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/Abstract: The self-assembly and gelation behavior of
a series of mono- and disubstituted ferrocene (Fc)-peptide
conjugates as a function of ferrocene conformation and
amino acid chirality are described. The results reveal that fer-
rocene-peptide conjugates self-assemble into organogels by
controlling the conformation of the central ferrocene core,
through inter- versus intramolecular hydrogen bonding in
the attached peptide chain(s). The chirality controlled assem-
bling studies showed that two monosubstituted Fc conju-
gates FcCO-LFLFLA-OMe and FcCO-LFLFDA-OMe form gels

\

with nanofibrillar network structures, whereas the other two
diastereomers FcCO-DFLFLA-OMe and FcCO-LFpFLA-OMe
exclusively produced straight nanorods and non-intercon-
nected small fibers, respectively. This suggests the potential
tuning of gelation behavior and nanoscale morphology by
altering the chirality of constituted amino acids. The current
study confirms the profound effect of diastereomerism and
no influence of enantiomers on gelation. Correspondingly,
the diastereomeric and enantiomeric Fc[CO-FFA-OMe], were
constructed for the study of chirality-organized structures.

Introduction

Supramolecular gels are an important class of soft materials
where gelator molecules assemble into three dimensional net-
works using noncovalent interactions."™ In recent years, the
self-assembly and gelation of low molecular mass organic mol-
ecules”® ™ including peptides">?” have attracted significant at-
tention in the production of functional soft materials. Due to
the reversible nature of interactions, these gels are responsive
and tuneable. Responsiveness of these gels to stimuli such as
light,®*3¥ pH changes,*¥ ultrasound,®*>” enzymes®*** and
changes in the redox state*™ is of particular interest. In
order to design such “smart peptide materials”, it is important
to have a thorough understanding of the intermolecular inter-
actions that control the self-assembly and consequent architec-
ture of the material and its bulk properties. However, at this
point, the relation between the interactions and the resulting
bulk material properties are not well understood. Hence, there
is a growing interest in the design of molecules that undergo
controlled and predictable self-assembly and gelation with
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stimuli-responsiveness. Such systems are being studied due to
fundamental scientific curiosity and numerous potential appli-
cations of smart and responsive materials.**® For the con-
struction of various molecular assemblies with tunable proper-
ties, the control of hydrogen bonding is an important tool by
virtue of its directionality, specificity, reversibility and tuneabili-
ty "7 Chiral gels are of great interest, as molecular chirality
can be translated into supramolecular chirality and nanoscale
fibrillar architectures of gels.**>% It was recently reported that
chirality of nanofibrous gels significantly influences cell adhe-
sion and proliferation.®¥ Chirality studies on gels are mostly
confined to enantiomeric and racemic systems and the way
chiral information is transformed and amplified into supra-
molecular assemblies.***? However, there are only a few re-
ports on the molecular chirality regulated tuning of gelation
and nanostructures.”>*® Smith and co-workers have shown
that altering the chirality of one amino acid of a dendritic pep-
tide organogelator can lead to changes in the gelation behav-
ior in terms of fibrous nature.®® However, the current under-
standing about the impact of chirality on peptide gelation and
resulting nanostructures is limited and further investigation is
required.

Conjugation of ferrocene (Fc) with peptides has been ex-
plored due to their interesting structural properties such as
mimicking of protein secondary structures.***® The distance
between the two cyclopentadienyl rings of ferrocene molecule
supports intramolecular hydrogen bonding between the at-
tached peptide strands as observed in B-sheets. In our previ-
ous study, we hypothesized that peptides, upon conjugation
to ferrocene (Fc), would be able to form an assembly which
could react to changes in the redox state of Fc group.”®’® In
an attempt to test the applicability of our hypothesis, we pre-
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pared a simple monosubstituted Fc—peptide conjugate and
demonstrated redox responsiveness and a dramatic morpho-
logical change that alters the assembling behavior of the con-
jugate.®®”? Herein, we further hypothesize that a modulation
of interpeptide hydrogen bonding should allow us to influence
self-assembly. Such modulation can be achieved, in principle,
using 1,n"-disubstituted Fc-peptide conjugates, which can
adopt a range of conformations as a consequence of intramo-
lecular H-bonding that exists between the two podant peptide
chains.®”’" In addition, we speculate that potentially even
changes in amino acid chirality may influence their ability to
modulate the supramolecular aggregates. Due to the transla-
tion of amino acid spatial disposition to overall Fc—peptide
conjugate and conformational changes, supramolecular assem-
bly can be influenced. To demonstrate the applicability of our
hypothesis, we set out to prepare a series of systems 1-5
(Scheme 1) and investigated their chirality and conformational
regulated self-assembly and gelation.

Results and Discussion

For this study, a short hydrophobic amyloid peptide sequence
AP(19-21)-FFA, with self-assembling propensity was attached
to ferrocene monocarboxylic acid FcCOOH (Fc—peptide conju-
gate 1), 1,1'-ferrocenedicarboxylic acid Fc[COOH], (Fc-peptide
conjugate 2), 1,n"-Fc[CO-NHC,,H,,][COOH] (Fc-peptide conju-
gate 3), Fc[COOMe][COOH] (Fc-peptide conjugate 4), Fc[C;H,-
COOH], 1,1-bis(3-propylcarboxylic acid)-ferrocene (Fc-peptide
conjugate 5; Scheme 1). All target Fc—peptide conjugates were
synthesized by using conventional solution-phase methodolo-
gy. These were fully characterized using 1D (proton, carbon)
and 2D NMR (gCOSY, gHMBCAD) spectroscopy as well as mass
spectrometry (see the Supporting Information). In the first
study, we discuss the ferrocene conformation guided self-as-
sembly of Fc-peptide conjugates with homochiral peptide se-
quence LFLFLA (1a, 2a, 3, 4 and 5). Interestingly, Fc—peptide
conjugate 1a, 3, 4 and 5 excluding Fc-peptide conjugate 2a
were found to form gels.

Next, we investigated the impact of the chirality of each
amino acid on the gelation and morphology of Fc-peptide
conjugate FcCO-FFA-OMe (1) and for this purpose four diaste-
reomers [FcCO-LFLFLA-OMe (1a), FcCO-DFLFLA-OMe (1b),
FcCO-LFDFLA-OMe (1¢c) and FcCO-LFLFDA-OMe (1d)] and two
pairs of enantiomers [FcCO-LFLFLA-OMe (1a) and FcCO-
DFDFDA-OMe (1e); FcCO-LFLFDA-OMe (1d) and FcCO-
DFDFLA-OMe (1 f)] were studied (Scheme 1). The results of Fc
conjugates 1 established that gelation and morphologies are
strongly influenced by diastereomeric effects whereas enantio-
merism lacks these special characteristics. The effect of diaste-
reomeric (2a-2e) and enantiomeric (2 f-2g) changes on the
conformation, chirality organized structure and morphologies
in the Fc-peptide conjugate Fc[CO-FFA-OMe], (2) was also
studied.
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Scheme 1. Chemical structures of monosubstituted Fc—peptide conjugates
1a-1f and the corresponding disubstituted Fc-peptides 2a-2g. Included in
this study are also disubstituted Fc conjugates of the type Fc[CO-C10][CO-
FFA-OMe] (3) possessing a peptide substituent on one of the Cp rings and
an decylamide substituent on the other Cp ring, Fc[COOMe][CO-FFA-OMe]
(4) possessing an ester group on one of the Cp rings and lastly Fc[C,-CO-
FFA-OMel, (5), an Fc system that possesses three-carbon long alkyl spacers
to separate the peptide substituents from the Fc core. The chemical struc-
tures are shown on the left. Indicated on the right are the amino acid chirali-
ties for each compound.

LL LL §

Ferrocene conformation guided gelation

'H NMR spectroscopy was extensively used to recognize the H-
bonding pattern and conformation of ferrocene peptides in so-
lution that can provide insights about their self-assembling be-
havior.®®% All Fc-peptide conjugates (1-5) were fully charac-
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terized using 1D and 2D NMR (gCOSY, gHMBCAD) spectrosco-
py in a non-gelling solvent CDCl; as well as in a gelling solvent
[Dgltoluene (see the Supporting Information). The NMR spec-
troscopy studies were performed at room temperature (22°C)
for CDCl; and at higher temperature (50°C) in the case of
[Dgltoluene as some of the Fc—peptide conjugates remain in
gel state at room temperature. It was noted that the Fc-pep-
tide conjugates show a similar pattern of proton resonance in
both solvents (Figure 1 for CDCl; and Figure S1 in the Support-
ing Information for [Dgltoluene), suggesting that they most
likely have similar hydrogen-bonding patterns and conforma-
tion in both solvents.

F2 A3 F1
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F2 A3 F1
(d) -
F2 F1 A3 Cc10
© N A
F1 F2 A3
()N L N\
F2 A3 F1
(a) _J AN
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Figure 1. '"H NMR stack plots of different Fc-peptide conjugates (CDCl,,

5 mm, 22°C) displaying the amide region: a) FcCO-LFLFLA-OMe (1 a),

b) Fc[CO-LFLFLA-OMe], (2a), c) Fc[CO-C10][CO-LFLFLA-OMe] (3), d) Fc[CO-
OMe][CO-LFLFLA-OMe] (4), and e) Fc[C;-CO-LFLFLA-OMel], (5). The spectra
show the relative positions of amide resonances of the same tripeptide
(LFLFLA) in different compounds, presumably giving a clue of hydrogen
bonding and differences in conformations. Indicated above the peaks are
the corresponding amino acids for each compound.

Variable concentration NMR (VC-NMR) and variable-solvent
NMR (VS-NMR) spectroscopies were performed to assess the
nature of hydrogen bonding in different Fc—peptide conju-
gates. These NMR spectroscopy data are summarized in
Table 1 and the corresponding spectra can be seen in Fig-
ure S2 in the Supporting Information.

For monosubstituted Fc-peptide conjugate 1a, all three
amide protons appear at ¢ below 7 ppm in CDCl; as well as in
[Dgltoluene, which indicates the absence of intramolecular
H bonds.””7? The chemical shifts of all the amide NH proton
signals are both concentration- and solvent-dependent, sug-
gesting the involvement of all amide protons in intermolecular
H bonding (Figure 1, Table 1). Similarly, this establishes the
presence of three intermolecular H bonds in Fc-peptide conju-
gate 4. In case of disubstituted Fc-peptide conjugate 2a, F1
NH appears much downfield, 6 =8.20 ppm, at room tempera-
ture, suggesting strong hydrogen bonding. The chemical shifts
of the amide NH proton signals of F1 and A3 are concentration
independent, whereas that of F2 is concentration-dependent.
However, VS-NMR indicates that the amide proton signal of F1
is solvent-independent, whereas those of F2 and A3 are sol-
vent-dependent, suggesting the involvement of F1 amide pro-
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tons in intramolecular H bonding and F2 in intermolecular
H bonding (Figure 1, Figure S2 in the Supporting Information,
Table 1).

For disubstituted Fc—-peptide conjugate 3, F1 and F2 amides
appear around 6=7 ppm (in both CDCl; and [Dgltoluene),
most likely suggesting the involvement of intramolecular hy-
drogen bonds. The proton NMR spectra in CDCl; at RT show
that both F1 and F2 NHs appear more downfield (almost equal
magnitude) compared to monosubstituted Fc conjugate 1 as
well as disubstituted Fc conjugate 4. Both VC-NMR and VS-
NMR spectra of Fc conjugate 3 show an almost equal magni-
tude shift in amide protons of F1 and F2, while the shift for A3
NH is higher than the other two amide protons. It is anticipat-
ed that both F1 and F2 amide protons are simultaneously hy-
drogen bonded with ferrocenyl C=0 of the other strand, which
is known as bifurcating intramolecular H bond.”® Moreover, all
aliphatic protons of C10 alkyl chain were more shifted up-field
(0.4-0.5) than the ester CH; (0.02) with an increase in tempera-
ture, suggesting the presence of van der Waals interactions be-
tween alkyl chains (Figure S3 in the Supporting Information).

Interestingly, in disubstituted Fc-peptide conjugate 5, two
peptide chains are attached to the ferrocene moiety with
a three-carbon alkyl chain, all three amide protons resonate
below 0 =7 ppm at room temperature. This indicates the ab-
sence of intramolecular H bonds and hence the absence of
Herrick conformation. Moreover, the VC- and VS-NMR spectra
confirm the presence of three intermolecular H bonds.

Next, it was crucial to investigate how differences in the hy-
drogen-bonding pattern affect the conformation around the
ferrocene core. Therefore, circular dichroism (CD) was used for
the elucidation of conformation and metallocene chirality of
ferrocene peptide conjugates 1a, 2a, 3, 4 and 5 (Figure 2).6%¢7
CD of Fc-peptide conjugate 1a (in chloroform) shows a very
weak positive Cotton effect at 460 nm, which is expected for
monosubstituted Fc—peptide. While, Fc conjugates 2a and 3
exhibit a strong Cotton effect in the range of 480-490 nm,
suggesting the presence of intramolecular interstrand hydro-
gen bonds, which results in axial chirality around the ferrocene
core.®>¢”! By combining the hydrogen-bonding pattern from
the NMR spectra and CD results, we believe P-helical “Herrick”
and “van Staveren”-like conformations are formed in Fc conju-
gate 2a and 3, respectively (Figure 2B). These results are well
aligned with the NMR spectroscopy data which confirm the
presence of intramolecular hydrogen bonds for both 2a and 3.
Although, Fc conjugate 5 is a disubstituted system, interesting-
ly it exhibits a very week CD signal around the 450-500
region, suggesting the formation of an open conformation
(“Xu” or anti) that does not adopt a typical structure by intra-
molecular hydrogen bonds between two peptide chains (Fig-
ure 2B).””" The open conformation supports three intermo-
lecular hydrogen bonds per peptide chain (by a sheet-like con-
formation) and this again supports the NMR spectroscopy
studies. However, Fc conjugates 1a and 4 show much en-
hanced CD signals in toluene presumably due to the formation
of the self-assembled gel state that induces supramolecular
chirality in the ferrocene region (vide infra and Figure S4 in the
Supporting Information).
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Table 1. NMR parameters of Fc—peptide conjugates of homochiral peptide sequence LFLFLA (14, 2a, 3, 4 and 5) and evaluation of hydrogen bonding pat-
tern in solution.
Residue NH CDCl, AS-VCP! AS-VSH Nature of Structure with
(IDgTol)® H-bond!® H-bonding pattern
FcCO-LFLFLA-OMe (1a)
F1 5.95(5.96) 0.21 0.69 inter Ph i E
F2 6.63(6.80) 023 0.60 inter o W duc
. U
A3 6.51(6.42) 0.20 0.62 inter @,IL';l STN\‘)LYKKOCH’
H . H
ho G el
. . 1] L
Fc[CO-LFLFLA-OMe], (2a)
F1 8.20(8.22) 0.07 0.04 intra ¢
" 160639 iy 053 incers :, T g
. .. A . Inter/no ﬁ\)L )TOCH;
i
H
Wi ™
L L]
Fc[CO-C10][CO-LFLFLA-OMe] (3)
F1 6.83(7.08) 0.02 022 intra on | :
F2 7.41(7.34) 0.02 031 intra o o i o
A3 6.68(6.76) 0.05 0.37 inter @ﬁu‘l} N l{"\:/u\ocn,
J == >..,.-"’ H;C
o i «~Ph
&
u/\/\/\/\/\
Fc[CO-OMe][CO-LFLFLA-OMe] (4)
F1 6.17(6.24) 0.09 06 inter on b1
F2 6.95(6.97) 0.10 0.5 inter o B O HC
A3 6.70(6.62 0.10 0.58 int
(6.62) inter @)Lgﬁjy(li\!/u\g)\g/ocm
J ol ent
e ] 1 ] 1
' ’ 1] L}
OMo

In the course of our investigation of the self-assembly of Fc-
peptide conjugates, it was found that the monosubstituted
Fc-peptide conjugate, namely FcCO-LFLFLA-OMe (1a), forms
a gel (Figure 3). Then, we were curious to know whether the
disubstituted Fc—peptide conjugates, Fc[CO-LFLFLA-OMe], (2a)
and Fc[CO-C10][CO-LFLFLA-OMe] (3), would be able to form
gels as they adopt intramolecularly hydrogen bonded 1,2-
“Herrick” and “van Staveren’-like conformations, respectively.
Intriguingly, 2a did not form gel in a range of organic solvents.
Whereas 3 forms gel with lower gelation efficiency than 1a,
most likely indicating the role of van der Waals interactions for
the introduction of a ten-carbon long alkyl chain in 3. Then we
came up with the idea of breaking the “Herrick” conformation
by the introduction of a three-carbon long alkyl spacer in dis-
ubstituted Fc conjugate Fc[CO-C;-LFLFLA-OMel, (5) which may
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disrupt the intramolecular interchain H bonds adopting an
open conformation and this leads to gelation in practice. Over-
all, the self-assembly of Fc—peptide conjugates with homochi-
ral peptide (LFLFLA), including 1a, 3, 4 and 5 formed gels
while 2a did not form gel (Figure 3A).

Minimum gelation concentrations (mgc) of 0.12, 0.50, 0.38
and 0.40% w/v are found for gels obtained from 1a, 3, 4 and
5, respectively. Transmission electron microscopic studies of all
four gels of Fc conjugates 1a, 3, 4 and 5 show cross-linked
nanofibrillar network morphology, that is responsible for en-
trapping many solvent molecules, giving rise to gel (Figure S5
in the Supporting Information). The Fc conjugate 2a produces
isolated spheroids and no cross-linked network was found,
which may be responsible for its non-gelling behavior (vide
infra). In rheological studies, all gels exhibit storage modulus
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Table 1. (Continued)

Residue NH CDCl, AS-VC®! AS-VSH Nature of Structure with

(IDg]Tol)® H-bond! H-bonding pattern
Fc[C1-CO-LFLFLA-OMe, (5)
F1 6.37(-) 0.34 0.28 inter
F2 6.80(7.56) 0.30 0.36 inter HyC
A3 6.63(6.34) 0.30 0.35 inter

?J}

eni |
H D|1 [o]
AP—RH/.& &N\)LOCH’
5 yd

— 4
v/\; °=2/\.°
E4 Ommm ——— Ed
Z~Tem--
2
Qanenm

[a] Chemical shifts (ppm) of amide protons in CDCl; at a concentration of 5 mm at 22 °C. The values in parentheses correspond to those in [Dg]Tol, at a con-
centration of 5 mm and 50°C. [b] Ad-VC (variable concentration) means Ad=d(CDCl; at 20 mm)—d(CDCl; at 5 mm) at 22°C. [c] Ad-VS (variable solvent)
means Ad=03(CDCl;+[DgDMSO (20:1))—0(CDCly); at 5 mm concentrations and 22 °C. [d] The conclusions about the nature of hydrogen bonding are made
by using the three sets of NMR spectroscopy data, where we followed three assumptions: 1) in case of disubstituted Fc-peptide systems, the presence of
amide resonances above 0 =7 ppm in nonhydrogen-bonding solvents (CDCl; or [Dg]toluene) suggests the presence of H-bonding and a “Herrick conforma-
tion” stabilized by two symmetrical intramolecular interstrand hydrogen bonds. 2) In the variable concentration NMR (VC-NMR) spectroscopy studies, an in-
termolecularly hydrogen bonded amide proton is much more affected than an intramolecularly hydrogen bonded amide proton. 3) An intermolecularly hy-
drogen bonded amide proton resonance is shifted much more than an intramolecularly hydrogen bonded amide proton during the addition of aliquots of

[D]DMSO to CDCl; (VS-NMR).

(G') greater than loss modulus G”, indicating that they are ef-
fective physical gels. G’ values for gels follow the order: 5
(20900 Pa) >3 (5370 Pa) >1a (1270 Pa) >4 (50 Pa) at an angu-
lar frequency of 1 rads™, suggesting the strength of these gels
follow the order 5>3>1a>4 (Figure 3B). Therefore, the
tuning of gel strength may be achieved by manipulation of
the gelator chemical structure.

In a detailed gelation study, Fc-peptide conjugate FcCO-
LFLFLA-OMe (1a) self-assembles and forms a thermoreversible
organogel in a range of organic solvents including toluene.
The mgc was found to be 0.62% w/v for p-xylene, 0.07 % w/v
for cyclohexane, 0.12% w/v for toluene, 0.12% w/v for o-
xylene, 0.21% w/v for o-dichlorobenzene and 0.33% w/v for
ethyl ether. Therefore, gelation efficiency follows the following
solvent order: p-xylene > cyclohexane > toluene > o-xylene > o-
dichlorobenzene > ethyl ether and this matches with the Bur-
dick and Jackson polarity index in descending order (cyclohex-
ane 0.2 <toluene 2.4 <o-xylene 2.5 < o-dichlorobenzene 2.7 <
ethyl ether 2.8). The gelation phenomenon was observed in
the 0.2-2.8 range of polarity index. For instance, hexane and
dichloromethane do not support gelation as their polarity in-
dexes are either too low (0.1) or too high (3.1), respectively.

We tried to understand the gelation abilities of Fc—peptide
conjugates (1a, 2a, 3, 4 and 5) of a homochiral peptide
LFLFLA in light of hydrogen-bonding pattern and conformation
around the ferrocene core that are derived from NMR spectros-
copy and CD studies (vide supra). NMR spectroscopy demon-
strates that 1a involves three intermolecular hydrogen bonds,
2a involves “Herrick”-like conformation via one intra- and one
intermolecular hydrogen bond per peptide chain, and 3 en-
gages in one bifurcated intra- and one intermolecular hydro-
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gen bond as well as van der Waals interactions. This leads to
the formation of a super gel for 1a, no gel for 2a, and forma-
tion of a weak gel with lower efficiency for 3. One intermolecu-
lar hydrogen bond and van der Waals interactions are respon-
sible for gelation in Fc-peptide conjugate 3. Incorporation of
a three-carbon long alkyl chain, leads to the breaking of “Her-
rick” conformation in case of 5, which allows the formation of
three intermolecular hydrogen bonds per peptide chain, re-
gaining its gelation abilities. This clearly exhibits that gel form-
ing ability is directly proportional to the number of intermolec-
ular hydrogen bonds and inversely proportional to the number
of intramolecular hydrogen bonds. Moreover, intramolecularly
hydrogen bonded “Herrick”-like conformation inhibits gel for-
mation whereas an open conformation, that does not allow in-
tramolecular hydrogen bonds, encourages gel formation.
Therefore, we can control/design the gelation/gelator on the
basis of intra- and/versus intermolecular hydrogen-bond form-
ing ability and conformation around the ferrocene core in Fc-
peptide conjugates.

Chirality controlled self-assembly

After having the result of ferrocene conformation guided dra-
matic change in gelation and morphological behavior between
monosubstituted ferrocene-peptide conjugates FcCO-FFA-
OMe (1) and the corresponding disubstituted Fc[CO-FFA-OMe],
(2), we planned to investigate the self-assembly as a function
of amino acid chirality in 1 and 2 as the change in chirality can
lead to the change in molecular conformation and hence self-
assembly and gelation. For Fc-peptide conjugate 1, four dia-
stereomers (1a-d) and two pairs of enantiomers (1a-1e and

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. A) CD spectra of different Fc-peptide conjugates of homochiral
peptide (LFLFLA) in chloroform (5 mm, 22°C, cell length 1.0 mm) for the
evaluation of their conformations around the ferrocene core. The high ellip-
ticity values for Fc-peptide conjugates 2a and 3 suggest the formation of
an intramolecularly hydrogen bonded conformation to induce helical chirali-
ty of ferrocene. B) The illustrations for the different conformations of disub-
stituted ferrocene peptide conjugates: P-1,2'-"Herrick”, P-1,2'-"van Staveren”-
like, P-1,3" and M-1,3’-"Xu” and P-1,3.5" and M-1,3.5’ anti conformations. The
“Herrick” conformation is stabilized by two intramolecular interstrand hydro-
gen bonds whereas “van Staveren” is stabilized by one intramolecular inter-
strand hydrogen bond. The two cyclopentadienyl rings cannot rotate in
“Herrick” and “van Staveren”-like conformations as they are locked by intra-
molecular hydrogen bonds. On the other hand, there is no intramolecular
hydrogen bond in the two open conformations (“Xu” and antj) resulting in
racemization of metallocene chirality.

1d-1f) were studied to see the differences of their self-assem-
bly, gelation and morphology. The comparative NMR spectra of
all four diastereomers show the appearance of three amide
protons in different positions, indicating the significant differ-
ences in their conformation that might be responsible for their
macroscopic behavior (Figure 4A).

To understand the differences in self-assembling behavior,
we explored the hydrogen-bonding pattern by VC- and VS-
NMR spectroscopy studies (see Figure S6 for the spectra and
Table S1 for summarized data in the Supporting Information).
The results suggest that the two F amides are involved in in-
termolecular hydrogen bonding and A3 NH may have inter-/
intra-/no hydrogen bond for three heterochiral Fc-peptide
conjugates 1b-d, indicating they also self-associate in solution.
CD spectra of diastereomeric Fc—peptide conjugates 1a-d in
toluene suggest a significantly enhanced CD signal in toluene
for two gelator conjugates (1a and1d) than non-gelator pep-
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Figure 3. A) Gelation test of Fc-peptide conjugates of homochiral peptide
LFLFLA (1a, 2a, 3, 4 and 5) in toluene at 5 mm concentration, where all con-
jugates form gel excluding 2a, presumably indicating the role of the confor-
mation around the ferrocene core. Inverted vials indicate gels whereas the
non-inverted vial indicates the non-gel state. B) The frequency sweep experi-
ments of gels (0.5%, w/v) as indicated in the figure. The strength of the gels
are evaluated in terms of storage modulus (G') values obtained from the
plot.

tide conjugates (1b and 1c), whereas four diastereomers do
not significantly differ in chloroform (Figure 5A-C and Fig-
ure S7 in the Supporting Information). This is presumably due
to the formation of supramolecular chirality in gel state for
two (1a and 1d) diastereomers (vide infra gelation studies). In
a temperature-dependent CD study (Figure 5C), the ferrocene
signals almost approached the base-line at an elevated tem-
perature (80°C), where gelator molecules remain in the solu-
tion state and are most likely not in the self-assembled state.
This clearly suggests the room temperature enhanced CD
signal is a consequence of supramolecular chirality rather than
inherent molecular chirality.”>*” Moreover, the Fc-based CD
signals differ significantly for two gels of 1a and 1d, indicating
the differences in their self-assembling pattern in toluene (Fig-
ure 5A).

Similarly, to understand the role of each amino acid chirality
in the disubstituted Fc—peptide conjugate 2 on the resultant
conformation, helically organized structure and morphology,
five diastereomers, namely Fc[CO-LFLFLA-OMel, (2a), Fc[CO-
DFLFLA-OMe], (2b), Fc[CO-LFDbFLA-OMe], (2c), Fc[CO-LFLFDA-
OMel, (2d) and Fc[CO-LFDFLA-OMe][CO-LFLFLA-OMe] (2e)
were studied, where the first four diastereomers have two
symmetrical peptide chains and the last diastereomer has two
nonsymmetrical peptide chains. We also investigated two
sets of enantiomers, namely Fc[CO-LFLFLA-OMe], (2a) versus
Fc[CO-DFDFDA-OMe], (2f) and Fc[CO-LFLFDA-OMe], (2d)
versus Fc[CO-pDFDFLA-OMe], (29).

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. 'H NMR stack plots (CDCl;, 5 mm, 22 °C) displaying the amide
region: A) Four monosubstituted diastereomeric Fc-peptide conjugates 1a-
d: a) FcCO-LFLFLA-OMe (1a), b) FcCO-pFLFLA-OMe (1b), ¢) FcCO-LFDFLA-
OMe (1¢), and d) FcCO-LFLFpbA-OMe (1d); B) Five disubstituted diastereo-
meric Fc-peptide conjugates 2a-e: a) Fc[CO-LFLFLA-OMel], (2a), b) Fc[CO-
DFLFLA-OMe], (2b), ) Fc[CO-LFDFLA-OMel, (2¢), d) Fc[CO-LFLFDA-OMe],
(2d), and e) Fc[CO-LFDFLA-OMe][CO-LFLFLA-OMe] (2 e) showing the relative
positions of amide resonances in different Fc conjugates. This presumably
gives a clue to intramolecular hydrogen bonding and differences in confor-
mations from one diastereomer to another. The top of the peaks are as-
signed to the corresponding amino acids for each compound.

The presence of either or both inter- and intramolecular hy-
drogen bonding and the resultant conformations were investi-
gated thoroughly by NMR spectroscopy experiments described
in Figure 4, Figure S8 in the Supporting Information and
Table 2. The nature of hydrogen bonding for Fc—peptide conju-
gate Fc[CO-LFLFLA-OMel], (2a) is already established (vide
supra). The following conclusions are made from the compari-
son of the NMR spectroscopy studies (Figure 4). 1) For all four
diastereomers, the very high downfield 6 value for F1 NH
above 8 ppm suggests the presence of strong hydrogen
bonds. 2) The appearance of A3 NH above 7 ppm for the two
isomers Fc[CO-DFLFLA-OMe], (2b) and Fc[CO-LFpFLA-OMel,
(2¢) indicates its involvement in strong hydrogen bonding;
3) 2a and 2d possibly have similar conformations whereas 2b
and 2 ¢ have similar structural pattern.

In VC- and VS-NMR spectroscopy experiments, two isomers
2b and 2c show the involvement of two intramolecular hydro-
gen bonds via F1 and A3 amide protons. It is noted that F1 NH
appeared much more downfield (more than 1 ppm) than A3
NH, suggesting that it forms much stronger intramolecular hy-
drogen bond than A3. Based on these observations, we
assume these two Fc—peptides adopt 1,2-Herrick conformation
(stabilized by two symmetrical intramolecular interstrand hy-
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drogen bonds via F1 amides) and p-turn-like conformation
that is stabilized by two symmetrical intramolecular intrastrand
hydrogen bonds via A3 amide protons (Table 2). In case of 2a
and 2d, the VC- and VS-NMR spectroscopy experiments prove
F1 NH and F2 NH participate in intra- and intermolecular hy-
drogen bonds, respectively, whereas A3 NH may hold intermo-
lecular hydrogen bonds.

In the case of diastereomer Fc[CO-LFDFLA-OMe][CO-LFLFLA-
OMe] (2e) having two nonsymmetrical peptide chains, two
kinds of resonances were observed for every amide proton.
Two F1 amide protons appeared at 0 =8.67 and 8.27 ppm,
suggesting they are involved in strong intramolecular hydro-
gen bonding. Interestingly, two A3 amide protons appeared at
0=7.38 and 6.11 ppm, suggesting that only one of the A3
amide protons (0=7.38 ppm) occupies intramolecular hydro-
gen bonds. Both F2 amide protons resonate below 6 =7 ppm,
and the concentration and solvent dependency confirms their
participation in intermolecular hydrogen bonds (Table 2 and
Figure S8 in the Supporting Information).

The CD spectra of isomers of 2 are shown in Figure 5D-F
and Figure S9 in the Supporting Information, and suggest the
following: 1) each diastereomer shows a strong Cotton effect
near 485 nm, suggesting the formation of intramolecularly hy-
drogen bonded “Herrick”-like conformation in solution; 2) the
chirality of the first amino acid dictates the overall metallocene
chirality; 3) the two enantiomeric pairs 2a versus 2f and 2d
versus 2g show mirror image CD signals (Figure 5E); 4) the
temperature independencence suggests the strong CD signal
in the ferrocene region is a consequence of induced molecular
chirality and not due to supramolecular chirality (Figure 5F).

Single crystals suitable for X-ray analysis were obtained for
two diastereomers of Fc-peptide conjugate 2, namely 2b and
2c. Conjugate 2c crystallized from toluene, a solvent used for
gelation and self-assembly studies for all Fc—peptide conju-
gates. X-ray crystallography of 2c reveals the presence of two
crystallographically independent molecules that display signifi-
cant differences in dihedral angles, thus reflecting differences
in conformation (Figure 6A; Figure S10 and Table S2 in the
Supporting Information). The ORTEP diagrams for one mole-
cule is depicted in Figure 6 A. In the molecule, the peptide sub-
stituents are in the 1 and 2’ positions and intramolecular inter-
strand hydrogen bonded between the F1 C=0O of one strand
and F1 NH on the other strand (d[N(1A)-O(7A)] =2.896(3) A
and dIN(4A)--O(2A)1=3.119(3) A for molecule A). Consequently,
a 10-membered H-bonded ring is formed, and this structural
pattern is known as the “Herrick conformation”.®” In addition,
there are also two symmetrical intramolecular intrastrand
hydrogen bonds between amide NH of A3 and ferrocenyl
C=0 of the same strand (d[N(6A)-O(6A)]=3.129(3) A and
dIN(3A)-+O(1A)] =3.024 A for molecule A) to form 10-mem-
bered H-bonded rings, and this results in a $-turn-like structure
in each dipeptide chain. The torsion angles ¢,=—61.5° (¢, =
—61.4°), 1, =134.9° (, =141.2°), ¢;=93.3° (¢; =100.5°) and
Py =—6.8" (1p;; =—10.2°) for molecule A suggest a type Il p-
turn-like structure in spite of ¢,=—-60° 1,=120°, ¢;=80°
and 1, =0° for an ideal type Il -turn.” In addition to the in-
tramolecular hydrogen bonds, there are also intermolecular hy-
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structure of 2b displays only
one intramolecular intrastrand
hydrogen bond between amide
NH of A3 and ferrocenyl C=0
of the same strand
(dIN(6A)--O(6A)] =3.047(10) A) to
nucleate a p-turn-like structure
in each dipeptide chain. The tor-
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sion angles ¢@,=615°, y,=
—140.5°, ¢;=—105.8° and ;=
31.6° suggest a typell'’ B-turn
like structure. The other peptide
chain involves in hydrogen
bonding with solvent molecule
dichloromethane. There are also
intermolecular hydrogen-bond-
ing interactions between the
NH of F2 and C=0 of A3

300 400 500 300
Wavelength/nm

400 500
Wavelength/nm

(dIN(2)--0(6)] =2.811(9) A and
dIN(6)--0(3)1=3.001(12) A;  Fig-
ure S12 in the Supporting Infor-
mation). However, 2b forms sim-
ilar conformation like 2¢c in solu-
tion (vide supra). The crystal
structure of 2b shows a dihedral
angle (w) 73.5° suggesting P-1,2
“Herrick  conformation” and
matches well with the CD result

Wavelength/nm

Figure 5. A-C) CD spectra for Fc-peptide conjugates 1 (toluene, 5 mm, at 22°C, cell length 1.0 mm). A) Diastereo-
meric effect as indicated 1a-1d. Enhanced CD signals in the ferrocene region are observed for two gelator conju-
gates (1a and 1d) presumably indicating the formation of supramolecular chirality driven by gelation. B) Enantio-
meric effect showing their mirror-image relationship. C) Temperature effect: (——) 1a at 22°C versus (-++++) Ta at
80°C confirming the presence of supramolecular chirality.“>*® D-E) CD spectra for Fc-peptide conjugates 2 (tolu-
ene, 5 mm, at 22°C, cell length 1.0 mm). D) Diastereomeric effect as indicated 2a-2e. All diastereomers of Fc—pep-
tide conjugate 2 show a strong Cotton effect in the ferrocene region suggesting the formation of induced ferro-
cene chirality which arises from an intramolecularly hydrogen-bonded “Herrick”-like conformation in solution.

E) Enantiomeric effect. F) Temperature effect: (——) 2a at 22°C versus (ss+-- ) 2a at 80°C confirming the presence

of molecular chirality.

drogen-bond interactions between the NH of F2 and C=0 on
the F2 of the other molecule (d[N(5A)--O(3B)]=2.900(3) A) at
the supramolecular level (Figure S11 in the Supporting Infor-
mation). These hydrogen-bonding interactions in the solid
state match well with our findings of hydrogen-bonding pat-
terns in solution from NMR spectroscopy studies (vide supra).
The dihedral angle (w) between the two ring-bound substitu-
ents is 68° for molecule A, which suggests P-1,2" “Herrick con-
formation”. This is in good agreement with the strong CD
signal of Fc-peptide conjugate 2c (vide supra).

Conjugate 2b crystalized from toluene/dichloromethane
solvent mixture and had an orthorhombic space group
P2,2,2, (Table S2 in the Supporting Information). It also
showed “Herrick conformation” consisting of two intramolecu-
lar interstrand hydrogen bonds (d[N(1)--O(7)1=3.017(10) A and
dIN(4)--0(2)] =2.823(9) A) (Figure 6B). In contrast to 2c, crystal

Chem. Eur. J. 2015, 21, 11560 - 11572 www.chemeurj.org

300 400 500 600 %300 400
Wavelength/nm

11567

(vide  supra). Moreover, a
number of structural parameters
and some specific angles such as
the tilt angles (), dihedral
angles (w and f) can be seen in
the supporting information (Fig-
ure S13 and Table S3 in the Sup-
porting Information).

These results indicate that
symmetrical introduction of two
peptide chains with the first two
amino acids of opposite chirality
(DFLFLA or LFDFLA) onto the fer-
rocene scaffold as a central reverse-turn unit favours type Il /-
turn structure and “Herrick conformation” simultaneously.
Whereas peptide chains with the first two amino acids of ho-
mochirality (LFLFLA or pFpFpA) onto the ferrocene scaffold
only supports “Herrick conformation”.

The B-turn is the motif observed in folded proteins with pro-
line and glycine are commonly observed amino acids at i+
1 or i+2 positions of B-turns. Only a few peptide fragments
pPro-Gly, pPro-Pro, pPro-Aib, Aib-bPro, Asp-Gly, bPhe-Gly, Aib-
pAla and others are known to induce B-turn conformation in
pure peptide systems.”*®% Previously, Hirao and coworkers re-
ported type Il -turn-like structures for two dipeptide chains of
heterochiral sequence LAla-pPro-NHPy or pAla-LPro-NHPy at-
tached to the ferrocene scaffold.®” We are the first to report
that a new peptide fragment of heterochiral sequences LPhe-
pPhe and pPhe-LPhe can potentially induce type Il -turn and

500 600
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Table 2. NMR spectroscopy parameters for diastereomeric Fc—peptide conjugates 2b-e for the evaluation of hydrogen-bonding patterns in solution. Data
for the first disubstituted Fc-peptide conjugate 2a are given in Table 1 and the other two Fc-peptide conjugates 2 f and 2g showed identical chemical
shifts with their enantiomeric Fc—peptide conjugates 2a and 2d, respectively, and hence they are omitted in this Table.

Residue NH CDCl, Ao-vC® AS-VSH Nature of Structure with
([Dg]Tol) H-bond" H-bonding pattern
Fc[CO-DFLFLA-OMel, (2b)
F1 8.62(8.63) —0.01 —0.07 intra
F2 5.95(5.77) 0.03 137 inter/no
A3 7.35(5.77) 0.01 0.16 intra
Fc[CO-LFDFLA-OMel, (2¢)
F1 8.55(8.62) 0.03 —0.01 intra
F2 6.50(6.49) 0.09 1.47 inter/no
A3 7.41(7.75) 0.08 0.14 intra
Fc[CO-LFLFDA-OMel, (2d)
F1 8.06(7.99) 0.06 0.03 intra
F2 6.87(7.18) 0.20 0.69 inter
A3 6.03(6.42) 0.06 0.66 inter/no
Fc[CO-LFDFLA-OMe][CO-LFLFLA-OMe] (2 €)
Fla 8.67(8.65) 0.1 —0.05 intra
F2a 6.22(6.48) 0.2 1.47 inter d @
A3a 7.38(7.60) 0.04 0.19 intra ° o 0
Fib 8.27(8.41) 0.05 0.06 intra W haH
F2b 6.62(7.05) 031 121 inter - ph/'--i ot I\Ph
A3b 6.11(6.32) 0.1 0.80 inter/no N 0 OFNy_H-"
? - o -
PR

[a] Chemical shifts (ppm) of amide protons in CDCl; at a concentration of 5 mm at 22 °C. The values in parentheses correspond to those in [Dg]Tol, at a con-
centration of 5mm and 50°C. [b] Ad-VC (variable concentration) means Ad=d3(CDCl; at 20 mm)—d(CDCl; at 5 mm) at 22°C. [c] AS-VS (variable solvent)
means Ad =0(CDCl;+[DgDMSO (20:1))—d(CDCl3); at 5 mm concentration and 22 °C. [d] The nature of hydrogen bonding was interpreted from proton
NMR spectroscopy, variable concentration and solvent NMR spectroscopy data.

type II' B-turn structures in Fc—peptide conjugates Fc[CO-
LFbFLA-OMe], and Fc[CO-DFLFLA-OMe], respectively.

The gelation abilities of different isomers for Fc conjugates
1 and 2 are presented in Figure 7A and B. Interestingly, only
two Fc conjugates 1a and 1d form gel among four diastereo-
mers, suggesting the potential diastereomeric effect on the
self-assembling process and gelation. Other Fc—peptide conju-
gates 1b and 1c are unable to form gel and remain soluble in
toluene. In addition, Fc—peptide conjugate 1d showed better
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gelation ability (of 0.7%, w/v mgc) than 1a (with mgc 1.2%,
w/v). A comparative rheological experiment exhibits the G’
value of 1d gel is greater than 1a gel, suggesting the hetero
chiral peptide gel is stronger than homochiral peptide gel (Fig-
ure 7B). However, 1e and 1f show almost similar gelation be-
haviours with 1a and 1d respectively, suggesting enantiomers
do not affect gelation behavior. Conclusively, it is observed
that the terminal first two amino acids (F1 and F2) have to be
homo-chiral for gelation in this case. On the other hand, none
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Figure 6. A) ORTEP diagram of molecule A of Fc[CO-LFDFLA-OMe], (2¢c)
showing two intramolecular interstrand hydrogen-bonds

(dIN(1A)--O(7A)] = 2.896(3) A and d[N(4A)--OA)] =3.119(3) A), two intramo-
lecular intrastrand hydrogen bonds (d[N(6A)-+O(6A)] = 3.129(3) A and
dIN(3A)--O(1A)]1=3.024 A) and one intermolecular hydrogen bond
(dIN(5A)--O(3B)] = 2.900(3) A). B) ORTEP diagram of Fc[CO-DFLFLA-OMel, (2b)
showing two intramolecular interstrand hydrogen bonding

(dIN(1)--0(7)] =3.017(10) A and d[N(4)--0(2)] =2.823(9) A), one intramolecular
intrastrand hydrogen bond (d[N(6A)--O(6A)] =3.047(10) A) and three inter-
molecular hydrogen bonds (d[N(2)--O(6)#1]=2.81(9) A, dIN(6)-
H(6A)--0O(3)#2]1 =3.00(12) A and d[N(5)-H(5A)--Cl(1)]=3.788(10) A). The intra-
molecular and intermolecular hydrogen-bonding interactions are shown by
dash (----- ) and dotted (ssee- ) lines, respectively. Thermal ellipsoids are de-
picted at 30% probability. H atoms bonded to C atoms are not shown, and
the H-bond acceptor O atoms are labeled.

of the isomers of Fc conjugates 2 forms gel. This is due to the
fact that all of them form “Herrick” conformation involving
intra-molecular hydrogen bonds which result in lack of enough
inter-molecular hydrogen bonds that could cause gelation.

The morphologies of self-assembled diastereomeric Fc—pep-
tide conjugates were characterized using transmission electron
microscopy (Figure 8 and Figure S14 in the Supporting Infor-
mation). Two gelator Fc-peptide conjugates 1a and 1d show
cross-linked nanofibrillar network morphology that can effec-
tively entrap a lot of solvent molecules, giving rise to gel for-
mation. The average widths of these fibers are 70 nm and
30 nm respectively. In contrast, two non-gelator Fc—peptide
conjugates 1b and 1c exhibit exclusively nanorod and small ir-
regular fibers (that are not interconnected) in toluene, respec-
tively. The nanorods have width of 200 nm and length of few
micrometers on average indicating a high aspect ratio. The
small fibers for 1c are average 100 nm in width and average
1 um in length. The differences in the morphologies of diaste-
reomers are due to the differences in their self-assembly, as
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Figure 7. A, B) Photographs of chirality-guided gelation test for mono- and
disubstituted Fc-peptide conjugates 1 and 2 in toluene at 5 mm concentra-
tion. Inverted vials correspond to gels whereas non-inverted vials to non-gel
state. Solid arrows indicate diastereomeric relation whereas dashed arrows
suggest enantiomeric relation among different conjugates. C) Frequency
sweep experiments to measure the storage modulus (triangles) and loss
modulus (circles) values for gels obtained from two diastereomeric Fc-pep-
tide conjugates 1a (black) and 1d (light gray), respectively.

highlighted by TEM studies. Therefore, the tuning of nanoscale
morphology is possible just by altering the amino acid chirality
in diastereomers. However, the other two gelator Fc—peptide
conjugates 1e and 1 f showed identical nanofibrillar morphol-
ogy with their enantiomeric Fc—peptide conjugates 1a and 1d
respectively, suggesting enantiomers do not differ in nanoscale
morphology (Figure S14 in the Supporting Information). In ad-
dition, the nanostructures have higher width than the molecu-
lar dimension of any Fc-peptide conjugates, suggests there is
a self-association of several molecular chains to produce the
supramolecular nanoscale structures.

Moreover, the diastereomeric Fc—peptide conjugates 2
mostly produce spheroid morphology with varying sizes. In
case of 2a, spheroids are in the range of 270 to 445 nm with
an average diameter of 360 nm, while the spheroids are bigger
for 2c with an average size of 620 nm. However for 2d, sphe-
roids are interconnected to each other and sizes are relatively
small with an average diameter of 290 nm. 2b does not exhibit
any ordered morphology in toluene. However, the other two
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Figure 8. TEM images of diastereomeric Fc-peptide conjugates of 1 (A-D)
and 2 (E-F) showing their self-assembled structures in toluene. Images of
monosubstituted Fc-peptide conjugates of 1 show dramatic change in self-
assembled structures from one diastereomer to the other: A) FcCO-LFLFLA-
OMe (1a), B) FcCO-pFLFLA-OMe (1b), C) FcCO-LFpFLA-OMe (1¢), and

D) FcCO-LFLFDA-OMe (1d). Disubstituted Fc-peptide conjugates of 2 sug-
gest they mostly form spheroid morphologies with varying sizes: E) Fc[CO-
LFLFLA-OMe], (2a), F) Fc[CO-DFLFLA-OMel, (2b), G) Fc[CO-LFDFLA-OMel,
(2¢), and H) Fc[CO-LFLFDA-OMe], (2d). The scale bars are 2 um for all
images except for (B) which is 10 um.

Fc-peptide conjugates 2 f and 2g showed similar morphology
with their enantiomeric Fc—peptide conjugates 2a and 2d (Fig-
ure S15 in the Supporting Information).

Conclusion

Fc conjugate FcCO-LFLFLA-OMe (1a) self-assembles into
sheet-like conformation via three intermolecular hydrogen
bonds leading to the formation of a super-gel. In contrast, for
Fc[CO-LFLFLA-OMe], (2a), the symmetrical introduction of two
peptide chains of LFLFLA into the ferrocene scaffold induces
a “Herrick”-like conformation via two intramolecular interchain
hydrogen bonds that prohibit gel formation due to lack of
enough intermolecular hydrogen bonds, as required for gela-
tion. Although, Fc[CO-C10][CO-LFLFLA-OMe] (3) adopts a “van
Staveren”-like conformation which involves one bifurcated in-
tramolecular hydrogen bond, the presence of a single intermo-
lecular hydrogen bond and additional van der Walls interac-
tions among the ten-carbon long alkyl chain causes gel forma-
tion. Interestingly, the introduction of a three-carbon long alkyl
spacer in the disubstituted Fc conjugate Fc[CO-C;-LFLFLA-
OMel, (5) disrupts the intramolecular interchain H bonds and
adopts an open conformation. This supports the formation of
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three intermolecular hydrogen bonds per peptide chain retain-
ing the gelation property. Therefore, ferrocene may serve as
a reliable organometallic scaffold for the construction and
tuning of organogels by controlling the conformation of the
ferrocene core and proper conjugation of peptide segment(s).
Consequently, the number of intermolecular hydrogen bonds
increases gelation ability, while the presence of intramolecular
hydrogen bonds decrease the gelation capability. Moreover, in-
tramolecularly hydrogen bonded “Herrick”-like conformation
inhibits gel formation whereas an open conformation, which
does not allow intramolecular hydrogen bonds, assists gela-
tion. Morphological studies of 1a, 3, 4 and 5 gels exhibit cross-
linked nanofibrillar networks required for gelation, while Fc
conjugate 2a, in contrast has non-gelation behavior which is
related to non-interconnected spheroid morphology. Hence,
we can modulate the gelation properties and nanoscale archi-
tectures based on intra- and/versus intermolecular hydrogen
bonds and the conformation around the ferrocene core in Fc-
peptide conjugates.

Chirality-guided gelation studies on monosubstituted Fc
conjugates FcCO-FFA-OMe (1) established the dramatic role of
diastereomeric effects on gelation, whereas enantiomers
showed no impact on gelation. Two diastereomeric gelator Fc—
peptide conjugates 1a and 1d showed cross-linked nanofibril-
lar networks, whereas two non-gelator Fc—peptide conjugates
1b and 1c produced nanorods and small irregular fibers, re-
spectively, in toluene, suggesting the potential tuning of nano-
scale morphology by simply altering the chirality of constituent
amino acids.

NMR and CD spectroscopy studies of diastereomeric Fc con-
jugates 2 suggest that the symmetrical introduction of two
peptide chains with the first two amino acids of opposite chir-
ality (DFLFLA or LFDFLA) to the ferrocene scaffold favors (3-turn
structure and “Herrick conformation” simultaneously. Whereas
peptide chains with the first two amino acids of homochirality
(LFLFLA or LFLFDA) onto the ferrocene scaffold only supports
“Herrick conformation”. Regarding the B-turn mimicking pep-
tide segment, proline and glycine are the most commonly ob-
served amino acids at i+ 1 or i+ 2 positions of B-turns. In this
study, we report a new peptide fragment without proline and
glycine residues for the first time, wherein sequences LFLF and
DFLF can potentially induce type Il B-turn and type II' B-turn
structures in Fc—peptide systems Fc[CO-LFpFLA-OMe], (2¢) and
Fc[CO-DFLFLA-OMel, (2b), respectively. In addition, Fc[CO-
LFDFLA-OMe][CO-LFLFLA-OMe] (2e), having two nonsymmetri-
cal peptide chains, possess a “Herrick conformation” while
a type Il B-turn structure only for heterochiral peptide chain.
This suggests that fine modulation of helically organized order
conformation is possible by selecting an amino acid of proper
chirality in disubstituted Fc conjugates.

Overall, the results revealed that control of intra- and/or in-
termolecular hydrogen bonds is possible in designing these
Fc—peptide gels. The architectural control of dimensional struc-
tures, utilizing the short amyloid peptide (AB19-21) chain pos-
sessing chiral centers and hydrogen bonding sites can be con-
sidered a useful approach for manipulating the gels, artificial
ordered systems and tuning of redox active nanoscale mor-
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phologies. Regarding redox responsive properties, the changes
in self-assembly and morphologies upon oxidation of all Fc-
peptide conjugates are currently under investigation in our
laboratory. The introduction of ferrocene to the toolbox of
supramolecular gels can significantly expand the possibilities
for the manipulation of these smart soft materials with redox
responsiveness.

Experimental Section
General synthesis of ferrocene bioconjugates

Ferrocenemonocarboxylic acid, 1,1-ferrocenedicarboxylic acid and
1,1"-ferrocenecarboxylic acid methyl ester were synthesized accord-
ing to literature procedures.®®”" The synthesis of the other two fer-
rocene precursors 1,n’-Fc[CO-NHC,,H,;][COOH] and Fc[C;H-COOH],
can be found in the Supporting Information (Scheme S1). The gen-
eral scheme for the synthesis of Fc—peptide conjugates is given in
the Supporting Information (Schemes S2 and S3). All the coupling
reactions for Fc—peptide conjugates were carried out using the
standard EDC/HOBt method.®®’" The crude product was purified
by flash chromatography (SiO,, 230-400 mesh) using DCM/MeOH
gradient. The R; values are summarized in the Table S4 in the Sup-
porting Information. All the Fc-peptide conjugates (1-5) were fully
characterized by using ESI-TOF mass spectrometry, 1D proton, 1D
carbon, 2D COSY and 2D gHMBCAD NMR spectroscopy (see the
Supporting Information). Methanol was used as solvent for all ESI-
TOF mass spectrometric studies.

NMR study

Room temperature (22°C) 1D proton and 2D COSY spectra were
recorded on a Bruker Advanced 500 spectrometer (operating at
500 MHz for 'H and 125 MHz for *C). The spectrometer was
equipped with a four channel ('H, '*C, '°F, D) direct broad band ob-
served probe. 2D gHMBCAD spectra were acquired at 50°C on an
Agilent DD2 spectrometer operating at 699.805 MHz for 'H and
175.981 for 3C (Agilent, Walnut Creek). The spectrometer was
equipped with a 5 mm HFCN cold probe. CDCl; and [Dg]Tol were
used as NMR spectroscopy solvents for all Fc conjugates. For char-
acterization of all Fc conjugates, 'H and "C NMR spectroscopy
studies were performed at a concentration of 5 and 10 mwm, re-
spectively. Variable concentration NMR (VC-NMR) and variable sol-
vent NMR (VS-NMR) spectroscopy studies were carried out on the
Bruker Advanced 500 spectrometer at 22 °C.

Circular dichroism (CD) studies

CD spectroscopy was used to determine the ferrocene conforma-
tion and metallocene chirality of Fc-peptide conjugates. CD spec-
tra were recorded in the range 200-600 nm with a JASCO J-810
spectrometer using a 1 mm path-length cell. All CD experiments
were carried out in chloroform and toluene at concentrations of
5mm.

Crystallographic analysis

Crystallographic data were collected on a Bruker Kappa APEX-DUO
diffractometer using a Copper ImuS tube with multilayer optics or
monochromated (Triumph) Moy, radiation which were measured
using a combination of ¢ scans and w scans. The data were pro-
cessed using APEX2 and SAINT (Bruker, 2007). Absorption correc-
tions were carried out using SADABS (Bruker, 2007). The structures
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were solved and refined using SHELXTL (Sheldrick, 2008) for full-
matrix least-squares refinement that was based on F. All H atoms
were included in calculated positions and allowed to refine in
riding-motion approximation with U~iso~tied to the carrier atom.

CCDC 1052207 and 1052208 contain the supplementary crystallo-
graphic data for this paper. These data are provided free of charge
by The Cambridge Crystallographic Data Centre.

Gelation studies

Gel formation was confirmed by the vial-inversion method. Mini-
mum gelation concentration (mgc) of a gel was measured using
a glass vial with inner diameter 1.2 cm.

Transmission electron microscopic (TEM) studies

TEM images were recorded by using a Hitachi 7500 transmission
EM. Self-assembled gels/aggregates were dried on formvar-coated
copper grids (300 mesh) by slow evaporation in air, then allowed
to dry separately in a vacuum. The samples were prepared with
gels having their respective mgc concentrations.

Rheological studies

The Discovery HR2 (TA Instruments) rheometer was used to per-
form rheological studies with cone-plate geometry in a Peltier
plate. The frequency sweep experiments were performed at 0.1%
strain.
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