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Complex formation equilibrium processes of the (N,N) donor containing 2,2ʹ-bipyridine (bpy) and
ethylenediamine (en) with (η5-pentamethylcyclopentadienyl)rhodium(III) were investigated in aqueous solu-
tion via pH-potentiometry, 1H NMR spectroscopy, and UV–vis spectrophotometry in the absence and presence
of chloride ions. The structure of [RhCp*(en)Cl]ClO4 (Cp*, pentamethylcyclopentadienyl) was also studied by
single-crystal X-ray diffraction. pKa values of 8.56 and 9.58 were determined for [RhCp*(bpy)(H2O)]

2+ and
[RhCp*(en)(H2O)]2+, respectively resulting in the formation of negligible amount ofmixed hydroxido complexes
at pH 7.4. Stability and the H2O/Cl− co-ligand exchange constants of bpy and en complexes considerably exceed
those of the bidentate O-donor deferiprone. The strong affinity of the bpy and en complexes to chloride ionsmost
probably contributes to their low antiproliferative effect. Interactions between human serum albumin (HSA)
and [RhCp*(H2O)3]2+, its complexes formedwith deferiprone, bpy and enwere alsomonitored by 1HNMR spec-
troscopy, ultrafiltration/UV–vis and spectrofluorometry. Numerous binding sites (≥8) are available for
[RhCp*(H2O)3]

2+; and the interaction takes placemost probably via covalent bonds through the imidazole nitro-
gen of His. According to the various fluorescence studies [RhCp*(H2O)3]2+ binds on sites I and II, and coordina-
tion of surface side chain donor atoms of the protein is also feasible. The binding of the bpy and en complex is
weaker and slower compared to that of [RhCp*(H2O)3]

2+, and formation of ternary HSA-RhCp*-ligand adducts
was proved. In the case of the deferiprone complex, the RhCp* fragment is cleaved off when HSA is loaded
with low equivalents of the compound.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Organometallic compounds possess great structural variety and
have been used to a large extent in homogenous catalysis and the
interest in their potential application as anticancer agents is currently
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dy).
increasing. Organoruthenium complexes have been identified as
promising alternatives to anticancer Pt compounds since they
show less severe side effects and are less toxic in general [1–3].
Ru(III) containing compounds, namely imidazolium trans-
[tetrachlorido(DMSO)(imidazole)ruthenate(III)] (NAMI-A) [4],
indazolium trans-[tetrachloridobis(1H-indazole)ruthenate(III)]
(KP1019) [5] and its sodium salt (NKP-1339/IT-139) [6] are under clinical
evaluations with promising results. It has been recently reported that the
catalytic activity of the [Ru(II)(η6-p-cymene)] complexes of sulfonamido
ethyleneamine ligands can be transferred in cancer cells, which has influ-
ence on the extent of intracellular conversion of NAD+ to NADH. This ex-
citing finding offers a novel drug design concept [7]. In all, these results
strongly motivate the development of novel metallodrugs with antitu-
mor activity.

Rh(III) is isoelectronic with Ru(II), and the kinetic inertness of the
[Rh(H2O)6]3+ complex can be overcome by coordination of neutral
arene or especially by anionic pentamethylcyclopentadienyl ligands
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[8,9]. Among half-sandwich organorhodium compounds foremost (η5-
pentamethylcyclopentadienyl)rhodium(III) (RhCp*) complexes of
1,3,5-triaza-7-phosphatricyclo-[3.3.1.1]decane (PTA) were tested for
in vitro antiproliferative activity, but their efficacy was negligible [10].
Recently, we reported RhCp* complexes of (O,O) donor containing
3-hydroxy-4-pyrone ligands [11] and 1,2-dimethyl-3-hydroxy-
pyridin-4(1H)-one (deferiprone, dhp) [12], which showed cytotoxicity
with IC50 values in the range of 50–300 μM in human cancer cell lines.
Whereas RhCp* complexes formed with 2-picolinic acid (pic) [12] and
3-hydroxy(thio)pyrones with pendant morpholine, piperidine or
N-methylpyrazine moieties [13] exhibited only poor or no anticancer
activity. Promising in vitro antiproliferative activities have been report-
ed for the RhCp* complexes of (N,N) polypyridyl (pp) ligands by
Sheldrick et al. [14–17] possessing IC50 values in the low micromolar
concentration range. However, the RhCp* complexes of the simplest
bidentate alkylamino and aromatic N-donor ligands, namely
ethylenediamine (en) and 2,2ʹ-bipyridine (bpy) did not show signifi-
cant cytotoxicity (IC50 N100 μM measured in MCF-7 and HT-29 cells)
[17]. On the contrary, the antiproliferative activity of [Ru(II)(η6-p-
cymene)(en)Cl]PF6 and [Ru(II)(η6-biphenyl)(en)Cl]PF6 complexes de-
veloped in the laboratory of P.J. Sadler is comparable to carboplatin
(IC50 6–9 μM measured in A2780 cells) [18].

In addition, [RhCp*(bpy)(H2O)]2+ is known as one of the most suc-
cessful non-enzymatic catalysts and used to regenerate nicotinamide
cofactors (e.g. NAD(P)H) associated to dehydrogenase enzymes in
aqueous solution [19–22]. Itwas pointed out that the electrocatalytic ef-
ficiency of the complex is strongly influenced by the experimental con-
ditions such as pH, the presence of chloride ions, peptides or amino
acids [19,20]. Interaction of [RhCp*(bpy)(H2O)]2+ with bovine serum
albumin and His, Cys, Trp and Met amino acids decreased the activity
in formate-driven reduction of NAD+. Notably the activity was also
diminished in the presence of halide ions [20]. Although [RhCp*
(bpy)(H2O)]2+ has been extensively studied in solution [23,24], and its
solid phase structure was also published [25], no solution stability data
are available in the literature, only the pKa value for the deprotonation
of the complex was reported [8,20].

Therefore, one of the aims of the present study was to characterize
the solution speciation of the RhCp* complex of bpy in aqueous solution
involving the influence of the presence of chloride ions. On the other
hand, the organometallic complexes are considered as prodrugs and
can undergo ligand exchange under physiological conditions, thus the
stability of the metal-leaving groups, and metal-chelate bonds is vital
for understanding and controlling their bioactivity. Detailed solution
equilibrium studies on RhCp* complexes are rare in the literature
[26–29], especially which provide stability constants. In our previous
works complex formation equilibrium processes of RhCp* complexes
were investigated in the case of (O,O) donor hydroxypyr(idin)one li-
gands and the (O,N) donor pic [11,12]. In the work reported here, we
determined the stability constants of the RhCp* complexes of bpy and
en (Chart 1) formed in aqueous solution to provide comparable thermo-
dynamic data and specify the solution speciation under physiologically
more relevant conditions. Bpy serves as simplified model for pp ligands
as well. Additionally, interaction between the most important non-
specific blood transfer protein, human serum albumin (HSA) and the
en, bpy and the biologically more active deferiprone complexes was in-
vestigated by 1H NMR, ultrafiltration, fluorometry involving well-
Chart 1. Chemical structures of [RhCp*(H2O)3]2+ (a), en (b) and bpy (c).
established site markers for sites I and II and amino acid side chain
models.

2. Experimental

2.1. Chemicals

All solvents were of analytical grade and used without further
purification. En, bpy, dhp, KCl, KNO3, NaCl, AgNO3, AgClO4, HCl,
HNO3, KOH, 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS), 1-
methylimidazole (N-MeIm), N-acetyl-L-cysteine methyl ester (N-
ACMe), N-acetyl-L-methionine (N-AM), dansylglycine (DG),
warfarin (WF), HSA (as lyophilized powder with fatty acids,
A1653), KH2PO4, NaH2PO4, Na2HPO4 were purchased from Sigma-
Aldrich in puriss quality. Doubly distilled Milli-Q water was
used for preparation of samples. Dimeric rhodium precursor
[rhodium(III)(η5-1,2,3,4,5-pentamethylcyclopentadienyl)(μ-Cl)
Cl]2 ([RhCp*(μ-Cl)Cl]2) and chlorido[ethylenediamine-κ2N](η5-
pentamethylcyclopentadienyl)rhodium(III) perchlorate ([RhCp*
(en)Cl]ClO4) were prepared according to literature procedures
[17,30], although AgClO4 was used instead of AgCF3SO3 in the lat-
ter case. Elemental analyses were carried out with a PerkinElmer
2400 CHN Elemental Analyzer by the Microanalytical Laboratory
of the University of Vienna. The exact concentration of the ligand
stock solutions together with the proton dissociation constants
were determined by pH-potentiometric titrations using the soft-
ware HYPERQUAD [31]. RhCp* stock solutions were obtained by
dissolving a known amount of [RhCp*(μ-Cl)Cl]2 in water, while
the stock solution of [RhCp*(H2O)3](NO3)2 was obtained from
an aqueous solution of [RhCp*(μ-Cl)Cl]2 after removal of chloride
ions using equivalent amounts of AgNO3. The exact concentra-
tions of the RhCp* stock solutions (with or without chloride)
were checked by pH-potentiometric titrations employing stabili-
ty constants for [(RhCp*)2(hydroxido)i] (i = 2 or 3) complexes
[11].

HSA solution was freshly prepared before the experiments and its
concentration was estimated from its UV absorption: ε280 nm(HSA) =
36,850 M−1 cm−1 [32]. Solutions of WF and DG were prepared prior
to the analyses with one equivalent of NaOH and their concentrations
were calculated on the basis of their UV–vis spectra: ε308 nm(WF) =
14,475 M−1 cm−1, ε327 nm(DG) = 5068 M−1 cm−1. Stock solutions of
N-MeIm, N-ACMe and N-AM were prepared on a weight-in-volume
basis in a modified phosphate buffered saline (PBSʹ) at pH 7.40. PBSʹ
contains 12 mM Na2HPO4, 3 mM KH2PO4, 1.5 mM KCl and 100.5 mM
NaCl; and the concentration of the K+, Na+ and Cl− ions corresponds
to that of the human blood serum.

2.2. pH-Potentiometric measurements

The pH-potentiometric measurements for the determination of the
proton dissociation constants of the ligands and the overall stability
constants of the RhCp* complexes were carried out at 25.0 ± 0.1 °C in
water and at an ionic strength of 0.20 M KCl or KNO3 used for keeping
the activity coefficients constant. The titrations were performed with
carbonate-free KOH solution (0.20 M). The exact concentrations of
HCl, HNO3 and KOH solutions were determined by pH-potentiometric
titrations. An Orion 710A pH-meter equipped with a Metrohm com-
bined electrode (type 6.0234.100) and a Metrohm 665 Dosimat burette
were used for the pH-potentiometric measurements. The electrode
system was calibrated to the pH = − log[H+] scale by means of blank
titrations (strong acid vs. strong base: HCl/HNO3 vs. KOH), as suggested
by Irving et al. [33]. The average water ionization constant, pKw, was
determined as 13.76 ± 0.01 at 25.0 °C, I = 0.20 M (KCl, KNO3), which
corresponds well to the literature [34]. The reproducibility of the titra-
tion points included in the calculations was within 0.005 pH units. The
pH-potentiometric titrations were performed in the pH range
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2.0−11.5. The initial volume of the samples was 10.0 mL. The ligand
concentration was 1.0−2.0 mM and metal ion-to-ligand ratios of 1:1,
1:1.5 and 1:2 were used. The accepted fitting of the titration curves
was always less than 10 μL. Sampleswere degassed by bubbling purified
argon through them for ca. 10min prior to themeasurements and itwas
also passed over the solutions during the titrations.

The computer program PSEQUAD [35] was utilized to establish the
stoichiometry of the complexes and to calculate the overall stability
constants. β (MpLqHr) is defined for the general equilibrium:

pMþ qL þ rH⇌ MpLqHr as β MpLqHr
� � ¼ MpLqHr

� �
= M½ �p L½ �q H½ �r ð1Þ

where M denotes the metal moiety RhCp* and L the completely
deprotonated ligand. Logβ values of the various [(RhCp*)2(hydroxido)i]
(i = 2 or 3) complexes were calculated based on the pH-potentiometric
titration data in the absence and presence of chloride ions and were
found to be in a good agreement with our previously published data [11].

2.3. UV–vis spectrophotometric and fluorometric measurements

A Hewlett Packard 8452A diode array spectrophotometer was used
to record the UV–vis spectra in the interval 200–800 nm. The path
length (l) was 1 or 0.5 cm. A tandem cuvette (Hellma Tandem Cell,
238-QS, l = 1 cm) was used to study the rate of complex formation of
RhCp* with en and bpy, and the reactants were separated until the
reaction was triggered. UV–vis spectra were recorded before and
immediately after the mixing and changes were followed till no fur-
ther absorbance change was observed. One of the isolated pockets
contained the ligand and its concentration was 100 μM (bpy) or
200 μM (en); and the other contained the equivalent amount of
RhCp*. The pH values of the samples in both pockets were identical
and adjusted to 1.9 or 3.8 by HCl, 7.4 by 20 mM phosphate buffer,
and 11.0 by KOH solutions. Constant ionic strength of 0.2 M (KNO3

or KCl) was applied. Prior to the measurements the effect of various
buffers (phosphate, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), tris(hydroxymethyl)methylamine (Tris) and 3-(N-
morpholino)propanesulfonic acid (MOPS)) on the UV–vis spectra of
the RhCp*–dhp (1:1) system was tested at pH 7.4, and phosphate
caused minimum alterations compared to the others. The spectropho-
tometric titrations were performed with samples containing only bpy
(0.1 mM), RhCp* (0.1 mM) or a 1:1 molar ratio of RhCp* and ligand
(0.1 mM bpy or 0.2 mM en) over the pH range 2.0–11.5 at an ionic
strength of 0.20 M (KCl or KNO3) and at 25.0 ± 0.1 °C. Measurements
on the RhCp* complexes of bpy were also carried out in the absence
and presence of chloride ions by preparing individual samples, in
which the 0.20 M KCl or KNO3 was partially or completely replaced
by HCl or HNO3 and pH values, varying in the range of approximately
0.7–2.0, were calculated from the strong acid content. The overall sta-
bility constant of the complex [RhCp*(bpy)(Z)] was determined spec-
trophotometrically from competition titrations of the [RhCp*(en)Z]
complex by bpy at pH 7.4 (20 mM phosphate buffer) and at an
ionic strength of 0.20 M (KCl). Samples contained 100 μM RhCp*
and 100 μM en, and the concentration of bpy was varied between
0–170 μM. Absorbance data recorded after 24 h incubation time in
the wavelength interval from 240 to 500 nm were used for the calcu-
lations. UV–vis spectra were also recorded to investigate the H2O/Cl−

exchange processes in the [RhCp*(L)(H2O)]2+ complexes at pH 7.4
(20 mM phosphate buffer) in dependence of the Cl− concentration
(0–200 mM). Stability constants were calculated with the computer
program PSEQUAD [35].

Fluorescence spectra were recorded on a Hitachi-F4500 fluorometer
in 1 cm quartz cell at 25.0 ± 0.1 °C. All solutions were prepared in PBSʹ
(pH 7.4) andwere incubated for 1 or 24 h. Samples contained 1 μMHSA
and various HSA-to-ligand or RhCp* or [RhCp*(L)Z] ratios (from 1:0 to
1:10) were used. In the site marker displacement experiments the
HSA-to-site marker (WF or DG) ratio was 1:1 and the concentration of
the compounds was varied. The excitation wavelengths were 295, 310
or 335 nm depending on the type of the experiment and the emission
was read in the range of 310–650 nm. The quenching (KQʹ) or displace-
ment constants (KWFʹ andKDGʹ) were calculatedwith the computer pro-
gram PSEQUAD [35] based on the equilibrium processes and mass-
balance equations for the components detailed in the Supplementary
data using the same approach applied in our previous works [36,37].

2.4. 1H and 13C NMR measurements

1H NMR studies were carried out on a Bruker Ultrashield 500 Plus in-
strument. All the 1H NMR spectra were recorded with the WATERGATE
water suppression pulse scheme using DSS internal standard. Ligands
bpy and enwere dissolved in a 10% (v/v) D2O/H2Omixture to yield a con-
centration of 1 or 2 mM and were titrated at 25 °C, at I= 0.20 M (KCl or
KNO3) in absence or presence of RhCp* at 1:1 metal-to-ligand ratio. Sta-
bility constants for the complexes were calculated by the computer pro-
gram PSEQUAD [35]. To study the interaction with HSA and the binding
site model compounds (N-MeIm, N-ACMe, N-AM) 1H NMR spectra
were recorded for samples containing RhCp* (1 mM or 0.75 mM), the li-
gands (en, bpy, dhp) at 1:1 metal-to-ligand ratio with or without half-
equivalent of HSA or one equivalent of the binding sitemodel, respective-
ly. Samples were prepared in PBSʹ buffer and incubated for 24 h at 25 °C.

1H and 13C NMR spectra of complex [RhCp*(en)Cl]ClO4 dissolved in
CDCl3 were recorded at 25 °C using a Bruker FT-NMR spectrometer
Avance III™ 500 MHz.

2.5. Membrane ultrafiltration/UV–vis measurements

Samples were separated by ultrafiltration through 10 kDa mem-
brane filters (Microcon YM-10 centrifugal filter unit, Millipore) in low
(LMM) and high molecular mass (HMM) fractions using a temperature
controlled centrifuge (Sanyo, 10,000/s, 10 min). Samples (0.50 mL)
contained 50 μM HSA and RhCp* or its en, bpy and dhp complexes
(50,150, 450 μM) in PBSʹ buffer (pH 7.4) at 25.0± 0.1 °C andwere incu-
bated for 1 h or 24 h. The LMM fraction containing the non-boundmetal
complex was separated from the protein and its adducts in the HMM
fraction. The concentration of the non-bound compounds in the LMM
fractions was determined by UV–vis spectrophotometry by comparing
the recorded spectra to those of reference samples without the protein.
When the complex partly decomposed due to the protein binding, free
ligand was also detected in the LMM fraction. In this case the recorded
spectrumwas deconvoluted with the aid of themolar absorbance spec-
tra of the ligand and metal complex by Excel Solver (Microsoft Office
2007).

2.6. Synthesis and crystallographic structure determination of complex
[RhCp*(en)Cl]ClO4·2H2O (1)

Two equivalents of silver perchlorate (41 mg, 0.2 mmol, 2 eq) were
added in one portion to a solution of [RhCp*(μ-Cl)Cl]2 (62mg, 0.1mmol,
1 eq) in acetone (10 mL) and stirred at ambient temperature protected
from light irradiation for 0.5 h. The formed AgCl precipitate was filtered
off and the solvent was removed under reduced pressure resulting in
[RhCp*(acetone)2Cl]ClO4 which was stirred with en (12 mg, 0.2 mmol,
2 eq) dissolved in a mixture of CH3OH and CH2Cl2 (1:1, 15 mL) at
room temperature for 2 h. The color of the solution changed from dark
orange to yellow. Removal of the solvent mixture under reduced pres-
sure afforded a yellow solid which was dissolved in 2 mL water. Yellow
needle-like crystals appeared after 12 h which were suitable for X-ray
data collection. 1H NMR (500.10 MHz, CDCl3): δ = 1.69 (s, 15H,
CH3,Cp⁎), 2.31–2.42 (m, 2H, CH2,en), 2.45–2.56 (m, 2H, CH2,en),
4.21–4.32 (m, 2H, NH2,en), 5.03–5.15 (m, 2H, NH2,en); 13C NMR
(125.75 MHz, CDCl3): δ = 8.5 (CH3,Cp⁎), 44.2 (CH2,en), 93.6 (CCp⁎).
Elemental analysis (%) for C12H23Cl2N2O4Rh·2H2O calc. C: 30.72; H:
5.80; N: 5.97; found: C: 30.49; H: 5.91; N: 5.88.



Table 1
Proton dissociation constants (pKa) of en and bpy and overall stability constants (logβ) and pKa values of their [RhCp*(L)Z] complexes in chloride-free and chloride-containing aqueous
solutions determined by various methods, and H2O/Cl− exchange constants (logK) for the [RhCp*(L)(H2O)]2+ complexes {T = 25 °C; I = 0.20 M; Z = H2O or Cl−}.a

en bpy

0.2 M KNO3 0.2 M KCl 0.2 M KNO3 0.2 M KCl

pK1 (ligand) 7.25(1) pH-metry 7.19(1)
7.21(1)

pH-metry
1H NMR

4.41(2) pH-metry 4.52(1)
4.53(1)

pH-metry
1H NMR

pK2 (ligand) 10.01(1) pH-metry 9.98(1)
10.04(1)

pH-metry
1H NMR

– –

logβ [RhCp*(L)Z] 15.04(5) pH-metry 14.48(1) pH-metry N12.95b Estimated 12.95(6)c UV–vis
pKa [RhCp*(L)Z] 9.58(2) 1H NMR 11.05(1) UV–vis 8.66(3)

8.61(2)
8.41(3)

UV–vis
1H NMR
pH-metry

10.39(2)
10.39(5)
10.25(5)

UV–vis
1H NMR
pH-metry

Species at pH 7.4d 99% [RhCp*(L)(H2O)]2+

1% [RhCp*(L)(OH)]+
97% [RhCp*(L)(Cl)]+

3% [RhCp*(L)(H2O)]2+
94% [RhCp*(L)(H2O)]2+

6% [RhCp*(L)(OH)]+
99% [RhCp*(L)(Cl)]+

1% [RhCp*(L)(H2O)]2+

logK (H2O/Cl−)e 2.14(1) 2.58(1)

a Charges of the complexes are omitted for simplicity. Standard deviations (SD) are in parenthesis. Z = H2O or Cl− for chloride-containing samples; Z = H2O for chloride-free media. Hy-
drolysis products of the organometallic cation: logβ [(RhCp*)2H−2] =−11.12, logβ [(RhCp*)2H−3] =−19.01 at I= 0.20 M (KCl) and logβ [(RhCp*)2H−2] =−8.53, logβ [(RhCp*)2H−3] =
−14.26 at I= 0.20 M (KNO3) taken from Ref. [11].

b The strong absorption of the NO3
− hinders its determination by UV–vis spectrophotometry.

c Determined by UV–vis via competition studies.
d Calculated at pH= 7.4, cL = cRhCp⁎ = 1 μM.
e For the [RhCp*(L)(H2O)]2+ + Cl− ⇌ [RhCp*(L)(Cl)]+ + H2O equilibrium determined by UV–vis at pH= 7.4 and at various chloride ion total concentrations.

Chart 2. Complexation and co-ligand exchange equilibrium processes for the
[RhCp*(L)(H2O)]2+ species.
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Single crystals of [RhCp*(en)Cl]ClO4·2H2O (1) were analyzed on a
Bruker D8 Venture diffractometer at 100 K. The single crystal was posi-
tioned at 34 mm from the detector and 1698 frames for 4 s exposure
time over 0.4° scan width were measured. The data were processed
using the SAINT software package [38]. The structures were solved by
direct methods and refined by full-matrix least-squares techniques.
Non-hydrogen atoms were refined with anisotropic displacement pa-
rameters. Secondary CH2 and NH2 hydrogen atoms were inserted with
a riding model. Idealized methyl hydrogen atoms were refined as rotat-
ing groups. The following computer programswere used: structure solu-
tion, SHELXS-97 [39]; refinement, SHELXL-2013 [39]; OLEX2 [40];
SHELXLE [41]; molecular diagrams, ORTEP-3 [42]; scattering factors
[43]. The crystallographic data files for complex 1 have been deposited
with the Cambridge Crystallographic Database as CCDC 1062657. Crystal
data and structure refinement details for complex 1 are given in Table S1.

3. Results and discussion

3.1. Acid–base properties of the studied ligands and the [RhCp*(H2O)3]
2+

cation

Proton dissociation constants of en and bpy (Chart 1) determined by
pH-potentiometry and 1H NMR titrations (Table 1, Fig. S1) are in rea-
sonably good agreement with data reported in the literature under
identical conditions as used in this study (I = 0.2 M KNO3 or 0.2 M
KCl) [44–47]. Hydrolytic behavior of the [RhCp*(H2O)3]2+ organome-
tallic cation was already studied [11,26], and the structure of the
major hydrolysis product, [(RhCp*)2(μ-OH)3]+, was characterized by
single-crystal X-ray analysis [29]. Overall stability constants for the μ-
hydroxido-bridged dinuclear species ([(RhCp*)2(μ-OH)3]+ and
[(RhCp*)2(μ-OH)2]) were reported at various ionic strengths in our pre-
vious work [11], and these data were utilized for our calculations.

3.2. Complex formation equilibria of [RhCp*(H2O)3]
2+ with en and bpy

Complex formation equilibrium processes of [RhCp*(H2O)3]2+ with
en and bpy were studied in aqueous solution by the combined use of
pH-potentiometric, 1H NMR and UV–vis titrations in the absence and
presence of chloride ions. The stoichiometries and overall stability con-
stants of the complexes providing the best fits to the experimental data
are listed in Table 1. Complex formation and co-ligand exchange equi-
librium processes are represented in Chart 2.

Since chloride ions can partly replace the aqua ligands, the deter-
mined stability constants in the chloride-containing medium are
regarded as conditional stability constants and are valid only under
the given conditions. It is known that the rate of the ligand substitution
reactions in the half-sandwich cation [RhCp*(H2O)3]2+ is strongly de-
pending on the nature of the chelating ligands [8]. Therefore, complex
formation of RhCp* with the respective ligand scaffold (en and bpy)
was followed spectrophotometrically at three different pH values in
order to monitor the reaction rates (Fig. S2). It was found that the equi-
librium can be reached relatively fast in all cases (b10 min) except the
en containing samples at pHbetween ~2 and ~4where unusual long re-
action times (up to 60 min) were observed.

According to the pH-potentiometric titration curves (Fig. S3) record-
ed at two experimental setups (I = 0.2 M KCl or KNO3) complexation
took place already at the starting pH (~2) with en, while proton dis-
placement by the metal ion is almost complete at this pH in the case
of bpy. Consequently, overall stability constants could be determined
only for the mono-ligand complex [RhCp*(en)Z] (Z = H2O and/or Cl−;
charges are omitted for simplicity). In this latter complex en coordinates
via the neutral bidentate (N,N) donor set confirmed by the X-ray struc-
ture of complex 1 (as described in Section 3.3); and the coordination
sphere is completed with an aqua or chlorido ligand depending on the
chloride ion content of the solution. Based on the pH-potentiometric



Fig. 1. High field region of the 1H NMR spectra of the [RhCp*(H2O)3]2+–en (1:1) system in chloride-containing aqueous solution recorded at indicated pH values (a). Concentration dis-
tribution curves (solid lines) for the same system calculated on the basis of the stability constants determined andmolar fractions of the bound RhCp* (×) based on the 1H NMR peak in-
tegrals of the Cp* methyl protons (b). {cRhCp⁎ = cen = 1 mM; T = 25 °C; I = 0.20 M (KCl); 10% D2O; Z = H2O or Cl−}.

97É.A. Enyedy et al. / Journal of Inorganic Biochemistry 152 (2015) 93–103
titrations (Fig. S3.a) pKa values of the [RhCp*(en)Z] complexes could be
determined only with large uncertainties, thus pH-dependent 1H NMR
spectra were recorded (Figs. 1, S4). Due to the slow ligand-exchange pro-
cesses on the NMR time scale (t1/2(obs) ~ 1 ms) peaks belonging to the
free or bound ligand and to the bound or non-bound metal ion could be
detected separately. The integrated peak areas of the Cp* methyl protons
were converted to molar fractions of the bound RhCp*, which were also
calculated with the aid of the logβ values of species [RhCp*(en)Z]
(Fig. 1.b). Fairly good correlation between the data of both methods was
observed. Additionally, in the chloride-free medium an upfield shift of
the peak belonging to [RhCp*(en)(H2O)]2+ was observed in the basic
pH range (Fig. S4.a) strongly indicating the formation of the mixed
hydroxido species, [RhCp*(en)(OH)]+ (Chart 2). Thus, pKa of the aqua
complex could be determined on the basis of the pH-dependent δ values
(Fig. S4.b, Table 1). Notably, in the presence of chloride ions the signals of
species [RhCp*(en)Z] and [RhCp*(en)(OH)]+ were observed more sepa-
rately (Fig. 1.a); although the pKa value could be not calculated due to
the non-satisfactory peak separation and was determined by the
deconvolution of the pH-dependent UV–vis spectra (Fig. S5).

The 1HNMR spectra recorded for the RhCp*–bpy system undoubtedly
reveal the predominant formation of the complex [RhCp*(bpy)Z] in the
pH ranges 1.9–~7 and 1.9–~8.5 at ionic strengths of 0.2 M KNO3 and
KCl, respectively (Fig. S6). Since neither free metal ion nor ligand could
be detected at the starting pH values at mM concentrations, UV–vis spec-
tra were recorded under more diluted conditions and at strongly acidic
pH values. The unaltered spectra at pH between 0.7–8.5 (Fig. 2) revealed
that the complex [RhCp*(bpy)Z] does not decompose in this pH range
Fig. 2. UV–vis spectra of the [RhCp*(H2O)3]2+–bpy (1:1) system (solid lines) in chloride-
containing aqueous solution recorded at various pH values. Spectra of [RhCp*(H2O)3]2+

(dashed black line) and bpy (dashed grey line) are shown for comparison recorded at
pH= 0.7. {cRhCp⁎ = cbpy = 100 μM; T = 25 °C; I = 0.20 M (KCl)}.
due to its outstandinghigh stability. Therefore the logβ value for this com-
plex was determined spectrophotometrically by competition reactions
with en in the presence of chloride ions at pH 7.4 (Fig. S7). At this pH
RhCp* forms [RhCp*(L)Z] species with both ligands predominantly. Ab-
sorption bands of themetal-bound and free bpy were significantly differ-
ent in thewavelength (λ) range 240 and 340 nm allowing the calculation
of the stability constant of the bpy complex (Table 1).

The pKa values of the [RhCp*(bpy)Z] complexeswere determined by
pH-potentiometry, by the deconvolution of pH-dependent UV–vis spec-
tra (representative spectra are shown in Fig. 2 recorded in the chloride-
containing medium), and by 1H NMR spectroscopy (Fig. S6). pKa values
determined by the differentmethods are in reasonably good agreement
with each other (Table 1). The constant obtained in the absence of chlo-
ride ions is comparable to previously published data (pKa = 8.5 [20];
pKa = 8.2 [8]).

Representative concentration distribution curves were calculated
with the aid of stability constants determined for the [RhCp*(H2O)3]2+–
en system in both media studied (Fig. 3). These curves and the stability
data (Table 1) clearly reveal the significant effect of the chloride ions on
the solution speciation. Namely, the complex formation starts at some-
what lower pH values in the absence of the competitor chloride ions;
thus higher logβ [RhCp*(L)Z] values were obtained. On the other hand,
chloride ions suppress the hydrolysis, as itwas documented for analogous
half-sandwichorganometallic complexes [18,48,49]. The complete or par-
tial displacement of the aqua ligand by chloride ions or vice versa at the
third coordination site of RhCp* (Chart 2)may have an impact on the bio-
activity, since aquation of the chlorido complexes is considered as an
Fig. 3. Concentration distribution curves of the [RhCp*(H2O)3]2+–en (1:1) system in chlo-
ride-free (black lines) and chloride-containing (grey lines) aqueous solutions as a function
of pH calculated with the aid of the stability constants determined. {cRhCp⁎ = cen= 1 mM;
T = 25 °C; I = 0.20 M (KNO3 or KCl); Z = H2O or Cl−}.



Fig. 4.ORTEP view of [RhCp*(en)Cl]ClO4·2H2O (1) with ellipsoids drawn at 50% probabil-
ity level. Counter ion and solvent molecules are omitted for clarity. Selected bond dis-
tances (Å) and angles (deg): Rh1-N1: 2.1453(15); Rh1-N2: 2.1235(16); Rh1-Cl1:
2.4339(5); Rh1-ring centroid: 1.76303(8); N2-Rh1-N1: 80.23(6)°; N1-Rh1-Cl1:
88.09(4)°; N2-Rh1-Cl1: 85.41(4)°.

Fig. 5. pH-dependence of the negative logarithm of the summed equilibrium concentra-
tions of the free RhCp* cation and its hydroxido species (pM) calculated for the
[RhCp*(H2O)3]2+–bpy/en / pic/dhp systems under identical conditions. {cRhCp⁎ = cL =
1 mM; T= 25 °C; I= 0.20 M (KCl)}. Calculations for the dhp- and pic-containing systems
are based on data from Ref. [12]. a pM=−log ([RhCp*] + [(RhCp*)2(OH)i]), where i = 2
or 3.

98 É.A. Enyedy et al. / Journal of Inorganic Biochemistry 152 (2015) 93–103
important step in themechanismof action as in the case ofmany antican-
cer metallodrugs [50–53]. Therefore the [RhCp*(L)(H2O)]2+ + Cl− ⇄
[RhCp*(L)(Cl)]+ + H2O (L = en or bpy) equilibrium was also studied
spectrophotometrically. The exchange process was found to be fast and
logK (H2O/Cl−) constants (Table 1) were estimated with the
deconvolution of UV–vis spectra of the [RhCp*(L)(H2O)]2+ complexes re-
corded at various chloride ion concentrations (see Fig. S8 for the en com-
plex). The obtained logK (H2O/Cl−) constants are significantly high, thus
represent a strong affinity of the en and bpy complexes towards the chlo-
ride ions.

3.3. Crystal structure of complex [RhCp*(en)Cl]ClO4 (1)

The en complex of RhCp* as [RhCp*(en)Cl]Cl was prepared and
characterized previously [54], although no crystal structure was provid-
ed. The molecular structure of complex cation [RhCp*(en)Cl]+ has been
established in thiswork by single-crystal X-ray analysis as its perchlorate
salt (Fig. 4). Crystallographic data are collected in Table S1, and selected
bond lengths and angles are listed in the legend of Fig. 4. Complex 1
adopts the expected piano-stool geometry with the rhodium(III) center
being coordinated by a pentamethylcyclopentadienyl ring, a chlorido li-
gand and the (N,N) chelate en. Themetal ion to ring centroid distance of
1.7630 Å is somewhat shorter than the reported value for the
[RhCp*(bpy)Cl]ClO4 complex (1.776 Å), while the Rh-N,Nʹ (2.1452 Å
and 2.1234 Å) and Rh-Cl (2.4339 Å) bond lengths are longer in the en
complex. Distances of 2.100 and 2.385 Å were obtained for the Rh-N,Nʹ
and Rh-Cl bonds, respectively in the [RhCp*(bpy)Cl]+ cation [8] and
bond lengths of 2.093 and 2.115 Å were reported for the Rh-N(1) and
Rh-N(2) bonds in the [RhCp*(bpy)(H2O)](CF3SO3)2 complex [19]. The
structure of the analogous iridium(III) complex [IrCp*(en)Cl]CF3SO3

has been also published representing a close structural similarity to com-
plex 1, although slightly shorter distances betweenmetal ion and the co-
ordinating donor atoms (N, Cl) or the Cp* ring centroid are reported [55].

3.4. Comparison of solution stability and bioactivity of RhCp* complexes
formed with en and bpy, (O,N) and (O,O) bidentate ligands

The biological activity of an organorhodium compound most likely
depends on numerous factors such as lipophilicity, geometry, charge,
solution stability, kinetic inertness/lability. Our aim in this work was
to reveal the differences in the solution behavior of RhCp* complexes
formed with bidentate alkylamine and aromatic N-donor ligands and
to compare the obtained thermodynamic stability data to those of com-
plexes containing (N,O) and (O,O) donor sets with respect to their
in vitro antiproliferative effects. In order to demonstrate the difference
in the RhCp* binding ability of the chosen ligands the negative loga-
rithm of the summed equilibrium concentrations of the non-bound
metal ion in its [RhCp*(H2O)3]2+ and μ-hydroxido bridged dinuclear
([(RhCp*)2(OH)i], i = 2 or 3) forms were computed under identical
conditions (Fig. 5). This is a similar way as pM values are calculated
for chelating agents [56]; however, using this approach the fraction of
the hydrolyzed metal ion species, which becomes higher and higher
with increasing pH, is also taken into consideration. The higher pM
value indicates a stronger metal ion binding ability. Pic and dhp
were chosen as representatives of the (O,N) and (O,O) donor ligands
[11,12]. The calculations reveal the following stability trend at physio-
logical pH: bpy N en N pic N dhp.

Based on the stability constants determined it can also be concluded
that the [RhCp*(L)Z] complexes of bpy and en predominate even at
1 μM concentration at pH 7.4 (Table 1). On the other hand, the forma-
tion of themixed hydroxido complexes [RhCp*(L)(OH)]+ is completely
suppressed in the presence of 0.2 M chloride ions. The pKa value of the
en complex is found to be higher than that of the bpy under both stud-
ied conditions as it was also found for the analogous IrCp* complexes
[57].

For a deeper insight into the relationships between solution
thermodynamic data such as stability (pM), chloride ion affinity (logK
(H2O/Cl−)), acidity (pKa of [RhCp*(L)Z]) and antiproliferative effects
(IC50) bar charts are shown for the RhCp* complexes of en and bpy as
(N,N), pic as (N,O), dhp and 3-hydroxy-2-methyl-pyran-4(1H)-one
(maltol) as (O,O) donor containing ligands (Fig. 6). Analysis of a few
data points cannot give an overview about themultifactorial correlation
between physicochemical properties and cytotoxicity; however, some
conclusions can be still drawn based on this figure. Namely, no correla-
tion is seen between the IC50 and pM values: the cytotoxicity does not
follow the solution stability order. The pKa values of these complexes
are relatively high (≥8.56) resulting in negligible amount of mixed
hydroxido species at pH 7.4, which are usually considered to be less re-
active [51]. This can be a possible explanation for the lack of correlation
between pKa and IC50 values. No correlation was found for the aquated
IrCp* complexes of 1,10-phenanthroline (phen), bpy and en ligands as
well [57]. On the other hand, complexes of bpy, en and pic show fairly
poor or no activity against various human cancer cell lines [12,17],
while their logK (H2O/Cl−) values are ~1 order of magnitude higher
than those of the hydroxypyr(idin)one complexes with (O,O) donor



Fig. 6.pKa [RhCp*(L)(H2O)], pM, logK (H2O/Cl−) values and cytotoxicity data for theRhCp*
complexes of maltol, dhp, pic, en and bpy. pKa, pM, logK and IC50 (against CH1/PA-1 ovar-
ian adenocarcinoma cell lines) values for maltol, dhp and pic complexes are taken from
Ref. [11,12]. IC50 values (against MCF-7 breast cancer cell lines) for complexes of en and
bpy are taken from Ref. [17]. a pM= −log ([RhCp*] + [(RhCp*)2(OH)i]), where i = 2 or
3, and values are calculated under identical conditions: {cRhCp⁎ = cL = 1 mM; pH = 7.4;
T = 25 °C; I = 0.20 M (KCl)}.

Fig. 7.High field regions of the 1H NMR spectra recorded for the HSA–[RhCp*(en)Z] (a), HSA–[R
PBSʹ buffer with the corresponding spectra of HSA and the RhCp* complexes. {cHSA = 0.5 mM;
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sets [11,12]. Thus, the stronger affinity of the complexes for retaining
the chlorido ligand at the third coordination sitemay explain the dimin-
ished activity. However, no comparable H2O/Cl− exchange constants for
RhCp* complexes are published in the literature to the best of our
knowledge, similar findings were found for IrCp* complexes of bpy, en
and phen [57], and for someOs and Ru arene complexes as well [49,58].

3.5. Interaction of RhCp* complexes of en, bpy and dhp with human serum
albumin

Binding of anticancermetallodrugs to HSA is of considerable interest
as it has a profound effect on the biodistribution, toxicity and side ef-
fects. Moreover, HSA and HSA-bound drugs are known to accumulate
in solid tumors as a consequence of the enhanced permeability and re-
tention effect, which can be an operative way of selective tumor
targeting [59]. HSAhas nonspecific bindingpockets and the principal re-
gions of these sites are located in subdomains IIA and IIIA called as site I
and II, respectively [60,61]. Additionally, HSA contains metal binding
sites such as the N-terminal site, the reduced Cys34 residue, the multi-
metal binding site, and certain side chain donor atoms are also able to
coordinate to the metal centers [60,62]. Thus, fairly diversified binding
events should be taken into consideration for potential metallodrugs
with regard on the binding modes and rates.

Interaction of some [RhCp*(L)Cl)] complexes towardsHSAwas stud-
ied by 1H NMR spectroscopy, ultrafiltration/UV–vis and spectro-
fluorometry in order to investigate differences or similarities in the
strength and nature of binding in the case of a biologically active
(dhp) and non-active (en and bpy) organorhodium compounds. Nota-
bly, the coordinated chlorido ligands in these RhCp* complexes are part-
ly substituted by water molecules in the aqueous solution; therefore Z
(where Z = H2O/Cl−) is used in their general formulae ([RhCp*(L)Z)]).
All measurements in this work were performed at pH 7.4 using a mod-
ified phosphate buffered saline (PBSʹ) in which the concentration of the
chloride ions corresponds to that of the human blood serum (102mM).
Based on the logK (H2O/Cl−) constants (Table 1) it can be estimated that
97%, 93% and 38% of the bpy, en and dhp [12] complexes respectively are
chlorinated at this chloride ion concentration. In addition, free
[RhCp*(H2O)3]2+ (without any chelating ligand) was also included for
comparison. This aqua complex can hydrolyze at pH 7.4, e.g. at 1 mM
concentration 11% [RhCp*(H2O)3]2+, 35% [(RhCp*)2(μ-OH)3]+ and 54%
[(RhCp*)2(μ-OH)2(H2O)2]2+ are present in the solution, however the
former two species are possibly partly chlorinated revealing the co-
existence of various species in the solution of [RhCp*(H2O)3]2+.. Thus
all protein binding constants determined here are regarded as condi-
tional stability constants and valid only under the given conditions.
Samples were incubated at 25 °C since the thermodynamic stability
hCp*(bpy)Z] (b), HSA–[RhCp*(dhp)Z] and HSA–[RhCp*(H2O)3]2+ systems (c) at pH 7.4 in
cRhCp⁎ = cL = 1 mM; T = 25 °C; incubation time = 1 or 24 h; 10% D2O; Z = H2O or Cl−}.



Fig. 8. Ratio of the bound compounds and HSA plotted against the ratio of the total concentrations of the complexes and HSA calculated from the UV–vis spectra recorded for the LMM
fractions of the ultrafiltered samples (a). Fractions (%) of bound compounds at 1:1 complex-to-HSA ratio (b). Symbols: ♦: bound [RhCp*(en)Z] in the [RhCp*(en)Z]–HSA, ▲: bound
[RhCp*(bpy)Z] in the [RhCp*(bpy)Z]–HSA,○: bound [RhCp*(H2O)3]2+ in the [RhCp*(H2O)3]2+–HSA, and □: bound [RhCp*(H2O)3]2+ and ■: bound dhp in the [RhCp*(dhp)Z]–HSA sys-
tems. Values are themeans of two parallelmeasurements (relative standarddeviations: ≤ 4%). {cHSA= 50 μM; pH= 7.4 (PBSʹ buffer); T= 25 °C; incubation time= 24 h (and 1 h in the case of
[RhCp*(en)Z]–HSA (9:1) and [RhCp*(bpy)Z]–HSA (9:1) systems); Z = H2O or Cl−}.

Fig. 9. Changes of fluorescence emission intensities at 340 nm plotted against the RhCp*-
to-HSA ratios for the [RhCp*(H2O)3]2+–HSA (○,●) and [RhCp*(dhp)Z]–HSA (Δ,▲) sys-
tems measured after 1 h (empty symbols) and 24 h (filled symbols) incubation periods
using 295 nm excitation wavelength. {cHSA = 1 μM; pH = 7.4 (PBSʹ buffer); T = 25 °C;
Z = H2O or Cl−}.
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constants for the RhCp* complexes were determined at this
temperature.

First 1H NMR spectra of [RhCp*(L)Z] complexes in the absence
or in the presence of HSA were recorded (Fig. 7). The binding of
[RhCp*(H2O)3]2+ and [RhCp*(dhp)Z] to HSA was found to be relatively
fast as the spectra recorded after 1 and 24 h incubation periods were
identical (not shown here). Signals of the Cp* methyl protons show
that the original peaks of species [RhCp*(H2O)3]2+ or [RhCp*(dhp)Z]
disappear upon interaction with HSA and the new peaks indicate the
presence of several different chemical environments around the metal
center (Fig. 7.c). On the other hand, complex [RhCp*(dhp)Z] decom-
poses under the condition used since the liberation of the free ligand
is clearly seen in the spectrum (Fig. S9). On the contrary, the interaction
between HSA and RhCp* complexes of en and bpy was found to be
much slower (see the differences between 1 and 24 h incubation in
Fig. 7.a and b). (It is noteworthy that the equilibrium might not be
reached after 24 h, but longer incubation timemight have no physiolog-
ical relevance.) No ligand displacement by the protein was found, and
the en complex retained partly its original entity without binding
(Fig. 7.a). The new Cp* methyl signals detected for the en and bpy com-
plexes in the presence of HSA are different and display significant alter-
ations from the peaks obtained in the case of the dhp complex or
[RhCp*(H2O)3]2+ as well (Fig. S10). These findings strongly suggest
the formation of ternary adducts of the RhCp* complexes of en, bpy
with the protein.

The direct interaction towards HSAwas also followed bymembrane
ultrafiltration. The unbound LMM fractions after separation were ana-
lyzed by UV–vis quantification and the spectrawere comparedwith ref-
erence spectra and/or were deconvoluted yielding the concentration of
the unbound RhCp* complex and/or free ligand. The ratio of the bound
compounds and HSA was calculated and plotted against the ratio of the
total concentrations of the complexes and the protein (Fig. 8.a). Analysis
of these data show that the binding of [RhCp*(H2O)3]2+ is practically
quantitative up to the applied ~9-fold excess, so true saturation was
not achieved. The amount of bound RhCp* is almost the same in the
case of the dhp complex; however we could detect free ligand in the
LMM fractions. At lower c(complex) / c(HSA) ratios dhp was not
bound to the protein indicating that the complex decomposes as the
1H NMR spectra also showed in Fig. S9. At a large complex excess the li-
gand becomes bound, but always much less dhp is bound than the or-
ganometallic fragment. Since there is no direct interaction between
dhp and HSA [36], its binding is possible only via the formation of a ter-
nary complex in which the RhCp*–dhp bond is not cleaved. The binding
of complexes of en and bpy to HSA was found to be slow, which is
reflected in the increased fractions of the bound compounds measured
after 24 h incubation (Fig. 8a). The bpy complex does not decompose
upon binding to the protein based on the UV–vis spectra recorded
after separation, and the amount of the bound metal species is much
lower compared with the case of [RhCp*(H2O)3]2+ alone. (Since ligand
en has no absorption its concentration in the LMM fraction could not be
determined by UV–vis spectrometry.) The binding of the en complex is
somewhat weaker compared to the bpy complex (Fig. 8.b); however
4–5 binding sites are feasible for both complexes.

The interaction of the complexes of en and bpy to HSA represents
non-dissociative characteristics, while the dhp complex suffers decom-
position at the lower c(complex) / c(HSA) ratios and the protein re-
places the original ligand. The latter finding strongly suggests the
coordination of the RhCp* fragment to HSA. In the complexes en and
bpy the chlorido/aqua ligand at the third coordination site may be
substituted by a donor atomof the protein via the formation of a ternary
adduct; however formation of complex adducts via non-covalent inter-
actions at the hydrophobic cavities of HSA such as sites I and II are also
possible. Therefore, the binding of [RhCp*(H2O)3]2+ and [RhCp*(L)Z]
(L = dhp, en, bpy) at these sites were monitored by fluorometry. HSA
contains a single Trp (214) residue near site I that is responsible for
themajority of the intrinsic fluorescence of the protein. Upon excitation
at 295 nm its emission can be attenuated by a binding event at or close
to Trp214. Addition of [RhCp*(H2O)3]2+ or [RhCp*(dhp)Z] to HSA
quenches the Trp214 fluorescence emission (see data points obtained
after 1 and 24 h in Fig. 9) indicating that the conformation of the hydro-
phobic binding pocket is significantly affected by the binding of RhCp*.
Based on the emission intensity changes quenching constants
were computed. LogKQʹ values of 5.8(1) and 5.9(1) obtained for
[RhCp*(H2O)3]2+ and [RhCp*(dhp)Z], respectively represent quite



Chart 3. Chemical structures of protein binding site model compounds.

Table 2
Distribution (%) of RhCp* in the [RhCp*(H2O)3]2+–ligand A–ligand B (1:1:1) ternary systems
on thebasis of the 1HNMRpeak integrals of theCp*methyl protons. LigandA: en, bpyordhp;
ligand B as protein binding site model (N-MeIm, N-ACMe or N-AM). {cRhCp⁎ = cligand A =
cligand B = 0.75 mM; pH= 7.4 (PBSʹ buffer); T= 25 °C; incubation time= 24 h}.

A B [RhCp*(A)] [RhCp*(B)] [RhCp*(A)(B)]

en N-MeIm 22 5 73
N-ACMe 100 0 0
N-AM 100 0 0

bpy N-MeIm 14 0 86
N-ACMe 92 0 8
N-AM 67 0 33

dhp N-MeIm 0 9 91
N-ACMe 100 0 0
N-AM 0 10 90
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strong and similar ability to bind on site I. This similarity also suggests
the dissociative feature of the binding of the dhp complex at least on
this site. In the case of the en and bpy complexes no quenchingwas ob-
served even at 10-fold excess of complex after an incubation period of
24 h.

Additionally, displacement reactions with WF and DG, which are
known site marker fluorescence probes for the binding sites I and II of
HSA [37,60], were carried out. Displacement of the site marker from its
binding pocket is accompanied by a considerable decrease in the emis-
sion intensity. In our case no measurable intensity changes were ob-
served upon addition of en and bpy complexes up to 10-fold excess
indicating no or fairly weak binding on these sites. On the contrary,
[RhCp*(H2O)3]2+ and [RhCp*(dhp)Z] showed similar and significant
competition with the site markers (Figs. S11, S12). TheWF displacement
constants logKWFʹ of 6.1(1) and 6.2(1) obtained for [RhCp*(H2O)3]2+ and
[RhCp*(dhp)Z]were somewhat higher than those calculated for the com-
petition with DG (logKDGʹ= 5.8(1) for both species.)

The binding in hydrophobic pockets of HSA in the case of
[RhCp*(H2O)3]2+ and [RhCp*(dhp)Z] was found to be rapid, which is
typical for the non-covalent interactions. On the other hand, coordina-
tion of protein side chains such as His (His242 at site I) or Tyr
(Tyr411, possibly His 464 at site II) [63], located nearby these sites, to
the RhCp* fragment is quite probable. Additionally coordination of
more accessible e.g. surface donors of the protein may be responsible
for the formation of the ternary RhCp*–ligand–HSA complexes. The
metal ion in the RhCp*–HSA system can be also bound by other
exposed residues considering the high number of binding sites.
Coordination preferences for His, Met and Cys residues are suggested
for Ru(II/III) complexes [64,65]. Tyr residue of peptides has been
recently shown to coordinate to RhCp* via η6 bonding mode [66].
Interactions of [Ru(II)(η6-p-cymene)(en)Cl]+ with HSA were investi-
gated by W. Hu et al. and binding to surface His (128, 247, 510), Met
(298) and to the free thiol Cys34moietieswas described [64]. Therefore,
studies on interactions with some selected model compounds, namely
N-MeIm, N-ACMe, N-AM (Chart 3), representing the functional groups
Fig. 10. Selected regions of the 1H NMR spectra of [RhCp*(bpy)Z]–N-MeIm (1:1), [RhCp*(H2O)
7.4. Regions of bpy and N-MeIm protons (a), methyl protons of N-MeIm (b), and Cp* methyl
[RhCp*(bpy)Z], B: N-MeIm. {cN-MeIm = cRhCp⁎ = cbpy = 0.75 mM; T = 25 °C; pH= 7.4 (PBSʹ buf
of potential protein residues (His, Cys and Met, respectively) were per-
formed by 1H NMR spectroscopy. Reference spectra were recorded for
the RhCp* complexes of dhp, en, bpy, for the model compounds in the
absence and in the presence of [RhCp*(H2O)3]2+ to identify the species
formed in the RhCp*–bidentate ligand–model compound (1:1:1) terna-
ry systems. Representative 1HNMR spectra for the RhCp*–bpy–N-MeIm
system are shown in Fig. 10.

Interaction between [RhCp*(H2O)3]2+ and themodel compounds at
1:1 molar ratio took place fast, and the equilibrium was reached within
1 h. 100%, 16% and 80% of RhCp* were bound to N-MeIm, N-ACMe, N-
AM, respectively (Fig. S13). Notably, RhCp* is in at least three kinds of
chemical environment in the presence of equimolar N-MeIm
(Fig. 10.c), while two different signals are assigned to the methyl pro-
tons of the model compound suggesting the formation of various
types of binary complexes most probably as in the case of [Ru(II)(η6-
p-cymene)] [67]. Surprisingly, only a low fraction of binary complexes
was formed with the Cys model, N-ACMe, although strictly anaerobic
conditions were used to exclude atmospheric oxidation. Interaction be-
tween the dhp complex and the amino acidmodelswas found to be fast,
while the equilibrium was reached much slower with the (N,N) donor
containing complexes, thus 24 h incubation period was generally
used. Formation of ternary complexes could be detected undoubtedly
with the aid of the reference spectra in most cases besides the binary
species.When the original ligandwas replaced by themodel compound
the liberation of the free ligand could be observed. The integrated areas
of the CH3 (Cp*) protons belonging to the various ternary and binary
complexes (Fig. S13) were calculated to obtain the distribution of
RhCp* species (Table 2). The distribution in the ternary systems varies
with the type of the original ligand and the model compound. N-
MeIm forms the highest amount of ternary adducts and also efficiently
3]2+ – N-MeIm (1:1) systems, [RhCp*(bpy)Z] and [RhCp*(H2O)3]2+ for comparison at pH
protons (c). Symbols for the identified compounds: MAB: [RhCp*(bpy)(N-MeIm)], MA:
fer); incubation time = 24 h; 10% D2O; Z = H2O or Cl−}.
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replaces the original ligands. Notably, the dhp complex could not retain
its original entity in the presence of N-MeIm and N-AM. Based on these
findings the RhCp* affinity order is the following: N-MeIm≫N-AM NN-
ACMe, thus His(N) ≫ Met(S) N Cys(SH).

4. Conclusions

The rational design of metallodrugs requires detailed studies on their
solution behavior, physicochemical properties affecting the pharmacoki-
netics including their affinity towards endogenous bioligands. This kind
of information may help to predict and control the fate of pharmaceuti-
cals in biofluids. The main objective of this work was to characterize
the solution speciation and albumin binding properties of RhCp*
complexes of two (N,N) donor ligands (bpy and en) in comparison
with biologically more active complexes containing (O,O) donor set.
Stoichiometry and stability of RhCp* complexes of en and bpy were de-
termined in aqueous solution via a combined approach using pH-
potentiometry, 1H NMR spectroscopy, and UV–vis spectrophotometry
in the absence and presence of chloride ions. RhCp* forms prominently
high stability complexes with bpy and en. [RhCp*(L)Z] (Z=H2O/Cl−)
species predominate at physiological pH, and based on the stability con-
stants their decomposition cannot occur even at low micromolar con-
centrations. Moreover, mixed hydroxido species [RhCp*(L)(OH)]+ are
formed only in the basic pH range. Additionally, the structure of the com-
plex [RhCp*(en)Cl]ClO4 was characterized in solid state by single-crystal
X-ray diffraction analysis. [RhCp*(bpy)Z] possesses higher stability at pH
7.4 than [RhCp*(en)Z], and their stability considerably exceeds that of
the hydroxypyr(idin)one complexes with (O,O) donor sets. Chloride
ions act as competitive ligands and are able to suppress the formation
and the hydrolysis of [RhCp*(L)Z] complexes to some extent. H2O/Cl−

co-ligand exchange equilibrium constants for the [RhCp*(L)(H2O)]+

complexes of en and bpy were also determined, and both retained the
chloride at the third coordination site to a much higher extent than the
organometallics with the respective bidentate O-donor ligands. This
strong chloride ion affinity contributes most probably to the diminished
antiproliferative effect of the studied complexes with (N,N) donor set
and to the decreased catalytic activity of the bpy complex.

Since binding of metallodrugs to the blood transport protein HSA has
a profound influence on the biodistribution, interaction of HSA with the
RhCp* complexes of en, bpy and the (O,O) donor dhp was investigated.
A panel of methods comprising 1H NMR spectroscopy, ultrafiltration/
UV–vis and spectrofluorometry was applied involving fluorescent site
markers (WF, DG) and amino acid side chain models. The interaction
betweenHSAandRhCp* or its dhp complex reaches quite fast the equilib-
rium, while binding of the en and bpy complexes was considerably
slower. The organometallic fragment RhCp* is able to bind on at least 8
sites involving binding events at sites I and II based on the results of Trp
quenching and site marker displacement reactions. The extent of the
binding of the dhp complex on these sites is similar to the free RhCp*,
and according to the results of 1H NMR spectroscopic and ultrafiltration
measurements the complex decomposes at low excess to the protein,
and free ligand is liberated upon interaction with the protein. These re-
sults indicate that theprotein interactions take place via coordination (co-
valent) bonds. Formation of ternary complexes without Rh-dhp bonds
cleavage is probable by binding to side chains of the protein at the third
coordination site beside the dissociative mechanism at elevated excess
of the complex. In the case of the more stable (N,N) donor-based com-
plexes binding of 4–5 complexmolecules per protein is feasible, although
not at sites I and II. In addition, the en and bpy complexes donot lose their
original ligands upon HSA binding. Similarly to organoruthenium com-
plexes, the interaction of RhCp* complexes to the imidazole nitrogen of
His is preferred compared to other amino acids. Ternary protein adducts
are formed most probably by the coordination of His at the third coordi-
nation site of the RhCp* complex. In contrast, the (O,O) chelate is lost
upon interaction with HSA, enabling the RhCp* fragment to bind cova-
lently into the deep hydrophobic pockets of sites I and II.
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