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C O N S P E C T U S

The highly ordered molecular assemblies in pro-
teins can have a variety of functions, as

observed in enzymes, receptors, and the like. Syn-
thetic scientists are constructing bioinspired sys-
tems by harnessing the self-assembling properties
of short peptides. Secondary structures such as
R-helices, �-sheets, and �-turns are important in
protein folding, which is mostly directed and sta-
bilized by hydrogen bonding and the hydropho-
bic interactions of side chains. The design of secondary structure mimics that are composed of short peptides has attracted
much attention, both for gaining fundamental insight into the factors affecting protein folding and for developing pharma-
cologically useful compounds, artificial receptors, asymmetric catalysts, and new materials.

Ferrocenes are an organometallic scaffold with a central reverse-turn unit based on the inter-ring spacing of about 3.3
Å, which is a suitable distance for hydrogen bonding between attached peptide strands. The conjugation of organometallic
compounds with biomolecules such as amino acids, peptides, and DNA should provide novel systems that reflect proper-
ties of both the ferrocene and the biologically derived moieties. In this Account, we focus on recent advances in the design
of ferrocene-peptide bioconjugates, which help illustrate the peptidomimetic basis for protein folding and the means of
constructing highly ordered molecular assemblies.

Ferrocene-peptide bioconjugates are constructed to form chirality-organized structures in both solid and solution states.
The ferrocene serves as a reliable organometallic scaffold for the construction of protein secondary structures via intramo-
lecular hydrogen bonding: the attached dipeptide strands are constrained within the appropriate dimensions. The introduc-
tion of the chiral dipeptide chains into the ferrocene scaffold induces the conformational enantiomerization of the ferrocenyl
moiety; the chirality-organized structure results from intramolecular hydrogen bonding. The configuration and sequence of
the amino acids are instrumental in the process.

Regulation of the directionality and specificity of hydrogen bonding is a key component in the design of various molec-
ular assemblies. Ferrocene-peptide bioconjugates also have a strong tendency to self-assemble through the contributions
of available hydrogen-bonding donors in the solid state. Some ferrocene-peptide bioconjugates bearing only one dipep-
tide chain exhibit a helically ordered molecular assembly through a network of intermolecular (rather than intramolecular)
hydrogen bonds. The propensity to form the chiral helicity appears to be controlled by the chirality of the dipeptide chains.

Organization of host molecules is a useful strategy for forming artificial receptors. The conformationally regulated
ferrocene-peptide bioconjugate provides the chirality-organized binding site for size-selective and chiral recognition of dicar-
boxylic acids through multipoint hydrogen bonds.

Metal ions serve a variety of purposes in proteins, including structural stabilization for biological function. The complexation
of ferrocene-peptide bioconjugates with palladium(II) compounds not only stabilizes the chirality conformational regulation but
also induces conformational regulation of the dipeptide chain through complexation and intramolecular chirality organization. Con-
struction of the chirality-organized ferrocene-peptide bioconjugates is also achieved by metal-directed assembly.

These varied examples amply demonstrate the value of ferrocene-peptide bioconjugates in asserting architectural con-
trol over highly ordered molecular assemblies.
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Introduction
Architectural control of molecular self-organization is impor-

tant for the development of functional materials.1 Regulation

of hydrogen bonding2 is a key factor in the design of vari-

ous molecular assemblies by virtue of its directionality and

specificity.3 The reversibility and tuneability of hydrogen bond-

ing is also of fundamental importance in the chemical or phys-

ical properties of molecular assemblies. The utilization of self-

assembling properties of short peptides, which possess chiral

centers and hydrogen bonding sites, is considered to be a rel-

evant approach to highly ordered molecular assemblies.

Hydrogen bonding regulates three-dimensional structures and

functions of biological systems. Highly ordered molecular

assemblies are constructed in proteins to fulfill unique func-

tions as observed in enzymes, receptors, etc. Secondary struc-

tures such as R-helices, �-sheets, and �-turns play an

important role in protein folding, which is mostly stabilized by

hydrogen bonding and hydrophobic interactions of side

chains.4 Highly specific patterns of complementary intra- and

intermolecular hydrogen bonds are created in such second-

ary structures. Although �-sheets are the key structural ele-

ments in a three-dimensional structure to fulfill the biological

activity of proteins, the structure and stability of �-sheets are

less understood compared with those of R-helices. A series of

12-membered hydrogen-bonded rings are formed in parallel

�-sheets, while an alternating series of 10- and 14-membered

hydrogen-bonded rings are organized in antiparallel �-sheets.

It is difficult to predict the pattern of protein folding from the

sequence of amino acids. Considerable efforts have focused

on designing secondary structure mimics composed of short

peptides to gain fundamental insight into the factors affect-

ing the protein structure and stability and to facilitate the

rational design of pharmacologically useful compounds. Gen-

erally, preparation of chemical models of �-sheets is difficult

due to the complexity of their folding and their propensity for

self-association. The utilization of molecular scaffolds is a

potential strategy for organization of peptide structures, which

allows the control of intramolecular interaction of peptides or

peptidomimetic strands. Therefore, various molecular scaf-

folds such as a rigid aromatic,5 an epindolidion,6 a dibenzo-

furan,7 an oligourea,8 and an endo-cis-(2S,3R)-norbornene9

scaffold have been employed to create the �-sheet-like struc-

ture of attached peptide chains and serve as substitutes for the

�-turn in the chemical models of protein secondary structures.

Recently, the research field of bioorganometallic chemis-

try, which is a hybrid area between biochemistry and organo-

metallic chemistry, has drawn much attention. Conjugation of

organometallic compounds with biomolecules such as DNA,

amino acids, and peptides is envisioned to provide novel sys-

tems depending on both properties. In these bioconjugates,

the organometallic moiety can serve as a molecular scaffold,

a sensitive probe, a chromophore, a biological marker, a

redox-active site, a catalytic active site, etc. Considerable effort

has been devoted to designing bioconjugates composed of

organometallic compounds and biomolecules.10 Ferrocene,

which is one of the most stable organometallic compounds

and a most useful one among metallocenes, has attracted

much attention in application to materials due to a revers-

ible redox couple and two rotatory coplanar cyclopentadienyl

(Cp) rings.11 The inter-ring spacing of ferrocene is appropri-

ate for hydrogen bonding of the attached peptide strands. The

utilization of a ferrocene unit as an organometallic scaffold

with a central reverse-turn unit is considered to be one strat-

egy to study the hydrogen bonding ability of various peptide

strands. Ferrocenylalanine, which is the first example of a

ferrocene-amino acid bioconjugate, was synthesized in

1957.12 After its discovery, a variety of ferrocene-amino acid

or -peptide bioconjugates have been designed to obtain a

peptidomimetic basis for protein folding and to construct

highly ordered molecular assemblies.13

In this Account, we summarize our ongoing research on the

design of ferrocene-peptide bioconjugates to obtain peptido-

mimetic basis for protein folding and to construct highly

ordered molecular assemblies. Especially, the hydrogen bond-

ing properties of ferrocene-peptide bioconjugates to create

chirality-organized structures are focused on. In addition, com-

plexation-induced chirality organization of the chirality-organ-

ized ferrocene-peptide bioconjugates is described.

Chirality Organization of 1,1′-Disubstituted
Ferrocene-Peptide Bioconjugates
Our design is based on symmetrical introduction of two dipep-

tide chains of alanyl-proline or prolyl-alanine sequence into

the ferrocene scaffold as a central reverse-turn unit (Figure 1).

An advantage in the use of the dipeptide chain depends on a

hydrogen bonding site and a sterically constrained proline as

a well-known turn inducer in proteins. The 1,1′-disubstituted

ferrocene-peptide bioconjugates were synthesized from 1,1′-
bis(chlorocarbonyl)ferrocene and the corresponding dipeptide

derivatives.

X-ray crystallographic analyses clarified the ordered struc-

tures of the ferrocene-peptide bioconjugates. The single-crys-

tal X-ray structure of the ferrocene-peptide bioconjugate 1
bearing the L-dipeptide chains (L-Ala-L-Pro-OEt) confirmed the

interchain intramolecular antiparallel �-sheet-like hydrogen
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bonding between NH (alanine) and CO (alanine of another

chain) of each dipeptide chain to induce the chirality-

organized structure (Figure 2a).14 The conformational

enantiomers based on the torsional twist about the

Cp(centroid)-Fe-Cp(centroid) axis are possible with the 1,1′-
disubstituted ferrocene as shown in Figure 3.11,15 The ferro-

cenoyl moiety of 1 adopted the P-helical arrangement. The

incorporation of the dipeptide chains into the ferrocene scaf-

fold achieved the chirality-organized structure based on two

rigid interchain intramolecular hydrogen bonds, although a

wide range of relative orientations are possible depending on

two rotatory Cp rings. The crystal structure of 2 composed of

the corresponding D-dipeptide chains (D-Ala-D-Pro-OEt)

revealed the M-helical arrangement of the ferrocenoyl moi-

ety (Figure 2b). The molecular structures of 1 and 2 are in an

excellent mirror image relationship as shown in Figure 2, indi-

cating conformational enantiomers present (Figure 3). As a

result, the introduction of the chiral dipeptide chains into the

ferrocene was found to induce the chirality organization by

restriction of the torsional twist through the interchain intramo-

lecular hydrogen bonds.14c

Circular dichroism (CD) spectrometry is a useful tool to

determine an ordered structure in solution. The

ferrocene-peptide bioconjugate 1 exhibited a positive Cot-

ton effect at the absorbance region of the ferrocenoyl moi-

ety in acetonitrile, which indicates the P-helical arrangement

of the ferrocenoyl moiety (Figure 4). The mirror image of the

signals was obtained in the CD spectrum of 2, indicating that

the chiral molecular arrangement based on an ordered struc-

ture via interchain intramolecular hydrogen bondings was

formed even in solution.14c Furthermore, two identical

intramolecular hydrogen bonds between the dipeptide chains

were supported by 1H NMR (CDCl3) and FT-IR (CH2Cl2)

analyses.

FIGURE 1. Ferrocene-peptide bioconjugates bearing the dipeptide
chains.

FIGURE 2. Molecular structures of (a) 1 and (b) 2.

FIGURE 3. Enantiomorphous conformations of the 1,1′-
disubstituted ferrocene. The enantiomorphs are related by the
mirror plane.
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Chirality choice and sequence of amino acids are consid-

ered to be a key factor for constructing chirality-organized bio-

inspired systems with highly ordered structures. The effect of

the configuration and sequence of the dipeptide chains on the

organization of the template structure was examined.

The single-crystal X-ray structure determination of the

ferrocene-peptide bioconjugate 3 bearing the dipeptide

chains of the heterochiral sequence L-Ala-D-Pro-NH-2-Py

revealed the interchain intramolecular antiparallel �-sheet-

like hydrogen bonding between NH (alanine) and CO (alanine

of another chain) of each dipeptide chain to induce the chirality-

organized structure in which the P-helical arrangement of the

ferrocenoyl moiety was formed (Figure 5a).16 The P-helical

arrangement of the ferrocenoyl moiety appears to be con-

trolled by the configuration of the alanyl R-carbon atom,17

because a similar type of chiral molecular conformation was

also observed with the ferrocene-dipeptide bioconjugate 1
bearing the L-Ala-L-Pro-OEt dipeptide chains. Another remark-

able feature of the structure is that the NH adjacent to the

pyridyl moiety participates in intramolecular hydrogen bond-

ing with the CO adjacent to the ferrocene unit of the same

peptide chain to nucleate a type II �-turn-like structure in each

dipeptide chain. The combination of the ferrocene scaffold as

a central reverse-turn unit with the L-alanyl-D-proline hetero-

chiral dipeptide sequence permits the artificially regulated anti-

parallel �-sheet-like and type II �-turn-like structures

simultaneously. The molecular structure of 4 composed of the

D-Ala-L-Pro-NH-2-Py dipeptide chains, in which the M helical

arrangement of the ferrocenoyl moiety is formed (Figure 5b),

is in a mirror image relationship with 3.16

A positive Cotton effect at the absorbance region of the

ferrocenoyl moiety was detected in a CD spectrum of the

ferrocene-peptide bioconjugate 3 in dichloromethane, indi-

cating the P-helical arrangement of the ferrocenoyl moi-

ety.16 Proton magnetic resonance nuclear Overhauser effect

(NOE) of 3 in CDCl3 at 25 °C additionally provided diagnos-

tic evidence for the chirality-organized structure. Irradia-

tion of the Cp proton at the R position also enhanced the

alanine NH, NH adjacent to the pyridyl moiety, and pyridyl

proton at the 3-position. A type II �-turn-like structure was

found to be achieved in solution.

The crystal structure of the ferrocene-peptide bioconju-

gate 5 bearing the dipeptide chains of the homochiral

sequence L-Pro-L-Ala-NH-2-Py was characterized by the pres-

ence of the NH adjacent to the pyridyl moiety participating in

an intramolecular hydrogen bond with the proline CO of the

same peptide chain, nucleating an inverse γ-turn-like struc-

ture in each dipeptide chain, where the interchain intramo-

lecular antiparallel �-sheet-like hydrogen bondings between

the NH of the alanine and the CO of the ferrocene unit

attached to the opposite peptide chain were formed (Figure

6a).18 The combination of the ferrocene scaffold with the

L-prolyl-L-alanine homochiral sequence permits the simulta-

neous formation of the artificial inverse γ-turn-like and anti-

parallel �-sheet-like structures.

To evaluate the effect of the diastereomeric dipeptide

configurations, the ferrocene-peptide bioconjugate 6 bear-

FIGURE 4. CD spectra of 1 and 2 in MeCN (1.0 × 10-4 M).

FIGURE 5. Molecular structures of (a) 3 and (b) 4.
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ing the L-Pro-D-Ala-NH-2-Py dipeptide chains was produced.

In the X-ray structure of 6, the interchain intramolecular

antiparallel �-sheet-like hydrogen bonds were observed

between the NH of the alanine and the CO of the ferrocene

unit attached to the opposite peptide chain (Figure 6b).18 In

contrast to 5, the NH adjacent to the pyridyl moiety partic-

ipated in an intermolecular hydrogen bond with the CO of

the proline of the neighboring molecule to form a 14-mem-

bered intermolecularly hydrogen-bonded ring. In the crys-

tal packing, each molecule is connected to two neighboring

molecules (Figure 7).

The organization of host molecules by self-assembly is a

useful strategy to form active receptors.19 Metal-templated

organization has been exploited to provide oriented bind-

ing sites, resulting in the construction of artificial recep-

tors for molecular recognition.20 Utilization of self-

assembling properties of amino acids as observed in

proteins, which are organized into well-defined three-

dimensional structures, is considered to be a convenient

approach to the desired receptors. On the other hand, fer-

rocenes have been focused on as an organometallic

scaffold for molecular receptors.21 Ferrocene-peptide bio-

conjugates have been demonstrated to recognize anions22

and biomolecules.23

In the ferrocene-peptide bioconjugate 7 bearing the dipep-

tide chains L-Ala-L-Pro-NH-2-PyMe, the two amido pyridyl moi-

eties as hydrogen bonding sites are well arranged for

dicarboxylic acids by the chirality organization through

two intramolecular hydrogen bondings.24 In fact, the

ferrocene-peptide bioconjugate 7 formed a 1:1 complex

with a series of dicarboxylic acids 8, wherein the highest

association constant was observed with adipic acid (8c, Ka

) 2.1 × 104 M-1) (Scheme 1). The binding space size of 7

can discriminate the size of dicarboxylic acids. Since an

induced CD around the absorbance of the ferrocene func-

tion of 7 hardly changed upon addition of five molar equiv-

alents of 8c, the chirality organization through two

intramolecular hydrogen bondings appears to be main-

tained in the recognition process to afford a rigid binding

site for the selective recognition. Noteworthy is that ben-

zoyl-L-glutamic acid (8f, Ka ) 5.5 × 103 M-1) was bound

approximately 15 times more tightly to 7 than benzoyl-D-

glutamic acid (8g, Ka ) 3.7 × 102 M-1). The chirality-orga-

nized binding site of 7 is capable of discriminating the

chirality of guest molecules. The size-selective and chiral

recognition of dicarboxylic acids was achieved by multi-

point hydrogen bondings of the binding sites.

FIGURE 6. Molecular structures of (a) 5 and (b) 6.

FIGURE 7. A self-assembly of 6 via the formation of a 14-membered intermolecularly hydrogen-bonded ring in the crystal packing.
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Hydrogen Bonding Properties of
Monosubstituted Ferrocene-Peptide
Bioconjugates
The utilization of self-assembling properties of short pep-

tides, which possess chiral centers and hydrogen bonding

sites, is considered to be a convenient strategy to construct

molecular assemblies. Generally, an organized structure

based on intramolecular interchain hydrogen bonding is not

formed in the case of ferrocenes bearing only one peptide

chain (Figure 8), but a network of intermolecular hydro-

gen bonds is expected to be formed in a solid state. The

ferrocene-peptide bioconjugate 9 bearing one dipeptide

chain of the homochiral sequence L-Ala-L-Pro-OEt exhib-

ited intermolecular hydrogen bonding between the CO of

the ferrocene unit and the NH of the alanine attached to

another molecule, wherein two independent molecules

exist in an asymmetric unit and are connected alternately

to form an intermolecular hydrogen-bonding network,

resulting in a left-handed helically ordered arrangement

with one turn of 17.86 Å pitch height and 7.50 Å separa-

tion (Fe-Fe) between the closest ferrocene units (Figure

9).14b

Instead of intramolecular hydrogen bonding, an antipar-

allel hydrogen-bonded network was formed in a solid state

of the ferrocene-peptide bioconjugate 10 bearing one

dipeptide chain of the homochiral sequence L-Ala-L-Pro-NH-

2-Py to create a highly organized assembly, wherein each

molecule is connected to two neighboring molecules

through NH (Ala)/N (pyridine of another molecule) and NH

SCHEME 1. Binding of Dicarboxylic Acid to Ferrocene-Peptide Bioconjugate 7

FIGURE 8. Ferrocene-peptide bioconjugates bearing one dipeptide
chain.

FIGURE 9. A portion of a layer containing the helical assembly of crystal packing of 9.
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(adjacent to pyridine unit of another molecule)/O (Ala) inter-

molecular hydrogen bonds forming a nine-membered inter-

molecularly hydrogen-bonded ring (Figure 10).25 In

contrast, the ferrocene-peptide bioconjugate 11 bearing

one dipeptide chain of the heterochiral sequence L-Ala-D-

Pro-NH-2-Py exhibited intermolecular hydrogen bonds,

wherein two independent molecules exist in the asymmet-

ric unit and are connected alternately to be packed in a left-

handed helically ordered arrangement with one turn of

19.44 Å pitch height through a network of intermolecular

hydrogen bonds, within which the distance between the

closest ferrocene units is 6.95 Å (Fe-Fe) (Figure 11a).16

Noteworthy is that an opposite helically ordered molecu-

lar assembly, a right-handed helically ordered arrangement,

was formed in the crystal packing of the ferrocene-peptide

bioconjugate 12 bearing one dipeptide chain of the het-

erochiral sequence D-Ala-L-Pro-NH-2-Py (Figure 11b).

The single-crystal X-ray structure determination of the

ferrocene-peptide bioconjugate 13 bearing one dipeptide

chain of the heterochiral sequence L-Ala-D-Pro-NH-4-Py

revealed that the NH adjacent to the pyridyl moiety partic-

ipates in an intramolecular hydrogen bonding with the CO

adjacent to the ferrocene unit of the same peptide chain to

nucleate a type II �-turn-like structure (Figure 12).26 The cre-

ation of the �-turn mimic was achieved by utilizing the min-

imum-sized peptide chain. This chirality-organized structure

is in sharp contrast to the crystal structure of 11. The posi-

tion of the pyridyl nitrogen is found to regulate the self-

organization.

Stabilization of Chirality-Organized
Ferrocene-Peptide Bioconjugates by
Complexation
Metal ions have been known to exhibit a variety of proper-

ties in proteins, one of which is structural stabilization for bio-

logical function.27 Metal ions also play a crucial role in the

redox processes of proteins.27 The incorporation of metal

coordination sites into peptides has been investigated on the

stabilization of secondary structures28 and catalytic activities.29

Phosphine-containing �-turn ligands are used in asymmetric

catalysis.29b,c

The complexation with metal ions is envisioned to stabi-

lize or regulate secondary structures of peptide chains. The

ferrocene-peptide bioconjugate 14 bearing the dipeptide

chains of the homochiral sequence L-Pro-L-Ala-NH-2-Py, which

is characterized by chirality organization through two intramo-

lecular interchain hydrogen bondings as observed with 1,

formed the 1:1 trans palladium complex 15 with

PdCl2(MeCN)2 to stabilize the chirality conformational regula-

tion in both solution and solid states (Figure 13).30 The greater

downfield shifting of the alanine N-H resonance was

observed in the 1H NMR spectrum of 15 in CDCl3 as compared

with that of 14, indicating that complexation strengthens the

intramolecular hydrogen bonding. The single-crystal X-ray

structure determination of 15 confirmed the pseudohelical

conformation through palladium coordination and chirality

organization based on the preservation of the intramolecular

interchain hydrogen bonds as depicted in Figure 14.30

Complexation of the ferrocene-peptide bioconjugate 10
bearing one dipeptide chain of the homochiral sequence L-Ala-

L-Pro-NH-2-Py with 0.5 equiv of PdCl2(MeCN)2 afforded the 2:1

trans palladium complex 16.25 Two ferrocenoyl dipeptide

strands of the palladium complex 16 are able to rotate with

respect to each other about the palladium center by the ball-

bearing motion of two pyridyl rings (Scheme 2). The rotational

barrier of the two pyridyl rings in the palladium(II) complex 16
was obtained as 10.1 kcal mol-1.

The ferrocene-peptide bioconjugate 11 bearing one

dipeptide chain of the heterochiral sequence L-Ala-D-Pro-NH-

2-Py also formed the 2:1 trans palladium complex 17.31 The

chirality-organized structure of the palladium complex 17 is

present in a pseudohelical conformation through coordina-

FIGURE 10. A portion of a layer containing the antiparallel
arrangement of crystal packing of 10.
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tion to palladium and chirality organization through NH (Ala)/

Cl, NH (adjacent to pyridine unit)/O (Ala), and NH (adjacent to

pyridine unit of another molecule)/O (Ala) intramolecular

hydrogen bonds, in which two ferrocene-dipeptide conju-

FIGURE 11. A portion of a layer containing the helical assembly of crystal packing of (a) 11 and (b) 12.

FIGURE 12. Molecular structure of 13.
FIGURE 13. Ferrocene-peptide bioconjugate 14 and the 1:1 trans
palladium complex 15.
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gates coordinate to the palladium center unsymmetrically (Fig-

ure 15). It should be noted that the NH adjacent to the pyridyl

moiety of one peptide chain participates in intramolecular

hydrogen bonding with the CO of the alanine of the same

peptide chain to nucleate a γ-turn-like structure. This chirality-

organized structure is in sharp contrast to the crystal struc-

ture of 11, in which an intermolecular hydrogen bonding

network is observed instead of the intramolecular hydrogen

bonds to induce a helically ordered molecular assembly (Fig-

ure 11a).16 These findings suggest that the complexation with

PdCl2(MeCN)2 induces the γ-turn-like structural regulation of

the dipeptide chain through intramolecular hydrogen bond-

ing in the crystal structure.

Transition metal-directed assembly is regarded as a use-

ful approach to a highly ordered molecular assembly. To

assemble the ferrocene-peptide bioconjugates, a metal-di-

rected strategy is embarked upon by using [Pd(MeCN)4](BF4)2,

which has four binding sites, as a metal binder. The complex-

ation of the ferrocene-peptide bioconjugate 13 with 0.25

equiv of [Pd(MeCN)4](BF4)2 in acetonitrile led to a quantitative

formation of the 4:1 palladium complex 18.26 The molecu-

lar structure of 18 confirmed that the four ferrocene-peptide

bioconjugates are assembled around a palladium center in the

same direction to form a chiral pocket surrounded by the

dipeptide chains, wherein one BF4
- counteranion is accom-

modated (Figure 16). The binding of anions has been of con-

siderable interest because ion pairing effects are known to

play an important role in the reactivity and catalytic proper-

ties of metal complexes.32 Another noteworthy feature of the

palladium complex 18 is that a �-turn-like structure through

intramolecular hydrogen bonding is preserved in each

ferrocene-dipeptide conjugate despite complexation, in which

a type II �-turn-like structure of one ferrocene-dipeptide con-

jugate changes to an intermediate between a type I′ and type

III′ �-turn-like structures.

Summary and Outlook
Ferrocenes are recognized as a potential organometallic scaf-

fold that is appropriate for hydrogen bonding of the attached

peptide strands as observed in �-sheets. A variety of

ferrocene-peptide bioconjugates have been designed to

induce highly ordered structures of peptides. The ferrocene

serves as a reliable organometallic scaffold for the construc-

tion of a chirality-organized structure via intramolecular hydro-

gen bonding, wherein the attached peptide strands are

regulated in the appropriate dimensions. Conformational

enantiomerization, through chirality organization, has been

achieved by restricting the torsional twist around the

Cp(centroid)-Fe-Cp(centroid) axis and the C(ipso)-CO bond

through the intramolecular hydrogen bonds between the

dipeptide chains. The configuration and sequence of the

amino acids were found to play an important role in the con-

struction of the chirality-organized bioinspired systems under

controlled hydrogen bonds. The combination of the ferrocene

scaffold as a central reverse-turn unit with the L-alanyl-D-pro-

line heterochiral sequence as a dipeptide unit has been per-

formed to induce the antiparallel �-sheet-like and type II

�-turn-like structures simultaneously. In contrast, the combi-

FIGURE 14. Molecular structure of 15.

SCHEME 2. Rotation of the 2:1 trans Palladium Complex 16 about
the Palladium Center
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nation with the L-prolyl-L-alanine homochiral sequence as a

dipeptide unit has been found to induce the simultaneous

formation of the inverse γ-turn-like and antiparallel �-sheet-

like structures. The complexation of the ferrocene-peptide

bioconjugates with palladium(II) compounds has been dem-

onstrated not only to stabilize the chirality conformational

regulation and but also to induce conformational regula-

tion of the dipeptide chain through complexation and

chirality organization based on intramolecular hydrogen

bonding. These chemical models of protein secondary struc-

tures afford fundamental insight into the factors affecting

protein structure and stability. A further noteworthy fea-

ture of the ferrocene-peptide bioconjugates is their strong

tendency to self-assemble through contribution of all avail-

able hydrogen bonding donors in a solid state. An as-

sembling of the chirality-organized ferrocene-peptide bio-

conjugates has also been achieved by metal-directed

assembly. The architectural control of molecular assem-

blies utilizing peptide chains, which possess chiral centers

and hydrogen bonding sites, is envisioned to be a useful

approach to artificial highly ordered systems.

This bioorganometallic chemistry is envisioned to provide not

only a peptidomimetic basis for protein folding but also pharma-

cologically useful compounds, artificial receptors, asymmetric cat-

alysts, and new materials with functional properties.
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