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ABSTRACT: The chirality of the protein backbone influences both self-assembly and
biological activity. In ferrocene-containing peptides, the sequence and chirality of the
constitutive amino acids as well as the structure of the ferrocene scaffold strongly influence
the conformational properties, whereas the biological activity is more strongly influenced
by lipophilicity. A joint spectroscopic and computational study has shown that a relatively
simple structural modification, such as changing the order of two amino acids in the
dipeptide sequence from Pro−Ala (III) to Ala−Pro (IV), also alters the hydrogen
bonding patterns from a mostly ten-membered (β-turn) to a seven-membered ring (γ-
turn), which affects the antiproliferative activity of the ferrocene peptidomimetics studied.
A systematic approach presented in this study allowed us to highlight the relevant
structural variations that could lead to increased biological activity in similar ferrocene-
based bioconjugates.

■ INTRODUCTION
Because of their involvement in most vital cellular processes,
protein−protein interactions (PPIs) are widely recognized as
the “Holy Grail” of modern life sciences and medicine.1,2 PPIs
take place at an interface hotspot consisting of four to eight
amino acids, mainly arranged as turns.3,4 An error in PPIs can
lead to a pathological outcome. Therefore, the identification of
hot spot mimetics capable of inhibiting dysfunctional PPIs
opens the door to new therapeutic avenues.4−6

Turns, the most common structural features in a globular
protein, result from the hydrogen bonding (HB) between the
carbonyl and amide groups of the polypeptide chain and the
reversal of its direction by almost 180°. Being located on the
protein surface, the turns are exposed to cell receptors and
involved in biological interactions.7 Several synthetic ap-
proaches to the design of the turns have been developed,8

and one of them is based on the insertion of turn-inducing
elements into the peptide chain to facilitate the proper folding
and the adoption of the ordered, hydrogen-bonded structure.
We have shown that 1,1′-disubstituted ferrocene templates
−NH−Fn−CO− and −NH−Fn−NH− (Fn = ferrocenylene)
are very potent nucleators of turns and β-sheet-like structures
when coupled with amino acids and short peptides.9−16 Due to
the distance between cyclopentadienyl rings of 3.3 Å, the
attached hydrogen-bond-accepting and -donating groups come
close enough to form inter- and intrastrand hydrogen-bonded
(HB) rings of different size in symmetrically disubstituted
ferrocene-dipeptide conjugates: a 13-membered HB ring (α-
turn), 10-membered HB ring (β-turn), and 7-membered HB
ring (γ-turn).17 We have also found that asymmetrically

disubstituted ferrocene peptides participate in various types of
hydrogen-bonded turns. Conformational analysis based on
experimental (IR, NMR, and CD) and DFT data revealed
different conformational patterns for conjugates of methyl 1′-
aminoferrocene-carboxylate with Ala (I)18 and Pro (II)19

(Figure 1). While an intrastrand seven-membered HB ring (γ-
turn, pattern A) was found in both dipeptides I and II, an
additional nine-membered interstrand HB ring (pattern B) was
observed in the Ala-dipeptide I. The moderate influence of the
bulkiness and basicity of the Ac and Boc groups was also
observed.

The chirality of the backbone controls the self-assembly of
proteins so that the substitution of L- with a D-enantiomer or
even a minor part of the amino acid sequence can destabilize
the self-assembled peptides.20,21 Cell membranes are com-
posed of chiral, enantiopure biomolecules, so the altering of
the peptide backbone chirality could have a strong impact on
the biological features. Since the peptide sequence, backbone
chirality, and hydrogen-bond-acceptor potential of the N-
terminal groups have been found to regulate the size of the HB
ring and thus the type of turn in monosubstituted ferrocene
conjugates with short peptides,22,23 we have extended the Ala-
peptide I with Ac/Boc−L−Pro and Ac/Boc−D−Pro as an
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additional HB acceptor. Both the experimental and computa-
tional studies of the resulting peptides III15 showed that (i) the
combined HB patterns consisting of intrastrand ten-membered
(β-turn, pattern C) and interstrand nine-membered rings
(pattern B) are inherent to the heterochiral Pro−Ala sequence
and (ii) the homochiral Pro−Ala sequence resulted in more
flexible conformations in which mostly HB pattern B occurs
(Figure 1).

With this in mind and considering the role of Pro in a tight
turn24 and the Pro−Xaa sequence in a β-turn,25−27 we have
prepared peptides 4−11 containing homo- and heterochiral
Ala−Pro sequences [type IV (Figure 1, Scheme 1)]. Since the

peptides studied can be considered to be both higher
homologues of peptides II19 and constitutionally exchanged
peptides III,15 their conformational and biological properties
were evaluated, and the obtained results have been compared
with those of peptides II and III.

The conformational properties of the stereoisomeric
peptides 4−11 were studied here in detail by using theoretical
and spectroscopic (concentration- and temperature-dependent
IR and NMR, solvent-dependent NMR and CD) analyses.

The prominent position of ferrocene in the field of medicinal
chemistry is attributed to its unique properties (air and thermal
stability, superaromaticity, electrophilicity, solubility in organic
solvents, easy functionalization, nontoxicity, and lipophilic-
ity).28 Replacing the alkyl/aryl/heterocycle moiety of bio-
logically active molecules with ferrocene or inserting ferrocene
into an organic moiety/drug/drug-like molecule is a widely
used method to develop efficient and selective anticancer,
antioxidant, antituberculosis, antimalarial, anti-inflammatory,
and antimicrobial therapeutics.29,30 Since the first report of
anticancer activity of a ferrocene derivative in 1978,31

ferrocene compounds have been studied as potential
anticancer, antibacterial, antifungal, and antiparasitic
agents.32,33 An overview of the antitumor activity of the
ferrocifen family against breast cancer cells MCF-7 and MDA-
MB-231 was given by Jaouen et al.34

In a recent review of the anticancer activity of ferrocene
conjugated with various biomolecules, ferrocene conjugates
with amino acids and peptides were highlighted as promising
candidates for the development of new anticancer drugs due to
their ability to overcome multidrug resistance during chemo-
therapy and to bind to specific receptors on cancer cells.35 In
terms of antibacterial capacity, highly potent antibacterial
ferrocene-peptide conjugates have been reported to integrate
into the bacterial membrane, leading to the detachment of vital
enzymes required for respiration and cell wall biosynthesis.36

The ferrocene group has also been used to modify and improve
the activity of natural antioxidants.37,38

Considering the need to develop new efficient therapeutics
for the treatment of infectious diseases, the ferrocene peptides
4−11 were subjected to an evaluation of their antitumor,
antimicrobial, and antioxidant activities.

■ RESULTS AND DISCUSSION
Synthesis of Ferrocene-Containing Peptides 4−11.

We have reported in a previous work the synthesis of ferrocene
conjugates with L−Ala−L−Pro (4 and 8) and D−Ala−L−Pro
(5 and 9), which were precursors of the homo- and
heterochiral ferrocene peptides Ac−Ala−Pro−Fn−Pro−Ala−
Boc.14 The same simple and efficient strategy was applied to
the synthesis of their enantiomers containing D−Ala−D−Pro
(7 and 11) and L−Ala−D−Pro (6 and 10) (Scheme 1).

The starting fully protected ferrocene amino acid 139 was
Boc-deprotected by exposure to gaseous HCl, and the
hydrochloride salt obtained was treated with an excess of
NEt3 to give the free N-terminus, followed by coupling with
activated Boc−L−Pro−OH or Boc−D−Pro−OH to give the
enantiomeric peptide 2 or 3, respectively. Introduction of the
L− and D−Ala units followed the Boc-deprotection of 2 and 3
as described above to give stereoisomeric peptides 4−7. The
bulky Boc-groups of carbamates 4−7 were replaced with
sterically less demanding Ac groups upon (i) Boc-deprotection
and (ii) Ac-protection in the presence of acetyl chloride to give
acetamides 8−11. The characterization data with IR, NMR,
and MS spectra of new compounds 3, 6, 7, 10, and 11 can be
found in the Supporting Information (Figures S1−S67).

In the following sections, we will analyze the conformational
and biological properties of peptides 4−11. Within the
conformational analysis, the agreement between theoretically
predicted and experimentally determined HB patterns of the
targeted peptides was evaluated. Experimental spectroscopic
analysis was performed for the new conjugates 6, 7, 10, and 11.

Figure 1. Hydrogen-bonding patterns in asymmetrically disubstituted
ferrocene conjugates with Ala (I),18 Pro (II),19 and Pro−Ala
dipeptides (III).15 The structure of a new type of asymmetrically
disubstituted ferrocene peptides (IV) containing homo- and
heterochiral Ala−Pro dipeptides.

Scheme 1. Synthesis of Homo- (4, 7, 8 and 11) and
Heterochiral (5, 6, 9, and 10) Conjugates of Ferrocene-1,1′-
diamine with the Ala−Pro Sequence
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Figure 2. (a) DFT-optimized geometries (relative energies in kJ mol−1 in parentheses) of the most stable conformers of heterochiral (6 and 10)
and homochiral peptides (7 and 11). Dashed lines represent hydrogen bonds verified by the QTAIM analysis. Nonpolar hydrogen atoms are
omitted for clarity. (b) IHB patterns of the most stable conformers.
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Certainly, their enantiomers 4, 5, 8, and 916 were characterized
by identical scalar properties.40−42

Computational Study. Computational chemistry methods
can be a powerful tool for studying intermolecular interactions
and HB patterns. Over the past decade, a hierarchical approach
to conformational space analysis was used to study the
conformational properties of monosubstituted and disubsti-
tuted ferrocene-based peptidomimetics,14−16,20,43−47 the po-
tential application of modified ferrocene-containing com-
pounds as chirality sensors,23,48,49 gellators,50 and to better
understand the relationship between the molecular structure of
substituted ferrocene peptidomimetics and their biological
activity.15,16,19,51

Previous conformational analysis showed that disubstituted
derivatives Ac/Boc−Ala−Fn−COOMe (I) simultaneously
form two hydrogen bonds, the first connecting the 7-
membered intrastrand (pattern A) and the second connecting
the 9-membered interstrand ring (pattern B) (Figure 1).18

Incorporating Pro in place of Ala triggers the formation of a
different HB pattern with only one 7-membered ring (pattern
A).19 We can divide their higher homologues Ac/Boc−Pro−
Ala−Fn−COOMe (III)15 into homochiral and heterochiral,
depending on the chirality of alanine and proline. While the
homochiral diastereomers form either a 9-membered inter-
strand (pattern B) or 10-membered intrastrand ring (pattern
C), their heterochiral analogues mostly form conformers with

Table 1. Relative Energies (Refer to Standard Gibbs Free Energies at 298 K in kJ mol−1) of the Most Stable Conformers:
Heterochiral Peptides 6 and 10 and Homochiral Peptides 7 and 11a

type stereochemical descriptors
ΔE/

kJ mol−1
ω/deg

pseudotorsion angle
IHBs

pattern
NHFn···OCAla 7-

membered
NHFn···OCAc/Boc 10-

membered
NHAla···OCCOOMe 12-

membered

6−1 M-1,1′ 0.00 −72.2 A + D 2.83 - 3.00
6−2 M-1,1′ 2.78 −70.7 A + D 2.82 - 3.00
10−1 M-1,1′ 0.00 −71.0 A + D 2.83 - 3.00
10−2 M-1,1′ 2.89 −71.6 A + D 2.82 - 2.99
7−1 P-1,1′ 0.00 +19.2 A 2.85 - -
7−2 M-1,1′ 0.98 −28.7 A 2.85 - -
7−3 P-1,2′ 1.97 +37.4 A 2.85 - -
7−4 M-1,1′ 4.00 −27.2 C - 3.06 -
11−1 P-1,1′ 0.00 +18.0 A 2.85 - -
11−2 M-1,1′ 0.62 −26.6 A 2.85 - -
11−3 P-1,2′ 1.70 +37.6 A 2.85 - -
11−4 M-1,1′ 2.23 −27.1 C - 2.97 -

aHelicities were determined from pseudo-torsion angles. Intramolecular hydrogen bond (IHB) patterns are labeled as in Figure 2. X−Y distances
(in Å) of the selected X−H···Y hydrogen bonds connecting the n-membered rings.

Figure 3. (a) The NH stretching vibrations in IR spectra of hetero-6 and -10 and homochiral ferrocene peptides 7 and 11 in CH2Cl2 [(�) c = 5 ×
10−2 M, (- - -) c = 2.5 × 10−2 M, (• • •) c = 1.25 × 10−2 M, (- • -) c = 6.13 × 10−3 and the ratios of the free and associated NH bands. (b) The NH
stretching vibrations of compounds 6, 7, 10, and 11 (2 mg) in KBr (200 mg).
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all NH donors involved in HBs.15 Therefore, in this article, we
have investigated the effect of interchanged dipeptide
sequences (Pro−Ala in III to Ala−Pro in IV) on the formation
of HB patterns (Figure 2, Table 1).

The analysis was performed only on diastereomers 6, 7 and
10, 11, but the same scalar properties are expected for their
enantiomers 5, 4 and 9, 8, respectively. By interchanging the
positions of Ala and Pro, the position of one (NHAla) donor is
shifted as well, while the other (NHFn) remains in the same
position. Such shifting of NH groups initiated the formation of
relatively strong 7-membered N−HFn···OCAla hydrogen-
bonded rings (pattern A) in both diastereomers, heterochiral
(6 and 10) and homochiral (7 and 11). However, the
heterochiral sequence establishes a relatively tight structure in
which another 12-membered interstrand ring connected by
N−HAla···OCCOOMe hydrogen bonds is also formed (pattern
D). In homochiral analogs, only one interstrand hydrogen
bond persists, either N−HFn···OCAla or N−HFn···OCAc/Boc, in a
7- (pattern A) or 10-membered ring (pattern C), respectively.
Because of the interstrand hydrogen bond, the heterochiral
derivatives 6 and 10 are locked into M- (L−Ala−D−Pro) or P-
helical (D−Ala−L−Pro) configurations, while the absence of
similar hydrogen bonds in homochiral 7 and 11 results in pairs
of conformers differing mostly in pseudo-torsion angles (e.g.,
7−1 and 7−2). The results of the computational study
indicated that the heterochiral Ala−Pro sequence in novel
conjugates IV and the Pro−Ala sequence in III15 promote the
formation of tighter ferrocene-based peptide structures with
both NH groups involved in HBs.

IR Spectroscopy. In contrast to NMR, the IR time scale is
fast and allows discrimination between different conformations
adopted by the same protein.52,53 IR frequencies of backbone
N−H and C�O groups depend on their participation in HBs
and are red-shifted and enhanced when an N−H···O�C bond
is formed.54−57 The red-shifted stretching frequencies of NH
(∼3350−3240 cm−1) and COBoc/Ac groups (∼1680−1660
cm−1) indicate their involvement in hydrogen bonding58−60

(Figure 3, see Supporting Information, Figures S9, S24, S39,
and S54). However, judging from the ratio of free (>3430
cm−1) and associated NH groups, Ac-peptides 10 and 11 are
involved in hydrogen bonding to a greater extent than Boc-
peptides 6 and 7, which are dominated by nonbonded NH
groups (Figure 3a). However, the predominance of hydrogen-
bonded NH groups was observed in the solid state of the
tested peptides (Figure 3b).

To determine whether the hydrogen bonding occurs in an
intra- or intermolecular manner, we recorded the IR spectra of
peptides 6, 7, 10, and 11 at various concentrations (5 × 10−2,
2.5 × 10−2, 1.25 × 10−2, and 6.13 × 10−3 M). If the HBs are
intramolecular, then gradual dilution does not disturb the ratio
of bonded and nonbonded NH bands. However, if the
intensity of the associated NH bands decreases upon dilution
compared to that of the free NH bands, then this suggests the
presence of intermolecular aggregates. Because the ratio of free
and associated NH bands of peptides 7 and 11 is increased
upon dilution by 40−60%, the molecules of these homochiral
derivatives partially participate in intermolecular HBs
(Supporting Information, Figures S25 and S55). In contrast,

Figure 4. NH stretching vibrations in the temperature-dependent IR spectra of hetero-6 and -10 and homochiral ferrocene peptides 7 and 11 in
CHCl3 (c = 5 × 10−2 M) and the ratios of the free and associated NH bands.
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the heterochirality of peptides 6 and 10 may be responsible for
their engagement only in intramolecular HBs, as suggested by
the almost unchanged ratio of free and associated NH bands
(Supporting Information, Figures S10 and S40). In addition,
we were interested in investigating whether temperature affects
the HB patterning of the peptides studied.61,62 Temperature-
dependent IR spectra were recorded in CHCl3 at 293 K, after
heating to 333 K and gradual cooling to 293 K (Figure 4). For
the homochiral Ac-peptide 11, for which the intermolecular
hydrogen bonding was predominant, no change in the ratio of
free and associated NH bands was observed. For heterochiral
peptides 6 and 10, the effect of temperature on the pattern of
NH bands was only slight, and after cooling to room
temperature, the pattern of NH bands was restored. The
obtained results indicate that 6, 10, and 11 adopt stable
hydrogen-bonded structures. In contrast, temperature was
found to allow tuning of the HB pattern of homochiral Boc-
peptide 7. Its associated NH band at 3351 cm−1 almost
disappeared in favor of the free NH band at 3436 cm−1, whose
intensity was increased by up to 3-fold. The observed
dominance of the free NH band persisted after cooling to
293 K. The frequencies of the overlapped CO stretching
vibrations (1800−1600 cm−1) of the tested peptides were not
shifted at higher temperatures (Supporting Information,
Figures S11, S26, S41, and S56).
NMR Spectroscopy. NMR spectroscopy is widely used to

provide information on the structure of small peptides that are
prone to conformational changes63 and on the interactions of
peptides and proteins to identify bioactive conformations
responsible for drug-like properties.64 In this study, we have
used a detailed NMR analysis (1H, 13C, 1H−1H COSY, 1H−1H
NOESY, 1H−13C HMQC, and 1H−13C HMBC) for the
assignment of individual proton resonances and the determi-
nation of HB patterns for the peptides under study. [For the
full NMR characterization, please refer to the Supporting
Information, Figures S1−S6 (3), S13−S18 (6), S28−S33 (7),
S43−S48 (10), and S58−S63 (11).]

Due to the deshielding that occurs in the hydrogen bonds,
the resonances of the amide protons involved in the HBs are
moved downfield (δ ≥ 7 ppm) in the nonpolar CDCl3,

65,66

and the greater downfield shifting is related to the stronger
HBs.67 Therefore, it is expected that the NHFn protons, whose
resonances are downfield-shifted (δ ≈ 8.4 ppm), are involved
in the HBs, while the upfield-shifted resonances of NHAla
protons (δ ≈ 6.6 ppm) in Ac-peptides 10 and 11 could be
attributed to their somewhat limited hydrogen-bonding
capacity. This could also be true for the NHAla protons in
Boc-peptides 6 and 7, whose upfield-shifted resonances (δ ≈
5.4 ppm) are influenced by the chemically different character
of the urethane unit in the Boc-terminal group68 (Figure 5 and
Figures S13, S28, S43 and S58 in the Supporting Information).

Further insight into the conformational properties of
peptides 6, 7, 10, and 11 was gained by examining the
concentration dependence, temperature dependence, and
solvent dependence of their NH chemical shifts.

Since the IR spectra of homochiral peptides 7 and 11 were
concentration-dependent, indicating the presence of intermo-
lecular aggregates, we expected a broadening and upfield
shifting of the NH signals at dilutions of up to 50-fold,67 but
instead only the slightly impaired resonances were observed.
The chemical shifts of the NH protons of heterochiral peptides
6 and 10 were also independent of concentration (Supporting
Information, Figures S19, S34, S49, and S64), suggesting the
presence of IHBs.

Next, the stability of the intramolecularly hydrogen-bonded
structures was investigated by measuring the temperature
dependence of the chemical shift of the amide protons in the
range of 258−328 K, and the smaller the shifts, the more stable
the hydrogen-bonded conformations. When the sharper peaks
are observed at low temperatures, the molecules also move
more slowly.63,69 Here, the heterochiral Boc-peptide 6 was
proven to adopt the most stable IHB pattern (Δδ (NHFn,
NHAla) < 0.15 ppm) compared to those of the other peptides
tested, which agrees well with its temperature-independent IR

Figure 5. Changes in chemical shifts (Δδ) of NHFn (●) and NHAla (▲) in hetero-6 and -10 and homochiral ferrocene peptides 7 and 11 in CDCl3
(c = 1 × 10−3 M) from 258 to 328 K. The cis/trans isomerization in homochiral peptides 7 and 10 (NHFn trans (●), NHAla trans (▲), NHFn cis (○),
and NHAla cis (Δ)). The NH stretching vibrations in the temperature-dependent IR spectra of hetero-6 and -10 and homochiral ferrocene peptides
7 and 11 in CHCl3 (c = 5 × 10−2 M) and the ratios of the free and associated NH bands.
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data. The upfield shifting of signals belonging to the NHFn of
peptide 7, NHAla of peptide 10, and NHFn and NHAla of
peptide 11 (Δδ ≈ 0.35−0.55 ppm) at increased temperature
suggests that these protons may be involved in more flexible
HB patterns (Figure 5).

The variations in the chemical shifts of the amide protons
with temperature (temperature coefficients, Δδ/ΔT), provide
further information about hydrogen bonding. The low Δδ/ΔT
values (−2.4 ± 0.5 ppb K−1) correspond to either shielded
protons which were initially downfield shifted or protons
exposed to CDCl3 and are therefore not informative in
defining the hydrogen-bonding pattern. In contrast, the larger
Δδ/ΔT values always reflect NH protons that were initially
shielded from the solvent but are exposed during the unfolding
of the IHB pattern or the dissociation of intermolecular
aggregates upon heating.14−17,70−78 Here, the larger temper-
ature coefficients observed for NHFn and NHAla of peptide 11
and NHFn of peptide 7, whose IR frequencies were
concentration-dependent, provide additional confirmation of
their aggregation tendency, while the case of the concen-
tration-independent NHAla of peptide 10 reflects its involve-
ment in IHB-mediated folding. This is in good agreement with
the results of the computational study where heterochiral
derivatives 6 and 10 have both NH donors involved in
hydrogen bonding.

The slow cis/trans isomerization of the proline imide bond
leads to multiple signals of the amide protons in the NMR
spectra. Upon heating, the isomerization rate increases, causing
the coalescence of the signals of the amide protons involved in
weak hydrogen bonds.72,79,80 Here, the multiple signals
observed for homochiral peptides 7 and 11 at low temper-
atures tend to coalesce at higher temperatures, which can be
considered to be additional evidence for their involvement in
weak hydrogen bonds (Figure 5 and Figures S20, S35, S50, and
S65 in the Supporting Information).

IR and NMR data indicate the flexible IHB patterning of
homochiral peptides 7 and 11, whereas heterochiral peptides 6
and 10 adopt the more stable structures in nonpolar solvents
(CHCl3 and CDCl3). The same results for the contribution of
heterochirality to conformational stability were also found in
our previous work. Their constitutionally isomeric peptides III
with heterochiral Pro−Ala sequences15 and disubstituted
conjugates of ferrocene-1,1′-diamine with heterochiral Ala−
Pro sequences14 were also shown to adopt more stable IHB-
based structures than homochiral analogs.

It is well known that a strong hydrogen-bonding solvent
such as DMSO solvates exposed amide protons, leading to a
pronounced downfield shifting and opening of the flexible
structures.14,68,81 The appreciable downfield shifting of the
NHAla groups observed here upon titration with DMSO (Δδ ≈
1.2−1.6) is attributed to a high solvent sensitivity due to the
noninvolvement in HBs or involvement in only weak HBs.
Similarly, the relatively high solvent sensitivity of downfield-
shifted NHFn groups of conjugates 7 and 11 (Δδ ≈ 0.9)
supports the assumption of flexible IHB patterns in homochiral
peptides. For the NHFn of heterochiral peptides 6 and 10, the
slope of the titration curve is smaller (Δδ < 0.5) than that of
homochiral peptides 7 and 11, indicating that heterochirality of
the peptide backbone contributes to more stable IHB patterns,
as suggested above (Figure 6).

As for the cis−trans isomerization of a proline imide bond in
small peptides, nonpolar solvents and IHBs were found to
contribute to the prevalence of the trans fraction.82,83 While

only trans isomers were observed in the nonpolar CDCl3
solution of heterochiral peptides 6 and 10, their titration with
DMSO caused the appearance of additional peaks of NH
groups assigned to their cis fractions. The observed doubling of
amide resonances of heterochiral peptides 6 and 10 upon
titration with DMSO suggests that they are involved in IHBs of
only moderate strength (Figure 6 and Figures S21, S36, S51,
S66, and S67 in the Supporting Information).

Two-dimensional NOESY spectroscopy was used to gain
better insight into the IHB patterning of the peptides studied.
Considering the possible interactions between hydrogen-bond-
donating and -accepting groups, we focused on the intrastrand
NOE interactions between NHFn and the protons of the Ala
moiety and on the interstrand NOE interactions between
NHFn and NHAla with the ester methyl group.

Although the temperature dependence and DMSO depend-
ence of NH chemical shifts of the homochiral peptides
revealed that their HB patterns are more sensitive and weaker
than those of the heterochiral analogs, their common
conformational feature is based on the IHB engagement of
the NHFn protons. The observed intrastrand NOE contacts
NHFn → Ala−CH3 and NHFn → Ala−CH might account for
the 7-membered IHB ring (γ-turn, pattern A) (Figure 7).
CD Spectroscopy. To further examine the conformational

consequences of HB-mediated folding in ferrocene peptides,
we performed circular dichroism analysis (CD).84,85 The
folding of ferrocene peptides into turn- and β-sheet-like
structures fairly restricts the free rotation of the cyclo-
pentadienyl rings. This leads to a helical chirality of the
ferrocene core which can be registered by Cotton effects in the
region of ferrocene-based transitions around 470 nm. When
the folded conformations are more stable, the Cotton effects
are of higher intensity. The Cotton effects with lower intensity
were registered for the structures with hydrogen bonding
within the same strand, indicating the presence of the less
stable conformations.15,18,19,46 In general, the reduction of
hydrogen bonding leads to more flexible structures and the CD
activity decreases. Moreover, the positive or negative sign of
the Cotton effect is related to the right- or left-handed helicity
of the ferrocene core.86

Since the IR and NMR data support the involvement of the
heterochiral peptides 6 and 10 containing the Ala−Pro
sequence in IHBs of only moderate strength, their Cotton
effects are ∼20-fold weaker than those of their heterochiral

Figure 6. Changes in chemical shifts (Δδ) of NHFn (●) and NHAla
(▲) in hetero-6 and -10 and homochiral ferrocene peptides 7 and 11
at increasing concentrations of d6-DMSO in CDCl3 (c = 25 mM, 298
K).
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counterparts III15 with a Pro−Ala sequence (Mθ ≈ 4200−
4800 deg cm2 dmol−1), which were found to be involved in
strong IHBs. In general, novel peptides IV (4−11) showed a
significant decrease in CD activity (Mθ ≈ 100−800 deg cm2

dmol−1) compared with their constitutional isomers III with an
exchanged dipeptide sequence (Mθ ≈ 2500−4800 deg cm2

dmol−1) (Figure 8). The CD activity results suggest that the
presence of proline next to the ferrocene moiety in the novel
peptides IV hinders the formation of stable-turn structures,
whereas the insertion of alanine between ferrocene and proline
enables the folding of the peptides III into more stable turns.

X-ray Crystal Structure Analysis. Compound 3 is a D-
enantiomer of a previously published compound19 and is
therefore not described in detail (Figure 9a). Compound 4

crystallizes in the tetragonal system, space group P 41212, with
one symmetry-independent molecule (Figure 9b). Its con-
formation is stabilized by a single intramolecular hydrogen
bond, N1−H1···O1, so it belongs to pattern type A (7-
membered ring, i.e., γ-turn). By a pair of symmetry-equivalent
intermolecular hydrogen bonds N3−H3···O2, the molecules
are linked into a centrosymmetric dimer; these dimers are
connected by C−H···O hydrogen bonds into a 3D network.

The molecular structure of peptide 4 determined by X-ray
crystallography corresponds to the third conformer obtained
by DFT analysis of its enantiomeric pair 7 (7−3 and 4−3 are

Figure 7. Intrastrand NOE contacts in the spectra of heterochiral 6 and 10 and homochiral ferrocene peptides 7 and 11 depicted with arrows.

Figure 8. Cotton effects of ferrocene peptides 4−11 in CH2Cl2 (c = 1
× 10−3 M).

Figure 9. Drawings of molecules 3 (a) and 4 (b) with atom
numbering schemes. Displacement ellipsoids are drawn for the
probability of 50%, and hydrogen atoms are shown as spheres of
arbitrary radii. IHBs are shown as cyan dotted lines.
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mirror images) with an RMSD value of 0.3294 Å (Figure S68
in the Supporting Information). Although the same IHB
pattern A is observed in all three conformers of 7 (7−1, 7−2,
and 7−3 and their enantiomers 4−1, 4−2, and 4−3), the
possible explanation of why the most stable conformers are not
observed in the solid state is due to the more likely orientation
of the HB donors and acceptors to form intermolecular
hydrogen bonds. The energy input required for the
reorganization from the most stable conformer (4−1) to the
less stable one (4−3) is overcome by the energy gain from the
intermolecular hydrogen bonding of the molecules in the
centrosymmetric dimer. We have already explained this effect
by evaluating interaction energies in similar systems.53

Biological Activity. The achievements in the field of
ferrocene-modified compounds with potential in vitro and in
vivo biological activities, including anticancer, antifungal,
antimalarial, and anticoronaviral activities, have been recently
reviewed.87 The introduction of ferrocene-modified amino
acids has been shown to cause the changes in synaptic
transmission in the CA1 region of the hippocampus. More
specifically, the introduction of ferrocene-containing com-
pounds led to an increase in the amplitudes of local field
potentials, and the hippocampus responded differently to
electrical signals when ferrocene-modified L- and D-amino acids
were administered in vivo (rats).88 This indicates that the
presence of the ferocene group can improve the biological
activity of ferrocene-modified amino acids.
Antimicrobial Activity. According to the results of the

conducted disc diffusion test, the tested ferrocene conjugates
with Ala−Pro (4−11) were not effective in inhibiting the
growth of the tested microorganisms. No zones of inhibition
were observed around the diagnostic discs, indicating the
resistance of the tested bacteria, lactic acid bacteria, and yeasts
to these ferrocene tripeptides (data not shown). No difference
in survival was observed before and after treatment with the
tested peptides at concentrations of 2 and 4 mM, although an
increase in the solubility of poorly water-soluble compounds
by mixing with methyl-β-cyclodextrin has been reported in the
literature.89 The tested ferrocene peptides did not exhibit
antimicrobial activity, although the significant antimicrobial
activity of proline-rich AMPs has been reported in the
literature, mainly through nonlytic mechanisms.90

In our recent work, we reported the biological evaluation of
enantiomeric dipeptides derived from 1′-aminoferrocene-1-
carboxylic acid and the hydrophobic amino acids Leu and Phe,
which exhibited antimicrobial activity against P. aeruginosa, B.
subtilis, and S. aureus at a concentration of 2 mM.16 These
results may be related to the fact that antimicrobial peptides
containing Leu or Phe as the only hydrophobic groups bind
bilayers with the highest affinity and are most effective at
inhibiting bacterial growth due to their greater ability to
disrupt bacterial membranes.91 Peptides containing Val
showed low antimicrobial activity and ability to interact with
bilayers,92 which is consistent with our previous results.16 In
contrast to these results, the homochiral conjugates of
ferrocene-1,1′-diamine with L−/D−Phe, L−/D−Val, and L−/
D−Leu described in our recent paper,16 as well as the
compounds 4−11 tested in this work, unfortunately showed
no antimicrobial activity despite the high concentrations
applied (153−251 mM).
Antiradical Activity. According to Zhang et al.,93 proline

is an amino acid with relatively strong ROS scavenging activity.
Therefore, the antiradical activity of the proline-containing

bioconjugates 4−11 was estimated using assays for determin-
ing the ability of the compounds to scavenge free radicals: 2′-
diphenyl-1-picrylhydrazyl radical (DPPH) and 2,2′-azinobis(3-
ethylbenzothiazoline-6-sulfonate) cationic radical (ABTS).
The results of the free radical scavenging activity of the tested
compounds, expressed as mM Trolox equivalents, are shown in
Figure 10. The tested compounds (1 mM) showed very similar

antiradical activity against both DPPH and ABTS radicals in
the ranges of 0.08−0.12 and 1.23−1.47 mM Trolox,
respectively. These results suggest that the chirality of the
Ala−Pro sequence in bioconjugates 4−11 does not signifi-
cantly affect the antiradical activity.

The influence of the protecting group type (Boc or Ac) on
the antiradical activity of the tested compounds was also not
observed. The tested ferrocene compounds showed better
scavenging activity against ABTS radicals than against DPPH
radicals. This is consistent with literature data suggesting that
ferrocene derivatives are more active with reducing radicals
(such as ABTṠ+) than with donating radicals (such as
DPPḢ),94 whose steric availability is critical for antioxidant
activity.95 The antioxidant activity of peptides 4−11 is lower
than that of known natural antioxidants such as red and white
wine,96 strawberries and blackberries, and coffee.97 However,
the antioxidant activity of peptides 4−11 is similar to that of
tomato processing byproducts in the food industry (about 0.25
mmol Trolox/g in the DPPH assay and about 1.0 mmol
Trolox/g in the case of the ORAC assay).98 Considering that
food industry byproducts have been shown to be valuable
sources of antioxidants,110 we believe that ferrocene bio-
conjugates 4−11, which have similar antioxidant potentials,
could serve in the further development of more effective
antioxidants.
Antiproliferative Activity. Several ferrocene-based com-

pounds have shown significant in vitro activity in various cell
lines34,54,99 and are therefore promising for the development of
novel therapeutics for a wide range of diseases, including
cancer.100 Recent studies have shown that compounds
modified with ferrocene can induce cell death in cancer cells,
leading to their selective elimination.98,101 For example, the
cytotoxic potential of two ferrocene-containing camphor
sulfonamides was studied in nonsmall lung cancer (A549 and
H1299) and in a noncancerous cell line (MRC5). The results
were significantly lower IC50 values, of about 12 to 22 μM in

Figure 10. Antiradical activity of bioconjugates 4−11 evaluated by
using the free 1,1-diphenyl-2-picryl hydrazyl radical scavenging assay
(dot) and the ABTS radical cation scavenging assay (line).
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A549 and H1299 cancer cells, which is even lower than for
reference antitumor drugs cisplatin and tamoxifen.98 Also, a
series of 2-acyl-1-dimethylaminomethyl-ferrocenes have been
evaluated against T cell acute lymphoblastic leukemia (T-ALL)
cell lines as a potential cancer therapy. These novel ferrocene
derivatives also exhibit significantly lower IC50 values, ranging
from about 18 to 44 μM in three cancer cell lines (Jurkat,
CEMT4, and Molt-4). At the same time, the tested
compounds displayed low cytotoxicity in normal cells (normal
human T and HEK293), encouraging the clinical application of
derivatives F1 and F3 for the treatment of T-ALL.97

In this work, the antiproliferative activity of compounds 4−
11 was investigated in a concentration range from 50 to 500
μM in the human tumor HeLa cell line. The results for D-
proline-containing peptides 6, 7, 10, and 11 and their
enantiomers 5, 4, 8, and 9, respectively, containing L-proline
are shown in Figure 11a,b, whereas the calculated IC50 values
are given in Table 2.

The bioconjugates tested showed moderate growth inhib-
ition in HeLa cells, mostly at higher concentrations tested (250
and 500 μM). Among the D-proline-containing bioconjugates,
similar growth inhibition of HeLa cells was observed, and Ac-
peptides 10 and 11 exhibited slightly higher cytotoxicity than
Boc-analogues 6 and 7, with calculated IC50 values of 493.17
and 533.24 μM, respectively. As for the L-proline-containing
enantiomers, Boc-peptides 4 and 5 showed a somewhat higher
inhibitory activity than Ac-analogues 8 and 9, with IC50 values
of 238.62 and 353.62 μM, respectively. Our previous studies
on ferrocene peptides13,15,16 have shown that lipophilicity
affects biological activity more than conformational patterning.
Thus, the slightly stronger antiproliferative activity of Boc-
peptides 4 and 5 can be attributed to their higher lipophilicity
(i.e., they have larger retention factors (Rf ≈ 0.3−0.6) than Ac-
peptides 8−11 (Rf ≈ 0.05−0.15) (dichloromethane:ethyl
acetate = 5:1)).

However, our previous studies showed the more pro-
nounced cytotoxic effect on HeLa cells for their lower Boc-
homologue II (IC50 = 203.27 μM),19 while the slightly
enhanced inhibitory potential was observed for their constitu-
tionally exchanged counterparts III (IC50 = 370.39 and 436.20
μM).15 Thus, the structural and conformational modulation of
the peptides II and III to the novel peptides IV (4−11) did
not improve their inhibitory activity.

The cytotoxicity observed for the tested peptidomimetics
may stem from their effects on fundamental cellular processes,
specifically cell division and cell death. Programmed cell death
via apoptosis was evaluated and quantified by flow cytometry
analysis using the Muse Cell Analyzer and the Muse Annexin V
and Dead Cell Kit. The results of this analysis for HeLa cells
are presented in the Supporting Information (Figure S69).

In this assay, only compounds with IC50 values below 500
μM were tested. The results of the analysis showed that HeLa
cells treated with compounds 4 and 5 had the highest
percentage of total apoptotic cells (36.21 ± 6.28 and 35.99 ±
6.83%, respectively), followed by compounds 8 and 10. The
results of the analysis of cell death in the treated HeLa cells are
consistent with the cell viability assay used primarily to assess
the basic cytotoxicity of the peptides 4−11. The induction of
apoptosis by the action of peptidomimetics has been reported
previously,102 whereby peptidomimetics with anticancer
properties bind to target proteins and mimic interactions
that activate death pathways in cancer cells. Peptidomimetics
often act as inhibitors of protein−protein interactions in cancer
cells, as recently highlighted by Mabonga et al.103

Finally, according to the U.S. National Cancer Institute
(NCI) and its in vitro primary screening panel of 60 different
human tumor cell lines,104 the tested bioconjugates 4−11 have
low antiproliferative activity against HeLa cells, as all IC50
values obtained are above 100 μM. Therefore, they cannot be
considered to be potential anticancer drug candidates but
could rather serve as a guide for the rational design and further
development of new ferrocene bioconjugates with improved
biological activity.

■ CONCLUSIONS
This research is a small step toward building a small database
of relatively simple ferrocene-based peptidomimetics and
investigating the relationship among their structures, con-
formational properties, and biological activities. Compared to
the previously reported lower homologues with only one
amino acid, the higher Ac/Boc−Ala−Pro−Fn−COOMe

Figure 11. Antiproliferative activity of (a) bioconjugates 6, 7, 10, and
11 and (b) their enantiomers 4, 5, 8 and 9 evaluated by CellTiter 96
AQueous One Solution Cell Proliferation assay on HeLa cells. Data
show the mean ± SD of n = 3 independent experiments.

Table 2. IC50 Values Calculated from Dose−Response
Curves on HeLa Cells

Compound IC50 (μM)

Boc−L−Ala−L−Pro−NH−Fn−COOMe (4) 238.62
Boc−D−Ala−L−Pro−NH−Fn−COOMe (5) 353.62
Boc−L−Ala−D−Pro−NH−Fn−COOMe (6) n.d. (>500)
Boc−D−Ala−D−Pro−NH−Fn−COOMe (7) n.d. (>500)
Ac−L−Ala−L−Pro−NH−Fn−COOMe (8) 401.67
Ac−D−Ala−L−Pro−NH−Fn−COOMe (9) n.d. (>500)
Ac−L−Ala−D−Pro−NH−Fn−COOMe (10) 493.17
Ac−D−Ala−D−Pro−NH−Fn−COOMe (11) 533.24
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homologues occur as heterochiral or homochiral diaster-
eomers. Conformational analysis showed that heterochiral
derivatives form tighter structures in which both NH
hydrogen-bond donors are involved in hydrogen bonding.
Compared with the results of previous studies (Ac/Boc−Pro−
Ala−Fn−COOMe), the relatively simple exchange of the
dipeptide sequence from Pro−Ala to Ala−Pro also resulted in
a change in the main structural motif from a ten- to a seven-
membered intrastrand hydrogen-bonding ring. Although the
tested derivatives showed limited biological activity, the
current study based on joint experimental and computational
techniques gave us the opportunity to focus on the structure−
activity relationship. We have shown that small structural
changes, such as changing the order of two amino acids, not
only alter the organizational level of dipeptide attached to the
ferrocene core and thus the related conformational properties
but also can affect the antimicrobial, antiradical, and
antiproliferative activity of the compounds studied.

■ EXPERIMENTAL SECTION
Materials and Methods. General Procedures and Methods. We

have reported the synthesis of peptides containing L−Ala−L−Pro (4
and 8) and D−Ala−L−Pro (5 and 9) in a previous work,14 and the
same simple and efficient strategy was applied here to the synthesis of
their enantiomers with D−Ala−D−Pro (7 and 11) and L−Ala−D−Pro
(6 and 10) (Scheme 1). All reactions were carried out under an argon
atmosphere, and chemicals used for reactions were analytically pure.
The CH2Cl2 used for CD measurements and FTIR was dried (P2O5),
distilled over CaH2, and stored over molecular sieves (4 Å). CDCl3
and DMSO-d6 (Sigma-Aldrich), EDC (Acros Organics), HOBt
(Aldrich), acetyl chloride (Aldrich), Boc−D−Ala−OH (Fisher), H−
D−Pro−OH (Biosynth), H−L−Pro−OH (Acros Organics), and L-
alanine (Merck) were used as received. The synthesis of Boc−NH−
Fn−COOMe (1) had been previously described.38 The N-termini of
alanine and proline were protected by using sodium hydroxide,
aqueous dioxane, and di-tert-butyldicarbonate to give Boc−Ala−OH,
Boc−D−Pro−OH, and Boc−L−Pro−OH, respectively. Products were
purified by preparative thin layer chromatography on silica gel
(Merck, Kieselgel 60 HF254) by using CH2Cl2, EtOAc, or a EtOAc/
CH2Cl2 mixture as the eluent. Infrared spectra were recorded as
CH2Cl2 or CHCl3 solutions between NaCl windows or in KBr by
using a Spectrum Two FTIR spectrometer (PerkinElmer); [(s) =
strong, (m) = medium, (w) = weak, (br) = broad, (sh) = shoulder].
NMR spectra were recorded using a Bruker AV600 spectrometer
(Bruker BioSpin GmbH, Rheinstetten, Germany) with a 5 mm probe
head at the Ruđer Bosǩovic ́ Institute (Zagreb, Croatia). The 1H and
13C NMR spectra were recorded at 600.130 and 150.903 MHz,
respectively. The chemical shifts (δ/ppm) of the 1H spectra were
referenced to the peak of the residual solvent (CDCl3, 1H: 7.26 ppm),
and the chemical shifts of the 13C spectra, to the CDCl3-d signal (13C:
δ = 77.23 ppm). Unless otherwise indicated, all spectra were recorded
at 298 K. The assignment of the 1H and 13C signals in the NMR
spectra of the compounds was confirmed by cross peaks in the 2D
spectra: 1H−1H COSY (correlation spectroscopy), 1H−1H NOESY
(nuclear Overhauser effect spectroscopy), 1H−13C HMQC (hetero-
nuclear multiple quantum coherence), and 1H−13C HMBC
(heteronuclear multiple bond correlation). In the case of the
CDCl3-d/DMSO-d6 mixture, calibration was performed using TMS
as an internal standard. NMR titrations were performed by adding 10
μL portions of DMSO-d6 to NMR tubes containing CDCl3-d
solutions of the peptides under study (c = 2.5 × 10−2 M). Spectra
were recorded after each addition, and DMSO-d6 was added until no
change in the chemical shift of the amide protons was observed. CD
spectra were recorded using a Jasco-810 spectropolarimeter in
CH2Cl2 or KBr. Molar ellipticity coefficients [θ] are given in degrees,
concentration c in mol L−1, and path length l in cm, so the unit for [θ]
is deg cm2 dmol−1. Mass spectra were recorded using an HPLC-MS

system coupled to a triple-quadrupole mass spectrometer, operating in
a positive or negative ESI mode. Samples were dissolved in 100%
methanol at a concentration of 1 mg/mL and then diluted in 0.1%
formic acid to a final concentration of 1 μg/mL. Samples were
analyzed using a high-resolution nanoESI-Q-TOF mass spectrometer
(Synapt G2-Si, Waters, Milford, MA, USA) coupled with a liquid
chromatograph (nanoACQUITY UPLC, Waters, Milford, MA, USA).
Mass spectra were obtained by positive ionization in resolution mode.
Data were acquired every second in the mass range from 50 to 800
Da. The mass accuracy of the raw data was corrected by infusing
leucine enkephalin (1 ng/μL, 0.4 μL/min flow rate, 556.2771 Da [M
+ H]+) into the mass spectrometer as a reference mass during sample
analysis. Melting points were determined using a Reichert Thermovar
apparatus. Single crystal measurements were performed with an
Oxford Diffraction Xcalibur Nova R.

Syntheses of Boc−L−Ala−L−Pro−NH−Fn−COOMe (4), Boc−D−
Ala−L−Pro−NH−Fn−COOMe (5), Boc−L−Ala−D−Pro−NH− Fn−
COOMe (6), and Boc−D−Ala−D−Pro−NH−Fn−COOMe (7). A
suspension of the Boc−NH−Fn−COOMe (1)38 (500 mg, 1.4
mmol) in dry CH2Cl2 (5 mL) was purged with HClgas at 0 °C for 30
min. Then the solvent was evaporated in vacuo, and the obtained
hydrochloride salt was suspended in CH2Cl2 and treated with NEt3
(pH ≈ 8) to give an unstable free amine suitable for coupling to Boc−
L−Pro−OH and Boc−D−Pro−OH (610 mg, 2.8 mmol), respectively,
using the standard EDC/HOBt method [EDC (644 mg, 3.36 mmol);
HOBt (454 mg, 3.36 mmol)]. The reaction mixtures were stirred at
room temperature for ∼1 h until TLC monitoring showed complete
consumption of the free amine. The standard workup (washing with a
saturated aqueous solution of NaHCO3, a 10% aqueous solution of
citric acid and brine, drying over Na2SO4, and evaporating in vacuo)
was followed with TLC purification of the crude products Boc−L−
Pro−NH−Fn−COOMe (2) (83%) [(CH2Cl2:EtOAc = 5:1); Rf =
0 .33] and Boc−D−Pro−NH−Fn−COOMe (3) (90%)
[(CH2Cl2:EtOAc = 5:1); Rf = 0.35]. Subsequently, peptides 2 and
3 (800 mg, 1.75 mmol) were deprotected with HClgas as described
above, and the free amines obtained were coupled with Boc−L−Ala−
OH and Boc−D−Ala−OH (662 mg, 3.5 mmol), respectively, using
the standard EDC/HOBt method [EDC (805 mg, 4.2 mmol); HOBt
(567 mg, 4.2 mmol)]. The standard workup was employed to obtain
products which were purified by TLC on silica gel [EtOAc; Rf = 0.78
(4), Rf = 0.61 (5), Rf = 0.66 (6), Rf = 0.72 (7)] to give orange solids
of 4 (800 mg, 87%), 5 (830 mg, 90%), 6 (730 mg, 80%), and 7 (600
mg, 65%). The results of IR and NMR analyses of compounds 4 and
5 are in a good agreement with literature data.14

Boc−D−Pro−NH−Fn−COOMe (3). Mp = 125−128 °C. Rf = 0.33
(CH2Cl2:EtOAc = 5:1). IR (CH2Cl2) υ̅max/cm−1: 3406 s (NHfree),
3284, 3232 m (NHassoc.), 1706 s, 1692 s, 1655 s (C�OCOOMe, C�
OCONH), 1560 s, 1532 s, 1476 s, 1467 s (amide II). 1H NMR (600
MHz, CDCl3-d): δ 8.54 (br s, 0.66H, NHFn), 4.81−4.65 (m, 2.60H,
H-7Fn, H-10Fn and H-2/5Fn), 4.62−4.50 (m, 1.23H, H-2/5Fn), 4.43−
4.30 (m, 2.84H, H-8Fn, H-9Fn and CH-αPro), 4.08−3.96 (m, 1.87H, H-
3Fn and H-4Fn), 3.80 (s, 3H, CH3-COOMe), 3.51−3.40 (m, 1H, CH2-
δPro), 3.40−3.30 (m, 0.71H, CH2-δ’Pro), 2.53−2.36 (m, 0.73H, CH2-
βPro), 2.03−1.96 (m, 1H, CH2-γPro), 1.96−1.82 (m, 1.75H, CH2-β′Pro
and CH2-γ′Pro), 1.51 (s, 9H, (CH3)3-Boc) ppm. 13C NMR (150 MHz,
CDCl3-d): δ 171.9 (COCOOMe), 170.3 (COFca), 156.6 (COBoc), 95.9
(C-1Fn), 81.0 (CqBoc), 72.9(C-8/9Fn), 72.8 (C-8/9Fn), 72.0 (C-6Fn),
71.4 (C-7/10Fn), 71.1 (C-7/10Fn), 66.6 (C-3Fn and C-4Fn), 63.0 (C-
2Fn and C-5Fn), 60.4 (CH-αPro), 51.8 (CH3-COOMe), 47.4 (CH2-δPro),
28.6 [(CH3)3-Boc], 27.5 (CH2-βPro), 24.9 (CH2-γPro) ppm. Anal. Calcd
for C22H28N2O5Fe: 456.1. ESI-MS (H2O:MeOH = 50:50): [(M −
H)−] m/z 455.1, [(M + Na)+] m/z 479.

Boc−L−Ala−D−Pro−NH−Fn−COOMe (6). Mp = 98 °C. Rf = 0.66
(EtOAc). IR (CH2Cl2) υ̅max/cm−1: 3429 s (NHfree), 3341, 3303 m
(NHassoc.), 1707 s, 1670 s, 1621 s (C�OCOOMe, C�OCONH), 1549 s,
1503 s, 1460 s, 1423 s (amide II). 1H NMR (600 MHz, CDCl3-d): δ
8.41 (br s, 1H, NHFn), 5.52 (d, J = 6.06 Hz, 1H, NHAla), 4.76−4.73
(m, 1H, H-7/10Fn), 4.73−4.70 (m, 1H, H-7/10Fn), 4.68−4.61 (m,
3H, H-2Fn, H-5Fn and CH-αPro), 4.51−4.44 (m, 1H, CH-αAla), 4.39−
4.37 (m, 2H, H-8Fn and H-9Fn), 4.01−3.99 (m, 2H, H-3Fn and H-4Fn),
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3.90−3.85 (m, 1H, CH2-δPro), 3.79 (s, 3H, CH3-COOMe), 3.54−3.48
(m, 1H, CH2-δ′Pro), 2.51−2.47 (m, 1H, CH2-βPro), 2.22−2.13 (m,
1H, CH2-γPro), 2.09−2.01 (m, 1H, CH2-γ′Pro), 1.96−1.92 (m, 1H,
CH2-β′Pro), 1.39 (s, 9H, (CH3)3-Boc), 1.35 (d, J = 6.89 Hz, 3H,
CH3-Ala) ppm. 13C NMR (150 MHz, CDCl3-d): δ 173.2 (COAla),
172.1 (COCOOMe), 169.2 (COFn), 155.6 (COBoc), 95.6 (C-1Fn), 80.0
(CqBoc), 72.7 (C-8/9Fn), 72.6 (C-8/9Fn), 71.7 (C-6Fn), 71.35 (C-7/
10Fn), 71.34 (C-7/10Fn), 66.4 (C-3/4Fn), 66.1 (C-3/4Fn), 63.3 (C-2/
5Fn), 63.1 (C-2/5Fn), 60.9 (CH-αPro), 51.7 (CH3-COOMe), 48.4 (CH-
αAla), 47.3 (CH2-δPro), 28.5 [(CH3)3-Boc], 27.8 (CH2-βPro), 24.9
(CH2-γPro), 17.7 (CH3-Ala) ppm. Anal. Calcd for C25H33N3O6Fe:
527.4, ESI-MS (H2O:MeOH = 50:50): [(M − H)−] m/z 526.1, [(M
+ H)+] m/z 528.1. nanoESI-Q-TOF-HRMS m/z = 528.1797
(calculated for C25H33FeN3O6 = 528.1797).

Boc−D−Ala−D−Pro−NH−Fn−COOMe (7). Mp = 180 °C. Rf =
0.72 (EtOAc). IR (CH2Cl2) υ̅max/cm−1: 3431 s (NHfree), 3305, 3240
m (NHassoc.), 1706 s, 1695 s, 1637 s (C�OCOOMe, C�OCONH), 1558
s, 1544 s, 1539 s (amide II). 1H NMR (600 MHz, CDCl3-d): trans
isomer: δ 8.46 (br s, 1H, NHFn), 5.35 (d, J = 7.66 Hz, 1H, NHAla),
4.77−4.74 (m, 1H, H-7/10Fn), 4.73−4.69 (m, 1H, H-7/10Fn), 4.68−
4.62 (s, 2.4H, CH-αPro and H-2/5Fn), 4.54−4.47 (m, 2H, CHAla and
H-2/5Fn), 4.37−4.35 (m, 1H, H-8/9Fn), 4.35−4.26 (m, 1.6H, H-8/
9Fn), 4.01−3.99 (m, 1H, H-3/4Fn), 3.99−3.95 (m, 1.2H, H-3/4Fn),
3.79 (s, 3H, CH3-COOMe), 3.71−3.63 (m, 1H, CH2-δPro), 3.62−3.55
(m, 1.5H, CH2-δ′Pro), 2.49−2.41 (m, 1H, CH2-βPro), 2.22−2.12 (m,
1.2H, CH2-γPro), 2.07−1.97 (m, 1.6H, CH2-γ′Pro), 1.95−1.86 (m,
1.5H, CH2-β′Pro), 1.44 (s, 14H, (CH3)3‑Boc), 1.38 (d, J = 6.91 Hz, 3H,
CH3‑Ala) ppm. 13C NMR (150 MHz, CDCl3-d): δ 173.8 (COAla),
171.7 (COCOOMe), 169.2 (COFn), 155.3 (COBoc), 95.6 (C-1Fn), 80.0
(CqBoc), 72.7 (C-8/9Fn), 72.6 (C-8/9Fn), 72.1 (C-6Fn), 71.8 (C-7/
10Fn), 71.3 (C-7/10Fn), 66.5 (C-3/4Fn), 66.3 (C-3/4Fn), 63.30 (C-2/
5Fn), 62.8 (C-2/5Fn), 60.5 (C-αPro), 51.8 (CH3‑COOMe), 48.0 (CH-
αAla), 47.5 (CH2-δPro), 28.5 [(CH3)3‑Boc], 26.8 (CH2-βPro), 25.3
(CH2-γPro), 18.6 (CH3‑Ala) ppm. 1H NMR (600 MHz, CDCl3-d) cis
isomer: δ 8.83 (s, 0.18H, NHFn), 5.14 (d, J = 5.90 Hz, 0.24H, NHAla),
4.93−4.90 (m, 0.21H, H-2/5Fn), 4.89−4.86 (m, 0.20H, H-2/5Fn),
4.67−4.64 (m, 2.37H, H-7Fn and H-10Fn), 4.53−4.47 (m, 2.12H, CH-
αAla), 4.44−4.40 (m, 0.22H, CH-αPro and H-8/9Fn), 4.35−4.28 (m,
1.63H, H-8/9Fn), 4.07−4.05 (m, 0.21H, H-3/4Fn), 4.00−3.97 (m,
1.22H, H-3/4Fn), 3.76 (s, 0.56H, CH3-COOMe), 3.64−3.58 (m, 1.47H,
CH2-δPro and CH2-δ′Pro), 2.74−2.69 (m, 0.19H, CH2-βPro), 2.24−2.14
(m, 1.25H, CH2-γPro), 2.09−2.00 (m, 1.62H, CH2-γ′Pro), 1.97−1.89
(m, 1.50H, CH2-β′Pro), 1.51 (s, 1.64H, (CH3)3‑Boc), 1.32 (d, J = 6.74
Hz, 0.74H, CH3‑Ala) ppm. 13C NMR (150 MHz, CDCl3-d): δ 172.8
(COAla), 172.5 (COCOOMe), 168.9 (COFn), 156.7 (COBoc), 96.2 (C-
1Fn), 80.6 (CqBoc), 72.5 (C-8/9Fn), 72.4 (C-8/9Fn), 72.0 (C-6Fn), 71.7
(C-7/10Fn), 71.0 (C-7/10Fn), 66.6 (C-3/4Fn), 65.9 (C-3/4Fn), 63.4
(C-2/5Fn), 63.1 (C-2/5Fn), 61.5 (CH-αPro), 51.8 (CH3‑COOMe), 49.1
(CH-αAla), 46.8 (CH2-δPro), 31.3 (CH2-βPro), 28.5 [(CH3)3‑Boc], 22.3
(CH2-γPro), 16.6 (CH3‑Ala) ppm. Anal. Calcd for C25H33N3O6Fe:
527.4. ESI-MS (H2O:MeOH = 50:50): [(M − H)−] na m/z 526.1,
[(M + Na)+] na m/z 550. nanoESI-Q-TOF-HRMS m/z = 528.1802
(calculated for C25H33FeN3O6 = 528.1797).

Syntheses of Ac−L−Ala−L−Pro−NH−Fn−COOMe (8), Ac−D−
Ala−L−Pro−NH−Fn−COOMe (9), Ac−L−Ala−D−Pro−NH−Fn−
COOMe (10), and Ac−D−Ala−D−Pro−NH−Fn−COOMe (11).
Acetamides 8−11 were prepared from carbamates 4−7 (800 mg,
1.52 mmol) through the Boc-deprotection in an acidic medium as
described above. The hydrochloride salts obtained were treated with
NEt3 (0.99 mL, 7.12 mmol) to give free amines, which were cooled at
0 °C before acetyl chloride (649 μL, 9.12 mmol) was added dropwise
and then stirred further in an ice bath. After TLC monitoring showed
complete conversion of the starting materials, the reaction mixtures
were poured into water and extracted with CH2Cl2. The combined
organic phases were washed with a brine, dried over Na2SO4, and
evaporated to dryness in vacuo. The resulting crude products were
purified by TLC on silica gel [EtOAc; Rf = 0.65 (8), Rf = 0.61 (9), Rf
= 0.60 (10), Rf = 0.64 (11)] to give orange solids of 8 (851 mg, 56%),
9 (912 mg, 60%), 10 (1.063 g, 70%), and 11 (912 mg, 60%). The

results of IR and NMR analyses of compounds 8 and 9 agree well with
literature data.14

Ac−L−Ala−D−Pro−NH−Fn−COOMe (10). Mp = 102 °C. Rf =
0.60 (EtOAc). IR (CH2Cl2) υ̅max/cm−1: 3438 s (NHfree), 3322 s
(NHassoc.), 1708 s, 1670, 1657 (C�OCOOMe, C�OCONH), 1546, 1509
(amide II). 1H NMR (600 MHz, CDCl3-d): δ 8.34 (s, 1H, NHFn),
6.78 (d, J = 5.87 Hz, 1H, NHAla), 4.77−4.75 (m, 1H, H-2/5Fn), 4.74−
4.72 (m, 1H, H-7/10Fn), 4.70−4.68 (m, 1H, H-2/5Fn), 4.68−4.64 (m,
2H, H-7/10Fn, and CH-αPro), 4.64−4.60 (m, 1H, CH-αAla), 4.44−
4.41 (m, 1H, H-8/9Fn), 4.40−4.38 (m, 1H, H-8/9Fn), 4.03−4.01 (m,
1H, H-3/4Fn), 4.01−3.99 (m, 1H, H-3/4Fn), 3.96−3.90 (m, 1H, CH2-
δPro), 3.79 (s, 3H, CH3-COOMe), 3.56−3.50 (m, 1H, CH2-δ′Pro), 2.44−
2.40 (m, 1H, CH2-βPro), 2.17−2.10 (m, 1H, CH2-γPro), 2.07−1.95 (m,
2H, CH2-β′Pro and CH2-γ′Pro), 2.03 (s, 3H, CH3-Ac), 1.38 (d, J = 6.69
Hz, 3H, CH3-Ala) ppm. 13C NMR (150 MHz, CDCl3-d): δ 172.6
(COAla), 172.4 (COCOOMe), 170.8 (COAc), 169.3 (COFn), 95.9 (C-
1Fn), 73.0 (C-8/9Fn), 72.8 (C-8/9Fn), 71.6 (C-6Fn), 71.4 (C-7/10Fn),
71.2 (C-7/10Fn), 66.4 (C-3/4Fn), 66.2 (C-3/4Fn), 63.08 (C-2/5Fn),
63.04 (C-2/5Fn), 61.1 (CH-αPro), 51.8 (CH3-COOMe), 47.7 (CH-αAla),
47.4 (CH2-δPro), 28.4 (CH2-βPro), 24.7 (CH2-γPro), 23.0 (CH3-Ac),
16.9 (CH3-Ala) ppm. Anal. Calcd for C22H27N3O5Fe: 469.3. ESI-MS
(H2O:MeOH= 50:50): [(M − H)−] m/z 468.1, [(M + Na)+] m/z
492. nanoESI-Q-TOF-HRMS m/z = 470.1384 (calculated for
C22H27FeN3O5 = 470.1378).

Ac−D−Ala−D−Pro−NH−Fn−COOMe (11). Mp = 60 °C. Rf = 0.64
(EtOAc). IR (CH2Cl2) υ̅max/cm−1: 3421 s (NHfree), 3292 s (NHassoc.),
1706 s, 1671, 1636 (C�OCOOMe, C�OCONH), 1555, 1538, 1508
(amide II). 1H NMR (600 MHz, CDCl3-d) trans isomer: δ 8.46 (s,
1H, NHFn), 6.53 (d, J = 7.3 Hz, 1H, NHAla), 4.82−4.76 (m, 1H, CH-
αAla), 4.77−4.75 (m, 1H, H-7/10Fn), 4.73−4.70 (m, 1H, H-7/10Fn),
4.70−4.67 (m, 1H, H-2/5Fn), 4.61 (dd, J = 7.8; 2.2 Hz, 1.2H, CH-
αPro), 4.49−4.46 (m, 1H, H-2/5Fn), 4.39−4.37 (m, 1H, H-8/9Fn),
4.37−4.34 (m, 1H, H-8/9Fn), 4.01−3.98 (m, 2H, H-3/4Fn), 3.79 (s,
3H, CH3-COOMe), 3.76−3.70 (m, 1H, CH2-δPro), 3.65−3.61 (m, 1H,
CH2-δ′Pro), 2.46−2.40 (m, 1H, CH2-βPro), 2.26−2.16 (m, 1H, CH2-
γPro), 2.09−2.03 (m, 1H, CH2-γ′Pro), 2.00 (s, 3H, CH3-Ac), 2.00−1.92
(m, 1H, CH2-β′Pro), 1.41 (d, J = 6.8 Hz, 3H, CH3-Ala) ppm. 13C NMR
(150 MHz, CDCl3-d): δ 173.3 (COAla), 171.8 (COCOOMe), 169.7
(COFn), 169.2 (COAc), 95.6 (C-1Fn), 72.7 (C-8/9Fn), 72.5 (C-8/9Fn),
72.1 (C-6Fn), 71.4 (C-7/10Fn), 71.1 (C-7/10Fn), 66.43 (C-3/4Fn),
66.39 (C-3/4Fn), 63.1 (C-2/5Fn), 62.8 (C-2/5Fn), 60.6 (CH-αPro),
51.8 (CH3-COOMe), 47.6 (CH2-δPro), 46.8 (CH-αAla), 27.3 (CH2-βPro),
25.3 (CH2-γPro), 23.3 (CH3-Ac), 18.4 (CH3-Ala) ppm. 1H NMR (600
MHz, CDCl3-d) cis isomer: δ 9.13 (s, 0.16H, NHFca), 6.30 (d, J = 4.7
Hz, 0.16H, NHAla), 4.97−4.94 (m, 0.15H, H-2/5Fn), 4.89−4.86 (m,
0.17H, H-2/5Fn), 4.73−4.70 (m, 1.18H, H-7/10Fn), 4.65−4.61 (m,
1.16H, H-7/10Fn), 4.45−4.40 (m, 0.36H, CH-αPro and CH-αAla),
4.37−4.34 (m, 1.13H, H-8/9Fn), 4.34−4.33 (m, 0.17H, H-8/9Fn),
4.06−4.04 (m, 0.18H, H-3/4Fn), 4.02−3.98 (m, 2.16H, H-3/4Fn),
3.78 (s, 0.50H, CH3-COOMe), 3.69−3.61 (m, 1.40H, CH2-δPro and
CH2-δ′Pro), 2.72−2.67 (m, 0.18H, CH2-βPro), 2.26−2.17 (m, 1.18H,
CH2‑γPro), 2.09−2.03 (m, 2.05H, CH2-γ′Pro), 2.05 (s, 2.05H, CH3‑Ac),
2.00−1.92 (m, 1.58H, CH2-β′Pro), 1.36 (d, J = 6.9 Hz, 0.68H,
CH3-Ala) ppm. 13C NMR (150 MHz, CDCl3-d): δ 172.0 (COAla),
171.9 (COCOOMe), 171.2 (COFn), 168.8 (COAc), 96.2 (C-1Fn), 72.6
(C-8/9Fn), 72.4 (C-8/9Fn), 71.9 (C-6Fn), 71.4 (C-7/10Fn), 71.0 (C-7/
10Fn), 66.6 (C-3/4Fn), 66.0 (C-3/4Fn), 63.5 (C-2/5Fn), 63.2 (C-2/
5Fn), 61.5 (CH-αPro), 51.7 (CH3-COOMe), 46.7 (CH-αAla), 47.6 (CH2-
δPro), 31.4 (CH2-βPro), 22.8 (CH2-γPro), 22.8 (CH3-Ac), 16.4 (CH3-Ala)
ppm. Anal. Calcd for C22H27N3O5Fe: 469.3 ESI-MS (H2O:MeOH=
50:50): [(M − H)−] m/z 468.1, [(M + H)−+] m/z 492. nanoESI-Q-
TOF-HRMS m/z = 470.1383 (calculated for C22H27FeN3O5 =
470.1378).

Computational Details. Conformational analyses of Boc-protected
6 and 7 and Ac-protected 10 and 11 were conducted in three stages.
The same scalar properties were expected for their enantiomeric pairs,
thus they were not individually modeled. In the first stage, a series of
low-level optimizations were performed by molecular mechanics
(OPLS2005 force field) in MacroModel.105,106 Only the representa-
tive set of the most stable conformers was selected for further
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optimizations at a high level of theory (B3LYP/Lanl2DZ) and run in
Gaussian 16 with a default grid and convergence criteria.107 The last
stage included optimizations of the most stable conformers at the
B3LYP/6-311+G(d,p) (LanL2DZ basis set on Fe) level of theory
while surrounding solvent (chloroform) was described as a polarizable
continuum (PCM).108 Each structure was verified as a minimum on
the potential energy surface. The reported energies refer to standard
Gibbs free energies at 298 K. QTAIM theory implemented in the
AIMAll package109 was used for the characterization of hydrogen
bonds. Topological parameters of the bond critical points between the
hydrogen bond acceptors and hydrogen atoms were calculated and
N−H···O verified according to the Koch and Popelier criteria.110

Crystallographic Study. Single crystal measurements were
performed on a dual source (Mo/Cu) Rigaku Oxford Diffraction
Synergy S diffractometer equipped with an Oxford Cryosystems series
800 cryostat. Friedel pairs were measured to establish the absolute
configuration of stereogenic centers. Program package CrysAlis
PRO111 was used for data reduction and multiscan absorption
correction. The structures were solved using SHELXS97112 and
refined with SHELXL-2017.113 Absolute configurations were
determined from an anomalous dispersion. Models were refined
using the full-matrix least-squares refinement; all non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were located in a
difference Fourier map and refined as riding entities. Molecular
geometry calculations were performed with PLATON,114 and
molecular graphics were prepared using ORTEP-3115 and Mercury.116

Crystallographic and refinement data for the structures reported in
this article are shown in Table 3.
Biological Evaluation. Antimicrobial Activity. Antimicrobial

activity was tested using the disk diffusion method according to the
protocol described in detail in our recent work.16 Briefly, Gram-
positive bacteria (Staphylococcus aureus, Bacillus subtilis, Enterococcus
faecium, and Listeria monocytogenes), Gram-negative bacteria (Pseudo-
monas aeruginosa, Escherichia coli, and Salmonella enterica s.
Typhimurium), lactic acid bacteria (Leuconostoc mesenteroidesand
Lactobacillus plantarum) and yeasts (Candida albicans, Candida utiliz,
Rhodotorula sp, and Saccharomyces cerevisiae) were used to evaluate
the antimicrobial properties of the tested peptides. In addition, Boc-
peptides 4−7 were tested at a concentration of 188.89 mM, while Ac-
peptides 8−11 were tested at a concentration of 213.16 mM. It can be
calculated that the compounds were tested at a level of 1 mg/disk.

In addition, the efficacy of the antimicrobial activity was tested by
exposing the cells to the tested peptides dissolved in DMSO or the
peptide-cyclodextrin inclusion complex. To prepare the peptide-
cyclodextrin inclusion complex, an aqueous solution of methyl-β-
cyclodextrin (MBCD) (Sigma-Aldrich, USA) was prepared at a
concentration of 20 mM. Equal volumes of 20 mM peptide
compounds 4−7 and MBCD were mixed and stirred on a vortex
shaker at room temperature for 2 h. Then the prepared compounds
were incubated for 24 h with a cell suspension in buffer (6 log CFU,
peptide concentrations 4 and 2 mM). After 4, 8, and 24 h of
incubation, decimal dilutions were prepared and plated on agar. As a
control, cells without peptide exposure were also plated on agar. The

Table 3. Crystallographic, Data Collection, and Refinement Data

Compound 4 3

empirical formula C25H33FeN3O6 C22H28FeN2O5

formula wt/g mol−1 527.39 456.31
crystal dimensions/mm 0.25 × 0.23 × 0.11 0.23 × 0.18 × 0.12
space group P 41 21 2 P 21

a/Å 11.06960(10) 10.94960(10)
b/Å 11.06960(10) 8.57190(10)
c/Å 43.0202(5) 11.94590(10)
α/deg 90 90
β/deg 90 107.3410(10)
γ/deg 90 90
Z 8 2
V/Å3 5271.53(11) 1070.266(19)
Dcalc/g cm−3 1.329 1.416
μ/mm−1 4.949 5.954
Θ range/deg 4.11−79.77 3.88−79.76
T/K 293(2) 293(2)
radiation wavelength/Å 1.54184 1.54184
diffractometer type Synergy S Synergy S
ranges of h, k, l −13 < h < 13: −13 < h < 13;

−10 < k < 13; −10 < k < 10;
−54 < l < 54 −12 < l < 15

reflections collected 40483 15128
independent reflections 5683 4544
observed reflections (I ≥ 2σ) 5166 4354
absorption correction multiscan multiscan
Tmin, Tmax 0.4113, 1.0000 0.5397, 1.0000
Rint 0.0782 0.0601
R(F) 0.0346 0.0405
Rw(F2) 0.0979 0.1158
goodness of fit 1.073 0.844
Flack parameter −0.012(3) −0.006(4)
H atom treatment constrained constrained
no. of parameters 316 271
no. of restraints 0 0
Δρmax, Δρmin, Δρrms (e Å−3) 0.222, −0.230, 0.036 0.357, −0.423, 0.065

Organometallics pubs.acs.org/Organometallics Article

https://doi.org/10.1021/acs.organomet.4c00248
Organometallics 2024, 43, 2608−2625

2620

pubs.acs.org/Organometallics?ref=pdf
https://doi.org/10.1021/acs.organomet.4c00248?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


following day, the colonies on the plates were counted and the
survival rate was calculated for the control and the cells exposed to the
tested tripeptide dissolved in DMSO or the peptide-cyclodextrin
inclusion complex. The survival rate was calculated by dividing the
total number of cells surviving after 4, 8, and 24 h of incubation (log
CFU) by the total number (log CFU) of living cells before treatment.
Antiradical Activity. DPPH Assay. The antiradical activity of

ferrocene compounds (concentration of 1 mM) against DPPH (1,1-
diphenyl-2-picrylhydrazyl) radicals was measured according to the
method of Brand-Williams et al.117 Samples (60 μL) were mixed with
0.1 mM DPPH working solution (2 mL). Absorbance at 517 nm was
measured with a spectrophotometer after 30 min of incubation in the
dark. Ethanol was used as a control. A calibration curve was
constructed using Trolox as the reference antioxidant in the range of
0.05−0.5 mM (R2 = 0.997). Results were expressed as millimoles of
Trolox equivalents (mM Trolox equivalents). Measurements were
performed in triplicate.

ABTS Radical Cation Scavenging Activity. The ABTS radical
scavenging activity of the tested compounds was estimated according
to the method of Re et al.118 ABTS·+ was generated in the reaction of
a 7 mM stock solution of ABTS [2,2′-azinobis(3-ethylbenzo-
thiazoline-6-sulfonic acid) diammonium salt] with 140 mM potassium
persulfate, and the mixture was left in the dark at room temperature
for 16 h before use. Then, the ABTS·+ working solution was prepared
by diluting the previously prepared mixture with 96% (v/v) ethanol
until an initial absorbance value of 0.70 ± 0.02 at 734 nm was
obtained. Briefly, 20 μL of sample was added to 2 mL of ABTS·+
working solution, and the absorbance at 734 nm was measured after 6
min. Trolox (0.1−1.5 mM) was used as a reference antioxidant (R2 =
0.999). A control was prepared with the same volume of ethanol
without test compounds or reference antioxidant. The ABTS·+
scavenging activity of the samples was expressed in millimoles of
Trolox (mM Trolox). Measurements were performed in triplicate.

Antiproliferative Activity. The antiproliferative activity was
evaluated in vitro using the CellTiter 96 AQueous One Solution
Cell Proliferation assay (Promega, USA), abbreviated as MTS, as we
have previously described.15 The human tumor adherent cell line
HeLa was used, and it was cultivated in DMEM (Sigma-Aldrich,
USA) supplemented with 5% (v/v) FBS (GibcoTM, Thermo Fisher
Scientific, USA) and 1% (v/v) antibiotic/antimitotic solution (Gibco,
Thermo Fisher Scientific, USA). The HeLa cell line was cultured in
BioLite Petri dishes (Thermo Fisher Scientific, USA) in an incubator
with a humidified atmosphere and 5% CO2 at 37 °C, while individual
tests were performed in 96-well plates (Thermo Fisher Scientific,
USA). Briefly, cells were seeded at an initial concentration of 3 × 104

cells per well in 100 μL of culture media and treated after 24 h with
the different concentrations of the compounds tested (50, 100, 175,
250, 375, and 500 μM). The treatment lasted for 72 h in the
incubator and then was followed by the MTS assay. The assay was
carried out according to the manufacturer’s instructions with a few
modifications. MTS reagent (10 μL) was added to each well, cells
were incubated for an additional 3 h, and then the absorbance was
measured at 492 nm on the microplate reader (Tecan, Switzerland).
The cell viability percentage was expressed as the ratio between the
absorbance of the treated versus not treated control cells. The tests
were performed in triplicate with four parallels for each concentration.
From the cell viability data, when possible, the IC50 value, defined as
the concentration of the test compound that results in 50% inhibition
of cell growth, was calculated from the best-fit equations of the dose−
response curves.

Cell Death Assessment. Quantitative analysis of peptide-treated
live, apoptotic, and dead cells was performed using the Muse Cell
Analyzer (EMD Millipore Corporation, Burlington, MA, USA) and
the Muse Annexin V and Dead Cell Kit according to the
manufacturer’s instructions. In brief, HeLa cells were plated in a 6-
well culture plate at a density of 5 × 104 cells mL−1 (2 mL per well)
and treated with 250 μM of conjugates 4, 5, 8, and 10 for 72 h. After
treatment, both floating and adherent cells were collected, centrifuged
at 600g, and resuspended in cell culture medium at the appropriate
concentration according to the manufacturer’s protocol. Then 100 μL

aliquots of the cell suspension were mixed with 100 μL of Muse
Annexin V and Dead Cell Reagent and incubated for 20 min at room
temperature in the dark. The cells were then analyzed using the Muse
Cell Analyzer. Each compound was tested in duplicate, and each
experiment was repeated twice.
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Mojca Čakic ́ Semencǐc ́ − Department of Chemistry and
Biochemistry, University of Zagreb Faculty of Food
Technology and Biotechnology, 10000 Zagreb, Croatia;

orcid.org/0000-0003-3975-1584
Martina Bagovic ́ − Department of Biochemical Engineering,

University of Zagreb Faculty of Food Technology and
Biotechnology, 10000 Zagreb, Croatia
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(18) Barisǐc,́ L.; Kovacěvic,́ M.; Mamic,́ M.; Kodrin, I.; Mihalic,́ Z.;

Rapic,́ V. Synthesis and Conformational Analysis of Methyl N-Alanyl-
1-aminoferrocene-1-carboxylate. Eur. J. Inorg. Chem. 2012, 2012,
1810−1822.
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