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Metal complexes of the carboxylic polyethers monensin and salinomycin:
structure, properties & biological activity

1. Introduction

More animals have been medicated with ionophores, such as monensin,
for control of disease than any other medicinal agents in the history of veterinary medicine.

Chapman, Jeffers, Williams, 2010

Diseases caused by microorganisms and parasites are subject of extensive
interdisciplinary research aiming to obtain effective medicines. The introduction of antibiotics
into clinical practice gives a powerful impetus to the treatment of a number of infectious
diseases, but in recent years humanity is facing an extremely serious problem - the emergence
of multiresistant strains of microorganisms. For the treatment of caused conditions, there is a
limited number of formulations with broad-spectrum activity. For that reason, the use of several
chemotherapeutics with a specific effect is required. Taking a combination of drugs leads to an
overload of the body, accompanied by the manifestation of the side effects of each individual
medicine and the appearance of cross-resistance. In this sense, the infected organism is exposed
to additional stress and a number of its vital functions can be negatively affected by the side
effects of antibiotics. Therefore, today's efforts are mainly directed to the development of
combined preparations that exhibit a therapeutic effect against multi-resistant infectious agents.

An important challenge that should be emphasized in the search for new active
medicines is to optimize the properties of substances in order to increase their selectivity.
Currently, the main disadvantage of some of the preparations is their non-specific mode of
action, resulting in their effect not only on target microorganisms (positive, healing effect on the
patient), but also affect the patient himself (negative or side effect of the drug). The problem of
finding effective broad-spectrum antibiotics raises a number of open questions for modern
medical scienceover the world, incl. our country and requires the research intensification
involving scientists from different fields (chemistry, biology, molecular biology, human and
veterinary medicine).

An approach that has been successfully developed in recent decades is based on
modifying the properties of already proven in medicine substance by their complexation with
metal ions. In clinical practice, a number of compounds are known, which, applied in the form
of metal complexes, possess a more pronounced therapeutic effect. The increased activity of
metal complexes directly relates to the principle that lower an organism, it is more dependent
on concentration of metal ions. In this sense, a minor influence on the metal homeostasis in the

"lower-higher organism" system would significantly affect the conditions of the lower
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(microorganism or parasite) organism, but would have a minimal impact on the higher (host -
human or animal). In order to find effective candidates to combat multidrug-resistant strains of
microorganisms, the approach to the synthesis of metal complexes of biologically active
substances possesses its pronounced advantages.

Of the antibiotics applied today, those that have found application in human medicine
are most intensively studied. For drugs used in veterinary medicine, there is no enough detailed
information. In most cases, it was obtained indirectly through the similarity with the effect of
compounds administered to humans. The lack of sufficient data about veterinary preparations
requires to expand the field of study of their properties. Detailed studies are needed on their
effect on microorganisms and animal species, as well as on their possible impact on the human
health in contact with the infection source or when ingesting food of animal origin.

The groups of antibiotics most widely used in veterinary medicine is that of the natural
polyether ionophores, which are drugs at the first choice in the treatment of coccidiosis, a
disease caused by the parasites i. In recent years, it has been established that, in addition to
coccidiostatic activity, these substances possess also pronounced antibacterial and fungicidal
properties. Of particular interest is the discovery in 2009 that the representative of this class of
compounds - salinomycin - is among the top three agents of choice (out of 16,000 compounds) in
the treatment of tumor stem cells in breast cancer. In this respect, increased research attention
has been observed regarding the study of the potential antitumor properties of monensin,
salinomycin, lasalocid - ionophores with direct application in veterinary medicine, as well as
their various chemical modifications.

The main objects of the present study are the ionophores monensin and salinomycin
(Fig. 1). Their choice is determined by the following reasons:

- monensin is the most widely aplied antibiotic in veterinary medicine;

- salinomycin possesses promising antitumor potential;

- last but not least - Bulgaria is a producer of both ionophores, which creates the

conditions for a wider and targeted study of their properties.
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Fig. 1. Structure and numbering scheme of MonH (left) and SalH (right)

Based on the review of the scientific literature, two directions can be outlined: an area
of already gained knowledge, and one in which there are "white spots" which should be studied
in more details.

Monensin and salinomycin are representatives of monocarboxylic polyether ionophores;
they preferentially bind monovalent metal cations; they are used in veterinary practice as
coccidiostats and antibacterial agents; both antibiotics show potential in the therapy of
oncological diseases; the environment affects their biological properties.

What we do not know about monensin and salinomycin: can the environment (presence
of different metal ions) influence their effect through complexation? What is the behavior of the
two ionophores in the presence of metal cations in a higher oxidation state? If the conditions
exist to isolate new metal-containing species, how would the biological activity of monensin and

salinomycin bound in these coordination compounds be affected?

An answer to these questions is provided by the present Thessis, which reviews the
achievements in the field of coordination chemistry of the polyether ionophores monensin and

salinomycin.
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2. Aim of the DSc Thesis

The aim of the Thesis is to present the complexation processes involving the polyether
ionophorous antibiotics monensin and salinomycin and the properties of the corresponding

coordination species. The results are summarized in three directions:

v’ preparation, isolation and structural characterization of coordination compounds
with metal ions in different oxidation state;

v' studies of the "metal ion — ionophore" systems in solution;

v' evaluation of the biological properties of the complexes and comparison of the data

with those of the parent ligands.

The dissertation is based on the studies conducted by Ivayla Pancheva, PhD, in the field
of coordination chemistry within 2008-2023. The data presented are fully or partially published
in 27 original scientific papers, of which 21 articles - in refereed / indexed journals and 4 - in
monographs chapters. A total of 204 independent citations (122 of which in the Scopus database)
were noticed on the publications used in the current procedure for obtaining the scientific

degree "Doctor of Sciences".

Parts of the research were a subject of 9 successfully defended diploma theses (5 in BSc
and 4 in MSc) and 3 dissertations for obtaining the PhD degree. Currently, the 4th PhD thesis is
being prepared. A large part of the experiments carried out was financially supported by the

Bulgarian Scientific Research Fund (D0-02-84/2008, KP-06-H29/3-2018)
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3. Results and Discussion

Complexes of monensin and salinomycin - structure and spectral properties

In this chapter, the all complexes of monensin and salinomycin (HL), which, after
optimization of the synthesis conditions, were isolated in chemically pure form and
characterized by a range of spectral methods (UV-VIS, CD, IR, NMR, EPR, FAB -MS), elemental
analysis and X-ray diffraction (in the presence of single crystals) are discussed. At the moment,
the structural studies regarding the coordination compounds of monensin and salinomycin with
metal cations in the second-fourth oxidation state are primarily Bulgarian contributions.

The results are presented in two Sections: "classical" complexes of polyether ionophores,
in which the coordination of the ligand is realized bidentately ("head-tail" mode), and "non-
classical" - where a different binding way of the antibiotics is observed according to the features

of the complex species .

3.1. ,Classical“ complexes of monensin and salinomycin

The subject of research are the coordination compounds containing alkaline earth or
transition metal ions M?" — [ML2(H,0).], lanthanide cations M3* — [ML3(H.0)s]land Ce* -
[ML,(OH).]. They were obtained by reaction of the corresponding metal salts with monoanions
of the ligands (monensinate or salinomycinate), which result from the deprotonation of
MonH/SalH by an organic base (R4NOH/Et3N).

A feature that unites all these complexes are the donor groups of the ionophores -
carboxylate and hydroxyl, located at both ends of the antibiotic molecules. Their simultaneous
binding in the primary coordination shell of a given metal ion creates prerequisites for the
folding of the polyether chain of the ionophore, resulting in a highly distorted macrocyclic
structure. In most cases, its stabilization is ensured by a water molecule or hydroxide anion
hosted in the hydrophilic cavity of the ligands and participating in the formation of a number of
hydrogen bonds. In the discussion below, [ML,(H:0),] and [ML,(OH);] will be denoted as

mononuclear bis-complexes, and [ML3(H20)s] - as mononuclear tris-complexes.

3.1.1. X-ray diffraction of single crystals
The monensinate complexes [ML2(H:0),] (M = Mg, Ca, Co, Mn, Ni, Zn, Cd) were isolated
as single crystals suitable for X-ray diffraction, which allowed the unambiguous determination

of their structure in solid state (Fig. 3.1-1, Table 3.1-1). The comparison of the crystallographic
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data shows that these coordination compounds are isostructural — one metal ion interacts with
two ionophore anions, and a water molecule is located in antibiotic’s cavity. The four M-O bonds
formed with the COO™ and OH-groups of the ionophore define the equatorial plane of the
complexes and the antibiotic folds into its characteristic cyclic structure. Water molecules play
a dual function: they stabilize the resulting macrocycles through intramolecular hydrogen
bonds and participate in donor-acceptor bonds with the metal cation. The presence of water
molecules as ligands in the axial position leads to a distorted octahedral geometry of the inner
coordination shell of [MMon,(H,0);]. The M-O bond lengths increase with increasing the metal
ionic radii in the order Ni?* < Mg?* < Co?" < Zn?' < Mn?' < Cd?* < Ca?" (coord. number of. 6). The
nature of the metal ion does not significantly affect the bond angles in the equatorial plane of
the complexes: they are all within 3-4° as follows: from 169.55° (Ni?*) to 172.16" (Ca?*) (O1-M-
0111), and from 169.36° (Ni?*) to 173.95° (Ca?*) (0101-M-11), resp. (average deviation of about 10°
from the ideal angle 180°). The ionic radius of the divalent metal cations affects significantly the
H,0-M-H;0 bond angle, which decreases in the order Ni?* (164.2°) > Mg?* (160.4°) > Co?* (159.4°)
>7n?* (156.0°) > Mn?* (154.4°) > Ca?* (151.2°) > Cd?* (149.5°). In all these coordination compounds

the organic ligands are located in the cis-position to the metal ion.

Ca%

Mn?2* Co?*
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Zn*

cd*
Fig. 3.1-1. Structures of monensin mononuclear complexes with divalent metal ions
(intramolecular hydrogen bonds are presented as dashes, and hydrogen atoms are omitted for

clarity)

Table 3.1-1. Selected bond lengths (A) and angles (°) in mononuclear monensinates

[MMon,(H;0):]
Metal(II) ion
Bond
Mg Ca Co Mn Ni Zn Ccd
Bond length
M-01 2.029(3) 2.266(3) | 2.057(3) 2.116(6) | 2.0225(14) | 2.038(5) 2.216(6)
M-0101 2.029(3) 2.253(3) | 2.047(3) 2.109(6) | 2.0136(14) | 2.047(4) 2.233(6)
M-011 2.130(3) 2.358(3) | 2.141(3) 2.237(5) | 2.0762(14) | 2.188(4) 2.370(5)
M-0111 2.136(3) 2.370(3) | 2.105(3) 2.235(5) | 2.0817(14) | 2.145(5) 2.340(6)
M-012 2.107(3) 2.341(2) | 2.125(3) 2.208(5) | 2.0900(13) | 2.159(4) 2.324(5)
M-013 2.102(3) 2.340(3) | 2.134(3) 2.208(5) | 2.0849(14) | 2.166(5) 2.337(5)
Angle

0101-M-01 88.84(12) 94.63(10) | 86.50(15) 89.4(2) 84.00(6) 88.49(19) 89.1(2)
0101-M-0111 | 85.89(12) 82.54(10) | 87.62(14) 86.1(2) 87.81(6) 86.4(2) 86.3(2)
0111-M-011 | 99.81(12) 101.03(9) | 99.91(12) 99.30(19) | 101.00(6) 97.8(3) 99.02(19)
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01-M-011 86.17(12) 82.44(9) 86.79(12) 85.9(2) 87.86(6) 87.69(19) 86.4(2)
01-M-0111 171.29(13) | 172.17(9) | 170.17(12) | 171.5(2) 169.37(6) 170.40(18) | 171.36(19)
0101-M-011 172.00(13) | 173.94(9) | 170.54(13) | 172.0(2) 169.57(6) 171.6(2) 171.8(2)
012-M-013 160.41(12) | 151.22(9) | 159.39(12) | 154.3(2) 164.21(6) 155.98(16) | 149.55(18)

Despite the availability of crystal structures for the [MMon,(H,0);]Jcomplexes, they have
also been characterized by a range of spectroscopic methods. The collected information is
extremely useful in the absence of X-ray structural analysis, as is the case with the rest of the
monensin and salinomycin complexes. The structure of the latter was deduced based on their

spectral features combined with the elemental analysis data.

3.1.2. Infrared spectroscopy (IR)

IR spectroscopy is the main method for monitoring the changes in ionophore spectra that
occur due to complexation. An important indicator is the band for stretching vibration of the
carboxyl group (1700 cm?® for MonH and 1710 cm-! for SalH), which in the spectra of
coordination compounds [ML(H20).] is not observed at the expense of two new bands at
~ 1550 cm™ and ~ 1400 cm™, attributed to the asymmetric and symmetric stretching vibrations
of the carboxylate anion (Table 3.1-2). The energy difference between them is of the order of
140-150 cm™ and is characteristic of monodentate coordination of the COO~ group. The second
region to be considered is that in the range 3500-3250 cm™, where changes related to the
different behavior of the OH-groups from the ligands and water molecules are observed. No
significant changes were registered in the fingerprint area (1100-500 cm™). The spectra of all
coordination compounds of monensin with the studied divalent metal cations are practically
indistinguishable from each other, which is in agreement with the crystallographic analysis
data. Similar is the spectral behavior of copper(Il) monensinate, isolated only as amorphous
precipitate. The fact that complexes of salinomycin with divalent metal cations show analogous
IR behavior assumes that this series is also isostructural, with the antibiotic coordinating in the
same way - through the carboxylate ("head") and the hydroxyl ("tail") groups. Representative
spectra of the two antibiotics and their complexes are shown in Fig. 3.1-2 (monensin) and Fig.

3.1-3 (salinomycin).
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Table 3.1-2. Characteristic IR vibrations of MonH / [MMon(H:0).] and SalH / [MSalz(H;0)]

Vibration position, cm™
Vibration
MonH [MMon;(H;0),] SalH [MSalz(H,0),]

vor (H20) 3520 3490-3360

3500 3450-3380
Vou (Au2aHQ) 3320 3280
V-0 (COOH) 1700 - 1710 -
V=0 (C=0) - - 1710 1710-1690¢
Ve=02M (COO07) - 1550 - 1560-1550
Ve=0¥™ (CO07) - 1410-1400 - 1410-1400

aM?* = Mg, Ca, Mn, Co, Ni, Cu, Zn, Cd;
b M2+ = Mg, Ca, Sr, Ba, Co, Ni, Cu, Zn, Cd;
¢ significantly reduced intensity

Ranacel ;z/rww PEiee
| EESE LEEE =8 5 A I L
A EEacE | (E1EED
‘:_“#\" JM’

e H pﬁv EE
EE==ZBEES *’U:' EE=E=== © MonH
wwrww\ I e ¥ M

\ i ’w‘/w 1 ;A’ Ml “W RV

1 HEEIR " ry
J\"VJ ‘ i j fnn‘(‘i
\ : “‘M" -‘{\1 [
| (‘L' ca(l)

Fig. 3.1-2. IR spectra of
MonH and [CaMonz(H20):]

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber, cm!

Fig. 3.1-3. IR spectra of
SalH and [MgSalz(H20):]

The hitherto published coordination compounds of the polyether ionophores with

lanthanide ions [ML3(H20)s] show similar IR spectral behavior to that of [ML2(H20).]. The main

conclusion is that the carboxyl group is deprotonated and new vibrations appear for the

carboxylate anion (1560 cm™ and 1420 cm™, corresponding to v¥coo” and vicoo), suggesting its

participation in the complexes as monodentate ligand. At the same time, a broadening of the

bands in the fingerprint region is observed, pointing to the coordination of a heavy metal ion to

the corresponding ionophore. The spectra of MonH and SalH and their complexes with La3* ions

are shown in Fig. 3.1-4 and Fig. 3.1-5.
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MonH SalH
La*
La*
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
‘Wavenumber, e Wavenumber, cm!
Fig. 3.1-4. IR spectra of Fig. 3.1-5. IR spectra of
MonH and [LaMon3z(H20)s] SalH and [LaSals(H;0)s]

An exception to the isostructural series of [ML,(H,0).] and [ML3(H0)3] are the complexes
of Ce* with monensin and salinomycin [ML2(OH).]. In addition to the studies in KBr, those in
solution (CHCls) were also carried out. The data confirm the deprotonation of the antibiotics by
the appearance of two new bands characteristic of carboxylate anion at 1552/1414 cm™ (Mon")
and 1550/1400 cm™ (Sal), which is in agreement with the already observed coordination mode
of ionophores (Fig. 3.1-6, 3.1-7). In case of [CeMonz(OH)?], a difference in the range 4000-3000
cm? is observed compared to the spectra of complexes with divalent metal ions, which is
expressed by the appearance of a single broadened signal and points out to the possible absence
of coordinated water. Regarding the cerium(IV) salinomycinate, there are no significant changes
compared to the uncoordinated antibiotic, and an unequivocal conclusion for the presence of
water cannot be made. The IR spectra of both ligands and [CeL2(OH)] in chloroform differ
slightly compared to those recorded in solid state. This fact indicates that the compounds retain
their structure in both phases, with a minimal amount of the antibiotics in the complexes being

protonated due to a solvent impurity of HCL

MonH

SalH

Ce*

4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber, cm! Wavenumber, cm!

Fig. 3.1-6. IR spectra of Fig. 3.1-7. IR spectra of
MonH and [CeMon;(0OH);] SalH and [CeSalz(OH)-]

10
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3.1.3. Fast atom bombardment mass spectrometry (FAB-MS) or electrospray ionization
mass spectrometry (ESI-MS)

The "classical" complexes of monensin and salinomycin were analyzed by mass
spectrometry. Over the years, two techniques have been used — FAB-MS or ESI-MS. Tables 3.1-3
and 3.1-4 summarize the data concerning the main ions proving the formation of coordination
compounds of the antibiotics and/or the inclusion of a metal cation in certain molecular
fragments!. Representative MS spectra and fragmentation patterns of [CaMonz(H20).] and

[LaMon3(H20)3] are shown in Fig. 3.1-8 - 3.1-11.

Table 3.1-3. Major ions observed in the mass spectra of mononuclear complexes of monensin

and salinomycin with divalent metal cations (FAB-MS)

Monensin m/z Salinomycin m/z
[MgMon,Na]* 1385.2 [MgSal,NaJ* 1546.9
[CaMon:Nal* 1401.3 [MgSall* 773.5
[CaMon]* 709.2 [CaSal;Na]" 1562.9
[Mn-Mon]" 794.4 [CaSal]* 789.5
[Co-Mon]* 728.4 [SrSal]” 837.4
[NiMon,(H20),]Na* 1455.8 [BaSal]* 887.4
[NiMon;]Na* 1419.8 [CoSal]* 808.4
[Ni-Mon]* 727.8 [NiSal]* 808.7
[ZnMon;]Na* 1491.7 [CuSal]* 813.5
[Zn-Mon]* 733.4 [ZnSall* 814.9
[Cd-Mon]* 783.3 [CdSal]* 863.4

! For the complexes of salinomycin [MSal,(H>0)] and those of Ce(IV) with the two ligands — [CeL:(OH);], only
the molecular ions of [SalH]Na™ or [MonH]Na" are observed. A probable reason is the easier decomposition of
the coordination compounds under the standard conditions of the technnique despite the confirmation of their
formation by IR spectroscopy.

11
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Fig. 3.1-8. FAB-MS spectrum of [CaMon.(H:0):]

{ [(CaC36H61011)(C3C36H60011)]+J

+ CaCs6Hg0O

[CaC36Hg 011"

- C36Hg1 011 Na
-2 H,0
([Ca(cssHmOn)2(H20)2]J—f> [[Ca(cseHmOn)zNar]
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+H*, +Na"

[C36H42011)Na]”

Fig. 3.1-9. Fragmentation pattern of [CaMonz(H20).]
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ESI-TOF-MS cnextsp Ha [La(Mon)3(H20)s]
766.50

[C36Hg20, Na]”

693.41
[(C36Hg201 1 MC36Hg Oy 1Na)Na]+
1385.82 [La(C36Hg 011 Na)2(C3sHgpOy )T
[La(C36Hg1041)2]" [La(C36HgOy1)3Na]”
1477.74 2171.1553 2193.1335

[La(C35Hgp041)]"
807.32
[}

2179.1207

M

2170 2180 2190 miz

[La(C36Hg1 011)(C36HgoO1Na)]”

1499.72

500 1000 1500 2000 2500
m/z

Fig. 3.1-10. ESI-MS spectrum of [LaMon3(H20)s]

[[La(casHelou)s(HzO)ﬂJ

-3H,0 -3H,0:-H”
+ Nat +2Na"

f[la[C;5H5101 1)_;Na]+] [_[L"'(C_%Hmo:1Nﬂ):(C55H600 1 1.}]':

- C35Hg; 0 Na - 2 C3Hg O Na
\
[La(CsHg1 0111 ([La(CssHe01)]
_H+ -La3+
¥ + Na* +2 H" ~ Na't

)

- -
IELa(C'iEHmO'.]}(CiﬁHﬁt]O]iI\a)] J [C36Hg>0y;Na]

3+

-La
=2 H" +Na

i[((?ssl 152011 (C3gHg Oy Na)Na]* J

Fig. 3.1-11. Fragmentation pattern of [LaMons(H20)s]

13



Metal complexes of the carboxylic polyethers monensin and salinomycin:
structure, properties & biological activity

Table 3.1-4. Mass spectrometry data for monensin complexes with Ln®* (ESI-MS)

Molecular ion, m/z
Complex
[M(C36HeoO11)]" [M(C36He1011)2]" [M(C3sHeoO11)sHzNaz]*
[YMons(H20)s] 757.3 1427.8 21211
[LaMons(H20)s] 807.3 1477.7 2171.2
[PrMons(H20)s] 809.3 1479.7 2195.1
[NdMon3(H20)s] 810.3 1482.7 21971
[SmMons(H20)s] 820.3 1490.8 2207.1
[EuMons(H20)s] 821.3 491.7 2206.1
[GdMons(H,0)s5] 826.3 1496.8 2211.2
[ErMons(H20)s] 836.3 1506.8 2221.2

3.1.4. Nuclear magnetic resonance (NMR)

The diamagnetic monensinates and salinomycinates of divalent metal cations have been
characterized by NMR using one- and two-dimensional techniques. The alkaline earth
complexes of salinomycin were studied in solid phase (due to their very limited solubility), and
all the others — in solution. The chemical shift of the 3C signals in the two ligands which undergo
the most significant changes upon complexation is discussed below (Tables 3.1-5, 3.1-6, 3.1-7).

The most significant change in the spectra of monensinates is observed for the 1C, which
is significantly shifted to a lower field compared to MonH (A = 4.37-4.85 ppm; A = S8complex — Omont)-
Such a change confirms the presence of a deprotonated carboxyl group in the ligand coordinated
to the metal(II) centers. Carbon atoms in the close vicinity of O1 and 011 (bound directly to the
divalent cation) also undergo a weak field shift to — 2C (A = 1.76-2.35 ppm), 25C (A = 0.73-1.69
ppm), 27C (A = 1.05-1.28 ppm), 29C (A = 0.73-1.10). The formation of H-bonds between water
molecules (H20-12 and H20-13) and ether oxygens 05-08 leads to a significant shift of some of
the 3C resonances in the spectra of the complexes. Experimental data show that both positive
and negative chemical shift changes are observed depending on the ligand conformation upon
complexation. The NMR data corroborate the coordination mode of monensin which is
analogous in the [MMonz(H20).]series, and confirm that complexes retain their structure in solid
state and in solution.

Similar to monensin, in the spectra of diamagnetic salinomycinates, the signal for 1C -

Aca ~7 ppm (Table 3.1-5) and Ana ~5 ppm (Table 3.1-6) also undergoes the most significant
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change, which confirms the deprotonation of the carboxylic group and its involvement in

interaction with the metal(II) center. The position of most of the remaining signals varies within

+ 0.5 ppm, with a shift of certain resonances to a stronger or weaker field (1-3 ppm). Taken

together, these observations indicate that structure of salinomycin undergoes some

conformational changes upon formation of the corresponding complex compounds.

Table 3.1-4. Chemical shift (§, ppm) of signals in **C{*H}-NMR (150 MHz, CDCls) spectra of MonH

and [MMonz(H,0),]

C-atom MonH Mg? Ca?* n% Cd?

1COO(H) 177.09 181.94 181.81 181.66 181.46
*9C 107.79 107.65 107.55 107.68 107.48
*25C 96.99 98.38 98.63 97.72 98.68
*16C 86.18 87.91 87.12 87.23 87.17
12CH 85.14 85.11 85.29 85.06 84.97
17CH 85.11 85.44 84.35 85.06 84.66
13CH 83.42 85.06 83.91 83.66 84.33
3CH 81.56 82.28 82.49 81.82 82.05
20CH 77.01 77.58 77.46 77.44 77.31
21CH 73.83 72.94 73.56 73.31 73.32
7CH 70.74 70.61 70.71 70.56 70.51
26CH> 67.98 67.85 66.35 66.38 66.80
5CH 67.01 65.66 68.21 67.58 67.78

28CH3-0 58.03 57.75 57.94 57.94 57.86
2CH 41.94 43.70 44.29 42.41 43.97
10CH; 38.36 38.51 38.75 38.42 38.50
4CH 36.70 37.08 37.40 36.82 37.20
23CH 36.59 36.50 36.73 36.55 36.57
24CH 35.68 36.30 35.90 35.55 35.74
6CH 34.54 34.31 34.23 34.40 34.24
18CH 34.45 34.31 34.23 34.31 34.37
8CH; 34.03 34.36 34.33 34.21 34.20
11CH; 33.73 34.12 33.83 33.91 33.84
22CH 32.80 33.40 33.34 33.01 33.18
19CH; 32.58 32.75 31.25 32.61 32.62
15CH; 31.49 29.26 32.83 30.80 32.62
32CH; 31.19 30.66 30.79 30.80 30.79
14CH; 27.88 27.60 27.78 27.74 27.66
31CH3 27.69 27.93 27.43 27.81 27.44
35CH3 17.54 17.39 17.63 17.54 17.49
36CH3 16.32 16.88 16.97 16.71 16.80
34CH; 15.75 15.84 15.74 15.80 15.60
27CH; 15.66 16.94 16.81 16.71 16.80
30CH; 10.75 10.67 10.76 10.58 10.66
29CH3 10.37 11.23 11.36 11.38 11.10
33CH3 8.61 8.84 8.73 8.72 8.70
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Table 3.1-5. 3C-NMR (150 MHz, acetonitrile-ds) chemical shifts (8, ppm) in the spectra of SalH

and [CdSal.(H20):]

C-atom SalH cd* C-atom SalH cd?*
11C=0 215.53 216.77 8CH 37.06 36.92
1COO(H) | 177.86 184.98 14CH 33.66 33.89
19CH= 133.65 132.59 23CH; 31.53 32.37
18CH= 123.43 122.23 31CH 31.92 32.09
*21C 107.72 107.44 27CH; 30.19 30.24
*17C 100.14 100.24 6CH 29.06 29.15
*24C 89.04 88.84 33CHs 26.03 26.07
29CH 77.83 78.14 5CH; 26.94 27.13
13CH 78.60 78.76 41CH; 23.47 23.56
3CH 75.51 76.84 26CH; 22.72 22.41
25CH 75.05 74.67 4CH; 20.77 21.16
7CH 72.73 72.13 35CH; 17.86 18.19
*28C 71.47 71.87 36CH 18.68 19.39
9CH 69.89 69.63 34CH; 15.99 16.07
20CH 68.10 67.70 30CH; 15.31 15.24
12CH 56.80 57.28 38CHs3s 13.47 13.70
2CH 49.25 49.24 37CHs 14.15 14.09
10CH 49.09 48.69 42CHs 12.20 12.71
16CH 41.42 41.73 40CH3 11.65 12.09
15CH; 39.09 39.39 39CH; 7.83 7.97
22CH; 37.49 36.57 32CH; 6.79 6.94

Table 3.1-6. Characteristic 1*C CPMAS chemical shifts (§, ppm) in the spectra of SalH u alkaline-

earth salinomycinates [MSal2(H20):]

C-atom SalH Mg? Ca% Sr2 Ba?*
1CO0(H) 177.59 183.04 182.90 182.55 182.80
19CH= 131.23 133.76 133.44 132.95 133.48
18CH-= 121.84 121.75 121.38 121.93 122.13
*21C 107.19 107.00 106.95 107.19 107.25
*17C 99.89 99.69 99.66 99.54 99.62
*24C 87.55 88.45 88.43 88.83 88.87
3CH 75.49 76.13 76.03 76.04 76.20
*28C 71.60 71.22 70.98 71.19 71.12
2CH 50.15 50.14 49.91 50.26 50.40
8CH 37.33 37.26 37.12 37.08 37.00
14CH 32.58 33.13 33.03 33.04 32.86
6CH 28.66 28.76 28.87 28.80 28.86
41CH> 23.19 23.45 23.37 23.61 23.53
32CHs 7.23 7.25 7.24 7.19 7.23
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Among the lanthanide complexes, only [CeL,(OH),] was subjected to NMR analysis, and
the participation of monensinate and salinomycinate anions was confirmed by 'H-NMR in CDCls.
The signals of the coordination compounds are significantly broadened compared to those of
the two acids due to the presence of the metal cation. A more significant difference was observed
for MonH and [CeMon3(OH)] than for SalH and [CeSal2(OH).]. The narrow and intense band at
6.25 ppm in the MonH spectrum (attributed to the OH groups) is shifted to lower field in the
complex (6.76 ppm). Concomitantly, the signal attributed to CH-2 (2.62 ppm, MonH) significantly
broadened to merge with the baseline, confirming the proximity of the heavy cerium ion to the
carboxylate group of the antibiotic. On the other hand, the proton spectrum of SalH is much
more complicated, because the signals of some characteristic protons located at the two opposite
ends of the organic molecule overlap significantly. For this reason, no significant structural
information can be extracted by comparing the spectra of SalH and its complex. The analogous
spectral behavior of the two antibiotics in their complex compounds with di- and tri-valent metal
ions gives reason to assume here also an identical (to monensin) binding of salinomycin in

[CeSal2(OH):].

3.1.5. Electron paramagnetic resonance (EPR)
The following paramagnetic coordination compounds of monensin and salinomycin
were investigated by EPR spectroscopy: [CuL2(H20).], [GdMon3(H20)s] u [CeL2(OH),].

Copper(I) complexes: the spectra in solid phase (Fig. 3.1-12) consist of hyperfine

structure due to the interaction of the unpaired electron of Cu?* (d°) with the nuclear spin of
6365Cu (I = 3/2). EPR parameters are typical for mononuclear Cu(II)-containing species: g|| = 2.34,
A =152x10* cm?, g1 = 2.06 — monensin; g|| = 2.31, A = 149x10* cm, g, = 2.05 - salinomycin.
The ratio g|| > g. points that the single electron occupies predominantly the d,2_,. orbital. The
high value of g|| and the relatively low one for A|| corroborate the data for oxygen-containing
copper(I) complexes placed in distorted tetragonal field. No exchange interaction between the
paramagnetic centers is observed (G = 5.56) and the metal ion — oxygen bonds are primarily of
ionic origin (a? = 0.76).

Gadolinium(III) monensinate: in both EPR spectra of the complex (solid and liquid (THF)

state, Fig. 3.1-13) an analogous symmetric signal with g = 1.99 and line width AHpp = 155 mT is
observed, which shows the stability of the complex in both phases; in addition, the EPR spectrum
of the gadolinium complex in solid phase contains weakly intense signals at g =5.97 and g = 2.77,

the origin of which cannot be unambiguously assigned.
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[CuSal,(H,0),]

[CuMon,(H,0),]
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Fig. 3.1-12. EPR spectra of [CuMon(H20);] (77 K) and [CuSal2(H20).] (295 K)
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Fig. 3.1-13. EPR spectra Ha [GAMon3(H20)3;] 8 mBbpgo u meuHo cbcmosiHue

Cerium(IV) complexes: both samples (Fig. 3.1-14) show narrow signals (AHpp ~ 1.2 mT)

with low intensity and g-values in the range of 2.004-2.030. The signal at g ~ 2.011 overlaps with
the signal at g = 2.004 and becomes “visible” only at low temperature. Measurements at 100 K
show higher signal intensity according to the Curie-Weiss law. EPR parameters are assigned to
defect centers in the studied complexes. The signal with g = 2.004 can be attributed to the
presence of oxygen-containing radicals, while those at g ~ 2.011 and g ~ 2.030 are most likely
components of an asymmetric signal characteristic of radicals containing the Ce**-oxygen pair.
It should be emphasized that the concentration of defect centers in both complexes is very low,

but the measurements indirectly confirm the +4 oxidation state of the cerium cation.
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Fig. 3.1-14. EPR spectra of [CeMon2(OH)] and [CeSal2(OH)2]

3.1.6. Complementary experiments for particular complex compounds

Some of the isolated "classical" coordination compounds of monensin and salinomycin

were subjected to specific studies that enriched the data set for the respective complex species.

Fluorescence study with [TbMons(H,0)s]: upon excitation with A = 450-470 nm, the

emission spectrum (Fig. 3.1-15) exhibits bands that correspond to the main transitions for Th3*
ions — from 5Dy to “F), as expected the most intense is the transition °Ds4 - ’Fs at 545 nm. The band

for the 5Dy - “F6 transition, which is not very intense but is often observed in the spectra of Th(III)-

containing compounds, is absent.

500
400

300

Intensity, a.u.
s
s

500 520 540 560 580 600 620 640 660 680 700
Wavelenght, nm

Fig. 3.1-15. Emission spectrum of [TbMons(H20)s]

Transmission electron microscopy (TEM) imaging of [CaSal.(H20).], [LaMon3(H:0)3] and

[CeL,(OH),]: the samples are amorphous and the elements are uniformly distributed on their

surface. The particle size varies from 100-200 nm in Ca?* and La3* complexes to 200-300 nm in

those of Ce** (Fig. 3.1-16).
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Ipm

c) d) e)
Fig. 3.1-16. TEM images (a, b) and distribution of Ce, C u O (c-e) in [CeSal,(OH):]

Thermal analysis (TGV-DTA, TGV-MS) of [CeL2(OH):]: no endothermic peaks below 200

°C were observed for both complexes, which ruled out the presence of water molecules in their
composition (Fig. 3.1-17). The endothermic peak at ~200 °C for [CeMon2(OH):] corresponds to its
melting point (196 °C), followed by its gradual decomposition. The weak endothermic peak in
the range 128-150 °C corresponds to the melting point of [CeSal»(OH).] (142-144 °C), but the
decomposition starts at a lower temperature compared to the monensinate analogue. Water loss
was observed below 100 °C, although the complexes were dried and stored in a desiccator prior
to all analyses. These water molecules are weakly bound and do not relate either to the

structural features of the antibiotics or to the coordination environment of the cerium(IV) ions.

a) TG of [CeMon,(OH),] c) TG of [CeSal,(OH),]

100+ T exo 100+
80 80-\

T exo

100 200 300 400 500 600 100 200 300 400 500 600
T,°C T,°C
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b) TG-MS of [CeMon,(OH),] d) TG-MS of [CeSal,(OH),]
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Fig. 3.1-17. TG-DTA and TG-MS of [CeMonz(OH);] (a, b) and [CeSal»(OH):] (c, d)

Electronic spectroscopy (UV-Vis) of [CeL2(OH).]: the spectra of the complexes contain an

asymmetric band in the range 200-500 nm (Fig. 3.1-18). The electronic configuration of Ce*" is
analogous to that of Xe? and the observed absorption can only be explained by the presence of

O - Ce charge transfer transitions:

[CeMon2(0OH)2] az70 = 1.71 L-g tcm™? €270 = 2590 L-mol :cm™;
[CeSal2(0OH),] azs = 2.65 L-g-cm™ €282 = 4434 L-mol t:cm ™%

100 1.00

075 0.75

Absorbance
Absorbance

025

[CeMon,(OH),] [CeSal,(OH),]

200 250 300 350 400 450 500 550 600 200 250 300 350 400 450 500 550 600
Wavelenght,nm Wavelenght,nm

Fig. 3.1-18. UV-Vis spectra of [CeL,(OH),] (MeOH, concentration 0.3125 mg/mL)

3.1.7. Structures of the "classical” complexes of monensin and salinomycin

Mononuclear bis-complexes of M?*: the analogous spectral behavior of the two

antibiotics suggests the formation of salinomycinates similar to monensin coordination
compounds characterized by single crystal X-ray diffraction. It is likely that salinomycin anions
are also located in a cis-position to the divalent metal ion and a water molecule is bound in their

hydrophilic cavity.
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In order to investigate the possible coordination of Sal-, we modeled the structure of
[CaSalz(H:0):] based on the known crystallographic data for the monensinate complexes and the
two sodium forms of salinomycin. The geometry of the proposed structure was optimized using
the AMBER99 force field. The inclusion of water molecules as ligands is only possible if they
additionally participate in intramolecular hydrogen bonds with the 11C=0 and 20C-OH groups
of salinomycin. The origin of the hydrog