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Abstract: The incorporation of different ferrocene scaffolds into the peptide sequences induces the
formation of hydrogen-bond-based secondary structural elements that are frequently observed in
natural peptides and proteins. There are three simple ferrocene scaffolds for conjugation with amino
acids and peptides that serve as templates for ferrocene peptidomimetics, namely ferrocene-1,1′-
dicarboxylic acid (Fcd, I), 1′-aminoferrocene-1-carboxylic acid (Fca, III), and ferrocene-1,1′-diamine
(Fcda, V). Here, we have investigated their ability to induce the turn structure upon conjugation with
Val, Leu, and Phe. Furthermore, we also wanted to determine whether the branched side chains
of Val, Leu, and Phe interfere with intramolecular hydrogen bonding (IHB). For these purposes,
we performed a detailed spectroscopic analysis by measuring the concentration, temperature, and
solvent dependence of the IR, NMR, and CD spectra. The effect of the different ferrocene scaffolds
on the antioxidant activity of the prepared peptides was tested using the DPPH and ABTS methods,
and was further rationalized using electrochemical measurements. It was found that the ferrocene
scaffold has the greatest influence on the hydrogen bonding pattern, while the influence of the side
branches of the amino acids is less relevant.

Keywords: ferrocene; peptidomimetics; antioxidant activity; valine; leucine; phenylalanine;
conformational analysis; hydrogen bonds; cyclic voltammetry

1. Introduction

Since the conformational stability, biological activities, and therapeutic properties of
peptides and proteins are related to their secondary structure, the main goal in the design
and preparation of synthetic peptides is to enable the formation of secondary structure
elements [1–4]. Ferrocene peptides are known for their ability to adopt the turn- and β-
sheet-like structures, similar to those found in natural peptides, as a result of intramolecular
hydrogen bonding [5–8].

Kraatz and Metzler-Nolte have established three different types of 1,n′-disubstituted
peptide systems based on the parent compound [9]. Since the choice of the ferrocene
scaffold (I, III, and V) dictates the orientation of the peptide chain and affects the rigidity
of the molecule depending on the pattern of hydrogen bonds established, it is possible to
prepare three types of ferrocene peptides, i.e.: II, IV, and VI (Figure 1).
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Figure 1. Ferrocene–alanine peptides II, IV, and VI derived from Fcd (I), Fca (III), and Fcda (V) 
(IHB denoted as dashed lines). 

For example, amino acid or peptide conjugates II derived from the Fcd (I) most 
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structural motif is known as the ‘Herrick‘ conformation. Alternative motifs are less 
frequently observed, such as the structure with only one interchain IHB closing the seven-
membered γ-turn ring, the so-called ‘van Staveren’s’ conformation or ‘Xu’s’ open 
conformation, in which no intramolecular hydrogen bonding interactions occur [10–13]. 

The essential feature of Fca (III) is that, in contrast to Fcd (I) and Fcda (V), it enables 
the formation of a 12-membered IHB ring between antiparallel podand peptide chains, as 
found in natural peptides [14–17]. 

Compared to peptides II and IV, conjugates derived from ferrocene-1,1′-diamine (V) 
have been less studied [5,18–20]. The formation of 14-membered IHB rings between 
podand peptide chains, similar to those in antiparallel β-sheets, makes it a desirable 
structural element. 

It has been shown that isosteric modification of bioactive compounds with ferrocene 
enhances antimicrobial, antioxidant, and anticancer activity due to the exceptional 
properties of ferrocene, e.g., superaromaticity, air and heat stability, electrophilicity, 
solubility in organic solvents, non-toxicity, and lipophilicity [21–24]. Therefore, the 
biological potential of the new peptides 1–9 is also being investigated. 

Peptide sequences containing a high number of amino acids with hydrophobic side 
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For example, amino acid or peptide conjugates II derived from the Fcd (I) most com-
monly form intramolecular interchain hydrogen bonds that form two ten-membered rings
(two β-turns) in the resulting C2-symmetric peptide structure. (Figure 1). This structural
motif is known as the ‘Herrick’ conformation. Alternative motifs are less frequently ob-
served, such as the structure with only one interchain IHB closing the seven-membered
γ-turn ring, the so-called ‘van Staveren’s’ conformation or ‘Xu’s’ open conformation, in
which no intramolecular hydrogen bonding interactions occur [10–13].

The essential feature of Fca (III) is that, in contrast to Fcd (I) and Fcda (V), it enables
the formation of a 12-membered IHB ring between antiparallel podand peptide chains, as
found in natural peptides [14–17].

Compared to peptides II and IV, conjugates derived from ferrocene-1,1′-diamine
(V) have been less studied [5,18–20]. The formation of 14-membered IHB rings between
podand peptide chains, similar to those in antiparallel β-sheets, makes it a desirable
structural element.

It has been shown that isosteric modification of bioactive compounds with ferrocene
enhances antimicrobial, antioxidant, and anticancer activity due to the exceptional proper-
ties of ferrocene, e.g., superaromaticity, air and heat stability, electrophilicity, solubility in
organic solvents, non-toxicity, and lipophilicity [21–24]. Therefore, the biological potential
of the new peptides 1–9 is also being investigated.

Peptide sequences containing a high number of amino acids with hydrophobic side
chains, so-called β-branched amino acids (Leu, Val, Phe, or Ile), are known to form β-
sheet or α-helical structures supported by strong inter- or intramolecular non-covalent
interactions [25].

Mitochondria-penetrating peptides (MPPs), a subclass of cell-penetrating peptides
(CPPs), are short amino acid sequences that are able to penetrate the plasma membrane,
i.e., the mitochondrial lipid bilayer. This is facilitated by the hydrophobic residues of the
hydrophobic amino acids, which provide a high degree of lipophilicity [26]. It is known



Inorganics 2024, 12, 195 3 of 18

that hydrophobic interactions cause the folding of proteins and stabilize the structures of
single proteins, multiproteins, and protein−ligand systems [27].

The presence of hydrophobic amino acids in naturally occurring or synthetically
produced antimicrobial peptides (AMPs) facilitates their distribution in microbial mem-
branes [28]. Saint Jean et al. used the peptide C18G as a model system in which peptide
variants were synthesized by replacing Leu residues with other hydrophobic amino acids
and 2-aminoisobutyric acid. This led to the conclusion that hydrophobic groups in the
AMP sequence play an important role in binding and the ability of the peptide to exhibit
antibacterial activity. Therefore, controlling the hydrophobic groups in AMPs could be an
approach to tune the activity to an optimal therapeutic window [29].

The study on the relationship between structure and antioxidant activity has shown
that the antioxidant capacity of peptides is closely related to some structural features such
as molecular mass, amino acid composition, sequences, and hydrophobicity [30]. A higher
content of hydrophobic amino acids compared to hydrophilic amino acids was found in
peptides with high antioxidant activity, which is considered to be a key factor for the radical
scavenging ability of peptides [31,32]. The groups of Chanput and Li investigated the QSAR
(Quantitative Structure–Activity Relationships) concept for antioxidant peptides, and more
specifically the antioxidant activities of tripeptide libraries against the peroxidation of
linoleic acid. Chanput et al. pointed out that hydrophobic amino acids such as Ile, Leu,
Phe, Trp, Tyr, and Val are required for the antioxidant activity of peptide segments [33],
while Li et al. showed that the N-terminal amino acid should be a highly hydrophobic
amino acid (such as Ala, Gly, Val, and Leu), while the middle amino acid should have high
hydrogen-bonding ability (such as basic Arg, Lys, and His) [34,35].

The work of Ohashi et al. discussed the correlation between six different antioxidant
assays in the structure–activity relationship of antioxidant peptides based on the free radical
scavenging activities of two series of tripeptide libraries [36]. The highest superoxide radical
and reducing power activities were shown in the nanofiltrat fraction (1–4 kDa) from dark
tuna muscle by-products containing antioxidant amino acids such as Tyr, Phe, Pro, Ala,
His, and Leu, as reported by Saidi [37].

Ferrocene dipeptides derived from Fca (III) and hydrophobic amino acids (Phe, Val,
and Leu) showed antimicrobial and antioxidant activity as well as high resistance to
proteolytic cleavage, suggesting that the ferrocene scaffold plays an important role in
stabilizing the dipeptides against enzymatic degradation [38]. In the same study, we have
determined that the chirality of the amino acid groups, polarity of the protecting groups,
and hydrophobicity influence the antimicrobial and antioxidant activity of the compounds
due to the different patterns of hydrogen bonds formed. In recent research, derivatives of
Fcda (V) and various hydrophobic amino acids (L-/D-Val, L-/D-Leu, and L-/D-Phe) were
prepared to investigate whether Fcda induces a β−turn upon conjugation with an amino
acid and whether the bulkiness of the Phe, Val, and Leu side-branches affects the pattern of
hydrogen bonds [20].

In view of the previously mentioned results of the conformational analysis of ferrocene
peptides, which point to the role of the ferrocene scaffold as a nucleator of turn-like
structures, we decided to investigate the influence of the structurally different ferrocene
scaffolds [Fcd (I), Fca (III), and Fcda (V)] (Figure 2) and the bulkiness of amino acid side
chains on the conformational and electrochemical properties of bioconjugates II (1–3), IV
(4–6), and VI (7–9) using IR, NMR, and CD spectroscopy, as well as cyclic voltammetry.

To determine how the aforementioned factors influence biological activity, the obtained
compounds were analyzed for their antioxidative properties using the DPPH and ABTS
methods. In addition, the obtained antioxidant activity of compounds 1–9 was further
rationalized using electrochemical measurements. To the best of our knowledge, we have
not found any examples in the literature dealing with the comparability of three types of
ferrocene synthons and their influence on antioxidant activity.
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Figure 2. Symmetrically disubstituted ferrocene peptides II, IV, and VI. 
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Figure 2. Symmetrically disubstituted ferrocene peptides II, IV, and VI.

2. Results and Discussion

All spectroscopic measurements related to conformational analysis can be found in
the Supplementary Materials. Although the synthesis of the target compounds has already
been described in previous publications [6,16,20,39,40], we repeated all IR, NMR, and CD
measurements to ensure the same conditions and reliable correlation.

2.1. Infrared Spectroscopy (IR Spectroscopy)

Infrared spectroscopy (IR) is an instrumental method that measures the wavelength
and intensity of the absorption of infrared radiation and provides a reliable insight into
the conformational space of peptides in a solution, based on NH and CO absorptions [41].
Stretching frequencies above 3400 cm−1 are attributed to free NH groups, while NH bands
below 3400 cm−1 indicate their involvement in hydrogen bonding (Table 1, Figure 3).
Absorption bands of carbonyl ester groups were detected below 1730 cm−1, also indicating
their involvement in hydrogen bonding [42].

In dichloromethane solutions of tripeptides 1–9 (c = 5 × 10−2 M), distinct signals were
observed in the region of the NH stretching vibrations, with the signals of the associated
NH dominating (<3400 cm−1) (Table 1). The graph (Supplementary Materials Figure S1)
showing the stretching vibrations in the region of the NH groups of the peptides prepared
from Fcd (I) demonstrates that almost all NH groups are associated.
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Table 1. Stretching frequencies [ν (cm−1)] of NH and CO groups of 1–9 in CH2Cl2 (c = 5 × 10−2 M).

Compound νNH
(Free)

νNH
(Associated)

νCO
(Ester)

MeO−Val−CO−Fn *−CO−Val−OMe (1) 3430 3389 1729
MeO−Leu−CO−Fn−CO−Leu−OMe (2) 3429 3372 1729
MeO−Phe−CO−Fn−CO−Phe−OMe (3) 3434 3378 1730
MeO−Val−CO−Fn−NH−Val−Boc (4) 3433 3369, 3326 1720
MeO−Leu−CO−Fn−NH−Leu−Boc (5) 3434 3372, 3322 1724
MeO−Phe−CO−Fn−NH−Phe−Boc (6) 3430 3375, 3326 1725
Ac−Val−NH−Fn−NH−Val−Boc (7) 3422 3324 1710
Ac−Leu−NH−Fn−NH−Leu−Boc (8) 3425 3320 1708
Ac−Phe−NH−Fn−NH−Phe−Boc (9) 3416 3324 1709

* Fn = ferrocenylene.

The ratio of the bonded and non-bonded NH groups in the IR spectra of peptides 1, 4,
and 7, obtained by the conjugation of Val with ferrocene scaffolds I, III, and V, allows us to
conclude which ferrocene scaffold favors the participation of NH groups in IHB (Figure 3).
It can be seen that the formation of hydrogen bonds is most favored in the presence of Fcda
(V) as the nucleating scaffold, since the proportion of the associated NH band is highest in
peptide 7 (0.5:1). The lowest potential to induce IHBs is shown for the scaffold Fca (III),
since the ratios of free and associated NH bands are 0.7:1.

Figure S1 shows that there is a pattern to how side-branching of the hydrophobic
amino acids affects the intensity of the associated and free bands, as the ratio of free and
associated NH bands shows that the bulky benzyl side chains strongly interfere with
hydrogen bonding. In peptides III and V, the excessive ratio of free and associated NH
bands (0.7:1 and 1:1) indicates a higher proportion of non-bonded states in conjugates 6
and 9, with phenylalanine compared to conjugates with valine (4 and 7) and leucine (5 and
8) (0.5:1 and 0.6:1).

To further characterize the inter- or intramolecular nature of hydrogen bonding (associ-
ation), it is necessary to test the concentration-dependence of the IR spectra. With a gradual
dilution of the solution of the tested sample, the intermolecular hydrogen bonds tend to
cleave, resulting in a decrease in the intensity of the associated NH bands compared to those
of the free NH groups. In contrast, when intramolecular hydrogen bonds are formed, the
ratio of free and associated bands remains unchanged. Here, the concentration-independent
IR spectra of peptides 1–9 indicate the intramolecular character of the hydrogen bonds
(Supplementary Materials S3, S8, S13, S18, S23, S28, S33, S38, and S43).

2.2. Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance (NMR) is a method that can be used not only to determine
the chemical structure of molecules, but also to gain a better insight into the patterns of
hydrogen bonding. This method can be applied to distinguish whether individual NH
groups are involved in hydrogen bonds. Thus, if the signal of the NH group is downfield
shifted (above 7 ppm), this group is involved in hydrogen bonding [43,44].

A common feature of conjugates 1–9 is a high chemical shift of the amide protons of the
ferrocene scaffold (NHFn), indicating their involvement in hydrogen bonding. Considering
that the NH protons of the N-protecting groups (NHAc and NHBoc) are upfield shifted
(δ < 7.0 ppm), they are not expected to be involved in IHBs (Table 2).

In peptides 1–3 (type II) with an amide bond between Val, Leu, or Phe, respectively,
and a carbonyl group of the ferrocene scaffold (I), the NH signals are slightly upfield shifted
(δ~7.5–7.8 ppm) compared to peptides IV (4–6) and VI (7–9) (δ > 9.0 ppm), which originate
from scaffolds III and V with an NH group bound to the ferrocene unit.
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Table 2. Chemical shifts [δ/ppm] of the NH protons of 1–9 in CDCl3-d (c = 5 × 10−2 M).

Compound
δ (ppm)

(NHCO) (NHFn
a) (NHFn

b) (NHAc) (NHBoc)

MeO−Val−CO−Fn−CO−Val−OMe (1) 7.49
MeO−Leu−CO−Fn−CO−Leu−OMe (2) 7.76
MeO−Phe−CO−Fn−CO−Phe−OMe (3) 7.72
MeO−Val−CO−Fn−NH−Val−Boc (4) 7.5 9.01 5.11
MeO−Leu−CO−Fn−NH−Leu−Boc (5) 7.62 9.33 5.01
MeO−Phe−CO−Fn−NH−Phe−Boc (6) 7.5 8.98 5.20
Ac−Val−NH−Fn−NH−Val−Boc (7) 9.21 9.04 6.75 5.21
Ac−Leu−NH−Fn−NH−Leu−Boc (8) 9.38 9.16 7.3 5.16
Ac−Phe−NH−Fn−NH−Phe−Boc (9) 9.16 9.1 6.9 5.34

a,b = denoted on Figure 2.

2.2.1. Concentration-Dependent NMR

Based on the concentration-independent IR specta, we assumed the intramolecular
character of the hydrogen bonds in peptides II (1–3), IV (4–6), and VI (7–9), which has
to be confirmed by examining the concentration-dependent 1H NMR spectra. However,
it should be taken into account that the dilution or cleavage of intermolecular hydrogen
bonds causes an upfield shift of the amide protons. As can be seen from the plots in Figure 4,
the gradual decrease in CDCl3-d concentration (from high-50 mM to low-6.25 mM) did not
lead to significant changes in the chemical shifts of the NHFn protons, which is further
confirmation of the intramolecular nature of the hydrogen bonds, as suggested using
IR spectroscopy. Even though the concentration-independent IR spectra of peptides VI
(7–9) exclude the presence of intermolecular hydrogen bonds, the significantly changed
chemical shifts of the acetamide NHAc protons upon dilution (∆δ~0.6–1 ppm) still indicate
the possible presence of intermolecular aggregates (Figure 4c).

Inorganics 2024, 12, x FOR PEER REVIEW 6 of 18 
 

 

A common feature of conjugates 1–9 is a high chemical shift of the amide protons of 
the ferrocene scaffold (NHFn), indicating their involvement in hydrogen bonding. Consid-
ering that the NH protons of the N-protecting groups (NHAc and NHBoc) are upfield shifted 
(δ < 7.0 ppm), they are not expected to be involved in IHBs (Table 2).  

Table 2. Chemical shifts [δ/ppm] of the NH protons of 1–9 in CDCl3-d (c = 5 × 10−2 M). 

Compound 
δ (ppm) 

(NHCO) (NHFna) (NHFnb) (NHAc) (NHBoc) 
MeO−Val−CO−Fn−CO−Val−OMe (1) 7.49     
MeO−Leu−CO−Fn−CO−Leu−OMe (2) 7.76     
MeO−Phe−CO−Fn−CO−Phe−OMe (3) 7.72     
MeO−Val−CO−Fn−NH−Val−Boc (4) 7.5 9.01   5.11 
MeO−Leu−CO−Fn−NH−Leu−Boc (5) 7.62 9.33   5.01 
MeO−Phe−CO−Fn−NH−Phe−Boc (6) 7.5 8.98   5.20 
Ac−Val−NH−Fn−NH−Val−Boc (7)  9.21 9.04 6.75 5.21 
Ac−Leu−NH−Fn−NH−Leu−Boc (8)  9.38 9.16 7.3 5.16 
Ac−Phe−NH−Fn−NH−Phe−Boc (9)  9.16 9.1 6.9 5.34 

In peptides 1–3 (type II) with an amide bond between Val, Leu, or Phe, respectively, 
and a carbonyl group of the ferrocene scaffold (I), the NH signals are slightly upfield 
shifted (δ~7.5–7.8 ppm) compared to peptides IV (4–6) and VI (7–9) (δ > 9.0 ppm), which 
originate from scaffolds III and V with an NH group bound to the ferrocene unit. 

2.2.1. Concentration-Dependent NMR 
Based on the concentration-independent IR specta, we assumed the intramolecular 

character of the hydrogen bonds in peptides II (1–3), IV (4–6), and VI (7–9), which has to 
be confirmed by examining the concentration-dependent 1H NMR spectra. However, it 
should be taken into account that the dilution or cleavage of intermolecular hydrogen 
bonds causes an upfield shift of the amide protons. As can be seen from the plots in Figure 
4, the gradual decrease in CDCl3-d concentration (from high-50 mM to low-6.25 mM) did 
not lead to significant changes in the chemical shifts of the NHFn protons, which is further 
confirmation of the intramolecular nature of the hydrogen bonds, as suggested using IR 
spectroscopy. Even though the concentration-independent IR spectra of peptides VI (7–9) 
exclude the presence of intermolecular hydrogen bonds, the significantly changed chem-
ical shifts of the acetamide NHAc protons upon dilution (Δδ~0.6–1 ppm) still indicate the 
possible presence of intermolecular aggregates (Figure 4c). 

   
(a) (b) (c) 

Figure 4. Concentration dependence of the amide proton chemical shifts for (a) 1–3, (b) 4–6 and (c) 
7–9. 

  

0 10 20 30 40 50
7.0

7.5

8.0

3  NHCO
2 NHCO

δ 
(p

pm
)

c (mM)

1 NHCO

0 10 20 30 40 50

5.0

5.5

6.0

6.5

7.0

7.5

8.0

8.5

9.0

9.5

 δ
 (p

pm
)

c (mM)

 4 NHFn

 4 NHCO

 4 NHBoc

 5 NHFn

 5 NHCO

 5 NHBoc

 6 NHFn

 6 NHCO

 6 NHBoc

0 10 20 30 40 50

5.0

5.5

6.0

6.5

7.0

7.5

8.0

8.5

9.0

9.5

δ 
(p

pm
)

c (mM)

 7 NHFna

 7 NHFnb

 7 NHAc

 7 NHBoc

 8 NHFna

 8 NHFnb

 8 NHAc

 8 NHBoc

 9 NHFna

 9 NHFnb

 9 NHAc

 9 NHBoc

Figure 4. Concentration dependence of the amide proton chemical shifts for (a) 1–3, (b) 4–6 and
(c) 7–9.

2.2.2. Temperature-Dependent NMR

To further confirm the intramolecular character of the hydrogen bonds in peptides II,
IV, and VI, temperature-dependent imaging of a 12.5 mM peptide solution in CDCl3-d in
the range of 250–330 K was also performed (Figure 5). In our previous studies [17,18,20],
we found that when peptide solutions are heated in the mentioned range, the chemical
shifts of the free amide protons or those involved in the formation of IHB remain the same
or change slightly, with the change in the proton shift range being up to 0.3 ppm. When
amide protons are involved in intermolecular hydrogen bonding, the change in shift is
more pronounced (∆δ~1–4 ppm).
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From the plots of the temperature dependence of peptide II (1–3), it is evident that
the change in the chemical shift of NH is insignificant (∆δ < 0.4 ppm), regardless of the
constituent amino acid, thus confirming the intramolecular character of the hydrogen
bonds in this type of peptide. The same difference in the displacement of amide protons is
evident from the temperature dependence diagram of type IV (4–6) peptides. Considering
that the signals of NHFn in peptides VI (7–9) have smaller upfield shifts (∆δ < 0.6 ppm), it
is confirmed that they are involved in strong IHBs. At the same time, the larger upfield
shifts (∆δ > 1.2 ppm) experienced by NHAc in dipeptides 8 and 9 are certainly due to their
involvement in less stable structures.
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Figure 5. Temperature dependence of the amide proton chemical shifts for (a) 1–3, (b) 4–6, and
(c) 7–9.

Intermolecular hydrogen bonds, as well as hydrogen bonds with the solvent, are
cleaved at an elevated temperature, which leads to an upfield shift in the NH group signal.
In other words, the dependence on low temperatures in CDCl3 is due to exposed and
shielded NH groups, while the dependence on high temperatures always indicates NH
groups that were shielded at the beginning of the measurement but which were exposed to
the solvent upon heating due to dissociation of self-assembled aggregates or dissolution of
the ordered conformation. The exposure of the NH groups of the peptides to the solvent is
determined by the dependence of the chemical shifts on the temperature, the temperature
coefficients (∆δ/∆T). Larger values correspond to the initially shielded protons (involved
in hydrogen bonding) exposed to the solvent during the unfolding of IHB-stabilized
structures or the dissociation of aggregates at higher temperatures [45–48]. Therefore,
the concentration-independent NHFn and NHCO show larger temperature coefficients
(−3.85 to −9.28 ppb K−1), confirming their involvement in IHB-mediated folding. The
large temperature coefficients (−11.57 to −17.71 ppb K−1) of NHAc further confirms their
involvement in self-assembly. Nevertheless, NHBoc shows no significant dependence on
temperature as it is not involved in HBs (Table 3).

Thus, the increased temperature dependencies of the chemical shifts of ferrocene
peptides II, IV, and VI, which have been shown to be independent of concentration (ruling
out the possibility of their intermolecular aggregations), reflect the originally shielded NH
groups being exposed to the solvent by breaking the conformations ordered by intramolec-
ular hydrogen bonds.
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Table 3. Temperature coefficients (∆δ/∆T) of the NH protons 1–9 in CDCl3-d (c = 5 × 10−2 M).

Compound
∆δ/∆T (ppb K−1)

(NHCO) (NHFn
a) (NHFn

b) (NHAc) (NHBoc)

MeO−Val−CO−Fn−CO−Val−OMe (1) −7
MeO−Leu−CO−Fn−CO−Leu−OMe (2) −4.22
MeO−Phe−CO−Fn−CO−Phe−OMe (3) −6.11
MeO−Val−CO−Fn−NH−Val−Boc (4) −7.14 −8 −1.28
MeO−Leu−CO−Fn−NH−Leu−Boc (5) −3.85 −5.28 −1.42
MeO−Phe−CO−Fn−NH−Phe−Boc (6) −6.28 −9.28 −1.28
Ac−Val−NH−Fn−NH−Val−Boc (7) −7.28 −6.14 −11.57 −1.57
Ac−Leu−NH−Fn−NH−Leu−Boc (8) −6.57 −6.57 −17.71 −1.57
Ac−Phe−NH−Fn−NH−Phe−Boc (9) −8.71 −9.14 −15.14 −2.42

a,b = denoted on Figure 2.

2.2.3. Solvent-Dependence of NMR Chemical Shifts

The strength of the IHBs resulting from the IR and NMR data presented above
was tested using titration with DMSO-d6. While a significant downfield shift of the
NH protons exposed to polar DMSO-d6 is expected, the NH protons involved in strong
hydrogen bonds are shielded from DMSO, and their chemical shifts remain almost un-
changed [49,50]. It was found that titration of 12.5 mM CDCl3-d solutions of peptides II,
IV, and VI with DMSO-d6 significantly affected the chemical shifts of the NH protons of
MeO−Phe−CO−Fn−CO−Phe−OMe (3) and the NHAc/Boc protons in peptides IV (4–6)
and VI (7–9) (∆δ > 0.6 ppm), indicating their involvement in weak IHBs. In contrast,
no change in chemical shift was observed for the downfield-shifted NH protons of the
ferrocene scaffolds upon addition of DMSO-d6, confirming their involvement in strong
IHBs (Figure 6).
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Figure 6. Solvent dependence of the amide proton chemical shifts of (a) 1–3, (b) 4–6, and (c) 7–9.

2.3. Circular Dichroism (CD)

Circular dichroism (CD) is a spectroscopic method that enables the determination of
secondary structure elements in chiral peptides. When a ferrocene scaffold is introduced
into the chiral peptide environment to induce the formation of turn- and β-sheet-like
structures, the free rotation of the ferrocene rings is disabled, resulting in the helical
chirality of the ferrocene core, and the strong Cotton effect is observed in the ferrocene
chromophore region (λ~480 nm) [51]. The sign of the Cotton effect is influenced by the
protecting groups, the solvent and the type and sequence of the bound natural amino
acids [52–54].

As shown in Table 4 and in Supplementary Materials S2, peptides 1–9, which contain
different ferrocene turn-inducing scaffolds, show positive Cotton effects.
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Table 4. Cotton effects {[θ]/deg cm2 dmol−1} of 1–9 in CH2Cl2 (c = 5 × 10−2 M) and upon addition
of 20% DMSO.

Compound
[θ]/deg cm2 dmol−1

CH2Cl2 CH2Cl2+DMSO

MeO−Val−CO−Fn−CO−Val−OMe (1) 4449 3779
MeO−Leu−CO−Fn−CO−Leu−OMe (2) 5595 5032
MeO−Phe−CO−Fn−CO−Phe−OMe (3) 2683 2577
MeO−Val−CO−Fn−NH−Val−Boc (4) 9923 5364
MeO−Leu−CO−Fn−NH−Leu−Boc (5) 10515 8530
MeO−Phe−CO−Fn−NH−Phe−Boc (6) 6663 3284
Ac−Val−NH−Fn−NH−Val−Boc (7) 25,958 21,125
Ac−Leu−NH−Fn−NH−Leu−Boc (8) 21,828 18,709
Ac−Phe−NH−Fn−NH−Phe−Boc (9) 15,001 10,994

Peptides VI (7–9) with ferrocene diamine scaffold (NH−Fn−NH), which were in-
volved in stronger IHBs, also have significantly higher Cotton effects than peptides IV (4–6)
with a CO−Fn−NH scaffold and II (1–3) with a CO−Fn−CO scaffold. Therefore, ferrocene
diamine was found to induce the formation of the most stable chirally ordered structures
among the three tested scaffolds.

In addition, a titration of 5 mM CH2CL2 solution with DMSO as a competing solvent
was performed to test the stability of the folded structures. If the highly ordered structures
are adopted, the addition of DMSO will not noticeably affect the intensity of the Cotton
effect. As expected, the addition of 20% DMSO caused an attenuation of the Cotton effect
by up to 50% for type IV peptides (4–6), and a less pronounced attenuation for type II (1–3)
and type VI peptides (7–9) (Table 3, Figure 7).
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Figure 7. The Cotton effects in chirality-organized ferrocene peptides 1 (green), 4 (blue), and 7 (red)
in solution {CH2Cl2 [(—) c = 5 × 10−3 M)], CH2Cl2 (c = 5 × 10−3 M) containing 20% of DMSO (. . .)}.

2.4. Antioxidant Activity

The antiradical activity of the tested ferrocene compounds (1–9) was estimated using
assays to determine the compounds’ ability to scavenge the following free radicals: 2′-
diphenyl-1-picrylhydrazyl radical (DPPH), and 2,2′-azinobis(3-ethylbenzothiazoline-6-
sulfonate) cationic radical (ABTS). The results of radical scavenging activity of the tested
compounds at a concentration of 1 mM, expressed as mM Trolox equivalents, are shown in
Table 5.
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Table 5. Antioxidant activity of ferrocene peptides evaluated using a 1,1-diphenyl-2-picryl-hydrazyl
radical scavenging assay (DPPH) and 2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonate) cationic
radical scavenging assay (ABTS) of 1–9 (c = 1 × 10−3 M).

Compound
mM Trolx

DPPH ABTS

MeO−Val−CO−Fn−CO−Val−OMe (1) 0.047 ± 0.012 0.248 ± 0.093
MeO−Leu−CO−Fn−CO−Leu−OMe (2) 0.034 ± 0.019 0.137 ± 0.017
MeO−Phe−CO−Fn−CO−Phe−OMe (3) 0.050 ± 0.010 0.114 ± 0.017
MeO−Val−CO−Fn−NH−Val−Boc (4) 0.009 ± 0.001 1.651 ± 0.090
MeO−Leu−CO−Fn−NH−Leu−Boc (5) 0.008 ± 0.008 0.813 ± 0.036
MeO−Phe−CO−Fn−NH−Phe−Boc (6) 0.007 ± 0.000 1.147 ± 0.067
Ac−Val−NH−Fn−NH−Val−Boc (7) 0.026 ± 0.001 0.492 ± 0.024
Ac−Leu−NH−Fn−NH−Leu−Boc (8) 0.043 ± 0.021 0.878 ± 0.000
Ac−Phe−NH−Fn−NH−Phe−Boc (9) 0.028 ± 0.005 1.4617 ± 0.064

The ferrocene compounds tested showed better scavenging activity against ABTS
radicals than against DPPH radicals at the same concentration. This is consistent with the
literature data suggesting that ferrocene derivatives may be more active in reducing radicals
(such as ABTS-+) than in donating electrons or hydrogen atoms to N-centered radicals
(such as DPPH˙) [55], whose steric accessibility is critical for antioxidant compounds [56].
Of all the compounds tested, MeO−Phe−CO−Fn−CO−Phe−OMe (3) had the highest
antioxidant activity, as determined using the DPPH method, having the same range as
MeO−Val−CO−Fn−CO−Val−OMe (1) and Ac−Leu−NH−Fn−NH−Leu−Boc (8). The
weakest antioxidant activity is exhibited by group IV peptides (4–6). Contrary, this peptide
class, with −CO−Fn−NH− scaffold shows the best antioxidant activity as determined by
the ABTS method. The next group by antioxidant activity is derived from the ferrocene
scaffold −NH−Fn−NH− (7–9), while the peptides with the scaffold −CO−Fn−CO− (1–3)
show the weakest antioxidant activity.

Our previous work has shown that peptides derived from Fca (CO−Fn−NH) and
Fcda (NH−Fn−NH) have moderate antioxidant activity in the range of 0.1 mM Trolox
equivalent as determined using the DPPH method. It is hypothesized that oxidative stress
due to abnormal levels of reactive oxygen species (ROS) is involved in the process of
carcinogenesis. Highly reactive intermediates of biological oxidation processes interact
with intracellular structures such as proteins, nucleic acids, lipids, and membranes and
cause their oxidative damage. For this reason, there has recently been an increasing interest
in the synthesis and evaluation of various structures, including metal complexes, derived
from different metals and organic ligands that serve as protection against oxidative stress.
The use of ferrocene as an antioxidant described in alarming detail. Milaeva et al. focused
on metal-based antioxidants (2,6-dialkylphenols, flavonoids, polyphenols, N-containing
heterocycles, and macrocyclic compounds) and their in vitro and in vivo activities in cellular
oxidation processes [57]. Obviously, the extent of activity of the tested compounds depends
on their molecular structures. Liu presented his ongoing studies on antioxidants with
ferrocene. He found that the ferrocene moiety can enhance the antioxidant effect even
without the phenolic hydroxyl group [58]. The role of ferrocene in enhancing the antioxidant
effect could be due to the fact that it scavenges radicals, reduces the oxidative potential,
and increases the affinity to the DNA strand. Minić Jančić et al. determined the antioxidant
activity of ferrocenes containing a six-membered cyclic urea ring using the following two
methods: ABTS radical cation, and DPPH radical scavenging activity. They concluded
that some of the synthesized ferrocenyl derivatives possess strong ABTS-+ scavenging
activity [59]. Tabrizi et al. prepared the conjugates of aminoferrocene with caffeic acid (CA)
and ferulic acid (FA). The evaluation of radical scavenging activity of these conjugates and
their ligands towards DPPH-, superoxide anion (O2

−-), NO-, and ABTS-+ using UV−VIS
and electron spin resonance spectroscopy as well as DFT showed the higher antioxidant
properties of aminoferrocene conjugates compared to their ligands [60]. These results
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indicate that the ferrocene moiety is crucial for the results of antioxidant activity and that
its redox potential changes effectively depending on the Fn-CO or Fn-NH binding mode
with amino acids and peptides, as expected based on the electron donor/acceptor ability
of the N-H and C=O groups, the hydrogen bonding network, and the dipole moment
orientation [61,62].

2.5. Electrochemical Study

Voltametric techniques have been successfully used to investigate redox reactions of
many bioactive compounds, since they can mimic the redox mechanisms of organisms
in vitro [63–66]. Therefore, taking into account the obtained biological/antiradical activity,
compounds 1–9 were further evaluated for their electron transfer properties, using cyclic
(CV) voltammetry at a glassy carbon (GC) electrode. Accordingly, it was expected that
information on the electrochemical mechanisms of the investigated compounds, as well as
on the influence of different substituents on redox potentials, would give better insight into
their physiological mechanisms of action and provide new information on the structure–
electrochemical–antioxidant activity relations.

The electrochemical properties of 1–9 were investigated using cyclic voltammetry in
(0.1 M Et4NClO4) acetonitrile solution using GC as a working electrode. Figure 8 shows
cyclic voltammograms for the oxidation of three groups of ferrocene derivatives (1–3,
4–6, and 7–9) recorded at a scan rate of 100 mV s−1, within the potential range from
−0.6 to 1.4 V. Cyclic voltammetry measurements showed that compounds 1–3 and 4–6
provide a similar voltametric response, i.e., it consists of one pair of redox peaks (A1/C1) at
about E1/2 = 0.4 V and E1/2 = 0.2 V, respectively. These peaks correspond to the reversible
charge transfer reaction of the ferrocene fragment on the GC electrode: [FeII(C5H5)2] ⇌
[FeIII(C5H5)2] + e− [67–70]. The difference in peak potentials is due to the structural
differences between the two groups of studied compounds, i.e., the presence of different
substituents on the ferrocene core. More specifically, the presence of −CO−Fn−NH−
scaffold in 4–6 causes a cathodic shift of the redox potential of peaks A1/C1, i.e., the
electrochemical oxidation of ferrocene occurs at 250 mV more negative potential compared
to compounds 1–3 as a result of the stronger electron-donating effect of -NH- group on Fc
core, indicating lower energy required for primary electron transfer. On the other hand,
a somewhat different electrochemical behavior was observed for compounds 7–9 under
otherwise identical conditions (see Figure 8c). For these compounds, the redox potential of
ferrocene shifts to more negative values by an additional 250 mV (relative to 4–6) due to
the presence of −NH−Fn−NH− scaffold, i.e., an additional electron-donating -NH- group
on the ferrocene core. Moreover, besides the cathodic shift of the Fc redox potential, the
voltammograms of 7–9 show two new oxidation peaks A2 and A3 at potentials around
0.9 V and 1.1 V, respectively. According to the literature [71], these anodic peaks probably
correspond to the irreversible one-electron oxidation of the secondary amine, giving a
radical cation, followed by a chemical reaction giving electro-inactive products. However,
a deeper insight into the origin of these oxidation peaks and their identification are not the
subject of this study.

Finally, these observations are somewhat consistent with the observed antioxidant
properties of 1–9, and support the fact that compounds with lower oxidation potential are
more efficient radical scavengers. However, although it was expected that compounds
7–9 with the lowest oxidation potential would exhibit the strongest antioxidant activity,
this was not the case. The most effective ABTS+ radical quenchers were peptides with
the -CO−Fn−NH- scaffold, i.e., those with moderately low oxidation potential. This
phenomenon can be explained by the fact that the antioxidant action of investigated
compounds towards ABTS+ radicals may involve either electron (ET) or hydrogen atom
transfer (HAT) (or both), and not exclusively the transfer of electrons. In other words,
the oxidation potentials of investigated compounds were found to be more sensitive to
the ferrocene scaffolds into the peptide sequences, which leads to a relative discrepancy
between the scavenging activity and oxidation potential.
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Figure 8. Cyclic voltammograms of 0.5 mmol/L solutions of (a) 1–3, (b) 4–6 and (c) 7–9 on GC
electrode, in CH3CN (0.1 M Et4NClO4). The scan rate was 100 mV s−1. Dotted (black) lines represent
cyclic voltammograms of the supporting electrolyte; the arrows indicate the scan direction.

The electrochemical (CV) peak potentials for the investigated compounds taken at the
scan rate of 100 mV s−1 are shown in Table 6.

Table 6. The values of oxidation (A1, A2, and A3) and reduction (C1) CV peak potentials of com-
pounds 1–9 in CH3CN (0.1 mol/L Et4NClO4) on GC electrode. The scan rate was 100 mV s−1.

Compound 1 2 3 4 5 6 7 8 9

Ep, A1/V 0.45 0.47 0.47 0.20 0.20 0.21 −0.07 −0.04 −0.02
Ep, C1/V 0.39 0.40 0.40 0.14 0.14 0.15 −0.13 −0.10 −0.08

Ep, A2/V - - - - - - 0.93 0.95 0.86
Ep, A3/V - - - - - - 1.13 1.16 1.11

3. Materials and Methods

The IR spectra of the samples were recorded with a Perkin-Elmer Spectrum Two
spectrophotometer as CH2Cl2 (Acros Organics, 99.5% for spectroscopy) solutions between
NaCl windows. The concentration-dependent recording of the IR spectrum is also car-
ried out using the stepwise binary dilution of a 50 mM ferrocene peptide solution in
di-chloromethane.

1H and 13C NMR spectra were recorded in CDCl3-d (Euristop, Paris, France, 99.80%
D) or DMSO-d6 (Euristop, Paris, France, 99.80% D), each with tetramethylsilane (TMS,
δ = 0.0 ppm) as internal standard, using a Bruker AV600 spectrometer (Bruker BioSpin
GmbH, Rheinstetten, Germany) at the Rud̄er Bošković Institute A 5 mm broadband probe
head with z-gradient coils operating at 600.130 MHz for 1H and 150.903 MHz for 13C was
used. Concentration-dependent spectra are recorded by diluting the initial 50 mM peptide
solution in chloroform, and the temperature-dependent spectra involve recording a 25 mM
peptide solution in chloroform at 8 different temperatures (258–328 K).

NMR titration is performed by adding 10 µL DMSO-d6 to a 25 mM peptide solution in
CDCl3-d. The spectra are recorded after each addition of DMSO-d6 until the chemical shift
of the observed NH groups no longer changes. When using CDCl3-d/DMSO-d6 mixture,
calibration was performed using TMS as an internal standard.

CD spectra were recorded using a Jasco-810 spectropolarimeter in CH2Cl2 (Acros
Organics, 99.5% for spectroscopy). Molar ellipticity coefficients (θ) are in degrees, con-
centration c is in molL−1, and path length l is in cm, so the unit for (θ) is deg cm2

dmol−1. The CD activity of the peptides is investigated in the region of the ferrocene
chromophore (λ~480 nm). For this purpose, a 5 mM solution of the peptide is taken up in
dichloromethane, and 20% DMSO (Supelco, Darmstadt, Germany, >99.8% for spectroscopy
Uvasol®) is added to the same sample. The strength of the Cotton effect before and after
the addition of DMSO is examined, and the attenuation of the signal strength is used to
draw conclusions about the chiral arrangement of the peptides produced in the solution.
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Regarding the DPPH assay, the antiradical activity of ferrocene compounds (concen-
tration of 1 mM) against DPPH (1,1-diphenyl-2-picrylhydrazyl) (Fluka, Buchs, Switzerland,
>85%) radicals was measured according to the method of Brand-Williams et al. [72]. Sam-
ples (250 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 (Kemika, Zagreb, Croatia, p.a.) was used as a control. A calibration curve was con-
structed using Trolox as the reference antioxidant in the range of 0.01–0.05 mM (R2 = 0.9999).
Results were expressed as millimoles Trolox equivalents (mM Trolox equivalents). Mea-
surements 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. [73]. ABTS·+ was gen-
erated in the reaction of 7 mM stock solution of ABTS [2,2′-azinobis-(3-ethylbenzothiazoline-
6-sulfonic acid) diammonium salt] (Sigma Aldrich, Steinheim, Germany, >98 %) with
140 mM potassium persulfate (Fluka, >99 %), 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 (Kemika, Zagreb, Croatia,
p.a.) 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 = 0.9976). A control was prepared with the same volume of ethanol without test com-
pounds or reference antioxidant. ABTS·+ scavenging activity of the samples was expressed
in millimoles Trolox (mM Trolox). Measurements were performed in triplicate.

Voltametric measurements. Stock standard solutions of compounds 1–9 (c = 0.01 mol dm−3)
were prepared from dry pure substances in acetonitrile (CH3CN, p.a. Kemika, Zagreb).
For the supporting electrolyte, analytical-grade Et4NClO4 (Merck, Darmstadt, Germany)
was used. Voltametric measurements were carried out using the computer-controlled
electrochemical system “PGSTAT 101” (Eco Chemie, Utrecht, The Netherlands), controlled
using the electrochemical software “NOVA 1.11”. A three-electrode system (BioLogic, Claix,
France) with a glassy carbon electrode (GCE) of 3 mm in diameter as a working electrode,
Ag/Ag+ (0.01 M AgNO3 in CH3CN) as a reference electrode and a platinum wire as a
counter electrode was used. All potentials were expressed versus the Ag/Ag+ (0.01 M
AgNO3) reference electrode. Before each run, the glassy carbon working electrode was
polished with diamond suspension in spray (grain size 6 µm) and rinsed with ethanol and
deionized water. The supporting electrolyte (0.1 M Et4NClO4 in CH3CN) was placed in the
electrochemical cell, and the required aliquot of the standard analyte solution was added.
Before each experiment, the solution in the electrochemical cell was first degassed with
high-purity nitrogen for 5 min, and the nitrogen blanket was maintained thereafter. All
experiments were performed at room temperature. The presented results are reported as
the mean value of three independent measurements. Cyclic voltammograms were taken in
the potential range from −0.6 to 1.4 V.

4. Conclusions

We investigated the structure as well as the pattern of intramolecular hydrogen bond-
ing in peptides containing three different ferrocene scaffolds, Fcd [−CO−Fn−CO− (II)],
Fca [−CO−Fn−NH− (IV)], and Fcda [−NH−Fn−NH− (VI)], and the hydrophobic amino
acids Val, Leu, and Phe by measuring concentration-dependent IR and NMR spectra,
temperature-dependent NMR spectra, CD spectra, and the etitration of NMR and CD
samples with DMSO.

The main conclusion from this study is that the hydrogen-bond-donating or accepting
capacity of ferrocene scaffold influence the hydrogen bonding pattern more than bulkiness
of the amino acid side chain. Conformational analysis revealed that the peptides derived
from the hydrogen-bond-donating ferrocene-1,1′-diamine scaffold −NH−Fn−NH−(7–9)
adopt the most ordered chiral arrangement based on the strongest intramolecular hydrogen
bonds. Among the tested peptides, the most pronounced antioxidant activity determined
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using the ABTS method exhibited conjugates (4–6) derived from the −CO−Fn−NH−,
while MeO−Phe−CO−Fn−CO−Phe−OMe (3) had the highest antioxidant activity, as
determined using the DPPH method.

Voltametric analysis revealed that the oxidation of peptide derivatives of ferrocene
was influenced by the ferrocene scaffold, showing that peptides VI (7–9) with a ferrocene
diamine scaffold (-NH−Fn−NH-) require lower potential than peptides IV (4–6) and
II (1–3) with -CO−Fn−NH- and -CO−Fn−CO- scaffold, respectively; which may also
contribute to their antioxidant properties. However, the most effective ABTS+ radical
quenchers were peptides with a -CO−Fn−NH- scaffold (group IV, i.e., with moderately
low oxidation potential, implying that the scavenging activity of compounds 1–9 is not
mainly governed by their susceptibility to oxidation).

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/inorganics12070195/s1. Figures S1–S49: Figure S1. The NH stretch-
ing vibrations in concentration-dependent IR spectra of 1–9 in DCM [CH2Cl2, (—)c = 5 × 10−2 M];
Figure S2. Cotton effects of 1–9 {CH2Cl2 [(—) c = 5 × 10−3 M), CH2Cl2 (c = 5 × 10−3 M) containing
20% of DMSO (. . .)}; Figure S3. The NH stretching vibrations in concentration-dependent IR spectra
of 1 in DCM (CH2Cl2, [(—)c = 5 × 10−2 M, (—)c = 2.5 × 10−2 M, (—) c = 1.25 × 10−2 M, (—) c =
6.13 × 10−3 M, (—) c = 3 × 10−3 M]; Figure S4. Cotton effect of 1 {CH2Cl2 [(—) c = 5 × 10−3 M),
CH2Cl2 (c = 5 × 10−3 M) containing 20% of DMSO (. . .)}; Figure S5. Concentration-dependent NH
chemical shifts of compound 1 in CDCl3; Figure S6. Temperature-dependent NH chemical shifts of
compound 1 (c = 2.5 × 10−2 M); Figure S7. 1H NMR spectra of compound 1 at varying concentrations
of DMSO in CDCl3 (c = 2.5 × 10−2 M); Figure S8. The NH stretching vibrations in concentration-
dependent IR spectra of 2 in DCM (CH2Cl2, [(—)c = 5 × 10−2 M, (—)c = 2.5 × 10−2 M, (—) c =
1.25 × 10−2 M, (—) c = 6.13 × 10−3 M, (—) c = 3 × 10−3 M]; Figure S9. Cotton effect of 2 {CH2Cl2 [(—)
c = 5 × 10−3 M), CH2Cl2 (c = 5 × 10−3 M) containing 20% of DMSO (. . .)}; Figure S10. Concentration-
dependent NH chemical shifts of compound 2 in CDCl3; Figure S11. Temperature-dependent NH
chemical shifts of compound 2 (c = 2.5 × 10−2 M); Figure S12. 1H NMR spectra of compound 2
at varying concentrations of DMSO in CDCl3 (c = 2.5 × 10−2 M); Figure S13. The NH stretching
vibrations in concentration-dependent IR spectra of 3 in DCM (CH2Cl2, [(—)c = 5 × 10−2 M, (—)c
= 2.5 × 10−2 M, (—) c = 1.25 × 10−2 M, (—) c = 6.13 × 10−3 M, (—) c = 3 × 10−3 M]; Figure S14.
Cotton effect of 3 {CH2Cl2 [(—) c = 5 × 10−3 M), CH2Cl2 (c = 5 × 10−3 M) containing 20% of DMSO
(. . .)}; Figure S15. Concentration-dependent NH chemical shifts of compound 3 in CDCl3; Figure S16.
Temperature-dependent NH chemical shifts of compound 3 (c = 2.5 × 10−2 M); Figure S17. 1H NMR
spectra of compound 3 at varying concentrations of DMSO in CDCl3 (c = 2.5 × 10−2 M); Figure S18.
The NH stretching vibrations in concentration-dependent IR spectra of 4 in DCM (CH2Cl2, [(—)c =
5 × 10−2 M, (—)c = 2.5 × 10−2 M, (—) c = 1.25 × 10−2 M, (—) c = 6.13 × 10−3 M, (—) c = 3 × 10−3 M];
Figure S19. Cotton effect of 4 {CH2Cl2 [(—) c = 5 × 10−3 M), CH2Cl2 (c = 5 × 10−3 M) containing
20% of DMSO (. . .)}; Figure S20. Concentration-dependent NH chemical shifts of compound 4 in
CDCl3; Figure S21. Temperature-dependent NH chemical shifts of compound 4 (c = 2.5 × 10−2 M);
Figure S22. 1H NMR spectra of compound 4 at varying concentrations of DMSO in CDCl3 (c =
2.5 × 10−2 M); Figure S23. The NH stretching vibrations in concentration-dependent IR spec-
tra of 5 in DCM (CH2Cl2, [(—)c = 5 × 10−2 M, (—)c = 2.5 × 10−2 M, (—) c = 1.25 × 10−2 M,
(—) c = 6.13 × 10−3 M, (—) c = 3 × 10−3 M]; Figure S24. Cotton effect of 5 {CH2Cl2 [(—) c =
5 × 10−3 M), CH2Cl2 (c = 5 × 10−3 M) containing 20% of DMSO (. . .)}; Figure S25. Concentration-
dependent NH chemical shifts of compound 5 in CDCl3; Figure S26. Temperature-dependent NH
chemical shifts of compound 5 (c = 2.5 × 10−2 M); Figure S27. 1H NMR spectra of compound 5
at varying concentrations of DMSO in CDCl3 (c = 2.5 × 10−2 M); Figure S28. The NH stretching
vibrations in concentration-dependent IR spectra of 6 in DCM (CH2Cl2, [(—)c = 5 × 10−2 M, (—)c
= 2.5 × 10−2 M, (—) c = 1.25 × 10−2 M, (—) c = 6.13 × 10−3 M, (—) c = 3 × 10−3 M]; Figure S29.
Cotton effect of 6 {CH2Cl2 [(—) c = 5 × 10−3 M), CH2Cl2 (c = 5 × 10−3 M) containing 20% of DMSO
(. . .)}; Figure S30. Concentration-dependent NH chemical shifts of compound 6 in CDCl3; Figure S31.
Temperature-dependent NH chemical shifts of compound 6 (c = 2.5 × 10−2 M); Figure S32. 1H NMR
spectra of compound 6 at varying concentrations of DMSO in CDCl3 (c = 2.5 × 10−2 M); Figure S33.
The NH stretching vibrations in concentration-dependent IR spectra of 7 in DCM (CH2Cl2, [(—)c =
5 × 10−2 M, (—)c = 2.5 × 10−2 M, (—) c = 1.25 × 10−2 M, (—) c = 6.13 × 10−3 M, (—) c = 3 × 10−3 M];
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Figure S34. Cotton effect of 7 {CH2Cl2 [(—) c = 5 × 10−3 M), CH2Cl2 (c = 5 × 10−3 M) containing
20% of DMSO (. . .)}; Figure S35. Concentration-dependent NH chemical shifts of compound 7 in
CDCl3; Figure S36. Temperature-dependent NH chemical shifts of compound 7 (c = 2.5 × 10−2 M);
Figure S37. 1H NMR spectra of compound 7 at varying concentrations of DMSO in CDCl3 (c =
2.5 × 10−2 M); Figure S38. The NH stretching vibrations in concentration-dependent IR spectra
of 8 in DCM (CH2Cl2, [(—)c = 5 × 10−2 M, (—)c = 2.5 × 10−2 M, (—) c = 1.25 × 10−2 M, (—) c =
6.13 × 10−3 M, (—) c = 3 × 10−3 M]; Figure S39. Cotton effect of 8 {CH2Cl2 [(—) c = 5 × 10−3 M),
CH2Cl2 (c = 5 × 10−3 M) containing 20% of DMSO (. . .)}; Figure S40. Concentration-dependent
NH chemical shifts of compound 8 in CDCl3; Figure S41. Temperature-dependent NH chemical
shifts of compound 8 (c = 2.5 × 10−2 M); Figure S42. 1H NMR spectra of compound 8 at vary-
ing concentrations of DMSO in CDCl3 (c = 2.5 × 10−2 M); Figure S43. The NH stretching vibra-
tions in concentration-dependent IR spectra of 9 in DCM (CH2Cl2, [(—)c = 5 × 10−2 M, (—)c =
2.5 × 10−2 M, (—) c = 1.25 × 10−2 M, (—) c = 6.13 × 10−3 M, (—) c = 3 × 10−3 M]; Figure S44.
Cotton effect of 9 {CH2Cl2 [(—) c = 5 × 10−3 M), CH2Cl2 (c = 5 × 10−3 M) containing 20% of DMSO
(. . .)}; Figure S45. Concentration-dependent NH chemical shifts of compound 9 in CDCl3; Figure S46.
Temperature-dependent NH chemical shifts of compound 9 (c = 2.5 × 10−2 M); Figure S47. 1H NMR
spectra of compound 9 at varying concentrations of DMSO in CDCl3 (c = 2.5 × 10−2 M).
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B.; Damljanović, I. Ferrocene-containing tetrahydropyrazolopyrazolones: Antioxidant and antimicrobial activity. J. Inorg. Biochem.
2018, 189, 134–142. [CrossRef] [PubMed]

57. Milaeva, E.R.; Filimonova, S.I.; Meleshonkova, N.N.; Dubova, L.G.; Shevtsova, E.F.; Bachurin, S.O.; Zefirov, N.S. Antioxidative
Activity of Ferrocenes Bearing 2,6-Di-Tert-Butylphenol Moieties. Bioinorg. Chem. Appl. 2010, 2010, 165482. [CrossRef] [PubMed]

58. Liu, Z.Q. Enhancing Antioxidant Effect against Peroxyl Radical-induced Oxidation of DNA: Linking with Ferrocene Moiety!
Chem. Rec. 2019, 19, 2385–2396. [CrossRef]
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