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The tris(nucleobase) complex [Pt(NH3)(Hmgua-N7)3]
2� 1 (Hmgua = 9-methylguanine) has been synthesised and

crystallised as the nitrate (1a) and a mixed perchlorate, chloride salt (1b). In the cation of 1a the three bases are
oriented head–tail–head, as in one of the two crystallographically different cations of 1b. The second cation of 1b
displays a head–head–tail arrangement of the three bases. Of special interest is the H bonding pattern of the head–
tail–head rotamer of 1b in that pairs of the two trans-oriented guanine bases associate to a novel guanine quartet
structure. If 1b is co-crystallised with an excess of 1-methylcytosine (mcyt) from weakly acidic aqueous solution, a
supramolecular ensemble 2 of ten nucleobases is obtained which consists of four Watson–Crick base pairs arranged
as two base quartets as well as a Hmgua/mgua self-pair.

The question if and how metal co-ordination to the heterocyclic
part of a nucleobase can affect its base pairing pattern is of
general interest, relevant to aspects such as DNA conden-
sation,1 stabilisation of unusual nucleic acid structure motifs,2

or heavy metal toxicity and mutagenicity,3 to name these only.
In a broader sense the topic also relates to the subject of
molecular architecture developed from metal ions and hetero-
cyclic ligands by taking advantage of a combination of metal
co-ordination and H bonding.4–6 We have applied both alkali
metal ions and kinetically inert PtII species 7 to model relevant
scenarios. Among these, N(7) platinated guanine has been
found to be particularly versatile as far as H-bonding patterns
are concerned. Thus, in addition to Watson–Crick pairing with
cytosine,8–11 self-pairing following hemi-deprotonation 12,13 or
complete deprotonation,14 also pairing between deprotonated,
platinated guanine and neutral, unplatinated guanine has been
observed.14 In the course of these studies we also noticed that
the combination of a platinated guanine and a properly spaced
second nucleobase gives rise to novel H-bonding interactions
of the guanine ligand. For example, trans-[Pt(NH3)2(mcyt-N3)-
(egua-N7)]� (myct = 1-methylcytosine; egua = 9-ethylguaninate
anion) dimerises both in solution 15 and in the solid state 16 to
produce a dimetalated base quartet displaying, among others,
also two CH � � � N hydrogen bonds. This observation, hence the
ability of the second base to act as a co-acceptor or co-donor in
H bond formation with the guanine, prompted us to further
pursue this aspect.

Here we report on H-bonding patterns of N(7) platinated
9-methylguanine (Hmgua) and, following deprotonation, of
9-methylguaninate (mgua) model nucleobases in the tris-
(nucleobase) complex [Pt(NH3)(Hmgua-N7)3]

2� 1. The
coplanar head–head orientation of two Pt-cross-linked and
trans-oriented guanine nucleobases provided a unique
opportunity for such a study.

Experimental
Starting materials and syntheses

Hmgua was purchased from Chemogen, Konstanz (Germany).

† Electronic supplementary information (ESI): packing of pairs of 1a.
See http://www.rsc.org/suppdata/dt/b0/b004993j/

The model base mcyt was prepared according to the literature.17

NH4[Pt(NH3)Cl3]�H2O
18 was synthesised from cis-[Pt(NH3)2-

Cl2]
19 and HCl in a somewhat modified literature procedure and

isolated as orange–yellow single crystals.

[Pt(NH3)(Hmgua-N7)3][NO3]2�6H2O 1a. Hmgua (0.510 g,
3.09 mmol) was suspended in water (50 ml) and NH4[Pt(NH3)-
Cl3]�H2O (0.267 mg, 0.75 mmol) was added. The mixture was
stirred for 8 d at 75 �C in a stoppered flask, then brought to
room temperature and filtered from unreacted Hmgua. After
addition of an excess of NaNO3 (0.210 g, 2.5 mmol), 1a precipi-
tated and was filtered off (60% yield). Recrystallisation from
hot water gave colourless crystals of 1a suitable for X-ray
crystallography (Found: C, 23.5; H, 3.8; N, 27.4. Calc. for
pentahydrate C18H34N18O14Pt: C, 23.5; H, 3.7; N, 27.3%. Calc.
for hexahydrate C18H36N18O15Pt: C, 23.1; H, 3.9; N, 26.9%).

[Pt(NH3)(Hmgua-N7)3][ClO4]1.35Cl0.65�4.1H2O 1b. The com-
pound was prepared in analogy to 1a, but with NaClO4 added
instead of NaNO3, and isolated as colourless crystals (75%
yield). It was characterised by 1H NMR spectroscopy and
X-ray analysis. Elemental analysis indicated a higher water con-
tent than X-ray analysis (Found: C, 21.9; H, 3.5; N, 22.8. Calc.
for hexahydrate C18H36N16O14.4Cl2Pt: C, 22.2; H, 3.7; N, 23.0%).

[{Pt(NH3)(Hmgua-N7)2(mgua-N7)}{Pt(NH3)(Hmgua-N7)3}-
{mcyt}4][ClO4]3�4H2O 2. 1b (0.078 g, 0.085 mmol) was dis-
solved in water at 70 �C and mcyt (0.054 g, 0.43 mmol) was
added. The solution was allowed to cool to room temperature
(pH 5.7). After 3 d, colourless crystals of 2 were harvested (20%
yield). The stoichiometry of 2 was established by 1H NMR
spectroscopy, as subsequently confirmed by X-ray analysis.

Crystallography

Intensity data for all crystal structures presented were collected
on an Enraf-Nonius-KappaCCD (Mo-Kα = 0.71069 Å,
graphite monochromator). Data processing was performed
using DENZO and SCALEPACK.20 The structures were solved
by standard patterson methods 21 and refined by full-matrix
least squares based on F 2 using the SHELXTL-PLUS 22 and
SHELXL-93 programs.23 Because of the poor parameter to
observed reflections ratio in all three compounds, only the
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Table 1 Crystallographic data for compounds 1a, 1b and 2

1a 1b 2

Chemical formula
M/g mol�1

Crystal system
Space group
a/Å
b/Å
c/Å
α/�
β/�
γ/�
V/Å3

T/K
Z
µ(Mo-Kα)/mm�1

2θ Range/�
No. reflections collected
No. independent reflections [I > 2σ(I)]
Tmax/Tmin

Rint

R1 (obs. data) a

wR2 (obs. data) a

C18H36N18O15Pt
936.74
Monoclinic
P21/c
12.669(3)
19.594(4)
14.038(3)

103.55(3)

3387.7(13)
293(2)
4
4.235
9.7–51.6
6436
6436
0.6768/0.8161
0.165
0.0732
0.1370

C36H64.4N32O25Cl4Pt2

1877.58
Triclinic
P1̄
10.944(2)
14.955(3)
21.437(4)
73.67(3)
76.98(3)
82.08(3)
3270.0(11)
293(2)
2
4.539
6.3–47.1
9188
9188
0.3849/0.5899
0.085
0.0509
0.0962

C28H41.5N22O13Cl1.5Pt
1142.60
Triclinic
P1̄
10.236(2)
15.115(3)
15.132(3)
68.99(3)
87.16(3)
73.72(3)
2094.5(7)
293(2)
2
3.535
6.3–41.6
4156
4156
0.4719/0.6565
0.781
0.0546
0.0925

a R1 = Σ Fo| � |Fc /Σ|Fo|, wR2 = [Σw(Fo
2 � Fc

2)2 / Σw(Fo
2)2]1/2.

heavy atoms and a part of the exocyclic atoms of the
nucleobases were refined anisotropically. The occupancy fac-
tors of the perchlorate (70%) and the chloride (30%) ion in
1b were determined by applying similar temperature factors
for both chlorine atoms and refining the occupancy thus
reaching a minimum in the wR2 value. The 8.2 water
molecules in 1b are strongly disordered and spread over 18
positions. Crystal data and data collection parameters are
summarised in Table 1.

CCDC reference number 186/2111.
See http://www.rsc.org/suppdata/dt/b0/b004993j/ for crystal-

lographic files in cif format.

Spectroscopic measurements

Proton NMR spectra were recorded on Bruker AC200 and
DRX400 FT spectrometers in D2O and Me2SO-d6 solutions
using sodium 3,3,3-trimethylpropanesulfonate and tetramethyl-
silane as internal references. Values of pD (D2O solutions) were
determined by use of a glass electrode and addition of 0.4 units
to the pH meter reading.24 D2O solutions of NaOD were
applied to adjust pD values.

Results and discussion
Tris(guanine) complexes 1a and 1b

Complexes of composition [Pt(NH3)(HG-N7)3]
2� 1 with

HG = 9-methylguanine, Hmgua or 9-ethylguanine, Hegua, are
obtained either by reaction of [Pt(NH3)Cl3]

� with an excess of
HG or, alternatively, from cis-[Pt(NH3)2(HG)Cl]Cl via trans-
[Pt(NH3)(HG)I2] and subsequent displacement of the two iodo
ligands by HG (Scheme 1).25

[Pt(NH3)(Hmgua-N7)3][NO3]2�6H2O 1a and [Pt(NH3)-
(Hmgua-N7)3][ClO4]1.35[Cl]0.65�4.1H2O 1b were now obtained
via the first route.

In the cation of 1a the three bases are oriented head–tail–
head, implying that the two trans-oriented bases are head–head
(Fig. 1 and Table 2). It is noted that this arrangement is also
realised in the majority of other tris(nucleobase) complexes
known to date, e.g. in [M(NH3)(mcyt-N3)3]

2� (M = PtII,26

PdII 27), [Pt(mcyt-N3)3Cl],28 and trans-[Pt(NH3)(mcyt-N3)2-
(Hmgua-N7)]2�.25 In the latter case the head–tail–head descrip-
tion refers to the orientation of the exocyclic oxygen atoms of
the three bases with respect to the metal coordination plane,
which are up,down,up or �,�,�.29 There are presently only two

exceptions to this “rule”, namely in one of the two crystal-
lographically different cations of 1b (type II, see below) and in
trans-[Pt(NH3)(mcyt-N3)(Hmgua-N7)2Na(H2O)2]

3�.30 In the
latter case all exocyclic oxygen atoms are up (or �) as a con-
sequence of binding of the alkali metal ion to the three oxygen
donors.

There are two crystallographically independent cations in the
asymmetric unit of 1b. In one of the cations (cation I) the head–
tail–head arrangement of the three nucleobases as seen in 1a is
adopted, while in the second one (cation II) the orientation is

Fig.1 View of cation of [Pt(NH3)(Hmgua-N7)3][NO3]2�6H2O 1a with
atom numbering scheme. The arrangement of the three nucleobases is
head–tail–head.

Scheme 1
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head–head–tail (Fig. 2). Salient structural features are listed in
Table 2.

The similarities between the cation of 1a and the type I
cation of 1b refer to the orientation of the three bases. There
are differences as far as the angles between the trans-arranged
guanine bases [close to coplanar in 1a, angle 4.1(2)�; mark-
edly propeller-twisted in type I cation of 1b, angle 18.1(4)�],
the angle between the Pt–N(7) vector of base A and the two
other bases, and the packing patterns are concerned. In 1a,
the Pt–N(7) vector is almost perpendicular to the bases B and
C [angles 100.0(4)� and 98.0(3)�], whereas the angles are only
65.2(3) and 53.8(3)�, respectively, in the case of type I cation
in 1b (Fig. 3). As a consequence only in the second case is
there intramolecular H-bonding between the NH3 ligand
trans to N(7a) and the O(6) sites of bases B [3.17(1) Å] and
C [2.92(1) Å]. In 1a pairs of cations are associated via four
intermolecular H-bonds involving the two NH3 groups and
the four O(6) oxygen atoms of the B and C bases. This
arrangement is further stabilised by base stacking (3.4 Å) of
the trans-oriented guanine bases of adjacent cations, and
completed by H-bonding between the NO3

� anions and bases
B and C (Fig. 4). This packing pattern appears to be quite
common also for complexes of composition trans-
[a2PtL(L�)]n� (a = NH3 or MeNH2; L,L� = nucleobase), except
that the presence of an additional am(m)ine ligand permits
further H-bonding between individual pairs, thus leading to
an array of H-bonded cation pairs.31,32 Each of the three
bases in 1a is involved in additional base stacking in the
crystal lattice (ESI†).

Type I cations of 1b interact in a completely different
manner, namely through base pairing (Fig. 5). As a result, a

Fig. 2 View of cation (type II) of 1b with head–head–tail arrangement
of the three guanine bases.

Table 2 Selected distances (Å) and angles (�) for [Pt(NH3)-
(Hmgua)3]X2 (1a and 1b) a

1a 1b (cation I) 1b (cation II) b

Pt–N(10)
Pt–N(7a)
Pt–N(7b)
Pt–N(7c)
N(10)–Pt–N(7a)
N(10)–Pt–N(7b)
N(10)–Pt–N(7c)
N(7a)–Pt–N(7b)
N(7a)–Pt–N(7c)
N(7b)–Pt–N(7c)
N(10) � � � O(6b)
N(10) � � � O(6c)
N(1b) � � � O(6b)
N(2b) � � � O(6c)

2.07(1)
1.99(1)
1.87(1)
2.01(1)

177.9(5)
89.9(4)
90.2(5)
91.3(4)
88.8(5)

177.3(5)
2.917(8) 1

2.792(9) 1

2.036(9)
2.022(10)
2.004(9)
2.004(9)

179.0(5)
88.5(4)
91.1(4)
91.4(4)
89.0(4)

178.5(4)
3.17(1)
2.92(1)
2.89(1) 2

2.79(1) 2

2.039(8)
2.033(9)
2.004(10)
2.034(10)

178.0(4)
88.0(4)
91.6(4)
90.8(4)
89.6(4)

179.6(4)
3.03(1)
2.86(1)

a Symmetry operations: 1 �x � 1, �y � 1, �z � 1; 2 �x � 2, �y � 1,
�z � 1. b Atom numbering with �.

two-fold platinated nucleobase quartet structure is formed with
intercationic H-bonds of 2.79(1) Å [N(2b) � � � O(6c)] and
2.89(1) Å [N(1b) � � � O(6b)]. As can be seen (Fig. 6, top), the
two trans-positioned guanine bases B and C provide an array of
six sites capable of acting as H-bond donors (D) and acceptors
(A), giving a sequence DDAADD. Clearly, only if the two
sequences slide past each other is there a possibility for H-bond-
ing interactions (Fig. 6, bottom).

Consequently, out of the 12 potential H-bonding sites only
8 are utilised. Formally within the four intermolecular H-
bonds four attractive and two repulsive secondary electro-
static interactions 4a,33 exist. We do not wish to overemphasize
this aspect considering the fact that separations between
acceptor and donor sites are uneven (cf. Fig. 6, top) and that
repulsive secondary interactions not necessarily allow predic-
tion of the overall stability. For example, the homo guanine
pair with a pair of H-bonds between N(1)H and O(6), which
has two repulsive secondary electrostatic interactions, is the
most stable homo pair of all nucleobases in the gas phase
and almost as stable as the Watson–Crick pair between G
and C.34

Fig. 3 Relationship between angles built between PtN4 plane and
Hmgua planes and H-bonding properties of NH3 ligands in 1a, 1b
and 2.

Fig. 4 Packing diagram of pairs of cations of 1a.
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In the type II cation of 1b, the two trans-positioned bases are
no longer head–head but rather head–tail, viz. these two bases
have their O(6) oxygen atoms at different sides of the PtN4

co-ordination plane. The interconversion 1a → 1b requires
essentially only three steps: loss of one of the two intra-
molecular H bonds between NH3 and O(6) of guanine, rotation
of ca. 70� of this guanine past the NH3 ligand, and reformation
of the intramolecular H bond from the other Pt side. Depend-
ing on which of the two bases (B or C) is rotating, the two
enantiomers present in the solid state are formed. Bases B� and
C� are almost perpendicular to each other [86.6(2)�] in the type
II cation of 1b. There is also a tilting of base A� with respect to
the PtN4 co-ordination plane, but this represents no major
principal difference to 1a.

1H NMR spectra of 1

The 1H NMR spectra of 1a and 1b in D2O, pD 5 are identical

Fig. 5 Association of pairs of type I cations of 1b (head–tail–head ) to
a twofold platinated nucleobase quartet. The guanine ligands A do not
participate in base pair formation.

Fig. 6 Sequence of D and A sites at head–head oriented guanines (top)
and sliding motion to give an H-bonding pattern observed between
type I cations of 1b. Attractive secondary electrostatic interactions in
the center of the array are indicated by a cross.

and consist of singlets in a 2 :1 ratio at δ 8.14 [H(8), Hmgua’s
trans to each other] and 8.13 [H(8), Hmgua trans to NH3] as
well as 3.72 (CH3, Hmgua’s trans to each other) and 3.66 (CH3,
Hmgua trans to NH3). These values compare with δ 7.75 and
3.64 for the free nucleobase and are consistent with expec-
tations. There is no indication for the presence of different
rotamers stable on the NMR time scale at ambient temperature.
The 1H NMR spectrum of 1b in Me2SO-d6 likewise is consistent
with the presence of a single species. The two types of Hmgua
bases are readily differentiated on the basis of their relative
intensities. Chemical shifts are somewhat different from those in
the solvent D2O, viz. δ 3,56 (CH3, ring A), 3.60 (CH3, rings B,C)
and 8.20 [H(8), ring A], 8.13 [H(8), rings B,C], N(2)H2 at δ 6.86
(ring A) and 6.92 (rings B,C) and the NH3 group resonates at
δ 4.69. Spectra recorded at different concentrations do not
reveal significant differences of N(1)H and N(2)H2 resonances
in chemical shifts, therefore excluding any measurable associ-
ation of cations of 1b as seen in the solid state in this solvent.

The existence of two different rotamers in the solid state
structure of 1b (head–tail–head and head–head–tail) and the
simplicity of the 1H NMR spectrum of 1b strongly suggest that
the two rotamers interconvert quickly on the NMR time scale.
As to the mechanism of this interconversion, we have pointed
out (see above) that a relatively minor movement of one of
the two trans-oriented guanine bases, namely a swing of the
O(6) past the NH3 ligand from one side of the Pt co-ordination
plane to the other, is sufficient to accomplish the switch from
head–tail–head to head–head–tail. Of course, the other trans-
positioned guanine is capable of undergoing the identical
movement. In summary, there appears to be no need for the
guanine bases B or C to do an almost 300� rotation past the
third guanine (A), which might lead to some steric interference
between O(6) of B and C with the π system of base A.

In a related system, trans-[Pt(NH3)(Hmgua)2(mcyt)]2�, we
found evidence from NOE cross-peaks for a similar rotamer
equilibrium, even though individual resonances of the rotamers
are not detected, even at �55 �C in dimethylformamide.30

As expected, chemical shifts of 1a and 1b in D2O exhibit a
pD dependence at neutral to basic medium. The H(8) reson-
ances of both sets of ligands start shifting upfield at pD > 6.5,
consistent with the onset of guanine deprotonation at N(1).
While the H(8) resonance of the two trans-positioned guanine
ligands is constant (δ ≈ 7.92) at pD 8.5, the H(8) resonance of
the guanine ligand trans to NH3 reaches a maximum upfield
shift of δ ≈ 8.00 at pD 8.5 before shifting again downfield
(δ ≈ 8.10 at pD ≥ 11). Individual pKa values for deprotonation
of the three guanine ligands could not be deduced. Moreover,
above pD 8 a precipitate forms, which redissolves at pD > 10.
It is unclear whether the precipitate consists of a neutral
complex e.g. [Pt(NH3)(mgua)2(Hmgua)], or is due to a poly-
meric species associated via mgua � � � Hmgua triple hydrogen
bonds.12,13 We assume that in strongly basic medium, above
pD 10, the soluble species formed is the anionic complex
[Pt(NH3)(mgua)3]

�.

Supramolecular aggregate with 1-methylcytosine in 2

In an attempt to generate Watson–Crick base pairs between
platinated Hmgua in 1b and the model base mcyt (mcyt =
1-methylcytosine), 1b was mixed with an excess of mcyt in
water and the solution (pH 5.7) allowed to crystallise. The
crystals isolated were shown by 1H NMR spectroscopy to con-
tain guanine and cytosine in a 3 :2 ratio. X-Ray crystallography
revealed the compound to be [{Pt(NH3)(Hmgua)2(mgua)}-
{Pt(NH3)(Hmgua)3}{mcyt}4][ClO4]3�4H2O 2. Crystallisation of
a compound containing a N(1) deprotonated 9-methylguanine
ligand (mgua) was rather unexpected considering the acidic
pH of its formation and the pKa values observed for N(7)
platinated guanine nucleobases, which are generally around
7.8–8 35 (see also above).
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Fig. 7 View of supramolecular cation of 2 consisting of two [guanine,cytosine]2 quartets and a guanine,guaninate base pair.

The supramolecular cation 2 is depicted in Fig. 7 and
salient structural features are listed in Table 3. The centro-
symmetric compound consists of two subunits of tris-
(guanine)ammine–platinum() species joined by three H-bonds
between a neutral Hmgua and an anionic mgua, of four mcyt
bases H-bonded to the pairs of trans-positioned Hmgua ligands
in Watson–Crick manner, and of two water molecules. The
arrangement of the three guanine bases in 2 is again head–tail–
head as in 1a and type I cation of 1b. The orientation of the
base trans to NH3 is similar to that of 1b. Specifically the angles
between the Pt–N(7a) vector and the approximately coplanar
bases B and C are 42.9(3) and 44.1(3)� (cf. also Fig. 2). As a
consequence, the NH3 ligand is again within intramolecular
H-bonding reach of O(6b) [2.92(2) Å] and O(6c) [2.87(1) Å],
respectively.

The two guanine bases (A) that undergo self-pairing are
crystallographically identical, meaning that the single proton
between the two N(1a) positions of the neutral and the
deprotonated guanine ligand has to be disordered over two
positions. Details of the hemideprotonated guanine pair in 2
is similar to that seen in trans-[{Pt(NH3)2(tmade)(Hegua)}-
{Pt(NH3)2(tmade)(egua)}][ClO4]2[NO3]�1.6H2O

13 (tmade = N6�,
N6�,N9-trimethyladenine) as far as coplanarity of the bases
and H-bond lengths are concerned, which are 2.84(2) Å for 2
(Table 3). It is noted that in the guanine self-pair found in
cis-[{Pt(NH3)2(mcyt)(Hegua)}{Pt(NH3)2(mcyt)(egua)}]3� 12 H-
bonds between N(1) sites [2.73(1) Å] and N(2) and O(6) posi-
tions [2.99(1) Å] differ significantly as a consequence of a rather
large propeller twist of 39(1)� between the two guanines. As in
the tmade compound 13 the Pt–N(7) and N(1)–N(1) vectors
form a characteristic Z shape with angles between the bars of
the Z that are virtually identical [80.4(5)� in 2; 79.4(3)� in tmade
compound] [Fig. 8(a)]. The Watson–Crick pairs between the
two trans-positioned Hmgua ligands and the mcyt bases are not
unusual. The two bases deviate only slightly from coplanarity
[propeller twist angles 4.6(7)� for bases B and CB and 5.0(8)� for

Table 3 Selected distances (Å) and angles (�) for 2 a

Pt(1)–N(10)
Pt(1)–N(7a)
Pt(1)–N(7b)
Pt(1)–N(7c)
N(10)–Pt(1)–N(7a)
N(10)–Pt(1)–N(7b)
N(10)–Pt(1)–N(7c)
N(7a)–Pt(1)–N(7b)
N(7a)–Pt(1)–N(7c)
N(7b)–Pt(1)–N(7c)

2.023(9)
2.00(1)
2.02(1)
2.02(1)

178.3(5)
91.3(4)
90.4(4)
90.1(4)
88.3(4)

177.3(6)

N(10) � � � O(6b)
N(10) � � � O(6c)
N(1a) � � � N(1a) 1

N(2a) � � � O(6a) 1

N(1b) � � � N(3cb)
N(2b) � � � O(2cb)
O(6b) � � � N(4cb)
N(1c) � � � N(3ca)
N(2c) � � � O(2ca)
O(6c) � � � N(4ca)
N(4ca) � � � O(1w) 2

N(4cb) � � � O(1w) 2

2.91(2)
2.87(1)
2.86(2)
2.84(2)
2.90(2)
2.77(2)
2.92(2)
2.89(2)
2.81(2)
2.84(2)
2.93(2)
2.95(2)

a Symmetry operations: 1 �x � 1, �y � 1, �z � 1; 2 �x � 1, �y � 2,
�z � 1.

C and CA] and display H-bond lengths [2.81(2)–2.92(2) Å]
that are in the range seen for Watson–Crick pairs between
N(7) platinated guanine bases and cytosine such as in trans-
[{Pt(MeNH2)2(mcyt)(Hegua)}{mcyt}]2�,8 in [{Pt(en)(Hegua)2}-
{mcyt}2]

2�,9b or in a diplatinated base quartet containing a
Hegua and a mcyt entity.10 A comparison with the non-
metalated Watson–Crick base pair between G and C in the
RNA fragment GpC 36 reveals that there is a trend to shorter
H bonding distances in 2. The near coplanarity of the base
quartet formed by trans-Pt(Hmgua)2 and the two mcyt bases
is reinforced by the water molecule O(1w) which functions as
an acceptor for two amino protons of two cytosine bases
[N(4ca) � � � O(1w) 2.93(2) Å, N(4cb) � � � O(1w) 2.95(2) Å] (see
also below).

The supramolecular cation 2 has dimensions of ca.
14.3 × 28.4 Å (between methyl groups of the mcyt bases). The
four Watson–Crick pairs in 2 are arranged like two treads
of a stair, which are at a distance of ca. 2.1 Å. The guanine,
guaninate pair is perpendicular to the treads, acting as a
central railing of the staircase [Fig. 8(b)].

Geometries of the three different guanine rings are identical
within standard deviations. This even refers to the internal ring
angles at N(1), which are expected to be larger in the case of
neutral guanine ligands as compared to deprotonated ones.
However, the disorder of the proton at N(1) of A minimises any
difference.

Fig. 8 Details of supramolecular compound 2: central guanine,
guaninate pair (a); staircase arrangement and dimensions of 2 (b).
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The perchlorate counter ions form H-bonds with water
molecules and are engaged in contacts with aromatic H(8) and
aliphatic N(9)CH3 protons of guanine bases. None of these are
unusually short.

An interesting detail: metalated [guanine,cytosine]2 base quartets
in 2

The feature of guanine,cytosine pairing, as seen in 2, which
results in formation of two nucleobase quartets, deserves some
more comments and discussion. Interest in nucleobase quartet
structures and four-stranded nucleic acids as well as the ques-
tion of their potential biological relevance is rapidly increas-
ing.37 Apart from base quartets formed exclusively though
H-bonding, e.g. via DNA duplex dimerisation,38 or formed under
the influence of alkali metal ion binding, e.g. in guanine,39 uracil
or thymine quartets,7,40 there exists also the possibility that
abiological metal ions are capable of producing or stabilising
quartet structures following co-ordinative binding to nucleobase
sites. For example, Shin and Eichhorn 41 have demonstrated that
Ag� ions are capable of producing tetrastranded aggregates of
poly(inosine) and a putative model compound has been
reported.42 Applying linear trans-a2PtII (a = NH3 or MeNH2)
units and/or linear HgII ions we have prepared and character-
ised in recent years a series of metal-modified nucleobase quar-
tets containing two,9a,10,13,15,16,43 three 44,45 or more 45 metal ions.

As far as a dimerisation of two guanine,cytosine Watson–
Crick pairs to quartet structures is concerned, four basic
arrangements have been observed as a result of crystal packing
of oligonucleotides or model nucleobases [Fig. 9(a)–(d)].38,46,47

In all instances two more intermolecular H bonds are formed
between Watson–Crick pairs in addition to the standard 2 × 3
H bonds in the two Watson–Crick pairs. Slight modifications
of the motif shown in Fig. 9(c), with Watson–Crick G,C pairs

Fig. 9 Previously established [GC]2 quartet structures (a),38 (b),38 (c),46

(d) 47 and novel metalated [GC]2 quartet seen in 2 (e).

aligning along the major groove edges, have been observed in
several quadruplex solution structures applying sophisticated
NMR spectroscopy.48 In 2 again 8 H bonds exist, but two
involve a water molecule [Fig. 9(e)]. In addition, however,
there are also two M–N bonds as well as two H bonds from
the ancillary NH3 ligand at the metal to the O(6) acceptor
atoms, which make this [guanine,cytosine]2 quartet energetic-
ally more stable than the former ones. Unlike in the situ-
ations depicted in Fig. 9(a), (b) and (d), the glycosidic bonds
in 2 are pointing outside, very much as in G4, U4 and T4

quartet structures as well as in the centrosymmetric species
depicted in Fig. 9(c). We conclude that the motif seen in 2
might be ideally suited for four-stranded nucleic acid struc-
tures. Moreover we propose that any metal ion capable of
cross-linking the N(7) positions of two guanine bases in a
linear fashion, regardless if two-co-ordinate, trans-square-
planar, or trans-octahedral, could stabilise such an arrang-
ment, in principle. An aqua ligand at the metal ion could
easily replace the ammonia ligand(s) present in 2.

Solution structure of 2

As pointed out above, the integrals of the guanine and cytosine
resonances in the 1H NMR spectrum of 2 are consistent with
the stoichiometry of compound 2. Individual resonances of
2 (DMSO-d6, 7.5 mmol l�1) are observed at δ 11.63 [N(1)H
of guanine], 8.11 [H(8) of Hmgua-B,C], 7.61 [H(6) of mcyt, d,
3J 7.6 Hz], 7.05 (NH2 of guanine and mcyt), 5.66 [H(5) of mcyt,
d], 4.89 (NH3), 3.60 (CH3 of Hmgua-B,C), 3.57 (CH3 of
guanine-A) and 3.24 (CH3 of mcyt). It does not however, pro-
vide any indication of the protonation state of 2. In Me2SO-d6,
both the N(1)H resonances of the Hmgua ligands and the
N(2)H2 and N(4)H2 resonances of Hmgua and mcyt ligands
undergo downfield shifts with increasing concentrations. A dif-
ferentiation of these resonances into the two trans positioned
Hmgua ligands and the guanine ligand trans to NH3 is not
possible. In fact, the N(1)H signal is very broad and the NH2

resonances of the guanine and cytosine bases overlap over a
wide range. Thus, although the concentration dependence is
consistent with intermolecular H bonding between guanine
and cytosine according to Watson and Crick, no firm conclu-
sions concerning the existence of the interguanine pair can
be obtained from the 1H NMR spectra in Me2SO-d6. How-
ever, we note that we have recently quantified the strength of
H-bonding between N(7) platinated guanine and free cytosine
on one hand,9 and of self-pairing of Pt(HG) � � � (G)Pt 49 on
the other in systems displaying the one or the other
H-bonding pattern. It was found that N(7) platination of
guanine increases the strength of the Watson–Crick pair by a
factor of 2–3 9 and that the hemideprotonated guanine pair
has an association constant in Me2SO-d6 which is higher by a
factor 80–100 than the Watson–Crick pair.49 Taken together,
these data strongly suggest that the arrangement seen for 2 in
the solid state is also relevant in solutions of low dielectric
constant.

Summary
In continuation of our previous work on metal-modified
nucleobase pairs, triplets and larger aggregates,50 we have
studied a PtII complex containing three guanine model nucleo-
bases. The particular alignment of two of its bases (trans-
arrangement and head–head orientation) gives rise to several
interesting pairing patterns which lead to larger, H-bonded
entities. These include (i) self-association through H-bond
formation to give a twofold metalated guanine quartet, (ii)
Watson–Crick pairing with cytosine to produce a metalated
mixed guanine,cytosine quartet and (iii) additional association
through guanine, guanine self-pairing following hemi-deproton-
ation of the third guanine base.
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