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Abstract: The X-ray crystal structure of a Pt'" complex of composition trans-[(NH3).Pt(1,9-DimeA) (1,9-
DimeAH)](ClO4)s (2) with 1,9-DimeA = 1,9-dimethyladenine and 1,9-DimeAH* = 1,9-dimethyladeninium)
is presented. Complex 2 forms upon deprotonation of one of the exocyclic amino groups of the adeninium
ligands in trans-[(NH3).Pt(1,9-DimeAH),](ClO4)s (1), where the two nucleobases are in a head—tail
arrangement. The low pKa of 1 (4.1 + 0.2) is a consequence of a combination of the effects of metal
coordination to N7 of the purine base and efficient stabilization of the deprotonated species. This feature
is supported by the results of the structure determination of 2, which displays a head—head orientation of
the two bases and intramolecular H-bonding between the imine group of 1,9-DimeA and the amino group
of 1,9-DimeAH. In the fully deprotonated species trans-[(NH3),Pt(1,9-DimeA);](ClO4). (3), the two
nucleobases are again in a head—tail arrangement. The findings are of relevance with regard to the concept
of “shifted pKa values” of nucleobases. This concept is applied to rationalize acid—base catalysis reactions
involving nucleobases of DNA and RNA which occur in the near-physiological pH range.

Introduction Here, we demonstrate a principle which leads to a laige p
shift of a weakly acidic NH nucleobase proton, in this case of
) > o the exocyclic amino group of an adenine nucleobase, into the
PKa = 4 or pKa > 9, rendering the heterocyclic entities neutral o5 neytral range. The acidification is brought about by a
at physiological pH and permitting Watse@rick pairing gy nergy of metal coordination and efficient stabilization of the
between the neutral forms of the complementary bases. HOW’deprotonated species by hydrogen bonding which involves the

ever, special structural features such as the “i-motif” of hemi- NH, group of a second nucleobase as the H-donating group
protonated G, CH*GC triplet structure$,or pairs involving

protonated bases in DNA dupleXeend RNA ribozymescan
lead to a situation where nucleobad&, palues are shifted into
the near-neutral pH range. Extensive hydrogen bonding can

In general, i, values of DNA nucleobases are in the range

Results and Discussion

Our earlier observatidfi of an unusually low [, of 7.9 for
the exocyclic amino proton of 9-methyladenine (9-MeA) in a
‘tariplatinum(ll) tetrakis (nucleobase) complex and an extended
study on related complexEshave led us to postulate that an
extra stabilization of the resulting adenine anion by a suitably
positioned amino group of a second nucleobase (adenine, cyto-
sine) is required to account for the loviKp(Scheme 1). The
effect of the two Pt electrophiles as such causes an acidification
of N(6)H, of ca. 6 log units at most and is therefore insufficient
to rationalize the experimental data of & Htidification. By
studying the acietbase properties of a mononucledr &mplex
%f 1,9-dimethyladenine (1,9-DimeA), we have now been able
to further confirm this view and at the same time to provide
X-ray structural evidence in support of it. 1,9-DimeA is a model
of the corresponding nucleoside, which occurs in its protonated
form (1,9-DimeAH") as a rare base in tRNAsand occasionally

uracil anion during excision from DNA by a glycosylaségr
example. The topic of “shiftedy values” has lately attracted
considerable attention in the context of general atidse
catalysis involving nucleic acids because it can rationalize the
existence of nucleobases of differing protonation states at
physiological pH. As a matter of fact, protein synthesis in the
ribosomes is catalyzed by an adenine of rRNA havindKa+
7.687 and self-cleavage of the Hepatitis Delta Virus requires
the presence of a protonated cytosine acting as an acid durin
catalysis®®
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N7. We are aware that there is a difference between deproto-
nation of the cationic 1,9-dimethyladeninium cations in the here

described complexes and deprotonation of the neutral ligand D R S
9-methyladenine. However, this difference is a formal one only, pD
as both the methyl group at N1 and the metal binding to this Figure 1. The pD dependence of the chemical shifi} ¢f the aromatic
site are causing an acidification of the exocyclic Ngtoup. H2 and H8 as well as the methyl protons of the 1,9-dimethyladenine ligands
The effect is only larger in the case of methylatiokpK, = in 1,2, and3.

16.7 — 9.1 = 7.6) as compared to platinatiohK, ~ 41%),

thus leading to a shift of qualitatively identical processes from
strongly alkaline medium (Pt(9-MeAH), pK, = 12—13) to less

Scheme 1

in rRNAs 13 The K, of the N(6)H group of the cation is ca.
9.1 and is expected to decrease upon metal coordination at

alkaline medium (1,9-DimeAH, pK, = 9.1). In both instances,
binding of (additional) Pt at N7 reduces theseKp values
further, by approximately identical 3 log units, and by ca. 5
log units in cases of favorable interbase hydrogen bonding such
as that realized i@. Moreover, the steric situations (possibility

i—LJ
of formation of intramolecular hydrogen bond) in both cases
B A J

are closely similar.

Three forms of the bis(1,9-DimeA) complex ans(NHz)2-

Pt' containing Pt bonded to N7 with different protonation states

of the adenine ligands have been prepared and characterized C
by X-ray analysis: trans[(NH3)2Pt(1,9-DimeAH}](ClO4)4

4H,0 (1), trans[(NH3)2Pt(1,9-DimeA)(1,9-DimeAH)](CIQ)s

1.5H,0 (2), and trans[(NH3),Pt(1,9-DimeA}](ClO4)2°H,0O
(3).15The K, values, as determined by pD-dependéhiNMR D
spectroscopy and converted te®{¢ were found to be 4.1

0.2 for1 == 2 + H*, hence for deprotonation of the first 1,9-
dimethyladeninium ligand id, and 6.4+ 0.3 for2 =3 + HT,
hence for deprotonation of the remaining 1,9-dimethyladeninium E AL
ligand in2 (Figure 1). While the latter value is in the expected DU ‘ ‘ ‘ ‘ ‘
range (cf. fKa = 6.5 for cis-[CloPt(1,9-DimeAH)(NH)| ),V the 98 94 90 86 82 41 4.0 39 338 3.7
former reflects an additional increase in acidity which we Fﬁtrl]re l2-9 ;H N%erzsonan?_es 02 H2 egl]d_HS as well ast thetmgthtyg,otgns
: : H HH : H H (o) e 1,9-dime aaenine ligands In thelr various protonated stal
atIglbute primarily to a favorable stabilization of 1,9-DimeAin 70 °G). pD valueg oA 2_09;1 B35 C 45D 7_; E. 6.1 Minor pe(aks
2.1 The two aromatic protons of the adenine ligandslin3 are due to an impurity and the formation of minor new species.
were differentiated and assigned by the observation of
3J-coupling between the N7-bound Pt and H8. Both resonancesrotation (ht= hh) and/or proton exchange between the exocyclic
undergo substantial broadening in the pD range in which the amino group and its deprotonated imino form. Interestingly, it
two deprotonation/protonation processes take place (Figure 2),is the H8 resonance, on one hand, and the N(%)@sonance,
suggesting a dynamic equilibrium of some kind, either a ligand on the other, which are broadened most. This fact makes it
difficult to differentiate between the two scenari$lowever,

(12) (a) McCloskey, J. A.; Nishimura, &cc. Chem. Re4977, 10, 403-410. - inati
(5] Rich, A Ade. Cham. Re4977 10, 388-306 the results of the X ray structurg determm.atlons strongly suggest
(13) Maden, B. E. HProg. Nucleic Acid Res. Mol. Biol99Q 39, 241-303. that nucleobase rotation contributes to signal broadening in the
(14) Itaya, T.; Tariaka, F.; Fujii, 'I'l'etrahedron1972_28, 535-547. ) NMR spectra: Whereas il and 3 the adenine bases are
(15) X-ray crystal structural data of—3 are provided in the Supporting X . )
Information. arranged headltail (Figure 3), in2 the bases adopt a head
(16) Martin, R. B.Sciencel963 139 1198-1203. P i i i i _ i
(17) Lippert, B.: Schiihorn, H.: Thewalt, U.inorg. Chim. Acta1992 198 head orientation which permits intramolecular H-bonding
200, 723-732.
(18) We are aware that the charge of the compound might also have an influence(19) At elevated temperature, secondary reactions occur rapidly, which appear
on the [, value; see, however, ref 11. to involve, among others, Pmigration. Cf. also ref 11.
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Figure 3. Cations oftrans[(NH3)2Pt(1,9-DimeAH)](ClO4)4-4H,0 (1) (top)
and of trans-[(NH3)2Pt(1,9-DimeA)](ClO4)2*H20 (3) (bottom). In both
cases, the nucleobases are arranged-hizéld

Figure 4. View of one (I) of the two crystallographically independent
cations of2. The nucleobases are oriented hehdad to permit intrabase
H-bond formation.

between N(6)H of 1,9-DimeA and N(6Ybf 1,9-DimeAH"

(Figure 4). The separations between exocyclic N6 sites are 23)
2.856(8) and 2.966(7) A for two crystallographically indepen-
dent cations | and Il oR. Angles between the adenine planes

are 7.3(1) and 5.2(1), respectively. Differences in CAN6

distances of the neutral and cationic adenine ligands (1.253(9)

vs 1.324(8) A in cation 1, 1.284(7) vs 1.326(8) A in cation I1)

suggest that there is no major disorder of the proton shared

between the two N6 sites. For comparison, in 1,9-Dim&AH
Cl~, C6—-N6 distances are 1.313(3) and 1.311(3) A for two
crystallographically independent catiéhand 1.301(7) A in the
1,9-DimeAH" ligands in1, while for the (neutral) 1,9-DimeA

ligands in3 distances are 1.26(1) and 1.29(1) A. Although there
are reported examples of H-bonding betweeNRand HNR,
entities?! imine—amine interactions between nucleobases as
seen in2 are scarcé? An interesting detail o8 is the relatively
short separation between Pt and N(6)H (2.65(7) and 2.75(6) A
for two crystallographically independent cations), hence the fact
that the protons of the imino groups rather than the lone electron
pairs are pointing toward the mefal.

Conclusion

In summary, it is shown that the combined action of metal
coordination and favorable stabilization of the deprotonated
nucleobase can lead to a substantial dropkpy@lues of even
weakly acidic nucleobase protons such as adeninggxétons.
The X-ray crystal structure & confirms the H-bonding pattern
previously postulated by 48.0ur findings furthermore suggest
that there may exist a scenario in which metal ions play an
indirect role in general acidbase catalysis involving nucleic
acids, simply by acidifying nucleobases upon coordinatfon.
In fact, such a possibility could further add to the diversity of
RNA cleavage reactior®8. An involvement of the exocyclic
adenine amino group is attractive in this respect because it could
accomplish the transfer of protons in different directions, very
similar to the function of the histidine side chain in proteins.
The main question at this point is whether physiologically
relevant metal ions can utilize such an indirect way of acid
base catalysis. For DNA- and RNAzymes containing nonphysi-
ological metal iong8 this possibility should not be ruled out.

Experimental Section

Starting Materials. trans[(NH3).PtCkL] was prepared from #tCl
according to the method of Kauffmann and Covan,9-DimeAH"-
ClO,~ was prepared according to the published methfsdm 9-MeA,
which was prepared according to ‘Kyer?®

Synthesis oftrans-[(NH 3)2Pt(1,9-DimeAH-N7)2](CIO 4)4-4H,0 (1).

First, 120.0 mg (0.4 mmol) dfans[(NH3),PtCkL] was suspended in 5
mL of H,O and then, after addition of 165.9 mg (0.8 mmol) of Ag&IO
was stirred fo4 h at 60°C in the dark. Precipitated AgCl was removed,
and to the remaining solution was added 210.9 mg (0.8 mmol) of 1,9-
DimeAH"CIO,™, the solution was diluted to 20 mL, and acidity was
adjusted to pH 1 with HCIQ After 10 min, the mixture was filtrated,
and the remaining solution was stirred 1 week at room temperature in
the dark. The solution was cooled in a refrigerator, where, within 1
week, colorless crystals suitable for X-ray analysis were obtained. The
crystals were isolated and washed with 1 mL efOHYield was 189.5

(20) Chiang, C. C.; Epps, L. A,; Marzilli, L. G.; Kistenmacher, T.Acta
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mg (46%). Anal. Calcd for GH2sN120:16Cl4PtH,0: C, 17.2; H, 3.1;
N, 17.2. Found: C, 17.2; H, 3.0; N, 17.8.

Synthesis oftrans-[(NH 3)-Pt(1,9-DimeAH-N7)(1,9-DimeA-N7)]-
(ClO4)3+1.5H;,0 (2). Several crystals of were dissolved in 1 mL of
D,0O, and the pD was adjusted to 5.7 with NaOD. The solution was
cooled to 4°C in a refrigerator and yielded, within several days, a
mixture of different, colorless crystals, among which crystal2 ¢h
our experiments: the larger spindle-shaped crystals) were found.

Synthesis of trans-[(NH 3).Pt(1,9-DimeAN7)](CIO4)2:HO (3).
Several crystals of were dissolved in 1 mL of BD, and the pD was
adjusted to 9.1 with NaOD. The solution was cooled t6Ctin a
refrigerator and yielded, within several days, very small crystad of

NMR Spectroscopy.'H NMR spectra were recorded on a Varian
Mercury 200 FT NMR spectrometer. Sodium 3-(trimethylsilyl)propane
sulfonate (TSP = 0.00 ppm) was used as an internal standard.
Assignment of the methyl groups ih—3 was achieved by selective
1D *H NOE spectroscopy, performed on a Varian Inova AS600 FT-
NMR spectrometer. pD values were determined by means of a glass
electrode and addition of 0.4 units to the meter reading.

pKa values.pK, values were determined by means of pD-dependent
1H NMR spectroscopy. The resulting curves in a plovofersus pD
were fitted by equations published in the literatér@he K, values
for D,O, obtained by this method, were then calculated fe® £F

X-ray Crystallography. Crystal data for compound$—3 were
collected at 100 K on an Enraf-Nonius-KappaCCD diffractometer using

2424 J. AM. CHEM. SOC. = VOL. 126, NO. 8, 2004

graphite-monochromated ModKradiation ¢ = 0.71069 A). For data
reduction and cell refinement, the Bruker-Nonius HKL 2000 Suite was
used. The structures were solved by direct methods and subsequent
Fourier syntheses and refined by full-matrix least squaresusing

the SHELXTL PLUS and SHELXL-97 prograniAll non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were generated
geometrically and given fixed isotropic thermal parameters or refined
isotropically.
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