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Complexation-induced conformational regulation of
ferrocene-dipeptide conjugates to nucleate c-turn-like structure
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Abstract

The complexation of the ferrocene-dipeptide conjugate bearing one dipeptide chain of heterochiral sequence (-L-Ala-D-Pro-NHPy)
with PdCl2(MeCN)2 was demonstrated to afford the 2:1 trans palladium complex, which is present in the pseudo-helical conformation
and c-turn-like structure in the crystal structure through complexation and intramolecular hydrogen bonding. Furthermore, the left-
handed pseudo-helical molecular arrangement was formed through a network of intermolecular hydrogen bonds.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Turns are a key structural motif in protein secondary
structures [1]. Although considerable efforts have been
devoted to the design of b-turn mimics [2,3], c-turn mim-
icry has attracted less attention [2b,3b,3h,3i,4]. We have
already demonstrated that a combination of the ferrocene
scaffold as a central reverse-turn unit with the dipeptide
chains (-L-Pro-L-Ala-NHPy) induces both inverse c-turn-
like and antiparallel b-sheet-like structures [5]. Metal ions
have been known to exhibit a variety of properties in pro-
teins, one of which is structural stabilization for biological
function [6]. The incorporation of metal coordination sites
into peptides has been investigated for the stabilization
of secondary structures [7] and catalytic activities [8].
Recently, the research field of bioorganometallic chemistry,
which is a hybrid area between biochemistry and organo-
metallic chemistry, has received extensive interest. Biocon-
jugates composed of organometallic compounds and
biomolecules such as amino acids and peptides have been
investigated [9]. Ferrocenes are recognized to be a reliable
scaffold for hydrogen bonding to have afforded the ferro-
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cene-peptide conjugates as an artificially regulated system
[5,10–12]. The advantage in the use of the -alanyl-proline
heterochiral sequence as a dipeptide chain depends on a
hydrogen bonding alanyl moiety and a sterically con-
strained proline as a well-known turn inducer, permitting
a reverse-turn conformation [13]. We herein report the
complexation-induced conformational regulation of the
ferrocene-dipeptide monodentate ligand bearing one dipep-
tide chain of heterochiral sequence (-L-Ala-D-Pro-NHPy or
-D-Ala-L-Pro-NHPy) to nucleate a c-turn-like structure.

2. Results and discussion

The ferrocene-dipeptide conjugates 1–2 bearing one
heterochiral dipeptide chain (-L-Ala-D-Pro-NHPy or -D-
Ala-L-Pro-NHPy, respectively) were synthesized from
(chlorocarbonyl)ferrocene and the corresponding dipep-
tide derivative [11e]. The complexation with metal ion
is envisioned to stabilize and/or regulate secondary struc-
tures of peptide chains [7] and permit catalytic activities
[8]. The complexation of the ferrocene-dipeptide conju-
gate 1 with 0.5 equiv. of PdCl2(MeCN)2 in acetonitrile
afforded the 2:1 trans palladium complex 3 quantita-
tively. The single-crystal X-ray structure determination
confirmed that the chirality-organized structure of the
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Table 2
Hydrogen bonds for 3 and 4

Crystal Type a Donor Acceptor D� � �A (Å) D–H� � �A (�)

3 Intra N(1) Cl(2) 3.362(5) 163(4)
Intra N(3) O(2) 2.840(7) 137(3)
Intra N(23) O(2) 2.814(7) 170(4)
Inter N(21) O(1a) 2.949(8) 170(5)
Inter N(21b) O(1) 2.949(8) 170(5)

4 Intra N(1) Cl(2) 3.368(5) 163(4)
Intra N(3) O2 2.843(7) 134(3)
Intra N(23) O2 2.807(6) 172(2)
Inter N(21) O(la) 2.940(7) 163(6)
Inter N(21b) O(1) 2.940(7) 163(6)

a Inter, intermolecular; intra, intramolecular.
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complex 3 is present in a pseudo-helical conformation
through coordination to palladium and chirality organi-
zation based on intramolecular hydrogen bonds
(N(1)� � �Cl(2), 3.362(5) Å; N(3)� � �O(2), 2.840(7) Å;
N(23)� � �O(2), 2.814(7) Å), in which two ferrocene-dipep-
tide conjugates coordinate to the palladium center
unsymmetrically (Fig. 1 and Tables 1–3). It should be
noted that the NH adjacent to the pyridyl moiety of
one peptide chain participates in the intramolecular
hydrogen bonding with the CO of the Ala of the same
peptide chain to nucleate a c-turn-like structure. The tor-
sion angles /2 = 84.7(9)� and w2 = � 66.7(9)� of 3 indi-
cate the c-turn-like structure similar to an ideal c-turn
(/2 = 70 to 85� and w2 = � 60� to �70�) (Fig. 2). This
Fig. 1. Molecular structure of 3.

Table 1
Crystallographic data for 3 and 4

3 Æ CH3CN

Empirical formula C48H52N8O6Cl2Fe2Pd1ÆC
Formula weight 1167.04
Crystal system Orthorhombic
Space group P212121 (no. 19)
a (Å) 23.7306(6)
b (Å) 23.7755(6)
c (Å) 11.5004(3)
V (Å3) 6488.6(3)
Z 4
Dcalc (g cm�3) 1.195
l(Mo Ka) (cm�1) 8.43
T (�C) 4.0
k(Mo Ka) (Å) 0.71069
R1

a 0.062
wR2

b 0.178

a R1 ¼
P
kF oj � jF ck=

P
jF oj.

b wR2 ¼ ½
P

wðF 2
o � F 2

cÞ
2=
P

wðF 2
oÞ

2�1=2.

Table 3
Torsion angles (�) for 3 and 4

Anglea 3 4

/1 C(6)–N(1)–C(7a)–C(8) �126.8(7) 126.7(7)
w1 N(1)–C(7a)–C(8)–N(2) 75.4(7) �74.4(7)
x1 C(7a)–C(8)–N(2)–C(9a) 178.6(6) �178.5(6)
/2 C(8)–N(2)–(9a)–C(10) 84.7(9) �84.6(8)
w2 N(2)–C(9a)–C(10)–N(3) �66.7(9) 66.8(8)
/�1 C(26)–N(21)–C(27a)–C(28) �74.1(9) 75.1(8)
w�1 N(21)–C(27a)–C(28)–N(22) 125.3(7) �126.0(7)
x�1 C(27a)–C(28)–N(22)–C(29a) �7(1) 8(1)
/�2 C(28)–N(22)–C(29a)–C(30) 76.0(9) �75.9(9)
w�2 N(22)–C(29a)–C(30)–N(23) �164.1(6) 163.5(6)

a Symbol used for torsion angles in peptides (IUPAC-IUB Commission
on Biochemical Nomenclature).
chirality-organized structure is in sharp contrast to the
crystal structure of 1, in which an intermolecular hydro-
gen bonding network was observed instead of the intra-
molecular hydrogen bonds to induce a helically ordered
molecular assembly [11i]. These findings suggest that
the complexation with PdCl2(MeCN)2 induces the c-
turn-like structural regulation of the dipeptide chain
through intramolecular hydrogen bonding in the crystal
structure. Another interesting feature in the structure is
4 Æ CH3CN

H3CN C48H52N8O6Cl2Fe2Pd1ÆCH3CN
1167.04
Orthorhombic
P212121 (no. 19)
23.7117(6)
23.7726(6)
11.4953(3)
6479.8(3)
4
1.196
8.44
4.0
0.71069
0.060
0.179



Fig. 3. A portion of a layer containing the helical-like ordered molecular
assembly through a network of intermolecular hydrogen bonds in the
crystal packing of 3.
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Fig. 2. Schematic representation of the definition of dihedral angles of 3.
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the dihedral angle, 29.4(3)�, between the least-squares
planes of the coordinated pyridyl rings. The conforma-
tional regulation through intramolecular hydrogen bond-
ing (Ala) and sterically constrained moieties (Pro)
requires rotation of the pyridyl rings. Furthermore, each
molecule is connected through intermolecular hydrogen
bonds between the NH of the Ala and the CO adjacent
to the ferrocene unit (another molecule) (N(21)� � �O(1a),
2.949(8) Å; N(21b)� � �O(1), 2.949(8) Å) to form a left-
handed pseudo-helical molecular arrangement (Fig. 3).
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A good mirror imaged chirality-organized structure
based on intramolecular hydrogen bonds (N(1)� � �Cl(2),
3.368(5) Å; N(3)� � �O(2), 2.843(7) Å; N(23)� � �O(2),
2.807(6) Å) was obtained in the 2:1 trans palladium com-
plex 4 composed of the ferrocene-dipeptide conjugate 2

bearing one heterochiral dipeptide chain (-D-Ala-L-Pro-
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NHPy). The opposite values of the torsion angles of 4

(/2 = � 84.6(8)� and w2 = 66.8(8)�) as compared with
those of 3 were in agreement with the conformational iso-
mer. An opposite helical molecular assembly, a right-
handed pseudo-helical molecular arrangement, was also
formed through intermolecular hydrogen bonds between
the NH of the Ala and the CO adjacent to the ferrocene
unit (another molecule) (N(21)� � �O(1a), 2.940(7) Å;
N(21b)� � �O(1), 2.940(7) Å) in the crystal packing of the fer-
rocene 4.
3. Conclusion

The complexation of the ferrocene-dipeptide conjugate
bearing one dipeptide chain of heterochiral sequence (-L-
Ala-D-Pro-NHPy) with PdCl2(MeCN)2 was demonstrated
to induce conformational regulation of the dipeptide chain
through complexation and chirality organization based on
intramolecular hydrogen bonding, creating the c-turn-like
structure in the crystal structure. Furthermore, the palla-
dium complex exhibited the helical-like ordered molecular
assembly through a network of intermolecular hydrogen
bonds in the crystal packing. Complexation and hydrogen
bonds play a crucial role in regulating the three-dimen-
sional structures. Studies on the application of chirality-
organized structure to molecular recognition and asymmet-
ric reaction are now in progress.
4. Experimental

4.1. General materials and experimental procedures

All reagents and solvents were purchased from commer-
cial sources and were further purified by the standard
methods, if necessary. Dipeptide derivatives were prepared
according to the method reported in a previous paper by
coupling of Boc-Ala-Pro-OH with 2-aminopyridine using
EDCI, followed by removal of the t-butyloxycarbonyl pro-
tecting group [11e]. Melting points were determined on a
Yanagimoto Micromelting Point Apparatus and were
uncorrected. Infrared spectra were obtained with a JASCO
FT/IR-480 Plus spectrometer. Mass spectra were run on a
JEOL JMS-700 mass spectrometer.
4.2. General procedure for preparation of the palladium

complexes 3 and 4

A mixture of the ferrocene-dipeptide conjugate 1

(23.7 mg, 0.05 mmol) and PdCl2(MeCN)2 (6.49 mg,
0.025 mmol) was stirred in acetonitrile (8.0 mL) under
argon at room temperature for 12 h. After evaporation of
the solution, the palladium complex 3 was isolated quanti-
tatively by recrystallization from acetonitrile/ether.

Complex 3: M.p. 201–203 �C (decomp.); IR (KBr) 3413,
3334, 3095, 2978,1713, 1634, 1576, 1516 cm�1; FAB-MS m/
z 1124 (M+); Anal. Calc. for C48H52N8O6Cl2Fe2PdÆH2O:
C, 50.39; H, 4.76; N, 9.79. Found: C, 50.07; H, 4.61; N,
9.71%.

Complex 4: M.p. 201–203 �C (decomp.); IR (KBr) 3413,
3334, 3095, 2978, 1713, 1634, 1576, 1516 cm�1; FAB-MS
m/z 1124 (M+); Anal. Calc. for C48H52N8O6Cl2Fe2PdÆH2O:
C, 50.39; H, 4.76; N, 9.79. Found: C, 50.25; H, 4.62; N,
9.72%.

4.3. X-ray structure analysis

All measurements for 3 and 4 were made on a Rigaku
RAXIS-RAPID Imaging Plate diffractometer with graph-
ite monochromated Mo Ka radiation. The structures of 3

and 4 were solved by direct methods and expanded using
Fourier techniques. The non-hydrogen atoms were refined
anisotropically. The H atoms involved in hydrogen bond-
ing were located in electron density maps. The remainder
of the H atoms were placed in idealized positions and
allowed to ride with the C atoms to which each was
bonded. Crystallographic details are given in Table 1. Crys-
tallographic data (excluding structure factors) for the struc-
tures reported in this paper.

Supplementary material

CCDC 620083 and 620084 contain the supplementary
crystallographic data for 3 and 4. These data can be
obtained free of charge via http://www.ccdc.cam.ac.uk/
conts/retrieving.html, or from the Cambridge Crystallo-
graphic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; fax: (+44) 1223-336-033; or e-mail:
deposit@ccdc.cam.ac.uk.
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