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Abstract 

An attempt is described and critically asssessed to use the ‘method of basicity measurements’ for estimating the 
effect of Pt(II) electrophiles bound to the N7 position of the model nucleobase 9-methyladenine to shift the 
tautomer equilibrium from the preferred 6-amino to the rare 6-imino form. The question of tautomerization of 
an adenine nucleobase is of biological interest with regard to the now established preference for A+T transversions 
as a consequence of 5’ (ApG) adduct formation of the antitumor agent Cisplatin. For this purpose, a series of 
model nucleobase complexes of Pt(I1) with 9-methyladenine (9-MeA), 1,9-dimethyladenine (1,9-DimeA) and 6,9- 
dimethyladenine (6,9-DimeA), and their protonated forms have been prepared and their W spectra at various 
pH values recorded. In two cases, the compounds were characterized also by X-ray analysis, cir-[ClrPt(l,9- 
DimeAH)(NH,)]Cl (2~) and Cl,Pt(6,9-DimeAH).H,O (3a). Based on the experimentally determined pK,, values 
of the platinated adeninium ligands, tautomer equilibrium constants KT were calculated and found to be 1O-45 
for [Cl,Pt(9-MeA)]- and 10-4.6 for cis-Cl,Pt(NH3)(9-MeA). These values compare with 10m4.a for 9-MeA. The 
observed shifts in favor of the rare imino tautomer on Pt binding to N7 are considered too small to unambiguously 
explain the observed preferential A+T transversion on the basis of an initial mispair between a platinated 
adenine in its imino form and an adenine in its normal amino tautomer. 

Introduction 

Metal ions and metal coordination compounds in 
many cases have been found to be mutagenic or even 
involved in carcinogenesis [l]. Possible ways of inter- 
ference of metal species with proper base pairing in 
DNA have been discussed [2]. It appears that at least 
three basic possibilities exist, which involve alterations 
either at the template, the substrate, and/or the po- 
lymerase level. As to non-complementary base pairing 
patterns which, if not repaired, result in mutagenic 
events, modern oligonucleotide chemistry in combi- 
nation with X-ray crystallography [3] and sophisticated 
NMR spectroscopy [4] has been able to demonstrate 
the existence of base mismatches in duplex DNA. These 
mismatches involve either two neutral or one neutral 
and a protonated nucleobase or one of the two bases 
in a syn orientation. With one possible exception of a 
base pair between two thymines from two different 
DNA hairpin molecules [5], none of these odd base 

*Author to whom correspondence should be addressed. 

pairs includes a rare nucleobase tautomer, a finding 
which certainly is not unexpected. Similar structural 
data on mismatches between a metallated nucleobase 
and a ‘wrong’ base in a double-stranded oligonucleotide 
are not available at present. On the other hand, the 
melting behaviour of a G,G platinated duplex oligo- 
nucleotide with a wrong nucleobase across the platinated 
5’-G has been studied [6], and there have been quantum 
mechanical approaches to this question [7]*. 

Our attempts to model metal-nucleobase interactions 
that are potentially relevant to base-mispairing mech- 
anisms, have provided some insight. Applying inert 
metal species such as Pt(I1) or Pt(IV), we have reported 
on: (i) mispairing between two guanine nucleobases, 
brought about by metal binding to N7 of one base [8]; 
(ii) the stabilization of a rare cytosine tautomer in its 

*G denotes guanine. Other abbreviations used: A=adenine, 
T = thymine, 9-MeA = 9-methyladenine, 19-DimeA= 1,9-d& 
methyladenine, 1,6-DimeA = 1,64iiethyladenine, l-MeC = 
1-methylcytosine, l-MeU = I-methyluracil anion, l-MeT= 
1-methylthymine anion. 
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metal-complexed form [9]; (iii) a Pt-assisted tauto- 
merization of uracil [lo] and thymine nucleobases [ll]. 
Moreover, (iv) the substitution of a hydrogen from a 
hydrogen bond between two nucleobases by a metal 
ion of suitable geometry @runs-a,Pt(II) [12], Ag(I) [13]) 
provides another pathway for the stabilization of odd 
base pairs. 

The motivation for the study described here came 
from work reported by Burnouf et al. [14], who de- 
termined the mutation spectrum of the antitumor agent 
cis-(NH,),PtCl, (cis-DDP, Cisplatin), and found that 
the d(ApG) adduct of &DDP in DNA is at least five 
times more mutagenic than the d(GpG) adduct, which 
represents the major cross-link in platinated DNA [15]. 
There is a high mutation specificity for the 5’ base A, 
leading primarily ( > 80%) to A+ T transversions. It 
is generally accepted [16] that the mutational pathway 
of the A + T transversion involves a pair between two 
adenines as the central n&pairing step (Fig. 1). One 
of the two adenines is the rare imino tautomer of 
adenine (A*), the other one the normal amino tautomer 
in a ,ryn conformation. Considering the geometry of the 
G(an@-A@&) mismatch [17], an A*(anti) -A(unti) pair 
would seem to be possible as well. Unlike for several 
other mismatches, which might be explained by a base- 
wobble as a consequence of steric distortion caused by 
a bulky mutagen [18], for example, it is difficult to 
explain base pairing between two adenines that maintain 
the cis orientation of the glycosidic bonds, without 
involving a rare tautomer structure of one of the two 
bases. The alternative would be no base pairing at all, 
similar to the situation in apurinic sites,where adenines 
are known to be preferentially inserted across such 
lesions [19]. 

This study was conducted with the aim of exploring 
the possibility that a metal (Pt(I1)) coordinated at the 

AT > TA- TRANSVERSION 
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Fig. 1. Generally accepted mechanism for AT + TA transversion 
(top) and schematic views of normal A=T base pair (bottom 
left) and mispair between the rare adenine tautomer (A*) and 
the preferred adenine tautomer (A) in a syn orientation (bottom 
right). 

Fig. 2. Question: Does Pt coordination at N7 of adenine shift 
the tautomer equilibrium towards the imino form? 

N7 site of the nucleobase 9-methyladenine (9-MeA) 
affects the tautomer equilibrium (Fig. 2). 

Experimental 

Preparation 
9-MeA [20], (1,9-DimeAH)ClO, [21] and 6,9-DimeA 

[21] were prepared according to published methods. 
CI,Pt(9-MeAH-iV7) (la) was prepared from K,PtCl, 

and 9-MeA as described [22]. When the reaction was 
carried out in more dilute HCl (0.1 N) and at room 
temperature, a poorly soluble, salmon-pink material of 
composition [9-MeAH],[PtCl,] (lb) was obtained in 
good yield within l-2 h. Anal. Calc. for (C,H,N,),PtCI, 
(lb): C, 22.62; H, 2.54; N, 21.98; Cl, 22.25. Found: C, 
22.7; H, 2.4; N, 21.8; Cl, 22.3%. 

Treatment of la with an excess of NH, gives 
[(NH,),Pt(9-MeA-N7)]Clz.2H,0 (lc) and, via AgCIO,, 
the perchlorate salt [(NH,),Pt(9-MeA-N7)](ClO& (ld) 
[23]. Careful addition of NH, (6 ml, 25%) to an aqueous 
suspension of la (1.8 mm01 in 15 ml) initially dissolves 
la completely, but leads to a yellowish-white precipitate 
le within 5 min. The yield is 90-95%. le analyzes as 
Cl,Pt(9-MeA-W’)(NH,). Anal. Calc. for Cl,Pt- 
(C,H,N,)(NH,): C, 16.67; H, 2.34; N, 19.45; Cl, 16.40. 
Found: C, 16.6; H, 2.3; N, 19.2; Cl, 15.8%. In analogy 
to the structurally characterized corresponding 1,9- 
DimeAH complex 2c we assume that le has a cis 
geometry. 

Other Pt(I1) complexes containing N7 bound 9-MeA 
were [(dien)Pt(9-MeA-AV)](NO,), [24], cis- and truns- 
[(NH,),Pt(l-MeC)(9-MeA-iW)](ClO,), [25] and cis- 
[(NH,),Pt(9rMeA-AV)X]C10, (X= l-MeU or l-MeT) 
PI- 

CI,Pt( 1,9-DimeAH-AV) *Hz0 (2a) was prepared as 
follows. (l,PDimeAH)ClO, (3 mmol) was slightly 
warmed in HCl (0.1 M, 40 ml) until all material had 
dissolved and was then allowed to cool to 22 “C. K,PtCI, 
(3 mmol) was added with stirring. After 5 min, when 
precipitation started, stirring was stopped. After 22 h, 
the yellow-tan precipitate (1.32 g, 91%) was filtered 
off, washed with water, methanol and ether and dried 
in air. Anal. Calc. for Cl,Pt(C,H,,N,) . H,O (2a): C, 
17.38; H, 2.51; N, 14.48; Cl, 21.99. Found: C, 17.4; H, 
2.1; N, 14.3; Cl, 21.5%. 
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cb-Cl,Pt(l,PDimeA-N7)(NH,) (2b) was prepared by 
a similar method to that for le. 700 mg of 2a were 
suspended in 10 ml of water. After addition of 6 ml 
of 25% NH, (pH 11.4), a yellow+range solution formed, 
the color of which faded to pale orange within minutes. 
After 15 min, the yellowish precipitate that formed 
(350 mg, 544 ) o was filtered off, washed twice with 2.5 
ml water, then methanol and ether and finally dried 
in air. Anal. Calc. for Cl,Pt(C,H,N,)(NH,) (2b): C, 
18.67; H, 2.69; N, 18.67; Cl, 15.76. Found: C, 18.5; H, 
2.7; N, 18.8; Cl, 15.2%. 

cz&[Cl,Pt(NH,)(1,9-DimeAH-N7)]Cl (2~) was pre- 
pared from 2b (100 mg in 1.2 ml of 0.2 N HCl) and 
obtained as yellow single crystals in 40% yield upon 
slow evaporation. Anal. Calc. for Cl,Pt(CH,$J,)(NH,): 
C, 17.42; H, 2.72; N, 17.41; Cl, 22.03. Found: C, 17.4; 
H, 2.8; N, 17.3; Cl, 22.1%. 

Cl,Pt(6,9-DimeAH-N7).H,O (3a) was prepared in 
analogy to la and 2a from 6,9-DimeA and K,PtCI, (1 
mm01 each) in HCl (2.5 N, 10 ml) at 50 “C within 
several hours. Orange-yellow cubes or plates, yield 
73%.AnaZ. Calc. for Cl,Pt(CH,,N,).H,O (3a): C, 17.38; 
H, 2.51; N, 14.48; Cl, 21.99. Found: C, 17.5; H, 2.5; 
N, 14.4; Cl, 22.2%. 

&Cl,Pt(6,9-DimeA)(NH, (3b) was obtained in anal- 
ogy to le and 2b from 3b (200 mg suspended in 4.5 
ml of water; addition of 1.5 ml of 25% NH,) as a 
yellowish-white material in 49% yield. Anal. Calc. for 
Cl,Pt(NH3)(C,H,NS): C, 18.84; H, 2.72; N, 18.84; Cl, 
15.89. Found: C, 18.7; H, 2.7; N, 18.5; Cl, 15.8%. 

X-ray crystallography 
X-ray crystal structures were performed for 2c and 

3a on a Philips-PWllOO single crystal diffractometer 
using graphite monochromated MO Ka radiation 
(A=0.71069 A) at room temperature. Details relevant 
to data collection and refinement are given in Table 
1; atomic coordinates. and isotropic temperature factors 
in Tables 2 (2~) and 3 (3a). Intensity data were corrected 
for Lorentz and polarization effects and, at a later 
stage, for absorption [27]. The coordinates of the Pt 
atoms were found in a three-dimensional Patterson 
map. The other non-hydrogen atoms were determined 
by subsequent AF syntheses; H atoms were ignored. 
Complex scattering factors for neutral atoms were taken 
from refs. 28 and 29. The SHELX program package 
was used for the calculations [30]. 

spectroscopy 
IR spectra were measured as KBr pellets using Perkin- 

Elmer spectrometers 577 and 783. 
UV spectra were recorded on a Perkin-Elmer 55 in 

1 cm cuvettes. pK, values were determined spectro- 
photometrically using the Henderson-Hasselbalch re- 
lation 

TABLE 1. Crystallographic data for ck-[ClrPt(NHJ(1,9- 
DimeAH)]Cl (Zc) and Cl,Pt(6,9-DimeAH).HrO (3a) 

2c 3a 

Formula weight 
Space group 

= (A) 
b (A) 
c (A) 
a (“) 
P (“) 
Y (“) 
v (A3) 
Z 

DFpk (g cmW3) 
Crystal size (mm) 

CL (cm-‘) 
0 Range (“) 
No. unique reflections 
No. unique reflections 

used in calculations 
No. parameters 
R 

Rw Q 

482.67 483.66 
Pbca P2,ln 
22.699(12) 9.332(2) 
10.667(5) 15.985(3) 
11.343(7) 9.091(2) 

2746.48 1354.1 
8 4 
2.335 2.373 
0.5 x 0.5 x 0.4 0.2 x 0.2 x 0.2 
103.6 105 
2-25 2-25 
2418 2662 
2253 F, > 2uF, 2501 F, > 2oF, 

154 
0.053 
0.052 

154 
0.030 
0.030 (W-r =02(F) 

+ 0.0004Fz) 

93.14(2) 

TABLE 2. Atomic coordinates and equivalent isotropic tem- 
perature factors (A’) for 2c 

Atom x Y z u 

Ptl 0.6101(l) 0.2169(l) 0.4401(l) 0.023(l) 
Cl1 0.5495(l) 0.1671(3) 0.5981(2) 0.041(l) 
Cl2 0.6370(l) 0.4023(2) 0.5250(2) 0.039(l) 
Cl3 0.2470(l) 0.4963(2) 0.7234(2) 0.040(l) 
N10 O&33(4) 0X70(8) 0.2992(8) 0.036(3) 
Nl O&78(5) -0.2288(8) 0.4644(9) 0.040(3) 
Cl’ 0.7105(6) -0.2823(11) 0.5479( 13) 0.052(5) 
c2 0.6437(7) - 0.3059(10) 0.3772( 11) 0.045(4) 
N3 0.6068(5) - 0.2694(8) 0.2966(g) 0.041(3) 
c4 0.5922(4) -0.1464(10) 0.3037(9) 0.027(3) 
c5 0.6120(5) -0.0630(g) 0.3876(10) 0.029(3) 
C6 O&%17(5) -0.1037(9) 0.4749(10) 0.032(3) 
N6’ 0.6726(5) -0.0331(9) 0.5590(8) 0.040(3) 
N7 0.5895(3) 0.0547(7) 0.3615(7) 0.023(Z) 
c8 0.5559(5) 0.0383(9) 0.2650(g) 0.027(3) 
N9 0.5571(4) -0.0833(8) 0.2277(8) 0.031(3) 
c9’ 0.5252(6) -0.1314(12) 0.1230(11) 0.047(4) 

E,--E 
pK,=W-log= 

B 

where EK is the absorbance of the adeninium complex, 
E, is the absorbance of the adenine complex, and E 
is the absorbance of a mixture of both species at a 
given pH and a given A each. In order to suppress 
Cl- solvolysis and also to keep the ionic strength 
constant, equiconcentrated solutions were usually mea- 
sured in 0.1 M NaCl, except for strongly acidic solutions 
(0 < pH < l), where HCl was applied. pH values were 
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TABLE 3. Atomic coordinates and equivalent isotropic tem- 
perature factors (A’) for 3a 

TABLE 4. pK, values of N(l)H of 9-MeAH and of N7 platinated 
9-MeAH+ complexes 

Atom x Y z u Species PK,’ Methodb Reference 

Ptl 0.0568( 1) 0.1523(l) 1.0429(l) 0.029(l) 

Cl1 0.0141(l) 0.2611(l) 0.8797(2) 0.046( 1) 

Cl2 -0.1455(l) 0.1856(l) 1.1612(l) 0.046( 1) 

Cl3 0.1069(2) 0.0454( 1) 1.2048(2) 0.058(l) 

Nl 0.5537(5) 0.2482(3) 0.9516(6) 0.039( 1) 

C2 0.6345(6) 0.1937(4) 0.8731(8) 0.045(2) 

N3 0.5881(5) 0.1237(3) 0.8195(7) 0.048(l) 

C4 O&96(6) 0.1073(3) 0.8542(7) 0.038(l) 

C5 0.3614(6) 0.1568(3) 0.9288(6) 0.033( 1) 
C6 0.4141(6) 0.2347(3) 0.9771(6) 0.034( 1) 

N6’ 0.3368(5) 0.2917(3) 1.0421(5) 0.039(l) 
C6’ 0.3896(8) 0.3775(4) 1.0799(9) 0.055(2) 

N7 0.2305(5) 0.1172(3) 0.9373(5) 0.034( 1) 

C8 0.2431(7) 0.0429(3) 0.8700(7) 0.044(2) 

N9 0.3772(5) 0.0346(3) 0.8184(6) 0.044( 1) 

C9’ 0.4297(9) - 0.0378(4) 0.7336(10) 0.067(3) 

010 0.2499(6) 0.6213(3) 0.9924(7) 0.071(2) 

9-MeAH 

Cl,Pt(9-MeAH) (la) 
cis-[Cl,Pt(NH,)(9-MeAH)]+ (le) 
cb[(NH,),Pt(l-MeT)(9-MeAH)]2+ 
c~-[(NH3)2Pt(l-MeU)(9-MeAH)]*+ 
ct-[(NH,),Pt(l-MeC)(9-MeAH)]3f 
[(NH,),Pt(9-MeAH)]‘+ 
[(dien)Pt(9-MeAH)13+ 

4.3 Uv 
4.5 NMR 
2.5 Uv 
1.9 W 
2.2 NMR 
2.4 NMR 
1.6 NMR 
1.55 NMR 
1.9 NMR 
1.5 W 

34 
24 
e 
c 

26 
26 
25 
23 
24 
24 

‘PK. values i-0.05. bReferenced to H,O as solvent. This 

work. 

acidity of the corresponding 9-MeAH acid [34]) is 
between 2 and 3 log units, depending on the charge 
of the complex and the other ligands present. In contrast, 
the acidification of N(6)Hz as a consequence of N7 Pt 
binding has never been measured due to the high 
pK, = 16.7 of this group [35] and the only moderate 
acidifying effect of the Pt. Only on Nl Pt binding or 
platination at Nl and N7 is there a substantial decrease 
in pK, to c. 13-14 and 10-11, respectively [24]. Qual- 
itatively, an increase in NH, acidity is evident from 
the substantial downfield shift of the 9-MeA amino 
resonance in the ‘H NMR spectrum (DMSO or DMF) 
on Pt binding to N7, however [26a]. 

varied by adding 0.1 M HCl or NaOH using a vario- 
pipette. pH values were measured by use of a stand- 
ardized glass electrode. Only those spectra that showed 
strictly isosbestic behaviour were used for the calcu- 
lations of pK,. Usually three to four values of pK, were 
determined at different wavelengths and averaged. 

Results 

Effects of Pt on 9-MeA: qualitative considerations 
The effect of a Pt electrophile on a neutral nucleobase 

via an endocyclic nitrogen is to withdraw electron density 
from the heterocycle. As a consequence, the acidity of 
N-H or NH, groups increases, while the basicity of 
unprotonated N or 0 groups simultaneously decreases. 
This situation is in contrast to various Ru(I1) complexes 
with heterocyclic ligands, where rr backbonding from 
the metal to the heterocycle can effectively increase 
the ligand basicity [31], unless there is strong competition 
with other ligands at the metal such as CN-, for example 
[32]. The effect of Pt(I1) is related to the distance 
between the metal and the respective functional group, 
even though it has not been quantified as in the case 
of purine and pyrimidine complexes of (NH,),Ru(III) 
[33]. The relative magnitudes of both effects of Pt(I1) 
have an influence on the tautomer equilibrium of the 
metalated nucleobase. As to g-substituted adenines, Pt 
is expected (i) to increase the N(6)Hz acidity and (ii) 
to decrease the basic&y of Nl, possibly also that of 
N3. The decrease in Nl basic@ in N7 platinated 9- 
MeA complexes can be measured in aqueous solution 
under the assumption that N3 is no site of protonation 
(Table 4). The decrease in basicity (or increase in 

Estimating tautomer distribution 
Equilibria of two tautomers present in largely different 

ratio, e.g. (1O-4-1O-5): 1 as in the case of the naturally 
occurring nucleobases, are difficult to study. Of all 
physical methods available, the indirect ‘method of 
basicity measurements’ [36] has gained the widest ap- 
plication in estimating the equilibrium constant KT of 
two heterocyclic tautomers A and B. According to this 
method 

KJ!% 
= PI 

KT is derived from the experimentally determined KI 
value for the protonation processes of the two tautomers 
in equilibrium, and the sum of the two individual 
constants KA and KB. Since the latter cannot be 

K,=K,+K, (2) 

obtained experimentally, their values are estimated from 
compounds of fixed structure with the tautomerizable 
hydrogen replaced by a methyl group, hence 
KA=fAKMeA and K,=f,K,,,*. Under the simplifying 
assumption, that the methyl group has no or at most 

*&CA does not stand for methyladenine here. 
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a very small effect on the ionization constant (fA =fB = l), 
two eqns. (3) and (4) are usually utilized, provided the 
difference between K1 and the constant for the 

KA KT= - 
KI-KA 

&.= 2 -1 (4) 
B 

alkylated species is sufficiently large. Frequently it be- 
comes evident that the use of one of the two equations 
leads to a result without physical meaning. 

Application of this method to adenosine (pK, of 
adoH+, 3.65) and 1-methyladenosine (pK, of l- 
MeadoH, 8.25) gives KT= 10T4.‘j for the tautomer equi- 
librium between the imino and amino forms [37] 
(Scheme 1). This value is subject to slight variations, 
depending on the pK, values used, e.g. KT= 10m4.’ with 
pK, of 1-MeadoH of 8.55 [38]. 

For 9-methyladenine we obtain KT= 10e4.’ using pK, 
values of 4.3 for 9-MeAH+ and 9.1 for 1,9-DimeAH+. 
The alternative way to determine KT from 9-MeA and 
6,9-DimeA (pK, of 6,9-DimeAH+ is 3.8) leads to 
KT= - 0.37, which is physically meaningless, hence 
proves that the simplification fB= 1 is not valid here 
(see also below). 

HNH HN 

KT 

R 
amno form 

Scheme 1. 

R 
amino form 

Example 5bromouracil 
The frequency of spontaneous base substitution mu- 

tations in DNA (1O-g-1O-12 per base pair synthesized) 
is considered to be related to the occurrence of the 
rare tautomer of the respective nucleobase [16]. The 
mutagenic activity of the nucleobase analogue 5-bromo- 
uracil, which causes transitions via n&pairing with 
guanine, is generally ascribed to a shift in the tautomer 
equilibrium towards the 4-hydroxo, 2-0~0 tautomer as 
compared to thymine [39]. 

Application of the ‘method of basicity measurements’ 
to 1-methyluracil and 1-methyl-5-bromouracil gives KT 
values of c. lo4 and W’, respectively [40]*. This 
difference corresponds to a five-fold higher concentra- 
tion of the rare tautomer or an increase from 0.1 to 
0.5%. Although this trend seems to support the hy- 
pothesis mentioned above, the introduction of 5-bromo- 

*Estimation of KT by a different method [B] gives a larger 
difference in KT values. 

uracil into a polynucleotide might change this picture 
in either direction (see also ‘Discussion’). 

Tautomer equilibria of platinated adenines 
In order to utilize the ‘method of basicity measure- 

ments’ for N7-platinated, 9-methylated adenines (Fig. 
3), the following compounds were prepared and their 
pK, values determined using pH-dependent W spectra: 
Cl,Pt(9-MeAH) (la), ci.r-Cl,Pt(9-MeA)(NH,) (le); 
Cl,Pt(l,9-DimeAH) .H,O (2a), cis-Cl,Pt(l,9-DimeA)- 
(NH,) (2b) and its protonated form 2c; Cl,Pt(6,9- 
DimeAH)+H,O (3a) and ci.s-Cl,Pt(6,9-DimeA)(NH,) 
(3b). It is known that 1-methyladenosine [41] and l- 
alkyd-9-methyladenines [21] undergo Dimroth rear- 
rangements to the 9-alkyl-9-methyladenines, and this 
fact has indeed been utilized to prepare 1,9-DimeA 
(see ‘Experimental’). The W spectra of 1,9-DimeA 
and its complexes did not provide any evidence for 
this rearrangement to occur within the time of the 
measurements. However, attempts to prepare additional 
Pt complexes of 1,9-DimeA applying alkaline conditions 
were unsuccessful as yet, possibly due to methyl group 
migration. pK,values are listed in Table 5. pH dependent 
spectra of a representative example (2b, 2c) are given 
in Fig. 4. The acidifying effect of the Pt entities is 
similar in all three adenine systems, e.g. pK, in Cl,Pt(LH) 
is 1.8 (L=9-MeA), 2.1 (L= 1,9-DimeA); 2.0 (L=6,9- 
DimeA) and pK, in cis-[Cl,Pt(LH)(NH,)]+ = 2.4 (L= 9- 
MeA), 2.6 (L= 1,9-DimeA), c. 2.7 (L= 6,9-DimeA). 

When spectra of corresponding complexes, e.g. le, 
2b and 3b, in their protonated forms are compared, it 
is evident that those of the 9-MeAH+ and 1,9-DimeAH+ 
species, le and 2b, are almost superimposable at equal 
molar concentration (A,,= 262 nm), while the 6,9- 
DimeAH+ species (3b: &,, = 270 nm, sh at c. 283 run) 
displays a markedly different spectrum. Thus, proton- 
ation at Nl and methylation at this site affect the w 
electron system of 9-MeA to a similar extent. 

HNH HN 

R 
K,= KA+ KB 

K _!&=!!I-, =KA 
TK~ KB Kl-KA 

Fig. 3. Schematic representation of the ‘method of basicity 
measurements’ applied to N7 platinated adenines. KA and KB 
are the acidity constants of the corresponding Pt complexes of 
1,9-DimeAH+ and 6,9-DimeAH+. 



728 

TABLE 5. PK, values of dimethylated adenines and their Pt 
complexes and Kr values 

Species PK,’ Reference KTb 

9-MeAH+ 
1,9-DimeAH+ 

6,9-DimeAH+ 

C1,Pt(9-MeAH) (la) 
Cl,Pt(l,B-DimeAH) (2a) 
Cl,Pt(6,9-DimeAH) (3a) 

cis-[Cl,Pt(9-MeAH)(N (le) 
cir-[Cl,Pt(l,9-DimeAH)(NHs)]+ (2~) 
cir-[Cl,Pt(6,9-DimeAH)(NHJJ+ (3b) 

4.3 34 10-4.8 

9.1 = 
9.1 21 
3.8 = 

2.5 = 1O-45 
7.0 = 
1.8 = 
1.9 c 10-4.6 

6.5 ’ 
=l.l d 

‘PK. values correspond to pK, (9-MeAH compounds) and pK, 
or pKa (DimeAH compounds) used in eqns. (3) and (4); values 
f 0.05. bKT defined as c[minor tautomer]/c[major tautomer]. 
mis work. dEstimated only. 

Application of eqns. (3) and (4) to the platinated 
adenines reveals that physically meaningful KT values 
are obtained only when pK, values of 1,9-DimeA an- 
alogues of the 9-MeA compounds are used. With 6,9- 
DimeA analogues, negative KT values are obtained. KT 
is 10m4-’ and 10e4.‘j for [CI,Pt(9-MeA)]- and cis-Cl,Pt(9- 
MeA)(NH,), respectively, with KT defined as the ratio 
between concentration of minor to major tautomers. 
These results will be further discussed below. 

Characterization of 1,9- and 1,6-Dim&H complexes 
In order to unambiguously establish the composition 

of representative examples of the dimethylated adenine 
complexes and also to confirm the general way of 

preparation of Cl,Pt(LH) complexes from K,PtC1, and 
LH = substituted adeninium and of &Cl,Pt(NH,)L 
from Cl,Pt(LH) and NH,, X-ray crystal structure anal- 
yses were carried out for cis-[Cl,Pt(l,9- 
DimeAH)(NH,)]Cl (2~) and Cl,Pt(6,9-DimeAH) *Hz0 
(3a). The cation of 2c and the neutral molecule 3a are 
depicted in Figs. 5 and 6. Selected interatomic distances 
and angles of both compounds are listed in Tables 6 
and 7. 

The &-geometry of 2c confirmed expectations of a 
higher kinetic tram effect of Cl over N. We assume 
cis geometries also for le and 2b for the same reason. 
Pt-Cl distances in 2c (2.321(3) and 2.283(3) A) are 
significantly (9~) different and possibly the consequence 
of the higher structural tram influence of NH, over 
the cationic adeninium ligand. Pt is markedly (0.24 A) 
non-planar with the adeninium ring, a feature also 
observed in Pt(I1) complexes containing neutral purine 
nucleobases, for example [42]. The 1,9-DimeAH plane 
and the Pt coordination plane are at a 76.9” angle. 
The relatively large errors of the structure determination 
of 2c do not justify any detailed comparison of nu- 
cleobase bond lengths and angles with those of the 
ligand [1,9-DimeAH]Cl [43] or a Co(III) complex [44]. 

Except for the presence of a methyl substituent at 
N6, the structure of 3a bears a close resemblance with 
that of the 9-MeA analogue reported by Terzis et al. 
[45]. In 3a, the CH, group adopts the usual trans 
conformation relative to the B-C6 bond, as in the 
case of the free ligand 6,9-DimeA [46] and related 
adenines [46b, 471, pointing away from the C1,Pt entity 
at N7. Although protons were not localized in 3a, we 
can safely assume that it is the Nl site rather than 

0 
250 300 350 I 

Fig. 4. pH dependent UV spectra of 2c (CR= 1.2X 10m4 moV1) against 0.1 M NaCl. 

nml 
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Fig. 5. Molecular cation ck-[Cl,Pt(NHs)(l,9-DimeAH)]+ of 2c. 

Nlll 

N(31 

C19'1 

Fig. 6. The molecule Cl,Pt(6,9_DimeAH) from 3a. 

N3 that carries the acidic proton: The criteria established 
for Nl protonated adenines [48] are clearly met. Spe- 
cifically, the internal ring angle at Nl, C2-Nl-C6, of 
124.4(6)” is markedly larger than that at N3, C2-N3-C4, 
which is 112.4(6)“, and close to values observed in 6- 
MeAH+ [46], with the hydrogen located. Likewise, the 
expected lengthening of Nl-C6 and shortening of C6-N6 
are confIrmed in 3a. Pt-Cl distances are in the range 
found in other PtCl,(heterocycle) compounds [45, 
46-531. We note that one of the Pt-Cl distances, to 
Cll, is signif?cantly (7.5~) longer than the two others. 
Consistent with expectations [49], it is not the Cl trun.r 
to the protonated nucleobase. 

As with 2c, Pt is not coplanar with the 6,9-DimeAH+ 
ring (deviation 0.12 A). Both N6’ (- 0.12 A) and C6’ 
(-0.28 A) are also markedly out of the best plane 
through the endocyclic atoms of the adeninium. The 
angle between the Pt coordination plane and the nu- 
cleobase plane is 66.9”. Except for a 2.81 8, hydrogen 
bond between N(l)H and the water molecule 010, 
there are no short H bonds in 3a. 

TABLE 6. Selected interatomic distances (A), angles (“) and 
close contacts of 2c 

Ptl-CIl 2.321(3) Cll-pt1-C12 91.8(l) 
pt1-C12 2.883(3) Cll-Ptl-NlO 178.8(3) 
Ptl-NlO 2.049(10) Cll-Ptl-N7 90.4(3) 
N&Cl’ 1.47(2) Cl2-Ptl-NlO 89.4(3) 
N&C2 1.40(2) C&Ptl-N7 177.7(3) 
C2-N3 1.30(2) NlO-Ptl-N7 88.4(4) 
N3-C4 1.36(l) 

1.38(2) 
C4-N9 1.35(l) 
C5-C6 1.41(2) 
CS-N7 1.39(l) 
C6-Nl 1.39(l) 
C6-N6’ 1.31(2) 
N7-C8 1.35(l) 
c&N9 1.36(l) 
N94Y 1.48(2) 

Close contacts (<3.4 A) 
N10-C131 3.34 Ptl-NlO-Cl3’ 125 
N10-C132 3.31 Ptl-NlO-Cl3* 103 
N6’-C13’ 3.09 C6-N6’-C133 149 

Symmetry operations: 1 = 1 -x, 1 -y, l-2; ’ = 0.5 +x, 0.5 -y, 1 -z; 
3=1-x, -0.5 +y, 1.5-z. 

TABLE 7. Selected interatomic distances (A), angles (“) and 
close contacts of 3a 

Ptl-Cll 
Ptl-Cl’L 
Ptl-Cl3 
Ptl-N7 
N&C2 
C2-N3 
N3-C.X 

CS-C6 
c6-N6’ 
N6’-C6’ 
C&N1 
C5-N7 
N7-C8 
C&N9 
N9-0’ 
N9-C4 

Close contacts 
c11-010’ 
Nl-Ol@ 
Cl3-01~ 
C12-Nl’ 

2.307(2) 
2.286(2) 
2.286(2) 
2.008(S) 
1.377(9) 
1.286(9) 
1.373(8) 
1.351(9) 
1.401(8) 
1.322(8) 
1.492(9) 
1.354(8) 
1.382(8) 
1.343(8) 
1.367(9) 
1.488(10) 
1.374(8) 

3.36 Pt1-Cl1-010’ 108 
2.81 C2-N&Old 101 
3.23 Ptl-CB-ol@ 109 
3.32 Ptl-CU-Nl’ 90 

Cll-pt1-C12 
Cll-Ptl~l3 
Cll-Ptl-N7 
Cl2-Ptl-C13 
Cl2-Ptl-N7 
Cl3-Ptl-N7 
C6-Nl-C2 
Nl-C-N3 
ChN3-04 
N3-CY-C5 
N3-C4-N9 
C5-C4-N9 
GI-Cs-c% 
C%-C5-N7 
C6-C5-N7 
C5-C6-Nl 
C5-CGN6 
Nl-C6-N6’ 
c6-N6’-C6’ 
C5-N7-C8 
C5-N7-Pt 1 
C8-N7-Ptl 
N7-C8-N9 
C8-N9-C4 
C8-N9-C.Y 
C4-N9-W 

90.5(l) 
178.1(l) 

91.1(l) 
90.9(l) 

177.1(l) 
87.5(2) 

123.2(5) 
124.4(6) 
112.4(6) 
127.6(6) 
124.4(6) 
108.0(5) 
117.7(6) 
108.9(5) 
133.3(6) 
114.4(5) 
124.2(5) 
121.4(5) 
123.8(6) 
106.3(5) 
129.6(4) 
123.9(4) 
110.3(5) 
106.5(5) 
125.9(6) 
127.5(6) 

Symmetry operations: ’ = -x, 1 -y, 2-z; ’ = 1 -x, 1 -y, 2-z; 
3 = 0.5 -x, -0.5 +y, 2.5 -z; ‘= - 0.5 +x, 0.5 -y, - 0.5 +z. 
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Positions of the IR bands in the 1500-1700 cm-l 
region proved to be of diagnostic value as far as the 
protonation state of the various adenines was concerned. 
For example, the two intense 9-MeA bands at 1675 
and 1600 cm-l, which are assigned to 6(NH,) and 
aping + 6(NHJ modes [54], respectively, occur at c. 1645 
and 1590 cm-l in N7 platinated species of neutral 9- 
MeA, but at 1680 and 1610 cm-l in platinated 9- 
MeAH. Similarly, in complexes containing protonated 
1,9-DimeA (2a, 2c) the 6NHz modes occur at higher 
wavenumbers (1670, 1680 cm-l) than in the complex 
with neutral 1,9-DimeA (2b: 1645 cm-l), and the same 
is true for the IR bands around 1600 (1,9-DimeAH’ 
complexes) and 1560 (1,9-DimeA complexes) cm-l. 
Finally, also the 6,9-dimethyladenine compounds dis- 
played these differences in the IR, viz. 1630 and 1595 
cm-l in 3b, but 1690 and 1620 cm-l in 3a. 

Discussion 

The spectrum of mutations caused by cz&DDP [14, 
551 has recently been shown to be dominated by A+ T 
transversions, resulting from binding of the 
&(NH,),Pt(II) moiety to N7 of a 5’-adenine base and 
N7 of guanine in a d(ApG) sequence [14]. It means 
that in the central base mispairing step, an adenine 
nucleobase is put across the 5’ base of the template 
strand in the newly synthesized DNA strand. Following 
the generally accepted picture of A+T transversion 
mutations [16] and assuming that pairing between the 
‘wrong’ bases takes place, the adenine in the template 
strand should adopt a rare imino tautomer structure, 
thereby allowing mispairing with an adenine in the new 
strand. Based on this concept, we have applied the 
‘method of basicity measurements’ for estimation of 
tautomer equilibria to N7-platinated adenines. We be- 
lieve that this is the first approach of this kind using 
Pt or any other metal. At the outset of the work it 
was hoped that the study might yield a clear shift in 
the tautomer equilibrium of a N9-substituted adenine 
upon N7 platination, even though we did not employ 
cis-(NH&Pt(II) model nucleobase complexes, and spe- 
cifically not the mixed adenine, guanine adduct. Both 
preparative (1,9-DimeA complexes) and spectroscopic 
difficulties (overlapping UV bands of mixed nucleobase 
compounds) were responsible for this limitation. More- 
over, there appears to be not just an electronic effect 
of the metal responsible for mutagenicity in the case 
of Pt (lower mutagenicity of monofunctional dienPt(I1) 
compounds), but possibly also a steric one. 

Our data on [Cl,PtL]- and c&Cl,Pt(NH,)L (L=9- 
MeA) complexes reveal at most a trend towards a shift 
in tautomer equilibrium. Differences in KT are 0.2 to 
0.3 log units, corresponding to factors of 1.6-2. Clearly, 

these values are not to be considered significant, even 
though values in the case of 5-bromouracil are only 
slightly higher. 

The crucial question - “Is adenine opposite to the 
(5’-ApG)Pt lesion introduced at any time of the rep- 
lication process and, except for the observed mutation 
frequency, efficiently repaired, or is the wrong base 
adenine introduced with a rare frequency, corresponding 
to the mutation frequency after repair?” - cannot be 
answered at present. The second possibility would point 
towards a mechanism involving a rare tautomer in the 
platinated template, as outlined above, while the first 
possibility could be related to steric distortion, with 
the platinated adenine possibly functioning as an apu- 
rinic site [19]. Preliminary data [56] on the ApG adduct 
of cis-DDP in a nonanucleotide duplex indicate a severe 
distortion of the base pair between the platinated A 
and T. On the other hand, molecular mechanics cal- 
culations of cis-DDP binding to an ApG fragment in 
a tetranucleotide duplex seem to indicate no drastic 
sterical changes [57]. It should be interesting to find 
out, how introduction of A instead of T in the com- 
plementary strand affects the structure and distortion 
of DNA. 

A crucial problem in estimating the effect of metal 
binding on the tautomer distribution of a nucleobase, 
which limits the usefulness of any model study, has 
not been addressed as yet. It relates to the question 
of ‘medium’ of the nucleobase. It is well established 
for heterocycles in general and for adenines specifically 
[38], that the dielectric constant of the medium has a 
major influence on the tautomer equilibrium. Thus, a 
change in KT measured in aqueous solution may or 
may not be relevant to native DNA, depending on the 
environment, that is accessibility of water or protein, 
respectively. In the case of steric distortion caused by 
&DDP, this aspect may be of prime importance. 

Supplementary material 

Observed and calculated structure factors, anisotropic 
thermal factors, equations of planes and deviations of 
atoms can be obtained from the Fachinformationszen- 
trum Karlsruhe, D-7514 Eggenstein-Leopoldshafen 2 
under CSD 56032 on request. Requests should be 
accompanied by the complete literature citation. 

Acknowledgements 

Some of this work was performed at the University 
of Freiburg. B. Lippert wishes to thank Mrs I. Dettinger 
for her assistance and Drs D. Burnouf and R. P. P. 
Fuchs, Strasbourg, for discussions. Financial support 



731 

by the Fonds der Chemischen Industrie and Asta- 
Pharma (loan of K,PtCl,) is gratefully acknowledged. 

References 

1 (a) A, Furst, Adv. Med. BioJ., 91 (1978) 1; (b) C. P. Flessel, 
Adv. Med. Biol., 91 (1978) 117; (c) C. P. Flessel, A. Furst 
and S. B. Radding, Met. Ions BioJ. Syst., 10 (1980) 23; (d) 
M. A. Sirover and L. A. Loeb, Science, 194 (1976) 1434; (e) 
E. L. Andronikashvih, V. G. Bregadze and J. R. Monaselidze, 
Met. Ions Biol. Syst., 23 (1988) 348. 

2 (a) L. A. Loeb and R. A. Zakour, in T. G. Spiro (ed.), 
Nucleic Acid-Metal Zon Interactions, Wiley, New York, 1980, 
p. 116; (b) G. L. Eichhom, p. 1; (c) K. M. Downey and A. 
G. So, Met. Ions Biol. Syst., 25 (1989) 1; (d) M. J. Clarke, 
Znorg. Chem., 19 (1980) 1103. 

3 (a) 0. Kennard and W. N. Hunter, Angew. Chem., 103 (1991) 
1280, and refs. therein, (b) 0. Kennard, in F. E&stein and 
D. M. J. Lilley (eds.), Nucleic Acids and Molecular Biology, 
Vol. 1, Springer, Berlin, 1987, p. 25, and refs. therein. 

4 (a) D. J. Patel, L. Shapiro and D. Hare, in F. Eckstein and 
D. M. J. Lilley (eds.), Nucleic Acids and Molecular Biology, 
Vol. 1, Springer, Berlin, 1987, p. 70, and refs. therein; (b) 
M. E. Piotto and D. G. Gorenstein, J. Am. Chem. Sot., 113 
(1991) 1438; (c) E. Quignard, G. V. Fazakerley, G. van der 
Marel, J. H. van Boom and W. Guschlbauer, Nucleic Acids 
Rex, 15 (1987) 337. 

5 R. Chattopadhyaya, S. Ikuta, K. Grzeskowiak and R. E. 
Dickerson, Naiure (London), 334 (1988) 175. 

6 H. Urata, K. Fujikawa, M. Tamura and M. Akagi, I. Am. 
Chem. Sot., 112 (1990) 8611. 

7 (a) K. P. Sagarik and B. M. Rode, Znorg. Chim. Acta, 78 
(1983) 177; (b) G. Bamett, Mol. Pharmacol., 29 (1986) 378; 
(c) E. A. Boudreaux in M. F. Gielen (ed.), Metal-Based Ant& 
Tumour Drugs, Freund, London, 1988, p. 17.5. 

8 (a) R. Faggiani, C. J. L Lock and B. Lippert, J. Am. Chem. 
Sue., 102 (1980) 5418; (b) R. Faggiani, B. Lippert and C. J. 
L. Lock, unpublished results. 

9 B. Lippert, H. Schollhorn and U. Thewalt, J. Am. Chem. 
Sot., 108 (1986) 6616. 

10 H. Schollhorn, U. Thewalt and B. Lippert, J. Am. Chem. 
Sot., 111 (1989) 7213. 

11 (a) B. Lippert, Znorg. Chim. Acta, 55 (1981) 5; (b) 0. Renn, 
B. Lippert and A. Albinati, Inorg. China. Acta, 190 (1991) 
285. 

12 0. Krizanovic, M. Sabat, R. Beyerle-Pfnilr and B. Lippert, 
to be submitted for publication. 

13 S. Menzer, M. Sabat and B. Lippert, J. Am. Chem. Sot., in 
press. 

14 (a) D. Bumouf, M. Daune and R. P. P. Fuchs, Proc. NatL 
Acad. Sci. U.S.A., 84 (1987) 3758; @) D. Bumouf, C. Gauthier, 
J. C. Chottard and R. P. P. Fuchs, Proc. NatL Acad. Sci 
USA, 87 (1990) 6087. 

15 (a) A. M. J. Fichtinger-Schepman, J. L. van der Veer, J. I-I. 
J. den Hartog, P. H. M. Lehman and J. Reedijk, BiochemJshy, 
24 (1985) 707; (b) A. Eastman, Biochemtitq 22 (1983) 3927; 
(c) A. Eastman, Biochemistry, 24 (1985) 5027; (d) N. P. 
Johnson, A. M. Mazard, J. Escaiier and J. P. Maquet, J. 
Am. Gem. Sot., 107 (1985) 6376; (e) A. L. Pinto and S. J. 
Lippard, Rot. Natl. Acad. Sci USA., 82 (1985) 4616. 

16 M. D. Topal and J. R. Fresco, Nqture (London), 263 (1976) 
285. 

17 G. G. Privt, U. Heinemann, S. Chandrasegaran, L. S. Kan, 
M. L Kopka and R. E. Dickerson, Science, 238 (1987) 498. 

18 E. L. Loechler, BJopoJymeq 28 (1989) 909. 
19 R. M. Schaaper, T. A. Kunkel and L. A. Loeb, Proc. NatL 

Acad. Sci USA., 80 (1983) 487. 
20 G. Kruger, 2. Physiol. Chem., 18 (1893) 434. 
21 T. Itaya, F. Tanaka and T. Fujii, Tetrahedron, 28 (1972) 535. 
22 N. Hadjiliadis and T. Theophanides, Inorg. Chim. Acta, 16 

(1976) 67. 
23 R. Beyerle-Pfntir, S. Jaworski, B. Lippert, H. Schollhorn and 

U. Thewalt, Znos Chim Acta, 107 (1985) 217. 
24 (a) F. Schwarz, B. Lippert, H. Schollhorn and U. Thewalt, 

Znorg. Chim. Acta, 176 (1990) 113; (b) J. H. J. den Hartog, 
H. van den Elst and J. Reedijk, 1. Znorg. Biochem., 21 (1984) 
83. 

25 R. Beyerle-Pfntir, B. Brown, R. Faggiani, B. Lippert and C. 
J. L. Lock, Inorg. Chem., 24 (1985) 4001. 

26 (a) R. Beyerle and B. Lippert, Znorg Chim. Acta, 66 (1982) 
141; (b) R. Beyerle-Pfntir, Ph.D. Z’%e.r~, Technical University, 
Munich, 1985. 

27 N. Walker and D. Stuart, Acta CrystaJJogr., Sect. A, 39 (1983) 
158. 

28 D. T. Cromer and J. B. Mann, Acta Crystallogr., Sect. A, 24 
(1968) 321. 

29 D. T. Cromer and D. Libermann, J. Chem. Phys., 53 (1970) 
1891. 

30 G. M. Sheldrick, SHELX-76, program system, University of 
Cambridge, UK, 1976. 

31 (a) P. Ford, De F. P. Rudd, R. Gaunder and H. Taube, J. 
Am. Chem. Sot., 90 (1968) 1187; (b) H. E. Toma and E. 
Stadler, Inorg Chenr., 24 (1985) 3085. 

32 C. R. Johnson and R. E. Shepherd, Inorg. Chem., 22 (1983) 
1117. 

33 M. E. Kastner, K. F. Coffey, M. J. Clarke, S. E. Edmonds 
and K. E&s, J. Am. Chem. Sot., 103 (1981) 5747. 

34 F. Schwarz, Ph.D. These, University of Dortmund, FRG, 
1990. 

35 R. Stewart and M. G. Harris, Can. J. Chem., 55 (1977) 3807. 
36 (a) G. F. Tucker, Jr., and J. L. Irvin, J. Am. Chem. Sot., 73 

(1951) 1923; (b) A. R. Katritzky and J. M. Lagowski, Adv. 
HeterocycL Chem., 1 (1963) 311; (c) J. Elguero, C. Marzin, 
A. R. Katritzky and P. Linda, The Tautomerism of Heterocycles, 
Advances in Heterocyclic Chemistry Suppl. 1, Academic Press, 
1976, p. 20. 

37 R. V. Wolfenden, 1. MoL BioL, 40 (1969) 307. 
38 M. Dreyfus, G. Dodin, 0. Bensaude and 3. E. Dubois, J, 

Am. Chem Sot., 99 (1977) 7027. 
39 (a) S. Benzer and E. Freese, Proc. Natl. Acad. Sci U.&l., 

44 (1958) 112; (b) E. Freese, Proc. NatL Acad. Sci. U.SA., 
45 (1959) 622; (c) T. A. Trautner, M. N. Swartz and A. 
Komberg, Proc. NatL Acad. Sci. U.SA., 48 (1962) 449; (d) 
R. S. Lasken and M. F. Goodman, J. Biol. Chem, 249 (1984) 
11491. 

40 A. R. Katritzky and A. 3. Waring,J. Chem. Sot., (1962) 1540. 
41 P. Brookes and P. D. Lawley, I. Chem. Sot., (1960) 539. 
42 H. Schollhorn, G. Raudaschl-Sieber, G. Mtiiler, U. Thewalt 

and B. Lippert, J. Am. Chem. Sot., 107 (1985) 5932. 
43 C. C. Chiang, L. A. Epps, L. G. Marzihi and T. J. Kistenmacher, 

Acta Crystallogr., Sect. B, 35 (1979) 2237. 
44 C. C. Chiang, L. A. Epps, L. G. MarziIIi and T. J. Kistenmacher, 

Inorg. Chem, 18 (1979) 791. 
45 (a) A. Terzis, Znorg. C&n., 15 (1976) 793; (b) A. Terzis, N. 

Hadjihadis, R. Rivest and T. Theophanides, Inorg. C&n. 
Acta, 12 (1975) L5. 

46 (a) H. Stemglanz and C. E. Bugg, Science, 182 (1973) 833; 
(b) H. Stemglanz and C. E. Bugg, J. Cryst. MoL Sbuct., 8 
(1978) 263, and refs. therein. 

47 T. Dahl and B. Riise, Acta Chem. Stand., 43 (1989) 495. 



732 

48 
49 

50 

51 

52 

53 
54 

R. Taylor and 0. Kennard, J. Mol. Struct., 78 (1982) 1. 
S. Jaworski, H. Schbllhom, P. Eisenmann, U. Thewalt and 
B. Lippert, Znorg. Chim. Actu, 153 (1988) 31. 
R. Melanson and F. D. Rochon, Can. J. Chem., 54 (1976) 
1002. 
R. E. Cramer, D. M. Ho, W. van Doome, J. A. Ibers, T. 
Norton and M. Kashiwagi, Znorg. Chem., 20 (1981) 2457. 
E. H. Griffith and E. L. Amma,Z. Chem. Sot., Chem. Commun., 
(1979) 322. 
A. Terzis and D. Mentzafos, Inorg. Chem., 22 (1983) 1140. 
(a) J. Wi&kiewicz-Kuczera and M. Karplus, J. Am. Chem. 
Sot., 212 (1990) 5324; (b) R. Savoie, D. Poirier, L. Prizant 
and A. L. Beau&amp, Z. Raman S’ctrosc., II (1981) 481; 

(c) T. Theophanides, M. Berjot and L. Bernard, J. Raman 
Spectrosc., 6 (1977) 109. 

55 (a) J. Brouwer, P. van de Putte, A. M. J. Fichtinger-Schepman 
and J. Reedijk, Proc. Natl. Acad. Sci. U&4., 78 (1981) 7010; 
(b) J. Brouwer, A. M. J. Fichtinger-Schepman, P. van de 
Putte and J. Reedijk, Cancer Res., 42 (1982) 2416; (c) J. K. 
Wiencke, J. Cervenka and H. Paulus, Mutation Res., 68 (1979) 
69; (d) M. Coluccia, M. Correale, D. Giordano, M. A. Mariggio, 
S. Moscelli, F. P. Fanizzi, G. Natile and L. Maresca, Znorg 
C/rim. Actu, I23 (1986) 225; (e) N. P. Johnson, H. Razaka, 
F. Wimmer, M. Defais and G. Vihani, Znorg Chim. Acta, 
137 (1987) 25, and refs. therein. 

56 M. H. Fouchet, C. Gauthier, J. Kozelka, E. Guittet and J. 
C. Chottard, Z. Znorg. Biochem., 43 (1991) 424. 

57 T. W. Hambley, Znorg. Chem., 30 (1991) 937. 


