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Abstrimct

Compounds of PredTand BV contiming sucheebas s bgands wilse including o few
rebated Ngands] 2re ammaesed s deserbed, aeenrding o e nuclenrry of the compluses.
The Brge amom of wailable ervstalivgrophic data allows geometrical pacameters soch as
hond lengths ard angles. angabar distertions, torsionai argles selated 1o the nuclcobase plane
orientations elu. b b denved with reditivery bigl accorscy. Sqple ssltionships bebween
some of Huese ponameiers are repaned amd discussed. O mononuclear P4 complexes contain-
hig ane of o nuclzobise Hgands asimple deseriptive statistical anabysis lias been performed.
The structural prapertics of polynuclear, ofien heteronoelear spacies have also been reviensid
where the nucioobases, pariwvlariy pyrimidines, oot as potydentate -oftea brideing: Bpands, A
shnple MO ticoretiea! anabysis of the metal ol micructon e eanos and beteradicneleer
g ollows the depive of the inwrmeiilic boud {ormation b be rativnadized and e
correltion of the quadiapve woanils with the experimentt! metal -melel distnees. Cyehic
polynuckar spectes, which appeat fo be g onew espuisling bedd e the chemistry 7
o nandeabuese conmpleses. aie alse deseriled.

v

KNevwords Platinum wmpleses: Clspli o, Wogleotuse: Meind-DNA inleraction

1. lnredaction

The ndmark disconery ot the antitumeor activity of cis-diamminedichioro-
platinum( [1) feisplatin. cis-DIXPY by Rosenberg ct al. {1] some 25 years ago and
early indications of Pt DINA interactions piaying a erucial role in the mode of
action [ 27 have fed (o a krge itterest in all aspects of reactions of Pi caordination
compouuds with nucleic acids. oligonucleotides and models thereof. Views on the
made of action of antaumor Pi driys have undergone changes over the years, lrom
the simple conceps that cisplatin coordination feads to a block m DNA replication
amd consequent]y celfpdar death lo a more complex picture according 1o which
criplutin Linding 1o DNA trigzers a complicated cascode of events involving o series
of sduvers, ety e prodects thal sense the damage. signad i1 aad eventually
cuwse the cancer eell o die in a programmed fashion {35 Cisplatin vndergoes
intracellilay actrvation via €1 hydrotysis. The monofunctional adducis that form
initially with DMNA close to bis{pucleobase) adducts with a halflike of approx. 2 h
{47 Theoretically, a lerge number of possible bis{aucieobase) adducts can Torm with
the four comemon DINA bases puanine (G adenine (A), eylosiog (C) and thyming
() 10 bisinucleobaser combinatioons are possible in theory, fmkage isomers and
muitineciear specics (e 1-OH or g-aeleobase adducts; long rauge adducts; intr-
v interstrand adducist not comsidered. Morofunctional M binding docs nat appear
w be sufficiens 1o lead o antitumor aavity i geacrasl, even though there are
remarkiple exceptions (e complexes of type cis-H{NH 1. PILCH] 7 L being 2 helera-
eychic N doner such as eytosine ar subsivmed pyridmae [370. By use of blochemicat
mekhionds, the jrtuee of the major adduct of cisplatin with DNA have been clucidated
o8 Fhese wre the mbrastrand GG ocross-link (50% 60%E followed by the
imtrastrand AG eross-ltak £20%: 30%) the mtrastrand GXG cross-imds £10%60, the
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interstrand GG addoct (< 1%} and DNA--protein cross-links (<« 1%). Nothing is
known about any of the ather minor adducts. Whether the abundance of o cortain
DNA adduct correlales witl s signifivioce in cytotoxicity is not really clear, even
though i is frequenty assumed to be so. Considering more recent findings on active
Pt{iii and PUIVY compounds possessing a lrans geometry of thelr amine ligands,
this aspect will be increasingly important. Such compounds cannot { Pt{li)j or are
unlikely (Pt{IV)} to form intrastrand GG or AG adduces and therefore must have
a different spectrum of DINA cross-links. The cross-resistance of certain familics of
Pt drigs likewise points in a similar direction. These findings would seom to imply
that there may be vanous Pt DNA wdducts ruther than a unique one triggering
collatar destruciion. The cisplatin: DNA cross-link studied most imensively - in
fact admost exclusively -- 13 ihe major one. ¢is-a-PUGG. Many aspeets of ils formation,
geomelry and speetrascopy as well as its effect on DNA structure and function have
been studied at a high degree of sophistication [8 -14]. 11 s the only cisplatin adduct
to date which has been crystathized and ws crystad stractvre determined by X-ray
methods on the di- 8] 2na mmnoelsaotide {97 level sesaiad strucrogs] featuees such
as head -head orienlabon of the two bases, diliedral anples ov deviations of Pt from
guanine planes had also been derived from simple 2-cihvipuanine model compounds,
however [ 15467, In this article wo review Xeray struciorat werk on PL compounds
contaiming simple mode! nucleobases. In many cases the X-ray structure determina-
tion was nol spectfically undertaken to shed hight on questions related to the geometry
ol the complex but raher 1o complement end support conclusions on the basic
chemistry of such compounds. A wezlth of mformalion has emerged this way over
the years [17-19].

2. Monenuclesr Pe(11) complexes

A great number of pRatinumi 11} complexes with monodetitale nucleohases formting
square plutar cov cdmaition wats have been investigared iy the past several years.
The complexes so ke structusally characterized contain orr or two nucleobases
while the other coordinabion positions alioet P are mamiy cocupivd by CLoandior
ligands containing N donors. Only one structural characierization of a comples
conlaining three cytosiae. { 201 and o preliminary report on a etrakis{9-mernylgua-
ninei complex of Pt [21] have been aeported.

In many eases ihiese comiplexes are considered models for possible INA -cisplatin
tnreraction, and  the cfore the ryrimidine {pyin) aucleobases  are generally
Me-substitgted o postion and the purine Eped Dises are Me- or B-substitoed i
position 9. Thas the decayribose moicty of the DNA aacleostdes is replaced Broan
aikyl proup and metal coordmation ai these N sites is prevented.

However, tere are also exanpies iy which the nucleobase is snderivatized or
atyloted in other positions, Siee the nucleobases as monodentate ligand, both
newiral or innie formis, may coordinaie in diffurent wuys, different linkage isomers
can he obtamned. The tormula of the substituled nucleobuses, Inbelled aveviding 1o
a unified symibolia, are showioin Fig 1 and Fig, 2. These faoeis wre used throughont
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Fig. 1, Mueoberiie sebome ind foemula of neginst and deprotumued prainsdine socleobnas

e review, [ollowed by the indicunon of the donor atornis) bonded o b monal
cohire,

Struciural dats were oblaied from stracoures retrieved i the version 3035 of
October 1904 of the Combridge Stroctural Database (C8SD) [227. in addinon. few
exaraples of recent dala net yet implemented in the CSD will be memioned.
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The compeinds so far strecturally characterized are reported in Table T rogether
with coordinmon bond leogths, disshicements of Pt from the coordiation plane.
d, pnd Lhe anule betwoen the coondination and aucl: shase mean plaaes. and they
are jdentifivd by by CSD referenee couy (Refeode).

In complexes contaming o pyvm base. nearal forms of cytosine (C) and
Lemcthyleytosine (1-MeC) are always coordinated (hrovgh N3, as well as the N3
deprotonated F-MeU ™ {or I-MeT ™). For the (unsubstituted ) uracil or thyniiog anion,
UR™ o it | 47], the binding site is preferentially NI [36}. However. the N3
linkage sonwer of o P complex containing UM has also been erysiablized
recently [ 37).

The square § Tanur coordination of £ s chrraeierized by small vidues of 4 which
range from 0001 16 0052 A, s b orens the difiedral angle ranpes from 72 10 89 | with
the exceplion of two strtures invelving vracilute [fUH N PUendOL Y and thy-
minate antops TTH NIPHes T where this angle is 50 and 367, respectively
{"fable 1), Hydrogen bonding i+ olieved 10 be of fandamental importance in deier-
mining the angle i the ciled sructures | 36 ).

There is no apparent relationsh.p between x ungles and Pt-N{pyin} bond lengths
franging from 1,973 to 2059 A). The largest values for distances ace found for
1-MeC N3 trans Lo S{ONI-P,. (L0557} A) {26} and for 1-MeT N¥ truns to a
phosphine ligand 12,0672} A) [35]. The fengthening can be attributed to the greater
trans mlTucnce of the § amd P donor. compared with N denors.

As [ar as purine compleses are concerned, the monodentate guanine ligand in its
neuttal ferm coordinates throual. N7, since N1 is protonaled and N3 site is less
basic and. probably, more sterically hindered. Numerous solution studies confirm
this view [17]. ©nly the modified purine base 7.9-Me, G (Fig 2) coordinates through
NI, because position 7 s methylued, Anslogously, in the majority of strncturadly
characterized adenine complexes of PUIT), the meti] coordination site is N7, with
enly one example known for N1 binding {387 # the 9-McA ligand is protonaied
fal NIV, PUbiiding is oy expeaied through N7 (407,

T these cacnmnudivin puvine compicses deviation of Pt rom the mean plane of
the four doror aloms ranges from D003 o (062 A, The x anales and the Pt N{pu)
distances range from 62 to 81° and from 2000 io 2.044 A respectively. but no
appurent relationship can be derived between these geometrical parameters.

In the srans-[#94 2 ucctoxyethoxy M) GH NI PICELICH L = CH.)] the + angle s
reduced noticeably (45 +oand the distance PG-N{GH) s the longest reporied
£1.078031 Ay, suggesing for the latier a ignificant rans influence of the aihvlene
muolecute [45]

The P NI{po) distances tuen oot we be slightly longer than the PUR7(pud ones
awd arz very close to the typical distances found in P1ON(pym) derbvaniver of Table 1
This difference contd be aseribed 1o the endoeyclic £ Ny C angle (N, being the
donor site)l narvawer fn the five mepihered sings than in the six-membered ones,
which allows o closer approach of the ligand 0 the metal cenire. Correspondingly
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thedwo £ Ny Prangles ure sixnilicastly sirstler when N, belongs (oo sii-mentbered
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L2 Bist wiclenhase s camphives

Structural details of bis‘nucleobase comploszs, namety coordination distances,
displacemenis f and dihedral apgles between the two nucleohase mean planes, f, are
reported in Table 2. The species so far structurslly charocterized can be grosped in
bis{ pyrinsdine). bis(purine), and mixed { purined pyrimidine) compiexes. The other
lwo Hgueds completirg e metal coordination are idendical and mainly contain
N donors,

In order to deline the solid state conformationat feinres of the (wo nucleobases
i cis isomers, ihe torsiona] angles 1 amd 42 abont the respective Nonby Pt bonds
are alse reported 0 Table 20 The Laler paraimeters allow a fne guaoniitative definition
of the oricitalica of e base rings with respect Lo the coordination plane and «of
the muival orientation of the base rings. The proposed conveniion reports the
torsional angies C2-N2 b --P-N3mb2) (¢l and C2-N3iahTi-P-N3nb1) $2)
for pyeimidine and purine bases N3 coardinmed, s depicied in Fig 3 and
C3- NTnbI}-Pr-NT7(nb2), CE-NTnb2)-Pt N7nbl) for purine N7 coordingied
£71]. TFite value of angle 1 (or £2) delines the aeosun of the clockwise (41 or
counterclockwise {— ) roialion arcund their respeci’ ¢ £1- Ninb} coovdination bood.
Thas, when the reference atoms {2 or C3) bonded to the Me-donor are on the
same side of the coordination plane in a head-head (h-h) arrangement, ¢ and $2
huve values with opposite sign. They agree in sign for a head tail (h-t} conformation.
Further, the ¢1 and $2 amgles measure approximately the two dihedial angles
between cich nucleobase and the coordination planc, being both +90 for two
nucleobases perpendicular io the coordination plane in a h-l arrangement (as
sketched m Fig Ma)h For cis-{ub}, Pl species. two enantiomers (alropisomers) arc
possible for the -t orienLation, and this aspeet bas boen investigated by using NMR
spectroscopy on bisfaucleosided [ 727 and bistnuclentide) complexes [737.

It s ol mderest to owde that Tor cis isumers, where $1 and $2 angles present quite
aovariable range (e vaentadion of nucleobases with respect 1o the coordination
miang), 1he f# angles (e the muwal orientation of the (wo aucizobases) are almost
similar.

In arder to define the wotua] orientation of the two buses, in frars isomers, ong
vilue s reported, ramesty the virtual forsional angle C2 -N3ably N3(ab2)-C2
g 3y

The same scheme abso applic ooy and frans mitsed {purise) pyrimidine)
cormplencs.

Although o differcnn sterzochemical approach his been propossd sore veacs 1go
by Kistenmacher and coworkers | 43,74 | for comparing the primiry condorpudiona)
aspects of cisdini; as | lype comploxes, the present convenlion sppears sunpler
andl asy foovedadiae

As evident Trom Table 2, the large majonty of bis{nucie obase) complexes of Pitil;
studdied by X- o diffraction have a cis wewnetey and bot's B-hand b0 arrangements
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g b Torstomal aagle d D ad 900 deliize e Bases confoamation e and traas] [0, P ] compleses.

are fournd. us shown by the sign of avgies &1 and $2. The trans wormers of the first
(WO Hroupings possess a orysaliographic symmetry center, so that the two nucleo-
bases definitely have a h-l arrangement.

However. JTor bis{ pyrimidite) complexes the -1 wevangement is geaerally predorti-
nant and the h-h one regadres stabilizaoon cither by inteanmdtceular Fobooding s
Woocears in SERVEA [55 amd JONLED | 527 borween O4 ol the B-metiechraciinoe
for -methyith minsto) anwn and HOZ of lhe neoial iminel Torsp of (ke respective
nucleohusc o by intermolccelar B bonding (see infra). Tu fact, the crystal strecture
determinaiions o eis] (L E-MeURLPUNH LT, coel{ 1-Mels 4L -MeUH)-
PoNH T 155, and cis-f-HMeTHNO-MeT P M L)L] T 527 comploses
reveal the neutral pyrimidine hgands in the 2oxo-4-hydroxo form (Fig 1) These
rare iminol puwomers of L-methyloracil o methylthymine are stabilized 2pon
coordiniion w the meth Oo the b - model for @ merai-assisted

sy ol these resulty, s
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tautomerizaiion of 1-MeiiH bus been proposed which could medel certain mutapenic
rrapsitions in DNA [53] The only otier exampies of Pl complexes wita
B-ht wranged  pyrimi.ome pucleobuaves hwve boen observed  with frans-
[MeNH ), PHI-MeC), | X s ClO, or PEL1 T3] Although this compound,
when isolated from aqueous somation upon slow evaporation, displiys a k-1 orienta-
tion of the two evtosines peckeobases teery much as the NH, analogues GEBY UL
and MOCSPTRBY the mespective -l rotamer can be olated from aguecus solution
upon treaiment of ity heferonucivar derivatives {see Section 4,135 with suitable
nucleopiules and rapid erystafliznion of the parent compound in its b-h form. In
the course of 1ins work it has also Deep found that MBSO and DME strongly Tavor
the h-lt over the h-t rolapier in solution. This Bading suggests that crystadlization
from different solvenis may have 3 marked effect on nuclecbase erientation in the
solid state.

For bisipurinc} complexes, the twe hases are alto usually oricnted head il
leading appreximately to o O, moleentar symimetry. The oaly exception. numcly a
head--head arrangement of two guanines, is found in cis-[(9-EIGH.NLPUNED. T
This complex has been crystallized with four different countertons [ 15627 The Lt
arrangement bas also been observed in [(9-MeG- .N"JEPL{cn}] where the deprovo-
mated guanines coordinate thiough N1 {547, Since the h-i arrangement of two
adjavent guanine hases seets o be ruther unlikey in native DNAL the velevance of
most us{guaniach structures as models for o GG cross-link may be Guestioned lor
this reason [A27]. The structural results seem to be e agreement with the suggestion
that the h-t arrangement of the two bases may be the thermadyaanucaliy most stable
conformation [76]. A molecular mechanivs analysis for ¢/s-[(pu), Pta,] complezes,
wilh g, being small amine ligands, showed that dilferences in interacions belween
the purine and the amine ligands are almost entirely responsible for the encroy
barriers of rolatice, The caleutated valves are less than 30 for gwnine and greater
than 43%J mo!l™ ! for adenine ligands N7 coordinated [77]. In contrast, from
NiviR  spectroscopy.  rotational  acuvation  encrgies for a  series of  cfs-
{{6-aminnpurine), PtUNH, ), ] lie in the range 46 95k) mol % o ‘ower barrier of
25 k) mol™! 15 exhibited by & complex containing bisi-oxopurizel { 73b1.

A common structural feature of trans-{lpul{pymiPia; | complexes is the approxi-
mately coplanar arrangement (f=2.6-164"}1 of the two nucleobases due 1o direct or
indirect (vin @ water molecule) intramolecular H bhond belwren the two bases
£67.69.701. These complexes. with two heteracyelic lgands, have been proposed as
maodels for temporary or permanent cross-linking products of metal ion with tweo
nucieic acid strands (“metal-modified base pairs™ [ 78], For example, 1wo comple-
mentary  bhases re  arranged in a  Wason Crick  fashion in  frans-
O -MeT NIPO-MeAMNHPUNE LT (YATSUH) or in a Hloogsten base pairing
i grans-[{ 1-MeT ™ N 9-McA N IPUNH; 1Y (YATTES) [ 70].

Despite the variations in the Pt-Ninb) bond lengths in mono{nucleobase) and
{bisinucleobase complexes reported in Tables 1| and 2, the mean values follow the
same trend:

Pt-NTipu) < Ft-N3{pym) ~ Pr- N pym)< Pi - N1ipu)
20152} 2.0342) 2032(5) 2041{51A
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Thizs 13 alse documented by the four independent siruciural investigations { 1507
af cis-[{9-EeGHNTLPU Y LY, whers the PNT distances average o 26106 A,
of efs-[{d-MeG N Puem ], whees the PE-NY mean distanee & 214354 A Tang. of
gL -MeC N PHNH L E T where the PU NG sverage is 2633 A (2548497

The angles aboul the N donor of the base show values simifur Lo those observed
m menojnucleobase) compiexes. The mean value, of £ ™00 angles a1 reporied
litler (see Secnon 930

The Pt-Nifpym) distances slioukd be canared with these of 200805 and
2014077 A reported for (he twa compiexes coniining the parent pirimidine, namely
frans-[{ pyrimidine N? ), PiX, ] where X is Cland Br [79], respectively. This suggesss
that the presence of a-substituents with reamect o the N donor alom. couid also
contribute (o a lengthening of the Pt N Lund and o effeet the value of aagle x In
the Laeer species the observed walues are 32 F and 543 respoctively,

A Tair Tinea~ relationship has been obiervad when sngles are pioited against the
C5-N7-Pt bond angles [43]. Fig. 4 reporis a typicai plet for 29 guanine bases
with 2 correlation {actor of L747, However, the trend i f-oxopuring is mose

38.0 49.0 58.0 89.0 9.0 83,0
+1 I I~ 1 T —-——=IF i
139.0- -
I ¥
1 I
i H I
125.0= -
I 1 I
I 1 I
I 1z 1
131.0- -
I 1 I
i 12 1 I
I 11 2 1 H I
127.0- 11 i1 -
I 1 11 i I
I ] I
I I
iF3.0- B 1 1 -
I 1 1
I I
I I
11%.0- -
+I ==X ~1 Jraammr mwn] i = e T4
PL~-NT=C5

Fio i Plot afangle © agasnsd the PLNT O35 Rond anzle for geanings M7 cpordusated.
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compiex. as shown by L. Marziih et al. £143 which unalyzed the rocking angle.
fec A= (T3 NT POOCR NT PrL as a fimetion of the wesional angle wound the
Pi- N7 boand toh They hine foasd that for o coslormation s here the guanice is
perpeadivelar 1o the PUcomdmation plane 13- 310, e rocking waele o smali,
while furge deviations from 1:2 90 correspond to lirger A values, becatse of the
steric interscirons between O and the cis aands causing the lopsided base 1o
bend away.

23 Tostancleelase f omarpfenes

ta the enty structuratly characierized example of o P complex containing
tiree eviosinge ntclenbases [(-wleC N PUNELD ] L the bases are foreed 10 he
mudialy pecpendicular, in order to nrininwee storie replsions, with o Pt N2 mesn
distance of 2.049 A The two irans cylosnes have @ i-h orrangenent. whereas the
cix eytosine eailitbits m opposite (-1 oricntation [20]. lntermolecular H-bonding
reguirementts were soaested G a possibie reason for this amangement. However,
the stracture of the Pd anatopue has been obtined with signilicantly better aey-
racy. This allows the deteominaiion of more precise non-bonded distances. which
strongly  indicate  thal  the  conformation s stabilized by intramwlecular
H-bonding {80].

3. Maowonuciear {1V ) conpleves

Cuonmpared to Pr{ILY compounds, o relauvely small sosher of PUIVY compounds
have boen stodicd so fay 8010 However, rencwed inderest @ PHITVY antitumor
compownds and 1 yet wisolved question of how interactions of PV ) compounds
with DA oceurs, is likely to produce more structural work i the future. In fact a
particularly intriguing aspect of the biovelevant chemistry of PH{I¥} compiexes is
the question of drug activation through o possible in vivoe reduction o PUIT} [ 8]
and el cited therein],

A Mesot mueleobuse ) comiplexes

Sonie geometrical parameters for mono- mnd bis(nucleobasel P {v) compounds
are reported in Table 3.

The first examples of L-methyiuraci) derivitives containing an octahedridly coordi-
nated PV}, hove been reporied in 1984, obtained through an oxidative addition
of Cly to PUMY) complexes [R2], The structeral features of 1he 1wo compounds. of
type mer-firl - NYPHNH;,CLL 1L where 707 1represents an uracilate deris ative [ 86].
are dictated by steric restraints impised oy the thiee mer C1 ligands and the two
exocychic oxygens O und 04 of the base. Consequently, dihedral angies between
the base and the PUCI{NH),{ N3) plane 1 N3 is the pym donor atom) are substantially
reduced as compared Lo typical PIL compounds, to valuss of 41 and &)

In the PYIVY complex containing o purine base, merrons-[(9-MeGH.N')-
PUOH){dier)]*" | the suanine plane bs at a 57 angie relative 1o the PIN, plane
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(zoulaining the M donors ol dien figand {33 The ssne oxypen s nvekved g
hvdrogen bond (2734071 Ay with one of the vwee axiat OH ligands of the metul.

3.2 Bist ancleubase ) comprees

Several octabedral PUIVY compleses contaimmp (w0 nuvleobases heve Been
obtained as oxidution produets from pree-FE-MeC NS LPENTL LT 8T 88

The cations rapsdrans.rams-fE 5-MeC N LPIEUNE  LEO8DL 127 TFREGBUOY ang
tremsrans-[O-MCC N DL PUONLE BOHLONGH Y (FFGCAY | possess Tizands (OH,
NH;, FLE0 which Bave been identified on i basis of the expeeted different hydrogen
bonding propertics [ 817,

The first cation s controsymmoinicsl. leading o un all trams wrrmegement of 1he
dilferent types of ligunds, The Po NI destances do ot didler (renm those observed
in the piccwrsor of ML e J-\\'ic('.N";jl’l{NII_.}J_l"' TA85R ) wiherens the
PU NEpyml disiunces are appreciabiy longe by about 004 A compared with the
PLH) N{pvind bond fengibs,

The  eorresponding  lishage womer  fresrdiirens |- MeC NP
(NHLOHLT . whete 1-MeC s bonded to PU by N4 can be obtained from
complex FEGBUO. dwough twe siable micrmediates. vesutting from o faciie
mterconvession of one or Lotk the monodentale 1-MeCN finands bound 1o P v
N3 te cheliting deprotonated  I-MeC NN ligands, e the monocheiare
tramsprans-[E-MeC N IO -MeC™ NANYPUNHLLIOH T and e bischelaie
treans.raas-j 1-MeC ™ NYINTLPGNH L LT L respectively.

tn fransirans-{E1-MeC N -MeC™ NS NTIPUNRLLIOHIT 7, the PE N3 dis-
ances of (the neutral 1-MeC coordiaated through Niand of E-MeC anjon (chefating
via N3 aud N4} are dilfferent. being 2.03{2} and FOTEIT A, rospectively 81T
Ou  the contrary, dhe PU N3 and PN dislinoes im0 fransdrans-
HE-MeC NAUNYL PN LT Fa], where the T-MeC coordiniie P4 throwgh
N3 and the execychic amine group N4 are equel being 2037091 and 204001 A,
respeetively. As the Faiter cation is centrosyouuetric, the bises are coplanar with
appuosite orientation {h-1).

In sransfranstrans-[E-MeC NYLPUNHLOHL Y 7L the -Med digands are in
the rare Immooxo tauntomer form of cytosie. profonated ol N1 and eoordinated 1o
Pt through the deprotonated exocyclic N4,

The cation rransarenstraus-L4H -MeURHLPUNHL O, T 1847 has heen
obtained stardng from travefi 1-Mell LPUNHLLY The correct formuiatinn for
this Py TV ) species is ambigons beeause of the difficulty in locating the o idic protons
directly. Alternmive descriptions such as ranstranarrams[i1-Mel L5HINF -
(OH,1 )" or rransarans{{4-Hi- MelUUH )i t-Med) " IPUNH, LIOHWROHLT T are
feasible.

Z, Dinuclear complexes
00 PUHET ) commbexes

Nucleabases often a1 as polydentaie ligands [17], coordinating cither the same
metal canire as chetate ligands, (see PHIV) complexes of Scction 3.2} or differont
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i 5 Conetse seleme of e and polaasdea spevies dusived frong a0 proh B, b The numbers

prarentheaes peler fooble seciion wherd e voeamples s dieineed,

mckitl centres, as bridging ligands. Among the struclurally characicrized dinaclear
specivs. examples with pym mnicleobase compliexes dominate, Concise schemes of bi-
and pelynuelear species oblained from i and trans-[(pymi,Pa, 1 complexes ar:
sketched in Figs. 5 and 6. respectively. These figures ulso indicate where exch type
of the strucuerally characierized compound is described and discussed.
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= M=PE(l), Cullt Pirg,
PtLu fefr. 7.1)
N e
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(ctr. 4.1.3)

Fiz 6 Cancise seheme of speoes dermved o rrais-ftpynt P | The numbere in perentheses refer o
the secson where 1he cowmples is discissed.

411, Purine devivatives

The reported derivatives inclede @ few examples with the deprotonated
S-methyiguanine bridging two PIL, umits (where L, is dien or L s NH;1 [877.
and  with the Y-methyladenine binding two PICIINH.Me); [78] or two
PCLLS(O)-P, ] anies [ &8 1. Tn each complex, Pt has a squure-planar coardination
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geomeiry, and binding occurs viz M1 and N7 of the purine buses, Scheme T sketches
ihe purine beckbone bridging two PLL; updts throagh N'and N7, Sefected geomuin-
cul parameiers of s complexes are reported i Tanhle 4

415 el pyan Py derivatives

No examiple of a dinvcleqr comples containing 2 smgie pyrimidine bridge has
been reporteid as yet. whereds a serics of deubly bridged con:plexes has been structur-
ally characterized either with h-h or k-t arrangement of the bhases. The general
compositicn 18 i, Ptrp\m;,\l‘r ™ wharem=2 L Ln=2 3 and M s P1°"
P Cu?*lZn? ., AgT . The bridging nuclobasss are generally deprotonsicd.

When dinuclear c-lmp!c.'u_‘.'\ are prepared terodrh g condensation reaction between
FIOIOUUCISAr COMpIeIes

2R NH LPpoaH AT

NH 1

vspally b-t dinuclesr snecies are obteined, gy s, ctehed in Figo 7. W Another way to
obtain dinuciear compleses is the condensation of & nevtral cis-[{pym).PLUINH; 1.
complex with cations of typa cix-[2.MUH O, 177 where a is NH,, a, is on. bipy. and
M is Pt Pd or [MH:00,]%° or with the [PUNBH LT and [PICELT T anions
In this case the reaction gives h-h speeies (Fig, 7 I RO

N—'—'F'T{" == P — - ~

GV GV

M
i n
e ik
44 {M=PtPd) 44 {M-PtLPg;

45 (i=Zn, Cu)

Iig. 7. Head- head (h-h) und head ail eh-t; confipurations in cis dinwcledr species vith difunctional
nuclzobases. The symisolisng wm indicioies the number of Leands abowt Prand M. respectively,



SR YA AT s NERSOH (T L R N LIS R PR TN
hl 11 . .
: v v RN e AP N R
SO H I OROIPEY
bial S T EET LA R0 M g ST
= (SN ) i }
# Lonl tin o 'z b o N O TINET NG
: [EYINT] .
: bral o L AT el byaviin R AN T RS W R R RN R S
1L -
o ST I O : OIS A PN
el ) )
(I 1 st 6 {90 HEG DL Al RN T N AR
LiLH) N )
Teel Fle ousw wua GTe L AINLAVLIN R TR NS I R U I AR Al
o T W
mom . " 1 o - ‘N N apy

soipdalon peang
g



RAA

shoc bty 275

W

e

Pigl o
F1e |
Loy o
[aivey

L Y
Thel s
e ] Ny

..dvr.r [
LI | [

LN TS SRR | B SN BT
ST
a0l

RiFiH TV
LR BEOND
b
ahp !
LR
I
Sk GRE
RICE]
SETEE Y SUTE:
LHEF
Faly b vEkn
PR
wag YL Huivid
NUE
FREFG R 10
Lk PIEY RIS heIFE
e
Eht s
Bl LY
i i e Lt
|_._..u
Il ____ -.u\
ot
i R, o

LMFY L TR i PLE =T A s LR

XN

U

16

dVA LW

LOZNON

RESVANT L

Vi LM

R g i e gy Ly A, (s ,
. el Ty N TR L g Epud)]
K6 . el b ey N LI Nt )
I .
all T uhlr Dy L RN N T d
WirT
PRI
¥ RRAT AL CHN RGO N 1 TN

TN T L T RN

DN AT K L E DTN

SURN TN R M B TTHNY
vod SECTHIRI Gt N 3 ot by

et g

Ane—

[T

ST

H e R T e TSR BRI LN PR



L Fuapgiviedo ot wd Covrs bz Ulientties B J56 0 g 278 248 e

The tracikiic and thymineis srions simullanesusiy bind the meigh U

and the carbopyi oxygen Od whereas the J-methyiovioaine areons do so thoo
N3 and the deprotonated amino group &4, The seuivd culoune was aise jeand 1o
ust 5 2 bridgimg ligand throveh N3 and 02 vees belowh,

Fottowing the nolation intreduced by Ralch (%
Fig. 7. indicates the number of beands around Pt
415 refers o species where M s Zn? or Cu? L becavse of an jddin,
about these metuls.

For slerie reasens, the mars] coordina
fsee below).

Accordiiog to the santheszs desenbed above. the cis-dipietinumi H | compleses buve

2en (ound to have either the ceometry 1 or HE whale ihe heterobimetadlic ones have
only the geometry 11 witn 1 coordirated te the endocyelic pymimidine X
atom. [i is of interest 0 nete that i the PLae compound a-h
TN LPUL-MeC NI O - Mel) MNP ODA5ONG, HH.ONT o differan:
nucleobases, one of which ts 2 neutral cvtosine coordinating throush W1 ang O
bridge the metal centres [917. A similar giuation is envisaged in a POy hetero-
nuciear complex [927 fser also Secrion o}

Some peometrical parameters Tor the PilLM complexes are govan in Tahie 5, te
the Pt- M distance. the metad coordination bend lergths, the displacenents of P
{d1) and M {2y out of their respeciive coordination plares, the dibedral angles. .
hetween ihe two necleobaszs and. ©, between the Pt aznd M cooerdinziion planes,
and the average worsion angle o shout the P1-M vector,

PL-Pt distances vary from 2861 A in by ofafi NH, LPU - MeT ™ N4 P
to 3199 A in it e[ PMez; L Py -MeC LPUPMe LY Correspondimgly,
in the ahove complexas, ihe angles ¢ vary from 225 to 6.5

Recently. two dingclear cations ofs-[{bmik Pt prmb Pribmiki} ¢
1-MeT ™ and  1-Mell v have  heen u‘\'mi:c::zcd. conlainmeg *hc Disiv-
meihylimidazol-2oketone (hinik) figand {313 The Pt P @stance of 283 AL is
the shortest se far reporied for ;-xmlhywrmilai“ compley.s. deab zrmgh
beiween the coordinalion pianes is 257 {11 in the cation with I-MeT L 1o contrast
ta & range of 337 found i the amino denvatives, whae the g
are rotaied about the PU-Ptvector by spprox. 24 .7

In heterobimziallic complexss the Pr-M distane & sre in the range found or
diplatinum spevies when M is Pai- {2907 A} r Ag” (2907 Al whereas they .
significantly shorter when M is Cu®” {2,763 A} ne ZotT {2360 AL

The farw incer relaiionship ér=0.92} between £1- 3 and the sngle 7 for M4 di

“oengl i

ATl TN

P AL reoperingel

va ey pareife but shghdy tied

clear
camplexes {Fiz. 8} suggesis that the increase in Pr b oand ¢ is o be auribured
mainly to the sieric repuision between the Puay und MY, moleties, which increase

with the ipcreasitig ionic radius of M and with e belk of Haunds 4: and V.. This
efleer may be modulated in some cases by a il of coordination plancs about the
Pi-M wacior. However, as skgpesicd by the zbhove mentioned Pi-bmik denvatives.
stacking inlergction emong dicse ligands also facilitates o close approach of the
meial coordination planes in the dinuclear complex.
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+I i S, 1 i Tumrennm—=1t PL-M
52.0- _
z I
I 1
B i1
43.0- -
b I
1 ki
I I
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Fie & Ploi of PLA aestances ra the dibedrad angle betwesn she melid! coondination plines in s
fa.PrmymiMY, J77 campleses,

The Pl-iv7 bond lengths (mean value 2041 AL 0= 28 excluding the phosphine
derivative VIDWAT o vot differ from those louna in mononuociear species. suggest-
ing that this distance is nat influenced significanty when pyrimidine acts as biden-
tate ligand.

The dinuclzar h-h PLM units have been found to pack in the solid state in thres
different paiterns £17]: (i} centrosymmetric arrangemenis of type ( PLM )i M. Pi) with
M next to each othey as detected I BOSSUX, BEKKOR, and FOCHEK or iit)
{MLPEL(PLM ) with Pt atoms next 1o each other as found in BULWAG: (i) ( P1.M)
Hits subsequently arranged in a staircase fashion as, lor exampte, in MTAPTNIO,

413, wrans-(penr ) Play deriratres

A dinuclear trans species of type TV {Fig. 9) has never been iselated. possibly
as a consequence of an salavourable steric interaction betwealn the amine lipands
at the two adjacent metals. whicn preveats ils formation. “his was suggested
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Fip.y. Frame-dinuclsar specuss 4:4 4% and 3 2 with be-h agreagomeni of nuciacpss Fragmam Vil
represgnts diguckear Fuly Padd) species

of  jens-

by & rans-+Cis  somerization  observed  during  the reaclon
[(1-MeC,N*),PA{NH;i,1*" with trans-{fNH,LPAHOLYF " 1o o
dipalladium species of type 1§ £ 103].

However, more recentiy {104 1067 several cxamplos of haterobimatailic com-
mexes with a truns h-h arracgement of the bridging 1-MeC moneenions have been
obtained. These complexes of goneral formula frans-Ta, P 1MeC NINA LMY 17
iM is Pd® . Cu?’. ais NHy or NH.Me). (Fig. %. ¥} arc characterized by 21-h
distances. which are very short comipared with those found in H ond Tl and by twao
approximately coplanar t-MeC ™ lgands, Any possible steric clush betweesn the
amines at Puiil} and lizgands ar M is aveided in these arrangements. In fact shere
are no ligands ar M that are parallel to the amne Hgands ai Pu Exiending this
investigation 10 species where M s a d '7 metal lon. analogous complexes of formulz
rans-la.PH1-Me(C™ N* N3, Hg]*™ have also heen reported 11071 {Fig 9. VII An
ORTEP drawing of trans-[{ MeNH,LPULS-Me,C7 NI NTLHa ] s deplated in
Fig. 13 Selected peornetrical data for the cuinprexes so fer strocturally chiaructenzeg
are reported in Table 6,

tir Defocls
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In the 4.3 heicrobimetallic compleses derived fromt trans-[{pymds Plie § the oo Ji
nation planes of Pt and Pd {or Cul are approximately perpendicular to cach othier.
and the interplanar angles between the two eytosinate planes range from 3.7 (o 7.0 .
with the rwo trans bases in & b-b arrangement [HR106]. No signtficant changs in
the Pt-N3{cylosing) distances with respect o those found in cis dinvclear species (¢
and HI kave been evidentiated,

The PL-Pd distanees of ahout 250 A are amoty the shortest reported so fr. gven
shorter than those found i PU =P} dinsclear specizs Gnean value 2.558 At with
different bridging ligands { 168). having the gromelry shows in Fig 2. VL

A further comparison of the Pe-M bond iengths with those of 4:4 cis compicxes
shoaes that in the latter, the PL-Pd distances are lengthened by about 040 A and
the PL-Cu distances by ahout 0.25 A

The Pt Pd distanes daes not appear o be significanty fluenced upon viration
of the ligand Y in the seres tramns-[a,PH{1-MeC ™ PdY |*7 (Fig 2. V), in contrast
to PP NME chemical shifts. that span a range of 300 pom. The variation of P2
chemical shifts display @ tincar dependence with electroncgadvity of halide, while no
simple refutionship s evidenn wath the natare of ¥ ligands other ihan halides { 1057,

The complex rrans-[a, P4 1-5100 7 LPACIING, has been used to study the binding
nroperties of palladium{ M) with vardous derivatives of aminoacids mimicking the
side-chain meal binding sites of prowins [ 109].

The Py Hg iniermetailic distances {around 280 .;\} are shorter than the mean
values ol the Pt Pt and Hy idg distuncer measored in homodinuclear b= ofs-
DINFE P -MeC ™ NS NYLPUNH LT [98]. and  [(Meblgnfi-MeC ™ N7,
NTLT*L 18] respectively. The distanse of 280 A is at the upper fmit of Pt-Hg
distances in the pange repoticd by van Koten et @l [111]. who stated that this
disiance is idicatve of a weak bonding imeraciion
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4.2 Pt i oxidation siate > 7

§.2.1. Purisnidine bases

The mterest in diplatinuemy 1 compleves [ 112] contaming pyrimidine nucleo-
bases as Mridging ligands relates (o their possible role as components of a class of
anticancer agesis. the so called plaringm prifmidine blues and their role as Dikely
intermediates eading 10 the formation of (he blues [ 113,114].

They are pregared from diplatinum (i complexes through ireatment with & variety
of oxidizing agonis.

Dinuclear spacies of kind efs-[a. X, Pt{pymp Py ;77 " as sketched i VHI (n=0)
and 1X (0= 1) wsually have PUin + 3 oxidation state. They ure reported in Table 7
together with geomerrical purameters «s those given in Table 5

From & structutal point of view ihese dinnclear complexes dre very similar to the
Py L) dimers of type B and 1L previously descrnibed. with a ¢is configuration of the
bridzed nucleobases about the wetal centers but with an additional axia! Hgand
coordinated to one or both P centers. The three complexes of kind VIIL have 5 b-h
arrangement of the nuclenbuses, whereas those of kind IX exhibit both b-h and hn
configurations.

Using the notation introduced by Baleh {90, and already applicd to the binucicar
species of Sechion 4.1 they cun be classified o 413 and 5.5 species. For ile former
an alternative deseripiion implies a Fifll)- PHIV) dimetsilie core.

An exception 1o the + 3 oxidetion siate of Pt is reatized in a tetranuclear caiton
{SEMGEW) where a CI bridges two Pt dimers § X) with metals in a mean =273
axidation state 1187

A previously reported I-MeC7 compound (MCTPTB. Tubie 7). then inter-
preted  ax a P23y compound  of  composition eicfINH BINOOP
Mo NN PHNE NG NG - HG, L i fact is 8 diplatinem{UH ) com-
pound contsining 2H.0 instead of a H.O3, 7 [Y8] Iis Pt Pt disiance of 2.584 A is
well within the range of most uf the other structarafly similer diplatinum{ Ty
compaunds listed in Tabie 7.

With respect to the 4:4 Priil complexces. the increase in oxidation number of Pt
to -+ 3 canses a significant decrease in metzl-metal distances, which now range from
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2543 1o 269¢ A The 4.9 spacics appear 1o cahibit distances shghbily
those in 5: 5 ones.

An appreciable lengthening of the Pr- Pt distunce is anparent when 4 3
mfuenchitg axial figand Y,,. collingar with the two meals. is prosains
fragment X, -Pt PL-Y,, (X}, the trans influence of Y| 15 transm
metai bond. which in twrn exens a strong ivsns influence, o
bond to an exient that leads o formuation of the 415 spavie
latter Y,, is cither 2 NO,. [113] or 4 5-hondad C atom u‘ nude
I-Metl™ FI167 The fact that 11 bonded te Piexerts an apgrecizhle trons ini
Is suggesied in 515 species whare the Pi-Y,, distances are subnancially Em;mr than
the Pr-Y,. ones. Thus. for esamle. in Lr&—fC‘! NH LGP LA L - N O L Pl T ke
nwo atial PO distances are 2367 and . heoreas the egualerial ores are
2.285 and 2295 A [117).

The angles betwzen the Pt coordination planes in these
pounds. which are in the range 16 23 zre smaller than those fonnd in the s
diplatinumi{T§; analogues {22-46 & This i a comegueitce of the Po-It hondmg
interactiont in the former. The reliaf of steric huteraction between the P moielies in
the PrTH - PUIH compiexes generaily acours dhrieagh an inercase of the worso
angles. m, {mean value T13(3+ pwih respact 1o those of te Pllilr 2
1312y7). The angle batween the two bridging nucicobnes
wiar 10 that ohserved in the dinuclear ois compleses {Ta‘ ble
No signicant diffierence can be detected {within the oay ;
the Pr-nh distances in the present compl
anudogues. Lippurd ot sl repoited mixed salen
pyridene or 1-MeU™ bricging ligand {139].
brmnglesr poiis associsied vin H booding and pai
The sche;m’ Xl depicis the  tetrasvel ;
CEMell T NP LPUNH, L1 (COPPOMIDL wiich has a
chaiactanzcd by an cuter pair of Pt-Pi bonds {2810 and 2.79 -‘\J W
than the inner one { 2.865 AT The mean mezal ox.é:.?.mr‘ stzic ls + 2 28 it forealiy
the tetranuchear piatnum blue contring one PullM; and dheow PHL with the
zed aver the four Proatoms,

Pt

inenn i com-

st

an ard thos }
incoRplenes
2 are Duilt

anpairad elsctron focaied in o dztderived MO delocs



06 E gangremide ot af Ooedintisn Cheniey Reviey $36 0 Tt 2V 300

T 5
3 a
N0 ) e
h 7 g O N
- . g 1
'l PeTT i/__'?_,'.'3-’-'#:'1 28 py
== Py PR B
’\I/ ! ) & j a |
N LD G
& a
X!

4.2.3, S-cukiaining fuses

Syructurally retated diphatinum{HI} complexes containing 5 iigands such as
pyimidine-2-ibione {(pym3 74 or 2-thiouracilate (TU7) have been reporied by
Goodgame «nd coworkers [ 122-324]. Pt binding in these "lantern-1ype” complexas
{1357, of composition | XPtL,PiX 1% s via N and the adiacent S of the L ligand.
The terminal axiai posttion. wsnatly ocvcupled by hakide anions X . can be replaced
alsa by & monodeatzie pyvmS~ ponded through sulphur, Of the four posstble mutual
orentaiions of the bridging higands. only the b-b-h-t {XH} and h-h-tt (XIH) arc
found in these complexes. The Pt- Pt distances. reporled in Table &, arz close io
those reported for dinuclear PUIH) comolexes fsec previous Scction), bur dihedral
angles hatwean the metsl coordinalion planes are close to zero, leading to nearly
paratel planes. The vaiues of the P(-Cl axtal bond distances. which are in the yange
244246 A, again confirm the high trans influence of the P1-Pt bond.

5. Trigaclear camplexes

Maost of the trinuclesr complesss so lar reporicd arc of composition ¢is-
[, PUTHpym), M pyin ), PU iTia. 177, with M is €u?™. Mn? . Pd®" . Pd® . Az~

X xH
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Ti* and pym are deprotanated ligands, Pertinent strogiossd duta are given inable 9.
In principle, with square-planar meial cenires the nucteobass bie aliows for twoe
possibie arrangzments. XIV and XV {Fig 1) depending on whether the Pt fons
adopi cis or frans configurations.

T & - a
?/;ij i .2 ?/;T/-F}
I P
a 5% a l\/«& ;

p4i "

poled T completes wath o P XEVE and irans o XV beostiguradions of the bridping bases.

The possible h-k or bt arrangements of the two pawrs of nucleobases imply the
existence of many tomers of XIV and XY However, since the ¢is itinuclenr species
are prepared starting fromn monenuclear ofs-fpyme N3 LP, ) compleses. only the
isomer of type XEV has been obtained, where M is coordinated by the pyrimidine
O doners {usaally O4). with the bridging pvin lgands in a h-h arcangement. Only
in the compound [ NH.LPH AT I-MeU 1Cof 1-MeCUH T-MelU T 1PY NH .12,
where the cylosines act as neatral ligands. Cu is coordinuted through two O2 sites
of 1-MceC and 1wo OF atoms of f-nmcli™ [92].

Az found for dinuclear species eis-[raPupympMY, 177 the geometry of XIV
avords any steric clash boiwsen Tacing hgands ot Prand M better, mabaly threogh
an outward iilting of *he Pl ooordination planes, in conirast. species of type XY are
cxpected 10 be much mors subject o restraints (see below),

Thera is 2 ambiguity in complexes containing F-MeT 7 asiar as the differentiation
of the two exocyclic oxygens are congerned. This is a consequenge of the pseudo
two-fold axis through N3 and C6 isce for example Rel TI287. where & i Ml
However, sinee 04 anpzore o be more basic than 02, primary coordinanion is
expecied 10 oceur through G4, as 0 happens in 1-Mel derivarives.

In 2H the trinuclear cations bl two{di is Ag ™ or 17 1 M iies on a erystallegraphic
symmelry center. 0 that the 1wo Pt-M distences are squal and the MO, atoms are
ngorously copianar, On the contrary, in e case of M is Ag™ and Tl7 | ihese metals
heve a distoried tetrahedral arrangement of the fowr O denors, The
{FPLTLPY structure 1s dramatically differem [rom the other Uinadear {PLM.PD
specics of type XIV. A noticeable feature is the intramolecular siacking of two
1-MeT ™ bases which appears to be refated 1o the lone pair a1 the centeat T1{ 1301,

The Pt courdination planes in these complexes are less distarted than those found
i cis dinoclear PLTT) and P species. while the imerplanar angles between the
Pt oand M coordination planes fafl in o similar range. In fuct. deviations of Pt from
the coordmation plane range from 0.082 10 003 A snd the angles betwesn Pt and
M coeordination planes from 14.5 to 326 (TaLle 9). whereas in the dinuclear
PUITLM{i1} the corresponding figures vary from 001 1o 0.19 A and from 193 w
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46.5°, the largest values being obsenved for Lulky PMe, Hounds,
siiggests that trinuclear species are less crowded ipan e dmu: :
the stenc interaction between 4. Hounds at Plg
senerally smailer than that belween fucing ligs
centres in ihe diauclear spzeles (Fig 7. I and 13 [‘ Furihior.
allows the four »qualoriai O deners 0 be distoried towards a teirghedral arrange-
ment {as when M is Ag® [132]5, sieric clashes are sizmificanthy released.

Therziore, it i pot sarprising that the previously vaprecedenied goom
(Fig. 117 has recontly been regorled for o complex with “-p"nrir'\-na_te Pl o
rrans-Fa, P 2-pyrohbCui 2-pyroL, Pla, TP (a is NH; or NH Me 37 with
2-pyridonate ligands in the h-h arrangement. and thz Cu uuund by the exceyclic O
atoms. The major strain observed consists f 2 sivong teirehedrsl distortinn of
Cui{il}. characierized by O-Cu-O gngies slightly sbove 160 and Bkewisz & substar
tial deviation of Pt from an ideal sguare-planar geometyy. Th. pt-Cu distances in
the two P1,Cu complexes, ranging from 283) 1o 2845 4 wre oo f“"aa‘ shorter
than those in all structurally characienzed compeunds PO (v =1 o 1) derived
From ¢is-[{pym}. Pia,]*~.

Examples with gecmeiry XIV both with M s Pdill} and PdiiIl) have baen
structurally characterized. The compounds of rype {PL PAUilTL Py which contain
aA unpaired eicciron per trinucicar amt are coansidered models of Fl-pyrimidine
blues, with a + 2.33 average metal ouidation stare [ 12913071

A5 expectsd. iy complexrs conts mmﬂthupt P"Hll{} Pryuni

Tram ﬁd‘nln‘
U

are significantly shorter fmean sulue 2.6
3

P, Pd(]1} PL} core (arean vakue
are shorer than the Pd(H}—O ones by about f.- nis giamisicant shorloning
seems {0 justily formalazion of the oxidized commounds a¢ [P PdeITy, Pro
A linear correlation between Pr.M distances upd v angies. simnilar 10 that obse
for dinuciesi species {Fig. &), may be denived with o cnrreiatmr; rvaius of 0983 for
=9 fragm s lexcluding the Ag and Tl derivative

6. Theoretical analysiz of the metal-metal interactian

The nature of the metal metal bnovaciion i hommoe- and heterehinet
deseribed in ihe previous sections, contaiming @ pair of o rietal foss
recenify investigated [ 1347 with the 2id of she extended Hicke! method {1357 and
ke fragment motecuiar orhial {,Jeor-' {1363

‘The stacked arrangement in 4:4 dimers. conaining 2 pair of & 7 moal tons. such
us PefIl} and 'or Pd{} . are stabmzed bv Rundis-type interactions [137], Dug w5
r,. and 7% confizuretion mixing. the rasuliing bond order Becomes slighily greater
than xero in these formally non-honded dimers [ 13371, In ciher words. the rehvbrid-
ization of both Pt 2* orbitals kas the effect lo sinbilize Both o and 5% MOs. &
gepicted in Fig. {2, vesulling i a net bonding inleraction betw.oen 12 i o mel

The molecular orbital diagiam of the Pi-Pd heterebimetaliic camapounds of wype

Pleng,
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4.3 (Filg. 9. VY with the so-catled T aver square {TSQ) structural motiv £1347, is
depicied i Fig, 130 1t shows 8 complacly differen: kind of bonding scheme with
respect to the previous one. The strongest inleraction, between the squarc-planar
piatinum vait (left side). and the T-shaped PdiL; fragment (right side). involves the
P27 and the Pd ¥%-ytype FMOs. resulting in & two-clectrons. two-orbitals donor
acceptor [t.e. dativei bond with a formal bond order of onz [ 1347, Similar conclusians
have been reached by other authors op Pt diphosphine bridged dimers [139]. The
substitution of the ¢° lon PA(I1) [ 1041057 with clectron richer metal ions. such as
d-Cully[ 106 or ¢"-Hg(IT) { 1077 has the stereoslcctronic vonseguence of waaken-
ing ihe Pt-M interaction in the ¢*-d” adducts. witheut destroying the TS primary
geomelry, and of forcing the re moval of the ligand coaxial with the metals in &84
adducts. In the @°-4" system ~ - ond order of 0.5 may be suggested: in the 454" the
resulting 4:2 type complexes (Fig. %, ¥1) have a Pi-M bond order only slightly
greater then zero f 1347,

The theoretical caleulations atfow the trend of the dinuclear P1- M bond lengths
10 be rationalized. The valves of Pi--Pd distances Tound in di- and wingclear species
sugeest that there is a gradual decrease in bond order from i to 0 following the
trend «f not otherwise indicaied the metad ouidation state is + 2}

trans-PL.Pd < ¢is-PLPG( 11 1Pt < ¢is-Pr.Pd. Pt ﬁr:’sd—'t.?d
2.51t 2.640 2838 25274

The difference between the last two values may be ascribed to differences in steric
crowding, although this shortening couid also be atrributed to electronic factors.
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More detailed theoretical cajculalions are requirs 10 give g definiie snaver
A similar wend. withough limited 10 a few sumior of dcrivati\'es. i
ek for the Pr-Co distencey i the alladngous copper o

order varying aporoximately from 0.5 10 &

A TR A

nleses, with G

rens- PLCU < efs-PrCu Pt eis-PLCu
2.50{1 2ER3 2765 A

[heicss, slronp sleric iterachons
lengther the Pt-M disiances in
nple i hel oeis-[fPMe ™
distance is 3.199 A {Tabic 5L
distance ranges from 2
Pti1-Meli - N*.O%Cut
lengthened to 2984 A

A singie Pi-th bond cun be asorthad 1o PUE T o dimoers of .\pk :
simple model. the Pt-Pt Bond in the later complexes mas
bond hetween twa JPsp? hybridized d * meial fons. A more r'._.arous a4y

P 4 .
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winuctenr ois
Po-Cu i




3l £ Futteraede o of Coordinenen Clesing 1 Reviows [56 00 Judg 275 1312

litd
[Lpepr, ]

Fig. B4 Brlllad -Fuyllld meleculur orbital diagrar for 5:5 tvpe dimers

been used by Cotton [114]. where the single bond Is based on a #lr'§2o*?p*
configuration. similar to the bonding pattern describing dimers of Rh{[I} [137].

The interaction diagram for 3 LyPt-PiL;. reported in Fig. 14, shows a bonding
scieme caused by two eleciions’two orbitals {7 and %) invteraction beiween (he
couple of Pt 22 [rontier orbitals pertained to each Prl., fragment. PI(IL} fanern tvpe
dimers have been described analogousty by other authors [125],

7. Palynuclear species
7.1 Tri- and tetradentate uracilare ligands
A number of polvnuclear Pt. Ag complexes containing vracilale acting as tridentate

through O2, N3, and O4. and in one case as tetradentate ligand, through additional
binding 10 O4 {Fig. 15} have been reviewed by Goodpame and Iakubsvic in 1987

Me

\N/‘-\“‘Q‘J\ ME\N/ﬁ
L ™

027 N3 C27INET TR0
A [ B

Fig. 15 1-Methyluracl anion aciing as tridentawe and tetradesiate bgand.
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[ 1407, These examples dermonstzate that she mereased hasicity of G4 (s o conse-
gquence of N2 deprotonation) is sufficient to allow binding of two metils simuha-
reously. [n fact. as already mentiomed. metad binding a1 deproionated position N3
of 1-MeT ™ and -MoU ™ encourages binding either of an additional reeial or of 2
preior through exocyelic oxygens of these ligands {132.1411].

Ag” 1ons seem Lo be particwlarly versatile lorming polvnuclear Pt Az complexes.
with the meiat centers penervally approximatety collinear and bidged by the suctoo-
bases. Fig. 19 reports a schematic representation of these complexes, while the
velevant structural parameters are given i Table 10, The uracilaie bminds bridec
three adjacent metals in a cis { XYL XV and XVEHBY or in o trans { XEX ) arrangement.
in the latler additional binding betweent Q4 and Ag tans of adjacent molecuies
produces a polymerie avray of PLAg; volts [145].

Since  then. oaly  one maore cemplex contabting the s
[EMeNH, P LS-Me, € 7 0T NAINY,Ag. 12 cation has been structurally charac-
terized [ 1467, Tt is the first examrle of 2 cytosine meial complex with metal binding
simultancously via N3 N4 {deprotonatad) and G2 The h-h arrangement gad the
solution behaviour of the componnd is consistent wiih the view that the biading of
Ag” 1o rrams-[{ MeNH ), P 15-MeC), 177 takes place sequentially, first at Né sites,
then to the O2 sites. The structure of the catiown. which i sinular to that containing
the uraciiato base XX, is shown in Fig. 17, Ag- O2 distances are subsiantially shorter
in the case of §-MeC ™ complex (mean value 2.239{8) Ay as compared 15 [-Meli™
compounds, where Ag-02 interactions frequently are very weak {2.4 2.5 A).

7.2, Purine hases

A unigue case of guanine uiilizing three metal binding siles is realived in the
trinuclcar specics {9-EiG T N NIUNTPUNH, LT, In ihis compound the
O2tG 7 stimuitancously binds three PUNH, 5 unns through N1 N3 and N7, [ 147]
{ XX). The platination of the N1 site apparentiy increases the nucleophificity of the
N3 atom sufficently 1o hecome a metal binding site.

In  another  tinucicar  comapound  of  composition  eis-[{NH; ), Pt-
{9-MeAN"NTIPUNH L{9-MeA N NYPUNHL LT, twe (NH,, Pt restdues are
bonnd to N1 and 8 efs-f NH,L )P entiny is bound to N7 of the bases. XXI [ 14587, In
the sotid state the central Pt is locaied on a wivror plane with the adenine rings h-h
oriented, while in sciuton an eguilibriem beiween the h-h and h-t rolames is
obscrved. From H NMR signals a barrier to rotation of AHZ 765k moi™! i
calculated and this vaiue shouid be covnpared with those derived for cis-[{pul,Pia; ]
derivatives [ 73b].

The Pi-N{puj bond lengths for these strociures are repoited in Tabie 4, together
wilh structures containing btfunctional purine hasss.

7.3 Crdlic species

The dinuclear cosmplex cix-[{ PMe. ) Pt{1-MeC ™ N> N'L,PYPMe,), I~ has been
observed to convert stowly, it aguecus or DMSO solalion, into a trinuclear species
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cis-{[{ PMes L, Pil1-Me€C " NINT 7 [149]. Three cis-Pi{PMe,), units arz bridged
by the cytosinate anions through N3 and N4 donors 1o give a trinuclear cation with
an approximaie C; symmelry. The Pt- Pt separation presents a mean value of 531 A,
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Fig. 17. QRTED drawing ol mnscker vation e[RRI Me 0 OF N7 N LA 12
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The trimerization reaction possibly 5 a conseguence of fwer intramolecular repid-
sion of the cis-PUPMe;), units when compared with a dinuclear arrangement.

The same authars recently investigated the inieraction of ithe model 9-MeGH with
cis-[{ PMey ), PH{NOy,T at neotrai pH. obiainine a hexameric cyelic cation cis-
[ PMe, ), Ptig-MeG " .NLNTJ2 [65]. 1t represents & rare czammie of a hexanuclear
platinum nuclecbase complex [ 1501, The hexamer exhibits the purine rings alterna-
tively arranged above and below the mean plane passing through the mctal atoms,
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analogue of the classical calin ] 1 Javene. formed spontuncousiy from the monoguclesr
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precursor {{en}PI{UH ™ ,N'}(H,0); ", has been reported [151]. The four (en)Pr
moieties occupy the corners of a square {PL-Pt distance 5.86 A} with the uracil
ligands bridging each side alternutively above and balow the Pl plane in a 1,3
alteynate conformation. The uracil monsanions adopt rare tautomeric forms in that
both NI z2nd N3 sites aie platinated ard the acie proton is bound either (o0 O or
04, tn solution the complex is cotformatiopally fexible and different cations (such
as Ag” ) affect the cquitibria amony the conformers [P7.151 7],

From cxampies reported :n this end previous scclions. it is evidenl that the
sequential application of diffevent ruetid species with nucleic acids can iead to larger
aggregates. Formation of cychic nucleobase quartets (Fig. [8) are proposed on the
basis of the crystal structure of trana-[{NH ;Mel,CIPU9-MeA N NTYL{NH,), P2
i 787 which can be cunsidered a precursor for future extension work. The two vectors
CIPiN(nb) in the cited strocture are zbout at right angles to each other. facilitating
{(in principle) a coplanar arrangement of four purine bases connecled by louwr metal
tons with linear coordination (Fig. 18). In contrasi, for steric reasons. similar cychic
species with coplanar bases cannoi be obtained starting from cis-[inb},P1a.] com-
plexes because large dihedral angles between the nucleobases are to be expected. In
fact, in the cited [{en}Py{UH N N?J1"" the four bases are approximately at right
angles [ 37,151}

8. Miscellaneous

Although there are many struciures of complexes contuining the Y-substituted
guanine bound to Pt through N7 or N1 or bath, only in the dinuclear decanegative
anion {[G* 7 YPUu-PO,)PUGT 11", the base is coordinated 1o Pt{il}} shrough
N9 the protons N9-H and N1 H being missing. The Pi- N9(guranins) axial distances
of 214112} A are long due o the high trans infuence of the Pr-Pt hond. The
intermetatlic distance is 2.5342(4} A [152].

9. Statistical analysis
9.1. Data retrieval

The CS5 [223, version 5.08 of October 1994, was searched (or Pt-nucleohase
compnunds, using the QUEST program. Subsequently the foltowing subsets were
retrieved by using the RETFIL program [133]:

{a) mononuciear PU I complexes with monofunctional nucleobase:

cytosine and thyming/uracil bound through N3

all pyrimidine bases bound through N3;

guanine and adening bound through N7:

all purine bases bound through N7 and (hrough Ni:
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{b) dinuclear complexes with two cis bridging nuch:obases:
PGPy of tape 414
PUTTI-M of type 4:4 (M s PrPdband &5 1M is Cu or 2ok
PUTIL P of type 4:5 2 B

(¢} trinuciesr complexes of type Pr-M-Pr(M is Culiln Mupilly, Pdiily Pallil

9.2, Geomerrical analvsiy

The GEOSTAT program [ 1337 was uszd for an univariate analysis of geometrical
paramerers for each subset, No particular restrictions were placed. since only a few
crvstal structures have a discrepancy R factor terger then 007, Hitograms apd
scatterplots were obrained from C8D softvare. The relevant calcvlated parameters
for the different molecular fragments were

fa)  Pt-N3 {or Pt-N7) bond length;

displacement of Pt from coordinatios mean piane. d fabsolute value)
displacement of Pt from mean nuclenbase piane. dp {absolute valuek
dibedral angle between platinum coordinaiicn mean plane and backbone
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nucteobase plane {xi. if this angle was larger than 997, its complementary
value was taken.
angles around N3 foir N7) donor atom:
{b. ¢ metal-metal distances;
diliedral angie between adjacent metal coordimation planes (£
average torsion angle aboat the P-PUtor Pi-N Y vector (e

9.3. Resuits

The niean vatue {with the standard error of the mean in parentheses). the range,
the sample standacd deviation {SD). and the number of ebservations for each
parameter are reported in Tables 1] und 2

The coordination distance P1- N3 in complexes containing cytesite nucleobases
are close to the corresponding value in thymine and uracil derivatives, as well us for
the Pi-MN7 distances in commeaes 3 adenine similar 10 those of guanine. despiic of
the nature and number of subatituents on the ving. The calculated mean vatue

2 4 & 8 10 i2 14 16 18 20 PE-NT
[RPPOPRS (R PP S [ (P e e (e PP
1.555 - -
P -
1.3B0 ~*++ -
Lkk kg .
2,005 —radkhns -

RIEIEERLENELIE Y L
T E T R TRy
R ]

SERk LA

2,030 —kwkkww -
LER

LA .

u.'* -

2.3535 ~ -

..... A (e A T (s I D

2 4 € g 10 iz i3 16 13 20

Fig 20 Histogeam of Pt N7 dhislmces in eompleses containing moao- and ddunctional parites.
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Tabie 12
Mean values of melal-metal distance (AL bt angic 71§ boiween adiacent metal cocrdination planes and
aAverage lorsion {0 Twist grgle e J about the Pe- M voetor in di- and tripucierr compleses®

Aoun value Min My S1y & obs,
P
PPy 296t 4 2 xal 9y UOER i
T 3402} R 6.5 ]
w 1312 1 4.4 EA]
Fe-M M =20 Pl Cu L)
F %] a3 276 1E9y AEGE 14
T kxind 193 465 b
) i 1.4 X T3
Ft-A[-Pre il =Cu My, Pd Fdriliyy
Peh 2743} 924 17 9
T 2Hy 36 is
& HH) 212 55
Pryitl)-Pre il
Pr-P1 TeN 2 2543 2694 0056 9
T T 1k n2 X2
w 32031 st R 10}

= Ouidunan state of metals s+ 2, onless ¢therwis2 indicated.

[2.034(2) A for the Pi-N3ipym} is significantly longer than that found in Pt- N7(pu)
{20152) f;&],_ bl similar 10 the mean of P{-NI{pym), the ialter derived from four
observations, A mean vaiue of 20415 A has been calculated for the Pt-WN1l{pu)
pond lengths. The difference can be aseribad to the different size of the ring contmining
the N donor atom. A visual display of the Pt—N3{nvmi and Pt-N7(pu) disiances 15
reported in histegrams of Fig. 9 and Fig. 20

In thomine and vracil complexes the Pt-N3-C bond angles are cgual (within the
standard error of the mean), while ir cyfosine the angle on the side of mmino group
appears larger with respect (o that {C2-N3--Pt} on the side of C==0 group. in purine
complexes the coordination P1-N--C angles present essencially the same vaiug, both
for ™7 and N1

The displacement of Pt from the nucleobase mean plane, dg. falls in a range of
approx. 0.5 A, in complexes both with pym and pu bascs. The value might be
influenced in some cases by the crystal packing. We do not want 1o speculaic on
this parameter, aithough the 4, values have been used in molecular mechanics
calculations for the development of a suitable force fickd (o model DNA-cis-Pla,
adducts 147 Histograms of 4, for pyrimidine N3 and purine N7 eoordinated ars
reported i Figs. 21 and 22, respectively. I contrast, the coerdinasien cut-of-plane
of Pt, which is reporied for mononuclear Pt{I§) complexes in Tables 1 and 2, falls
in a narrower range (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 ihe sections devored o thess
SpRCies,

10. Conclusiens

The atn of this revicw i noi ondy to present a detailed factual survey of Pt
complexes with nucleobascs i sehid state. but alse to examine scme fundarnenial
implicaiions of structure with their ¢hemical behaviour. Struciural daia sach as bond
lengths, angular distortions iz the meial coordimaiion sphere or at the nutcleobase
bindiug site. metal out-of-plane, 1orsional angles 21, cap be derived for these com-
pounds eath relatively high accuracy. Apart frem unambigecvsly confirming Pt
binding sites at nucleobases fan aspect of particuiar importance if previously contro-
verstal). X-ray crystallogeaphy provides detailed structural information whick should
be uszful, 2mong others. i theoretival studies {molecalur mschanics, melecuiar
dynamics} of P1-DNA interactions, particularly concerning the antitemer cisplatin-
like agents.
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A speciat focus of the 1eview 1s devoted to polynuclear complexes containing either
Pt alone or in combination with one or more helerometal jons, Multiple metal ton
binding Lo nucleobases has began to einerge as an oulstanding feature especially of
pyrimidine nucleshase coordination chemistiy. The metal- metal interaction is rather
variable in these complexes and 1f can be often highlighled and interpreted applying
semiempinical MO methods,
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Appendix 1.

List of abbreviations

A adenine, unspeelfied

C cytosine, unspecified or seutral fonn

G puaning unspecified

T thyming. unspecified

nb generic nucieobase

pyYm pyrimiding

pu porine

-h vad bead arrzngement

b1 head-tail arrangement

LoXY weperic ligands

a NH; amine

1-MeC I-methyleytosine

I-MeC ™ i-methvleytosinate, N4 deprotonated
1.5-Me,C” La-dimethyleyiosinate, W deprotonated
I-MeTH I-methylthymine

AH. 1-MeTH  Z-oxo-bhydreso form of neuiral 1-methylifivinine
I-MeT - L-methylihyminate, N3 deproionaicd
1-TH ~ thyminate

{-MeUH i-meihvioracil

4H, -MeUH T-oxo-4-hydrose form of neutral I-meihyviviaci
I-Mueli " [-rmeihylursciiate, N3 deprotonzisd

LUH - uracitaiz

3 Men Iamethyladenine

5 MeA J-methyladenine

9-MeAH T G-methyladeniniwm

1.9-Mz.AH™  1.%-dimethyladeninium
69-MeAHT  09-dimethyladenininm

9-ELCrH P-gthylguanine
9-LtG - 9-ethylguaining anion
4-MeGH," 2-methylguaninium
7.9-Me.G T.9-dimethvisuanine
NN O ere sites of eoordination
Me methyi

Ei vthyl

bmik bisiN-methvlimidazol-2-vifketone
bipy 2.2-hipyridyt

diva diethvlenctriamine
Giy glveinate anon

Cp cyclopentadienyl

en ethyicnedianming

Me,en terramethylethylenediamme
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MNH.Me methylamine

pymS” Z-thiopyrimidinato

TU - 2-thiouraciiato

2-pyro Z-pyridonato

Pvz PYrazing

DMSO N N-dimethyisulphoyide
DMF N.N-dimethylformamide
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