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1. INTRODUCTION

Purine nucleobases (adenine, guanine, hypoxanthine) not
only are constituents of DNA and RNAs but at the same time
represent an important class of protein cofactors (“purinome”)
involved in many key cellular processes.1 Being at the same time
excellent ligands for metal ions and among the preferred ones in
nucleic acids, a detailed understanding of the coordinating
properties of purines is highly desirable and has in fact been
the aim of numerous studies.2 It has long been known that theN7
positions of N9 blocked purine nucleobases are kinetically
favored binding sites for numerous main group and transition
metal ions, including for Pt antitumor agents.2a,b,d On the other
hand, the involvement of donor sites in the pyrimidinic entities of
the purine bases is less well studied, as are multinuclear or even
heteronuclear complexes of these ligands. By deliberately block-
ing the N7 site of a N9-substituted purine by a coordinatively
saturated and inert metal entity such as (NH3)3Pt

II, (dien)PtII, or
cis- or trans-(NH3)2LPt

II (dien = diethylenetriamine, L = other
nucleobase), the coordination properties of the pyrimidine part
can be explored in more detail. Applying this approach, we have
studied, for example, metal migration processes from N1 to the
exocyclic N6 site in 9-methyladenine (9-MeA)3a,b and have
prepared C3-symmetric molecular vases with 9-alkyl-hypox-
anthine (9-RHx) ligands, with (en)PdII bridging N1 and N3
sites intermolecularly.3c The idea to synthesize an analogous vase

applying the model nucleobase 9-MeA failed, however. Rather
than binding to N1 and N3, as in the case of the anionic
9-alkylhypoxantinate ligands, (en)PdII prefers N1 and the exo-
cyclic amino groupN6 of 9-MeA, with deprotonation of the latter
(Scheme 1). As it turned out, (en)PdII bridging via N1 and N6H
can occur in two ways, leading to head�head (hh) and head�tail
(ht) isomers. Although these two isomers can form, in principle,
by different ways, it was also observed that in aqueous solution a
mutual isomerization from the head�head to the head�tail
isomer is possible.

2. EXPERIMENTAL SECTION

Materials and Methods. K2PtCl4 and adenine were of
commercial origin. The following compounds were prepared as
described in the literature: 9-methyladenine,4 Pd(en)Cl2,

5 and
[Pt(NH3)3(9-MeA-N7)](ClO4)2.

6

Characterization and NMR Measurements. Elemental
(C, H, N) analysis data were obtained on a Leco CHNS-932
instrument. 1H NMR spectra in D2O were recorded on Varian
Mercury 200 FT NMR, Bruker DRX 400, and/or Bruker AC
300 instruments with sodium-3-(trimethysilyl)propanesulfonate
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5 are isomers of [{(en)Pd}2{N1,N6-9-MeA�-N7)Pt(NH3)3}2](ClO4)6 3 nH2O, with a head�head orientation of the two bridging
9-MeA� ligands in 4 and a head�tail orientation in 5. 6 is [{(en)Pd}2(OH)(N1,N6-9MeA�-N7)Pt(NH3)3](ClO4)4 3 4H2O, hence a
condensation product between [Pt(NH3)3(9-MeA-N7)]2+ and aμ-OHbridged dinuclear (en)Pd�OH�Pd(en) unit, which connects
the N1 and N6 positions of 9-MeA� in an intramolecular fashion. 4 and 5, which slowly interconvert in aqueous solution, display
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among others. Binding of (en)PdII to the exocyclic N6 atom in 4 and 5 is accompanied by a largemovement of PdII out of the 9-MeA�

plane and a trend to a further shortening of the C6�N6 bond as compared to free 9-MeA. The packing patterns of 4 and 5 reveal
substantial anion�π interactions.
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(TSP, δ = 0.0 ppm) as the internal reference. pD values of NMR
samples were determined by use of a glass electrode and addition
of 0.4 units to the uncorrected pH meter reading (pH*).7 pKa

values were determined by means of pD dependent 1H NMR
spectroscopy, and the changes in the chemical shifts of protons
resulting from changes in pD were evaluated by a nonlinear least-
squares fit according to the Newton-Gauss method.8 The pKa

values for D2O, obtained by this method, were then converted to
H2O.

9 Mass spectra (ionization mode electrospray ionization-
high-resolution mass spectrometry (ESI-HRMS)) was generated
on a “LTQ Orbitrap” (Fourier transform mass spectrometer)
coupled to an “Accela” high-pressure liquid chromatography
(HPLC)-system.
Preparation of hh-[{(en)Pd}2{(N1,N6-9-MeA

�-N7)Pt(NH3)3}2]-
(ClO4)6 3 4H2O (4). A suspension of Pd(en)Cl2 (237.90 mg,
1 mmol) and AgClO4 (415.48 mg, 2 mmol) in water (30 mL)
was stirred at room temperature with daylight excluded for 24 h.
After cooling (ice-bath) and filtration of AgCl, the solution was
added to a suspension of [Pt(NH3)3(9-MeA-N7)](ClO4)2
(595.43 mg, 1 mmol) in water (20 mL), and the pH was raised
to ∼5.5�6.0 by means of NaOH. The reaction mixture was
stirred at 40 �C for 4 h, and after filtration, concentrated by rotary
evaporation to ∼40�50 mL and allowed to crystallize at 4 �C.
Slightly yellow crystals appeared after several days, which proved
to be the hh-dimer by X-ray crystallography. Yield: 10% (80 mg).
Elemental analysis is in agreement with the presence of six water
molecules, but X-ray crystallography showed four water mol-
ecules only. Calcd (%) for C16H58Cl6N20O30Pt2Pd2: C, 10.54;
H, 3.20; N, 15.37. Found: C, 10.6; H, 3.2; N, 15.4. 1H NMR
(δ/D2O, pD=7.2): 8.67 (s, 1H,H8), 8.34 (s, 1H,H2), 7.07 (s, 1H,
NH), 3.73 (s, 3H, CH3), 3.15�2.90 (m, 4H, CH2-en).
Preparation of ht-[{(en)Pd}2{(N1,N6-9-MeA

�-N7)Pt(NH3)3}2]-
(ClO4)6 3 7H2O (5). Keeping the mother solution from which 4
had been isolated at 4 �C, after several weeks orange-yellow
crystals appeared in the solution which proved to be the ht-dimer
by X-ray crystallography. Crystals of 5 were separated by hand
under a microscope. From 1HNMR, the yield of 5was estimated
to be 15%. 1H NMR (δ/D2O, pD = 6.7): 8.80 (s, 1H, H8), 8.35

(s, 1H, H2), 6.87 (s, 1H, NH), 3.71 (s, 3H, CH3), 3.11 (m, 2H,
CH2-en), 2.95 (m, 2H, CH2-en).
Preparation of [{(en)Pd}2(OH)(N1,N6-9MeA

�-N7)Pt(NH3)3]-
(ClO4)4 3 4H2O (6). A suspension of Pd(en)Cl2 (237.90 mg,
1 mmol) and AgClO4 (415.48 mg, 2 mmol) in water (10 mL)
was stirred at room temperature with daylight excluded for 24 h.
After cooling (ice-bath) and filtration of AgCl, the solution was
added to a suspension of [Pt(NH3)3(9-MeA-N7)](ClO4)2
(148.86 mg, 0.25 mmol) in water (10 mL) and the pH raised
to∼6 with NaOH. The reaction mixture was stirred at 40 �C for
4 h and, after filtration, concentrated by rotary evaporation to
∼2 mL, giving a brownish solid which was recrystallized from
H2O (7mL of H2O at 40 �C) to give a yellowish solid. Yield: 30%
(105 mg). Anal. Calcd (%) for C10H40Cl4N12O21PtPd2: C 9.91,
H 3.33, N 13.88. Found: C 10.0, H 3.2, N 13.7.1HNMR (δ/D2O,
pD = 7.17): 8.48 (s, 1H, H8), 8.16 (s, 1H, H2), 7.32 (s, 1H, NH),
3.82 (s, 3H, CH3), 2.86 (m, 8H, CH2-en). 6was characterized by
ESI-MS (see Supporting Information).
X-ray Data Collection. X-ray crystal data for 4 and 5 were

collected on anOxford Diffraction Xcalibur S diffractometer with
graphite monochromated Mo Kα radiation (0.710 73 Å). Data
reduction was done with the CrysAlisPro software.10 Both
structures were solved by direct methods and refined by full-
matrix least-squares methods based on F2 using the SHELXL-97
and WinGX software.11 All non-hydrogen atoms were refined
anisotropically, and all the hydrogen atoms were positioned
geometrically in idealized positions and refined with isotropic
displacement parameters according to the riding model. All
calculations were performed using the SHELXL-97 and WinGX
programs.11 Refinement parameters for 4 and 5 are as follows.
CrystalData forhh-[{(en)Pd}2{(N1,N6-9-MeA

�-N7)Pt(NH3)3}2]-
(ClO4)6 3 4H2O (4).C16H54Cl6N20O28Pd2Pt2,M=1790.47 gmol�1,
slightly yellow blocks, orthorhombic, space group Pnma, a =
19.6292(8) Å, b = 23.5594(10) Å, c = 10.8658(5) Å, V =
5024.9(4) Å3, Z = 4, Dcalc = 2.367 g cm�3, T = 150(2) K, with
Mo Kα (λ = 0.710 73), 18 418 reflections collected, 6 110
unique (Rint = 0.0466), R1 [I > 2σ(I)] = 0.0594, wR2 (F, all data) =
0.1655, GoF = 0.976. CCDC 831339.
CrystalData for ht-[{(en)Pd}2{(N1,N6-9-MeA

�-N7)Pt(NH3)3}2]-
(ClO4)6 3 7H2O (5).C16H60Cl6N20O31Pd2Pt2,M=1844.52 gmol�1,
orange blocks, monoclinic, space group P21/c, a = 13.9122(9) Å,
b = 18.0415(6) Å, c = 22.1210(10) Å, β = 105.688(6)�, V =
5345.5(5) Å3, Z = 4, Dcalc = 2.292 g cm�3, T = 150(2) K, with
Mo Kα (λ = 0.710 73), 75 049 reflections collected, 12 117 unique
(Rint = 0.0562), R1 [I > 2σ(I)] = 0.0796, wR2 (F, all data) = 0.1661,
GoF = 1.026. CCDC 831340.

3. RESULTS AND DISCUSSION

1H NMR Scale Reactions. [Pt(NH3)3(9-MeA-N7)](ClO4)2
(1), prepared as reported before,6 was reacted with [Pd(en)-
(D2O)2]

2+ in D2O at different ratios r, and the reactions were
followed by 1H NMR spectroscopy. pD values were typically in
the range 4�6, depending on r. Figure 1 displays the 1H NMR
spectrum of a sample with r(Pt/Pd) = 1:0.5. Relative intensities
of the various species present in solution and, in part, the number
of the resonances were dependent on r and pD. The assignment
made in Figure 1 was based on comparison with authentic
samples isolated on a preparative scale (1, 4, 5) or is tentative
only (2, 3). In no instance was coordination of (en)PdII to N3 of
9-MeA observed, as this binding pattern should have led to a
characteristic downfield shift of the CH3(N9) resonance, as

Scheme 1. Different Reaction Pathways of [Pta3(pu�N7)]2+

with (en)PdII (pu = 9-RHxH or 9-MeA)
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previously demonstrated.3c,12 Altogether five sets of adenine
resonances are observed. The differentiation of aromatic H2
and H8 resonances was accomplished in several instances by 1D
nuclear Overhauser effect (NOE) spectra, relying on the spatial
proximity of H8 and CH3 resonances (Supporting Information).
Resonances due to the starting compound 1 were identified by
their pD dependence (Supporting Information). The two minor
resonances at 8.89 and 8.83 ppm are assigned to the PtPd
complex [(en)(D2O)Pd(N1-9-MeA-N7)Pt(NH3)3]

4+ (2). Both
aromatic 9-MeA resonances of 2 are downfield relative to those
of the starting compound 1, consistent with metals bonded at N7
and N1. Moreover, both resonances are sensitive to Cl�, in
agreement with the presence of an exchangeable water ligand.
Thus, addition of NaCl to an acidic solution of 2, or incomplete
removal of Cl� from Pd(en)Cl2 by AgNO3/AgClO4, shifts
the resonances slightly upfield, to 8.82 and 8.80 ppm for
[(en)ClPd(N1-9-MeA-N7)Pt(NH3)3]

3+.
The most intense resonances are those of the Pt2Pd complex

[(en)Pd{(N1-9-MeA-N7)Pt(NH3)3}2]
6+ (3). This assignment

is consistent with the relative intensities of the CH3 resonance
(3.85 ppm) and the CH2 signals of the en ligand (3.01 ppm), the
expected downfield shifts of H2 and H8 in N1,N7 dimetalated
9-MeA relative to those in 1, as well as comparison with theNMR
spectrum of the X-ray structurally characterized Pt3 analogue.

13

The relative broadness of the H2 resonance at 8.99 ppm suggests
rotation of the Pt(NH3)3(9-MeA-N7) entity about the Pd�N1
bonds in 3.
The two remaining sets of adenine resonances are assigned to

tetranuclear Pt2Pd2 species, [{(en)Pd}2{(N1,N6-9-MeA�-N7)-
Pt(NH3)3}2]

6+ in their head�head (4) and head�tail (5)
isomer forms. Both complexes were isolated and characterized
by X-ray crystallography (see below). Relative yields of these
Pt2Pd2 complexes become larger as the ratio r between 1 and
(en)PdII decreases and the pH is moderately raised (∼6). For
example, with r = 1, essentially three species are observed in
solution with relative intensities being 4 > 5 . 1. With a larger
excess of (en)PdII over 1 (r e 0.5), yet another complex 6 is
formed, which will likewise be discussed separately. Its formation
is not observed under the conditions applied in Figure 1. The
chemical shifts of all resonances of 1�6 are provided in the
Supporting Information.
Scheme 2 lists possible pathways to the various species

observed in the 1H NMR spectra (see, e.g., Figure 1). Initial
binding of (en)PdII to the available unprotonated N1 position is
assumed, whereas N3 binding is to be excluded. While formation

of 2 and 3 is straightforward, reaction pathways to the Pt2Pd2
complexes 4 and 5 are variable, with at least several feasible
intermediates (2a, 3a, 3b) resulting from migration processes of
(en)PdII from N1 to N6 sites. Although the 1H NMR spectra do
not provide any evidence for the existence of such intermediates
in measurable quantities, we note that with (en)PdII replaced
by cis-(NH3)2Pt

II, analogues of 3a and 3b have been isolated at
basic pH.3b

Head�Head-Pt2Pd2 Complex 4. Figure 2 gives a view of the
cation hh-[{(en)Pd}2{(N1,N6-9-MeA�-N7)Pt(NH3)3}2](ClO4)6 3
4H2O (4). Two (en)PdII entities bridge N1 and deprotonated
N6H sites of the 9-methyladeninato ligands in a head�head
fashion. Salient structural features are listed in Table 1. The
cation of 4 is bisected by a symmetry plane, which includes both
Pd atoms (in Figure 2 it is perpendicular to the paper plane).
The chelating en groups are disordered, adopting δ and λ
puckers. Distances and angles around the metal centers are
within the expected limits. The dihedral angle between both
palladium coordination planes is 44.6(3)�, with a torsion angle
of 4.6(4)� (N1�Pd1�Pd2�N6). Distances between metal
centers are 3.1240(16) Å for Pd1�Pd2, and 7.2843(9) Å for
both symmetry related platinum atoms. Pt1�Pd1 and Pt1�Pd2
distances are 6.5268(11) and 5.0070(9), respectively. Both adenine
rings are disposed in a roof-like fashion, with an inclination of
78.4(2)�. This angle differs from the coordination N1�Pd1�N10
and N6�Pd2�N60 angles, 88.8(6)� and 94.6(5)�, respectively.
This situation is in agreement with minor deviations involving
dihedral angles and coplanarity of metals and adenines: (i) Pd1,
Pd2, and N6 are located out of the adenine planes by 0.200(12)
Å, 0.570(15) Å, and 0.143(13) Å, respectively. Conversely, the
N1 atoms, also involved in metal coordination, are practically
coplanar with the adenine ring (0.016(9) Å). (ii) The Pd2
square planar coordination plane (Pd2N4) is twisted 64.3(7)�
with respect to the nucleobase ring, far from the nearly right
angles displayed by Pt1N4 (85.9(2)�) and Pd1N4 (84.2(5)�).
(iii) Pt1N4 displays a shorter angle with Pd2N4 (67.3(6)�) than
with Pd1N4 (85.5(5)�). Thus, deviations occur involving the Pd2
andN6 atoms, whichmight be attributed to the electronic flexibi-
lity of the exocyclic N6 amino group in comparison to the endo-
cyclic N1 atom. A related Pt3 complex,13 with cis-(NH3)2Pt

II

bridging the N1 sites and (NH3)3Pt
II blocking both N7 posi-

tions, does not include metal coordination at N6. Consequently,
the geometry and arrangement of this molecule differs from 4,
as evidenced by the different distances between both N6 sites:
3.35 Å in the Pt3 compound and 2.969(17) Å in 4. Distances
between both coordinated N1 sites are similar, namely, 2.93 and
2.84(2) Å, respectively.
The only other example of a dinuclear metal complex with

head�head arranged adenine ligands bridging the N1 and
N6 sites is a dirhenium(III) complex.14 The quadruple bond
between the two metals in this compound leads to a very short
Re�Re distance of 2.2455(10) Å.
The disposition of cation 4 fits perfectly for host�guest

interactions with the perchlorate counteranions. As shown in
Figure 3, a ClO4

� anion is inserted between the adenine rings
of the cation and stabilized via the following combination of
interactions: (i) electrostatic attraction between the +6 charged
cation 4 and the ClO4

� anion; (ii) hydrogen bonding, with a
2-fold interaction betweenN11(H3) 3 3 3O12 (2.951(13) Å), and
(iii) anion�π interactions betweenO11 and the pyrimidinic ring
of the adenine (distance to both centroids, 3.02 Å) and between
O13 and the imidazolic ring (distance to both centroids, 3.26 Å).

Figure 1. 1H NMR spectrum (300 MHz) of a mixture of 1 and
[Pd(en)(D2O)2]

2+ (2:1) in D2O after 4 h at 40 �C, with pD being
4.1. Five different species can be differentiated. The intensity of the
downfield part of the spectrum is increased for clearness. / indicates free
[(en)Pd(D2O)]

2+.
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This combination of favorable interactions has been demon-
strated in numerous instances to result in successful anion
complexation in cationic guest systems.15 In addition, both

perchlorate O13 atoms are also involved in hydrogen bonding
with the NH2 sites of an en group of a neighboring cation:

Figure 2. View of cation 4 with partial atom numbering scheme.

Table 1. Selected Bond Distances [Å] and Angles [deg] for
Compound 4a

Pt1�N7 1.994(9) N1�Pd1�N10 88.8(6)�
Pd1�N1 2.028(10) N6�Pd2�N60 94.6(5)�
Pd2�N6 2.020(9) Pd1N4/Pd2N4 44.6(3)�
C6�N6 1.281(12) Pt1N4/Ad 85.9(2)�
Pd1�Pd2 3.1240(16) Pd1N4/Ad 84.2(5)�
Pt1�Pd1 6.5268(11) Pd2N4/Ad 64.3(7)�
Pt1�Pd2 5.0070(9) Pt1N4/Pd1N4 85.5(5)�
Pt1�Pt10 7.2843(9) Pt1N4/Pd2N4 67.3(6)�
C6�N6�Pd2 135.7(7) Ad/Ad0 78.4(2)�

a Pt1N4, Pd1N4, Pd1N4 platinum (palladium) coordination planes; Ad =
plane defined by adenine rings. Symmetry (0) operation: x, 1.5 � y, z.

Scheme 2. Possible Pathways to the Formation of 2, 3, 4, and 5a

aMany of the species may exist in equilibria (not indicated).
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N17(H2) 3 3 3O13, 3.05(4) Å. Thus, ClO4
� is embedded be-

tween two cations of 4, and each cation interacts with two ClO4
�

anions, resulting in chains along the crystallographic a axis, with
cations alternatively oriented (Figure 3b).
Head�Tail-Pt2Pd2 Complex 5. The cation of ht-[{(en)Pd}2-

{(N1,N6-9-MeA�-N7)Pt(NH3)3}2](ClO4)6 37H2O(5) is depicted
in Figure 4. As a consequence of this head�tail arrangement, the
cation of 5 is inherently chiral. Both enantiomers occur in the
unit cell. Structural details are given in Table 2. Both halves of 5
display significant differences when compared to each other in
the solid state structure. The roof-like conformation as seen in 4
is maintained, with opposite (head�tail) orientation of the
Pt(NH3)3(9-MeA) fragments. In cation 5, the dihedral angle
between both adenines (86.6(3)�) and the N1a�Pd2�N6b
(91.3(5)�), and N6a�Pd1-N1b (94.2(5)�) angles are closer to
90�, in comparison to cation 4. Dihedral angles between PtN4

and their corresponding adenine planes are 89.4(3)� and 84.0(5)�
for Pt1 and Pt2, respectively. The PdN4 coordination planes
form the following angles with the adenine rings: Pd1N4/Ad(A),
54.9(4)�; Pd1N4/Ad(B), 86.6(3)�; Pd2N4/Ad(A), 79.6(4)�;
Pd2N4/Ad(B), 66.5(3)�, again with remarkable deviations about
the Pd�N6 bonds. The two Pd1N4 and Pd2N4 planes form a

dihedral angle of 36.7(3)�, with torsion angle values more
pronounced than in 4: N6a�Pd1�Pd2�N1a, 20.8(5)�; N1b�
Pd1�Pd2�N6b, 16.8(5)�. ThePd1�Pd2distance is 2.9866(14) Å,
significantly shorter than in 4, and a direct consequence of the
larger torsion angle in 5.16 The distance between both platinum
atoms displays an obviously longer value, 10.0239(8) Å.
Concerning heterometallic Pt�Pd distances, those involving
Pt2 (Pt2�Pd2, 5.0247(14) Å and Pt2�Pd1, 6.5273(12) Å)
are almost identical with those in complex 4 (cf. Table 1:
5.0070(9) Å, 6.5268(11) Å),whereas thePt1�Pd1 (5.1210(11) Å)
and Pt1�Pd2 (6.3918(12) Å) distances clearly differ from these
values. When comparing both halves of complex 5, there are
some critical differences relating to the adenine bases and more
specifically involving the N6 sites. In the case of adenine B,
similar values as in cation 4 are observed, relating distances to the
Ad(B) plane from Pt2, 0.054(15) Å; Pd1, �0.337(14) Å; Pd2,
0.388(18) Å; N6b,�0.007(17) Å. The geometry of the Ad(A)-half
displays noteworthy differences, with longer distances to the Ad(A)
plane from Pt1, 0.230(16) Å; Pd1,�0.76(2) Å; Pd2, 0.475(14) Å;
and N6a, �0.214(19) Å.
A related Pt2 complex, with two cis-(Me3P)2Pt

II units bridging
the N1 and N6 sites, displays a basic structural analogy with 5 but
shows some peculiarities such as longer Pt�P distances (avg 2.26 Å),
steric hindrance of the phosphine groups resulting in wider
Pt�N1�N6�Pt torsion angles of 30.6� (avg), almost coplanar-
ity of both N6 atoms with the adenine rings, and longer distances

Figure 4. View of cation 5 with atom numbering scheme.

Table 2. Selected Bond Distances [Å] and Angles [deg] for
Compound 5a

Pt1�N7a 2.012(11) Pt1�Pt2 10.0239(8)�
Pt2�N7b 2.016(13) N1a�Pd2�N6b 91.3(5)�
Pd1�N6a 2.007(11) N6a�Pd1�N1b 94.2(5)�
Pd1�N1b 2.022(12) C6a�N6a�Pd1 130.3(9)�
Pd2�N6b 1.970(12) C6b�N6b�Pd2 128.7(9)�
Pd2�N1a 2.041(12) Pd1N4/Pd2N4 36.7(3)�
C6a�N6a 1.309(17) Pt1N4/Ad(A) 89.4(3)�
C6b�N6b 1.297(18) Pt2N4/Ad(B) 84.0(5)�
Pd1�Pd2 2.9866(14) Pd1N4/Ad(A) 54.9(4)�
Pt1�Pd1 5.1210(11) Pd1N4/Ad(B) 86.6(3)�
Pt2�Pd2 5.0247(14) Pd2N4/Ad(A) 79.6(4)�
Pt1�Pd2 6.3918(12) Pd2N4/Ad(B) 66.5(3)�
Pt2�Pd1 6.5273(12) Ad(A)/Ad(B) 86.6(3)�

a Pt1N4, Pt2N4, Pd1N4, Pd2N4 platinum (palladium) coordination
planes; Ad(A), Ad(B) = plane defined by adenine A (or B) rings.

Figure 3. (a) View of host�guest interactions of cation 4 with ClO4
�.

(b) Disposition of cations of 4 and perchlorates along the a axis.
Hydrogen atoms have been omitted.

Figure 5. View of the two trapped perchlorate anions and two water
molecules between pairs of cations 5.
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from N1- than from N6-coordinated Pt atoms to the adenine
rings.17

The wider lateral cavity of cation 5 in comparison to 4 allows
for accommodation of a perchlorate counteranion and a water
molecule. Both guest molecules are connected to each other via
hydrogen bonding (O3w 3 3 3O12, 3.01(2) Å), but only the water
molecule interacts with the cation in this way (O3w 3 3 3N11,
2.890(19) Å). The perchlorate anion interacts with cation 5 by
electrostatics and three additional anion�π interactions: with
both Ad(B)-rings, distances from O11 and O13 to the ring
centroids are 3.17 and 3.11 Å, respectively, and the imidazolic
ring of Ad(A) (O11-centroid, 3.24 Å). In addition, a second
hydrogen bond of O12 binds a symmetry related O3w water
molecule (2.97(2) Å), thus encapsulating two perchlorate anions
and two water molecules in the cavity formed by a pair of cations
of 5 (Figure 5 and Supporting Information). This situation is
reminiscent of the behavior of cis-[Pt(NH3)2(9-MeAH-N7)2],

4+

which forms rectangular channels with stacked nitrate anions
inside.18

The C6�N6 Bond of Adenine in 4 and 5.The C6�N6 bond
length in 9-MeA (1.329(2) Å19) as well as in a series of related
adenine ligands (1.337(2) Å20) is consistent with a substantial
degree of double bond character, as is the (essentially) sp2

hybridization state of the N atom in the amino group N6H2.
21

As expected, protonation of the N1 site causes a slight short-
ening of this bond (1.322(3) Å20). Both in 4 and in 5 this bond
shows a trend to even shorter distances, which at least with 4
(1.282(12) Å) and in comparison with neutral adenine ligands, is
significant.22 This trend also holds up for a PtII complex with PtII

bonded to both N7 and N6 in anionic 9-methyladeninato ligands
(1.296(7) Å2b). With N6 platinated neutral adenine ligands
(hence protonated at N1 and therefore, formally, a metalated
form of a rare adenine tautomer23) the situation is ambiguous
(1.280(14) Å23b), but as N1 is protonated, the situation is
different from that in 4 and 5. Our findings thus suggest that
deprotonation of the exocyclic amino group of 9-MeA and metal
coordination to both N1, N6, and N7 causes strengthening of the
C6�N6 double bond character. This situation consequently
contrasts with that seen in 1-methylcytosinate, where metal
coordination to the deprotonated N4H� group as well as to
N3 can go along with a lengthening of the C4�N4 bond and a
shift toward sp3 hybridization of N4.24 What is striking, both in 4
and 5, are the substantial deviations of the Pd atoms bonded to
N1 and N6 from the adenine planes (see above). They appear to
be, at least in part, considerably larger than in mononuclear
transition metal�nucleobase complexes and may in the cases of
4 and 5 be a consequence of the distortions caused by dimer
formation via N1 and N6. However, it may be also facilitated by
changes in the electronic structure of the 3-fold metalated
adenine, e.g., a change in N6 hybridization, and an involvement
of the π-electrons of C6�N6 inmetal binding.25 Interestingly, in
the dirhenium(III) complex mentioned above,14 the N6 atom
appears to retain its sp2 hybridization state, as judged from
the C6�N6 distance (1.346(16) Å) and the C6�N6�Re angle
of 123.8(9)�.

1H NMR Spectra of 4 and 5. 1H NMR spectra of 4 and 5 in
D2O are given in Figure 6. The assignment of H8 (8.67 ppm) and
H2 (8.34 ppm) resonances of the adenine ligands of 4 is based on
1D NOE experiments. Interestingly the NH proton of the
exocyclic N6H group exchanges only slowly with deuterium
and is detectable at 7.07 ppm for a while. The methylene protons
of the two en ligands occur as three sets of multiplets between

2.90 and 3.15 ppm. Resonances of the head�tail isomer 5 are
similar to those of 4, with N6H likewise detected at 6.87 ppm,
albeit in freshly prepared solutions only. The CH2 protons of the
en ligands are observed as two multiplets, centered around
2.9�3.1 ppm. Features of the en resonances in 4 and 5 contrast
those seen in simple complexes such as [Pd(en)(D2O)2]

2+ or
[Pd(en)L2]

2+ (L = N-heterocyclic ligands), where they form
somewhat broadened singlets. We assume that this difference is a
consequence of a slowing down of interconversion of the chelate
rings (δH λ) due to steric interference between the two adjacent
ligands. A similar observation can be made with the head�tail
isomer of [Pt(en)(1-MeC�-N3,N4)]2

2+ (1-MeC� = 1-methyl-
cytosine, deprotonated at N4).26

Isomerization Reactions of 4 and 5.The 1HNMR spectra of
individual samples of 4 and 5 in D2O (pD = 6; samples kept at
40 �C) change with time, revealing the gradual formation of the
respective other isomer. These reactions are slow, with half-life
times on the order of 70 days (Figure 7 and Supporting
Information). As the aromatic protons of the adeninato ligands
undergo isotopic exchange,27 reactions are best followed by
monitoring the CH3 resonances: (i) The isomerization reaction
4f 5, hence the conversion of the hh isomer into the ht isomer,
is accompanied by the gradual appearance of a resonance of low
intensity (6% after 80 days) of the starting compound 1 as well as
another resonance of lower intensity centered at 3.8 ppm which
cannot be assigned. The small amount (<4%) of the ht isomer
observed immediately after sample preparation is attributed to an
impurity of 5 in 4 rather than to rapid formation of 5 from 4.
(ii) A freshly prepared solution of the ht isomer 5 reveals no hh
isomer 4 to be present, yet a small fraction of about 1�2% of 1,
which remains constant throughout the reaction time of 80 days.
Reversible isomerization reactions between hh and ht diplati-

num(II)28 anddipalladium(II) complexes29 containingα-pyridonato
ligands have been reported before. They take place considerably
faster, presumably as a consequence of the weaker M�O bonds
as compared to the Pd�N6 bonds in 4 and 5, with half-lifes
of ∼7 and 0.5 h, respectively. For the mutual hh H ht iso-
merization reactions of [Pt(en)(α-pyridonate)]2

2+, intramole-
cular mechanisms with cleavage of one of the two bridges have
been proposed,28 whereas such processes have been excluded
in the case of the corresponding [Pd(en)(α-pyridonate)]2

2+

Figure 6. 1HNMR (D2O, pD∼ 6) spectra of compounds 4 (top) and 5
(bottom). One CH2 group of TSP used as internal reference is super-
imposed with CH2 of the en ligand in 5.
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dimers.29 Rather, in the Pd(II) system,mononuclear species have
been identified in aqueous solution, suggesting that there is no
“direct isomerization path” between these hh and ht Pd(II)
dimers.29 This picture is consistent with the general higher
lability of Pd(II) over Pt(II) species and the ready equilibration
of Pd�nucleobase complexes in solution.30 Given the various
species present in solution when 1 and [Pd(en)(D2O)2]

2+ are
mixed (cf. Figure 1) and given the numerous pathways by which
4 and 5 can be formed (cf. Scheme 2), several of which are pH
dependent, it is not possible to postulate isomerization routes.
However, at least for the conversion of the hh isomer 4 to the
ht isomer 5, the 1H NMR spectra suggest that an intramolecular
mechanism is unlikely.
Complex 6. In the course of the 1H NMR scale reactions

between 1 and [Pd(en)(D2O)2]
2+, when 4 and 5 are formed

preferentially, also formation of an additionalminor species 6was
observed. 6 became the dominant species when [Pd(en)-
(D2O)2]

2+ was present in excess (e.g., 1/Pd = 1:4, pD = 6)
and could be also isolated on a preparative scale. According to
elemental analysis data, mass spectrometry, and relative inten-
sities of the 1H NMR resonances, 6 is assigned to a trinuclear
PtPd2 complex of composition [{(en)Pd}2(OH)(N1,N6-
9MeA�-N7)Pt(NH3)3](ClO4)4 3 4H2O (Figure 8).

With the use of gentle conditions for the ionization parameters
as described in the Supporting Information, it was possible to
generate mass spectra of 6 containing the monocharged ion [6�
2H2 � ClO4

�]+ at m/zexp = 1080 as the base peak, through the
loss of one perchlorate (ClO4

�) anion together with the loss of
two molecules of hydrogen (one per (en)PdII present in the
complex). In addition, other ions are formed through the loss of
one more or two ClO4

� anions, yielding the 2+ and 3+ states,
respectively, (m/zexp = 490 for [6 � 2H2 � 2ClO4

�]2+ and
m/zexp = 294 for [6� 2H2� 3ClO4

�]3+). Loss of HClO4 can be
observed as well for the latter ions, yielding the [6 � 2H2 �
ClO4

��HClO4]
+, [6� 2H2� 2ClO4

��HClO4]
2+, and [6�

2H2 � 3ClO4
� � HClO4]

3+, respectively (see the Supporting
Information). Dehydrogenation of ethylenediamine ligands in
metal complexes has been observed before,31,32 and the mechan-
ism for this consecutive loss of molecular hydrogen has been
discussed32a as well as the loss of a proton accompanied with a
counterion (HNO3 in case of ref 32a). Finally, a low intensity signal
also appears for the starting complex 1 as a doubly charged ion due
to the loss of the two ClO4

� anions (m/zexp = 198).
In the 1H NMR spectrum (D2O, pD = 7), resonances of 6

occur at 8.48 ppm (H8), 8.16 ppm (H2), 3.82 ppm (CH3), and
2.84 ppm (CH2-en). The N6H proton exchanges only slowly
with deuterium and is observed for some time at 7.32 ppm
(Supporting Information). Addition of acid (DNO3, pD 2) to an
aqueous solution of 6 causes decomposition. Themajor products
formed are, according to 1H NMR spectroscopy, complex 2 (cf.
Scheme 2) and free [Pd(en)(D2O)2]

2+. Among the minor
decomposition products, compound 3 was identified. Formation
of 6 can conceivably take place via different routes (Scheme 3,
top): (i) A μ-OH dipalladium(II) species, precursor of the
dihydroxo-bridged dimer,33 could bind to N1 of the 9-MeA

Figure 7. 1H NMR spectra (D2O, pD = 6) of solutions of compounds 4 (left) and 5 (right) showing the time course of the isomerization reaction
at 40 �C.

Figure 8. Proposed structure of cation 6.
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ligand in 1 and subsequently condense through its other end with
N6H2 of the adenine ligand. (ii) Alternatively, a monomeric
(en)PdII moiety could bind to N1 and subsequently condense
with a second (en)PdII to give a (μ-OH)Pd2

II complex, which
undergoes yet another condensation reaction with N6H2. (iii)
Finally, successive bindings of mononuclear (en)PdII moieties to
N1 and N6 could occur, followed by a condensation reaction
leading to the OH-bridge. For a mixed Pt,Pd complex with
1-methylcytosine, carrying Pt at N3 and Pd at N4, we could
recently demonstrate that pathways ii or iii are followed.24

Realization of nucleobase complexes containing (μ-OH)M2
II

entities (M = Pt, Pd or Pt/Pd) is rare and has only been observed
thus far with 1-methylcytosine complexes24,34 but is more
common with anionic pyrazole, triazole, and tetrazole ligands.35

’CONCLUSIONS

In this report, we have studied heteronuclear Pt,Pd complexes
of the model nucleobase 9-MeA. Blockage of the N7 position of
9-MeA by an inert (NH3)3Pt

II unit and subsequent reaction of
the [Pt(NH3)3(9-MeA-N7)]2+ cation 1 with additional (en)PdII

cations leads to multinuclear species (PtPd (2), Pt2Pd (3),
Pt2Pd2 (4, 5), and PtPd2 (6)), in which Pd cross-linking via
N1 and N6 positions of the adenine nucleobase occurs either in
an intermolecular fashion (1, 3, 4, 5) or in an intramolecular
fashion (6). Binding of (en)PdII to the N3 position of the

adenine nucleobase is not observed under the conditions applied,
even though simultaneous N1 and N7 metal binding does not
exclude additional metal coordination to N3 per se.36 Neither is
the formation of a metallatriangle via N1 and N6 observed,37 as
the (NH3)3Pt

II moiety at N7 does not permit an (en)PdII entity
at N6 to adopt an anti orientation (with respect to the (en)PdII

at N1) required for the formation of such a species. Our findings
add to a more comprehensive understanding of formation pro-
cesses (e.g., of 6) and isomerization reactions (e.g., 4 and 5) of
metal complexes of 9-MeA, even though mechanistic details of
these are still fragmentary. Also, a comprehensive understanding
of the effects of multiple metal binding to 9-MeA on the behavior
of the exocyclic amino group (e.g., bonding situation at N6 and
hybridization of N; proper description of C6�N6 bond order)
remains a challenge for the future.
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