
Reversible Coordinative Bonds in Molecular Recognition

Michael Kruppa and Burkhard König*

Institut für Organische Chemie, Universität Regensburg, D-93040 Regensburg, Germany

Received April 25, 2005

Contents
1. Introduction 3520
2. Scope and Limitations 3522
3. Iminodiacetato (IDA) Complexes 3522

3.1. Structures of IDA Complexes in the Solid
State

3523

3.2. Recognition Processes in Solution 3523
3.2.1. Peptide and Protein Binding by IDA

Transition Metal Complexes
3523

3.2.2. Carbohydrate Recognition in Water 3526
3.3. Recognition Processes on Solid Surfaces 3527

3.3.1. Immobilized Metal Ion Affinity
Chromatography (IMAC)

3527

3.3.2. Molecular Imprinting 3528
3.3.3. Metal Chelating Lipids 3529

4. Nitrilotriacetato Complexes 3530
4.1. Structures of NTA Complexes in the Solid

State
3531

4.2. Recognition Processes in Solution 3532
4.2.1. Interactions of Metal NTA Complexes with

Carboxylic Acids, Amino Acids, and Their
Esters

3532

4.2.2. Hexahistidine-Tag-Mediated Fluorescent
Labeling with [Ni(II): Nitrilotriacetic
Acid]n−Fluorochrome Conjugates

3532

4.2.3. Arginine Carrier Peptide Bearing
Ni(II)−NTA

3533

4.2.4. Metal-Dependent Cell-Penetrating
Peptides (CPPs)

3533

4.2.5. Enhanced Peptide â-Sheet Affinity by
Metal to Ligand Coordination

3534

4.3. Recognition Process on Solid Surfaces 3534
4.3.1. Immobilized Metal Ion Affinity

Chromatography (IMAC)
3534

4.3.2. Immobilization of Ni(II)−NTA on Microtiter
Plates

3534

4.3.3. Molecular Imprinting of Ni(II)−NTA
Complexes

3534

4.3.4. Immobilization on Gold Surfaces 3535
4.3.5. Electropolymerization of NTA Complexes 3536
4.3.6. Metal Chelating Lipids 3536
4.3.7. NTA-Modified Magnetic Nanoparticles 3537
4.3.8. Immobilization on Quartz Surfaces 3537

5. Bis(2-pyridylmethyl)-amine (BPA, DPA, BISPMA,
DIPICA, BISPICAM) Complexes

3537

5.1. Structures of BPA Complexes in the Solid
State

3537

5.2. Recognition Processes in Solution 3539
5.2.1. Surface Recognition of R-Helical Peptides

in Aqueous Solution
3539

5.2.2. Artificial Receptors for Phosphorylated
Peptides

3539

5.3. Recognition Processes on Solid Surfaces 3543
5.3.1. Sensors for Phosphatidylserine-Containing

Membranes
3543

6. Tris(2-pyridylmethyl)-amine (TPA, TMPA)
Complexes

3544

6.1. Structures of TPA Complexes in the Solid
State

3544

6.2. Recognition Processes in Solution 3545
6.2.1. Cysteine Binding 3545
6.2.2. Phosphate Binding 3545

6.3. Recognition Processes on Solid Surfaces 3546
7. Diethylenetriamine (Dien) Complexes 3546

7.1. Structures of Dien Complexes in the Solid
State

3546

7.2. Recognition Processes in Solution 3548
7.2.1. Imidazole Binding in Solution 3548
7.2.2. Nucleotide Binding 3549
7.2.3. Binding Processes in

Oligo(ethylenediamino)-Bridged
Bis-â-cyclodextrins

3549

7.2.4. Binding with Bis-Dien Complexes 3549
7.3. Recognition Processes on Solid Surfaces 3550

8. Tri(2-aminoethyl)-amine (Tren) Complexes 3550
8.1. Structures of Tren Complexes in the Solid

State
3550

8.2. Recognition Processes in Solution 3552
8.2.1. Binding of Nucleotides 3552
8.2.2. Binding of Carboxylates 3552
8.2.3. Binding of Imidazole and Amino Acids 3553
8.2.4. Binding of Organic Guests by Calix[6]tren 3554
8.2.5. Binding to Dimetal Bis-Tren Cages 3554

8.3. Recognition Processes on Solid Surfaces 3555
9. Conclusion 3555

10. Acknowledgments 3555
11. Supporting Information 3555
12. References 3555

1. Introduction
Metal complexes with open coordination sites have found

wide use in molecular recognition. They serve as binding
sites in the development of chemosensors,1 to study metal-
loenzyme function in bioinorganic chemistry,2 or to direct
supramolecular self-assembly.3 Lewis-acidic metal complexes
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can target a large variety of Lewis basic functional groups,
which makes them very suitable for the design of synthetic
receptors. Coordination to metal ions occurs typically with

large enthalpies compared to those for hydrogen bond
formation, salt-bridges, or dipole-dipole interactions. This
gives the opportunity to study molecular recognition and self-
assembly in solvents competing for binding, such as water,
using coordinatively unsaturated metal complexes as binding
sites. A single coordinated bond from a guest to a metal-
complex host may provide sufficient binding energy to result
in stable and defined aggregates at micromolar concentrations
in water. Typically, to achieve tight binding in such an
environment by weaker intermolecular interactions, multiple
interactions and large receptor structures are necessary to
exclude competing solvents.4 However, not all coordinatively
unsaturated metal complexes are suitable binding sites for
molecular recognition of guest molecules. The coordinative
bond between the metal complex and the bound guest should
be strong but not too tight (Scheme 1). Binding affinity and
binding kinetics, the on- and off-rates of the ligand, should
still allow reversibility to keep the important features of
molecular recognition, such as self-assembly to the thermo-
dynamically most favored structure, dynamics of supramo-
lecular aggregates, and displacement of a bound guest by a
better ligand. Metal complexes which bind ligands at their
open coordination sites with milli- to micromolar affinity
and rates in the millisecond time range or faster are most
suitable for self-assembly and molecular recognition pro-
cesses at the laboratory time scale.

The complementarity of shape and binding sites usually
determines the binding selectivity of host molecules using
hydrogen bonds or electrostatic interactions. This applies
equally to the small number of oligonuclear metal complex
receptors reported until now. However, even a single
reversible bond between the metal complex and the ligand
shows intrinsic selectivity toward the nature of the ligand
exceeding its simple Lewis basicity. The Lewis basicity of
a ligand correlates to the hydrogen bond donor or acceptor
ability in hydrogen bond receptor binding. The strength of
the coordinative bond depends additionally on the nature of
the metal ion and the Lewis basic ligand atom as predicted
by the HSAB principle. Such selectivity is well documented
in metal ion complexation, e.g. by the preferential binding
of imidodiacetato transition metal complexes to imidazole
or pyridine nitrogen atoms. The selectivity is useful for
receptor design in molecular recognition.

An obvious prerequisite for a metal complex to serve as
a binding site is its stability. The metal ion should be
coordinated in a thermodynamically and kinetically stable
fashion. A reversibly bound Lewis basic guest should not
displace the original ligand from the metal ion. This requires
multidentate primary ligands for metal ion binding, and
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Scheme 1. Principle of a Coordinatively Unsaturated Metal Complex as Binding Site for the Reversible Coordination of a
Lewis Basic Guest Molecule
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indeed all reported examples of reversible coordination of a
guest to a metal ion binding site in molecular recognition
use such ligands.

2. Scope and Limitations
This review will summarize the use of reversible coordi-

nation with selected classes of transition metal complexes
of acyclic N,O ligands in molecular recognition. To be
included, the stable metal complex of a primary ligand and
a transition metal ion must possess unoccupied coordination
sites and bind reversibly to a Lewis basic guest. The primary
ligands of the unsaturated metal complex define the scope
of this survey. We have selected the ligand classes for which
the most applications as metal complex binding sites are
reported. The general ligand types are given in Figure 1,

and we discuss for each ligand (i) the typical stability
constants of the transition metal complexes, (ii) solid-state
structures, in which the primary ligand-metal complex
coordinates an additional complex ligand, (iii) reversible
guest binding of the metal complex in homogeneous solution,
and (iv) binding processes of metal complexes immobilized
on a solid support, such as a polymer or gold. We exclude
from the discussion the binding of simple inorganic ligands,
such as halides or sulfate ions, in solid state or solution. The
purpose of the review is to support the design of function-
alized metal complexes as synthetic receptors for complex
guests, such as peptides, amino acids, heterocycles, or
nucleobases. The range of functional groups covered, which
interact with metal complexes, is therefore limited to relevant
ones for this purpose, such as carboxylate, phosphate,
aromatic amines, diamines, imines, or thiols. The range of
coordinatively unsaturated metal complexes covered in this
survey is limited to the ligand types of Figure 1, which have
found the most application in molecular recognition. A
complete discussion of all coordination compounds which
reversibly bind additional ligands is not possible within the
scope of a review due to the very large number of possible
examples.

We have excluded complexes with bipyridines or terpyr-
idines as primary ligand from this review, because the few
examples in which such complexes are solely used as
metallo-binding sites are difficult to distinguish from the vast
majority of applications of these complexes in photochem-
istry and photophysics. The key references for the use of
bipyridine and terpyridine complexes as binding sites in
molecular recognition by Anslyn5,6 and others7 are given.

We do not cover porphyrin metal complexes as host
binding sites in this review. Hamilton8 very successfully used
them for protein surface binding. Kral and Schmidtchen9

reported sugar binding by porphyrin sandwich complexes.
In these examples, the large hydrophobic porphyrin surface
is significant for the binding events in water. The formation
of a reversible coordinative bond to the central metal ion of
the porphyrin ligand is ineffectual for this process. Func-
tionalized porphyrin hosts were widely used for guest
binding.10 Sandersreported macrocyclic zinc(II) porphyrins
and their use as synthetic enzymes directing and catalyzing
Diels-Alder reactions.11 Neutral zinc(II) porphyrin reversibly
coordinates pyridine derivatives as additional ligands in
dichloromethane solution. Synthetic porphyrin-based recep-
tors for amino acids12 or nucleobases13 are known, but their
binding ability is usually restricted to noncompeting solvents,
such as dichloromethane or chloroform. Neutral porphyrin
complexes of divalent metal ions, such as zinc(II), show only
little Lewis-acidity and, therefore, weak coordination ability
of additional ligands. Studies using trivalent porphyrin metal
complexes as defined hosts reversibly coordinating guest
molecules are limited.14 The use of porphyrin complexes in
composite materials or self-assembled aggregates in material
science is well documented15 but is outside the scope of this
review.

Azamacrocyclic complexes of cyclen, cyclam, and related
structures are widely used as binding sites in molecular
recognition. Their application is well documented in many
examples by Kimura,16 Wieghard,17,18 Fabbrizzi,19-21 and
others. Recent reviews22-24 have covered the work, and we
therefore exclude complexes of azamacrocyclic ligands from
this review.

Overall, we provide a survey of reversible coordination
to unsaturated acyclic metal complexes used in molecular
recognition limited to the most important ligand classes used
to date.25 The selection of the ligands is defined by the ability
of their corresponding transition metal complexes to revers-
ibly and tightly bind Lewis basic guest molecules in
competing solvents, such as water. This renders the selected
complexes suitable as potential metal binding sites for
synthetic receptors applicable in chemical biology or bio-
technology, where their use would be most advantageous.

3. Iminodiacetato (IDA) Complexes
The iminodiacetato (IDA) ligand was first reported by

Heintz26 in 1862. Since then it has been widely used as a
chelating ligand for various metal ions, e.g. Cu(II), Ni(II),
Zn(II), Co(III), Fe(III), Al(III), and Cr(III). 27-32 Table 1
summarizes the metal ion binding constants of some typical
complexes. Complexes with ligand to transition metal ion
stoichiometries of 1:1 and 2:1 are typical. Metal ion binding
constants and thermodynamic and kinetic stability are usually
very high. Depending on the coordination number of the
transition metal ion, complexation with the tridentate IDA
ligand leaves coordination sites open for reversible ligand

Figure 1. General ligand types of transition metal complex binding
sites for molecular recognition covered in this review.

Table 1. Binding Constants of Different Metal Ions to IDA33

ion equilibrium logK ion equilibrium logK

Cr3+ ML/M ‚L 10.9 Cu2+ ML/M ‚L 10.56
ML2/M‚L2 21.4 ML2/M‚L2 16.4

Co2+ ML/M ‚L 6.54 Fe3+ ML/M ‚L 10.72
ML2/M‚L2 11.95 ML2/ML ‚L 9.42

Ni2+ ML/M ‚L 8.3 Zn2+ ML/M ‚L 7.15
ML2/M‚L2 14.5 ML2/M‚L2 12.4
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binding. Therefore, unsaturated IDA complexes qualify
perfectly as binding sites for molecular recognition of Lewis
basic guests.

3.1. Structures of IDA Complexes in the Solid
State

In the following, we discuss the solid-state structure of
some typical IDA complexes, which have coordinated
additional Lewis basic guests.

A large number of Cu(II)-IDA complexes have been
reported and structurally characterized. Cu(II) complexes of
IDA ([Cu(IDA)(H 2O)2]) form polymeric structures in the
solid state.27,31 The Cu(II) ion coordination geometry is a
distorted octahedron.27A large variety of complexes with
IDA,34-40 N-IDA,37,41,42or C-IDA36,43derivatives as primary
chelating agent and imidazoles34-37,41as an additional ligand
have been studied. The investigation of their structures in
the solid state gave several interesting correlations: In
compounds prepared from equimolar amounts of Cu(II),
IDA, and N-heterocyclic donor, the Cu(II) exhibits a distorted
pyramidal coordination (type 4+1) or, in some cases, an
octahedral coordination geometry (type 4+2 or 4+1+1) is
adopted.37 The IDA or IDA derivative acts as a terdentate
ligand with mer-chelation. In contrast, all known mixed-
ligand complexes having a 1:1:2 Cu(II)/IDA/N-heterocyclic
donor ratio show an elongated octahedral Cu(II) coordination
with the IDA ligand as afac-terdentate chelate.

The large number of solid-state structures known of
transition metal complexes that bear an additional typically
more weakly bound ligand prohibits their discussion in detail.
Therefore, we have summarized in the Supporting Informa-
tion all structures found in the Cambridge Structural Database
where an IDA transition metal complex coordinates an
additional complex ligand.44 Noticeable is the ability of IDA
complexes to bind additional N-heterocyclic ligands, in
particular imidazole and pyridine. The summarized informa-
tion may guide the design of functionalized IDA complexes
as chemosensors, for self-assembly or other purposes.

3.2. Recognition Processes in Solution

3.2.1. Peptide and Protein Binding by IDA Transition
Metal Complexes

The affinity of IDA complexes for histidine residues is
well documented in the solid state and in solution. Its main
application is protein purification using metal ion affinity
chromatography (IMAC). However, some examples for
peptide and protein binding in homogeneous solution are
known.

To improve protein purification methods based on im-
mobilized IMAC, a deeper understanding of the interactions
between protein and metal complex is required. A polyhis-
tidine tail (Hisn)2-6) is introduced by standard methods of
molecular biology into the protein. This creates affinity for
an IMAC column.45-47 By varying the amino acid sequence
in the fused tail to SPHHGG, milder eluation conditions of
tagged proteins were achieved.48,49

The coordination of proteins or their affinity tag region
to immobilized Cu(II)-IMAC binding sites is difficult to
study by direct physical methods. Therefore, Shepherd
investigated which amino acids or side-chain donor atoms
of SPHHGG and HHHHHH peptide sequences coordinate
to the metal ion.50 The diamagnetic, square planar [PdII-
(mida)] chelate (mida2- ) methyliminodiacetate) was used

as a soluble model for a IMAC binding site to approximate
the distorted tetragonal Cu(II)-IDA coordination geometry.
The investigation of the binding motif by1H NMR measure-
ments assumed equilibrium 1.

EPR spectra and the pH dependence of UV/vis spectra of
[Cu(mida)(SPHHGG)] and [Cu(mida)(HHHHHH)] provided
additional details. From the data, a binding model with a
three-point contact of the protein-affinity tags to the Cu-
(II)-IMAC column at pH 7 was derived (Figure 2). Since

2000, the group of Mallik reported IDA metal complexes
capable of binding strongly to histidine patterns of flexible
peptides in water.51 To achieve strong and selective binding,
the geometry of the IDA complex and the target histidine
pattern need to be complementary. To prove this concept,
Mallik designed and synthesized water-soluble peptides with
three histidine moieties at particular distances (12-16 Å).
This distance corresponds to the inter-histidine distances
(His1, His7, and His12 or 14) on the surface of the protein
carbonic anhydrase. Figure 3 shows the structures of the
peptides.

From molecular modeling, the distances between the
imidazole groups of the histidines were estimated to increase
by approximately 4 Å when the peptide length increased by
a glycine unit. The peptide8 was designed to probe the role
of flexibility in the recognition process (the inter-histidine
distance for8 was estimated to vary from∼18 to∼23 Å).
Peptide6 bears a hydrophobic methyl group, while7 has a
hydrophilic amide moiety in the side chain to study the effect
of hydrophobicity on the recognition process. The mono-
histidine peptides3 and 2 served as the controls for
recognition studies.

They designed five Cu(II) complexes (Figure 4) as binding
sites for these studies with distances between the Cu(II) ions
estimated to be∼12 Å for 10, ∼16 Å for 11, and∼14-18
Å for 12 and13. Complex9 with one Cu(II) ion serves as
a control.

Using isothermal titration microcalorimetry (ITC), the
binding constant (Kst), reaction stoichiometry (n), and en-
thalpy change (∆H) of the recognition process were deter-
mined (Figure 5). A solution of metal complex (0.1-0.5
mM) in the ITC cell was titrated with a peptide (0.80-5.0
mM), both dissolved in 25 mM HEPES buffer at pH 7.0
and 25°C. With the distance-matched peptide5, complex
12showed a stronger binding affinity (Kst ) 1.19× 106 M-1)
than those with a shorter peptide (4, Kst ) 104 400( 22 800
M-1) or a longer peptide (8, Kst ) 243 600( 24 500 M-1).
A hydrophobic side chain on peptide6 had a dramatic effect
on the affinity for the metal complexes, due to unfavorable
entropy changes. Introduction of a hydrophilic side chain
on peptide7 also led to large entropy losses and consequently
decreased the affinity for the metal complexes. For all of

[PdII(mida)(D2O)] + SPHHGGh

[PdII(mida)(SPHHGG)]+ D2O (1)

Figure 2. Geometry of Cu(II) complexes investigated by Shepherd.
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the systems tested, the metal-ion-free ligands showed no
measurable interaction by ITC under the same experimental
conditions.

Extending the results from small peptide model com-
pounds, Mallik et al. were able to selectively bind to peptides
and proteins by recognizing unique patterns of surface-
exposed histidines.52 The target protein was carbonic anhy-
drase (CA, bovine erythrocyte). CA displays six histidines
on the surface (the numbers of the histidines in the amino
acid sequences of the peptides are 1, 7, 12, 14, 61, and 93).
The distances separating histidines 1, 7, and 14 (or 12) are
13 ( 2, 16 ( 2, and 17( 2 Å, respectively. Three other
proteins were used as controls (chicken egg albumin, horse
skeletal muscle myoglobin, and chicken egg lysozyme).
Chicken egg albumin (CEA) has the same number of solvent-
exposed histidines as CA (amino acid numbers: 22, 23, 329,
332, 363, 371), but the pattern is different. Myoglobin (Mb)
has seven histidines on the surface (amino acid numbers:
36, 48, 81, 97, 113, 116, 119), but with a different
distribution. Lysozyme has only one histidine (15) exposed
on the surface. All of these proteins (target and controls)
are known to interact with transition metal ions and
complexes through the surface-exposed histidines.53 In
addition to the already mentioned complexes9-13, interac-
tions with cyclen14 were also tested by ITC (Figure 6).
Comparison of the binding constants indicated that complex
11 is very selective for CA compared to CEA (300:1); with
myoglobin, the selectivity is moderate (20:1). For myoglobin,

two of the cupric ions of11 may simultaneously bind to
two histidine residues on the protein surface (His 113 and
116 or 119). This leads to a lower selectivity of11 in
distinguishing CA from myoglobin. To demonstrate selective
binding of 11 to the target protein, a mixture of CA and
complex9 ([CA] ) 100 µM; [9] ) 100 µM) was titrated
with 11 ([11] ) 0-500 µM). No change in the binding
constant was observed for11. On the other hand, when a
mixture of CA and11 ([CA] ) 100 µM; [11] ) 100 µM)
was titrated with9 ([9] ) 0-1 mM), no binding was
detected. A mixture of the tested proteins (100µM each)
was titrated with complex11 to obtain an unchanged affinity
of 11 toward CA (280 000 M-1). If CA was omitted from
the protein mixture, only very weak binding (K < 1000 M-1)
was detected.

The experiments showed that a selective binding to a
specific pattern of histidine residues on a protein surface
becomes possible with suitable metal complexes of comple-
mentary geometry.

Another approach uses the combination of metal complex
and enzyme inhibitor (Figure 7). To convert a poor inhibitor
of carbonic anhydrase into a good inhibitor, surface-histidine
coordination was used to increase its affinity.54

Benzene sulfonamide, a rather weak inhibitor for carbonic
anhydrase (Kd ) 120 µM), was converted to a very good
inhibitor for the enzyme (Kd ) 130 nM) as a result of this
conjugation. For proof-of-concept, five Cu(II) complexes
(Figure 8) were designed and synthesized.

Figure 3. Structures of the histidine-containing peptides used in the binding studies.
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The length of the spacer separating the benzene sulfona-
mide group from IDA was varied in these complexes.
Benzene sulfonamide20 and the di-Cu(II) complex21
(lacking the benzene sulfonamide moiety) were used as
controls for these studies. The binding constants of the
complexes with carbonic anhydrase (bovine erythrocyte)
were determined with isothermal titration calorimetry (25
mM HEPES buffer, pH) 7.0).

The affinities of conjugates15-19 were considerably
higher compared to those of the controls (20, 21; Table 2).
Complex17 showed the highest affinity for the enzyme, 3
orders of magnitude higher compared to the controls. The
similar binding constants for complex15 (one Cu(II) ion)
and17 (two Cu(II) ions) may indicate that one cupric ion
binds to one histidine on the surface of the protein.

To amplify crown ether-ammonium ion binding in water,
König et al. prepared a peptide binding luminescing crown
ether, which contains a pendant Cu(II)-IDA complex (Figure

9).55 No response of the emission properties is observed for
22 if it is treated with KSCN ornBuNH3Cl in buffered
aqueous solution (50 mM HEPES, pH 7.5, 1 c) 10-5 mol/
L, up to 1000 equiv of ammonium ion), even with a large

Figure 4. Structures of the metal complexes used in the recognition
studies.

Figure 5. Binding constants of the model peptides with the metal
complexes.

Figure 6. Binding constants of the metal complexes with the
proteins in HEPES buffer, 25 mM, at pH) 7.0 and 25°C.

Figure 7. Surface-assisted enhancement in the binding of an
inhibitor. The hybrid inhibitor binds at the active site pocket and
to a surface-exposed His residue of the enzyme.54 Reprinted with
permission from ref 54b. Copyright 2004 American Chemical
Society.

Figure 8. Structures of tested compounds.

Table 2. Binding Parameters of the Complexes with Carbonic
Anhydrase

compound binding constant (L/mol) enthalpy (kcal/mol)

15 (4.6( 0.07)× 106 -26.4( 0.8
16 (1.9( 0.03)× 105 -51.7( 5.8
17 (7.5( 0.1)× 106 -36.9( 4.2
18 (5.4( 0.02)× 105 -30.3( 2.6
19 (4.3( 0.03)× 105 -45.5( 2.2
20 (9.0( 0.1)× 103 -31.2( 1.6
21 (22.8( 1.3)× 103 -129.0( 3.2
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excess of the salts. The aqueous solvent competes with the
crown ether for the cation binding, and the ammonium-
crown ether interaction is intercepted. The situation changes
if the dipeptide His-Lys-OMe is added to a solution of22.
Coordination of theN-terminal His to the Cu(II)-IDA
complex of 22 makes the crown ether-ammonium ion
binding intramolecular and much more favorable (Figure 10).

Titration of 22 with His-Lys-OMe in HEPES buffer (50
mM, pH 7.5) resulted in a 1:1 complex as shown by a Job’s
plot analysis. With a logK of 4.22 ( 0.05, compound22
binds the ammonium group of His-Lys-OMe with high
affinity in buffered water. The emission intensity change of
22 in the presence of His-Lys-OMe can even be observed
with the naked eye (see Figure 11). No emission response

is detected under the same conditions with theN-terminal
acylated dipeptide Ac-His-Lys-OMe, which proves the
importance of anN-terminal His for the overall binding
process.

The use of His-OMe resulted in a 2:1 stoichiometry for
the His-OMe-22 aggregate. After binding of one His-OMe
to Cu(II)-IDA, one coordination site remains, which can

accommodate the imidazole moiety of a second His-OMe
while its ammonium group is bound by the crown ether,
leading to an increased emission intensity. The overall
binding constant of His-OMe to22 was determined to be
log K ) 3.8 ( 0.1. The binding motif allows the selective
detection of N-terminal His groups, which is illustrated by
the binding of tripeptide His-Gly-Gly. This peptide binds to
22with the same 2:1 stoichiometry as observed for histidine
and an overall affinity of logK ) 3.71 ( 0.05. In an
additional binding experiment, it could be shown that the
designed receptor22 can selectively detect the amino acid
His among 20 naturalR-amino acids (Figure 12). The

examples illustrate that conjugation of enzyme inhibitors or
crown ethers to unsaturated metal complex binding sites can
enhance their substrate affinity and selectivity significantly.

3.2.2. Carbohydrate Recognition in Water
Several attempts to recognize carbohydrates selectively by

means of synthetic receptors based on hydrogen bonding,
charged interactions, or boronic acids have been made.56,57

These suitable forces for sugar binding in apolar organic
media become far less attractive in aqueous media.58 Using
metal coordination, Striegler et al.59 built up ternary ligand
Cu(II) complexes for sugar binding in aqueous solutions. To
find a suitable metal complex for selective binding of various
carbohydrates [glucose (24), galactose (25), mannose (26),
or maltose (27)], they investigated several bi- and tridendate
Cu(II) complexes (Figure 13). We discuss here the use of
Cu(II)-IDA, Cu(II)-Dien (see section 7), and related
complexes together, because they were used in the same
work.

The Cu(II) complexes from the tridentate N- and N,O-
ligands [(diethylenetriamine)copper(II)] dinitrate ([CuDien]-
(NO3)2, 23), [(triazacyclononane)copper(II)] dichloride ([Cu-
(TACN)]Cl2, 28), andN-[{(2-hydroxyethyl)ethylenediamine}-
copper(II)] dichloride (CuHEN,29) coordinate hexoses24-
27 in identical stoichiometries. In contrast, [(ethylenedia-
mine)copper(II)]sulfate (30), [(phenanthroline)-copper(II)]
dinitrate (31), copper(II)iminodiacetic acid (32), and copper(II)-
pyridinedicarboxylic acid (33) decompose in alkaline solution
(pH > 10.4), which prevents complex formation with the
investigated sugars. Since strong binding of carbohydrates
requires highly alkaline pH values, only Cu(II) complexes
which are stable under these conditions are useful. Complex
[Cu(styDien)](HCOO)2 (34), a potential binding site for
molecular imprinted devices, was also examined.

Figure 9. Luminescing benzo-crown ether with a pendant Cu-
(II)-IDA complex (22).

Figure 10. Proposed mode of binding of22 and His-Lys-OMe.

Figure 11. Emission intensity changes of solutions of22 in
buffered water in the absence (left) and presence (right) of His-
Lys-OMe.

Figure 12. Response of the emission intensity of22 to the presence
of 20 naturalR-amino acids in aqueous buffered solution (50 mM
HEPES, pH 7.5). (Tyr is not soluble in HEPES buffer, and the
indole emission of Trp interferes with the emission of22.)
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Cis-diol fragments are expected to lead to higher binding
affinities thantrans-diol motifs.60 The binding constants of
the 1:1 complexes of23, 29, and34 with 24-27 (Scheme
2) were determined according to the method of Rose and

Drago.61 The ternary complexes formed from24, 25, and
27with 23, 29, or 34show similar apparent binding constants
(Table 3), while those formed with26 are a little lower.
Striegler et al. attributed this to a rearrangement of the
ligand-Cu(II)-mannose complex when complex formation
with acis-1,2-diol occurs at C2 and C3 instead of the preferred
chelation by the hydroxyl groups at C1 and C2.

3.3. Recognition Processes on Solid Surfaces

3.3.1. Immobilized Metal Ion Affinity Chromatography
(IMAC)

Immobilized metal ion affinity chromatography (IMAC)
is a widely used technique. It is a separation and purification
method based on interfacial interactions between biopolymers
in solution and metal ions immobilized on a solid support
(Scheme 3). The cross-linked polymer is hydrophilic.
Introduced in 1975 by Porath and co-workers, this purifica-
tion method is presently one of the most popular methods
for purification of recombinant proteins.62

This interesting method of reversible coordination of His-
tagged proteins to IDA metal complexes typically of Ni(II)
or Cu(II) led to a huge number of review articles over the

Figure 13. Structures of the Cu(II) complexes23 and28-33.

Scheme 3. Schematic Principle of the IMAC Technique63

Scheme 2. Complex Formation of [Cu(styDien)](HCOO)2 34
with 24-27 at pH ) 12.40

Table 3. Apparent Binding Constants (pK11) for Ternary
Complexes Formed from 23, 29, and 34 with 24-27

pK11

compd 23 29 34

24 3.73( 0.12 3.37( 0.31 3.61( 0.17
25 3.70( 0.09 3.41( 0.43 3.64( 0.12
26 3.68( 0.12 3.05( 0.41 3.38( 0.19
27 3.75( 0.12 3.41( 0.26 3.62( 0.09

Reversible Coordinative Bonds in Molecular Recognition Chemical Reviews, 2006, Vol. 106, No. 9 3527



past decades.64 Due to this comprehensive coverage of the
topic and its specific application, we will not discuss the
IMAC technique in detail in this review and refer the
interested reader to the cited literature.

3.3.2. Molecular Imprinting

The design of synthetic molecules capable of recognizing
chemical entities in a specific and predictable manner is of
great fundamental and practical importance. The principal
paradigm of the molecular design of such materials involves
the preorganization of binding sites of the host system
(receptor) around complementary binding sites of the guest
molecule (substrate).65 Wulff and co-workers developed an
approach to substrate-selective polymers.66 This technique
of template polymerization, also known as molecular im-
printing (Scheme 4), has been used to prepare polymeric
materials for applications in molecular recognition and
chromatographic separations. Template polymerization pro-
duces cross-linked polymers containing functional groups
strategically arranged in the polymer matrix. Arnold et al.
report a variation of this template polymerization technique
to synthesize rigid macroporous polymers containing Cu-
(II)-iminodiacetate (Cu(II)-IDA) complexes.67,68

For initial studies of template polymerization using metal
ion complexes, a set of model templates was developed
(Figure 14). Each of these templates34-40bears imidazole
functionalities with slightly different arrangements. Com-
pounds41 and 42 are structural analogues of compounds
35and36 that contain no imidazole ligands for coordination
of the metal ions.

To incorporate Cu(II) into the polymer at positions
corresponding to the imidazole ligands of the templates,
individual template-monomer assemblies were polymerized
in the presence of a large excess of cross-linker. A control
polymer with a random distribution of copper ions (P-1) was
also prepared using the monofunctional ligand 1-benzylim-
idazole (40). Compound35 was used as template to prepare
polymer P-2, compound36 was used as template for P-3,

and 37 was used as template for P-4. In all cases, the
templates and the Cu(II) used in the synthesis were recovered
from the polymer nearly quantitatively.

To determine some of the factors that influence the ability
of the templated polymers to discriminate template from
nontemplate molecules, individual and competitive binding
was studied. Experiments with the nontemplated polymer
(P-1) were used to distinguish nonspecific metal ion binding
from specific coordination. The random polymer P-1 binds
nearly equal amounts of the four different bis(imidazole)
substrates35-38 (Table 4). P-1 also exhibits no selectivity
in a competitive binding experiment (Table 5). In contrast,
polymers prepared in the presence of a bis(imidazole)
template show preferences for their own templates in both
saturation and competitive rebinding experiments. The larger
the structural differences between the substrates, the more
pronounced are the selectivities. In the competitive rebinding

Scheme 4. Polymerization Recipe and Workup of Templated Chelating Polymers

Figure 14. Set of imidazole templates.
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experiments, P-2 shows a small but measurable selectivity
for its own template over the close structural analogue36,
which differs only in the orientation of the imidazole groups.
(35 and 36 are in fact so similar that it is impossible to
separate them by RP-HPLC.) The separation factor increases
to above 1.3 when the polymer is used to distinguish template
35 from substrates37 and38, which have imidazole groups
with larger distances.

Molecular imprinted polymers can also be used as selective
adsorbents. However, chromatographic separation with these
polymers showed the need to optimize the imprinting process.
The relatively high degree of cross-linking needed to capture
a specific arrangement of functional monomers in the solid
polymer prevents the diffusion of substrates in the particles,
which leads to band spreading and poor peak resolution.
Access of very large substrates to binding sites can thus be
severely impeded. One approach to overcome these problems
is to graft the monomer-template assemblies and a cross-
linker onto a reactive support with the desired physicome-
chanical properties.69,70 Arnold and his group have investi-
gated poly(trimethylpropane trimethacrylate) (TRIM,45) as
a reactive surface for template polymerization (Figure 15).71

During the polymerization it is necessary that the monomer-
template assembly is held together by strong metal-to-ligand
interactions. Unfortunately, very strong interactions with the

template can interfere with the material’s subsequent chro-
matographic performance. Tightly bound substrates experi-
ence very long retention times and excessive band spreading.
Replacing the metal ion used during imprinting [Cu(II)] by
others better suited for the chromatographic separation [i.e.
Zn(II)] yields adsorbents capable of separating closely related
bis-imidazole substrates. This “bait-and-switch” approach can
significantly enhance the performance of molecular imprinted
materials.

Chromatographic separation experiments with bis-imida-
zoles (35-37, 40, 41) showed the expected results (Table
6). Retention of the imidazole-containing compounds on
materials loaded with Cu(II) was so strong that no peaks
were observed during isocratic elution. Substrate retention
times were greatly reduced when the Cu(II) ions were
replaced with Zn(II).

The material which was prepared with the monodentate
coordinating template37 retains the three bis-imidazole
substrates38, 39, and40 to very similar extents. The binding
sites in this “random” material have no basis to discriminate
among the compounds. When the polymer-coated silica was
prepared using bis-imidazole38, 39, or 40, as the template,
the template was always the most strongly retained analyte.

In 1997 the same group reported an approach to preparing
stereoselective ligand-exchange supports using molecular
imprinting (Scheme 5).72 Several aliphatic and aromatic
amino acids were investigated in order to evaluate the role
of the side group in stereodifferentiation. Comparison with
an achiral monomer based on iminodiacetate showed that
the enantioselectivity of the adsorbent arises from the
chirality of recognition sites created during polymerization.

3.3.3. Metal Chelating Lipids
Arnold et al. prepared chelating amphiphiles, which then

can be incorporated in biological membranes.73 This is of
interest to specific target proteins on surfaces for applications
in biomedicine and to study protein interactions in biological
membranes. For the purpose of targeting proteins to mono-
layer and bilayer assemblies, they synthesized a lipid with
an IDA moiety in the head group (46, Figure 16). When
loaded with Cu(II), small quantities of this IDA-lipid in
monolayers and liposomes of distearoyl phosphatidylcholine
(DSPC) effectively bind a small histidine-rich protein,
myoglobin. Horse heart myoglobin contains 11 histidines,
of which at least four can coordinate to Cu(II)-IDA.74

Table 4. Substrate Binding by Templated and Nontemplated
Polymers under Saturation Rebinding Conditions

polymer substrate
substrate bound

(mmol/g)

P-1 35 0.46
P-1 36 0.44
P-1 37 0.45
P-1 38 0.44
P-2 35 0.33
P-2 36 0.22
P-2 37 0.19
P-2 38 0.18
P-3 35 0.17
P-3 36 0.24
P-4 37 0.20
P-4 38 0.24

Table 5. Selectivity of Templated and Nontemplated Polymers
during Competitive Rebinding of Bis(imidazole) Substrates

polymer substrates
relative selectivity
during rebinding

P-1 35 + 36 R35/36) 1.02
P-2 35 + 36 R35/36) 1.17
P-2 35 + 37 R35/37) 1.35
P-2 35 + 38 R35/38) 1.32
P-3 35 + 36 R36/35) 1.15
P-4 35 + 37 R37/35) 1.22

Figure 15. Monomers used for molecular imprinting.

Table 6. Capacity Factors (k′) and Chromatographic Separation
Factors (ri,j) for Imidazole and Substrates 37-40 on
Polymer-Coated Silica (LiChroshere 1000) Prepared Using
37-40 as Templatesa

material prepared using:

37 38 39 40

substrate k′ı́ (R37,i) k′ı́ (R38,i) k′ı́ (R39,i) k′ı́ (R40,i)

imidazole 0.75 1.16 0.69 8.1 1.5 5.8 1.7 6.6
37 0.87 0.69 8.1 1.7 5.1 1.8 6.3
38 2.9 0.30 5.6 6.6 1.4 7.7 1.5
39 2.6 0.33 3.5 1.6 8.7 6.3 1.8
40 2.7 0.32 1.5 3.9 2.9 3.0 11.3

a Elution volumes (Ve) were measured on 50 mm× 4.6 mm i.d.
columns, at 0.5 mL/min 100% methanol and 65°C, with a sample
size of 10µL of a 0.4 mM solution. The mobile phase contained zinc
acetate in the following concentrations: experiments on37-templated
material, 50 mM;38-templated material, 50 mM;39-templated material,
40 mM; 40-templated material, 30 mM.k′ ) (Ve - Vo)/Vo; Ri,j )
(Ve - Vo)i/(Ve - Vo)j.
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The binding studies focus on myoglobin interacting with
monolayers and vesicles of DSPC and IDA-lipid 1 containing
Cu(II) and Ca(II). Because imidazole is not a good ligand
for Ca(II) (Ka ) 1.2 M-1),75 this divalent ion provides a
noncoordinating surface for comparison. Monolayer surface
pressure-area (π-A) isotherms, measurements of protein
binding to liposomes, and ESR analyses of Cu(II)-containing
liposomes in the presence of unmodified and diethyl pyro-
carbonate (DEPC)-modified protein were used to examine
the lipid-protein interactions. The results indicated that
myoglobin is binding to these artificial membrane assemblies.
The binding is significantly enhanced by coordination of
surface histidines to Cu(II) ions immobilized at the mem-
brane surface (Ka > 106 M-1).

One year later, in 1995, the same group synthesized a new
IDA-lipid unit.76 In addition to the targeting function, it is
also desirable to have the capability to directly probe

molecular redistribution or assembly that accompanies
protein binding. Thus, the new IDA-lipid47 (PSIDA)
incorporated a luminescent pyrene label in the lipid tail
(Figure 17).

These emitting lipid membrane probes are sensitive to
protein binding and recognition of lipid components. In the
course of studying ligand-induced reorganization of the
luminescent lipid 47 in membrane assemblies, Arnold
observed that metal ion binding can strongly affect the ratio
of the excimer to monomer emission intensities. The pyrene-
labeled IDA lipid also serves as a membrane “receptor
mimic” in that binding of external ligands can induce its
reorganization in the membrane and change its emission
properties.77,78 Using these properties of the modified lipid,
they show that a small globular protein, the soluble domain
of cytochromeb5, can be targeted with high affinity to
PSIDA-containing lipid monolayers via metal coordination
to a six-histidine peptide appended to the protein’s C-
terminus (6-His cytb5) (Figure 18). The poly(histidine) fusion
peptide and metal-chelating IDA lipid comprise an effective
and versatile system for targeting proteins to lipid assemblies.

In 1997 Arnold79 reported the use of such metal-chelating
lipids in the application of 2D protein crystallization. A 2D
protein crystallization requires the immobilization and ori-
entation of a protein at the monolayer surface in high
concentration, without loss of mobility.80 This mobility is
supplied largely by the lipid monolayer. Crystallization is
generally performed using fluid-phase monolayers. For
targeting proteins to the interface, various classes of interac-
tions have been employed. In most cases, specific ligands
have been used to promote crystallization. In each instance,
a unique lipid containing the appropriate affinity ligand was
required. Using the concept of targeting proteins through
coordination of amino acid side chains to lipid-bound metal
ions, one and the same metal-containing lipid can be used
to bind to a large variety of peptides. For this purpose, lipid
48 (Figure 19) was specifically designed for 2D crystalliza-
tion. Unsaturated oleyl tails were utilized to provide the
required monolayer fluidity. The utility of this lipid for 2D
protein crystallization was demonstrated using the tetrameric
protein streptavidin. Fluorescence microscopy was used to
confirm and further characterize the streptavidin crystalliza-
tion process.

4. Nitrilotriacetato Complexes
Nitrilotriacetic acid (NTA), first published in the same year

as the IDA ligand, has been widely used as a chelate for
more than 60 metal ions.81 Most common are NTA com-
plexes of Al(III),82 Cu(II),83 Cd(II),84 Ni(II), 85 Zn(II),86

Cr(II and III),87 Fe(II and III),88 and Co(II and III).89 Table
7 summarizes the metal ion binding constants for some
typical NTA complexes. The higher stability of the NTA
complexes in comparison to the corresponding IDA ana-
logues is the result of an additional coordination site.
Carboxylate donor groups containing a central nitrogen atom
allow tetradentate chelation. The chelation of a Cu(II) ion

Scheme 5. Source of Enantioselectivity in Imprinted
Ligand-Exchange Materialsa

a Molecular imprinting withL-Phe gives a cavity that is selective for
L-Phe. (a) TheL-isomer can simultaneously chelate to a metal ion and fit
into the shape-selective cavity. (c) Rebinding of theD-isomer is hindered
because chelation of the metal ion by theD-isomer is sterically unfavorable.
(b) Alternately, if the molecule fits into the cavity, it cannot chelate Cu(II).
This idealized picture of the origin of enantioselectivity is probably only
true for a small fraction of the binding sites.

Figure 17. Luminescent IDA-lipid 47.

Figure 16. Cu(II)-IDA-lipid 46.
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leads to the formation of three five-membered rings.90 The
two remaining coordination sites on the copper(II) can bind
to Lewis basic ligands.91

4.1. Structures of NTA Complexes in the Solid
State

Ni(II) -NTA complexes were used to coordinate nucleo-
bases as additional Lewis basic ligands.92 The crystal
structures of cocrystals of Ni(II)-NTA and adenine or

cytosine demonstrate the potential of NTA complexes to form
aggregates with such biologically interesting ligands. How-
ever, the X-ray structure reveals that hydrogen bonds, but
not reversible coordination, stabilize the aggregate.93

The structure of Na[Zn(NTA)(H2O)] is isomorphous with
Na[Cu(NTA)(H2O)] discussed above.94 The structure consists
of an intricate network of ligand-bridged coordination
complexes. Two coordination sites, which remain vacant after
NTA coordination of the Zn(II) ion, are occupied by
nonchelating oxygen atoms from other [Zn(NTA)]- ions.

Chelating Cr(III) by NTA leads to various species in
solution, which are pH dependent.95 Solutions of pH) 5.5
result in the formation of Cs2[Cr(nta)2(µ-OH)2]‚4H2O, while
solutions at pH) 1 give [Cr(nta)(H2O)2], and [Cr(nta)-
(H2O)(OH)]- is obtained at pH) 5-6. A similar complex
is formed when acetate is added (Figure 20).96

The best investigated ligand for Cr(III)-NTA is imida-
zole.97 The crystal structure of Figure 21 shows two
imidazole residues coordinating to the Cr(III) ion.

A more oxophilic NTA metal complex can be obtained
with Fe(III). The octahedral coordination geometry of the
complexes, such as [Fe(nta)Cl2][pyH]2,98 is similar to struc-
tures obtained with other metals.99 The oxophilic character

Figure 18. Fluorescence micrographs of fluorescein labeled 6-His
cyt b5 in the presence of metal-chelating lipid monolayers spread
on a buffered subphase (20 mM MOPS, 100 mM NaCl, pH 7.5) at
π ) 25 mN/m. (A) 10% PSIDA-Ni(II); (B) 10% PSIDA, no metal;
(C) 30% PSIDA-Ni(II); (D) 30% PSIDA, no metal; (E) 100%
PSIDA-Ni(II); (F) 100% PSIDA, no metal.

Table 7. Overview of Binding Constants of Different Metal Ions
toward NTA 33 Measured at 20°C

ion equilibrium
log K

(25 °C) ion equilibrium
log K

(25 °C)

Fe2+ ML/M ‚L 8.33a Fe3+ ML/M ‚L 15.9
ML2/M‚L2 12.8a ML2/M‚L2 24.3a

Co2+ ML/M ‚L 10.38 Cd2+ ML/M ‚L 9.78
ML2/M‚L2 14.33 ML2/M‚L2 14.39

Ni2+ ML/M ‚L 11.5 Zn2+ ML/M ‚L 10.66
ML2/M‚L2 16.32 ML2/M‚L2 14.24

Cu2+ ML/M ‚L 12.94 Al3+ ML/M ‚L 11.4
ML2/M‚L2 17.42

a Measured at 25°C.

Figure 19. Metal chelating lipid 48 for applications in 2D
crystallization.

Figure 20. Crystal structure of the dimeric unit in K2[Cr(nta)-
(OH)(acetato-O,O)Cr(nta)]‚4H2O.96 Reprinted with permission from
ref 96. Copyright 1990 Elsevier Science B.V.

Figure 21. Crystal structure of Cr(III)-NTA coordinating ad-
ditional imidazole ligands.97 Reprinted with permission from ref
97b. Copyright 1990 American Chemical Society.
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of these Fe(III)-NTA complexes is illustrated by their ability
to bind toâ-keto-carboxylates. The antibiotic ciprofloxacin
coordinates to the iron center by its carboxy and keto oxygen
atoms, giving [Fe(cip)(nta)] (cip) ciprofloxacin).100

NTA metal complexes containing Co(III) have been
investigated in detail. Crystal structures utilizing NTA as a
tridentate ligand,101 a tetradentate NTA ligand,102 oxo-bridged
Co(III)-NTA complexes,103 complexed carbonate (see Fig-
ure 22),104 and complexed amino acids105 have been reported.

Overall, the reported crystal structure analyses of NTA
complexes containing Cu(II), Cr(III), Zn(II), Co(III), or
Fe(II), which coordinate additional ligands, show similar
coordination geometries for the metal ion and the NTA
ligand.

4.2. Recognition Processes in Solution

4.2.1. Interactions of Metal NTA Complexes with
Carboxylic Acids, Amino Acids, and Their Esters

Angelici et al. studied the interactions of complexes of
divalent metals and quadridentate ligands with amino acids
and their esters.106 Divalent ions used for these experiments
were manganese, cobalt, nickel, copper, zinc, and lead.
Binding constants of amino acids to these metal complexes
were determined using potentiometric measurements. Titra-
tion data of stoichiometric mixtures of [Cu(NTA)]- and Gly
or EtVal were fitted to the theoretical equilibrium equation
shown in Scheme 6, which involves the formation of a Cu(II)

hydroxy species. The titration data illustrate that hydroxy
complex formation occurs only by the displacement of the
acid or ester (E).

Kd ) [MZOH2-][E]/[MZE -][OH-] ) KOH/Kf, whereKf

is the formation constant of the acid or ester with
[Cu(NTA)]-.107 Similar experiments were carried out with
the other metals; Table 8 summarizes the results. The
coordination of His and MeHis to [Cu(NTA)]- (Table 9)
leads to a more complex equilibrium because these ligands

are potentially tridentate. Cu(II)-His systems contain mix-
tures of species in which His is coordinated either as an anion
or in its zwitterionic form.108

Blakney measured the binding constants of Gly to Cd-
(II)- and Zn(II)-NTA using NMR techniques.109 The results
confirm previously reported data from potentiometric titra-
tions. In 2003 Crumbliss reported ternary complexes of Fe-
(NTA) complexes with phosphate and acetohydroxamic
acid.110 The investigated overall reaction is shown in eq 2,

where Fe(NTA)(aq)
m- and HxPO4

n- represent the various
hydrolyzed and protonated forms of the reactants, depending
on pH. The kinetics of complex formation was monitored
by UV spectroscopy. In a second series of reactions,
phosphate was substituted by acetohydroxamic acid.

4.2.2. Hexahistidine-Tag-Mediated Fluorescent Labeling
with [Ni(II): Nitrilotriacetic Acid]n−Fluorochrome
Conjugates111

Structural and mechanistic characterization of proteins by
fluorescence resonance energy transfer (FRET) requires the
ability to incorporate fluorescent probes at specific, defined
sites. Proteins lacking these sites must be modified. One
strategy involves use of the “hexahistidine tag”112 (i.e., the
amino acid sequence His6) to target site-specific fluorescent
labeling.113 The hexahistidine tag is known to interact tightly
with transition-metal complexes, including nickel(II) nitrilo-
triacetic acid (Ni(II)-NTA). The hexahistidine tag can be
introduced to protein termini or internal sites by using
standard molecular-biology procedures. It is hypothesized
that these tags interact tightly with (Ni(II):NTA)n-fluoro-
chrome conjugates (Figure 23).

To test these hypotheses, Kapanidis et al. synthesized
derivatives of the widely used cyanine fluorochromes Cy3

Figure 22. Structure of the [Co(nta)(CO3)]2- anion in the solid
state.104 Reprinted with permission from ref 104a. Copyright 2001
Elsevier Science B.V.

Scheme 6. Binding Equilibrium between an Ester (E), a
Hydroxy Anion, and [Cu(NTA)] -

Table 8. Aggregate Formation Constants of [M(NTA)]- with
Glycine and Ethyl Valinate at 25.0 °C

M2+ log KfEtVal log KfGly

Mn 2.39( 0.02 2.24( 0.005
Co 1.88( 0.014 3.65( 0.014
Ni 2.03( 0.011 4.95( 0.011
Cu 2.88( 0.002 5.46( 0.008
Zn 1.58( 0.08 3.64( 0.007
Pb 1.55( 0.10 1.93( 0.009

Table 9. Aggregate Formation Constants of [Cu(NTA)]- with
Amino Acids and Their Esters at 25.0°C (log Standard
Deviation < 0.01)

acid pKa log Kf ester pKa log Kf

Gly 2.35 Me 7.62 3.06
9.78 5.44 Et 7.68 3.15

n-Bu 7.78 3.33
Ala 2.34

9.87 5.42 Et 7.91 3.10
Phe 1.83

9.13 4.99 Et 7.12 2.77
Leu 2.36

9.60 5.35 Et 7.64 2.79
Val 2.32

9.62 5.10 Et 7.75 2.88
â-Ala 3.55

10.35 4.56 Et 9.13 3.65
His 1.85 4.16 (monodentate) 3.98

6.04 Me 7.23
9.12 5.73 (bidentate) 4.90

Fe(NTA)(aq)
m- + HxPO4

n- h Fe(NTA)HxPO4(aq)
p- (2)
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and Cy5.111 Fluorescence anisotropy and FRET experiments
established that49a and 49b exhibit high affinity and
specificity for the hexahistidine tag (KD ) 1.0 µM for 49a;
KD ) 0.4µM for 49b; specificity> 95%). Thus, titration of
49a and49b with an otherwise identical protein lacking a
hexahistidine tag results in little or no increase in the
emission signal.114

4.2.3. Arginine Carrier Peptide Bearing Ni(II)−NTA

The ability of NTA to bind very tightly to poly-His-tag
proteins stimulated Futaki et al. to combine this property
with a carrier peptide which is able to invade living cells.115

Octaarginine was used as such a peptide and was linked to
a NTA chelator ligand (Figure 24). Covalent cross-linking

between the cargo proteins and the carrier peptide is
necessary for cellular introduction. The histidine-tagged,
enhanced green fluorescent protein (H6-EGFP) forms a
noncovalent complex with the carrier peptide. The interac-
tions (KD ) 4.2 × 10-7 M) are sufficiently strong, which
allows the protein to pass through the cell membrane.
Internalization of H6-EGFP was monitored by laser confocal
microscopy after 3 h of incubation of the protein with HeLa
cells at 37°C. Significant internalization of H6-EGFP was
observed when the cells were treated with H6-EGFP (10µM)
in the presence of R8-NTA-Ni(II) (50 µM).

4.2.4. Metal-Dependent Cell-Penetrating Peptides (CPPs)

To enable oligohistidine peptides to function as CPPs,
Peterson et al. synthesized an artificial cell surface receptor
(51, Figure 25) comprising the plasma membrane anchor
N-alkyl-3â-cholesterylamine linked to the metal chelator
NTA.116 N-Alkyl-3â-cholesterylamine derivatives can func-
tion as prosthetic molecules active on the surface of living
mammalian cells because this steroid can insert into cellular
plasma membranes.

To qualitatively examine the ability of compound51 to
mediate the cellular uptake of His-tagged proteins, human
Jurkat T-lymphocytes were treated with51 (10 µM) for 1 h
to load this compound into the outer leaflet of the cellular
membrane. These cells were washed and subsequently treated
with a solution of AcGFP(His)10 (3.2µM) and Ni(OAc)2 (100
µM) for an additional 4 h. As shown in Figure 26 (panel
A), examination of these cells by confocal laser scanning

Figure 23. Schematic representation of the proposed interation of49a or 49b with a hexahistidine tag.

Figure 24. Arginine carrier peptide (R8-NTA-Ni(II), 50) with a
binding site for His-tagged proteins.

Figure 25. (top) Structure of the synthetic cell surface receptor
51 that binds metal and His tags. (bottom) Strategy for delivery of
His-tagged proteins into mammalian cells by synthetic receptor-
mediated endocytosis. Reprinted with permission from ref 116.
Copyright 2006 American Chemical Society.
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microscopy revealed fluorescent protein both on the cell
surface and in defined intracellular compartments. Washing
the cells with disodium NTA (400µM) as a chelator removed
the bound protein from the cell surface, facilitating examina-
tion of the intracellular distribution (Figure 26, panel B).

4.2.5. Enhanced Peptide â-Sheet Affinity by Metal to
Ligand Coordination

The combination of metal complexes and hydrogen
binding sites creates interesting polytopic receptors with
binding affinities in aqueous and DMSO solutions. The
concept was illustrated by using a histidine-coordinating
NTA complex and methoxy pyrrole amino acids (MOPAS),
as hydrogen sites for peptides (Figure 27).117 The peptide
binding properties of a Zn(II)-NTA complex with two
MOPAS were investigated by NMR. The NMR spectra of a

1:1 mixture of receptor and H-His-Leu-Leu-Val-Phe-OMe
in DMSO-[D6] shows a single set of resonances, which were
structurally assigned. The temperature dependence of the
chemical shifts confirmed the expected hydrogen bond
interaction of the MOPAS amide NH with methoxy groups,
which should keep the structure planar. Two-dimensional
NOESY spectra revealed four intrastrand contacts (Figure
28). The interactions of the conformationally restricted
MOPAS units with the bound pentapeptide induce a con-
formational preference of the peptide, which has aâ-sheet
like structure in the bound state. The peptide conformation
was calculated using experimentally determined distances
as constraints.

4.3. Recognition Process on Solid Surfaces

4.3.1. Immobilized Metal Ion Affinity Chromatography
(IMAC)

Immobilized metal ion affinity chromatography (IMAC)
on resins coupled with chelating agents is widely used to
purify proteins containing exposed histidine and cysteine side
chains. Recent reviews thoroughly discuss applications of
this technique and previous research in the field.64 Thus, we
will not elaborate on IMAC in this overview.

4.3.2. Immobilization of Ni(II)−NTA on Microtiter Plates
Paborsky et al. describe the application of a derivative of

NTA, N,N-bis[carboxymethyl]lysine (BCML), which can be
coupled by simple amide chemistry to carboxyl groups on
commercially available microtiter plates coated with maleic
anhydride (Figure 29).118,119 The NTA modified plate was
charged with Ni(II) and was used to capture either recom-
binant IL8 or sTF, both engineered to contain 6His tags. The
amount of each protein captured by the Ni(II)-NTA plate
was measured by sandwich ELISA. To determine the
specificity of the Ni(II)-NTA plate for proteins containing
6His tags, the capture of IL8-6His was compared with native
IL8 (lacking a 6His tag) while 6His-sTF was compared with
FLAG-sTF. The IL8-6His was bound by the Ni(II)-NTA
plate in a concentration-dependent manner, reaching satura-
tion at approximately 5 nM. In contrast, the native IL8 did
not bind the plate, indicating that the binding was specifically
through the six histidine residues. Results comparing 6His-
sTF and sTF lacking the 6His tag were comparable.

4.3.3. Molecular Imprinting of Ni(II)−NTA Complexes
The preparation of molecular imprinted polymers (MIPs)

selective for amino acids and small peptides has been limited
to traditional imprinting formulations, such as polyacrylates,

Figure 26. Confocal laser scanning micrographs of living Jurkat
lymphocytes. Cellular plasma membranes were preloaded with
receptor51 (10 µM) for 1 h at 37°C, cells were washed with fresh
media and media containing AcGFP(His)10 (3.2µM) and Ni(OAc)2
(100µM) was added for an additional 4 h at 37°C. The cells shown
in panel A were imaged immediately after this treatment. The cells
shown in panel B were washed with NTA prior to microscopy to
remove noninternalized protein from the cell surface. Reprinted with
permission from ref 116. Copyright 2006 American Chemical
Society.

Figure 27. Schematic illustration of a binding process combining strong metal to ligand coordination and weaker interactions.

3534 Chemical Reviews, 2006, Vol. 106, No. 9 Kruppa and König



where methacrylic acid is the functional monomer in organic
solvents (Scheme 7). Hart et al. developed a polymerizable
acrylamide-functionalized NTA ligand.120 By incorporating
a Ni(II)-NTA complex into the polymer, they provided a
“handle” to bind peptides containing N-terminal His residues
in water. The ligand occupies four positions in the octahedral
coordination sphere of Ni(II), leaving the remaining two sites
for selective binding of His. The polymerizable methacryl-
amide-NTA-Ni(II) mixed complex was prepared by com-
bining aqueous solutions of the NTA monomer with NiSO4.
The prepolymerization template complex was then formed
by addition of theN-terminal histidine peptide His-Ala.
Copolymerization of this complex (5 mol %) withN,N′-
ethylenebisacrylamide as cross-linking monomer (82 mol %)
and acrylamide (13 mol %) provided a pale blue monolith.

The polymer-bound NTA-Ni(II) complex is pale green
in the absence of peptide. Upon binding of an N-terminal
histidine peptide, the color changes to pale blue. This color
change allows colorimetric detection of peptide binding to
the complex. Di- and tripeptides His-Ala, His-Ala-Phe, His-
Phe, and Ala-Phe were tested for binding. The (His-Ala)-
imprinted polymer has the highest binding capacity and
affinity for the template peptide, while His-Ala-Phe and His-

Phe show weaker binding. Non-histidine containing peptides,
such as Ala-Phe, have almost no affinity for the polymer.121

4.3.4. Immobilization on Gold Surfaces122

Surface plasmon resonance (SPR) is a useful technique
for measuring the kinetics of association and dissociation of
ligands from proteins in aqueous solution.123 A variety of
methods have been used to immobilize proteins on silver or
gold films for studies using SPR (Scheme 8).123,124Whitesides
et al. developed procedures to modify the surface of gold
films by formation of self-assembled monolayers (SAMs)
of alkanethiolates.125 They describe the generation of a SAM
functionalized with the Ni(II)-NTA group. Using this
method to immobilize proteins bound to a sequence of His
tags, a surface was created that would specifically immobilize
a protein of interest while resisting nonspecific binding of
other proteins. Therefore, the requirement for nonspecific,
covalent modification of the protein was evaded.

After the His-labeled receptor is bound to the modified
gold surface, interactions between the receptor and a ligand
in solution could be studied by SPR. A similar approach was

Figure 28. Spectroscopically detected interactions of a Zn(II)-
NTA complex and H2N-His-Leu-Leu-Val-Phe-OMe in DMSO
solution: dotted lines, hydrogen bonding suggested from the
temperature dependence of the chemical shift; arrows, intrastrand
NOE contacts; green arrows, intramolecular distances within the
pentapeptide, which for the determination of its conformation.

Scheme 7. Schematic Representation of the Peptide Imprinting Process

Figure 29. Immobilization of proteins on microtiter plates deriva-
tized with N,N-bis[carboxymethyl]lysine (BCML). Two adjacent
histidine residues in a protein containing a 6His tag bind in bidentate
fashion (B) to a BCML-derived plate (A).
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used by Hoggett et al. to measure the interaction between
and the core of bacterial (E. Coli) RNA and the immobilized
His-tagged form of theσ70 factor.126 Vogel demonstrated the
reversible binding of an anti-lysozyme Fab fragment modified
with a C-terminal hexahistidine extension on similar gold
surfaces.127 The dissociation constants, determined by SPR
and IR spectroscopy, showed that immobilization did not
affect the secondary structure of the protein.

Powell et al. report the use of Ni(II)-NTA immobilized
on gold particles to label a His tag attached to a protein.128

The label is detected by electron microscopy or, with metal
enhancement (e.g., silver), even by light microscopy or by
the naked eye.

The Ni(II)-NTA His tag approach has been used in
several examples to create strong intermolecular interactions.
However, the strength of the coordination bond between a
histidine tag and Ni(II)-NTA was not well understood until
2000, when Samorı` et al. published their results.129 Their
experimental design simulated the Ni(II)-NTA protein bind-
ing process. Approach, binding, stretching, and unbinding
of individual His tags and individual Ni(II)-NTA chelating
groups were studied under external forces by scanning force
microscopy (SFM) in a single-molecule experiment. An

n-His-tagged peptide (n ) 2 or 6), HCys-(Gly)6-(His)n-OH,
was covalently attached on its Cys end to a gold-coated SFM
tip. The tip was placed in proximity to a substrate having
exposed Ni(II)-NTA groups covalently bound through
carboxymethylated dextran linkers, which were attached to
a gold surface bearing an alkane C18 chain. When then ×
His tag of the peptide formed a chelate with a Ni(II)-NTA
group, a molecular bridge was established between the tip
and the substrate. The tip was subsequently retracted at a
constant pulling velocity until the bridge ruptured. The
probability of binding events increased from 28% for the 2
× His tag to 42% for a 6× His tag. Most of the unbinding
traces exhibited a single rupture: the distribution of the forces
was very broad and peaked at about 500 pN for the 6× His
tag and about 300 pN for the 2× His tag.

4.3.5. Electropolymerization of NTA Complexes
The electrosynthesis of polymers allows the reproducible

and precise functionalization of conductive microsurfaces of
complex geometry with organic molecules.130 Gondran et al.
successfully synthesized and electropolymerized an NTA
derivative bound to a poly(pyrrole) film (Scheme 9).131 The
ability of this polymer to bind Cu(II) was investigated using
cyclic voltammetry.

To examine the potential affinity of the metal-polymer
film for histidine-tagged proteins, two platinum electrodes
containing the chelating polymer with coordinated Cu(II)
were soaked in a 0.1 M phosphate buffer, where one was in
the presence of His-tagged glucose oxidase (his-GOX, 0.1
mg/mL) and the other was in the presence of regular glucose
oxidase (GOX, 0.1 mg/mL). In the presence of oxygen, this
enzyme catalyzes the oxidation of glucose with the con-
comitant production of H2O2. Its activity can be monitored
via the electrochemical oxidation by H2O2. Using this
technique, the electrode coated with his-GOX resulted in
markedly higher maximum current density (jmax, determined
in glucose saturated conditions) than the electrode incubated
with GOX.

4.3.6. Metal Chelating Lipids
To link lipid technology to the concept of fusion proteins,

Tampéet al. synthesized lipid molecules, which contain NTA
as a metal chelator head group and bind electron donating
groups such as imidazole or histidine.132 The synthesis was
carried out with two different amphipatic molecules, a
phospholipid (DPPE,52) and a dioctadecylamine (DODA,
53) (Figure 30).

The lipids were characterized chemically and physically
by FTIR spectroscopy, mass spectroscopy, and film balance

Scheme 8. Protocol for Immobilization of Proteins onto
Surfaces To Probe for the Ability of Immobilized Proteins
To Interact with Ligands in Solution

Scheme 9. Schematic Representation of the Reversible Immobilization of His-Tagged Biomolecules on an Electrogenerated
Poly(pyrrole)-NTA Film a

a Reprinted with permission from ref 131. Copyright 2005 American Chemical Society.
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experiments. Both NTA lipids spread at the air/water
interface. The addition of Ni(II) resulted in complexed
Ni(II) -NTA-DODA, which coalesces at the air/water
interface. Imidazole interacts specifically with the metal
complexes on the lipid surface (Scheme 10). Addition of

EDTA, which has a higher binding affinity for Ni(II) than
NTA, reverses the binding event. Therefore, the immobiliza-
tion of any bound ligand can be disrupted under mild
conditions. In 1995, the same group was able to immobilize
fluorescence-labeled, histidine-tagged biomolecules.133 The
two-dimensional organization is visualized by epifluores-
cence microscopy and film balance studies.

Similar lipid surfaces have been used to grow two-
dimensional crystals and to determine structures of various

His-tagged proteins.134 This method of surface modifications
using lipid bound metal complexes inspired Nolan et al.135

to modify microspheres by the formation of self-assembled
bilayer membranes where the metal chelators have lateral
mobility. Interactions on this surface were studied by flow
cytometry.

4.3.7. NTA-Modified Magnetic Nanoparticles
In an effort to develop a simpler and more versatile

platform for protein purification than IMAC, Xu et al.
invented surface-modified magnetic nanoparticles (Scheme
11) as the binder, carrier, and anchor for histidine-tagged
proteins.136 Using NTA to attach to FePt magnetic nanopar-
ticles covalently, they developed a simple procedure to obtain
pure proteins directly from the mixture of lysed cells within
10 min (Scheme 12). The procedure to use particles, such
as59, for protein separation consists of three simple steps:
(1) adding59 into the suspension of the lysed cells and
shaking for 5 min, (2) using a small magnet to attract the
nanoparticles to the wall of the vial and washing them with
deionized water to remove the residual protein solution, and
(3) using a concentrated imidazole solution to wash the
nanoparticles to yield pure proteins. After releasing the
proteins, washing with EDTA, buffer, and NiCl2‚6H2O
solution,59 can be recovered and reused.

4.3.8. Immobilization on Quartz Surfaces
Vogel et al. reversibly immobilized His-tagged proteins

on quartz, preserving the protein function.137 The chelator,
NTA, is covalently bound to the hydrophilic quartz surface
and is subsequently loaded with the divalent metal cation
[e.g. Ni(II)]. Binding of the protein to NTA is highly specific
with reasonable affinities. In addition, it is fully reversible
upon addition of a competitive ligand, reprotonation of the
histidine residue, or removal of the metal ion via EDTA
complexation. Binding and removal from the surface of the
modified quartz is visualized using green fluorescent protein
using real-time measurements.

5. Bis(2-pyridylmethyl)-amine (BPA, DPA,
BISPMA, DIPICA, BISPICAM) 138 Complexes

In bis(2-pyridylmethyl)-amine (BPA) ligands the carbox-
ylic acid functionalities of IDA are replaced by pyridines.
First reported in 1964 by Kabzinska, this ligand and
derivatives of it are used for complexation of over 50
different metal ions.139 Emphasis was put on the investigation
of coordination compounds with Cu(II),140 Zn(II),141 and
Fe(III) ions (Table 10).142

5.1. Structures of BPA Complexes in the Solid
State

The Cu(II)-BPA complex [Cu(bpa)Cl2] was structurally
examined by Choi et al.143 In this compound the Cu(II) is

Figure 30. Structures of two lipid NTA conjugates.

Scheme 10. Schematic Illustration of Complex Formation
and Imidazole Binding to Ni(II) -NTA-DODA at the Lipid
Surface

Table 10. Selected Binding Constants of BPA Complexes33

ion equilibrium logK

Co2+ ML/M ‚L 7.74
ML2/M‚L2 13.05

Ni2+ ML/M ‚L 8.7
ML2/M‚L2 16.60

Cu2+ ML/M ‚L 14.4
ML2/M‚L2 19.0

Zn2+ ML/M ‚L 7.57
ML2/M‚L2 11.93

Cd2+ ML/M ‚L 6.44
ML2/M‚L2 11.74
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coordinated by three nitrogen atoms of the BPA ligand and
two chlorine anions in a distorted square pyramidal environ-
ment.

Beside complexes of 1:1 stoichiometry, BPA-Cu(II)
coordination compounds with 2:1 stoichiometry are known,
which have no vacant coordination sites and are therefore
not discussed here.144 The 1:1 complex coordinates additional
electron donating groups. Murakami et al. reported X-ray
structures which show picolinate (Figure 31) andR-amino
acids such asL-Phe coordinated to the Cu(II)-BPA com-
plex.145

A better understanding of the redox reactions between the
metal center and the pterin cofactor in phenylalanine hy-
droxylase led Yamauchi and co-workers to examine the
binding of pterin-6-carboxylate (ptc, as a cofactor model)
to [Cu(bpa)(ptc)]‚H2O‚CH3OH.146 The study revealed dif-
ferent Cu(II) binding modes of oxidized and reduced pterins.

The structure of [Zn(bpa)(H2O)2](ClO4)2 shows a distorted
octahedral coordinated Zn(II).147 This geometry results from
the three nitrogen donor groups of the chelating ligand BPA

Scheme 11. Surface-Modified Magnetic Nanoparticles Selectively Bind to Histidine-Tagged Proteins in a Cell Lysate: I,
6His-Tagged Protein; II, Other Proteins; III, Cell Debris; IV, Colloid Contaminants a

a Reprinted with permission from ref 136. Copyright 2004 American Chemical Society.

Scheme 12. Synthesis of NTA-Modified Magnetic Nanoparticlesa

a (I) AcOCl, Zn, 85-90%; (II) NHS, DCC; (III) NaHCO3, 40-46%; (IV) H2NNH2, AcOH, 88-90%; (V) FePt (3-4 nm); and (VI) NiCl2‚6H2O and
buffer.

Figure 31. ORTEP drawing of [Cu(bpa)(pic)]PF6‚H2O. Reprinted
with permission from ref 145a. Copyright 2000 Elsevier Science
B.V.
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and the additional two water molecules. In contrast to this
structure, Wirbser reported a pentacoordinated Zn(II) com-
plex: [Zn(bpa)Cl2] shows a trigonal bipyramidal coordination
geometry in the solid state.148

As the BPA ligand uses only three coordination sites of
an octahedral coordinating Zn(II), [Zn(bpa)2]2+ complexes
with a 2:1 ligand to metal ion stoichiometry are known.149

One of the ions which can additionally bind to [Zn(bpa)]2+

complexes are phosphates. Vahrenkamp et al. reported the
crystal structure of a phosphate-Zn(II)-BPA complex of
the composition [(BPA‚Zn)3(tolyl-OPO3)2]HPO4.150 The abil-
ity of [Zn(bpa)]2+ to bind phosphate is discussed in detail in
the section on recognition processes in solution.

Crystal structures of [Fe(bpa)Cl3]151and [Fe(bpa)2(BF4)2]152

show similar structures with the metal ion in an octahedral
coordination.

5.2. Recognition Processes in Solution
5.2.1. Surface Recognition of R-Helical Peptides in
Aqueous Solution

Hamachi et al. used [Zn(bpa)]2+-based coordination chem-
istry for the design of artificial peptide receptors (Figure

32).153,154A Zn(II) bispicolylamine complex is employed as
a binding site for histidine residues because of its good
affinity in aqueous solution. Five dinuclear Zn(II)-BPA
complexes havingm- or p-xylene, 9,10-dimethylanthracene,
and 3,3′- or 4,4′-dimethylbiphenyl as a linker were prepared.
Two mononuclear Zn(II) complexes based on benzyl-BPA
or 9-anthrylmethyl-BPA were used for comparison. The
target molecules for binding are four helical model peptides
with one or two His residues located on one side of the
R-helix.

For the rapid screening of the affinity of these Zn(II)-
BPA based receptors for the four peptides, the receptor-
induced conformational change of the peptides was examined
by circular dichroism spectroscopy. The helicity significantly
increased upon receptor addition for peptides having two His
residues but not for the mono-His peptide. The helical
conformation of a H-12,16 peptide was selectively stabilized
by Zn(BPA)-9,10-anthracene (Scheme 13). For a H-9,16
peptide, Zn(BPA)-p-xylylene, Zn(BPA)-9,10-anthracene, and
Zn(BPA)-4,4′-biphenylene showed similar effects. In the case
of a H-5,16 peptide, Zn(BPA)-4,4′-biphenylene selectively
induced a helical conformation. Neither Zn(II)-cations nor
a Zn(BPA)-Bzl mononuclear complex effectively induced a
conformational change of the peptides. The Job’s plot
analysis based on CD measurements showed its maximum
at 0.5 of the molar fraction of the receptor. Consistently,
ESI-TOF mass spectroscopy, under identical conditions,
displayed a 1:1 complex between the receptor and the peptide
as a major species. All receptor-peptide combinations
selected by screening had an affinity in the range of 104 to
105 L/mol.

5.2.2. Artificial Receptors for Phosphorylated Peptides

Hamachi and his group have used [Zn(bpa)]2+ based
receptors to selectively bind phosphorylated peptides and
ATP.154-156 Anthracene derivatives having two Zn(II)-BPA
moieties selectively coordinate phosphorylated amino acids
and signal the binding by a change in emission. When
phosphorylated tyrosine (p-Tyr) was added to the aqueous
solution of the dinuclear complex60 (Figure 33), Hamachi
observed a significant emission increase from the anthracene
chromophore (Figure 34).

These receptors strongly bind and fluorometrically sense
phosphorylated species such as phosphate and p-Tyr in a
concentration of 10-6 to 10-5 M in neutral aqueous solution.
No fluorescent response is induced by other anions, such as
sulfate, nitrate, acetate, and chloride. Job’s plot analyses of

Figure 32. Molecular structures of [Zn(bpa)]2+-based receptors
and their target peptide sequences.

Scheme 13. Schematic Representation of Side Chain Selective Peptide Recognition by a [Zn(bpa)]2+-Based Receptora

a Reprinted with permission from ref 153. Copyright 2001 Elsevier Science B.V.

Reversible Coordinative Bonds in Molecular Recognition Chemical Reviews, 2006, Vol. 106, No. 9 3539



the binding of these receptors and p-Tyr reveal a 1:1
stoichiometry (inset of Figure 35).

NMR studies suggested that two Zn (BPA) sites equally
contribute to the phosphate ion binding. Cocrystal structures
of the complex with phenyl phosphate support the expected
coordination geometry.157 Hamachi subsequently examined
the sensing ability of these receptors toward phosphorylated
peptides in aqueous solution. Three kinds of phosphorylated
peptides (peptide-a, -b, -c) and a nonphosphorylated peptide

(peptide-d, Scheme 14) for comparison were used to
investigate receptor binding.

The fluorescence intensity of60 increases significantly by
addition of less than 1µM of peptide-a (Figure 36). The

binding is remarkably strong with an affinity of 107 M-1.
Apparently, the blue fluorescence is enhanced by the

phosphorylated peptide-a, whereas the nonphosphorylated
peptide-d does not induce a change in luminescence. Such
visualizations stimulated the same group to immobilize the
artificial receptors60 (2 in Scheme 16) and62 (3 in Scheme
16) in a gel matrix without loss of their binding capability
displayed in solution.158 The binding constant in the gel is
reduced compared to the case of homogeneous solution.
However, easy discrimination between phosphorylated and
nonphosphorylated peptides is still possible. For rapid
sensing, the hydrogel was miniaturized and arranged into
an array on a glass support.

This chip was used for receptor screening as shown in
Figure 37. Variations of receptors, pH, metal salts, and
presence of phosphorylated peptide are realized on a single
chip. The detection system for phosphorylated peptides based
on compound60 was also used to spot the presence of
phosphorylated peptides in SDS-PAGE gel electrophore-
sis.159

Recent research in the area of phosphate recognition
focused on a real-time assay to monitor glycosyltransferase

Figure 33. Emitting mono- and dinuclear Zn(II) complexes.

Figure 34. Emission changes of compound60 (10 µM) upon
addition of p-Tyr: [p-Tyr]) 0, 1.0, 3.0, 5.0, 10, 30, 50µM from
the lowest to the top trace. The spectra were measured in 10 mM
HEPES buffer (pH 7.2) at 20°C, λex ) 380 nm. Reprinted with
permission from ref 155a. Copyright 2002 American Chemical
Society.

Figure 35. Relative emission response of compound60 to the anion
concentration (log[anion]): phosphate (b), p-Tyr (9), chloride (O),
acetate (]), sulfate (4), nitrate (3), carbonate (0), azide (×).
λex ) 380 nm. Inset: Job’s plot of compound60 ()1) and p-Tyr.
Reprinted with permission from ref 155a. Copyright 2002 American
Chemical Society.

Figure 36. Increased emission from receptor60 in the presence
of phosphorylated peptide-a (middle): solution of60 only (left);
60 in the presence of nonphosphorylated peptide-d (right). Reprinted
with permission from ref 155a. Copyright 2002 American Chemical
Society.
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activity.160 In biological glycosyl transfer processes, a
glycolsylated nucleotide, such as uridine 5′-diphosphate
(UDP)-glcoside, is used to form new glycoside bonds with
a glycosyl acceptor. As the glycosylated nucleotide is
converted into the corresponding nucleotide during the
reaction, it is conceivable that monitoring of nucleotide
formation correlates with the glycosyl transfer reaction. The

key issue in Hamachi’s assay is the selectivity of60, which
can distinguish a nucleotide from a glycosylated nucleotide
in a multisubstrate enzymatic reaction medium (see Scheme
16).

The increase in fluorescence upon coordination to the
pyrophosphate monoester is a consequence of the suppression
of photoinduced electron-transfer (PET) quenching that

Scheme 14. (top) Amino Acid Sequences of the Phosphorylated Peptides and (bottom) Schematic Depiction of the Interaction of
Receptor 60 or 61 with a Phosphorylated Peptidea

a Reprinted with permission from ref 155a. Copyright 2002 American Chemical Society.

Scheme 15. Preparation Scheme of a Semiwet Sensor Array (1 Is the Monomer of the Hydrogel)a

a Reprinted with permission from ref 158. Copyright 2004 American Chemical Society.

Figure 37. Images of sensing patterns of a semiwet chemosensor chip containing (a)60 (80 µM), (b) CG-2 (Ca (II) probe) (50µM) in the
presence of various metal cations, or (c) SNARF-1 (pH probe) (100µM) at various pHs. (d) An image of an integrated molecular recognition
hydrogel chip for mixed solution assay. Reprinted with permission from ref 158. Copyright 2004 American Chemical Society.
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results from the phosphate-assisted coordination of the
second Zn(II) ion. Other groups synthesized modified BPA
ligands to bind to phosphates (Scheme 17).161-163 Here, two
[Zn(bpa)]2+ binding units and additional hydroxy coordina-
tion were used for anion binding.161

The solution binding processes were investigated by
potentiometric titration. The species distribution plot shows
the Zn2L3+ phenyl phosphate aggregate as the only species
between pH 5 and 8. This compound is present in the solid
state, as found by X-ray structure analysis.

Kim et al. designed a receptor for AMP binding based on
BPA ligands.162 Using a 4-methyl-phenyl group as linker to
bridge the BPA ligands, they created a binuclear complex
with similar structure as the compound from Koike.164 The
visual detection of di- and triphosphates in aqueous solution
of neutral pH using a bis-BPA Zn(II) complex and indicator
displacement was reported by Han et al.165

Sensing AMP is achieved by displacement of pyrocatechol
violet (Scheme 18). The AMP binding is monitored by the
amount of free pyrocatechol violet in solution. The binding
was investigated spectrophotometrically and by isothermal
titration calorimetry.

Using a similar approach, Smith et al. reported an indicator
displacement system for fluorescent detection of phosphate
oxyanions under physiological conditions.166 Hong and co-
workers reported a fluorescent pyrophosphate (P2O7

4-, PPi)
sensor based on a naphthalene-BPA system, which shows
high sensitivity and selectivity over a wide pH range for
pyrophosphate ions relative to other anions, including ATP
and ADP (Figure 38).163 The presence of pyrophosphate is
signaled by changes in the emission intensity of the
luminescent receptor.

Upon addition of pyrophosphate, a 6-fold increase of the
emission intensity is noted. Added ATP leads to a 2-fold

Scheme 16. Chemosensor-Based Glycosyltransferase Assay (B) Base Content of the Nucleotide)a

a Reprinted with permission from ref 160. Copyright 2006 Wiley-VCH.

Scheme 17. Structure of BPA Ligand Used for Complexation Experiments
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increase of emission intensity. The binding mode for
pyrophosphate to64 is illustrated in Scheme 19, which is
based on previous work involving a structurally similar
sensor and its X-ray crystal structure.

The observed selectivity for pyrophosphate over ATP can
be understood from the structure of the guest and differences

in the charge density of guest oxygen atoms involved in the
complexation. The total anionic charge density of the four
phosphate oxygen atoms involved in the complexation of
ATP with 64 is lower if compared with pyrophosphate.
Therefore, the binding affinity of ATP is drastically reduced,
and observed luminescence changes are smaller relative to
pyrophosphate binding.

5.3. Recognition Processes on Solid Surfaces

5.3.1. Sensors for Phosphatidylserine-Containing
Membranes

Using the sensor metal complex60 from Hamachi, the
Smith group detected the presence of anionic phospholipids,
particularly phosphatidylserine (PS), on the surface of
vesicles and cells.167 However, the excitation wavelength is
in the UV range and therefore not compatible with the lasers
in most flow cytometers. This prompted Smith and co-
workers to design a second generation of sensors (Figure
39).168 The titration experiments involved addition of unila-
mellar vesicles composed of 1:1 POPC:POPS, 1:1 POPC:
POPA, 1:1 POPC:POPG, or 100% POPC to a 1µM solution

Scheme 18. Schematic Representation of the AMP Chemosensor

Figure 38. Structure ofHongspyrophosphate sensor64.

Scheme 19. Proposed Mechanism for the Complexation of Sensor 64 with Pyrophosphate and ATP
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of 65 or 66 (Figure 40). The resulting isotherms fit to a 1:1
binding model, which allowed calculation of apparent
phospholipid binding constants (Table 11). As the sensors
were not expected to bind the zwitterionic POPC head group,
this titration was performed as a control to determine the
specificity of the sensors for anionic PS.

The effect of only one Zn(II)-BPA unit in the sensor
structure was evaluated using control compounds67and68.

Vesicles composed of 100% POPC or 1:1 POPC:POPS were
added to a 1µM solution of67or 68. The emission of butyl-
linked sensor67 with 1:1 POPC:POPS is about two times
that observed with 100% POPC vesicles, whereas the
intensity ratio with TEO-linked sensor68 is about five. Thus,
it is clear that the hydrophilic TEO-linker is more useful for
detecting PS-containing membranes over PC-only mem-
branes. The emission of sensor66with two [Zn(bpa)]2+ units
is significantly higher than that obtained with68, indicating
that the second [Zn(bpa)]2+ unit increases the interactions
that produce a stronger response to PS-containing mem-
branes. The PS sensitivity of sensor66 was investigated in
additional titration experiments with POPC vesicles enriched
with various amounts of POPS (Table 12). A solution of66
(1 µM) was titrated with vesicles composed of POPC and
0-50% POPS. Sensor66 can readily detect the presence of
bilayer membranes containing 5% PS.

Until now, no surface-immobilized BPA complexes and
their use in molecular recognition have been reported.

6. Tris(2-pyridylmethyl)-amine (TPA, TMPA)
Complexes

Substitution of the carboxylic acid functionalities of NTA
by pyridine leads to the TPA ligand. The ligand was first
reported in 1969 by da Mota, and a large number of
derivatives have been used for complexation of metal ions.169

Besides Ni(II)170and Co(III)171complexes, most reports cover
investigations of Cu(II),172 Zn(II),173 and Fe(III) ion com-
plexation (Table 13).174

6.1. Structures of TPA Complexes in the Solid
State

The structure of the copper(II) complex of TPA was
reported by Karlin et al.175 As indicated by the similar Cu-
(II)-N bond lengths and bond angles, the copper ion is found
in a trigonal bipyramidal coordination geometry (Figure 41).

These copper complexes have the ability to bind additional
phosphate ions, which is illustrated by the structure of the
1:1 complex of [Cu(tpa)]2+ and BNPP ()bis(p-nitrophenyl)
phosphate) (Figure 42).176

The crystal structure of [Zn(tpa)Cl]ClO4 shows the ligand
maintaining a helical twist in which the dihedral angle
between the plane of each pyridine ring and the axis of the

Figure 39. Complexes65-68 as potential PS sensors.

Table 11. Sensor/Phospholipid Binding Constants (Ka)

Ka
a (×104 M-1)

sensor
100%
POPC

1:1
POPC:POPS

1:1
POPC:POPG

1:1
POPC:POPA

65 <1 23.3( 1.7 14.2( 3.8 11( 6.0
66 <1 5.3( 2.0 2.0( 0.5 2.0( 0.3
67 <1b 11.5( 5.5
68 <1b 7.7( 3.3

a Values are the average of at least three independent measurements.
bValues are the average of two independent measurements.

Figure 40. Head group structure of common phospholipids.

Figure 41. Structure of [Cu(tpa)(Cl)]+ in the solid state. Reprinted
with permission from ref 175. Copyright 1982 American Chemical
Society.
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M-N(11) bond is between 12 and 22°.177 Thus, the overall
shape of the cationic portion of the molecule resembles a
propeller. In the crystal, the compounds are found as
racemates with their mirror images. Similar to the Cu(II)
complex, the analogous Zn(II) complex binds to BNPP.178

Adams et al. reported a 2:1 complex of [Zn(tpa)]2+ and
BNPP.179 The ability of this metal complex to bind imidazole
is demonstrated by the structure of the 2:1 complexation of
[Zn(tpa)]2+ and deprotonated imidazole.180 Each of the two
zinc atoms is pentacoordinated by four nitrogen atoms from
TPA and one nitrogen atom from bridging imidazolate
ligands in an approximately trigonal bipyramidal structure.
The distance between the two zinc atoms in the Zn-Im-
Zn moiety is 6.078 Å.

Fe(III) complexes of TPA were found to crystallize as an
oxo-bridged dimer (Figure 43).181 An interesting substrate
which can bind to Fe(III)-TPA complexes is dithiolate 1,2-
benzenethiol ()H2dtc) (Figure 44).182Next to complexes with
diphenyl phosphates183 and acetates,184 structures with natural
amino acids and dipeptides were investigated.185

6.2. Recognition Processes in Solution 186

6.2.1. Cysteine Binding
Holwerda and co-workers examined the complexation of

[Cu(tpa)]2+ with cysteine.187 An intense, symmetric absorp-

tion band withλmax at 396 nm was observed upon mixing
cysteine with [Cu(tpa)]2+ throughout the pH range 4.0-6.0.
Stopped-flow studies at 396 nm indicate that complexation
was complete within the mixing time (3 ms), even at low
cysteine concentrations. Excellent linear correlations of
absorption changes and cysteine concentration were found,
indicating the exclusive formation of a 1:1 cysteine-[Cu-
(tpa)]2+ adduct. The formation constant (Kf) was calculated
to beKf ) (1.21( 0.06)× 102 M-1. The pH dependence of
Kf is consistent with the formation of a thiolate sulfur-Cu-
(II) bond:

6.2.2. Phosphate Binding
As known from X-ray structure analyses, [Zn(tpa)]2+ has

the ability to coordinate phosphates.178,179In 2003, Mareque
Rivas et al.188 reported31P{1H} NMR titration experiments
of dibenzyl phosphate ()dbp) with [Zn(tpa)]2+ in D2O at
pD 7.4. The addition of increasing amounts of the Zn(II)
complex to solutions of DBP caused a progressive upfield
shift of the 31P signal relative to free DBP. During these
studies, other ligands with additional amino groups were
used.

Table 12. Sensor 66/Phospholipid Binding Constants (Ka) for Vesicles with Varying PS Content

95:5 POPC:POPS 90:10 POPC:POPS 80:20 POPC:POPS 50:50 POPC:POPS

Ka
a (×104 M-1) 1.0( 0.3 2.2( 0.5 5.7( 0.5 5.3( 2.0

a Values are the average of at least three independent measurements.

Table 13. Typical Binding Constants of Metal Ions to the TPA
Ligand33

ion equilibrium logK

Co2+ ML/M ‚L 11.4
Ni2+ ML/M ‚L 14.5
Cu2+ ML/M ‚L 16.2
Zn2+ ML/M ‚L 11.0
Fe2+ ML/M ‚L 8.7

Figure 42. Structure (50% probability ellipsoids) of the cationic
portion of [Cu(tpa)(BNPP)]ClO4 in the solid state. Hydrogen atoms
are omitted for clarity. Reprinted with permission from ref 176a.
Copyright 2003 American Chemical Society.

Figure 43. Structure of the dinuclear cation in [{Fe(tpa)(H2O)}2O]-
(ClO4)4‚3H2O‚0.25CH3CH2OH in the solid state. Reprinted with
permission from ref 181. Copyright 1999 Elsevier Science B.V.

Figure 44. Structure of the cation in [Fe(tpa)(dtc)]ClO4‚0.25
MeOH. Reprinted with permission from ref 182a. Copyright 2003
Wiley-VCH.

Cys-SH + Cu(tpa)2+ h [(tpa)Cu-S-Cys]+ + H+ (3)
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The additional electron donating amino groups do not
participate in metal but form hydrogen bonds to the
coordinated phosphate ion, as confirmed by the X-ray
structure analysis of [Zn(bpapa)]2+ (bpapa is a tpa with one
additional amino groups; see Figure 45). Supported by this

additional interaction, the binding of the phosphate ion to
the BPAPA complex is stronger than the binding to the TPA
complex. This effect was also observed in binding studies
of phenyl phosphate (PP2-) to the metal complexes69 and
70 (Scheme 20).189

A related system binds phosphate ions supported by
additional interactions to guanidinium moieties.190 The

chemosensor developed in this study takes advantage of an
indicator-displacement assay comprised of metallohost71
and 5(6)-carboxyfluorescein (Scheme 21).

Upon addition of aliquots of71 to a solution of 5(6)-
carboxyfluorescein, binding proceeds in a 1:1 stoichiometry
with a color change from yellow to light orange. Added
aliquots of a phosphate solution change the light orange color
of the host-dye complex into the yellow color of free dye
in solution. This indicates that the phosphate ion displaces
the dye from the host cavity.

6.3. Recognition Processes on Solid Surfaces
Until now, no applications are reported using immobilized

TPA complexes for binding of guest molecules on solid
surfaces.

7. Diethylenetriamine (Dien) Complexes
Known since 1959, this ligand was intensively used by

many research groups to examine its complexation proper-
ties.191 Most studied are complexes with Cu(II),192 Ni(II), 193

Zn(II),194 Co(III),195 Pd(II),196 Fe(III),197 and Pt(II) (Table
14).198

7.1. Structures of Dien Complexes in the Solid
State

In the following, we discuss the solid-state structure of
some typical Dien complexes, which have coordinated
additional Lewis basic guests.

Reactions of Dien based ligands bearing a tethered amine
ligand (e.g. abba) N-(4-aminobutyl)-N,N-bis(2-aminoethyl)-
amine) with Cu(II) ions gives complexes in which the
tripodal ligand coordinates to the Cu(II) ion in a hypodentate
fashion, with the longest arm remaining protonated and
unbound.199 The crystal structure of [Cu(abbaH)Cl2]Cl‚
H2O‚CH3OH reveals a five-coordinate Cu(II) ion in a slightly
distorted square pyramidal geometry (Figure 46).200

Scheme 21. Assembly for Phosphate Ion Detection Using an Indicator-Displacement Assay

Figure 45. TPA ligands with additional amino groups.188

Scheme 20. A Larger Chemical Induced Shift of Proton H6
of Complex 70 Compared to Complex 69 (1 mM in D2O) Is
Observed upon Addition of Increasing Amounts of Phenyl
Phosphate at pH 7( 0.1 (50 mM HEPES)

Table 14. Typical Binding Constants of Dien Metal Complexes
at 25 °C

ion equilibrium logK

Co2+ ML/M ‚L 8.0
ML2/M‚L2 13.9

Ni2+ ML/M ‚L 10.5
ML2/M‚L2 18.6

Cu2+ ML/M ‚L 15.9
ML2/M‚L2 20.9

Zn2+ ML/M ‚L 8.8
ML2/M‚L2 14.3

Cd2+ ML/M ‚L 8.05
ML2/M‚L2 13.84
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The formation of a 2:1 Dien:Cu(II) complex was studied
by Garcia-Granda et al.201 In this complex Cu(II) adopts a
4+2 distorted octahedral environment. The affinity to oxygen
atoms is show by the formation of a blue 2:1 [Cu(Dien)]2+:
oxalato complex (Figure 47).202

The metal complexes [Cu(Dien)(2-PhIm)(ClO4)]+ and
[Cu(Dien)(2-MeBzIm)(ClO4)]+ (Figure 48) are interesting,
because they resemble the Cu(II) active site in many
metalloproteins containing binuclear metallosites with a
square pyramidal geometry and a weakly bound additional
ligand.203 Structural data for both complexes support geom-
etries between square planar and square pyramidal and a
weak axial contact of a perchlorate anion.

Interactions between [(Dien)Cu(ONO2)]NO3 and guano-
sine and adenine were observed and examined by Bolos.204

The blue crystals formed by [(Dien)Cu(Guo-N7)(ONO2)]NO3

show a distorted square pyramidal coordination sphere
around the Cu(II) ion (Figure 49). The incorporation of two
Dien units in a macrocyclic multidentate ligand results in a
complex which is able to bind 4,4′-bipyridine in its cavity
(Figure 50).205 Several macrocyclic ligands bearing only one
Dien unit were investigated over the last few years.206

Surrounded by two Dien ligands, the [Ni(Dien)2]2+ cation
adopts a coordination geometry which is best described as
octahedral (Figure 51).207 The conformation of the complex
is s-facial.

The oxophilic character of the Ni(II)-Dien complex is
demonstrated by complex formation with an oxalato ion.208

In the 2:1 complex of [Ni(Dien)]2+ and the oxalate ligand,
each Ni(II) cation is surrounded by a distorted octahedral
complexation sphere.

In the presence of [Fe(CN)6]4- anions and water molecules,
a [Zn(Dien)2]2+ cation is obtained.209 The coordination
geometry of the Zn(II) ion is distorted octahedral. Dinuclear
complexes consisting of two [Zn(Dien)]2+ units are capable
of binding butanol and form a complex with azides.210 Each
Zn(II) ion is coordinated by a Dien ligand and the phenylic
oxygen, reaching pentacoordination. The coordination poly-
hedron around the Zn1 atom can be described as a trigonal
bipyramid, while a square pyramid arrangement is found
around Zn2 (Figure 52). The binding properties of bis-zinc
and bis-copper complexes of this type to small anions and
di-aza hetereocycles were investigated by potentiometric
titration. Only imidazole is coordinated by the zinc and the
copper complex, while pyrazoles and pyridazine show
affinity to the copper complex only.

The reaction of [Pd(Dien)]2+ with isocytosine results in
the formation of yellow crystals.211 Pd(II) is coordinated
through the N3 position of the isocytosine in a distorted
square planar geometry (Figure 53).

Seven isomers of a Co(III)-Dien-2-(aminomethyl)-
pyridine (ampy) complex are possible. Five (threemer- and
two fac-) of the seven possible isomeric forms of [Co(Dien)-
(ampy)Cl]2+ were isolated, and their structures were deter-
mined by single-crystal X-ray diffraction.212 Similar results
were obtained from complexation studies of [Co(Dien)Cl]2+

with 2-amino-2,2-dimethylpropylamine.213

Ru(III)-Dien diolato complexes coordinate sugar mol-
ecules.214 From aqueous solutions oftrans-dichloro-mer-
diethylentriamine-nitrosyl ruthenium(III) salts, Klu¨fers ob-
tained diolato complexes of ethylendiol, (R,R)-cyclohexane-
1,2-diol, anhydroerythritol, and methyl-â-D-ribofuranoside.214a

Figure 46. Structure of [Cu(abbaH)Cl2]+ in the solid state.
Reprinted with permission from ref 200a. Copyright 2004 Blackwell
Publishing.

Figure 47. Structure of [{Cu(Dien)}2(ox)]2+ in the solid state.
Reprinted with permission from ref 202a. Copyright 1999 Elsevier
Science B.V.

Figure 48. Structure of [Cu(Dien)(2-PhIm)(ClO4)]+ and [Cu(Dien)(2-MeBzIm)(ClO4)]+ in the solid state. Reprinted with permission from
ref 203a. Copyright 2005 Elsevier Science B.V.
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The red crystals of [mer-(Dien)(NO)Ru(Me-â-D-Ribf2,3H-2)]-
BPh4‚5.5H2O (Figure 54) reveal an octahedral coordinated
Ru(III) center.13C NMR studies of this complex showed a

coordination-induced downfield shift of the resonance signals
of the diol carbon atoms which bear metal-binding oxygens.

7.2. Recognition Processes in Solution

7.2.1. Imidazole Binding in Solution
Combinations of Dien and Tren metal complexes with a

bridging imidazole ligand were used to mimic the active
center of superoxide dismutase.215 To understand the im-
portant role of the imidazolate ligand in copper(II)-

diethylenetriamine(A)-µ-imidazolate(B)-zinc(II)-tris(2-
aminoethyl)amine(C) (ACuBH-1ZnC) complexes, mixtures

of the metal ions, ligands, and imidazole were examined
using potentiometric measurements.216 To determine the

Figure 49. X-ray structure of [(Dien)Cu(Guo-N7)(ONO2)]NO3.
Reprinted with permission from ref 204. Copyright 1998 Elsevier
Science B.V.

Figure 50. Structure of [Cu2L(4,4′-bpy)(H2O)](ClO4)4‚3H2O in the
solid state. Reprinted with permission from ref 205a. Copyright
2005 Elsevier Science B.V.

Figure 51. Structure of [Ni(Dien)2]2+ in the solid state. Reprinted
with permission from ref 207a. Copyright 2005 Elsevier Science
B.V.

Figure 52. X-ray structure of [Zn2(H-1L)(butanolat)(ClO4)2].
Reprinted with permission from ref 210. Copyright 2001 American
Chemical Society.

Figure 53. Structure of [(Dien)Pd(ICH-N3)](NO3)2 in the solid
state. Reprinted with permission from ref 211. Copyright 2004
American Chemical Society.

Figure 54. Structure of [mer-(Dien)(NO)Ru(Me-â-D-Ribf2,3H-2)]-
BPh4‚5.5H2O in the solid state. Reprinted with permission from
ref 214a. Copyright 2005 Wiley-VCH.
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stability constants of this five-component system, all possible
two- and three-component complexes were investigated
separately (e.g. Cu(II)-A, Cu(II)-B, Cu(II)-A-B, etc.).
With these data in hand, the five-compound system can be
described. The metal to ligand concentration ratios were
always 1:1. Above pH 7, theACuBH -1ZnC is the major
species. EPR, UV/vis spectroscopy, and MS analysis sup-
ported these results. Measuring the superoxide dismutase
activity of the system showed that the complexACuBH-1ZnC
had higher activity than the copper(II) complexes from which
it was prepared. The activity of all complexes was signifi-
cantly smaller compared to that of the native enzyme.
Furthermore, the interactions of Dien metal complexes and
histidine containing peptides were investigated.217 NMR
studies of Pt(II)- and Pd(II)-Dien complexes with His-Ala
and His-Gly-Ala showed binding of these complexes to
N-terminal His.218

7.2.2. Nucleotide Binding
To understand the parameters leading to stable adducts of

platinum amine complexes and DNA,219 15N-labeled Dien
complexes of Pt(II) were synthesized.220 The NH groups on
platinum amine ligands are expected to be important to form
hydrogen bonds to DNA. [1H,15N] HSQC NMR was used
to monitor the binding between 5′-GMP, as an initial model
for DNA, and [Pt([15N3]Dien)Cl]+ (Figure 55). The NH
protons are found to be magnetically nonequivalent.

Additionally, NMR techniques were used to analyze the
binding of [(Dien)Pd]2+ to uracil and azauracils.221 The role
of the phosphate group for specific metal-fragment-nucleotide
recognition by chelation was investigated in 2002 by
Sheldrick.222 The pH-dependences of interactions of Pd(II)-
Dien and Pt(II)-Dien complexes with adenosine and gua-
nosine 2′- and 3′-monophosphates at different molar ratios
were determined by potentiometry and NMR. The results
confirmed that intramolecular N-H O(phosphate) hydrogen
bonding plays a decisive role in enhancing specific interac-
tions of (amine)M(II) complexes with both purine nucleoside
2′- and 5′-monophosphates. In related work, the ability of
Cu(II) triamine complexes to bind to adenosine 5′-mono-
phosphate or cytidine 5′-monophosphate was studied.223

For the use of Cu(II)Dien complexes for carbohydrate
binding, see section 3.2.2. The compounds are discussed with
Cu(II)-IDA and related complexes, because they were all
used in the same work.

7.2.3. Binding Processes in
Oligo(ethylenediamino)-Bridged Bis-â-cyclodextrins

Natural cyclodextrins (CD) bind hydrophobic guests in
water usually with affinities in the range of 102 to 104 M-1.
To enhance their binding ability, CD units can be tethered
by an oligo(ethylenediamino) chain. Liu et al. investigated

the binding of oligo(ethylendiamine) tetheredâ-CD to
fluorescent dyes and found that Cu(II) ions coordinated to
the oligo(ethylendiamine) tether enhance the binding ability
and selectivity (Figure 56).224,225The affinity of several dyes

was determined by UV, CD, and emission titration. A good
size/shape match of the bis-â-CD complex and the dye is
crucial for the complex stability.

7.2.4. Binding with Bis-Dien Complexes
Macrocycles consisting of two Dien binding sites are able

to coordinate two transition metal ions. The close proximity
of two metal centers allows the binding of small anions, such
as hydrogen phosphate, phosphates,226 pyrophosphate,227 gly-
cinate, or malonate.228 The binding of hydrogen phosphate
to macrocylic Cu bis-Dien and bis-Cu bis-Dien complexes
was investigated by potentiometric titrations in detail (Figure
57). Similar studies examined the binding of malonate and
glycinate to Co(III) complexes of the bis-Dien ligand.

Related bis-Dien bis-copper complexes bind imidazole as
bridging ligand between the two Cu(II) ions with the
simultaneous extrusion of a proton.229,230Fabbrizzi modified
the macrocycle byp-xylyl spacers and two 2-picolyl arms
(Figure 58).231 Each pendant arm saturates the coordination
sphere of a Cu(II) center, preventing the coordination of
additional imidazole fragments. The coordinating property
of the octadentate ligand in aqueous solution was investigated
by pH titration. The 1:1 binding between Cu(II)-bis-Dien
was additionally verified by spectrophotometrical titrations,
and a binding constant of logK ) 4.7 ( 0.1 was derived.
Similar results were obtained for histamine (logK ) 4.3 (
0.1) andL-His (log K ) 5.5 ( 0.1).

Figure 55. Complex formation between 5′-GMP and [Pt([15N3]-
Dien)Cl]+ in solution.

Figure 56. Cyclodextrins linked by a Cu(II)-Dien complex and
fluorescent dyes, which bind to the complex. Parts reprinted with
permission from ref 224. Copyright 2001 Wiley-VCH.

Figure 57. Macrocyclic bis-Dien bis-copper(II) complex74
binding hydrogen phosphate.
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The bis-Cu(II) complex of a similar bis-Dien ligand76
was use by the same group for luminescent sensing of amino
acids (Figure 59).232 Indicator displacement allowed the
selective sensing of His in the presence of other amino acids,
including Ala, Phe, Leu, Pro, and Gly.

The titration of each indicator with [Cu2(76)]4+ at pH )
7 resulted in a complete quenching of its emission. Ag-
gregates were found to have a 1:1 stoichiometry and milli-
to micromolar binding constants (cumarine, logK ) 4.5;
fluorescein, logK ) 5.9; eosine Y, logK ) 7.2). After these
measurements, each receptor/indicator pair was titrated with
His, Ala, Phe, Leu, Pro, plus Gly.

The [Cu2(76)]4+/cumarine aggregate does not discriminate
between His and Gly. Both amino acids displace the indicator
equally and restore its full emission. The fluorescein indicator
complex shows a different response to His and Gly, which
is even more pronounced with the [Cu2(76)]4+/eosine Y
system. This indicator complex interacts with His only and
selectively signals the presence of the amino acid.

Bis-Dien complexes bridged by pyrazole units were used
to bind dopamine (Figure 60).233 The formation of mixed
complexes Cu(II)-L-dopamine was monitored by potentio-
metric titration experiments. The model fitting best the
experimental data suggests the formation of ternary com-
plexes with Cu(II):ligand:L-dopamine in 2:1:1 stoichiom-
etries. Depending on the pH of the solution,L-dopamine has
a binding constant of logK ) 3.6 (at pH ) 2.5-4.5,
log K ) 3.9 (at pH) 5-7) or log K ) 4.0 (at pH> 8.5).

7.3. Recognition Processes on Solid Surfaces
Using a molecular imprint approach (MIP), Striegler et

al. immobilized [Cu(styDien)](HCOO)2 (34) (see section
3.2.2 for binding properties) by polymerization to achive
selective binding of carbohydrates between 5.5< pH <
7.5.234,235 In homogeneous aqueous solution, the complex
binds carbohydrates only at alkaline pH of 12.4. Rebinding
studies under physiological conditions revealed a selective
affinity for glucose over other hexoses after complex
immobilization by MIP.

Expanding the research, disaccharide imprinting and
binding was investigated by the same group.236 The epimeric
disaccharidesD-lactulose andD-lactose were chosen to prove
the concept. After complexation studies in solution, the
imprinted polymers of both disaccharides were prepared and
examined for their ability to rebind the imprinted disaccha-
ride. The rebinding competition experiments were conducted
at neutral pH with an excess of equimolar mixtures of the
two epimersD-lactulose andD-lactose. The concentration of
unbound carbohydrate in solution was determined by HPLC,
showing high selectivity and moderate capacity of both
templated polymers for rebinding of the original templates.

8. Tri(2-aminoethyl)-amine (Tren) Complexes
Tren complexes of various metals have been known since

1959.191 Among all reported complexes, Cu(II),237 Cu(I),238

Ni(II), 239 Zn(II),240 Co(III),241 Rh(III),242 Fe(III),243 and
Cr(III) 244 complexes have received the most attention (Table
15).

8.1. Structures of Tren Complexes in the Solid
State

The complexation properties of Cu(II)-Tren complexes
to heteroaromatic amine bases were studied in detail.245-247

Figure 58. Fabbrizzi’s macrocyclic bis-Cu(II) bis-Dien complex
75 binding imidazolate. Reprinted with permission from ref 231.
Copyright 1995 Royal Society of Chemistry.

Figure 59. Ligand 76 and fluorescent indicator dyes used for amino acid sensing.

Table 15. Typical Binding Constants of Some Tren Transition
Metal Complexes at 25°C

ion equilibrium logK

Fe2+ ML/M ‚L 8.7
Co2+ ML/M ‚L 12.7
Ni2+ ML/M ‚L 14.6
Cu2+ ML/M ‚L 18.5
Zn2+ ML/M ‚L 14.5
Cd2+ ML/M ‚L 12.3a

a T ) 20 °C.
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The structure of a [Cu(II)(Tren)(imidazole)]2+ complex
(Figure 61), a typical example, shows a distorted trigonal
bipyrimidal geometry.245

The same coordination geometry was reported for the
complexation of acetylhistamine and methylimidazole.248

Using imidazole as a bridging ligand, Lu and co-workers
prepared [Cu(Tren)(im)Zn(Tren)](ClO4)3‚MeOH (Figure 62).249

Cu(II)-Tren complexes with coordinated nucleobases
have been reported.250 By coordinating the Lewis basic
nitrogen of adenine, the 1:1 complex [Cu(Tren)(adeninato)]+

is formed (Figure 63).251 The trigonal bipyramidal Cu(II) ion

is capped by a tripodal tetradentate Tren ligand, with the
equatorial sites occupied by the three primary amino nitrogen
atoms and the axial position occupied by the tertiary amino
nitrogen. The adenine anion is bound through the axial
position, supported by the formation of a hydrogen bond to
the ligand. Each adenine moiety forms several hydrogen
bonds, which creates a sheet structure with an infinite
adenine-adenine zigzag molecular array.

The deep blue Ni(II) complex of Tren shows an octahedral
coordination sphere.252 Different coordination modes of a
carbonate ligand are found in the 3:1 complex of Ni(II)-
Tren and aµ3-CO3

2- ligand, [Ni3(Tren)3(H2O)2(µ3-CO3)]-
(ClO4)4‚2H2O.253 Similar metal complexes were reported for
Cu(II) and Zn(II).254

The 1:1 complexation of amino acids was reported by Cai
et al.255 They examined the homochiral-heterochiral as-
sembly processes of racemic mixtures ofDL-valine, DL-
phenylalanine, andDL-leucine and isolated the trans(N,t-N)
isomer of [Ni(Tren)(DL-valinato)](Cl)‚2H2O, [Ni(Tren)(DL-
phenylalaninato)](Cl)‚3H2O, and [Ni(Tren)(DL-leucinato)]-
(Cl)‚2H2O. In all crystals the tertiary N-atom of the Tren
ligand istrans to the N-atom of the amino acidato ligand in
the coordination sphere.

Another substrate binding to this Ni(II) complex is
dulcit.256 The isolated metalµ-dulcitolato-O2,3;4,5-Ni(II) -
Tren complex [(Tren)2Ni2(Dulc2,3,4,5H-4)]‚20 H2O is sur-
rounded by a three-dimensional network of water molecules.
The use of methylated Me3Tren ligands instead of Tren leads
to nearly the same structure. Amine substitution of the ligand
is possible without significantly changing its coordination
properties, which discloses opportunities to incorporate the
ligand in more extended molecules.

The formation of [Ni(Tren)(9-ethylguanine-0.5H)-(H2O)]2‚
(ClO4)2.5‚(ClO3)0.5

251 demonstrates the ability of the complex
to coordinate to Lewis basic nitrogen atoms of nucleobases.

Zn(II) complexes of Tren are reported as{[Tren]Zn-
(HOMe)}‚ClO4‚BPh4

257 and as a perchlorate-bridged tetra-
nuclear Zn(II) structure{[Zn(Tren)]4(µ4-ClO4)}7+.258 A simple
Zn(II)-Tren complex with slightly distorted trigonal bipyr-

Figure 60. A capped bis-Dien ligand for dopamine binding.
Reprinted with permission from ref 233a. Copyright 2001 American
Chemical Society.

Figure 61. Molecular structure of [(C6H18N4)Cu(C3H4N2)]2+ in
the solid state. Reprinted with permission from ref 247. Copyright
1996 American Chemical Society.

Figure 62. X-ray structure of [Cu(Tren)(im)Zn(Tren)](ClO4)3‚
MeOH. Reprinted with permission from ref 249. Copyright 1990
Royal Society of Chemistry.

Figure 63. Molecular structure of [Cu(Tren)(adeninato)]+. Re-
printed with permission from ref 251a. Copyright 2001 Elsevier
Science B.V.
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amidal configuration coordinating one water molecule is
shown in Figure 64.259 The water molecule can be displaced

by a 4-nitrophenyl phosphate anion acting as a monodentate
ligand. The X-ray structure of the trigonal bipyramidal Zn-
(II)-Tren complex [Cu(1-benzylimidazole)(Tren)](ClO4)2

coordinating 1-benzylimidazole in the axial position has been
reported.260

The structure of p-[Co(Tren)(NH3)Cl]-S2O6‚H2O with an
ammonia and a chloride ligand completing the distorted
octahedral coordination sphere of the cobalt ion was reported
by Chun.261 Similar to the Ni(II) complexes of Tren, the Co-
(III) analogues coordinate amino acids as bidentate ligands.262

X-ray structures are reported fortrans-(N,t-N)-[Co(Tren)-
(DL-leucinato)]2+ andtrans-(N,t-N)-[Co(Tren)(DL-methioni-
nato)]2+. trans-(N,t-N) describes the geometric isomer in
which the tertiary nitrogen atom of Tren is locatedtrans in
the coordination sphere to the amide nitrogen of the amino
acid ligand.

Thioacetate as ligand is found in a Co(III)-Tren complex
of the composition [Co(CH3-COS)2(Tren)]+.263

8.2. Recognition Processes in Solution

8.2.1. Binding of Nucleotides
Torres et al. examined the different complexation proper-

ties of 5′-, 3′-, or 2′-nucleotides toward Rh(III)-Tren
complexes.264 An aqueous solution of [Rh(Tren)(H2O)2]3+

(0.056 M) and adenosine in a 1:1 ratio was brought to 60
°C. After 48 h, essentially no evidence of reaction was
observed by1H NMR. On the other hand, guanosine and
inosine both react rapidly with [Rh(Tren)(H2O)2]3+ (t1/2 < 2
h) under these conditions to form complexes. In contrast to
adenosine, 5′-AMP does react with the Rh(III)-Tren com-
plex. Further investigation revealed the important role of the
5′-phosphate group for the complexation process. In com-
plexes of 3′- and 2′-AMP, participation of phosphate in the
complexation process is weak. With these results, Torres
concluded that the reported metal complex [Rh(Tren)-
(H2O)2]3+ selectively binds adenine nucleobase only when
it is a constituent of a 5′-nucleotide. In related studies, GMP
and ApG binding to Ni(II)-Tren complexes was investi-
gated.265,266

8.2.2. Binding of Carboxylates
The development of receptors for different organic car-

boxylates based on Tren ligands turned out to be challeng-

ing.267 The Tren subunit typically shows a trigonal bipyra-
midal structure of the complexed metal center. The axial
position opposite to the tertiary amine group is vacant and
available for the coordination of an anion. Fabbrizzi et al.
extended the core ligand by an anthracenyl substituent (77;
Figure 65) orN,N-dimethyl-4-amino benzyl groups to obtain

ligands for fluorescent Zn(II) carboxylate receptors.268,269

The Zn(II) complex of77 binds aromatic carboxylates,
but only those benzoates bearing either a donor or an acceptor
substituent quench the anthracene emission.270 Spectrofluo-
rometric titration experiments of the related complex Zn-
(II)-78 in MeOH indicated the formation of 1:1 adducts.
The determined binding constants are summarized in Table
16.

Anslyn analyzed the cooperative effect of metal ion
coordination and ionic interactions on the carboxylate binding
of Cu(II)-Tren complex79.271,272 The host complex was
designed to provide a total of four binding sites (three
ammonium groups and a metal center) to complement guests
having negatively charged functional groups (carboxylates).
Host-guest binding was expected to occur through the action
of multiple complementary electrostatic interactions between
functional groups of each of the binding partners. The
binding of the different carboxylates (see Figure 66) to79
was quantified by monitoring the absorbance changes of79
upon carboxylate addition (Table 17). To uncover the
enthalpic/entropic origin of the cooperativity, isothermal
titration calorimetry (ITC) was used.

The affinity constants, and therefore the Gibbs free
energies of binding, are comparable from both the UV/vis
and ITC data. The trend is identical: acetate and glutarate
binding affinities are similar and the tricarballate and 1,2,3,4-
butanetetracarboxylate binding affinities are of the same order
of magnitude. Additionally, there is a large increase in
affinity when going from acetate or glutarate to tricarballate

Figure 64. Molecular structure of [Zn(Tren)(H2O)]2+. Reprinted
with permission from ref 259. Copyright 2001 Elsevier Science
B.V.

Table 16. Binding Constants and Emission Quenching of
Carboxylates to [Zn(78)(anion)]+

[Zn(78)]2+ + X- h [Zn(78)(X)]+

anion logK quenchinga

benzoate 4.69( 0.04 yes
4-nitrobenzoate 4.43( 0.06 yes
9-anthracenoate 4.47( 0.04 yes
acetate 4.35( 0.08 no
cyclohexylcarboxylate 4.08( 0.08 no

a Anion binding induces partial quenching of the emission of the
DMA fragment of78.

Figure 65. Structures of the Tren ligands77 and78.
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or 1,2,3,4-butanetetracarboxylate. The ammonium groups
play an important role, as they add 2.5 to 3.2 kcal/mol in
binding energy for potentially three ammonium-carboxylate
interactions, but this total is less than the single coordinative
interaction with Cu(II).

8.2.3. Binding of Imidazole and Amino Acids273

Moreton et al. examined simple Zn(II)-Tren complexes
coordinating 1,2-diaminoethane, 1,3-diaminopropane, gly-
cine, andL-alanine by13C NMR.274 In 1997 Fabbrizzi and
co-workers reported a luminescent sensor275 for histidine
based on a Zn(II)-Tren complex.276 The octamine80 (Figure
67) provides two quadridentate binding sites for Cu(II) or
Zn(II) ions, leaving a free coordination site on each metal
ion for an additional ligand. The anthracene fragment linking
the tetraamine subunits may signal binding processes.
Although the bis-Cu(II) complex is an excellent receptor for
imidazole, it cannot function as a fluorosensor, since the
Cu(II) ions fully quench the antrachene emission both in
[Cu(II)2(80)]4+ and in [Cu(II)2(imidazole)(80)]3+.

In the corresponding Zn(II) complex [Zn(II)2(80)]4+, the
anthracene fluorescence revives. The formation of the
imidazolate bridged complex [Zn(II)2(imidazole)(80)]3+ in-
duces a substantial fluorescence quenching. In particular, the

minimum of the anthracene emission intensity corresponds
to the maximum concentration of [Zn(II)2(imidazole)(80)]3+

at around pH 10. As emission quenching mechanism, the
authors suggest an electron-transfer process from aπ-orbital
of the electron rich imidazolate anion to aπ-orbital of the
photoexcited anthracene fragment. The emission quenching
that follows imidazolate binding opens the way to sense
imidazole and molecules bearing an imidazole residue
(Scheme 22). This was demonstrated byL-histidine, which
shows a binding constant of logK ) 2.9.277

Scheme 22. Luminescent Bis-Zn(II) Sensor for Imidazole
and Suggested Emission Quenching Mechanisma

a Reprinted with permission from ref 276. Copyright 1997 Royal Society
of Chemistry.

Figure 66. Metal complex79used for cooperative binding studies
with carboxylates. Reprinted with permission from ref 271.
Copyright 2003 American Chemical Society.

Table 17. Binding Constants and Thermodynamic Parameters of Carboxylate Binding to 79

Ka, M-1 ∆G°, kcal/mol

guest UV/vis ITC UV/vis ITC
∆H°,

kcal/mol
T∆S°,

kcal/mol

1,2,3,4-butane tetracarboxylate 2.2× 105 1.8× 104 -7.3 -5.8 -0.29 +5.4
((2 × 104) ((1 × 103) ((0.01)

tricarballate 9.0× 105 1.9× 104 -6.8 -5.8 -0.47 +5.4
((4 × 103) ((3 × 103) ((0.01)

glutarate 2× 103 4 × 102 -4.5 -3.6 +3.3 +6.8
((2 × 102) ((1 × 102) ((0.5)

acetate 9× 102 3 × 102 -4.1 -3.4 +0.7 +4.1
((2 × 102) ((1 × 102) ((0.5)

Figure 67. Octamine ligand80.
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The scope of Tren based receptors for binding and sensing
of amino acids was extended by the same group to amino
acids bearing aromatic residues.278 Using a similar design
as in ligand78, they prepared a substituted Tren ligand. The
Zn(II) complex of the ligand combines metal-ligand interac-
tions with π-stacking interactions of aromatic moieties of
the ligand and on the coordinated amino acid. By this
approach, tryptophane is bound exclusively, forming a 1:1
adduct, which is signaled by a strong fluorescence quenching.

8.2.4. Binding of Organic Guests by Calix[6]tren
A combination of metal complex coordination with ad-

ditional hydrophobic binding sites was used by Reinaud et
al. to design a calix[6]tren ligand (81; Figure 68) for synthetic

receptors.279,280 This macrocyclic system has a size well-
adapted for the selective inclusion of small organic mol-
ecules.

The metal free calix[6]tren ligand81 already shows
interesting affinities toward small organic ammonium ions,

which were investigated by NMR. Complexation of the calix-
[6]tren with Zn(II) led to a funnel-shaped complex with the
metal ion coordinated by the Tren cap (Scheme 23). Neutral
molecules bind to the metal ion and are located in the
hydrophobic calixarene pocket. Larger basic guests, such as
imidazole or benzylamine, show affinity but lead to deco-
ordination of Zn(II). No coordination of bulkier molecules
such as phenylethylamine or 4-(dimethylamino)pyridine
could be detected. This shows that the calixarenefunnel
controls the access to the metal center and selects suitable
guest molecules by size.

The affinities of different ligands L to this receptor were
determined by NMR and are summarized in Table 18. The
relative affinity is defined as [Lin]/[DMFin] × [DMFT]/[L T]
and is measured at 293 K (the indexes “in” and “T” stand
for “included” and “total amount”, respectively).

8.2.5. Binding to Dimetal Bis-Tren Cages

Caged, bis-Tren cryptands (i.e. octamine cages consisting
of two tripodal tetramine subunits covalently linked by given
spacers) are able to incorporate first two metal ions and then
an ambidentate anion, according to a cascade mechanism.
This topic has been recently reviewed, and we refer interested
readers to this overview by Fabbrizzi and cited refer-
ences.281,282Recent developments in this area use an indicator
displacement approach with receptor82 (Figure 69), which
is capable of distinguishing between dicarboxylates of the

Scheme 23. Preparation and Host-Guest Behavior of [Zn(calix[6]tren)]2+ a

a (i) Zn(ClO4)2(H2O)6, DCM, MeOH; (ii) CDCl3, L; calix[6]tren 1) compound81. Reprinted with permission from ref 280. Copyright 2005 American
Chemical Society.

Table 18. Relative Affinities of Ligands L toward
[Zn(calix[6]tren)] 2+

L relative affinity

DMF 1
AcNH2 0.39
EtOH 0.41
PrNH2 1610
octylamine 0.95

Figure 69. Bis-Tren cryptand82 and fluorescence indicator83. Reprinted with permission from ref 283b. Copyright 2004 Wiley-VCH.

Figure 68. Structure of a calix[6]tren ligand81. Reprinted with
permission from ref 280. Copyright 2005 American Chemical
Society.
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general formual-O2C-(CH2)n-CO2
- having different spacer

lengths.283

8.3. Recognition Processes on Solid Surfaces
Only a few applications for the use of Tren ligands on

solid surfaces are reported.284 These applications can all be
allocated to IMAC protein purification techniques, and
interested readers are referred to recent reviews of this field.64

9. Conclusion
We have discussed in this review the use of coordinatively

unsaturated transition metal complexes of six important
acyclic N,O ligand classes as receptor binding sites in
molecular recognition. From this selection of ligands, a
number of metal complex receptor binding sites for func-
tional groups of biological interest originated over the past
decade. Transition metal complexes based on IDA, NTA,
or BPA ligands are widely used for the recognition of
N-terminal histidine and the imidazole group in the histidine
side chain. Some NTA complexes show affinity to other
amino acids or phosphate. Cu(II)-IDA complexes bind to
hydroxyl groups of carbohydrates at basic pH. Bis-BPA and
TPA complexes are good binding sites for phosphate anions.
Depending on the structure, a selective binding of AMP,
ATP, or pyrophosphate can be achieved. Transition metal
complexes of the Dien and Trien ligands reversibly coordi-
nate heterocyclic N-donor groups, e.g. of nucleobases or
imidazole. Trien complexes serve as carboxylate binding
sites. Although several impressive examples of luminescent
chemosensors, peptide binders, or immobilization devices
based on these ligands have been reported, the number of
functional groups which can be selectively bound is still
rather limted. Imidazole moieties and phosphate and car-
boxylate anions are selectively addressed with ease, but
general metal complex binding sites for other important
functional groups of biomolecules, such as thiol, hydroxyl,
indol, or phenol moieties, are lacking.

The selectivity that can be achieved with metal complexes
as binding sites is based on the specific binding properties
of the complex, additional steric bias by substituents of the
ligand, and, for di- and oligonuclear complexes, the geo-
metrical arrangement of the metal centers. In some examples,
impressive affinities and selectivities, even under physi-
ological conditions, have been demonstrated. The recently
introduced strategy of differential synthetic receptor arrays285

can improve detection selectivites further. The receptor array
shows a highly analyte specific pattern response, although
the selectivity of each receptor site is limited.286,287 The
strategy mimics biological receptor response, and even
similar proteins can be distinguished.

Overall, coordinatively unsaturated transition metal com-
plexes are well established as binding sites for synthetic
receptors. High binding constants to Lewis basic donor
groups, even in water, make applications as probes for
biomolecules particularly favorable. More examples of
sophisticated luminescent chemosensors for peptides, pro-
teins, or nucleotides based on metal complexes are foreseen
for the next few years, while immobilization and differential
receptor array strategies pave the way to sensor applications
with very high detection selectivities.
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