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The anion complexation properties of a trans-functionalised

platinum(II) complex have been studied revealing a high affinity

for sulfate in solution and 3 : 2 receptor : sulfate complex forma-

tion in the solid state with the anion bound in a pocket lined with

6 NH and 8 CH hydrogen-bond-donating groups.

The complexation of oxo-anions,1 and particularly sulfate,2 is

an area of intense interest. For example, Custelcean and co-

workers have recently reported an example of sulfate, SO4
2�,

bound to two tren-based tris-urea receptors via twelve NH� � �O
hydrogen bonds.3 Our groups4 and others5 have investigated

the use of metal ions to template the formation of metal–

organic anion receptors and shown that these compounds

function as robust receptors for anionic species in solution.

In 2004, we reported that a metal–organic anion receptor

1 consisting of a platinum centre bound to four urea-

functionalised isoquinoline ligands was a particularly effective

sulfate receptor, binding the anion via eight NH� � �O hydrogen

bonds.6 Here we report the synthesis and anion complexation

properties of a trans-functionalised platinum isoquinoline

pyridine complex 2 that is capable of binding sulfate in the

solid state via NH� � �O and CH� � �O hydrogen-bonding inter-

actions in a unique 3 : 2 receptor : sulfate complex.

Complex 2 was prepared in 48% yield by activation of trans-

dichlorobis(pyridine)platinum(II)7 with silver tetrafluoro-

borate in nitromethane at reflux followed by addition of a

solution of 8-(n-butylurea)isoquinoline.6

Anion-binding studies were conducted by 1H NMR titra-

tion techniques in highly competitive DMSO-d6. The

EQNMR program8 was used to calculate stability constants

from the NMR titration curves obtained (see ESIz) with the

results for halide anions shown in Table 1. Upon addition of

tetrabutylammonium halides in DMSO-d6, fast exchange was

observed on the NMR timescale. The affinity of receptor 2 for

halides is lower than receptor 1 due to the lower number of

hydrogen-bond-donor groups in this system. However, as was

observed with receptor 1, receptor 2 binds halides in a 1 : 2

receptor : halide stoichiometry with a high K1 and a lower K2.

We interpret this as the receptor adopting an up–up conforma-

tion at low anion concentrations wherein the anion is bound

by two urea groups oriented in the same direction on one face

of the complex, whereas at higher anion concentrations the

receptor adopts an up–down conformation with the urea

groups oriented on different faces of the complex with each

urea binding a different halide.

Crystals of the bromide complexy of 2 were grown by slow

evaporation of a nitromethane solution of the tetrafluoro-

borate salt of 2 in the presence of excess tetrabutylammonium

bromide. The structure (shown in Fig. 1) reveals that the

receptor adopts an up–down conformation in the solid state,

binding each bromide anion via four CH� � �Br� hydrogen

bonds (in the range C� � �Br 3.654(4)–3.775(5) Å) and a single

urea NH� � �Br� hydrogen bond (N� � �Br distance 3.474(4) Å).

Table 1 Stability constants (Ka/M
�1) for receptors 1 and 2 with

tetrabutylammonium anion salts in DMSO-d6 at 300 Ka

Receptor

Anion 1
b

2

Cl� K1 = 11 700 K1 = 2350
K2 = 2220 K2 = 450

Br� K1 = 1360 K1 = 942
K2 = 450 K2 = 131

I� K1 = 1430 K1 = 161
K2 = 52 K2 = 16

SO4
2� Ka 4 104 K1 4 104c

K2 = 7800d

H2PO4
� Ka 4 104 K1 4 104e

a All errors estimated to be o15%. b Data from ref. 6. c Estimated

value-fitting the NMR titration curve between 0 and 1 equiv. gives a

stability constant 4104 M�1. d Estimated value—as determined by a

single point stability constant determination assuming a simple equili-

brium between 1 : 1 and 1 : 2 receptor : anion complexes. e Estimated

value—saturation is seen upon addition of one equivalent of the

anion. Addition of further aliquots of dihydrogen phosphate causes

precipitation.
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The urea nitrogen appended to the isoquinoline does not

interact with the bromide but instead forms an intermolecular

hydrogen bond to an adjacent complex in the crystal.

Upon addition of tetrabutylammonium sulfate9 to solutions

of receptor 2 in DMSO-d6 a fast exchange process occurs in

which the proton resonances corresponding to the free recep-

tor shift up to one equivalent of added sulfate. Fitting this

portion of the NMR titration to a 1 : 1 binding model gives a

stability constant K1 4 104 M�1.8 At this point further

additions of sub-stoichiometric aliquots of sulfate result in a

slow exchange process wherein resonances corresponding to

the 1 : 1 receptor–sulfate complex disappear and resonances

corresponding to a new complex appear (Fig. 2). This process

is essentially complete upon addition of a second equivalent

of sulfate. A single-point stability-constant determination at

1.67 equivalents of sulfate gave a stability constant of approxi-

mately 7800 M�1 assuming a simple equilibrium between 1 : 1

and 1 : 2 receptor–anion complexes. No further shifts in the 1H

NMR spectrum were observed upon addition of further

aliquots of sulfate. We interpret this behaviour in a similar

fashion to the halide binding process. Initially a 1 : 1 complex

forms, but in this case the equilibrium between the 1 : 1 and

1 : 2 receptor–anion complexes is slow and both species can be

observed as distinct complexes at 300 K in DMSO-d6 (Scheme 1).

This is presumably due to the stability of the 1 : 1 complex

making the formation of the 1 : 2 complex less favourable. A

slow exchange process is also observed and is complete over

the addition of one equivalent of dihydrogen phosphate

(Fig. 3) but the complex precipitates upon addition of excess

of this anion.

Fig. 1 X-Ray crystal structure of the bromide complex of receptor 1.

Selected hydrogen atoms have been omitted for clarity.

Fig. 2 Slow and fast exchange in the proton NMR titration of

complex 2 with tetrabutylammonium sulfate in DMSO-d6.

Fig. 3 Slow exchange in the proton NMR titration of complex 2 with

tetrabutylammonium dihydrogenphosphate in DMSO-d6.

Scheme 1 Sulfate complexation by complex 2 in DMSO-d6 with

proposed conformational interconversion of the platinum complex.
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Crystals of the sulfate complexz of 2 were grown by slow

evaporation of a nitromethane solution of the tetrafluoro-

borate salt of 2 in the presence of one equivalent of

tetrabutylammonium sulfate.9 The structure revealed the

formation 3 : 2 receptor–sulfate complex with tetrafluoro-

borate anions coordinating to the platinum complexes via

CH� � �F interactions at the periphery of the structure

(Fig. 4). A central platinum complex adopts an up–down

conformation with each urea group bound to a sulfate anion.

Each of these sulfate ions is also bound to another platinum

complex adopting an up–up conformation. Hence, each sulfate

is bound to three urea groups. In addition, the aromatic CH

groups in the a-position of the isoquinoline and pyridine rings

of two platinum complexes form CH� � �O hydrogen bonding

interactions with the sulfate ions. In all, there are fourteen NH

and CH hydrogen-bond-donor groups around each sulfate

(see ESI for more details of the sulfate coordination

environment).z Interestingly, this complex contains both the

bonding modes proposed for sulfate binding in solution,

namely the up–up conformation binding sulfate at low sulfate

concentrations and the up–down conformation at higher

sulfate concentrations.

These new studies featuring trans-functionalised platinum

complexes have provided deeper insight into the conforma-

tional interconversion processes occurring in solution for this

class of anion receptor than was possible with the tetra-

substituted derivative.6 Importantly, the observation of both fast

and slow exchange processes and a unique 3 : 2 complex between

anion and receptor provides significant insight into how the

conformational preferences of these receptors operate and should

allow for further optimisation of receptor selectivity.
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for access to the crystallographic facilities at the University of

Southampton.

Notes and references

y Data were collected on a Bruker Nonius Kappa CCD with a Mo
rotating anode generator; standard procedures were followed. Crystal
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120(2) K, monoclinic, space group P21/n, a = 14.0597(5), b =
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rcalc = 1.692 g cm�3, m = 5.657 mm�1, Z = 2, reflections collected:
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a = 76.749(2), b = 89.381(2), g = 73.750(2)1, V = 3348.97(16) Å3,
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49 439, independent reflections: 11 804 (Rint = 0.0820), final R indices
[I 4 2s(I)]: R1 = 0.0439, wR2 = 0.0929, R indices (all data):
R1 = 0.0747. wR2 = 0.1050.z
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Fig. 4 X-Ray crystal structure of the sulfate complex of receptor 2.

Sulfate and tetrafluoroborate are shown in a space-filling representa-

tion. The central platinum complex adopts an up–down conformation

(shown in blue) whilst the other two platinum complexes adopt up–up

conformations (shown in green).
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