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Reaction of trans-[a2Pt(Hampy)2]X2 (a = NH3, 2; a = MeNH2, 3; Hampy = 2-aminopyridine; X = NO3 or ClO4) with
an excess of [(en)Pd(H2O)2]

2� in aqueous solution leads to two types of condensation products: (i) tetranuclear PtPd3

species, in which the deprotonated “a” ligands (µ-NH2, µ-MeNH) and the deprotonated amino group of the
2-aminopyridine (ampy) ligands are chelated by two (en)PdII entities and in addition a single PdII ion (without en)
cross-links the amido functions of ampy in a nearly linear fashion. The four metal ions thus form a diamond
arrangement with a short (<2.5 Å) Pt Pd dative bond. (ii) Hexanuclear Pt2Pd4 species, in which (en)PdII moieties
bridge exclusively amido groups of four ampy ligands in such a way that an open rectangular box (or double cone) is
formed. This allows two nitrate counter ions to become inserted in the cavity of the �8 charged cation. Thus in both
cases the ampy ligand acts as a µ3-ligand, either in an intramolecular or an intermolecular fashion.

Introduction
Following up on extensive work on di- and multi-nuclear
complexes derived from cis-[a2ML2] (a = NH3 or amine, a2 =
diamine; M = PtII or PdII; L = N-heterocycle; charge omitted)
and a variety of different (hetero)metal ions,1,2 we have lately
extended these studies to trans-[a2PtL2] compounds and
(hetero)metal entities sufficiently flexible to bridge available
donor atoms at the trans-positioned ligands L.3 The hetero-
metals applied displayed either (i) linear, (ii) distorted tetra-
hedral, (iii) trans-square-planar, or (iv) square-pyramidal
coordination geometries (Chart 1). Among these, the combin-
ation of trans-[a2PtL2] with square-planar PdII (iii) proved of
particular interest as a consequence of formation of strong
Pt Pd dative bonds.4–6

As a further extension of this work we have recently started
to combine trans and cis geometries, hence have reacted trans-
[a2PtL2] compounds with (en)PdII.7 In this combination, the cis
metal entity ((en)PdII) is incapable of bridging donor sites of
the two ligands L in an intramolecular fashion. It is obvious
that there are (at least) three alternatives of heterometal bind-
ing, which are either monodentate binding of (en)PdII to
L, intramolecular chelation with another ligand in the co-
ordination sphere of PtII, or intermolecular bridging. Much
to our surprise we observed facile intramolecular chelate
formation involving L and the am(m)ine ligand “a” at the Pt,
hence formation of amido bridges (v). At the same time a
combination (vi) between patterns (iii) and (v) was realized,7

which implied that [(en)Pd(H2O)2]
2� had undergone (partial)

dismutation to generate a [Pd(H2O)4]
2� species. Case (vi) was

found with a = NH3 and L = 2-aminopyridine anion (ampy),7

while (v) was realized with L = pyrazolate (pz).7

Here we report on our findings that trans-[a2PtL2]
2� (with

L = Hampy) and (en)PdII can also condense in an inter-
molecular fashion, thereby generating a cage structure (vii),

† Electronic supplementary information (ESI) available: 1H NMR
spectra of 2a, 4a and 5; views of the crystal structure of 5. See
http://www.rsc.org/suppdata/dt/b3/b301708g/ Chart 1D
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which represents a hybrid between a flat rectangle and an open
box, to be also viewed as a double cone. We have previously
reported on a structurally related compound, in which the en
ligands were replaced by nitrato and aqua ligands.8 The princi-
pal difference between (vii) on one hand, and (v) as well as (vi)
on the other is that (en)PdII condenses with trans-[a2PtL2] in
different ways, inter- and intra-molecularly. The former pattern
(vii) permits inclusion of two nitrate counter ions.

Experimental

Starting materials and syntheses

2-Aminopyridine (Hampy) was of commercial origin. The
following compounds were prepared as reported: trans-a2PtCl2

(a = NH3,
9 MeNH2

10), (en)PdCl2,
11 trans-[(MeNH2)2Pt(Hampy)2]-

[X]2 (X = NO3 3a, ClO4 3b),8 trans-[Pt(µ-NH2)2(ampy-
N 1,N 2,N 2�)2{(en)Pd}2Pd(H2O)][NO3]4�2H2O 4a,7 trans-[Pt-
(µ-NH2)2(ampy-N 1,N 2,N 2�)2{(en)Pd}2PdCl][NO3]3�1.3H2O 4b,7

trans-[Pt(µ-NH2)2(ampy-N 1,N 2,N 2�)2{(en)Pd}2PdBr]Br[NO3]2�
4.6H2O 4c.7

trans-[(NH3)2Pt(Hampy-N 1)Cl]X (X � NO3 1a, ClO4 1b).
trans-(NH3)2PtCl2 and AgClO4 (2 mmol each) were stirred in
water (25 ml) for 5 h at 50 �C, then the mixture was cooled,
filtered from AgCl, and Hampy (2 mmol) was added. The solu-
tion was kept at 50–60 �C for 2 d, then NaClO4 (6 mmol) was
added, and the solution cooled to 4 �C for 2.5 d. After filtration
of a precipitate consisting of the 1 : 2 complex, the filtrate was
evaporated to a small volume (4 ml) and 1b allowed to crystal-
lise (40% yield). 1a was obtained by passing an aqueous solu-
tion of 1b over an anion exchange column in its NO3

� form
(60% yield based on 1b). (Found 1a: C, 14.4; H, 2.8; N, 16.8%.
Calc. for C5H12N5O3Pt: C, 14.3; H, 2.9; N, 16.6%. Found 1b: C,
13.0; H, 2.9; N, 12.0%. Calc. for C5H12N4O4Cl2Pt: C, 13.1; H,
2.6; N, 12.2%). 1H NMR (D2O, pD 5): δ 8.23 (d, H(6), 3J(195Pt–
1H) = 35 Hz), 7.57 (t, H(4)), 6.78 (d, H(3)), 6.69 (t, H(5)).

trans-[(NH3)2Pt(Hampy-N 1)2][NO3]2 2a. trans-(NH3)2PtCl2

(2 mmol) and AgNO3 (4 mmol) were stirred in water (50 ml) for
2 d at 40 �C. After cooling and filtration of AgCl, Hampy
(4 mmol) was added and the mixture kept at 60 �C for 1 d. The
solution was then concentrated by rotary evaporation to one
third of the original volume and allowed to stand at 4 �C for
2 d. Crystals of 2a were then filtered off (76% yield). (Found: C,
22.2; H, 3.6; N, 20.6 %. Calc. for C10H18N8O6Pt: C, 22.2; H, 3.4;
N, 20.7%). 1H NMR (D2O, pD 6.5): δ 8.29 (d, H(6), 3J(195Pt–1H)
= 33 Hz), 7.67 (t, H(4)), 6.79 (m, H(3)/H(5)).

[trans-{(MeNH2)2Pt(ampy-N 1,N 2,N 2�)2}2{(en)Pd}4][NO3]8�
5H2O 5. (en)PdCl2 (4 mmol) and AgNO3 (8 mmol) were mixed
in water (50 ml) and AgCl was filtered off after a few hours of
stirring at room temperature. The pH of the solution was 3.4.
The solution was combined with an aqueous solution of 3a
(2 mmol, 40 ml), the pH of which had been raised from 6.7 to
12.2 by means of 1 M NaOH. After mixing, the resulting pH
(3.9) was adjusted to 7.7 by addition of more NaOH. Within
24 h at room temperature (stoppered flask), the solution had
changed color from yellow to orange. At that point the solution
was rotary evaporated (30 �C) to a volume of 10 ml and the
compound allowed to crystallise. Within 8 d, two fractions of
orange crystals of 5 were harvested (21% yield). (Found: C,
17.8; H, 3.7; N, 18.1%. Calc. for C32H82N28O29Pt2Pd: C, 18.0; H,
3.9; N, 18.3%). 1H NMR shifts of 5 (D2O, pD 8): δ 9.01 (d,
H(6)), 8.52 (d, H(3)), 8.14 (t, H(4)), 7.35 (t, H(5)), 2.56 (m,
en-CH2), 2.07 (s, MeNH2) (see ESI†). Brown needles of 6 were
obtained in low yield during later fractions of crystallisation.
6 has only been characterised by an incomplete X-ray analysis
(cf. text). 1H NMR shifts of 6 (D2O, pD 7): δ 8.57 (d, H(6)), 7.95
(t, H(4)), 7.29 (t, H(3),H(5)), 2.78 (s, en-CH2), 2.12 (d, MeNH).

Spectroscopic and other measurements

Proton NMR spectra were recorded on Bruker AC200 and
DRX400 FT spectrometers in D2O solutions using sodium
3,3,3-trimethylpropanesulfonate as internal reference. Values of
pD (D2O solutions) were determined by use of a glass electrode
and addition of 0.4 units to the pH meter reading (uncorrected
pH*). D2O solutions of NaOD and DNO3 were applied to
adjust pD values.

The association constants of the halogen-capped com-
plexes derived from 4a were determined from the concen-
tration dependence of the H(6) resonance of the ampy ligands.
20 mM aqueous solutions of 4a were mixed with equimolar
amounts of NaCl, KBr and KI, respectively, and the solutions
then successively diluted. The data points of δ H(6) were
fitted with a non-linear least-squares program after Newton–
Gauss, similar to a procedure described in the literature.12

Three independent experiments were carried out for each
combination, from which the weighted mean K values were
obtained.

The potentiometric titration of 4a was carried out on a
Metrohm Titroprocessor 686 by titrating an acidified solution
of 4a with 0.01 M NaOH. The pKa value was estimated from
the pH reached when 50% of the aqua ligand was neutralized.

195 Pt NMR spectra were recorded on a Bruker AC200
spectrometer at a frequency of 42.998 MHz with Na2PtCl6 as
external reference.

X-Ray crystallography

Intensity data of 1a, 1b, and 5 were collected on an Enraf-
Nonius KappaCCD 13 (graphite-monochromator). Structures
were solved by standard Patterson methods 14 and refined by
full-matrix least squares based on F 2 using the SHELXTL-
PLUS 15 and SHELXL-93 programs.16 The positions of all non-
hydrogen atoms were deduced from difference Fourier maps
and were refined anisotropically. Exceptions are the disordered
oxygen atoms of the perchlorate anion in 1b and of one of the
nitrate ions as well as one of the water molecules in 5, which
were refined isotropically.

Crystal data for 3a were collected on a Nicolet R3m/V
single diffractometer at room temperature using graphite-
monochromated Mo-Kα radiation (λ = 0.71069 Å). Unit cell
parameters were obtained from least-squares fit with 50
randomly selected reflections in the range 14.0 < 2θ < 29.8�.
Intensity data were collected at variable scan speed (3–15� min�1

in ω) using an ω/2θ scan technique. An empirical absorption
correction via ψ-scans was applied. The structure was solved by
conventional Patterson methods and subsequent Fourier syn-
theses and refined by full-matrix least squares on F 2 using the
SHELXTL PLUS and SHELXL-93 programs.15,16 Hydrogen
atoms were generated geometrically and given isotropic thermal
parameters equivalent to 1.2 times those of the atom to which
they were attached.

Crystal data collection for 3b was carried out at 293(3)
K using Mo-Kα radiation (λ = 0.71073 Å) on a Nonius
DIP-1030H system (30 frames, exposure time of 20 min each
with a rotation of 6� about φ, detector being at 80 mm from the
crystal). Cell refinement, indexing and scaling of the data set
were performed using programs Mosflm and Scala.17 The
contribution of hydrogen atoms at calculated positions were
included in final cycles of refinements. The structures were
solved by Patterson and Fourier analyses and refined by the
full-matrix least-squares method based on F 2 with all observed
reflections.18 The perchlorate anion was found disordered over
two orientations (occupancies of 0.56/0.44) about a Cl–O bond.
All the calculations were performed using the WinGX System,
Ver 1.64.19

Relevant crystal data and data collection parameters are
summarised in Table 1.

CCDC reference numbers 203709–203713.
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Table 1 Crystallographic data for compounds 1a, 1b, 3a, 3b and 5

 1a 1b 3a 3b 5

Formula C5H12N5O3PtCl C5H12N4O4PtCl2 C12H22N8O6Pt C12H22Cl2N6O8Pt C32H82N28O29Pt2Pd4

Mw 420.74 458.18 569.44 644.35 2139.04
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Triclinic
Space group P21/c (no. 14) P21/n (no. 14) P21/n (no. 14) P21/n (no. 14) P1̄ (no. 2)

Unit cell dimensions:

a/Å 11.811(2) 8.830(2) 8.013(2) 9.394(1) 11.447(2)
b/Å 8.233(2) 14.135(3) 9.394(2) 11.127(1) 13.201(3)
c/Å 11.746(2) 10.635(2) 12.320(3) 10.174(1) 13.673(3)
α/�     108.51(3)
β/� 97.46(3) 113.97(3) 91.27(2) 98.71(1) 103.75(3)
γ/�     110.50(3)
V/Å3 1132.5(4) 1212.9(4) 927.1(4) 1051.2(2) 1687.7(6)

Z 4 4 2 2 1
T /K 293 293 293 293 293
λMo-Kα/Å 0.71069 0.71069 0.71069 0.71073 0.71069
µ/mm�1 12.623 12.014 7.62 6.980 5.270
Ind. reflns. (Rint) 3976 (0.047) 3787 (0.074) 1775 (0.048) 2575 (0.0383) 5905 (0.042)
Obsd. reflns. [I > 2σ(I )] 1645 1501 917 1863 4461
R1 [I > 2σ(I )] a 0.0241 0.0328 0.028 0.0377 0.0323
wR2 [I > 2σ(I )] b 0.0553 0.0732 0.074 0.0953 0.0695
a R1 = Σ| |Fo| � |Fc| |/Σ|Fo|. b wR2 = [Σw(Fo

2 � Fc
2)2/Σw(Fo

2)2]½. 

See http://www.rsc.org/suppdata/dt/b3/b301708g/ for crystal-
lographic data in CIF or other electronic format.

Results and discussion

2-Aminopyridine as ligand

2-Aminopyridine (Hampy) and its substituted derivatives
are widely used ligands in coordination chemistry. Metal co-
ordination can take place at either the endocyclic pyridine-N
atom 20–24 or the exocyclic amino group,25 even in equilibrium,26

or simultaneously through both sites in a chelating 27–29 or bridg-
ing mode 30–33 as demonstrated in the selected examples given in
the references. Although the pKa value of the exocyclic amino
group is high (23.5,34 27.7 35), metal binding to the free electron
pair at the exocyclic amino group causes a dramatic increase in
acidity of these protons. As a consequence, the amide form-
ation is facile and enables a second metal to bind to this site. In
combination with the endocyclic N atoms, µ3-binding of the
ampy ligand is possible, as indeed observed in trinuclear clus-
ters of Ru and Os, with the exocyclic amido group spanning
two metal centers.36–38

Simple 1 : 1 and 1 : 2 complexes of trans-a2PtII

Reactions of trans-(NH3)2PtCl2 with Hampy leads to trans-
[(NH3)2Pt(Hampy-N 1)Cl]Cl 1 and trans-[(NH3)2Pt(Hampy-
N 1)2]Cl2 2. Anion exchange generates other salts, e.g. nitrates
(1a, 2a) or perchlorate (1b). X-Ray crystal structures of the
nitrate and perchlorate salts of the 1 : 1 complex have been
solved: trans-[(NH3)2Pt(Hampy-N 1)Cl]X (X = NO3, 1a, and
ClO4, 1b). The cations of both compounds are rather similar
(Fig. 1 for 1a), without significant differences in geometries,
except for the dihedral angle between the Pt coordination plane
and the plane of the heterocycle (80.0(2)� in 1a, 67.1(2)� in 1b).
Pt coordination is via the endocyclic N donor atom. In both
compounds, all potential H bonding sites of the cation – NH3

groups, chloro ligand, the exocyclic amino group of Hampy –
are involved in hydrogen bonding with oxygen atoms of the
anions. In general, these H bonds are longer than 3 Å, with one
exception (N(10) � � � O(22) in 1b, 2.80(4) Å).

Of the 1 : 2 complexes, X-ray crystal structure analyses were
performed for two different salts of the methylamine analogue,
trans-[(MeNH2)2Pt(Hampy-N 1)2]X2, with X = NO3, 3a, and
X = ClO4, 3b. The cation of 3a is shown in Fig. 2. The cation of
3b is closely similar (Table 2). In both compounds the two

aminopyridine ligands adopt a head–tail orientation, with Pt
sitting on a center of symmetry. The Hampy ligands in 3a and
3b, which are coplanar to each other, form dihedral angles of
79.8(4)� (3a) and 85.9(2)� (3b) with the metal coordination
plane. The cations form stacks along the x-axis. There are
multiple intermolecular hydrogen bonds involving oxygen
atoms of the anions on one hand and the NH2 groups of the
Hampy ligands as well as those of the methylamine ligands on
the other. Hydrogen bond lengths are not unusual.

The coordination pattern of PtII in 3 is maintained in aque-
ous solution, as evident from coupling of the 195Pt isotope with
H(6) of the Hampy ligands (3J = 32 Hz) (see ESI †). The 195 Pt

Fig. 1 View of cation of trans-[(NH3)2Pt(Hampy)Cl]NO3 1a with
atom numbering scheme. The cation of the ClO4 salt 1b is rather similar
and not shown.

Fig. 2 View of cation of trans-[(MeNH2)2Pt(Hampy)2][NO3]2 3a with
atom numbering scheme. The equivalent atoms with additional labels
(�) are generated by the symmetry operation �x, �y, �z. The cation of
the ClO4 salt 3b is rather similar and not shown.
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NMR chemical shift of 3 (�2681 ppm, D2O) is consistent with
a PtN4 environment.39 Separate signals for head–tail and head–
head rotamers are neither detected in 1H nor in 195 Pt NMR
spectra at ambient temperature. The resonances are insensitive
to pH, even up to pH* 14, meaning that the pKa of the exocyclic
amino group of Hampy is (expectedly) well above 14 in the
N(1) platinated complex.

Reaction of 1 : 2 complex 2a with (en)PdII

Reaction of an aqueous solution of trans-[(NH3)2Pt(Hampy-
N 1)2][NO3]2 2a with two equiv. of [(en)Pd(H2O)2]

2� and adjust-
ment of the pH to 8–9 has previously been shown to lead to
the tetranuclear PtPd3 species trans-[Pt(µ-NH2)2(ampy-N 1,N 2,
N 2�)2{(en)Pd}2Pd(H2O)][NO3]4�2H2O 4a.7 Depending on the
presence of other anions, derivatives of 4a can be prepared and
crystallised, e.g. with Cl�, 4b and Br�, 4c.7 Selected structural
data of 4a–4c are compiled in Table 3, and the cation of 4b is
presented in Fig. 3. In all these complexes, a PdII ion is inserted
between two deprotonated exocyclic amide donors of the two
heterocycles, and in addition two (en)PdII moieties bridge the
exocyclic amide group of the amidinate ligand with a NH2

ligand at the PtII . The cations are chiral. The four metal ions
form a diamond with sides of ca. 3 Å and ca. 3.45 Å and diag-
onals of ca. 2.45–2.49 Å, depending on the axial ligand at Pd(1)
(Table 3), and ca. 5.85 Å. The short Pt(1) � � � Pd(1) distance is
clearly indicative of a dative bond from the filled dz2 orbital of
PtII into the empty dx2�y2 orbital of Pd.4–6

Fig. 3 Cation of 4b, and weakly bonded nitrate with atom numbering
scheme.

Table 2 Selected distances (Å) and angles (�) for 1a, 1b, 3a and 3b

 1a 1b

Pt(1)–N(1) 2.022(5) 2.024(8)
Pt(1)–N(10) 2.039(5) 2.040(8)
Pt(1)–N(10a) 2.041(5) 2.041(8)
Pt(1)–Cl(1) 2.296(2) 2.290(3)
C(2)–N(2) 1.333(8) 1.338(12)

N(1)–Pt(1)–N(10) 91.0(2) 91.4(3)
N(1)–Pt(1)–Cl(1) 178.7(1) 179.6(2)
Pt plane/Hampy plane 80.0(2) 67.1(2)

 3a 3b

Pt(1)–N(1) 2.060(9) 2.035(4)
Pt(1)–N(3) 2.064(13) 2.060(6)
N(3)–C(1) 1.51(2) 1.461(8)
C(2)–N(2) 1.36(2) 1.349(8)

N(1)–Pt(1)–N(3) 88.0(4) 89.9(2)
Pt plane/Hampy plane 79.8(4) 85.9(2)

The 1H NMR spectrum of 4a in D2O (ESI †) consists of
multiplets of the aromatic ampy resonances in the low field
region (D2O pD 6.4, δ, 8.45 (H6), 7.84 H(4), 7.15 H(3)/H(5)), a
multiplet due to the en resonances at around 2.8 ppm as well
as a broad singlet with unresolved 195 Pt satellites (ca. 45 Hz)
at 2.05 ppm. The latter is assigned to the µ-NH2 protons,
in agreement with literature data.40 Surprisingly, isotopic
exchange of these protons in D2O is very slow at ambient tem-
perature (days). The proton of the exocyclic amido group of
ampy is not observed due to rapid exchange. Of the aromatic
ampy resonances, H(6) is readily identified because of Pt coup-
ling (3J(195 Pt–1H(6)) = 29 Hz). As compared to the starting
compound trans-[(NH3)2Pt(Hampy-N 1)2]

2� 2,8 all three sets of
aromatic protons are downfield shifted. The 195Pt resonance of
4a, which is observed at �1265 ppm, is shifted to lower field by
more than 1400 ppm relative to 2.

Formation of 4a from 2a and an excess of [(en)Pd(D2O)2]
2�

(four-fold) was also followed by 1H NMR spectroscopy with
pD adjusted to 8–9. It was evident that the product is formed
virtually quantitatively, viz. no resonances due to 2a remain
after two days. At present we are unable to tell in which
sequence the PdII entities attach to 2a. A feasible way of gener-
ation of a [Pd(D2O)4]

2� species and its hydrolysis products,
respectively, would be a dismutation reaction of [(en)Pd-
(D2O)2]

2� into [(en)2Pd]2� and [Pd(D2O)4]
2�, but the number of

en resonance in the 2.4–2.8 ppm range does not permit an
unambiguous answer.

Complex 4a is stable in aqueous solution at least up to pD 13.
In acidic medium (pD < 2, HCl) gradual decomposition is
observed. The axial ligand in 4a deprotonates with a pKa of ca.
6, as determined by potentiometric titration. This value is close
to expectations.41 Addition of different salts (NaCl, KBr, KI,
NaNO2) to an aqueous solution of 4a leads to changes in chem-
ical shifts of the ampy resonances, notably for the H(6) signal,
and also of the 195Pt chemical shifts (Table 4).

Qualitatively, trends in relative shifts for the halogen species
relative to the aqua/hydroxo species 4a are similar as in pre-
viously studied 1-methylcytosinato complexes containing
Pt Pd bonds,5,6 but the shift range is quite different. By means

Table 3 Selected distances (Å) and angles (�) for 4a,, 4b, and 4c

 4a 4b 4c

Pt(1)–Pd(1) 2.450(1) 2.477(1) 2.492(1)
Pt(1)–Pd(2) 3.422(1) 3.372(2) 3.405(2)
Pt(1)–Pd(3) 3.445(1) 3.430(1) 3.415(2)
Pd(1)–Pd(2) 2.971(1) 2.891(1) 2.932(2)
Pd(1)–Pd(3) 3.030(1) 3.025(2) 3.016(2)
Pd(1)–X a 2.084(5) 2.336(3) 2.490(2)
Pt(1)–Y b 2.425(5) 2.523(6) 2.808(2)
Pt(1)–N(1) 2.026(5) 1.998(6) 2.023(9)
Pt(1)–N(1�) 2.016(5) 2.023(6) 2.050(9)
Pt(1)–N(11) 2.038(6) 2.063(7) 2.035(9)
Pt(1)–N(11�) 2.041(6) 2.050(7) 2.051(9)
Pd(1)–N(2) 2.049(6) 2.084(6) 2.063(9)
Pd(1)–N(2�) 2.024(6) 2.098(6) 2.035(9)
Pd(2)–N(11) 2.039(6) 2.016(7) 2.036(9)

N(1�)–Pt(1)–N(1) 175.1(2) 172.5(3) 171.8(4)
N(11�)–Pt(1)–N(11) 175.3(3) 178.0(3) 178.0(4)
N(2�)–Pd(1)–N(2) 168.0(2) 167.1(3) 166.0(5)
N(2�)–Pd(2)–N(11) 91.9(2) 92.4(3) 91.4(4)
N(2)–Pd(3)–N(11�) 91.7(2) 92.3(3) 90.8(4)
Pd(2)–N(11�)–Pt(1) 114.1(3) 111.5(3) 112.9(4)
Pd(1)–Pt(1)–N(1)–C(2) –22.3(5) –20.9(6) –24.7(8)
N(21)–C(21)–C(22)–N(22) –51.9(9) –53.4(9) 44(2)
ampy 1/Pt(1)N4 67.2(2) 65.6(2) 63.6(3)
ampy 1/ampy 2 42.3(2) 49.5(4) 53.6(5)
Pd(2)N4/Pd(3)N4 63.0(2) 51.6(2) 52.1(3)
Pd(1)N2Pt(1)X a/Pt(1)N4 89.0(1) 89.4(1) 86.4(3)
a Axial ligand at Pd(1), e.g. OH2 in 4a, Cl in 4b, Br in 4c. b Axial ligand
at Pt(1), viz. ONO2 in 4a, 4b and Br in 4c. 
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of a 1H NMR dilution experiment, stabilities of the complexes
with axial Cl�, Br� and I� ligands were determined and found
to be 122(5) l mol�1 for the Cl� species, 116(12) l mol�1 for the
Br�, and 201(8) l mol�1 for the I� derivative of 4a.

Reaction of 1 : 2 complex 3a with (en)PdII

When we carried out reactions of [(en)Pd(H2O)2]
2� with trans-

[(MeNH2)2Pt(Hampy-N 1)2][NO3]2 3a instead of the NH3 com-
pound 2a, we expected to isolate compounds analogous to 4.
Indeed, 1H NMR spectroscopy revealed formation of one or
possibly two new species with chemical shifts close to those of
4a as major species. However, the compound isolated in moder-
ate yield and fully characterised proved to be a hexanuclear
Pt2Pd4 complex of completely different composition: [trans-
{(MeNH2)2Pt(ampy-N 1,N 2,N 2�)2}2{(en)Pd}4][NO3]8�5H2O 5.
Its resonances (cf. ESI†) were unambiguously identified in the
1H NMR spectra of reaction mixtures (H(6) and H(4) reson-
ances of 5 do not interfere with any of the other resonances),
but the intensities are considerably lower than those assigned to
6, the analogue/s of 4. Nevertheless this major solution species
6 could be isolated in low yield only. At present we have only
preliminary X-ray data on 6, which unambiguously confirm the
tetranuclear PtPd3 structure as seen in 4, with µ-NH2 ligands
replaced by µ-MeNH. The problem arises from the uncertain
nature of the axial ligand at Pd(1) and its origin. It is possible,
that formation of 5 is favored by high concentration, hence that
5 is formed to an appreciable extent only during the crystallis-
ation process. We have tried to verify this assumption by means
of 1H NMR spectroscopy, but conclusive evidence was not
found, possibly due to the narrow concentration range studied.

Description of Pt2Pd4 complex 5

In the following, only 5 will be further discussed. The cation of
5 is depicted in Fig. 4. Pt is cross-linking two ampy ligands via
endocyclic N(1) and N(1�) sites, while (en)PdII moieties are
bridging exocyclic amido functions N(2) and N(2�) two-fold. As

Fig. 4 View of cation of trans-{(MeNH2)2Pt(ampy)2}2{Pd(en)}4]-
[NO3]8�5H2O 5 with atom numbering scheme. Metal ions labelled with
(a) are generated by the symmetry operation �x � 2, �y � 2, �z � 1.

Table 4 Chemical shifts [ppm] of ampy-H(6) and 195Pt resonances of
4a in the presence of other ligands X

X δ(H(6)) δ(195Pt) pD

NO2
� 8.23  7.4

H2O 8.45 �1265 6.0
Cl� 8.78 �1197 7.2
Br� 8.89 �1132 7.2
I� 9.12 �1073 7.3

far as the overall appearance is concerned, 5 is similar to a
compound reported by us some time ago, in which the en
ligands at the Pd atoms are replaced by monodentate nitrato
ligands and water molecules.8 Consequently, the previously
described cation and that of 5 differ markedly in their charges
in the solid state, which are �2 and �8, respectively. The four
heterocyclic rings, including the exocyclic N atoms, and the two
Pt atoms of 5 are close to coplanar, while the Pd atoms are
pairwise above and below this plane, by 1.45 Å, as are the
methylamine ligands of the Pt atoms (Pt(1)–N(7) 2.05 Å). Sali-
ent structural features are listed in Table 5. The Pt(1) � � � Pt(1a)
distance is 7.053(3) Å, Pd � � � Pd separations are 6.151(2) Å
(Pd(1) � � � Pd(2)) as well as 2.904(1) Å (Pd(1) � � � Pd(2a)),
and N(2) � � � N(2�) distances are 4.859(7) Å. The rectangle is
“walled” by the four (en)PdII moieties at the long sides of the
rectangle and by the MeNH2 ligands at the short sides. Since the
(en)PdII units, like the methyl substituents of the methylamine
ligands, are tilted away from the central cavity, the cation can be
regarded as having the appearance of a double cone. The maxi-
mum height of the complex, as calculated by distances between
CH2 groups of the en ligands, is 8.16(1) Å (av. C(12) � � � C(21)
and C(11) � � � C(22)). Two exocyclic amido nitrogens of the
ampy ligands and two Pds form four-membered Pd2N2 rings,
which are not planar, however, but folded along the N–N vector
(ESI †), as seen in related cases.42–44 In 5 the angle between the
two triangular halves of the ring is 132.0(2)�. As a consequence,
the two metal centers get quite close, 2.904(1) Å, closer than in
planar Pd2N2 rings, e.g. 3.063(1) Å.45

A fascinating feature of the solid-state structure of 5 is the
close association of two of the eight counter ions with the
cation. As shown in Fig. 5, two nitrate anions penetrate from
either side of the open rectangular box into the cavity and are in
a way “captured”. They are held by four bifurcated hydrogen
bonds extending from the amido protons at the exocyclic N(2)
and N(2�) groups of the ampy ligands to O(11) (3.12(1)–3.20(1)
Å) and by H bonds between the methylamine ligands N(7) and
N(7�) and the two other oxygen atoms O(12) and O(13) of the
nitrates (2.88(1) Å each). Moreover, O(12) forms a weak hydro-
gen bond with the water molecule O(3wa), 3.28(5) Å, while
O(13) is within reach of C(21)H2 of an en ligand of an adjacent
cation. In addition, O(11) is halfway between Pd(1) and Pd(2)
(3.078(5) and 3.075(5) Å), hence each nitrate is sandwiched
between two (en)PdII units. It is obvious that the O(11) oxygen

Table 5 Selected distances (Å) and angles (�) for 5

Pt(1)–N(1) 2.025(5) N(1)–Pt(1)–N(1�) 172.6(2)
Pt(1)–N(1�) 2.037(5) N(1)–Pt(1)–N(7�) 90.1(2)
Pt(1)–N(7) 2.052(5) N(1�)–Pt(1)–N(7�) 90.0(2)
Pt(1)–N(7�) 2.050(5) N(1)–Pt(1)–N(7) 87.7(2)
N(7)–C(7) 1.469(8) N(1�)–Pt(1)–N(7) 92.0(2)
N(7�)–C(7�) 1.458(8) N(7�)–Pt(1)–N(7) 177.1(2)
Pd(1)–N(11) 2.041(5) N(11)–Pd(1)–N(2) 98.3(2)
Pd(1)–N(12) 2.062(5) N(11)–Pd(1)–N(12) 82.4(2)
Pd(1)–N(2) 2.056(5) N(2)–Pd(1)–N(12) 176.4(2)
Pd(1)–N(2�) a 2.068(5) N(11)–Pd(1)–N(2�) a 177.7(2)
Pd(2)–N(21) 2.040(5) N(2)–Pd(1)–N(2�) a 79.7(2)
Pd(2)–N(22) 2.035(5) N(12)–Pd(1)–N(2�) a 99.7(2)
Pd(2)–N(2�) 2.073(5) N(22)–Pd(2)–N(21) 82.0(2)
Pd(2)–N(2) a 2.069(5) N(22)–Pd(2)–N(2) a 99.5(2)
N(10)–O(11) 1.226(6) N(21)–Pd(2)–N(2) a 178.4(2)
N(10)–O(12) 1.253(7) N(22)–Pd(2)–N(2�) 178.7(2)
N(10)–O(13) 1.210(7) N(21)–Pd(2)–N(2�) 99.3(2)
Pt(1)–Pt(1) a 7.053(3) N(2) a–Pd(2)–N(2�) 79.3(2)
Pd(1)–Pd(2) 6.151(2) O(11)–N(10)–O(12) 120.5(6)
Pd(2)–Pd(1) a 2.904(1) O(11)–N(10)–O(13) 121.0(6)
N(2)–N(2�) 4.859(7) O(12)–N(10)–O(13) 118.5(6)
  Pt(1)N4/ampy (N1) 88.8(2)
  Pt(1)N4/ampy (N1�) 84.7(2)
  ampy (N1)/ampy (N1�) 6.7(2)
  Pd(1)N4/Pd(2) aN4 136.6(2)
  Pd(2)N4/ampy (N1�) 66.5(2)
a Symmetry operation �x � 2, �y � 2, �z � 1. 
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atoms are in axial positions of these Pd atoms. The structure
data provide no evidence for a pyramidalization of the
Pd coordination sphere, however, which could be expected if
O(11) acted as a Lewis base.46 A space filling model reveals that
the nitrates fit snugly into the opening of the rectangular box
(Fig. 6). The O(11) atoms of the two “captured” nitrate ions at
either side of the Pt2(ampy)4 plane are remarkably close, 3.03 Å,
but of course still further apart than in [O2NO � � � H � � �
ONO2]

�, where this distance is 2.45 Å.47

Cations of 5 are lined up along the x-axis in a stair-case
fashion and connected by a network of H bonds involving
nitrate anions, water molecules, NH2 groups of MeNH2, and en
ligands (both CH2 and NH2 groups). A stereoview represen-
tation is provided in the ESI,† and a simplified picture is given in
Fig. 7. The cations are parallel but displaced by ca. 3 Å in such a
way that the en ligands of the neighbouring cations are roughly
underneath the “captured” nitrate and capable of interacting
with O(13) of the latter in a weak H bond with C(21)H2 (3.28(5)
Å). The shortest intercationic Pt � � � Pt distances are 11.447(2)
Å (x � 1, y, z) and 13.947(5) Å (�x � 3, �y � 2, �z � 1). The
closest intermolecular distance between oxygen atoms of the
“captured” nitrate ions is 5.60(1) Å (O(13) � � � O(13*), �x � 3,
�y � 2, �z � 1). Thus distances between “captured” nitrates

Fig. 5 Cation 5 with two inserted NO3
- anions.

Fig. 6 Partial space filling representation of “captured” nitrates:
(a) view along the Pt–Pt vector; (b) view perpendicular to Pd atoms.

alternate between short and long. A view along the x-axis
reveals the line up of these nitrate anions (ESI †).

The association of two nitrate ions with cation 5 suggests
that it might be possible to substitute the NO3

� ion by other
planar oxo anions. We have modelled the interaction of oxalate
anions with cation 5 and find that three of the four oxygen
atoms of oxalate can favourably interact through H bonding
with the cation, involving the four NH protons of the ampy,
NH2 of the methylamine ligands as well as N(12)H2 and
N(21)H2 of the en ligands. Again, one of the oxygen atoms of
the oxalate would be halfway between two Pd atoms. Prelimin-
ary 1H NMR titration experiments indeed suggest that oxalate
interacts with NH2 of the MeNH2 ligands in a concentration-
dependent manner. Further work is required to substantiate
this finding.

Summary
The solid-state structures of compounds 4 and 5, which were
obtained from the two simple components trans-[a2Pt(Hampy-
N 1)2]

2� and [(en)Pd(H2O)2]
2�, provide a wealth of interesting

features. First, they demonstrate that the 2-aminopyridine
ligand, following single deprotonation at the exocyclic amino
group, hence formation of an amido ligand, can act as a tri-
dentate ligand. Bridging of three metal centers may either occur
in an intramolecular fashion (4) or an intermolecular manner
(5). At least with the trans-(MeNH2)2PtII system, both options
are realized simultaneously (5, 6). The stoichiometries and
structures of 4 and 5 are markedly different. Second, in 4 not
only amide bridge formation of the amidopyridine ligand is
observed, as in 5, but also NH2 bridges originating from the
ammonia ligands of PtII are formed. Reactions leading to these
NH2 bridges take place under rather mild reaction conditions.
They are of potential relevance also to the coordination chem-
istry of the antitumor agent Cisplatin as well as its inactive (or:

Fig. 7 Stacking of cations of 5 with “captured” nitrates. Individual
cations are strongly associated via a complex network of H bonds not
shown here. A detailed stereo view, which includes H bonding
interactions as well as water molecules and other counter ions, is
provided in the ESI †.
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less active) trans isomer, although such a possibility hitherto
neither has been anticipated nor even discussed. We note, how-
ever, that we have evidence now, that cis-(NH3)2PtII compounds
indeed are capable of forming µ-NH2 species in water under
mild conditions.48 Formation of 4 furthermore reveals that loss
of even the chelating en ligand from (en)PdII is facile, not just of
am(m)ine ligands bonded in a monodentate fashion.49 Third,
the double-cone structure and the high positive charge of cation
5 make it a preorganized host for two nitrate anions, and
possibly for other flat oxo anions as well. The binding pattern
appears to be determined by electrostatics and hydrogen bond-
ing, but possibly also favourably reinforced by interactions of
one of the nitrate oxygen atoms with two PdII ions. The fact
that the two Pd atoms are located approximately perpendicular
to the plane of the nitrate anion makes this situation special. It
is certainly different from scenarios seen in other metal contain-
ing nitrate hosts,50–52 and differs also from a host–guest complex
in which two stacked nitrate anions are encapsulated in a metal
free bicyclic cage.53 It is, however, remotely reminiscent of
nitrate binding in a bicyclic cyclophane host, although in this
case the anion is fully sandwiched between two aromatic rings.54

Finally, the arrangement of cations 5 along the x-axis in the
solid state, and their tight association via H bonding inter-
actions communicated by water molecules as well as other
nitrate ions, make 5 a model for an artificial anion channel of
nitrate. It thus adds to examples of similar metal containing
anion pore structures 55 or fragments thereof.56
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