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Abstract

Compounds of PUIT and PHIV containing nucleobasts ws ligands (also including o few
related ligands) are summarized and deseribed. according to the nuclearity of the complexes.
The large amount of available crystallographic data allows geometrical parameters such as
bond lengths and angles. angular distortions, torsional angles related to the nucleobase plane
orientations etc., 10 be derived with relatively high accuracy. Simple telationships between
some of (hese parameters are reported and discussed. On mononuclear Pt complexes contain-
ing one or more nuclzobase ligands a simple descriptive statistical analysis has been performed.
The structural properties of polynuclear, often heteronuclear species have also been reviewerl
where the nucleobases, particularly pyrimidines, act as polydentate -often bridging-ligands. A
sinple MO theoretical analysis of the metal-metal interaction in homo- and heterodinuclear
es allows the degiee of the intermetallic boud formation fo be rationalized and the
correlation of the gualitative resuits with the experimental metal -metal distances. Cyelic
polynuclear specics, which appear o be a new expanding field in the chemistry «f
Pt-nucleobase complexes. are alse deseribed.

sting Mucleobuse: Metal-DNA interaction

Reywords: Platinum complexes;

i. Intveduction

The landmark discovery of the antitumor activity of cis-diamminedichloro-
platinum(I1) {cisplatin, ¢is-DDP) by Rosenberg et al. [ 1] some 25 years ago and
early indications of Pt-DNA interactions playing a crucial role in the mode of
action [27 have led (o a large interest in all aspects of reactions of Pi coordination
compounds with nucleic acids, oligonucleotides and models thereol Views on the
mode of action of antitumor Pt drugs have undergone changes over the years, from
the simple concepi that cisplatin coordination leads to a block in DNA replicatioa
and consequenty cellular death to a more complex picture according to which
cisplatin binding to DNA triggers a complicated cascade of events involving a series
of siayers. numcly gene products that sense the damage, signal it and eventually
cause the cancer cell to die in a programmed fashion [3]. Cisplatin undergoes
intracellular activation via Cl hydrolysis. The monofunctional adducts that form
initially with DNA close to bis(nucleobase) adducts with a halflife of approx. 2h
[47. Theoretically, a large number of possible bis(nucleobasej adducts can form with
the four common DNA bases guanine (G), adenine {(A), cylosine (C) and thymine
(T): 10 bis{nucleobase) combinations are possible in theory, linkage isomers and
multinuclear species (¢.g. u-OH or g-nucleobase adducts; long range adducts: intra-
vs. interstrand adducts) not censidered. Monefunctional PL binding does not appear
to be sufficient to lead o antitumor activity in general, even though there are
remarkable exceptions {e.g. complexes of type cis-L{NH;),PILCLT" L being a helero-
cyciic N donor such as cytosine or substituted pyridine [57). By use of biechemical
methods, the nature of the major adduct of cisplatin with DNA have been elucidated
[6.7}. These are the intrastrand GG cross-link (509%-60%). followed by the
infrastrand AG cross-link (20%- 30%), the mntrastrand GXG cross-link (10%), the
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interstrand GG adduct (< 1%) and DNA--protein cross-links (< 1%). Nothing is
known about any of the other minor adducts, Whether the abundance of a certain
DNA adduct correlates with its significauce in cytotoxicity is not really clear, even
though it is frequently assumed to be so. Considering more recent findings on active
Pt(1l) and Pt(IV} compounds possessing a trans geometry of their amine ligands,
this aspect will be increasingly important. Such compounds cannot (Pt(IT)) or are
unlikely (Pt(IV)) to form intrastrand GG or AG adducts and therefore must have
a different spectrum of DNA cross-links. The cross-resistance of certain families of
Pt drugs likewise points in a similar direction. These findings would scem 10 tmply
that there may be various Pt DNA adducts rather than a unique one triggeritz
cellular destruction. The cisplatin- DNA cross-link studied most inensively — in
fact almost exclusively — is the major one, cis-a,PtGG. 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 sophistication [8~14]. It is the only cisplatin adduct
to date which has been crystallized and ifs crystal structure dotermined by Xeray
methods on the di- [8] and trinucleotide [ 97 level. Essentiol structural features such
a5 head-head orientation of the two bases, dihedral angles or deviations of Pt from
guanine planes hiad also been derived from simple 9-cthylguanine mode! compounds,
however [[15,16]. In this article we review X-ray structural work on Pt compounds
containing simple model nucleobases. In many cases the X-ray structure deterraina-
tion was not specificaily undertaken to shed light on questions related to the geometry
of the complex but rather to complement and support conclusions on the basic
chemistry of such compounds. A wealth of information has emerged this way over
the years [17-19].

2. Mosonuclear Pt(11) complexes

A great number of platinumi{Il) complexes with monodentate nucleobases forming
square planar cocrdination units have been investigated in the past several years.
The complexes so far structurally characterized contain ove or two nucleobases
while the other coordinaticn positions about Pt are mainly occupied by Cl, and/or
ligands containing N donors. Only one structural characterization of a complex
containing three cytosines [ 207 and a preliminary report on a tetrakis{9-mstnylgua-
nine) complex of Pt{Il) [21] have been 1eported.

In many cases these complexes are considered models for possible DNA -cisplatin
interaction, und theefore the pyrimidine (pym) nucleobases are generally
Me-substituted m position | and the purine (pu) bases are Me- or Bt-substituted in
position 9. Thus the devsyribose molety of the DNA nucleosides is replaced by an
alkyl group and metal coordination at these N sites is prevented.

However, there ure also cxamples in which the nucleobase is underivatized or
alkylaied in other positions. Since the nucleobases as monodentiate ligand, both in
neutral or ionic foims, may coordinate in different ways, different linkage isomers
can be obtained. The formula of the substituted nucleobases, labelled according to
a unified symbolismy, are shown in Fig. | and Fig. 2. These labels are used throughout
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Fig. 1. Numbering scheme and formula of neutral und deprotonated pyrimidine nucleohases.

the review, followed by the indication of the donor atom(s) bouded 1o the metal
centre.

Structural data were obtained from structures retrieved in the version 5.08 of
October 1994 of the Cambridge Structural Database (CSD) [22]. in addition, few
examples of recent data not yet implemenied in the CSD will be memioned.
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2.1 Monof nucteobase ) complexes

The compounds so far structurally characlerized are reported in Table | together
with coordination bond lengths, displacements of Pt from the coordination plane.
d, and the angle hotween the coordination and nucl:obase mean planes, and they
are identificd by the USD relerence coue (Refeode).

In complexes containing a pym base, newtral forms of cytosine (C) and
I-methyleytosine (1-MeC) are always coordinated through N3, as well as the N3
deprotonated i-MeU ™ (or I-MeT 7). For the (unsubstituted) uracil or thymine anion,
UH™ or Tit 1 47], the binding site is preferentially NI [36]. However, the N3
linkage isomer of . Pi{ll) complex containing UH™ has also been crystallized
recently [377.

The squate planar coordination of Ptis characterized by small values of d, which
range from 0.001 to 0.052 A, whorens the dihedral angle ranges from 727 to 897, with
the exception of two structures involving wrugilate [{UH " ,N')Pien)Cl] and thy-
minate anions [(TH ™ .N'PHen, 71T where this angle is S0° and 56°, respectively
{Table 1), Hydrogen bonding is v:licved to be of fundamental importance in deter-
mining the angle in the cited structures [36].

There is no apparent relationship between « angles and Pt-N(pym) bond lengths
(ranging from 1.973 to 2.059 A). The lﬂrgest values for distances are found for
1-MeCN3 trans (o S{O)(i-Pr),. (2058(7 A) [267 and for 1-McT" \N® trans to a
phosphine ligand (2.06(2) A)[35]. The lcngdmmng can be attributed to the greater
trans influence of thc S and P donor, compared with N donors.

As far as purine complexes are concerned, the monodentate guanine ligand in its
neutral form coordinates through N7, since N1 is protonated and N3 site is less
basic and, probably, more sterically hindered. Numerous solution studies confirm
this view [ 17]. Only the modified purine base 7,9-Me,G (Fig. 2) coordinates through
N1, because position 7 is methylated. Analogously, in the majority of structurally
characterized adenine complexes of Pt{ll), the metal coordination site is N7, with
only one example known for N1 binding [38]. If the 9-McA ligand is protenated
{ut N1}, Pt binding is as expected through N7 [407].

In thess mononucicar purine compiexes deviation of Pt from the mean plane of
the four donor atoms ranges from 0.003 to 0,062 A. The o angles and the Pt-MN{pu)
distances range from 62 to 81" and from 2.000 to 2.044 A, respectively. but no
apparent relationship can be derived between these geometrical parameters.

In the rans-[(942-acctoxyethoxyMe)YGH, N7 PICL(CH, = CH,)] the 2 angle is
reduced noticeably (457) and the distance Pt-N{GH) is the longest reported
{2.078(31 A), suggesting for the latter a significant trans influence of the ethylene
molecule [45].

The Pi-N1{pu) distances turn out io be slightly longer than the Pt N7(pu) ones
and are very close to the typical distances found in Pt-N{pym) derivatives of Table 1.
This difference could be ascribed to the endocyclic C-N~C angle (N, being the
donor site), narrower in the five membered rings than in the six-mermbered ones,
which allows a closer approach of the hgand to the metal centre. Correspondingly
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the two C-N,- Pt angles are significantly sinaller when N, belongs to a siz-membered

ring {sec Section 9.
2.2 Bis( micleobase ) complexes

Structural details of bis‘nucleobase) complexes, namely coordination distances,
displacements d and dihedral angles between the two nucleobase mean planes, fi, are
reported in Table 2. The species so far structuraily characterized can be grouped in
bis(pyrimidine). bis(purine), and mixed (purine}pyrimidine) complexes. The other
two ligands compleiing the metal coordination are identical and mainly contain
N donors,

In order to define the solid state conformational features of the two nucleobases
in ¢is isomers, the torsional angles ¢f and ¢2 abont the respective Ninb)- Pt bonds
are also reported in Table 2. The latter parameters allow & fair quantitative definition
of the oricntation of the base rings with respect to the coordination plane and of
the mutpal orientalion of the base rings. The proposed conveniion reports the
torsional angles C2-N1(nb1)-Pt-N3(nb2) (¢1) and C2-N3(nh2}-Pt-N3{nbl) ($2)
for pyrimidine and purine bases N3 coordinated, as depicted in Fig. 3 and
C8-N7{nb1)-Pi-N7(nb2), C8~-NT7(nb2)-Pt-N7(nbl) for purine N7 coordinated
[71]. The value of angle ¢#1 (or ¢2) defines the ar:cuni of the clockwise (+) or
counterclockwise (—) iotation around their respeciie Pi-N(nb) coordination boud.
Thus, when the reference atoms {C2 or C8) bonded to the Mc—donor are on the
same side of the coordination plane in a head-head (h-h) arrangement, ¢i and ¢2
have values with opposite sign. They agree in sign for a head—tail (h-t) conformation.
Further, the ¢1 and ¢2 angles measure approximately the two dihedinl angles
between each nucleobase and the coordination plane, being both +90 {or two
nucleobases perpendicular to the coordination plane in a h-t arrangement (as
sketched in Fig. 3(a)). For cis(nb),Pla, species, two enantiomers (atropisomers) are
possible for the h-t orientation, and this aspect has been investigated by using NMR
spectroscopy on bis{nucleoside) [ 727 and bis(nucleotide) complexes [73].

1t 35 of interest to note that {or civ isomers, where ¢1 and $2 angles present quite
a variable range (i.e. orientation of nucleobases with respect to the coordination
plang), the ff angles (i.e. the mutual orientation of the two nucleobases) are almost
similar. ‘

I order to define the mutual orientation of the two bases, in trans isomers, one
value is reported, namely the virtual torsional angle C2-N3(nb1)-N3{nb2)-C2
{Fig. 3(b)}.

The same scheme also applice to ¢is and trans smixed {purise) nyrimidine)
complexes.

Although a different stereochemical approach has been proposed some vears ago
by Kistenmacher and coworkers [48,74] for comparing the primary conformulional
aspects of cis-[inb),Pta, ] type complexes, the present convention appears simpler
and casy to visualize.

As evident from Table 2, the large majority of bis{nuci.obase) complexes of Pt{1}}j
studied by X-< - diffraction have a cis genmetry and boih h-h and het arrangements
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Fig, 3. Torsional angles ¢ § and 92 definig

the bases conformation iy eis~ and trany-[(nb),Pta, ] complexes.

i
2

are found, us shown by the sign of angies ¢1 and $2. The {rans somers of the first
two groupings possess a crysiallographic symmetry center, so that the two nucleo-
bases definitely have a h-t arrangement.

However. for bis{ pyrimidine) complexes the h-1 arrangemert is generally predormi-
nant and the h-h one requires stabiization cither by intramolccular H bonding, as
it occurs in SERVEA [557 and JONLED [527 between O4 of the L-methviuracilato
{or T-methylthvmineto) anion and HO4 of the neutral iminol form of the respective
nucleohass, o by intermolecular H bonding (see infra). In fact, the crystal structure
determinations of cis-[(4-H.1-MeUH L, PUNH, L1, as-[(1-beU  H4H, 1-McUH)-
PHNH,), T 1557, and ofs-[(4-H,I-MeTHY(I-MeT 7 )P{NH,), 1T [527 complexes
reveal the neutral pyrimidine ligands in the 2-oxo-4-hydroxo form (Fig. 1). These
rare iminol {automers of L-methyloracil or f-methylihymine are stabilized upon
coordination o the metal, On the busis of these results, ¢ model for a metal-assisted
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tautomerization of I-MeliH has been proposed which could model certain mutagenic
trapsitions in DNA [55]. The only other examples of Pi(li) complexes with
h-h  arranged pyrimivine nucleobases  have been  observed with  trans-
[((MeNH,),Pt(1-MeC), 1\, (X 18 ClO, or PF, 7} [75]. Although this compeound,
when isolated from aqueous soiution upon slow evaporation, displays a h-t orienta-
tion of the two cytosines nucleobases (very much as the NH; analogues GEBVUE
and MCSPTRB), the respective h-h rotamer can be 1solated from aqueous solution
upon treatment of its heteronuciear derivatives (see Section 4.1.3.) with suitable
nucleophiies and rapid crystallization of the parent compound in its h-h form. In
the course of this work it has also been found that DMSO and DMF strongly favor
the h-h over the h-t rotamer in solution. This finding suggests that crystallization
from different solvenis may have a marked effect on nucleobase orientation in the
solid state.

For bis{purinc) complexes, the two bases are also usually oriented head-tail,
leading approximately to a C, molecular symmetry. The only exception, namely a
head-head arrangement of two guanines, is found in ¢is-{{9-EtGH,N"},Pt{NH;), 1**.
This complex has been crystallized with four different counterions [15,627. The li-t
arrangement has also been observed in [(9-MeG ™~ N*),Pt{en)] where the deproto-
nated guanines coordinate through NI [59]. Since the h-t arrangement of two
adjacent guanine bases seems to be rather unlikcly in native DNA, the relevance of
mos? bis{guanine) structures as models for a GG cross-link may be questioned for
this reason [ 627]. The structural results seem to be in agreement with the suggestion
that the h-t arrangement of the two bases may be the thermodynamically most stable
conformation [76]. A molecular mechanics analysis for cis-[(pu),Pta,] complexes,
with a, being small amine ligands, showed that differences in interactions between
the purine and the amine ligands are almost entirely responsible for the energy
barriers of rotaticr. The calculated values are less than 30 for guanine and greater
than 40kJ mol™! for adenine ligands N7 coordinated [77]. in contrast, from
NiviR  spectroscopy, rotational activation energies for 2a series of cis-
[(6-aminopurine),Pt(NH;),] lie in the range 46-95kJ mol™!; a lower barrier of
25kJ mol ™! is exhibited by & complex containing bis{6-oxopurine} { 73b].

A common structural feature of trans-{(pu)(pym)Pta,] complexes is the approxi-
mately coplanar arrangement (f=2.6-16.4") of the two nucleobases due to direct or
indirect (via a water molecule) intramolecular H bond betwzen the two bases
[67,69,70]. These complexes, with two heterocyclic ligands, have been proposed as
models for temporary or permanent cross-linking products of metal ion with two
nucieic acid strands (“metal-modified base pairs”) [ 78]. For example, two comple-
mentary bases are arranged in a Watson-Crick fashion in trans-
[(1-MeT™ .N3*)(9-MeAN")Pt{NH;),]" (YATSUH) or in 2 Hoogsten base pairing
in trans-[(1-MeT 7, N3)(9-MeAN)PU(NH;), T* (YATTES) [ 70].

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

Pt-N7{pu)< Pt-N3(pym}~ Pt-N1{pym) < Pt-N1{puj
2.015(2) 2.034(2) 2.032(5) 2041(5) A
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This is alsc documented by the four independent structural investigations [ 15,62]
of cis-[{9-EtGH,N"),PH{P7H;), 127, where the Pi-N7 distances average to 2010 A,
of ¢is-[{9-MeG ™ .N'),Pt{en)], wher2 the Pi-NI mean distance is 2.054 A T597, of
cis-[(i-MeC.N3),PUNH;), 127, where the Pt-N3 average is 2.033 A [25.48.497.

The angles about the N donor of the base show values similar to those observed
in mono{nucleobase) complexes. The mean values of Pt N-C angles are re
fater {see Section 9.3.).

The Pt-N3{pym) distances should he connaved with those of 2.008(5) and
2.014(7) A reported for the two compiexes contuining the parent pyrimidine, namely
trans-[{pyrimidine,N?),PtX, ] where X is C! and Br [ 79], respectively. This suggests
that the presence of a-substituents with respect to the N donor atom, could also
contribute to a lengthening of the Pt-N bond. and to effect the value of angle «. In
the Iatter species the observed vaiues are and 54.3°, respectively.

A {air linea~ relationship has been observed when ongleq are piotted against zhe
C5-N7-Pt bond angles [45]. Fig. 4 reporis a typical plot for 29 guanine base
with a correlation factor of 0.747. However, the trend in 6-oxopurines is more

39.0 49.0 58.0 89.0 7%.¢0 83.0
+1 I I~ I T I+ o
139.0- -
I T
X T
I i I
135.0- -
I 1 1
I 1 I
I 112 X
131.0- -
I 1 I
I 12 1 I
X 11 2 1 1 I
7.0m 11 11
b 1011 I
I 1 I
I I
23.0~ H 1 i -
I 11
I I
I I
11%2.0- -
+I I I T i et
PLt-N7~-C5

Fiz. 4 Plot of angle x ngainst the Pt-N7-C3 hond angle for guanines N7 coordinated.
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complex, as shown by L. Marzilli et al. [ 14}, which analyzed the rocking angle.
ie. A={C5-NT-Pt)AHC8-NT- Pth as a function of the torsional angle around 'hv
Pi-N7 bond (2). They have found that for 4 conformation where the guanine i
perpendicular 1o the Pt coordination plane (r= 90"}, the rocking wagle 1 hmall.
while targe deviations from t=90" correspond to larger A values, because of the
steric interactions belween 06 und the cis ligunds, cansing the lopsided base to
bend away.

3 Tras(nucleobase ) complexes

o the only structurally characterived example of a Pt{I1) complex cortaining
three cytosine nucleobascs [(1-MeC N, PUNH )] . the bases are forced to be
mutually perpendicular, in order to minimize steric xqm]slons with a Pt-N3 mean
distance of 2.049 A. The two trans cytosines have a h-h arrangement, whereas the
cis cytosing exihibits an opposite (-1} ovientation {207, Intermolecular H-bonding
requiretnents were sugeested as a possible reason {or this arrangement. However,
the structure of the Pd analogue has been obtained with significantly better accu-
racy. This allows the determinaiion of mote precise non-bonded distances, which
strongly indicate that the conformation is stabilized by intramelecular
H-bonding {80].

3. Mononuciear Pt{IV j complexes

Compared to PLI) compounds, o relatively small number of PUIV) compounds
have been stadied so fur [%1 ] However, renewed interest in Pt{1V) antitumor
compounds and the yet unsolved question of how interactions of PI{1V} compounds
with DiNA oceurs, is likely to produce more structural work in the future, In fact a
particularly intriguing aspect of the biorelevant chemistry of Pt{IV) complexes is
the question of drug activation through a pessible in vivo reduction to Pi(1l) {81
and reby cited therein].

3.0, Mono( nucleobase ) complexes

Some geometrical parameters for mono- and bis(nucleobase) Pt{IV) compounds
are reported in Table 3.

The first examples of 1-methyluraci! derivatives containing an octahedrally coordi-
nated Pt(IV), have been reported in 1984, obtained through an oxidative addition
of Cl, to Pt(I) complexes [82]. The structural features of the two compounds, of
type mer-[(rU ™~ N*)Pt{NH,),Cl, ], where rU ™ represents an uracilate derivative [ 867,
are dictated by steric restraints imposed by the thice mer Cl ligands and the two
exocyclic oxygens G2 and O4 of the base. Consequertly, dihedrai angies between
the base and the PLCI{NH;),(N3) plane (N3 is the pym donor atom) are substantially
reduced as compared to typical Pt{{l) compounds, to values of 41° and 61"

In the Pt{IV) complex containing a purine base, mersrans-[(9-MeGH,N")-
PtiOH),(dien)]? ", the guanine plane is at a 577 angle relative to the PN, plane
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containing the M donors of dien hgand) [83]. The guanine oxygen is invelved in a
hydrogen bomd (2.744(7) Ay with one of the two axial OH ligands of the metal.

3.2, Bist nucleohuse ) complexes

Several octahedral PHIV) complexes containing two nucleobases have been
obtained as oxidation products from frans-[{1-McC NV, PUNH, L P [81-85].

The cations transdransirans-{{ L-MeCNLPUNH LIOH L T (FEGRUQ) and
trans,rans-[{ I-MeC N, PUNH L (H,ONOHT Y (FEGCAY) possess ligands (OH,
NH;, H,0) which have been identified on the basis of the expected different hydrogen
bonding propertics {8171

The first cation is centrosymmetrical, leading to an all trans arrangement of the
different types of hgands, The Pu- N‘{ distances do not diﬂ'cu from (hnr«‘c observed
in the precursor of P rrans-{(1- MeC.N? RPNH ;) [zx 8], whereas the
P N{pym) distances are apprecis hiy longer, by about {! 04 A compared with the
Pi(ih-N(pym) bond lengihs.

The  corresponding  linkage  isomer  rransiranstrans-[(1-MeC.N*),Pt-
(NH, L(OH)L TP, where 1-MeC is bonded to Pt by N4. can be obtained from
complex FEGBUO, through two stable intermediates. resulting from a facile
interconversien of one or both the monodentate {-MeC.N ligands bound to Pt via
N3, to chelating deprotonated [-MeC ™ N3N4 ligands, ie. the monochelate
trans,trans-[( 1-MeC.NY)(1-MeC™ NI NYPHNH,)L,{OH) P and the bischelate
transprans-{{1-MeC 7 N3 N4, PH{NH; ), 12 ¥, respectively.

In transtrans-[(1-MeC, N} 1-MeC ™ N* N PHNH;),(OH)T* T, the Pt-N3 dis-
tances of the neutral 1-MeC coordinated through N3 and of |- MCC sion {chelating
via N3 and N4j are different, being 2.03(2) and 1.97% 1A, respectively {811
On the contrary, the Pt-N3 aud Pi-N4  distances W transtrans-
[(1-MeC ™ N3 N, PHNH,L), 12 1817, where the 1-MeC coordinate Pt through
N3 and the exocyclic amino group N4, are equal. being 2.037(9) and 2.04(1) A,
respectively. As the fatter cation is centrosymunetric, the bases are coplanar with
opposite orientation {h-t).

In rranstranstrans-[(1-MeC,N*),Pt(NH,;),(OH),1*". the |-M=aC ligands are in
the rare iminooxo tautomer form of cytosine, p:()tonalca at N3 and coordinated to
Pt through the deprotonaied exocyclic N4.

The cation transtransgrans-{4H,1-MeUH),PUNH,L,(OH), 12 847, has been
obtained starting from trans-[(1-MeU "), Pt{NH,), ]. th correct formulation for
this Pt{IV) species is ambigous because of the difficulty in locating the acidic protons
directly. Alternative descriptions such as rransyranstrans-[(1-MeU " LTHNE; )~
(OH, LT or transtrans-[{4-H,1-MeUH)( 1-MeU ™ )PtUNH,),(OH KOH,) 1" are
feasible.

4. Dinuclear complexes
4.1, Pt(II ) complexes

Nucleobases often act as polydentaie ligands [17]. coordinating either the same
metal centre as chelate ligands, (see Pt{1V) complexes of Section 3.2.) or differant
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Fig. 5. Concise seheme of bi- and polynuclear species derived from cis-{{pym),Pta, ] The pumbers in
parentheses refer (o the section where the complex is discussed.

metal centres, as bridging ligands. Among the structurally characterized dinuclear
species, examples with pym nucleobase complexes dominate. Concise schemes of bi-
and polynuclear species obtained from cis- and rrans-[(pym),Pta, ] complexes ars
sketched in Figs. 5 and 6, respectively. These figures also indicate where each type
of the structurally characterized compound is described and discussed.
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Fig 6. Concise scheme of species devived from trans-[{pymi,Pra,]. The numbers in puarentheses refer o
the section where the complex is discussed.

4.1.1. Purine derivatives

The reported derivatives include a few examples with the deprotonated
9-methyiguanine bridging two PtL; units (where L; is dien or L is NH;) [&7],
and with the 9-methyladenine binding two PtCI(NH,Me), [78] or two
PtCL [ S(O}(i-Pr), ] units [ 88 1. In each complex, Pt has a square-planar coordination
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geomeitry, and binding occurs via NT and N7 of the purine bases. Scheme 1 sketches
the purine backbone bridging two PtL; units throngh N and N7. Selected geometri-
cal parameters of thess complexes are reported i Table 4.

Pilg
LaPte /
h RN
Nv./s H Ff\
K;‘,;:\a\
Me

4.1.2. cis-(pym )2 Ptu, devivatives

No example of 2 dinuclear complex containing a stugle pyrimidine bridge has
been reported as yet, whereas a series of doubly bridged coruplexes has been structur-
ally characterized either with h-h or h-t arrangement of the bases. The general
composition 18 cis-fa,Ppym),MY, 1™, where m=2. 1,0, n=2, 3, and M 1s P**,
Pd**, Cu**, Zn?", Ag”. The bridging nucleobases are generally deprotonsicd.

When dinuclear complexes are prepared turcugh a condensation reaction between
mononuclear complexes

2[(NH, L, PUPYIMIH O™ =0 [(NH,), Pt pym), PHNH, ), T2

vsually h-t dinuclear species are obtained, as sy etched in Fig. 7. 1L Another way to
obtain dinuclear complexes is the condensation of a neutral eis-[{pym), Pt{NH;}),1
complex with cations of type cis-[a,M{H,0},1*" where a is NHj, a, is en. bipy, and
M is Pt, Pd or [M{H.0), 1" or with the [Py{NH,}Cl, 7 and [PtCl,]*~ anions.
In this case the reaction gives h-h species {Fig. 7. HI) [ 897

N-— Pt % R
L i
H
\§~— e ol
N/
i 1
ht beh
44 (M=PtPd) 44 (M=PtPd)

45 (M=Zn, Cu}

Fig. 7. Head-head (h-h) and head-tail (h-t} configurations in cis dinuclear species with difenctionai
nucleobases. The symbolism mm indicates the number of ligands about Pt and M. respectively.
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The uraci

e ;imd lhyméﬁaze anions simuhanmusé}‘ bind the metals

N3 and t 12 dcpwtona&f’a amino ﬁroup 1\:4 The ne m cylosing wis also ,mmd 1o
act as a bridging ligand through N3 and O isee b‘,i j

Following the notation intreduced by Baich [907
Fig. 7. indicates the number of ligands around Pt and M.
4:5 refers to species where M is Zn " or Cu? ™, hecause of
about these metals.

5

For steric reasons, the metal coordination planes are not paratie! but shightly tilied
(see below).
According to the svntheses described above. the cis-diplatinum{ 11} complexes have
ot

been found to have either the geometry I or L, while the heterobimetallic ones have
only the geometry L with Pt coordinated io the endocyclic pyrimidine I‘a
atom. It is of interest to note that in the PtAg compound &-h
cis-[INH; L Pt{1-MeC N> O 1-MeU ™ N3 ,0%JAg(ONG, HH.O01" two  different
nucleobases, one of which is a neutral cytosine coordinating through N3 and O3,
bridge the metal centres [91]. A similar situation is envisaged in a Pi,Cu hetero-
nuclear complex {927 {sec also Section 3}

Some geometrical parameters for the Pt{II}.M complexes are given in Table 3, ie.
the Pt--M distance, the metal coordination bond lengths ah displacements of Pt
(d1}y and M {d2) out of their respective coordination planes. the dihedral angles. fi.
between the two nucleobases and. 1, between the Pt and M coordination planes.
and the average torsion angle w about the Pi-M vector.

Pt-Pt distances vary from 2861 A in h-h cis-[{NH, L Pi{ - ‘vIcT WO, PICL Y
10 3.199 A in hot rie-[(PMe,),Pt{ 1-MeC ~ N N'LPY PMe,; , 17 . Correspondin gi .
in the above complexes. the angles v vary from 22.5 to 46.5 .

Recently. two dinuciear cations cis-[(bmikiPt{pym), Ptibmikj}® ™ {
{-MeT~ and 1-MeUU”} have been synme ized.  coniaining
methylimidazol-2-yl ketone {bmik} Higand {517 The Pt-Pt distance &f 2841 A, s
the shortest so far reported for I-m “i‘mura Iiak complex<s. The dihedral angle
betwesn the coordination planes is 257 {11 in the cation with 1-MeT ™ ). in contrast
to a range of 30~37 found in the amino derwati‘sea whde the coordination plane
are rotated about the Pt- Pt vecior by approx. 2 ;

In heterobimstallic complexes the Pt-M dista are in the range found ‘or
diplatinum species when M is Pd** (2927 Aj, or Ag” {"’ aG7 AS‘ whereas they arn
significantly shorter when M is Cu?” (2.765 A} or Zn®™ {2.760 A).

The fair linvar relationship (r=0.92) between Pt-M and zh angle v for
complexes (Fig. 8) suggesis that the incresse in Pi-M and 7 is ¢
mainly to the steric repulsion between the Pta, and MY, moleties, wk
with the ipcreasing ionic radius of M und with the bulk of ligands a, and Y,. This
effect may be modulated in some cases by a tilt of coordination planes about the
Pi-M vector. However, as suggesied by the above mentioned Pi-bmik derivatives,
stacking interaction among these ligands also facilitates a close approach of the
metal coordination planes in the dinuclear complex

5
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Fig. 8. Plot of Pt- M distances
fa,Ptipym);MY, 1™ complezes.

bl

s. the dihedrat angle between the metal coordination planes in cis-

The Pt-IN? bond lengths (mean value 2.041 A, 1= 28, excluding the phosphine
derivative VIDWAG ! do not differ from those found in mononuclear species, suggest-
ing that this distance is not influenced significantly when pyrimidine acts as biden-
tate ligand.

The dinuclear h-h Pt.M units have been found to pack in the solid state in three
different patterns [ 177]: (i} centrosymmetric arrangements of type (Pt, M 1.{M,Pt) with
M next to each other as detected in BOSSUX, BEKKOR, and FOCHEX or {ii)
(M, P1){PL,M) with Pt atoms next (o each other as found in BULWAG: (i) (PLM)
nnits subsequently arranged in a staircase fashion as, for example, in MTAPTNIO.

4.1.3. trans-(pym),Pta, derivatives

A dinuclear trans species of type IV {Fig. 9) has never been isolated, possibly
as a consequence of an unfavourable steric interaction betwect the amine ligands
at the two adjacent metals, whicn prevents its formation. This was suggested
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Fig. 9. Trans-dinuclear species 4:4, 4:3, and 4:2 with h-h arrangemeni of nuclecbases Fragment Vil
represents dinuclear Pt{l1+-Pd( 1) species.

by a {rans—»cis isomerization observed during the reaction of  irans-
[(1-MeC N3, PA(NH; )L, P* with rrans-[INH,LPd{H,0,L17 1 - het cis
dipalladium species of type I} [103].

However, more recently [ 104-1067. several examples of heterobimetailic com-
plexes with a trans h-h arrangement of the bridging 1-MeC™ monoanions have been
obtained. These complexes of general formula trans-[a,Pt{1-MeC ™ N> NL,MY 7",
(M is Pd?*, Cu®*, a is NH; or NH,Me), {Fig. 9. V) arc characterized by Pi-M
distances, which are very short compared with those found in I and HI, and by two
approximately coplanar 1-MeC~ ligands. Any possible steric clash between the
antines at Pt{Il) and ligands at M is aveided in these arrangements E fact there
are no ligands at M that are paraliel o the amine ligands at P1. Extending this

€3 0
=

investigation fo species where M is a d ' metal ion, analogous complexes of formula
trans-[a,Pt{1-MeC~ N?N%,Hg]?" have also been reported 11071 {Fig 9, VI1. An
ORTEP drawing of trans-[{MeNH,,P1{1,5-Me,C ™. N> N'5,Hg]* " is depicted is.
Fig. 10. Selected geometrical data for the compiexes so far structurally characterized
are reported in Table 6.



W LL7-(9T 98URI o U1 [y pue FON Ui SIORHOD [RUONEPDE SBY BH .

[901] 0057 = N HOWE6I DU N N - DT NP EINTHN)]
foorl i85 * MO HHTHNIRD (NN . DPIN-T IdTBINTHN]
S0ST P (syun n31g om1 seEpuq YD)
{9011 S6¥'T = L AYOIFPDTN N - DO TN THN]
€507
. 0T
R S11T SE0T i} o
- [eutd : 9L 0700 i $€07 5187 ATACAd LABHAGN N DO REBINTHN]
; or0T
v 0T
) 980T 610°C o S
feotd TI00 TE0°T #60T YoLT WiAfAd SePBHTN N - DFNS I T EIWTHNY]
€607
. 160°T
. £60T $E0T i} L
= {eot] - g 9100 oy0T L60T <8LT YVAfAd eDBHTLN N PN T A EINTEND]
g 0T
e 2877 0T
= HOG 2107 9T _ ’
z Lot 68 8¢ TIoe €861 17T AGTHAS L LNDSIPI TN N DR DI N HNDT
= T80T
~ Q681 {suun pdld om) sa8pug surzeifd)
z 758 A £46'1 T6rT SIS L AZEDFL PN N - DPIN-T IO HN ]
2 §50T
2 . £00°0 2661 - . . ze
z feorrot] £ 0¢ €100 £86'T S15T JOATYL FRLIPINENOE L =% SN NG RIS IR S S [N
= 1900 ) _
= Lsorvuond 913 43 6000 31§ TIATYL A LIOPATN N L DB T HND]
¥ 00T
5 600 PI0T R .
& [servorl v8s (3] TE00 £00T 1is¢T HAATVL L EHNIPAT LN N DR NG CHNDD
By
-1
(Wip EN-
o 2 i (gip EN-id W-id POy

cul AW N L DRI 1 g T ]-sunay -y saxajdino Jeajonulcg
99jqEL



Fig. 10. ORTEP drawing of dinuelear cation trans-[{ MeNH, LPHLS5-Me.C NS N L He ' (PEIVEM),

In the 4: 3 heterobimetallic complexes derived from rrans-[(pym), Ptu, ] the coordi
nation planes of Pt and Pd {or Cu} are approximately perpendicular to esch other.
and the interplanar angles between the two cytosinate planes range from 3.7 to 7.1°,
with the two trans bases in a h-h arrangement [ 195,106]. No significant change in
the Pt-N3{cytosine) distances with respect io those found in cis dinuclear species ¥
and 11! have been evidentiated.

The Pt-Pd distances of about 2.5¢ A are among the shortest reported so for, even
shorter than those found in Pt{1)-Pd(i) dinuclear species (mean value 2.558 A) with
different bridging ligands [ 1087, baving the geometry shown in Fig. 9, VIL

A further comparison of the Pt-M bond lengths with those of 4: 4 cis complexes
shows that in the latter, the Pt-Pd distances are 'engthened by about 0.40 A, and
the Pt-Cu distances by about 0.25 A

‘The Pt-Pd distance does not appear to be significantly influenced upon vuriation
of the ligand Y in the series trans-[a,Pt(1-MeC™),PAY"* (Fig. 9, V), in contrast
to **Pt NMR chemical shifts, that span a range of 500 ppm. The variation of '**Pt
chemical slufts display a linear dependence with electronegativity of halide, while no
simple relationship is evident with the nature of Y ligands other than halides [105].

The complex rrans-[a,Pt{1-32{ " ),PACTINO; has been used to study the binding
nroperties of palladium(Il} with various derivatives of aminoacids mimicking the
side-chain metal binding sites of proteins [ 109].

The Pi-Hg intermetailic distances {around 2.80 /‘j\) are shorter than the mean
values of the Pi-Pt and Hg-Hg distances measured in homodinuclear h-t cis-
[{(NH;),Pt{1-MeC ™ NI N4, PtNH LT~ [98], and [(MeHg)(1-MeC™ N,
N¥,1%, [ 1107 respectively. The distance of 2.80 A is at the upper limit of Pt-Hg
distances in the range reporied by van Koten et al. [1117], who stated that this
istance is indicative of a weak bonding interaction.
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4.2. Pt in oxidation stare > 2

2.1. Pyrimidine hases

The mterest in diplatinem{11) complexes [112] containing pyrimidine nucleo-
bases as bridging ligands relates to their possible role as components of a class of
anticancer ageunts, the so called platinum pyrimidine blues and their role as bkely
intermediates ieading to the formation of the blues [113,114].

They arc prepared from diplatinum(H ) complexes through treatment with a variety
of oxidizing agents,

Dinuclear species of kind cis-[a, X, Pt{pym),PtY;1"" as sketched in VHI (n=0}
and IX (n= 1}, usually have Pt in + 3 oxidation state. They are reported in Table 7
together with geometrical parameters as those given in Table 5.

From a structural point of view these dinuclear complexes are very similar to the
Pi(11} dimers of type Il and HL previously described, with a cis configuration of the
bridged nucleobases about the metal centers but with an additional axial ligand
coordinated to one or both Pt centers. The three complexes of kind VIl have a h-h
arrangement of the nucleobases, whereas those of kind IX exhibit both h-h and h-t
configurations.

Using the notation introduced by Balch [907], and already applied to the binuoclear
species of Section 4.1, they can be classified into 4:5 and 3.3 species. For the former
an alternative description implies a PH{11}--Pt{IV} dimetallic core.

An exception to the +3 oxidation state of Pt is realized in a tetranuclear cation
{SEMGEW) where a Cl bridges two Pt dimers { X} with metals in a mean +2.73%
oxidation state {118].

A previously reported 1-MeC™ compound (MCTPTB. Table 7). then inter-
preted a3 a  PUH25) compound of composition  eis-JlINHLNO, P
{1-MeC T N3 N, PUNH NG, NG, ), HO, 7. in fact is a diplatinum(TH) com-
pound containing 2H,0 instead of a H.0,” [98]. Its Pt-Pt distance of 2.584 A is
well within the range of most of the other structarally similar diplatinum{}1}
compounds listed in Table 7.

With respect to the 4:4 Pt{11} complexes, the increase in oxidation number of Pt
to -+ 3 causes a significant decrease in metal-metal distances, which now range from
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2.543 to 2.69% A. The 4:5 species app
those in 5:5 ones.
An apprecﬁable } ﬁﬁ‘{?\eninu of iﬁe P‘{—- ? éiﬂaarvce

fragment Xa,;-PtfPt—Yah LIX} thu frans mﬁue 1ce of ‘{&, 1§ tra
metal bond, which in turn exeris a strong trans mﬁa nee. fe
bond to an extent that leads to formation of ﬂ e 4:5
laiter Y,, is either a NO,, [113] or a s-bonded C 4353"; af 4 madeﬂbfz
I-Metl™ [116]. The fact that 1 bonded to Pt exerts an appreciable trans in
is suggested in 5:5 species where the Pt-Y,, di aiaﬁws are a.:bmm:*aﬂ*
the Pt~Y,, ones. Thus, for examp Ee in rifoig’\H L,P {i Me U
two axial P11 distances are 2.
2285 and 2.295A 117},

The angles between the Pt coordination planes in these dipla
pounds, which are in the range 16 - }
diplatinum{Il) analogues (22-46"). This is a comsequence
interaction in the former. The relief of steric interaction bety
the Pe(HI}-PrliT} complexes generally ocours ii‘if{}mwz an i
angles, w, {mean value 22.3(3} ) with resphs: o th

{21 ). The angle betwesn the two bridging 7 mcsewaﬁh
similar 1o that observed in the dinuclear cis complexes {Table 5

Mo significant difference can be detected {within %; experimental efm;-;} botween
the Pr-nb distances in the present comph
analogues. iippgrd ot al. reported mixed v
pyridone or 1-MeU ™ bricging ligand [11%]. The mmm
binuclear units associated vis H bonding and pa
The scheme X1  depicts  the ?
(1-MeU ™, N3,0%,PHNH;), 1" (COPPOMID) wi
characterized by an outer pair of Pt-Pt bonds [2.810 an
than the inner one {2865 A1 The mean metal oxidation sia
the tetranuckear platinum blue comains one ?i‘t;{; %‘i
unpaired electron focated in 2 drderived MO

atinom{ I} com-
¢ found in the cis
he Pi-Pt bonding
the Pt moieties i

s of the torsional

o]

ogues {mean

2
.+ oo P
= range 63 87,
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4.2.2. S-countainiing bases

Structurally related dip atinum({1l} complexes containing S5 ligands such as
pyrimidine-2-thione {(pymS87) or -f_hmumcﬂzm (TU7} have been reported by
Goodgame and coworkers [ 122-1247. Pt binding in these “lantern-type” complexes
{1251, of composition E_XPrL PiX 7", is via N and the adjacent S of the L ligand.
The terminal axiai position, usually occupied by halide anions X7, can be replaced
also by a monodentate pymS~ bonded through sulphur. Of the four possible mutual
orientations of the bridging ligands. only the h-h-h-t {XII) and h-h-t-t (XIII} are
found in these complexes. The Pt-Pt distances, reported in Table 8, are close to
those reported for dinuclear PU{III) complexes (see previous Section), but dihedral
angles between the metal coordination planes are close to zero, leading to nearly
parallel planes. The vaiues of the Pt—Cl axiai bond distances, which are in the range
244246 A, again confirm the high trans influence of the Pt-Pt bond.

5. Trinuclear complexes

Most of the trinuclear complexes so far reported are of composition cis-
[2, Pt pympM{pym),Pt(il)a, ]"". with M is Cuo®". Mn?", Pd*7, Pd*", Ag"®

SN N N
‘ \\ I! ‘.gfx Vs ’ \P{.-*"x
Pt S e
-
»}\Pt//f N \Ft "/ \

xi xH
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T1* and pym are deprotonated Hgands. Pertinent structural data are given in Table 9
In principle, with square-planar metal centres the nuclecbase biwe allows for two
pocsibée arrangements. XIV and XV {Fig {1). depending on whether the Pt lons
adopt cis or trans configurations.

[ &
s /;T |
F{ v Pt/

Pt %3 P
<] a/l\%/i

X xw

Fig. 11. Trinuclear compleses with cis { XiV) and trans { XV} configurations of the bridging bases.

The possible h-h or b-t arrangements of the two pairs of nucleobases imply the
existence of many 1somers of XIV and XVY. However, since the cis trinuclear species
are prepared starting from mononuclear cis-[(pym,N3),Pta, 1 complexes, only the
isomer of type XIV has been obtained, where M is coordinated by the pyrimidine
O doners (usually 04), with the bridging pym ligands in a h-h arrangement. Only
in the compound [{NH,),Pt{ i-MeC){ I-MeU ™ jCu{ I-MeCH 1-MeU " YPt(NH; 1, 77,
where the cytosines act as neutral ligands, Cu is coordinated through two O2 sites
of 1-MeC and two O4 atoms of I-hMel™ [92].

As found for dinuclear species cis-[a,Pt{pympMY, 17", the geometry of XIV
avoids any steric clash between facing ligands at Pt and M better, mainly through
an outward tilting of the Pt coordination planes. in conirast, species of type XV are
expected to be much more subject to restraints (see below).

There is an ambiguity in complexes containing 1-MeT 7 as far as the differentiation
of the two exocyclic oxygens are concerned. This is a consequence of the pseudo
two-fold axis through N3 and C6 (see for example Ref {1287, where M is Mn).
However, since O4 anpeers 1o he more basic than O2, primary coordination is
expected to occur through O4, as it happens in {-Mell ™ derivatives.

In ali the trinuclear cations but two (M is Ag™ or T1™ ). M lies on a crystatlographic
symimetry center, so that the two Pt-M distances are equal and the MQ, atoms are
rigorously coplanar. On the contrary, in the case of M is Ag™ and TI™, these metals
have a distorted tetrahedral arrangement of the fouwr O donors, The
(Pt,TLPY) structure is dramatically different from the other trinuclear (PtM.Pt)
species of type XIV. A noticeable feature is the iniramolecular stacking of two
1-MeT ™ bases which appears ta be related to the lone pair at the centeal TU[131].

The Pt coordination planes in these complexes are less distorted than those found
in cis dinuclear PU{I1) and Pt{11) species, while the interplanar angles between the
Pt and M coordination planes fall in a similar range. In fuct, deviations of Pt from
the coordination plane range from 0.002 to 0030 A and the angles between Pt and
M ceordination planes from 14.5 to 32.6° (Table 9). whereas in the dinuclear
PYII)M(1I) the corresponding figures vary from 0.01 to 0.19 A and from 19.3 10
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46.5%, the largest values being observed {or bulky PMe; ligands. Thi
suggests that trinuclear species are less crowded than the dinuclear
the steric interaction between a, ligands at Pt and the O donors .
generally smaller than that between facing ligands bonded to twe djau»m mrzmi
centres in ihe dinuclear species (Fig. 7. I and I} Further, when the nature of M
allows the four equatorial O donors 10 be distoried towards a teirahedral arrange-
ment (as when M is Ag™ [132]), steric clashes are significantly released.

Therefore, it is not surprising that the previously unprecedenied geomsiry k’ﬁ
{Fig. 11) has recently been reporied for a complex with Z-pyridonate { 2-pyroj, namely
trans-{a,Pt{2-pyro),Cuf 2-pyro),P1a, 1* 7 (a is NH; or T\hz?»ie, {1337, with the two
2-pyridonate ligands in the h-h arrangement, and the Cu bound by the exocyclic O
atoms. The major strain observed consists of a sirong tetr?;*edra’*' distor's%cn of
Cu{ii}, characterized by O—Cu~0 angles slightly above EGﬂ a'} likew
tial deviation of Pt from an ideal squar -phfmr
the two Pt,Cu complexes, rangin,
than those in all structurally characterized compounds Pe,Cu (» =
from cis-[{pym}. Pta, 1**.

Examples with geometry XIV both with M is Pd(II) and Pd{I{l} have been
structurally characterized. The compounds of type (Pt, Pd{Ill). Pty which ¢ i
an unpaired electron per trinuclear unit. are considered models of Pt-pyni
blues, with & + 2.33 average metal oxidation state [ 129,1307.

As expected, in complexes containing the {Pt, PA{I1L}, Pt} unit, the P1-Pd distances
re significantly shorter {mean valuc 2.640 ;} than those found in cations with the
{Pt. Pd(H}, Pt} core {mean value 2.838 Ay, Correspondingly. the Pd{lli}-0 honds

are shorter than the PA(11)-O ones by about 620 A. This significant muwﬁmg
seems to justily formulation of the oxidized compounds as (Pt Pd(HI). Pt

A linear correlation between Pi-M distances and 7 angles. similar 1o that u{}é&‘ﬁi“%‘ﬁé
for dinuclear species (Fig. 8}, may be derived + a correlation v value of 0.963 for
n=9 fragm 'nts {excluding the Ag and Ti deriva }

A

= substan-
istances in
v shorter
r 2} derived

6. Theoretical analysis of the metal-metzl interaction

described in the previous sections, containing a pair of J° metal fons, has be
recently investigated [ 134] with the aid of the extended Hickel met [
the fragment molecular orbital theory [ 1361

The stacked arrangement in 4:4 dimers. containing a pair of ¢ * metal 1ons. such
as Pe{1h) and ‘or PA(I1}, are stabilized by Ran J‘tﬁ.-,)p» nieractions [ 137]. Due to s,
p,. and z? configuration mixing, the resufting bond order becomes slightly greater
than zero in these formally non-bonded dimers [ 138]. in other words, the rehybrid-
ization of both Pr 2% orbitals has the effect 1o stabilize both ¢ and % MOs. as
depicted in Fig. 12, resulting in a net bonding inleraction between the two metal tons.

The molecular orbital diagram of the Pt-Pd heterobimetallic compounds of type

The nature of the metal-metal interaction in homo- and heterobimetallic dimers,




312 E. Zangrando ¢t al.: Covvdination Chemistey Reviews 136 ( 1996) 775-312

i .
P, @ -, W - W D,
£ o

s O = e S O s

[5a 1

M 1 : 2d 3
a
a a
a
%.-*" | e
Bt Pt
7 <

a g a4

. 134
[34H-Pta4]

Fig. 12. P pad®Pr{1114® molecular orbital diagram for 4:4 type dimers,

4:3 (Fig. 9, V), with the so-called 7T over square (TSQ) structural motiv {1347, is
depicted in Fig. 13. 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 PdL; fragment (right side}, involves the
Pt 77 and the Pd x*-y*-type FMOs, resulting in a two-electrons/two-orbitals donor
acceptor (i.e. dative} bond with a formal bond order of one [ 134}, Similar conclusions
have been reached by other authors on Pt, diphosphine bridged dimers [1397]. The
substitution of the 4% ion Pd(1I) [104,105] with electron richer metal ions. such as
d-Cu(11) [ 106} or d*°-Hg(11) { 1077 has the stereoelectronic consequence of weaken-
ing the Pt-M interaction in the d*-4° adducts. witheut destroying the TSQ primary
geometry, and of forcing the re moval of the ligand coaxial with the metals in 45-4%°
adducts. In the d3-4° system ~ -ond order of 0.5 may be suggested; in the &*-6'° the
resulting 4:2 type complexes (Fig. 9, Vi) have a Pt-M bond order only slightly
greafer then zero [134].

The theoretical calculations allow the trend of the dinuclear Pt-M bond lengths
to be rationalized. The values of Pt--Pd distances found in di- and trinuclear species
suggest that there is a gradual decrease in bond order from 1 to 0 following the
trend «if not otherwise indicated the retal oxidation state is + 2}

trans-Pt,Pd < cis-PLPA(I11 ), Pt < cis-Pt,Pd, Pt < cis»PnPd
2.511 2.640 2838 2927 A

The difference between the last two values may be ascribed to differences in steric
crowding, although this shortening couid also be attributed to electronic factors.
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Fig. 13, Prllyd™Pdillid* molecular orbital dlagram for 4.3 1yrz dimers.

More detailed theoretical calculations are required. hewever. 10 give a defipile answer,
A similar trend. although limited to a few number of éeﬂmmes also seems (O

hold for the Pt- Cu distances in the anslogous copper complexes. with the bond

order varying approximaiely from 0.5 1o &

irans-Pr.Cu<eis-Pr.CuPi< ';is"Pt,‘;u
2.500 2683 2765 A

Nevertheless, strong steric émsfaczéom CaLser
lengthen the Pt-M distances in cis-{PLM} and
example in h-t ci:«;{{P)‘v{es}gFif1—MCC NEN szi}m M«.
distance is 3.199 A (Table 5. while in other (PLPy
distance ra:zgas from 2.861 to 2981 A Similarly, in
Pt{1-MeU " N°.0%),Cuf I-+1eU ™ N".0%),Pt{Me, eniF ", the
lengthened m 2.98/‘ A.

A single Pt—Pt bond can be ascribed 1o Pu{lil} 4 dimers of type 5:5 Using a
simple model, the Pt-Pt bond in the Jatier complexes may be described as a co
bond between two d°sp® hybridized ¢ * metal fons. A more rigorous approach
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Fig. 14. P/ -PUIID/d melecular orbital diagram for 5:5 type dimers.

been used by Cotton [114], where the single bond is based on a a®r?§%6**n**
configuration, similar to the bonding pattern describing dimers of Rh(II) [137].

The interaction diagram for a LsPt-PtLs. reported in Fig. 14, shows a bonding
scheme caused by two electrons/two orbitals (¢ and o*) interaction between the
couple of Pt z* frontier orbitals pertained to each Ptl; fragiment. Pr(1I1} lanzern rype
dimers have been described analogously by other authors [ 1257,

7. Polynnclear species

7.1. Tri- and tetradentate uracilate ligands

A number of polynuclear Pt, Ag complexes containing uracilate acting as tridentate
through 02, N3, and O4, and in one case as tetradentate ligand, through additional
binding to O4 (Fig. 15) have been reviewed by Goodgame and Jakubovic in 1987

ME\ X Me\

OQ%EEAM )N\/i

C27INETTR04
I B P

Fig. 15. {-Methyluracil anion acting as tridentate and tetradentate ligand.
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[14073. These examples demonstrate that the increased basicity of O4 (as a conse-
quence of N3 deprotonation) is sufficient to allow binding of two metals simulta-
neously. In fact, as already mentioned, metal binding at deprotonated position N3
of 1-MeT ™ and 1-MeU ™ encourages binding either of an additional rietal or of a
proton through exocyclic oxygens of these ligands [132,1411].

Ag* ions seem to be particularly versatile forming polynuclear Pt, Ag complexes,
with the metal ceniers generally approximately collinear and bridged by the nucleo-
bases. Fig. 16 reports a schematic representation of these complexes, while the
relevant structural parameicrs are given in Table 10, The uracilate ligands bridge
three adjacent metals in a cis { XVE XVI and XV orina trans { XIX) arrangement.
In the latter additional binding between O4 and Ag ions of adjacerdt molecules
produces a polymeric array of Pt. Ag, units [145].

Since  then, only one more complex containing the  frans-
[(MeNH,},Pi(1,5-Me,C ™ OG> N* N*j,Ag, ]’ cation has been structurally charac-
terized [ 146]. It is the first examnle of a cytosine metal complex with metal binding
simultanecusly via N3, N4 (deprotonated) and O2. The h-h arrangement and the
solution behaviour of the compound is consistent with the view that the binding of
Ag? to trans-[(MeNH,),Pt{1.5-Me,C), 12" takes place sequentially, first at N4 sites,
then to the O2 sites. The structure of the cation, which is similar to that containing
the uracilato base XIX, is shown in Fig, 17. Ag—O2 distances are subsiantially shorter
in the case of I-MeC ™ complex {mean value 2.259(8} A} as compared to [-MelU~
compounds, where Ag-O2 interactions frequently are very weak (2.4-2.5 A).

7.2. Purine bases

A unique case of guanine utilizing three metal binding sites is realized in the
trinuclear species {(9-EtG~,N!' N> N")[Pti(NH;);1;}°". In this compound the
2-EtG~ simultaneously binds three Pt{NH;); units through NI, N3, and N7, { 147]
{XX). The platination of the N1 site apparently increases the nucleophilicity of the
N3 atom sufficently to become a metal binding site.

In  another trinuclear compound of composition  cis-[(NH;);Pt-
{9-MeAN'N7)Pt{INH; L,(9-MeA N . NHPt{NH;);1°%, two (NH;},Pt residues are
bound to N1 and a cis-{NH;),Pt entity is bound to N7 of the bases, XXI { 148]. In
the solid state the central Pt is located on a mirror plane with the adenine rings h-h
oriented, while in solution an equilibrium between the h-h and h-t rotamers is
observed. From 'H NMR signals a barrier to rotation of AH# 76.5kJ moi™! is
calculated and this value should be coinpared with those derived for cis-[{pu),Pta,]
derivatives [ 73b].

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

7.3. Cyclic species

The dinuclear complex cis-[(PMe,),Pt{1-MeC ™ N3 N*),Pt{PMe,),]** has heen
observed to convert slowly, in agueous or DMSQ solution, into a trinuclear species
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Fig 16. Polynuciear Pt Ag complexes 50 far siructurally characterized with metal-metal distanees given.

cis<[{PMe, ), Pt{ 1-MeC ™ N3 N*1,7 " {1497, Three cis-Pt(PMe;}, units are bridged
by the cytosinate anions through N3 and N4 donors to give a trinuclear cation with
an approximate C; symmetry. The Pt- Pt separation presents a mean value of 5.31 A,
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Fig. 17. ORTEP drawing of trinucicar cation trans-[{MeNH, L,Pt{1.5-Me,C ~ O3 N N*j,Ag, 17"

—75+

XX

The trimerization reaction possibly is a consequence of lower intramolecular repul-
sion of the cis-Pt{PMe;), units when compared with a dinuclear arrangement.

The same authors recently investigated the interaction of the model 9-MeGH with
cis-[{ PMe; L,PHNGO,), T at neutral pH, obtaining a hexameric cyclic cation cis-
[(PMe;),Pt{9-MeG ~ N N"J]1,°* [65]. It represents a rare examnie of a hexanuclear
platinum nucleobase complex [ 150]. The hexamer exhibits the purine rings alterna-
tively arranged above and below the mean plane passing through the metal atoms,
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precurser [(en)Pt{UUH ™ ,N')}(H,0)}". has been reported [151]. The four (enjPt
moieties occupy the corners of a square (Pt-Pt distance 5.86 A), with the uracil
ligands bridging each side alternatively above and below the Pt, plane in 2 1,3
alternate conformation. The uracil monocanions adopt rare tautomeric forms in that
both N1 and N3 sites are platinated and the acizic proton is bound either to O2 or
O4. In solution the complex is conformationally fiexible and different cations (such
as Ag") affect the equilibria amony the conformers [ 27,1517,

From examples reported 1 this and previous sections, it is evident that the
sequential application of different rustul species with nucleic acids can lead to larger
aggregates. Formation of cyclic nucleobase guartets (Fig. 18) are proposed on the
basis of the crystal structure of trans-[{NH,Me),CIPt{9-MeA NI, N")],{ NH,),Pt®*
{ 787 which can be considered a precursor for future extension weork. The two vectors
CIPtN(nb) in the cited structure are 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),Pta,] com-
plexes because large dihedral angles between the nucleobases are to be expected. In
fact, in the cited [fen)Pt{UH ~ ,N'N3)1,** the four bases are approximately at right
angles [37,151].

8. Miscellaneous

Although there are many structures of complexes containing the 9-substituted
guanine bound to Pt through N7 or N1 or both, only in the dinuclear decanegative
anion [{G®7)Pt(p-PO,)PU{G?7 )], the base is coordinated to Pt(Iil) through
N9, the protons N9-H and N1-H being missing. The Pt— N9{guanine) axial distances
of 2.141(2} A are long due to the high trans influence of the Pt-Pt bond. The
intermetallic distance is 2.5342(4) A [1521.

9. Statistical analysis
9.1. Datq retrieval

The CSD {227, version 5.08 of Ociober 1994, was searched for Pr-nucleobase
compounds, using the QUEST program. Subsequently the following subsets were
retrieved by using the RETFIL program [1537:

{a) mononuclear Pt(11} complexes with monofunctional nucleobase:

cytosine and thymine/uracil bound through N3;

all pyrimidine bases bound through N3;

guanine and adenine bound through N7;

all purine bases bound through N7 and through NI;
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(b} dinuclear complexes with two cis bridging nucleobases:

©

Pt{I1}-Pe(I1} of type 4:4;

Pt{IT)-M of type 4:4 (M is PL.Pd) and 4:5 (M is Cu or Znk

Pt¢I}-Pt(Ill} of type 4:5 and 3:5;
trinuclear compiexes of type Pt-M-Pi {

9.2. Geometrical analvsi

The GEOSTAT program [ 133] was used for an univariate analyst

< of o

5 Ol

is Cu(il), Moy, Pdidny, Pdilih.

geometrical

parameters for each subset. No particular resirictions were placed. since only a few
crystal structures have a discrepancy R factor larger then 0.07. Histograms and
scatterplots were obiained from CSD software. The relevant calculated parameters
for the different molecular fragments were

{a)

Pt-N3 {or Pt—N7) bond length;

displacement of Pt from coordination mean plune, d (absolute value);
displacement of Pt from meas nucleobase plane. d; (absolute valueh

dibedral angle between platinum coordinaiion mean plane and backbone
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nucleobase plane {x). If this angle was larger than 907, its complementary
value was taken.
angles around N3 (or N7) donor atom;
(b, ¢} metal-metal distances;
dihedral angle between adjacent metal coordination planes (1);
average torsion angle about the Pt-Pt {or Pt-M} vector (w)

9.3. Results

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 each
parameter are reported in Tables il and 12.

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 comuiexes o) adenine similar to those of guanine, despite of
the nature and number of substituents on the ring. The calculated mean value

2 4 & 8 10 12 14 ls 18 20 PL-N7
PR (PP U O (s (i (O S P AP
1.855 - -
'** *
1.880 ~%=* -
LRRERHR .
2.005 ~dwxkkex -
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LEARERRFE T AR AR R I TR F TR
SRk AR AR A
EEERARE T

2.030 ~wukrrs -
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Fig. 20. Histogram of Pt-N7 distances in complexes containing mono- and difunctional purines.
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Table 11

Mean Pt-M{nb} bond lengths tAy, angles { '} around the
coordination and from the nucicobase plane

donor, displacernents {A)

5, 275-332

of Pt from the

Mean vaiue hin Maz %) o obs,
cystosine.™?
Pt-N3 205357y 2,004 2059 0014 37
Pi-N3-C2 116.7(2} 1139 1189
Pt-N3-C4 122.5¢3 1185 1258
C2-MN3-C4 120.7¢2) 1184 1214
% 80(1) 62.7 894
d 0.015¢2) 0.000 0.04¢
dy 0.12(2) 0.005 0.322
thymine/uracii.N*
Pt.N3 203U6) 1.97% 20054 H
Pt-N3-C2 118.216) 1142 1228
Pr-N3-C4 119.6(6} 1147
C1-N3-C4 1220(3) 1158
o 76(3) 603
d 0.024(5) 0.000
dy 0.16(3} 0,009
pyrimidine N?
Pi-N3 2034(2) 1.973 2059 0017 53
thymine /uracil, N
Pi-N1 20325 2019 2040 G009 4
guanine,N’
Pt-N7 { 1.953 A0S 29
P1-N7-C3 B8} b i 33
Pt-N7-C8 23616} 1187 P34 30
C5-N7-C8 106.03) 1018 9.5 i
x 70(3y 414 B4 140
4 06.021(3) i Q056 [(A R
dy 8193} ] a.158
adenine W™
PNT 201014 1.97% 2040 0.014 i3
Pi-N7-C5 127745y 1243 1333 1.8
PLNT-C8 126,271 120.6 1287 28
C5-M7-L8 6016} 1933 [EEN 23
2 RIS 624 s 93
4 0173 Q.03 8008
dy 0.32(2) 0235 4477
purine N’
Pr-M7 2015 1.863 NG 0018 42
purine, N’
Pi-Ni 20415 24061 {816 56
Pe-Ni-C2 E941} 1242 35
Pr-MNi1-Co 1201 1350 35
C2-Ni-Cé 121.0(53 1237 i.8
% F5t4y B4 e
d 3918} G020
de 03245 0171
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Table 12
Mean values of metal-metal distance (A}, 1ilt angle 7 () beiween adjacent metal coordination planes and
average torsion {or twist) argle w { ') about the Pt-M vector in di- and trinuclear complexes®

Mean value Min Max S.0 i1 obs.
Pt-Pt
PPt 2.96(3) 2861 3.199 0.086 i1
T 34¢2) 225 455 58
@ 1342 1.8 24.4 8.1
Pr-M (M=P1, Pd Cu Zn)
Pt-M 2.93(3) 2.760 3.199 0.163 14
T 32U 193 46.5 6.6
[} 142 1.8 244 7.3
Pr-M~Pt (M=Cu, Mn, Pd, Pd(ifl))
Pt-M 2.74(3) 2.633 2984 0117 9
T 20(1) 145 326 S5
@ S 28 212 5.5
Peritf)-pPie il
Pt-Pt 260(2) 2.543 2.699 0.056 9
T 2017 6.0 232 22
%) 22(3) EN 29.8 10.1

® Oxidation state of metals is +2, vnless otherwise indicated,

[2.034{2) A1 for the Pt-N3{pym} is significantly longer than that found in Pt- N7(pu)
[2.015(2) ;\], but similar to the mean of Pt-N1{pym), the latter derived from four
observations. A mean value of 2.941(5)/3. has been calculated for the Pt-Ni(pu)
bond lengths. The difference can be ascribed to the different size of the ring containing
the N donor atom. A visual display of the Pt—-N3(oym} and Pt-N7(pu} distances is
reported in histograms of Fig. 19 and Fig. 20.

In thymine 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-Pt) on the side of C=O group. In purine
complexes the coordination PI-N-C angles present essencially the same value, both
for N7 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 bases. The value might be
influenced in some cases by the crystal packing. We do not want to speculate on
this parameter, although the dy values have been used in molecular mechanics
calculations for the development of a suitable force field to model DNA-cis-Pta,
adducts [ 147]. Histograms of d; for pyrimidine N3 and purine N7 coordinated are
reported in Figs. 21 and 22, respectively. In contrast, the coordination cut-of-plane
of Pt, which is reported for mononuclear Pt{YI) complexes in Tables 1 and 2, falls
in a narrower range (0-0.05 A).

The results of the geometrical parameters for di- and trinuclear complexes
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Fig. 21. Histogram for displacement of Pt from pyrimidioe ring. d;.

(Tabie 12) have been reported and discussed in the sections devoted io these
species.

19. Conclusions

The aim of this review i< not only to present a detailed factual survey of Pt
complexes with nucleobases in solid state, but ako to examine some fundamental
implications of structure with their chemical behaviour. Structural data such as bond
lengths, angular distortions in the metal coordinaiion sphere or at the nucleobase
binding site, metal out-of-plane, torsional angles etc. can be derived for these com-
pounds with relatively ligh accuracy. Apart from unambiguously confirming Pt
binding sites at nucleobases {an aspect of particular importance if previously contro-
versial). X-ray crystallography provides detailed structural information which should
be useful, among others, in theoretical studies {molecular mechanics, molecular
dynamics} of Pt—-DNA interactions, particularly concerning the antitumor cisplatin-
fike agents.
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Fig. 22. Histogram for displacement of Pt fre:a purine . g, dg.

A special focus of the review is devoted to polynuclear complexes containing either
Pt alone 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 nucleobase coordination chemistry. The metal-metal interaction is rather
variable in these complexes and it can be often highlighted and interpreted applying
semiempirical MO methods.
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Appendix 1.

List of abbreviations

A adenine, unspecified

C cytosine, unspecified or neutral form

G suanine, unspecified

T thymine, unspecified

nb generic nucleobase

pym pyrimidine

pu purine

h-h head-head arrangement

h-t head—tail arrangement

XY generic ligands

a NH; amine

1-MeC 1-methylcytosine

i-MeC~ i-methylcytosinate, N4 deprotonated
1,5-Me,C™ 1,5-dimethylcytosinate, N4 deprotonated
i-MeTH {-methylthymine

4H, 1-MeTH  2-oxo-4-hydrexo form of neutral f.methylthymine
i-MeT™ I-methylihyminate, N3 deprotonated
i-TH™ thyminate

1-MeUH 1-methyluraci

4H, 1-MeUH  Z-oxo-4-hydroxo form of neutral I-methyluracil
-Mel ™~ I-methyluracilate, N3 deprotonated
UH” uracilate

3-MeA 3-methyladenine

9-MeA 9-methyladenine

9-MeAH ™ 9-methyladeninium

1.9-Me,AH™  1.9-dimethyladeninium
69-Me,AH™  69-dimethyladeninium

9-EtGH 9-ethylguanine
9-EtG~ S-cthylguanine anion
9-MeGH,” 9-methylguaninium
7.9-Me,G 7.9-dimethylguanine
NI, N3, O4, ete sites of coordination
Me methyl

Et ethyl

bmik bis{N-methylimidazol-2-vl}ketone
bipy 2.2 -bipyridyl

dien diethylenctriamine
Gly glycinate anion

Cp cyclopentadienyl

en cthylenediamine

Me,en tetramethylethylenediamine
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NH,Me methylamine

pymS~ 2-thiopyrimidinato

TU™ 2-thiouraciiato

2-pyro Z-pyridonato

pyz pyrazine

DMSO N, N-dimethyisulphoxide
DMF N, N-dimethylformamide
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