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Agua ligands in mixed aqua/nucleobase metal complexes are potential sites of acid—base catalysis and/or, when
present as hydroxo ligands, can directly be involved in hydrolysis reactions. pKj values of close to 7 are consequently
of particular interest and potential significance. Here we report on the differential acidity of aqua complexes in
model nucleobase (nb) complexes of cis- and trans-[Pt(NHs), (nb)(H,0)]™ and discuss reasons as to why the nb
in cis complexes influences the pK; (pKa, 4.8—7.0), whereas in trans complexes the pK; values are rather constant
(pKa ~ 5.2-5.3). The results of DFT calculations of a series of mono(nucleobase) complexes derived from cis-
Pt(NHs), are critically examined with regard to the role of exocyclic groups of nucleobases in stabilizing aqua/
hydroxo ligands through intracomplex hydrogen bond formation. This applies in particular to the exocyclic amino
groups of nucleobases, for which gas-phase calculations suggest that they may act as H bond acceptors in certain
cases, yet in the condensed phase this appears not to be the case.

Introduction ester bonds follow similar rule’s, mechanistic details have
been less intensively studied. It is worthwhile mentioning
that it was the PbOH-catalyzed cleavage of the backbone
of tRNAP"e incidentally observed during the X-ray crystal
structure determination of crystals soaked in?'Plsalt
solutions, which provided evidence for RNA backbone
hydrolysis by a metathydroxo specie$.The discovery of
catalytically active RNA (ribozymes) in the 198Gmd later

of catalytically active DNA molecules (DNAzyméshas
spurred renewed interest in this topic, even though the role
of metal ions is not necessarily restricted to a function in
the active sité.

Among the many functions metal ions (M) exercise in
living systems, acietbase chemistry involving aqua ligands,
hence release of protons from-NDH, or acceptance of
protons by the conjugate base®H as well as nucleophilic
attack of the M-bonded hydroxo ligand on a substrate, are
the most simple ones. The efficiency of such processes is
particularly high, when the K, of the bound aqua ligand
approaches 7, hence the physiological pH. For metallopro-
teing and likewise for their modet$ numerous examples
are known. This is not so in metahucleic acid chemistry:
although metal-catalyzed hydrolysis reactions of phosphodi-
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cis- and trans[Pt(NHz3),(nb)(HO)]"™*

Table 1. pK, Values of Aqua Ligands in Selected Am(m)ine Complexes 8fapt

compd pKa1 pKaz method ref
trans[PtCI(H,0)(NHz)2] * 5.63 15N NMR 12
5.94(2) potentiometry 13
cis-[PtCI(H20)(NHz)2] ™ 6.6 “consensug” 14
[Pt(H20)(trpy)?" 4.42+ 0.05 kinetic 15
4.62+0.04 potentiometry 15
[Pt(H0)(dien)F* 6.340.05 kinetic 15
6.26+ 0.10 potentiometry 15
[Pt(H20)(NHg)3] 2" 6.37(10) 15\ NMR 16
trans-[Pt(H20)2(NHs)2] 2+ 4.4 7.3 “consensus” 14
cis[Pt(H20)2(NH3)] 2+ 5.5 7.3 “consensug” 14
[Pt(HO)(2,2-bpy) P+ 4.80 6.32 UV, vis 17
cis-[Pt(H20)2(NH3)(2-pic) 2" 3.90 4.78 IH and®N NMR 18

aGiven the many different methods (e.g., potentiometry,~wWis spectroscopy, NMR spectroscopy, kinetic methods) and, in part, different conditions
applied, so-called “consensus” values are provided in several cases (cf. reAbliyeviations used: trpy: 2,2:6',2"-terpyridine; dien= diethylenetriamine;
2,2-bpy = 2,2-bipyridine; 2-pic= 2-(2-hydroxyethyl)pyridine.

While the acidifying effects of metal ion binding on ligand transPt'(NH3), can be qualitatively rationalized based on
acidity in generaP and on nucleobase ligands in particltar  the concept of the trans-influence. Thus, the trans isomers
have been investigated in detail, little attention has been paidof [PtCI(NHz)2(H-0O)]" and of [Pt(NH)2(H.0),]>" are always
to the question of aqua group acidities in mixed nucleobase,more acidic than the corresponding cis isomers because of
aqua complexes. It occurred to us that this question is the trans-influence order @ ClI < N. Differences in aqua
definitely relevant to both biological aspects (e.g., “why can ligand acidities in such compounds are in the order of a factor
metal ions displace weakly acidic NH protons at physiologi- of 10 (1 log unit). (2) Ar-acceptor ligand acidifies the aqua
cal pH?" or “is the metal-ion specificity of certain DNAzymes ligand by increasing the effective positive charge at the metal
related to the K, of its metal aqua entity?”) and to numerous and by stabilizing the electron-richer hydroxo species.
guestions arising from model chemistry (e.g., “how are Consequently, [Pt(trpy)(#D)]>" is substantially more acidic,
multinuclear complexes containing bridging anionic nucleo- by almost 2 log units, than the corresponding [Pt(dien)-
bases formed?”). Here we report on aqua ligand acidities in (H,O)]>" complex (trpy= 2,2:6',2"-terpyridine and dierm=
a series of model nucleobase complexes of composifsn diethylenetriamine) and theKp; of [Pt(2,2-bpy)(H0)2]%"
or trans[Pt(NHs)2(H20)(nb)I'* with nb being the model  (with 2,2-bpy = 2,2-bipyridine) is lower by 0.7 log units
nucleobases 1-methylcytosine (1-MeC), 9-methyladenine (9-as compared to that afis[Pt(NHz).(H.O),]?>*. However,
MeA), 9-methylguanine (9-MeGH), and 1-methyluracilate simple monodentate pyridine (py) ligands have relatively
(1-MeU) as well as the related heterocyclic ligand 2-ami- little influence on aqua ligand acidity when compared to

nopyridine (2-ampy). NHs'" as a consequence of a different, namely, an essentially
i ) perpendicular, orientation of the py plane with respect to
Results and Discussion the Pt coordination plane. (3) The surprisingly lotpand

Basic Principles of Aqua Ligand Acidity. Factors
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is a direct consequence of this propensity. In square-planar,, ., M- Lippert, B.Chem. Commur001, 2058-2059.

) - ; . (12) Appleton, T. G.; Bailey, A. J.; Barnham, K. J.; Hall, J.IRorg. Chem.
complexes of Pt to which the following discussion shall 1992 31, 3077-3082.
be limited, both the coordination number and the oxidation (13) Mikola, M.; Oksman, P.; Arpalahti, J. Chem. Sog¢Dalton Trans

t f th | . tant. El . ff f 1996 3101-3104.
state of the metal remain constant. ectronic effects o (14) Martin, R. B. InCisplatin: Chemistry and Biochemistry of a Leading

coligands, in particular when positioned trans to the aqua Anticancer Drug Lippert, B., Ed.; VHCA and Wiley-VCH: Zrich

; « i ” _ ; ; and Weinheim, Germany, 1999; pp 18305.

Ilgand_( trans mquencg ) antz_t_bondlng _propertl_es of these_ (15) Hofmann, A.; Jaganyi, D.; Munro, O. Q.; Liehr, G.; van Eldik, R.
are of importance, but in addition the microenvironment (via Inorg. Chem.2003 42, 1688-1700.

stabilization of either the OHor the OH" ligand through (16 éﬁeplrﬁtggé;é%-:llgglwiggé Ralph, S. F.; Thompson, C. Siidrg.
specific hydrggen bonding interactions with a coligand, a7) Sumrﬁa, N.: Schiessl, W.: Puchta, R.; van Eikema Hommes, N.; van
possibly mediated by one or more solvent molecules) can Eldik, R. Inorg. Chem.2006 45, 2948-2959.

. 8 (18) Hotze, A. C. G.; Chen, Y.; Hambley, T. W.; Parsons, S.; Kratochwil,
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Table 2. pKj Values of Aqua Ligands in Mono(nucleobase) Complexes 830 1
pKa other 8254 = ®
compd (H2O ligand)  pKjavalues 820 \
cis-[Pt(NHs)2(H20)(9-MeAN7)]2* 48+0.1 1.23+ 0.0 015
cis-[Pt(NHz)2(H20)(1-MeCN3)] 2+ 5.78+ 0.03 >13P '
5.9+ 0.0% £ 810
cis-[Pt(NHs)2(H20)(9-MeGHN7)2* 6.24+0.1 8.7+ 0.1¢ g
cis-[Pt(NHs)2(H20)(1-MeUN3)]+ 7.0£0.1 0.9 < 8987
trans[Pt(NHs)2(H-0)(1-MeCN3)]2+ 5.17+0.1 >13 800
trans [Pt(NHz)2(H20)(9-MeGHN7)]>"  5.274+0.05  8.87+ 0.06 .
trans-[Pt(NH3)2(H20)(2-ampyN1)]2*" 5.3440.01 7:95 4
aDeprotonation of N(1) of the adeninium ligarfiDeprotonation at 7907
exocyclic N(4)H of cytosine.© Taken from ref H.9 Deprotonation at N(1)H 0 2 4 K 8 10 P 14
of guanine £ Taken from ref 24! Deprotonation of O(4) of the rare uracil pD

tautomer; cf. ref 23. . L .
Figure 1. pD dependence of H8 resonance of 9-methylguanine ligand in

. . cis[Pt(NHz)2(9-MeGHN7)(H20)]?*. Two deprotonation steps (of aqua
PKaz values ofcis-[Pt(NH:)(H20):{ 2-(2-hydroxyethyl)pyri- ligand, p<:§.2 +0.1; of 9-M2eGH, Ka = 8.7 + 0.1) are observed.
dine}]>" 17 have been attributed to a stabilization of the N _
hydroxo species by favorable hydrogen bonding between the(9-MeGHN)]™ and 8.87+ 0.06 intrans[Pt(NHs)2(OH)-

OH- ligand and the 2-hydroxyethyl substituent, as mediated (9-M@GHN7)]". Both values are in the usual range.
by a solvent (HO) molecule. Deprotonation of the methylcytosine ligands (exocyclicNH

The effects of the microenvironment on ligand acidity have 9roUPS) takes place at pH 13 only, and protonation of ihe
received wide attention in recent years, in particular with t-methyluracilate ligand inis-[Pt(NHs)2(H-0)(1-MeUN3)]
regard to biological phenomena of metal ion catalyiat to give the platinated rare32-oxo-4-hydroxo tautomer (1-
Similarly, the acidity of metal-carrying nucleobases can in MeUH') occurs below pH £ _
certain cases be rationalized on the basis of intramolecular "€ FXavalues of the aqua ligands |nntfe model nucleobase
ligand-ligand interactions leading to a stabilization of the (NP) complexescis-[Pt(NHs):(nb)(H,0)]™" decrease in the
deprotonated nucleoba¥é:e order nb= 1-MeU-N3 > 9-MeGHN7 > 1-MeCN3 >

PKa. Values of Mixed Nucleobase, Aqua Complexes of ~ 9-MEANT. The relatively high Ka of 7 for cis-[Pt(NH;))-

. : 2
Pt pK, values of the complexes studied here are listed in (1-MeUN3)(H0)]", hence its low aqua group acidity,
Table 2. In the large majority of caseXgpvalues were ~ aPPears to be mainly affected by the lower chargé)(of
determined byH this complex as compared to the three others of chai)&

NMR spectroscopy. Details of the method are reported COMParison with ther1 charged speciesis-[Pt(NH;).Cl-

elsewheré? The advantage of applyintd NMR spectros- ~ (H20)]" (PKa = 6.6)* suggests that the better donor
copy is that the presence of either impurities or condensationProPerties of the negatively charged 1-MeU ligand over Cl
products essentially does not influence the chemical shift of Pl2ys a role to account for this difference. As to a possible
the aqua species of interest. On the other hand, if potemi_contrlbutmn of the microenvironment, this will be discussed
ometry or UV-vis spectroscopy are applied, only the later.

equivalents of added acid or base are monitored and analyzed ©Of the three+2 charged complexes with 9-MeA, 1-MeC,
which, of course, can be markedly influenced by other and 9-MeGH, the two latter display a lower aqua acidity as

species present or formed in solution. As pointed out by compared_tocis[Pt(NH3)2(H20)2]2+ (PKaz = 5.5), namely
Martin 2 a likely explanation of differentIg, values of pt -8 for nb=1-MeCN3and 6.2 for nb= 9-MeGHN7. In

aqua complexes as reported in the literature is due toFigure 1, as a representative example, the pD dependence

impurities and/or the formation of condensation products. ©f the H8 resonance of ﬂ;f guanine nucleobaseisiPt-
For both adenine and guanine containing complexes, in (NH3)2(9-MeGHN7)(H0)I" is given. Interestingly, the

addition to the acietbase equilibrium involving the aqua 9-MeA-N7 compound is more acidic tfa = 4.8) than the
group, protonation/deprotonation reactions of these nucleo-diadua species ). Since the sequence of aqua ligand

bases take place. Thus, the 9-methyladeninium (9-M8AH acidities in these three nucleobase complexes does not
undergoes deprotonati(;n with &p= 1.23+ 0.04 incis- correlate with the intrinsic basicity of the nucleobase donor

[Pt(NHs)2(H20)(9-MeAH-N7)]3+ and the 9-methylguanine sites (K, of 9-MeGH," protonated at N7, 3.2F 0.03; K,

deprotonates with , = 8.7 + 0.1 in cis-[Pt(NHz)2(OH)- of 9-MeAH" protonated at N7, 4.1Gt 0.01% pK, of
1-MeCH' protonated at N3, 4.78: 0.03), alternative

(19) Wall, M.; Linkletten, B.; Williams, D.; Lebuis, A.-M.; Hynes, R. C.;  explanations are required. As will be outlined below, we

20) g‘)”,{h ir'iqfé'}eﬁg?'}'_ Scéfigffbalﬁir ::1%_4;;13-0 Balfon Trans propose that differences in the stabilization of aqua/hydroxo

2004 1648-1655. (b) Mareque-Rivas, J. C.; Prabaharan, R.; Marti  ligands by the microenvironment could be responsible.

= t(ie)F,sAosallgesthRéTCEhelT. Comun§0%4 16—77. V. G 31 Borovik. A The replacement of an aqua ligand tians-[Pt(NHs)2-

a) MacBeth, C. E.; Hammes, B. S.; Young, V. G., Jr.; Borovik, A. ot

S. Inorg. Chem 2001, 40, 4733-4741. (b) MacBeth, C. E.; Gupta, (H20)]*" by a nucleobase (1-Me@3, 9-MeGHN?7) or a
R.; Mitchell-Koch, K. R.; Young, V. G., Jr.; Lushington, G. H,;
Thompson, W. H.; Hendrich, M. P.; Borovik, A. R. Am. Chem. (23) Schdlhorn, H.; Thewalt, U.; Lippert, BJ. Am. Chem. Sod989 111,

Soc.2004 126, 2556-2567. 7213-7221.
(22) See, e.g.: Sigel, R. K. O.; Thompson, S. M.; Freisinger, E.; Glahe (24) Lippert, B.; Neugebauer, D.; Raudaschl,I@rg. Chim. Actal983
F.; Lippert, B.Chem—Eur. J. 2001, 7, 1968-1980. 78, 161-170.
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cis- and trans[Pt(NHz3),(nb)(HO)]"™*
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Figure 2. pD dependence of resonances of 2-aminopyridine ligand in
trans-[Pt(NHz)2(2-ampyN1)(H20)]?+ giving a Ko = 5.34+ 0.01. Surpris-
ingly, the H6 resonancdall) undergoes a downfield shift with increasing
pD. H3 (a) and H4 @) resonances are shifted into opposite directions.

structurally related heterocycle (2-aminopyridine, 2-ampy)
(Figure 2) causes a decrease in aqua group acidity from 4.4
(PKaz of diaqua species) by approximately 1 unit for the Figure3. Calculated lowest energy structurescist[Pt(NHs)x(nb)(H,0)]™
neutral ligands (1-MeC, 5.2; 9-MeGH, 5.3; 2-ampy, 5.3). (left) and ofcis[Pt(NHz)>(nb)(OH)I""* (right) for nb= 9-MeGH, 9-MeA,
Unfortunately no corresponding 9-Mel7 complex could ~ +™MeC, and 1-MeU (top to botiom).
be studied because of rapid condensation reactiotrand (nb)(OH)/(OH)]™* and coligands in general and with
[Pt(NHs)2(9-MeA-N7)(H20)]?", which led to a large number  functional groups of the nucleobase ligands in particular. We
of different species and problems of proper identification of are aware that hydration of the various cations will have an
the remaining mononuclear compound. Despite the limited influence on their structure. However, we believe that the
number of compounds studied, it appears that the variationsconclusions concerning the varying acidities of-Btua
in pK, values of thetrans[Pt(NHz),(ligand)(HO)]?" com- groups can nevertheless been rationalized on the basis of
plexes are considerably smaller than those of the correspondthe intracomplex interactions derived from the calculated gas-
ing cis isomers. A possible reason for this finding is that no phase structures.
immediate interactions between functional groups of the Inthe most stable structure oi-[Pt(NHz)2(9-MeGHN7)-
nucleobases and the two Nhgands at the Pt with the aqua/  (H,O)J?" (rotamer 1), there is a short intramolecular hydrogen
hydroxo ligands are possible in the trans compounds; hencebond between the aqua ligand and O(6) of the nucleobase
no differential stabilization of aqua or hydroxo ligands can (Oaq++O(6), 2.455 A) which is almost linear-H---O(6),
be expected. 170.5). The dihedral angle between the plane of the guanine
DFT Calculations of Nucleobase Complexes dafis-Pt- nucleobase and the Pt coordination plane is4®%N and
(NH3),. Geometry-optimized energy minimum gas-phase Pt—O bonds are in the expected range, 2610 A. In the
structures were calculated for pairs of mixed nucleobase/second most stable rotamer (rotamer 1), which is higher in
aqua as well as mixed nucleobase/hydroxo complexesof  energy by 23.69 kJ/moAG,gg), the NH; ligand trans to the
Pt(NHs),. Only the most stable forms (rotamer | for each aqua ligand is involved in intramolecular hydrogen bonding
species) are depicted in Figure 3. Structural details of awith O(6) (Nam=+O(6), 2.711 A; Njy—Hamr++O(6), 161.8).
additional rotamers of the aqua complexes with different The dihedral angle 9-MeGH/Pt-plane amounts to 505
intramolecular hydrogen bonding interactions are given in the hydroxo complexcis-[Pt(NH3)2(9-MeGHN7)(OH)]*
the Supporting Information. The aim of this study was to again intramolecular hydrogen bonding between the OH
get a more detailed understanding of intracomplex interac- group and O(6) of guanine is realized, but the H bond
tions involving aqua and hydroxo ligands @s-[Pt(NHs)o- becomes much longer ¢€H---O(6), 3.081 A; G-H---O(6),
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144.6), and the dihedral angle between 9-MeGH and the adenine nucleobases is poor (protonation not possible in
Pt plane is 58.2 A major difference as far as Pligand aqueous solution) and that metal coordination to a ring N
bond lengths are concerned refers to the ®H,/OH bond atom, because of its electron-withdrawing effect, is expected
lengths, which shortens in the sequence 2.155 A (rotamerto further diminish it. Moreover, to the best of our knowl-
) > 2.068 A (rotamer 1)> 1.989 A (OH complex). The edge, X-ray crystal data of a large number of metal
last value reflects the increase in Coulomb attraction betweennucleobase complexes do not reveal cases of these amino
P£" and OH . groups acting as acceptors in hydrogen bonding interactions.
In cis-[Pt(NHz),(1-MeCN3)(H,0)]** the most stable form  There are, however, numerous cases where nucleobase amino
(rotamer 1) displays intramolecular hydrogens bonds betweengroups acts as hydrogen bond donors. On the basis of these
the aqua ligand and O(2) of the nucleobasg;(@D(2), 2.528 arguments, it would therefore appear to us that both
A; O,—H++0(2), 152.3) as well as between the N#igand calculated structures afis-[Pt(NHz)2(1-MeC-N3)(H,0)]**
trans to HO and N(4)H of the cytosine base, with the latter are not relevant to the situation in condensed phase. On the
acting as the acceptor gi:N(4), 3.072 A; Nun—Han* other hand, considering the marked difference in the two
N(4), 129.0). The dihedral angle between the nucleobase calculated hydrogen bond lengths (& 0(2), 2.528 A,
and the Pt coordination plane is 49.2n the second most  Nay+*N(4), 3.072 A), only a slight increase in dihedral
stable rotamer (rotamer Il) the hydrogen-bonding groups areangle between the Pt plane and 1-MeC, albeit weakening
reversed, hence O(2) of the 1-MeC forms a hydrogen bondthe Q+-O(2) hydrogen bond somewhat, would lengthen the
with NHs (2.744 A; 141.3), and there is H bonding between  Nay++N(4) distance anyway beyond a value that is generally
the aqua ligand (acting as H donor) and the N@Yrbup considered a hydrogen bofidind would be consistent with
of 1-MeC (acting a acceptor), with@--N(4) = 2.884 A expectations. As in the calculated structureisf{Pt(NHs),-
and Qg—Hag*N(4) = 130.6. The energy of rotamer Il is  (1-MeCN3)(OH)]*, the amino group behaves as hydrogen
higher by 20.28 kJ/mol AG,eg). The hydroxo complex  bond donor; these results are thus feasible.
reveals intramolecular hydrogen bond formation between A similar “problem” concerning the function of the
NH; and O(2) of 1-MeC (2.720 A; M—Hanr+*O(2), 141.8) exocyclic N(6)H group of adenine arises from the calculated
and between OH and N(4)Hvith the amino group being  structures otis-[Pt(NHz)2(9-MeA-N7)(H,0)]?*. Thus, in the
the H donor and OH being the acceptor (2.659 A, 153)8 lowest energy structure, there is a hydrogen bond from the
Of all the compounds discussed heois-[Pt(NHz)2(1- aqua ligand to the amino group of adening{©N(6), 2.580
MeC-N3)(H.0)]*" andcis-[Pt(NHs)>(1-MeCN3)(OH)|" are A; Oag—Hag+*N(6), 162.9), and in the other rotamer, which
the only ones for which X-ray crystal structures effst. is higher in energy by 20.28 kJ/ma\Gagg), @ hydrogen bond
However, in neither of the two solid-state structures intramo- exists between the NHligand and the amino group of
lecular hydrogen bonds are observed but rather intermolecu-adenine (M+*N(6), 2.925 A; Nun—Hanr+*N(6), 151.4).
lar ones. As a consequence, in these solid-state structure®ihedral Pt plane/9-MeA angles are 42 (fotamer |) and
the 1-MeC base forms large dihedral angles with the Pt 53.4 (rotamer Il). For arguments laid out above for the
coordination planes, 90.9(5 the case of the aqua complex 1-MeC complex, the relevance of both structures for solid-
and 79.8(5) with the hydroxo complex. The 4@ ligand is state conditions is questionable. While there is no X-ray
involved in two short H bonds with nitrate oxygen atoms crystal structure analysis of a related adenine, aqua complex
(2.60(1) and 2.74(1) A), whereas the Ohgand acts as a  available, the X-ray crystal structures of 9-MeA complexes
H bond acceptor for two protons from two different water of Pt(NH)3®! andcis-Pt(NH),*2 give no indication whatso-
molecules in the crystal lattice. ever for intra- or intermolecular hydrogen bonding interac-
The hydrogen bonds between a Nkband (rotamer 1) tions between NElligands and the exocyclic N(6)Hjroup.
and the HO ligand (rotamer ll), respectively, and the Like in the case of 1-MeC, the calculated structure of the
exocyclic amino group of 1-MeC as suggested by the DFT hydroxo complexcis-[Pt(NH;s)2(9-MeA-N7)(OH)]* reveals
calculations deserve some comment. Both hydrogen bondsa situation consistent with chemical intuition, namely in-
cause a pyramidalization of the N(4)broup of 1-MeC and  tramolecular hydrogen bonding between the donor N§6)H
imply the presence of a lone electron pair at N(4) to act as and the acceptor OH(O-+*N(6), 2.867 A; G-H--*N(6),
an acceptor. This feature of pyramidalized nitrogen atoms 160.2; dihedral angle between 9-MeA and Pt plane, 35.0
of nucleobase amino groups has been found in gas-phase Differential Stabilization of Aqua and Hydroxo Com-
calculationd” and may even be relevant to nucleic acid plexes of Guanine and AdenineThe K, values of the aqua
structure$82° Nevertheless it should be noted that the complexcis-[Pt(NHs)2(nb)(H0)J?* differ by 1.3 log units
basicity of exocyclic amino groups in cytosine, guanine, and between 9-MeAN7 (4.84 0.1) and 9-MeGHN7 (6.2+ 0.1).
If we ignore differences in electronic interactions between
Pt' and the two nucleobases and take into consideration the

(25) Schwarz, F.; Lippert, B.; lakovidis, A.; Hadjiliadis, Morg. Chim.
Acta199Q 168 275-281.
(26) Britten, J. F.; Lippert, B.; Lock, C. J. L.; Pilon, org. Chem1982

21, 1936-1941. (30) Desiraju, G. R.; Steiner, TThe Weak Hydrogen BondDxford
(27) (a) Gupta, D.; Huelsekopf, M.; Morell Cerdd.; Ludwig, R.; Lippert, University Press: Oxford, U.K., 1999.
B. Inorg. Chem2004 43, 3386-3393. (b) Gupta, D.; Roitzsch, M.; (31) (a) Beyerle-Pfiy R.; Jaworski, S.; Lippert, B.; S¢hborn, H.;
Lippert, B. Chem—Eur. J. 2005 11, 6643-6652. Thewalt, U.Inorg. Chim. Actal985 107, 217—-222. (b) Garijo Alorbe,
(28) Hobza, P.; Boner, J.Chem. Re. 1999 99, 3247-3276. M.; Lippert, B. Unpublished results.
(29) Luisi, B.; Orozco, M.; $oner, J.; Luque, F. J.; Shakked, Z.Mol. (32) Bivian-Castro, E. Y.; Roitzsch, M.; Gupta, D.; Lippert,|Borg. Chim.
Biol. 1998 279 1123-1136. Acta 2005 358 2395-2404.
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cis- and trans[Pt(NHz3),(nb)(HO)]"*
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critical comments made on the possibility of N(6)ldf
9-MeA acting as a hydrogen bond acceptor, it would
appear to us that a simplistic, qualitative interpretation of
the differences in aqua ligand acidity could be derived
from a consideration of the microenvironment of the aqua
ligands in the two complexes (Scheme 1). Thus, the “low”
pK, of the 9-MeA complex might be seen in terms of an
efficient stabilization of the hydroxo ligand by intra-
molecular H bond formation, with the amino group of
adenine actingsaa H donor, whereas the highefjof the
9-MeGH complex might arise from the fact that in the aqua
complex the water ligand is involved in favorable hydrogen
bonding already in the aqua complex. This view is in
agreement with interpretations used to rationalize shifts in
pK, of other metal aqua complex&s?* some of which are
also relevant to biology. This interpretation would explain,
at the same time, the fact that the aqu&, palues in the
correspondingtrans[Pt(NHs)(nb)(H:0)]?" are identical
within the error limits (ca. 5.25.3). In the absence of any
intramolecular contacts between thgdAOH ligands and the
nucleobase, no influence of the microenvironment is to be
expected.

Comparison of the acidity of [Pt3D)(NHs)z]>" (pKa =
6.37(1039 with that oftrans[Pt(H,O)(ligand)(NH)2]?" (pKa
5.17-5.34 for 1-MeC, 9-MeGH, and 2-ampy) suggests a
rather constant influenceof the N-heterocyclic ligands
studied, which may either be due to a weakedonor
strength as compared to the Blkigand and/or the capacity
of the N-heterocycle to act asraacceptor. On the basis of

a computational study involving [Pt(N$]?", cis-[Pt(HO)-
(NH3)2]?", andcis-[PtCI(NHz),] " complexes with CO, it was
concluded that Ptammine fragments do not engage in any
significant szz-back-donation tos-acids such as CO or
possibly purine base$,although the latter has been pro-
posed®

Assuming rather modestback-donating properties of'Pt
entities with NH, H,O, and Cl ligands would be consistent
with our view that the presence or absence of hydrogen
bonding interactions between exocyclic nucleobase functions
and HO/OH ligands in complexes of typeis-[Pt(NHs),-
(nb)(H:O/OH)#'*; hence, the microenvironment has a
marked influence on thelfy of the HO ligand.

DFT Calculations of Uracil Complex of cis-Pt(NH3),.
The geometry optimization ofis-[Pt(NHs)2(1-MeU -NJ3)-
(H2.0O)]* gave a structure in which a proton transfer from
the aqua ligand to O4 of 1-MeU had occurred, thus leading
to a structure with a neutral 4-hydroxo, 2-oxo-tautomer (1-
MeUH?*) and a hydroxo ligand;is-[Pt(NHs)(1-MeUH*-N3)-
(OH)]*. Both groups interact via a short H bond-¢€D(4),
2.424 A; O--H-0, 167.3; dihedral angle Pt plane/uracil,
31.9). Rare uracil tautomers can indeed be generated
in the coordination sphere of 'P# but because of the
relatively low basicity of the N3-platinated uracil anion only
at low pH, hence upon protonatiéhWe therefore believe
that the results of the DFT calculations witht Hransfer
occurring in the gas phase are not relevant to conditions
found in the solid state or in solution. The second exocyclic
oxygen atom of the uracil anion, O2, forms a hydrogen bond
with a NHs ligand (Nyre++O(2), 2.682 A; N—Ham*+0(2),
146.5).

In the hydroxo speciesjs-[Pt(NHs)2(1-MeU -N3)(OH)],
the 1-MeU is present as an anion, hydrogen bonded via O4
to the OH ligand (OH-0(4), 2.838 A; O-H::-O(4), 138.1)
and via O2 to the Nklligand trans to OH (Name+-O(2),
2.721 A; Nun—Hanr++O(2), 147.8). The dihedral angle
between the Pt plane and 1-MeU is 45.5

Summary and Conclusions

As has been demonstrated here, the substitution of an aqua
ligand in cis- or trans[Pt(NHz),(H>O),]>" by a neutral or
an anionic nucleobase leads to mixed nucleobase/aqua
complexes with K, values of the aqua ligand approaching
physiological pH values. This feature makes such compounds
potential candidates for proton relays, hence for catalysis in
acid—base chemistry. It might be argued that given tlg,p
values (7.3) of the diaqua species (cf. Table 1), binding to
a nucleobase is not required at all to achieve such a function
at physiological pH. However, under realistic conditions,
hence in the presence of a large excess of potential
nucleobase ligands in RNA or DNA, a diaqua species is
unlikely to survive for any length of time without being

(33) Baik, M.-H.; Friesner, R. A,; Lippard, S. horg. Chem2003 42,
8615-8617.

(34) Deubel, D. V.J. Am. Chem. So@002 124, 5834-5842.

(35) Under favorable circumstances of stabilization of a protonated uracilate
ligand, the K, can be higher by 23 log units: Holland, L.; Shen,
W.-Z.; Lippert, B. Unpublished results.
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complexed by nucleobases. On the other hand, as reported We have recently pointed dét3that metal binding to
by Kozelka, Chottard, and co-worketsthe lifetime of nucleobases in their canonical or their rare tautomeric forms
mono(aqua) species ois-Pt(NHs), complexed to DNAmay  can have profound consequences for the nucleob&se p
be quite high, and a similar situation could be anticipated values. In essence, the introduction of one or more coordi-
for Pt—=RNA species. If eventually a bis(nucleobase) complex nated metal ion(s) can make available a much wider pH range
is formed, shifts in K, values (of the nucleobases) can for acid base chemistry than the pH ranges, where nucleo-
likewise be substantiah®” but this shall not be further bases are either protonated (low pH) or deprotonated (high
discussed here. As indicated above, any mixed nucleobasepH). As we have shown here, the addition of a metal-bonded
aqua complex ofis- or trans-Pt(NHz), with a pKareasonably  aqua ligand further increases the possibilities of fine-tuning
close to 7 could be a potent acidase catalyst in either DNA  pK, values. In fact, acigdbase equilibria of mixed aqua/
or, more likely, RNA. Although generally not believed a nucleobase complexes of metal entities in general (and not
primary binding site of Ptat nucleic acids, the N3 sites just of Pt as in this study) are potentially more exciting
of thymine in DNA® or of uracil in RNA must be taken  than those of either metahqua or metatnucleobase
into consideration as potential candidates fur such acomplexes alone because of the possibility to differently
function, mainly because of their expected inertri@ss. “distribute” the polarizing power of the metal on the®
Even a 1:1 complex afis-Pt(NHs), with a guanine nucleo-  or the nb ligand. Features of this kind may very well play
base could be a potential candidate, provided some extraan important role in catalytically active RNA and DNA
stabilization of the aqua ligand by a suitable H bond acceptor molecules.
in the neighborhood would further shift th&Kpfrom 6.2
toward 7. Experimental Section

There is a second aspect relevant to the feature of metal
aqua group acidity, which refers to numerous reports in the
literature on condensation products of metadua/hydroxo
species with weakly acidic nucleobase functions such 8Sollowing abstraction of the Cl ligand with AgNGn water and

imido protons of endocyclic N atom group$®or exocyclic  ¢entrifugation of AgCI. The compounds were prepared as reported
amino groups? Typically, NH, groups of the nucleobases  g|sewherecis-[Pt(NHs),CI(9-MeAH-N7)|(NOs)2;%2 Cis-[Pt(NHs).-
have (K, values in the order of 17, yet metalation reactions Ci(1-MeCN3)]NO3;*3 cis-[Pt(NH3),Cl(9-MeGH-N7)|CI;% cis-[Pt-

can occur in the pH range-®. They are readily rationalized, (NH3),Cl(1-MeUN3)]-H,0:24 trans[Pt(NHs),Cl(1-MeCN3)]CI-
however, if the fact is taken into consideration that any 1.5H0;* trans[Pt(NH;).Cl(9-MeGH-N7)]CI-1.5H,0;% trans
M—OH species represents a base, capable of removing dPt(NHz):Cl(2-ampyN1)JNO3z.4?

proton (NH, NH, even CH) from a weakly acidic ligand. Methods and Instruments. The K, values of the aqua
Similarly, the formation of metatN3 (uracil or thymine)  complexes were determined using pH-dependenNMR spec-
bonds at weakly acidic pH, and much below th&, palue troscopy measurements in® (20°C). Sodium 3-(trimethylsilyl)-

of the free nucleobase {40), reflects the very same propanesulfonate was used as internal reference. pD values were
principle 384142 obtained by adding 0.4 to the pH meter readtfhNOs and NaOD

. . L solutions were applied to vary the pD. Changes in chemical shifts
i With regard to th.e influence of hydrogen-bonding llnterac- of nonexchangeable protons at different pD values were determined
tions between coligands of Pt (NHnb) on aqua ligand

- o . ‘ and analyzed by a Newton-Gauss nonlinear least-squares curve-
acidity or OH group stabilization, we wish to reiterate OUr fitting procedure®® The (K, values obtained for fD were then
view that exocyclic amino groups of nucleobases, despite converted into [, values in water using a relationship published
suggestions from gas-phase calculations, behave as H bondby Martins® The K, value for 1-MeC was determined in an

Compounds. Unless data were taken from the literatur&,p
values of the compounds were determined with samples obtained
from the corresponding mixed chloro, nucleobase complexes

ing donors in condensed matter, very much like-RH3 analogous way.

and P+OH, groups. With P£OH groups, however, the Computations. The calculations were carried out using the
situation is differently, as they can act either as hydrogen Gaussian 98 suite of prograrfisThe geometries were preoptimized
acceptors or as donors. with the B3LYP methotf and the LANL2DZ basis sé& The final

structures were obtained with a 68G** basis set* for nonmetal

(36) (@) Monjardet-Bas, V.; Bombard, S.; Chottard, J.-C.; Kozelka, atoms and LANL2DZ for platinum and verified by frequency

J. Chem—Eur. J. 2003 9, 4739-4745. (b) Legendre, F.; Bas, calculations to be minimum geometries.
V.; Kozelka, J.; Chottard, J.-CChem—Eur. J 200Q 6, 2002-

2010.
(37) Lippert, B.Prog. Inorg. Chem2005 34, 385-447. (43) Lippert, B.; Lock, C. J. L.; Speranzini, R. Anorg. Chem1981, 20,
(38) (a) Vinje, J.; Sletten, E.; Kozelka,Ghem—Eur. J. 2005 11, 3863- 335-342.

3871. (b) Elizondo-Riojas, M.-A.; Gonnet, F.; Chottard, J.-C.; Girault, (44) Prepared in analogy to corresponding 9-EtGH complex: Raudaschl,

J.-P.; Kozelka, JJ. Biol. Inorg. Chem1998 3, 30—43. G.; Lippert, B.Inorg. Chim. Actal983 80, L59—L51.
(39) Raudaschl-Sieber, G.; Lippert, Borg. Chem1985 24, 2426-2432. (45) Erxleben, A.; Metzger, S.; Britten, J. F.; Lock, C. J. L.; Albinati, A.;
(40) See, e.g.: (a) Longato, B.; Montagner, D.; Zangrandmdtg. Chem Lippert, B. Inorg. Chim. Acta2002 339, 461—-4609.

2006 45, 8179-8187 and references cited. (b) Longato, B.; Pasquato, (46) Aletras, V.; Hadjiliadis, N.; Lippert, BPolyhedron1992 11, 1359~

L.; Mucci, A.; Schenetti, L.; Zangrando, Eorg. Chem.2003 42, 1367. The X-ray crystal structure shows it to contain L®HPt: Lith,

7861-7871. (c) Shen, W.-Z.; Gupta, D.; Lippert, Biorg. Chem. M. S.; Lippert, B. Unpublished results.

2005 44, 8249-8258 and references cited. (47) Krizanovic, O.; Sabat, M.; Beyerle-PinR.; Lippert, B.J. Am. Chem.
(41) Lippert, B.Prog. Inorg. Chem1989 37, 1-97 and references cited. Soc.1993 115 5538-5548.

(42) Binding of Zr to N3 of thymine nucleobases at pH 7.4 is yet another (48) Glasoe, R. B.; Long, F. Al. Phys. Chem196Q 64, 188-190.
example. See, e.g.: Kimura, E.; Kikuchi, M.; Kitamura, H.; Koike, (49) Tribolet, R.; Sigel, HEur. J. Biochem1987, 163 353-363.
T. Chem—Eur. J. 1999 5, 3113-3123. (50) Martin, R. B.Sciencel963 139 1198-1203.
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cis- and trans[Pt(NHz3),(nb)(HO)]"™*

Using the 63%G** basis set is crucial for these compounds, as
LANL2DZ insufficiencies are clearly demonstrated by our follow-
ing observation. While with the LANL2DZ basis sg$-[Pt(NH;)-
(1-MeU -N3)(H.0)]?" yields a Pt(OH)--H3zN geometry (G--H,
1.271 A; HN, 1.223 A), the larger basis set 63%** leads to a
Pt(OH)++H,N geometry (OH, 1.058 A; H:N, 1.550 A). This
proton shift is reversible if the geometry is reoptimized with the
other basis set. So, while the optimization with the 8&F* basis

(51) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov,
B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts,
R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C.
Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.;
Head-Gordon, M.; Replogle, E. S.; Pople, J@aussian 98revision
A.7; Gaussian, Inc.: Pittsburgh, PA, 1998.

(52) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

(53) (a) Hay, P. J.; Wadt, W. Rl.. Chem. Phys1985 82, 270-283. (b)
Wadt, W. R.; Hay, P. 1. Phys. Cheml985 82, 284—-298. (c) Hay,

P. J.; Wadt, W. RJ. Phys. Chem1985 82, 299-310.

set reproducibly leads to a chemically reasonable structure, the
LANL2DZ basis set yields a structure in which a rare uracil
tautomer is generated.
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