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Abstract

:

The development of turn-based inhibitors of protein–protein interactions has attracted considerable attention in medicinal chemistry. Our group has synthesized a series of peptides derived from an amino-functionalized ferrocene to investigate their potential to mimic protein turn structures. Detailed DFT and spectroscopic studies (IR, NMR, CD) have shown that, for peptides, the backbone chirality and bulkiness of the amino acid side chains determine the hydrogen-bond pattern, allowing tuning of the size of the preferred hydrogen-bonded ring in turn-folded structures. However, their biological potential is more dependent on their lipophilicity. In addition, our pioneering work on the chiroptical properties of aminoferrocene-containing peptides enables the correlation of their geometry with the sign of the CD signal in the absorption region of the ferrocene chromophore. These studies have opened up the possibility of using aminoferrocene and its derivatives as chirooptical probes for the determination of various chirality elements, such as the central chirality of amino acids and the helicity of peptide sequences.
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1. Introduction


It appears that ferrocene was unexpectedly produced during the conversion of dicyclopentadiene to cyclopentadiene in the late 1940s. However, the first reports [1,2], by two different groups, caused a great deal of controversy, because until then no stable molecule consisting of only a hydrocarbon and a transition metal was known. The unusual stability of ferrocene results from the presence of two aromatic cyclopentadienyl ions, C5H5−, with ten electrons from five carbon–carbon single bonds and a cloud of six additional electrons located above and below the plane of the aromatic rings. This similarity to benzene prompted chemists to call it ferrocene [3]. Due to its exceptional properties (stability, electrophilic and redox reactivity, good solubility in organic solvents, and stability in air), ferrocene has established itself as an icon of organometallic chemistry, and its derivatives have been reported in more than 23,000 publications (Web of Science, Figure 1).



A considerable number of compounds derived from ferrocenes functionalized with reactive groups tethered to one or both cyclopentadienyl rings have been synthesized to date, and a comprehensive overview of their application in a variety of fields, including catalysis, materials science and sensing, and medicine, has recently been given [4,5,6,7,8]. In addition, our work on the conformational and biological evaluation of ferrocene conjugates with mannose, resveratrol, and natural amino acids was systematically reviewed [9].



It is known that ferrocenes play an important role in medicinal chemistry: (i) as a bulky isostere that can fit tightly into a hydrophobic pocket of a target, enhancing its binding affinity [10], (ii) as a redox mediator that can promote the conversion of an inactive prodrug into an active drug, as found for the ferrocene analogue of tamoxifen [11], and (iii) as a ROS generator in biological media, as demonstrated for the ferrocene analogue of chloroquine [12].



Amino-functionalized ferrocenes have attracted much attention due to their application in the areas of electroactive indicators, biosensors and biofuel cells, the bioisosteric modification of antiparasitic and anticancer drugs, peptide bioconjugates and prodrugs, etc. A detailed review on the synthesis, reactivity, and application of aminoferrocene and its derivatives in areas of redox-active dendrimers, prodrugs, metalloligands, and the sensing of biomolecules and anions was published in 2016 [13]. The more recent contributions regarding the electroactive aminoferrocene-containing compounds relate to their use as electroactive redox probes for the detection of: hypochlorous acid in living systems and food samples [14], alkaline phosphatase activity as a biomarker for the clinical diagnosis of bone and hepatobiliary diseases [15], Salmonella contamination in food and water [16], tumor marker alpha fetoprotein [17], etc. In addition, recent advances in ferrocene-based electrocatalytic systems in various electrochemical fields have been summarized [18]. Aminoferrocenes have been shown to transform to aminoferrocenium ions under oxidative conditions, after which they are degraded to free iron ions, an efficient catalyst for ROS production and trigger of oxidative stress and cell death [19]. Further progress in the development of anticancer aminoferrocene prodrugs was systematically reviewed in 2019 [20]. N-alkylaminoferrocene-based prodrugs, activated under cancer-specific conditions, i.e., a high ROS concentration, were able to reduce the mitochondrial membrane potential, but also showed low efficacy and high toxicity [21,22,23]. Structural optimization led to aminoferrocene derivatives that are able to generate mitochondrial ROSs only in cancer cells, and therefore have anticancer activity in vivo [24]. It has been shown that the self-immolative amphiphilic poly(ferrocenes) containing aminoferrocene side chains are triggered by acidic tumor conditions; the aminoferrocene moiety reacts to give Fe2+, which can catalyze the conversion of intracellular H2O2 to highly reactive ˙OH, leading to the oxidative stress of tumor cells [25]. In addition, an isosteric aminoferrocene derivative of regorafenib, an FDA-approved drug for the treatment of metastatic colorectal cancer, has been reported to have promising efficacy against cancer cell lines [26].



Our previous overview of homo- and hetero-chiral aminoferrocene conjugates (including Boc–l–Pro–l–Ala–NH–Fn, Boc–d–Pro–d–Ala–NH–Fn, Boc–l–Pro–d–Ala–NH–Fn, Boc–d–Pro–l–Ala–NH–Fn [27], Ac–Ala–NH–Fn–NH–Ala–Boc, Ac–Ala–NH–Fn–NH–Ala–Ac [28] and Ac–l–Ala–l–Pro–NH–Fn–NH–l–Pro–l–Ala–Boc, Ac–d–Ala–l–Pro–NH–Fn–NH–l–Pro–d–Ala–Boc, Ac–l–Ala–l–Pro–NH–Fn–NH–l–Pro–l–Ala–Ac, and Ac–d–Ala–l–Pro–NH–Fn–NH–l–Pro–d–Ala–Ac [29]) was given in 2017 [9]. These peptides were subjected to detailed conformational analysis in solution and in the solid state to determine the hydrogen bonding pattern within the same or between podand peptide strands, i.e., to determine the most commonly adopted secondary structural element. In addition, their antitumor activity was mainly evaluated as low or moderate.



Furthermore, we linked two amino-functionalized ferrocenes via an oxalamide bridge to form MeOOC–Fn–NH–CO–CO–NH–Fn–COOMe [30]. A conformational analysis of this dimer revealed a pattern based on NHFn⋅⋅⋅OCCOOMe intramolecular hydrogen bonds (IHBs). Although most of the criteria for the formation of a good gelator (solubility, presence of hydrophilic (oxalamide) and hydrophobic (ferrocene) moieties, chirality [31]) were met, the gelation potential was rather poor.



The aim of this review is to highlight our work over the last five years on the structure and activity of amino-functionalized ferrocene conjugates with amino acids and peptides (Figure 2). As far as we know, the conformational and biological properties of aminoferrocene-containing peptides have not yet been studied by other authors.



The α-amino acid derivatives 1–30 and 34–39 were prepared from Boc–NH–Fn–R (i, R = COOMe [40]; ii, R = H [41]) according to the synthesis procedure established in our group (Scheme 1). In general, the elongation of the N-terminus of ferrocene precursors involves two steps: (i) Boc-deprotection in the presence of gaseous HCl to give hydrochloride salt, which is then treated with an excess of triethylamine (NEt3) to afford the free amine, and (ii) hydroxybenzotriazole (HOBt)/ethyl-(N′,N′-dimethylamino)propylcarbodiimide hydrochloride (EDC) coupling of the free amine with C-activated Boc−AA−OH or Fn–COOH, respectively, to obtain the unsymmetrically substituted peptides 1–4, 5, 7, 9, 11, 13, 15, 23–30, and 34–38. In addition, oxalamide 39 was prepared by treating ferrocene amine with oxalyl chloride.



To obtain the symmetrically disubstituted and orthogonally protected conjugates 17–22, the Boc-groups of their carbamate precursors were cleaved in acidic milieu and converted to acetamides 6, 8, 10, 12, 14, and 16. Then, the ester groups attached to the lower cyclopentadiene rings were hydrolyzed to give acids iv; an equimolar amount of NaOH was used to prevent the racemization, and saponification was carried out at 80 °C for 1 h. The obtained acids were converted to unstable azides v, followed by an in situ Curtius rearrangement to carbamates vi. To prevent the undesired conversion of the intermediate isocyanate group to sym-urea, the t-BuOH was freshly dried, and the reaction temperature was maintained at 65 °C. The conversion of azide (~2135 cm−1) to carbamate via isocyanate (~2270 cm−1) was completed when its IR absorption bands disappeared. The acidic Boc-deprotection and coupling with C-activated Boc−AA−OH gave the goal peptides 17–22.



The synthesis of peptides 31–33 was microwave-assisted and is given in Scheme 2. Compared to the coupling of α-amino acids (Scheme 1), the synthesis involving α,α-amino acids such as 2-aminoisobutyric acid (Aib) proved to be much more challenging (Scheme 2) and required the use of different coupling methods. The standard HCl deprotection of Boc-aminoferrocene ii and EDC/HOBt-mediated copulation with free acid gave 85% of the lowest homolog of Aib peptide vii, but only 22% of 31 and 25% of vii were obtained under the same conditions. These yields were doubled to 40% and 54%, respectively, by exposing the reaction mixture to microwaves at T = 55 °C (P = 200 W) for 35 min. Under the same reaction conditions (HOBt/EDC, mw), only 20% of the target compound 32 was obtained, probably due to the prolonged deprotection of iii with HClgaseous, which led to the decomposition of the reactant. To avoid the same problem in the synthesis of viii, the Boc functional group of vii was cleaved with trifluoroacetic acid (TFA) and the free amine was coupled with Boc–Aib–OH that was previously activated with 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo [4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU), which gave 49% of Aib-tripeptide ix after 20 h of stirring at room temperature. Conjugate 33 was prepared under the same reaction conditions (TFA cleavage, HATU activation) but with microwave exposure (2 h, T = 55 °C, P = 200 W), which gave a 50% yield.




2. The Turn-Inducing Capacity and Biological Activity of Conjugates 1–22


Protein–protein interactions (PPIs) are critical for most biological processes [42,43], and are undertaken by mechanisms involving small “hot spots”, hydrophobic structural regions containing from four to eight amino acids arranged as α-helices, β-sheets, or turns [44]. As disorders in PPIs can trigger diseases, the inhibitors capable of mimicing these recognition motifs at the PPI’s interface [45,46], including peptidomimetic-based inhibitors, have been investigated for their drug-like properties [47,48]. Peptidomimetics are compounds whose essential pharmacophoric units mimic the structural elements of a natural peptide or protein to retain their ability to recognize and bind to a biological target, thereby achieving the desired biological effect [49]. The transforming of the peptides to peptidomimetics provides low-side-effect compounds with improved proteolytic stability and absorption, and thus represents an efficient approach in medicinal chemistry [50]. The folding of peptidomimetics into predictable secondary structures also contributes to their drug-like properties [51,52,53]. Turns are usually located on the protein surface, where they are exposed to cell receptors and therefore serve as sites for molecular recognition [54,55]. They are formed when the polypeptide chain folds and reverses its direction by almost 180°, making the proteins compact and globular Taking into account their length and hydrogen bonding motif, turns are classified as α- (13-membered hydrogen-bonded (HB) ring), β- (10-membered HB ring), and γ-turns (7-membered HB ring). One of the design approaches in the field of turn mimetics is based on the turn-inducing element, which, in addition to inducing the turn as a secondary structural element, also restricts the conformational flexibility upon incorporation into the peptide chain. The role of ferrocene scaffolds as turn-inducing elements has been extensively studied in our group. We have shown that mono- and 1,1′-disubstituted ferrocene scaffolds equipped with the –CO group as a hydrogen bond acceptor and/or the –NH group as a hydrogen bond-donating site are able to induce the formation of turn- and β-sheet-like structures upon conjugation with amino acids [9,28,29,56,57]. A detailed conformational analysis combining theoretical (DFT) and experimental methods (IR, NMR, and CD spectroscopy) revealed that the conformational patterning of ferrocene peptides is regulated by the hydrogen bond-donating/-accepting properties of the ferrocene scaffolds, the steric hindrance derived from the amino acid side chains, and the bulkiness and basicity of the N-protecting groups, but is also strongly influenced by the chirality of the peptide backbone. Considering the number of ferrocene conjugates tested so far for the treatment of infectious diseases and the need to develop new bioactive ferrocene conjugates with drug-like properties, we tested the antitumor, antimicrobial, and antioxidant potentials of conjugates 1–22.



2.1. Conjugates of Amino-Functionalized Ferrocene with Homo- and Heterochiral Pro–Ala Dipeptides 1–4 [32]


In general, the Pro-Xaa sequence is known as a β-turn-inducing motif [58,59,60]. Although we have expected that the bioconjugates 1–4 will adopt β-turn structures based on 10-membered HB rings, we wanted to test the influence of the chirality of Pro–Ala sequences on the stability of the conformations obtained. The conformational analysis involves a joint computational and experimental study.



2.1.1. Computational Study


The theoretical conformational analysis of all derivatives described in this work comprises three steps. Using molecular mechanics (force field OPLS2005), a series of optimized low-level geometries were determined using the algorithms available in MacroModel [61,62]. The most stable geometries were then optimized at the B3LYP/LanL2DZ level of theory in Gaussian16 [63]. Finally, the most stable conformers were re-optimized at the B3LYP/6-311+G(d,p) level of theory (LanL2DZ basis set on Fe), where the solvent (chloroform) was modeled as a polarizable continuum (IEF-PCM) [64]. The relative energies reported in this work refer to the standard Gibbs free energies at 298 K. The quantum theory of atoms in molecules (QTAIM) was used to characterize the hydrogen bonds according to the Koch and Popelier criteria [65,66]. Theoretical CD spectra were calculated using time-dependent (TD)-DFT calculations.



The results of the computational study suggest that the heterochiral conjugates 1 and 2 adopt the rigid HB pattern A based on an intrastrand NHFn···O=CBoc/Ac HB corresponding to β-turn, and an additional interstrand NHAla···O=CCOOMe HB forming a nine-membered ring (Figure 3a). However, the homochirality contributes to the conformational flexibility, as one of these HBs (pattern B or C) is mostly observed in conjugates 3 and 4 (Figure 3b).



It is expected that the computationally predicted conformations will be confirmed by experimental data.




2.1.2. Spectroscopic Study


The experimental conformational analysis of peptidomimetics in solution is performed by combining the results of IR, NMR, and CD spectroscopy, which should show good agreement [67]. Once, when the most stable HB pattern was predicted by DFT, the NH region in the IR spectra was examined to determine the proportion of hydrogen-bonded states. The NMR spectra were then measured to specify which NH groups were involved in the HBs and how strong they were. When the hydrogen-bonded states prevailed and the HBs were found to be stronger, the Cotton effects in the CD spectra were more intense, indicating the presence of a highly ordered structure. To avoid the limitations and potential weaknesses of the individual spectroscopic methods, they were used in combination with the aim of clearly confirming the results of each individual method.



IR spectroscopy is a valuable tool for studying the secondary structure, conformational changes, structural dynamics, and stability of polypeptides and proteins. This method is convenient, non-destructive, requires a small sample, and is applicable under various conditions. Hydrogen bonding not only stabilizes the structure, but also lowers the frequency of the NH and CO absorption bands [68]. NMR spectroscopy is a powerful, non-invasive, and routine method of studying the structure and interactions of peptides and proteins and allows for the identification of bioactive conformations related to their drug-like properties. Recently, an overview of NMR methods for obtaining the 3D structure of small peptides was given [69]. Taking into account peptides’ conformational flexibility, the advantage of IR spectroscopy is reflected in its ability to recognize most of the states that interconvert on fast time scales. Therefore, the observed multiple distinct absorption bands belonging to the same vibration are attributed to the presence of multiple conformations. However, due to the slow NMR time scale and rapid interconversion of different conformations, the coalescence of their signals is observed [70,71].



The details of the spectroscopic techniques are not listed here so as not to overload the paper. They can be found in the extensive supplementary materials provided together with the cited articles [32,33,34,35,36,37,38,39].



	
IR Spectroscopy






The N–H···O=C HBs, predicted by DFT calculations, should cause a red shifting and increasing intensity in the N–H stretching vibrations [72,73]. As can be seen in Table 1, there are two distinct absorptions in the amide A region corresponding to free (~3420 cm−1) and associated (~3300–3325 cm−1) NH groups. Looking at the ratio of the intensities of the free and associated NH bands, it can be seen that the heterochiral conjugates 1 and 2 (INHfree/INHassoc.~1/2.4) are more strongly involved in hydrogen bonding compared to their homochiral counterparts 3 and 4 (INHfree/INHassoc.~1/1.5). The results obtained corroborate DFT-indicated involvement of the heterochiral peptides in more stable IHB-based conformations.



	2.

	
Concentration-dependent IR Spectroscopy







Since the β-turn structures are based on IHBs, we measured IR spectra at different dilutions (from 5 × 10−2 M to 1.25 × 10−2 M). Since the ratios of free and associated NH bands did not change, the involvement of the tested peptides in IHBs was strongly suggested. Otherwise, peptide aggregation would be reflected by a decrease in the intensity of the intermolecularly engaged NH bands upon dilution compared to the free NH bands.



	3.

	
NMR Spectroscopy







In protein chemistry, NMR spectroscopy is used to study the structures and conformations related to drug-like activity [69]. Therefore, the bioconjugates 1–4 were subjected to detailed 1D (1H, 13C) and 2D NMR studies (1H-1H COSY, 1H-1H NOESY, 1H-13C HMQC, and 1H-13C HMBC) to assign their structures and determine the individual hydrogen bonds and their strength as well as the hydrogen bonding patterns. Due to the deshielding effect of hydrogen bonding, the 1H chemical shifts of the involved amide protons move downfield (δ > 7 ppm), and the stronger hydrogen bonding leads to higher values of the chemical shifts [74]. Thus, the significantly downfield-shifted NHFn peaks (δ ~ 8–8.6 ppm) compared to NHAla (δ ~ 6.9–7.2 ppm) suggest their participation in stronger HBs (Table 2).



To further determine the conformational properties of the tested peptides, we measured the concentration, temperature, and solvent dependencies of the NMR chemical shifts.



	4.

	
Concentration-dependent NMR Spectroscopy







Since no significant upfield shifts of NHFn or NHAla were observed when measuring the NMR spectra during dilution from 50 mM to 1 mM, the IHB engagement was indicated, confirming the concentration-independent IR data.



	5.

	
Solvent-dependent NMR Spectroscopy







In addition to the hydrophobic effect, Coulomb interactions, and van der Waals interactions, IHBs also control protein folding [75]. When the IHBs are weak, the amide NH protons involved are exposed to a strong hydrogen-bond acceptor such as DMSO and their resonances are moved downfield. Otherwise, the amide NH protons engaged in a strong IHB are shielded from solvation and no significant change in their chemical shift (Δδ) is observed during titration with dimethyl sulfoxide (DMSO). Therefore, the pronounced solvent dependence of the NHAla of the tested peptides (Δδ~0.94–1.46 ppm) is attributed to their involvement in weak HBs. As for the solvent-sensitivity of NHFn, increasing the DMSO content from 0% to 56% had a less pronounced effect on the NHFn of heterochiral peptides 1 and 2 (Δδ~0.3–0.45 ppm) than on that of homochiral analogues 3 and 4 (Δδ~1 ppm), providing further evidence that heterochirality contributes to participation in stronger IHBs and folding into more stable turn structures (Table 2).



	6.

	
Temperature-dependent NMR Spectroscopy







The temperature coefficients (Δδ/ΔT) reflect the changes in the chemical shifts of the amide protons with temperature and provide information about hydrogen bonding. While low Δδ/ΔT values (–2.4 ± 0.5 ppb K−1) are attributed to both shielded and exposed protons and are therefore not meaningful, larger Δδ/ΔT values always reflect initially shielded, HB-engaged amide protons that are exposed to the solvent during the unfolding of intramolecularly hydrogen-bonded structures or the dissociation of aggregates at elevated temperatures [13,14,76,77,78,79,80,81,82,83,84]. Considering that the concentration-independent IR and NMR spectra exclude the presence of self-assembled aggregates, the observed larger temperature coefficients further confirm the presence of intramolecularly folded conformations in peptides 1–4 (Table 2).



	7.

	
NOESY Spectroscopy







The IHB-mediated folding of peptides 1–4, predicted by computational study, was further investigated by a NOE experiment. Considering the proposed conformational patterns A, B, and C (Figure 3), we focused on NOE cross peaks which support the close proximity of NHFn/NHAla with the N-terminal Boc/Ac group and/or with the ester methyl group. As for the heterochiral peptides 1 and 2, the observed NOE interactions clearly support the presence of IHB pattern A with two HBs. The NOE contact between the NHFn and acetamide methyl protons of peptide 2 indicates the presence of an intrastrand HB NHFn···O=CAc corresponding to β-turns. In addition, the NOE contacts between NHFn and NHAla and the ester methyl group indicate the presence of an interstrand HB NH···O=CCOOMe (Figure 4). The targeted NOE interactions were not observed for homochiral peptides 3 and 4, which was expected given the 1D NMR data mentioned above, indicating that the homochirality of the peptide backbone does not contribute to the conformational stability.



	8.

	
CD Spectroscopy







Circular dichroism (CD) is an effective method of studying the conformational changes during aggregation, thermal or chemical unfolding, and ligand binding interactions [85,86]. After the coupling of ferrocene scaffolds with amino acids and peptides, the folding into turn- and β-sheet-like conformations stabilized by IHBs occurs, followed by the restricted free rotation of ferrocene rings. This leads to helical chirality of the ferrocene core, which causes the Cotton effects around 470 nm. The intensity of the Cotton effects is more pronounced when the folded conformations are more stable, and their positive or negative sign is related to the right- or left-handed helicity of the ferrocene core [87]. The results of the computational study together with the IR and NMR data indicate that the heterochirality of the peptide backbone contributes to conformational stability. Therefore, the almost two-fold stronger positive Cotton effects (Mθ~4200–4800 deg cm2 dmol−1) observed for the heterochiral conjugates 1 and 2 were expected and are attributed to the presence of the conformational pattern A, stabilized by two hydrogen bonds. However, the decrease in and weakening of the hydrogen bonding in the homochiral peptides 3 and 4, found to adopt single hydrogen-bonding pattern B or C, resulted in significantly weaker CD activity (Table 3).




2.1.3. Biological Evaluation


	
Antitumor activity






The conjugates 1–4 were evaluated for their ability to inhibit the growth of HeLa and MCF-7 carcinoma cells. Inhibitory activity was observed only at concentrations of 100 μM or higher. However, the Boc-protected peptides 1 and 3 were more efficient than Ac-protected peptides 2 and 4, with the viability of cells treated with the highest concentration (500 μM) being from 35.4377% (HeLa) to 54.3296% (MCF-7) for 1 and from 37.2897% (HeLa) to 48.3693% (MCF-7) for 3 (Figure 5).



In vitro cytotoxicity results, quantified as the IC50 values (the concentration of a compound where the percentage of inhibition is equal to 50), reveal that homochiral Boc-peptide 3 has the strongest inhibitory effect on MCF-7 cells, while HeLa cells were found to be somewhat less sensitive. In addition, heterochiral Boc-peptide 1 exhibited inhibitory activity against HeLa cells. In the range of tested concentrations (10–500 μM), no 50% inhibition of cell growth was observed for compounds 1, 2, or 4 on MCF-7 cells, and for compounds 2 or 4 on HeLa cells (Table 4).



Programmed cell death, or apoptosis, is a key biological process associated with many types of diseases, including autoimmune and inflammatory diseases and cancer [88]. Since peptidomimetics are known to induce apoptosis [89], HeLa cells were treated with conjugates 1–4, followed by flow cytometry analysis. The results show that HeLa cells treated with Boc-peptide 3 (500 µM) had the highest percentage of the total apoptotic cells (33.19%), followed by its diasteremer 1 with a total apoptosis of 30.32% (Figure 6). The lowest percentage of total apoptotic cells was determined when HeLa cells were treated with Ac-peptide 4 (11.45%), which was shown to have the weakest effect on HeLa cells. We found that the biological activity of ferrocene peptides depends on their lipophilicity rather than their conformational properties. The ferrocene-containing peptides characterized with larger retention factors (Rf) in non-polar eluents were shown to exert better antiproliferative activity [28]. Thus, the results described above regarding the increased antiproliferative activity of Boc-peptides 3 (Rf = 0.55) and 1 (Rf = 0.52) compared to the more polar Ac-peptides 2 (Rf = 0.33) and 4 (Rf = 0.35) are in accordance with our previous reports.





2.2. Unsymetrically Substituted Conjugates of Amino-Functionalized Ferrocene with Phe, Val, and Leu 5–16 [33]


The potential of antimicrobial peptides in combating pathogens is related to their structure and physicochemical properties, such as conformation, electrical charge, hydrophilicity, and hydrophobicity [90]. Therefore, we performed the synthesis, detailed conformational analysis, and biological evaluation of 12 conjugates of amino-functionalized ferrocene with Phe, Val, and Leu containing hydrophobic branched and bulky side chains [33].



2.2.1. Computational Study


Since the same Boltzmann distribution and hydrogen bonding patterns are expected for each pair of enantiomers, the conformational analysis was performed only for the d-series of the prepared peptides. Hydrogen-bonding pattern A, which consists of two IHBs (intrastrand NHFn···OCAc HB forming nine-membered ring and interstrand NHAA···OCCOOMe HB forming seven-membered ring), was adopted by Ac-protected conjugates 12, 14, and 16 (Figure 7a), while pattern B, which is based on nine- (interstrand NHAA···OCCOOMe HB) and five-membered hydrogen-bonded rings (intrastrand NHFn···NAA HB) was found to be inherent to the Boc-protected conjugates 11, 13, and 15 (Figure 7b).




2.2.2. Spectroscopic Study


	
IR Spectroscopy






Since the enantiomers have identical chemical and physical scalar properties, the experimental IR and NMR data are given only for the d-series. The common feature of the amide region of the IR spectra of the tested peptides is the dominance of the blue-shifted signals of the non-bonded NH groups (~3420 cm−1), which is due to the steric hindrance of the bulky and branched side chains of Phe, Val, and Leu. In addition, the intensity ratios of the free and associated NH bands indicate that Ac-conjugates 12, 14, and 16 (INhfree/INhassoc.~1.4/1) are more involved in hydrogen bonding than their counterparts 11, 13, and 15 (INHfree/INHassoc.~3–4.4/1), which contain more bulky Boc-protecting groups (Table 5).



	2.

	
Concentration-dependent IR Spectroscopy







The unchanged ratio of free and associated NH bands at dilution from c = 5 × 10−2 M to 3 × 10−3 M excludes the possibility of intermolecular hydrogen bonding.



	3.

	
NMR Spectroscopy







In view of the fact that the hydrogen-bonded amide protons are downfield-shifted (δ > 7 ppm), it can be assumed that the NHFn of the tested peptides is involved in the HBs (Table 6). The higher chemical shifts of the NHFn in the Ac-peptides 12, 14, and 16 than in those of the Boc-protected counterparts 11, 13, and 15 indicate their participation in slightly stronger HBs. As with the Ac-peptides, the more pronounced downfield shifting of the NHFn of the Val- and Leu-conjugates 14 and 16 (δ~8.2 ppm) compared to the Phe-conjugate 12 (δ~7.7 ppm) is due to interference of the bulky benzyl side chain in the hydrogen bonding. The slightly upfield-shifted (δ~6.5 ppm) NHAA of Ac-peptides 12, 14, and 16 most likely fluctuates between bonded and non-bonded states, while the upfield-shifted resonances of the NHAA of Boc-peptides 11, 13, and 15 do not exclude their involvement in HBs, as urethane NH protons can be observed at high fields [91,92].



	4.

	
Concentration-dependent NMR Spectroscopy







The negligible changes (Δδ~0.2–0.6 ppm) in the resonances of NHFn and NHAla observed upon dilution from 50 mM to 6 mM indicate their involvement in IHBs, as revealed by concentration-independent IR spectroscopy.



	5.

	
Solvent-dependent NMR Spectroscopy







The solvent dependance of the NH chemical shifts is a measure of the strength of hydrogen bonds. Thus, the pronounced changes in the chemical shifts of NHFn and NHAA in Ac-peptides 12, 14, and 16 observed during titration with DMSO (Δd = 1.44–1.87 ppm) indicate their involvement in weak IHBs (Table 6).



	6.

	
Temperature-dependent NMR Spectroscopy







The large temperature coefficients (Δδ/ΔT) calculated for peptides 12, 14, and 16 are attributed to originally hydrogen-bonded NH protons that are exposed to the solvent at increased temperatures (Table 6).



	7.

	
CD Spectroscopy







In agreement with the results of the IR and NMR spectroscopy, which indicate a rather weak capacity of the tested peptides for hydrogen-bonding, only a weak CD activity was observed. In addition, the enantiomer pairs 5/11, 6/12, 7/13, 8/14, 9/15, and 10/16 show Cotton effects with opposite signs and equal (or very similar) intensities (Table 7).




2.2.3. Biological Evaluation


	
Antimicrobial activity






In terms of antibacterial activity, highly potent antibacterial ferrocene-peptide conjugates have been shown to be able to penetrate the bacterial membrane which leads to detachment of vital enzymes required for respiration and cell wall biosynthesis [93]. The ferrocene group has also been used to modify and enhance the activity of natural antioxidants [94,95]. The preliminary results for the antimicrobial activity of compounds 5–16 were obtained using the disk diffusion method. Only Ac-conjugates 12, 14, and 16 exhibited antimicrobial activity with inhibition zones of 7–19 mm against the bacteria P. aeruginosa, B. subtilis, and S. aureus. Among them, the Leu-containing conjugate 16 showed the strongest antimicrobial activity, especially against the bacterium P. aeruginosa. The Phe-containing peptide 12 had the same efficacy against the treated bacteria, while the Val-conjugate 14 showed the weakest inhibitory potential (Table 8).



	2.

	
Antioxidant activity







The antioxidant activity of conjugates 5–16 was tested using the 1,1-diphenyl-2-picrylhydrazyl (DPPH) and ferric-reducing antioxidant power (FRAP) methods. The results are expressed as mM Trolox for the FRAP method and as mM Trolox equivalent for the DPPH method. The results were compared using 0.5 mM Trolox as a reference substance (Table 9). The d-series conjugates 11–16 showed higher antioxidant activity as measured by the FRAP method, while l-peptides 6, 8, and 10 showed the lowest antioxidant activity as measured by both methods.



	3.

	
Hydrophobicity







In the development of peptide drugs, it is important to set an optimal ratio between hydrophilic and hydrophobic fractions at which the peptides pass through the membrane the most easily. The peptide must be hydrophobic enough to interact with the non-polar hydrocarbon chains of the fatty acids, but not lipophilic enough to get stuck in the membrane or be insoluble in water. The total hydrophobicity of the peptides 5–16 arises from the ferrocene and amino acid moieties and the N-terminal group (Boc/Ac), and was evaluated by measuring their retention times (tR). Besides the hydrophobicity, the peptide retention time is also related to the properties of the liquid chromatography system. Since the elution from the column with a hydrophobic stationary phase (C18) was carried out with a polar mobile phase (water/acetonitrile), the more hydrophobic peptides had longer retention times [96,97,98,99]. Considering the retention times listed in Table 10 and the results for the peptides’ antimicrobial activity shown in Table 8, the optimal ratio of hydrophilic/hydrophobic content is only given in d-series peptides with an Ac-protecting group (12, 14, and 16).



	4.

	
Chemical and proteolytic stability







The two degradation assays, 0.1 M phosphate-buffered saline (PBS) buffer and 0.045% TFA, were used to test the chemical stability of Ac-conjugates 12, 14, and 16, which have been shown to inhibit bacterial growth. As can be seen in Figure 8, the tested peptides were stable in the buffer at a neutral pH, whereas, in 0.045% TFA, significant degradation occurred within 24 h.



In terms of proteolytic stability, Val-peptide 14 proved to be the most stable to chymotrypsin degradation, while the Phe- (12) and Leu- (16) peptides were slightly more sensitive to proteolysis (peptides 12 and 16 showed a decrease in peak area of 18.7% and 6%, respectively) (Figure 9). Therefore, the high proteolytic stability of these ferrocene-d-amino acid conjugates represents a promising avenue for the discovery of new peptidomimetics with improved conformational and proteolytic stability and biological activity.





2.3. Symetrically Disubstituted Conjugates of Amino-Functionalized Ferrocene with Phe, Val and Leu 17–22 [34]


The pattern and strength of the hydrogen bonds in asymmetrically substituted conjugates of amino-functionalized ferrocene with Phe, Val, and Leu 5–16 were not suitable to achieve highly ordered chiral structures. To improve their conformational stability, we continued our research by preparing their higher, symmetrically disubstituted homologues Ac–AA–NH–Fn–NH–AA–Boc (AA = l- and d-Phe (17/18), l- and d-Val (19/20), and l- and d-Leu (21/22)). Considering the excellent conformational stability and chiral organization of the previously reported symmetrically disubstituted conjugate Ac–Ala–NH–Fn–NH–Ala–Boc [28], we were interested in investigating the influence of hydrophobic branched and bulky benzyl, isopropyl, and isobutyl side chains on both the hydrogen bonding between the peptide strands and the biological activity of conjugates 17–22.



2.3.1. Computational Study


As mentioned above, the results of the conformational analysis are given only for the l-conjugates 17, 19, and 21, since the same Boltzmann distribution is expected for their d-enantiomers 18, 20, and 22. The most stable conformations were based on hydrogen-bonding pattern A, which consists of two 10-membered IHB rings, i.e., two β-turns connected by two hydrogen bonds between the peptide strands attached to the opposite cyclopentadienyl rings NHFn···OCBoc and NHFn···OCAc, respectively (Figure 10). The same motif was adopted by their Ala-analogue [28].




2.3.2. Spectroscopic Study


	
IR Spectroscopy






The IR data of the asymmetrically monosubstituted conjugates consisting of a ferrocene unit and one amino acid strongly suggest the predominance of non-bonded states (Table 5) [33]. As can be seen in Table 11, their higher symmetrically disubstituted homologues 17, 19, and 21 are mainly involved in hydrogen bonding due to the presence of additional hydrogen-bond-donating and -accepting sites. In addition, the higher proportion of free NH bands in Phe-conjugate 17 (INHfree/INHassoc = 0.7:1) indicates that benzyl side chains interfere with hydrogen bonding more than aliphatic side chains in Val-peptide 19 and Leu-peptide 21 (INHfree/INhassoc = 0.7:1).



	2.

	
Concentration-dependent IR Spectroscopy







The ratio of the intensities of free and bonded NH bands remained unchanged at a dilution from c = 5 × 10−2 M to 3 × 10−3 M, indicating that bonded NH groups are only involved intramolecularly.



	3.

	
NMR Spectroscopy







Since hydrogen bonding leads to the deshielding of the protons involved, the pronounced downfield shifts observed for NHFn (δ > 9 ppm) indicate their involvement in a strong HB, while the upfield-shifted NHAc/Boc is likely to be involved only in a weak HB or not be bonded at all (Table 12).



	4.

	
Concentration-dependent NMR Spectroscopy







Similar to the concentration-independent IR vibrations, the chemical shifts of NHFn were also found to be concentration-independent, with only minor changes (Δδ < 0.16 ppm) when diluted from 50 mM to 6.25 mM, further confirming its participation in IHBs. However, a significant upfield shift of NHAc/Boc was observed (Δδ~0.6–1 ppm), which could indicate the presence of intermolecular aggregates.



	5.

	
Solvent-dependent NMR Spectroscopy







The involvement of NHFn in a strong IHBs due to its pronounced downfield shifts was further supported by a flat titration curve (chemical shift vs. percentage of DMSO), resulting from only negligible changes in chemical shifts (Δδ~0–0.16 ppm) (Table 12). As expected, the non- or weakly hydrogen-bonded and, therefore, exposed NHAc/Boc was solvated by DMSO (Δδ ≥ 1–1.7 ppm).



	6.

	
Temperature-dependent NMR Spectroscopy







The large temperature dependence (−5.71 to −8.71 ppb K−1) of the concentration- and DMSO-independent NHFn is attributed to its involvement in strong IHBs. The large temperature coefficients of concentration-dependent NHAc (−11.57 to −18.42 ppb K−1) are further evidence of its involvement in intramolecular HBs, while a small temperature dependence of NHBoc reflects its non-involvement in HBs (Table 12).



	7.

	
NOESY Spectroscopy







The NMR data on the involvement of NHFn in a strong IHB are consistent with the DFT-predicted hydrogen bonding pattern A, which is based on two interstrand IHBs: NHFn···OCBoc and NHFn···OCAc, i.e., two simultaneous β-turns (Figure 10). Therefore, the NOESY spectra of peptides 17, 19, and 21 were inspected for the presence of cross peaks between NHFn and protons of the terminal carbamate and acetamide groups. The observed interstrand NOE contacts between NHFn and the tert-butyl protons confirm the presence of interstrand IHB NHFn···OCBoc corresponding to β-turns (Figure 11).



	8.

	
CD Spectroscopy







The Ala-analogue of the tested compounds, Ac–Ala–NH–Fn–NH–Ala–Boc [28], was found to adopt the same conformational pattern A based on two simultaneous β-turns. The highly ordered chiral organization was reflected in a strong positive Cotton effect (Mθ~23,000 deg cm2 dmol−1), which the intensity was not significantly decreased in the presence of DMSO (<30%), indicating an exceptional conformational stability. The Cotton effects shown in Table 13 are of opposite signs and very similar intensity for the enantiomeric pairs 17/18, 19/20, and 21/22. While the Val- (19/20) and Leu-conjugates (21/22) show slightly improved conformational stability compared to the Ala-analogs, there is a noticeable decrease in the CD activity of the Phe-peptides 17/18 as a result of the interference of the bulky benzyl groups with the hydrogen bonding. The preservation of the CD activity in the presence of DMSO (75–90%) confirmed the previous IR-and NMR-indicated involvement of the tested peptides in IHB-mediated folding into stable β-turn structures.




2.3.3. Biological Evaluation


	
Antitumor activity






The NIH-NCI DTP protocol [100] was used to evaluate the antitumor activity of conjugates 17–22 on HeLa, HepG2, and MCF-7 cell lines. The common feature of the tested compounds is their inactivity against HepG2 cells and the strongest inhibition of cell growth in MCF-7 cells (Figure 12, Table 14). In addition, an inhibitory effect of more than 50% was achieved with l- and d-Leu peptides 21/22 in HeLa cells, and l- and d-Phe peptides 17/18 in MCF-7 cells, within the tested range. A negligible inhibitory effect was observed for l- and d-Val peptides 19/20. Besides the cell line treated, the antitumor activity of ferrocene peptides also depends on the lipophilicity. Compared to the more polar Val- (19/20 (Rf ~ 0.58)) and Leu- (21/22 (Rf ~ 0.45)) peptides, Phe-conjugates 17/18, with larger retention factors in less polar solvents (Rf ~ 0.83), showed the highest cytotoxic effect. Their IC50 values of 53.1 ± 23 μM and 32.7 ± 6.89 μM are lower than those for the reference drug cisplatin (97.86 μM) (Table 14).



The possible induction of apoptosis in HeLa cells by the action of d-Leu-conjugate 22 was investigated. As shown in Figure 13a, no significant difference was observed between the control and treated cells. However, the higher percentage of total apoptotic cells observed in the treatment with peptide 22 makes this conjugate a potent inducer of apoptosis in HeLa cells. In addition, the role of conjugate 22 in the cell cycle progression of HeLa cells was examined (Figure 13b). A significant increase in the number of cells in the G0/G1 phase was observed compared to control cells, followed by a significant decrease in the cell population in the S phase. These results suggest that peptide 22 inhibits the proliferation of HeLa cells, as it can induce cell cycle arrest in the G0/G1 phase.



	2.

	
Antioxidant activity







The symmetrically disubstituted conjugates 17–22 showed only moderate antioxidant activity in the range of 0.1 mM Trolox equivalent as assessed by DPPH and in the range of 0.52–0.63 mM Trolox as assessed by FRAP (Table 15). Looking at the results of the antioxidant activity of their lower homologues 6, 8, 10, 12, 14, and 16 (Table 9), the introduction of an additional hydrophobic amino acid did not contribute to the improvement of the antioxidant activity.






3. Peptide Derivatives of Aminoferrocene—Origin of Chiroptical Activity


An intrinsic property of the bioconjugates of hetero-anullarly functionalized ferrocenes and various l-, d-, and β-amino acids is a helically chiral arrangement of the ferrocene moiety. In these derivatives, a prerequisite for the formation of helically chiral conformations is the presence of chiral centers in the peptide chains, which are connected by interchain HBs that restrict the free rotation of the ferrocene rings [9,28,29,56]. Depending on the chirality of the amino acids used, an opposite helicity of the metallocene core can be generated. In general, l-amino acids favour the P-helicity of the ferrocene moiety and vice versa. This helically chiral arrangement can be easily detected by recording the CD spectra in the visible region, where P-helicity causes positive Cotton effects near the apsorption maximum of the ferrocene chromophore (λ ~ 470 nm), while M-conformers induce negative CD signals. The intensity of these signals ranges from ±103 deg cm2 dmol−1 to ±7 × 105 deg cm2 dmol−1 and presumably depends on the stability of the folded conformations and, thus, on the degree of asymmetry in the vicinity of the metallocene chromophore.



In contrast to the derivatives described above, the chirality and CD activity of ferrocenes (aminoferrocene or ferrocenecarboxylic acid) substituted with only one peptide chain have been insufficiently investigated. The main reason for this is that these derivatives are usually present in solution as a mixture of rapidly changing conformations that are stabilized by weak if any non-covalent interactions. The ensemble of these interconverting conformations shows only weak CD signals, which were thought to originate from the central chirality of the individual amino acids. As mentioned above, an inherently achiral ferrocene chromophore must be placed in an ordered asymmetric environment to exhibit pronounced CD activity, and when considering these derivatives, asymmetric perturbation can be generated by the handedness of the dominant conformations in a hydogen-bonded peptide suquence. To date, there are only a few examples of amino acid derivatives of ferrocenecarboxylic acid in which ordered structural elements that could cause optical activity in the apsorption region of the ferrocene chromophore have been detected. Kraatz and co-workers [102] found a β-turn structure in the crystalline state of ferrocenecarboxylic acid substituted with a tripeptide chain (–l–Pro–l–Pro–l–Phe–COOBzl), but did not study its conformation in solution in detail nor did they record its CD spectrum. By introducing a heterochiral peptide chain into the ferrocenecarboxylic acid, Hirao [103] prepared the enantiomeric derivatives Fn–CO–l–Ala–d–Pro–NH–4–Py and Fn–CO–d–Ala–l–Pro–NH–4–Py, which favour a β-turn-like structure with the opposite sense of handedness, both in solution and in the solid state. This chiral environment leads to mirror-image signals in the visible region of their CD spectra. The first example of an experimental and theoretical investigation of the origin of the chiroptical activity of 1-ferrocenyl amino acids was recently given by Zhong [104]. He found that conjugation of a single chiral amino acid forces the carboxyl-functionalized ferrocene into a fixed chirality supported by three types of intramolecular interactions, including CH⋯π interactions, van der Waals interactions, and hydrogen bonding. He also found that the sign and the intensity of the CD signal at λ ~ 450 nm is determined by the orientation of the carbonyl group directly bonded to the ferrocene, i.e., the angle of rotation between it and the cyclopentadienyl ring.



Over the last 10 years, our group has been working intensively on the chirooptical properties of peptide derivatives of aminoferrocene and their potential application as CD sensors. The impetus for this was the realisation that even simple dipeptide derivatives of aminoferrocene such as tBuO-CO–AA2–AA1–NH-Fn [27,105] (AA1 = Gly, l-Ala, d-Ala, l-Val; AA2 = Gly, l-Ala, l-Val, l-Pro, d-Pro) form ordered structural elements: β-turn- and γ-turn-like structures, supported by intrachain HBs. Moreover, opposite signs of Cotton effects were observed in the CD spectra of the enantiomeric dipeptides depending on the chirality of the incorporated amino acids and, thus, the handedness of the turn-like structures. A detailed spectroscopic and DFT investigation led us to the conclusion that these CD signals undoubtedly originate from the transfer of chiral information from a folded peptide sequence to a ferrocene chromophore and that right-handed turns favored by l-amino acids give rise to negative CD signals and vice versa.



3.1. C-Terminal Ferrocene-Capped Tripeptides 23–30 [35]


Previous observations prompted us to investigate the use of ferrocene as a CD probe for the detection of screw sense preferences of short peptide sequences, for which we synthesized all eight stereoisomers of Boc–Pro–Pro–Ala–NH–Fn (23–30) [35]. This investigation was inspired by early work by Toniolo [106] and his p-bromobenzamido chromophore and Clayden’s dibenzazepinylurea [107], which were used as N-terminally covalently bound CD probes for determination and quantification of the screw sense preferences of peptide sequences. We opted for tripeptide sequences containing a diproline segment in addition to alanine because (i) the absence of NH groups in cyclic amino acids restricts the accessible conformational space, (ii) these derivatives can form α-turns or other helical structures induced by the sterically restricted diproline segment in addition to β-turns. Combined experimental and theoretical studies were performed to establish the clear link between the chiroptical properties of ferrocene and the local conformation of the peptide sequence. All derivatives were prepared by stepwise HOBt/EDC-mediated coupling technique in the solution phase, and conformational analysis was performed by spectroscopy (IR, NMR and CD), X-ray structural analysis and theoretical calculations. Since half of the target compounds are in an enantiomeric relationship and have the same scalar properties, the experimental data are described for only one series.



In the amide region of the IR spectra of dilute solutions of derivatives 23–25, strong intensity signals attributable to hydrogen-bonded NH groups were registered, accompanied by almost negligible intensity bands belonging to free NH groups. Since tripeptides 23–25 contain only two NH groups, we assumed that both are involved in IHBs, while this is not the case for tripeptide 26, in whose IR spectrum the signal that can be assigned to free NH groups is slightly stronger. This was also confirmed by the NMR data shown in Table 16. In the NMR spectra of all derivatives, the NHFn and NHAla groups resonate in the low field, while the NHAla group of 26 is detected in a significantly higher field, leading to the conclusion that the former groups are involved in IHBs, while this is questionable for the latter. Titration with DMSO allowed us to investigate the strength of these intramolecular interactions, and as can be seen from Table 16, the NHAla groups of peptides 23–25 as well as NHFn of 26 are involved in the strongest IHBs, whereas NHFn of 23, 25 and 26 are involved in somewhat weaker interactions, while the large perturbation of the chemical shift of NHAla of 26 indicates its solvent exposure. Moreover, the initial downshifted resonances of NHFn and NHAla protons in 24 and 25 showed no significant temperature dependence, which is characteristic of shielded hydrogen-bonded protons. Higher values of the temperature coefficients of the NHFn groups of 23 and 26 as well as the NHAla group of 26 indicate an initially shielded proton exposed upon temperature increase, whereas the proton of the NHAla group of derivative 26 is free of hydrogen bonding when its initial resonance is considered.



Analysis of the NOESY spectra provided us with additional evidence for hydrogen bond-induced folding of the peptide sequence in derivatives 23–26, as NOE signals between the sequential NH groups as well as the long-range interactions between the ferrocene H2 and H5 hydrogens and the N-terminal tert-butyl group were observed in the spectra of all tripeptides (Figure 14a). Interestingly, we also observed that the cross-peaks of NHFn of 23 and 26 and the diastereotopic H2 and H5 atoms of ferrocene, whose chemical shifts are separated for 0.07 ppm for 23 and 0.03 ppm for 26, are equally intense (Figure 14b). In contrast, in the NOESY spectra of derivative 24, the diastereotopic protons were largely separated (0.6 ppm) and a strong signal was observed between NHFn and the shielded cyclopentadienyl proton; similar was found in the NOESY spectrum of 26. These findings suggest that the same orientation of the amide bond directly attached to ferrocene predominates in the conformers of the later tripeptides, leading to a shielding of one of the diastereotopic protons by the influence of the carbonyl group and a fixed orientation of the shielded proton towards NH group. In the single-crystal X-ray structure of compound 24 no significant intermolecular interactions were observed, as both NH groups are involved in IHBs forming two consecutive β-turns, which can be classified as type II′ and type I (Figure 14c).



Finally, we recorded and calculated the CD spectra of derivatives 23–30, and as can be seen in Figure 15, they agree very well. The sign of the Cotton effect in the region of the metal-centred transitions is negative in the spectra of 23 and 24, the spectra of 25 and 26 show a positive sign of the Cotton effect, while their enantiomeric 27–30 display mirror-image curves.



In order to reconcile these experimental results with the molecular geometries, detailed calculation studies were carried out in the further course of the research. In the most stable conformations of compounds 23 and 26, branched hydrogen bonds connect the urethane carbonyl and NH groups of aminoferrocene and Ala, forming 13- and 10-membered rings (Figure 16), while the predominant conformation of 24 and 25 contains two consecutive β-turns (NHFn···O=CPro1 and NHAla···O=CBoc). With the exception of tripeptide 18, other HB patterns were found in the calculated geometries of 17, 19 and 20, albeit in less energetically favorable conformations.



At the beginning of our research, we postulated that the transfer of the P- or M-helicity of the turn or helix structure in the peptide segment to the ferrocene unit leads to CD signals with different signs in the visible region of the CD spectra. Unfortunately, after careful comparison of the calculated geomerties of 23–26 and their CD spectra, we could not correlate the helicity of the structures in the peptide sequence with the sign of the CD curves, e.g., a right-handed P-helix containing two consecutive β-turns found in the most stable conformers of 24 and 25 gives rise to the opposite signs of the measured and calculated CD signals at 470 nm. Interestingly, however, when analysing the data, we found that the observed turns not only cause a folding of the peptide sequence in the P- or M-direction, but also a deviation from the coplanarity of the plane of the cyclopentadienyl (Cp) ring and the directly bound amide plane. To describe this deviation, we used the dihedral angle χ, which we defined by four atoms, two centroids, one for each Cp ring, nitrogen and amide carbon (Figure 17a). The signs of the CD curves around 470 nm of all investigated geometries of peptides 23–26 showed a correlation with the sign of the χ angle, with positive values of χ leading to positive signals and vice versa. This discovery allowed us for the first time to identify the origin of the Cotton effects in the CD spectra of ferrocene peptides derived from aminoferrocene and their correlation with the geometry of the peptide sequence. But since ferrocene can adopt both a cis- and a trans-arrangement with respect to the peptide chain (Figure 17b), resulting in opposite values of the χ angle and thus opposite CD spectra, we were unfortunately unable to correlate the CD sign with the helicity of the peptide sequence. Nevertheless, this study provided guidelines for the design of ferrocene-based CD probes for determination of the screw-sense preferences of small helical peptide structures and the chirality of amino acids, which we focused on in the continuation of the research.




3.2. Transfer of Chiral Information in Aib Containing Aminoferrocene Peptides 31–33 [36]


As mentioned above, the major obstacle to correlation of the helicity of the peptide segment with the CD signal at around 470 nm is that ferrocene can adopt two orientations with respect to the peptide chain, namely cis- and trans-, resulting in opposite signals being registered despite equal helicity. To overcome this problem, we decided to introduce α-amino isobutyric acid (Aib), an achiral helicogenic amino acid known to promote 310 helices [108], as a spacer between the ferrocene core and the chiral N-terminus [102]. We expected that the rubust 310 helical geometries would force the ferrocene into a single orientation to the peptide chain, presumably trans-, and allow the transfer of chiral information stored at the N-terminus to the ferrocene core, enabling the correlation of CD signal and helicity. To develop a practical ferrocene CD probe, we prepared Boc–l–Ala–(Aib)n–NH–Fn (31, n = 1; 32, n = 2; 33, n = 3) and investigated their conformational and chiroptical properties by experimental and theoretical methods.



Continuing the research, we recorded IR spectra of dilute solutions of peptides 31–33 and found that as the number of amino acids increases, the proportion of associated NH groups also increases. Since NHFn as well as NHAib1 of 32 and 33 and NHAib2 of tetrapeptide 33 are registered in a low field in the NMR spectra (Table 17), it can be concluded that these groups are involved in hydrogen bonding. In contrast, the remaining central and the N-terminal NH groups of all derivatives were registered at about 6.5 and 5 ppm, from which it can be concluded that they are free of hydrgen bonding. DMSO titration (23%) and temperature-dependent NMR spectroscopy confirmed these assumptions, as the chemical shift of these groups changed significantly with the addition of DMSO but only slightly upon heating compared to the groups registered above 7 ppm. Moreover, observation of sequential dNN (i, i + 1) NOESY crosspeaks in the spectra of 31–33 strongly indicates their helical arrangement.



Considering the IR and NMR results, the primary structure of peptides 31–33 and the propensity of Aib to induce 310 helical structures, we made the following assumptions: (i) dipeptide 31 is stabilized by a hydrogen bond between NHFn and COBoc, (ii) two 10-membered rings involving NH groups at positions i + 3 and i + 4, and the carbonyl groups of the i-th and i + 1 residues stabilize tripeptide 32 and (iii) tetrapeptide 33 adopts a 310-helix supported by successive hydrogen bonds involving C-terminal NH groups. These ordered elements alow the transfer of chiral information stored at the N-terminus to the ferrocene chromophore trough Aib spacer as all derivatives exhibit negative Cotton effects in the visible region, the intensity of which decreases with increasing number of amino acids contained. In the hope of finding a dominant trans-conformer that would allow a correlation between the sign of these signals and the helicity of the peptide sequence, the assembly of the most stable conformers of 31–33 (Figure 18) and their CD spectra were calculated. The lowest energy conformers of dipeptide 31 and tripeptide 32 contain one and two 10-membered rings, respectively, as shown by the experimental analysis with the ferrocene in trans-position to the peptide sequence. As in our previous studies, the negative χ angle value led to negative Cotton effects, which can be correlated with P-helicity in the case of the trans-conformers.



In addition to these conformers, further energetically accessible conformations were found for 31 and 32. P-helical structures in which ferrocene is oriented in the cis-direction to the peptide sequence (separated from lowest energy trans conformer for 3.98 kJ mol −1 for 31 and 4.64 kJ mol−1 for 32), as well as additional geometries with different helicity and hydrogen bonding patterns between these two levels. In contrast to the inhomogeneous conformational space of 31 and 32, tetrapeptide 33 exists mainly as a dominant trans-conformer in which the propagating P-helix causes a negative χ angle and CD signal. In the case of tetrapeptide 33, the cis-conformer, in which the P-helix causes a positive divergence and thus a positive CD signal, is separated for 8.16 kJ mol−1.



To summarise, we have shown that the minimal sequence that exists primarily in a dominant, 310 helical trans-geometry is (Aib)3-l-Ala. Apart from locking the conformation in trans-orientation, the robust achiral (Aib)3 segment transfers the chiral information from the N-terminus to ferrocene and allows correlation of the helicity of the peptide sequence with the sign of the CD signal (P-helicity induced by l-Ala → negative χ → negative CD). This study was an important step in the development of an aminoferrocene-based CD probe that could be used for the chiral discrimination of amino acid enantiomers and the determination of the helicity of peptides.




3.3. Central-to-Helical-to-Axial Chirality Transfer in Ac6c Aminoferrocene Peptides 34–36 [37]


Although in the previous study we confirmed the conformational homogeneity of the (Aib)3 sequence, which allowed the correlation of the CD signal with the helicity of peptide sequence (induced by chirality of the N-terminus), it is important to emphasize that the difficult copulation of multiple Aib residues reduces the potential of using (Aib)3–NH–Fn as a CD probe. Therefore, we decided to replace Aib with cyclic achiral Ac6c, i.e., to synthesize Ac6c–NH–Fn (vii) as a sensor and test its potential for determining the chirality of N-terminally bound amino acids via central-to-helical-to-axial chirality transfer [104]. In developing the sensor, we were guided by two assumptions: (i) the sterically demanding Ac6c will force the peptide substituent into a trans-conformation towards ferrocene in a similar way as (Aib)3, and (ii) the dominant conformation of Boc–AA–Ac6c–NH–Fn (AA = l-Ala, l-Val, l-Phe) dipeptides will be a right-handed β-turn geometry, i.e., the l-amino acid will induce a right-handed β-turn geometry, causing a negative value of the χ angle and thus a negative CD signal in the case of the trans-conformation of the substituent.



Based on the spectroscopic analysis and our previous studies of aminoferrocene-derived dipeptides, we hypothesised that 34–36 predominantly adopt the β-turn conformation in solution. Namely, in the NMR spectra of their dilute solutions, the chemical shifts of the NHFn group were registered in the low field (Δδ ~ 8.40 ppm), while sequential signals characteristic of the β-turn geometry were found in the NOESY spectra. Since only one of the three NH groups in derivatives 34–36 is involved in β-turn, it is not surprising that we observed bands of both associated and free NH groups in their IR spectra. Moreover, the N-terminal chiral induction led to a separation of the signals of the diastereotopic ferrocene protons in 1H NMR spectra of 34–36, in contrast to the spectra of the achiral sensor v, where they were registered as a single signal (Figure 19).



DFT modeling and recording of CD spectra confirmed all our earlier assumptions (Figure 20). The predominant conformation of 34–36, which is more than 75% occupied, is stabilized by a β-turn element supported by a hydrogen bond between the NHFn group and the urethane carbonyl. At the same time, the l-amino acids induce a right-handed conformation that is trans-oriented towards ferrocene due to the steric requirements of Ac6c, ultimately leading to negative values of the χ angle. As in our previous studies, these negative values cause negative Cotton effects in the measured and calculated CD spectra of derivatives 34–36.



In summary, the conformational uniformity of the Ac6c–NH–Fn probe v bound to chiral amino acids and the central-helical-axial chirality transfer allowed us to correlate the chirality of the N-terminal amino acid with the sign of the CD signal in the ferrocene absorption region.




3.4. Dinuclear Ferrocene-Peptide Derivatives 37 and 38 [38]


Inspired by previous studies [4,5] in which we have shown that the predominant conformation of homochiral ferrocene dipeptides is β-turn, which leads to strong signals in the visible region of the CD spectrum, we decided to investigate what effect the insertion of an additional ferrocene subunit at N-terminus has on the conformation and the CD signal. The enantiomeric Fn–CO–l–Pro–l–Ala–NH–Fn (37) and Fn–CO–d–Pro–d–Ala–NH–Fn (38) were prepared using a HOBt/EDC-mediated coupling procedure and subjected to experimental and theoretical conformational analysis [100]. Since in the IR spectra of diluted solutions of 37 and 38 bands of free and associated NH groups have approximately the same intensity, while in the NMR spectra the C-terminal NH group resonates at 8.3 ppm and the NHAla group at 6.7 ppm, we assumed that the former is involved in intramolecular hydrogen bonding. The high temperature coefficient of this group (Δδ/ΔT = –6.1 ppb K–1), indicating an initially shielded group that is exposed upon heating, and the small perturbation (Δδ = 0.6 ppm) of the chemical shift during DMSO titration (25%) confirmed this assumption. In contrast, the upfield shifted NHAla group shows a low temperature dependence (Δδ/ΔT = 2.1 ppb K–1) and a pronounce change in the chemical shift (Δδ > 1 ppm) upon addition of 25% DMSO. The sequential dNN (i, i + 1) and dαN (i, i + 1) NOE cross-peaks registered in the spectra of 37 and 38 indicate a type I β-turn conformation [109] stabilized by hydrogen bonding between amino and carbonyl groups directly attached to the ferrocene moieties. As expected, we observed signals of equal intensity but opposite sign in the CD spectra of enantiomeric 31 and 32. The l,l-derivative 37 shows a CD signal of the same sign (negative) but lower intensity than the mononuclear precursor Boc–Pro–Ala–NH–Fn [5], and vice versa. DFT modeling found several conformers, dominated by those containing β-turns. The most energetically favorable conformation of 37 and 38 contains a β-turn of type I as indicated by experimetal analysis, while the one with type II, which is also determined in the crystal structure of compounds 37 and 38 (Figure 21), is somewhat more unstable.



In summary, the dominant conformation of dinuclear ferrocene derivatives bridged by a homochiral dipeptide segment in solution and in the solid state, as in the case of aminoferrocene bearing dipeptide sequences, is a robust β-turn.





4. Oxalamide-Bridged Ferrocene 39 [39]


In continuation of our pioneer work on ferrocene-oxalamides [30], we have prepared dimer –(CO–Ala–NH–Fn–COOMe)2 39 as the higher homologue of compound –(CO–NH–Fn–COOMe)2, with two Ala units inserted into oxalamide bridge [39].



4.1. Computational Study


DFT study indicates the presence of two pairs of IHBs NHFn···OCCOOMe and NHAla···OCCOOMe defining 15- and 12-membered rings, respectively. As can be seen in Figure 22, all NH groups are involved in IHBs.




4.2. Spectroscopic Study


	
IR Spectroscopy






Due to its insolubility in non-hydrogen bonding solvents CHCl3 and CH2Cl2, the IR spectra of oxalamide 39 were measured in tetrahydrofuran (THF) and toluene. Since no bands were observed in the region of the free NH bands (above 3400 cm−1), the NH groups are exclusively involved in intra- or/and intramolecular HBs (Table 18). However, the solvation effect of a weakly hydrogen-bond-accepting THF should be taken into account.



	2.

	
Concentration-dependent IR Spectroscopy







When the THF and toluene solutions of oxalamide 39 were diluted, the intensities of the NH bands decreased, but no blue-shifted band of NHfree appeared, indicating the involvement of NH groups in IHBs.



	3.

	
NMR Spectroscopy







Since the amide protons accessible to the hydrogen bond acceptor are downfield shifted [110,111], the high values of the chemical shifts of NHFn and NHAla of conjugate 39 suggest their involvement in HBs in THF and toluene (Table 19).



	4.

	
Concentration-dependent NMR Spectroscopy







The intramolecular nature of the hydrogen bonds suggested by IR spectroscopy is further supported by the almost unchanged chemical shifts of NH during dilution of the THF and toluene solutions.



	5.

	
Solvent-dependent NMR Spectroscopy







The pronounced downfield shift of the NHFn of oxalamide 39 in the presence of DMSO (Δδ = 0.9 ppm) is indicative of their involvement in a weaker IHBs, while the almost unperturbed and solvent-shielded NHAla (Δδ = 0.15 ppm) indicate their involvement in a stronger IHBs (Table 19).



	6.

	
Temperature-dependent NMR Spectroscopy







The larger temperature dependencies of the NH protons of compound 39 in THF and toluene are related to the unfolding of the initially IHB-driven folded structures.



	7.

	
NOESY Spectroscopy







Considering that both IR and NMR data strongly suggest the involvement of all NH groups in the IHBs, we analyzed their contacts in the NOESY spectrum. The interchain NOE contacts of the methyl ester protons with NHFn, NHAla and CH3Ala (Figure 23) provided additional evidence for a IHB pattern based on two pairs of hydrogen bonds: NHFn···OCCOOMe and NHAla···OCCOOMe (Figure 22).



	8.

	
CD Spectroscopy







As expected, the oxalamide 39 which contains chiral Ala units and adopts IHB pattern shown in Figure 22, exhibited the positive Cotton effect (Mθ = 3422 deg cm2 dmol−1 in toluene) in the region of ferrocene-based transitions.




4.3. Gelation Properties


The lower homologue –(CO–NH–Fn–COOMe)2 [30] did not succeed in gelling a number of organic solvents. The gelling ability of its higher homologue 39 was only tested in toluene due to its low solubility. Although the longer Ala-Ala spacer in oxalamide 39 improves its flexibility, gelation of toluene was only possible with the aid of sonication.




4.4. Biological Evaluation


	
Antitumor activity






In general, the oxalamide derivatives have shown to be effective antitumor agents [112,113]. Therefore, the cytotoxic potential of ferrocene oxalamides 39 against three tumor cell lines (MCF-7, HeLa and HepG2) and one normal human cell line (HEK293T) was tested (Figure 24, Table 20). The compound 39 showed better cytotoxic activity in comparison to its lower homologue which was not only found to be inactive against HepG2 and HEK293T cells, but also had 2-fold higher IC50 value for HeLa cells.





5. Conclusions and Future Perspective


The aminoferrocene-peptide conjugates have not yet been investigated by other authors for the relationship between their conformational and biological properties, which made it impossible for us to evaluate our results in comparison with other relevant studies. To overcome the potential limitations and weaknesses of the applied methods for conformational evaluation of the goal peptides, they were used in combination with the aim of unambiguously confirming the results of each individual method. Moreover, the results of the combined theoretical and experimental approaches were in full agreement. The basic hypothesis about the most stable conformational pattern, i.e., the hydrogen-bonding pattern, was established by a DFT study. Then IR spectroscopy was performed to determine the proportion of hydrogen-bonded states, while NMR data not only provided information on the amide protons involved in the hydrogen bonds, but also indicated the strength of the hydrogen bonds. Finally, the CD activity of the tested peptides was in accordance with the IR and NMR results. To ensure an even more accurate defining of the conformational properties of ferrocene peptides, the described integrated DFT/spectroscopy approach should be extended with molecular dynamics simulations in our future work.



We have determined an efficient synthetic route to obtain the conjugates of the turn-inducing aminoferrocene scaffolds with amino acids and short peptides. In-depth conformational analysis based on DFT predictions corroborated with spectroscopic findings has revealed the three most important factors for the folding of ferrocene peptides into stable turn structures:




	(i)

	
The heterochirality of the peptide backbone contributes significantly to IHB-mediated folding into stable turn structures: the concentration-independent IR and concentration-, temperature- and solvent-independent NMR spectra of heterochiral conjugates Boc/Ac–d–Pro–l–Ala–NH–Fn–COOMe (1/2) indicate their participation in a strong intrastrand NHFn···O=CBoc/Ac HB corresponding to β-turn, and in an additional interstrand NHAla···O=CCOOMe HB forming a 9-membered ring. Their homochiral counterparts Boc/Ac–l–Pro–l–Ala–NH–Fn–COOMe (3/4) are involved in more flexible structures.




	(ii)

	
Steric hindrance by the amino acid side chain significantly weakens conformational stability: the amide region of the IR spectra of the peptides Boc–AA–NH–Fn–COOMe (AA = d-Phe (11), d-Val (13), d-Leu (15)), Ac–AA–NH–Fn–COOMe (AA = d-Phe (12), d-Val (14), d-Leu (16)) is characterized by the dominance of the blue-shifted signals of the non-bonded NH groups, which is due to steric hindrance by the bulky and branched side chains of Phe, Val and Leu. In addition, the intensity ratios of the free and associated NH bands indicate that the bulky Boc-protecting groups in peptides 11, 13 and 15 hinder the involvement in hydrogen bonding more than the Ac-group in 12, 14 and 16. Accordingly, their chemical shifts showed a pronounced dependence on temperature and solvent, and only weak Cotton effects are observed in the CD spectra.




	(iii)

	
The symmetrically disubstituted conjugates are involved in stronger IHBs and therefore adopt more stable conformations compared to asymmetrically monosubstituted peptides: while the asymmetrically monosubstituted conjugates 11–16 were found to be mostly non-involved in HBs, their higher symmetrically disubstituted homologues Ac–AA–NH–Fn–NH–AA–Boc (AA = l- and d-Phe (17/18), l- and d-Val (19/20), l- and d-Leu (21/22)) with additional hydrogen-bond-donor and acceptor sites were mainly involved in HBs. The most stable conformations were based on two 10-membered IHB rings, i.e., two β-turns connected by two hydrogen bonds between the peptide strands attached to the opposite cyclopentadienyl rings NHFn···OCBoc and NHFn···OCAc, respectively. The chemical shifts of the NH protons involved in HBs were temperature- and DMSO-independent. Moreover, the Cotton effects in their CD spectra were more than 20-fold stronger than those of peptides 11–16.









In the last ten years, the antitumor activity of ferrocene peptidomimetics has only been tested in our group. We have shown that the ferrocene template and hydrogen-bonding pattern had no decisive influence on their activity, which was evaluated as low or moderate. The only structural feature associated with a slightly improved antitumor effect is lipophilicity.



In view of the above results, we will focus our future work on the heterochiral analogs of the peptides described here. To improve the lipophilicity, their depsipeptide analogs, in which an amide group is replaced by an ester group, will be synthesized and their conformational and biological properties will be evaluated. We believe that the results obtained will allow us to create a small library of ferrocene peptidomimetics with a defined structure-activity relationship.



Electronic circular dichroism is a powerful technique for determining the absolute configuration of chiral compounds, optical purity, secondary structure and folding properties of peptides and proteins, and various interactions. Unfortunately, the chirality of many compounds cannot be investigated directly with CD because the analytes do not contain strong chromophores and/or the absorption maximum lies at low wavelengths in the absorption range of other absorbing chromophores and solvents, the specific rotation is small and high sample concentrations are required [114]. These problems can be overcome by using achiral probes that undergo asymmetric induction upon binding to a chiral molecule, resulting in a strong characteristic CD output [115]. In our recent studies, we have shown that achiral aminoferrocene can undergo asymmetric perturbation upon binding to a peptide sequence and exhibit CD signals in the visible range, far from the absorption maxima of common solvents and other chromophores. In addition, we were able to describe the origin of these CD signals for the first time, which forms the basis for the use of ferrocene chromophores for the structural elucidation of chiral molecules.
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Figure 1. Number of publications per decade from a Web of Science search for articles with topics relating to ferrocene, taken 24 January 2024. 
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Figure 2. The conjugates of amino-functionalized ferrocene and amino acids 1–39 [32,33,34,35,36,37,38,39]. 
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Scheme 1. Synthesis of α-amino acid derivatives 1–30 and 34–39. 
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Scheme 2. Synthesis of α,α-amino acid (Aib) derivatives 31–33. 
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Figure 3. The DFT-predicted HB patterns in (a) hetero- (1 and 2) and (b) homo-chiral conjugates (3 and 4). The 3D conformations are adopted from reference [32]. 
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Figure 4. The NOE contacts in the spectra of conjugate 2 are depicted with arrows. 
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Figure 5. Cell viability of (a) HeLa and (b) MCF-7 cells treated with peptides 1–4 for 72 h in the range of concentration from 10 μM to 500 μM and assessed by the CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega (Madison, WI, USA). 
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Figure 6. Cell death analysis of HeLa cells treated with the highest tested concentration of Boc- (1 and 3) and Ac-peptides (2 and 4) (500 µM) for 72 h. 
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Figure 7. The DFT-predicted hydrogen-bonding patterns in (a) Ac- (12, 14, and 16) and (b) Boc-protected conjugates (11, 13, and 15). The 3D conformations are adopted from reference [33]. 
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Figure 8. Percentage of degradation of Ac-peptides 12, 14, and 16 in 0.045% TFA and 0.1 M buffer after 24 h. 
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Figure 9. Proteolytic stability of ferrocene peptides 12, 14, and 16 during 24 h. 
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Figure 10. The DFT-predicted hydrogen-bonding patterns in conjugates 17, 19, and 21. The 3D conformations are adopted from reference [34]. 
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Figure 11. The NOE contacts in the spectra of conjugate 19 are depicted with arrows. 
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Figure 12. Dose–response curves for tested compounds 17–22 in (a) HeLa, (b) Hep G2, and (c) MCF-7 cells. 
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Figure 13. (a) The effect of peptidomimetic 22 on apoptosis of HeLa cells, (b) cell cycle profiles for control HeLa cells and cells treated with four different concentrations of compound 22 for 24 h. Cell cycle distribution was calculated as the percentage of cells in the G0/G1, S, and G2/M phase. Data were calculated as mean ± SEM. Statistical significance was considered if * p < 0.05. 
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Figure 14. (a) Sequential NH-NH and long-range NOE interactions in the spectra of 23–26; (b) Anisochronicity of ferrocene H2 and H5 protons in the NOESY spectrum of 24 caused by fixed orientation of directly bound amide plane; (c) Consecutive β-turns in the crystal structure of 24. 
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Figure 15. Measured (CH2Cl2, c = 1 × 10−3 mol·dm−3) and calculated (time-dependent density functional theory) CD curves of 23–26. 
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Figure 16. Hydrogen bonding pattern observed in the most stable conformer of (a) 23 and 26; and (b) 24 and 25. 
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Figure 17. (a) χ angle defined by two centroids, nitrogen and amide carbon, an example in the figure has a negative χ angle; (b) The opposite orientation of the P-helical peptide chain to the ferrocene moiety (cis- or trans-) leads to opposite values of the χ angle and sign in the CD spectra. 
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Figure 18. DFT optimized geometries of the most stable conformers of (a) 31, (b) 32 and (c) 33 and hydrogen-bonding patterns containing 10-membered rings. 
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Figure 19. Isochronous ferrocene H2 and H5 protons of the probe and anisochronicity induced by N-therminal chiral induction in the spectra of 34–36. 
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Figure 20. P-helical β-turn, induced by l-amino acid, gives rise to negative χ angle and CD signal. 
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Figure 21. Type II β-turn in the crystal structure of 37. 
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Figure 22. The DFT predicted hydrogen-bonding pattern in oxalamide 39. 
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Figure 23. The NOE contacts in the spectra of oxalamide 39 are depicted with arrows. 
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Figure 24. Dose response curves for oxalamide 39 in HEK293T, MCF-7, HepG2 and HeLa cells. 
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Table 1. The IR data of conjugates 1–4 (c = 5 × 10−2 M in CH2Cl2).
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	Compound
	NHfree (ῠmax/cm−1)
	NHassoc. (ῠmax/cm−1)
	INHfree/INHassoc.





	Boc–d–Pro–l–Ala–NH–Fn–COOMe (1)
	3418
	3325
	1:2.4



	Ac–d–Pro–l–Ala–NH–Fn–COOMe (2)
	3424
	3303
	1:2.3



	Boc–l–Pro–l–Ala–NH–Fn–COOMe (3)
	3418
	3310
	1:1.4



	Ac–l–Pro–l–Ala–NH–Fn–COOMe (4)
	3420
	3309
	1:1.6










 





Table 2. 1H NMR data for peptides 1–4 (c = 1 × 10−3 M in CDCl3).
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Compound

	
NHFn

	
NHAla

	
NHFn

	
NHAla

	
NHFn

	
NHAla




	
δ (ppm)

	
Δδ (ppm)

	
Δδ/ΔT (ppb K–1)






	
Boc–d–Pro–l–Ala–NH–Fn–COOMe (1)

	
8.37

	
7.24

	
0.45

	
0.94

	
−7.42

	
−6.14




	
Ac–d–Pro–l–Ala–NH–Fn–COOMe (2)

	
8.58

	
7.08

	
0.3

	
1.46

	
−5.42

	
−3.85




	
Boc–l–Pro–l–Ala–NH–Fn–COOMe (3)

	
8.15

	
6.85

	
0.9

	
1.12

	
−8.57

	
−0.08




	
Ac–l–Pro–l–Ala–NH–Fn–COOMe (4)

	
7.99

	
7.22

	
0.98

	
0.83

	
−6.14

	
−4.14











 





Table 3. CD data for conjugates 1–4 (c = 1 × 10−3 M in CH2Cl2).
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	Compound
	Mθ (deg cm2 dmol−1)





	Boc–d–Pro–l–Ala–NH–Fn–COOMe (1)
	+4230



	Ac–d–Pro–l–Ala–NH–Fn–COOMe (2)
	+4766



	Boc–l–Pro–l–Ala–NH–Fn–COOMe (3)
	−2481



	Ac–l–Pro–l–Ala–NH–Fn–COOMe (4)
	+205










 





Table 4. IC50 values calculated from dose–response curves of cell viability on HeLa and MCF7 cells.






Table 4. IC50 values calculated from dose–response curves of cell viability on HeLa and MCF7 cells.





	

	
IC50 (μM)




	
Compound

	
HeLa Cells

	
MCF-7 Cells






	
Boc–d–Pro–l–Ala–NH–Fn–COOMe (1)

	
436.1959

	
n.d. 1




	
Ac–d–Pro–l–Ala–NH–Fn–COOMe (2)

	
n.d. 1

	
n.d. 1




	
Boc–l–Pro–l–Ala–NH–Fn–COOMe (3)

	
370.3969

	
270.6925




	
Ac–l–Pro–l–Ala–NH–Fn–COOMe (4)

	
n.d. 1

	
n.d. 1








1 n.d. = not detected.













 





Table 5. The IR data of conjugates 11–16 (c = 5 × 10−2 M in CH2Cl2).






Table 5. The IR data of conjugates 11–16 (c = 5 × 10−2 M in CH2Cl2).





	Compound
	NHfree (ῠmax/cm−1)
	NHassoc. (ῠmax/cm−1)
	INHfree/INHassoc.





	Boc–d–Phe–NH–Fn–COOMe (11)
	3412
	3336
	4.4:1



	Ac–d–Phe–NH–Fn–COOMe (12)
	3417
	3295
	1.5:1



	Boc–d–Val–NH–Fn–COOMe (13)
	3421
	3328
	3:1



	Ac–d–Val–NH–Fn–COOMe (14)
	3420
	3289
	1.4:1



	Boc–d–Leu–NH–Fn–COOMe (15)
	3422
	3333
	2.8:1



	Ac–d–Leu–NH–Fn–COOMe (16)
	3423
	3289
	1.4:1










 





Table 6. 1H NMR data for peptides 11–16 (c = 1 × 10−3 M in CDCl3).
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Compound

	
NHFn

	
NHAA

	
NHFn

	
NHAA

	
NHFn

	
NHAA




	
δ (ppm)

	
Δδ (ppm)

	
Δδ/ΔT (ppb K–1)






	
Boc–d–Phe–NH–Fn–COOMe (11)

	
7.32

	
5.15

	

	

	

	




	
Ac–d–Phe–NH–Fn–COOMe (12)

	
7.73

	
6.44

	
1.72

	
1.54

	
−14.14

	
−9.14




	
Boc–d–Val–NH–Fn–COOMe (13)

	
7.38

	
5.15

	

	

	

	




	
Ac–d–Val–NH–Fn–COOMe (14)

	
8.19

	
6.46

	
1.19

	
0.9

	
−16.86

	
−7.86




	
Boc–d–Leu–NH–Fn–COOMe (15)

	
7.62

	
5.03

	

	

	

	




	
Ac–d–Leu–NH–Fn–COOMe (16)

	
8.15

	
6.38

	
1.23

	
1.37

	
−15.43

	
−11.28











 





Table 7. CD data for conjugates 6–16 (c = 1 × 10−3 M in CH2Cl2).






Table 7. CD data for conjugates 6–16 (c = 1 × 10−3 M in CH2Cl2).





	Compound
	Mθ (deg cm2 dmol−1)





	Boc–l–Phe–NH–Fn–COOMe (5)
	679



	Boc–d–Phe–NH–Fn–COOMe (11)
	−679



	Ac–l–Phe–NH–Fn–COOMe (6)
	672



	Ac–d–Phe–NH–Fn–COOMe (12)
	−667



	Boc–l–Val–NH–Fn–COOMe (7)
	1228



	Boc–d–Val–NH–Fn–COOMe (13)
	−1216



	Ac–l–Val–NH–Fn–COOMe (8)
	675



	Ac–d–Val–NH–Fn–COOMe (14)
	−687



	Boc–l–Leu–NH–Fn–COOMe (9)
	960



	Boc–d–Leu–NH–Fn–COOMe (15)
	−957



	Ac–l–Leu–NH–Fn–COOMe (10)
	456



	Ac–d–Leu–NH–Fn–COOMe (16)
	−469










 





Table 8. Growth inhibition zones of the tested microorganisms.






Table 8. Growth inhibition zones of the tested microorganisms.





	
Compound

	
Test

Microorganisms

	
Molarity of Solutions for Disk Diffusion Method (mM)

	
Inhibition Zone (mm)






	
Ac–d–Phe–NH–Fn–COOMe (12)

	
S. aureus

B. subtilis

P. aeruginosa

	
224

	
14 ± 1




	
14 ± 1




	
14 ± 1




	
Ac–d–Val–NH–Fn–COOMe (14)

	
S. aureus

B. subtilis

P. aeruginosa

	
251

	
n.d. 1




	
7 ± 1




	
n.d. 1




	
Ac–d–Leu–NH–Fn–COOMe (16)

	
S. aureus

B. subtilis

P. aeruginosa

	
243

	
16 ± 1




	
16 ± 1




	
19 ± 2




	
Kanamycin

	
S. aureus

B. subtilis

P. aeruginosa

	
50 µg disk

	
25 ± 0




	
25 ± 0




	
28 ± 1








1 n.d. = not detected.













 





Table 9. Antioxidative activity of ferrocene compounds.






Table 9. Antioxidative activity of ferrocene compounds.











	Compound

(1 mM)
	DPPH

(% Inhibition)
	DPPH

(mM Trolox Equivalent)
	FRAP

(mM Trolox)





	Boc–l–Phe–NH–Fn–COOMe (5)
	5.50 ± 3.87
	0.067
	1.62 ± 0.001



	Boc–d–Phe–NH–Fn–COOMe (11)
	3.99 ± 0.48
	0.051
	2.00 ± 0.001



	Ac–l–Phe–NH–Fn–COOMe (6)
	3.65 ± 2.26
	0.046
	1.09 ± 0.030



	Ac–d–Phe–NH–Fn–COOMe (12)
	5.25 ± 2.26
	0.067
	2.22 ± 0.006



	Boc–l–Val–NH–Fn–COOMe (7)
	11.75 ± 2.10
	0.150
	2.16 ± 0.013



	Boc–d–Val–NH–Fn–COOMe (13)
	7.76 ± 0.65
	0.099
	2.17 ± 0.015



	Ac–l–Val–NH–Fn–COOMe (8)
	4.57 ± 0.64
	0.058
	0.58 ± 0.009



	Ac–d–Val–NH–Fn–COOMe (14)
	10.62 ± 1.13
	0.135
	2.29 ± 0.003



	Boc–l–Leu–NH–Fn–COOMe (9)
	16.55 ± 1.77
	0.211
	2.27 ± 0.006



	Boc–d–Leu–NH–Fn–COOMe (15)
	8.79 ± 2.10
	0.112
	2.21 ± 0.003



	Ac–l–Leu–NH–Fn–COOMe (10)
	3.19 ± 1.29
	0.041
	0.72 ± 0.004



	Ac–d–Leu–NH–Fn–COOMe (16)
	6.96 ± 0.81
	0.089
	1.77 ± 0.001



	Standard (0.5 mM Trolox)
	39.27 ± 8.40
	0.500
	










 





Table 10. List of the peptides used in this study.






Table 10. List of the peptides used in this study.





	Compound
	tR (min)
	% ACN





	Boc–l–Phe–NH–Fn–COOMe (5)
	8.3
	87.9



	Boc–d–Phe–NH–Fn–COOMe (11)
	8.3
	87.9



	Ac–l–Phe–NH–Fn–COOMe (6)
	3.6
	68.0



	Ac–d–Phe–NH–Fn–COOMe (12)
	3.6
	68.0



	Boc–l–Val–NH–Fn–COOMe (7)
	7.1
	82.6



	Boc–d–Val–NH–Fn–COOMe (13)
	7.1
	82.6



	Ac–l–Val–NH–Fn–COOMe (8)
	2.6
	63.7



	Ac–D–Val–NH–Fn–COOMe (14)
	2.6
	63.7



	Boc–l–Leu–NH–Fn–COOMe (9)
	8.3
	87.5



	Boc–d–Leu–NH–Fn–COOMe (15)
	8.3
	87.5



	Ac–l–Leu–NH–Fn–COOMe (10)
	3.3
	66.6



	Ac–d–Leu–NH–Fn–COOMe (16)
	3.3
	66.6










 





Table 11. The IR data of conjugates 17, 19, and 21 (c = 5 × 10−2 M in CH2Cl2).






Table 11. The IR data of conjugates 17, 19, and 21 (c = 5 × 10−2 M in CH2Cl2).





	Compound
	NHfree (ῠmax/cm−1)
	NHassoc. (ῠmax/cm−1)
	INHfree/INHassoc.





	Ac–l–Phe–NH–Fn–NH–l–Phe–Boc (17)
	3430
	3302, 3266, 3217
	0.7:1



	Ac–l–Val–NH–Fn–NH–l–Val–Boc (19)
	3434
	3305, 3249
	0.5:1



	Ac–l–Leu–NH–Fn–NH–l–Leu–Boc (21)
	3434
	3301, 3253
	0.5:1










 





Table 12. 1H NMR data for peptides 17, 19, and 21 (c = 1 × 10−3 M in CDCl3).






Table 12. 1H NMR data for peptides 17, 19, and 21 (c = 1 × 10−3 M in CDCl3).





	
Compound

	
NHFna

	
NHFnb

	
NHAc

	
NHBoc




	
δ (ppm)






	
Ac–l–Phe–NHa–Fn–NHb–l–Phe–Boc (17)

	
9.15

	
9.21

	
7.24

	
5.32




	
Ac–l–Val–NHa–Fn–NHb–l–Val–Boc (19)

	
9.02

	
9.29

	
6.74

	
5.29




	
Ac–l–Leu–NHa–Fn–NHb–l–Leu–Boc (21)

	
9.13

	
9.36

	
7.28

	
5.14




	

	
NHFna

	
NHFnb

	
NHAc

	
NHBoc




	

	
Δδ (ppm)




	
Ac–l–Phe–NHa–Fn–NHb–l–Phe–Boc (17)

	
0.16

	
0.07

	
1.44

	
1.77




	
Ac–l–Val–NHa–Fn–NHb–l–Val–Boc (19)

	
0.11

	
0.15

	
1.29

	
1.52




	
Ac–l–Leu–NHa–Fn–NHb–l–Leu–Boc (21)

	
0

	
0.05

	
0.96

	
1.9




	

	
NHFna

	
NHFnb

	
NHAc

	
NHBoc




	

	
Δδ/ΔT (ppb K–1)




	
Ac–l–Phe–NHa–Fn–NHb–l–Phe–Boc (17)

	
−8.71

	
−8.0

	
−18.42

	
−2.29




	
Ac–l–Val–NHa–Fn–NHb–l–Val–Boc (19)

	
−7.14

	
−5.71

	
−11.57

	
−1.42




	
Ac–l–Leu–NHa–Fn–NHb–l–Leu–Boc (21)

	
−6.57

	
−6.57

	
−17.71

	
−1.57











 





Table 13. CD data for conjugates 17–22 (c = 1 × 10−3 M in CH2Cl2).






Table 13. CD data for conjugates 17–22 (c = 1 × 10−3 M in CH2Cl2).





	Compound
	Mθ (deg cm2 dmol−1)





	Ac–l–Phe–NH–Fn–NH–l–Phe–Boc (17)
	19.542



	Ac–d–Phe–NH–Fn–NH–d–Phe–Boc (18)
	−20.197



	Ac–l–Val–NH–Fn–NH–l–Val–Boc (19)
	25.725



	Ac–d–Val–NH–Fn–NH–d–Val–Boc (20)
	−26.442



	Ac–l–Leu–NH–Fn–NH–l–Leu–Boc (21)
	25.357



	Ac–d–Leu–NH–Fn–NH–d–Leu–Boc (22)
	−28.407










 





Table 14. IC50 values calculated from dose–response curves on HeLa, HepG2, and MCF-7 cells.






Table 14. IC50 values calculated from dose–response curves on HeLa, HepG2, and MCF-7 cells.





	

	
IC50 (μM)




	
Compound

	
HeLa

	
HepG2

	
MCF-7






	
Ac–l–Phe–NH–Fn–NH–l–Phe–Boc (17)

	
>350

	
>350

	
53.1 ± 23




	
Ac–d–Phe–NH–Fn–NH–d–Phe–Boc (18)

	
>350

	
>350

	
32.7 ± 6.89




	
Ac–l–Val–NH–Fn–NH–l–Val–Boc (19)

	
>350

	
>350

	
>350




	
Ac–d–Val–NH–Fn–NH–d–Val–Boc (20)

	
>350

	
>350

	
>350




	
Ac–l–Leu–NH–Fn–NH–l–Leu–Boc (21)

	
331 ± 39

	
>350

	
261 ± 97




	
Ac–d–Leu–NH–Fn–NH–d–Leu–Boc (22)

	
80.8 ± 15

	
>350

	
>350




	
Cisplatin

	
46.14 a

	
15.9 b

	
97.86 a








a Adapted from reference [56]. b Adapted from ref [101].













 





Table 15. Antioxidative activity of ferrocene conjugates 17–22.






Table 15. Antioxidative activity of ferrocene conjugates 17–22.





	Compound

(c = 1 mM)
	FRAP

(mM Trolox)
	DPPH

(% Inhibition of 0.1 mM Trolox)





	Ac–l–Phe–NH–Fn–NH–l–Phe–Boc (17)
	0.63 ± 0.21
	113.77 ± 4.02



	Ac–d–Phe–NH–Fn–NH–d–Phe–Boc (18)
	0.58 ± 0.20
	116.80 ± 18.19



	Ac–l–Val–NH–Fn–NH–l–Val–Boc (19)
	0.52 ± 0.06
	102.62 ± 20.66



	Ac–d–Val–NH–Fn–NH–d–Val–Boc (20)
	0.62 ± 0.15
	88.68 ± 24.52



	Ac–l–Leu–NH–Fn–NH–l–Leu–Boc (21)
	0.56 ± 0.17
	81.98 ± 7.04



	Ac–d–Leu–NH–Fn–NH–d–Leu–Boc (22)
	0.60 ± 0.10
	122.75 ± 2.17



	Trolox 0.1 mM
	-
	100 ± 0.0










 





Table 16. 1H NMR data for peptides 23–26 (c = 1 × 10−3 M in CDCl3).






Table 16. 1H NMR data for peptides 23–26 (c = 1 × 10−3 M in CDCl3).





	
Compound

	
NHFn

	
NHAla

	
NHFn

	
NHAla

	
NHFn

	
NHAla




	
δ (ppm)

	
Δδ (ppm)

	
Δδ/ΔT (ppb K–1)






	
Boc–l–Pro–l–Pro–l–Ala–NH–Fc (23)

	
8.26

	
7.67

	
0.07

	
0.07

	
−4

	
−4.8




	
Boc–d–Pro–l–Pro–l–Ala–NH–Fn (24)

	
8.26

	
7.11

	
0.36

	
0.03

	
−2.4

	
−0.8




	
Boc–l–Pro–d–Pro–l–Ala–NH–Fn (25)

	
8.04

	
7.52

	
0.55

	
0.8

	
−2.8

	
−2.8




	
Boc–d–Pro–d–Pro–l–Ala–NH–Fn (26)

	
8.58

	
6.50

	
0.34

	
1.96

	
−6.4

	
0.8











 





Table 17. 1H NMR data for peptides 31–33 (c = 1 × 10−3 M in CDCl3).






Table 17. 1H NMR data for peptides 31–33 (c = 1 × 10−3 M in CDCl3).





	
Compound

	
NHFn

	
NHAib1

	
NHAib2

	
NHAib3

	
NHAla




	
δ (ppm)






	
Boc–l–Ala–Aib–NH–Fn (31)

	
8.38

	
6.45

	

	

	
5.11




	
Boc–l–Ala–Aib–Aib–NH–Fn (32)

	
8.33

	
7.04

	
6.55

	

	
5.10




	
Boc–l–Ala–Aib–Aib–Aib–NH–Fn (33)

	
8.51

	
7.46

	
7.39

	
6.81

	
5.50




	

	
NHFn

	
NHAib1

	
NHAib2

	
NHAib3

	
NHAla




	

	
Δδ (ppm)




	
Boc–l–Ala–Aib–NH–Fn (31)

	
0.1

	
0.8

	

	

	
1.6




	
Boc–l–Ala–Aib–Aib–NH–Fn (32)

	
0.2

	
0.7

	
0.6

	

	
1.6




	
Boc–l–Ala–Aib–Aib–Aib–NH–Fn (33)

	
0.1

	
0.4

	
0.1

	
1.0

	
1.5




	

	
NHFn

	
NHAib1

	
NHAib2

	
NHAib3

	
NHAla




	

	
Δδ/ΔT (ppb K–1)




	
Boc–l–Ala–Aib–NH–Fn (31)

	
−3.2

	
−0.1

	

	

	
−2.1




	
Boc–l–Ala–Aib–Aib–NH–Fn (32)

	
−2.2

	
−4.8

	
−0.6

	

	
−1.9




	
Boc–l–Ala–Aib–Aib–Aib–NH–Fn (33)

	
−2.8

	
−5.8

	
−6.3

	
−0.8

	
−0.8











 





Table 18. The IR data of conjugates 39.






Table 18. The IR data of conjugates 39.





	
Compound

	

	
NHfree (ῠmax/cm−1)

	
NHassoc. (ῠmax/cm−1)






	
–(CO–Ala–NH–Fn–COOMe)2 (39)

	
THF

	
/

	
3382, 3294, 3252




	
toluene

	
/

	
3305, 3268











 





Table 19. 1H NMR data for oxalamide 39.






Table 19. 1H NMR data for oxalamide 39.





	
Compound

	
NHFn

	
NHAla

	
NHFn

	
NHAA

	
NHFn

	
NHAA




	
δ (ppm)

	
Δδ (ppm)

	
Δδ/ΔT (ppb K–1)






	
–(CO–Ala–NH–Fn–COOMe)2 (39)

	
THF

	
8.67

	
8.44

	
0.9

	
0.15

	
−7.7

	
−5




	
toluene

	
7.90

	
8.36

	
/

	
/

	
−7

	
−12











 





Table 20. IC50 values for oxalamides 39 and its lower homologue calculated for HeLa, MCF7, HepG2 and HEK293Tcells.






Table 20. IC50 values for oxalamides 39 and its lower homologue calculated for HeLa, MCF7, HepG2 and HEK293Tcells.





	

	
IC50 (μM)




	
–(CO–Ala–NH–Fn–COOMe)2 (39)

	
–(CO–NH–Fn–COOMe)2






	
HEK293T

	
94.88

	
n.d. a,b




	
MCF-7

	
104.45

	
/




	
HepG2

	
140.34

	
n.d. a,b




	
HeLa

	
110.20

	
252.79








a n.d. = not detected; b Adapted from ref. [30].
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