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Metal-Modified Base Pairs Involving Different Donor Sites of Purine Nucleobases:
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The X-ray crystal structures of four mixed-nucleobase compléeedb, 2, and4 of transaPt' (a = NH3 or
CHsNH,) with N1-bonded 7,9-dimethylguanine (7,9-DimeG) and N7-bonded 9-ethylguanine (9-EtGH) are reported.
The compounds are discussed in terms of their possible model character for platinated nucleobase triplets of the
pu x pu-pym (pu= purine, pym= pyrimidine) type and are compared with known guargnanine pairs. Structural
differences resulting from a “metal modification” have been studied, as have been stacking and H bonding motifs.
la and 1b are two modifications of the same compoutigns[(NHz3).Pt(7,9-DimeG)(9-EtGH)](CI@).-H20.

X-ray data forla: orthorhombicPca2;, a= 13.833(3) Ab = 14.357(3) A,c = 13.293(3) A,Z = 4,R=0.027.

1b: monoclinic,P2;/n, a= 13.987(3) Ab = 12.582(3) Ac = 15.613(3) Ap = 104.61(3), Z= 4, R= 0.034.
trans[(CHaNH>),Pt(7,9-DimeG)(9-EtGH)](CIG). (2): orthorhombic,Pca2;, a = 13.886(1) A,b = 14.698(1)

A, ¢ =13.008(3) A,Z = 4, R = 0.034.trans[a;Pt(7,9-DimeG)(9-EtG)](CI®-nH,O (3, a= NH;, n=2: 4, a

= CHsNH,, n = 3). X-ray data ford: monoclinic,C2/c, a = 23.296(5) Ab = 10.566(2) A,c = 22.327(4) A,

B =93.73(3), Z= 8, R= 0.047. The metalated base trip2{1-MeC) (1-MeC= 1-methylcytosine) has been
detected in DMSQ; solution throughH NMR spectroscopy, and an ab initio optimized structure of an analogous
platinated base triplet has been obtained.

Introduction Scheme 1

The idea (Scheme 1) to partially or fully replace protons
involved in H bonds between nucleobases by metal entities of Q """ - . Q_M
suitable geometry, usually linear or trans-square-planar (“metal- / <=—
modified base pairs}?leads to compounds potentially relevant
to biology (metat-DNA cross-linking adductémetal-stabilized
mispairs) and medicine (control of gene expression by antisense and antigene strategie3, as well as to compounds of interest
— for inorganic chemistry (metalmetal interactiorf§ and su-

Iﬂﬂlﬁig‘ Efoxr/tir%?r?ig' pramolecular chemistry (molecular squdmsd hexagorf The
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Hoogsteen fashiohl® there is also a class of compounds
corresponding to metalated forms of mismatéhes unusual
base pairs and triplé3.As additional examples of this latter

group we report here compounds containing two guanine mode
nucleobases, 9-ethylguanine (9-EtGH) and its deprotonated form

(9-EtG), respectively, and 7,9-dimethylguanine (7,9-DimeG),
which are bound vialifferentdonor sites, N7 and N1, to the
metal entitytransaPt' (a = NH3z or CH;NH,). Except for a
mixed 9-EtGH,N6 N6 ,NS-trimethyladenine complex of i3
which displays metal binding to N7 of one base and N3 of the

Sigel et al.

1a, 1b. H NMR (200 MHz, D,O): 8.700 (s, HC(9), 8.379 (s, HC-
(8)), 4.195 (q, HC(91)), 4.086 (s, KC(7)), 3.775 (s, HC(9)), 1.468
(t, HsC(92)).2H NMR (200 MHz, DMSO#él): 11.289 (s, HN(1)), 8.940

(s, HC(8)), 8.390 (s, HC(8)), 7.602 (#M(2)), 6.904 (HN(2)), 4.08

(s, HeN(10), HN(10)), 4.103 (g, HC(91)), 4.032 (s, KC(7)), 3.695
(s, HC(9)), 1.401 (t, HC(92)).1%5Pt NMR (42.998 MHz, DMSQd):
—2500. FT-IR (KBr): 3689, 3310, 3185, 3133, 3107, 2959, 1674, 1640,
1614, 1587, 1523, 1488, 1448, 1343, 1323, 1209, 1183, 1095, 780,
715, 688, 624, 429.

2.H NMR (200 MHz, D0): 8.689 (s, HC(), 8.483 (s, HC(8)),
4.235 (q, HC(91)), 4.104 (s, KC(7)), 3.789 (s, HC(9)), 2.109 (t,

second one, the compounds here presented appear to be the fir$tsC(10), HC(10)), 1.492 (t, HC(92)).'H NMR (200 MHz, DMSO-

X-ray structurally characterized examples of this kind. The

de): 11.323 (s, HN(1)), 8.975 (s, HCB 8.488 (s, HC(8)), 7.981 (M-

compounds bear some relevance to metalated analogues of badé)); 6.978 (BN(2)), 4.689 (m, EN(10), HN(10)), 4.127 (q, HC(91)),

triplets of the Gx G-C type (G= guanine, C= cytosine; first
G representing base of third strard).

Experimental Section

Preparation of Starting Compounds. trans-aPtCh (a = NH3,*®

CH3NH,'9) was prepared as described. The model nucleobases 9-EtGH
and 7,9-DimeG were purchased from Chemogen, Konstanz (Germany).

Preparation of trans-[a;Pt(7,9-DimeGN1)(9-EtGH-N7)](CIO 4)2*
nH>O (1, 2). 1(a= NH3, n = 1) and2 (a = CHsNHy, n = 0) were
prepared as followstransaPtCkL (330 mg, 1.1 mmol) was stirred
together with 7,9-DimeG (180 mg, 1 mmol) and KCI (149 mg, 2 mmol)
in 200 mL of water at 50C in the dark for 4 days. After removal of
small amounts of metallic platinum, the slightly yellow solution was
concentrated at room temperature under a steady flux o6 IO mL
and then cooled at 4C overnight. Excesfrans-aPtCL was filtered
off and the filtrate evaporated to dryness, giving a 4:1 mixturtesofs
[a2Pt(7,9-DimeG)Cl|Cltrans[a:Pt(7,9-DimeG)Cl,, and KCI. Without
further purification, this mixture was dissolved again in 35 mL of water.
After the addition of 9-EtGH (1 mmol), the reaction was performed at
40°C in the dark for 3 days. After removal of some elemental platinum,

4.046 (s, HC(7)), 3.702 (s, HC(9)), 1.957 (t, HC(10), H(C10)),
1.415 (t, HC(92)).°%Pt NMR (42.998 MHz, DMSQdg): —2570. FT-

IR (KBr): 3423, 3298, 3253, 3176, 3127, 3090, 2949, 1682, 1641,
1614, 1584, 1521, 1487, 1341, 1208, 1182, 1097, 780, 715, 687, 623,
426.

Preparation of trans-[a,Pt(7,9-DimeGN1)(9-EtG-N7)](ClO,)-
nH,0 (3, 4). 3(a= NHas, n = 2) was prepared by dissolvirig or 1b
(40 mg, 50umol) in water (5 mL) by moderate heating. After addition
of 50 uL of 1 M NaOH the solution was concentrated at room
temperature under a steady flux of td give a white precipitate, which
was filtered off, washed with small amounts of cold water and methanol,
and dried. 3 could be isolated in 90% yield. Anal. Calcd for
C14H27N1,05CIPt: C 23.29, H 3.77, N 23.28; Found: C 23.1,H4.0, N
23.3.

3. 'H NMR (200 MHz, D;O): HC(8) not detectable due to H/D
exchange, 8.206 (s, HC(8)), 4.161 (qz.C491)), 4.079 (s, kC(7)),
3.769 (s, HC(9)), 1.461 (t, HC(92)).'H NMR (200 MHz, DMSO-
ds): 8.939 (s, HC(§), 8.105 (s, HC(8)), 7.510 (#(2)), 5.413 (HN-

(2)), 4.381 (s, HN(10), H:N(10)), 4.027 (s, HC(7)), 4.006 (q,
H>C(91)), 3.691 (s, KC(9)), 1.372 (t, HC(92)). %Pt NMR (42.998
MHz, DMSO-ts): —2572. FT-IR (KBr): 3329, 1617, 1560, 1523, 1476,
1447, 1410, 1330, 1206, 1092, 798, 778, 625.

the filtrate was concentrated at room temperature under a steady flux 4 (a= CHsNH,, n = 3) was prepared as follows2 (151 mg, 185

of N2 to 8 mL. Excess 9-EtGH was removed by filtration, and @00
of 10 M NaClQ, in water was added. Afte2 h at 4 °C, the

umol) was suspended in 5 mL of water at 8D. The solution became
clear after the addition of 186L of 1 M NaOH and was cooled at 4

microcrystalline substance was filtered off, washed with small amounts o¢ Crystals suitable for X-ray crystallography could be obtained after

of water and cold ethanol, and dried.

Two recrystallization steps from water gave 0.21 mmol of praes
[(NH3)2Pt(7,9-DimeG)(9-EtGH)](CIG)2-HO (Laandlb) in 21% yield.
Anal. Calcd for G4H2eN120:1:CLPt: C, 20.90; H, 3.26; N 20.90.
Found: C, 20.7; H, 3.2; N, 21.0.

Crystals suitable for X-ray crystallography were obtained upon
recrystallization from water. Two different modifications were iso-
lated: 1la at room temperature arith at 4 °C.

2 was obtained in an analogous way. Without further purification
0.798 mmol of2 could be isolated in 79.8% vyield. Anal. Calcd for
CleHng]_zOloClth: C, 2359, H, 347, N, 20.64. Found: C, 235, H,
3.6; N, 20.6. Crystals suitable for X-ray crystallography were obtained
by recrystallization from water.

(8) Rauter, H.; Mutikainen, I.; Blomberg, M.; Lock, C. J. L.; Amo-Ochoa,
P.; Freisinger, E.; Randaccio, L.; Zangrando, E.; Chiarparin, E.;
Lippert, B. Angew. Chem., Int. Ed. Engl997, 36, 1296.

(9) Holthenrich, D.; Swago, I.; Fusch, G.; Erxleben, A.; Fusch, E. C.;
Rombeck, I.; Lippert, BZ. Naturforsch.1995 50h, 1767.

(10) Metzger, S.; Erxleben, A.; Lippert. B. Biol. Inorg. Chem1997, 2,
256 and references cited.

(11) Schreiber, A.; Lth, M.; Erxleben, A.; Fusch, E. C.; Lippert, B.
Am. Chem. Sod 996 118 4124.

(12) Dieter-Wurm, I.; Sabat, M.; Lippert, B. Am. Chem. S04992 114,
357.

(13) (a) Meiser, C.; Song, B.; Freisinger, E.; Peilert, M.; Sigel. H.; Lippert,
B. Chem—Eur. J.1997, 3, 388. (b) Meiser, C.; Freisinger, E.; Lippert,
B. J. Chem. Soc., Dalton Tran$998 2059.

(14) (a) Rich, A.Acc. Chem. Red977, 10, 388. (b) Kohwi, Y.; Kohwi-
Shigematsu, TProc. Natl. Acad. Sci. U.S.A988 85, 3781.

(15) Kauffman, G. B.; Cowan, D. Anorg. Synth.1963 7, 239.

(16) Arpalahti, J.; Lippert, B.; Schiborn., H.; Thewalt, U.Inorg. Chim.
Acta 1988 153 43.

1 week. Elemental analysis of the bulk material revealed the presence
of small impurities of NaCl@

4. 'H NMR (200 MHz, D:0): HC(8) not detectable due to H/D
exchange, 8.282 (s, HC(8)), 4.185 (qz2C491)), 4.100 (s, kC(7)),
3.788 (s, HC(9)), 2.069 (s, HC(10), HC(10)), 1.478 (t, HC(92)).

IH NMR (200 MHz, DMSO¢): 8.978 (s, HC(8), 8.164 (s, HC(8)),
8.164 (HN(2')), 5.795 (HN(2)), 5.000 (m, HN(10), H,N(10)), 4.056

(g, H.C(91)), 4.051 (s, BC(7)), 3.695 (s, HC(9)), 1.927 (t, HC(10),
H3(C10)), 1.396 (t, HC(92)). %Pt NMR (42.998 MHz, DMSQdy):
—2579. FT-IR (KBr): 3418, 3336, 3229, 3191, 3135, 2987, 2942, 1617,
1530, 1488, 1449, 1408, 1333, 1200, 1082, 798, 781, 625.

Instrumentation. *H NMR spectra were recorded at 2C€ on a
Bruker AC 200 FT NMR spectrometer using DMS#-or D,O as
solvents. In DO, spectra were measured with presaturation of the
solvent resonance. Si(GH (in DMSO-ds) and N(CH),* (in DO, 6
= 3.18 ppm against sodium 3-(trimethylsilyl)propane-1-sulfonate) were
used as internal references. DM$Pwas dried ove4 A molecular
sieves prior to use.

IR spectra were recorded on a Bruker IFS 28 FT-IR spectrometer
(32 scans in the region between 250 and 4000'cKBr) and evaluated
with the program Opus, version 2.0 (Bruker).

X-ray Structure Determination of 1a, 1b, 2, and 4.Intensity data
for 1a, 1b, and4 were collected on an Enraf-Nonius KappaCCMo
Ka, A =0.710 69 A, graphite monochromator) with sample-to-detector
distances of 26.8, 26.8, and 35.6 mm. They covered the whole sphere
of reciprocal space by measurement of 360 frames rotating about
steps of 1 with 45, 30, and 60 s scan time per frame. Preliminary
orientation matrices and unit cell parameters were obtained from the

(17) NONIUS BV, KappaCCD package, Rigenweg 1, P.O. Box 811,
2600 AV Delft, The Netherlands.
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Table 1. Crystallographic Data for Compounds, 1h 2, and4
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la 1b 2 4
empirical formula G4H26N12011P'[C|2 Cl4H26N12011PtCl2 C15H23N12010C|2P'[ C16H33N1209PtCI
fw (g mol™?) 804.46 804.46 814.47 768.08
cryst size (mm) 0.5 0.15x 0.15 0.53x 0.50x 0.50 0.28x 0.08x 0.10 0.13x 0.13x 0.03
temp (K) 293 293 103 293
cryst syst orthorhombic monoclinic orthorhombic monoclinic
space group Pca2; P2:/n Pca2; C2/c
a(h) 13.833(3) 13.987(3) 13.886(1) 23.296(5)

b (A) 14.357(3) 12.582(3) 14.698(1) 10.566(2)
c(A) 13.293(3) 15.613(3) 13.008(3) 22.327(4)
p (deg) 104.61(3) 93.73(3)

V (A3) 2640.0(10) 2658.8(10) 2654.9(5) 5484.0(19)
4 4 4 4 8

Deaic (g cnT3) 2.024 2.010 2.038 1.861

« (Mo Ka)) (mm1) 5.595 5.555 5.541 5.282
F(000) 1576 1576 1600 3040

26 range (deg) 9.351.3 9.3-51.4 8.0-50.0 3.5-43.1
reflns collected 71222 76 650 19 262 35116
reflns obs 19641(= 20(1)) 3786 ( = 20(1)) 1355 ( = 30(1)) 1499 ( = 20(1))
params refined 278 351 231 215

Rint 0.061 0.034 0.065 0.091

R1 (obs date) 0.027 0.034 0.034 0.047

WR2 (obs datd) 0.061 0.084 0.044 0.056
goodness-of-fitS 1.04 1.05 1.53 1.03
residualomax, pmin (€ A-3) 0.61,—-0.67 0.897,-1.264 0.97,-0.59 0.969-0.767

aR1 = S ||Fo| — |Fel/S|Fol. PForla, 1b, 4 WR2 = [SW(Fo? — FAIIW(FAZY2 For2: Ry = [SW(|Fo| — |Fe|)¥3W|Fol?Y2

peaks of the first 10 frames, respectively, and refined using the whole (R, = 0.044). The final difference Fourier map showed a peak of 0.97
data set. Frames were integrated and corrected for Lorentz ande A2 located near the Pt atom.
polarization effects using DENZ8.The scaling as well as the global Crystal data and data collection parameterd&fib, 2, and4 are
refinement of crystal parameters was performed by SCALEPATK. summarized in Table 1.
Reflections, which were partly measured on previous and following  sojution Studies. Acidity constants in BO (pKan,o) of 1 and 2
frames, are used to scale the frames on each other. This procedure ifyere obtained by evaluating the change of the chemical shift of HC(8)
part eliminates absorption effects and also considers a crystal decay ifang H,C(91) of the 9-EtGH residue in dependence on the adjusted pD
present. values (DN@NaOD). All experiments were performed at 5 mM
The structures were solved by standard Patterson méthadd concentration of compled or 2, respectively (20°C, | = 0.1 M
refined with full-matrix least-squares basedFrusing the SHELXTL- (NaNQ3)). The changes in the chemical shifts were evaluated by a
PLUS® and SHELXL-93 program¥. The scattering factors for the  Newton-Gauss nonlinear least-squares curve-fitting procedure. The
atoms were those given in the SHELXTL-PLUS program. Transmission relationship between the observed chemical shift and the varying pD
factors were calculated with SHELXL-97 Most hydrogen atoms were values is described by eq 1, which has been derived in analogy to
placed at calculated positions and refined with a common isotropic referenc&® In eq 1 ey and dg represent the chemical shifts of the
temperature factor. No refinement of hydrogen parameters was applied
for the ammine hydrogens and the hydrogens of the water molecule in
1la, H1 and the methyl hydrogens of 7,9-DimeG ib, and H8 and
H8 in 4. Only two oxygen atoms of the perchlorate anion and the
water molecule irlb show disorder.

The X-ray measurements f@were carried out on a Quantum CCD  g-gthylguanine ligand, which can be protonated (GH) or deprotonated
detector (Molecular Structure Corp.)-a170°C using Mo Ko radiation (G) at N1. Kapzocorresponds to the negative logarithm of the acidity
(A =0.71069 A). Calculations were performed by using the teXsan constant. This acidity constant, which describes the situation,® D
1.7 crystallographic software packa@&hree standard reflections were  can be transformed to aqueous solution@y by application of eq
monitored during the data collection showing no significant variance. 226 The dilution experiment has been performed by adding successively
The intensities were corrected for absorption by applhgcans of
several reflections with the transmission factors ranging from 0.81 to
1.00. The structure was solved by direct methods (SIR*9E)ll-
matrix least-squares refinement with anisotropic thermal displacement
parameters for the Pt, Cl, and O atoms yieldedrafactor of 0.034

| O+ Oy x L0PwPP
Ty

@

PKp,o = (1.015 [K,, o) + 0.45 )

more solvent to an equimolar mixture Bfand 1-MeC in DMSQOds.
The concentration range was from 77.72 to 4.97 mM.

(18) Otwinowsky, Z.; Minor, W. Processing of X-ray Diffraction Data Computations. Geometry optimization was performed using the
Collected in Oscillation Mode. IMethods in Enzymologgarter, C. Gaussian94 prografi All calculations were carried out at the Hartree
\2’\%“-' Sweet, R. M., Eds.; Academic Press: New York, 1996; Vol. Fock SCF level of theory employing the LANL2DZ basis set. This

(19) Sheldrick, G. MActa Crystallogr.199Q A46, 467.

(20) Sheldrick, G. MSHELXTL-PLUS (VMS)Siemens Analytical X-ray (25) Tribolet, R.; Sigel, HEur. J. Biochem1987 163 353.

Instruments, Inc.: Madison, WI, 1990. (26) Martin, R. B.Sciencel963 139, 1198.

(21) Sheldrick, G. MSHELXL-93, Program for crystal structure refine- (27) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson,
ment University of Gdtingen: Gdtingen, Germany, 1993. B. G.; Robb, M. A.; Cheesman, J. R.; Keith, T.; Peterson, G. A.;

(22) Sheldrick, G. MSHELXL-97, Program for the Refinement of Crystal Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
Structures University of Gdtingen: Gdtingen, Germany, 1997. V. G.; Ortiz, J. V.; Foresman, J. B.; Peng, C. Y.; Ayala, P. Y.; Chen,

(23) teXsan 1.7: Single-Crystal Structure Analysis Softwaielecular W.; Wong, M. W.; Andres, L. J.; Repgogle, E. S.; Gomperts, R.;
Structure Corp.: The Woodlands, TX, 1995. Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.;

(24) Altomare, A.; Cascarano, G.; Giacovazzo, C.; Guagliardi, A.; Burla, Stewart, J. J. P.; Head-Gordon, M.; Gonzales, C.; Pople, J. A;
M. C.; Polidori, G.; Camalli, M.J. Appl. Crystallogr.1994 27, 435. GAUSSIAN94Gaussian, Inc.: Pittsburgh, PA, 1995.
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Figure 1. Cations oftrans[a;Pt(7,9-DimeG)(9-EtGH)](CI®2-nH,O

(1a 1b, and 2) are shown with the atom-numbering schemes. The
anions and the water molecule are omitted for clarity. The ellipsoids
are drawn at 50% probability.

basis uses the DunnirgHuzinaga doublé: descriptot® for all first-
row elements and replaces the core electrons of platinum with the
effective core potentials of Hay and Wadt.

Results and Discussion

X-ray Crystal Structure of 1a, 1b, and 2. Metal binding

compoundsla, 1b, and2 are identical. Thdérans-aPt' entity
(a= NHszin 1laandl1b; a= CHsNH; in 2) in each complex is
coordinated to N7 of the 9-EtGH ligand and to 'Ndf 7,9-
DimeG, with the two bases orientated in such a way that O6 of
the 9-EtGH and N2of 7,9-DimeG are facing each other (Figure
1). There are, however, quite substantial differences in detalil
(Table 2). These refer essentially to angles, viz., the-Rf-

N1 angle, external ring angles of 9-EtGH at the N7 binding
site, and angles between 9-EtGH and the Pt coordination planes
The only significant difference in distances is that of the

Sigel et al.

Table 2. Selected Distances (A) and Angles (deg)lim 1h 2, and
4

1la 1b 2 4
Pt-N7 1.985(7) 2.013(4) 2.02(1) 2.028(10)
Pt-N1' 2.043(7) 2.024(4) 2.02(1)  2.009(10)
Pt-N10 2.043(9) 2.044(5) 2.06(1) 1.992(10)
Pt-N10 1.995(10) 2.029(4) 2.06(1) 2.037(10)
N7—Pt-N1' 1715(3) 177.3(2) 176.1(4) 178.8(4)
C8-N7-Pt 129.8(6) 125.4(4) 129.6(9) 121.7(9)
C5-N7-Pt 124.9(5) 129.1(4) 125.4(8) 131.8(9)
C6—N1'—Pt 115.8(5) 114.6(4) 117.8(9) 118.1(8)
C2-N1'—Pt 121.4(6) 123.1(4) 120.1(9) 122.3(9)
9-EtGH/Pt 85.8(3) 65.9(1) 86.4(3) 88.9(2)
7,9-DimeG/Pt 85.3(3) 82.1(1) 71.8(3) 88.8(2)
9-EtGH/7,9-DimeG  10.1(3) 17.1(2) 14.6(3) 2.4(5)
06++:N2 3.11(1) 3.88(1) 3.27(2)
06++-06 3.94(1)

dev Ptfrom 9-EtGH  +0.10(1) -+0.06(1) —0.14(1) +0.07(1)
dev Pt from 7,9-DimeG +0.16(1) +0.05(1) +0.21(1) —0.06(1)

interbase separation ®6N2'. The shortest distance between
these sites, 3.11(1) A iha, correlates with the largest deviation
from collinearity of PN7 and P+N1' vectors (171.5(3). In
fact, this angle is the smallest one in any of the bis(hucleobase)
complexes oftransaPt' reported so faf® It is certainly
consistent with formation of a weak intracomplex hydrogen
bond between these two sites. The same appli@s atthough
the H bond is still weaker (3.27(2) A). It is surprising that this
H bond is absent irlb (3.88(1) A). Actually1b is the first
complex oftrans-a,Pt' with the bases in Hoogsteen orientation
that is devoid of this H bon&!2:31 Although the N7-Pt—N1'
angle inlbis closest to 180(177.3(2)) and the propeller twist
of the two bases is largest in this compound (17.3(2)
additional features responsible for this long separation are the
external angles at N These angles differ ina and 1b by
4-5° in such a way that PtN7—C5 in 1b is largest (129.1-
(4)°). This high flexibility at N7 is in contrast to the much
smaller variation in external ring angles at'Nf 7,9-DimeG1°
Deviations of Pt from the nucleobase planes (Table 2) are
generally moderate (0.69.16 A), but in the case d, Pt is
's&ignificantly out of the plane of the 7,9-DimeG plane by 0.21

In Figure 2 the H bonding patterns of the two modifications
la and 1b are compared. As can be seen, in addition to
intramolecular H bonding inla, there is also interbase H
bonding, namely, a bifurcated hydrogen bond betweehdd6
7,9-DimeG and N2k (2.81(1) A) as well as N1H (3.13(1) A)
of 9-EtGH (symmetry operatiofi, — X, y, /> + 2). The water
molecule and the CI© anions are situated between layers of
cations and make hydrogen bonds to the amine groups at the
platinum atom (all H bonds between 3.01(2) and 3.27(1) A). In
1b, the only H bond between two cations can be found from
N10 to O6 of a nearby complex (3.01(1) A). N1&nd the other

nnydrogen donor and acceptor sites are all occupied by water

and perchlorate anions. 012 of a GlQnakes a corresponding
bifurcated H bond (like O6of 7,9-DimeG inla) to N1H (2.92-
(1) A) and N2H (3.10(1) A) of 9-EtGH.

The bifurcated intermolecular H bond ira between OBof
7,9-DimeG and NH (2.79(1) A) and N1H (3.03(1) A) of
9-EtGH is also seen in compourd There are numerous H
bonds or short contacts between oxygen atoms of theCIO
anions and H donors of the cation, including such with aromatic
protons, but none of these are unusua2©3(2) A).

(28) Dunning, T. H., Jr.; Hay, P. J. IModern Theoretical Chemistry;
Schaefer, H. F., lll, Ed.; Plenum: New York, 1976; p 1.
(29) Wadt, W. R.; Hay, P. JI. Chem. Phys1985 82, 284.

(30) Zangrando, E.; Pichierri, F.; Randaccio, E.; LippertCBord. Chem.
Rev. 1996 156, 275.

(31) Beyerle-Pfiig R.; Brown, B.; Faggiani, R.; Lippert, B.; Lock, C. J.
L. Inorg. Chem.1985 24, 4001.
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1a

1b

Figure 2. Sections of solid state structures of the two modifications
la and1b demonstrating different H-bonding interactions.

Figure 3. Cation oftrans[(CH3sNH,).Pt(7,9-DimeG)(9-EtG)](CIG)-
3H;0 (4) with the atom-numbering scheme. The anions and the water
molecules are omitted for clarity. The ellipsoids are drawn at 50%
probability.

X-ray Crystal Structure of 4. Deprotonation of the 9-eth-
ylguanine ligand inl or 2 leads to the corresponding 9-eth-
ylguaninato complexe8 and 4. Figure 3 gives a view of the
cation oftrans[(CH3NH>),Pt(7,9-DimeG)(9-EtG)]CI®@ 3H,O
(4). Unlike in 1a, 1b, and2 the two purine bases are now in an
orientation in which the exocyclic O6 oxygens of both bases
are facing each other. The @806 distance is 3.94(1) A and
both bases are nearly coplanar (dihedral angle ZY(Bhe two
outside angles at the N7 position of 9-EtGH (Table 2) differ by
10.7° (7.8 0) in such a way as to maximize the ©86
distance. The N7#Pt—N1' angle is close to 180(178.8(4}).

The packing pattern of displays two motifs (Figures 4 and
5): First, pairs of cations are formed in which two cations,

Inorganic Chemistry, Vol. 38, No. 7, 1999485

(b)

Figure 4. Stacking between pairs of cations éfand H-bonding
interactions involving ChNH; ligands and O6 and O6f the guanine
nucleobases: perspective view (a), top view perpendicular to base
planes (b), and view from the side (c).

arrangecdhead-tail with respect to each other, stack in a step
fashion with O6 and O6f one cation interacting with a single
CHsNH, group of the adjacent cation, resulting in four
intermolecular H bonds from which two each have the same
length of 2.82(1), 2.83(1) A (Figure 4). This situation is
reminiscent of the packing seen trans[(NHz).Pt(1-MeUH-
N3);]2" 32 trans[(NH3),Pt(1-MeC)(7,9-DimeG¥j",1° andtrans
[(NH23)2Pt(9-EtG)(1-MeC)](CESGs).22 In all these cases, exo-
cyclic oxygen acceptor groups are pointing in the same direction
(head-head and are involved in intermolecular H bonding with
the NH protons of the am(m)ine ligands (Figure 5). At the same
time pairs of cations are essentially parallel and at a stacking
distance of 3.43.5 A. The extent of base stacking correlates
inversely with the angle between the-RRtm(m)ine vectors and
the mean plane of the cross-linked bases: If base stacking is
substantial, such as imans-[(NH3)Pt(1-MeUHN3),]2",32 for
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Figure 5. Correlation of the extent of base stacking with the angle
between the Ptam(m)ine vectors and the mean plane of the cross-
linked bases in the solid state structuresrahs-aPt' complexes, when

Sigel et al.

@ 0O(2wa)

Figure 6. Additional H-bonding motif formed iM. The symmetry
operations, starting from left, are as follows;y, z, ¥, —x, y— Y2, 3>
—Z X% Y—=1,Z Yo =%, y— %, 3 —z

This pair has been observed experimentally in two slight
variations also in a DNA dodecamer containing a GG mis-
match3® It represents half of the guanine quartets seen in
tetrastranded telomere structuf@4? Recently, this pattern has

been confirmed in high-resolution X-ray studies of DNA

the exocyclic groups of the nucleobase ligands are pointing in the sameduplexes containing guanine overhangs which interact to

direction head-head.

example, the Ptam(m)ine vectors are strongly tilted, forming
angles of 56-60° (Figure 5a). If, on the other hand, base pair
overlap is reduced (Figure 5b), nucleobases and thg [ftde
form much larger angles, e.g., 885° in trans[(NH3),Pt(9-
EtG)(1-MeC)](CRS0s)%* or trans[(NH3),Pt(7,9-DimeG)(1-
MeC)J?* 1% and 89 in the case o#. Second, 9-EtGH ligands

produce G x G-C triplets#:42This triplet is reinforced by an
additional H bond between O6f (the third) G and N4 of C.
Pairlll is realized in the solid state structure of guanféesd
also in another Gx G-C triplet in which the G is part of a
third strand that runs antiparallel with respect to G. Again, the
G within the duplex acts exclusively as H acceptor, while G
(in the third strand) is exclusively the H donor, albeit'Ndihd

N2' have switched sites as comparedItoPair IV is seen in

make intermolecular contacts between each other via O6 andparallel-stranded DNA containing a homoguanine pasnd
N2 sites (Figure 6). H bonding between deprotonated guaninesin N7-protonatetf or N7-platinated®4” guanine.

thus is not pairwise between N1 and N2sites, as previously
observed for deprotonated guanieé water molecule, which
forms a H bond to N1 (N%-O1lw, 2.80(1) A), appears to
account for this difference.

Guanine—Guanine Pairing and Metal Modification. Gua-
nine self-pairing occurs in many different ways (Figure 7),

If protonated or deprotonated guanine bases are considered,
additional patterns are possible. For example, in hemiprotonated
guanine, the acidic proton is between two N7 stfeand in
fully protonated guanine, pairs of H bonds between N7H and
06 are possiblé? in addition tolV mentioned already. Finally,

depending on the protonation state (neutral, protonated, depro-38) Skelly, J. V.; Edwards, K. J.; Jenkins, T. C.; Neidle,”8oc. Natl.

tonated) and other modifications (methylation; metal complex-
ation). For the four homopaiis-1V 35 enthalpies of formation

in the gas phase have been calcul@fetihe symmetric pait
with H bonds between pairs of O6 and N1 sites, although in
the gas phase almost as stable as the Wat€oitk GC pair3®

has rarely been observed experimentally. Rbjrwhich is
formed between Nland N2 sites of one guanine (5and O6
and N7 of the other (G), has been implicated in domain joining
to produce the catalytic core of thieetrahymenaibozyme?’

(32) 1-MeUH is rare tautomer (Pt at N3, H at O4): Zamora, F.; Witkowski,
H.; Freisinger, E.; Mler, J.; Thormann, B.; Albinati, A.; Lippert, B.
J. Chem. Soc., Dalton Tran$999 175.

(33) Sigel, R. K. O.; Freisinger, E.; Metzger, S.; Lippert,JBAm. Chem.
Soc.1998 120, 12000.

(34) Schrder, G.; Lippert, B.; Sabat, M.; Lock, C. J. L.; Faggiani, R.;
Song, B.; Sigel, HJ. Chem. Soc., Dalton Tran&995 3767.

(35) Donohue, JProc. Natl. Acad. Sci. U.S.A956 42, 60.

(36) Hobza, P.; Sandorfy, Q. Am. Chem. So0d.987 109, 1302.

(37) (a) Michel, F.; Hanna, M.; Green, R.; Bartel, D. P.; Szostak, J. W.
Nature1989 342 391. (b) Tanner, M. A.; Cech, T. Rciencel997,
275, 847.

Acad. Sci. U.S.A1993 90, 804.

(39) (a) Kang, C. H.; Zhang, X.; Ratliff, R.; Moyziz, R.; Rich, Nature
1992 356, 126. (b) Smith, F. W.; Feigon, Nature 1992 356, 164.
(c) Laughlan, G.; Murchie, A. I. H.; Norman, D. G.; Moore, M. H.;
Moody, P. C. E.; Lilley, D. M. J.; Luisi, BSciencel994 256, 520.

(40) This discussion does not consider possible variations in syn, anti
arrangements of the sugar residues.

(41) Van Meervelt, L.; Vlieghe, D.; Dautant, A.; Gallois, B.; Bigoux,
G.; Kennard, ONature 1995 374, 742.

(42) Schultz, S. C.; Shields, G. C.; Steitz, T. $ciencel991, 253 1001.

(43) (a) Bugg, C. E.; Thewalt, U. T.; Marsh, R. Biochem. Biophys. Res.
Communl1968 33, 436. (b) Destro, R.; Kistenmacher, T. J.; Marsh,
R. E.Acta Crystallogr.1974 B30, 79.

(44) Vlieghe, D.; Van Meervelt, L.; Dautant, A.; Gallois, B.; Bigoux,
G.; Kennard, OSciencel996 273 1702.

(45) Robinson, H.; van der Marel, G. A.; van Boom, J. H.; Wang, A. H.-J.
Biochemistry1992 31, 10510.

(46) Purnell, L. G.; Hodgson, D. J. Am. Chem. Sod.976 98, 4759.

(47) (a) Admiraal, G.; Alink, M.; Altona, C.; Dijt, E. J.; van Garderen, C.
J.; de Graaff, R. A. G.; Reedijk, J. Am. Chem. Sod992 114, 930.
(b) Coll, M.; Sherman, S. E.; Gibson, D.; Lippard, S. J.; Wang, A.
H.-J.J. Biomol. Struct. Dyn199Q 8, 315.

(48) Mandel, G. S.; Marsh, R. Bcta Crystallogr.1975 B31, 2862.

(49) Voet, D.; Rich, A.Prog. Nucl. Acid Res. Mol. Bioll97Q 10, 183
and references cited.
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Relevance of Model Compounds to Metalated DNA
Triplexes. As part of ongoing work in our laboratory to apply
metal cross-linking of nucleic acid strands to antigene and
antisense strategi@$152 and to obtain models of relevant
adducts;1?2 we have previously concentrated primarily on
metalated triplexes of the type pym pu-pym (first pym of
third strand added to WatseiCrick purpym duplex)?251

The two established 'G< G-C triplets (Figure 8a,b) contain
the G x G pairslll andll, respectively, of Figure 7. The
orientation of the third strand containing & dictated by the
sugar conformation of this base (anti or syn). If the third-strand
base adopts the normal anti conformation, Figure 8a corresponds
to an antiparallel orientation of the third strand \@&ith respect
to the strand containing G, and Figure 8b to a parallel orientation
of the third strand.

As outlined above, introduction of a linear metal entity into
these G x G pairs (Figure 8c,d) causes relatively minor
geometrical changes, as seen from a comparison of distances
between C atoms, which in nucleic acids correspond tooC1
sugars. The increase in glycosidic bond separations between
the two guanine bases in the platinated spet#snd?2 (Figure
8c) as well as4 (Figure 8d) is relatively modest (0-71 A).
There are two more possibilities (Figure 8e,f) of metalated G
x G+C triplexes, which have, however, no counterparts in their
unmetalated forms due to the absence of suitable H-bonding
interactions. In Figure 8e, the third’ & cross-linked to the
G-C duplex via a N—-M—N7 bond and the two guanine bases
adopt ahead-tail orientation, as found itrans-[(CH3NH_)Pt-
(9-EtGH)]Cl,, for example®® The head-head orientation of
the metal cross-linked 'G5 bases (Figure 8f) is likewise
possible, as seen in model compounds obtained by us more
recently®* It needs to be noted that the general orientation of
the residues at the N9 (N9positions of G (@ in Figure 8e
and Figure 8f corresponds to those of Figure 8c and Figure 8d,
respectively, but that there are differences in mutual distances
of these sites. On the basis of these distances it is evident that,
compared to the two triplets that contain exclusively H bonds
(Figure 8a,b), introduction of a metal of linear coordination
geometry leads either to an increase in interglycosidic distances
(if N7,N1 cross-linking takes place) or a reduction (if N7,N7
cross-linking occurs). Changes in either direction are on the
order of 0.71.2 A, hence<10% of the glycosidic bond

deprotonation of a guanine at N1 leads either to a guanine pairseparation of the triplets, and are presumably tolerable by the

with three H bonds (hemideprotonati#)345Oinvolving N1,
N2H,, and O6 or to a guanine pair with two H bonds between

N1 and N2H.34

As far as metal modification of the homoguanine péir$V
is concernedla, 1b, and2 are to be considered such forms of
IIl, with G' representing the 7,9-DimeG and G the 9-EtGH
model bases. In the metalated base pair thé&iNiIN7 hydrogen
bond is replaced by two considerably strongerRtonds, viz.,
N1'—Pt=N7. As a consequence, not only is the 'NIN7
separation, estimated around 2.84 A in the base Wajp®
increased to ca4 A in 1a, 1b, and 2 but also the N2:-06
distance increases, from ca. 3.06 A in the unmetalated®gair
3.11 Ainlaand 3.27(2) A ir2. In 1b (3.88(1) A) this hydrogen

bond is lost.

Compound4 is a metalated analogue &f with one of the
two bifurcated H bonds, extending from Nilto N7, replaced
by the NI—Pt—N7 bonds. Again Gcorresponds to 7,9-DimeG

and G to the deprotonated 9-EtG.

(50) (a) Faggiani, R.; Lock, C. J. L.; Lippert, B. Am. Chem. S0d.98Q
102 5418. (b) Faggiani, R.; Lippert, B.; Lock, C. J. L.; Speranzini,

R. A. Inorg. Chem.1982 21, 3216.

backbone.

Acidity Constants of 1 and 2.9-Alkylguanine derivatives
may usually accept a proton at N7 and release one from the
N1H site. In both complexesand2 the NI and N7 positions
of the 7,9-DimeG residue are blocked by Bt a methyl group,
respectively. In the 9-EtGH ligand, the N7 position is occupied
by the metal center, so that only one deprotonation site (and
hence also only a single equilibrium) has to be considered in
each of the two compounds. The results obtained fidNMR
measurements are listed in Table 3. For each complex it was
possible to evaluate chemical shifts of HC8 andCBl
resonances, which were most affected by a change in pD; for
both complexes the agreement of the two individual results is
excellent. In Figure 9, the change of chemical shifts of HC8 in
1 and 2 is shown. It is noticed that in complek (i.e., with

(51) Berghoff, U.; Schmidt, K.; Janik, M.; Schder, G.; Lippert, Blnorg.
Chim. Actal998 269, 139.

(52) Lippert, B.; Leng, M. InTopics in Biological Inorganic Chemistry
Clarke, M. J., Sadler, P. J., Eds.; Springer: Heidelberg, in press.

(53) Pesch, F. J.; Wienken, M.; Preut, H.; Tenten, A.; Lippert|rrg.
Chim. Actal992 192, 243.

(54) Meier, S.; Freisinger, E.; Lippert, B. Unpublished results.
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Figure 8. Four principal variants of metalated G- G-C base triplets (a, b) containing &N1, G-N7 (c, d) and G-N7, G—=N7' (e, f) metal
cross-links. Distances given refer to separations of thlea@ims in the glycosidic bonds of the two guanines (indicated by dots).

NH; ligands at the P) the curve of HC8 is slightly upfield 0.07 for2. This shows that methylation of the amine ligands at
shifted by about 0.1 ppm as compared2tgwhich has CH- Pt' has an effect on the chemical shifts, yet not on the-acid
NH, ligands at the ), and also the\d is slightly larger with base properties of such complexes within the error limits. For
2; the same is true for #€91, but the upfield shift is much  free 9-EtGH, K, = 9.57 & 0.04 has been measur&tthus
smaller. K, values obtained are 8.22 0.03 for1 and 8.24+ platination at N7 results in a decrease of 1435.05 or 1.33t
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Table 3. *H NMR Data and Acidity Constants fdr and 22

complex dcn (PPM) o (ppm) A6 (ppm) K* a0 PKap;0 PKam;0
1 HCs 8380+ 0.001 82040001  0.176:0001  8.789t 0.008
H,CO1  4.194r 0001  4.159-0001  0.035:0.001 87670026 o /88+0.001 8.22£0.03
2 HC8 8483+ 0.002  8.282:0002 0201t 0.003 8802 0.025
H,CO1 422140001  4.185:0001  0.036:0.001 88690072  o:809+0.023 8.24+0.07

@ Chemical shifts of the HC8 and,B91 of the 9-EtGH residue for protonated (i.e., deuterated) and deprotdreis(NH3).Pt(7,9-DimeG)(9-
EtGH)P?* (1) and trans[(CH3NH,)-Pt(7,9-DimeG)(9-EtGHJ}" (2) as determined in D (20°C; | = 0.1 M, NaNQ) by *H NMR are given in
columns 3 and 4. These chemical shifts were calculated by using the average value of the acidity constant (column 7) together with its error limit;
the range of error given with the calculated shifts is twice the standard deviation. in column 5 the shift différéneesulting from deprotonation
of the species, are listedAd = den — Oc. Values for K*4p,0 Of the individual protons (column 6) are given with one standard deviatiop (1
The result for Kap,o (column 7) is the weighted mean with one standard deviatioh @lthe individual values obtained from the various protons;
this result is transformed to aqueous solution@)by applying eq 1 to give the final result foKpw,o (column 8). The error range given here is

at least three times the standard error of the mean value.

ppm
8.50

8.45 -
8.40 —
8.35 -
8.30 —
8.25
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8.15 ; N —
4 6 8 12

pD

Figure 9. pH dependence of th#d chemical shifts of C8H ofl (@)
and 2 (a). For the exact chemical shifts of the protonated and
deprotonated complexes, see also Table 3.

0.08 K, units, which is slightly larger, but still on the same
order as has been found before for several guanine derivative
where metal ions are coordinated to 7.

However, the acidifying effect of about 1.3&Kpunits in1

and2 means that the N1H site is transformed to an even better
hydrogen donor suitable for hydrogen bonding as for example

in the G x G-C triplet (see below).

A Platinated G' x GeC Triplet in Solution. The existence
of platinated G x G-C triplets in solution can be demonstrated
by 'H NMR dilution experiments in DMS@k.5° Figure 10
shows a stackplot of the aromatic part of #&€NMR spectra
of equimolar mixtures o2 and 1-methylcytosine. It can be easily
noticed that only three resonances are affected by the chang
in concentration, i.e., N1H and N2rbf the 9-EtGH residue
and N4h of the free 1-MeC. All other resonances of complex

2 and also of 1-MeC remain unaffected, which proves that there
is no other kind of association (such as stacking, for example)

occurring in solution. It also shows that a Watsd®rick pair
between 9-EtGH and 1-MeC is formed because only this sor
of base pairing involves all these (and only these) hydrogen

donor sites. A pairing scheme as found in the solid state structure

of trans-[(CH3NH,)Pt(7,9-DimeG)](ClO4)2*(1-MeC),5¢ where
N2'H, and N3 of 7,9-DimeG on the one side and N4lknd
N3 of 1-MeC on the other side are involved, is to be excluded,
because in this case the resonance of N1H of the 9-EtGH ligan

(55) Schrder, G.; Sabat, M.; Baxter, |.; Kozelka, J.; Lippert, Borg.
Chem.1997, 36, 490.

(56) Sigel, R. K. O.; Freisinger, E.; Lippert, Ehem. Communl1998
219.

H§' H8

*

e,

13 12 11 10 9 8 7 6 ppm

Figure 10. Stack plot of the aromatic part of tHel NMR spectrum
(5.5-13 ppm) of an equimolar mixture & and 1-MeC in DMSGOdg

upon dilution. Carbon protons are labeled. The other resonances are,
from left to right, N1H (*), HbN2' (l), N2H; (a), and N4H (cyt) (@).
Concentrations from the top are 77.72, 51.81, 38.86, 31.09, 15.54, 8.29,
and 4.97 mM.

should remain unaffected. Thus, a triplet structure as shown in

SFigure 8c or 8d is postulated. The NMR data do not reveal if

there is an intramolecular H bond between'NRand O6 as
found in the solid state structures b& and 1b, hence if 7,9-
DimeG is in a fixed position or is rotating fast around the-Pt
N1' bond. There is definitely no slow rotation (on the NMR
time scale), since this should lead to two sets of (at least) the
H8 and H8 protons.

As expected, the downfield shift of the N1H resonance is
approximately twice that of the two NHs$ignals, consistent with
the involvement of only one of the two NHesonances each
é'n the Watson-Crick base pair and averaging due to fast rotation
of the exocyclic amino group around the-8 bond.

Ab Initio Calculations of the Platinated G’ x GeC Triplet.

The geometry of the platinated G G-C triplet was established
by ab initio HF SCF calculations applying nonalkylated nucleo-
bases for simplicity. The result is shown in Figure 11. The

+ Orientation of the two guanine bases corresponds to that seen

in 1a, 1b, and2 and the platinated triplet is of the type shown
in Figure 8c, with a normal WatsetCrick pair between G and

C. Taking into account an elongation of the bond lengths typical
for such calculation8’ the geometry around the platinum atom
compares reasonably well with the experimental data (Support-

ding Information). One of the interesting aspects of the ab initio

structure is the involvement of the ammine ligands in intramo-

(57) Frenking, G.; Antes, |.; Bohme, M.; Dapprich, S.; Ehlers, A. W.; Jonas,
V.; Neuhaus, A.; Otto, M.; Stegmann, R.; Veldkamp, A.; Vyboish-
chikov, S. F.Rev. Comput. Chem1996 8, 63.
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Figure 11. Stereoview of the ab initio optimized structure todins
[(NH3)2Pt(G-N1)(HG-N7)}-C triplet (HG = unsubstituted guanine; G
= anion of unsubstituted guanine; =€ unsubstituted cytosine).

lecular hydrogen bonds with the exocyclic O6 oxygen atoms
of both guanine moieties. The N(am*P6(G) and N(am2)
--06(G) distances are 2.753 and 2.950 A, respectively. As a
result, the ammine ligands remain closer to the plane of the
triplet and the whole system is “flattened” as opposed to the
solid state structures dfa, 1b, and 2, where the am(m)ine

ligands are almost perpendicular to the bases. Also, the dihedra

angle between the guanine bases 6i significantly smaller
than the corresponding angles in the X-ray structures {10.9
17.7°). However, it should be noted that in the solid state
structures the am(m)ine moieties are involved in intermolecular
hydrogen-bonding interactions, rather than the intramolecular
system observed in the ab initio structure which refers to the
gas phase.

Conclusions
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be no need to cross-link two guaninesailh triplets. Rather a
single metal ion, e.g., Znor Cd', cross-linking base triplets
once in a while, may be sufficient. We propose that cross-links
of this type could stabilize a triplex to a considerably higher
extent than simple polarizing effects of the metal. From model
work with hexacoordinated bis(nucleobase) complexes '%f Pt
it is quite clear that a coplanar arrangement of two trans-
orientated bases is possiSleThe orientation of the other
ligands, e.g., four water molecules about an octahedral metal
ion, is in fact favorable for additional H bond formation with
bases above and below the cross-link. Forsrbups we have
recently been able to demonstrate this feature in the solid%tate.
The question of how capable a metal ion is of binding to N1 of
guanine (rather than guanine methylated at N7 as in our case)
is more difficult to answer. It should, however, be kept in mind
that the relatively high Ig, value of N1H of guanine is by no
means an obstacle for metal binding to this site. There are a
number of cases known by now where metal ions substitute
weakly acidic imino protons of nucleobaseX{®—10) and
even amino protons g, 16—17), giving either the respective
metalated anid¥63 or the metalated neutral base in a rare
fautomeric structuré? 64

As to the second aspect raised, formation of intermolecular
DNA triplexes, we propose that metal cross-linking between a
purine-containing oligonucleotide and a DNA duplex analo-
gously to that of pyrimidine-containing oligonucleotif®ss
possible in principle. It might be yet another gene-silencing
strategy within the antigene technology which involves the use
of metalated oligonucleotidéd.The model compounds studied
in this work provide a good basis to pursue this aspect further.
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