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A combined density functional theory/continuum electrostatics approach has been used to estimate the
pKa values of a series of metal-based compounds and their hydrolysis products. Specifically, the protonation
states and absoluteKp values of the complexes [Mf-arene)(X)(Y)(pta)" (M = Ru or Os; arene=
benzenep-cymene, 1,3,5-trifluorobenzene, benzene-1,3,5-triamine; X Nalide, HO, OH, guanine;
pta = 1,3,5-triaza-7-phosphaadamantane) have been investigated by this approach and supplemented
with experimental g, determinations usingP NMR spectroscopy. Compounds of this type have been
recently used as anticancer agents and also to catalyzeetiOction. Our calculations show that pta
binding to a ruthenium center significantly reduces the basicity of the ligand. The experimentally observed
pH-dependent DNA binding is rationalized by the hydroxo/aqua ligand equilibrium injffagnzene)-
CI(OHy)(pta)". The applied computational scheme predicts tiattpning can be done most effectively
by modifications of the arene ligand.

Introduction sors in the reduction of C{n aqueous solutiof? Since they
undergo hydrolysis in agueous solutions (in the absence of

The hydrophilic phosphine ligand 1,3,5-triaza-7-phosphaada- chloride or at low chloride concentration), rationalization of the
mantane (pta) has proven to be a versatile ligand in medicinal pKk, of both the pta and aqua ligand is important with respect
chemistry and in aqueous-phase catalysis, and the domain ofo understanding their mode of activit§.
transition metatpta chemistry has recently been comprehen-
sively described in an excellent reviéwln general, the Experimental Section
aforementioned applications involve an aquatic environment,
and the presence of aqua ligand(s) in conjunction with pta Theoretical Methods. The (K. value of a compound
ligand(s) is frequently observed. Since pH plays a critical role indicates the relative concentrations of the protonated and
in both medicinal and aqueous catalytic applications, involving deprotonated forms in a solution of given pH. For weak acids,
both activation and potential compound deactivation, it is the HendersonHasselbach equation holds
necessary to be able to determir€,palues of the N-sites on
the pta ligand and of the coordinated water molecules. Such pH = pK, + log([deprotonated]/[protonated]) (1)
information is not always easy to ascertain experimentally, and ) ) o ] )
in this sense a reliable and affordable computational method ~While the experimental determination of this physical prop-
would be extremely useful to help clarify experimental data or €'ty is routine for well-defined molecular systems, the accurate

to predict the [, values of, as yet, unsynthesized compounds, computation of Ka_vz_i!ues is still challe_ng_ing. This is due_ to
in order to evaluate if their synthesis is warranted. the fact that the definition of a Brsted acid in aqueous solution

In this paper we calculate absolut& values of organome- Is defined as

tallic ruthenium complexes with a combined DFT/continuum
solvation method. We show that such a computational approach
may be used (i) to rationalize the aqueous chemistry of these
complexes and (ii) to rapidly screen the effect of structural and
electronic changes on a given transition metal compound to
predict such properties. The investigated series of ruthenium-
(1) —arene complexes of the general type [Fadrene)(X)-
(pta)] (RAPTA; pta= 1,3,5-triaza-7-phosphaadamantane) have
been used as potential anticancer compotitdand as precur-

BH" g~ Bag T H o @

which includes not only the free energy change due to the
protonation reaction but also the changes in the solvation
energies of all species at finite temperature. In principle,
initio molecular dynamics simulations of an explicit solvent
system can provide a general solution to this problem, however,
at a very high computational costn recent years, implicit
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solvent methods have evolved to a level that yieldg yalues
accurate up to less than half Egunit for organic compounds,
such as phenol®.Here, we have applied a similar method to
determine the I§; of transition metal complexes, to test if the
approach is also suitable for this type of systems though
probably with less accuracy.

Thermodynamics correlates th&value of a compound to
the free energy differenceAG,q) between its protonated and
unprotonated form in solution:

pK, = —log(K)
AG,,= —2.30RTlog(K,)

®)
4

Quantum chemical calculations routinely yield free energy

estimates for gas-phase systems, whereas solvated species po

more of a challenge. Therefore a thermodynamic cycle

AG .
BHgas — % »  Bgys + H'gas

‘- AG(BH") J AG¢(B) JAGS(H*)
BH",q &, Bag + H' 5

is generally employed to decompogeG,, into gas-phase
(AGga9 and solvation AAGs) contributions,

AG,y= AGys+ AAG, (5)

The free energy of solvation can be calculated using a
continuum solvation model that treats water as a medium with
a dielectric constari&12This approximation constitutes the most
critical step in this approach and results in the largest error in
predicted &, values.

Using this concept, g, values can be calculated as

PK, = [G(H") gos+ AG(H™) + G(B)yps+ AG(B) —
G(BH") 40— AG(BH)/[2.303RT] (6)

Experimental values foB(H)gas= —6.28 andAG4(H™) =

Gossens et al.

Computational Details

All calculations in this study were performed at the DFT level
of theory employing the B3LYP15functional as implemented in
the Gaussian03 packaffeA mixed basis set using the quasirela-
tivistic Stuttgart/Dresden semicore SDD-ECRith a (8s7p6d)/
[6s5p3d]-GTO triplet valence basis set on ruthenium and 6-&

(d) on the remaining atoms was used. As shown in previous studies,
this method is able to yield accurate structures and energiés!

The zero-point energies, thermal corrections, and entropies obtained
from an analytical frequency analysis have been used to convert
the internal energies to Gibbs energies at 298.15 K and 1/@y.

was computed using Barone and Cossi's polarizable conductor
model (C-PCM}223The C-PCM calculations were performed with
default parameters as single points on the gas-phase geometries
since this has been shown to give better results than reoptimiza-
tion.2* Water was modeled with a dielectric constantef 78.39.

Ffie united atom topological model applied on atomic radii of the
UFF force field (UAO) was used, and the area of the tesserae was
set at 0.2 A The different reference states of gas-phase (1 atm,
24.46 L at 298.15 K) and C-PCM solvation calculations (1 M) were
converted ViaAGga{l M) = AGgd1l atm) + RT In(24.46) as
suggested in refs 10 and 13. In addition, to visualize acidic/basic
parts of the compounds, the electrostatic potential (ESP) was
mapped onto the electron density surface at an isovalue of 0.004
au. It is colored around the midpoint 0f0.05/0.05 (neutral
compounds), 0.1/0.205 (charged), and 0.1/0.2 au (chargeieR)

in blue (positive) and red (negative).

Synthetic Details. The starting materials 1,3,5-triaza-7-phos-
phaadamantane (pt&f® and ruthenium-arene precursotswere
prepared as described previously. NMR spectra were recorded on
a Bruker 400 MHz Ultrashield spectrometer. Electrospray ionization
mass spectra (ESI-MS) were obtained on a Thermofinigan LCQ
Deca XP Plus quadrupole ion trap instrument set in positive mode
using a literature method.

Experimental pK, Determinations. The pH values of NMR
samples in RO were measured at 298 K, directly in a NMR tube,
using a 713 pH meter (Metrohm) equipped with an electrode
calibrated with buffer solutions at pH values of 4, 7, and 9. The
pH values were adjusted with dilute €D and NaOD (ca. 0.65
M). The pH titration curves were fitted to the Henderson
Hasselbach equation using the program Micromath Scientist (Mi-
cromath Scientific Software Inc.) with the assumption that the
observed chemical shifts are weighted averages according to the
populations of the protonated and deprotonated species. The
resonance frequencies change smoothly with pH between the
chemical shifts of the charged form HAstable in acidic solution,

—264.61 kcal/mol have been used as suggested in ref 13 Wh”eand those of the neutral, deprotonated form A, which is present at

all other terms in eq 6 have been calculated using DFT/C-PCM
as described below. Although we report absolutg palues,
the main focus of this study is on their relative differences. All

pKa values are assigned to the conjugate base B of the

corresponding acid BH (i.e., we associate akp value to pta
for the system pta/ptfN-H} ™). It should be noted thatky
values can be calculated in this way even for hypothetical

species that do not exist in a real aqueous environment. Highly

positive or negative computed K’ values corresponding to
such hypothetic conditions should be interpreted asdioation
for the relative acidity or basicity of the corresponding
compound rather than asnaeasurablequantity.
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Table 1. pK, Values of Investigated Reference Systerhs

chargé pKa (calc) Ka (expt)
ptaf NH}* 0 6.9 5.6-6.1
ptaf PH}* 0 2.6 n.a.
pta(NH)*/{ NH} 2+ +1 -6.3 n.a.
urotropin{ NH} * 0 6.4 4.61
pta=OA NH} *+ 0 2.7 251
pta=O/ OH} * 0 —6.1° n.a.
[Ru(7>-CsHs)(H)(ptay]® 0 6.2 5.9< X < 6.5
[trans-Ru(OHy)3(OH)(ptay] * ° +1 4.3 4< X <632
[trans-Ru(OHy)3(OH)(pta)(pta-H)}+ © +2 4.7 4< X < 632
[Ru(;®-benzene)(en)(OH}]¢ +1 6.2 7.78

aThe conjugated base of the corresponding base/acid pair is kdeedtonation of pta nitrogen atorfiProtonation of hydroxo ligand'Charge of indicated
base.®Values like these merely indicate that the protonation does not occur or only under special/hypothetic conditions.

Table 2. Gas-Phase Dipole Moment and Calculated and Experimental Solutionky Values of Neutral pta-Containing

Complexe$
dipole Ka(calc) Ka (expt)

Ru(z%-benzene)(pta)(k) 5.88 3.1 n.a.
Ru(8-benzene)(pta)(Cl) 7.41 2.8 3.2
Ru(%-benzene)(pta)(Bs) 7.50 2.7 n.a.
Ru(y°®-benzene)(pta)(}) 7.86 25 n.a.
Ru(%-benzene)(pta)(CN) 9.96 0.8 n.a.
Ru(%-benzene)(pta)(OHY 3.08 16.1 n.a.
Ru(8-benzene)(pta)(oxalo) 12.76 2.7 boat !
Ru(8-p-cymene)(pta)(Ch 7.49 2.1 3.46.%
Ru(5-1,3,5-trifluorobenzene)(pta)(Gl) 6.65 19 n.a.
Ru(%-benzene-1,3,5-triamine)(pta)(el) 6.59 5.0 n.a.
Os(®-benzene)(pta)(C) 7.19 1.5 n.a.
Os(%-p-cymene)(pta)(Ch 7.25 2.5 n.a.

aDipole in debye? Protonation of hydroxo ligand instead of pta nitrogen atédwene= p-cymene.

a high pH. At any pH, the observed chemical shift is a weighted ~ Table 3. Gas-Phase Dipole Moment and i, Values of

average of the two extreme valug§HA*) and 6(A): MonohydroxoL%c;r:gée;ﬁg g?enrsgirl]_iig%r%gerem Halogen

_O(HADHATT + 0(A)A ] dipole  [Ka(calc)

av + + Ru(;8-benzene)F(OH)(pta) 4.72 9.8

(HATT+A7] Ru(;5-benzene)CI(OH)(pta) 5.48 9.2

6.

The midpoint of the titration occurs when the concentrations of Sﬂge_?e?,ngi?iﬁﬁg?(méﬁfgn €)CI(OH)(pta) 54.9811 85'?1

the acid and its conjugate base are equal: {HA [A], that is, o ] ‘ _ _
when the pH equals theKp of the compound. The pH at the atoarr?lpme in debye. Protonation of hydroxo ligand instead of pta nitrogen

midpoint of the curve is corrected by subtracting @%#om the
pD values or by using the formula proposed by Mafti(see determined [, values of pta: 5.63,5.70315.89326.033 and

below), since the measurements were made20.D 6.0732 Crystal structures, in addition to spectroscopic methods,
oK (D,0) — 0.45 h_ave shown the pta nitrogen atoms to be the protonation
Fravrars T site1:3435We calculated an absolut&Kpvalue of 6.9 for this
1.015 protonation site, which indicates the quality that can be expected

for the computation of absolutekp values in this study. Our
results (Table 1) show why the phosphorus atom of pta
(calculated hypothetical Ky, of —2.6) is not protonated in
aqueous solution. The electrostatic potential (ESP) is much more
negative at the nitrogen sites than at those of phosphorus (Figure

Validation of the Model. The computational scheme has 2). The latter site is therefore significantly less attractive for a
been validated first on the isolated pta ligand and two of its Proton, and a subsequent (second) protonation would also rather
derivatives. These organic molecules, for which experimental take place at a nitrogen atom than at a phosphorus atom (Table
pKa values have been published, still resemble those for which S1)- The ESP at the protonated nitrogen site becomes highly
the applied solvation method is known to provide good Positive, as is apparent from an inspection of Figure 2. As can
resultsi®1324However, their cage-like structure represents a first be seen from a calculated hypotheticikjpf —6.3, the second
computational challenge. Subsequently, other ruthenipta protonation is unlikely to occur in aqueous solution. Both
compounds whose protonation properties have been discusseed - - )
to some extent in the literature were also includgd in the initial 3. ﬁ%%ggf%ﬁg?ﬂ%@g;éj 5407%6—%2%”1’.1 B Lardns, . L Reibenspies,
study (see Tables 1 and 2 for the compounds included). (32) Kovacs, J.; Joo, F.; Benyei, A. C.; Laurenczy, @lton Trans.

The isolated pta ligand offers two different types of donor 2004 2336-2340.

atoms, namely, three nitrogen and one phosphorus atom (Figure._ (33) Fisher, K. J.; Alyea, E. C.; Shahnazarian, Rhosphorus Sulfur
1). There is some disagreement among the experimentall Silicon Relat. Elem1990 48, 37-40. A

: g 9 p y (34) Saysell, D. M.; Borman, C. D.; Kwak, C.-H.; Sykes, A. IBorg.
Chem.1996 35, 173-8.
(29) Mikkelsen, K.; Nielsen, S. Ql. Phys. Chem196Q 64, 632-637. (35) Darensbourg, D. J.; Joo, F.; Kannisto, M.; Katho, A.; Reibenspies,
(30) Troullier, N.; Martins, J. LPhys. Re. B 1991, 43, 1993-2006. J. H.; Daigle, D. Jlnorg. Chem.1994 33, 200-8.

PKo(H0) =

The final pH values are given as an average of the two values
calculated by these two methods.

Results and Discussion
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Q (pta)(pta-H)F" is more stable thatrans[Ru(OHy)(pta)]?+.
er r"j Al r"\| r"j According to our results, protonation occurs in the order
ﬁ;\,(‘:)“ En(‘:/“ g-N{:,N g-,ngiH LNNL:,N%HS [Ru(OH)3(OH)(ptay]* — [Ru(OH)s(OH)(pta)(pta-H)F" —
. [Ru(OH,)4(pta)(pta-H)$*. The related calculated<g values of
pta pta=0 nta pta-H* pta-Methy!

4.3 and 4.7, respectively, are within the experimental range
Figure 1. Structures of pta and its investigated derivatives. (Table 1). As they are both within our error margin, we expect
both protonation reactions to take place around a similar pH.

These results demonstrate that the acidity of the coordinated
aqua ligands cannot be neglected and becomes even more
relevant since the authors state that the aqua and hydroxo species
afford similar3'P NMR spectra, further complicating experi-
mental measurements of the protonation states of hydrolyzed
ruthenium-pta complexes.

To investigate the suitability of ourKy calculations for
ruthenium compounds containing an aqua ligand antarene
moiety, the hydrolyzed species of the monofunctional anticancer
compound [Ruf8-benzene)(en)(Of]>" was included in our
study3&-41 The deprotonation reaction takes place at the water
ligand, and we achieved a reasonable agreement with the
experimentally measuredp value (see Table 1).

All the above results show that our approach yields surpris-

observations are in agreement with experimental observationsindy good absolutelg, estimations (maxkt1.5 units) combined

that show such a regioselective protonation behavior of the pta it @ reliable transferability of the method and encouraged us
nitrogen atoms:3 to extend our study to compounds of pharmacological and
Two pta derivatives have also been studied for comparison catglytlc relevance. . .

purposes. First, the closely related hexamethylenetetramine -i9and Dependence of K. Values.Having established that
(urotropin; nta), in which the phosphorus atom is replaced by a theé computational scheme predicts, in general, relialile p
nitrogen atom, which is known to be slightly less basic than Values, we explored potentla}rl tuning options for tli& palue
pta3! This relative K, change amounts to 0.5 unit in our of [Ru(i7®-benzene)(CH(pta)F*. To this end, we investigated
calculations compared to G-1.2 fK, units in experiments. the effect of varying the chloride ligands with other halides or

Similarly, an oxidation of the phosphorus atom @) in pta pseudo-halides on the basicity of the nitrogen sites in the
results in even lower basicity of the nitrogen atoth©ur coordinated pta ligand. The results collected in Table 2 show

calculated fa value of 2.7 captures this effect and is in good that the aqueous solutioiKpof compounds containing a halide

agreement with the experimentally measured value of 2.5. For (F; Cl, Br, 1) or pseudohaide (CN) decrease in the order F
this model system, the calculations are in excellent agreementC! > Br > | > CN. For X= OH we observed the most basic
with reported experimentali values not only in a relative properties. However, it is not a nitrogen of the pta ligand that
but also in an absolute sense. is protonated in the dihydroxo complex. Instead the protonation

Once the pta ligand is bound to a ruthenium(ll) center (e.g., _of a hydroxo ligand anq the resulting formation of an aqua ligand
as in [Rug®-arene)(X)(pta)]), a decrease in the nucleophilicity 'S more thermodynamically stable (see below). The palculated
of the complexed pta ligand is expected compared to the isolated®<a Of 16.1 suggests that [Ryf-benzene)(OHpta)] is not
ligand. accessmlfe under physm!oglcal conditions. _

Frost et al. described the effect of pH on biphasic catalytic ~ Replacing benzene with-cymeme or other simple (alkyl-
hydrogenation using [Ryf-CsHs)(H)(pta)], which contains a  Substituted) arenes exerts little influence on thg pf the pta

5 ; ; i ligand in the [Rug®-arene)(X)}(pta)] complexes, in agreement
n>-bound cyclopentadienyl ring, two pta ligands that are bound "9 ! alc - ! s 1T !
to the ruthenium via their phosphorus atom, and a hydide. with experimental f_mdmgé._Addmon of_ahphatlc S|d_e chains
Although the authors did not determine thdspof this to the benzene moiety, as is the case_lnnmymene ligand of
compound explicitly, one can conclude from their NMR study [Ru(7°-p-cymene)(Cl(pta)], reduces slightly the gas-phase and
that it should be situated between 5.9 and 6.5. Our calculatedSolution basicity of [Rwﬁ-arene)(x)_(ptz_a)] compounds. How-
value of 6.2 confirms this experimental observation. It shows €Ver, our calculations show that significarKjchanges take
that even in a neutral, hydride-containing complex, the nucleo- Place upon addition of electron-withdrawing groups (e.g., F
philicity of the pta ligand is already reduced compared to the l0Wers the ;) and electron-rich groups (e.g., Nihcreases
free pta ligand (6.9). the Ka).

A series of rutheniurmpta compounds, [Ru(l1)(OBl(pta)]™ It should be stressed that the calculatéd, palues refer to
(x=1-2,y=1-5,z= 1-4,n = 0—2), investigated by Joo the nonhydrolyzed RAPTA compounds in aqueous solution, a
et al. exhibited a notable protonation of the coordinated pta Situation that is only possible in the presence of ca. 100 mM
ligands below pH 6.52 At pH 4 they obtained crystals tfans : _ : — _
[RU(OH,)a(pta-HY](tosk suitable for X-ray structural studies, (38) Wang, F.; Chen, H.; Parsons, S.; Oswald, |. D. H.; Davidson, J. E.;

. ) . . Sadler, P. JChem—Eur. J. 2003 9, 5810-5820.
which revealed that the nitrogen of the pta ligand is protonated. (39) Wang, F.; Habtemariam, A.; van der Geer, E. P. L.; Fernandez, R.:

Figure 2. Negative ESP phase (red; isovalt®.048 au) of pta
(left) and ESP of N-protonated pta (right) mapped onto its electron
density surface (isovalue 0.004 au). It is colored around the midpoint
of 0.1/0.205 au in blue (positive) and red (negative).

We therefore expect a protonation to occutti@ms [Ru(OH,)4- Melchart, M.; Deeth, R. J.; Aird, R.; Guichard, S.; Fabbiani, F. P. A;
2+ form transR -H)¥t. However Lozano-Casal, P.; Oswald, I. D. H.; Jodrell, D. I.; Parsons, S.; Sadler, P. J.

(pta)z]l Tot' 0 . td‘?‘ S{[ t#(totﬁzﬁ(pta).(pta F\’)P o 0 SHe ’ Proc. Nat. Acad. Sci. U.S.R005 102 18269-18274.

our calculations indicate that the spediesis[Ru(OH)s(OH)- (40) Morris, R. E.; Aird, R. E.; Murdoch, P. d. S.; H. Chen, J. C.; Hughes,

N. D.; Parsons, S.; Perkin, A.; Boyd, G.; Jodrell, D. |.; Sadler, B. Med.
(36) Darensbourg, D. J.; Yarbrough, J. C.; Lewis, Otanometallics Chem.2001 44, 3616-3621.

2003 22, 2050-2056. (41) Yan Yaw, K.; Melchart, M.; Habtemariam, A.; Sadler Pete§hem.
(37) Mebi, C. A.; Frost, B. JOrganometallics2005 24, 2339-2346. Commun2005 4764-76.
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Figure 3. 3P NMR chemical shift versus pD for [Rgff-p-cymene)CI(OK)(pta)I'.

charge pKa and indicate the difficulties in characterizing such systems.
Therefore it remains unclear which species are involved

0  Rum®b CI(OH .
u(-benzene)CIOM (pta) precisely and why only oneia value of [Ru(®-benzene)(Ch

“ H* 92 (pta)] was measured under hydrolysis and nonhydrolysis condi-
+1  Ru(mP-benzene)CI(OH,)(pta) tions#
“ e } 20 The first hydrolysis step involves the displacement of one
chloride ligand from [Ru¢®-benzene)(C(pta)]. In principle,

*2 Rufn®-benzene)CI(OH;)(pta-H) the resulting product may contain aqua or hydroxo and pta or

Figure 4. Calculated protonation states anKgpvalues of  pta-H" igands. The protonation states of these ligands should
hydrolyzed [Rug®-benzene)(Cl(pta)] after the first hydrolysis step. vary as a function of the pH. SincéP NMR spectroscopy

) ) o _indicates the monohydrolyzed complex is present almost
chloride. Nevertheless, these calculations show that it is pOSS'bleexclusively, pD measurements and calculations were made to
to make predictions regarding the direction &fghanges based  getermine the Ka for the following transformations: [Ryf-
on modeling as yet unsynthesized compounds, thereby faCi”tat'p—cymene)CI(ij)(pta-H)F* — [Ru(®-p-cymene)CI(OH)-
ing the design of compounds with modifiedpproperties (see (pta)]” — [Ru(%-p-cymene)CI(OH)(pta)] (Figure 4).
below). The first (K, of 2.334 0.07 for pta protonation (Figure 3;

Hydrolysis of [Ru(;°-benzene)(Cly(pta)]. The calculated  experimentally obtained after converting from pD to pH) is

pKa of 2.8 for [Rug;®-benzene)(Cl(pta)] in aqueous solution  |gwer by ca. 0.8 than the one for [Rpfp-cymene)(Ch(pta)],
matches the experimentally estimated value of 3.2 well. While \yhjch was previously determined in the presence of 100 mM
the [Ru@8-arene)(Cl(pta)] compounds have the characteristic  chjoride in order to suppress hydroly4is.
piano stool geometry, comprising thg-arene, pta, and two The second I is of particular potential since it could be
chioride ligands, once dissolved in water or once inside a cell, jinked to the anticancer activity of [Ryf-arene)(CR(pta)].
the actual species present probably corresponds to the monoTpese compounds were shown to exhibit pH-dependent DNA-
hydrolyzed species, [Ryt-arene)CI(OR)(pta)]'*. This hypoth-  hinding and DNA-damaging propertigsuitro (below a pH of
esis is tentatively based oftP NMR spectroscopy, which 7y 2 A for the anticancer drug cisplatin, the hydroxide adducts
indicates that [Ruf®-arene)CI(OK)(pta)l'* is the dominant  coyq be less reactive and therefore less cytotoxic than the aqua
species in water containing 5 mM chlorilehe chloride  aqducts? In this respect, Sadler has already shown that the
concentration present in cells. The complete hydrolysis of the chioride ligand in the monofunctional ruthenium@rene
second chloride could be achieved only by addition of AGNO  anticancer compounds [Ryftarene)Cl(en)] (er= ethylenedi-
(see Figure S1 in Supporting Information). However, as stated gmine) studied by his group also undergoes hydrolysis. The
previously, it is experimentally not possible to distinguish resyiting aqua ligand does not undergo deprotonation at physi-
between coordinated water and hydroxo ligands. An electrosprayg|ogical pH’s, whereas the osmium analogues are converted to
ionization mass spectrometry recorded on a sample ofifRu(  the hydroxo derivatives, which are inactiire vitro.38.:39.44
p-cymene)(Cly(pta)] under the same conditions reveals a low- A analogous process represents a potential path for deactiva-

intensity peak corresponding to [Ryftp-cymene)(OH)(pta)], tion of [Ru(8-arene)(Cl)(pta)] drugs by deprotonation of their
whereas the dominant peak corresponds tojRp{cymene)- hydrolyzed derivatives. The above-mentioned secdticbpthe
Cl(pta)]", presumably derived from [Ryf-p-cymene)CI(OH)- coordinated water, however, was experimentally not observed

(pta)]".*Itis probable that the OH ligand is an artifact, derived e g side reactions of the complex at basic pD higher than
from water, and therefore these experiments are not conclusive

(43) Berners-Price, S. J.; Frenkiel, T. A.; Frey, U.; Ranford, J. D.; Sadler,
(42) It must be noted that coordinated water is usually too weakly bound P. J.Chem. Commuril992 789-91.

to be observed by mass spectrometry. For example, the ESI-MS spectrum  (44) Peacock, A. F. A.; Habtemariam, A.; Fernandez, R.; Walland, V.;

of [Ru(178-C10H14)(OHy)3][CFsSQs]2 shows only a peak corresponding to  Fabbiani, F. P. A.; Parsons, S.; Aird, R. E.; Jodrell, D. 1.; Sadler, B. J.

[Ru(8-C10H14)(CRSOs)] ™ in which all three aqua ligands are absent. Am. Chem. SoQ006 128 1739-1748.
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charge pKa
0 Ru(m®-benzene)(OH)y(pta)
Ht very basic
+1 Ru(n®-benzene)(OH,)(OH)(pta)
H* } 26
+2 Ru(n®-benzene)(OH,)(OH)(pta-H)
H* } very acidic
+3 Ru(m®-benzene)(H,0),(pta-H)

Figure 5. Calculated protonation states anK,psalues of fully
hydrolyzed [Ruf8-benzene)(Clpta)] after the second hydrolysis
step.

Figure 6. ESP of [Ruf’-benzene)(Ok)(OH)(pta)]" (left) and [Ru-
(7%-benzene)(Nffguaniné)x(pta)B+ (right).

ca. 8. At least fouP’P NMR peaks were observed at pD 8.7.
Additional characterization by ESI-MS could not clearly reveal

Gossens et al.

Y H
@ ON-N_NH
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ancht RUZNTNAN
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N ¢ <N N O
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o HN— '\H
P i~
OH OH NH,

Figure 7. Guanine complexes [Ryf-p-cymene)CI(NTguanosing)-
(pta)* (left) and [Rug®-benzene)(Nfguaning).(pta)P+ (right).

the hydroxide site of the complex, in agreement with Sadlers’
observation$®44The calculated i, of 2.6 suggests protonation

in acidic solution, and at this reduced pH it is the pta that attracts
a proton more than the remaining hydroxo ligand; thus [Ru-
(n®-benzene)(Ok)(OH)(pta-H)F+ is formed. Finally, at very
acidic conditions calculations indicate that the remaining
hydroxo ligand is protonated to yield [Ryftbenzene)(Ok),-
(pta-H)P". However, the calculateda value of —1 indicates
that this protonation is very unlikely to occur under ambient
conditions.

The computed Ig, of 2.6 for the protonation of [Ruyf-
benzene)(OL)(OH)(pta)]" to form [Rug;8-benzene)(Ok)(OH)-
(pta-H)F" is in the range of the calculatedKpof 2.8 for the
unhydrolyzed complex [Ryf-benzene)(Ch(pta)]. This estimate
is in excellent agreement with experimental observations, which
determined a g, of 3.2 for [Rug;5-benzene)(Chpta)] under
both hydrolysis and nonhydrolysis conditichglthough the

their nature. NeVertheleSS, one pI’OdUCt should result from the experiment could not C|arify exact|y which hydro|yzed Species

above-mentioned deprotonation of the aqua ligand in Ru(
p-cymene)CI(OH)(pta)" (for which we computed aiy, value

was measured. Our calculations suggests an interpretation in
which both protonation reactions could occur simultaneously,

of 9.2; Figure 4). Another possible reaction is the hydrolysis of giving rise to only one “averaged” shift of tt#P NMR signal
the remaining chloride due to the increased concentration of 35 gbserved.

hydroxide ions in the solution.

The K, calculations identified three different protonation

To investigate the first hydrolysis step further, we computed reactions that can occur in the santg pange between 2.0 and
the thermodynamically most stable protonation states and the2.8. In all three reactions it is the pta ligand that is protonated:

corresponding Ka values (Figure 4) for the monohydrolyzed
species. At high pH, the deprotonated complex [Rdienzene)-

(i) in the unhydrolyzed [Ruff-benzene)(Clpta)] at a K, of
2.8, (i) in the partially hydrolyzed [Ruf-benzene)Cl(Ob)-

(C(OH)(pta)] is the most stable (assuming that it does not (pta)l™ at a K, of 2.0, and (iii) in the fully hydrolyzed [Ru-
undergo any further ligand exchange reaction, e.g., with (#5-benzene)(Ok)(OH)(pta)]" at a K, of 2.6. Due to inherent

hydroxide). Lowering the pH results in protonation of the
hydroxo ligand, which yields [Ruf-benzene)CI(Ob)(pta)]".

Finally, at even lower pH the pta ligand is protonated and [Ru-

(n%-benzene)Cl(Ob)(pta-H)F" is formed. A K, of 2.0 was
calculated for the protonation of the pta ligand. Thig palue
is close to the one for the unhydrolyzed complex [f&(
benzene)(Ch(pta)], for which a K, of 2.8 was calculated. On
the basis of these calculations, both complexesfRbénzene)-
(Chy(pta)] and [Rugb-benzene)(CI)(Ok)(pta)]", could coexist

inaccuracies of the computational method applied, these small
differences should not be overestimated. Since titration experi-
ments monitored by!P NMR spectroscopy were not able to
discriminate between protonation of the pta ligand under
hydrolysis and nonhydrolysis conditiof,is possible that the
pKa's of the three above-mentioned complexes are so similar
that they cannot be differentiated. The calculations also suggest
that it should be possible to stabilize a desired hydrolysis product
at a certain pH by selecting the appropriate co-ligands, which

in solution at the same time and result in the experimentally could be important in catalytic or biological applications.

measured titration curve.
At very low chloride concentration or high concentration of

pKa of [Ru(n®-benzene)(NTguanine}) (pta)]>t. In the
context of the pharmacological properties of these types of

hydroxide ions, a second hydrolysis step may take place in compounds it was speculated that the Idt for pta protonation

which the remaining chloro ligand is replackdgain, the

of the [Ru®-arene)(Cl(pta)] compounds might increase once

resulting product depends on the pH of the solution. We they are bound to DNA.The N7 atom of guanine is a known
identified four thermodynamic stable protonation states among target for such ruthenium arene compouhésand the K of
all possible hydrolysis products (Figure 5). The fully deproto- the pta ligand in [Ruf®-p-cymene)CI(NTguanosing)(pta)]"

nated complex [Ru-benzene)(OH)pta)] may exist only at
very high hydroxide concentrationspof 16). At lower pH,

the pta is not protonated first; instead one of the hydroxo ligands

is protonated. The resulting [Riftbenzene)(OB)(OH)(pta)]"

complex is stable over a wide pH range. Ilts ESP shows a
significant difference between the hydroxide and aqua ligand
sites (Figure 6). Therefore, a nucleophile (e.g., guanine)

was experimentally determined B¥® NMR spectroscopy in

D,0 as 2.5 (see Figure 7 and S2 in the Supporting Information).
The K, for the protonation of the pta ligand in compounds

in which one or two guanine molecules bind to the ruthenium

(45) Chen, H.; Parkinson, J. A.; Morris, R. E.; Sadler, B. Am. Chem.
Soc.2003 125 173-186.
(46) Ang, W. H.; Daldini, E.; Scolaro, C.; Scopelliti, R.; Juillerat-

attacking the ruthenium center should prefer the aqua site overJeannerat, L.; Dyson, P. lhorg. Chem.200§ 45, 9006-9013.
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center via the N7 atom has also been calculated. The ESP ofshould not be overestimated due to the employed neutral water
[Ru(r®-benzene)(Nffguaning),(pta)P+ shows potential proto-  model, they indicate that the N-protonated pta and the N-
nation sites at the pta nitrogen atoms and at the guanine O6methylated pta are very acidic and should not be susceptible to
and N3 atoms (Figure 6). The computelpralue of —1.2 protonation in aqueous solution. These results support the use
signifies that [Rugb-benzene)(Nfguaning),(pta)F" is one of of N-methylated pta ligands for the pH-independent study of
the most acidic compounds in the study. Consequently, apta ligands with respect to their basicity. It should be noted
protonation of the coordinated pta should not occur under that in the gas phase the pta derivatives become more basic
physiological conditions once the compound is bound to two once they are coordinated to ruthenium. In contrast, a lower
guanine bases. A similar result is expected for DNA in general, pK, was calculated for coordinated pta derivatives in solution
as long as the RAPTA scaffold remains unchanged. The indicating a higher acidity.

environment for the [Ru-benzene)(ptajf moiety bound to Predictions and Concluding Remarks.The calculations and
helical DNA is different from that of [Ruf®-benzene)(N7-  experimental work described above suggest that the pH-
{guaning),(pta)P* in aqueous solution; however, the polarity dependent DNA binding of the [Ryf-arene)(X)(pta)] com-

is not likely to be very different. In contrast, in a highly apolar pounds below a pH of7 is not due to protonation of the pta
environment, the positive charge of the [R#benzene)(ptajt ligand, at least while the arene remains coordinated to the
moiety is no longer screened. Consequently, tgdifference ruthenium(ll) center. Among the hydrolyzed ruthenium com-
between the dication [Ryf-benzene)(Nffguaning).(pta)F* pounds the pair [Ryf-benzene)CI(OH)(pta)f [Ru(7t-benzene)-
and a neutral RAPTA complex, e.g., [Ré{benzene)(Ch(pta)], CI(OHy)(pta)l™ with a calculated K. around 9 is the best
approaches the gas-phase limit. For instance, a hypotheticalcandidate to explain this experimental observation. Since the
“pKg" of —48.5 was computed for [Ryf-benzene)(N7-  aqua ligand (dominant at pH9) is a better leaving group than
{guaning).(pta)P* in benzened = 2.247). Therefore inaless  the hydroxo ligand, the former should show increased reactivity
polar environment protonation is even less likely. For 8 ( with DNA.

benzene)CI(Nfguaning)(pta)l*, a higher X, value of 1.9 is While such a mechanism might explain the observed selectiv-
predicted, which is in good agreement with the above- jty, the calculated Ka of around 9 is not optimal, and a
mentioned experimental value of 2.5 for [Ré&{p-cymene)Cl-  compound with a |, value around 7 would be more desirable.

(N7{guanosing)(pta)]". Nevertheless, the diguanine complex Qur calculations show that thekp value of monohydrolyzed
is a better model for a biological system, as it has been shownrythenium complexes can be modified by exchange of the halide

in previous studies that [Ryt-arene)(Cl)(pta)] compounds  Jigand (Table 3). However, such a strategy would not be
bind preferentially to two nucleobase bases in an oligonucleo- sustainable in a biological environment since halide exchange
tide3 is most likely to occur due to the high levels of chloride ions in

The hypothetical complex [Ryf-benzene)(NB)(pta)F has  the blood. An effective way to modulate th&gof the chloro-
been studied for comparison purposes. This compound containsaqua complex is via modification of the arene ligand. Indeed,
two ruthenium-nitrogen bonds and carries a charget@ and for a complex containing a 1,3,5-trifluorobenzeneka pf 5.1

therefore resembles [Ryftbenzene)(Nfguaning)x(pta)F*. is predicted compared to the benzene analogue for whitta p
The complex [Rug®-benzene)(NB)(NH;)(pta-H)F* is thermo- of 9.2 was calculated (Table 3).
dynamically less stable than [Ryfbenzene)(Nh)2(pta)F*, and In summary, we have observed good agreement between

therefore protonation occurs on the pta ligand. The correspond-experimema| and calculated absoluke palues 1 unit) over

ing pKa 0f —0.7 is similar to the one calculated for the diguanine 5 series of ruthenium compounds. The precision and transfer-

complex and indicates that protonation occurs only under highly apjlity of the method shown in this work should encourage its

acidic conditions. In the gas phase, the diamine complex is evengpplication to answer related questions.

significantly more acidic than the diguanine'complex.'Aggin, Moreover, in this way it becomes possible to fine-tune the

this shows the importance of the solvation contribution. . at which the deprotonation of the coordinated water ligand

Nevertheless, these two examples show that aromatic andyes place. Our preferred method to control tgqf the [Ru-

aliphatic nitrogen donors reduce th&pof the pta moiety (75-arene)(X)(pta)] compounds is by modifying the substituents

relative to halide, aqua, or hydroxo ligands. attached to the arene ring. Calculations have guided us toward
Basicity of Methylated pta Compounds.The N-methylated  ;5jng F-substituted rings to lower thé&p(e.g., for medicinal

pta ligand (Figure 1) was recently used to model the anti- 5yglications). In contrast Nsubstituted rings should increase

tumor activity of [Rug®-arene)(Cl)(pta)] compounds in the  {he <. which is desirable for, for example, catalysis of £O

sense that it mimics a pH-independent N-protonated pta yeqyction (due to the maximum of hydrogen bicarbonate
ligand. Previously we showed that N-protonated and N- ,ncentration at a pH of around 8.3).

methylatedn®-arene-ruthenium-pta derivatives have nearly
identical ligand binding energiésAlso, our K, calculations
(Table S1) show very close similarities between both pta
derivatives. Both, N-protonated pta and N-methylated pta
(predicted K, of —6 and—7, respectively) are extremely acidic
and, in agreement with experiments, should not be susceptible
to further protonation. The same holds for these ligands when
bound to the [Rufb-benzene)(Ch moiety, since the predicted
pKa values of the resulting compounds are even lowet X
and—12, respectively). Although the reported absolute values OM700364S

Acknowledgment. Support from the Swiss National Science
Foundation is gratefully acknowledged.

Supporting Information Available: 3P NMR spectra, ad-
ditional pK, data, and energies of all calculated compounds are
provided. This material is available free of charge via the Internet
at http://pubs.acs.org.



