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Carbonic anhydrase (CA) is the zinc enzyme responsible for
equilibrating bicarbonate with carbon dioxide and water in both
plants and animals.1 It is, therefore, a most extensively studied
enzyme, with considerable attention having been given to metal-
substituted derivatives in order to provide insight into both
active-site structure and mechanism of action.1-3 In part, such
studies are a consequence of the lack of a useful spectroscopic
probe for the ZnII center of the native enzyme; for example,
cadmium-substituted carbonic anhydrase4 has been employed
since it is amenable to study by both111Cd and113Cd NMR
spectroscopy.5,6 In this paper, we compare the structures of
two related zinc and cadmium complexes that are supported by
a common coordination environment which closely resembles
that in carbonic anhydrase.
We recently described the use of the tris(1-isopropyl-4-tert-

butyl-2-imidazolyl)phosphine ligand,7 PimPri,But, to model the
three histidine donors that bind zinc to the peptide backbone in
carbonic anhydrase.8 As part of these studies, we have
synthesized{[PimPri,But]ZnOH}(ClO4) and have identified it as
an excellent synthetic analogue of the active site in carbonic
anhydrase, since it is the first structurally-characterized mon-
omeric zinc hydroxide complex coordinated to three imidazolyl
groups. The PimPri,But ligand, therefore, has the potential to
provide a useful system that may allow one to evaluate how

the coordination environment of the active site of carbonic
anhydrase would be modified or influenced by metal ion
substitution. Such a study of a synthetic analogue system is
important because the insight to be gleaned from an investigation
of metal-substituted enzymes depends intimately on our knowl-
edge of the coordination chemistry of the respective metals. For
this reason, the cadmium counterpart{[PimPri,But]Cd(OH2)-
(OClO3)}(ClO4) was synthesized by the reaction of Cd(ClO4)2‚
6H2O with PimPri,But (eq 1) and was structurally-characterized

by X-ray diffraction (Figure 1).9 Significantly, the diffraction
study demonstrates that the cadmium is coordinated to the
oxygen atoms of both a water molecule and a perchlorate anion,
in a distorted trigonal bipyramidal array with axial H2O
and imidazolyl groups. The five-coordinate environment of
{[PimPri,But]Cd(OH2)(OClO3)}(ClO4) provides a marked contrast
to the tetrahedral coordination observed for zinc in{[PimPri,But]-
ZnOH}(ClO4).
Although commonly viewed as a “noncoordinating” anion,10

perchlorate is nonetheless known to bind to certain metal
centers,11 including cadmium.12-17 Interestingly, however, the
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Cd-OClO3 bond length of 2.203(8) Å in{[PimPri,But]Cd(OH2)-
(OClO3)}+ is close to the sum of the covalent radii of Cd and
O (2.14 Å)18 and is considerably shorter than the range
previously established for cadmium complexes listed in the
Cambridge Structural Database (2.33 Å-2.65 Å).12-17 For
example, the Cd-OClO3 interaction in the relatedcis aqua-
perchlorate complex{[η5-(C2H4S)5]Cd(OH2)(OClO3)}+ is suf-
ficiently long [2.653(5) Å] that it may be considered to be
effectively nonbonding.12,19 In contrast to the different Cd-
OClO3 interactions in the above complexes, however, the Cd-
OH2 bond lengths in{[PimPri,But]Cd(OH2)(OClO3)}+ [2.297(9)
Å] and {[η5-(C2H4S)5]Cd(OH2)(OClO3)}+ [2.253(4) Å]12 are
comparable.
The higher coordination number of the metal center in

{[PimPri,But]Cd(OH2)(OClO3)}+ compared to that in{[PimPri,But]-
ZnOH}+ is undoubtedly a reflection of the larger size of
cadmium,18 which enables it to bind an additional ligand.
Because the acidity of a coordinated water molecule is reduced
considerably upon the binding of an anionic ligand to a metal
center,20 the pKa of the monocation{[PimPri,But]Cd(OH2)-
(OClO3)}+ would be expected to be greater than that of
dicationic {[PimPri,But]Zn(OH2)}2+.21 Consequently, deproto-
nation of the coordinated water molecule in{[PimPri,But]Zn-
(OH2)}2+ would be more facile than that of the water molecule

in {[PimPri,But]Cd(OH2)(OClO3)}+, with the result that a hy-
droxide complex is isolated for the zinc system whereas an aqua
complex is isolated for the cadmium system,i.e. [ZnII-OH]
Versus[CdII-OH2].
A key step of the proposed mechanism of action of carbonic

anhydrase involves the generation of the active zinc-hydroxide
intermediate by deprotonation of a zinc-bound water molecule.1

As such, the isolation of a zinc-hydroxide complex, under
conditions similar to those which give a cadmium-aqua
derivative, is consistent with the considerably lower activity of
Cd-CA compared to that of the native zinc enzyme atca.pH
7.4a,d Activity of Cd-CA is, however, induced at higher pH,
with an activity profile corresponding to the ionization of a
cadmium-bound water molecule with a pKa of ca. 9,4a 2 units
greater than that for the zinc enzyme with a pKa of ca. 7.
Furthermore, pKa values in the range 9.2-9.7 for Cd-CA have
also been determined by113Cd NMR studies as a function of
pH.5a Interestingly, the difference in pKa values for the zinc
and cadmium enzymes is greater than that for the hydrated ions,
Zn2+(aq) (pKa ) 9.0) and Cd2+(aq) (pKa ) 10.1).21 Thus,
coordination of the apoenzyme to M2+(aq) appears to exert less
influence on the acidity of the metal-bound water molecules
for Cd2+(aq) than for Zn2+(aq). A possible rationalization for
this observation may be that the active sites of the zinc and
cadmium enzymes are not, in fact, isostructural. Although the
active site of the zinc enzyme has been determined to be four-
coordinate by X-ray diffraction, Cd-CA has not been structur-
ally-characterized;22 nevertheless, four-coordinate structures
have been invoked in interpreting113Cd NMR studies.5c

However, the fact that the cadmium center of{[PimPri,But]Cd-
(OH2)}2+ binds perchlorate, a ligand regarded as “noncoordi-
nating” by conventional standards, indicates that cadmium in a
tetrahedral environment surrounded by water and three imidazole
groups shows a strong tendency to bind additional ligands.
Consequently, the coordination mode of cadmium in Cd-CA
may not be tetrahedral. Since pKa values are influenced by both
the coordination number and the charge on a metal center,20

the origin of the relatively high pKa value for the cadmium-
substituted enzyme may be the result of a nontetrahedral active
site.
In summary, comparison of{[PimPri,But]ZnOH}+, a synthetic

analogue of the active site of carbonic anhydrase, with its
cadmium counterpart{[PimPri,But]Cd(OH2)(OClO3)}+ suggests
that the active site of Cd-CA may not be isostructural with
that of the native zinc enzyme. Furthermore, the difference in
coordination environments provides a rationale for the observa-
tion that, by comparison with the zinc system, the pKa of Cd-
CA is not as significantly reduced from that of Cd2+(aq).

Supporting Information Available: Text giving the synthetic
procedure, spectroscopic data, and X-ray experimental details, tables
giving crystal data, intensity collection parameters, atomic coordinates,
bond lengths, bond angles, and thermal parameters, a fully labeled
ORTEP diagram, and an additional view of the molecule for{[PimPri,But]-
Cd(OH2)(OClO3)}(ClO4) (12 pages). Ordering information is given
on any current masthead page.
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Figure 1. Molecular structure of{[PimPri,But]Cd(OH2)(OClO3)}(ClO4)
(only cation shown for clarity; 20% thermal ellipsoids).
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