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This microreview describes the structures and properties of
a number of bimetallic complexes designed as both structural
and functional mimics of the active sites of some specific
metallohydrolase enzymes. The metalloenzymes in question
include the predominantly monoesterase-activity-displaying

Introduction
Binuclear metallophosphatases are important in an array

of biochemical processes involving the hydrolysis of phos-
phate ester bonds. These enzymes typically belong to one of
three different classes, (i) mono-, (ii) di- and (iii) triesterases.
Typical monoesterases include the purple acid phosphatases
(PAPs) and are potential targets for drug design against a
wide variety of human disorders, including osteoporosis,
cancer, cystic fibrosis and depression. Contrastingly, the di-
and triesterases (PTEs) are of significance in bioremedi-
ation, since they can be modified to degrade pesticides or
organophosphorus nerve gases.

PAPs [Figure 1(a)[1]] (E.C. 3.1.3.2) are monoester-cleav-
ing enzymes, members of the metallophosphoesterase su-
perfamily [with a consensus sequence of GD(X)n-
GDXXYXD(X)mGNH(D/E)(X)GHXH, where metal-bind-
ing residues are shown in bold] and are among the only
binuclear metallohydrolases in which the requirement for a
heterovalent active site (FeIIIMII, where M = Fe, Zn or Mn)
for catalysis has been established. PAPs are glycosylated,
resistant to inhibition by -tartrate and catalyse the hydrol-
ysis of phosphorylated substrates at acidic to neutral
pH.[2–5] Their characteristic purple colour arises from a ty-
rosinate-to-FeIII charge-transfer transition (λmax = 510–
560 nm; ε ≈ 3,000–4,000 –1 cm–1) at the active site.[6,7] PAPs
have been identified in mammals, plants, fungi and bacteria,
although sequence conservation between kingdoms is low
(�20% sequence homology) and limited predominantly to
residues in the catalytic centre.[8] Animal PAPs have a re-
dox-active FeIIIFeIII/II centre, where only the mixed-valent
form is catalytically competent.[9] Mammalian PAPs can

[a] School of Chemistry and Molecular BioSciences,
The University of Queensland,
4072 Brisbane, Australia

[b] Laboratorio de Bioinorgânica e Cristalografica, Departamento
de Química, Universidade Federal de Santa Catarina,
88040-900, Florianópolis, SC, Brazil

Eur. J. Inorg. Chem. 2009, 2745–2758 © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2745

purple acid phosphatase (PAP) and di- and triesterase en-
zymes, which have significant roles in the bioremedial hy-
drolysis of organophosphate pesticides and nerve gases.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

easily and reversibly be oxidised to the inactive diferric form
because of the low redox potential (ca. 340 mV) of the di-
valent iron,[10,11] leading to the suggestion that enzyme ac-

Figure 1. Active site structure of (a) red kidney bean PAP, (b)
OpdA/OPH and (c) GpdQ [cobalt(II) analogue].
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tivity may be regulated in vivo this way.[11] The metal ion
composition in plant PAPs is the FeIII-MII type, where M is
zinc or manganese, again exhibiting a chromophore centre
similar to that of their animal counterparts (λmax

≈ 550 nm).[12–15] The activity of plant PAPs cannot be regu-
lated by reversible oxidation/reduction. Recently, PAPs have
been shown to exhibit some diesterase activity.[16]

Most organophosphate (OP) degrading enzymes are
phosphotriesterases (PTEs), first characterised from Flavo-
bacterium sp[17] and Pseudomonas diminuta.[18] These en-
zymes have identical gene sequences, and their isolation was
initially of interest because of their ability to degrade the
insecticide parathion.[17,18] PTEs are, however, promiscuous
enzymes able to catalyse the hydrolysis of a wide range of
OP substrates.[19] PTEs do not occur naturally; however,
due to the widespread use of OP pesticides, enzymes have
evolved that are capable of hydrolysing these compounds.
The PTEs from Pseudomonas diminuta (OPH)[20–23] and Ag-
robacterium radiobacter [Organophosphate degrading en-
zyme from Agrobacterium radiobacter (OpdA)]; Figure 1(b)]
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[24–28] are examples of these, and they have gained increas-
ing attention for their potential application in degrading
phosphotriester nerve agents. A promiscuous glycerophos-
phodiesterase [GpdQ; Figure 1(c); E.C. 3.1.4.46] from En-
terobacter aerogenes is of particular interest.[25,29–31] GpdQ
was initially noted for its remarkable activity towards stable
aliphatic diesters such as dimethyl phosphate (DMP) and
ethyl methylphosphonate[30,31] and is at present the only
known enzyme that is capable of hydrolysing all three types
of phosphate esters. Its biological function and that of other
members of the glycerophosphodiesterase (GPD) family is
the hydrolysis of the 3�-5� phosphodiester bond of glycero-
phosphodiesters such as glycerol-3-phosphoethanolam-
ine.[32] Other known substrates for GpdQ include p-ni-
trophenyl phosphate (pNPP), bis(p-nitrophenyl) phosphate
(BPNPP) and, notably, EA 2192, the toxic hydrolysis prod-
uct of the nerve agent VX.[25,31,33]

This review will focus on our work on binuclear com-
plexes, biomimetics of phospho-mono-, -di- and -triesterase
metalloenzymes, especially PAPs and PTEs.



Metal Complex Analogues of Purple Acid Phosphatase and Phosphotriesterase

Model Phosphatases

Low-molecular-weight mimics of phosphoesterases sim-
plify the study of both the phosphorolysis and the environ-
ment of the metal ions and can provide insight into possible
catalytic mechanisms. Typically, binucleating ligands are
used to mimic the coordination environment of the metals
in metallohydrolases. Two essential factors in the design of
binucleating ligands have been outlined: (a) the ligand must
accommodate two metals with a well-suited metal–metal
separation allowing bridging by required ligands and (b)
the coordination environment must dictate the steric and
electronic features, in particular the redox properties of
each metal centre.[34] Although the second and subsequent
coordination spheres of protein systems are complex, and
therefore many of the model complexes obtained cannot
entirely reproduce the structure or function of an enzyme,
they can be instructive in defining parameters that may
guide enzyme reactivity.[35] The synergistic interplay be-
tween complementary enzyme and model complex studies
increases the structural understanding of the enzyme system
and can provide information for the design of better model
complexes which may be catalytically more relevant, with a
more easily accessible mechanism than that of the enzyme
itself.[36]

Various complexes modelling the activity of the metallo-
phosphoesterase enzymes have been reported.[37–76] In gene-
ral, it has been noted that binuclear metal complexes are
substantially more efficient phosphorolytic agents than
their mononuclear counterparts.[77–82]

The spectroscopic properties of some of the most signifi-
cant complexes employed to model mammalian and plant
PAPs, which are discussed in this review and are most rel-
evant to our work, are reported in Table 1. The kinetic
properties of a number of mono-, di- and triphosphatase
biomimetic complexes are reported in Table 2. The range of
complexes reported is not exhaustive but does illustrate the
kinetic properties of a range of hetero- and homobinuclear

Table 1. Spectroscopic parameters of complexes employed to model mammalian (M) and plant (P) PAPs.

Complex Model λmax [nm] (ε [–1cm–1]) E0
[a] [V] J [cm–1] δ [mms–1] (∆EQ [mms–1])

[FeIIIFeII(BPBPMP)(µ-OAc)2](BF4)[37] M 556 (4560) –0.89 –7.4 (N3O3) 1.055 (1.751) (293 K)
(N2O4) 0.423 (1.141)

[FeIIICuII(BPBPMP)(µ-OAc)2](ClO4)[86] P 546 (3400) –0.5[b]

[FeIIIMnII(BPBPMP)(µ-OAc)2](ClO4)[47] P 544 (2680) –0.87 –6.8 0.48 (1.04) (80 K)
[FeIIINiII(BPBPMP)(µ-OAc)2](ClO4)[65] P 538 (4813) –0.94 –13.3
[FeIIIZnII(BPBPMP)(µ-OAc)2](ClO4)[41] P 540 (3700) –0.91
[Fe(F)2Fe(BPBP)(H2O)2](BF4)2·4H2O[56,114] M 356 (403) –0.61[c] –8 1.17 (3.26); 0.47 (0.20) (80 K)
[Fe2(BPBP)(µ-OAc)2](ClO4)2

[56,114] M 555 (1040) –0.334[d] –4 0.98 (1.63); 0.44 (0.53) (280 K)
1.10 (2.03); 0.46 (0.47) (150 K)
1.13 (2.59); 0.48 (0.46) (80 K)

[Fe(F)2Cu(BPBP)(H2O)](BF4)2·4H2O[56,114] P 494 (860) –0.623[c] +2
[FeCu(BPBP)(µ-OAc)2](ClO4)2

[56,114] P 551 (776) –0.308[d] –20
[Fe(F)2Co(BPBP)(H2O)2](BF4)2· P 476 (650) –0.569[c] –10 0.47 (0.21) (80 K)
2.5H2O[56,114]

[FeCo(BPBP)(µ-OAc)2](ClO4)2
[56,114] P 588 (885) –0.352[d] –6

[FeNi(BPBP)(µ-OAc)2](ClO4)2
[56,114] P 560 (806) –11

[a] FeIIIMII/FeIIMII, CH3CN, Fc/Fc+. [b] EPR. [c] 20% (v/v) acetone/dichloromethane, Fc/Fc+. [d] CH3CN, Fc/Fc+; H2BPBPMP =
2-{[bis(pyridin-2-ylmethyl)amino]methyl}-6-{[(2-hydroxybenzyl)(pyridin-2-ylmethyl)amino]methyl}-4-methylphenol (12); HBPBP = 2,6-
bis{[bis(pyridin-2-ylmethyl)amino]methyl}-4-tert-butylphenol (11).
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metal combinations employed as phosphatase models. The
variety of different substrates, temperatures and solvent
conditions used means that comparison between the activi-
ties of the systems is difficult. More interesting is consider-
ation of the different mechanisms proposed, typically deter-
mined by the pH dependence of the hydrolysis. For exam-
ple, the proposed nucleophile varies from a terminally
bound hydroxide in Ni2LH–2,[83] Zn2LH–2,[83] [Cu2(L2O)]-
(CF3SO3)3

[78] and Cu2LH–3,[84] to an alkoxide associated
with the ligand in [Zn2({HP}2B)(OAc)(H2O)]PF6,[85] and a
bridging hydroxide/oxide in [FeIIICuII(BPBPMP)(OAc)2]-
ClO4, (Table 2),[86] [Zn2(µ-OH)(µ-PO2Ph2)(BPAN)](ClO4)2

{BPAN = 2,7-bis[2-(pyridin-2-ylethyl)aminomethyl]-1,8-
naphthyridine}[77] and dicobalt(III)–tacn (tacn = 1,4,7-tri-
azacyclononane) complexes studied by Williams and
others.[87–89] Interestingly, in [Ni2(L2)(µ-OAc)2(CH3CN)]-
BPh4 (Table 2)[54] both terminal and bridging nucleophiles
are proposed to act in a sequential manner, the terminal
hydroxide group hydrolysing the diester and the bridging
hydroxide group hydrolysing the monoester.

Structural Models of Phosphomonoesterase Metalloenzymes
(PAP Biomimetics)

A specific complication in the preparation of authentic
PAP biomimetics is the requirement for the stabilisation of
a heterovalent binuclear core. Although some heterovalent
systems have been prepared by using symmetrical li-
gands,[40,60,61,90] reliable formation of a heterovalent core re-
quires the use of an unsymmetrical ligand, ideally with dif-
ferent donor atoms of different hardness.[34,91] For example,
Belle et al.[92,93] reported the ligand 2-{[bis(2-hydroxyben-
zyl)amino]methyl}-6-{[bis(pyridin-2-ylmethyl)amino]meth-
yl}-4-methylphenol (1; numbered ligands referred to
throughout this review are illustrated in Figures 2 and 3,
where ligand abbreviations have been used as they are re-
ported). This ligand has been used to regioselectively form
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Table 2. Kinetic properties of phosphatase biomimetic complexes.

Complex kcat KM Substrate pH T Kinetics Kinetic Potentiometric
[s–1] [m] optimum [K] solvent system pKa pKa

[Cu2(LH–3)]+[a][84] 5.54�10–3 26.2 DNPEP 8.60 298 aqueous
[Cu2(L2O)](CF3SO3)3

[b][78] 11.2�10–6 0.17 BNPP 6 313 aqueous 6.14 3.74; 6.14
[Zn2(LH–2)][c][83] 2.24�10–6 12 BNPP 9.73 308 aqueous 8.15
[Ni2(LH–2)][c][83] 1.49�10–4 14.8 BNPP 10.05 308 aqueous 9.51
[Ni2(L2) (µ-OAc)2(CH3CN)]+[d][54] 0.368 5.67 BDNPP 9 298 CH3CN/water (1:1) 8.2 6.65; 8.2
[FeIII

2La][e][181] 5.2�10–5 3.1 BNPP 7.36 323 DMSO/water (1:9)
[FeIIIFeII(BPBPMP)(µ-OAc)2](BF4)[f][37] 3�10–3 13 BDNPP 6 298 CH3CN/water (1:1) 4.74; 7.54 3.02; 4.13;

5.76; 7.53
[FeIIICuII(BPBPMP)(µ-OAc)2](ClO4)[f][86] 1.77�10–3 11 BDNPP 7 298 CH3CN/water (1:1) 5.2; 8.5 5.25; 6.20; 7.82
[FeIIIMnII(BPBPMP)(µ-OAc)2](ClO4)[f][47] 4.51�10–4 2.1 BDNPP 6.7 298 CH3CN/water (1:1) 5.80; 7.76
[FeIIINiII(BPBPMP)(µ-OAc)2](ClO4)[f][65] 4.47�10–4 3.85 BDNPP 6 298 CH3CN/water (1:1) 4.91; 8.34 5.30; 6.80; 8.61
[FeIIIZnII(BPBPMP)(µ-OAc)2](ClO4)[f][41] 7.31�10–4 8.1 BDNPP 6.1 298 CH3CN/water (1:1) 4.80; 7.50 4.86; 6.00; 7.22
[GaIIIZnII(BPBPMP)(µ-OAc)2](ClO4)[f][123] 1.41�10–3 7.15 BDNPP 6.8 298 aqueous 5.35; 8.55 5.59; 6.19; 7.96
[FeIII(OH2)(µ-OH)ZnII(BPBPMP)](ClO4)2

[f][131] 9.13�10–4 4.2 BDNPP 6.5 298 CH3CN/water (1:1) 5.3; 8.1 2.93; 4.81; 8.30
[Zn2({HP}2B)(µ-OAc)(H2O)](PF6)[g][85] 4.6�10–6 61.5 BDNPP 7.2 323 DMSO/water (30:70) 7.13 7.20; 8.15
[Zn2(HL1)(µ-OAc)](PF6)[h][171] 1.26�10–6 1.96 BNPP 9.0 323 CH3CN/water (1:1) 7.87
[Cd2({HP}2B)(OAc)2(OH2)](PF6)[g][172] 3.8�10–3 8.4 BDNPP 10.5 298 CH3CN/water (1:1) 8.9 5.3; 8.3
[Zn2(L1H–1)(OH)](ClO4)2

[i][153] 4.9�10–6 51 BNPP 8.28 323 DMSO/water (1:1) 7.96 5.27; 7.96
[Zn2(L2H–1)(MeOH)(OH)](ClO4)2

[j][153] 2.3�10–5 56 BNPP 8.28 323 DMSO/water (1:1) 7.60 3.44; 4.36; 7.60
[Zn2(L2H–1)(MeOH)(OH)](ClO4)2

[k][154] 1.9�10–6 42 BNPP 8.28 323 DMSO/water (1:1) 7.57 7.57
[Zn2(L4H–1)][l][154] 4.2�10–5 55 BNPP 8.28 323 DMSO/water (1:1) 7.66 6.58; 6.53; 7.66
[Zn2(BPMP)(µ-OH)]2+[m][155] 6.4�10–4 13.5 HPNP –[n] 298 DMSO/water (3:7) 7.4 7.60 (NMR)

[a] L = 1,3,5-trideoxy-1,3,5-tris(dimethylamino)-cis-inositol. [b] L2OH = 1,3-bis{bis[2-(pyridin-2-yl)ethyl]amino}propan-2-ol. [c] LH =
1,1�-(1H-pyrazole-3,5-diyl)bis(methylene)bis[octahydro-1H-1,4,7-triazonine]. [d] L2 = 2-{N-[2-(pyridin-2-yl)ethyl][1-methylimidazol-2-
yl(aminomethyl)]}-4-methyl-6-{[N-(2-imidazol-4-yl)ethyl]aminomethyl}phenol. [e] La = 2,6-bis{[(2-hydroxybenzyl)(pyridin-2-ylmethyl)-
amino]methyl}-4-methylphenol. [f] H2BPBPMP = 2-{[bis(pyridin-2-ylmethyl)amino]methyl}-6-{[(2-hydroxybenzyl)(pyridin-2-ylmethyl)-
amino]methyl}-4-methylphenol (12). [g] {HP}2B = 2,6-bis{[(2-hydroxyethyl)(pyridin-2-ylmethyl)amino]methyl}-4-methylphenol (20). [h]
H3L1 = N-(2-hydroxy-3-{[(2-hydroxyethyl)(pyridin-2-ylmethyl)amino]methyl}-5-methylbenzyl)-N-(pyridin-2-ylmethyl)aminoacetic acid
(25). [i] L1 = N,N�-(4H-pyrazole-3,5-diyl)bis(methylene)bis{2-(pyridin-2-yl)-N-[2-(pyridin-2-yl)ethyl]ethanamine} (18). [j] L2 = N,N�-(4H-
pyrazole-3,5-diyl)bis(methylene)bis{1-(pyridin-2-yl)-N-[2-(pyridin-2-yl)ethyl]methanamine} (19). [k] L3 = N1,N1�-(4H-pyrazole-3,5-diyl)-
bis(methylene)bis{N1-[2-(diethylamino)ethyl]-N2,N2-diethylethane-1,2-diamine} (15). [l] L4 = N1,N1�-(4H-pyrazole-3,5-diyl)bis(methyl-
ene)bis(N1,N2,N2-trimethylethane-1,2-diamine) (17). [m] HBPMP = 2,6-bis{[bis(pyridin-2-ylmethyl)amino]methyl}-4-methylphenol (7). [n]
pH not controlled.

FeIIIZnII[93] and FeIIICuII[92] complexes with µ-diphenyl-
phosphato and µ-ethoxy bridges, respectively. Particularly
elegant in these studies is the illustration of regioselectivity,
by crystallisation of the monocopper species to which iron
is added in the case of the iron–copper system and by fol-
lowing the selective binding of the zinc atom by NMR in
the iron–zinc system.[92,93] Unfortunately, functional studies
relating these complexes to the active site of PAPs were not
undertaken. However, a µ-methoxido diferric complex with
the same ligand has been reported,[94] and the mixed-val-
ence form of this complex is stabilised. Bernard et al.[42,63]

reported the use of the ligand 2-[(3-{[bis(pyridin-2-yl-
methyl)amino]methyl}-2-hydroxy-5-methylbenzyl)(pyridin-
2-ylmethyl)amino]phenol (2) to generate a heterovalent bi-
nuclear iron complex. Electrochemical studies of this sys-
tem indicated that the ligand stabilised the heterovalent and
diferric forms, while destabilising the diferrous form, and
Mössbauer parameters similar to those of the enzyme were
obtained.[63]

The metal complexes of symmetric and unsymmetrical
examples of mammalian PAP biomimetics display electro-
chemical properties that typically depend on the ligand em-
ployed[42] and on the nature of the bridging (either carbox-
ylate or phosphate) ligand.[95] The FeIIIFeIII complexes of
the symmetrical ligands 2,6-bis{[(2-hydroxybenzyl)(pyridin-
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2-ylmethyl)amino]methyl}-4-methylphenol (H3BBPMP;
3),[96] 1,3-bis[(2-hydroxybenzyl)(pyridin-2-ylmethyl)amino]-
2-propanol (H3BHPP; 4),[43] N,N,N�,N�-tetrakis(2-benzimi-
dazolylmethyl)-2-hydroxy-1,3-diaminopropane (HTBPO;
5),[58] 2,6-bis({(2-hydroxybenzyl)[(1-methylimidazol-2-yl)-
methyl]amino}methyl)-4-methylphenol (H3BIOMP; 6)[97]

display electron-transfer processes attributed to FeIII
2/

FeIIFeIII and FeIIFeIII/FeII
2 couples, which display a signifi-

cant cathodic shift when compared to the corresponding
redox processes observed in PAPs. FeIIFeIII complexes of
symmetrical ligands have also been studied. FeIIFeIII com-
plexes of 2,6-bis{[bis(pyridin-2-ylmethyl)amino]methyl}-4-
methylphenol (HBPMP; 7),[61,98,99] 4-methyl-2,6-bis({[(6-
methylpyridin-2-yl)methyl](pyridin-2-ylmethyl)amino}-
methyl)phenol (HBPLMP; 8),[90] 2,6-bis({[(6-methylpyr-
idin-2-yl)methyl](pyridin-2-ylmethyl)amino}methyl)-4-nitro-
phenol (HBPLNP; 9)[40] and 2,6-bis{[bis(pyridin-2-ylmeth-
yl)amino]methyl}-4-methoxyphenol (HBPMOP; 10)[100]

have been reported. The syntheses are often, but not always,
reported as being undertaken under an atmosphere of nitro-
gen. These mixed-valence complexes typically display one-
electron redox processes assigned to FeII

2/FeIIFeIII and
FeIIFeIII/FeIII

2 couples with comproportionation constants
(Kcomp) of the order of 1010–1012, indicating sub-
stantial stability of the mixed-valence FeIIFeIII complex
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Figure 2. Ligands 1–15 referred to in the text and their abbreviations.
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Figure 3. Ligands 16–25 referred to in the text and their abbreviations.

over the corresponding FeII
2 or FeIII

2 com-
plexes.[40,42,56,61,90,98,100,101] Given the facile formation of di-
ferric oxoanion-bridged forms of PAP, which have been
characterised through various spectroscopic techniques, in-
cluding crystallography[102–105] and extended X-ray absorp-
tion fine structure (EXAFS),[106,107] and the inhibitory
properties of these anions, substantial attention has pre-

www.eurjic.org © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2009, 2745–27582750

viously been focussed on the preparation of model com-
plexes of these systems in order to probe the likely inhibi-
tory binding mode. Diferric model complexes with arsen-
ato,[58] phosphato,[62,108,109] chromato,[110] molybdato[111]

and sulfato[112] bridges have been reported. Fluoride is an
interesting inhibitor of PAPs, displaying a pH-dependent
mode of inhibition,[113] which suggests that there are mul-
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tiple binding modes for the fluoride ion, and some attention
has been focussed on preparation of complexes with a fluo-
ride group[56,114] by employing the ligand 2,6-bis-
{[bis(pyridin-2-ylmethyl)amino]methyl}-4-tert-butylphenol
(HBPBP; 11). These complexes displayed a terminal bind-
ing mode for the fluoride group,[114] while a bridging mode
is proposed in the enzymes.[113,115–117] In addition, hetero-
valent complexes of the form [FeM(BPBP)(µ-OAc)2](ClO4)2

(M = Co, Ni, Cu, Zn, Fe) and [(BPBP)Fe(F)2Cu(H2O)]-
[BF4]2 were reported,[114] in which the two terminal fluoride
ions are bound to the Fe atom and one is strongly hydro-
gen-bonded to a water molecule on the adjacent Cu ion.
The Mössbauer data for the [Fe2(BPBP)(µ-OAc)2](BF4)2

complex are consistent with distinguishable iron(III) and
iron(II) sites.[114]

Perhaps the best and most widely employed ligand for
mimicking the mixed-valence coordination environment of
the metals in the active site of PAP is the unsymmetrical
ligand 2-{[bis(pyridin-2-ylmethyl)amino]methyl}-6-{[(2-hy-
droxybenzyl)(pyridin-2-ylmethyl)amino]methyl}-4-methyl-
phenol (H2BPBPMP; 12).[37,42,63] When complexed with
two metal ions in the presence of a suitable bridging ligand
(e.g. acetate), the ligand furnishes a (µ-phenoxido)-bis(µ-
carboxylato) core with a soft site (N3O3) for the divalent
metal and a harder site (N2O4) for the trivalent metal. Con-
sideration of the reported structures of the complexes of
BPBPMP2– reveals some consistent structural features in
addition to the soft (N3O3) and hard (N2O4) site mimics.
The metal–metal distance for the FeIIIFeII acetate-bridged
complex [3.483(2) Å][118] is comparable to the 3.26 Å sepa-
ration reported for red kidney bean and sweet potato
PAP[103,119] and the 3.31 Å reported in uteroferrin (Uf), the
PAP extracted from pig uterine fluid.[102] The key visible
spectroscopic feature of the complexes is a terminal phenol-
ate-to-iron(III) charge transfer, which gives rise to an in-
tense deep purple colour (ca. 550 nm), mimicking the ty-
rosinate-to-iron(III) charge transfer in the protein. The
charge transfer is also strongly dependent on pH,[41] and
variation of the bridging ligand effects spectroscopic
shifts.[42] Susceptibility measurements show that both FeIII

and FeII sites are high-spin and weakly antiferromag-
netically coupled, yielding an S = ½ ground state, for which
J is reported as –7.4 cm–1 (µ-acetato)[37] and –4.5 cm–1 (µ-
diphenylphosphato).[42] Mössbauer parameters of the µ-
acetato and µ-diphenylphosphato FeIIIFeII complexes[37,42]

clearly indicate the presence of high-spin iron(III) and
iron(II) and confirm that iron valences are localised in the
solid state. The Mössbauer data are comparable with those
of the reduced form of uteroferrin.[120] Importantly, the
FeIII/FeII complex of H2BPBPMP displays a reversible re-
dox FeIIIFeII/FeIIFeII couple which is comparable to that
observed in uteroferrin.[37,47,65]

The process of carboxylate/diphenylphosphate exchange
at the FeIII-FeII centre has been studied, and it was found
that carboxylate ligands readily displace diphenylphosphate
(dpp–) in both the heterovalent and diferric states of the
complex, although ligand exchange in the diferric complex
is concomitant with reduction to the mixed-valent state.[95]
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Diphenylphosphate is able to displace acetate ligands when
the complex is in the diferric state, and ligand exchange is
also accompanied by reduction to the mixed-valent state. It
is proposed that liberated carboxylate is the reducing agent
in this instance.[95] This has potential ramifications for the
investigation of kinetic activity of the complexes, as it is
clearly important that at least one of the bridging carboxyl-
ates is displaced by the solvent system used for kinetic stud-
ies, leaving sites available for phosphate binding and subse-
quent phosphorolysis.

The FeIIIFeII complex of BPBPMP2– has been used as
an electrochemical biomimetic sensor for the determination
of phenolic compounds.[121] For a mixture of the complex,
Nujol and graphite powder, the analytical curve for dopa-
mine was linear in the region 0.05 to 6.5 m, the sensor
being accurate for six months (� 800 determinations).

Heterovalent complexes of BPBPMP2– with iron(III) or
manganese(III) with a range of divalent metal ions have
been reported.[37,41,42,47,65,86,122] FeIIIZnII[41,66,100] and FeIII-
MnII[47] complexes mimicking the red kidney bean and
sweet potato PAPs, respectively, have been prepared, in ad-
dition to FeIIINiII[65] and FeIIICuII[86] complexes. The
heterodinuclear (FeIII/MII, M = Zn, Mn, Ni) complexes of
BPBPMP2– display redox couples typical of FeIIIMII/
FeIIMII.[37,47,65] The spectroscopic data for complexes of
BPBPMP2– are consistent with those reported for com-
plexes of BPBP–.[56,114]

The analogous symmetric ligands 2,6-bis{[bis(pyridin-2-
ylmethyl)amino]methyl}-4-methylphenol (7)[61,98,99] and
A2,6-bis{[(2-hydroxybenzyl)(pyridin-2-ylmethyl)amino]-
methyl}-4-methylphenol (3)[96] permitted an assessment of
the site-specificity of the putative trivalent and divalent
sites. The mixed GaIIIZnII complex of BPBPMP2– and the
digallium complexes of ligands 3 and 7 have been prepared
and characterised.[123] Comparison of the 71Ga NMR spec-
tra of these complexes suggests that the GaIII ion is located
exclusively in the N2O4 hard site of the asymmetric ligand
BPBPMP2–; ES-MS confirms that no GaIIIGaIII or ZnII-
ZnII complexes are formed. The study suggests that the
zinc(II) ion is exclusively coordinated in the softer N3O3

site, and the crystal structure of [GaZn(BPBPMP)(µ-OAc)2]-
(ClO4) also supports a mixed metal centre. By analogy, the
structurally related GaIIIZnII complex in Uf is also antici-
pated to display the same metal ion selectivity.[123]

Potentiometric titrations of the [FeIIIMII(BPBPMP)(µ-
OAc)2]+ complexes in water/ethanol (30:70) have revealed
three protonation equilibria in the pH range 4–
10.[37,41,47,65,86] It has been proposed[65] that, upon dissolv-
ing [FeIIINiII(BPBPMP)(µ-OAc)2]+, dissociation of the first
carboxylate ion leads to a species described as [(OH)FeIII(µ-
OAc)NiII(OH2)], where the pKa1 (5.30) value is consistent
with the dissociation of the FeIII-bound terminal water
molecule.[65] Dissociation of the second carboxylate bridge
results in the formation of a species in which a second water
molecule is bound to the FeIII centre, and upon its depro-
tonation (pKa2 = 6.80) an [(HO)FeIII(BPBPMP)(µ-OH)-
NiII(OH2)]+ species is formed. This second pKa presumably
does not affect the rate of catalysis by the complex. Finally,



L. R. Gahan, S. J. Smith, A. Neves, G. SchenkMICROREVIEW
deprotonation of the NiII-bound terminal water molecule
(pKa3 = 8.61) leads to the [(OH)FeIII(µ-OH)NiII(OH)] spe-
cies. Assignment of this pKa is supported by the observation
that it is the most substantially affected by changes of the
divalent metal ion.[41,47,65,86] It is also relevant to note that
the pKa1 values related to the deprotonation of the FeIII–
OH2 bond are comparable to pKa values determined from
the acidic limbs of the pH dependence parameters for
PAPs.[124–127]

Functional Models of Phosphomonoesterase
Metalloenzymes (PAP Biomimetics)

A mechanistic model for PAPs that invokes a direct
transfer of the phosphoryl group of the substrate to a
metal-coordinated, nucleophilic solvent molecule has
emerged.[1] A useful method for probing the structure and
function of metalloenzymes is metal ion replacement, essen-
tially removing the native metal ions from the enzyme, to
generate the apo-enzyme, and replacing them with other
metals of interest. There are two key reasons for altering
the metal ion composition of an enzyme. The first is to
investigate the geometric and electronic properties of the
active site by replacing the native metal ion(s) with a dif-
ferent metal ion which provides a better spectroscopic
probe. The second is to assess the impact of altering the
metal ion composition on reactivity. Specifically, if the
metal ion plays a key role in reactivity, for example, by fur-
nishing the nucleophile, alteration of the metal ion would
be expected to affect the reactivity and kinetic parameters
of the enzyme. In the case of the biomimetics, exactly the
same philosophy can be applied.

The substrates used for model complex assays are illus-
trated in Figure 4. pNPP is a phosphomonoester substrate
also used in enzyme assays, the phosphodiester counterpart
of which is BNPP. BDNPP is a highly activated phosphodi-
ester, which has been used exclusively for model complex
studies.[128–130] HPNP is a phosphodiester mimic of RNA
that has been used in model studies for RNAase models
(this kind of activity is very similar to phosphatase activity,
and so these complexes will be included in this review).

The phosphatase activities of the mixed-valence com-
plexes FeIIIMII (M = Zn, Cu, Mn and Ni) of BPBPMP2–

have been measured with the activated substrate BDNPP
(Table 2).[86,131,132] These reactions are strongly dependent
on pH, giving rise to bell-shaped pH vs. rate profiles and
pH optima in the range 6.0 to 7.0[41,47,65] and show modest
activity (kcat ≈ 10–3–10–4 s–1). The two kinetically relevant
pKa values typically correspond to the highest and lowest
pKa values measured in the potentiometric titrations (pKa1

and pKa3). In each case, the catalytically active species is
proposed to be of the type [(OH)FeIII(µ-OH)MII(OH2)].[1]

Although not as active as the PAPs themselves, these biomi-
metics are approximately three orders of magnitude more
efficient in hydrolysis relative to the uncatalysed hydrolysis
of the substrate.[133]

In an extensive study of the complex [FeIII(BPBPMP)(µ-
OAc)2ZnII]+, Neves et al.[131] shed significant light on the
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Figure 4. Substrates used in phosphatase assays.

mechanism of these biomimetics. These authors were able
to isolate and crystallographically characterise the dinuclear
complex [(H2O)FeIII(BPBPMP)(µ-OH)ZnII]2+ with a ter-
minal, Fe-bound water molecule at a position equivalent to
that of the proposed nucleophile in red kidney bean
PAP.[119] Potentiometric studies revealed pKas consistent
with deprotonation of a bridging water molecule (2.93), a
terminal Fe–OH2 (4.81) and Zn–OH2 (8.30) group. The
phosphatase activity of this complex was studied with
BDNPP. The resulting bell-shaped pH rate profile exhibited
an optimum at pH 6.5, with pKa values of 5.3 and 8.1,
demonstrating that the catalytically active species was
[(OH)FeIII(µ-OH)ZnII(OH2)].[131] An EPR study indicated
that the substrate did not interact with the FeIII site, and
the measured kinetic isotope effect of kH/kD = 1.34 sug-
gested that no proton transfer was involved in the rate-lim-
iting step, supporting an intramolecular nucleophilic attack
by the FeIII-bound hydroxide. The authors were also able
to conclude that the µ-OH was a significantly poorer nu-
cleophile for the hydrolysis of the diester substrate than the
terminal, FeIII-bound hydroxide.

While it is believed that PAPs are only active in the
heterovalent state,[134] phosphatase activity is reported for
various FeIII

2 model complexes.[51,129,135–139] In some of
these systems, asymmetry has been introduced by substitu-
tion of a 2,2�-bipyridyl ligand with a substituted 1,10-
phenthroline, for example [Fe2O(bipy)3(4,4�-Me2Phen)-
(OH)(OH2)](NO3)3;[137] in other cases symmetric complexes
such as [Fe2O(phen)4(OH2)2](NO3)4

[129] were employed. In
each case the catalytically active species was determined to
be a nucleophilic hydroxide bound to one FeIII site and an
exchangeable (H2O)FeIII site. The ligand N-(2-hydroxyben-
zyl)-N-(2-hydroxy-5-methyl-3-{[(pyridin-2-ylmethyl)amino]-
methyl}benzyl)aminoacetic acid (H3HPBA; 13) mimics that
of the active site of PAP. With iron(III) or iron(II), the tet-
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ranuclear complex [Fe4(HPBA)2(µ-OAc)2(µ-O)(µ-OH)-
(OH2)2]ClO4·5H2O forms.[140] The phosphoesterase-like ac-
tivity of this complex in 50:50 acetonitrile/water, under
which conditions the complex exists as an FeIIIFeIII dimer,
was investigated by using the substrate BDNPP. Prelimi-
nary analysis of the data reveals a KM of 8.7�0.6 m and
kcat of 3.5 (�0.2)�10–3 s–1, with kinetically relevant pKas
of 5.0 and 10.5.[118] The magnitude of kcat is comparable to
that reported for any of the other heterovalent PAP biomi-
metics. The results of this and other studies with homotri-
valent FeIII models suggest that, in the model systems the
slow exchange of product is not a significant mechanistic
impediment to the hydrolysis reaction, whereas in the PAP
enzyme systems a homotrivalent active site would be.

Typical Mimics of Phosphodi- and Triesterase
Metalloenzymes (PTE Biomimetics)

The study of synthetic analogues of the di- and tri-
esterases has generally focussed on two themes. The first
and most common is the study of the hydrolysis of phos-
phodiester bonds of nucleic acids. This area has been re-
cently reviewed,[73,75,141] and only brief mention will be
made here. Studies in this area include the use of di-
nickel(II),[142] dicopper(II),[57,142–147] dizinc(II)[148–151] and
monocopper(II)[152] systems. Meyer and co-workers pre-
pared and characterised a series of pyrazolate-based ligands
(14–19) and their corresponding dizinc(II) complexes as
functional models for the hydrolytic cleavage of nucleic ac-
ids.[153,154] By controlling the topology of the compartmen-
tal ligand scaffold, they were able to modulate the Zn···Zn
distance, the bridging or nonbridging position of the zinc-
bound hydroxide nucleophile as well as the coordination
numbers of the individual metal ions.[154] Amongst other
outcomes, these authors were able to demonstrate that the
involvement in strong hydrogen bonding, as exemplified by
an O2H3 bridge, can promote a dramatic decrease in the
pKa of the zinc-bound water molecule when compared to
that observed for a µ-hydroxido ligand, suggesting that the
O2H3 moiety may play a significant role in oligozinc hydro-
lases.[76,154] In a subsequent report, the same authors inves-
tigated the functional role of the Zn–(H)O···HO(H)–Zn
motif.[153] In both cases BNPP was employed as the sub-
strate. Two ligands, N,N�-(4H-pyrazole-3,5-diyl)bis(meth-
ylene)bis{2-(pyridin-2-yl)-N-[2-(pyridin-2-yl)ethyl]ethan-
amine} (18) and N,N�-(4H-pyrazole-3,5-diyl)bis(methylene)-
bis{1-(pyridin-2-yl)-N-[2-(pyridin-2-yl)ethyl]methanamine}
(19), differing in the length of the pyridyl side arms, were
employed. The shorter side arms in the latter ligand restrain
the two zinc(II) ions, imposing a longer intermetallic sepa-
ration.[153] The authors concluded that enforcing a large
Zn···Zn separation, thus prohibiting the formation of a
tightly bridged Zn–O(H)–Zn arrangement, promoted the
formation of the Zn–(H)O···HO(H)–Zn unit, which is con-
sidered to be the crucial motif in oligozinc enzyme chemis-
try.[153] These authors also investigated the transesterifica-
tion of phosphate diesters by using these metal com-
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plexes.[153] The addition of 2-amino substituents to the pyr-
idine donors of a binucleating ligand has been shown to
enhance substrate binding and catalytic activity for phos-
phodiester transesterification.[148–150] These systems com-
bine hydrogen-bonding interactions and double Lewis acti-
vation. Chen et al.[85] employed the symmetric ligand 2,6-
bis{[(2-hydroxyethyl)(pyridin-2-ylmethyl)amino]methyl}-4-
methylphenol [H3(HP)2B; 20] as a model nuclease. The X-
ray crystal structure has shown that the dizinc(II) complex
contains a µ-acetato-µ-cresolatodizinc(II) core composed of
one quasi-trigonal-bipyramidal zinc site and a distorted six-
coordinate zinc(II) site.[85] The phosphodiesterase activity
of the complex was investigated, again by employing BNPP
as the model nucleic acid substrate; the conclusion reached
was that the nucleophile was not a metal-bound hydroxide
but rather a metal-bound alkoxide.[85] Belle and co-
workers[155] in very elegant work combined structural, ki-
netic and theoretical studies of these zinc biomimetics to
investigate both the hydrolysis of the substrate HPNP and
the transesterification reaction. The ligand employed was
2,6-bis{[bis(pyridin-2-ylmethyl)amino]methyl}-4-methyl-
phenol (7), and the authors were able to show that the cata-
lytically active species was the Zn–O(H)–Zn rather than the
nonbridged (H2O)Zn(H2O)Zn form. Nordlander[48] re-
ported the synthesis of a symmetric (2,6-bis-
{[(carboxymethyl)(pyridin-2-ylmethyl)amino]methyl}-4-
methylphenolate, trisodium salt; Na3BCPMP; 21) and an
asymmetric [2-{[N-isopropyl-N-(pyridin-2-ylmethyl)-
amino]methyl}-6-{[N-(carboxymethyl)-N-(pyridin-2-ylmeth-
yl)amino]methyl}-4-methylphenol, hexafluorophosphate
salt; H4IPCPMP(PF6)2; 22] ligand and their respective di-
zinc(II) complexes and studied the transesterification reac-
tion of HPNP. In line with previous results, the unsymmet-
rical complex was more active than the symmetrical.

The second, and less well-explored, theme in the study
of synthetic multinucleases is that the design of biomimetics
to model the metalloenzymes which hydrolyse organophos-
phates, typically pesticides and warfare agents. As men-
tioned in the Introduction, phosphate triesters do not occur
naturally, but enzymes capable of hydrolysing these com-
pounds have evolved. The phosphotriesterases from P. dimi-
nuta (OPH), A. radiobacter (OpdA) and the promiscuous
glycerophosphodiesterase (GpdQ) from E. aerogenes are ex-
amples of these. The active sites of these PTEs contain a
binuclear metal centre and were thought to natively contain
a single ZnII in the active site,[156] but recent analysis by
atomic absorption spectroscopy and anomalous scattering
suggests that OpdA, at least, is natively a ZnII/FeII en-
zyme.[157] PTEs are also catalytically active as CoII-,
CdII-, MnII- or NiII-substituted forms.[158] Structures of sev-
eral metal-substituted OPHs (ZnII/ZnII, ZnII/CdII, CdII/
CdII, MnII/MnII, CoII/FeII) have been ob-
tained.[28,157,159–161] For CdII/CdII, ZnII/CdII and MnII/MnII

OPHs, the more buried metal site (α-site) is five-coordinate,
the four amino acids His55, His57, Asp301 and Lys169 and
a hydroxide molecule forming a trigonal bipyramidal geom-
etry (Figure 1). Both Lys169 and the hydroxide molecule
act as bridges to the second more solvent-exposed metal
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site (β-site), which has additionally His201, His230 and two
terminal water molecules as ligands, forming a distorted oc-
tahedral geometry.[159,162] CoII/CoII OpdA, crystallised in
the presence of polyethylene glycol (PEG), has a similar
structure, except that the α-metal adopts an octahedral ge-
ometry upon monodentate coordination of an ethylene
glycol (EGL) molecule, possibly from degradation of
PEG.[163] In comparison, the β-metal ion of ZnII-substi-
tuted OPH adopts a five-coordinate, trigonal bipyramidal
geometry in which one of the terminal water ligands are
moved away from ZnII into a noncoordinating position.[159]

The protonation state of the bridging water molecule was
probed in the MnII-substituted form of OPH with EPR
spectroscopy. At pH 8.3, the spectroscopic data are consis-
tent with the presence of a µ-hydroxide (as evidenced from
the relatively weak exchange coupling constant |J| =
2.7�0.02 cm–1); decreasing the pH to 7.0 leads to its pro-
tonation, forming uncoupled MnII species.[164] Molecular
simulation studies, including ab initio and density func-
tional theory calculations, with CdII- and ZnII-substituted
OPH have also demonstrated that a µ-hydroxide group is
present in the catalytically active enzyme.[165,166]

The crystal structures of ZnII- and CoII-substituted
GpdQ have initially been solved to 2.9 Å and 3.0 Å, respec-
tively,[29] and an improved structure (1.9 Å) of the diZnII

form illustrates the presence of an extensive hydrogen-
bonding network in the active site.[29] The oligomeric struc-
ture of the protein is hexameric, forming a trimer of di-
mers.[29] Each subunit contains a binuclear metal centre
(Figure 1), and each metal ion is coordinated by four amino
acid side chains, two aspartate groups and two histidines
for the metal in the M1 or α site, and two histidines, one
aspartate and one asparagine for the metal in the M2 or β
site. One of the aspartates acts as a bridging ligand (Asp50).
Structural and spectroscopic studies suggest that the α site
has a higher affinity for metal ions than the β site.[167] The
active site structure of GpdQ is remarkably similar to that
of a number of binuclear phosphomonoesterases, including
PAPs,[102,105,117,119,168] 5�-nucleotidase[169] and Mre11 nucle-
ase.[170]

Using the symmetrical ligand 2,6-bis({[N-(carboxy-
methyl)-N-(1-methyl-1H-imidazol-2-yl)methyl]amino}-
methyl)-4-methylphenol (H3BCIMP; 23) and the asymmet-
ric ligand 2-({[N-isopropyl-N-(1-methyl-1H-imidazol-2-yl)-
methyl]amino}methyl)-6-({[N-(carboxymethyl)-N-(1-meth-
yl-1H-imidazol-2-yl)methyl]amino}methyl)-4-methylphenol
(H2ICIMP; 24), Nordlander et al.[151] prepared five new
zinc(II) complexes as structural and functional models of
the active site of a phosphotriesterase. One complex,
[Zn4(ICIMP)2(Ph2Ac)2](ClO4)2, was structurally character-
ised as a dimer of dimers, although in solution the complex
dissociates to form a structural model of the enzyme active
site. Functional studies involving the hydrolysis and transes-
terification of HPNP have shown that the complex formed
in solution from [Zn4(ICIMP)2(Ph2Ac)2](ClO4)2 displays a
significantly higher rate of catalysis than the complex
formed from the symmetrical ligand [Zn2(BCIMP)(Ph2Ac)].
The difference is attributed to the vacant and/or labile coor-
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dination site available in the former complex. The authors
concluded that the open coordination site afforded by the
ICIMP ligand was significant in terms of the ability of the
metal complexes to efficiently catalyse the hydrolysis of the
substrate, in this case HPNP. The hydrolysis reaction was
suggested to occur through a terminally bound hydroxy
group although the authors conceded that the evidence was
not conclusive. In terms of the metal-catalysed transesterifi-
cation, the authors suggested a mechanism involving either
deprotonation of the HPNP alcohol moiety by a metal-
bound hydroxide or coordination and deprotonation of the
HPNP alcohol moiety to the metal and subsequent intra-
molecular nucleophilic attack.[151]

A structural model for the glycerophosphodiester-de-
grading enzyme GpdQ, employing the ligand N-(2-hydroxy-
3-{[(2-hydroxyethyl)(pyridin-2-ylmethyl)amino]methyl}-5-
methylbenzyl)-N-(pyridin-2-ylmethyl)aminoacetic acid
(H3PBPA; 25), has been reported.[171] Two di-ZnII com-
plexes were prepared: [Zn2(PBPA)(CH3COO)](PF6).H2O
and Li[Zn2(PBPA)]4(PO4)2(PF6)3.(CH3OH). The X-ray
crystal structure of Li[Zn2(PBPA)]4(PO4)2(PF6)3(CH3OH)
revealed a tetramer of dinuclear complexes, bridged by two
phosphate molecules and bifurcating acetic acid arms.
Potentiometric titrations of ZnII and H3L1 with base in the
pH range 2.0–8.5 in an acetonitrile/water solution (1:4, v/v)
yielded logK1 = 5.98 and logK2 = 3.35 as the simplest
model. The relative magnitudes of the binding constants
suggest that one ZnII is bound relatively tightly to HL12–

and the second more loosely. Functional studies of the zinc
complex with BNPP determined the complex with PBPA3–

to be a competent catalyst with kcat = 1.26�0.06�
10–6 s–1.[171] For the analogue [Zn2({HP}2B)(µ-OAc)-
(H2O)](PF6)[85] under similar reaction conditions, KM =
6.15�10–2  and kcat = 4.60�10–6 s–1 have been reported.
In the case of both HPBPA and (HP)2B,[85] the zinc com-
plexes mimic aspects of the features of the metallobiosites
of OPH, OpdA and GpdQ, HPBPA in particular appearing
to present a strong and loose binding site, analogous to the
situation observed in the enzymes.

The cadmium analogue of the above complex,
[Cd2({HP}2B)(µ-OAc)2(OH2)](PF6), has also been re-
ported.[172] Whilst cadmium is not common in metalloprot-
eins, a carbonic anhydrase from the marine diatom Thalas-
siosira weissflogii has recently been found to have cadmium
bound in the active site, and there is growing evidence that
cadmium has some biological relevance.[173–176]

[Cd2({HP}2B)(OAc)2(OH2)]+ models the N,O donor ions of
the active site of the enzyme GpdQ and also shows a differ-
ence in the coordination numbers of the metal observed in
the ZnII analogue.[85] The X-ray structure shows that one
cadmium ion is seven-coordinate with a distorted pentago-
nal bipyramidal geometry, with two nitrogen donors and an
oxygen donor from one binding site of the ligand, an oxy-
gen donor from the bridging oxygen of the ligand, two oxy-
gen donors from bidentate acetate and an oxygen donor
from a bound water molecule. This is an important feature,
since a terminal water molecule is the likely nucleophile in
GpdQ. The second cadmium ion displays a distorted six-
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coordinate geometry with two nitrogen donors and an oxy-
gen donor from one binding site of the ligand, an oxygen
donor from the bridging oxygen of the ligand and two oxy-
gen donors from a bidentate acetate ion. Potentiometric
studies showed that the two cadmium(II) ions exhibit signif-
icantly different affinities, with logK1 = 13.6 and logK2 =
3.2, again mimicking the different affinities of the native
enzyme.[29,172] Significantly, the complex can efficiently cat-
alyse the cleavage of BDNPP. The phosphoesterase-like ac-
tivity of [Cd2({HP}2B)(OAc)2(OH2)](PF6) was studied by
using the substrate BDNPP, yielding a kinetically relevant
pKa of 8.9, with kcat = 0.004 s–1. In the same work, the
cadmium derivative of GpdQ was also prepared by recon-
stituting the apoenzyme.[172] Catalytic measurements with
(CdII)2-GpdQ and the phosphodiester substrate BNPP
yielded kcat = 15 s–1, again with a catalytically relevant pKa

of 9.4. For both the biomimetic and the enzyme, a hydrox-
ide ligand is implicated as the catalytic nucleophile. Interest-
ingly, Chen et al.[85] reported the analogous zinc(II) com-
plex, [Zn2({HP}2B)(µ-OAc)(OH2)](PF6)·2H2O, and with
the same substrate kcat was approximately three orders of
magnitude smaller, with kcat = 4.6�10–6 s–1. Whilst the bio-
logical relevance of CdII is relatively unexplored, its poten-
tial as an analogue for ZnII in metalloenzyme systems and
biomimetics is attractive. Clearly, the cadmium-containing
GpdQ metalloenzyme exhibits enhanced activity over its di-
ZnII and di-CoII derivatives.[29]

Conclusions

Effective biomimetics are expected to display both the
structural and functional characteristics of the metallobio-
site.[47,48,85,140,151,177] In some reported systems, the com-
plexes mimic aspects of the features of the metallobiosites
of PAPs, OPHs, OpdA and GpdQ,[1,85,171,172] HPBPA2– in
particular appearing to present a strong and loose binding
site, analogous to the situation observed in the enzymes.
Although the complexes formed with H2BPBPMP address
some of the limitations of other PAP biomimetics, such as
stabilisation of a heterovalent active site by an asymmetric
coordination environment, there are still limitations in the
use of these model complexes as mimics of the protein
active site. For example, the catalytic activity of the com-
plexes is many orders of magnitude lower than that of the
enzyme, despite the use of a more activated substrate. Ad-
ditionally, the complexes hydrolyse a highly activated phos-
phodiester substrate, whereas the enzyme is primarily a
phosphomonoesterase, and the extent to which carboxyl-
ates are removed under kinetic conditions is unclear. Fi-
nally, although the BPBPMP2– ligand does furnish two dis-
tinct sites, they are not exact mimics of the donor atoms in
PAPs. Modelling the activity and the exact nucleophilic
agent is more problematic. The catalytic activities of the
ZnII complexes of HPBPA2– and (HP)2B appear typical of
those exhibited by similar complexes, although it is difficult
to make definitive comparisons because of the different re-
action conditions employed.[85,178] Whilst the kcat of ap-
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proximately 1.5�10–6 s–1 represents considerable enhance-
ment over the uncatalysed rate (1.1�10–11 s–1),[179] the mi-
metic does not approach the catalytic rate of the metalloen-
zymes (the catalytic rates for OPH and OpdA are greater
than 1000 s–1).[29,158,159] There are strategies, however, em-
ploying hydrogen-bonding substituents in concert with the
double Lewis activation of a bimetallic metal binding sys-
tem that lead to enhanced activity for biomimetic sys-
tems,[148–150] mimicking the hydrogen-bonding interactions
in the second coordination sphere of the enzyme metal co-
ordination sites.[117] Considering the potential applications
of OPH, OpdA and GpdQ for bioremediation,[27,180] it is
an attractive endeavour to develop more robust biomimetic
systems employing these second coordination sphere inter-
actions and exhibiting sufficient structural and functional
stability to be used practically.
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