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ABSTRACT: The known paddlewheel, tetrakis(acetato)-
chloridodiruthenium(ILIIT), offers a versatile synthetic route
to a novel class of antitumor diruthenium(ILIIT) metallo drugs,
where the equatorial ligands are nonsteroidal anti-inflamma-
tory carboxylates. This complex was studied here as a soluble
starting prototype model for antitumor analogues to elucidate
the reactivity of the [Ru,(CH;COO),]* framework. Thermo-
dynamic studies on equilibration reactions for axial sub-
stitution of water by chloride and kinetic studies on reactions
of the diaqua complexes with the amino acids glycine, cysteine,
histidine, and tryptophan were performed. The standard
thermodynamic reaction parameters AH®, AS°, and AV°® were
determined and showed that both of the sequential axial
substitution reactions are enthalpy driven. Kinetic rate laws
and rate constants were determined for the axial substitution
reactions of coordinated water by the amino acids that gave the
corresponding aqua(amino acid)—Ru, substituted species. The
results revealed that the [Ru,(CH;COO),]" paddlewheel
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framework remained stable during the axial ligand substitution reactions and was also mostly preserved in the presence of the

amino acids.

etal—metal multiple bonded tetracarboxylates of the

form [Ru,(RCOO),(L),]"" (L = Lewis base or anion, x
=0, 1, 2) have sparked growing interest in both theoretical and
experimental fields during the last years." These compounds
typically adopt a paddlewheel geometry in which each
carboxylate bridges two metal atoms in equatorial positions
and the ligand L occupies the axial positions. The first syntheses
were reported in 1966, and insight into the structures was
gained in 1969 when the crystal structure of
[Ru,(C,H,CO0),Cl] was published by Cotton and co-
workers,> providing the first evidence for a strong Ru—Ru
bond with a bond order of 2.5 and a short bond distance of
2.281(4) A. The [Ru,(RCOO),]* paddlewheel complexes have
a Ru,(ILIIT) mixed-valence core (better represented by [Ru,]>*
since the two metal centers have been found to be equivalent)
and a &?7*8* (6%7*)? ground state electronic configuration.
The unusual stability of the oxidation state was attributed to the
accidental near-degeneracy of the two highest lying occupied
molecular orbitals (7* and &*) with three unpaired electrons
and a high spin state (S = 3/2)."* The unique electronic
structure and physical properties are responsible for the
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growing ex}l)ansion of the field of these and analogous
compounds. > Potential applications com})rise a wide variety
of areas such as antitumor metallo drugs,®” porous materials,®’
catalysts,”' and supramolecular architectures'" to develop new
materials with mesogenic,12 magnetic,13 and electronic'*
properties.

The paddlewheel framework of the [Ru,(CH,COO),Cl]
dimer is shown in Figure 1. In the solid state, both axial
positions are occupied by chloride ligands that axially bridge the
dimetal units to give extended polymeric chains. In solution,
the axial positions can be occupied by solvent molecules." The
tetrakis(acetato)chloridodiruthenium(ILIIT) complex and ana-
logues such as the butanoato derivative are important synthetic
precursors since the substitution of the bridging carboxylates
offers a versatile route to novel [Ru,]’* complexes with
different carboxylates or other types of bridging ligands. In
addition, the axial chlorido ligands can be removed upon
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Figure 1. Structure of the dimeric unit [Ru,(CH;C0O0),Cl].

reaction with silver salts, leaving both of the axial positions of
the dimetal unit available for coordination by solvent molecules,
and these can further be substituted by neutral O-, N- or S-
donor ligands such as dimethylsulfoxide,'> N-heterocyclic
bases,'® urea,'” and tetrahydrothiophene,'® to form new axially
substituted compounds." The majority of the investigations,
however, report structural studies, whereas information on
reactivity and kinetics has not received much attention for this
class of compounds.'

Our group is interested in the chemical and biological
properties of diruthenium(ILIII) complexes. We have suc-
ceeded in using the precursor [Ru,(CH;CO0),Cl] to prepare
a novel class of metallo drugs of the form [Ru,(dNSAID),Cl],
dNSAID = deprotonated nonsteroidal anti-inflammatory drug,
which shows interesting anti-inflammatory'® and antitumor
properties.””?" The Ru,(IL,II1)-dNSAIDs and also a
Ruz(II,HI)—(]/-linoleniccarboxylato)7’22 drug were found to
inhibit proliferation of the rat glioma C6 cell that is a model
for the malignant brain tumor glioblastoma multiforme.
Investigation of cellular response and signaling pathways
showed that their antitumor activity might involve the
mechanism of apoptosis.”>**

In general, in a physiological environment, metal complexes
can undergo a variety of reactions and ligand substitution is one
of the most important. The role of these reactions on the
biological activity depends on the thermodynamic and kinetic
behavior of the metal complex.”® The exchange of chlorido
ligands for water molecules (aquation) was found to be an
important step for the biological activity of the ruthenium drug
candidate NAMI-A, (Him) trans-[RuCl,(dmso)(im)], im
imidazole.”* Hydrolysis involving water/chloride substitution is
also a key reaction for the action of the antitumor cisplatin in
clinical use.”®> The interactions of metal-metal bonded
antitumor active compounds, in particular of dirhodium
complexes, with DNA fragments and DNA have been
investigated.”® Antitumor metal-based dru§s can interact with
several other potential biomolecule targets””*® such as human
serum albumin (HSA) and transferrin which might also play an
important role in the biological activity of ruthenium drugs.
The majority (80—90%) of ruthenium species in the blood-
stream have been found to bind HSA.*”*’ This protein
accumulates in tumor tissues and has also been investgated as
the carrier conjugate of anticancer ruthenium drugs.3 Trans-
ferrin was found to play an important role in the mode of
action of the ruthenium drug candidate KP1019, (Hind) trans-
[RuCl,(ind),], ind = indazole.*®**" Preliminary studies on the
interactions of Ru,-dNSAIDs with plasma proteins, performed
in our laboratories, have shown that Ru,-ibuprofen interacts
with HSA.>!
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Here we report studies on the thermodynamics of axial
ligand substitution reactions and on the kinetic reactivity
toward amino acids for the tetrakis(acetato)chlorido-
diruthenium(ILIII) complex. Since this synthetic precursor is
more soluble than the corresponding Ru,-dNSAIDs derivatives,
the [Ru,(CH;COO0),]" framework has been selected as a
starting prototype model for the [Ru,(dNSAID),]" paddle-
wheel analogues.

B EXPERIMENTAL SECTION

Materials. All chemicals used were of analytical-reagent grade and
of the highest purity commercially available. RuCl;-nH, O, LiCl, AgPF,,
and the amino acids glycine (gly), cysteine (cys), tryptophan (trp),
and histidine (his) were purchased from Aldrich. Acetic anhydride and
glacial acetic acid were purchased from Merck. For all preparations of
aqueous solutions, deionized water was used.

Synthesis of [Ru,(CH3;C0OO0),Cl]. The compound was prepared by
modification of a reported procedure.32 RuClynH,0 (520 g) was
dissolved in a previously distilled mixture of acetic anhydride (12 mL)
and glacial acetic acid (45 mL) to which anhydrous lithium chloride
(0.53 g) was added. The solution was stirred under an oxygen
atmosphere at ~60 °C for 24 h. The brown solid was separated by
filtration, washed with acetone, and dried in a vacuum desiccator over
phosphorus pentoxide. Yield, 80%. Anal. calc. for CgCIH;,O4Ru,: C,
20.2; H, 2.5%. Found: C, 20.0; H, 2.4%. Magnetic measurements (He
3.9 jip) and FTIR data (main bands: y(cop), 1402 cm™ Vy(coo) 1446
cm™") were in agreement with data reported before."®

Solutions of Diaqua-Ru, Species. The [Ru,(CH,C00),Cl]
compound was dissolved in water, the chloride ions were stoichio-
metrically precipitated with AgPF, and the solid AgCl was filtered off.
The filtrate containing [Ru,(CH;C0OO0),(H,0),]* species showed a
pH of 5.0.

Instrumentation and Measurements. Characterization of
[Ru,(CH3COO0),Cl]. Elemental analyses were performed on a Perkin-
Elmer CHN 2004 Elemental Analyzer, Institute of Chemistry,
University of Sio Paulo. A Fourier-Transform Infrared (FTIR)
spectrum (4000—400 cm™") of solid dispersed in KBr was registered
on a Bomen MB-102 spectrophotometer coupled to a diffuse
reflectance accessory (Pike Technologies Inc.). Molar magnetic
susceptibility was measured on powdered samples at room temper-
ature by the Faraday method.*

Thermodynamic Studies on the Axial Substitution Reaction for
the Diaqua-Ru, Species: Determination of Equilibrium Constants.
Spectra were recorded on a Shimadzu UV 250 spectrophotometer at
ambient pressure and 25 °C. Aqueous solutions of NaCl (from 0.10 to
0.40 mol L™', pH adjusted to about 5) were mixed with solutions of
the diaqua-Ru, species (1 mmol L™, pH 5.0) in a tandem cuvette, and
the equilibrium constant K, was determined by monitoring the
absorbance changes at 440 nm. A similar procedure was followed for
the equilibrium constant K, for 0.1 to 2.0 mol L™! NaCl by monitoring
absorbance changes at 455 nm.

Determination of Thermodynamic Standard Reaction Parame-
ters. The equilibrium reactions were monitored as function of
temperature to calculate the standard reaction enthalpy (AH®) and
entropy (AS°), and also as a function of pressure to calculate the
standard reaction volume (AV®).** Absorbance changes in the
temperature range 10—49 °C were monitored for two separate
solutions of the diaqua-Ru,species (1.0 mmol L") to which an excess
of chloride, 100 and 500 mmol L™}, was added. Spectra were recorded
on a Shimadzu Model UV-2101 PC UV-vis spectrophotometer
equipped with a thermostatted cell holder. Absorbance changes in the
pressure range S—150 MPa at 28 °C were monitored for two separate
solutions of the diaqua-Ru,species (0.5 mmol L™") to which an excess
of chloride, 50 and 250 mmol L™/, was added. Spectra were recorded
on the Shimadzu Model UV-2101 PC UV—vis spectrophotometer
equipped with a custom-built high pressure cell and the use of a quartz
pill-box cuvette.’* Calculation of equilibrium constants at different
temperatures and pressures were based on changes in absorbance by
considering the following values of the molar extinction coefficients, &
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Figure 2. Spectra and corresponding plots of absorbance change versus chloride concentration for the subsequent addition of excess chloride relative
to the starting diaqua-Ru, solution (1.0 X 10~ mol L™!, pH 5.0): (a) 0—90-fold excess of chloride; (b) 50—300-fold molar excess of chloride.

(mol™" L em™), for the diaqua-Ru,, aqua(chlorido)-Ru,, and
dichlorido-Ru, species, respectively: 755, 563, 39S (at 423 nm); 748,
635, 485 (at 429 nm); 717, 680, 549 (at 434 nm); 659, 711, 608 (at
440 nm); 609, 720, 646 (at 445 nm); and 550, 710, 665 (at 450 nm).

Kinetic Studies on Reactions with Amino Acids. Kinetic
measurements on slow reactions were performed on Shimadzu UV-
2101 PC (for gly and his) or Shimadzu UV-1650 PC (for trp)
spectrophotometers both equipped with thermostatted cell holders.
Solutions of [Ru,(CH,C0O0),(H,0),]* and amino acids (1 mL of
each) were mixed in a tandem cuvette and spectra were recorded.
Kinetic measurements on fast reactions (for cys) were performed by
injecting both solutions directly in an Applied Photophysics SX 18MV
stopped-flow instrument. The temperature of the instruments was
controlled throughout all kinetic experiments to an accuracy of 0.1 °C.
Acetate buffer (0.02 mol L™) was used to maintain pH 5.0. The
conditions for the reactions with the amino acids (aa) were as follows.
Glycine: (a) spectra were monitored for the time ranges 0 —1 h and 1—
10 h, 7.0 X 10™* mol L™ Ru, complex, and 3.5 X 10~ mol L™ aa, pH
5.0, 25 °C; (b) kinetic traces were followed at 545 nm, 4.0 X 10™* mol
L™ Ru, and (8—32) X 107 mol L™" aa, pH 5.0, 25 °C. Cysteine: (a)
spectra were monitored for the time ranges 0—1, 1—30, and 40—500 s,
2.0 X 107" mol L™! Ruy, and 2.0 X 107 mol L™ aq, pH 5.0, 25 °C; (b)
kinetic traces were followed at 354 nm, 1.0 X 10™* mol L™! Ru,, and
(1.0—-4.5) X 10~ mol L™ aa, pH 5.0, 10 °C; (c) kinetic traces were
also followed at 460 nm, 1.0 X 10™* mol L™ Ru,, and (2.0—20.0) X
107 mol L' aa, pH 5.0, 25 °C. Tryptophan: (a) spectra were
monitored for the time range 0—300 s, 2.0 X 10™* mol L™' Ru,, and
8.0 X 107 mol L™ aa, pH 5.0, 25 °C; (b) kinetic traces were followed
at 545 nm, 2.0 X 10~ mol L™ Ru,, and (2.0—16.0) X 107> mol L™
aa, pH 5.0, 25 °C. Histidine: (a) spectra were monitored for the time
range 0—300 s, 2.0 X 10™* mol L™' Ru,, and 8.0 X 107> mol L™" ag,
pH 5.0, 25 °C; (b) spectra were also followed for the time ranges 0—
10 and 0—1200 s, 2.0 X 10™* mol L™! Ru,, and 20.0 X 107> mol L™!
aa, pH 4.3, 25 °C; (c) kinetic traces were followed at 545 nm, 2.0 X
107* mol L™ Ru,, and (5.0-20.0) X 107> mol L™ ag, pH 5.0, 25 °C.
In all experiments, the amino acids were at least in a 10-fold molar
excess with respect to the Ru, complex. The reported pseudofirst-
order rate constants were calculated based on the average values of at

6617

least three independent kinetic measurements. The observed rate
constants (k) were calculated based on kinetic traces which were
fitted to single or double exponential functions obtained by using
OriginPro8 (Originlab Corporation) software (examples of kinetic
traces and equations are shown in the Supporting Information).

B RESULTS AND DISCUSSION

Electronic spectra of [Ru,(R,COO0),Cl] paddlewheel com-
plexes show bands in the UV (250—350 nm), visible (420—480
nm), and NIR (900—1200 nm) regions."**>*® Two intense
UV bands at ~220—350 nm are proposed to have a strong
contribution of a LMCT ¢ — o¢* electronic transition
supported by a significant red shift on exchanging axial chloride
for other X halide ligands such as bromide and iodide in
[Ru,(RCOO),X,]~ species.*® The visible band is assigned to
the 7(Ru—0) — 7*(Ru,) electronic transition, while the low
intensity NIR band is attributed to the §(Ru,) — §%(Ru,)
transition. The A, of the visible transition is fairly dependent
on the nature of the coordinating axial ligand. The transition is
detected at A, ~ 470 nm for solid polymeric species and
approximately the same value is found for the anionic
dichlorido-Ru,, [Ru,(RCO0),Cl,]~, chromophore in solution
containing excess chloride ions. In noncoordinating solvents
such as CH,CL,, the band shifts to higher energy (~450 nm)
due to the presence of the solvent-chlorido-Ru,,
[Ru,(RCOO),CI(Sol)], main chromophore. In coordinating
and polar solvents such as MeOH, the shift (~430 nm) is more
significant due to the predominance of the cationic disolvent-
Ru,, [Ru,(RCOO),(Solv),]*, main chromophore. TDDFT
(Time Dependent Density Functional Theory) and TDDFT-
PCM (Polarized Continuum Model) calculations for
[Ru,(RCOO),CL]~ in vacuum and in acetonitrile, respec-
tively,”” agree with previous assignments® that the band at
~470 nm shifts to higher energy in solution. Therefore,
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equilibration reactions of axial substitution play an important
role in the chemical behavior of these complexes.

Thermodynamic Studies on the Axial-Substitution
Reaction for Diaqua-Ru, Species. The first part of the
thermodynamic studies was the reinvestigation of the two
successive equilibration reactions 1 and 2 with the determi-
nation of the equilibrium constants (K,y) for the first (K;) and
second (K,) axial substitutions of [Ru,(CH,COO),(H,0),]*
in the presence of chloride ions. Spectrophotometric titrations
by addition of increasing concentrations of chloride to diaqua-
Ru, solutions were performed to follow the changes in
absorbance (A,,) of the visible band assigned to the 7z(Ru—
0O) - 7*(Ru,) transition. In the first experiment, the addition
of chloride from a Ru,:Cl™ molar ratio of 1:0 to 1:90 was
accompanied by a band shift from 425 to 435 nm that indicated
the axial substitution of one water molecule by the chloride
(Figure 2). The presence of two isosbestic points (at 359 and
428 nm) gave evidence for the first equilibrium between the
cationic diaqua-Ru, and the neutral aqua(chlorido)-Ru, species
represented by eq 1. In the second experiment, a starting
solution containing predominantly the aqua(chlorido)-Ru,
species was prepared by addition of a 50-fold molar excess of
chloride over diaqua-Ru, and spectral changes were followed
from a Ru,:Cl™ ratio of 1:50 by subsequent addition of chloride
up to a 300-fold molar excess of chloride. The visible band
shifted from 435 to 445 nm, suggesting the axial substitution of
the second water molecule to give the anionic dichlorido-Ru,
complex. The existence of two novel isosbestic points (at 375
and 431 nm) gave evidence for the second equilibrium
represented by eq 2.

[Ru,(CH;C00),(H,0),]" + CI”

K
= [Ru,(CH,CO0),CI(H,0)] + H,0

(1)
[Ru,(CH,CO0),CI(H,0)] + CI”
2 [Ru,(CH,CO0),CL,]” + H,0 2

The values of the equilibrium constants K; and K, were
calculated according to eq 3, where A, and A, represent the
initial and final absorbance, respectively, and A, is the
absorbance value at any chloride concentration.

Ax = Ao + {(Aoo - A0)1<eq[C1 ]}/{1 + I<eq[C1 ]} (3)

Linear plots of the change in absorbance (A, = A, — 4A,) as
function of chloride concentration were obtained and allowed
the calculation of the equilibrium constants K; (at 440 nm) and
K, (at 455 nm). The calculated values (see Table 1) are 18 + 1
mol™ L (K;) and 3.5 + 0.2 mol™' L (K,), which are in close
agreement with those reported before, viz. 15 + 1 mol ™' L (K,)
and 3.7 + 0.3 mol™' L (K,) that were calculated from
absorbance measurements at 290 nm and 25 °C.*” The
equilibrium constant for reaction 1 is about 5-fold higher than
that for reaction 2 and indicates that substitution of the first
water molecule by chloride to form the neutral aqua(chlorido)-
Ru, species is more favorable than the second substitution
process.

The effect of the temperature, from 10 to 49 °C, on reactions
1 and 2 was followed by spectral monitoring (Figure 3) to
calculate the standard reaction parameters AH® and AS°. To
study equilibrium 1, the starting solution was prepared to have
a 100-fold molar excess of chloride over the diaqua-Ru,
complex to guarantee the predominance of the aqua-
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Table 1. Equilibrium Constants (K) and Standard Reaction
Parameters for Reactions 1 and 2 That Involve Axial
Substitution of Water by Chloride in Diaqua-Ru,

parameter reaction 1 reaction 2
Ksecy (mol™ L) 18+1 35+02
Kpgecy (mol™ L) 18 + 1 33 + 047
Kigocy (mol™ L) 18 +1° 32+ 04°
Kgocy (mol™' L) 17¢ 3.2°
AH® (k] mol™") —87 £ 0.5 —114 + 05
AS°® (J K™ mol™) -5+2 -28+2
AVygecy (em® mol™) —12+2 —10.0 + 0.8

“Calculated from the Gibbs—Helmholtz equation. Based on the
intercept from the pressure data. “Based on the lowest pressure data at
0.1 MPa.

(chlorido)-Ru, species. The intensity of the band at 435 nm
decreased as the temperature was increased, suggesting that at
higher temperatures equilibrium 1 shifts in the backward
direction to transform the aqua(chlorido)-Ru, species back into
the diaqua-Ru, species. For equilibrium 2, the starting solution
had a 500-fold molar excess of chloride over the diaqua-
Ru,species to guarantee the predominance of the dichlorido-
Ru, species. The intensity of the band at 445 nm also decreased
on increasing temperature, suggesting that at higher temper-
atures equilibrium 2 shifts in the reverse direction to transform
the dichlorido-Ru,species back into the aqua(chlorido)-Ru,
species. Linear plots of R In K, versus 1/T (Figures Sla and
S1b, Supporting Information) enabled the calculation of AH®
and AS° (see Table 1) from the slope and intercept,
respectively, according to eq 4.

RIn K., = (-AH®/T) + AS° (4)

The pressure dependence of the equilibrium constants was
studied at pressures from S up to 150 MPa at 28 °C. To study
equilibrium 1, the starting solution had a 100-fold molar excess
of chloride over the diaqua-Ru, species to guarantee the
predominance of the aqua(chlorido)-Ru, species. The intensity
of the band at 430 nm slightly increased with increasing
pressure. For equilibrium 2, the starting solution had a 500-fold
molar excess of chloride over the diaqua-Ru, species to
guarantee the predominance of the dichlorido-Ru, species. The
intensity of the band at 440 nm also showed a slight increase
with increasing pressure. The increase in the intensity of the
band at 430 nm on increasing pressure suggests that at higher
pressures equilibrium 1 is shifted in the forward direction to
transform the diaqua-Ru, species into aqua(chlorido)-Ru,
species. The intensity of the band at 440 nm also increased
on increasing pressure, suggesting that at higher pressures
equilibrium 2 also shifts in the forward direction, to transform
the aqua(chlorido)-Ru, species into the dichlorido-Ru, species.
Linear plots of R In K, as function of pressure (Figures Slc
and S1d, Supporting Information) were obtained and showed
that the values of both equilibrium constants 1 and 2 increase
on increasing pressure. The plots enabled the calculation of
AV® (see Table 1) from the slope according to eq S.

In Kgoc) = —(AV°P/RT) + constant (s)

On the basis of the standard reaction parameter values
summarized for reactions 1 and 2 in Table 1, some conclusions
can be proposed. Both equilibrium shift in the backward
direction on increasing temperature, what is typical for
exothermic reactions for which AH° has negative values.
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Figure 3. Spectral changes for temperature dependence (10—49 °C) of diaqua-Ru, solution (1.0 X 107 mol L™") with: (a) 100-fold molar excess of
chloride; (b) 500-fold molar excess of chloride. Spectral changes for pressure dependence (5—150 MPa) of diaqua-Ru, solution (5.0 X 107* mol
L™") with: (c) 100-fold molar excess of chloride; (d) 500-fold molar excess of chloride.

Therefore, both of the subsequent axial substitution reactions
of water for chloride are enthalpy driven. Reaction 2 is slightly
more enthalpy-driven than reaction 1, which is consistent with
the formation of the stronger ruthenium-axial bonds that would
be expected for coordination of ruthenium to chloride in
comparison with coordination to water. AS® has negative values
indicating that both reactions 1 and 2 are not entropy driven.
On increasing pressure both reactions 1 and 2 shift in the
forward direction. This can be explained by a decrease in the
partial molar volume of the products on the axial substitution of
water by chloride. The more negative value of AS® found for
reaction 2 can be ascribed to the increase in electrostriction of
the solvent shell during the formation of the dichlorido
complex.

The values for K; and K, calculated from the Gibbs—
Helmholtz equation for 28 °C were 18 and 3.3, respectively.
On the basis of the intercept from the pressure data, K; and K,
values were found to be 18 and 3.2, respectively, and based on
the lowest pressure data (0.1 MPa), the K; and K, values are 17
and 3.2, respectively (see Table 1). It follows that the pressure
dependent data are in very close agreement with the
temperature dependent data extrapolated to 28 °C.

Kinetic Studies on Reactions with Amino Acids. Prior
to the kinetic studies performed for reactions with a series of
amino acids, we also tried to study the reaction of diaqua-Ru,
with chloride, i.e. reactions 1 and 2. However, the reaction is
too fast for stopped-flow measurements even at lower
temperatures, and occurs within the mixing time of the
instrument. This is due to the high concentration of chloride
that is required because of the unfavorable equilibrium position
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(and small absorbance changes) associated with this reaction.
The reaction would in principle be slower at lower chloride
concentrations, but then the absorbance changes are too small
to measure. Similar observations were reported in the
literature.>” The reactions with the amino acids were in general
found to be much slower and could be studied at lower
concentrations, such that there were no further complications.
Reaction with Glycine. The kinetic results for the reaction of
diaqua-Ru, with glycine are shown in Figure 4. The solution of
the diaqua-Ru, species was mixed with a 50-fold molar excess of
glycine and spectral changes were monitored as a function of
time. During the first hour of the reaction, the band at 425 nm
shifted to lower energy and decreased in intensity, while a new
band appeared at 540 nm. The deconvolution of the spectrum
(Figure S2, Supporting Information) recorded at the end of 1 h
of the reaction suggested that the band at 423 nm was still
present while two new visible bands, at 465 and 540 nm, could
be assigned to a new chromophore. The observed kinetic traces
fitted to a single exponential function, and the plot of the
observed rate constant (k) (see Table S1, Supporting
Information) as function of the glycine concentration fitted
to eq 6 to give the rate constants k; = (1.95 + 0.09) X 107>
mol™' L s™' and k_; = (1.7 + 0.2) X 107* s™* (see Table 2).

kobs = kl[gly] + k—l (6)

The linear increase in both k,,, and the observed absorbance
change at 545 nm with increasing glycine concentration, which
can also be seen from the observed kinetic traces on increasing
the glycine concentration, indicates the occurrence of a
reversible reaction. The reversible reaction is suggested to be

dx.doi.org/10.1021/ic300168t | Inorg. Chem. 2012, 51, 6615—6625
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range 0—1 h, 25 °C, pH 5.0. (inset) Kinetic trace at 545 nm. (b)
Kinetic traces recorded for diaqua-Ru, (4.0 X 10~ mol L™") solution
with different concentrations of glycine at 545 nm, 25 °C, pH 5.0. (c)
Glycine concentration dependence of k, for diaqua-Ru, (4.0 x 107*
mol L") solution with different concentrations of glycine, 545 nm, 25
°C, pH s.0.

related to the axial substitution of water in the diaqua-Ru,
species to form the aqua(gly)-Ru, species as the main product.
The overall equilibrium constant, K; = k;/k_,, was calculated to
be (1.1 £+ 0.2) X 10> mol™! L.

The subsequent spectral changes observed during 1—-10 h of
the reaction (Figure S3, Supporting Information) are suggested
to present a second step that involves the slow decomposition
of the aqua(gly)-Ru, species. Deconvolution of the final
spectrum (Figure S4, Supporting Information) indicated an
intensity decrease of the bands at 465 and 540 nm and showed
that the band at 423 nm is still present even after 10 h reaction
time, which suggests that a considerable amount of the diaqua-
Ru, species still remained in solution and did not react with the
amino acid. This is in agreement with the reversibility of the
first reaction step as discussed above. The overall reaction
scheme is summarized in reactions 7 and 8.
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Table 2. Kinetic Data for the Reaction of Diaqua-Ru, with
Different Amino Acids at 25 °C“

amino acid rate constant (k) equilibrium constant
glycine k; = (1.95 + 0.09) x 107> K; = (L1 + 0.2) X 10?
L mol™!s7! L mol™!
koy= (17 £02) x 107457
cysteine k = (6.5 +0.1) x 10° K, = (1.3 £ 0.5) x 10*
L mol™! s7! L mol™
k.y=05+02s"
Klk% = (4.6 £ 0.5) x 10° KK, = (5.1 £ 09) x 10°
L* mol™? s7! L? mol™
ko, = (892 +0.01) X 1072s7!
tryptophan  k; = (49 + 0.2) x 1072 K, =(14 + 0.1) x 107
L mol™! s7! L mol™
ko= (34+02) x 107*s™
histidine =(25+0.1) x 10° KK, = (82.7 + 0.4) X 10°

K,
I]j% mol 2
k_, = (2.86 +£0.01) X 10™*s7!

ky =47 + 0.1 L mol™"s7!

s L mol™

“Except for the first reaction step with cysteine at 10 °C.

[Ru,(CH,C00),(H,0),]" + *H,NCH,COO"
ky
k:: [Ru,(CH,C00),(H,0)(H,NCH,C0O0)] + H,0"
-1
(7)

[Ru,(CH,COO), (H,0)(H,NCH,COO0)]

slow
— decomposition products

(8)

Glycine has two available sites to coordinate to metal ions,
viz. the carboxylate (COO) and the amine (NH,) groups. Since
the pK, values are 2.34 and 9.58 for the carboxylic acid and the
amino moieties,”® respectively, the carboxylic acid group is
mainly deprotonated at pH S5, whereas the amino group is
mainly protonated, and glycine is mostly present in the neutral
*H;N—CH,—COO~ form. Therefore, the reversible reaction 7
involves coordination of glycine to the ruthenium center via the
carboxylate group. However, the appearance of new visible
bands led us to also consider coordination of glycine through
the nitrogen atom. This possibility cannot be ruled out and a
possible explanation might be an intramolecular linkage
isomerization from COO— to —NH,. Once glycine coordinates
to ruthenium through the oxygen atom of the carboxylate
group, the pK, value of the NH;" group is expected to decrease,
leaving the nitrogen atom deprotonated and available for
coordination to the metal center. To investigate this possibility,
nonbuffered (initial pH S5.0) solutions of the complex and
glycine were mixed, and the pH was monitored and showed a
steady decrease as a function of time. This result suggests that
the studied reaction lowers the pH of the solution, most
probably due to the release of protons during the coordination
of glycine as shown in reaction 7. Decomposition products
from the slow subsequent reaction 8 could include monomeric
species resulting from disruption of the paddlewheel frame-
work.

Reaction with Cysteine. The kinetic results for the reaction
of diaqua-Ru, with cysteine are shown in Figures S and 6. The
starting solution of diaqua-Ru, was mixed with a 10-fold molar
excess of cysteine and spectral changes were monitored as a
function of time. The spectral changes recorded within the first
second of the reaction showed two new absorption bands at
~350 and 470 nm (Figure S). Subsequent spectral changes
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Inorganic Chemistry

absorbance

01" v T T T T T
300 350 400 450 500 550

2 {nm)

(b)

0.30 1
E | [cys]
ﬁ 0.20 = 1.0 mmolL"
by *  1.5mmolL"
2 4 20mmolL’
8 v 25mmolL?
2 0.10 4 4 3.0mmolL”’
= » 3.5 mmolL"
+ 4.0mmolL?
« 45mmolL!
0 T T T T T T T T T T 1
0 0.10 0.20 0.30 0.40 0.50
time (s)
(c)
304
254
=" 204
2
£ 15+
o
10 4
54
0 - - : r \
0 0.001 0.002 0.003 0.004 0.005

[eys] (mol L)

Figure S. Kinetic studies for the reaction with cysteine. (a) Spectra
recorded after 10-fold molar excess addition of cysteine (2.0 X 1073
mol L™") to diaqua-Ru, (2.0 X 107* mol L") solution during the time
range 0—1 s, 25 °C, pH S.0. (inset) Kinetic trace at 354 nm. (b)
Kinetic traces recorded for diaqua-Ru, (1.0 X 107 mol L™) solution
with different concentrations of cysteine at 354 nm, 10 °C, pH 5.0
(first step). (c) Concentration dependence of k,, (for diaqua-Ru, (1.0
X 107" mol L™") solution with different concentrations of cysteine, 354
nm, 10 °C, pH 5.0.

(Figure SSa, Supporting Information) during the time range 1—
30 s showed a slight intensity increase of the band at ~350 nm
and a shift of the band at 480 nm to smaller wavelengths
(deconvolution of the final spectrum for the first step is shown
in Figure S6, Supporting Information). Following this, during
the time range 40—500 s, the intensity of the band at 480 nm
decreased and an isosbestic point appeared at 450 nm (Figure
SSb, Supporting Information). The kinetics of the first and
second reactions was investigated by stopped-flow technique
under pseudofirst-order conditions. The first faster reaction
could be attributed to axial substitution of one water molecule
in the diaqua-Ru, species by cysteine, whereas the second
reaction could be assigned to the displacement of the second
water molecule. The second reaction is significantly slower than
the first one, even at the highest temperature. The kinetic traces
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Figure 6. Kinetic studies for the reaction with cysteine. (a) Kinetic
traces recorded for diaqua-Ru, (1.0 X 107 mol L") solution with
different concentrations of cysteine at 460 nm, 25 °C, pH 5.0 (second
step). (b) Concentration dependence of k, for diaqua-Ru, (1.0 X
107* mol L™") solution with different concentrations of cysteine, 460
nm, 25 °C, pH 5.0.

were followed as a function of cysteine concentration (for
observed rate constants (k) values; see Table S2, Supporting
Information) at 354 nm and fitted to a single exponential
function. The overall absorbance change and the kinetic
behavior suggest an almost irreversible reaction for which the
rate law is given by eq 9. From the plot in Figure Sc, it follows
that k, = (6.5+0.1) X 10° L mol ™' s and k_, = 0.5+ 02 57!
at 10 °C (see Table 2), with K; = k;/k_; = (1.3 £ 0.5) X 10* L
mol™}, which clearly demonstrates the very efficient formation
of the (aqua)cys-Ru, complex.

kobs = kl[CyS:] + k—l (9)

The kinetic traces recorded for the time range 1-30 s
(Figure 6a) clearly show the formation of an unfavorable
equilibrium which is shifted to the dicysteine complex on
increasing the cysteine concentration. The kinetic traces for this
reaction followed at 460 nm were fitted to a double exponential
function in order to correct for the interference of the first
reaction step. Surprisingly, ks, (see Table S3, Supporting
Information) for the second reaction step showed a square
dependence on the cysteine concentration, and the exper-
imental data could be fitted with the rate law given in (10) as
shown in Figure 6b. The plot of k, versus [cys]” resulted in
koo = (4.6 £ 0.5) X 10* L> mol™* s™% and k¢ = (8.92 & 0.01) X
1072 s7* at 25 °C (Table 2).

kobs = kon[cys]z + koff (10)

The suggested reaction mechanism that can account for the
observed kinetic data is outlined in reactions 11 and 12, where
Hcys represents HSCH,CH(NH;*)COO™ is as follows:
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[Ru,(0,CCH,),(H,0),]" + Hcys

ky
k:*. [Ru,(0,CCH,), (H,0)(cys)] + H,0"

-1 (11)
[Ru,(0,CCH,),(H,0)(cys)] + Hcys

2 [Ru,(CH,COO0),(cys),]” + H,O"

k, (12)

The rate law for the second reaction step based on a steady
state approximation for the intermediate 1:1 complex formed in
reaction 11, is given in eq 13, which reduces to (14) under the
conditions that k,[Hcys] < k_;.

ki, [Heys] + k_k_,

k_, + k,[Hcys] (13)

kops = Kik,[Heys]” + k_, (14)

Equation 14 is in agreement with eq 10 where k., = Kjk, =
(4.6 £0.5) X 10> L> mol > s and k g = k_, = (8.92 + 0.01) X
107 s7h

Cysteine has three possible binding sites for metal ions, viz.
the carboxylate (COO), amine (NH,), and thiol (SH) groups.
The pK, values of these groups are 1.91, 10.28, and 8.14,
respectively. Although the thiol group should be protonated at
pH 5.0, the results suggest that it might be the main binding
site of cysteine because of its strong donor character. Moreover,
the final spectrum is different from that observed for the
reaction with glycine. In a similar way to the reaction with
glycine, the reaction with cysteine might involve an intra-
molecular linkage isomerization from COO-— to —S. The
amino acid binding to ruthenium via the carboxylate anion can
be followed by subsequent coordination of the sulfur to
ruthenium due to a decrease in the pK, value accompanied by
deprotonation of the thiol group.

Reaction with Tryptophan. The kinetic results for the
reaction of diaqua-Ru, with tryptophan are shown in Figure 7.
The starting solution of diaqua-Ru, was mixed with a 50-fold
molar excess of tryptophan. Spectral changes during the first
hour of the reaction showed two new bands at 450 and 540 nm
and a shoulder at 345 nm. Deconvolution (Figure S7,
Supporting Information) of the final spectrum for this reaction
showed the presence of three bands (465, 538, and 630 nm)
that can be ascribed to the new chromophore. However, the
band at 423 nm is still present and suggests that part of the
original diaqua-Ru, species remained in solution. The kinetic
traces recorded at 525 nm (Figure S8a, Supporting
Information) nicely fitted a single exponential function and
clearly showed evidence for an equilibration reaction as seen
from the increase in the final absorbance as a function of the
tryptophan concentration. The plot of the observed rate
constant (k) (see Table S4, Supporting Information) as
function of tryptophan concentration fitted the rate law given in
eq 15, and resulted in k; = (4.9 + 0.2) X 107> mol™' L s™" and
k_y = (3.4 +£0.2) X 107* 57!, from which it follows that K;
ki/k_; = (14 £ 0.1) x 10> mol™ L (see Table 2). These
findings are in agreement with the reaction outlined in 16,
where Htrp represents "H;NC,H,(C;H,NH)COO™.

kobs = kl[trp] + k—l (15)
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Figure 7. Kinetic studies for the reaction with tryptophan. (a) Spectra
recorded after 40-fold molar excess of tryptophan (10 X 107> mol L™")
added to diaqua-Ru, (2.0 X 10™* mol L™") solution during the time
range 0—1 h, 25 °C, pH S5.0. (inset) Kinetic curve at 525 nm. (b)
Kinetic traces recorded for diaqua-Ru, (2.0 X 10~ mol L™") solution
with different concentrations of tryptophan, 525 nm, 25 °C, pH 5.0.
(c) Concentration dependence of k, (for diaqua-Ru, (2.0 X 10™* mol
L") solution with different concentrations of tryptophan, 525 nm, 25
°C, pH 5.0).

[Ru,(0,CCH,), (H,0),]" + Hitrp

kl
k:: [Ru,(0,CCH,), (H,0)(trp)] + H,0"
-1

(16)

Tryptophan also has three possible binding sites for metal
ions: the carboxylate (COO), the amine (NH,), and the indole
(CsH NH) groups. The pK, values of these groups are 2.38 and
9.34,% for the carboxylic and the amino groups, respectively.
The indole group of tryptophan seems to not have a significant
effect on the reaction of the amino acid since the rate of the
first step was only 2.5 times higher than that found for glycine.
However, as for the reaction with glycine, an intramolecular
linkage isomerization from COO— to —NH, cannot be ruled
out.

Reaction with Histidine. The kinetic results for the reaction
of diaqua-Ru, with histidine are shown in Figure 8. The starting
solution of diaqua-Ru, was mixed with a 40-fold molar excess of
histidine. The observed spectral changes suggested the
occurrence of two subsequent reactions. The first reaction is
accompanied by an absorbance decrease of the band at 436 nm
and the appearance of two new bands (~ 350 and 545 nm) and
a shoulder (474 nm). The spectral changes during the
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Figure 8. Kinetic studies for the reaction with histidine. (a) Spectra
recorded after addition of 40-fold molar excess of histidine (8.0 X 1073
mol L™") to diaqua-Ru, (2.0 X 107* mol L") solution during the time
range 0—300 s, 25 °C, pH 5.0. (b) Concentration dependence of k,
(for diaqua-Ru, (2.0 x 107* mol L7') solution with different
concentrations of histidine, 350 nm, 25 °C, pH 5.0) for the fast
reaction. (c) Concentration dependence of kg, (diaqua-Ru, (2.0 X
10~* mol L) solution with different concentrations of histidine, 545
nm, 25 °C, pH 5.0) for the slower reaction.

induction period (~10 s) showed two isosbestic points.
Spectral changes for the second reaction showed a decrease
in absorbance at 545 nm on increasing the histidine
concentration. The kinetics of the reactions was studied at
350 nm for the first reaction (Figure S8b, Supporting
Information) and at $45 nm for the second reaction. The
kinetic traces were fitted to double exponential functions to be
able to separate the two reaction steps (Figure S9, Supporting
Information). Deconvolution (Figure S10, Supporting Infor-
mation) of the final spectrum showed that the band at 423 nm
was still present, which suggests that part of the original diaqua-
Ru, species is still present in solution. A plot of k, (see Table
SS, Supporting Information) versus the histidine concentration
for the fast reaction showed a square concentration dependence
(Figure 8b) with a very small intercept. This behavior can be
accounted for in terms of reactions 17 and 18, where his
represents (H;N,C;)CH,CH(NH,;")COO~, which are similar
to reactions 11 and 12 for the reaction with cysteine. The rate
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law is given in (19) for which Kk, = (2.5 + 0.1) x 10° L?
mol ™ s™'and k_, = (2.86 + 0.01) X 107* s™" from Figure 8b.

[Ru,(0,CCH,), (H,0),]" + his

2 [Ru,(0,CCH,), (H,0) (his)]* + H,0
k_y (17)

[Ru,(0,CCH,), (H,0)(his)]" + his

ky
k\=‘ [Ru,(CH,COO0), (his),]* + H,0
-2

(18)
(19)

The second observed reaction step shows a linear depend-
ence of ky,, (see Table S6, Supporting Information) on the
histidine concentration without a meaningful intercept, which
can be expressed by eq 20, for which ky = 4.7 + 0.1 L™! mol™
s™" based on the plot in Figure 8c. This reaction step is ascribed
to a subsequent decomposition reaction in which histidine
displaces one of the bridging acetate groups.

ks = kylhis]

kobs = Klkz[his]z + k_z

(20)

Histidine also has three possible binding sites for metal ions:
the carboxylate (COQ), the amine (NH,), and the imidazole
(H;N,C,) groups. The pK, values of these groups are 1.70,
9.09, and 6.04,> respectively. Since the nitrogen atom of the
imidazole ring is a strong donor, the imidazole group is the
most probable site for coordination to ruthenium. Moreover,
the pK, value of this group is very close to pH 5.0 and it is
probably fully deprotonated in the reaction medium. The fast
reaction might be attributed to the substitution of the two
coordinated water molecules by histidine via the imidazole ring.
The slow reaction that shows a linear concentration depend-
ence can be attributed to the substitution of one acetate group
by his.

On the basis of the data summarized in Table 2, some trends
for the reaction of tetrakis(acetato)ruthenium(ILIII) with the
amino acids can be observed. The first reaction of the
diruthenium(ILIII) paddlewheel framework with the four
amino acids is reversible and involves axial substitution of
one water molecule by the amino acid. The data suggest that
the coordination of the amino acid to ruthenium occurs via the
carboxylate group, which is also consistent with the fact that
this group is deprotonated at pH 5.0 in contrast to the amino
group. However, spectral evidence show that the reaction with
amino acids is accompanied by the appearance of a new band in
the visible at ~540 nm that could be better assigned to a
chromophore having a Ru—N bond than a Ru—O bond. The
reaction with glycine shows a decrease in pH in nonbuffered
solution, and since the pK, of the amino group will decrease
once it binds to the metal center, we suggest that the first
reaction may be followed by a fast intramolecular linkage
isomerization from COO— to —NH,. A similar COO— to
—NH, isomerization may also occur in the reaction with
tryptophan. In contrast, the reaction with cysteine may involve
an intramolecular linkage isomerization from COO— to —S due
to the presence of the stronger donor thiol group in this amino
acid. This behavior might be supported by the values of the rate
constants k; and k_, for axial substitution involving water and
amino acid exchange in the diruthenium(ILIII) paddlewheel
framework that follows the relative order: cys > trp ~ gly. The
indole group of tryptophan seems to not have a significant
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effect since the rate of the reaction is only 2.5 times higher than
that found for glycine. The kinetics of the reaction with cysteine
is about 10° times faster than the reaction with glycine, which
indicates that the thiol group of cysteine plays an important
role in the reaction. In the reaction with histidine, the nitrogen
atom of the imidazole ring is the most probable site for
coordination to ruthenium. It is also important to mention that
in all cases, a significant amount of the starting diaqua-Ru,
species still remains in solution.

Little is presently known about the intimate nature of the
axial ligand displacement process. This is mainly due to the fact
that no thermal and pressure activation parameters are
presently available for the studied reactions. Our results show
that the reactions with the studied amino acids are significantly
slower than the reaction with chloride, but this could be
partially due to the different concentration range employed in
the latter system. It is claimed in the literature that the reactions
of PCy; and PPhCy, with [Ru,(O,CCH;),(MeCN),]* in
MeCN to form mono- and diphosphane complexes, follow a
dissociative substitution mechanism that is controlled by the
release MeCN.>® The authors observed a linear dependence of
the observed first-order rate constants on the phosphane
concentration for the first reaction step, from which overall
second-order rate constants could be reported. The latter
turned out to be very similar for the different phosphanes
studied, which the authors interpreted as evidence for a
dissociative mechanism.> This conclusion is quite logical and
may indeed be correct, but it should be kept in mind that in
terms of a dissociative mechanism, the second order rate
constant is a composite value of rate constants for the release
and binding of MeCN, and for the binding of the phosphane to
the coordinatively unsaturated intermediate. As a result, the
interpretation of the rate constants and the corresponding
thermal activation parameters becomes more complex.

B CONCLUSIONS

In this report we have studied the thermodynamics of axial
ligand substitution reactions and the kinetic reactivity toward
amino acids for the tetrakis(acetato)chloridodiruthenium (IL,III)
complex. The dissolution of the paddlewheel
[Ru,(CH;COO0),Cl] complex in water leads mainly to the
formation of the axially substituted diaqua-Ru, species. Starting
from these species we could follow the two successive water/
chloride equilibration reactions. Calculations of thermodynamic
standard reaction parameters AH®, AS°, and AV° showed that
both the sequential axial substitution reactions of water by
chloride are thermodynamically favorable and are enthalpy
driven. Both these reactions are fast in the presence of the large
excess of chloride required to form the chlorido complexes and
their kinetics could not be studied under these conditions. The
kinetic behavior of the tetrakis(acetato)diruthenium (ILIII)
complex toward amino acids showed that the axial substitution
of the first water molecule by amino acids follows the relative
order cys > trp ~ gly. The thiol and imidazole groups of the
amino acids cysteine and histidine, respectively, have important
effects on the axial substitution kinetics. Coordination of the
amino acids to ruthenium occurs via the axial position to form
aqua(amino acid)-Ru, substituted species. However, deconvo-
lution of the final spectra showed that a significant amount of
the starting diaqua-Ru, species still remains in solution. The
results revealed evidence that the [Ru,(RCOO),]* paddlewheel
framework is mostly maintained in the presence of the amino
acids. These studies are relevant to elucidate the interactions in
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a physiological environment that might involve both water/
chloride exchange and reactions with relevant bioligands such
as amino acids. Further work is underway in our laboratory to
evaluate similar reactions for [Ru,(dNSAID),Cl] metallo drugs.
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