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Abstract: Complexes that incorporate both ligand(s) and metal(s) exhibiting cytotoxic activity can
especially be interesting to develop multifunctional drug molecules with desired activities. In this
review, the limited number of solution results collected in our laboratory on the complexes of
Pd(II) and two other platinum group metals—the half-sandwich type, [(n6—p—cym)Ru(H20)3]2+,
and [(n°-Cp*)Rh(H,0)3]?>* —with hydroxamic acid derivatives of three amino acids, two imidazole
analogues, and four small peptides are summarized and evaluated. Unlike the limited number
of coordination sites of these metal ions (four and three for Pd(II) and the organometallic cations,
respectively), the ligands discussed here offer a relatively high number of donor atoms as well as
variation in their position within the ligands, resulting in a large versatility of the likely coordination
modes. The review, besides presenting the solution equilibrium results, also discusses the main factors,
such as (N,N) versus (O,0) chelate; size of chelate; amino-N versus imidazole-N; primary versus
secondary hydroxamic function; differences between hydrolytic ability of the metal ions studied;
and hydrolysis of the coordinated peptide hydroxamic acids in their Pd(II) complexes, which all
determine the coordination modes present in the complexes formed in measurable concentrations in
these systems. The options for the quantitative evaluation of metal binding effectivity and selectivity
of the various ligands and the comparison with each other by using solution equilibrium data are
also discussed.

Keywords: hydroxamic acids; platinum group metals; amino acid derivatives; metal complex solutions

1. Introduction

For many reasons, investigation of the metal-binding properties of hydroxamic acid-
based organic bioligands (containing at least one hydroxamic acid function, RcC(O)RNN(OH),
where R¢ = alkyl or aryl; Ry = H in primary derivatives, alkyl or aryl in secondary ones),
whether naturally occurring or synthetic, has been a focus of interest for many decades.
Most of the results are summarized in excellent reviews, some of which are referred
here [1-20]. The previous results clearly demonstrate the significance of hydroxamate-
based compounds in many fields, for example, they are known to play a crucial role in
microbial iron uptake [3,5,6,11] and are capable of inhibiting a variety of enzymes, including
ureases, peroxidases, and matrix metalloproteinases [8-10,14,16,18-25]. In correlation with
these biological roles/effects, hydroxamate-based compounds are frequently used in the
design of therapeutics targeting different diseases, like iron overload, cancers, microbial
infections, inflammations, etc. [8-10,26-33]. A further feature of them is the ability to
release NO under certain conditions [12,14]. In most of the cases, the biological roles and
effects of the hydroxamate-based compounds are in direct correlation with their strong
chelating ability. Therefore, the study of their interaction with metal ions has a permanent
interest in numerous laboratories. As is already well-known, hydroxamates typically
coordinate to metal centers through the carbonyl oxygen atom and the deprotonated
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hydroxyl group, resulting in the formation of a 5-membered (O,0)-type hydroxamato-
chelate. Under special conditions however, a few other modes are also known, e.g., binding
through the deprotonated nitrogen [12,14,20]. Furthermore, the complexation behaviour of
hydroxamic acids can significantly be altered by the presence of additional donors, such as
amino group(s) in amino acid derivatives or amino and peptide-amide moieties in peptide
derivatives [12,20,34].

Asitis seen in Scheme 1, in addition to the hydroxamate-type (O,0) chelate (structure I),
even if the parent amino acid does not have a side-chain donor, primary derivatives of «-,
(- and y-amino acids are capable of forming 5-, 6-, and 7-membered (N,N)-type chelates
(structure II), respectively, via the amino-N and deprotonated hydroxamate or doubly
deprotonated hydroximate-N atoms [13,34]. The versatility of the coordination modes can
be even higher with amino acids containing side chain donors [34-36], or with peptide
derivatives (structure III) [37-41].

o) R
Re /O\\ H
T/ M N n Son
RN/N\oII N I\III 0
NH3
I | I
(0,0) (Namino> Niydr) (Namino> Namide)

Scheme 1. Some typical binding modes in simple hydroxamate, amino-, or peptide hydroxam-
ate complexes.

However, the actually implemented coordination mode is also very much dependent
on additional factors, e.g., the properties of the metal ion, pH, etc. All the previous results
support that with hard metal ions only (O,0)-coordination occurs, while the soft ones
prefer the nitrogen donors [34]. The most interesting binding modes, however, can occur
with borderline metal ions, with which the formation of both types of chelates is likely, and
this, in many cases, results in the formation of exciting polynuclear coordination complexes
with high structural and functional diversity. In particular, metallacrowns (MCs, incor-
porating metal-heteroatom coordination units, (-[M-N-O]-),), in a cyclic arrangement)
have been attracting considerable attention due to their fascinating molecular architecture
and diverse applicability, such as molecular magnets, catalysts, sensors, and recognition
reagents for cations, anions, or molecules [40—49]. Although, among the ligands, amino
acid-based hydroxamates are frequently used for producing metallacrowns, there are ex-
amples for the existence of MCs with other types of ligands, including peptide-based
hydroxamic acids as well [40,41]. Most of the published homometallic metallacrowns
incorporate 3d metal ions, while heterometallic ones commonly contain a 3d metal ion in
the ring and a 4f ion as a core metal, but, rarely, some metallacrowns with other types of
metal ions have also been synthesized [43,44]. For example, trinuclear metallamacrocycles
containing half-sandwich complexes of Ru(Il), Rh(IIl), and Ir(III) with bidentate pyridi-
nonate ligands have also been reported for their potential application as chemosensors [50],
while trinuclear macrocyclic structures consisting of half-sandwich type Ru(Il) and some
amino acidate ligands were developed and tested as catalysts [51]. However, interaction
of aminohydroxamic acids with these half-sandwich type cations in solution have only
been investigated in some of our recent works [52,53]. Furthermore, only a few works
are published on Pt(II)-aminohydroxamates supporting Pt(II)-assisted hydrolysis of the
coordinated ligands [54,55].

Given that a number of enzymes require metal ions for their catalytic activity, metal
chelation-based metalloenzyme inhibition has become one of the strategies for the treatment
of diseases. Therefore, metalloenzyme inhibitory effects of hydroxamate-based chelators
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have also induced accelerated interest in the past several decades [8,12,18,19,22-25,29,56].
Excellent reviews demonstrate that in many works, numerous hydroxamate-based com-
pounds as potential therapeutical agents, especially for cancer therapy, have been devel-
oped [8,9,18,19,33,57]. Furthermore, numerous works have been induced by the fact/idea
that the enhancement of selectivity and effectivity of the developed organic biomolecules
can be achieved via incorporating them into metal complexes [33,51,58]. Despite the
widespread use of platinum-based chemotherapeutic agents, as well as the great inter-
est to develop new drug candidates with platinum [59-62] and other platinum group
metals [61-73], it is surprising that there have been very few solution equilibrium results
published for complexes with peptidehydroxamate- and aminohydroxamate-based chela-
tors [74,75]. This low interest is most likely due to the inertness of complexes formed with
platinum group metals, as well as the high tendency of these metal ions for hydrolysis [76].
However, as it is well-known, the rate of complex formation, namely, the “lability” or
“inertness” of a complex, is very much determined by the mobility of the solvent molecules
coordinated to the metal ion and can also be tuned by the nature of the ligands replacing the
coordinated water molecule(s) [77]. Taking the advantage of these opportunities, several
relevant solution equilibrium works have been performed in our laboratory. The present
review summarizes our results on the interaction of the hydroxamic acid derivatives of
amino acids and peptides with platinum group metals and focuses on the factors, which
can affect the metal-binding properties of such organic ligands and, at the same time, their
likely biological activity and metal ion selectivity. Some comparison is also presented
between the metal binding effectivity of the ligands discussed here and some small (N,N),
(N,0), (0,0), and (S,0) chelators.

2. Competitive Processes of the Metal-Ligand Interactions
2.1. Protonation Processes of the Ligands

Although hydroxamic acid-based compounds have been known for a very long time
and are widely used in numerous fields [5,8-33] due to the ability of this function to adopt
several forms [13,34], even recently, some new information for the acid-base properties of
a hydroxamic function has come to light [78,79]. There is no doubt that this function (even
a primary one) releases one dissociable proton, and this process leads to the formation of
the monoanionic hydroxamate function. Usually, the pH-range of the deprotonation is
ca. 7-10, but, for a certain molecule, it depends on various factors. For example, there is
always a significant increase in the acidities (decrease in the pK) of secondary derivatives
compared to when the corresponding primary counterparts are detected [80]. Under
certain conditions with primary derivatives, further metal ion-induced deprotonation of
the monoanionic function (formation of a hydroximate dianion) is also known [21].

Beside the hydroxamic group, each of the fully protonated ligands discussed here
incorporates another weak acidic function and ammonium moiety in aminohydroxamic
and peptidehydroxamic acids—and imidazolium in the imidazole derivatives (Scheme 2).
Consequently, these ligands are capable of releasing two protons from their fully protonated
forms in the measurable pH-range.

Predominantly pH-potentiometric titrations, which are often 'H NMR, while in a
few cases they are '3C NMR, have been used to determine the corresponding dissocia-
tion constants [34,37,81,82]. The pH-potentiometric results provide macro constants (pK;
and pKj; in Table 1 and Table 3), which cannot be assigned unambiguously to either of
the acidic groups; they characterize the ligands at the macro level (Figure 1). However,
the macroscopic dissociation constants in Table 1 clearly show the pH-range, where the
(de)protonation processes compete with the metal-ligand complexation processes (up to
pHca. pK+1).
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Scheme 2. Structures of the fully protonated form of the ligands discussed.
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Figure 1. Macro and micro proton dissociation processes of aminohydroxamates together with the
appropriate constants; for the values see Table 1.



Molecules 2022, 27, 669

5of 27

Table 1. Dissociation macro constants (pK;) and micro constants (pKimicro) of some selected amino
and peptidehydroxamic acids at 25.0 °C (I = 0.20 M KCl).

H,-a-Alahat* [82] Hj--Alaha* [82] H,-y-Abha* [83] Hj,-AlaAlaha* [37]

pKq 7.34 8.32 8.76 7.66
pKa 9.16 9.59 10.19 8.88

Ky micro / g,micro 2.70 0.42 0.14 8.32
pK;micro 7.48 8.85 9.67 7.71
pKpmicro 7.90 8.47 8.82 8.63
pKamicro 9.02 9.06 9.28 8.83
pK,micro 8.60 9.44 10.13 7.91

For the imidazole derivatives, NMR results clearly supported that the lower dissocia-
tion constants belong to the deprotonation of the imidazolium-N(3)H", while the higher
ones belong to the hydroxamic functions. Moreover, the existence of hydrogen bonding
between the non-protonated imidazole-N and hydroxamic-NH was supposed from the
surprisingly low pK; of Hy-Imcha™ [81]. Unlike the imidazole derivatives, all of the results
for the derivatives of the amino acids and peptides supported the significant overlapping
of the two deprotonation steps [34,37,82,83]. In such cases, only the dissociation micro
constants (meicrO), which can be determined by the selective monitoring of the dissociation
of the individual group(s), and are characteristic for the individual processes shown in the
heading of Table 1. As a representative example, the schematic presentation of the differ-
ence between the macroscopic and microscopic dissociation processes and pH-dependent
speciation profile for Hy-f3-Alaha* are seen in Figure 2.

< 90]  *H;NRNHOH
-

Figure 2. Concentration distribution curves of the proton complexes of Hy-f3-Alaha*, calculated
using the dissociation macro constants (inlet) and micro constants as a function of pH. Dash lines
refer to the corresponding binding isomers of HL.

The micro constants have not been determined for all of the ligands discussed here;
it was done for Hy-a-Alaha*, Hy-B-Alaha* [82], and for Hy-AlaAlaha™ [37] as well as,
under slightly different conditions, for Hy-y-Abha™ [83], but the results allowed us to draw
conclusions for the acidity trend of the two sites for all of the discussed molecules. For H;-
a-Alaha* and the peptidehydroxamic acid derivatives, the NH3*-moiety is the more acidic,
while for H,-B-Alaha* and H,-y-Alaha™, the order is the opposite (see Ky ™I / K,™ir0 in
Table 1).
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2.2. Hydrolytic Behaviour of the Metal Ions Discussed

Hydrolysis of the metal ions is also an important factor that needs to be taken into
consideration as a competitive process during complex formation. Platinum group metals
consist of the following 4d metals: ruthenium, rhodium, and palladium, as well as their
heavier 5d congeners: osmium, iridium, and platinum, respectively. These metals in the
form of +2 or +3 oxidation state ions are characterized by low stability aqua complexes
that tend to hydrolyze heavily. Since the [M(H;O)s]™* (M = Ru, Os, Rh, Ir; n = 2-3) or
[M(H0)4]** (M = Pd, Pt) cations are known to have slow or very slow and unexplored
hydrolytic processes, no solution equilibrium studies can be found in the literature on their
complexation processes in aqueous solution. Notably, among the monodentate ligands,
halogenide ions—typically, chloride ions—can stabilize the metal ions in an aqueous
medium in the form of octahedral or square planar chlorido complexes with moderate
stability. Being a single exception, Pd(Il) in the form of [PACL4]%, as a metal-containing
component, can be involved in equilibrium studies. For the other metals with different
forms or oxidation states, reliable solution equilibrium studies require the knowledge
of their properly explored and quantified hydrolytic properties. Although both half-
sandwich types, [(n6—p—cym)Ru(H20)3,]2+ and [(115—Cp*)Rh(HzO)3]2+ (see Scheme 3), and
the square-planar Pd(Il) cations used in the studied systems and reviewed in this paper
have a high tendency for hydrolysis, the presence of the strongly coordinating chloride
ions can significantly influence the speciation, thereby hindering the formation of different
hydroxido complexes.

— - 2+ — — 2+
" o
ull”l "y
pd 'OH pd IOH
Ho N2 Ho |
OH, OH,
| A% \Y%

Scheme 3. Structure of the half-sandwich type organometallic cations discussed.

In a chloride free medium, dissociation of one or two water molecules of the organome-
tallic cations has been described, leading to the formation of [M>(OH),]** and [M,(OH);]*
hydroxido species [84,85], and the thermodynamic stability constants, of which are col-
lected in Table 2. In the absence of chloride ions, the [(116—;7—cyrn)Ru(HzO)3]2+ starts to
hydrolyze around pH 3, that is about 1.5 units more acidic than what was found for
[(n5—Cp*)Rh(HzO)3]2+. The tendency is the same in the presence of chloride ions, [(n6-p—
cym)Ru(H,0)3]%* is less resistant to hydrolysis due to its higher affinity towards O-donors.
However, chloride ions as competitors are able to shift the hydrolytic processes occurring
at higher pH. In the presence of chloride ions, formation of chlorido, hydroxido, and mixed
chlorido-hydroxido species have been described for the Ru(Il)-containing system, and
their thermodynamic stability constants (logf5) have been determined by pH-potentiometry
and 'H NMR [84]. The effect of the chloride ions can also be taken into account by using
the conditional stability constants (logf*) in Table 2 that are strictly valid in a 0.20 M
KCI medium.
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Table 2. Thermodynamic (logf) and conditional stability constants (log*) of [(116-p-cym)Ru(HzO)3]ZJr
and [(° —Cp*)Rh(Hzo)g]2+ hydroxido complexes at 25.0 °C and I =0.20 M KNOj3 and KCl, respectively.

M = [(n®-p-cym)Rul] [84] M = [(n®-Cp*)Rh] [85]
0.20 M KNO; 0.20 M KCl1 0.20 M KNO; 0.20 M KCl1
[M5(OH), % — —7.12 —8.53 —11.12
[M,(OH)3]* —-9.16 —11.88 —14.26 —19.01

Although changing the supporting electrolyte from KNOj to KCl—the latter one has
more biological relevance—can result in a shift of the hydrolysis of both the organometallic
cations about 1 pH unit to the higher pH values, at pH = 7.4 the dominance of the hydrolytic
species is still observed. This is demonstrated in Figure 3A by the concentration distribution
curves calculated for [(n6—;7—cym)Ru(H20)3]ZJr using the two abovementioned supporting
electrolytes, and by a comparison between Figure 3A,B. Figure 3B clearly indicates the
more preferred hydrolysis of [(n°-p-cym)Ru(H,0)3]** even in the presence of chloride ions
when compared to that of [(n°-Cp*)Rh(H,0)3]** in the presence of nitrate.

A

-
o
J

[My(OH),]*

2
o e o0 9o 9
W h OO O N O ©
L L 1 L 1 1 1

[M5(OH),J2*

e o
- N
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o
=)

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3 1
0.2
0.1
0.0 T T i . p— ,

I

1

Il

[M,(OH),J>*

1

Figure 3. Concentration distribution curves calculated for (A) [(n(’-p-cym)Ru(Hzo)3]2+ atI=020M
KNO; (grey) and at 0.20 M KCl (black) and (B) [(116—;;—c:ym)Ru(H20)3]2+ atI=0.20 M KClI (continuous
lines) and [(°-Cp*)Rh(H,0)3]%* at I = 0.20 M KNOjs (dashed lines). (M stands for [(n®-p-cym)Ru]**
or [?-Cp*)Rh]?*, t = 25.0 °C, cpy = 1 mM)].

The study of the hydrolytic properties of the corresponding 54 analogues, the [(1°-
p—cyrn)Os(HzO)3]2+ and [(T]E’—Cp*)lr(HzO)3]2+ aqua cations, has also been carried out at
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different ionic strengths [86], but, due to their slow complex formation with (N,N)-donors,
no appreciable equilibrium results have been found with either aminohydroxamic or
peptidehydroxamic acids. Therefore, the hydrolytic behaviour of these 5d cations is not
discussed here.

Platinum(II) complexes are widely used in chemotherapy [87], however, solution
studies are hindered due to the kinetic inertness of most of the complexes of this metal
ion. To overcome this problem, and to get a deeper insight into the interactions that may
occur with various bioligands, the more labile palladium(II) is used as a model. The
simple palladium(II) aqua ion, [Pd(H,0)4]%*, is not stable and is extensively hydrolyzed
in acidic solution; the equilibrium quotients of the [Pd(OH)]* and [Pd(OH);] complexes
have been determined in earlier works [88]. Hydrolysis can be suppressed by using
the monofunctional or bifunctional derivatives of [Pd(H,0)4]** as metal ion sources, in
which two or three coordination sites of the square-planar palladium are occupied by
strongly coordinating N-donors, such as diethylenetriamine (dien), terpyridine (terpy),
ethylenediamine (en), or 2-picolylamine (pic).

It is well-known from the literature that the free palladium(Il) forms stable complexes
with numerous ligands—especially with N-donors—below pH 2, resulting in difficulties in
the determination of the stability constants [89]. However, complex formation can be shifted
in the measurable pH-range using [PACl4]?~ as a metal ion source. Due to the high excess
of chloride ions as competitive ligands, hydrolysis of the metal ion becomes completely
hindered under biologically relevant conditions. While the hydrolysis can be excluded
at 0.20 M KCl, the effect of Cl1~ is not negligible. logp values for the complexes formed
in the PA(IT)-Cl~ system are reported in the literature and are as follows: [PACI]* = 4.47,
[PACl,] = 7.76, [PACl3]~ = 10.17, and [PdCl4]>~ = 11.54 [90].

3. Interaction between Platinum Group Metal Ions and Amino-, Peptidehydroxamates
or Imidazole-Containing Analogous Ligands

The low oxidation state of Ru-Os and Rh-Ir pairs can be stabilized in organometallic
half-sandwich type cations too, which are very often constituents of complexes with
proven anticancer potential. In general, the [(n®-arene)M(H,0)31%* (M = Ru, Os) or [(1°-
arenyl)M(H,0)3]** (M = Rh, Ir) cations have high oxidative stability and are stable in
water. Although the rather inert character of the osmium and iridium half-sandwich
type complexes hinders the study of their complexation processes in most cases, for the
ruthenium- and rhodium-containing cations even conventional pH-potentiometry can be
used. Since their hydrolytic processes have been explored and quantified in detail (as
it was discussed in Section 2), speciation studies were also possible with amino acids,
peptidehydroxamic acids, and imidazole-containing analogous ligands, as it will be shown
in the next sections. For Pd(Il), due to the previously discussed intensive hydrolysis of
[PAC14]%—, [Pd(en)]*, [Pd(bpy)]2+, or similar compounds, which can be used as a metal
precursor, the latter cations of the Pd-N bonds are expected to be very inert, and therefore
remain unaltered during complex formation with other ligands.

3.1. Evaluation of the Stability Data for the Ru/Rh Complexes with Aminohydroxamates,
Peptidehydroxamates, or Imidazole-Containing Analogous Ligands

3.1.1. Factors Determining the Bonding Modes, Equilibrium Models, and Stability of the
Ru/Rh Complexes with Aminohydroxamates, Peptidehydroxamates, or
Imidazole-Containing Analogous Ligands

Conventional pH-potentiometric analysis of the titration curves registered at vari-
ous metal ion-to-ligand ratios yielded the models and stability constants published in
references [52,53,75,91] which are summarized in Table 3.
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Table 3. Dissociation constants (pKj) of the ligands and overall stability constants (logf) 2 for their
[(T]é-p—cyrn)Ru]2+ and [(n5—Cp* YRh]?* complexes determined at t = 25 °C, I = 0.20 M KCl (values in

bold) or KNO3, as well as the derived constants: pM, pM’, and pM’y.1.

Species [(®-p-cym)Rul** [(n5-Cp*)Rh]**
[MHL]** 15.86 -
[ML]* 11.83 14.78
[MH_;L] 2.42 5.20
H,-o-Alaha* [M,H_LJ** 12.38 15.27
pK; =7.38 [MoH_,L]* 3.1 6.06
pKz =9.20 [MpH 3L] — —5.09
pM 10.69 13.64
pM’ 10.43 13.64
pM'1. 7.28 10.29
[MHL]** 17.99 17.71
[ML]* 12.75 -
= [MH,lzL] 2.54 -
y [MpLo ] - 29.44
o
i, Hy-p-Alaha* IMpH_ Lo — 21.88
& pK; =843 [M,H_,L]?* 11.83 14.16
& pK2 =9.77 [M,H_,L]* — 4.79
pM 10.27 9.78
pM’ 9.76 9.77
pPM'1, 6.74 9.00
[MHL]** 18.71 18.15 16.66
[ML]* 12.34 - —
[MH_;L] 3.74 = -
. [M,L, 1% - 27.10 22.88
Hp-y-Abha [MoH_;L,]* - 19.44 14.82
pKi =879 [M,H_{L]?* 11.45 11.34 7.66
pKz =10.24 [M,H_,L]* 3.50 - —
pM 9.12 8.00 6.40
pM’ 7.61 7.56 6.40
pPM'1, 6.20 6.50 6.07
[MHLJ** 14.53
[h[/II\I/I{L] +L] precipitation over a 162;5663
-1 . _ .
H,-Imcha* (MoH_ L2 wide pH-range 10.92
pKy =3.73 [MyH_,L]* 5.06
_ pK;, = 8.85
= pM 13.47
- pM’ - 13.47
< pM'1, 9.39
[MHLJ** 15.5 15.37
. [ML]* 11.8 10.82
Hy-NMe-Imcha [MH_,L] 5.3 4.84
pK; = 4.83
pKj = 820 pM 12.84 12.35
pM’ 12.84 12.35
pM'1:1 8.37 8.40
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Table 3. Cont.

Species [(n®-p-cym)Rul** [(>-Cp*)Rh]**
[MHL]?* 16.09 15.54
[M, L3+ 14.95 13.57
AlaAlahat [MpH_,LJ>* 11.16 10.07
Hy-AlaAlaha [MpH ,LJ* 4.63 3.40
Plfl = ;-gg [M,H_;LJ%* 479 547
pK; =8.
pM 9.72 8.78
pM’ 6.11 8.66
pM'11 6.01 7.78
[MHL]?* 17.53 15.89
[ML]* 11.61 9.48
Hy-NMe- [MH_L] 2.50 2.62
A?Ala;‘% ML - 14.16
EK; —8.70 M 10.76 9.26
pM’ 8.18 9.22
3 pM'y4 6.29 6.82
& [MHL]** 17.19 15.35
~ [ML]* 13.33 10.42
[MH_;L] 3.42
Al GIHZG_ Ihat [1\[/[1\14{ 12]]3:17 slow equilibrium 712961
aslyltyha 2 rocesses at pH > 6 '
pKy =7.74 [MpH_1LJ** P P 9.53
pK, = 8.82 [MpH L] 412
pM 10.00
pM’ - 9.99
pM’11 8.31
[MHL]** 17.14 15.53
[ML]* 10.56
H,-NM. [MH ;L] slow equilibrium 242
2ve [MH _,L]~ tDH > 6 —7.07
AlaGlyGlyha M, LJ3* processes at p 140
pr1=7o [MoH_ LI 9.62
pK; =8.
pM 9.94
pM’ - 9.63
pM’1a 7.37

@ With Ru(II) and Rh(III), their organometallic arene or arenyl half-sandwich type cations were defined as M.
Component H, in general, refers to a dissociable proton, H_1, which represents either metal-induced deprotonation
of the primary derivatives (Ry = H) (formation of the doubly deprotonated hydroximato ligand), deprotonation
of the peptide bond or imidazole-NH, or coordination of a hydroxide ion. The data in bold refers to that data
obtained at an chloride medium.

In solution equilibrium studies on bio-relevant systems, a KCI (or NaCl) electrolyte is
frequently used for maintaining the ionic strength constant. The discernable interaction
between these organometallic cations and the chloride ion (see Section 2) suggests the
fact that C1™ acts as a competitor of the ligands in these systems and has motivated the
use of another supporting electrolyte, e.g., KNO3, in many cases. However, as it is seen
in Table 3 for Hy-y-Abha*, the stability constants were determined at 0.20 M KNO; and
the KClI (bold) ionic strength was determined too. Comparison of these data sets reveals
that, in the presence of chloride ions, the obtained logp values are always smaller than
the corresponding ones calculated for systems where the ionic strength was set up with
KNO:;. This difference clearly indicates a measurable interaction of these organometallic
cations with the chloride ion. Consequently, a simple comparison of the equilibrium data
in Table 3 in the presence of the two different electrolytes does not allow for the drawing of
any conclusion on the effectivity differences of the metal-ligand interactions.



Molecules 2022, 27, 669

11 of 27

The missing data in Table 3 for some systems indicate that pH-potentiometry turned
out to be unsuitable for registering reliable titration curves and carrying out subsequent
calculations due to the slow complex formation processes. Furthermore, in the Ru-Imcha™
system, the formation of precipitate over a wide pH-range also hindered the determination
of the speciation model.

The models in Table 3 are the results of various calculations and the data sets yielding
the smallest fitting parameter and are supported by independent NMR and ESI-TOF-MS
results, which were accepted as the final ones.

The models in Table 3 share similarities with each other and consist of mono- and
dinuclear species, the latter being major ones in many cases. The reason behind this is that,
for all the ligands discussed here, the number of donor atoms available for coordination
is greater than three, while the two studied organometallic cations have only three coor-
dination sites accepting donor atoms from the ligands. Moreover, due to steric reasons,
none of these ligands are capable of coordinating to all three of the sites of a single metal
cation. Instead, two sites are occupied by a certain coordinating ligand via a chelate (either
(0,0), (N,N), or (N,O), depending on the relative stability of them) and the third one is
occupied by a solvent molecule, hydroxide, chloride ion (if present), or one donor from
an additional ligand, which often results in the formation of di/oligonuclear species with
all these hydroxamic-based compounds. Also, the hydrogen ion binding ability of these
types of ligands might affect their self-assembly (vide infra). Consequently, the identical
stoichiometry for a given species with different ligands may indicate that they have an
identical bonding mode but may possess a different coordination pattern too.

To explore the most plausible binding modes, various experimental techniques (mostly
NMR, UV-VIS, and ESI-TOF-MS) as well as analysis of the logf values were used. The
latter can rely on the calculation and comparison of the conditional stability constants.
Conditional constants, in which the competition between the proton and metal ions for
the ligand is taken into account, can be calculated for a metal ion-model ligand system
where the complex has a given (O,0) or (N,N) chelate that can model a chelating site
for a ligand capable of coordinating via different donor sets. As an example, Figure 4
shows the calculated conditional stability constants for a model 5-membered (N,N) (en)
and a 6-membered (N,N) (pn), as well as a 5-membered (O,0) (Haha) and a 5-membered
(Namino,Ocarb.) (HGlyGlyAla)-chelated system with [(T]S—Cp*)Rh]2+ in the function of pH to
predict the pH-dependent metal ion binding strengths of the available chelating sets of the
aminohydroxamates and peptidehydroxamates. (The corresponding stability constants and
protonation constants were taken from refs. [53], [92] and [93], except for the (O,0) chelated
species at 0.20 M KCl, which were determined in this work and are as follows: [ML]* = 7.08;
[MH_;L]= —1.12). As Figure 4 reveals, in the strongly acidic pH-range (1-3) the stability of
the (N,N)5 chelate is comparable with that of the (O,0) chelate, but upon increasing the pH,
the latter becomes the most stable in the whole pH-range. The 6-membered (N,N)¢ chelate
has a significantly smaller stability compared to that of the (N,N)5 chelate across the whole
pH-range. Its stability in the highly acidic pH-range is measurably smaller than that of the
(O,0) chelate (obtained in the presence of KNO3) and is comparable to it within the range
pH ca. 4-6, while it becomes more stable above pH 7.

Among the aminohydroxamic acid derivatives, in agreement with the theoretically pre-
dicted trends for Hy-a-Alaha*, the complexation starts with the formation of [MpH_;L]**
having mixed with the (O,0) and (Namino,Nhydr) chelates (the ligand links two metal ions
via the binding modes shown in Scheme 1, structures I and II). Above pH 3 the dinu-
clear complex is only present when there is an excess of metal ions. At a 1:1 ratio, the
(Namino,Nhydr) chelate remains unaltered, yielding [ML]* (structure II) while the hydrox-
amate moiety is crowded out from coordination in line with the relative stability of the
appropriate chelates. A further increase in pH enhances the deprotonation of the water
molecule at the third coordination site, resulting in the formation of [MH_4L].

For the beta derivative, in line with the predictions too, the interaction starts with an
(O,0)-chelated [MHL]** species but, upon increasing the pH, the 6-membered (Namino,Nhydr)
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binding mode of the ligand can also be detected. As a result, [MoH_1L]*" in this system is
a major complex over a wide pH range, even at a 1:1 metal ion-to-ligand ratio, since the
relative stability of the abovementioned two chelates are comparable (see Figure 4).

15 1

—_ "
13 - -
11 - L~ -~

logK'

pH

Figure 4. pH-dependence of the logK’ conditional stability constants at 0.20 M KNOj for a model
5-membered and 6-membered (N,N) chelate (formed with en and pn, respectively), as well as for a
5-membered (O,0) (formed with aha™ at 0.20 M KNOj3 or at 0.20 M KCl) and for a 5-membered
(NaminoOcarb) chelate (formed with GlyGlyAla~ at 0.20 M KCl) in their interaction with [(n>-Cp*)Rh]**.
Black lines indicate logK’ values determined in KNOj, while grey lines, values obtained in KCI
medium. Vertical line indicates pH =7.4.

In the case of the y-Abha system, experimental data support the formation of the
hydroxamate (O,0)-chelated species under acidic conditions and, since the 7-membered
(Namino Nhydr) chelate has significantly lower stability than that of the (O,0) chelate, its
concurring effect is also smaller, resulting in the formation of much less of an amount
of [MpH_;L]** than for the beta-derivative (as it is detailed in ref. [47]). It is also worth
mentioning that [M,H_1L]?** is the only species that has an identical binding mode with all
three of the aminohydroxamates. Based on the data in Table 3 for this type of complex, the
decreasing stability of the (Namino,Nhydr) chelate with an increasing size is clearly reflected
in the determined stability constants.

A common feature of the organorhodium—{3-Alaha™ and ~y-Abha™ equilibrium mod-
els is the formation of 2:2 species with different protonation degrees too. However, despite
the same composition (ML, 17" and [MpH_L,]* are formed in both systems), the NMR
and ESI-MS results supported significant differences between the binding modes of the
complexes with the two ligands. To demonstrate this (as well as the strong H-bonding
ability of a hydroxamic function), the binding modes for the [M,H_1L,]* with the beta and
gamma derivatives are shown in Scheme 4 in structures VI and VII, respectively.

In order to explore the effect of the type and basicity of the N-donor being in a chelat-
able position to the hydroxamate unit, the NH; function in Hy-x-Alaha* was replaced by
an imidazole ring with the synthesis of H-Imcha. Involvement of the secondary derivative,
H;-NMe-Imcha®, into the studies provided further valuable information about the role of
the hydroxamate-N in metal ion binding (formulas are shown in Scheme 2).
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Scheme 4. Suggested binding modes in [MpH_1L;]* with the beta (VI) and gamma derivatives (VII);
“Rh” stands for [(n®>-Cp*)Rh]?*.

Although, for the organoruthenium cation, precipitation hindered the solution studies
with the primary ligand and slow equilibria were detected with the secondary derivative,
the organorhodium systems could be studied in detail. Similar to aminohydroxamates, the
best models (Table 3) consist of various 1:1 and 2:1 species. However, because the proton is a
significantly weaker competitor of the metal ion in the case of an imidazole-N compared to
an amino-N (c.f. the corresponding pK values in Tables 1 and 3), (O,0)-chelated species do
not appear to a measurable extent with the imidazole derivatives. Nj is unambiguously the
predominant donor (anchor) during the interactions, even under highly acidic conditions.
With both ligands the complex formation starts with the involvement of the imidazole-N
and the carbonyl-O donors (Scheme 5, structure VIII) in metal binding at low pH. Upon
increasing the pH, a stable, 5-membered (Nim,Npy4r) chelate is present in the [ML] complex
with the primary ligand (structure IX), while the binding mode is (Nim,Onyqr) With the
secondary hydroxamate derivative forming a 6-membered chelate with lower stability
(structure X). A further difference is that H-Imcha is capable of binding a second metal
ion, linking them via its vacant hydroxamate function. In both systems NMR and ESI-MS
evidences as well as for the secondary ligand DFT calculations supported the favoured
formation of self-assembled oligonuclear complexes with [MH-1L]x general stoichiometry
that have most likely cyclic structure. Moreover, the secondary ligand, imidazolato, units
bridge the (Nim,Onydr)-chelated metal cores due to the unavailability of the hydroxamate-N
for coordination (as an example, see structure XI, Scheme 6) with the primary ligand, which
is made of the highly stable (Nim ,Nhyqr)-chelated metal units that are most likely bridged
by hydroxamate-O donors.

N—---R‘h/
—— '
o)
/
N
o\
IX X

Scheme 5. Some suggested binding modes for the imidazole hydroxamate complexes; “Rh” stands
for [n°-Cp*)Rh]**; Z = C1~ /H,0, R = CH;3 or H.

In peptidehydroxamates, the terminal amino group is already too far from the hy-
droxamate N or O atoms to form stable chelates. At the same time, these ligands contain
at least one peptide bond that can also be involved in complex formation via the Oy,
donor without deprotonation, or via the Nymnige upon metal ion-assisted deprotonation
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and subsequent coordination. The results (discussed in ref. [75]) from the complexation of
H;-AlaAlaha*, Hy-NMeAlaAlaha*, Hy-AlaGlyGlyha*, and Hy-NMe-AlaGlyGlyha* with
the two organometallic half-sandwich type cations revealed that, in all cases, the interaction
starts with the formation of a hydroxamate (O,0)-chelated species. This is in line with
the conclusion that can be drawn from Figure 3. Namely, in the acidic pH range, the
5-membered (Namino,Ocarp) chelate has a much lower conditional stability than that of the
(O,0) chelate and they become comparable with each other only above pH ca. 5, while the
latter is slightly more stable above pH 6.5 (Given that the values of GlyGlyAla are valid at
0.20 M KCl, they can only be compared to the values of an (O,0) chelate calculated at 0.20 M
KCl. Comparison of the pH-dependent logK’ values for the hydroxamate (O,0)-chelated
species obtained in a KCl or KNO3 medium also highlights the concurring effect of the
coordinating chloride ion with complex formation, resulting in lower logK’ values than in
the presence of KNO3). Out of the dipeptide derivatives the primary Hy-AlaAlaha™, being
the (O,0) binding mode, remains in the whole studied pH-range as the (O,0O) chelate is
further strengthened by the deprotonation of the hydroxamate-N, yielding a hydroximato
chelate. Consequently, although this ligand also incorporates strong donor nitrogens, those
can only coordinate to a second metal ion. This results in dinuclear complexes (upon
increasing the pH first with (Namino,Ocarb), then (Namino,Nhydr.) while above pH 6 stable
(Namino/Namide Nhydr.) binding modes) even at a 1:1 metal-to-ligand ratio.

\

XI

Scheme 6. Suggested structure of the cyclic tetramer (XI) formed with the secondary imidazole
hydroxamate; “Rh” stands for [(n5—Cp*)Rh]2+.

As Scheme 7 shows, with [(n®-p-cym)Ru]?*, the hydrolysis of the coordinated wa-
ter above pH ca. 5 occurs, which completely prevents the metal-induced deprotona-
tion of the peptide-amide, and thus, also prevents the formation of the complex with an
(Namino,Namide-Onydr.) binding mode, which, in turn, is the dominating chelating set in the
system with [(n>-Cp*)Rh]** above pH 7.

Unavailability of the hydroxamate-N for coordination in the secondary Hy-NMe-
AlaAlaha* results in the predominance of mononuclear complexes as well as practically
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*HaN

identical equilibrium models with the two organometallic cations (Table 3). However, a
comparison between these two systems in Scheme 7 demonstrates that the binding modes
in the complexes formed with these two cations are rather different, due to the different
tendencies of the two cations for hydrolysis (see Section 2.2).

[MHL] [ML] [MH_,L]
0 0
N =\ — L = N =
H Ru---OH  pK=9.11 H Ru---0H
0
N /O\ -H* _ -H* _ 0
" P /,:M""H2°/C' pK = 6.41 B} PK = 6.86 B} R;: |
(¢} strongly overlapping (cooperative) processes HoN--~ \\O P

Scheme 7. Comparison of the binding modes in the various Ru and Rh-NMe-AlaAla™ complexes
(IMHL], [ML] and [MH_1L]); charges are omitted for clarity; “M” stands for one of the half-sandwich
type metal ions, “Ru” for [n6-p-cym)Ru(HZO)3]2+, and “Rh” for [(n5-Cp*)Rh]2+.

3.1.2. Comparison of the Metal Binding Effectivity of the Ligands

In any condition where concurring equilibrium process(es) can occur simultaneously
beside metal-ligand complexation, such as protonation process(es) of the ligand or hydrol-
ysis of the metal ion, or both, the overall formation constants (logf values) do not correctly
measure the effectiveness of a ligand to bind a certain metal ion [94]. Given that the coor-
dinating donors of the ligands discussed here are protonated up to high pH (see Table 1),
the metal ions must compete with protons for the binding sites over a wide pH-range
(below the pH~pK + 1). Moreover, due to the high tendency of [716—;7—cym)Ru(HZO)3]2+ and
[(T]S—Cp*)Rh(HzO)3]2+ for hydrolysis (see Table 2), the ligands must compete with hydrox-
ide ions for the metal ion above pH ca. 3 and pH ca. 5, respectively. To handle this situation,
the effects of the concurring protonation and hydrolytic processes need to be taken into
account. If the speciation profile is known, various calculations can be made to evaluate
the effectiveness of a metal-ligand interaction: (i) The effect of the competitive processes
can be considered by the conditional stability constant introduced by Schwarzenbach [95],
which is valid for a given pH and under certain conditions, as it is shown for the model
chelates in Figure 3. (ii) In bio-inspired studies, however, pM is generally used to measure
the effectiveness of a ligand to bind a certain metal ion. pM = —log[M] (negative logarithm
of the free metal ion concentration) as defined by Harris et al. and calculated for total
. =10">Mand ¢y = 107® M at pH 7.4 [96]. A higher numerical value of pM (lower con-
centration of the non-chelated metal ion) indicates a higher effectivity of the ligand to bind
the metal ion. pM values were calculated for all of the discussed systems and are shown in
Table 3. Although these values in Table 3 support the highest metal-binding effectivity of
the imidazole derivatives and show clearly the o > 3 > v effectivity order with amino acid
derivatives, they indicate the stoichiometric binding of the two half-sandwich metal ions by
almost all of the discussed ligands. The only exception is the [(n5—Cp*)Rh]2+—H2—y—Abha+
system, where the pM = 6.4 value reveals the existence of a ca. 40% non-complexed metal
ion under the mentioned conditions.

For these discussed pM values, the effect of the competition between the hydrogen
ion and the metal ion for a certain ligand is handled correctly, but competition between
the hydroxide ions and the ligand for the metal ion is not [13]. Due to the high tendency
for hydrolysis of the metal ions discussed (see Section 2), the effect of metal ion hydrolysis
on the metal-ligand interaction is expected. If there is a measurable competition between
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the ligand and hydroxide ion for the metal ion at physiological pH, the conditional pM’
can be an adequate parameter to evaluate the effectiveness of a ligand to bind the given
metal ion. By definition, pM" = —log[M]" where [M'] = [M] + [Mlhydroxido complex- (the total
concentration of the metal ion non-complexed by the ligand). The pM’ values were also
calculated and are presented in Table 3. A comparison between corresponding pM and
pM’ values in Table 3 shows that (i) in the [(1°-Cp*)Rh]**-containing systems pM~pM’,
indicating that in these cases the hydroxide ion cannot compete with the ligands in a
measurable extent. (ii) For the [(né-p—cym)Ru]2+—containing systems, the pM~pM’ situation
(lack of competition with the hydroxide ions) can only be seen with Hy-NMe-Imcha*. In all
of the other cases, pM # pM’ with the latter being smaller, and, in some cases, significantly
smaller than the former one. This means that in these systems, only the pM’ can correctly
characterize the binding effectivity of the ligands. This is clearly supported by the analysis
of the corresponding data and speciation profile for the [(n®-p-cym)Ru]**~H,-AlaAlaha*
system. Here, pM = 9.72 (see Table 3) and [M] = 1.9:-107'° M, which would indicate
the stoichiometric binding of the metal ion by the ligand, but when pM’ = 6.11 and [M]
=7.76:10"7 M there is a completely different picture: only ca. 20% of the metal ion is
complexed by the ligand and almost 80% of the organoruthenium cation exists in the form
of hydroxido complexes.

Table 3 also shows the calculated pM’y.; values because, in the case of the systems
discussed here, if one of the synthesized metal-ligand complexes is dissolved, the equimolar
condition (a 1:1 ratio of the components) is much more adequate than the 1:10 metal ion-to-
ligand ratio corresponding to pM’.

It is also worth mentioning that although pM, pM’, and pM’y.; are important parame-
ters to evaluate the metal-binding properties of ligands, their application is possible under
several circumstances (e.g., pH) only, under which they are calculated. To demonstrate this,
the significant pH-dependence of the concentration of the free metal ion (p[Maq]), the con-
centration of the metal ion that is non-bonded by the ligand at 1:10 (p[Motal non-coord]), as
well as 1:1 (p[Myotal non-coord]J1:1) metal ion-to-ligand ratios for the [(n°-p-cym)Ru(H,0)3]%~
H;-y-Abha* system are presented in Figure 5.
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Figure 5. Dependence on the pH of p[Maq] or p[Myotal non-coord] at 1:10 metal ion-to-ligand ratio and
PI[Miotal non-coordl1:1 at 1:1 metal ion-to-ligand ratio calculated for the [(né-p—cym)Ru(HZO):;]2+—H2-y—
Abha* system (cp = 107 M, I=0.20 M KCl, t = 25 °C). (The PM, pM’ as well as pM'y.; values can be
read from the curves at pH = 7.4).



Molecu

les 2022, 27, 669

17 of 27

3.1.3. A Comparison between the Metal Binding Effectivity of the Discussed
Amino/Imidazole/Peptide-Hydroxamic Acids and Some Bidentate Bioactive Ligands
Used to Develop Potential Drug Candidates

As is written in the Introduction and shown in numerous recent papers and reviews,
such as references [58,60,61,77], and [97-104], among others, there is a great interest toward
the development of new complexes with platinum group metals, including those with
half-sandwich type organometallic cations. Predominantly, bidentate chelators have been
involved to create new potential therapeutic agents with improved efficacy and selectivity.
Despite the numerous works in this subject, only a few of them discuss the solution
equilibrium results, especially under comparable conditions. For example, despite the
fact that en-containing complexes with half-sandwich type organometallic Ru(II) cations
have been known of since the beginning of this century [105,106], only a limited number of
solution equilibrium results have been published on this system (e.g., any relevant data for
the complexes in the presence of the competitor chloride ions has not been published [93]).
Besides the previously discussed difficulties (kinetic inertness and strong competition
with the hydrolytic processes of the organometallic cations), in some cases the too high
stability of the metal complexes compared to the basicity of the chelating donors, e.g.,
with phen, bpy, and thiomaltol, allowed the estimation of the lower limit of the stability
constants only [101,103]. Still, a comparison based on the collected results might be useful to
make. The data, obtained for [(n°®-p-cym)Ru(H,0)3]*" and [(n°-Cp*)Rh(H,0)3]** complexes
with some relevant (N,N), (N,0), (O,0), (5,0) donor-chelating ligands under comparable
conditions to the ones used during the determination of the data in Table 1, have been used
to calculate pM'1:1 values and are summarized in Table 4.

Table 4. pM’y.; values (cpp = ¢ = 1-107% M, pH = 7.4) calculated for the solutions containing [(n6-p-
cym)Ru(H,0)3]%* or [(n°-Cp*)Rh(H,0)3]%*, and one of the selected bidentate (N,N), (N,0, (O,0),
and (S,0) chelators in presence or absence of chloride anion as a competitor ligand.

I=0.20 M KNO; I=0.20 M KCl
Ru2+ Rh2+ Ru2+ Rh2+
en en
NH
/\/NH2 7.61[101] 9.04 [101] /\/ 2 — 9.70 [77]
HaN H,N
pn dhp
/\/\ (0]
H,N NH, OH
— 7.16 [53] ‘ ‘ 6.82 [98] 6.39 [100]
N CHj;
b,
maltol
(@]
OH

>8 [101] 8.00 [101] | | 6.14 [98] 6.12[85]

0 CHs
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Table 4. Cont.
I1=0.20 M KNO3 I1=0.20 M KCl
Ru2+ Rh2+ Ru2+ Rh2+
allomaltol
[0}
OH
>8 [101] 8.00 [101] | | 6.08 [99] 6.13 [85]
H;C 0
8-HQ ethyl maltol
= o
OH
\N 11.47 [102] 10.91 [102] ’ ’ 6.11[99] —
H o CH,CHs
thiomaltol thiomaltol
S S
OH OH
‘ ‘ — >12[103] K‘j[ >9 [99] >12 [103]
0 CHj 0 CHj;
acetohydroxamic acid thiodhp
H,C o} S
\/ oH
| 6.03 [104] 6.15 [104] ‘ ‘ >81[99] —
HN
\OH N CHj
Ly,
N-methyl- N-methyl-
acetohydroxamic acid acetohydroxamic acid
HsC o] H,C O
\C/ 6.25 [104] 6.24 [104] \C/ 6.31 98] —
| |
e~ NOH H,e” oH

The pM’y.1 values in Table 4, and the corresponding values in Table 1, are used to make
a comparison between the metal-binding effectivity of the various bidentate (N,N), (N,0O),
(0,0), and (5,0) chelators and the binding effectivity of the amino/imidazole/peptide
hydroxamate derivatives at pH = 7.4 without any ligand excess at cpy =cp =1 x 107 M
total concentrations in the presence or absence of the competitor chloride anions. The
following conclusions can be drawn:

(1) Table 4 shows that, although the situation with dhp is a bit of an exception, it is
true for all of the (O,0)-chelators (being either hydroxamate or maltolate derivatives)
that, under the given conditions, these ligands are not able to bind these organometallic
cations effectively. Rather, they exist at a high extent in the dissociated form in both the
[(M®-p-cym)Ru(H,0)3]**- and [(n°-Cp*)Rh(H,0)3]**-containing systems. In agreement with
this conclusion, the low binding effectivities of Hy-y-Abha* and the dipeptide derivatives
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(see Table 1) provide additional support to the preference of the hydroxamate chelation
with these ligands.

(2) Considering the various 5-membered (N,N) donors, the corresponding pM’.
values in Table 4 show that, although the hydroxide ions are strong competitors of the
aliphatic en—especially in the [(°-p-cym)Ru(H,0)3]** -containing system—all of the
(N,N) donor ligands are much more effective chelators of the two organometallic cations
than the abovementioned (O,0) ones. As is expectable, the 6-membered (IN,N)-donor
pn is significantly less efficient compared to en. However, out of the amino-hydroxamic
acids, the effectivity of Hp-3-Alaha* to bind [(115—Cp’*)Rh(HzO)3]2+ is much higher than
that of the 6-membered (N,N) donor pn; indeed, it is comparable with a 5-membered
(N,N) ligand. There is no doubt that the most effective chelators of hydroxamic acid
derivatives are the Hy-x-Alaha* and the imidazole-containing molecules. The effectivity
of Hy-a-Alahat in the absence of chloride anions, and that of the imidazole derivatives
even in presence of chlorides, are close to the effectiveness of the (N,0)-donor 8-HQ, which,
together with the (5,0)-donor thiomaltol, shows outstanding metal-binding ability towards
the two organometallic cations. Although the efficiency of Hy-a-Alaha™ and the imidazole-
derivatives is perhaps a little less, their advantage is that they are capable of accepting more
than one metal ion, which might allow the development of novel special multifunctional
drug candidates.

3.2. Evaluation of the Stability Data for the Pd(II) Complexes with Several Peptidehydroxamates

It is well-known that Pt(II) and Pd(II), since they are typical soft metal ions, prefer
to bind to soft N-donor ligands; even simple dipeptides bind these metal ions very effec-
tively. [89]. Although the complex formation of these metal ions with hydroxamic acid
derivatives of amino acids and peptides was previously studied in a few works, they
provided very interesting results [54,55]. As is detailed in the Introduction, the only pre-
vious study on the interaction between Pt(Il) and glycinehydroxamic acid revealed that
Pt(Il)-assisted hydrolysis of the coordinated ligand led to the formation of hydroxylamine
and a N-bonded glycine complex under acidic conditions [54].

The high interest nowadays towards both the hydroxamate-based compounds and
platinum metal-based complexes as potential chemotherapeutic candidates, as well as the
interest in the development of multifunctional drug candidates by combining bioactive
ligands and metal ions in the same complex [62], initiated research in our laboratory in this
subject during the past years. In one work, the formation of stable ternary complexes of a
peptide hydroxamic acid was described using [Pd(en)(H,0),]%* as a metal ion source [97].
In another ongoing work, the hydrolysis of the coordinated ligand was also observed
in the interaction of [Pd(en)(H,0),]** with Hp-x-Alaha* and Hy-B-Alaha* (unpublished
results). The results to be discussed below come from the first—and, to the best of our
knowledge, the only—solution study with [PdCI4]>~ as a metal ion source that relates to the
interaction of Pd(II) with the primary and secondary di- and tripeptide hydroxamic acids:
Hj,-AlaAlaha*, Hy-NMeAlaAlaha*, H,-AlaGlyGlyha*, and Hy-NMeAlaGlyGlyha* [74].
The pH-potentiometric results, together with pM, pM’, pM'1.1, are summarized in Table 5.

Table 5 indicates large differences among these four peptide hydroxamic acids in
the extent of their interaction with Pd(Il) (e.g., there are no results presented with Hj-
NMe-AlaAlaha™). The largest difference is whether there is only a reversible coordinative
interaction between the metal ion and a certain ligand or are irreversible processes also in
progress. Out of the four ligands studied, the complexation was found to be reversible only
with Hp-AlaGlyGlyha*, which is capable of completely taking the four coordination sites
of Pd(I) at a 1:1 metal ion-to-ligand ratio, leading to the formation of a 4N coordinated
mononuclear [PAH _,L]". This (Namino,Namide-NamideNhydr) donor set provides high
stability over a wide pH-range; hydrolysis of the metal ion was not observed even under
basic conditions (see Figure 6). Furthermore, due to the presence of a non-coordinated
(O,0)-chelating function in [PAH_,L] ™, following the deprotonation of the hydroxamate
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—OH, this ligand is capable of binding the metal ion excess, thereby resulting in the
formation of a dinuclear species.

Table 5. Dissociation constants (pK) of the ligands and overall stability constants (logf) of their Pd(II)
complexes at Iior = 0.20 M (0.10 M KC1 + 0.10 M KNO3) and 25.0 °C.

H,-AlaAlaha* H;-AlaGlyGlyha* H;-NMeAlaGlyGlyha*
pKy =7.70 pKy =7.70 pKy =7.78
pK, = 8.80 pK, = 8.80 pK, = 8.74
[74]

[PAL]* 22.84 22.70 22.60
[PAdH_;L] 20.52 18.98 18.69
[PAdH_,L]~ 115 13.98 12.2
[PdyH_5L] - 22.96 -
[PdyH_4L]~ - 13.9 -
[Pd;H_4L;] 44.4 - -

[PdL,] 334 - -
[PdH_;L,]~ 24.8 — -

pM 27.05 27.88 26.13
pM’ 19.35 20.19 18.43
pM'14 16.38 17.23 15.47
1.0 -
PdH_,L]-
0.9 - [PdH._,
[PdCI,J?-
0.8 - )
= 0.7 - —
3 H,N N
& 0.6 - N
- Pd
g 999 HO—N/ \N
0 o
© 0.4 - 2 /
o
L 0.3 - )

0.2 -

0.1 -

0.0 o T T T 1

2 3 4 5 6 7 8 9 10 1
pH

Figure 6. Concentration distribution curves calculated for the Pd(I)-H;-AlaGlyGlyha* system at a
1:1 ratio and the suggested structure of [PdH_,L]~ (clig = 1.0 mM).

In contrast to Hy-AlaGlyGlyha*, irreversible processes identified as the hydrolysis
of the coordinated ligand were detected with the other three ligands under acidic condi-
tions. Detailed 'H NMR studies have shown that there is a large difference in the rate of
hydrolysis for the three ligands. While with Hy-NMeAlaAlaha™ (which is capable of coor-
dinating with a maximum of two nitrogens, (Namino,Namide) to @ Pd(Il) ion) the rather fast
hydrolysis of the coordinated ligand together with the subsequent formation of elementary
palladium hindered the equilibrium study, the hydrolytic processes were much slower with
H;-AlaAlaha* and Hy-NMe-AlaGlyGlyha™.

The primary dipeptide derivative, Hy-AlaAlaha* (providing an (Namino NamideNnhydr)
donor set), was found to form Pd(II) complexes with the highest stability. At the same
time, re-acidification and repeated titration of a a 1:1 Pd(II)-H,-AlaAlaha* sample after
four days revealed the disappearance of one equivalent of the base consumption in the
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titration curves compared to the fresh one, indicating that the hydrolysis of the ligand to
the protonated hydroxylamine and the corresponding dipeptide was practically completed
within this period of time. A similar process was also found with Hy-NMe-AlaGlyGlyha*
(being capable of providing three nitrogens to form an (Namino,Namide,Namide) donor set).
Here, new signals were already detected in the 'H NMR spectra of the acidic samples on
one day but monitoring the samples for nine days showed a continuous increase of the
amount of the hydrolyzed and coordinated ligand.

Although the rate of the Pd(Il)-assisted hydrolysis of the latter two ligands shows
some difference, this process is rather slow and requires several days in both systems.
Consequently, speciation studies could successfully be performed on these systems
(see Table 5).

Given that Hy-AlaAlaha* and Hy-NMe-AlaGlyGlyha* provide a maximum of three ni-
trogens for coordination with the (Namino,Namide:Nhydr) and (Namino,Namide-Namide) donor
sets, respectively, saturation of the fourth coordination site of the metal ion can be achieved
by the coordination of an additional donor. This can be the deprotonated hydroxamate
O with Hy-NMe-AlaGlyGlyha*, while, due to steric reasons, it is not possible with Hj-
AlaAlaha™. This might be the reason behind the different composition of complexes formed
with these ligands (Table 5). Namely, the tripeptide derivative cannot bind an excess of
metal ion while the formation of bis-complexes and a trinuclear species have been described
with Hy-AlaAlahat.

In terms of the Pd(Il)-binding effectivity of these ligands, the pM values are wor-
th evaluating.

With all three derivatives (although there are differences between the corresponding
values) the data in Table 4 reveal a very high Pd(II)-binding ability (even if the competitive
processes with chloride ions are taken into account (pM’)). Moreover, even at a 1:1 metal-
to-ligand ratio at pH = 7.4, the stoichiometric amount of the Pd(Il) is complexed by the
peptide hydroxamic acids (see pM’y.1 values).

4. Conclusions

Since the complexes of platinum group metals with hydroxamic acid derivatives of
amino acids, peptides, or analogous compounds of all the constituents themselves ex-
hibit cytotoxic activity, they can be interesting candidates to develop multifunctional drug
molecules with desired activities. For this work, knowledge of the stoichiometry and
binding modes of such metal complexes, their thermodynamic parameters, and speciation
profiles in solution can provide crucial information. However, due to the kinetic inertness
of the complexes formed with these metal ions and the strong competitive hydrolytic
processes, gaining such information is very difficult. In this review, the solution equilib-
rium results that were obtained so far in our laboratory on the complexes of Pd(Il) and
two other platinum group metal ions, the half-sandwich type [(n®-p-cym)Ru(H,0)3]**
and [(n5—Cp*)Rh(HZO)3]2+, with hydroxamic acid derivatives of three amino acids, two
imidazole analogous compounds, and four small peptides are summarized and evaluated.
The main conclusions are as follows:

Out of the two discussed organometallic cations, [(716—;9-(:ym)Ru(HZO)3]2+ and [(n°-
Cp*)Rh(HzO)3]2+, the former one, in a few systems, had its solution equilibrium measure-
ments fail, either because the processes were too slow or the complexes formed were not
water soluble.

All the studied hydroxamic acid derivatives can be very effective ligands of these
organometallic cations. However, in a comparison, significant differences could be found
among the complexes formed with the two metal ions and among the complexes formed
with the different ligands regarding the stoichiometry, bonding modes, and the effectivity
of the metal ion binding.

Unlike the three coordination sites offered by the organometallic cations for accepting
donors, the relatively high number of donor atoms as well as their versatility in their
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position within the discussed ligands, in most cases, provides large diversity of coordination
modes together with the frequent formation of oligonuclear species.

The coordination modes that are dominating in the complexes formed under certain
conditions, as well as being either mono- or oligonuclear, are highly determined by the rela-
tive order of the pH-dependent conditional stability of the 5-membered hydroxamate-type
(O,0) chelate and the other chelate(s), which may also be formed with a given ambidentate
chelator ligand. In the case of the amino acid derivatives over a wide pH-range, the follow-
ing stability order was found: 5-membered (Namino,Nnydr) > 6-membered (Namino,Nhydr)~5-
membered hydroxamate-(O,0) >> 7-membered (Namino,Nhydr). Consequently, with the
a-derivative, the (O,0) chelate, except the highly acidic pH-range, can only coordinate at
metal ion excess. With the 3 one, a dinuclear complex predominates even at a 1:1 metal-
to-ligand ratio, while with the y-derivative, in the preferred coordination mode, the (O,0)
chelate and the y-amino-N, being part of another complex/ligand, saturate the three sites
of both organometallic cations.

With the imidazole derivatives the imidazole-N(3) is the main anchor and forms
a chelate with the hydroxamate-N in the complexes of the primary Hy-Imcha* and the
hydroxamate-O for the secondary derivative, H-NMe-Imcha*. The stability order in
the whole measured pH-range is: 5-membered (Nim Npyqr) > 6-membered (Nim,Onydr) >
5-membered hydroxamate-(O,0). Moreover, with the imidazole derivatives, interesting
oligonuclear complexes are formed, in which the third coordination site of each organometal-
lic cation is occupied by an imidazole-N(1).

In the complexes with all four of the studied peptide hydroxamic acids, the 5-membered
hydroxamate-(O,0) (for the primary derivatives, at higher pH, the doubly deprotonated
hydroxymate-(O,0)) is the predominant chelate. With primary derivatives, Nitrogen can
only coordinate to a second metal ion. At higher pH, with the secondary H,-NMeAlaAlaha*,
the effect of the different hydrolytic activities of the two organometallic cations on the
metal-ligand interaction is also well demonstrated.

Although there are differences in the binding capabilities of the discussed ligands
based on the thermodynamic stability constants of their complexes, all of them could be very
effective chelators for binding [(n°-Cp*)Rh(H,0)3]?* and especially [(®-p-cym)Ru(H,0)3]**
(Hp-y-Abha*™ might be the only exception in presence of CI~ anions), as it is clearly shown
by the pM values in Table 3. At the same time, since the hydrolytic processes of these
cations (especially for the organoruthenium) are very strong competitors of the metal—-
ligand interactions, the binding ability of some of these ligands can decrease significantly,
even at a 1:10 metal ion-to-ligand ratio (pM’) and especially without ligand excess (pM’1.1).

In the Pd(II)-peptide hydroxamic acid systems, a high preference toward N-donor
chelation over the (O,0) one was revealed. With the exception of the Hy-AlaGlyGlyha*—
containing system, in which an (Namino,NamideNamide Nnydr) donor set saturates the coor-
dination sphere of Pd(Il), complex formation Pd(I)-assisted hydrolysis of the coordinated
ligand was also detected. However, the rate of the hydrolysis of the coordinated ligand
can be controlled and fine-tuned through proper selection of the number and type of the
coordinated N-donors.

Taken together, all the information summarized in the present review may provide a
significant contribution to the design and synthesis of platinum metal complexes to develop
effective drug candidate compounds.
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Abbreviations

Aha~ acetohydroxamate

AlaAlaha™ alanyl-alanine hydroxamate
AlaGlyGlyha~ alanyl-glycyl-glycine hydroxamate

bpy 2,2'-bipyridine

M total concentration of the metal ion

Cp* pentamethyl-cyclopentadienyl anion

DFT Density Functional Theory

dien diethylenetriamine

en ethylenediamine

ESI-TOF-MS Electrospray Ionization Time-of-flight Mass Spectrometry
GlyGlyAla glycyl-glycyl-alanine

Imcha™ imidazole-carbohydroxamate

L fully deprotonated form of a certain ligand
MCs metallacrowns

NMe-AlaAlaha™
NMe-AlaGlyGlyha™

N-methyl-alanyl-alanine hydroxamate
N-methyl-alanyl-glycyl-glycine hydroxamate

NMe-Imcha™ N-methyl-imidazole-carbohydroxamate

NMR Nuclear Magnetic Resonance Spectroscopy

p-cym p-cymene (1-methyl-4-isopropylbenzene)

pic 2-picolylamine

pM negative logarithm of the concentration of the free metal ion;
cm 107 M, ML = 1:10

pM’ negative logarithm of the total concentration of the non-chelatedmetal ion;
cM =10—-6 M, M:L=1:10

pn propylenediamine

terpy terpyridine

UV-VIS Ultraviolet-visible Spectroscopy

«-Alaha™ a-alaninehydroxamate

B*/K conditional overall/stepwise stability constant, in which the extent of the
competing processes under a certain condition is quantified. It is valid only
under the given experimental condition

B-Alaha™ {3-alaninehydroxamate

v-Alaha™ (GABAha™) vy-alaninehydroxamate
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