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A major feature of mono(nucleobase) complexes of PtII containing one or more aqua ligands is their abil-
ity to engage in intermolecular condensation reactions leading to multinuclear species with bridging
nucleobases, bridging hydroxido or amido ligands. Their chemistry appears to be more versatile with iso-
lated model nucleobases than is the case when relevant PtII species interact with nucleic acids. Special
emphasis of this review article is on compounds obtained with pyrimidine model nucleobases
(1-methylcytosine, 1-metylthymine, 1-methyluracil) and their cyclic condensation products. Aspects of
chirality of mononuclear as well as head–tail dinuclear species will be discussed.

� 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Contents
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2. Mono(nucleobase) complexes of type cis-[Pt(L,L’)(nb)X] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.1. Examples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.2. Aqua species . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.3. Chirality of cis-[Pt(L,L’)(nb)X] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.4. Uses of cis-[Pt(L,L’)(nb)X] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.5. Metal binding properties of mono(nucleobase) complexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.6. Cyclic derivatives of cis-[Pt(L,L’)(nb)X]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.6.1. Requirements for their formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.6.2. Head-tail dimers with Pt centers facing each other . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.6.3. Chirality of head–tail Pt and Pd dimers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.6.4. Alternatives for head–tail dimers? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.6.5. Reactivity and uses of Pt and Pd head–tail dimers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.6.6. Larger metalacycles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.6.7. Oligomerization vs. cyclization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.6.8. Special case: Bis(1-methyluracil-5-yl) methane system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.6.9. l-OH and l-NH2 bridging combined with nucleobase bridging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3. Mono(nucleobase) complexes of type trans-[Pt(a)2(nb)X] (a = NH3 or MeNH2). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.1. Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.2. Examples and properties. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.3. pKa values of aqua species . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.4. Uses of trans-[Pt(a)2(nb)X] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.5. Cyclic and open derivatives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
4. Mono(nucleobase) complexes of type trans-[Pt(NH3)(nb)X2] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ccr.2022.214566&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.ccr.2022.214566
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:bernhard.lippert@tu-dortmund.de
mailto:pablo.sanz@unizar.es
https://doi.org/10.1016/j.ccr.2022.214566
http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr


B. Lippert and P.J. Sanz Miguel Coordination Chemistry Reviews 465 (2022) 214566
4.1. Examples, formation and potential relevance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
4.2. Di- or/and multinuclear derivatives of trans-[Pt(NH3)(nb)(H2O)2]n+ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
5. Mono(nucleobase) complexes of type cis-[Pt(NH3)(nb)X2] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195.1. Synthesis and properties. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

5.2. Condensation reactions of the diaqua species . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
6. Mono(nucleobase) complexes of type [Pt(nb)X3]– . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

6.1. Examples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
6.2. Selected derivatives. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
7. Mono(nucleobase) complexes of type [Pt(nb)a3]2+. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
8. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

Declaration of Competing Interest . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
1. Introduction

Cationic PtII complexes display a natural attraction for polyan-
ionic macromolecules such as DNA and RNA. The mode of action
of the unique anticancer agent Cisplatin, cis-[Pt(NH3)2Cl2] and its
hydrolysis products, appears to be ultimately connected with this
scenario [1–4]. Other Pt-am(m)ine compounds such as trans-[Pt
(NH3)2Cl2], [Pt(NH3)3Cl]+, or [Pt(dien)Cl]+ etc. (dien = diethylenetria
mine) share similar reactivity patterns, yet are less potent in terms
of anticancer activity, or are even inactive. On the other hand, there
are numerous ‘‘non-classical” Pt compounds known to date, which
exhibit remarkable antitumor activity, but do not follow the
‘‘structural rules” of the clinically successful Pt drugs like Cisplatin,
Carboplatin, Oxaliplatin, Nedaplatin, etc. [5–7]. Among these, Pt
compounds with a single leaving group, e.g. chlorido, hence com-
pounds which seem to be capable of binding to DNA in a mono-
functional way only, have received considerable attention.
Representative examples are compounds of general composition
cis-[Pt(NH3)2LCl]+ with L = cytosine [8,9], pyridine [10], or phenan-
thridine [11]. Similarly, substitution of one of the NH3 ligands of
Transplatin by a planar N-heterocycle endows such compounds
with antitumor activity (see also 2.4) [12].

We and others have, over the years, synthesized and struc-
turally characterized a large number of complexes of type cis-
and trans-[Pt(NH3)2(nb)Cl] (with nb = anionic, neutral, or even
cationic model nucleobases; charges omitted) with the aim to
model possible primary DNA adducts of Cisplatin and Transplatin,
and to convert them eventually into models for bis(nucleobase)
adducts. Any testing for possible antitumor activity of these
mono(nucleobase) compounds has not been in our focus. During
the course of our work we not only were able to obtain models
of established DNA nucleobase cross-links, e.g. intrastrand cross-
links of Cisplatin between adjacent guanine bases [13] and
between adenine and guanine [14,15], or the major interstrand
cross-link of Transplatin with guanine and cytosine [16], and to
study them in detail, but discovered a multitude of unexpected
reactivity patterns of the mono(nucleobase) precursors. This
review is an attempt to summarize these findings and to point
out salient features regarding their chemistry, which goes well
beyond their sole usefulness as starting materials for model com-
pounds of Pt-DNA cross-links. As we will demonstrate, self-
condensation reactions are a unique and frequently executed
propensity of these compounds. Whether or not this observation
is of any relevance for biological systems, remains to be seen.

At present it seems that the chemistry of structural models,
originally considered by us to ‘‘simplify” things, in many ways is
more complex than the chemistry occurring at least with double-
stranded DNA and its steric restrictions regarding metal binding
sites. This caution applies even more so to parent nucleobases as
the additional available binding sites (N1 in pyrimidine (pym)
bases; N9 in purine (pu) bases) open even more metal binding
2

options. We have previously elaborated on different aspects of this
topic with a focus on unsubstituted pyrimidine nucleobases [17–
19]. Similarly, if nucleobase-ligand conjugates are employed,
and/or metals other than the d8 metal ions discussed here prefer-
entially, are included, fascinating constructs are emerging, leading
into the realms of supramolecular chemistry, crystal engineering,
and materials research [20–32]. We explicitly do not wish to
embark here on nucleic acid-based nanotechnology, a field that
develops at an astonishing rate [33].

In the following the focus will be largely on model nucle-
obases, in which the glycosidic entities of nucleosides are
replaced by alkyl groups. This simplification avoids the genera-
tion of diastereomers in cases of chiral metal complexes. As far
as charge is concerned, the analogy between model nucleobases
and nucleosides is almost perfect. Potential secondary interac-
tions of the metal ion with oxygen donor sites of the sugar enti-
ties are not considered, because they are relatively rare with PdII

and PtII [34]. Fig. 1 depicts the most common DNA and RNA
nucleobases. The respective model nucleobases discussed here-
after are mainly 1-methylcytosine (1MeC), 1-methyluracil
(1MeUH), 1-methylthymine (1MeTH), 9-methyl- or 9-
ethyladenine (9RA), 9-methyl- or 9-ethylguanine (9RGH), and
9-methylhypoxanthine (9MeHxH). The letter ‘‘H” indicates a pro-
ton sitting at an endocyclic N atom of the nucleobase. While the
mentioned nucleobases in general are neutral in the physiologi-
cally relevant pH range, metalation of the heterocyclic part and a
favorable microenvironment can strongly change the protonation
state, hence affect the pKa. We have extensively studied such pKa

shifts and have elaborated on their potential biological relevance
[35–41]. In their metal complexes, nucleobases frequently occur
in their deprotonated forms. In the following we differentiate
whether the base has lost a proton from an endocyclic NH group
(e.g. anion of 1-methyluracil = 1MeU; pKa values below 10 for
free base) or from an exocyclic NH2 group (e.g. 1MeC–H; pKa val-
ues above 16 for free base). Throughout this text, we frequently
delete the charge of the metal complex, when the protonation
state of the nucleobase (neutral or deprotonated) is not
specified.

Metal coordination to N3 of U and T requires deprotonation of
this site (1MeU, 1MeT), as does metal binding to N1 of G and Hx
(9RG, 9RHx), but binding to N7 can occur at neutral 9RGH and
9RHxH, with subsequent deprotonation of N1, however (9RG,
9RHx). Metal binding to neutral 1MeC can take place at N3, but
twofold metal coordination to N3 and N4 requires deprotonation
of the exocyclic amino group (1MeC–H). Exclusive metal binding
via deprotonated N4 can either lead to the coordinated anion
(1MeC–H) or, following protonation of the N3 site, to the metalated
neutral rare iminooxo tautomer form (1MeC*). Similarly, the N3
metalated 1MeU/1MeT anion can become protonated at O4,
thereby generating a ‘‘metal-stabilized rare nucleobase tautomer”
(e.g. 1MeUH*), and likewise can N1 metalated 9RG be converted



Fig. 1. Major DNA and RNA nucleobases (C = cytosine, T = thymine, U = uracil, A = adenine, G = guanine, Hx = hypoxanthine) with R being alkyl groups (model nucleobase),
sugar (nucleoside), or sugar phosphate (nucleotide).
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to a rare tautomer via protonation of N7. As to the situation with
adenine: While metal binding to neutral 9RA can occur either
through N1 or N7, or to both sites simultaneously, metal coordina-
tion involving the exocyclic amino group N6, alone or in conjunc-
tion with N1 and/or N7, requires deprotonation of the amino
group (9RA–H). Again, metal binding patterns involving N6 can lead
to a rare imino tautomer structure (9RA*) through protonation of
the anionic nucleobase [42]. Finally, N7 or N1 metalated 9RA can
undergo protonation at low pH to become an adeninium ligand
(9RAH+), and N7 metalated 9RGH can accept a proton at N3 to
become a guaninium entity (9RGH2

+) at low pH (see also chapter
6). In rare cases also organometallic compounds are observed, with
PtII being bonded to a carbon atom, e.g. C5 of 1MeU [43]. We shall
not discuss this possibility here further.
2. Mono(nucleobase) complexes of type cis-[Pt(L,L’)(nb)X]

2.1. Examples

The by far largest number of compounds of this type with
model nucleobases and variable X ligands are available for X = h
alido, notably Cl–, with occasional substitution by iodide, hydrox-
ide, nitrate, or water. 1MeC compounds (with N3 coordination)
are leading in numbers. The CSD lists a majority number of exam-
ples for L = L’ = NH3 for obvious reasons (relevance to Cisplatin
chemistry), fewer examples for chelating diamines and diimines,
for tris(alkyl)phosphine and related ligands, as well as rare cases
of non-symmetrical co-ligands (such as a L,L’ = cyclometalated C,
N-chelating one) [44,45]. In the following, only few selected exam-
ples shall be discussed in more detail. Their syntheses are usually
achieved by direct reaction of cis-[Pt(L,L’)X2] (X = Cl or I) with
the respective nucleobase in water or DMF, and prior or subse-
quent exchange of an X ligand, if appropriate. Oxidative addition
of a Pt0 species to 1MeTH has also been reported as another possi-
ble route [46,47]. Yields of the 1:1-complexes are frequently mod-
erate or low due to concomitant formation of the corresponding bis
(nucleobase) complex, and the possibility of subsequent secondary
reactions of either species with the remaining available Pt starting
compound [48]. Occasionally, detour reactions to obtain the
desired mono(nucleobase) species can be advantageous [49]. Bind-
ing sites of the model nucleobase to PtII usually follow expectations
[50], as outlined above. While this text concentrates largely on PtII

complexes, we also refer to analogous PdII compounds, as these
appear to be rather similar as far as structural aspects are con-
cerned. The main difference refers to kinetics, which are consider-
able faster for PdII species.
3

2.2. Aqua species

The ultimately reactive species of cis-[Pt(L,L’)(nb)X] compounds
for self-condensation reactions or reactions leading to
bis(nucleobase) products are the respective aqua complexes,
hence X = H2O. Depending on the Pt binding site, these species have
at least two sets of relevant acid-base equilibria, involving the aqua
ligand and the nucleobase. Determined by 1H NMR spectroscopy,
pKa values for aqua ligands in the various model nucleobase com-
plexes of cis-(NH3)2PtII range from ca. 4.8 – 7.0, depending on com-
plex charge (+2 or +1) and a balance of electron donor properties of
the co-ligands (r- and p-bonding) and the metal (p-backbonding).
In addition, the microenvironment (intramolecular H bonding)
seems to play a role [40,51]. Relevant pKa values agree, for 1MeC
(5.8) and 1MeU (7.0) model compounds, excellently with data for
the corresponding nucleoside complexes as determined by Barn-
ham applying 15N and 195Pt spectroscopy [52]. For guanine (6.2)
and adenine model nucleobase compounds (4.8, N7-linkage iso-
mer), deviations with nucleoside complexes are larger (0.3 – 0.7
log units), as a consequence of the overlap of the two individual
acid-base equilibria and differences in the treatment of the pH-
dependent shift data (simplified graphical evaluation or computa-
tional least-squares method). As briefly mentioned above, aqua
groups with pKa values close to 7 are potentially suitable to become
involved in acid-base catalysis, as are, of course, also strongly
shifted pKa values of the nucleobases. Moreover, it needs to be
pointed out that Pt–OH and Pd–OH groups present at weakly acidic
pH are capable of deprotonating nucleobases (and coordinating to
them) at pH values substantially below their pKa values. Typical
examples are the formation of 1MeU-N3, 1MeT-N3, or 1MeC–H-
N3,N4 complexes even in slightly acidic solutions.

Regarding pKa values of the coordinated model nucleobases,
they are spread over a much larger range in the case of the
mononuclear complexes. With the exception of N1 deprotonation
of N7-platinated guanines (7.8 – 8.4) [53], these values are too
far off from 7 to be of any likely biorelevance. Thus, protonation
of bound nucleobases occurs for 1MeU-N3 with pKa ’ 0.9 and 1.2
for 9RA-N7, while deprotonation of 1MeC-N3 takes place with pKa-
� 13. Values for deprotonation of the exocyclic amino group of
adenine nucleobases in mononuclear complexes are still approxi-
mates [54], but similar to those of cytosine bases, � 13 for 9RA-
N7 and � 11 for 9RA-N1. Favorable intramolecular interactions
can lead to dramatic acidifications, however, which then shift the
pKa value well into the physiologically relevant pH range (see
3.3). This is also true for mononuclear compounds with metals in
higher oxidation states than +2 [41], not to be discussed here.



Fig. 2. Schematic views of the two enantiomers of cis-[Pt(NH3)2(1MeT-N3)Cl] (top), and determination of their chirality terms with views along the a–Pt–N3 vectors (a = NH3)
(bottom): The ‘‘far bond” N3–C2 rotates clockwise with respect to the ‘‘near bond” Cl–Pt (P enantiomer) or counter-clockwise in the other enantiomer (M enantiomer). As in
most other figures, bond orders within the heterocyclic rings are not indicated.
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2.3. Chirality of cis-[Pt(L,L’)(nb)X]

All mentioned 1:1-nucleobase complexes of composition cis-[Pt
(L,L’)(nb)X] display planar chirality as a consequence of monoden-
tate binding of the respective nucleobase (Cs local symmetry) and
its exocyclic substituents adjacent to the metal coordination site
(endocyclic N atom) which prevent a coplanar orientation of the
nucleobase with the metal coordination plane [55], and hence
rapid rotation about the Pt–N(nb) bonds and consequently racem-
ization, at least for pym-N3 and pu-N1 compounds [56,57]. For [Pt
(en)(cytidine-N3)(D2O)]2+ the occurrence of diastereomers in D2O
solution is a clear indication for hindered rotation of the nucle-
obase [57]. In solid state the compounds occur as pairs of enan-
tiomers (racemates), as required by the centrosymmetric space
groups of the crystalline materials. Fig. 2 gives, as a representative
example, schematic views of the two enantiomers of cis-[Pt
(NH3)2(1MeT-N3)Cl] [58].

The individual enantiomers are characterized by their torsion
angle x, which describes the orientation of the Pt–Cl and N3–C2
bonds relative to the central Pt–N3 bond (or the angle between
the Cl–Pt–N3 and the Pt–N3–C2 planes). The choice of Cl and C2
follows the CIP priority rules of substituents of the two planes.
The respective chirality terms are determined as follows: When
viewed along the Pt–N3 bond, the far bond (N3–C2) is either clock-
wise rotated with respect to the near bond (Cl–Pt) or counter-
clockwise. In the first case x is positive (right-handed helix) and
the chirality term is P, whereas in the second case x is negative
(left-handed helix), and the chirality term is M.

Regarding the example cis-[Pt(NH3)2(1MeT-N3)Cl] torsional
angles are +104.9� and –104.9�, respectively, with the 1MeT plane
forming an angle of 76.5� with the Pt coordination plane.

2.4. Uses of cis-[Pt(L,L’)(nb)X]

Given the number of possible DNA adducts (monofunctional
binding or cross-linking) of Cisplatin (L = L’ = NH3) [59,60], the
mono-adduct models reported above provided ideal compounds
for studying their basic properties (e.g. acid-base chemistry, see
above; base pairing properties; biological activity) and at the same
time useful starting materials for models of mixed-nucleobase
adducts.

As to biological effects of cis-[Pt(L,L’)(nb)X] compounds: In a
pioneering study, Hollis and coworkers had synthesized and tested
4

a large number of compounds of composition cis-[Pt(NH3)2(N-
donor)Cl]+ with N-donor representing various amines as well as
N-heterocyclic ligands including differently substituted pyridines,
cytosine, 1MeC, cytidine, and guanosine [8]. The surprising antitu-
mor activity of most of these compounds, which contradicted ear-
lier views of the mode of action of antitumor Pt drugs, was later
confirmed for related compounds on a large number of tumor lines
[61]. It is well established today that these monofunctional Pt
agents represent a new class of antitumor agents which, after
release of the labile chlorido ligand, bind to DNA via guanosine-
N7 sites, thereby producing a blocking site for DNA replicating
polymerases. This research, carried out initially with the cytosine
compound [9], and subsequently in detail with the pyridine com-
pound (‘‘pyriplatin”) by the Lippard group [10,62] has later been
extended to the phenanthridine analogue (‘‘phenantriplatin”),
which indeed appears to be another promising drug candidate
[11]. The inactivity of [Pt(NH3)3(H2O)]2+, assumed to also bind to
guanosine-N7 in the major groove of DNA, may therefore only be
a matter of size, namely the NH3 ligand being sterically too small
to efficiently block essential biomolecules to interact with DNA,
hence to interfere with transcription [63]. Whether or not related
mononuclear Pt- and Pd-1MeT or -thymidine complexes with
antiproliferative activity [46] are fully analogous in their modes
of action to the above-mentioned compounds, remains to be seen.

At least two other topics, the antiviral activity of mononuclear
complexes of PtII containing guanine-type ligands (acyclovir; pen-
ciclovir) [64], and the effects of several monofunctional PtII com-
pounds on bacterial growth in general [65] —reminiscence of the
discovery of the antitumor agent Cisplatin by Barnett Rosenberg—
should be mentioned here with regard to biological effects.

Regarding models of feasible Cisplatin cross-links with sites in
double-stranded DNA and single-stranded DNA or RNA, cis-[Pt(L,
L’)(nb)X] compounds are ideal precursors for mixed-nucleobase
species. Examples include such between 9EtGH and 1MeC [66],
9MeA and 1MeC [67], 1MeU and 1MeC [68], 9MeAH and 1MeT
[69], as well as 9MeA and 9EtGH [14,15]. Except for the latter,
which is a model for the second most abundant Cisplatin cross-
link in duplex DNA, the biological significance of the other cross-
links is presently unclear. For model compounds involving N1 of
9RG see also chapter 7. All these compounds are inherently chiral,
occurring in the solid state as pairs of enantiomers [55]. With the
AG model cross-link, minor structural differences in dependence
of the counter anion are seen [14,15].



Fig. 3. Intra- and intermolecular condensation reactions between cis-[Pt(a)2(pym-N3)(H2O)]n+ and cis-[Pt(a)2(H2O)2]2+ involving X4 positions only (top), or simultaneously
also O2 (bottom). In the condensation products X4 refers to either O (1MeU, 1MeT) or NH (1MeC–H). Charges have been omitted, as have been double bonds in the
heterocyclic nucleobases, like in later schemes.
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2.5. Metal binding properties of mono(nucleobase) complexes

We have extensively published on the metal binding properties
of bis(pym-nucleobase) complexes of cis- and trans-a2PtII and
described numerous homo- and heteronuclear examples [69,70].
In brief, coordination of the second metal usually requires two suit-
ably positioned exocyclic donor atoms of two ligands, in most
cases X4 (X = O for 1MeU and 1MeT; X = NH for 1MeC–H). The sit-
uation with mono(pym-nucleobase) compounds is different in that
there is no second X4 site available. However, a small ligand at Pt
present, such as OH– [47,71,72] or a halido [73] can serve this pur-
pose to generate 6-membered chelate rings following an in-
tramolecular condensation, as sketched for the reaction of the
mononuclear Pt complex with additional cis-(NH3)2PtII in Fig. 3
(top left). For related aspects see also 2.6.9. As a hypothetical alter-
native (top right and bottom), intermolecular condensation involv-
ing exocyclic donor groups from adjacent mono(pym-nucleobase)
5

complexes are feasible. It could lead to arrangements of different
stoichiometries and compositions. In the simplest case, with exclu-
sive use of N3 and X4 sites, a product of type [Pt3(pym-nb)2(H2O)2]
could be envisaged. If in addition also involvement of O2 is consid-
ered, a composition of [Pt5(pym-nb)2(H2O)4] is possible, and so on.
Such multinuclear species appear to be reasonable if reactions of
excess cis-[Pt(NH3)2(H2O)2]2+ with pym-nucleobases are consid-
ered. In principle, the stacked versions would allow for short Pt���Pt
contacts, including the possibility of partial metal oxidation. Fur-
thermore, the terminal aqua ligands have the capacity to engage
in additional association patterns via hydroxido bridges. We shall
not further consider such a possibility here, however. It can be
expected, that concentration and pH determine whether condensa-
tion reactions of this kind occur in an intra- or intermolecular way.

Interestingly, analogues of the proposed structures for Pt3 and
Pt5 species might also be possible for products formed between
[Pt(NH3)3(pym-nb-N3)]n+ and cis-[Pt(NH3)2(H2O)2]2+.



Fig. 4. Commonly applied synthetic ways to generate head–tail dinuclear com-
plexes of cis-PtII(a)2, schematically outlined for 1-methyluracil.

Fig. 5. View of cation cis-[(NH3)2Pt(l-1MeT-N3,O4)]22+ (RM enantiomer) [85].

Fig. 6. Possible dinuclear linkage isomers derived from cis-[Pt(a)2(pym-N3)(H2O)]+

(with pym = 1MeU or 1MeT). The head–tail dimer with twofold N3,O4 bridging is
the thermodynamically most stable product. The two other head–tail isomers may
represent kinetic products.
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2.6. Cyclic derivatives of cis-[Pt(L,L’)(nb)X]

2.6.1. Requirements for their formation
In order to produce cyclic constructs starting from cis-[Pt(L,L’)

(nb)X] two requirements must be fulfilled: (i) The nucleobase
needs to have a second suitable donor site of sufficient basicity
available, e.g. an exocyclic O atom (in case of 1MeU, 1MeT, or
9RGH), a second endocyclic N atom (9RA, 9RGH, or 9RG anion),
or a sufficiently acidic amino group, as metal binding requires
deprotonation of the NH2 group (in case of 1MeC, 9RA) [74,75].
Pt coordination to an endocyclic ring N atom, which is accompa-
nied by displacement of a proton (T-N3, U-N3, G-N1) fulfills this
criterion, as electron density is shifted to the adjacent carbonyl
oxygen atoms [76]. Pt coordination to a free endocyclic N atom
(N3 of C, N1 of A, N7 of A, N3 of G) acidifies the protons of the adja-
cent amino groups markedly (see above), albeit not nearly to the
6

same extent as does methylation or protonation of the adjacent
endocyclic N atom, which in the case of cytosine bases is ca. 106

[77]. (ii) cis-[Pt(L,L’)(nb)X] needs to have a good leaving
group X, which, if reactions are carried out in water, is a H2O
ligand. X = OH– is a poor leaving group, but it can achieve deproto-
nation of a N–H nucleobase function (see above) and consequently
likewise favor l-nb formation. On the other hand, hydroxido
ligands can be potent competitors for the formation of cyclic nucle-
obase complexes, in that PtII has a pronounced tendency to also
form l-OH species [78]. Clearly, the distribution of hydroxido-
and nucleobase-bridged species is also pH-dependent and a combi-
nation of both bridging modes is also feasible. In rare cases even l-
NH2 formation (through intermolecular condensation between
NH3 and OH– ligands) has been observed [72].

Ignoring these competitive reactions for the moment and con-
centrating solely on metalacyclic nucleobase species, these may
involve the following combinations: T or U: N3,O4 and N3,O2, C:
N3,O2 and N3,N4, A: N1,N6 as well as N7,N6, and N1,N7, G: N1,O6
as well as N7,O6, and N1,N7. The involvement of G-N2 in combina-
tion with G-N1, although occasionally seen with HgII [79], has not
yet been verified with cis-[Pt(L,L’)(nb)X]. Likewise, there is no
established case of a cyclic species involving G-N3 and G-N2.
2.6.2. Head-tail dimers with Pt centers facing each other
The smallest cycles formed by condensation of two cis-[Pt(L,L’)

(nb)(H2O)]n+ are folded 8-membered rings (all pym nucleobases
and N1,X6 combinations for pu nucleobases) as well as folded 10-
membered rings (N7,X6 combinations for pu nucleobases), with
X6 being either O (G) or NH– (A). Synthesis of these dinuclear com-
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plexes is achieved either by rational dimerization of cis-[Pt(L,L’)
(nb)(H2O)]+ (if nb is a deprotonated nucleobase, e.g. 1MeT, 1MeU,
9RG) or cis-[Pt(L,L’)(nb)(OH)]+ (if nb is a neutral nucleobase,
e.g. 1MeC, 9RA, 9RGH), or by numerous other ways. One of these
involves a mixed metal, mixed l-hydroxido/l-1-methylcytosinato
intermediate, in which the PdII exercises a catalytic function to
eventually give the PtII-head–tail dimer [71].

A commonly applied method to obtain head–tail dimers is also
to react hydroxido-bridged dinuclear cis-[(L,L’)Pt(l-OH)2Pt(L,L’)]n+

(with L,L’ being NH3 or another monodentate ligand such as phos-
phine, a chelating, symmetrical or unsymmetrical N,N’ ligand, a
diphosphine, or an anionic cyclometalating C,N ligand) with neu-
tral nucleobases (1MeTH, 1MeUH, 1MeC, 9EtA) [80–83] (Fig. 4).
For analogous PdII complexes, identical procedures work.

The first structurally characterized example of this type of
head–tail dimers was that of 1MeT [84], followed by analogous
structures with 1MeU [85], a second modification of the 1MeT
Fig. 7. Attempt to rationalize the crystallographic analysis of the head–tail dimers deri
parallel and antiparallel po co-ligands.
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dimer [86], and several examples of 1MeC–H [87–89]. Fig. 5 depicts
a representative structure (1MeT). The dinuclear cation is chiral
(see 2.6.3), but only one of the two enantiomers (M) present in
the unit cell is shown.

As can be seen, the cation cis-[(NH3)2Pt(l-1MeT-N3,O4)]22+ dis-
plays two tilted (36�) and at the same time slightly rotated (14�)
Pt coordination planes, which face each other. The intramolecular
Pt–Pt distance is 2.974(1) Å. Each Pt atom is bonded to a N3 site
as well as an O4 of 1MeT, and carries two NH3 ligands. Because
of the pseudo-twofold axis bisecting the 1MeT plane through N3
and C6, there could be an ambiguity regarding the coordinating
oxygen atoms (O4 or O2), but the thermal parameters of N1 and
C5 rule out that O2 is bonded. Moreover, all crystallographically
studied Pt dimers with 1MeU bridges reveal O4 as the second bind-
ing site. Nevertheless, O2 should not be fully excluded as a Pt bind-
ing site in 1MeT (and 1MeU) compounds, as it could be present in
kinetic products, which during the crystallization process, convert
ved from [Pt(po)(1MeU-N3)(H2O)]+ (with po = 2-(pyridine-2-yl)-2-oxazoline) with



Fig. 8. Possible routes to head–tail dimers derived from the l-OH dimer of PtII(dmba) (with dmba = 2((dimethylamino)methyl)phenyl) and 1MeC and 1MeTH, respectively,
explaining the differences of the pym-N3 positions with respect to the unsymmetrical co-ligands.
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to the thermodynamically stable one seen in the solid state struc-
tures (see also section 2.6.8). Regarding the formation of the head–
tail dimers, intermediate open structures with a still available aqua
ligand at one of the two Pt atoms, seem possible. Taken together, it
is obvious that prior to precipitation of the most stable product, a
series of intermediates or thermodynamically less stable products
may exist in solution (Fig. 6). They might explain, at least in part,
the complexity of 1H NMR spectra of freshly prepared cis-[Pt
(NH3)2(1MeU)(D2O)]+ solutions [48,49].

The use of unsymmetrical rather than symmetrical co-ligands
((NH3)2, en, 2,20-bpy, etc.) at the metal entity (M = Pt or Pd) pro-
vides a number of interesting aspects with regard to the formation
of dinuclear head–tail nucleobase compounds. For example, the
group of Krebs has used unsymmetrical chelating N,N’ co-ligands
8

such as mipk (1-methylimidazol-2-yl pyridin-2-yl ketone) [90],
po (2-(pyridine-2-yl)-2-oxazoline [91], and cmpp (3-chloro-6-(3-
methylpyrazol-1-yl)pyridazine) [92] to prepare the corresponding
dinuclear 1MeT-N3,O4 and 1MeU-N3,O4 complexes of PtII and PdII.
In all cases the synthesis involved reaction of monomeric Pt/Pd
species with the pym nucleobase in a 1:1-ratio. Findings in the
1MeT system with (po)PtII and (po)PdII are in a way surprising in
that in the Pt compound the coordinating N3 positions are trans
to the oxazoline-N, whereas in the Pd compound the N3 sites of
1MeT are trans to the pyridine-N. As the unsymmetrical co-
ligands are arranged in an antiparallel fashion in both compounds,
a plausible explanation for the observed difference in the crystal-
lized products could be that the head–tail dimers originate from
dimerization of two different monomeric linkage isomers, hence
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from one with the po ligand bonded through the oxazoline-N in [Pt
(po)(1MeT-N3)(H2O)]+, yet from one bonded through the pyridine-
N in [Pd(po)(1MeT-N3)(H2O)]+. Whether or not the respective
other linkage isomers exist in solution and whether in fact also
‘‘mixed” species may form, needs to be further studied. Findings
with the closely related 1MeU compound head–tail-
[Pt2(po)2(1MeU-N3,O4)2]2+ indeed suggest the latter possibility in
that a disorder of the po ligand at one of the two Pt atoms is
observed in this complex: While the crystallographic refinement
suggests that 84% of the po ligands are arranged in a parallel fash-
ion, with oxazoline and pyridine rings at the two metal centers fac-
ing each other, only 16% of the po ligands are arranged in an
antiparallel way. A possible explanation could be that in the major-
ity of dimerization processes two different linkage isomers of [Pt
(po)(1MeU-N3)(H2O)]+ combine to the head–tail dimer, while the
association of identical linkage isomers (with 1MeU either trans
to pyridine-N or trans to oxazoline-N) represents a minor pathway
(Fig. 7). Of course, this picture applies only to the crystal picked for
the crystallographic study.

In yet another study from the Krebs group, a 1:1-mixture of
mononuclear Pt species containing two symmetrical, yet different
N,N ligands (dpa = 2,20-dipyridylamine and dpma = (2,20-dipyri
dyl)-methylamine) had been reacted with 1MeU [93]. The crystal
of the isolated head–tail dimer studied contains both co-ligands
present in a 1:1-ratio, thereby proving (again) that ‘‘self-sorting”,
as frequently observed in supramolecular chemistry [94,95],
appears not to be a general rule in processes leading to head–tail
dimers of the pym nucleobases.

An additional variation of this theme, the preparation of mixed
pym-nucleobases (e.g. 1MeU and 1MeC) in head–tail dimer struc-
tures may further shed light on such processes, but has not yet
been conducted.

The group of Ruiz has likewise applied a chelating unsymmetri-
cal co-ligand, dmba (dmba = 2((dimethylamino)methyl)phenyl)
and PdII to prepare head–tail dimers of 1MeT and 1MeC [83]. Start-
ing from the dinuclear, hydroxido-bridged [(dmba)Pd(l-OH)2Pd
(dmba)] and reacting it with 2 equiv of the pym-nucleobase,
head–tail dimers are obtained. In both cases the N,C-coligands
are oriented in an antiparallel fashion. However, the bridging
pym-nucleobases are arranged in different ways, namely such that
in the 1MeT case the N3 atoms are trans to N of dmba, whereas in
the 1MeC dimer the N3 atoms are trans to C of dmba. This is at first
glance surprising since in mononuclear [Pd(dmba)(1MeU-N3)
Fig. 9. View of cation head,tail-[{(en)Pd}2{(N1,N6-9MeA-N7)Pt(NH3)3}2]6+ [102].
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(PPh3)] the N3 donor atom is trans to C [83] as is, incidentally, also
the case with N3 of 1MeC in [Pt(dmba)(1MeC-N3)(DMSO)]+ [44].
The experimental findings with the two head–tail dimers can pos-
sibly be rationalized by a scenario as outlined in Fig. 8.

According to it, the hydroxido-bridged starting compound could
be in equilibrium with a monomeric solvent species (solvent = di
chloromethane; trans to C), which then binds a neutral 1MeC
through its N3 position with replacement of the solvent before
undergoing deprotonation at the amino group in position 4 by
the hydroxido ligand and subsequent dimerization. Alternatively,
the initial reaction occurring between Pt–OH and N(4)H2 could
lead to a 1-methylcytosinato species which subsequently replaces
the solvent with formation of the Pt–N3 bond. It should be men-
tioned here that the Longato group has shown that such species
(PtII bonded monofunctionally to the deprotonated N4 position)
indeed can be isolated [96]. As to the head–tail 1MeT dimer, it like-
wise could be formed in two ways, depending whether N3 binding
and nucleobase deprotonation takes place in the first or second
step, or whether neutral 1MeTH binds via its O4 position: The neu-
tral 1MeTH could either become first bonded as an anion through
N3, by condensation with the hydroxido ligand, or alternatively by
initial binding as a neutral molecule through its exocyclic O4. In
either case the resulting head–tail dimer would have the N3 posi-
tions of 1MeT trans to N of the unsymmetrical dmba co-ligands.

Analogous crystallographically confirmed structures with
head–tail N1,O6 bridged dinuclear PtII or PdII guanine complexes
(involving the pyrimidine part of the purine ligand) are presently
not available. Likewise, structures with a head–tail N7,O6 bridging
modes are obsolete for these d8 metal ions, although well estab-
lished for other metal ions, occasionally with additional metal
binding through the deprotonated N1 site [97–100], or when
bridging is in head-head fashion [100]. A comprehensive review
on relevant guanine and adenine complexes of Rh, Re, and Ru
and their interactions with DNA has been published by Chifotides
and Dunbar [101].

Dinuclear PtII and PdII complexes of adenine model nucleobases
with head–tail arrangements through N1,N6 are likewise rare. In
fact, Longato and coworkers have reported the first and so far only
head–tail dinuclear 9EtA–H complex of PtII with N1,N6 bridging of
the nucleobases [81]. Like in the head–tail dinuclear 1MeC–H com-
plexes (see above), the exocyclic amino group of 9EtA has under-
gone deprotonation, and the resulting metalacyclic ring is 8-
membered. In a variation of this theme, head–tail bridging via
N6 and N1 by two (en)PdII entities has been observed in a
heteronuclear Pt2Pd2 complex, in which the two 9MeA nucleobases
carry in addition PtII(NH3)3 units at their N7 positions (see also
chapter 7) [102]. In aqueous solution, this compound exists in an
equilibrium with the corresponding head-head dimer. Both iso-
mers display distinct anion (ClO4

–) binding properties in the solid
state and differ in their intramolecular Pd–Pd distances (Fig. 9).

An analogous structure of a RhI(cod), with monofunctional
binding to N7 and head–tail dimerization via N1 and N6 has been
reported by Sheldrick with the related 8-aza-9-methyladenine
[103].

As to adenine N7,N6 bridging by cis-Pt(a2) entities, unlike for
other transition metals [101], no crystallographically established
cases exist.

2.6.3. Chirality of head–tail Pt and Pd dimers
All head–tail dinuclear nucleobase complexes discussed above

and containing two identical co-ligands at the metals (e.g. NH3),
a symmetrical chelating co-ligand (e.g. en, 2,20-bpy), or an unsym-
metrical chelating co-ligand in antiparallel fashion at the two
metal centers (see previous paragraph), are chiral. The two mirror
images are non-superimposable and consequently represent enan-
tiomers. Formally, these head–tail dimers are the condensation



Fig. 10. (top): Idealized representation of the two enantiomers of head–tail dimers of cis-{[Pt(a)2(pym-N3,X4)]2}2+ assuming eclipsed orientations of the Pt planes. (bottom):
Refined representation, taking into account that both pym and (a) ligands are twisted. Views are in all cases from top (bold lines) to bottom (thin lines). Altogether four head–
tail dimers of different stereochemistry are possible.
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products of two identical enantiomers of chiral cis-[Pt(L,L’)(nb)
(H2O)] species. Condensation of two different mononuclear enan-
tiomers leads to products of a different structure (see 2.6.4).

To a first approximation, individual head–tail enantiomers can
be differentiated according to the recommended R and S chirality
terms (Fig. 10, top) [104,105]. However, as the two metal planes,
10
based on X-ray data, never adopt a perfectly eclipsed configuration
but rather are twisted, this situation leads to torsional angles along
the Pt–Pt vectors. These are defined in P and M terms which,
together with R and S, describe the stereochemistry of four feasible
head–tail dinuclear complexes in total (Fig. 10, bottom). Differen-
tiation of the enantiomers based on their torsion angles x is
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achieved as follows: When the dimer is viewed from the top, along
the metal–metal vector, the Pt–a bonds nearest to the observer
(Pt1), and the Pt–a bonds below (Pt2) are rotated against each
other. If the lower Pt-a bonds are rotated clockwise with respect
to the upper ones, the chirality term is P, if the lower Pt–a bonds
are rotated counter-clockwise, the chirality term is M. In a similar
fashion, head–tail dinuclear pu-dimers, with N1 and X6 metal
coordination, can be differentiated. Usually torsion angles x for
the two sets are not exactly the same and therefore are averaged.
They contribute to the metal–metal distance in the dimer, together
with other variables such as bite distance of the bridging nucle-
obase, tilt angle of the metal planes, steric demand of the co-
ligands, crystal packing pattern, etc. [106,107].

An alternative description of R and S enantiomers might be that
ofD andK enantiomers, based on the skew-line convention, as fre-
quently used to differentiate head–tail isomers of mononuclear
complexes of type cis-[Pt(a)2(nb)2], hence compounds containing
two identical nucleobases in a monodentate fashion [108–110]. If
applied to the here discussed head–tail dimers, skew lines would
refer to Pt–Pt vectors and to N3–N3 vectors, and D would corre-
spond to R and K to S.

In Fig. 11 different views of the dinuclear cation of head–
tail-cis-[(NH3)2Pt(1MeC–H)2Pt(NH3)2]Cl(NO3)�2H2O are shown.
Both enantiomers are depicted. The averaged torsion angle x is –
22� [88].

Attempts to separate enantiomers of a typical example, shown
to be stable in i-propanol for an extended period of time, head–
tail-cis-[(NH3)2Pt(1MeC–H-N3,N4)2Pt(NH3)2][BPh4]2, on a HPLC col-
umn containing a chiral, cyclodextrin-based material, proved
unsuccessful. It is noted that with another chiral head–tail dimer,
di(l-2-aminoethyl 2-pyridyl sulphido)-bis[chloridoplatinum(II)]c
hloride trihydrate, the two enantiomers could be resolved by use
of a chiral anion [111].
Fig. 11. Top and side perspectives of both enantiomers present in the unit
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2.6.4. Alternatives for head–tail dimers?
There are two crystal structures of dinuclear, centrosymmetric

1MeC complexes available, containing Ag+ [112] and Zn2+ [113],
in which the two nucleobases, bridging the two metals via O2
and N3, are arranged head–tail. In both cases the metal ions adopt
tetrahedral coordination geometries (Fig. 12). Frommodel building
there seem to be no restrictions regarding a cis-square-planar
metal entity (e.g. cis-a2PtII) to adopt an analogous structure involv-
ing an endocyclic N atom and an adjacent exocyclic donor atom.
Yet what is required to come up with such an alternative head–tail
structure is the condensation of two different enantiomers of
mononuclear chiral cis-[Pt(L,L’)(nb)(H2O)] species. However, this
has not been observed thus far.

Major differences with respect to the chiral head–tail dimers
discussed above are as follows: First, the two nucleobases are
arranged in an antiparallel staircase fashion. Second, the metal
centers and likewise the co-ligands are not facing each other, as
in the case of the chiral head–tail dimers, but rather pointing away
from each other. Third, the metal–metal separation, below or
around 3 Å with the chiral head–tail dimers of PtII and PdII, would
be considerably longer in such structures, estimated longer than
the 3.9 Å found with the Zn complex. It is obvious that, for example
with the Zn compound, the chlorido co-ligands would be in their
way when the metals were to face each other and were to have a
tetrahedral coordination geometry. Similar arguments apply to
tetrahedrally coordinated Ag+ ions with their bridging nitrate
anions. These arguments apply, in principle, also to N1,X6-
bridged purine dimers and possibly even to N7,X6-bridged ones.
A possible rationale for the absence of such an arrangement in case
of PtII and PdII might be that these square-planar d8 metal ions
favor weak metallophilic interactions as a consequence of a ‘‘con-
figuration interaction”, as numerously seen in dinuclear complexes
and 1D-networks of these metal ions [114–117]. It is noted that in
cell of cation head–tail-cis-[(NH3)2Pt(1MeC–H-N3,N4)2Pt(NH3)2]2+ [88].



Fig. 12. View of the centrosymmetric dimer [Zn(1MeC-N3,O2)Cl2]2 [113].

B. Lippert and P.J. Sanz Miguel Coordination Chemistry Reviews 465 (2022) 214566
special dinuclear PtII complexes switching reactions (‘‘pivot-hinge
motion”) between the metal centers can be achieved by a simple
pH stimulus, leading to largely different intramolecular Pt–Pt dis-
tances (3.19 Å vs. 5.56 Å) [118]. If relevant to head–tail nucleobase
dimers, such a process would require the opening of one of the Pt–
O bonds.

Findings with a dinuclear PtII complex with two 2-
aminopyridine bridges and a Pt–Pt distance of 4.077(1) Å [119],
in which the two head–tail arranged ligands are almost parallel
and the Pt coordination planes bonded to the exocyclic amino
group almost perpendicular to the 2-aminopyridine rings, seem
unlikely to apply to 1MeC for the following reason: The exocyclic
amino group of 1MeC–H is essentially sp2-hybridized (double-
bond character of C4–N4), thus ruling out any substantial metal
binding perpendicular to the pym plane.

2.6.5. Reactivity and uses of Pt and Pd head–tail dimers
The arrangement of the metals in the head–tail dinuclear PtII

complexes described in 2.6.2 permits relatively easy oxidation to
dinuclear PtIII species. These diamagnetic complexes are likewise
chiral, the metal centers are connected by short Pt–Pt single bonds,
and the metal ions have extended their coordination number to six.
Numerous examples are known for 1MeU [120,121] and 1MeC
[87–89,122,123], with a variety of axial ligands, including other
nucleobases. Most likely oxidation proceeds through a paramag-
netic PtII,PtIII intermediate, but such a compound thus far has not
been isolated. Unlike the dinuclear 1MeU compound with head-
head arrangement of the pym nucleobases, which can be oxidized
to a mixed-valence tetranuclear dimer-of-dimer structure with an
average oxidation state of Pt(2.25) [124,125], these head–tail
dimers cannot be expected to form analogous structures. The loca-
tion of the exocyclic O2 groups in the head–tail pym nucleobase
complexes, although capable of interconnecting adjacent head–tail
dimer cations via intermolecular hydrogen bonds with NH3 ligands
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[86], prevents any close intermolecular Pt contacts required for
partial oxidation of an extended Pt chain. At most an axial bridging
ligand between two head–tail dimer units (e.g. Cl–), similar to the
situation seen with a head-head dimer [126], could accomplish a
larger mixed-valence system. Only if sterically undemanding
bridging ligands are applied, e.g. acetamidate, a head–tail arrange-
ment of these permits aggregation of dimer entities and partial oxi-
dation to a hexanuclear trimer-of-dimer structure with an average
Pt(2.33) oxidation state [127]. Not unexpectedly, a head-head
arrangement of acetamidate ligands permits even longer discrete
chains [128,129].

While the presence of the exocyclic O2 sites in head–tail dinu-
clear PtII complexes of 1MeU, 1MeT, and 1MeC prevents formation
of mixed-valence state compounds, their presence allows for for-
mation of heteronuclear compounds. Thus, in the presence of Ag+

ions, cis-[(NH3)2Pt(l-1MeU-N3,O4)]22+ forms discrete tetranuclear
Pt2Ag2 species, with the two Ag+ coordinated to the two O2 posi-
tions of the 1MeU ligands [130]. Neighboring cations are separated
by nitrate anions. A second species of Pt1Ag1 stoichiometry was
likewise isolated, yet not crystallographically characterized. A
structure of Pt2Ag1 stoichiometry has been obtained upon co-
crystallization of the head–tail dimer cis-[(NH3)2Pt(l-1MeC-H-N3,
N4)]22+ with Ag+ [71]. This compound likewise displays Ag+ coordi-
nation to the available O2 sites, yet in a bridging fashion, leading to
a coordination polymer. As a consequence of the chirality of the
head–tail dimer, the polymer represents a racemic mixture of
right-handed P and left-handed M helices (Fig. 13).

These findings tentatively suggest that the Ag+ ions might also
be substituted by other hetero metal ions, including by cis-PtII(-
NH3)2 units, thereby generating oligomeric species, with the possi-
bility to undergo partial oxidation. In fact, ‘‘platinum blues” are
also formed from head-tail dinuclear complexes of 1MeU, the com-
position and ways of formation of which remains unclear, however
[49].

A number of these head–tail dinuclear Pt and Pd complexes
with pym nucleobases have been tested for antitumor activity
[47,83] and their interactions with plasmid DNA studied by elec-
trophoresis, spectroscopic techniques as well as AFM (Atomic
Force Microscopy), respectively [44,83]. In general, in vitro activity
against the selected tumor cell lines is good, sometimes even sur-
passing that of Cisplatin. According to AFM, the morphology of
plasmid DNA (pBR322) is changed in a way similar to that of Cis-
platin and also the mono-nucleobase complexes (see 2.4), possibly
implying that the interaction with DNA occurs following the disso-
ciation of the head–tail dimers into their monomeric precursors.
Such processes have been observed for cis-[(NH3)2Pt(l-1MeT-N3,
O4)]22+ in the presence of NaCl, for example [86]. Any enantiospeci-
fic non-covalent interactions between positively charged head–tail
dimers and DNA would be interesting, but neither has a separation
into their enantiomers been achieved (see 2.6.3), nor has such a
study been performed to date. Only with chiral octahedral metal
complexes and ligands other than nucleobases has such work been
carried out [131].

As a final point of challenging future work, the possibility of
dinuclear PtII nucleobase complexes to be studied for their lumi-
nescent properties and possible applications in opto-electronic
devices should be mentioned [132]. To the best of our knowledge,
no such work has been carried out in a systematic way thus far.

2.6.6. Larger metalacycles
Metalacyclic compounds frequently come in different ring sizes

as influenced by entropic and enthalpic properties of the system,
with factors such as nature of the metal, ring strain, concentration,
solvent, temperature, guest molecules and counter ions playing
major roles. For example, in triangle-square equilibria of PdII com-
plexes with N,N-ligands, the triangle tends to be entropically



Fig. 13. Section of the helical cis-[{Pt(NH3)2(1MeC–H-N3,N4)}2Ag](NO3)3�H2O poly-
mer [71]. The left-handed (M) enantiomer is shown. Average Pt���Pt and Ag���Pt
distances are 2.93 Å, and 2.89 Å, respectively.

Fig. 14. Relationship of cyclic dimer and trimers in dependence of solvent (PR2R’ =
PMe2Ph) [96].
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favored as it is formed from fewer components, whereas high con-
centration favors formation of squares and, if less strained, brings
an enthalpic advantage [133–141]. These ‘‘rules” undoubtedly also
apply to cyclic metal nucleobase complexes, but the topic has not
been studied in a systematic way in these systems. In fact, the
majority of cyclic nucleobase complexes of PtII and PdII with three
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or more metal ions represent isolated examples. A rare case of a
system with identical metals and identical co-ligands is cis-[Pt
(PMe3)2(1MeC–H-N3,N4)]nn+ (with n = 2 and 3) reported by the Lon-
gato group [80,142]: The head–tail dimer (n = 2) with its 8-
membered ring is clearly strained as reflected by the significant
deviations of the Pt ions from the coordination planes (0.195 Å,
av.) and the large angle (46.2�) between the two Pt planes. Heating
to 80 �C converts the dimer into the larger 12-membered ring of
the cyclic trimer which is thermodynamically more stable and is
not decomposed even at 100 �C. In it, the Pt ions are virtually
within the PtN2P2 coordination planes. A major difference between
the two structures refers to the relative orientation of the metal
centers and the intramolecular Pt–Pt separations. Similar to the sit-
uation mentioned in 2.6.4 for a hypothetical alternative head–tail
dimer structure, the Pt’s at the N4 positions of 1MeC–H are substan-
tially out of plane formed by 1MeC and the N3 bonded Pt, therefore
pointing away from each other (almost anti), unlike in the estab-
lished head–tail dimer structure. Consequently, the Pt–Pt distances
in the trimer are considerably longer (5.3 Å, av.) than in the head–
tail dimer (3.199(2) Å).

Likewise, a symmetrical cyclic trimer has been reported with
PMe2Ph co-ligands instead of PMe3 and 1MeC. It is formed from
the head–tail dimer upon heating at 80 �C in DMSO. Interestingly,
a trinuclear linkage isomer with unsymmetrical bridging of 1MeC is
obtained as major product when cis-[(PMe2Ph)2Pt(l-OH)2Pt(PMe2-
Ph)2]2+ is reacted with 1MeC in a different solvent, CH2Cl2 [96].
Clearly, this second trimer is not formed via a trimerization of
the mono-nucleobase species cis-[(PMe2Ph)2Pt(1MeC-N3)(sol-
vent)]2+, as it contains a cis-[(PMe2Ph)2Pt(1MeC-N3)2] fragment.
However, in CDCl3 this unsymmetrical trimer eventually isomer-
izes to the symmetrical one. This careful study, summarized in
Fig. 14, reveals the importance of reaction conditions (solvents,
temperature) on the size and structure of the cyclic products.
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Steric interference between co-ligands probably is the reason
why 1MeC [143] and likewise cytidine [144] form cyclic trimers
when reacted with [(tmeda)Pd(l-OH)2Pd(tmeda)]2+ (tmeda = N,N,
N’,N’-tetramethylethylenediamine), yet no head–tail dimers. As in
the other symmetrical cyclic trimers mentioned above, relative ori-
entations of two adjacent metal ions at each nucleobase are anti,
and the compounds can formally be considered [12]
metalaazacrowns-3 ([12]mac-3) [143] (Fig. 15). The pronounced
double cone structure of [{(tmeda)Pd(C–H)}3]3+ (with C–H = 1MeC
or cytidine anion, deprotonated at N4) favors anion binding
(ClO4

–, F–).
With N9-alkyladenines and metal binding through N1 and the

deprotonated N6 positions, the situation is similar to that with
N1-substituted cytosine nucleobases. Again, with cis-(PMe3)2PtII

and 9EtA a severely strained head–tail dimer (Pt deviation from
P2N2 plane; large angle between Pt planes) is isolated, which
appears to remain stable in DMSO d6 at 60 �C for at least several
hours [81]. On the other hand, with 9MeA and the sterically more
demanding cis-(PMePh2)2PtII the cyclic trimer is formed in high
yield in a series of organic solvents (CH3CN, CH2Cl2, DMF) [145].
However, when dissolved in DMSO d6, this complex undergoes
fragmentation reactions to different products, including one in
which Pt chelates the deprotonated exocyclic amino group via
N6 and N7.

All cyclic, trinuclear complexes of 1MeC/cytidine or N9-
substituted adenine nucleobases of PtII and PdII discussed here dis-
play N3,N4 and N1,N6 bridging, respectively, and adopt approxi-
mate C3 symmetry in their solid state structures. Formally these
complexes can also be considered metalacalix[3]arenes [17] in
their cone conformation. In no instance has a partial cone confor-
mation (two nucleobases up, one down) been observed, even
though with other bridging heterocyclic ligands this possibility is
well established [146,147].

Just for the sake of completeness: There are a number of trinu-
clear cyclic complexes with 9-substituted adenine nucleobases
known to date, which contain other metal entities such as Cp*RhIII,
(g6-p-cymene)RuII, or fac-Me3PtIV [148–151]. Again, these cycles
adopt approximately C3 symmetry, have the metal ions at N1
and N6 in anti orientations, but in addition and in contrast to the
discussed d8 metal complexes, these metal ions are bonded also
Fig. 15. View of the C3 symmetric cation [{(tmeda)Pd(1MeC–H-N3,N4)}33+ [143].
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to N7, hence form a N7,N6 chelate rather than binding to N6 in a
monodentate fashion only. With 9EtHx an analogous cyclic trimer
(N6 replaced by O6) has been reported [152].

Concerning the structures of model nucleobase complexes
derived from cis-(L,L’)MII with cyclic structures and ring sizes of
four or higher, examples become very rare. While crystal struc-
tures of tetra-, hexa- and octanuclear complexes containing unsub-
stituted parent nucleobases are available [153–157], a problem
arises if structural data are not available. For example, although
it is well established, among others by mass spectrometry, that
(en)PdII forms tetranuclear cycles with N7,N1 bridging when
reacted with 9-blocked guanine ligands (guanosine, various guano-
sine monophosphates) the connectivity sequences are unclear
[158–161]. In other words, for a cyclic Pd4G4 it is difficult to find
out, whether such a complex is formed by cyclization of four
mononuclear [Pd(en)(Guo-N7)]2+ units, which would give rise to
a repeating N7,N1 connectivity pattern, or if two [Pd(en)(Guo-
N7)2]2+ species are connected in a condensation reaction with
two [Pd(en)(OH)2] molecules, thereby leading to alternating N7,
N7 and N1,N1 linkage patterns. Similar arguments apply to cyclic
hexamers [161]. The only X-ray crystal structure of a cyclic hex-
anuclear 9MeG complex with cis-(PMe3)2PtII has been reported
by the Longato group, already in 1995 [162]. The connectivity pat-
tern is uniform, through N7 and the deprotonated N1 position.
Therefore, it can be considered a metalacycle formed from conden-
sation of six monomeric cis-[(PMe3)2Pt(9MeGH-N7)(H2O)]2+ with
occurs with loss of H3O+. The six 9-methylguaninato ligands are
arranged in an alternate way, above and below the mean Pt6 plane,
thereby minimizing steric interference between the pairs of phos-
phine ligands at each Pt. NMR spectra suggest that the cyclic hex-
amer, although isolated in high yield, does not represent the only
oligomer formed under the experimental conditions.

2.6.7. Oligomerization vs. cyclization
The cyclic nucleobase compounds discussed thus far are well-

defined, discrete species. An obvious crucial question remains:
What happens, when cyclization of di- or trinuclear entities or
even larger ones does not occur, or when cyclic species open, either
by cleavage of a Pt–X4 bond (in pym complexes) or possibly even a
Pt–N3 bond (1MeC–H)? Mass spectra carried out to answer the
question regarding the composition of species larger than dimers
or trimers are inconclusive considering the multitude of feasible
structures [49,163]. Even if assuming that the nucleobase donor
atoms remain as seen in the cyclic species within a linear oligomer,
namely preferentially through N3 and X4 for the pym bases, the
number of feasible open chain structures is large. Only if a syn
arrangement of N3 and X4, and consequently a facing of the Pt
coordination planes as seen in the head–tail dimers, were to be
retained, a helical structure with short Pt���Pt contacts would be
possible (Fig. 16).

If the arrangement of N3 and X4 is anti, as seen in the cyclic
1MeC–H trimer (see 2.6.6), or a mixture of syn and anti, the possible
product structures are even more versatile, but continuous Pt���Pt
interactions seem to be less likely.

2.6.8. Special case: Bis(1-methyluracil-5-yl) methane system
In the course of a project aimed at studying hybrid systems

between classical and metalacalix[n]arenes with the arene being
a 1-methyluracil entity, we have prepared the ditopic ligand bis
(1-methyluracil-5-yl)methane and studied its coordinating proper-
ties toward cis-(PPh3)2PtII, (2,20-bpy)PtII, (bipzp)PdII (bipzp = bis(p
yrazol-1-yl)propane), and cis-(NH3)2PtII [164,165]. Among others,
a series of cyclic tetranuclear compounds and a hexanuclear com-
plex were isolated and investigated by X-ray crystallography. In
the majority of cases, two and three pairs of PtII and PdII ions at
close distances (in the order of 2.8 – 2.9 Å) are arranged in head–



Fig. 16. Oligomers derived from ring-opened head–tail dimer upon subsequent
reaction with a monomer or dimerization. If N3 and X4 remain essentially syn to
each other, Pt atoms are facing each other in the Pt3 and Pt4 species.

Fig. 18. l-OH and l-NH2 species identified spectroscopically (top 5 examples) and
characterized by X-ray crystallography (lower 5 examples).

B. Lippert and P.J. Sanz Miguel Coordination Chemistry Reviews 465 (2022) 214566
tail fashions via the deprotonated N3 positions and the adjacent
exocyclic O4. Although this ligand with its two 1MeUH ends is
not relevant for intact RNA, we mention it here because in one
instance, with {[cis-Pt(NH3)2]2L}24+ (L = dianion of bis(1-methylura
cil-5-yl)methane), an interesting linkage isomerization process is
observed [165]: In one of the two crystallized forms of this com-
plex, the two pairs of cis-(NH3)2PtII units uniformly adopt the com-
mon head–tail arrangements via N3,O4 sites. However, a slight
modification of the synthetic procedure also generates a closely
similar second form, in which head–tail bridging via N3,O4 is real-
ized in only one of the two ends of the cation. On the other end, a
combination of two different bridging modes is realized, namely
via N3,O4 and N3,O2. In fact, this appears to be the first case of
Pt binding to N3 and O2 in a dinuclear 1MeU motif. As the crystal
structure reveals, conversion of N3,O4 bridging to N3,O2 bridging
does not involve a simple rotation of one of the uracil moieties
about the Pt–N3 bond, but rather a slippage of one of the uracil
rings as a whole (Fig. 17). As a consequence, the coordination pat-
terns of the two Pt centers has changed from N2N’O at both metals
to N2O2 and N2N’2. In other words, an unsymmetrical head-head
arrangement is produced. Thus, the situation is different from that
Fig. 17. Conceptual uracil slippage from
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of the ‘‘classical” head-head dimers of cis-(NH3)2PtII with 1MeU
and also 1MeT, which show pairwise N3,O4 bridging, and which
are achiral [69]. Although speculative at this stage, mutual isomer-
ization processes between head–tail and head-head dinuclear Pt
complexes of 1MeU or 1MeT could also feasibly occur through such
a ‘‘slippage” process and a concomitant rotation of one of the
nucleobase anions about the Pt–N3 bond.
2.6.9. l-OH and l-NH2 bridging combined with nucleobase bridging
Throughout this text we have mentioned at several occasions

the possible competition between l-OH– and l-nucleobase bind-
ing patterns on one hand, and the possible combined occurrence
of both. Before progressing to mono(nucleobase) complexes of
other PtII and PdII species of different geometries, a brief summary
can be made (Fig. 18): (i) Exclusive hydroxido bridging. First
N3,O4 to O2,N3 in Pt2 dimers [165].



B. Lippert and P.J. Sanz Miguel Coordination Chemistry Reviews 465 (2022) 214566
reported in 1983 in the cis-PtII(NH3)2/1MeC [166] and the PdII(en)/
urd (urd = uridine) systems [74], X-ray crystal structures of such
compounds are presently not available, but there is definite proof
that single hydroxido bridges PtII exist [74,167]. (ii) More common
are examples with simultaneous l-OH and l-nb bridging. Formed
either by reaction of cis-[Pt(a)2(pym-nb-N3)(H2O)]n+ with a diaqua
species cis-[M(a)2(H2O)]2+crystal structures of neutral compounds
(M = Pd or Pt) [48] or by reacting cis-[(a)2M(OH)2M(a)2]2+ with
pym-nb in a 1:1-ratio, such compounds form unstrained six-
membered rings, as also observed in mixed Pd- hydroxido/ac-
etamidate [168] or mixed Pt- hydroxido/acetate compounds
[169], for example. Even folded eight-membered rings can form
when cis-[Pt(a)2(1MeC-N3)(OH2)]2+ is reacted with an excess of
cis-[Pd(a)2(H2O)2]2+ [72]. (iii) Simultaneous l-NH2 and l-nb bridg-
ing. This pattern has been observed by us twice, both in mixed Pt,
Pd and in Pt2 segments containing l-1MeC–H [72,170]. Obviously,
an ammine ligand of PtII bonded to N3 of the 1MeC nucleobase
has been converted into a bridging amido ligand. Again, these com-
plexes are the result of reactions between mono-1MeC complexes
of cis-PtII(a)2 (a = NH3 or a2 = 2,20-bpy) and diaqua species of cis-
PdII(a)2 or cis-PtII(a)2.

In most of the structurally characterized examples (ii) and (iii),
additional Ag+ ions are found to co-crystallize, being bonded via O2
of the nucleobase and/or Pt/Pd���Ag metal bonds [71,72,170].
3. Mono(nucleobase) complexes of type trans-[Pt(a)2(nb)X]
(a = NH3 or MeNH2)

3.1. Background

A major question related to the phenomenon of antitumor
activity of Cisplatin has been, and still is, the question as to why
its trans-isomer (Transplatin) is inactive, given that it also reacts
extensively with DNA [171]. There are, however, also several major
differences in reactivity patterns of the two isomers toward DNA,
which refer, for example, to the long life time of the primary mono
adduct of Transplatin (with guanine-N7, half-life ca. 12 h), its pref-
erence for interstrand cross-links with guanine and cytosine [172],
its tendency to undergo ligand isomerization processes [173,174],
and to form DNA-protein cross-links. As already briefly mentioned
in the Introduction, trans-geometries about the PtII not necessarily
prevent biological activity, contrary to the structure–activity ‘‘rules
of thumb” established during the early days of Cisplatin. In fact,
numerous exceptions of antitumor active PtII compounds display-
ing trans-geometries are known today [5,6,12].

3.2. Examples and properties

The list of X-ray structurally characterized mono(nucleobase)
complexes of trans-a2PtII is relatively limited, restricted to 1MeC
and X = Cl– as well as X = glycine [175], 9MeGH [176], 1,3-
dimethyluracil-5-yl [177], 9MeA [178,179], and guanosine [180].
The metal coordination sites are as expected, namely N3 with
1MeC, N7 with 9MeGH, 9MeA, and guanosine, as well as C5 with
1,3DimeU. There are no unexpected structural features, and the
nucleobases are roughly perpendicular to the Pt coordination plane.
The compounds are achiral. Formation of these 1:1-complexes from
trans-[Pt(a)2Cl2] requires the presence of extra chloride (e.g. from
NaCl) in order to prevent formation of the respective bis(nucle-
obase) compound. As to the behavior of themono(nucleobase) com-
plexes inwater, twoobservations areworthmentioning: First, trans-
[Pt(a)2(nb)Cl]Cl (with nb = 1MeC [181] and 9EtGH [182]) undergo a
partial redistribution when dissolved in water, according to

2 trans-[Pt(a)2(nb)Cl]Cl ? trans-[Pt(a)2(nb)2]Cl2 + trans-[Pt
(a)2Cl2].
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A similar ligand rearrangement has also been observed with
trans-[Pt(NH3)2(H2O)Cl]+ [183]. As we have outlined [184], this
reaction may be relevant to the self-removal of a monofunctional
Transplatin adduct from DNA.

Second, trans-[Pt(a)2(nb)Cl]+ (with nb = 9EtGH [182] and 9MeA
[178]) following hydrolysis of the chlorido ligand, undergoes rapid
self-condensation, leading to N7,N1-bridged species (as well as
possibly other products in case of 9MeA). While in the case of gua-
nine this process involves deprotonation of the N1 position accord-
ing to

2 trans-[Pt(a)2(9EtGH-N7)(H2O)]2+ ? trans-[(a)2(9EtGH-N7)Pt
(9EtG-N7,N1)Pt(a)2(H2O)]3+ + H3O+.

No proton loss is necessary in the case of N7,N1 bridged adenine
species:

2 trans-[Pt(a)2(9MeA-N7)(H2O)]2+ ? trans-[(a)2(9MeA-N7)Pt
(9MeA-N7,N1)Pt(a)2(H2O)]4+ + H2O.

Moreover, these condensation reactions do not stop at the
dimer level but rather progress further, depending on concentra-
tion. The extreme complexity of the self-condensation behavior
of trans-[Pt(NH3)2(9MeA-N7)(H2O)]2+ has been studied by us in
some detail [178]. With the 9MeA linkage isomer trans-[Pt
(NH3)2(9MeA-N1)(H2O)]2+ (no X-ray structure available), analo-
gous condensation reactions are feasible as well, leading to similar
or identical open or cyclic oligomers.
3.3. pKa values of aqua species

Acidities of aqua and nb ligands in mononuclear trans-[Pt
(a)2(nb)(H2O)]n+ complexes are non-spectacular, and with
nb = 1MeC-N3, 9EtGH-N7, and 9MeA-N7 pKa values of the aqua
ligands are 5.2, 5.3, and 4.6, respectively [40,178]. In other words,
there is a trend towards higher acidities of aqua ligands of the
trans-isomers as compared to the respective cis-isomers (cf. 2.2),
a feature seen also with the two isomers of [Pt(NH3)2(OH2)2]2+

[185]. Acidities of the model nucleobases are 8.9 (deprotonation
of 9EtGH) and 1.2 (deprotonation of 9MeAH+). For
nb = guanosine-N7, cytidine-N3, and uridine-N3 pKa values of the
aqua ligands are 5.0, 5.7, and 6.1, respectively [52]. Again, treat-
ment of the pH-dependent 15N NMR data considering two overlap-
ping deprotonation processes [186] gives a lower pKa for guanosine
(7.70) than for 9EtGH (cf. also 2.2). Regarding the effects of a favor-
able microenvironment on the acidity of exocyclic amino groups,
see the next paragraph.
3.4. Uses of trans-[Pt(a)2(nb)X]

As pointed out above, one of our initial goals had been the syn-
thesis of potential model cross-links of Transplatin with nucle-
obases possibly relevant for double-stranded DNA. Mono(nb)
complexes are appropriate precursors for such compounds. We
have reported extensively on such mixed-nucleobase complexes
(for reviews, see [19,38,184]) including on ‘‘metal-modified”
Watson-Crick and Hoogsteen pairs between complementary bases
as well as cross-links between non-complementary ones. Among
others, also the most frequent interstrand DNA cross-link of Trans-
platin between guanine-N7 and cytosine-N3 has been described,
and we have proposed a feasible way of its formation [16].

This work has eventually also led to a considerable number of
open, ‘‘metal-modified nucleobase-triplets and quartets” as well
as cyclic supramolecular multi-nucleobase constructs, likewise
discussed in detail elsewhere [38]. For more recent examples see,
e.g. [178,187–189]. The (approximate) perpendicularity of Pt–N
vectors in N1,N7-diplatinated purine ligands connected by trans-
(NH3)2PtII units (or other metal ions of linear coordination chem-
istry) is key to this feature (see also 3.5).
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At least with single-stranded oligonucleotides also bis(nucle-
obase) complexes of Transplatin containing two identical nucle-
obases are possible [173]. The preparation of relevant Pt model
compounds is straightforward. In the solid state they usually con-
tain the two bases in a head–tail arrangement, but in solution an
equilibrium of head–tail and head-head rotamers is realized, with
an influence of the solvent on relative amounts. In the presence of
transition metal ions such as Pd2+, Hg2+, Cu2+, or Ag+ individual
rotamers can be stabilized as heteronuclear species with the added
transition metal ions bridging exocyclic nucleobase groups. In the
majority of cases it is the head-head rotamers that are stabilized
this way. In the case of trans-[(MeNH2)2Pt(1MeC-N3)2]2+ rotational
features of the nucleobases following the removal of Hg2+ from the
heteronuclear Pt,Hg derivative could be established [56,190]. Both
X-ray crystallography and computational work reveal a substantial
lengthening of the Pt–N3 bond as the rotating nucleobase reaches
coplanarity with the Pt coordination plane.

There are, at least, two additional aspects, that deserve men-
tioning in the context of this review: First, and related to 3.3, this
work has demonstrated that enormous acidifications of exocyclic
amino groups of (metal-carrying) nucleobases is achieved by favor-
able H bonding interactions with exocyclic functions of adjacent
(and metal-cross-linked) nucleobases which stabilize the deproto-
nated site [37,191]. Measured nucleobase acidifications equal or
exceed those of N-methylation or N-protonation substantially
and can reach up to 9 log units in the case of adenine nucleobases.
Possibly, a ‘‘resonance-assisted H bond” situation might account
this observation [192]. The phenomenon of ‘‘shifting pKa values”
of metalated nucleobases into the physiological pH range, as
caused by the effects of the metal/s itself/themselves, by alter-
ations of the tautomeric structure of the nucleobase, and by the
microenvironment, opens novel aspects on general acid-base catal-
ysis involving nucleobases [41]. Although studied primarily with
metal complexes containing trans-a2PtII entities, these findings
may very well apply to other metal ions as well.

Second, our model compounds suggested to us that
monofunctionally-modified trans-(NH3)2PtII oligonucleotides
might be used in antisense or antigene approaches (reviewed in
[38]). While the concepts seemed to be reasonable, based on struc-
tural work derived from our model chemistry, the slow kinetics of
the Pt-cross-linking reactions thus far proved unfavorable for any
practical purpose.

3.5. Cyclic and open derivatives

As already mentioned in the previous paragraph, the approxi-
mate right angle between purine-N1 and purine-N7 metal vectors
makes this metal binding pattern particularly suitable for the con-
struction of cyclic and open structures. In most cases these com-
pounds have been prepared in a stepwise manner, frequently
starting from bis(pu-nucleobase) precursors. Only in one instance
has spontaneous cyclization of a mononuclear species, trans-[Pt
(NH3)2(9Mepu-N7)(H2O)]2+ (9Mepu = 9-methylpurine) been
accomplished [193]. Cyclization leads to the expected molecular
square and in parallel to a molecular triangle. The latter compound
is highly strained as a consequence of the compressed angle
between N1–Pt and N7–Pt vectors (ca. 70�, av.). In the presence
of other ligands, it readily converts to an open trinuclear species.
The two cyclic compounds show, due to the positive charges of
the cations (+8 and +6, respectively) and the H-bonding properties
of the NH3 co-ligands, a high affinity for anions, both in their solid-
state structures, and in solution, when mixed with other anions. In
particular, the surprisingly high association constant of sulfate
with the molecular square in water ((7.2 ± 1.2) � 104 M�1) is note-
worthy. An interesting detail of the X-ray crystal structure of the
triangular complex trans-{[Pt(NH3)2(9Mepu-N1,N7)]3}[PF6]6�6H2O
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is the following: The molecular triangles, interconnected by PF6–

anions, are arranged in a right-handed helix, with twelve triangles
completing a full turn, in the crystal studied. It is likely that the
compound in fact crystallizes as a conglomerate, containing also
crystals with the opposite left-helical arrangement of triangular
cations.

Analogous constructs derived from trans-[Pt(NH3)2(9RGH-N7)
(OH)]+, hence species with N7–Pt–N1 linkages, could not be
obtained. Similarly, our attempts to produce cyclic l-9MeA com-
plexes by starting out from trans-[Pt(NH3)2(9MeA-N7)(H2O)]2+

proved unsuccessful in that, according to 1H NMR spectroscopy,
the number of self-condensation products was very high and did
not allow even an identification of species, notwithstanding the
crystallization of individual ones [178]. Segments of polymeric
[Ag(9MeA-N7,N1)]NO3�H2O, which displays N1,N7-bridging [194],
open or cyclized, could be appropriate analogues for complexes
of Transplatin with 9MeA.

For nb being a pym nucleobase bonded to Pt via N3 or a pu
nucleobase bonded to Pt via N1, a head–tail dimerization involving
X4 and X6 sites, respectively, seems to be sterically unfavorable
due to a clash between the parallel oriented NH3 co-ligands. How-
ever, larger cycles (with n = 4, 5, or 6) and the metal entities at N3,
X4 and N1,X6 in mutual anti orientations seem to be possible, as
there is no steric interference between adjacent co-ligands.

A further complication, feasible for all species of composition
trans-[Pt(NH3)2(nb)(H2O)]n+ relates to the ability to also form l-
OH species or chains with alternating l-OH and l-nb bridges.
4. Mono(nucleobase) complexes of type trans-[Pt(NH3)(nb)X2]
4.1. Examples, formation and potential relevance

The concept of trans-effect has been and still is extremely help-
ful in Pt coordination chemistry. While largely applied to prepara-
tive work with the aim to direct reactions with strong external
nucleophiles, it holds up even in cases when the nucleophile is
weaker, yet available in excess. The displacement of an NH3 ligand
trans to Cl–, as first observed in a mass-spectrometric study of cis-
[Pt(NH3)2(1MeC-N3)Cl]+ and the corresponding 9MeA complex,
published already in 1974 [195], has proven to also apply to the
situation in aqueous solution [196]. By replacing a chlorido
ligand X by a halido ligand of higher trans-effect, e.g. by iodide,
we have later demonstrated that it is possible to convert cis-[Pt
(NH3)2(nb)X] compounds in reasonable yields readily into trans-
[Pt(NH3)(nb)X2] [163]. Examples with nb being purine bases have
likewise been obtained this way [197], as have been two species
containing the pyrimidine base 1MeU [49,73].

cis-[Pt(NH3)2(nb)X]+ + X– ? trans-[Pt(NH3)(nb)X2] + NH3.

Acidic conditions facilitate this reaction as NH3 is converted to
NH4

+ and prevented from back-reaction. With nb being a deproto-
nated nucleobase, such as 1MeU, for example, the product is no
longer neutral but anionic. The X ligands in trans-[Pt(NH3)(nb)X2]
can subsequently be substituted by one or two identical or different
nucleobases, giving bis- [198] or even tris(nucleobase) complexes
[199]. As we have mentioned before, this reactivity pattern, and
specifically that leading to adducts containing three nucleobases,
is unique for Cisplatin and not expected for Transplatin [199]. Sev-
eral examples of such compounds have been synthesized with
model nucleobases and structurally characterized [73,200],
including one containing three different nucleobases, SP-4-4-
[Pt(1MeC-N3)(9EtG-N7)(9MeA-N7)(NH3)](NO3)�2H2O [198].
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The products of the replacement of an ammonia ligand in trans-
[Pt(NH3)2Cl2] by planar N-heterocycles such as L = pyridine, picol-
ine, quinoline, or thiazole, hence compounds of composition trans-
[Pt(NH3)(L)Cl2], represent important members of the class of so-
called ‘‘nonclassical” Pt antitumor compounds [6,12,201].

4.2. Di- or/and multinuclear derivatives of trans-[Pt(NH3)(nb)
(H2O)2]

n+

The abstraction of the two halido ligands X from trans-[Pt(NH3)
(1MeC-N3)X2] by means of AgNO3 initially leads to the correspond-
Fig. 19. Feasible condensation products of mononuclear trans-[Pt(NH3)(1MeC-N3)(H2O)
tetranuclear is composed of two identical enantiomers of the head–tail dimer. NO chela
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ing, likewise achiral, diaqua species trans-[Pt(NH3)(1MeC-N3)
(H2O)2]2+. It rapidly converts, with loss of protons, to the chiral din-
uclear head–tail complex [(NH3)(H2O)Pt(1MeC–H-N3,N4)2Pt(H2O)
(NH3)]2+ and a purple, unidentified, mixed-valence Pt compound
(Fig. 19) [202]. The composition of the diamagnetic head–tail
dimer has been deduced from 1H NMR spectroscopy data (charac-
teristic upfield shifts of H6 and H5 resonances as compared to
those of N3 platinated 1MeC), as subsequently confirmed by X-
ray crystal structures of two diplatinum(III) derivatives: If the con-
densation reaction of trans-[Pt(NH3)(1MeC-N3)(H2O)2]2+ takes
place in the presence of the amino acid glycine, a head–tail dinu-
2]2+ and X-ray structurally characterized diplatinum(III) derivatives. The proposed
tes refer to amino acid anions.
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clear compound forms, in which the two Pt centers have under-
gone a ‘‘spontaneous” oxidation to Pt(III), and glycine anions che-
late the metals via axial (NH2) and equatorial (O) positions. The
compound formed, [Pt2(NH3)2(1MeC–H-N3,N4)2(gly-N,O)2](NO3)2-
�3H2O, is chiral. If carried out in the presence of L-alanine, the con-
densation reaction leads to a pair of diastereomers of diplatinum
(III) species, as evident from the characteristic doubling of the 1H
NMR resonances [202]. Likewise a ‘‘spontaneous” oxidation (by
air) of the dinuclear head–tail-[(NH3)(H2O)Pt(1MeC–H-N3,N4)2Pt
(H2O)(NH3)]2+ to the diplatinum(III) complex [(NH3)2(OH)Pt
(1MeC–H-N3,N4)2Pt(OH)(NH3)2]2+ rather than formation of the
anticipated diplatinum(II) compound head–tail-cis-[(NH3)2Pt
(1MeC–H-N3,N4)2Pt(NH3)2]2+ occurs, when NH3 is added [163].
These findings point to an exceptionally easy oxidation of the Pt
(II) centers in the mentioned head–tail dimer with a mixed
ammine, aqua sphere at each Pt. It contrasts the situation with
head–tail-cis-[(NH3)2Pt(1MeC–H-N3,N4)2Pt(NH3)2]2+, the conver-
sion of which to diplatinum(III) derivatives requires oxidizing
agents (conc. HNO3; conc. HClO4; K2S2O8) [123].

In principle, several more condensation patterns other than the
one realized with trans-[Pt(NH3)(1MeC-N3)(H2O)2]2+ to give the
head–tail dimer, are feasible, some of which are also schematically
outlined in Fig. 19: Condensation reactions may involve l-OH for-
mation of mononuclear or head–tail dinuclear species or combina-
tions thereof, or stacked units involving in addition also O2 sites of
the 1MeC–H, following intermolecular condensation between the
aqua group(s) of the head–tail dimer and O2 of the pym ligands.
After all, threefold metal coordination via N3, N4, and O2 is not
uncommon with 1MeC–H [203,204]. It would allow the formation
of chains with short Pt–Pt contacts and the possibility of partial
oxidation. The dimer-of-dimer species sketched in Fig. 19 is
derived from two identical enantiomers of the head–tail dimer. If
different enantiomers are combined (not shown), the resulting
tetranuclear species would be centrosymmetric, yet there is no
continuous Pt-chain, but rather steps of separated Pt2 units. More-
over, the O2–Pt bond would be roughly perpendicular to the nucle-
obase plane (see also 2.6.4). Even unusual species displaying Pt?Pt
donor bonds (with Pt planes being perpendicular to each other,
hence ‘‘T over square”) are feasible [205]. As indicated, most of
these condensation reactions are pH-dependent.

Our attempts, to also crystallize condensation products derived
from the analogous trans-[Pt(NH3)(1MeU-N3)(H2O)2]+ proved
unsuccessful. Rather, formation of deeply colored, yet unidentified
species has been observed [49], which likely relate to the class of
partially oxidized ‘‘platinum pyrimidine blues” [206]. It is evident
that as in the case of the 1MeC condensation products, coordina-
tion involving the three sites N3, O4, and O2 of 1MeU would lead
to Pt chains (n � 3) and short intermetallic distances.

5. Mono(nucleobase) complexes of type cis-[Pt(NH3)(nb)X2]

5.1. Synthesis and properties

Complexes of this composition are prepared by treating [Pt
(NH3)Cl3]– with a neutral nucleobase, taking advantage of the con-
cept of the classical trans effect:

[Pt(NH3)Cl3]– + nb ? cis-[Pt(NH3)(nb)Cl2] + Cl–.

Alternatively, careful treatment of [Pt(nbH)Cl3] (with nbH = pro-
tonated adenine ligand) with NH3 yields the identical product (see
also chapter 6) [207]. Recrystallization from dilute HCl solution
gives crystals of cis-[Pt(NH3)(nbH)Cl2]Cl and cis-[Pt(NH3)(nb)Cl2],
respectively.

Examples with nbH = 1,9DiMeAH [207], and nb = 1MeC and
1Et5MeC [163] have been structurally characterized. Like other
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mixed ammine, N-heterocyclic ligand complexes having cis
geometries (e.g. Picoplatin, AMD 473: cis-[Pt(NH3)(2-picoline)
Cl2]), compounds of this composition can be expected to display
antitumor activity [208]. Indeed, cis-[Pt(NH3)(1MeC-N3)Cl2] shows
antiproliferative activity against a series of human cancer cell lines
[163]. Compounds of this composition are chiral, and enantiomers
can be differentiated applying P and M terms (see 2.3). Individual
enantiomers have not been resolved, however, and consequently
it is unclear if the observed biological effects are to be attributed
to one of the two enantiomers.

Reactions of cis-[Pt(NH3)(1MeC-N3)Cl2] with 9EtGH were fol-
lowed by 1H NMR spectroscopy in order to find out about differ-
ences in formation of primary adducts of this compound as
compared to Cisplatin itself. Clearly, cis-[Pt(NH3)(1MeC-N3)Cl2]
forms two different adducts with the guanine base, the latter either
trans to 1MeC (SP-4-4) or cis to 1MeC (SP-4-2), before giving the
bis(guanine) end product cis-[Pt(NH3)(1MeC-N3)(9EtGH-N7)2]2+

[163]. If relevant to an interaction with double-stranded DNA
and coordination to guanine bases via N7, speculations concerning
the effects of the ligands located in the major groove of DNA in
both the mono- and the bis(guanine) adduct can be evoked, similar
to the situation with cis-[Pt(NH3)(2-picoline)Cl2] [208].

There is presently no evidence that compounds of composition
cis-[Pt(NH3)(nb)Cl2] undergo isomerization to their respective
trans-isomers in solution, a reaction seen occasionally with com-
plexes of type cis-[Pt(L)2Cl2] (with L being a variety of ligands,
e.g. PR3 or SMe2), or even in solid state upon heating [209].

5.2. Condensation reactions of the diaqua species

Chloride abstraction from cis-[Pt(NH3)(1MeC-N3)Cl2] in water
produces the diaqua species cis-[Pt(NH3)(1MeC-N3)(H2O)2]2+,
which is highly acidic (pH 1 – 2). Although individual pKa values
were not determined, the two H2O ligands are expected to display
slightly different acidities, and the compound thus has four differ-
ent pKa values for its two aqua groups. Within 24 h a solution of
c = 0.02 molL–1 forms, in a clean reaction, a dinuclear species in
ca 20 % yield which, based on the 1H NMR chemical shifts and com-
parison with shifts of the head–tail dinuclear species discussed
above, is assigned to head–tail-[(NH3)(H2O)Pt(1MeC–H-N3,N4)2Pt
(H2O)(NH3)]2+ [163]. The compound is, however, an isomer of the
compound of identical composition discussed in 4.2, in that NH3

and H2O ligands at the two Pt atoms are inverted in their positions,
hence H2O is trans to N3 of 1MeC–H and NH3 is trans to N4 of
1MeC–H (Fig. 20). As in the situation described for trans-[Pt(NH3)
(1MeC-N3)(H2O)2]2+ in 4.2, numerous ways of association of
mononuclear cis-[Pt(NH3)(1MeC-N3)(H2O)2]2+ or its head–tail con-
densation product are feasible.

These include A-frame structures (with OH– or NH2
– bridge-head

functionalities), dinuclear species with a Pt?Pt dative bond,
numerous ways of hydroxido bridging (see below), as well as
stacked dimer-of-dimer species (or larger aggregates) involving
N3,N4,O2. Depending on whether identical or different enantiomers
of the head–tail dimers interact via O2 sites, numerous isomers are
possible. Unlike in the situation discussed in 4.2, in both isomers Pt
chains are possible. The tetranuclear complex derived from two
different head–tail dimers is centrosymmetric.

Once the pH of an aqueous solution of cis-[Pt(NH3)(1MeC-N3)
(H2O)2]2+ is raised to ca. 5, the condensation patterns become
much more complicated, as judged from the numerous new
1MeC resonances emerging in the 1H NMR spectra [163]. They
are characteristic of several (at least three) additional l-1MeC–H

species, the nature of which is presently unclear. However, the
majority of newly formed compounds at higher pH are likely to
arise from l-OH species derived from mononuclear compounds,
as their 1MeC NMR resonances are close to those of the monomeric



Fig. 20. Proposal for possible condensation patterns of mononuclear cis-[Pt(NH3)(1MeC-N3)(H2O)2]2+ and its head–tail dimer.
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starting material cis-[Pt(NH3)(1MeC-N3)(H2O)2]2+, hence are
indicative of terminal 1MeC-N3 ligands. The number of putative
condensation products with hydroxido bridges and terminal
1MeC-N3 ligands is extremely high due to the following reasons:
Depending on which of the two aqua ligands in cis-[Pt(NH3)
(1MeC-N3)(H2O)2]2+ condense (identical ones, or different ones,
or combinations), to what extent the monomers condense (dimer,
trimer,. . .), whether they form open or cyclic oligomers, and what
the rotational states of the terminal 1MeC ligands are, the number
of possibilities and possible isomers is huge. In Fig. 21 examples
are given, which are restricted to the dimer level. In contrast to
the diaqua species of Cisplatin, open and cyclic dimers can occur
in different isomer forms, and as with cis-[Pt(NH3)2(H2O)2]2+ and
[Pt(en)(H2O)2]2+, oligomerization can, in principle, proceed beyond
the dimer level, hence to trimers [210,211] and tetramers [212]
20
(not shown). ESI mass spectra (ESI = Electro Spray Ionization) of
freshly prepared as well as aged solutions of cis-[Pt(NH3)(1MeC-
N3)(H2O)2]2+ indeed confirm the presence of di-, tri-, and tetranu-
clear species in the gas phase [163].

6. Mono(nucleobase) complexes of type [Pt(nb)X3]–
6.1. Examples

The reaction of [PtCl4]2– with nucleobases is, most likely, not
relevant to any biologically relevant process, especially if reactions
are carried out at low pH, which can lead to protonation of nucle-
obases in the case of purines. X-ray crystal structures of neutral
compounds of composition [Pt(nbH)Cl3] are available, among



Fig. 21. Feasible dinuclear condensation products derived from cis-[Pt(NH3)(1MeC-N3)(H2O)2]2+: Three different open l-OH dimers (I, II, III), two bis(l-OH) dimers, and two
different mixed l-OH, l-1MeC–H dimers. Rotation about Pt–OH bonds in the open dimers II and III and subsequent condensation between OH2 and NH3 ligands could also
lead to mixed l-OH, l-NH2 bridging (not included). a = NH3; C = 1MeC-N3.
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others, for nbH = 9MeAH+ [213], 9RGH2
+ [214], and 6,9DiMeAH+

[207]. With nb = neutral, unsubstituted cytosine the charge of
the complex ion is negative [215]. The successive or complete dis-
placement of the chlorido ligands by NH3, diamines, and nucle-
obases allows for the synthesis of a large number of derivatives.
Hence, the trichlorido complexes are very suitable starting
materials.
6.2. Selected derivatives

The full synthetic potential of these mono(nucleobase) starting
materials has not been evaluated yet, specifically not the synthesis
of bis-, tris-, and tetrakis-nucleobase complexes derived from [Pt
(nb)X3]– or of bis- and tris-nucleobase compounds derived from
cis-[Pt(NH3)(nb)Cl2]. Published work essentially refers to reactions
with NH3 only, leading either to compounds of composition cis-[Pt
(NH3)(nb)Cl2] or cis-[Pt(NH3)(nbH)Cl2]Cl (see also 5.1), as expected.
With an excess of NH3, reactions proceeds to [Pt(NH3)3(nb)]2+

[207,215,216].
7. Mono(nucleobase) complexes of type [Pt(nb)a3]2+

Next to Cisplatin and Transplatin, interactions of monofunc-
tional [Pt(dien)(H2O)]2+ (dien = diethylenediamine), hence the ana-
logue of [Pt(NH3)3(H2O)]2+, or of [Pt(trpy)(H2O)]2+, and DNA and its
isolated nucleobase components, respectively, have been funda-
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mental in our present understanding of the sites and effects of
Pt-DNA binding [217]. From a synthesis-point-of-view, the prepa-
ration of such model compounds is not overly challenging in that
their isolation is straightforward when combining the Pt entity
with the appropriate nucleobase. Occasionally observations were
made with model nucleobase complexes of these Pt compounds
which may bear a biological relevance, such as the enhancement
of the Watson-Crick pair between guanine and cytosine following
N7 Pt binding to G [218] or the conversion of Pt-coordinated
1MeC into a 1MeU ligand, hence nucleobase deamination [219].
This process, observed and studied in more detail previously by
us with several more PtII species and including also 1,5DimeC
[220], may add to scenarios discussed in the context of mutagene-
sis following cytosine deamination [221]. Similar deamination
reactions leading to 9-methylhypoxanthine have also been
reported for 9MeA bound to PtII via N7 [222] or via N1 [223]. Inter-
estingly, in both systems (C and A), metal migration processes to
the (deprotonated) amino groups take place in parallel ways.

In the large majority of cases, these [Pt(nb)a3]2+ complexes
mainly provide information on basic inorganic chemistry proper-
ties of coordinated nucleobases (e.g. pKa; affinity and binding
sequence of additional metal entities; stacking and H bonding
properties) and enable the construction of larger metal–nucleobase
entities, including supramolecular ones (see below).

Fig. 22 gives an overview on the synthetic potential to system-
atically synthesize di-, tri-, and tetranuclear metal complexes
derived from mononuclear [M(a)3(9RA-N7)]2+ (M = PtII of PdII) as



Fig. 22. X-ray structurally characterized multinuclear complexes derived from [M(a)3(9RA-N7)]2+ (with M = PtII or PdII; (a)3 = (NH3)3 or dien or trpy). Metal entities
connecting two pu bases are either cis- or trans-(a)2MII (with (a)2 = (NH3)2 or en) or M’ = CuII or HgII.

Fig. 23. View of the C3-symmetric Pt3Pd3 host–guest system with perchlorate
[238].
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a typical example. We have chosen this example, since early work
on binding of [Pt(dien)Cl]+ and [Pt(NH3)3Cl]+ to adenosine has
demonstrated that the N7-bonded species represented the major
product of such reactions, but that additional species are formed
22
(e.g. N1 linkage isomer; N1,N7-diplatinated species; others), not
all of which were fully identified then [224–227]. Clearly, the var-
ious model compounds listed provide evidence for the ability of
this purine base to utilize its numerous donor sites sequentially
or in dependence on pH for metal binding. If access to the preferred
endocyclic N7 and N1 sites as well as the exocyclic amino group is
prevented, e.g. by methylation of the latter, (dien)MII (with M = Pt,
Pd) is directed toward the N3 position [228]. Structural details
regarding the compounds listed in Fig. 22 have been published
[229–232].

Although less explored, N7-blocked (a)3PtII complexes of 6-
oxopurines (9RGH, 9RHxH) likewise are ideal starting materials
for the synthesis of multinuclear derivatives as well as models
for Cisplatin cross-links involving nucleobase donor sites normally
residing in the interior of duplex DNA or duplex RNA (uracil-N3,
cytosine-N3, guanine-N1). Such compounds were synthesized by
initially blocking the N7 position of 9RGH with (dien)PtII, followed
by Pt cross-linking its N1 site with a second nucleobase, and sub-
sequent removal of (dien)PtII with the strong nucleophile cyanide
[233]. Other examples include dinuclear (N7,N1) [234,235] and
trinuclear (N7,N1,N3) PtII complexes [236], heteronuclear ones
involving O6 as another metal binding site [233,237] and a cyclic
C3-symmetric species derived from [Pt(NH3)3(9EtHxH-N7)]2+ and
(en)PdII [238]. This latter product combines lessons learnt from
simple model compounds —acidification of N1H by Pt coordination
to N7, subsequent coordination of PdII to N1 and then to N3— to
eventually lead to a Pt3/Pd3 product. Interestingly, although using
N1 and N3 sites of the pym part of the pu nucleobase for Pd bridg-
ing, this reaction does not produce a tetranuclear cycle, as numer-
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ously observed by us with the parent pym nucleobases uracil and
cytosine [154], nor a cyclic hexamer [155] or an octamer [154], but
rather a cyclic trimer. The 12-membered ring formed by the com-
bination of three 90� angles at the Pd centers and the 120� angles at
the three bridging pym parts is unstrained only when the nucle-
obases are substantially inclined with respect to the Pd3 plane
(60�). Quite obviously, the exocyclic C2-substituents —protons in
case of 9EtHx— allow for this arrangement, whereas space-
requiring exocyclic oxygen atoms as present in all pym nucle-
obases lead to larger sing sizes. For the same reason (exocyclic
amino group in 2-position) a cyclic C3-symmetric 9RG analogue
is unlikely to exist. Not even partial-cone arrangements of three
nucleobases in cyclic arrangements are expected to resolve this
steric problem. The cone structure of this C3-symmetric compound
(Fig. 23), and its positive charge is ideally suited to act as a receptor
for tetrahedral anions, as experimentally confirmed [238].

8. Summary

In this review, 1:1-complexes derived from cis- and trans-[Pt
(a)2X2], [Pt(a)X3]–, [PtX4]2–, as well as [Pt(a)3X]+ (with X = Cl–,
a = NH3 or (a)2 = chelating diamine or a3 = chelating triamine)
and model nucleobases (nb) are being discussed. They represent
real or at least feasible models of interactions of the mentioned PtII

entities with nucleic acids. Apart from their relevance with regard
to the mode of action of certain antitumor active PtII drugs, these
mono(nucleobase) complexes display a rich and multifaceted
chemistry of their own. The latter refers to general and preparative
coordination chemistry rather than any medicinal or biochemical
applications. Multiple self-condensation reactions of mixed nucle-
obase/aqua complexes leading to discrete cyclic species as well as
—still poorly understood— oligomers with l-nb, l-OH, and l-NH2

bridging modes are a hallmark of this chemistry. Chiral head–tail
dinuclear nucleobase species represent the smallest condensation
products of cis-[Pt(a)2(nb)(H2O)]n+ and of trans-[Pt(NH3)2(nb)
(H2O)]n+ and are treated in detail.
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