocene receptor1 bearing the podand
dipeptide chains (-L-Ala-L-Pro-NHPyMe).

The ferrocene receptor1 was designed to incorporate
L-alanyl-L-proline as a dipeptide capable of hydrogen bonding
and imposing a conformational constraint on the peptide
backbone. Ferrocene1 was synthesized from H-L-Ala-L-Pro-
NHPyMe and 1,1′-bis(chlorocarbonyl)ferrocene as shown in
Figure 1.7 The single-crystal X-ray structure determination
of 1 confirmed the two intramolecular hydrogen bonds
between CO (Ala) and NH (another Ala) of each podand
dipeptide chain (N(1)‚‚‚O(2*), 2.918 Å; N(1*)‚‚‚O(2), 3.010
Å) to induce the chirality organization through an intramo-
lecular conformational regulation (Figure 2).8 The additional

NH adjacent to the pyridyl moiety of1 participates in the
intermolecular hydrogen bonding with CO adjacent to the
ferrocene unit of the neighboring molecule instead of
intramolecular hydrogen bonding (Figure S1, Supporting
Information).

A chirality-organized structure in solution was investigated
by circular dichroism (CD) spectrometry. Ferrocene1
exhibited an induced CD around the absorbance of the
ferrocene function, although such induced CD was not
observed in the case of ferrocene2 bearing only one
dipeptide chain (-L-Ala-L-Pro-NHPyMe) (Figure 3). These
results suggest that the chirality organization through in-
tramolecular hydrogen bonds is maintained even in CH2Cl2.
In the 1H NMR spectrum of1 in CDCl3 (5.0 × 10-3 M),
only one kind of Ala N-H resonance was detected at a lower
field (8.84 ppm) than that of2 (1.0 × 10-2 M, 6.69 ppm).
The FT-IR spectrum of1 in CH2Cl2 (1.0× 10-3 M) showed
the hydrogen bonded N-H stretching band at 3309 cm-1.
Two identical intramolecular hydrogen bonds between the
podand dipeptide chains of1 are indicated to be formed in
the solution. Variable-temperature1H NMR studies of1 (5.0
× 10-3 M in CDCl3 between 223 and 323 K) showed∆δ/
∆T values of Ala N-H of -3.4 ppb/K. This result supports
a strong hydrogen bonding for1. A large downfield shift of
the additional N-H resonance adjacent to the pyridyl moiety
of 1 was observed by the addition of aliquots of DMSO-d6

to CDCl3 (5.0× 10-3 M; CDCl3, 8.78 ppm; CDCl3/DMSO-
d6 (9:1), 9.62 ppm), although the Ala N-H resonance of1
was not perturbed (CDCl3, 8.84 ppm; CDCl3/DMSO-d6 (9:
1), 8.96 ppm). These findings indicate that the additional
NH adjacent to the pyridyl moiety is not hydrogen bonded
in solution. The N-H stretching band at 3399 cm-1 in the
FT-IR spectrum of1 in CH2Cl2 (1.0× 10-3 M) also supports
the non-hydrogen bonded N-H. The NH adjacent to the
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Figure 1. Ferrocenes1 and2 bearing the dipeptide chains.

Figure 2. Molecular structure of1.
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pyridyl moiety is expected for hydrogen bonding with
dicarboxylic acids.

In the ferrocene receptor1, the two amido pyridyl moieties
as hydrogen bonding sites are well arranged for dicarboxylic
acids by chirality organization through two intramolecular
hydrogen bonds. Initially, the dicarboxylic acid binding
properties of1 were investigated using1H NMR spectroscopy
and association constants were measured for dicarboxylic
acids3 possessing various chain lengths (Scheme 1 and Table
1). 1H NMR studies in CDCl3/acetone-d6 (5:1) revealed a
considerable downfield shift of the pyridine amide protons

of 1 (∆δ 1.04 ppm) upon addition of 1 molar equiv of3c,
suggesting that amido pyridyl moieties serve as binding sites
for the dicarboxylic acid. The dicarboxylic acid-receptor
stoichiometry was confirmed to be 1:1 by Job plots. Titration
of 1 in CDCl3/acetone-d6 (5:1) with a series of dicarboxylic
acids3 showed appreciable association constants. It should
be noted that a higher association constant for adipic acid
(3c, Ka ) 2.1 × 104 M-1) was observed as compared with
succinic acid (3a, Ka ) 2.8 × 102 M-1) and glutaric acid
(3b, Ka ) 3.7 × 103 M-1). This difference can probably be
attributed to the complementary size of the binding space
of 1 for adipic acid. Furthermore, suberic acd (3d, Ka ) 7.7
× 103 M-1) and sebacic acid (3e,Ka ) 5.9× 103 M-1) with
longer chain lengths exhibited a smaller constant. Since an
induced CD around the absorbance of the ferrocene function
of 1 hardly changed upon addition of 5 molar equiv of3c,
the chirality organization through two intramolecular hy-
drogen bonds seems to be maintained in the recognition
process to afford a rigid binding site for the selective
recognition.

To evaluate the chiral recognition ability of1, the chiral
discrimination properties of1 were examined with biologi-
cally important glutamic acids. It is noteworthy that benzoyl-
L-glutamic acid (3f, Ka ) 5.5 × 103 M-1) is bound
approximately 15 times more tightly to1 than benzoyl-D-
glutamic acid (3g, Ka ) 3.7 × 102 M-1). The chirality-
organized binding site of1 is capable of discriminating the
chirality of guest molecules.

In conclusion, ferrocene1 bearing the podand dipeptide
chains (-L-Ala-L-Pro-NHPyMe), which is conformationally
regulated by two intramolecular hydrogen bonds between
CO (Ala) and NH (another Ala) of each podand dipeptide
chain, was demonstrated to provide the chirality-organized
binding site for size-selective recognition of dicarboxylic
acids. The chirality-organized binding site permitted1 to
behave as a receptor, differentiating guest molecules on the
basis of chirality. Studies on the application of chirality
organization of ferrocenes bearing podand dipeptide chains
to chiral recognition and asymmetric reaction are now in
progress.
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Figure 3. CD spectra of1 and2 in CH2Cl2 (1.0 × 10-4 M).

Scheme 1

Table 1. Ka Values of1

guest Ka [M-1]a

succinic acid (n ) 2) 3a 2.8 × 102

glutaric acid (n ) 3) 3b 3.7 × 103

adipic acid (n ) 4) 3c 2.1 × 104

suberic acid (n ) 6) 3d 7.7 × 103

sebacic acid (n ) 8) 3e 5.9 × 103

benzoyl-L-glutamic acid 3f 5.5 × 103

benzoyl-D-glutamic acid 3g 3.7 × 102

a Ka ) association constants. Values were determined by1H NMR
titration (CDCl3/acetone-d6 (5:1)).
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