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The landmark discovery o! the antitumor activity of cis-diamminedichloro- 
platictum( II) (&&tin, cis-DDP) by Rosenberg et al. [I] some 25 years ago and 
early indications or !&DNA interactions playing a crucial role in the mode of 
action [Z] have led LO a iarge interest iit ail aspecls of reactions of Pt coordination 
compounds with nucleic acids, oligonucleotides and models thareof: Views on the 
mode of action of aniitulnor Pt drugs hove undergone changes over the years, from 
ihe simple conccp~ that cisplalin coordination leads to a block in DNA replicatioti 
ami conseqrkcnrly cellular death to a more complex picture according to which 
cq&ktin biatlinir to DNA triggers a complicated cascade of cvcnts involving a series 
d ,hiym. ti:mciy ycrlc ps.C~iwtii thtkt !;uII~,;L the &imgc, signal 11 and cvcntually 
c:iuL;c tbc c;inIccr cell lo die in ;i ~~C~@X?~lillfXi fhshion [ 31. Cisplalin undergoes 

intracellular activation via CIi hydrolysis. The monofunctional adducts that form 
initially ~ittt DNA ciosc to bis(nucleobasc) adducts wiih a halfMe of approx. 2 h 

[a]. The~~rctically, a large number of possibic bis(nucleobasc) adducts can form with 
the four common DNA bases guanine (6). adcmirre (A), cylosine (Cj anil thymine 
(T): 10 brs(nucleobase) combinations are possible in theory, linkage isomers and 
multinuclear species (e.g. jt-ON or jr-nucleobase adducts; long range adducls: inlra- 
vs. interstrand adducis) nod cc~idcrcd. MonrJful:ctior?r?.! P6 billding does not appear 
to be sufticienl LO lead to atttitumor :kctivity inn k:eil(:rai, even though there are 
remarkabit: exceptions (0.~. complexes 4 typ; &-~( NIIJ)LPtL.CI] + L being a hetero- 
cyclic N dor~r sk.1131 as cytosinc or substituted pyridine [5]j. By use of biochemical 
methods. chc wturc of !hc major adduct,. ~fcisplatiri with DNA have been elucidated 
[h.T’j. These arc the iratnkstrand GG cros+iin!i (SO’><) h0%1. filliped b\i Ii-P 
intrnslraud AL; cross-link (ZY%: 3O%j. the mtrastraud GXG ;A+iink ! 10X), ilio 



interstrand CiG edduct (< I %) and CNA-.-protein cross-links (+< 1 O/u!. Nothing is 
known aboul any of’ the olher minor adducts. Whether t’ie abund;ince of a certain 
DNA adduct correlates with its signifi 2c11ce in cytotoxicity is not really clear, even 
though it is frequcnt!y assumed to be so. Considering more recent findings on active 
Pt(I1) and Pt(iV) compounds pass-ssing a trans geometry of their amine ligands, 
this aspect will be increasingly important. Such compounds cannot (R(H)) or are 
unlikely (Pt( IV)) to form intrastrand GC or AG adducts and therefore must have 
a ditrerent spectrum of DNA cros&links. The cross-resistance of certain Families of 
Pt drugs likewise points in a similar direction. These findings would seem to impl\ 
that there mdy be various Pt DNA adducts rather than a unique one trigyeri1.g 
cellular dc.;truction. The cisplatiil-- DNA cross-link studied most intensively --- in 
fact almost oxclusivcly ---is the major one, cis-a2PtGG. Many aspects of its formation, 
geometry and spectroscopy as well as its effect on DNA structure and function have 
been studied at a high degree of sophisticirtion [S -141. Ii is the only cisplatin adduct 
to date which has been crystallized and its qstal slructurc ditcrmined by X-ray 
mcihods on the di-, [%] and trinuclcotidc [Y] Icvcl. L:ss~n!i:~l structu~.:~~ fcaturcs such 
8:s hcn&hcad oricrrtalion oi UK Iwo bases, dihedral nnglcs or deviations of PI from 
gui~iiine plailcs had also been derived from simp!e 9~eihylguanine model compounds. 
however [: 15,161. In this article WC review X-ray structural work on Pt compounds 
contaming simple model nucleobases. in many cases the X-ray structure determina- 
tion was not specifically undertaken to shed light on questions related to the geometry 
ol’ the complex but rarhcr to complement and support 1:onclusions on the basic 
chemistry of such compounds. A wea!rb of information has emerged this way over 
the years [17-l!?]. 

A great number of p!a!inumt II ) complexes with mono&n&& nucleoboses forming 
square planar co(‘.dmaGon units have been investigated in !h. past several years. 
Tbc compicxes so far structu:-al!y characterized contain 01’9 or two nucleobases 
while the other coordimltic II positions al~or!t PI arc mainly occupied by Cl, and/or 
ligantls containing N doufjrs. Only one structural characterizau~~n of a complex 
containing three cytosini-; [ZO] and a preliminary report on a tetrakis(Smertiylgua- 
nine) complex of PtlII) 121; have been Itported. 

Hownvcr. there arc ;rlso examples ii: which the nucleobase is uaderivatized 01 
:rlkylatcd in other positions. Since :he nucieobases as monoden:ate l&and, both in 
neutrai or ionic S)i u,s, may coordinate in different waqs. different linkage isomers 
can 37~ obtained. ? he tormula of the substituted nucleobases, !abelled xcorJing to 

a iuiified symbolism. are siiown in Fig. I and Fig. 2. These labels are used throughout 
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Till‘ co,l~pi’t”nds SC1 far structurally characteri~cd arc reported it1 Table 1 logcthcr 
with coot’diu:nton bortti Icnglhs. displaccmettls of W from thr: coordittation plar~c, 
(I, ;mi the nq;ii: l~uIwcci~ ihc coorditntdioti aurl nuct ::b:tsc meatr pinnc~ and they 
nre idunnilicd by II. : IC’SD I.cII:scI1cc muc ~Rekocle). 

In con3plexes containing a pym base. ucutral forms of cytosine (C) and 
I-methylcytosinc (I-M&‘) arc always coordinated through N3. as well as the N3 
deprotonatcd I-MeU (or I-MeT‘-). For the (unsubstituted) uracil or thymine anion, 
WI- or -g iI 1.471, the binding sift is preferentially Nl [36J. However, the N3 
linkage isorucr of z I’t(II) complex containing UH has also been crystallized 
reccn1.1y 1;37j. 

‘The sctuare i Iatti>r coorc$a~iant of I? is ch~tructcri/ed by small vall~r:b trI’d, which 
range hm 0.001 to 0.052 A, M !~,rm the tlihcdr:rl angle rauyos from 72 to 89 ~ witli 
the esceplion of tw sl rui:tiuu iuvofvin p ur:icila!o I( till ,N’)Pt(cn)C!J and thy- 
inmate amon?; ~(Til Jl’)i’t(ctl ‘“I J where lhis au& is 50’ and W, respectively 
(‘l’lrblc 1 1. X lydrogcn hondi-t g i:: o:hcvcd 10 be of fundamental importance in delcr- 
aniuing the angle in III.: cilcd srru~ ‘ures [IX]. 

There is uo api>arcnI rclatiort$~.p ~X~WXII x :I~~Ics and I’-N(pym) bot~i lettgth~ 
(ranging f?om 1.973 to 2.059 A). Tbe largest values for distances are found foi 
I-MeC,N3 trans to S(0)(igFr),. (LO58(7) A) [26] and for I-MeT ,N” trans to a 
phosphinc hgand (2.06(3) A) [3S], The lengthening cati be attributed to the greater 
tram iufhiencc of the S a*td P douor, compared with N donors. 

As far as purine complexes are concerned, the monodentate guauiue ligand in its 
neutral form coordinaies througt N7, since Nl is protonated and N3 site is less 
basic and, probably, more sterically hindered. Numerous solution studies confirm 
t.his view [17]. Only the modified purine base 7,9-Me,G (Fig. 2) coordinates through 
Nl, because position 7 is methylated. A~~dogo~~sly, in the m;?jority of structurally 
characterized adeniuo complexes of Pt(ll), the metsl coordination site is N7, with 
only oue example known for Nl bindiug [38]. If the 9-McA ligand is protonatcd 
(at N1 3. Pt bindiiup is as cxpcctetl througtt N7 [4O:J. 

In ~.hes~ I~I~I~XIL&~I muiut: compicxes deviation of PI from the mean plane of 
the four donor aloms ranges from 0.003 Lo 0.062 A. ‘ihe E at$es aud the Pt- N(pu) 
distances range from 62 to 81” and from 2.000 IO 2.044 A, respectively. but no 
apparent rclationsbip can bc derived between these geometrical parameters. 

In the r~ts-[(“I-~ 2-acctoxyethox);Mc)C~f-1,N”~~t~~~(~ti~ -CL-I,)] the x angle is 
reduced tjoticeably (45 ) and the distance i’ttN(CiH) is the longest reported 
(2.07X( 3) .A). sL~&gesii!r g for the latter a :;ignilicant trans influence ot’ the ethylene 
molecuie [45]. 

The Pt--NI (ELI) distances turu out to bc slightly lottgcr than t!le Pt K‘l(nt.i) ones 
and arc very dose to the typica distauccs found in Pt N(pymj dcrivattves of Table 1. 
This diff;srencc cou!d Ire ascribed to the cnrlocyclic C N’,X angle (IV, being the 
dcmo~- siit:), n;lrrow~r in the five membered rings than in the six-membered ones, 
whkh ;iilows a closer approach of the hgnnd to the metal centre. Correspondingly 









Structural details of’ bisfnucleobase) complcxx nairely coordiw~tion distances, 

displacementr d and dibcdral angles between ahe two nucleobase mean planes, 1, are 
reported in Table 2. The species so far structurally characterized can be grouped in 
bis(pyrimidine). bis( purine), and mixed Ipurine)(pyrimidine) complexes. The other 
two ligands compie:i;ng :I;6= metal coordination arc idenlical and mainly contain 
N dollars. 

In or&r to d&c the solid SlillC coii~(,i.rniliioil~II kolruw d tllc Iwo ntrclcobirsi:s 

in cis isomers, iho iOk TiOll:ll :!ll~~lt3 t/J I ilil(l l/J?- :!lV.~!ll lllc respcclivc N(nb) I’t bollds 

are itlao rcpoi~teif in ‘Tahlc 2. The Inllcr p~m~clcrs t dlow it Ibrr quanlikitive definition 
of rhe oricntatkn of lhc base rings wilh respect to tlic coorclinatinn plane and of 
the mutual orientalion of the base rings. The proposed convention repor?s the 
torsional angles C2~-N?(nbl)~-Pt~N3(nb2) (QI) and (‘2~N3111hl?-~l’t--N3(nbl) ($2) 
for pyrimidine and purine bases N3 coordinated, us depicted in Fig. 3 and 
CX- N7(nbl)-Pt-~i\i7(rri73), C8--N7(1~K?-Pt -N7(11bl) for purine N7 coortlinatcd 
[71]. ‘-rk vaiue of angle 61~ I (or (/II) defii9cs the a’:( zmi of the clockwise (I-) or 
counterclockwise (-) ioialion around their respect:. e Pry N(nb) coordination bond. 
‘Thus, when the rcfcrcncc atoms (C? or 0) bonded to the NC-donor are on the 
same side oi the coordination plane in a bead--head (h-h) arrangement, 41 and 42 
have values with opposite sign. They agree in sign for a hea&tail (h-t) conformation. 
Further, the 41 and I/L? angles measure approximately Ihe fwo dihed,:ll angles 
between c?ch nuclcobnse and the coordination plant, being both + W for two 
nucleobascs perpendicular to the coordinatiori plane in a h-t arrangement (as 
sketched in Fig. 3(a)). For c~is-(nb)zPLa2 Fpecies, iwo enuntiomers (atropisomers) are 
possible for the h-t orientation, and this aspect has been investigated by using NMR 

speclroscq~y on bis(nuclcosiclo) [727 and bis(nucleotide) complcxcs 1731. 
It iS Of Illti.XWI IO n0lC tllal for CiW iSWl1Ol.S. where $1 Ulld f/j3 /I an&s present quite 

a variabh: range (i.o. c~ricnlation of nucleoh;~~ with respect trr the coordination 

piarie), the /j angles (i.e. the mtiluai orientation of the two nucleobases) are almost 
similar. 

In ortlcr to define lbc mutual oricntnlion of the two bases, ir. trawl:, isomers, one 
v;!luc is reported, namely the virtual lorsional angle C2 N3(nbl).Tu3(nb2)--C2 
( Fig. 3(b)). 

The 3ame scheme also appik to 6; and ?rans nlixcd (!,urit.:c),l~yrimidinc) 
compiexes. 

PUtbough a diifcrent st~r~~~~{~l~e~li~~ll approach has hocn proposctl ‘~nr!ie yea;j ago 
by Kistcnmac+z and r:ou/orhers [ 48,74] for ckmrparinp tbc prirr~.y ct~nf~~rr,j~uliorl;rl 
:tSpCclS 0r Ci”[(tlb)~l”lii~ f lype cWnpiexcs, the present convention appears sl;rn[>Ier 
it~ld Wsy (0 Llsiialir.c. 

As evidenr frt~l Tsble 2, the large rnajorlty of bis(nucir.obase) complexes of Pt( il j 
studied by X- ,(; dif’i’raction have a cis g:cS3mrtry and 5~5 h-h and h..r arrangements 



a 

b 



786 E %i!i,gwu~d~r ci d Cwi-hniiirtt! i hiwhrry iiwicii A I.76 i /YwJJ 27.7 .w 

~automerizaticn Of I-Mc:.iii has Brett propOsed which could model ecrtain mutagenic 
transitions in DNA [5S]. The only other examples of Pt 111) COllli~lt?XCS with 
h-h arrant& pyrimi, !nc nucleobases have been observed with ~~‘NRF- 
[(MeNH,),Pt( I-MeC)2].“LL (X is CIO, or PF, ) [.75]. Although this compound. 
when isolated from aqueous so::ttion upon blow evaporation. c!isp!?ys a h-l oricnta- 
[ion of the two cytosines i:ucleobase>; (very mu& as the NIH, analogtues GEBVUE 
and MCSPTB), the respective k-h rotamer can be isolated from aqueous solution 
upon treatmer:t of iis heteronucie,tr de&&es (see Section 4.13.) with suitable 
nuc!eophZcs and rapid crystaili~tion of the parent compound in its h-h form. In 
the course of thts work it has also been found thai DMSO and DMF strongly favor 
the h-h over the h-t rotanler in solution. This ti!lding suggests that crystallization 
from different solvents may have a marked effect on nucleobasc orientation in the 
solid state, 

For bis(purinc-) complexes, t!~ two bases are also usually oriented head- tail, 
leading apprcnimately to a CZ molecular symmetry. The only exception, namc!y a 
head-head arrangement of two guanines, is found in cis-[(9-EtGH.N’jzPt( NH,)z]z+. 
This complex has been crystallized with four diKerent counlerions [ 15,621. The L-t 
arrangement has also been observed in [(9-FgIeG- .N!)J?(en)] where the deptoro- 
nated guanines coordinate through Nl [SU]. Since the h-i arrangement of two 
adjacent guanine bases seems to be rather tinXkc;;i ic native DN4, the relevance of 
mos? bisiguaninc) structures as mod& for a GG cross-link may be questioned for 
this reason [62]. The structural results seem to be il: agreement with the suggestion 
that the h-t arrangement of the two bases may be the therlnody!laniically most stabie 
conformation [76]. A molecuiar mechanics analysis for cis-[(pu),Pta,] complexes, 
with a, bciilg small amine ligands, showed that differences in interactions between 
the purine and the amine ligar;ds are almost entirely rtsponsibic for the energy 
barriers of rotation. The calculated values are less than 30 for gmnine and greater 
th:,n 4S k.i mole’ for adenine ligands N7 coordinated [77]. Fn contrast, from 
NKR spectroscopy, rotational activation energies for a series of ris- 
~(6-aminopuritle),Pt(NH,)2] lie in the range 46-95 kJ Ino!-‘: a :owr;r barrier of 
25 kJ mol-’ is exhibited by a complex containing bis(6-oxopurine) [73b]. 

A common structural feature of rr,rlis-r(pu)(pym)Pta,] complexijs is the app;oxi- 
mateiy coplanar arrangement (I= 2.6.. 16.4”) of the two nuc:eobases due !o direct or 
indirect (via a water molecule) intramolecular H bond b&w-en the two bases 
[67,69,70]. These comp!exes, with two heterocyclic ligands. have teen proposed as 
models for temporary rr permanent cross&king products of metal ion with two 
nucleic acid strands (“metal-modified base pairs”) [78]. For example, two comp!e- 
mentary bases are arranged in a Watson-Crick fashion in I~LUZS- 
[( i-MeT-.N3)(i~-MeA,F~‘)Pt(NI~,),~’~ (YATSUH) or i:l a Hoogsten base pairing 
in trnns-[(l-diet-,N3)(9-MeA,N’)Pt(NH,)?I+ (YATTES) [70]. 

Despite the variations in the Pt-N(nb) bond lengths in mono(nucleobase) and 
(bishmcleobase complexes reported in Tables 1 and 2, the mean values follow the 
same trend: 

Pt-N?(pu)~Ft-N3(pyol izPt--Nl(pym!~Pt-N1(puj 
2.015(2) 2.034(2) 2.032(5) X041(5) A 
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3. Mom3et~cle;Pr Pb( IV 1 compl4ws 

cornj9nred 10 1’6( 1 I) co!n~““ll’d::, : I IVI;I~IWI~ small number of Pl!IQ) compounds 
have been stutlicd lie far 1 S, 1. H~wcve~, rcncwed interest in I?( IV) antitutnor 
cc.~rul~wnds and the yet unsolved question of how interactions of I?( IV) compounds 
with DiGA occurs, is likely to produce more structural uork in the future. In facl a 
particularly intriguing aspect of the bioreievant chemistry of Pt( IV) complexes is 
the question of drug activation through a possible in viva reduction io Pt( II ) [ 81 
and rch cited thercinJ. 

3.1. Aho( cluc~/rr~!xrsc’) i;JrJi/?l~‘.~rs 

Some geometrical parameters for 1130130- and bis(nucleobase) Pt( I’v j compounds 
are reported in Table 3. 

The first examples of l-mcthyiuracil derivatives containing an octahcdrally coordi- 
nated Pt(lY), have been reported in 1984. obtained through an oxidativc addition 
of Clz to Pt( II) complexes r82]. The structural features of the two c01t3pound~, of 
type rtw-[(Al -,N”)Pt(NH,),CI,], where ri: represents an uracilate derivative [86], 
are dictated by steric restramts imposed by the three mer Cl ligands and the two 
exocyciic oxygens 02 and 04 of the base. Conseclnei:tiy. dihedrai angies bctwecn 
the base and the PtCliNH,j,(N3) phe (N3 is the pym donor atom) are substantially 
reduced as compared to typical Pt( II) compounds. to Y~llUS2S Of 41 iIIld 5: ‘, 

In the Pt(IV) complex containing a pwinc base, i?le~.:~iltts-l!9-MeGH,N’)- 
PIKW)z(dizn)]“’ . the guanine plane is at a 57” an& relative to the PtN, plant 





4. Bhuclear complexes 

4.1. P&l II ) colqlle.ue,s 

Nuc!eobascs often act as polydentate ligands [ 171, coordinating either the same 
metoi cwtre as chelatc ligands. (set R(W) complexes of Section 3.2.) or diffewu 



metal ccntr~s, as bridging ligands. Among ihe structurally characterized dinuclear 
species, eswnplcs with pyn nuclcobase complexes dominate. C’oncise schemes of hi- 
and polynuclmr species obtained iram (is- and r~iols-:(p~m)zPta,l compiexes ar: 
skerckd in Figs. 5 and 6, respectively. These figures also indicate where each type 
of the structurally characterized compound is described and discussed. 



Ptp 

(cfr. 4.1.3) 

(Cfr. 7.1) 

The reported derivatives include a few examples with the deprotonated 
9-methylguaninc bridging t%tti PtL, units (where L, is dien or L is NH3) [X7], 
and with the P-methyladenine binding two PtCl(NH2Me)Z [76] or two 
PtCIJS(Offi-Pr),] units [88]. In each complex, Pt has a square-planar coordinatio!l 





\ 
Me 

4.?2. C+.5-((~~ii~)zftu, tieTif-fltirCS 

No esam@c of a dinuclear co.mpiex contai~kg a siiig!e pyrimidine bridge has 
been reported as yet. whereas a series of doub!y bridged complexes has been structur- 
ally characterized either with h-h or b-t arrangement of the bases. The general 
composirinn is cis-[;l,PtipymjZ~f~~~lrni, where WI = 2. 1, 0. n = 2, 3, and M is Pr” i ) 
Pd’+, at-, Zrl”. hg’. The bridging t~uclzobases are generally deprotonr:cd. 

When dinuclear complexes are prepared tilrouph a condensation reaction between 
mo~~ot~uciear complexes 

csua!iy h-t dmuc?ear spec= are qb,,~..- + r’n4. as s. etched in Fig. 7. II. Another WS~ to 
obtain dinuciear complexes is the condensation of a neutral cis-[!pymj,Pt( NH,iz] 
complex with cations of type ~~s-[a~M~ti,Oj~]“~ v:bere a is NH,. a2 is en. bipy. and 
M is Pt, Pd or [M~I-I,~},,j”” or v&h the [Pt(NH,jCl,]- and [PtCl,]‘~ anions. 
In this case the reaction give:; h-h specxs I Fig. 7. fI1) [89]. 
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The &-I<3 bond lengths (mean value 2.041 A, II =- 28, excluding the phosphine 
derivative V1DWP.C: 6: t -tot differ from those founo in mononuclear species, suggest- 
ing that this distance is not inHuenced significantly when pyrimidine acts as biden- 
tate ligaad. 

The dinuclear h-h Pt.M units have been found to pack in the sohd state in three 
different patterns [I7]: ii) centrosymmetric arrangements of type (Pt,M).tM.Pt) wth 
M next to each other as detected in BOSSIJX, BEKKOR, and FOCNEK or (ii) 
(M,?t).(Pt,M) with Pt atoms next to each other as found in BULWAG; (iii) (P!,M) 
units subsc~ucntly arranged in a staircase fashion as. for example, in MTAPTNIO. 

A dinuclear trans species of type IV (Fig. 9) has never been isolated., possibly 
as a consequence of an unfavoarable steric interaction betwel.1 the amine ligands 
at the two adjacent metals, whicn preveuts its formation. -*-his was suggested 







In the 4: 3 heicrabme~a~lic complexes derived from i~utrs-[(p~~m)LPta2] tlx c~riti- 
nation planes of Pt and Pd (or C:I) are approximately perpendicular to each other.. 
and the interplanar angles between the two cytosinate planes range from 3.7 tn 7.1’. 
with rhc two trans bases in a h-h arrangement [?c)S,iO6]. No significant change in 
the Pt--N.ijcytosinc) distances wi!b respect to those found in cis dinuclear species IJ 
and 111 have been evidentinted. 

The Pt-Pd distances of aholut 1.5!! a are :imo~?y the shortest reporled so f;*r-, cvc:~ 
shorter than those fou:>d ii1 Pt( I)- Pd( 1) dinuclear spe&s (meail value 2.558 A) with 
diff’erent bridging ligands [ lOS]. having the geometry shown in Fig. 9, VII. 

A furlher comparison of the PtGM bond iengths with those of 4: 4 cis con@eaes 
s!~,rvs that in the latter, the Pt--Pd distances are ‘engthcned by abai;t 0.4OA. and 
the Pt--Cu distances by about 0.25 ,A. 

‘ihe Pt-Pd distance does not appear to be significantiy infiuenced upon vsxtion 
of the Bigand Y in the series rrcrr~s-[a,Pt( I-MeC--),PdY]“‘- (Fig. 9. V), in contrast 
to ““Pt NMR chemical &ifts, that span ‘t range of 500 ppm. The variation of “‘Pi 
chemical ~1161s display a linear dependence with clectronegativity of halide, while no 
simple relationship is evident x:tf-. the nature of Y ligands ottter than ha!ides [ lO5]. 

The compicx mm-[a,Pr! I-::,1-C--),PdCl]NO, has been used to sl!ldy the binding 
properties .af palladium( 1:) with \,arious derivatives oY^ amizxoacids mimicking tile 
side-chain metal binding sites of proteins [ lO9]. 

The PI- pig intermetaiiic dista~~ces (around 7.40 A] are shorter than the mean 
va!ues of the Pt-Pt and Hg-Hg distc:n<z measured in homodinucleai h-t cis- 
[(NH;j2Pt( I-MeC-,N’,N”hPt6F1H,!,]‘- [SS], and [(hifcf-!plZ!l-MeC-.N’*, 
Ndj2]’ , [ 1 lo] respectively. The distance of Z.SO A is at the upper limit of Pt-Hg 
distances in the range reported by van Kotcn et :~l. [ Ill], who stated that this 
rfistance is indicative of a weak bcmding lnteraciiorl 
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XI 

Srructural~y related dipla:inumF:l 11) compiexer, containing S ligands srrcb as 
pfrimidinc-2-tliiotiz ipymS ) or ?-tlrieuracilato /TW) have been reported by 
Goodgame 3nd coworkers [1X-1241. Pt binding in these “Lantern-type” compiexes 
jl.?-‘], of r:omposition [XPrL,. i n*X’f”. is via N and the adjacent S of the E ligand. 
The termit& axis; position, usually occupied by halide anions X-. can be replaced 
also by a monodentate pvmS- bond<;.3 through suiphur. Of the four possible mutual 
orientations of the bridging l&and>. only the h-h-b-t :X11) and h-h-t-t (XIII) are 
foond in these complexes. The Pt-Pt distances, reported ia Table& are close to 
those reported for dim&ear Pti III) compkxes (see previous Section), but di!xdrai 
angles betwee:l the metal coordinatiac planes are close to zero, leading to nearly 
para!lel planes. The vaiues of the Pt--Ci axiai bsnd distances. which are in tfre range 
2.442.46 A: again confirm the high trans in=lwnce of the Pt-Pt bond. 
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The pcmib!e k-k or h-t arrangements of the two pairs of nucleobases imply the 
existence cf man)- isomers of .XIV and XV. Howriver. since the cis itiriuclzar species 
are prepared starting from moru~uclear c,i.i-C(pym,N31,Fta,] complexes, oniy the 
isomer bf type XIV has been obtained, where M is coordinaged by the pyrimidine 
0 donors iusua!Ig 04j. iritk the bridging pym li_pantls in a k-k arrangement. Only 
in rkecompound [(IJH,12Ptl i-MeCt(I-MeU-lCu( I-~eCi(l-MeU-!Pt(NH,),]“*, 
where the cytos;nes act as nentrai ligands. Cu is coordinated througk two 02 sites 
Cf 1 ,i%!teC alld fW0 04 2-:02X Of i-hid- [92]. 

As found for dinuclear species ciz:-Ca,Ptip?im)zMY,,l”-. the geometry of XIV 
avoids any steric clash be~v;ec~ fXn,g ligands at Pt and M better. mainly tkraugk 
all aHward tilting of “be Pt coerciinaticm pianes. in COllilX!X. species of type XV are 
expected to be muck more subject io r&rain% (see b&w). 

There is an ambiguity in complexes containing I-MeT- as far as the differentiation 
of the two exoeyclic oxygens art colt cened. This is a consequence of the pseudo 
two-f5ld axis through x3 and C6 (see for example Ref. [128]. where hl is Mn). 
-HGwever. since 04 a;?;““r? tir he more basic than 82, primary coordination is 
expected to eccur through 04, as it happens in l-i\ileii derivafives. 

In ail the trinucleJr cations but two I k is Ag * or fl* ). M lies on a crystallograpkic 
symmetry center, so C-rat the IWO Pt -M distances are equal and the MO, atoms are 
rigoreus~y coplanar. th the comraf’), in the case of .M is Ag’ at?d Ti’ i these metals 
kzve a distorted tetrahedral arrangement of the foour 0 donors. The 
(Ft,Tl.Pti structure is dramatically different From the other trinuclear (Pt.M.Ptj 
species of type XEV. A noticeable feature is the intramolecular stacking of two 
I-MeT- bases which appears to be related to the !or.e pair at the central Tl [ISI]. 

T’ke PI coordination planes in these complexes are :ess distorted tkan tkose frX.!nd 
in cis dinuclear Pt( l1 j and Pt( III) species. while the interpianar a13gIes between the 
‘3t and M coordination plal?es fail in a similar rai~$e. fr! fact. deviati.ans of Pt frcm 
tkc conrdmaticn plane range from O.WX? to 0.030 A and the a&s between Pt and 
M coordination planes from 14.5 to 32.6 (TaLIe 9). wkcreas in the dinuclear 
Pt(II),M(II) the corresponding figures vary from 0.01 to 0.19 i and from 19.3 to 









4:3 (Fig, 9. V). wi&b the so-catlcd TOW sq~rre (TSQ) structural motiv j134], is 
depicfed in Fig. 1.X It shows a completely different kind of bonding scheme with 
respect to the previous one. The strongest interaction. between the square-planar 
platinum unit (left side). and the T-shaped FdLj fragment (right side), involves the 
Pt zz and the Pd s2-$-type FM&. resulting in a two-electrons/two-orbit& donor 
acceptor (i.e. dative) bond with a formal bond order of one [ 1341. Similar conclusions 
have been reached by other authors on Pt, diphosphine bridged dimers [ 13Y 3. The 
substitution of the ,ts ion Pd(II) [ lO4.lO5] with electron richer metal io~zs. such as 
d’-Cu(I1) [IO6j or #“-Q&II) [10-i] has the stereoelectronic consequence of weaken- 
ing 1he Pt-ivl interaction in the h-d” adducts. aiihout destroying the TSQ primary 
geometry, and of forcing the rc oval of the ligand coaxial with the metals in d8-di0 
adducts. In the ds-d’ system - .-md order of 0.5 may be suggested; in the tie-d”’ the 
resulting 4:2 type complexes (Fig. 9, VI) have a Pt-M bond order only slightly 
greater then zero [ 1341. 

The theoretical calculations ai!nw the trend af ihe dinuclcar P-M bond ienpths 
to be rationalized. The values of Pt--Pd distances found in di- and trinuclear species 
suggest Utal there is a gradual decrease in bond order from i to 0 foilowing the 
trend ~.if not otherwise indicated the metal oxidation cmte is i- 2): 

:rQns-Pt,Pd <tis-Pt.Pd(fII),Pt <cis-Pt,Pd,Pt <&s-Pt,Pd 
2.511 2.640 2.838 2.921 A 

The diRerence between the last two values may be ascribed ?o differences in steric 
crowdingl although this shortening cogid also be attributed to elecironic factors. 
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been used by Cotton [ 1141, where the single bond is based on a &4~2~*2n*4 
configuration, similar to the bonding pattern describing dimers of Rh(Il) [ 1371. 

The interaction diagram for a L,Pt--PtL,. reported in Fig. 14. shows a bonding 
scheme caused by two electrons/two orbitals (CJ and CT*) interaction between the 
couple of Pt z2 frontier orbitals pertair,cd to each PtLj fragment. Pt( lil) !rtntern type 
dimers have been described analogously by other authors [1?.5]. 

A number of polgnuclear Pt, Ag complexes containing uracilate acting as tridentate 
through 02, N3, and 04, and in one case as tetradentate ligand, through additional 
binding to 04 (Fig. 15) have been reviewed by Goodgame and Jakubovic in 1987 



[ !4Oj. These examples demonstrate that the mcreased basiciry of 04 (as a eonse- 
quence of N3 deprotonation) is suihcicnt to allow binding of tv;o metals simiilta- 
neously. In fact. as already mentioned, metnl bindiimg at deprctonated position N3 
of I-Me’T- and l-McU encourages binding either of an additional 1;;e;al or of a 
proion through exocyclic oxygens of these ligands [ 132.141]. 

Ag+ ions seem to be particularly versatile forming polynuclear Pt. Ag complexes. 
with the metal centers generally approximately collinear and bridged by the ~Judeo- 

bases. Fig. 16 reports a schematic representation of these cornple~s, while the 
relevant structural paramcicrs are given in Table IO. The uraci!aie !igands bridge 
three adjacent metals in a cis ( XVI, XVII ano ’ XVIII) or in a trans (XIX) arrangement. 
in the latter additiona! binding between 0 4 Gild Ag iOIlS Of djaCs3it ~llOi+Xt6!~S 
produces a polymeric array of Pt. Ag, units [ 1453, 

Since then. only one more complex containing the Irair- 
[(MeNH2)2Pt( l,S-Me,C .0’,N~,N”j2A&JZ+ cation has beein structurally charac- 
terized [ 1461. It is the first ex,lmr?le of a cytosine metal complex with metal binding 
simultaneously via N3, N4 (dcprotonatcd) and 02. The h-h arrangemen: and the 
solution behaviour of the compo:md is consistent with the view that the biriding of 
Agi to tiNns-I(Me~~H,),Pt(1.5-Me2C),]“’ takes place sequentially, first at N4 sites, 
then to the 02 sites. The structure of the ca:ion, which is similar to that containing 
the uracilato base XIX, is shown in Fig. 17. AgO? distances are substantially s!lorter 
in the case of l-MeC complex (mean value 2.259( 6) A! as compared to l-h?& - 
compounds. where Ag-02 interactions frequently are very weak (2.4-2.5 A). 

A unique case of guanine utilizing three met:11 binding sites is realized in the 
trinuclear species ((9-EtG-,N’.N3,N7)[Pt(NH3)3]31jt. In this compound the 
!?-EtK simuiianeousiy binds three Pt(NII,), units through NI, N3, and N7, Cl471 
(XX). The platinatian of the NI site apparently increases the nucleophilicity of the 
N3 atoil sufficently to become a metal binding site. 

another trinuclear compound of composition 
(9!~eA.N’N’)Pt(N~I)2(9-MeA,N’.N’)Pt(NHI)I]’- 

ris-[(NH,),Pt- 
, two (NH,),Pt residues are 

bound to Nl and a cis-(NH,),Pt entiry is bound to N? of the bases, XXI [148]. In 
the solid state the central Pt is located on a mirror pla13c with the adenine rings h-h 
oriented, while in solution an equilibrium be:ween the h-h and h-t rotame:s is 
observed. From ‘1-I NMR signals a barrier to rotation of AH+ 76.5 kJ mail’ is 
calculated and this value should be compared with those derived for cis-[(pu),Ptaz] 
derivatives [73b]. 

The Pt-N(pu) bond lengths for these structures are reported in Table 4, together 
with structures containing bifunctional purine bases. 

The dinuclear complex cis-[(PMe,),Pt( l-MeC .N3,N’)zPt(Plure,),]r; has been 
observed to convert slowly, in aqueous or DMSO solution, into a trinuclear species 
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cis-[(PzMe&Pt( l-MeC- ,WJQ” f [f49]. Three ci~-Pt(PMe~)~ units arc bridged 
by the eytosinate anions through 53 and N4 donors ta @vc a trinllclear cation wit+ 
an approximate C, symmetry. The Pt-Pt separation presents a mean value of 5.31 A. 





cia 

c7 

XXI 

The same authors recently investigated the interaction ol the mndei 9-M&H with 
Tis~[~PMe,kzPt(iu0,12] at neutrai pH. obtainia:: a hsxameric cyclic cation ris- 
E( PMe3)2Pt(9-MeG-.N’,P\l’)],h’ [SS]. ft represents a ra:‘e examTie of a hexanuciear 
platinum nucieobase cnmpkex [ 1 SO]. The bexamer exhibits the purine rings alterna- 
tively arranged abo-;e and below the mean plane passing through the metal atoms, 
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precursor [(en)Pt(UHm,N1)(H,O)j”, has been reported [ 1511; The four (enjPt 
moieties occupy the corners of a square (Pt.Pt distance 5.86 A), with the uracil 
ligands bridging each side altern;:ively above and below the Pt, plane in a l,? 
alternate conformation. The uracil monoanions adopt rare tautomeric forms in that 
both Nl and N3 sites are platinated al:d the aci-k proton is bound either 60 03 or 
04. In solution tli.3 complex is co:~formalionally %zii;Ie and different cations (such 
as Ag’) affect the equilibria among tile conformers [17.151]. 

From examples reported in this and previous sections, it is evident that the 
sequential application of different c~ezal species with nucleic acids can lead to larger 
aggregates. Formation of cyclic nuclcobase quartets (Fig. 18) are proposed on the 
basis of the crystal structure of rrnns-[(NH,Me),CiPt(9-MeA,N’,N7)],(NH,),Pt”- 
[Xi: which can be considered a precnrsor for future extccsion work. The two vectors 
ClPtN(nbf in the cited structure 2re about at right angles to each other, facilitating 
(in principle) a coplanar arrangement of four purine bases connected by four metal 
ions with linear coordination (Fig. 18). In contrast, for steric reasons, similar cyclic 
species with coplanar bases cannot be obtained starting from cis-[(nb),FtaJ com- 
piexes because large dihedral ang!es between the nucleobases are to be expected. In 
fact, in the cited [(enfPt(UH- ,N1,N3)lq4+ the four bases are approximately at right 
angles [37,151]. 

8. Miscellaneous 

Although there are many structures of complexes containing the Y-substituted 
guanine bound to Pt through N7 or Nl or both: oniy in the dinuclear decanegative 
anion [(G’- )Pt(lr-PO?)1Pt(G2~)]‘0-. the base is coordinated to Pt(III) through 
N9. the protons N9-H and Nl-H being missing. The Pt- N9jguanine) axiai distances 
of X141(2).& are long due to the high trans influence of the Pt-Pt bond. The 
intermetallic distance is 2.5342(4) A [ 1521. 

9. §tatistical analysis 

‘9.1. Data xrriecul 

The CSD [22], version 5.08 of October 1994, was searched for Wnucieobase 
compounds, using the QUEST program. Subsequently Ihe following subsets were 
retrieved by using the RETFIL program [ 1531: 

(a) mononuclear Pt(II) complexes with monofunctio!lal nucleobase: 
cytosine and thymine/uracil bound through N3: 
all pyrimidice bases bound through N3; 
guanine and adenine bound through N7; 
all puke bases bound through N7 and through Nl; 
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nucleobase plane ix). Ef this angle was larger than 90 , its complementary 
va!ue was taken. 
angles around N3 (or N7) donor atom; 

(b, c) metal--metal distances; 
dihedral angle between adjacent metal coordination planes (r): 
average torsion angle about the Pt-Pt (or Pt-h?) vector Cw) 

The mean value (with the standard error of the mean in parentheses). the range, 
the sample standard deviation (SD), and the number of observations for ea.ch 
parameter are reported in l’ables ;I and 11. 

The coordination distance Pt-N3 in complexes containing cytosine nucleobases 
are close to the corresponding value in thymine and uracil derivatives, as well as for 
the Pt-N7 distances in com;Zexzs ST adenine similar to those of guanine, despiie of 
the nature and number of suh;ii:wnts on the ring. The calculated mean value 
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cysmsine.N’ 
Pl-h3 
rt-?i?-C2 
Pt-NK4 
C2-N3-CJ 

& 
thymine,uiaci~.N” 
Pt-N3 
WN3-C2 
WN3-C.t 
c-Nxx 

4 
py’imtdine.N” 
PI-T-43 

thvmioc ‘nraci1.N’ 
Pt--Nl 

guanine,si’ 
Pt.Ni 
Pr-N7-fj 
R-W-C8 
c5-x7-a 

Pt-x7-C5 
PI-N?.CI! 
C5.Ni.:‘X 

1.03412 ) 



3.199 
44s 
24.4 

3.899 
46.5 
24.4. 

3 984 0 117 9 
32.6 5.5 
21.2 5.5 

2.699 0.056 9 
23.2 2.2 
29.8 10.i 

0 086 11 
5.8 
8.i 

0.103 14 
6.6 
7.3 

n Oxid;l~ion state of meiak IS tt. unless otherwise iadicltted 

[2.034(S) 41 for the Pt--N3(pym) is significantly longer than that found in Pt- N7(pu) 
[~2.015(2) A], but similar to the mean of Pt-Nl(pym), the ialler derived from four 
observations. A mean value of 2.041(5) A has been calculated for the Pt-N:(pu) 
bond lengths. The difference can be ascribed to the different size of the ring containing 
the N dollor atom. A visua: display of the Pt-N_?(?ym) and Pt-N7(pu) distances is 
reported in histograms of Fig. 19 and Fig. 20. 

In @Imine and uracil complexes the Pt-N3-C bond angles are equal (within the 
standard error of the mean), while in cytosine the angle on the side of amino group 
appears larger with respect to that (C2--N3--Pt9 on the side of C=O group. En purine 
complexes the coordination Pt-NM? angles present essentially the same value, both 
for N7 and Nl. 

The displa$ement of Pt from the nucleobase mean plane, (iBr falls in a range of 
approx. 0.5 A, in complexes both with pym and pu bases. The vzlue might be 
influenced in some cases by the crystal packing. We do not want to specnlaie on 
this parameter. although the dB values have been used in molecular mechanics 
calculations for the development of a suitable force field to model DNA--&-&a, 
adducts [ 141. Histograms of & for pyrimidine I\;3 and purine N7 coordinated are 
reported in Figs. 21 and 22, respectively. In contrast, the cocrdinatiop c&-of-plane 
of Pt, which is reported for mononuclear Pt(II9 complexes in Tables i and 2, falls 
in a narrower range (O-0.05 A). 

The results of the geometrical parameters for di- and trinuclear complexes 
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(Tabie 12) have been reported and discussed in the sections devoted to rhese 
species. 
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A special focus of the review is devoted to polynuclear complexes containing either 
Pt aione or in combination with one or more heterometal ions. Multiple metal ion 
binding to nucleobases has began to emerge as an outstanding feature especially of 
pyrimidine aucteobase coordination chemistry. The metal-metal interaction is rather 
variable in these compfexes and it can be often highlighted and interpreted applying 
semiempirxal MO methods. 



A 
c 
G 
T 
nb 
PYli’ 
P” 
h-h 
11-t 
L,, x. Y 
a 
I -MeC 
l-M& - 
1,5-Me,C-- 
1 -MeTH 
4H, I-MeTH 
l-MeT- 
I-TI-I- 
1 -MeUH 
4H, 1 -Me!JH 
l-MeU - 
UH -- 
3.ivieA 
9-M& 
9-MeAH * 
I.9-Me2AH’ 
6.9-m&H - 
9-UciH 
9-EtG - 
9-MeGH2.’ 
7.9-h&G 

adenine, unspecified 
cytosine, unspecified or neutral fffrm 
guanine, unspeitfied 
thymine. unspecified 
generic nucleobasc 
pgrimidiw I - 
pwine 
bead-head arrangement 
head&tail arrangement 
generic Iigands 
NH, amine 
I-methylcytosine 
I-methytcytosinzte, N4 deproronated 
I.5dimethyicytosinatq N4 deprotonaied 
1 -methylthymine 
2-oxo-4-hydroxn form of neutral I-melhy!thymi~ie 
I-methyitbyminate, X3 dcprotonated 
thyminate 
I-methyluracil 
Z-ox+4-hydroxo form of neutrai 1 -mei lryluracil 
I-methph~raciiste, N3 deprotonated 
uracilate 
i-mstbjjiadenine 
9-methyladenine 
9-methyEadeninium 
i.9-dimetityiadeniniurn 
6.9”dimethyIadeninium 
Y-ethylguanine 
%ethj-!gi;anine anion 
9~rnethyl~~~l~~~~urn 
7.9-dimethylguanine 



NH,Me methylamine 
pym% 2-thiopyrimidiaato 
TX- 24iiouraciiato 
2-pyro 2-pyridonato 
PYZ pyrazine 
DMSO N,N-dimeti~ylsulphoxide 
DMF N.N-dimethy!formamide 
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