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ABSTRACT: The N-termini of the constitutional isomeric conformational
ferrocene peptides Boc—NH—Fn—CO—Ala—OMe (1) and Boc— sty
Ala—NH—Fn—COOMe (2) were deprotected in the acidic milieu
and subjected to oxalyl chloride-mediated dimerization to afford
the oxalamides —(CO—NH-Fn—CO—Ala—OMe), (3) and

C ]
—(CO—-Ala—NH-Fn—COOMe), (4), respectively. The goal "‘m‘ ’M_ a

compounds were evaluated for their conformational properties,

toluene gelation ability, and effect on cell viability of tumor (HeLa, biological

MCF7, HepG2) and normal (HEK293T) cell lines. Detailed activity
spectroscopic analysis in solution revealed the different conforma- d d
tional behavior of constitutional isomers 3 and 4, and oxalamide 3 \

was found to have a higher degree of chiral organization due to its )
involvement in stronger intramolecular hydrogen bonds. Crystallo-
graphic analysis showed the presence of two symmetry-independent conformers of compound 3 stabilized by stronger
intramolecular hydrogen bonds. The tested compounds self-assemble in toluene to provide supramolecular nanostructures but were
unable to form a stable gel. Interestingly, the formation of a stable gel was observed when the toluene solution of 4 was sonicated.
Cytotoxic evaluation of 3 and 4 revealed a weaker growth-inhibitory effect on tumor cell lines compared to cisplatin. Oxalamide 3
appeared to be more cytotoxic to HeLa and MCF7 cancer cell lines than to normal HEK293T cells, indicating its potential for drug
development as an anticancer agent.

B INTRODUCTION ferrocene-modified peptides Phe—Phe (FF) and Phe—Tyr
(FY) demonstrated that Fc—FF and Fc—FY (Fc = ferrocenoyl)
effectively inhibit insulin fibrillation and thus represent an
available strategy for the treatment of amyloid aggregation
disease.””

Research on ferrocene-containing gelators began with the
study of the role of ferrocene in aromatic-mediated
intermolecular 7 interactions in an organogelator consisting
of a ferrocene unit linked to a cholesterol group via a short
peptide linkage.”” Then, work on Fc—CO—Phe—OH?® and Fc—
CO—Val—Phe—Phe—OMe* reported their ability to form
hydrogels and organogels, respectively. Our paper on ferrocene
peptides containing the short hydrophobic amyloid peptide
sequence Af(19—21)-FFA highlights the important role of
ferrocene as a reliable organometallic scaffold for organogel
construction and tuning by controlling the conformation of the

Molecular self-assembly processes are ubiquitous in nature and
involve not only macromolecules or their mimics but also small
molecules that spontaneously assemble into ordered structures
via hydrogen bonding, 7 interactions, hydrophobic inter-
actions, and charge interactions. The self-assembly of small
molecules in water or in organic solvents could lead to the
formation of a gel consisting of a large amount of a solvent
entrapped in a three-dimensional (3D) network of nanosized
gelator aggregates.' ™" Since the aggregates are stabilized by
weak noncovalent interactions, various internal or external
stimuli (light, sound, pH, solvent, temperature, ions, enzymes)
can be used to tune the molecular assembly behavior required
for functional expression.””” It is very difficult to predict the
gelling ability of a potential gelator as it is closely related to the
3D intermolecular nature of the gel. Therefore, the design and
development of simple and effective gelators that exhibit a
sharp and rapidly reversible response to one or more stimuli Received: November 29, 2021
are rather challenging tasks."”'' Numerous studies on Published: April 4, 2022
ferrocene-containing peptides have revealed not only the

interesting structural properties resulting from the ability of

ferrocene scaffolds to undergo turn nucleation'”™"” but also a

potential bioanalytical application.”””' Recent work on two
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Figure 1. (a) Bis(amino acid) (I) and bis(amino alcohol) oxalamide gelators (11),®> (b) ferrocene oxalamide (III),*” and (c) novel ferrocene

oxalamides 3 and 4.

ferrocene core and the proper conjugation of the peptide
segments. In addition, intermolecular hydrogen bonding
(IHB) has been shown to enhance gelling ability, whereas
intramolecular hydrogen bonding impedes gel formation.”* In
addition, we recently provided an overview of stimuli-
responsive supramolecular Fc—peptide gels and their corre-
sponding properties with an emphasis on the role of intra- and
intezrgnolecular hydrogen bonding in controlling self-assem-
bly.

The ability of structurally diverse organic molecules
(amide,26 urea,”” cholesterol,'**® carbohydrate,29 aromatic,*’
and organometallic’’ derivatives) to form gels is well
described; however, the potential of oxalamides as gel-forming
agents is comparatively rarely reported.” Their high in-plane
hydrogen bonding potential makes oxalamides ideal building
blocks in the preparation of self-assembled architectures. Their
self-assembly often leads to robust one-dimensional hydrogen-
bonded chains, but the insertion of additional hydrogen-bond-
accepting or -donating groups allows the formation of more
complex structures. .

The systematic work of Zinic et al. on the gelation properties
of bis(amino acid) (I) and bis(amino alcohol) oxalamide (II)
gelators (Figure 1a) showed that gelation is governed by strong
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and directional intermolecular hydrogen bonding of the
oxalamide units. Moreover, the symmetrical oxalamides that
contained achiral amino acids or were meso diastereomers
crystallized in contrast to those containing chiral amino acids
or amino alcohols, which tended to form gels in certain
solvents. >~

Recently, bis(amino alcohol)oxalamide was found to
efficiently govern the gelation of ionic liquids. Here, the
gelation process depended on the size and flexibility of the
amino alcohol substituents on the oxalamide moiety.’® By
incorporating the f-sheet peptidomimetic Hao, consisting of
hydrazine, 5-amino-2-methoxybenzoic acid, and an oxalamide
group, into peptides, Nowick et al. were able to control
dimerization against aggregation. While the unnatural amino
acid Hao promotes dimerization through S-sheet interactions,
the aromatic moiety of Hao prevents multiple strand f-sheet
formation.”” Such antagonization of peptide aggregation is of
particular interest for the treatment of protein aggregation
diseases, which notably include Alzheimer’s disease, Hunting-
ton’s disease, Parkinson’s disease, type II diabetes, and prion
diseases.”®

With these studies in mind, we had synthesized compound
III containing two ferrocene units connected by an oxalamide

https://doi.org/10.1021/acs.organomet.1c00661
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Scheme 1. Synthesis of Oxalamides 3 and 4“
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“(i) 1. HClyygeous/ CH,Cly, 2. 3N, and 3. oxalyl chloride, pyridine.

bridge (Figure 1b).*” Spectroscopic analysis in nonpolar
CH,Cl, or CDCI; suggested the conformational pattern
based on NH:+-OCcgop intramolecular hydrogen bonds
(IHBs). In the crystal packing of oxalamide III, the adjacent
molecules were connected by one N—H:--O hydrogen bond
and two weaker C—H--O hydrogen bonds, resulting in a
staircase-like pattern. The expected motif based on two N—
H---O hydrogen bonds between the oxalamide groups of the
adjacent molecules was not observed. Although most of the
general requirements necessary for the formation of a good
gelator [an adequate solubility, the presence of both hydro-
philic (oxalamide) and hydrophobic (ferrocene) moieties, and
chiral nature]** were fulfilled, compound III tended to
crystallize and failed to immobilize the tested solvents. As far
as we know, compound III is the only example of a ferrocene—
oxalamide dimer reported so far.

In this work, we modified the structure of the first reported
ferrocene oxalamide II* by inserting alanine moieties as
additional hydrogen bond formation sites to improve the
hydrogen bonding and aggregation ability of the resulting
ferrocene oxalamides 3 and 4 (Figure lc). To assess the
influence of constitutional isomerism on the hydrogen-bonding
behavior and self-assembly of the new compounds, the
conformational and gelation properties were investigated.

In addition to gelation, the previously reported oxalamides
have been used as pseudopeptide templates in bioorganic and
medicinal chemistry,"" as artificial receptors for biological
reco%nltlon processes,*”*’ in engineering and crystal de-
sign, and in coordination chemistry as ligands."**” The
N,N’-bis(substituted) oxalamides showed anticancer activ-
ities.A'g_50 The oxalamides have also been evaluated as
inhibitors against Alzheimer’s disease,”">* malaria,”® and
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HIV-1.>* In vitro screening of the ferrocene-containing
oxalamide III showed biphasic dose response characterized
by simulation at a low dose and inhibition at a high dose,
known as the hormetic effect.”” Therefore, the potential of the
novel ferrocene—oxalamide for both proliferative and cytotoxic
activity was also investigated in this work.

B RESULTS AND DISCUSSION

Synthesis of Oxalamides 3 and 4. The starting ferrocene
peptides 1'>'* and 2"° were Boc-deprotected in acidic milieu
and the hydrochloride salts obtained were suspended in
CH,Cl, and Et;N was added dropwise to pH ~ 8 to liberate
the N-terminus. To prevent rapid decomposition, dichloro-
methane solutions of the obtained free amines were washed
with cold brine to remove Et;N and then evaporated to
dryness. Then, the amines were dissolved in 8 mL of cold
CH,Cl, and slowly dropped to the cold mixture of oxalyl
chloride and pyridine in CH,Cl,. After stirring in an ice bath
for 15 min, the reaction mixture was warmed to room
temperature and the progress of the reaction was monitored by
thin-layer chromatography (TLC). After 2 h, the work-up in
the usual manner gave the goal compounds 3 and 4 (Scheme
1). The characterization data with NMR, MS, and IR spectra of
compounds 3 and 4 are given in Figures S1—S22, Supporting
Information.

IR and NMR Studies. IR spectroscopy has been widely
used to analyze hydrogen bonding due to the sensitivity of the
C=0 and N—H stretching frequencies of the amides to the
hydrogen-bonding behavior. In general, a large red shift of the
v(CO) (amide I, 1600—1800 cm™) and v(NH) (amide A,

https://doi.org/10.1021/acs.organomet.1c00661
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Figure 2. IR spectra of compounds 3 and 4 in (a) THF (¢ = 2 X 107> M), (b) toluene (¢ = 2 X 107> M), (c) NH stretching vibrations in
concentration-dependent IR spectra of compounds 3 and 4 in toluene [(—) c=2X 107> M, (— =) c=1X 107> M, () c=5X 107> M, (—- —) ¢
=225 X 107 M], and (d) IR spectra of compounds 3 and 4 in KBr.

3300—3500 cm™') frequencies was observed upon their
participation in hydrogen bonding.>>~>’

Since the solubility of oxalamides 3 and 4 toward the
nonhydrogen bonding solvents CHCI; and CH,Cl, was too
low for IR spectroscopic analysis, a weakly hydrogen-bond-
accepting THF was used. In addition, IR spectra were
measured in nonhydrogen-bonding toluene since the gelling
potential toward toluene was investigated in this work (Figure
2, the concentration of 2 X 1072 M used was the same for IR
and gelation tests). THF was shown to cause the red shift of
NH bands when compared to the corresponding peaks in
CH,Cl, due to its proton-accepting ability, while a weaker
indirect effect on CO stretching was observed.’®®” Therefore,
the red-shifted NH bands in IR spectra of compounds 3 and 4
in THF (Figure 2a) cannot be attributed exclusively to their
involvement in hydrogen bonds but also to the possible
solvation effect of THF. However, the different hydrogen-
bonding properties were indicated by different patterns of the
CO regions. The higher absorption bands of the ester CO
groups of oxalamide 3 registered at 1742 cm™ indicate that
they are not involved in hydrogen bonding, in contrast to the
red-shifted ester CO frequencies of its constitutional isomer 4
(1710 cm™), which are thought to be involved in hydrogen
bonding (Figure 2a).>® Since the CO stretching of oxalamide
observed at ~1682 cm ™" has been shown to belong to its free
state,”” the oxalamide CO groups of compounds 3 (1683
cm™') and 4 (1681 cm™) are not believed to be involved in
hydrogen bonding. Compared to oxalamide 4, the red-shifted
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amide CO groups of 3 (1659 cm™) are more likely to
participate in hydrogen bonding in THF (Figure 2a).

A blue shift in the frequencies of amide A and ester CO
groups of oxalamide 3 in toluene (Figure 2b) is consistent with
those observed in THF (Figure 2a). In contrast to compound
4 whose amide A region contains only associated NH groups,
the amide A band of compound 3 is broadened and exhibits a
shoulder at 3427 cm™, indicating the presence of nonbonded
states in toluene (Figure 2b).

To determine whether the NH:--OC hydrogen bonds are
inter- or intramolecular, the effect of dilution on the IR
behavior was tested (Figure 2c). If the ratio of associated and
free NH bands does not change during the experiment, the
hydrogen bonds are intramolecular. Otherwise, the dispropor-
tionate strengthening of the free NH bands indicates the
presence of intermolecular aggregates.”” At increasing dilutions
of THF solutions of 3 and 4 (Figure S3 in the Supporting
Information) and toluene solution of 4 (Figure 2c), no blue
shifts were observed in the amide A region, indicating the
absence of intermolecular aggregates. However, at an 8-fold
dilution of the toluene solution, the associated NH bands of 3
were reduced by up to 30%, while the intensities of the
corresponding free NH bands were reduced to a lesser extent
(13%). These data demonstrated that the intramolecular
associations of oxalamide 3 in toluene predominate, followed
by a small population of its aggregates (Figure 2c).

The dominant red shift in the amide A region of the IR
spectrum in the solid state of compound 4 indicates hydrogen
bonding of a higher degree and strength® compared to

https://doi.org/10.1021/acs.organomet.1c00661
Organometallics 2022, 41, 920-936


https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.1c00661/suppl_file/om1c00661_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00661?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00661?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00661?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00661?fig=fig2&ref=pdf
pubs.acs.org/Organometallics?ref=pdf
https://doi.org/10.1021/acs.organomet.1c00661?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Organometallics

pubs.acs.org/Organometallics

@

A
= q —
=y oy ==
Me o Fe A O Fe o Me
MeO- N N ) o A _ome
ON ONESy e g N
H \‘;’/ o/ H
> - 3 o
(@) R
3 .
| ot ——' 5 OMSO-4,
A
i -
| | THF.4
‘I e
\ A U“\J\‘:_‘-_- toluene-d,
w98 84 80 8 68
(b) AVAT = -8 ppbiK AYAT =-7 pptk
‘ N
! v A___|383
) | =
- VA A___|3s3¢
n I K 5
ot ~ w 343
N 1l B
L , S |
A
Il "
i TR ﬁ
A
-
| p e )
L I A 3
i -
—-' 1 JVCA 303K
A . N
-
I‘l"u‘ 1 U.I, ANH
T T
o~ 92 8 84 8.0 78 72 8 64

A
H Ve o n (o] .
o N H )
- - N AN A ) \J\x A P -
\/ ‘ \u N ~ N \/
{
o Fe o L) Me A Fe o)
/,) s P e
MeO - ‘a4 OMe
— 4
A
A A
.
I I3
(‘ -
— J\ HF-&,
A
= |
Mo H
NH,, o\ i
J -7 N | toluene-c,
85 8 85 8 7
AVAT = -7 ppbiK LYAT =-12
= )
~ Vi .
et | 363K
L J A "
- ! \ .
- — e N K
n A I\
e - ‘&-‘,_’/ N ——) 343
] A
M /
J\ B gl o K
. i "oy
3 \J \
/\ \ 7\ ]323K
A
- 1 1
").
= : |
A — T | 303K
- [
) 1
M NH | Vo

Figure 3. (a) Solvent-dependent NH chemical shifts of oxalamides 3 and 4 and (b) temperature-dependent NH chemical shifts of compounds 3

and 4 in toluene-dy (c = 1 X 1073 M); *residual solvent.

compound 3 (Figure 2d). Moreover, the population of
nonbonded groups present in the toluene solution of
oxalamide 3 (shoulder at 3427 cm™, Figure 2b) is also
observed in the solid state (shoulder at 3450 cm™’, Figure 2d).
The IR behavior of the ester CO groups of both oxalamides in
the solid state (Figure 2d) is similar to that observed in the
solution states (Figure 2a,b).

NMR methods based on a chemical shift not only provide
information about the local magnetic environment of the
nuclei but also give insight into the backbone secondary
structures, the side-chain conformations, the dynamics, the
solvation, and the hydrogen bonding patterns.’” Therefore, we
measured the 'H NMR spectra in different solvents
(nongelling THF, THF/dimethyl sulfoxide (DMSO) mixture,
and gelling and nonbonding toluene) to assign the amide
protons belonging to 1’-aminoferrocene-1-carboxylic acid
(NHg,) and Ala (NH,,) but also to predict which of them
is involved in hydrogen bonding. (The full NMR character-
ization by 'H,C{'H}, correlation spectroscopy (COSY),
nuclear Overhauser enhancement spectroscopy (NOESY), and
heteronuclear multiple bond correlation (HMBC) can be
found in Figures S4—S12 and S15-S22, Supporting
Information.)

Considering that the amide protons accessible to the
hydrogen bond acceptor are downfield shifted,”” the observed
downfield resonances of NHg, and NH,;, of compounds 3 and
4 strongly suggest that they participate in hydrogen bonding in
THEF and toluene, with the exception of NH,j, of compound 3
whose somewhat upfield shifted resonance indicates a lower
potential for hydrogen bonding in toluene (Figure 3a).

924

The chemical shifts of NH protons were insignificantly
affected by the dilution of the THF and toluene solutions.
Therefore, the intramolecular nature of the hydrogen bonds of
both oxalamides in THF and toluene suggested by IR
spectroscopy was further supported by concentration-inde-
pendent NH chemical shifts (Figure S23, Supporting
Information). The hydrogen-bonded and solvent-shielded
protons are less affected by solvent exchange, while the
solvent-exposed protons move upfield upon the change of the
solvent from a nonbonding to proton-accepting solvent.**%*
Therefore, we compared the chemical shifts of the NH, and
NH,;, protons of the goal compounds in toluene, THF, and
THF/DMSO mixture to estimate the strength of hydrogen
bonds (Figure 3a). The most pronounced change in the
chemical shift of the amide proton during the transition from
pure toluene to the weak proton acceptor THF was observed
for NHg, of compound 4 (AS = 0.8 ppm), indicating its
participation in weaker intramolecular hydrogen bonding,
while the slight shifts of NHg, of compound 3 and NH,;, of
compound 4 (AS < 0.1 ppm) indicate the preservation of [HBs
in THF. A similar pattern of solvent sensitivity was registered
in the mixture with 55% DMSO in THEF. Therefore, the larger
downfield shift of the NHg, protons of compound 4 observed
upon addition of DMSO (A = 0.9 ppm) to the THF solution
further confirms their solvent-exposed nature, while the almost
unperturbed and solvent-shielded NHg, protons of compound
3 (AS = 0.5 ppm) and NH,j, protons of compound 4 (AS =
0.15 ppm) indicate their involvement in stronger IHBs (Figure
3a). Next, the temperature dependence of the amide chemical
shifts was determined to further assess hydrogen bonding and
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the temperature-dependent loss of the secondary structure.®®
Stronger hydrogen bonds are less susceptible to deformation
upon heating, so the chemical shifts of the engaged amides
change only slightly with elevated temperature.”® The most
pronounced upfield shift upon successive heating of 1 mM
solutions of the studied compounds in toluene and THF was
observed for NH, of compound 4 (AS ~ 1 ppm), which is
certainly due to the involvement in weaker IHBs, as suggested
by solvent-dependent NMR data.”’ The chemical shifts of
NHg, of compound 3 and NH,, of compound 4, which were
found to be less sensitive to hydrogen-bond-accepting THF
and DMSO, were also less affected by heating, confirming the
assumption of their involvement in stronger IHBs. The plots of
chemical shifts versus temperature for 3 and 4 in toluene are
shown in Figure 3b, and the temperature-dependent 'H NMR
spectra of 3 and 4 in THF (c = 1 X 10* M) are given in the
Supporting Information (Figures S9, S20, and S24). The
alteration in amide chemical shifts with temperature (temper-
ature coefficients, A5/AT) depends on the accessibility of the
NH groups to the solvent, and thus provides useful
information about hydrogen bonding.'*®” While the law
temperature coefficients are inherent for both solvent-exposed
and solvent-shielded amide protons, their larger values indicate
the initial shielding of amide groups and subsequent exposure
through the unfolding of ordered structures or dissociation of
aggregates upon heating.”® Therefore, the larger temperature
dependencies of NH groups of oxalamides 3 and 4 observed in
toluene (Figure 3b) and THF (Figure S24 in Supporting
Information) confirm previous findings on their involvement in
hydrogen bonding,.

Although the temperature- and solvent-dependent NMR
behaviors of the NHg, and NH,, protons suggest different
hydrogen bonding properties of oxalamides 3 and 4, both tend
to adopt the conformations realized by intramolecular
hydrogen bonding engagement. Considering the IR and
NMR data of compound 3 consistent with the hydrogen
bonding role for amide carbonyl groups (COpg,) and NHg,
protons, the observed interchain NOE contacts NHg, —
NH,;, and NHg, — CHjy,, support the presence of NHg, -
OCp, IHBs (Figure S2S in the Supporting Information). As for
oxalamide 4, the involvement of ester carbonyl groups and
NH,y, protons in IHBs is suggested by IR and NMR spectral
studies, and therefore the NOE contacts CH;coome = NHap,
and CHjcoome — CHja, detected in its spectra further
confirm the presence of NH,,-~OCcoopme intramolecular
hydrogen bonds (Figure S25 in the Supporting Information).

Circular Dichroism (CD) Study. Circular dichroism (CD)
is a widely used method to study the secondary structure,
folding behavior, and binding properties of proteins.”” Previous
work on ferrocene peptides showed that introduction of a
ferrocene moiety into the chiral peptide induced IHBs between
the podand peptide chains'>'”'®”" that increased the intensity
of spectral bands at 480 nm. The most pronounced Cotton
effects were observed in CD spectra of symmetrically
disubstituted ferrocene peptides stabilized by two interstrand
IHBs,'® while the reduction of hydrogen bonding caused not
only the loss of CD activity but also the decrease of the level of
chiral organization. Moreover, the right-handed helical
structures and the positive Cotton effect arose if the L-amino
acid was proximal to the ferrocene core.

Although the goal compounds contain an L-Ala moiety, their
Cotton effects are not only different in magnitude but also
differ in signs (Figure 4). While the expected positive Cotton
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Figure 4. Cotton effects in chirality-organized ferrocene oxalamides 3
and 4 in toluene (¢ = 5 X 107* M).

effect in toluene was registered in the CD spectrum of
compound 4, the opposite and ~3-fold stronger CD activity
was observed for compound 3. The obtained different CD
signatures showed the influence of constitutional isomerism on
chiral organization. A higher degree of chiral organization in
compound 3 may be attributed to the presence of stronger
IHBs, as suggested by the NMR data of its amide protons,
which are less sensitive to solvent and temperature effects than
the hydrogen-bonded amide proton of its constitutional isomer
4.

X-ray Diffraction. Although we used the same crystal-
lization procedure for both oxalamides, i.e., recrystallization
from a solution of THF and dichloromethane, only compound
3 gave a single crystal of suitable quality for X-ray structural
analysis (Table S26 in the Supporting Information). Two
symmetry-independent molecules are present, labeled A and B,
which have quite different conformations (Figure Sa) and are
stabilized by IHBs. In both molecules, there is an NH,},---OCg,
hydrogen bond linking two pendant groups of different
ferrocenyl units (Figure Sb). There is also a pair of hydrogen
bonds, NHp,**O=C¢oom. (0xygen from the carbonyl group)
and NHg,-~-OCHj (oxygen from the alkoxy group). However,
A differs from B in its ability to form intermolecular hydrogen
bonds: a free NH,,, group participates in a hydrogen bond
with an OCp, group on another ferrocenyl moiety. For more
details on crystal packing, see the Supporting information
(Figure S27).

Computational Study. The density functional theory
(DFT) study provided additional analysis of the conforma-
tional preferences of oxalamides 3 and 4. A detailed
conformational study started from a set of the most stable
conformers obtained by molecular mechanics calculation,
which were further reoptimized by DFT in implicitly modeled
solvents, THF and toluene. The QTAIM theory allowed us to
calculate topological parameters at bond critical points
between hydrogen bond acceptors and hydrogens and to
confirm the existence of hydrogen bonds, according to Koch
and Popelier’s criteria. The results are summarized in Figure 6
and in Table S29 and Figures S30—S38 in the Supporting
Information. Conformers are sorted by increasing relative
energies starting from the most stable ones from each series
(labeled 3-1 and 4-1). As expected, all conformers show a
highly organized network of hydrogen bonds involving either
NH,;, or NHg, amino groups directly attached to the ferrocene
core. The most stable conformers of compound 3, in which
two ferrocene cores are linked by the short oxalamide spacer,
contain at least one 9-membered ring connected by NHg,---
OC,j, and one 13-membered ring linked by an NH,y,---OCg,
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Figure S. (a) Two conformers of 3, labeled as A and B, with intramolecular hydrogen bonds shown as black dotted lines and (b) schematic drawing
of intra- and intermolecular hydrogen bonds (dotted lines) in conformers A and B.

hydrogen bond (Figures S, S30, and S31). All hydrogen bonds
are formed between oppositely attached substituents, driving
the formation of a relatively compact spherical structure,
leaving only one nonbonded NH group. Due to a longer
dipeptide spacer (Ala—Ala) between the bulky ferrocene units
in the conformers of oxalamide 4, this structure is more prone
to rotation around single bonds across the spacer. In this way, a
suitable position of all good hydrogen bond donors and
acceptors is easily achieved to form hydrogen bonds in a C2
symmetrical geometry of 4. Two pairs of equivalent hydrogen
bonds are established between the oppositely attached
substituents, NHg,*--OCcoome and NHyj,-OCcoome defining
15- and 12-membered rings, respectively.

The computationally characterized conformers agree well
with the experimental findings and confirm the involvement of
all NH groups of 4 in intramolecular hydrogen bonding
compared to some free NH groups of 3 for which there is a
higher probability of IHBs. The DFT study fits well with the
results of NMR analysis in different solvents, suggesting a
lower involvement of NH,y, in hydrogen bonding as it remains
unbound in the most stable conformers of compound 3.
Interestingly, the second most stable conformer (3-2) and
conformer B from the X-ray-determined structure, with the
only remaining accessible NHy, group not involved in
hydrogen bonding, are almost identical (Figure S32 in the
Supporting Information). In comparison, conformer A with
the NH,;, group involved in intermolecular hydrogen bonding
is similar to 3-3 but differs mainly in the orientation of the
terminal ester group (Figure S33 in the Supporting
Information). In summary, neither of the two conformers
obtained crystallographically is identical to the most stable
conformer obtained in solution (3-1), suggesting additional
stabilization by intermolecular interactions that overcome the
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energy penalty involved in the conformational transition from
3-1 to 3-2 and/or 3-3, as previously observed for similar
compounds.”*

In addition, we calculated electronic circular dichroism
(ECD) spectra (Figure S34 in the Supporting Information) for
the most stable conformers of oxalamides 3 and 4. While there
is a fairly good matching between the time-dependent DFT
(TD-DFT) calculated and experimental CD spectra in the
region of the ferrocene chromophore near 480 nm for
compound 3, due to the same sign of the Cotton effect for
all of the energetically favorable conformers, there are some
discrepancies for compound 4. Although the energetically most
favorable 4-1 near 480 nm shows the opposite sign of the
Cotton effect, the second one (4-2) follows the sign in the
experimentally determined CD spectra. Taking into account
that the use of different DFT methods may affect the relative
distribution of conformers and/or even alter the energy levels,
special care should be taken when interpreting these results
and selecting the appropriate method and cutoff energy level
for a selection of the abundant conformers. Nevertheless,
among the two most stable conformers of 4, there is obviously
one that exhibits a very similar ECD spectrum to the
experimentally determined ones.

The main character of the CD transition in the region
around 480 nm was depicted by natural transition orbitals
(NTO), which provide a concise representation for electronic
excitations as a single excitation from an occupied to a virtual
NTO orbital. In addition, density difference plots were
depicted for each transition, showing regions of increased
and decreased electronic density (Figures S35—S38 in the
Supporting Information). The electronic transitions labeled S—
8, which occur near 480 nm, are in good agreement with the
ligand field theory showing the low-lying excited states of
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Figure 6. DFT-optimized geometries of the most stable conformers and the scheme of the identified intramolecular hydrogen bond patterns in 3
(a) and 4 (b). Hydrogens not involved in hydrogen bonds are omitted for clarity.

ferrocene corresponding to the d—d transitions on iron.””
Since two substituents locked by intramolecular hydrogen
bonds achieve a well-organized right- or left-handed helicity
according to orbital diagrams, local excitation depends on the
relative orientation (left or right) of the IHB-involved
oxalamide and/or amide groups directly attached on both
cyclopentadienyl rings and certainly plays a crucial role in
defining the sign in the CD spectrum.

Gelation and Morphological Studies. The transmission
electron microscopy (TEM) study of a toluene solution of
oxalamide 3 revealed the formation of self-assembled
nanostructures, namely isolated nanospheroids or vesicle-like
morphology with irregular size (Figure 7d,e). Interestingly,
sonication of a freshly prepared solution of 3 for 2 min results
in a viscous gel-like material [not a true gel, (Figure 8a—c)],
which converts into a heterogeneous solution containing
broken gel-like aggregates under mechanical stimuli. Moreover,
the viscous gel-like material collapses into a partially
precipitated heterogeneous solution over time. It is worth
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mentioning that the system is thermoreversible between the
clear solution and the viscous gel-like material. The sonication-
induced freshly prepared viscous gel-like material was
examined by TEM, which shows the formation of interlinked
or fused vesicles with a diameter of 450 nm (Figure 8d). The
formation of the fused nanovesicles occurs under sonication
only and is believed to be responsible for the increase in
viscosity and loose gel-like self-assembled soft materials.
Similarly, the self-assembly of compound 4 in toluene was
studied. Cooling of the hot monomeric solution of 4 results in
a heterogeneous mixture solution containing solid aggregates
(no solid-like gel-phase material, Figure 7a—c). TEM studies
show the formation of long nanofibers. However, these self-
assembled nanofibers are neither dense enough nor cross-
linked, which explains the reason for the inability of the system
to form a stable gel or stable viscous materials (Figure 7f,g).
However, if the hot solution of 4 is cooled to room
temperature and then immediately sonicated (for 1 min), a
solid-like self-standing gel-phase material is formed (Figure
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Figure 7. Preparation of the self-assembled viscous material of oxalamides 3 (left) and 4 (right) in toluene without application of sonication. (a)
Photographs of two oxalamides in toluene at elevated temperature. (a) Transforms to (b) upon cooling to room temperature. (b) Transforms to

(c) upon standing over a period of time (1 h). (d—g) TEM images of self-assembled 3 (d, e) and 4 (f, g) with increasing magnification from left to
right. The TEM samples were taken after heating and subsequent cooling ((b) vials).

(a) y  (b) (c) :
LT Lo - T

Figure 8. Preparation of self-assembly of oxalamide 3 (left vial) and oxalamide 4 (right vial) in toluene upon sonication. (a) Photograph of hot
solutions for two oxalamides showing these are complete solutions, (a) transforms to (b) upon cooling to room temperature with the application of
sonication (the image (b) shows the formation of a viscous gel-like material and a solid-like gel-phase material for of oxalamide 3 and oxalamide 4,
respectively), and (b) transforms to (c) upon standing for an hour, showing the complete collapse of the loose gel-like material in the case of

oxalamide 3, whereas oxalamide 4 gel remains stable. (d, ¢) TEM images of sonication-induced self-assembled 3 (d) and 4 (e). The samples for the
TEM experiment were taken from (b) vials.
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Table 1. IC,, Values for Oxalamides 3, 4, III, and Cisplatin Calculated for HeLa, MCF7, HepG2, and HEK293T Cells

IC5, (uM)
HEK293T MCE-7 HepG2 HeLa
3 66.84 + 7.38 47.78 + 2.58 7138 + 5,63 4526 + 427
4 97.65 + 9.21 101.68 + 4.94 135.36 + 6.64 105.37 + 3.49
m* N.D. N.T. N.D. 252.79
cisplatin 97.86" 15.9° 46.14°

“Adapted from ref 39: N.D.= not detected and N.T.= not tested in ref 39. “Adapted from ref 81. “Adapted from ref 78.

8a—c). It is noted that the time of sonication required for gel
formation is shorter for compound 4 than for 3, indicating that
4 is more susceptible to assembly by sonication. The minimum
gelation concentration (mgc) for the gel of 4 was measured to
be 1.42% w/v. The resulting self-standing gel is stable over a
period of time. It is noted that the gel is completely
thermoreversible in nature and the sol—gel transition temper-
ature is 80 °C at mgc. Moreover, the sol—gel transition
temperature increases with increasing concentration of gelator
4 (Figure S39 in the Supporting Information). Investigation of
gel by TEM shows exclusively the formation of a self-
assembled nanofibrillar network-like morphology (Figure 8e),
which is responsible for entrapping many solvent molecules,
resulting in a gel. Each fiber is a few micrometers long and the
width of these fibers is in the range of 30—50 nm. More
importantly, these nanofibers are relatively monodisperse in
nature than the fibers (irregular nanofibers of larger size)
formed without sonication, so sonication assisted the
formation of a relatively monodisperse nanofibrillar network
responsible for gelation.

In Vitro Activity of Oxalamides against Human Cell
Lines. Many oxalamide derivatives exhibit different biological
activities; they can act as plant growth regulators,”> HIV-1
protease inhibitors,””’* antimycobacterial agents,”> and
antitumor elgents.76‘77 Therefore, the cytotoxicity of ferrocene
oxalamides 3 and 4 against three tumor cell lines [MCF7
(mammary adenocarcinoma cells), HeLa (cervical adenocarci-
noma cells), and HepG2 (hepatocellular carcinoma cells)] and
one normal human cell line [HEK293T (embryonic kidney
cells)] was investigated. Human tumor cell lines are often used
to evaluate compounds of interest as potential anticancer
drugs. These are then tested over a range of concentrations to
determine cell growth inhibition or cytotoxicity against each
cell line. These preliminary in vitro results are used as a screen
to decide which compound or structure has the potential to be
further developed as an anticancer agent. Our findings on
oxalamide III, which showed dual biological activity on cell
growth,‘?’9 led us to believe that oxalamide-bridged ferrocenes
have the potential for drug development, and we, therefore,
proceeded to investigate the biological activities of such
structures. HeLa, MCF7, HepG2, and HEK293T cells were
treated with different concentrations of oxalamides 3 and 4
(1—200 uM) for 72 h, and then cell viability was determined
by cell proliferation assay (Table 1 and Figure S40 in the
Supporting Information).

The hormetic effect observed for oxalamide IIL*® charac-
terized by stimulation at a low dose and inhibition at a high
dose, is also evident here. A stimulatory effect on the growth of
HEK293T, MCF7, and HepG2 cells (from +12 to +26%) is
observed when cells are treated with 10 M oxalamides 3 and
4, while higher concentrations tested had an inhibitory or toxic
effect.
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Compared to oxalamide IIL,** novel oxalamides 3 and 4
contain additional hydrogen bonding sites that allow the
formation of additional IHBs. IHBs are essential in
biochemistry and chemistry. They affect the electronic
distribution, molecular geometry, shape, and conformation of
bioactive molecules and thus significantly impact molecular
properties, function, and interaction.”” Compared to the ICs,
value for the oxalamide III obtained in our work,” the novel
oxalamides 3 and 4 possess a stronger antiproliferative effect
on human cell lines. The oxalamide III produced the highest
cytotoxic effect against HeLa cells with an IC, value of 252.79
uM, while no ICy, values were calculated for HEK293T and
HepG2 cells, as no 50% inhibition was observed in the applied
concentration range. Oxalamides 3 and 4 have lower ICs,
values (Table 1) than oxalamide III, implying that they are
more potent as potential anticancer compounds, ie., the
increase in intramolecular hydrogen bonding in 3 and 4 is
shown to modulate not only the chemical but also the
biological properties of the new compounds. When comparing
oxalamides 3 and 4, 3 was not only involved in stronger IHBs
but also has a stronger inhibitory effect on all cell lines, with
HeLa cells being the most sensitive to the oxalamide-bridged
ferrocenes prepared in our group. This result may indicate
specificity to cell type and/or tumors. The ICg, values obtained
for oxalamides 3 and 4 are higher than those obtained for
cisplatin, the reference drug frequently used in antitumor
assays, which has ICs, values ranging from 0.1 to 15 uM,
depending on the cell line.*>”%*® Also, there is a report on the
ICs, value for cisplatin based on 768 cell lines screened and
determined as a geometric mean to be 26.4 uM.®!

Nevertheless, we believe that it is worthwhile to continue
studies on the anticancer activity of ferrocene oxalamides since
the new oxalamide 3, which is equipped with additional
hydrogen bonding sites, has more than S-fold improved
anticancer activity compared to the previous oxalamide III In
most studies involving different oxalamide complexes, they had
weaker antitumor activity than cisplatin, but this did not
discourage researchers to proceed with further systematic
structure-based design, synthesis, functional, and biological
evaluation of oxalamide derivatives. A good example is
dicopper(II) complexes bridged with asymmetric N,N’-bis-
(substituted)oxalamide and containing various terminal
ligands. It has been shown that the DNA-binding and
cytotoxic activities can be tuned by varying the substituent
groups of the bridging ligands, which is very useful for the
design of new oxalamide drugs."**’

During the in vitro antiproliferative assay, it is common to
examine the cells daily with an inverted light microscope to see
if there are any visible changes in the treated cells. Changes in
the morphology of ferrocene oxalamide-treated cells compared
to control cells were observed after approximately 48 h of
treatment. The decreased density of monolayers, loss of
contact between adjacent cells, and rounding of treated cells
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Figure 9. (a) Representative histograms of control and oxalamide-treated (100 #M) HeLa cells obtained by the MuseTM Annexin V & Dead Cell
Assay after 72 h of treatment, (b) distribution of cell populations for control, DMSO, oxalamide 3, and oxalamide 4-treated HeLa cells. Results are
expressed as % of control cells + standard deviation (S.D.) (n = 2). Means with an asterisk indicate significant differences (p < 0.0S) versus control/

untreated cells.

were noted. Therefore, to further investigate the possible type
of cell death associated with the observed cytotoxicity of
oxalamides 3 and 4, flow cytometric analysis of HeLa cells was
performed using Muse Annexin V & Dead Cell Assay. The
method is based on double staining with Annexin V-PE and 7-
aminoactinomycin D (7-AAD), which allows four different cell
populations to be discriminated and quantified, as shown in
Figure 9.

The results shown in Figure 9 are consistent with the
evaluation of anticancer activity assessed by the antiprolifera-
tion assay, in which oxalamide 3 gave a higher percentage of
inhibition than oxalamide 4. A significant difference between
control HeLa cells and oxalamide-treated cells was observed in
the case of 3 in all cell populations. Analysis of HeLa cells
treated with 3 (100 uM ~ 2 X ICy, value) revealed a
percentage of live cells of 67.17 + 3.49%, while the overall
percentage of apoptotic cells was 30.995 + 3.90%, with late
apoptotic/dead cells dominating (up to 22.28%).

Accordingly, cell death by apoptosis might be related to the
observed cytotoxicity of oxalamide 3 against cancer cell lines.
When it comes to oxalamide-bridged ferrocenes, this is the first
report on the analysis of cell death induced by these
compounds, but further work is needed to gain a better
insight into the mechanism of action and the specific pathways
involved in the observed cytotoxicity. It is well known that
dysregulation of apoptosis can lead to uncontrolled cell survival
and excessive accumulation, which, among other things, can
lead to cancer development.®” Therefore, most pharmaceutical
research programs related to cancer therapies are antiapoptotic
drug discovery programs that involve the exploration of metal
complexes that bind to DNA," the development of inhibitors
for various caspases,” etc. For example, a viability screen of
over 200,000 small molecules enabled the identification of
oxalamides and benzothiazoles that are selectively toxic to 4 of
12 human lung cancer cell lines,** but although their toxicity
mechanism of action is suggested, further research is needed
and strongly encouraged.

930

B CONCLUSIONS

Ferrocene peptides 1 and 2 were dimerized via an oxalamide
link to give constitutional isomers 3 and 4, respectively. The
goal compounds 3 and 4 were subjected to spectroscopic,
gelation, and cytotoxic studies to determine their conforma-
tional properties, gelation ability, and growth-inhibitory
potential for cancer and normal cells.

The different conformational patterns of 3 and 4 were
expected due to the different placement of hydrogen-bond-
donating and -accepting sites. In addition, oxalamide 4
contains a longer Ala—Ala spacer, and rotation around the
numerous single bonds between two ferrocene units was also
expected to contribute to its increased flexibility. IR data in
toluene indicate that exclusively, the NH groups of 4 are
involved in intramolecular hydrogen bonds (IHBs). In
comparison, the NH groups of 3 are mainly involved in
IHBs, but the presence of free states and aggregates has also
been suggested. Moreover, based on the IR and NOE data, the
carbonyl groups of oxalamide units are not involved in IHBs.
Compared to oxalamide 4, 3 showed a ~3-fold stronger
Cotton effect, indicating a higher degree of chiral organization.
The spectroscopic data were confirmed by DFT calculations.
Crystallographic analysis of oxalamide 3 revealed the existence
of two symmetry-independent molecules with different
conformations but with the common feature of noninvolve-
ment of oxalamide carbonyl groups in IHBs.

Due to their limited solubility, toluene was chosen as a
suitable solvent for the gelation study of oxalamides 3 and 4.
These compounds were not able to gelate toluene without
sonication. However, sonication-assisted gelation resulted in a
viscous gel-like material for 3, which collapsed on standing,
and a solid-like gel-phase material for 4, which was found to be
stable. Considering that the oxalamide III and its alanine
analogue 3, which contain an —NH—-CO—-CO—-NH- unit
between the ferrocene moieties were unable to gelate the
tested solvents, future work on ferrocene—oxalamide gelators
will be directed toward more flexible analogues of gelator 4
with longer spacers between the ferrocene units and the
oxalamide bridge.
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A hallmark of targeted cancer therapies is selective toxicity
among cancer cell lines. Therefore, in this in vitro study, we
demonstrated that oxalamide-bridged ferrocenes exhibited
growth-inhibitory properties on a cultured human tumor cell
line, likely related to cell death by apoptosis. Although the
growth inhibition is less pronounced than that of cisplatin, it is
worth noting that the cytotoxicity of oxalamide 3 is weaker for
the normal HEK293T cells than for the HeLa and MCF7
cancer cell lines, leading us to believe that oxalamide 3 has the
potential for drug development as an anticancer agent.
However, this potential needs to be confirmed by additional
characterization of compound 3 in various pharmacological
studies as well as in vivo toxicity evaluation. It should also be
noted that the above-mentioned results on the structure—
activity relationship of oxalamide-bridged ferrocenes are an
initial study, which can serve for further investigations on this
and similar ferrocene derivatives bridged with oxalamide
moiety. Further cellular experiments are required to fully
understand the mechanism of anticancer activity of these
systems and to verify the correlation between the observed
anticancer activity and the effects of the substituent groups,
which could then serve as a good basis for the rational design
of new therapeutic agents.

B EXPERIMENTAL SECTION

Materials and Methods. All reactions were carried out under an
argon atmosphere. CH,Cl, used for the synthesis was dried (P,0Os),
distilled over CaH,, and stored over molecular sieves (4 A). Oxalyl
chloride 98% (Acros Organics) was used as received. Ferrocene
precursors Boc—NH—Fn—CO—Ala—OMe (1)'*'* and Boc—Ala—
NH-Fn—COOMe (2)"° (Fn = ferrocenylene) were prepared by
multistep reactions starting from 1’-aminoferrocene-1-carboxylic
acid,® following our previously described procedures. Their spectral
data are in complete agreement with literature data. The products
were purified by preparative thin-layer chromatography on silica gel
(Merck, Kieselgel 60 HF,,) using a CH,CL,/EtOAc mixture as an
eluent. The clean NMR spectra and high-performance liquid
chromatography (HPLC) traces are provided in Supporting
Information as proof of purity (Figures S2, S4, S8, S11 (3) and
S14, S15, S19, and S22 (4)). Infrared spectra were recorded in THF
and toluene solutions [for spectroscopy Uvasol, Merck] between
NaCl windows using a Bomem MB 100 mid-FTIR spectrometer [(s)
= strong, (m) = medium]. The 'H and *C{1H} NMR spectra were
recorded at 600 and 150 MHz, respectively, using a Bruker Avance
spectrometer at Ruder Boskovic Institute, and were referenced to the
residual solvent peak [THF-dg ("H: 1.72 and 3.58 ppm,"*C: 25.31 and
67.21 ppm), toluene-dg ("H: 2.08, 6.97, 7.01 and 7.09 ppm)]. In the
case of the THF-dg/DMSO-d; mixture, calibration was performed
using Me,Si as an internal standard ("H: 0 ppm). Double resonance
experiments (COSY, NOESY, HMBC) were performed to assist in
the signal assignment [(s) = singlet, (d) = doublet, (m) = multiplet].
Unless otherwise stated, all spectra were recorded at 298 K. NMR
titrations were performed by adding 10 yL portions of DMSO-d, to
NMR tubes containing THF-dj solutions of the peptides under study
(c = 1 X 107® M). Spectra were recorded after each addition, and
DMSO-d4 was added until no change in the chemical shift of the
amide protons was observed. CD spectra were recorded using a Jasco-
810 spectropolarimeter in toluene. Mass spectra were measured using
a liquid chromatography-mass spectrometry (LC-MS) system coupled
to a triple-quadrupole mass spectrometer, operating in a positive
electrospray ionization (ESI) mode (H,0/MeOH = 80/20). High-
resolution mass spectra were acquired using a 4800 MALDI TOF/
TOEF-MS analyzer. Single-crystal measurements were performed on an
Oxford Diffraction Xcalibur Nova R.

Synthesis of —[CO—NH—Fn—CO—Ala—OMe], (3). The HCI
gas was bubbled through the suspension of the Boc=NH—Fn—CO—
Ala—OMe (1)"*'* (137 mg, 0.318 mmol) in dry CH,Cl, (5 mL) at 0
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°C. After 30 min, the solvent was evaporated in vacuo, leaving a dark
orange hydrochloride salt, which was then suspended in a cold
CH,Cl, (8 mL) and treated with Et;N to pH ~ 8 to afford free
unstable amine NH,—Fn—CO—Ala—OMe. The mixture of oxalyl
chloride (0.027 mL, 0.318 mmol) and pyridine (0.1 mL) in CH,Cl,
(2 mL) was vigorously stirred and cooled (ice) and the free amine
was added dropwise. Then, the reaction mixture was heated and
stirred at room temperature for next 2 h until TLC monitoring
showed complete conversion of the starting material. Washing with a
10% solution of citric acid, a 5% solution of NaHCO; and brine,
drying over Na,SO,, and evaporation in vacuo gave the crude product,
which was purified by TLC (CH,ClL/EtOAc = 1:1.5) to give
compound 3 as a yellow solid (R, = 0.48; 79.3 mg, 70%). mp 96—98
°C.IR (THF) d,,,,/cm™: 3569, 3504 vw (NHg,..), 3338 m (NH,,.),
1742 s, 1683 s, 1659 s, 1638 m (C=0), 1535 m (amide II). IR
(toluene) B, /cm™: 3427 vw (NHj,,), 3378 m (NH,,.), 1738 m,
1680 s, 1652 s (C=0), 1533 m (amide II). 'H NMR (THEF-dy): 6/
ppm: 9.46 (s, 2H, NHy,), 7.42 (d, J = 8.6 Hz, 2H, NH,},), 5.06 (s,
2H, Fn), 4.94—4.92 (m, 4H, Fn), 4.85 (s, 2H, Fn), 4.76—4.73 (m, 2H,
CH,,), 441—4.39 (m, 4H, Fn), 4.13—4.12 (m, 2H, Fn), 4.09—4.08
(m, 2H, Fn), 3.81 (s, 6H, OMe), 1.56 (d, ] = 7.0 Hz, 6H, CH,,,,). '"H
NMR (toluene-dg): §/ppm: 9.51 (s, 2H, NHg,), 6.90 (d, J = 7.5 Hz,
2H, NH,,,), 5.16-5.14 (m, 2H, Fn), 4.99—4.97 (m, 4H, Fn), 4.89—
4.84 (m, 4H, Fn + CHy,), 4.75—4.73 (m, 2H, Fn), 4.15—4.13 (m,
2H, Fn), 4.11—-4.09 (m, 2H, Fn), 3.83—3.82 (m, 2H, Fn), 3.77-3.75
(m, 2H, Fn), 3.81 (s, 6H, OMe), 1.53 (d, ] = 7.0 Hz, 6H, CH,,,,). *C
{'H} NMR (THF-dg) &/ppm: 174.97 (COCOOMe), 168.89
(COFn), 159.05 (COiamide); 9640 (Cqg,), 7820 (Cqg,), 71.87,
70.72, 70.19, 66.67, 66.58, 63.54, 63.33 (Cg,), 52.59 (OCHS3), 49.09
(CHpy), 17.78 (CHsyy,). ESI-MS: m/z = 737.1 [(M + Na)*]. Matrix-
assisted laser desorption ionization-high-resolution mass spectrometry
(MALDI-HRMS) m/z = 714.1104 (caled for Ci,H;,OgN,Fe, =
714.1071).

Synthesis of —[CO—Ala—NH—Fn—COOMel], (4). Oxalamide 4
was prepared starting from ferrocene-containing peptide 2> (149 mg,
0.347 mmol) according to the procedure described above. R, = 0.4S;
97 mg, 78%, mp 120—122 °C. IR (THF) D,,,,/cm™": 3382 m, 3294 m,
3252 m (NH,.), 1710 s, 1681 s (C=0), 1565 m (amide II). IR
(toluene) ,,,,/cm™": 3305 m, 3268 m (NH,g,.), 1705 s, 1680 s, 1650
s (C=0), 1545 m (amide II). '"H NMR (THF-dg): §/ppm: 8.67 (s,
2H, NHy, ), 8.44 (d, ] = 8.5 Hz, 2H, NH,,,), 4.73—4.71 (m, 6H, Fn),
4.67 (s, 2H, Fn), 4.49—4.47 (m, 2H, CH,,,), 4.38 (s, 4H, Fn), 4.00—
3.97 (m, 4H, Fn), 3.74 (s, 6H, OMe), 1.48 (d, ] = 7.2 Hz, 6H,
CH,y,). "H NMR (toluene-dg): &/ppm: 8.36 (d, ] = 8.2 Hz, 2H,
NH,,), 7.90 (s, 2H, NHg,), 4.90—4.88 (m, 2H, Fn), 4.85—4.83 (m,
2H, Fn), 4.77—4.75 (m, 2H, Fn), 4.56—4.49 (m, 4H, Fn + CH,,),
4.18—4.16 (m, 2H, Fn), 4.12—4.10 (m, 2H, Fn), 3.73—3.72 (m, 2H,
Fn), 3.67—3.65 (m, 2H, Fn), 3.61 (s, 6H, OMe), 1.34 (d, ] = 7.0 Hz,
6H, CH,,,). “C{'H} NMR (THF-d;) &/ppm: 171.82 (CO-
COOMe), 17098 (COg,), 160.83 (COgiamide)y 98-65 (Cqgn),
74.03, 73.58, 73.49, 72.55, 7225, 63.51, 6328 (Cg,), 52.18
(OCH3), 50.85 (CHyy), 19.19 (CHsyy). ESI-MS: m/z = 737.1
[(M + Na)*]. MALDI-HRMS m/z = 714.1084 (calcd for
Cy,H;, 04N, Fe, = 714.1071).

X-ray Diffraction. The crystals of 3 were very small and of rather
poor quality. Therefore, X-ray diffraction measurement was only
possible using a microfocus Cu radiation. Nevertheless, the quality of
the measured data was poor, and rather a high R value and residual
density were obtained due to a large asymmetric unit and more than
700 refined parameters.

Single-crystal X-ray measurement was performed on an Oxford
Diffraction Xcalibur Nova R diffractometer with a microfocus Cu tube
using graphite-monochromated Cu Ka radiation (1 = 1.54179 A).
The program package CrysAlis PRO® was used for data reduction
and multiscan absorption correction. The structure was solved with
SHELXS97%” and refined with SHELXL97*® using full-matrix least-
squares refinement. Due to the poor quality of the diffraction data,
severe isotropic restraints were used to refine the nonhydrogen atoms;
some were refined as isotropic. Hydrogen atoms were treated as riding
entities, using the AFIX command in SHELXL97. Since the
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configurations of the stereogenic centers are known, no Friedel pairs
were measured.

Molecular geometry calculations were performed with PLATON,*
and molecular graphics were made with ORTEP-3"" and CCDC-
Mercury.”’ The crystallographic and refinement data for the
structures reported in this paper are listed in Table S1 (see the
Supporting Information).

Computational Details. Conformational analyses of oxalamides
were performed hierarchically in three stages. The first stage included
a series of low-level optimizations with molecular mechanics,
OPLS2005 force field, in MacroModel v10.3.>7°* Based on the
energy criteria, a group of a few hundreds of the most stable
geometries were selected for further optimizations at the high level of
theory and were run in Gaussian16.” All calculations were performed
at the B3LYP/Lanl2DZ, and only the most stable conformers at the
B3LYP/6-311+G(d,p) (LanL2DZ basis set on Fe) level of theory in
THF were modeled as a polarizable continuum (IEF-PCM).”¢
Vibrational analysis was performed to verify each structure as a
minimum on the potential energy surface. All energies were reported
as sums of electronic and thermal free energies after vibrational
analysis and refer to standard Gibbs free energies at 298 K. The
hydrogen bonds depicted in the figures were characterized by QT AIM
theory and analyzed in AIMAIL’’ Topological parameters of the
displayed bond critical points between hydrogen bond acceptors and
hydrogen atoms were calculated and verified following the Koch and
Popelier criteria.”® TD-DFT was employed to calculate excited states
at the same level of theory as used to optimize the conformers. The
average CD spectra were calculated by weighting individual CD
spectra of each conformer (from the group of the most stable
conformers) with Boltzmann factors calculated at 298 K. Natural
transition orbitals (NTO) and density difference plots were visualized
in GaussView6.”

Gel Preparation. In the course of studying self-assembly, we
tested the gelation behavior of compounds 3 and 4 in toluene. An
amount of 7.14 mg of the tested peptides was placed in a glass vial
with a screw cap and 0.5 mL of toluene was added. The suspensions
were heated at ~100 °C until complete solutions (¢ = 0.02 M). Then,
the hot solutions were cooled to room temperature, resulting in a
solution that slowly precipitated over time. To test the nanoscale
morphology of the resulting assemblies, the freshly prepared solutions
of aggregates were examined by transmission electron microscopy
(TEM). Moreover, sonication-induced self-assembly of the peptides
was also tested where the hot solutions (¢ = 0.02 M) were cooled to
room temperature followed by sonication for 1—2 min and this led to
the formation of a gel.

Biological Evaluation. Evaluation of In Vitro Antitumor
Activity. The anticancer activity of oxalamide-bridged ferrocenes 3
and 4 was evaluated in vitro against four adherent human cell lines
using the CellTiter 96 AQueous One Solution Cell Proliferation
Assay (Promega). HEK293T (ATCC No. CRL-3216), HeLa (ATCC
No. CCL-2), MCF7 (ATCC No. HTB-22), and HepG2 (ATCC No.
HB-8065) cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Lonza, Belgium) supplemented with $% (v/v) heat-
inactivated fetal bovine serum (FBS) (Gibco Invitrogen Corporation,
UXK.) and maintained in BioLite Petri dishes (Thermo Fisher
Scientific) in an incubator with a humidified atmosphere and 5% CO,
at 37 °C. Experiments were performed three times with five parallels
for each concentration of compounds tested in BioLite 96-well plates
(Thermo Fisher Scientific) seeded with exponentially growing cells at
the indicated concentration (~3 X 10* cells per well in 100 uL of
medium) and incubated for 24 h. Both compounds were dissolved in
DMSO and diluted to the required concentration with a culture
medium when applied to the cells. The final concentrations of
oxalamides 3 and 4 ranged from 1 to 200 M so that the content of
DMSO per well did not exceed 0.1%. The control cells were untreated
cells. After treatment, the plates containing the cells were incubated
for an additional 72 h, after which the CellTiter 96 AQueous One
Solution Cell Proliferation Assay was performed according to the
manufacturer’s instructions with minor modifications. In brief, 10 uL
of the CellTiter 96 AQueous One Solution Cell Proliferation Reagent
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was added to each well and the cells were incubated for an additional
3 h, after which the absorbance was measured at 490 nm using a
microplate reader (Tecan, Switzerland). Cell viability was expressed as
the percentage of treated cells over control cells. Experiments were
performed three times with five parallels for each concentration of
tested compounds and data were expressed as mean + S.D.
Corresponding ICs, values were calculated from the dose—response
curves of each experiment using equations of best-fit trend lines and
then the average of ICsy and S.D. were calculated.

Evaluation of Cell Death by Flow Cytometric Analysis.
Quantitative analysis of live, apoptotic, and dead cells treated with
ferrocene oxalamides 3 and 4 was performed with a Muse Cell
Analyzer (EMD Millipore Corporation, Massachusetts) using a Muse
Annexin V & Dead Cell Kit (Merck KGaA, Darmstadt, Germany)
according to the manufacturer’s specifications. In brief, HeLa cells
were seeded in six-well culture plates at a density of 5 X 10* cells
mL™! (2 mL per well) and treated with a selected concentration (100
uM) of the tested compounds for 72 h. After treatment, both floating
and adherent cells were collected, centrifuged (600 g min™"), and
suspended in a cell culture medium to adjust the cell concentration
according to the manufacturer’s protocol. Then, an aliquot of 100 uL
of the cell suspension was added to 100 L of the Muse Annexin V &
Dead Cell Reagent and incubated for 20 min at room temperature in
the dark. The cells were then analyzed using the Muse Cell Analyzer.
There were two parallels for each concentration tested and each
experiment was performed twice. The Muse Annexin V & Dead Cell
Assay detects phosphatidylserine on the external membrane of
apoptotic cells through Annexin V-PE binding, while 7-amino-
actinomycin D (7-AAD) is used as a marker for dead cells. On this
basis, this assay can detect four different cell populations: live
(Annexin V negative and 7-AAD negative), early apoptotic (Annexin
V positive and 7-AAD negative), late-stage apoptotic (Annexin V
positive and 7-AAD positive), and dead cells, mainly nuclear debris
(Annexin V negative and 7-AAD positive).

Statistical Analysis. All experiments were performed in triplicate
for in vitro antitumor activity or in duplicate for cell death analysis.
Results were presented as mean + S.D. of the control cells. One-way
analysis of variance (ANOVA), followed by Dunnett’s significant
difference test was used to determine a statistically significant (p <
0.05) difference from the control cells.
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