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Abstract: Considerable attention has been given to the research field of bioorganometallic 13 
chemistry, which is a hybrid chemistry field between biology and organometallic chemistry. The 14 
introduction of biomolecules, which have hydrogen bonding sites and chiral centers, into 15 
organometallic compounds is considered to be a promising strategy to construct chirality-organized 16 
bioorganometallic conjugates. This feature paper sketches an outline of induction of helical chirality 17 
into bioorganometallic conjugates. Topics covered include control of the helical chirality of 1,n’-18 
disubstituted ferrocene moieties in ferrocene-dipeptide conjugates and the chirality induction of the 19 
Au(I)–Au(I) axis in the dinuclear organogold(I)-uracil conjugates. 20 
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 23 

1. Introduction 24 
Highly-organized structures as observed in proteins, enzymes, and DNA are created by self-25 

assembling of biomolecules such as amino acids, peptides, and nucleobases, wherein hydrogen 26 
bonding [1] plays a crucial role in regulating and modulating the organized structures and functional 27 
properties. α-Helices, β-sheets, and β-turns, which are formed by complementary hydrogen bonding, 28 
are important secondary structures in protein folding [2,3]. The double helical DNA is formed by 29 
adenine-thymine and guanine-cytosine complementary base pairing based on hydrogen bonds [4]. 30 
In the last two decades, the research field of bioorganometallic chemistry, which is a hybrid chemistry 31 
between biology and organometallic chemistry, has been drawing much attention. A great deal of 32 
effort has been made on conjugation of organometallic compounds with biomolecules such as amino 33 
acids, peptides, and nucleobases [5-10]. Ferrocene (Fc) is an organometallic compound with a 34 
reversible redox properties and two rotatory coplanar cyclopentadienyl (Cp) rings (Figure 1) [11]. 35 
The inter-ring distance of about 3.3 Å in ferrocene is appropriate for hydrogen bonding between 36 
attached peptide strands on two Cp rings. In the 1,n’-disubstituted ferrocene, P- and M-helical 37 
conformations, which are interconvertible, based on the presence of a torsional twist about the 38 
Cp(centroid)-Fe-Cp(centroid) axis are possible as shown in Figure 2 [12]. The introduction of peptide 39 
strands, which have hydrogen bonding sites and chiral centers, into a ferrocene unit as an 40 
organometallic scaffold is envisioned to be a potential approach to study the hydrogen bonding 41 
ability of introduced peptide strands and construct chirality-organized bioorganometallic conjugates. 42 
On the other hand, a d10–d10 closed shell aurophilic bonding interaction are known to induce the 43 
aggregation of gold(I) compounds [13-15]. The presence of a torsional twist about the Au(I)–Au(I) 44 
axis allows for the existence of the conformational enantiomers in the dinuclear gold(I) compounds 45 
with bridging diphosphine ligands as depicted in Figure 3. Rational arrangement of nucleobases by 46 
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using Au(I)-Au(I) interaction is considered to be a convenient approach to control the organized 47 
structure of molecular assemblies based on the directionality and specificity of hydrogen bonds.  48 

 49 
 50 

 51 

 52 

Figure 1. Characteristic properties of ferrocene.  53 

 54 

 55 

 56 

 57 

 58 

 59 

 60 

Figure 2. (a) Top and side views of P- and M-helical chirality and (b) stereoisomers of the axial 61 
chirality of 1,n'-disubstituted ferrocenes. The broken line is the mirror plane. 62 

 63 

 64 

 65 

 66 

Figure 3. R- and S-Enantiomers of the dinuclear organogold(I) compounds with bridging 67 
diphosphine ligands. The broken line is the mirror plane. 68 

 In this feature paper, recent advances in induction of helical chirality into bioorganometallic 69 
conjugates are highlighted. Especially, we focus on control of the helical chirality of 1,n’-disubstituted 70 
ferrocene moieties in the ferrocene-dipeptide conjugates. In addition, the chirality induction of the 71 
Au(I)–Au(I) axis in the dinuclear organogold(I)-uracil conjugates is briefly described. 72 

2. Induction of Helical Chirality into Bioorganometallic Conjugates 73 

2.1. Control of Helical Chirality of Ferrocene Moieties in Ferrocene-Dipeptide Conjugates 74 

Ferrocenylalanine, which is the first example of the introduction of amino acid into a ferrocene 75 
unit, was synthesized in 1957 [16-18]. After its first example of a ferrocene-amino acid conjugate, 76 
much attention has been devoted to the design of ferrocene-amino acid or peptide conjugates to shed 77 
light on the factors affecting the formation of protein secondary structures and to construct highly-78 
organized molecular assemblies [19-25]. Ferrocene-1,1'-dicarboxylic acid (Fc-cc), 1'-aminoferrocene-79 
1-carboxylic acid (Fc-ac), and 1,1'-diaminoferrocene (Fc-aa) scaffold are utilized as an organometallic 80 
scaffold with a central reverse-turn unit as pictured in Figure 4. The ferrocene-amino acid conjugate 81 
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1 composed of a valine unit was reported to reveal the capability of ferrocene-1,1'-dicarboxylic acid 82 
(Fc-cc) as a molecular scaffold for a regulated conformation through intramolecular antiparallel -83 
sheet-like hydrogen bonding (“Herrick” pattern) as depicted in Figure 5 [26]. The introduction of the 84 
L-Ala-L-Pro- homochiral dipeptide chains into the Fc-cc scaffold induces P-helical chirality with P-85 
1,2' helical conformation of the ferrocenoyl moiety by restriction of a torsional twist about the 86 
Cp(centroid)-Fe-Cp(centroid) axis based on the chirality organization through the formation of 87 
interchain intramolecular antiparallel -sheet-like hydrogen bonds as observed in the ferrocene-88 
dipeptide conjugate 2 composed of the L-Ala-L-Pro-OEt dipeptide chains (Figure 6) [27-30]. As 89 
expected, M-helical chirality with M-1,5' helical conformation of the ferrocenoyl moiety is formed in 90 
the ferrocene-dipeptide conjugate 3 composed of the D-Ala-D-Pro-OEt dipeptide chains. 91 
Consequently, helical chirality of the ferrocenoyl moiety is easily controlled by changing the chirality 92 
of the introduced dipeptide chains (Figure 6). The ferrocene-dipeptide conjugate 2 shows a positive 93 
Cotton effect at the absorbance region of the ferrocenoyl moiety based on P-helical chirality in the CD 94 
spectrum in acetonitrile and a negative Cotton effect is observed in the CD spectrum of the ferrocene-95 
dipeptide conjugate 3 with M-helical chirality as shown in Figure 7.  96 

 97 
 98 

 99 

 100 

 101 

 102 

 103 

 104 

 105 

 106 

 107 

Figure 4. Ferrocene-1,1'-dicarboxylic acid (Fc-cc), 1'-aminoferrocene-1-carboxylic acid (Fc-ac), and 108 
1,1'-diaminoferrocene (Fc-aa) scaffold for the design of chirality-organized ferrocene-peptide 109 
conjugates. 110 

 111 

 112 

 113 

 114 

 115 

 116 

Figure 5. Ferrocene-amino acid conjugate 1. 117 

 118 
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 120 
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 122 

 123 

 124 

Figure 6. Ferrocene-dipeptide conjugates 2 and 3. 125 

 126 

 127 

 128 

 129 

 130 

 131 

 132 

 133 

 134 

Figure 7. CD spectra of 2 and 3 in acetonitrile (1.0 x 10-4 M). 135 

The ferrocene-dipeptide conjugate 4 composed of the L-Ala-L-Phe-OMe dipeptide chains also 136 
forms the chirality-organized structure through the formation of interchain intramolecular 137 
antiparallel -sheet-like hydrogen bonds to lead P-helical chirality with P-1,2' helical conformation of 138 
the ferrocenoyl moiety as shown in Figure 8 [31]. P-Helical chirality with P-1,2' helical conformation 139 
of the ferrocenoyl moiety can be induced in the ferrocene-dipeptide conjugate 5 composed of the Gly-140 
L-Leu-OMe dipeptide chains even though Gly, which is achiral, is used as the adjacent amino acid 141 
(Figure 8) [29]. The Gly-L-Pro-OEt dipeptide chains also allow the induction of P-helical chirality with 142 
P-1,2' helical conformation of the ferrocenoyl moiety in the ferrocene-dipeptide conjugate 6 composed 143 
of the Gly-L-Pro-OEt dipeptide chains (Figure 8) [32]. 144 

 145 

 146 

 147 

 148 

 149 

 150 

Figure 8. Ferrocene-dipeptide conjugates 4-6. 151 
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The formation of protein secondary structures can be controlled by changing the absolute 152 
configuration and sequence of amino acids. The simultaneous formation of antiparallel -sheet-like 153 
structure and type II -turn-like structure is achieved by conjugation of the Fc-cc scaffold as a central 154 
reverse-turn unit with the L-Ala-D-Pro heterochiral dipeptide sequence to induce P-helical chirality 155 
with P-1,2' helical conformation of the ferrocenoyl moiety in the ferrocene-dipeptide conjugates 7 as 156 
depicted in Figure 9 [33]. The helical chirality of the ferrocenoyl moiety is likely to be induced 157 
depending on the absolute configuration of the -carbon atom of an amino acid adjacent to the 158 
ferrocenoyl moiety [34,35]. On the other hand, the introduction of the L-Pro-L-Ala homochiral 159 
dipeptide chains into the Fc-cc scaffold induces the chirality-organized structure based on the 160 
formation of antiparallel -sheet-like structure with a concomitant formation of an inverse -turn-like 161 
structure as observed in the ferrocene-dipeptide conjugate 8 (Figure 9) [36].  162 

 163 
 164 

 165 

 166 

 167 

 168 

 169 

Figure 9. Ferrocene-dipeptide conjugates 7 and 8. 170 

Cyclization of ferrocene-dipeptide conjugates to lead the close proximity of the two peptide 171 
strands is a convenient approach to form a -sheet structure. The cyclic ferrocene-dipeptide conjugate 172 
9 composed of the cyclic peptide (-Gly-L-Val-cystamine-L-Val-Gly-) forms intramolecular antiparallel 173 
-sheet-like hydrogen bonds to induce P-helical chirality with P-1,2' helical conformation of the 174 
ferrocenoyl moiety (Figure 10) [37].  175 

 176 

 177 

 178 

 179 

 180 

 181 

Figure 10. Ferrocene-dipeptide conjugate 9. 182 

In general, the helical chirality of the ferrocenoyl moiety in the ferrocene-dipeptide conjugates 183 
composed of the Fc-cc scaffold depends on the absolute configuration of the -carbon atom of an 184 
amino acid adjacent to the Fc-cc scaffold as described above. The helical chirality and protein 185 
secondary structures in ferrocene-dipeptide conjugates can be controlled by the regulation of the 186 
conformational flexibility of the dipeptide chains through cyclization of the dipeptide chains. 187 
Interestingly, the cyclic ferrocene-dipeptide conjugate 10 composed of the heterochiral dipeptides (-188 
L-Ala-D-Pro-cystamine-D-Pro-L-Ala-) shows M-helical chirality with M-1,4' helical conformation of 189 
the ferrocenoyl moiety by the creation of a type II -turn-like structure as pictured in Figure 11 [38]. 190 
On the contrary, P-helical chirality with P-1,2' helical conformation of the ferrocenoyl moiety through 191 
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the formation of antiparallel -sheet-like structure with a concomitant formation of an inverse -turn-192 
like structure is observed in the cyclic ferrocene-dipeptide conjugate 11 composed of the homochiral 193 
dipeptides (-L-Ala-L-Pro-cystamine-L-Pro-L-Ala-) (Figure 11) [38]. From these results, both P- and M-194 
helical chirality can be induced by control of the absolute configuration of the remote amino acid 195 
without changing the absolute configuration of the adjacent amino acid in the cyclic ferrocene-196 
dipeptide conjugates. Also, the conversion of M-helical chirality into P-helical chirality of the 197 
ferrocenoyl moiety can be controlld by the conversion of a type II -turn-like structure to an 198 
antiparallel -sheet-like structure. P-Helical chirality with P-1,2' helical conformation of the 199 
ferrocenoyl moiety based on the chirality organization through the formation of antiparallel -sheet-200 
like structure is observed in the acyclic ferrocene-dipeptide conjugate 12 composed of the L-Ala-D-201 
Pro-NHCH2CH2SH dipeptide chains, which is synthesized by the reductive cleavage of disulfide 202 
bonds in cyclic conjugate 10, as shown in Figure 11 [38]. The acyclic ferrocene-dipeptide conjugate 13 203 
composed of the L-Ala-L-Pro-NHCH2CH2SH dipeptide chains displays P-helical chirality with P-1,2' 204 
helical conformation of the ferrocenoyl moiety based on the chirality organization through the 205 
formation of antiparallel -sheet-like structure (Figure 11) [38].  206 

 207 
 208 
 209 

 210 

 211 

 212 

 213 

 214 

 215 

 216 

 217 

 218 

 219 

 220 

Figure 11. Ferrocene-dipeptide conjugates 10-13. 221 

The organometallic amino acid, 1'-aminoferrocene-1-carboxylic acid (Fc-ac), can be also utilized 222 
as a reliable molecular scaffold to allow the chirality-organized structure. P-Helical chirality with P-223 
1,2' helical conformation of the Fc-ac moiety through the formation a 12-membered hydrogen-bonded 224 
ring is induced in the ferrocene-amino acid conjugate 14 (Boc-L-Ala-Fc-ac-L-Ala-L-Ala-OMe) as 225 
illustrated in Figure 12 [39]. The attachment of amino acids to 1,1'-diaminoferrocene (Fc-aa) as a 226 
molecular scaffold induces the chirality organization. An intramolecular 14-membered hydrogen-227 
bonded ring is formed in the ferrocene-amino acid conjugate 15 composed of the L-Ala-Boc amino 228 
acids, resulting in P-helical chirality of the Fc-aa moiety (Figure 12) [40]. The ferrocene-amino acid 229 
conjugate 16 composed of only one L-Ala-Boc amino acid also forms the chirality-organized structure 230 
through intramolecular hydrogen bonds (Figure 12) [41]. 231 
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 232 

 233 

 234 

 235 

 236 

 237 

Figure 12. Ferrocene-dipeptide conjugates 14-16. 238 

The ferrocene-dipeptide conjugate 17 composed of the L-Ala-L-Pro-NH-2-PyMe dipeptide 239 
chains forms the chirality-organized structure with P-helical chirality of the ferrocenoyl moiety 240 
through the formation of interchain intramolecular antiparallel -sheet-like hydrogen bonds, wherein 241 
two C-terminal amido pyridyl moieties are well arranged for binding of dicarboxylic acids through 242 
hydrogen bonding (Figure 13) [42]. As a matter of fact, the ferrocene-dipeptide conjugate 17 can form 243 
the 1:1 complex 18 with a series of dicarboxylic acids, and serve as a receptor for the size-selective 244 
and chiral recognition of dicarboxylic acids (Figure 13) [42]. 245 

 246 
 247 

 248 

 249 

 250 

 251 

 252 

Figure 13. Ferrocene-dipeptide conjugate 17 and the 1:1 complex 18 with dicarboxylic acid. 253 

The reaction of the ferrocene-dipeptide conjugate 19 composed of the L-Ala-L-Pro-NH-2-Py 254 
dipeptide chains with PdCl2(MeCN)2 affords the 1:1 trans-palladium complex 20, wherein the 255 
chirality-organized structure through the formation of antiparallel -sheet-like structure is stabilized 256 
in both solution and solid states (Figure 14) [43]. 257 

 258 
 259 

 260 

 261 

 262 

 263 

 264 

Figure 14. Ferrocene-dipeptide conjugate 19 and the 1:1 trans-palladium complex 20. 265 
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In the case of the ferrocene-dipeptide conjugate 21 composed of only one L-Ala-L-Pro-OEt 266 
homochiral dipeptide chain, a left-handed helically ordered molecular arrangement, wherein two 267 
independent molecules are connected alternately to form an intermolecular hydrogen bonding 268 
network, is observed in the crystal packing as depicted in Figure 15a [28]. A left-handed helically 269 
ordered molecular arrangement through a network of intermolecular hydrogen bonds is also created 270 
in the ferrocene-dipeptide conjugate 22 composed of only one L-Ala-D-Pro-NH-2-Py heterochiral 271 
dipeptide chain (Figure 15b) [33]. The utilization of the D-Ala-L-Pro-NH-2-Py heterochiral dipeptide 272 
chain lead to the formation of an opposite helically ordered molecular assembly, a right-handed 273 
helically ordered molecular arrangement, in the crystal packing of the ferrocene-dipeptide conjugate 274 
23 composed of only one D-Ala-L-Pro-NH-2-Py heterochiral dipeptide chain as shown in Figure 15c 275 
[33]. 276 
 277 

 278 
 279 

 280 

 281 

 282 

 283 

 284 

 285 

 286 

 287 

 288 

 289 

 290 

 291 

 292 

 293 

 294 

 295 

 296 

 297 

Figure 15. A portion of a layer containing the helical assembly of crystal packing of the ferrocene-298 
dipeptide conjugates (a) 21, (b) 22, and (c) 23 (hydrogen atoms, which are not involved in hydrogen 299 
bonding, are omitted for clarity). 300 
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The chirality-organized structure depends on the position of the pyridyl nitrogen of the C-301 
terminal pyridyl moiety. In contrast to assembling properties of 22, intramolecular type II -turn-like 302 
hydrogen bond is created in the ferrocene-dipeptide conjugate 24 composed of only one L-Ala-D-Pro-303 
NH-4-Py heterochiral dipeptide chain (Figure 16) [44]. Assembling of the chirality-organized 304 
ferrocene-dipeptide conjugate 24 with a -turn-like structure is demonstrated by the reaction of 24 305 
with 0.25 molar equiv. amount of [Pd(MeCN)4](BF4)2, giving the 4:1 palladium complex 25, in which 306 
the four chirality-organized ferrocene-dipeptide conjugates are arranged in the same direction to 307 
form a chiral pocket as pictured in Figure 16 [44]. 308 

 309 

 310 

 311 

 312 

 313 

 314 

 315 

 316 

Figure 16. Ferrocene-dipeptide conjugate 24 and the 4:1 palladium complex 25. 317 

2.2. Chirality Induction of the Au(I)–Au(I) Axis in Dinuclear Organogold(I)-Uracil Conjugates 318 
Gold(I) compounds can aggregate through a d10–d10 closed shell aurophilic bonding interaction, 319 

which strength is comparable to the strength of a hydrogen bonding [13-15]. G-octamer formation of 320 
the organogold(I)-guanosine conjugates [45,46] and self-organization of the organogold(I)-uracil 321 
conjugate [47] were demonstrated to induce Au(I)-Au(I) interaction. Conversely, the utilization of 322 
Au(I)-Au(I) interaction is considered to be a promising strategy for preorganization of the self-323 
assembling nucleobase moieties. The dinuclear organogold(I)-uracil conjugate 26 shows an 324 
intramolecular aurophilic Au(I)-Au(I) interaction by using Xantphos as a bridging diphosphine 325 
ligand for the arrangement of the phosphorus coordination site on the same side to induce 326 
intramolecular Au(I)-Au(I) interaction as shown in Figure 17 [48]. R- and S-enantiomers based on the 327 
presence of a torsional twist about Au(I)-Au(I) axis are present in the crystal structure of 26 (Figure 328 
17), wherein the hydrogen-bonded assembly through intermolecular hydrogen bonding between the 329 
uracil moieties is observed [48]. 330 

 331 
 332 
 333 

 334 

 335 

 336 

 337 

Figure 17. Crystal structures of the (a) R- and (b) S-enantiomers of the dinuclear organogold(I)-uracil 338 
conjugate 26 (hydrogen atoms and octyl moieties are omitted for clarity). 339 
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The utilization of the bridging diphosphine ligand with axial chirality induces chirality 340 
induction in the Au(I)-Au(I) axis. An intramolecular aurophilic Au(I)-Au(I) interaction is observed in 341 
the crystal structure of the dinuclear organogold(I)-uracil conjugate 27 with (R)-BINAP as a bridging 342 
diphosphine ligand, wherein 27 adopts a R,R-configuration through the chirality induction of the 343 
Au(I)–A(I) axis as illustrated in Figure 18a [48]. In the crystal packing, a helical molecular assembly 344 
is formed by self-assembling through intermolecular hydrogen bonds between the uracil moieties 345 
(Figure 18b) [48]. 346 

 347 
 348 
 349 

 350 

 351 

 352 

 353 

 354 

 355 

Figure 18. (a) Crystal structure of the R-enantiomer and (b) the helical molecular assembly through 356 
intermolecular hydrogen bonds between the uracil moieties of the dinuclear organogold(I)-uracil 357 
conjugate 27 (hydrogen atoms and octyl moieties are omitted for clarity). 358 

3. Conclusions 359 
A variety of ferrocene-dipeptide conjugates as bioorganemetallic conjugates are designed by the 360 

introduction of dipeptides into the ferrocene organometallic scaffold with a central reverse-turn unit 361 
to gain insights into the factors affecting the formation of protein secondary structures. In the 362 
ferrocene-dipeptide conjugates, the formation of protein secondary structures through hydrogen 363 
bonding induces the helical chirality of 1,n’-disubstituted ferrocene moieties, wherein the formation 364 
of protein secondary structures can be altered by changing the absolute configuration and sequence 365 
of amino acids. The helical chirality of the ferrocenoyl moiety is also controlled by adjusting the 366 
conformational flexibility of the dipeptide chains through cyclization of the dipeptide chains. 367 
Chirality induction in the Au(I)-Au(I) axis of the dinuclear organogold(I)-uracil conjugate is 368 
demonstrated by using (R)-BINAP as a bridging diphosphine ligand for the arrangement of the 369 
phosphorus coordination site on the same side to induce intramolecular Au(I)-Au(I) interaction. It is 370 
worth noting that the chirality of the Au(I)-Au(I) axis induces a left-handed molecular assembly 371 
through intermolecular hydrogen bonding between the uracil moieties. Directionality and specificity 372 
of hydrogen bonding play a crucial role in the construction of chirality-organized structures. In this 373 
sense, amino acids and peptides, which have hydrogen bonding sites and chiral centers, are 374 
promising to serve as chirality induction unit through the formation of hydrogen bonds.  375 
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